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ARTICLE INFO ABSTRACT

Keywords: This paper proposes a novel receiver signal-conditioning circuit for Powerline Carrier (PLC) applications
Powerline carrier in medium-voltage, Single-Wire Earth Return (SWER) networks. The primary aim is to achieve increased
Coupling circuit bandwidth by lowering the frequency cut-off and leveraging the integrated drain-coil of the coupling capacitor

Single-wire earth return
Medium voltage
CENELEC-A band

to reduce insertion loss while maintaining signal integrity. The design introduces a flexible trade-off between
bandwidth expansion and loss minimization, critical for cost-effectively enhancing communication in complex
network environments. Results attested to the feasibility of extending signal reception down to 9 kHz,
potentially unlocking previously inaccessible low path-loss areas within the CENELEC-A band. When all stages
are engaged, the transmission bandwidth ranges from 27 kHz to 440 kHz for an adjustable insertion loss in
the -50 dB to + O dB range. Field testing of the design resulted in an SNR greater than 0 dB for 99.99 %
of the time, with 98.29 % of measured SNR falling in the 20 dB to 40 dB SNR range. The frequency range,
flexibility, cost, and quantitative outcomes assert the effectiveness and reliability of the proposed solution in
real SWER network conditions.

1. Introduction Orthogonal Frequency Division Multiplexing (OFDM) can ideally be uti-
lized with reasonable spectral efficiency as a multi-carrier modulation
PLC technology can be widely used in power networks for various method. The lower portion of the CENELEC-A band can thus be critical

applications, including ground fault protection [1], smart metering [2], for building PLC applications in networks with underground passages
and broadband internet services by utilizing the existing overhead that have high capacitance to ground.

power line infrastructure. Overhead power lines present a significant Currently, there is a limited number of works in the literature and
challenge in efficiently transmitting a signal from a transmitter (TX) to a shortage of experimentally validated coupling designs for medium
the receiver (RX) while minimizing signal losses and maintaining a high voltage (MV) networks. Most existing research focuses on injecting
signal-to-no-noise ratio (SNR) at the receiver end. Real-world deploy- signals into low voltage (LV) networks in smart metering applications.

ment in SWER power distribution networks faces many challenges, such

The proposed research addresses this gap by creating and testing a
as the multi-grounded return paths and their bare-conductor config-

. > - oo . ) . novel RX coupling solution designed for the reception of low-frequency
urations, leading to signal dissipation, higher attenuation, impedance (LF) and wide-bandwidth OFDM signals over SWER lines. This work
mismatches, z?nd ‘1ncre.ased noise and 1nterference'thf1t can degrade Fhe first investigates a range of PLC coupling techniques, emphasizing their
PLC communication signal [3]. The longer transmission distances, high effectiveness in harnessing the lower frequencies (9 kHz to 60 KHz)

ZEZE‘(:?sz?LZS::r’ka?Od Zforymiacil?iraﬁzrcl:::tcls’ isrlrllc};cissigrr(::f drcc)oz- of the CENELEC-A band. Then, it proposes a design methodology for
v POl0gY, & Y imp gnat prob coupling a PLC receiver to the MV line as its main contribution. In

tion, which highlights th d f ling design that enabl 5 . .
gation, Which "UgIIghs the neec for a coupling cesign tha: enabies testing the application, TXs are connected to the LV side (240 V) of the

signal reception at frequencies where loss is reduced. An improved A .
SWER transformers, and the RX is coupled to the MV (12.7 kV) using a

design is proposed to allow improved transmission over longer dis- drai 1i g i . 0. Th 15 Y
tances and through sections such as underground cable segments. The rain-cot integrated coupling capacitor (CC). . e.centrfa. eature that
sets this methodology apart from other works is its ability to enable

design flexibility in gain and bandwidth provides an effective solution ) . . . .

for adapting to diverse conditions in SWER networks without requir- signal reception at frequencies potentially as low as 9 kHz. In this
ing cost-intensive modifications to coupling capacitors. Given that the paper, the autl'mrs present and discuss the design, build, and f1e¥d test
CENELEC-A band (9-95 kHz) is often reserved for power utilities [4], of a coupler with a target frequency cut-off (f¢) of 17.5 kHz. While the
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design is based on a CC with a 5.11 nF capacitance and a drain coil of
0.223 mH, the method can be adapted to other capacitor and drain
coil values to maximize performance. The methodology focuses on
capacitive coupling methods, giving their predominant use in this field,
although the authors intend to investigate, compare and generalize
the coupling design for inductive methods in future works. The key
contributions of this work, distinguishing it from prior publications,
are:

+ A coupling circuit has been designed that extends signal reception
down to 9 kHz, unlocking the lower portion of the CENELEC-
A band, making the low path-loss section of the band available
for transmission and enabling potential PLC applications over
high-loss networks at higher frequencies, such as those containing
underground sections.

A modular signal conditioning circuit with four stages: wideband
coupler, attenuation, filtering, and amplification. The resulting
bandwidth ranges from 27 kHz to 440 kHz, with an adjustable
insertion loss in the —50 dB to +0 dB range.

Field testing of the design on real networks, resulting in an SNR
above 0 dB for 99.99% of the time, with 98.29% of measured SNR
falling in the 20 dB to 40 dB range.

A novel design that compensates for the impact of the drain coil
of MV CC on the available bandwidth, incorporating a series RC
impedance in parallel with the drain coil to create a resonant
circuit dropping the lower cut-off frequency.

2. Literature review

Several studies have examined the current state of PLC technology
that identify its limitations and propose potential solutions [5-7].
These efforts highlight the ongoing work to improve the efficiency
and reliability of PLC systems in practical applications. Publications
by [8,9] have explored the essential role of impedance matching and
signal injection in improving PLC performance.

Impedance matching aligns the impedance of the signal source with
the power line, maximizing power transfer and minimizing reflections.
Maintaining reliable communication is significantly challenged by the
electrical networks’ harsh environment, marked by a frequency- and
load-dependent access impedance behavior and dynamic background
noise due to switching events and equipment malfunctions [10,11].
The ease of measurement and integration in LV power lines, combined
with restricted access to MV SWER lines, has led to numerous studies
on LV PLC systems [12-17], primarily focusing on home automation
and smart metering. The propagation distance of the signal is de-
termined by the access impedance of the LV electrical grid, making
the design of PLC device interfaces to the grid a critical aspect of
system performance. The injected voltage of transmitted signals is
affected by the impedance mismatch between the transmission device
and the grid access impedance [8,12,18]. Although LV power lines
present challenges such as numerous branches, close proximity to
noise sources, and complex load profiles, their short distances and
straightforward coupling methods make them advantageous for mul-
timedia applications and home networking [5,19-21]. On the other
hand, the deployment of PLCs at the MV level is less prevalent due
to various technical challenges associated with grid characteristics.
MV networks and secondary substations exhibit diverse configurations,
necessitating careful consideration of multiple factors for robust signal
interfacing. These factors include the type of physical coupling, voltage
and impedance levels, frequency bandwidth, propagation modes, and
the number of connections [3,22,23]. Various methods for PLC signal
coupling include capacitive, inductive, resistive, antenna or a combina-
tion of two or more of these methods to optimize signal coupling for
specific applications and conditions [5,6].

Inductive coupling offers several advantages for power-line commu-
nication systems. It eliminates the need for direct physical connections

Engineering Science and Technology, an International Journal 58 (2024) 101840

to live power terminals, thus reducing the risk of electric shock. In-
ductive couplers perform well at low power-line impedance levels,
maintaining high signal integrity with minimal loss and distortion [14,
16,17]. Rensburg et al. [24]. have shown a step-by-step design of an
inductive coupler for LV networks, operating at narrowband frequen-
cies from 100 kHz to 1 MHz, covering the European CENELEC-B, C,
and D bands. Measurements with different cable lengths indicated that
attenuation for a 40 m length cable varies between 20 to 30 dB [24].
Sohn et al. [25,26] have demonstrated that inductive coupling can be
successfully employed in in-vehicle power line communication. The
inductive coupler operates efficiently within a broadband frequency
range of up to 40 MHz. These results are similar to those reported
by Kim et al. [27], who examined the signal transmission properties
of inductive couplers using high permeability magnetic materials and
found that these materials maintained a flat insertion loss of —5 dB in
the 5-40 MHz frequency range, confirming the suitability of inductive
coupling for high-frequency broadband PLC applications in EVs.

While inductive coupling offers significant advantages for high-
frequency broadband PLC, capacitive coupling presents another viable
method, particularly in LV and MV networks [7]. Capacitive coupling
devices for PLC systems offer significant advantages, particularly for LV
and MV networks. These cost-effective interfaces are simple to integrate
into existing infrastructures and include features such as a 50 Hz
filter and grounding resistance to minimize noise, enhancing reliability
for AMI and smart grid applications [28-32]. Notably, these devices
support various transceiver technologies, emphasizing their versatility
within LV networks [22,33,34]. Both Razazian et al. [35] and Costa
et al. [36] documented substantial frequency-dependent attenuation
within the 35 kHz to 90 kHz range for narrowband signals in MV
networks, posing challenges to achieving reliable communication in
the lower CENELEC-A band frequencies. Research on a hybrid coupling
method, which integrates both capacitive and inductive coupling tech-
niques, was documented in studies [13,37,38], focusing on practical
testing within small-scale networks. Artale et al. [39-41] introduced
two new concepts for coupling PLC signals to MV lines using the
capacitive divider functionality of Voltage Detecting Systems (VDS)
and commercial separable connectors (SC) in MV cable heads. Despite
innovative approaches for signal injection and reception, the authors
faced significant attenuation in the lower frequencies of the CENELEC-A
band.

2.1. Summary of findings

The evaluation of some studies by Cataliotti et al. [42] and Oh
et al. [43] was limited to small overhead networks, which constrains
the analysis of the proposed circuits’ efficacy in larger networks. The
literature review indicates that increased attenuation at the lower
frequencies of the CENELEC-A band has prevented researchers from
utilizing this portion for communication purposes. Due to the inter-
nal drain coil effects in coupling capacitors, most research by Lee
et al. [44], Artale et al. [39-41] and Benato et al. [45] focuses on higher
frequencies within the CENELEC-B and upper CENELEC-A bands, start-
ing around 60 kHz. Coutinho et al. [5] noted that 94% of PLC research
concentrates on LV networks due to their accessibility, simpler coupling
methods, and shorter distances. Additionally, they found that 90%
of these studies focus on broadband PLC (BB-PLC), with only 10%
addressing narrowband PLC (NB-PLC). This highlights the necessity of
expanding research efforts to cover medium-voltage applications and to
improve the understanding and development of NB-PLC technologies.
To advance PLC technologies, future research should address the chal-
lenges and limitations observed in current studies, particularly focusing
on medium-voltage networks and the utilization of lower frequency
bands.
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Fig. 1. Full system diagram showing the coupling of a PLC receiver to the MV line
through a CoC and a drain-coil integrated CC. The access impedance (encircled in red)
consists of the capacitance of the 11 m coaxial cable, a 5.1-nF rated CC with a drain
coil of 0.223 mH, and the 480 Q Z, of the line. The CoC sits in between the RX and
access impedance and seeks to yield a flat frequency response for the received signal.

3. Design methodology

The first critical parameter that must be analyzed when designing
coupling interfaces for MV lines is the characteristic impedance of the
line, Z.. Lee et al. [46] verified that Z, of an MV power distribution line
is 400 Q to 600 Q in the 1 MHz to 40 MHz frequency range. Equations
relating Z, to line attributes such as inductance and capacitance per
meter, etc., can be traced to the time-dependent telegrapher’s model
and are described in [47,48]. The reader can refer to the works in [30,
49] for alternative proposals for modeling SWER distribution lines.
Here, the characteristic impedance was based on the line model theory
and the design process on the IEEE standard [50], which covers the
bandwidth from 0 to 500 kHz. Z, is frequency-dependent at very low
frequencies but settles around ~480 Q as frequency increases, which is
the value adopted here.

A CC allows PLC signals to enter the carrier equipment by providing
a low-impedance path to high-frequency (HF) signals while attenuating
the fundamental (50 Hz). There are two main commercially available
CC structures. The first uses the CC in a capacitor divider network as
a voltage transformer, which is often used for measurement purposes.
The second uses the CC with an integrated drain coil. In [51], the
carrier drain coil is specified as a requirement in all CCs with carrier
accessories since it provides a low impedance to ground for the power
frequency (50 or 60 Hz) currents and a high impedance for PLC signals.
A larger drain coil inductance is needed for the low end of the PLC-
frequency range (below 70 kHz), while smaller inductance values are
acceptable for the higher frequency ranges. Fig. 1 shows the 50-Q RX
interfaced to a 12.7-kV MV line having a Z, of 480 Q. The overall
access impedance, looking into port 2, consists of the capacitance of the
11-m coaxial connection cable (capacitance to ground shown in Fig. 1),
an off-the-shelf 5.1-nF rated CC with integrated 0.223-mH drain coil,
and the 480 Q Z_ of the line.

The process of designing a wideband CoC with a flat frequency
response commences by examining the transmission coefficient (S5,).
The second step involves modeling the CC on Microwave Office to ex-
plore the CoC design space in a semi-iterative, semi-analytic approach.
In the third phase, over-voltage and over-current (OV/OC) protection
elements are incorporated to safeguard against potential harm. After
the design and simulation phases, the PCB is manufactured adhering
to high-frequency (HF) signal conditioning guidelines. After building
the PCB, it undergoes rigorous testing in a controlled lab environment,
comprising all components slated for deployment in the field. The
hardware later undergoes field tests to ensure that the designed circuit
performs appropriately under operational scenarios.
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|-\
Fig. 2. S,; measurement set-up of the CC, including a 480-Q resistor simulating the
Z, of the MV line, the 5.1-nF CC, and the 11-m coaxial cable.
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Fig. 3. Measurement of the CC’s .S,, transmission coefficient (insertion gain) with a
vector network analyzer, showing a cut-off (f,) frequency of 67 kHz and a passband
insertion loss of 16.7 dB.

3.1. Limitations of capacitive coupling in PLC applications

The first measurement employed a Vector Network Analyzer (VNA)
to conduct a frequency sweep of the CC’s insertion gain (S,;). The
schematic diagram of the test set-up detailing this measurement is
depicted in Fig. 2. To emulate Z, of the power line as per the IEEE
P1901-2 standard [50], a 480-Q resistor was inserted in series with the
MV side of the CC. Fig. 3 shows the S, characteristic of the utilized
5.1-nF CC. The high-pass cut-off frequency (f,) is ~ 67 kHz, with
attenuation increasing at frequencies below, reaching ~ —140 dB at
50 Hz, which is enough to suppress the line voltage into the mV region
at the CC output.

For the analysis of the characteristics of the CC, a simulation model
(see Fig. 4) was built in Microwave Office AWR to model its frequency
response. As in Fig. 5, the voltage gain characteristics of the CC model
(blue trace), as constructed within the Microwave Office AWR, closely
mirrors the frequency response observed in empirical measurements
showcased in Fig. 3. Note that Fig. 3 shows the CC transmission
coefficient (insertion gain), while Fig. 5 is the Voltage Gain from
Input Voltage Source (VSG) measurement. This congruence in the
frequency response is noteworthy, as it reveals an f, of 67 kHz. This
alignment between the model’s behavior and measurements validates
the model’s accuracy and underscores its suitability for a variety of
simulation-based testing scenarios.

Particular emphasis is paid to the simulation of the CC model with
different drain-coil inductance values. In line with the recommenda-
tion in [51], f. could be lowered to around 54.6 kHz by increasing
the drain-coil inductance to 2 mH. Any further improvements would
require an increase in the CC capacitance; both options are costly. The
key intention here is to establish how such a bandwidth improvement
could be cost-effectively achieved through improved coupler design.
The 5.11-nF CC is designed for broadband PLC applications that use
frequencies above 2 MHz. This was the major motivation for the
investigation of a CoC design to extend the frequency range down to
the lower CENELEC and FCC frequencies.
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Fig. 4. CC modeling demonstrating the internal circuit composition of a drain-coil
integrated CC.
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Fig. 5. Voltage gain from Input Voltage Source (VSG) measurement of the CC simulated
for different drain-coil inductance values. The figure shows that f, could be lowered
by increasing the drain-coil inductance to 2 mH.

4. Wideband coupler design (Equalizing Circuit)

The design philosophy trades off increased bandwidth for reduced
signal gain. The gain reduction is not a problem for signal reception
at these frequencies since signal levels can easily be recovered with
subsequent amplification (if required). The noise penalty for doing
this is minimal since the PLC channel noise is high and will always
dominate any small contribution from the receive amplifier’s noise
figure. Fig. 6 shows the effect of different loading conditions on the
CC driven from a 480-Q impedance MV source. The 11-m coaxial cable
(C6) is included as part of the CC as per Fig. 4.

The green (top) plot shows the signal gain when the output (Port
2, Fig. 4) is high impedance (open circuit). The 0 dB resonance peak
between the drain coil and C6 occurs at 280 kHz for which the 3 dB
lower cut-off is 179 kHz. C6 is also responsible for the high-frequency
roll-off of the curves but has little effect below 500 kHz after loading
is applied. When the output load on Port 2 is reduced to 50 Q, the
cut-off frequency, f., drops to 67 kHz for a passband loss of 20 dB
(blue curve). The direct connection to high-frequency 50-Q cables is
possible and makes this CC suitable for Broadband PLC transmissions
into MHz frequencies. A further reduction in Port 2 loading to 10 Q
gives a small f, improvement to 61.5 kHz but at the expense of a
further 14 dB of attenuation (red curve). These curves have reasonably
flat pass-bands, but their initial drop-off is gradual and asymptotically
bounded by the original high impedance (green) response with a 40
dB/decade slope. The goal is to extend the lower bandwidth for a given
attenuation to at least the high impedance (green) curve, as indicated
by the —34 dB dashed lines for the 10-Q load case. As the green line
represents the high impedance (1x10° Q) loading of the CC, which is an
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Effect of Resistive Load on the Voltage Gain
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Fig. 6. Effect of load resistance on CC voltage gain vs. frequency. The source
impedance is 480 Q. From top: no-load (green) with f,=179 kHz; 50 Q load (blue)
with f,=67 kHz; and 10 Q load (red) with f,=61.5 kHz,.
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Fig. 7. The addition of a series RC impedance (Z,) makes the attenuation set by
the voltage divider Z,/(Z, + Z,) constant for all frequencies, flattening the frequency
response.

ideal scenario, further extension beyond the high impedance curve is
not trivial. Considering that the Port 2 loading will not be so high when
the RX circuit is connected (loaded), any further reduction in the lower
cut-off frequency is unfeasible. Reducing load impedance improves the
cut-off frequency but increases attenuation, highlighting the challenge
of balancing bandwidth extension and signal attenuation.

The design process begins by adding a series RC impedance (C3
and R3 in Fig. 7) in parallel with the drain coil to create a resonant
circuit tuned to the frequency where the selected attenuation crosses
the green high-impedance CC response line (~21.2 kHz in Fig. 6). Fig. 8
(blue curve) shows the impact of C3 and R3 on the Voltage Gain from
Input Terminal (VTG) from Port 1 to Port 2. The drain coil, L, and C3
determine the resonant frequency, f,., = ;LC, while R3 controls the

gain at high frequencies R3/(R3 + Z,) to gpproximately —31 dB. The
practice of adding the low-voltage C3+ R3 combination in parallel with
the drain coil is at the heart of maximizing the CoC usable bandwidth
for drain-coil integrated CCs. This cost-effective principle assists in
lowering f, without necessitating an increase in the capacitance of the
CC or the inductance of the drain coil. The series impedance of C3
and R3 (Z2) helps to make the attenuation set by the voltage divider
Z2/(Z1 + Z2) constant for all frequencies resulting in a flat frequency
response. Note Z1 is the line impedance (Z, = 480 Q) in series with
the CC (C1). The ratios Z,/R3 and C3/C1 are therefore set relatively
close. As shown by the blue trace in Fig. 8, there is still a challenge
to address, which relates to the resonance observed in the frequency
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Effect of Load Impedance on CC Voltage Gain

: | ? [ oamTeR
N ; C Only
‘ CC Only -gzﬂ/‘/ﬂgu}u
s ‘ A
2 | o
-20 - | IR
2 2 /cc nz2
c 302
©
O [ up
-35 = T
“ fieie cCliZ2iiReq
% -370643
45¢
509 f T
CC 1122 Il Reg'
-55 9417 kg ~ | ‘
4947493 ‘
0 BRH
7o 100 1000 2000
Frequency (kHz)

Fig. 8. Effect of load impedance on CC voltage gain vs. frequency, with source
impedance equal to 480 Q. From top: No-load (green); load = Z, Q (blue); load =
Z2 || R,, Q resulting in f, = 17.5 kHz (red); and load = Z! || qu Q resulting in f, =
9 kHz (turquoise). Where (Z, = R; + jX3) with component values from Table 1.
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Fig. 9. Design using R,, to reduce resonance for a sharp cut-off and reduced f,.

Table 1
Coupling circuit component values.
f Gain @ Fres C3(mF) R3(Q®) R, (@ RS
(kHz) 200 kHz (kHz)
17.5 -34 dB 21.2 219 13.5 39 68
9.4 —46.5 dB 11 880 2.8 12.8 15

response. This effect can be damped by adding a resistor to ground
(R, implemented as a parallel combination of R1 || R10 || (R11+R12)
as shown in Fig. 9, followed by small tweaking of R3 and C3 for a
flat response. The result is the elimination of the resonance that was
unavoidable using Z2 only (Fig. 8 red) but at the expense of a small gain
reduction to —34 dB. Nevertheless, a comparison between the red curve
of Fig. 6 (10-Q resistor loading), which has the same gain (-34 dB),
shows a cut-off frequency reducing from 61.5 kHz to 17.5 kHz, and
a bandwidth increase of 44 kHz, emphasizing the effectiveness of the
resonance approach.

Finally, to demonstrate the flexibility of this approach, the bottom
curve (Fig. 8 turquoise) shows the design of a coupling network that
covers the entire CENELEC-A band down to ~9 kHz. Table 1 gives
component details for both designs. As the lowest sections of the
CENELEC-A band usually present high noise levels and are often not
used, hardware implementation was based on the f, = 17.5 kHz values.

The CoC schematic is shown in Fig. 10. C3 was divided into two
different capacitors for better selection from standard capacitor values.
While the resonant circuit counteracts the drain coil, lowering f., the
compensation circuit ensures consistent gain.
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Fig. 11. Detailed PCB circuit implementation of the overall signal conditioning circuit.

The circuit includes over-current and over-voltage protection fea-
tures: a reversible fuse (F1), a gas discharge surge arrestor (R5) for
spike protection and a bidirectional transient voltage suppression (TVS)
diode that limits excessive voltage by diverting it to ground. SMA
connectors terminate the network (P1, P2). The primary reason for
the output circuit components R11, R12 and C4, therefore, is circuit
protection. The 50-Q termination (R12) is only necessary if the subse-
quent stage is high impedance, which here is removed for 50 Q input
stages. R11 (47 Q) provides an impedance for the TVS coupling, and
C11 provides suppression of very high frequencies outside the control
range of the active filter stages. There is a ~6 dB additional loss through
the output circuit.

As already indicated, altering f, also affects the gain, as there is a
trade-off between gain and bandwidth. The RX conditioning board cir-
cuitry shown in Fig. 11, integrates a fully remote-controllable amplifier-
attenuator stage, as solution to address this loss. Additionally, the
circuitry is equipped with a configurable frequency band-pass filter
and a selectable output that can be either single-ended or differential,
accommodating various ADC configurations.

5. Coupler laboratory measurements

The next step involves measuring the output response of the CoC
cascaded with the CC and its 11-meter coaxial cable. This was under-
taken using a VNA as previously presented in Fig. 2, with the CoC
included. Fig. 12 compares the signal’s behavior when the CC operates
in isolation to when it is integrated into the system along with the
wideband CoC. Trace 2 (orange) displays the graphical representation
of the frequency response of the cascaded CC and CoC combination.
The design demonstrates the anticipated bandwidth improvement com-
pared to Trace 1 (blue) from the S, response of the CC without
the CoC. With trace 2, we observe the mid-band attenuation level of
—36 dB and cut-off frequency (f.) of ~19 kHz, close to the predicted
17.5 kHz. The small differences are caused by the component toler-
ances and the inclusion of the protection components. The result is
that, by incorporating the CoC, an additional 48.5 kHz of bandwidth
becomes accessible, enabling transmission waveforms based on power
line characteristics (attenuation, noise, etc.).
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6. Laboratory test Rig for Point-to-Point analysis

The design of an electronic circuit for receiving signals from outdoor
MV transmission lines involves high voltages, which inherently pose
safety risks requiring the coordination of numerous specialized indi-
viduals and resources. The initial testing was therefore performed in
a laboratory without the MV, with the emulation of close conditions
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to the anticipated environment (Fig. 13). The TX side includes the
transmitter, amplifier, and 240 V interface through a 25 kVA (12.7 kV
to 240 V) SWER transformer. The RX side includes the CC, wideband
CoC, and RX as shown in Fig. 14. The transmission line was modeled
with its characteristic impedance, Z,. The system incorporates two
digitizers feeding a transient recorder. This dual-digitizer arrangement
enables the simultaneous capture of two critical signal recordings: the
voltage signal at the MV input of the CC and at various points within
the CoC. This comparative analysis has enabled authors to discern the
exact impact of the CoC on the signal. The final measurements of the
CoC prior to its field installation are illustrated in Fig. 15. In these
measurements, an OFDM multicarrier signal spanning from 8 kHz to
156 kHz was generated by the TX, amplified, and injected through a
SWER transformer. The transmitted signal is captured at the receiver
side through the CC.

The top plot in Fig. 15 shows the frequency response measured
on the HV terminal of the CC. It is evident that the generated signal
is affected by impedance variations going through the amplifier, the
transformer LV to MV coupling, and the loading effect of the CC. There
is a 30 dB range between the strongest and weakest in-band (19 kHz
to 150 kHz) sub-carriers, the latter due to the dip at ~140 kHz caused
by the CC-drain coil series resonance. In Fig. 15, the center plot shows
the signal received at the RX when the output of the CC is directly
connected to the RX without the coupling circuitry. As expected, the
internal drain-coil inductor further attenuates the lower-frequency sub-
carriers. This difference between the strongest and weakest in-band
sub-carriers is now 46 dB, with the lowest 8 sub-carriers being below
the noise floor. The bottom plot shows the case where the proposed
CoC is cascaded to the CC, and the output to the RX is taken from
the output port of the wideband CoC. The difference between the
strongest and weakest in-band sub-carriers is now improved to 20 dB.
In addition, compared to the center plot, frequencies below 19 kHz
are now definitely visible and above the noise floor even though they
are in the stop band (< f.). Note the depression in the noise floor,
particularly below ~50 kHz, contributes to the improved signal-to-
noise ratio, which is an improvement in signal reception taken as a
key benefit of this proposed design. As the CC+CoC combination has
a flat response (+/-0.5 dB), any residual in-band frequency response
(Fig. 15 bottom) is generated by the transmitter site. The LV-to-MV
transformer coupling is the prime cause, which, as indicated, is very
frequency-selective.

It is noteworthy that there are two main factors contributing to the
noise. One is the noise and interference components picked up from
the laboratory. The other is given by the FFT processing leakage when
calculating the spectrum plots. As the digitizer was not synchronized
to the transmitter, the transmitted frequencies did not fall exactly
into the frequency bin structure of the digitizer’s FFT, leading to a



K. Begirllari et al

leakage floor roughly proportional to the signal strength. Here, the
leakage component is approximately 40 dB below the signal level and
dominates the noise for all but the smallest of input signals.

7. Research impact

The key driver for this research was the need to design a signal
conditioning circuit including a CoC to receive PLC transmissions at the
lower end of CENELEC-A band. This sought to overcome challenges in
maintaining reliable transmission in overhead networks incorporating
underground sections. A pertinent characteristic of one of the trial
networks was a 370-meter underground link within an overhead 5.4-
km path, as highlighted in the project public report [52]. Underground
cables have high capacitance and low characteristic impedance, which
adversely affects the reflection coefficient (lowers the transmission
coefficient) at the interface of the overhead, Z, ~ 480 Q, and the
underground section, Z, ~ 35 Q. PLC signals thus experience additional
reflection losses when traversing such an interface. To compensate for
this loss, the OFDM modulation needs to be down-banded to exploit the
reduced line losses available at lower frequencies. Fig. 16 shows the
received 5 sub-carrier signals occupying the 30 kHz to 40 kHz band.
Signals transmitted at frequencies above 50 kHz were undetectable
despite using the same power per sub-carrier from the transmitter site.
Note that the 30 kHz lower limit was set by the bandpass filter of
Stage 3, not at Stage 1 of the CoC. The redesign of the coupling system
discussed herein would enable reception at even lower frequencies
despite utilizing a CC and drain coil combination that is more suited
to high-frequency Broadband PLC signals. To validate its effectiveness,
the results of testing the design over a week period are discussed.
Fig. 17 shows the SNR measurements of the received signal after its
demodulation and cross-correlation. During this period, the demod-
ulation was evaluated approximately 30,414,150 times. The analysis
resulted in some central findings: (i) minimum SNR was —2.98 dB, and
the maximum SNR was 45.46 dB, (ii) SNR was less than 0 dB for only
0.000148% of the time, and (iii) SNR was in the 20 dB to 40 dB range for
98.29% of the time, demonstrating consistent quality signal reception.
These figures assert the coupling circuit’s effectiveness in conditioning
the signal received from the power line, filtering out unwanted noise
and interference, and improving the quality of the received signal. By
proper impedance matching (in Stage 1) between the 480-Q power
line and the 50-Q RX, it successfully maximized signal transfer while
minimizing reflections.

8. Discussion and comparative analysis

As elaborated in Table 2, it is evident that few designs have achieved
frequencies below 35 kHz, largely due to the inherent characteristics
of the internal circuitry within the CCs. Monitoring applications often
use a small CC (~ 1 nF) in a capacitive voltage divider structure.
Operation at low PLC carrier frequencies has a contrast challenge given
by the high impedance CC and the low impedance of the capacitor
of the divider network connected to ground. Communications in the
CENELEC band, therefore, involve introducing a parallel inductor to
resonate out the low impedance of the grounded capacitor, which
limits the transmission bandwidth. Further, the small CC makes low
insertion loss difficult, as shown by Refs. [29,39,40,42] in Table 2. An
alternate CC structure uses an internal drain coil to suppress the line
voltage, as per the IEEE international standard [50]. This is an adequate
solution for broadband PLC as indicated by [43] of Table 2. The
coupling capacitor used in this work (5.11 nF + 0.223 mH) was indeed
purchased from a broadband PLC manufacturer. However, wideband
operation at the lower narrowband PLC frequencies remains difficult
unless the CC value and drain coil values are increased, which is an
expensive alternative. Previous works discussed here can be used as
examples. Kikkert [30-32] used larger coupling capacitors (12 nF) and
a much higher impedance drain coil (1 mH) to get frequencies down
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to ~35 kHz, enough bandwidth for G3-PLC; Costa et al. [36] presented
good results down to 42 kHz, also from a specialized design.

Recent studies in coupling technologies have identified several de-
sign challenges. Costa et al. [9] and Artale et al. [41] demonstrate
challenges in maintaining flat frequency responses across their oper-
ational bandwidth. The design described in [9] necessitates additional
equalization to compensate for variable attenuation, whereas the sys-
tem developed in [41] achieves a flat response within a restricted FCC
frequency band. However, the absence of field testing restricts its val-
idation under real-world conditions. Furthermore, inductive coupling
in [23] and capacitive coupling in [34] both exhibit significant signal
attenuation issues that exceed 30 dB, compromising signal integrity
over longer distances. In [34], necessary amplification is required to
compensate for the signal attenuation at low frequencies. The design
from [22] is restricted to a 12 kHz bandwidth, limiting its application
to specific channel measurements at LV and MV. The limited bandwidth
and variable attenuation reduce system performance and reliability.

Two off-the-shelf tuning products are used for a brief comparison
to highlight the proposed design flexibility. The MCD80 is marketed
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Table 2

Comparison of research accomplishments with other MV coupling works.
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Reference

Coupling type

Frequency range

Performance metrics

Applicability

Cataliotti [29,42]

Ohmic-capacitive
divider. Undisclosed
values

3 kHz

Insertion loss is 6 dB. Very
narrow bandwidth, at
86 kHz.

For Cable Networks (Zo=35-Q to
45-Q).

Oh [43]

Capacitor with drain
coil

1 MHz to 35 MHz

Insertion loss is 18 dB.

Not within the CENELEC Frequency
range. Uses Ruthroff wideband
impedance transformer

Kikkert [30-32]

Capacitor with drain
coil, Bespoke highpass
structure

35.9 kHz to 500 kHz

Insertion loss is 1.2 dB

Requires large MV coupling cap
(12 nF) and large drain (1 mH) coil.
Expensive.

Artale [39,40]

Capacitive divider from
a voltage detection
system.

102 kHz to 117 kHz

Insertion loss is
undisclosed. Low
bandwidth

For Cable Network. Variable
inductance resonates out the
grounded capacitor.

Costa [36] Capacitor with Drain 42 kHz to 89 kHz Insertion Loss Undisclosed Specialized Circuit incorporating line
Coil. Additional output for powering communications
integrated features equipment.

Costa [9] Capacitive Coupling. 300 kHz to 1 MHz Not fully flat response Suitable for high-frequency

across the frequency range,
leading to varying
attenuation. Additional
equalization might be
needed

applications in IoT and low-voltage
power grids.

Artale [41]

Capacitive divider (MV
Cable Head)

FCC frequency band
(154.6875 to 487.500 kHz)

Flat response within
80 kHz bandwidth, SNR of
25 dB

Medium Voltage (Laboratory tested
only, no field tests conducted).

Nogueira [23]

Inductive Coupling.

100-500 kHz

Signal attenuation can
surpass 30 dB

Medium Voltage Powerline

Borges [34]

Capacitive Coupling

9 kHz to 500 kHz

Amplification is needed;
simulation does not
account for the integrated
drain coil of the coupling
capacitor, which impacts
signal attenuation levels at
the low frequencies of the
CENELEC-A band.

Simulation only, no laboratory or
field testing conducted

Masood [22]

Capacitive Coupling

12 kHz bandwidth (68 to
80 kHz)

Low Bandwidth (Varying
attenuation)

Low and Medium Voltage (Used for
channel measurements)

This Work

Capacitor with Drain
Coil (Designed for
higher BB PLC
frequencies)

9 kHz to 500 kHz (Coupler);

19 kHz to 500 kHz (Coupler);
27 kHz to 440 kHz (Coupler +
attenuator + filter + amplifier)

—46.5 dB (Coupler);

—35 dB (Coupler); —50 dB
to + 0 dB (Coupler +
attenuator + filter + amp)

Receive Only. Impedance divider
circuit trades off gain for bandwidth.
Can cover the entire CENELEC and
FCC frequency range

as a coupling device (filter) for the injection and reception of PLC
signals on high-voltage overhead lines and cables. It incorporates a
fourth-order high-pass filter that can be programmed for various values
of coupling capacitance. Referring to the formulae given in [53], the
upper-frequency limit can be calculated for a given lower-frequency
limit. For a 19 kHz lower frequency limit and assuming the use of
the same 5.1 nF CC, the upper-frequency limit is calculated as only
29.9 kHz for an insertion loss of 12 dB (only 11 kHz bandwidth). With
a lower frequency limit set at 30 kHz, the upper frequency limit for the
MCD80 extends only to 70 kHz, underscoring that it cannot match the
wide frequency range nor the flexibility of the lower frequency limit of
our design (9 kHZ). From a cost perspective, the proposed CoC design is
over 80% cheaper than the retail price of MCD80, despite MCD80 not
incorporating an active amplifier stage. The second off-the-shelf PLC
tuning unit [54] states that it supports a limited frequency range of 40
to 500 kHz, which falls short of the targeted lower frequencies (9 kHz
and above) of the CENELEC-A band.

In contrast to comparable works in the literature, the CoC proposed
herein uses the low-cost, off-the-shelf BB-PLC Coupling Capacitor. It
exploits the receive-only requirement of the line monitoring application
to give a sliding trade-off between insertion loss and bandwidth. As
demonstrated, working signal frequencies as low as 9 kHz become pos-
sible, giving the developed CoC prototype a bandwidth span of 19 kHz
to 500 kHz. The CoC composes Stage 1 of an overall signal-conditioning
circuit, which is followed by subsequent attenuation, filtering, and
amplification stages to provide a flexible output control range of 50 dB.

9. Conclusions

The CENELEC-A band (9-95 kHz), reserved for power utilities,
presents a challenge to cost-effective PLC-based applications aiming to
access it without compromising bandwidth. This paper demonstrates
that, for line monitoring and other receive-only applications, it is
possible to trade off insertion loss for bandwidth without compromis-
ing carrier-to-noise ratio (CNR) with subsequent amplification. This is
possible because the environmental noise in MV power lines is much
higher than the noise present in the designed amplification stages.
The design methodology for developing a CoC with a required low-
frequency cut-off from an off-the-shelf encapsulated CC-drain coil unit
is, therefore, the key contribution presented here. The analysis sections
demonstrate how a CC developed for a higher frequency range (2 MHz
to 30 MHz) can be made to operate at frequencies as low as 9 kHz.
A LV series RC network, in parallel with the drain coil and a loading
resistor, provides both a gain for the lower frequencies and control for
the higher frequencies, enabling an overall flat response.

A prototype with a 19 kHz corner frequency has been tested in the
lab and in the field, enabling communications over a heavily attenuated
link on an MV SWER network. The use of lower loss low-frequency
bandwidth allowed such transmission when previous attempts at higher
frequencies (> 50 kHz) were not successful. The design methodology of-
fers a procedure to achieve a large bandwidth (in drain-coil integrated
capacitive coupling to the MV line) covering the entire CENELEC and
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FCC bands. The methodology herein can potentially be adapted for
customized designs dependent on the utilized CC. The insertion loss
of the coupler (Stage 1) alone is approximately —46.5 dB for a 9 kHz
to 500 kHz transmission range. When the signal conditioning board
engages all of its stages (including the attenuator, filter, and amplifier),
the insertion loss can be adjusted in the —50 dB to 0 dB range for a
frequency range of 27 kHz to 440 kHz. The signal conditioning board
was tested in the field over a week. The SNR was less than 0 dB for
only 0.000148% of the time, and it was in the 20 dB to 40 dB range
for 98.29% of the time. This validates the effectiveness of the proposed
design in conditioning the signal, filtering out noise/interference, and
providing proper impedance matching to maximize signal transfer. The
key highlights of this research can be summarized as follows:

Frequency Range: The signal conditioning circuit supports a fre-
quency range from 9 kHz to 500 kHz, satisfying our primary
objective of targeting transmission in the lower CENELEC-A band,
given challenges in maintaining reliable transmission in overhead
networks with underground sections.

Design: An innovative design incorporating a series RC impedance
in parallel with the drain coil of the utilized CC was used to
create a resonant circuit, lowering the cut-off frequency to a lower
desired value.

Flexibility: When the attenuator, filter, and amplifier stages are
engaged, the range can be adjusted from 27 kHz to 440 kHz, with
an insertion loss that can be adjusted in the —50 dB to +0 dB range
via attenuator and amplifier gain selections.

Field validation: Extensive field tests validated an SNR exceeding
0 dB for 99.9999% of the time over a week period, with 98.29%
of measurements in the 20 dB to 40 dB SNR range.

Cost: The design represents a significantly more economical solu-
tion compared to off-the-shelf products available in the market
while uniquely supporting reception in the lower CENELEC-A
frequencies.

The proposed CoC solution demonstrates scalability for larger or
more complex networks. Its modular architecture utilizes commercially
available components and network integration through coupling ca-
pacitors (CCs), offering a cost-effective solution. Modular stages like
attenuators and amplifiers can be independently added, removed, or
upgraded, allowing for flexible adjustments to meet network require-
ments. Given that one CoC would be required at each receiving loca-
tion, the cost to scale the system should grow only linearly with added
capacity. Once designed for the CC of choice, new installations should
ideally use the same CC for seamless integration and compatibility.
A limitation of this work is the insufficient discussion on inductive
coupling, which may be a cheaper alternative to CC-based coupling
in medium voltage networks. The authors intend to address this short-
coming in future publications through an in-depth analysis of the use of
inductive coupling in SWER networks as well as the design of dedicated
signal conditioning circuits for such a coupling alternative.
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