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 
Abstract—The distributed-element transmission line model is 

modified to account for proximity effects in multiconductor 
cables and frequency dependent dielectric behaviour providing 
an accurate prediction of channel attenuation at broadband 
power line communication frequencies (1-100 MHz). The 
modified model is verified with scattering parameter 
measurements and then used as a building block for complex 
microgrid network modelling. Powerline communication 
performance tests are conducted using the HomePlug 
GreenPHY and HomePlug AV. The AV operates successfully up 
to 600 m on star feeders and on complex radial feeders in the 
presence of power converter noise. The GreenPHY operates up 
to 450 m on star feeders and on radial feeders with long 
branches. However, it cannot connect reliably on radial feeders 
with short branches due to frequency selective notching. 
Functionality requires link attenuation less than -60 dB at 30 
MHz and the absence of notches that penetrate below -70 dB 
within the band (1.8-30 MHz). Due to the wide availability and 
low cost of the AV, it is a sensible choice for reliable broadband 
digital communications on microgrid networks. 
 

Index Terms—transmission line model, HomePlug, 
microgrid, powerline communication, scattering parameters, 
smart grid 

NOMENCLATURE 

ABL adaptive bit loading 
AMI automatic metering infrastructure 
AV HomePlug AV 
BB broadband powerline communication 
DUT device under test 
EMI electromagnetic interference 
GP HomePlug GreenPHY 
NB narrowband powerline communication 
OFDM orthogonal frequency division multiplexing 
PLC powerline communication 
QAM quadrature amplitude modulation 
QPSK quadrature phase shift keying 
SNR signal-to-noise ratio 
SWA steel wire armour 
TLM transmission line model 
UNB ultra-narrow band powerline communication 
VNA vector network analyser 
𝛿 skin depth of copper conductor 
𝜀௥ relative permittivity of dielectric 
𝜀 permittivity of dielectric (𝜀଴𝜀௥) 
𝑓 frequency in Hertz (Hz) 
𝛾 propagation constant 
𝛤 reflection coefficient 
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tan𝛿 loss tangent of dielectric 
𝜇 permeability of conductor 
𝜇଴ permeability of free space 
𝜇௥ relative permeability of conductor 
𝜎 conductivity of conductor 
𝑇 transmission coefficient 
𝑧 cable length 
𝑍଴ characteristic impedance 

I.  INTRODUCTION 

OWERLINES are designed for the transmission of power 
rather than information and therefore offer a challenging 

environment for digital communications. In addition to the 
standard challenges inherent to any communication medium 
(e.g. attenuation, dispersion, distortion), powerline cables 
typically have non-homogeneous dielectrics and present non-
standard characteristic impedances that cause frequency-
dependent reflections. Powerline networks are difficult to 
model due to their often complex branching structures and 
because generators and loads may connect and disconnect, 
changing the electrical behaviour of the network over time. 
Generators, power converters, and dynamic loads inject 
broad- and narrow-band noise into the powerline. Ambient 
noise from nearby radio-electric systems can cause further 
electromagnetic interference (EMI). Therefore, powerlines 
are highly variable communication channels, and so channel 
models must depend on transmission band, cable type, 
network configuration, and load characterization.  

Three frequency ranges are commonly used for Powerline 
Communication (PLC): ultra-narrow band (UNB: <3 kHz), 
narrowband (NB: 3-500 kHz), and broadband (BB: >1 MHz) 
[1]. UNB does not suffer as much from the aforementioned 
problems due to long wavelengths and minimal attenuations 
making low data rate single carrier transmissions a possible 
option for many applications. Lumped element models are 
sufficient for most UNB analysis [2]. Power utility companies 
are now using NB multicarrier orthogonal frequency division 
multiplexing (OFDM) modulation protocols like G3 and 
Prime to enable Automatic Metering Infrastructure (AMI) 
[3]. G3 and Prime use similar technology to BB PLC 
protocols like HomePlug which was primarily developed for 
indoor internet access via building electric wiring [4]. 

Following the HomePlug Alliance initial standards release 
in 2001, there has been a steady interest in PLC modelling 
and implementation in a variety of BB applications. Much of 
the first wave of interest concerned internet access whereas 
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more recent research mainly concentrates on smart grid 
applications [1]. This study will focus on comparing the 
HomePlug Green PHY (GP) and HomePlug AV (AV), two 
BB off-the-shelf products (Fig. 1), as low-cost plug-and-play 
solutions for microgrid developers. We show that despite the 
GP’s intention to be a tailored solution for smart grid 
applications, it cannot compete with the performance, 
availability, and affordability of the AV technology. 

As isolated power systems, microgrids provide a natural 
canvas to implement the concepts of the smart grid. 
Therefore, using hardware from a low voltage microgrid 
designed for an electrification initiative in rural Kenya [5], 
the GP and AV are tested for their suitability for smart grid 
applications. The main contribution of this paper is to 
empirically evaluate the viability of these two BB PLC 
technologies for digital communications on a low voltage 
microgrid. Although the concepts presented hereafter may be 
applicable to larger grids, the stated results are limited to 
single common distribution voltage grids. Any voltage 
conversion would likely require repeaters. A network model 
will be presented as a tool for microgrid developers to 
determine if a particular powerline configuration will be 
conducive to BB PLC functionality. 

Section II summarizes the status of PLC in the literature. 
Section III summarizes the transmission line distributed 
element model (TLM) that forms the foundation of the 
proposed network model. Section IV explains the model for 
the PLC analogue coupling circuit. Section V describes the 
PLC experimental setup used to evaluate PLC performance 
and Section VI follows with the test results. 

II.  LITERATURE REVIEW 

PLC promises digital communication over a ‘free 
medium’, much like wireless technologies, whilst also 
potentially offering the reliability and high bandwidths of a 
wired communication technology. BB PLC technologies (e.g. 
HomePlug, G.hn) rose with the societal dependence on 
internet in the mid-2000s and was heavily explored as an 
access solution to compete with other ‘last mile’ wired 
technologies (e.g. DSL, coax, fibre) [6]. Although PLC did 
not rise as a leading solution, the HomePlug AV technology 
has had great success as an indoor internet extender in 
situations where other technologies fail to satisfy network 
requirements. Consequently, AV hardware can be found all 
over the world at affordable prices. Recently, PLC solutions 
have also remerged as a potential solution for the smart grid, 
meaning the connectivity of power systems for distribution 
automation, advanced metering infrastructure (AMI), 
demand side management (DSM), distributed power 
electronics control, energy management, and data harvesting 
[7]. Most smart grid applications only require NB capabilities 
with bit rates less than 1 kbps and latencies less than 100 ms 

[8]. However, the availability and ready-to-use nature of the 
AV makes it an attractive and low-cost solution for microgrid 
communication. Additionally, as the number of sensors, 
sample frequencies, and controllable devices increase, BB bit 
rates become necessary. Furthermore, many smart grid 
structures aspire to integrate all devices into cloud-based, 
internet-accessible control centres and BB communication 
solutions are typically based on Internet Protocol (IP) and so 
readily enable this capability [9]. 

This study was prompted specifically by the HomePlug 
GreenPHY (GP), a BB PLC technology designed as a robust 
low-power alternative to its higher-bandwidth relative the 
HomePlug AV (AV), for smart grid applications such as 
electric vehicle (EV) charging networks [10]. They both use 
OFDM techniques in the frequencies between 1-30 MHz. The 
basic AV offers data rates up to 200 Mbps using 1024-
quadrature amplitude modulation (QAM) [11]. Later 
generations stretch the spectrum up to 86 MHz to achieve 
rates up to 1 Gbps. The TP Link AV500 model in Fig. 1b used 
in this study achieves data rates of over 300 Mbps using 
carriers up to 68 MHz. AVs use adaptive bit loading (ABL), 
varying the payload on each carrier to unload those that are 
severely attenuated while loading strong carriers. The GP 
does not utilize ABL, is limited to quadrature phase shift 
keying (QPSK) and so offers data rates up to 10 Mbps. Upon 
release, the GP was marketed as a cheaper and simpler AV 
that uses less energy. Modules using GP also include 
additional features to comply with the SAE J1772 EV 
charging standard [10]. 

Most PLC research focuses on modelling the harsh 
powerline communication medium to best predict 
performance. Methods fall into two main categories: top-
down models based on measurements of the channel, and 
bottom-up models based on analytical characterisation of the 
channel using the transmission line model (TLM) [12]. Top-
down models consider the communication network as a black 
box characterized as a transfer function derived from 
measurements in and out of the box [13],[14]. Such transfer 
functions contain two primary terms: attenuation and delay 
[15],[16]. Conversely, bottom-up models are built by 
defining each element of the network by its physical 
geometry and cascading those elements together with 
multiport mathematical matrices (e.g. s-parameters, ABCD) 
[17]. Time variance due to dynamic loads and noise can be 
added to either model [18]. Statistical analysis and method 
combinations can generate random channel predictions 
[19],[20]. Ultimately, the top-down method requires physical 
access to the channel for measurements. The bottom-up 
method is used by this study to offer microgrid developers a 
pre-design prediction of performance to inform the 
communication system choice. Some network topologies are 
problematic for PLC and require configuration modification 
or repeaters. PLC may not be the optimal engineering choice 
in these situations. 

PLC must overcome three main obstacles: impedance 
mismatch, frequency selective attenuation, and noise. All 
these obstacles can either be permanent phenomena due to the 
grid structure or vary in time due to dynamic loads, charging 
cycles, EMI, and transients (e.g. contactor operation, 
lightning). Noise sources can be native to the network (e.g. 
power converters, loads) or interference from external 
equipment (e.g. EMI) [21]. AV and GP use differential 
coupling which reduces these effects [22]. Performance 

                     
a) b) 

Fig. 1. HomePlug PLC devices. a) dLAN Green PHY module b) TP 
Link AV500. 
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depends on feeder length and grid topology (e.g. star, radial). 
BB PLC systems are naturally limited to link lengths of a few 
hundred meters due to the high frequency attenuation of 
power cables. Some carriers may be attenuated further if the 
feeder length equals a multiple of the carrier’s quarter 
wavelength. Branches on radial feeders cause multipath 
reflections resulting in deep attenuation notches in the 
frequency response and delay spread [23]. 

An inverter-based low voltage DC microgrid is described 
in [24] that uses first-generation HomePlug modems for 
communication across buried 4-core cable. Different cable 
types and combinations of differential signalling are tested. 
The effect of power converter and cable termination 
impedances are investigated. Propagation modes using the 
shield do not perform as well as interior cores. They propose 
dedicated interior cores on star feeders to achieve up to 500 
m transmission. Cascaded s-parameters are used to simulate 
branched medium voltage radial feeders in [25] and they 
compare cumulative capacity (in Mbps) to overhead lines. 
The researchers conclude that overhead lines tend to be more 
conducive to PLC due to their separation, but buried cables 
allow higher injection power and help suppress noise, which 
can increase performance. They also observe that short 
branches (< 50 m) impair the channel response more than 
long branches due to quarter wave resonance. Various studies 
evaluate HomePlug performance variables. However, the 
literature lacks a methodical quantification of performance as 
a function of cable length and branch position and length in 
the presence of power electronic noise in a live microgrid. 
This quantification looks primarily at channel attenuation and 
notch depth as a means of determining functionality. 

Researchers in [26] build complex PLC networks using ns-
3, a software tool primarily used by wireless IP-based 
network simulation. Similarly, in [27], networks are made 
using EMTP-ATP, a power grid transient simulator. While 
both offer a GUI and employ the same fundamental TLM, 
they are difficult to access, overly complex, and not validated 
by experimental data. 

Alternatively, this study synthesizes the PLC modelling 
literature to suggest a simple user-friendly modified two-wire 
cascaded s-parameter-based network building tool. The tool 
can be used as input into any software. Here the RLGC 
building block in the user-friendly AWR Microwave Office 
(by Cadence) GUI is used to quickly build complex networks 
and predict BB PLC performance. This tool is designed 
specifically for s-parameter analysis and is fast and easy to 
use. MATLAB and SIMULINK also have a RLGC block. 
These software tools all uses the same TLM and can be used 
to approximate the performance of a differential PLC signal 
on any two conductors in a multiconductor cable. The model 
is validated by vector network analyser (VNA) measurements 
of a testbed microgrid. 

III.  MODIFIED TWO WIRE TRANSMISSION LINE MODEL 

As the signal wavelength becomes less than ten times the 
cable length, the channel must be modelled as a distributed 
element transmission line to account for wave propagation 
behaviour [2]. The distributed element TLM in Fig. 22 
considers an infinitely small section of cable with two 
conductors where 𝑧 is length of the line. The transmission line 
conductor is modelled with a series resistance and shunt 
admittance that cause frequency dependent signal 
attenuation. Series inductance and shunt capacitance affect 
signal propagation. Per-unit parameters can be 
mathematically derived from the cable cross sectional 
dimensions and material composition as in Fig. 33. Geometric 
variables are defined in an example 1.5 mm2 Steel Wired 
Armour (SWA) cable in Fig. 3b. Frequency dependence of 
the ac resistance is considered when the radius of the 
conductor is greater than twice the skin depth as defined in 
[2]: 

 𝛿ሺ𝑓ሻ ൌ ଵ

ඥగ௙ఓఙ
ሾmሿ (1) 

where 𝑓 is frequency in Hertz, and 𝜇 ൌ 𝜇଴𝜇௥. The two-wire 
AC per unit resistance is calculated with (2) using geometric 
terms from Fig. 3. It accounts for proximity effects of the two 
cores and the surrounding shield from multiconductor cable 
analysis [28]. Two-wire models built into software tools 
neglect proximity effects causing underestimations of high 
frequency attenuation for buried cables. Eq. (2) assumes a 
differential PLC signal across the two primary cores. Other 
propagation modes are not explored since previous studies 
show them to perform worse than interior cores. This 
multiconductor equation is necessary to accurately predict 
high frequency attenuation which is important when 
attempting to understand the behaviour of broadband PLC 
systems (e.g. AV2 which operates up to 86 MHz): 
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Measurable inductance is the sum of external inductance and 
internal inductance as in (3). The internal inductance (4) is 
frequency dependent where the external inductance (5) is a 
constant. 
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Fig. 2. Distributed element model of two-wire transmission line where 
∆z is an infinitely small length of cable and voltage and current behave 
like propagating waves. Reproduced from [2]. 
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Fig. 3. Cross sectional geometry of  a) generic shielded multiconductor 
cable  b) 1.5 mm2 SWA 2-core power cable 
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Capacitance and admittance are defined by (6) and (7) and 
assume a homogeneous dielectric insulation:  
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Both the relative permittivity (𝜀௥ሻ and the loss tangent (tan𝛿) 
decrease with frequency and are intrinsic to the insulation 
material [29]. To accurately predict attenuation at high 
frequency, dielectric constants must be chosen carefully to 
best predict PLC attenuation at the envelops of operation. The 
model must utilize a frequency dependent function or choose 
a constant value that is accurate in the upper band. 

The frequency dependence of the dielectric can be 
represented using the Debeye function with the Cole-Cole 
modification as in [30],[31]: 

 𝜀୰ሺ𝜔ሻ ൌ 𝜀ᇱ୰ሺ𝜔ሻ െ 𝑗𝜀୰ᇱᇱሺ𝜔ሻ ൌ 𝜀ஶ ൅ ఌబିఌಮ
ଵାሺ௝ఠఛሻക

 (8) 
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where 𝜀଴ is the value at DC, 𝜀ஶ is the settling value at high 
frequency, 𝜏 is the dielectric relaxation time constant which 
defines the frequency around which the dielectric constant 
relaxes to a different value, and 𝜑 is a stretching factor 
determining the width of frequency range over which the 
relaxation occurs. 

Values for 𝜀଴ and 𝜀ஶ are best observed from measurement 
but can be estimated from look up charts for dielectric 
materials [32],[33]. The following solution is extracted from 
curve fitting the Debye equation to s-parameter 
measurements and serves as the model of the dielectric of the 
1.5 mm2 SWA test cable from Fig. 33b. It is compared to the 
measurement in Fig.4. 

 𝜀௥ሺ𝜔ሻ ൌ 3 ൅
ସିଷ

ଵାሺ௝ఠଵ.ହൈଵ଴షలሻబ.ఱ 

Circuit analysis of Fig. 22, assuming steady state 
conditions in the time domain, yields the characteristic 
impedance (𝑍଴) in (10) defined as the ratio of voltage to 
current for a traveling wave on a transmission line and is 
calculated using the per-unit values previously defined. 

 𝑍଴ ൌ
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ൌ ට
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௚ା௝ఠ௖
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The propagation constant γ in (11) is also calculated from the 
per-unit values and consists of α (nepers/m), the attenuation 
constant that describes the decay of the signal, and β 

(radians/m), the phase constant that expresses the amount of 
phase change per unit length of transmission line or, in other 
words, how fast the signal’s phase varies as it moves along 
the line [2]. 

 𝛾 ൌ 𝛼 ൅ 𝑗𝛽 ൌ ඥሺ𝑟 ൅ 𝑗𝜔𝑙ሻሺ𝑔 ൅ 𝑗𝜔𝑐ሻ ሾmିଵሿ (11) 

These two values (𝑍଴ and 𝛾) characterise a transmission line 
and form the foundation of the two-wire TLM. 

After taking open and short s-parameter measurements as 
in [34], the characteristic impedance and propagation 
constant (𝑍଴ & 𝛾) can then be derived from (12)-(13) and 
thereafter each of the per-unit parameters in (14)-(17). 
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where 𝑙ୡୟୠ୪ୣ is the length of the cable. Open/short 
measurements of a 50 m section of SWA cable yields Fig. 5. 

The phase velocity for this cable relates to the conductivity 
of the copper conductor and the permittivity of the dielectric 
as in (18).  
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where 𝑐 is the speed of light. Phase velocity for the SWA 
cable is approximately 1.65 ൈ 10଼ ୫

ୱ
; therefore, a 50 m line 

will have its first quarter-wave resonance at ~80 kHz as 

 
Fig. 4. Measured dielectric properties of 1.5 mm2 SWA power cable vs 
the Debye approximation. 
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Fig. 5. Measured per unit parameters as compared to the two-wire TLM 
distributed element model for 1.5 mm2 SWA power cable a) RLGC b) 
characteristic impedance and propagation constant. 
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notable in the first oscillation in Fig. 5. To avoid reflections 
and the oscillatory nature of the measurements, the device 
under test (DUT) would need to be shorter than the quarter 
wavelength (1.4 m @ 30 MHz). However, the smaller the 
DUT, the more accentuated measurement errors become and, 
although the curves look smoother, they are not as accurate.  

IV.  POWERLINE COUPLING CIRCUIT 

Full path measurements are taken looking through the PLC 
analogue front end (AFE) coupling circuit modelled in Fig. 6 
found on the GP evaluation board made by devolo and 
purchased from Codico [35],[36]. It includes a three-winding 
transformer (devolo UT11359) to step up the PLC signal both 
upon transmission and reception [37]. The transformer is 
modelled as an ideal three-coil mutually coupled inductor 
[38]. Leakage inductance is modelled as an additional 
inductor placed in series with the transmit coil per the 
transformer data sheet [37]. Coil 1 is the receiver, coil 2 the 
transmitter, and coil 3 connects to the impedance matching 
resistor of 96 Ω before connecting to the powerline (close to 
the cable’s characteristic impedance seen in Fig. 5b). In 
parallel with the transformer is a capacitive low pass filter to 
block frequencies above the band of interest (1-30 MHz). 

The AFE model was made in AWR because of the user-
friendly GUI designed for rapid 2-port network design and s-
parameter graphical analysis. Fig. 7 shows the transmission 
coefficient S21 looking through the transmitter AFE through 
10 cm of coaxial cable directly to the receiver AFE. The 
bandpass shape of the AFE response is deliberate to reject 
both switching noise below the PLC bandwidth and any 
communication signals above the band. This shape will 
dominate the network VNA measurements. 

The s-parameters for an ideal transformer in the passband 
is determined by (20): 

 𝑆୶୤୰ሺ𝑛ሻ ൌ
ଵ

௡మାଵ
ቂ𝑛

ଶ െ 1 2𝑛
2𝑛 1 െ 𝑛ଶ

ቃ [dB] (20) 

where 𝑛 is the number of turns [39]. The GP transformer has 
a 1:4:5 (TX:powerline:RX) ratio and therefore 𝑛 ൌ 5 from 
transmit to receive. 

 𝑆୲୶ሺ5ሻ ൌ ቂെ0.7 െ8.3
െ8.3 െ0.7

ቃ [dB] 

Fig. 7 shows the 8.3 dB S21 attenuation from the transformer 
plus approximately 2 dB more from the matching resistor 
network. 

V.  TEST SETUP 

The HomePlug products are tested on a lab-based 120V 
DC microgrid intended for a remote rural community [5]. The 
experimental setup in Fig. 8 is used to evaluate PLC 
performance on a given cable network. In this test, microgrid 
power flows from a generator to a load via power electronic 
converters. Those converters are mostly capacitive in nature 
and present a low impedance path for PLC frequencies. 
Therefore, low pass filters (LPF), placed between the 
converters and the powerline, are necessary to present a high 
impedance to PLC signals. The network consists of various 
lengths and branching configurations of SWA power cable, 
represented with a TLM circuit diagram. Feeders range 
between 50 – 800 m. Branches are either short (< 50 m) or 
long (> 50 m). 

Internet Protocol (IP) test data originates at the Linux 
computer. The data is addressed to a namespace, a self-
contained partition to tunnel data through a USB-ethernet 
adapter forcing communication down the powerline vs 
internally in the Linux machine. The PLC modem modulates 
the signal and transmits a differential voltage OFDM symbol 
that is then coupled to the powerline through the AFE 
coupling filter discussed in the previous section. The signal is 
received by another PLC modem at the opposing node, 
demodulated, and passed to the receiving Linux namepace IP 
address. 

VNA measurements taken at the ‘X’ test points measure 
just the network of powerlines versus measurements behind 
the AFE at the circle test points observe the full PLC signal 
path (as in Fig. 7). 

Two software utilities are used to generate internet IP test 
data on the Linux machine. Ping measures network latency 
by measuring roundtrip time for an IP message to travel from 
transmitter to receiver and back. The Linux processing 

 
Fig. 6. Model of HomePlug GP coupling transmitter circuit modelled in 
Cadence AWR Microwave Office software. Tx/Rx nodes connect to the 
respective Tx/Rx pins of the QCA7000 PLC modem. 
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contributes 0.4 ms. The powerlines contribute (based on 
approximately 1.65 ൈ 10଼

୫

ୱ
 transmission speed) less than 

0.003 ms. Any remaining latency is due to the PLC modem 
pair. When a reliable PLC connection is established, latencies 
are consistently around 10 ms for the GP and 4 ms for the 
AV. These numbers do not vary with network structure since 
the modulation techniques operate to guarantee latency 
consistency. 

Iperf similarly produces a stream of IP data from client 
(transmitter) to server (receiver) at channel max capacity to 
measure throughput, jitter, and packet loss or retries. Jitter is 
latency deviation and tends to rise with channel degradation. 
Although this is not a particularly reliable indicator. Data can 
be packaged in transmission control protocol (TCP) or user 
datagram protocol (UDP) format. The main difference is 
TCP’s need for a transmission receipt. When the client does 
not receive a receipt from the server, the client retries. UDP, 
on the other hand, transmits indiscriminately which can lead 
to packet loss. HomePlug modulation techniques also 
sacrifice throughput to maintain acceptable thresholds of 
packet loss and retries. That leaves throughput as the main 
variable to evaluate PLC performance. There is a clear 
relationship between throughput and channel quality as will 
be demonstrated shortly. 

In addition to the Linux utilities, the HomePlug modems 
made by Qualcomm Atheros (QCA) have software tools 
called the Open Powerline Toolkit that can be used to 
evaluate performance. These tools are open source [40]. Each 
modem chip has a unique MAC address which is used to 
interrogate the chip for various parameters. Three commands 
were used in the PLC tests: 

1. int6k: interrogates the modem and prints the 
network configuration. It identifies which chip 
address has established itself as Central Coordinator 
(CCo) and which are its subordinate stations [10]. 
Any chip can act as either. The program is used to 
quickly assess if two or more modems have 
established a network. 

2. plctone: prints signal-to-noise ratio (SNR) tone 
map. The chip exchanges investigative packets with 
network neighbours to assess the channel quality to 
create a tone map as in Fig. 9. The tone map also 
incorporates pre-masked carriers and is then used for 
ABL protocols. This feature only works on the AV 
chip. 

3. plcrate: polls all modems on the network and 
prints physical data rates in bits per second (bps). 
This is the maximum transmission rate capability of 
the modem for a given tone map. This feature only 
works on the AV chip. 

Data rate is only based on the physical layer and establishes 
the ceiling capability whereas throughput is the actual bit rate 
achieved after software and hardware overhead. Throughput 
calculated by iperf will always be lower than the data rate 
reported by plcrate. 

VI.  PLC PERFORMANCE ON MICROGRID NETWORKS 

Microgrid power network architectures follow one of two 
basic structures: star or radial. Star feeders are direct and 
dedicated connections from a central generation bus to a load. 
Radial feeders consist of a main cable with several ancillary 
branches. Even though radial feeders must be larger to 
support higher currents, radial networks tend to use less cable, 
often making them cheaper and more common. BB PLC 
modulation techniques were originally designed for complex 
radial indoor networks with random lengths and multiple 
branches. 

There are three main causes of attenuation that impede 
PLC connectivity: cable length, noise, and notches from 
branches and impedance discontinuities. 

A.  Star Feeders 

The s-parameter transmission coefficient S21 shown in 
Fig. 10 (measured at the ‘X’ test points from Fig. 8) indicates 
attenuation solely due to cable length. Mixed-mode 
differential S21 VNA measurements in blue are compared to 
AWR model curves in red [41]. The AWR model consists of 
an RLGC element defined by Eqs. (2-7). The published reach 
of HomePlug products is 300 m; however, the GP can 
function up to 700 m and the AV up to 800 m on star feeders 
when microgrid power is off. Functionality decreases when 
microgrid power is turned on due to converter noise on the 
feeder. Measurements (in blue) become unreliable below         
-80 dB due to the VNA noise floor [42]. The threshold for GP 
operation on live star feeders is -60 dB of attenuation from 
the power cable at 30 MHz assuming factory average transmit 
power settings, measured at approximately 76mW. This 
equates to 450 m and a coherence bandwidth of 200 kHz at a 
correlation level of 0.7 [43]. 

The GP functionality limit is further illustrated in Fig. 11 
that presents the fast Fourier transform (FFT) of full signal 
path time domain oscilloscope measurements (taken at the 
circle test points from Fig. 8). The scope shows received GP 
TCP messages over 50 m and 500 m star feeders. The 
frequency plot includes the noise associated with a dead 
network (microgrid power off in red) compared to a live 
feeder (microgrid power on in purple). There is an increase in 
the overall noise floor with distinct harmonic spikes in the 

 
Fig. 10. S21 vs. cable length. VNA measurements (in blue) become 
unreliable at -80 dB. Lines are marked to show the limit of functionality 
on a live star feeder. The GP requires cable attenuation > -60 dB @    
30 MHz to establish reliable connectivity corresponding to a 450 m    
1.5 mm2 SWA cable star feeder. For the AV, cable attenuation    
> -122 dB @ 68MHz corresponding to 600 m. 
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Fig. 9. HomePlug AV unitless SNR quantifier map on 50 m SWA cable. 
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lower frequencies caused by the switching power converters. 
Amongst the noise in Fig. 11 are clear PLC subcarrier 
groupings in the band between 1.8-30 MHz from the GP 
OFDM symbol. Pre-programmed notches are also visible. 
Since the GP does not use ABL, transmission power is the 
same at all frequencies; therefore, the amplitude of each 
received carrier suffers frequency dependent attenuation 
caused by the length of the star feeder. Hence, the OFDM 
symbol follows the shape of S21. Performance at 500 m is 
unreliable when power is flowing because the received power 
of the OFDM is exceeded by the noise as shown in Fig. 11c. 

Since the GP does not use ABL, it relies on the ROBO 
technique of sending multiple copies of each data packet. To 
maximize the GP reach during performance tests, the ROBO 

setting is programmed at the most conservative level which 
sends five repeat copies of each packet [10]. With this setting, 
the GP data PHY rates are limited to 3.8 Mbps and 
throughputs of approximately 1.5 Mbps. These rates did not 
change with cable length or channel quality. There is no 
gradual decrease in performance. The GP either meets the 
connection threshold or it does not. Table I summarizes PLC 
functionality on star feeders for both the GP and AV when 
microgrid power is off or on. 

In contrast to the GP, AV bit rate varies with channel 
quality. The relationship between cable length and data rate 

TABLE I: 
STAR FEEDER POWER-OFF & POWER-ON FUNCTIONALITY  

Cable length (m)  
300 400 500 600 700 800 

GP (power off)      
 

GP (power on)   
    

AV (power off)       
AV (power on)     

  

 
a) b) 

Fig. 12. Performance vs distance for the HomePlug AV. Light colours 
indicate microgrid power is off and dark colours show power is on. a) 
data rate and throughput vs. distance b) SNR vs. distance 
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c) 

Fig. 13. SNR and to S21 on a) 50 m b) 500 m star feeder comparing the 
difference between microgrid power off (dotted red curve) and on (solid 
purple curve). At 50 m, noise has very little effect on subcarrier load 
whereas at 500 m, not only are higher frequency subcarriers attenuated 
by cable length, but higher frequencies are also more susceptible to 
microgrid power converter noise since operation is closer to the noise 
floor. c). A dead 800 m star feeder is compared to the AV reliable limit, 
a live 600 m. 
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c) 

Fig. 11. FFT of oscilloscope measurements of received GP TCP OFDM 
symbols on a) 50 m and b) 500 m of SWA cable star feeder. Red shows 
reception with a dead cable (microgrid power off) while purple shows 
reception with a live feeder (microgrid power on) with the associated 
converter noise on the line. The FFT is compared to the S21 
measurement and model of the same length. The FFT shows the OFDM 
symbol between 1.8-30 MHz tapering with the attenuation of the line as 
expected from the S21 curve. c) Zoom-in of the received GP TCP 
message at 500 m (in purple) compared to microgrid power on noise 
floor (in grey). Harmonic spikes debilitate the message making 
connection on the GP unreliable at 500 m on a live network. 
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is illustrated in Fig. 12a. Data rate (in red) is extracted using 
the QCA toolkit plcrate command whilst throughput (in 
blue) is measured using the iperf network performance 
utility. AV throughput is limited to 100 Mbps due to the RJ45 
ethernet connectors used on the AV device (an odd 
engineering design choice). The mean SNR of the entire 
spectrum (1.8-68 MHz) in Fig. 12b is extracted from the QCA 
toolkit plctone command. From experimentation, it is 
determined that average SNR must be above 1.0 to achieve 
AV connectivity. Due to the hardware ceiling on AV 
throughput, data rate (plcrate command) and SNR 
(plctone command) reported by the QCA modem are the 
best predictors of channel performance. 

From Fig. 12 and Table I, the AV functionality on a star 
feeder with microgrid power on is 600 m. Fig. 13 echoes this 
limitation showing how noise affects SNR at various cable 
lengths. SNR maps show the ABL in action and are compared 
to S21 (measured from circle test points from Fig. 8) looking 
through the GP AFE (under the assumption that the GP and 
AV AFE coupling circuits are very similar). At 50 m, 
converter noise does not affect SNR except for a small 
reduction in usage of the lower band subcarriers due to 
harmonic spikes. As cable length increases, the upper band is 
impaired due to signal attenuation where the noise has greater 
impact. With microgrid power on, the highest frequency of 
use on a 600 m live star feeder is 27 MHz and average SNR 
is 1.13 yielding a data rate capacity of 39 Mbps and 
throughput of 24 Mbps. ABL reduces data loads on higher 
frequencies. Although it is difficult to establish a fixed 
threshold definition for AV functionality due to the dynamic 
ABL, average SNR over the entire band must average above 
1.0. Looking back at cable-only attenuation in Fig. 10, 600 m 
results in S21 ൌ െ122 dB at 68 MHz. Fig. 13 clearly 
demonstrates that at this distance, connectivity depends on 
the lower band subcarriers. Therefore, when S21 for a given 
network dips this low at 68 MHz, the network will be 
approaching its connectivity limit. AV average transmit 
power settings were measured at approximately 264 mW at 
these thresholds. 

B.  Radial Feeders 

Branches on radial feeders cause multipath reflections and 
standing waves that create notches in the frequency response. 
The severity of the notches is determined by the branch length 
and branch termination. In this case, the branches terminate 
in a large LPF in front of a DC converter as in Fig. 8. 
Therefore, at PLC frequencies, the load termination appears 
as an open circuit which improves the frequency response as 
demonstrated in Fig. 14. The filter helps shield the PLC 
network from the problematic switching noise, load 
dynamics, and capacitive loading of the power converters. 

Two radial test networks are shown in Fig. 15 that serve 
as the DUT for VNA and performance measurements using 
the same test setup from Fig 8. PLC signals are injected at the 
microgrid generation hub (indicated with a source in Fig. 15) 
and then received at one of the branch terminations (indicated 
with a lettered home). Each branch terminates at a power 
converter. Both the GP and AV establish connectivity at 
every load with two exceptions: the GP does not function on 
homes A and B on the long branch network. This is to be 
expected since A exceeds the GP cable length limit and B is 
very close to that limit. Comparisons of the S21 and SNR of 
houses D are reported in Fig. 16. 

Branches that approach the length of the quarter 
wavelength of the PLC carriers cause resonant notches like 
the one seen at 7 MHz in Fig. 16a (in blue). Hence, shorter 
branches tend to be more problematic, especially for the GP. 

 
a) 

 
b) 

Fig. 16.  SNR compared to S21 on a) Home ‘D’ of short branch network 
b) Home ‘D’ of long branch network. Branch SNR is compared the SNR 
for a comparable length of star feeder. Short branches create notches 
which are especially problematic for the GP that relies on all subcarriers. 
The branch lengths in the short network create a notch between 5-8 MHz 
and the AV reduces the data loading on those subcarriers. Long 
branches do not create deep notches. 
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Fig. 14. S21 of 200m star feeder with and without inductive LPF in 
between load and PLC modem. The filters block capacitive loads and 
reduce attenuation throughout the PLC bandwidth. 
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a) b) 
Fig.15. Experimental radial feeder networks with a) short branches and 
b) long branches labelled in meters. The PLC transmitter is placed at the 
microgrid hub indicated by a source. Receivers are placed at the end of 
each branch as designated by homes A-D. Cables represented by thick 
lines have SWA with 6 mm2 cores while thin lines have SWA with    
1.5 mm2 cores. Data rates and SNR are reported by the AV and show 
good functionality on all branches. The GP also achieved connectivity 
on all branches except A and B of the long branch network due to cable 
length limitations. 

GP GP 
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Note the AV ABL adjusts the subcarrier loading between 5-8 
MHz due to this notch (purple vs. red). However, since the 
GP does not use ABL, it cannot reduce or eliminate the use 
of certain bands that may have deep notches. The notch in 
Fig. 16a only dips to -60 dB because the branches are of 
slightly different lengths and the GP still achieves 
connectivity. If the lengths of the branches become very 
similar in length, the notches grow in depth. The depth of the 
notch increases even more when two short branches extend 
from the same junction. 

Three additional test networks in Fig. 17 illustrate this 
point. The AV establishes connectivity on every branch in 
each of the three networks. The lowest performing branch 
with microgrid power on is Fig. 17c Home B with SNR=0.5, 
data rate of 15 Mbps, and throughput of 5 Mbps. With 
microgrid power off, the GP established connection in all 
branches except the same mentioned above. But with 
microgrid power on, GPs on several branches failed to 
connect as indicated with a red X in Fig. 17. VNA 
measurements are not available for these test cases, but the 
model is used to approximate the channel. The models show 
deep notches that extend below -70 dB causing GP failure. 
These notches are most likely to occur in conjunction with 
either multiple short branches of similar length and/or due to 
a short branch hanging from the same junction as another 
branch. 

One last test network in Fig. 18 helps define the threshold 
for the GP. When all the branches are connected, the GP 
cannot connect between the microgrid hub and Home A. The 
GP begins connecting after removing the three red branches. 
The GP sends and receives ping commands but is unable to 
transfer TCP or UDP data indicating the connection is not 
reliable. More branches would need to be removed for full 
functionality. The S21 measurements show the reduction in 
depth of two deep notches at 4 and 12 MHz. Both drop to         
-85 dB and are approximately 10 MHz wide. There are two 
other notches of similar severity at 6.2 and 7.4 MHz which do 
not improve after removing the three red branches. There are 
also many notches above 10 MHz, but since they are close to 
the VNA noise floor, it is difficult to conclude their 
characteristics and effect. At a correlation level of 0.7, 

measured coherence bandwidth is 206kHz (compared to 
198kHz using the model) with all branches and 242 kHz with 
the red branches removed. From Fig. 16-Fig. 18 it is clear that 
the GP cannot make reliable connection in the presence of 
deep notches that extend below -70 dB. 

VII.  CONCLUSION 

A bottom-up approach to network modelling yields a tool 
to predict PLC functionality on microgrids. An expanded 
two-wire distributed TLM forms the backbone of the model 
incorporating important proximity effects inherent to 
multiconductor cables and frequency dependent dielectric 
behaviour. S-parameter measurements validate the model and 
serve as the primary predictive tool for PLC functionality. 
Using the modified two-wire model as a building block, 
complex networks are built in AWR Microwave Office to 
rapidly produce S21 curves that predict PLC functionality for 
a given microgrid network structure. 

Experimentation reveals the HomePlug AV has a star 
feeder reach of 600 m in the presence of power converter 
noise and performs well on complex branched networks due 
to ABL. Throughput bit rates exceed 10 Mbps even in the 
most extreme cases which surpasses communication 
requirements for microgrids [8]. Average SNR reported by 
the AV QCA must exceed 1 for connectivity which 
corresponds to a maximum cable-only attenuation of -122 dB 
at the highest used frequency, 68 MHz. 

The GP also performs well on star feeders less than 450 m 
which equates to S21 power cable attenuation of -60 dB at 30 
MHz. However, the GP struggles to make reliable connection 
on radial feeders with short branches due to frequency 
selective notching. Radial S21 curves must not contain 
notches in the PLC bandwidth (1.8-30 MHz) that dip below  
-70 dB. 

Digital communication requirements for microgrids can be 

 
a) 

 
b) 

Fig. 18. a) Complex experimental radial feeder networks with several 
short branches labelled in meters. Cables represented by thick lines have 
SWA with 6 mm2 cores while thin lines have SWA with 1.5 mm2 cores. 
Red branches are removed to find GP functionality threshold. b) S21 
measurements taken between the PLC source at the microgrid hub to 
Home ‘A’ of the complex radial feeder are compared to the model. 
Dotted lines show the network with all branches connected whilst solid 
lines show the network without the red branches. The GP begins 
connecting after removing the three red branches due to the shallowing 
of the deep notches at 4 and 12.7 MHz. 
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Fig. 17. S21 model estimates of three experimental radial feeder 
networks with a) short branches b) long branches and c) a complex 
network of branches extending from other branches of mixed lengths 
labelled in meters. Cables represented by thick lines have SWA with    
6 mm2 cores while thin lines have SWA with 1.5 mm2 cores. Even with 
microgrid power on, the AV established connectivity at every home. 
The red X indicates that the GP failed to connect with microgrid power 
on. Such failures are due to notches that extend below -70 dB. 

5050 50
55

5
5

A B

D

C

0

-70

0

-70

5050 50
50100

5
200

B C

D

A

5050 50

200

5
50

1005 5A

B

C

D

1                          10         30      70

0

-70

dB

MHz



 10 

satisfied with HomePlug (or similar) devices after 
considering these limitations. The AV appears to be the 
superior choice due to its increased range and adaptability on 
radial feeders with various branch lengths. Additionally, the 
AV is an affordable and common product available all over 
the world as compared to the relatively obscure and still 
expensive GP. 

Future work includes an investigation of the AV 
thresholds by extending the Fig. 18 experiment to ascertain 
the attenuation and coherence bandwidth differences between 
functionality and failure. Correlation levels should be fully 
explored to determine how flat the band needs to be for 
subcarrier utilization. Validation would require higher 
resolution high frequency VNA data and the incorporation of 
a noise model into the modified two-wire model. 
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