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A B S T R A C T

Power line communication (PLC) within future smart batteries facilitates the communication of high fidelity
sensor data between smart cells and external systems, with application areas including intelligent vehicles and
smart grids. This interconnected PLC system of smart cells will enhance cell utilisation and safety through
cell-to-cell coordination at a system level, leveraging the existing bus bar within the battery and eliminating
the need for additional wire harnesses. This paper studies the performance of a PLC system operating at carrier
frequencies of 10 MHz to 6 GHz within four distinct configurations of lithium-ion batteries. This assessment
focuses on changes in scattering parameters and data transmission error ratios. Furthermore, quadrature
amplitude modulation (QAM) orders of up to 1024 are investigated for their viability within such environments.
The results indicate that the addition of cells in parallel increases error ratios with high-order QAM, and that
this effect varies substantially with carrier frequency. Using QAM increases data throughput, allowing for
data transfers within large-scale battery systems without PLC bus bandwidth saturation. A prospective centre
frequency of 3650 MHz allows for a wide bandwidth of 300 MHz and 1024-QAM with little signal attenuation
and data error. At this frequency, the need for signal repeaters and higher signal output power is reduced. These
results are used to determine the most suitable arrangement of cells within a smart battery with consideration
of the PLC performance. The preliminary performance of a large-scale battery system with PLC in-situ could
be derived from the findings in this research based upon the four battery configurations tested.
1. Introduction

The use of renewable energy has received greater attention due to
the climate emergency. To reduce the output of carbon emissions in
transportation, the battery electric vehicle (BEV) can be charged with
renewable energy. However, the BEV is currently unable to outperform
existing internal combustion engine vehicles by global market share —
due to its comparatively long charging times, reduced travel distances
on a single charge, and perceived high purchase and running costs [1].

To mitigate these disadvantages in BEVs, the established literature
demonstrates improvements to energy storage systems, such as fast
charging techniques, improved battery safety, and efficiency [2]. The
BEV energy storage system typically utilises lithium-ion (Li-ion) cells
due to their high energy and power density, lack of memory effect, and
high efficiency, when compared to other battery chemistries such as

✩ Abbreviations: ASK, amplitude shift keying; BER, bit error rate; BEV, battery electric vehicle; BMS, battery management system; CAN, controller area
network; EMI, electromagnetic interference; EVM, error vector magnitude; FSK, frequency shift keying; Li-ion, lithium-ion; OOK, on-off keying; PLC, power
line communication; QAM, quadrature amplitude modulation; SER, symbol error rate; SoC, state of charge; SoH, state of health; VNA, vector network analyser;
VST, vector signal transceiver.
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1 Current address: Institute of Fundamentals of Electrical Engineering, Helmut Schmidt University, 22043, Hamburg, Germany

nickel-metal hydride and lead–acid [3]. However, there are challenges
facing the use of Li-ion cells, notably their safety when over-charging,
over-discharging, or exceeding fast charging limits defined by the man-
ufacturer. In these circumstances, the Li-ion cell may be permanently
damaged, but may also enter a thermal runaway state which can cause
fire and even explosion [4]. This problem can be resolved by using a
battery management system (BMS), which generally consists of impor-
tant features such as cell balancing, state of charge (SoC) and state of
health (SoH) monitoring [5]. However, these safety features limit the
potential performance of the Li-ion cells as the BMS makes assumptions,
or based on limited monitoring, related to their characteristics, such as
internal temperatures. This constraint exists because typical Li-ion cells
do not currently have a temperature sensor embedded within to allow
for the BMS to obtain internal temperature data. Therefore, the surface
temperature must be used as a safety measure to protect against cell
vailable online 9 January 2024
352-152X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.est.2023.110233
Received 1 February 2023; Received in revised form 15 December 2023; Accepted
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

19 December 2023

https://www.elsevier.com/locate/est
https://www.elsevier.com/locate/est
mailto:mahyar.j.koshkouei@warwick.ac.uk
https://doi.org/10.1016/j.est.2023.110233
https://doi.org/10.1016/j.est.2023.110233
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.110233&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Energy Storage 79 (2024) 110233M.J. Koshkouei et al.
Table 1
Comparison of various smart battery communication methods. A summary of literature on PLC systems for Li-ion cells is shown in Table 1.
Smart battery
network
topology

Wire harness
required

Complexity & cost Comments

None Wire required to
connect each sensor
embedded within
each cell to an
external BMS.

High The number of wires required for a battery of many smart
cells to be connected in this way adds significant weight,
cost, and complexity to the battery system. In addition, the
robustness of the assembly is compromised especially when
subject to high vibration environments.

Two-Wire [7] Two wires required
to be connected to
each smart cell.

Medium The two wires will add some weight and complexity to the
system. Changes to the battery architecture are still required
to accommodate the extra wire harness.

Wireless [8] None. Medium The performance of the wireless network may be degraded
due to multipath effects and shielding caused by other cells
in the battery. The modifications to the smart cell required
to integrate a wireless antenna increases the complexity and
cost of this method. This technique requires further research
for its suitability in batteries.

PLC None. Low The bus-bar is used as the communication channel, so
changes to the battery architecture and layout are not
required. The use of PLC within the Li-ion battery is under
investigation in this paper for its suitability in various
battery configurations.
thermal runaway. However, the established literature has demonstrated
that the internal temperature of the cell is much hotter than the surface
temperature during fast charging and discharging [6].

In the following studies based on the topic of cell instrumentation,
the sensors embedded within the cell are connected to an external data
acquisition device, such as an analogue to digital converter (ADC),
to record the temperature. Using electrically based sensors or optical
monitoring, a battery pack of many instrumented cells would require
a large and heavy wire and/or optical harness to accommodate the
wired connections for each sensor embedded within each cell. Coupled
with the BMS, the research community has been instrumenting cells
using embedded sensors to improve real time analysis [9]. This includes
analysis of the internal temperature of the cell during fast charging and
discharging. An additional benefit being, for example, is that by com-
bining a cell instrumentation technique with a constant-temperature
constant-voltage charging scheme, charging times may be reduced by
up to 20 % [10]. One such technique includes embedding fibre optics
within the Li-ion cell to monitor internal cell temperature [11]. In
this research, a Rayleigh back-scatter based optical fibre sensor was
embedded within a 21700-model cylindrical Li-ion cell and it was
determined that the internal temperature was 9.7 °C higher than the
surface temperature during a 1 charge-rate discharge. This large differ-
ence in temperature means that whilst a BMS is taking into account the
surface temperature of the Li-ion cell to enforce safety limits, the core
may already be exceeding these safety limits by nearly 10 °C. Hence,
the Li-ion cell may have actually been closer to a thermal runaway
event than originally anticipated. Similar techniques include the use
of thermocouples for core temperature sensing within a 21700-model
cylindrical Li-ion cell [12] and within a pouch and 18650-model Li-ion
cell [13]. These research studies have revealed significant temperature
differences of up to 4 °C and 13 °C between the core and surface of the
cells during cell discharge, respectively.

The capability for monitoring and analysis of data from embedded
sensors in instrumented cells by the BMS is underpinned by the commu-
nication system [14]. Such a communication system normally requires
a wire harness independent of the bus bar to use as a communication
bus. This wire harness increases the weight of the battery pack, and
hence reduces its power and energy density and also requires non-
standard cell formats to be used with extra connections. A comparison
of experimental communication methods for potential instrumented Li-
ion cells is shown in Table 1. A two-wire communication bus has been
presented in [7], whereby the communication bus was also able to
power the embedded system on the cell rather than consume power
from the cell itself. For large-scale batteries with many cells, using
2

a wire harness to connect each instrumented cell to the BMS would
increase the battery complexity and cost. Alternatively, a wireless
communication method may be used as demonstrated within a test
laboratory in [8]. However, further research is required to determine
the performance of such wireless system within the complex structures
of large-scale batteries, and to test this wireless system when integrated
within a real Li-ion cell. Therefore, a communication system must be
utilised that does not require any additional wire harness within the
battery, and allows for instrumented cells within the battery pack to
send sensor measurements to the BMS.

A communication system operating within a battery system of smart
cells that are instrumented with temperature sensors would realise the
transfer of the internal cell temperature measurement data from each
of the smart cells to the BMS. The BMS will use this measurement
data to determine the cells SoC, SoH, and other parameters to make
appropriate safety and performance decisions. These decisions may
include reducing the power output of the battery system in order to
reduce the temperature of the Li-ion cells, or increasing the charging
current if the cell core temperatures are under a safe threshold.

For a large-scale battery system of thousands of smart cells, the
amount of data being transferred from each smart cell to the BMS
will become significant. This complexity is exacerbated by the fact that
the temperature of the Li-ion may increase rapidly depending on use.
Hence, the response time of the BMS to receive critical temperature
measurement data and enact safety critical features must be as short
as possible. In addition, the data being transferred from the smart cells
to the BMS may increase in the future as additional sensors, such as a
local cell fuel gauge sensor, are integrated within the smart cell. Fur-
thermore, a bi-directional system, enabling the BMS to communicate
with each individual smart cell, will allow for the BMS to command
specific smart cells to perform necessary appropriate actions, such as
reconfiguring the battery by removing specific smart cells from the
circuit using in-situ cell MOSFETs [15]. Such in-situ cell MOSFETs may
also be used to heat up the cell to an optimum temperature in very cold
climates [16].

Based on these facts, power line communication (PLC) is selected for
potential use in this application. PLC is a communication technology
that uses the existing power bus, such as the battery bus bar, for data
transmission. Therefore, an additional wire harness is not required for
a PLC system. For similar reasons, it is straightforward to install a PLC
system and it can be used in power outlets common in homes, buildings,
and other facilities. In these applications, a PLC channel suffers from
interference caused by electrical appliances such as switching power

supplies and motors. Similarly, a large-scale battery system within a



Journal of Energy Storage 79 (2024) 110233M.J. Koshkouei et al.
BEV will also suffer from the same properties that make the physical
channel a harsh environment for PLC. Furthermore, the power line
network may use varying conductor types, cross sections joints, and
termination impedances which make the power line a challenging
medium to operate in [17]. The impedance will also change as the
load on the power line changes, due to consumer use for example.
Impedance mismatch causes a multipath effect, whereby the signal
propagates onto additional paths causing it to arrive at the receiver at
different time intervals, which can cause a reduction or amplification
in the signal amplitude or even nullification if the signals arrive 180
degrees out of phase. These effects can cause data corruption and/or
loss. Various standards, such as HomePlug and IEEE 1901, exist to
overcome the harsh conditions of the power line channel [18]. In
these standards, orthogonal frequency-division multiplexing (OFDM) is
used with equally spaced subcarriers to improve bandwidth efficiency
and reduce the effects of multipath fading. OFDM is a technique that
divides wideband into multiple narrowband subcarriers, each of which
is modulated using a different carrier frequency that is mathematically
orthogonal to the carrier frequencies of the other subcarriers [19].
The subcarriers may be modulated using phase shift keying, but the
most recent PLC standards, such as HomePlug AV2 allow for the use
of QAM up to a modulation order of 4096. By utilising OFDM with
3455 equally spaced subcarriers in the range of 1.8 MHz to 86.13 MHz
and using 4096-QAM, amongst other technical advancements such as
MIMO (multiple input multiple output), HomePlug AV2 is capable of
reaching a maximum physical layer rate to 2024 Mbit/s [20,21]. QAM
is a modulation scheme that utilises variations in both amplitude and
phase of a carrier signal [22]. By manipulating the amplitude and
phase of the carrier signal, QAM allows for the efficient encoding of
data, facilitating high data rates and improved spectral efficiency in
comparison with alternative modulation schemes, such as frequency
shift keying (FSK) and amplitude shift keying (ASK). A single-wire
PLC system has been demonstrated between the frequency range of
130 MHz to 20 GHz in [23] for the purpose of smart grid communica-
tion, demonstrating the possibilities of much higher carrier frequencies
for PLC than is specified within the established HomePlug and IEEE
1901 standards. This paper explores PLC over a range of frequencies
for optimal conducted performance, since it is expected to operate in
a closed environment where use of licenced bands does not present an
issue. The radiated emissions measurements included, provide both the
conducted performance and some indication of the level of shielding
and battery pack output filtering that would be required if operating in
a licenced band.

1.1. Smart cell PLC literature review

The integration of a communication system and sensors within a
Li-ion cell is typically referred to as a smart cell. Research is currently
ongoing in designing and implementing a smart cell with a appropriate
communication system.

A smart cell system using four instrumented 21700-model Li-ion
cells in a configuration of two cells in series and two cells in parallel
(2S2P) was presented in [28]. Also, in that work, each cell utilised
a Texas Instruments THVD8000 PLC modem and microcontroller to
measure internal cell temperature and to communicate such data with
a master PLC modem at a carrier frequency of 5 MHz. The same PLC
modem was also used in [34], where a smart battery monitoring
system consisting of four instrumented 21700-model Li-ion cells was
demonstrated. It was shown that the PLC network used less power than
a similarly configured controller area network (CAN) bus.

In [31], two different commercial RF transceivers were utilised to
investigate the performance of PLC communication at 868 MHz and
2.4 GHz in a battery of 8 Li-ion cells. It has been determined that a
stable data rate of 150 kbit/s and 250 kbit/s can be achieved with this
3

system, and that wireless communication can be used as a possible
fallback where a failure in wired communication occurs due to a cut
in the PLC communication bus.

In [32], a Yamar SIG60 commercial PLC modem and a microcon-
troller was integrated within a Li-ion pouch cell during manufacture
in order to create a fully embedded smart cell capable of PLC. Elec-
troimpedance spectroscopy and repeated cell cycling were used to
determine that the integration of the embedded system within the
cell during manufacture had negligible effect on the performance of
the cell. A PLC network of eight instrumented 21700-model Li-ion
cells has been shown in [36], whereby a Yamar SIG60 PLC modem
was connected to a group of four cells using a separate wired serial
universal asynchronous receiver/transmitter (UART) connection. This
work is beneficial for communicating data between a small battery to
an external data logging system. However, as already stated, for a large-
scale battery system, the requirement of separate wired connections on
each cell increases complexity and weight.

In [37], a small-scale Li-ion battery system of 18650-model cells was
used to demonstrate PLC communication between a single networked
cell within a battery and an external BMS. In another work, a PLC
system within a Li-ion battery of 28 cells was demonstrated using a
receiver and transmitter on either end of the battery [38]. In [39],
the characterisation of an 18650-model Li-ion cell as a communication
channel for PLC at 100 kHz to 300 MHz was performed using a vec-
tor network analyser (VNA) for measuring S21 scattering parameters
(i.e., the ratio of a wave transmitted from port 1 and received at port
2, as will be explained later) used to determine the cell impedance and
insertion loss. The Li-ion cell was attached to a customised printed cir-
cuit board in a shunt-through configuration to improve the connection
reliability between the VNA and the cell terminals. It has also been
shown that the cell impedance changed with the carrier frequency, and
that the cell impedance had reached 40 Ω at 300 MHz.

In another work, an analysis of three different coupling techniques
with four Li-ion cells was performed using a VNA and a spectrum anal-
yser to determine the system impedance and received signal strength
of the system [40]. Simulation of the use of QAM with PLC for carrier
frequencies of 100 kHz to 200 MHz through Li-ion cells under a typical
BEV drive load profile has been performed in [33]. In this work, it was
shown that existing electrochemical impedance spectroscopy (EIS) of
Li-ion cells could be utilised within a simulation to obtain the required
data to determine the expected communication performance of in-situ
battery PLC. A performance evaluation of PLC with changes in the
carrier frequency and the Li-ion cell SoC has been demonstrated in [29].
Both the S21 magnitude of the Li-ion cell communication channel and
the error rate of QAM symbols transmitted on this channel were mea-
sured at various SoCs to determine the relationship between the S21
magnitude and the PLC performance when the Li-ion changes SoC. This
research has demonstrated that the S21 magnitude of the Li-ion cell was
proportional to the communication performance of PLC through the
Li-ion cell, and that the expected performance of the communication
system could be derived from S21 magnitude measurements. In [41],
the communication performance of PLC with QAM through Li-ion cells
arranged in single cell, two cells in series, two cells in parallel, and two
cells in series and parallel, were tested for carrier frequencies of 10 MHz
to 200 MHz. Recommendations on the PLC carrier frequency were made
for where there were few data errors in PLC communication. However,
further work is required to understand the impact of the battery holder
and the DC offset circuit used in the methodology presented.

All of the stated established literature perform S21 magnitude and
PLC tested on passive Li-ion cells rather than instrumented or smart
cells. This fact exists as research is ongoing in safely instrumenting
cells during and after manufacture without any safety detriment to
the cells. Furthermore, it has been shown that cell instrumentation
has negligible effects on the impedance of the cell [12]. In addition,
research is currently ongoing in developing a computer system that can
be embedded within a Li-ion cell that can transmit embedded sensor
data along the bus bar. Therefore, this paper will continue this research
direction by using passive Li-ion cells.

A summary of the most important established works on in-situ Li-ion

battery PLC is presented in Table 2.
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Table 2
Summary of existing works on in-situ Li-ion battery PLC systems.
SIG60 [24] is manufactured by Yamar Electronics Ltd (Yamar, Israel); THVD8000 [25], CC1200 [26], and CC2520 [27] are manufactured by
Texas Instruments Inc. (TI, USA).
Experimental summary Battery

configurations
Communication parameters Reference

Integration of a commercial PLC modem and
temperature sensor within a Li-ion cell for a smart
cell network.

2S2P 5 MHz, OOK,
TI THVD8000

Vincent et al. [28]

Channel and performance analysis of PLC and QAM
with changing SoC of a Li-ion battery.

Single Cell 10 - 6000 MHz, QAM Koshkouei et al. [29,30]

Use of existing commercial RF transceivers for high
frequency PLC within batteries using capacitive
coupling.

4S, 4P 868 MHz, TI CC1200 and
2.4 GHz, TI CC2520

Marsic et al. [31]

Implementation of an in-situ Li-ion PLC system for the
purpose of integration within the cell during
manufacture using a commercial PLC modem.

Single Cell 6.5 MHz, Yamar SIG60 Fleming et al. [32]

Performance analysis simulation of an in-situ battery
PLC with QAM under a BEV driving load profile.

2S, 2P 0.1 - 200 MHz, QAM Koshkouei et al. [33]

Use of PLC in a system of four Li-ion cells to
communicate cell sensor data to an external data
logging system and verified using additional CAN and
USB communication using a commercial PLC modem.

2S2P 5 MHz, OOK,
TI THVD8000

Vincent et al. [34]

Li-ion battery channel characterisation for an in-situ
battery PLC system.

Single Cell 0.1 - 1000 MHz Talei et al. [35]

Communication of cell instrumentation data to an
external data logging system using a commercial PLC
modem and wired serial connection to each cell.

4S2P 6.5 MHz, Yamar SIG60 Vincent and Marco [36]

Demonstration of communication between two PLC
modems within a small-scale Li-ion battery pack.

6S 1-30 MHz, OOK Landinger et al. [37]

Li-ion battery modelling and PLC channel
characterisation up to 30 MHz for simulation, verified
using a real implementation using two PLC modems.

28 Cells 10 MHz, FSK Talie et al. [38]

Performance of PLC and QAM with varying battery
configurations using a VST and VNA for in-situ
battery communication performance and channel
analysis, respectively.

Single Cell, 2S,
2P, 2S2P

10 - 6000 MHz, QAM This work.
1.2. Paper contributions

State-of-the-art research has not yet identified changes in PLC per-
formance and channel impedance within a variety of battery configu-
rations (the number of cells in series and/or parallel). Such research
is critical in determining the best parameters for a PLC system for
smart batteries. Since each BEV manufacturer typically uses a differ-
ent battery configuration, it is important to understand how changes
in channel impedance with battery configuration may cause changes
in PLC performance. By understanding the changes in communica-
tion performance in various battery configurations, the communication
system can be adapted to use the most appropriate parameters of
carrier frequency, modulation order, and also to determine whether the
use of a repeater within the battery system is required. Furthermore,
the characterisation of various battery configurations can be used in
conjunction with reconfigurable battery technology [42] to maintain
the optimum PLC performance during sudden battery reconfiguration
and to disable certain configurations that restrict PLC performance.
This PLC system can be used in conjunction with instrumented cells
to create a smart cell system that is able to function independent
of an external data acquisition system, without an additional wire
harness, and can communicate with other smart cells and the BMS
to perform safety and performance critical tasks. These tasks include
online battery reconfiguration, improved analysis of cell degradation,
and active thermal regulation. As already stated, these techniques can
improve battery safety by accurately measuring the internal Li-ion cell
core temperature and regulate charging and discharge currents using
an onboard computer system, or with an external BMS.

In this paper, characterisations of Li-ion cells in four different
configurations are carried out and tests on the performance of PLC
with carrier frequencies up to 6 GHz are performed to analyse the
impact on communication performance with each battery configuration
and to determine recommendations on the implementation of next
4

generation connected smart batteries. Furthermore, the effectiveness of
QAM is tested as a modern modulation scheme for increased data rate.
Such analysis has not been conducted in the established literature. In
addition, a configurable cell holder is designed and calibrated to reduce
the effects of noise and is utilised within this research to facilitate the
characterisation of Li-ion cells. The Li-ion cell configurations selected
represent the simplest building blocks that make up a full BEV battery
system. By using the methodology and conclusions within this paper,
the performance of a prospective PLC system within an actual battery
system can be derived. Performing this research on small battery con-
figurations as opposed to large-scale battery systems is advantageous
for the following reasons:

• Existing battery systems have not been designed for use with
in-situ PLC. As such, the design of the batteries, such as the
connections between the cells and to the bus bar, have not
been characterised in the context of wired and high frequency
communication. Hence, it is practically impossible to accurately
determine whether changes in in-situ PLC performance and bat-
tery impedance are due to the Li-ion cells, the configuration of
Li-ion cells, or due to the connections of the cells and the battery
bus bar. In this research, a bespoke configurable cell holder is
designed to reduce the effects of the connections between the
cells within the battery configuration and to the measurement
devices in order to focus on how the configuration of cells and
the cells themselves affects the impedance of the communication
channel and the performance of the PLC system. This bespoke cell
holder uses features such as high frequency SMA connectors and
careful PCB routing to reduce the effects of the cell holder on the
measurements. In contrast, existing battery systems do not have
such features that benefit high frequency communication.

• The small battery configurations characterised in this research
can be used to derive the characteristics of large-scale battery
systems and future smart battery systems. Performing such char-

acterisation on a specific large-scale battery does not yield the
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same benefits, as it would not be clear how further changes to
the battery configuration cause changes to the characteristics that
affect the in-situ PLC system.

• This research performs measurements of four distinct battery con-
figurations that are within the ±10 V rating of the measurement
equipment for battery impedance and communication quality,
and the results of this research can be used to determine the
expected PLC performance of a large-scale battery and to make re-
quirements on communication parameters and the most suitable
battery configuration.

Overall, this method enables an evaluation of the limitations within
the communication system, and recommendations are made on the
parameters of such a PLC system as well as on the design of a large-
scale battery pack. This research benefits the BEV and the smart grid
as it allows for smarter energy management using direct PLC between
the smart cells within the BEV battery pack directly to the smart grid.
This technique in turn grants remote online diagnostics of specific cells,
improved safety and performance of the smart battery, and optimal
utilisation of the BEV when attached to the smart grid.

The key contributions of this work are as follows:

1. Carrier frequencies of 10 MHz to 6 GHz are investigated in scat-
tering parameter (S-parameter) measurements and real PLC test-
ing with QAM up to orders of 1024, to evaluate their effective-
ness of noise rejection and data rate with battery configurations
of single cell, two cells in series (2S), two cells in parallel (2P)
and a four cell configuration of two cells in parallel and in series
(2S2P).

2. A configurable cell holder for 18650-model Li-ion cells is de-
signed to allow for ease of reconfiguration without the removal
of the cell from the circuit or requiring re-calibration between
measurements.

3. An analysis is provided on the relationships between PLC perfor-
mance, S-parameter magnitude, and battery configuration, and
how the expected data rate may be determined based on these
relationships.

4. Recommendations on parameters are made for prospective in-
situ PLC systems based upon empirical evidence, such as appro-
priate carrier frequencies and QAM orders.

2. Experimental details

The Rohde & Schwarz (R&S) ZNA43 vector network analyser (VNA)
is used to perform S-parameter measurements of the Li-ion battery
configuration as a PLC channel, which enables determining impedance
and insertion loss. In this study, the S21 magnitudes are presented
to demonstrate the changes in PLC channel performance with carrier
frequency and battery configuration. The S21 magnitude is the ratio of
the wave transmitted by the VNA at port 1 to the measured wave at
port 2. These measurements can be used to determine various Li-ion
cell characteristics, such as its impedance and insertion loss. Let the
characteristic impedance 𝑍0 of the VNA be 50 Ω, then the impedance
of the cell, 𝑍cell, is calculated by [39]

𝑍cell =
𝑍0𝑆21

2(1 − 𝑆21)
(1)

The Insertion Loss, IL, is given by

IL = 20 log10 |𝑆21| (2)

Hence, the changes in S21 magnitude of the cell affect the performance
of PLC communication. Further details of scattering parameters can be
found in the established literature including [43]. The VNA is config-
ured to perform S21 measurements for frequencies of 10 MHz to 6 GHz
with a step of 100 kHz, and is ‘One-Path Two-Port’ calibrated using
a R&S ZN-Z129 calibration kit with a single cell holder for the same
frequencies to simplify the comparison between the cell configurations.
5

Fig. 1. Cell holders connected in 2P shunt-through configuration to the VST.

Fig. 2. Cell holders connected in 2S2P shunt-through configuration to the VNA.

These measurements are carried out 20 times for each configuration
and are then averaged to reduce the effects of outliers, noise, and
interference.

The NI PXIe-5840 vector signal transceiver (VST) is used to perform
real PLC testing of the battery with QAM orders of 4, 16, 32, 64,
128, 256, 512, and 1024-QAM. The VST module is installed within an
NI PXIe-1092 chassis and operated using an NI PXIe-8880 controller.
As described in [29], the VST is configured to transmit 100,000 QAM
symbols with a symbol rate of 100 kHz at carrier frequencies of 10 MHz
to 6 GHz with a step of 50 MHz. These QAM symbols include pilot
symbols required for the VST to perform the synchronisation used by
QAM demodulation. Following these pilot symbols are known random
data modulated as QAM symbols. The step size used with the VST is
higher than that configured with the VNA due to experimental time
considerations. The modulated signal is transmitted across the battery
with an output power of −27 dBm. The output power of −27 dBm
is selected as it has been previously shown in [29] to be sufficiently
low to indicate changes in communication performance caused by
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Fig. 3. Circuit diagrams of shunt-through cell holder connections for each Li-ion cell
configuration of: (a) Single Cell; (b) 2P; (c) 2S; and, (d) 2S2P.

changes in the cell S21 magnitude. The signal received on the VST
input is demodulated into QAM symbols and also further decoded into
bits of data. The QAM symbols are compared with a reference QAM
constellation to obtain the RMS error vector magnitude (EVM) using

RMS EVM(𝑑𝐵) = 10 log10

⎛

⎜

⎜

⎜

⎝

1
𝑁

∑𝑁
𝑘=1

√

(𝐼𝑘 − 𝐼𝑘)2 + (𝑄𝑘 − �̃�𝑘)2

𝑚avg

⎞

⎟

⎟

⎟

⎠

(3)

where 𝑘 is the symbol index, 𝑁 is the number of symbols, 𝐼𝑘 is
the in-phase measurement of the 𝑘th symbol, 𝑄𝑘 is the quadrature
measurement of the 𝑘th symbol, and 𝑚avg is the average constellation
magnitude. Note that 𝐼𝑘 and �̃�𝑘 represent the measured symbols,
whereas 𝐼𝑘 and 𝑄𝑘 represent the reference symbols. The RMS EVM
increases as the magnitude of imperfections between the received
QAM symbols and the reference QAM constellation increases. These
imperfections may be due to phase distortion and attenuation caused by
the communication channel. A high magnitude of RMS EVM generally
correlates with increases in corrupted data as the received symbols are
decoded incorrectly.

To measure the magnitude of corrupted data, these decoded bits of
data received are compared with the transmitted data to obtain the bit
error ratio (BER) and the symbol error ratio (SER), which are ratio-
metric comparisons of the corrupted bits and symbols within the data
stream, respectively. Since 100,000 QAM symbols are transmitted in
this experiment, the theoretical minimum achievable SER is 10−5.

Each Li-ion cell is clamped within a bespoke shunt-through con-
figurable cell holder as shown in Figs. 1 and 2. This cell holder has
been designed to simplify its connection with other cell holders, making
cell reconfiguration easier. The design of the cell holder minimises
the effect of electromagnetic interference (EMI) on the signal, which
includes using short traces and via stitching on the ground plane.
This design utilises findings based on simulations and measurements
as presented in [44].

Wired communication of high carrier frequencies has been demon-
strated in [45], where in carrier frequencies of up to 12 GHz were
tested. In this work, it was shown that up to 5 GHz can be transmitted
through standard twisted pair copper wire without any radiation effect.
Furthermore, this upper limit could be increased by decreasing the twist
lengths of the cable.

The shunt-through configuration is used because of its increased
accuracy in measuring low-ohmic impedances [35]. In the employed
shunt-through configuration, the negative terminal of the Li-ion cell is
connected to ground. It is therefore expected that a decrease in the
internal resistance of the Li-ion cell will increase the attenuation of
the signal. Both the VNA and the VST are connected to the battery in
shunt-through configuration at a defined torque via SMA coaxial cables
and PCB connectors rated for frequencies up to 12.4 GHz. Fig. 3 shows
circuit representations of the shunt-through configurations used in this
6

experiment.
To further reduce the effects of EMI, this experiment is conducted
in an anechoic chamber. All of the Li-ion cells used in this research are
18650-type Panasonic NCR18650BD-model [46], and have the same
SoC and SoH. The cells are charged at the manufacturers standard
charge-rate guideline of 0.3 C to 95 % SoC and left to rest for at least
4 h prior to commencing this experiment to ensure that the core of the
cell returns to room temperature after charging. Since the impedance
of the Li-ion cell is affected by the SoC, SoH, and temperature, these
values are kept constant in this experiment [47]. Due to manufacturing
inaccuracies, each Li-ion cell will have slightly varying impedance
characteristics, even within the same batch and model. Furthermore,
where the VNA is calibrated with a single cell holder, further additional
cell holders to form larger battery configurations will cause additional
changes in S21 magnitude and phase delay. In this experiment, both
the effects of the cells and their configurations on the PLC channel
as well as the effects caused by the battery bus bar are of interest. It
is important to consider that each battery pack model manufacturer
may have different designs, including the shape and size of the bus
bar, the type and quality of the cell connections to the power bus,
and the cell model used. Hence, in this work, a single calibration is
used for all four investigated battery configurations, not correcting
for additional scattering from interconnections between individual cell
holders. As already stated, using a single calibration profile provides a
straightforward comparison between the battery configurations tested.

A smart battery network is expected to communicate cell status
(including SoC, SoH, and temperature measurements of the cell core)
and instructions to other smart cells and to the external BMS. Since
large-scale batteries utilise many thousands of cells, a communication
network capable of handling a large amount of data is required to
ensure that communication performance does not deteriorate, and that
safety and performance events can be communicated with little delay.
Hence, a large bandwidth is advantageous in this use case. As such,
determining the performance of a PLC system within a battery at
high frequencies up to 6 GHz is important in order to select a wide
bandwidth that is not susceptible to interference caused by the battery
configuration.

As the wavelengths associated to such frequency range start to
approach the dimensions from the Li-ion cell and holder, in a first step
it is verified to what extent RF power is radiated by them. For this
test inside an anechoic chamber, an Electro-Metrics EM-6116 omni-
directional antenna is placed 50 cm away from and oriented in parallel
to a Li-ion cell that is clamped within the cell holder and connected to
the VST. In addition, RF absorber tiles are placed around the antenna
and cell to prevent reflected power from the setup itself affecting the
results. The frequency range from 2 GHz to 6 GHz is investigated for
radiated emissions, with the EM-6116 having a typical gain of 1.1 dB
to 2.3 dB. The cell is placed 50 cm from the antenna to be in its far-field
region. The antenna is connected to a R&S FSVA3000 signal and spec-
trum analyser, which is configured to perform 20 sweeps in a frequency
step of 250 MHz, with the maximum power measured to be recorded.
The VST is configured to continuously transmit the same stream of 16-
QAM symbols used in the main experiment of testing various battery
configurations at an output power of −27 dBm, as already described.
Table 3 shows the maximum power measured by the spectrum analyser
for each frequency tested. In each spectrum only the selected VST
carrier frequency can be observed and any possible harmonics or other
signals are below the VNA’s noise level of approximately −87 dBm.

In addition to this test, the orientation of the cell holder is changed
twice such that it is perpendicular, and then upright, to the antenna.
For the frequency of 3.25 GHz, which resulted in the highest recorded
power radiated in the parallel arrangement, the measured power is
−72.84 dBm and −78.24 dBm for perpendicular and upright orienta-
tions, respectively.

Taking into account the optimal alignment, the antenna distance,
the EM-6116 antenna gain, and assuming a hypothetical transmitting
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Table 3
Maximum power radiated by the Li-ion cell and cell holder when it is placed parallel to
the antenna. The highest power measured is marked with ∗. In addition, the calculated
free-space path loss and excess loss related to the measurement conditions are presented

Frequency (GHz) Received
power (dBm)

FSPL (dB) Excess loss (dB)

2 −80.8 31.1 22.7
2.25 −79.5 32.2 20.4
2.5 −83.6 33.1 23.5
2.75 −83.9 34.0 22.9
3 −78.3 34.8 16.5
3.25 −75.0∗ 34.9 13.1
3.5 −79.9 35.0 17.9
3.75 −77.0 35.7 14.3
4 −76.1 36.4 12.7
4.25 −82.2 36.8 18.4
4.5 −83.4 37.2 19.2
4.75 −90.1 38.0 25.2
5 −83.6 38.7 17.9
5.25 −86.1 38.9 20.1
5.5 −87.0 39.1 20.9
5.75 −87.0 39.7 20.3
6 −85.0 40.2 17.8

antenna gain of 0 dB for the Li-ion cell, the expected free-space path
loss (FSPL) can be calculated using

FSPL = 20 log10(𝑑) + 20 log10(𝑓 ) + 20 log10
( 4𝜋

𝑐

)

− 𝐺𝑇𝑥 − 𝐺𝑅𝑥 (4)

and are provided in Table 3, where 𝑑 is the distance between the
antenna and the Li-ion cell, 𝑓 is the frequency, 𝑐 is the speed of light,
𝐺𝑇𝑥 is the transmitter (the Li-ion cell) gain and is assumed to be 0,
and 𝐺𝑅𝑥 is the receiver gain of which the values are obtained from
the antenna data sheet. Comparing these values with the differences
between the output power of the VST and the received power levels of
the VNA for each selected frequency, the excess loss can be determined,
which represents the power fraction that is radiated by the Li-ion cell
clamped within the cell holder. These tests have thus demonstrated that
for all investigated frequencies, the majority of the power is transmitted
through the Li-ion cell and not radiated by it.

3. Results and discussion

Using the S21 magnitude and phase shift data of the 20 sweeps
performed with the R&S VNA, and by taking into account the standard
deviation within such single set of measurements and the reproducibil-
ity in clamping the cells within the cell holders, the achieved error
margins are ±0.1 dB and ±1.0°, respectively.

3.1. S21 magnitude analysis

The S21 magnitude of the four battery configurations tested are
shown in Fig. 4. It can be seen that both the carrier frequency and the
battery configuration have a significant impact on the S21 magnitude.
However, the battery configurations tested yield similar characteristics,
such as peaks in the S21 magnitude at the same frequencies. Further
discussion on these similarities is now presented.

As Fig. 4 illustrates, at 10 MHz the S21 magnitudes for all battery
configurations begin with varying levels of attenuation of −19 dB,

33 dB, −12 dB and −20 dB for single cell, 2P, 2S and 2S2P battery
onfigurations, respectively. From 10 MHz, a minor trend is observed
hereby the single cell and 2P battery configurations show similar
roperties, as well as 2S and 2S2P. In fact, the S21 magnitudes for
oth 2S and 2S2P rise close to 0 dB by 200 MHz, indicating that it
s an appropriate communication channel as there is little to no loss
n signal power using this carrier frequency. On the other hand, the
21 magnitudes for both single cell and 2P rise at a slower rate, and
ventually tend close to 0 dB at 650 MHz. At this frequency however,
7

Fig. 4. S21 magnitude of four different battery configurations.

2S and 2S2P display large reductions in signal power of up to −30 dB,
indicating that a change in battery configuration, such as from 1S to 2S
for example, will negatively impact the PLC system at 597 MHz. This
change in the signal power between battery configuration indicates that
this frequency is unsuitable for the smart battery technique of battery
reconfiguration unless significant signal conditioning is introduced.

The S21 magnitudes for 2S and 2S2P diverge at 300 MHz, with 2S
falling to a minimum of −13 dB at 398 MHz, whereas 2S2P falls much
further to a minimum of −27 dB at 396 MHz. Such behaviour may
be attributed to differences in multipath fading, whereby an increased
destructive interference is seen to occur with the 2S2P configuration in
comparison to the 2S configuration at these frequencies. A further two
minima occur with both of these battery configurations, whereby 2S
shows two small peaks of −9 dB and −13 dB at 474 MHz and 555 MHz,
respectively, and 2S2P shows two large peaks of −30 dB and −26 dB
at 597 MHz and 739 MHz, respectively. It can also be seen that the
2S2P battery configuration has the most profound influence on the S21
magnitude from 369 MHz to 955 MHz, where the destructive multipath
interference, which causes signal attenuation, becomes even more sig-
nificant. Within this range of carrier frequencies, it is expected that the
effect of noise, as in a decrease in signal to noise ratio (SNR), on the
communication channel will become more significant. In Section 3.2,
which discusses communication error analysis, it will be shown that
certain S21 thresholds exist above which the investigated communi-
cation channels are capable of successful transmission of a PLC signal
with a certain QAM order through these battery configurations tested.

The minor trend of similar properties between 2S and 2S2P, and
also with single cell and 2P, which seemingly occurs due to their high
and low resistances, respectively, ceases at 955 MHz. Instead, the S21
magnitude for 2S2P and single cell begin to show similarities, whereby
another local minimum occurs at 1338 MHz of −12 dB and −14 dB,
respectively. It may be concluded that the impact of the addition of
cells in the battery configuration on the performance of the commu-
nication channel is reduced at this frequency, since the difference in
S21 magnitude compared to the single cell is minimal. In addition,
at this frequency, a slight peak can also be observed for 2S with an
S21 magnitude of −4 dB, which exhibits the least signal attenuation in
this comparison. In contrast, 2P displays a similar peak at 1277 MHz,
but with the greatest attenuation and an S21 magnitude of −24 dB.
This observation aligns with the fact that arranging the cells in series
increases the resistance of the signal path to ground and therefore
reduces attenuation, whereas the addition of cells in parallel reduces

this resistance, hence increasing signal attenuation.
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Starting from 1530 MHz, it is observed that the S21 magnitudes of
both 2S and 2S2P battery configurations fall from −2 dB and −7 dB to
−14 dB and −32 dB at 1943 MHz, respectively. It is also shown that
hese two battery configurations have a similar trend for the rates at
hich their S21 magnitudes decrease, and that such trend indicates
n increased significance of the destructive interference caused by
ultipath effects. Furthermore, the S21 magnitudes of the single cell

nd 2P configuration continue to rise until 1883 MHz, where a much
harper peak then occurs with a minimum S21 magnitude of −21 dB

and −20 dB, respectively. After this peak, the S21 magnitudes of all
battery configurations rise and eventually settle at 2570 MHz with S21
magnitudes of −3 dB, −7 dB, −5 dB and −12 dB for the single cell, 2P,
2S and 2S2P battery configurations, respectively. This improvement
in S21 magnitude suggests that multipath effects still occur, but the
timing of the signals at the receiver may be such that a constructive
interference is occurring at this carrier frequency. Various factors, such
as the length, connections and material of the bus bar may change
the magnitude of this effect at various carrier frequencies. Between
the frequencies of 2200 MHz to 2700 MHz, the high S21 magnitude
indicates a favourable PLC channel with minimal signal loss, suggesting
adequate communication quality and reliable data transmission with
these battery configurations. This channel allows for a bandwidth of
500 MHz. Despite this fact, it can be clearly seen that the addition of Li-
ion cells in parallel reduces the S21 magnitude, thereby indicating that
adding further cells to the battery configuration will cause signal atten-
uation and potentially poor performance and reduced data reliability. It
is expected that as the number of cells within the battery configuration
increases, the number of signal conditioning utilities, such as signal
repeaters, will be added into the communication network. However,
the signal output power and/or the number of signal repeaters can
be reduced by selecting a bandwidth with a high S21 magnitude
as indicated in these battery configuration tests presented here. The
performance of this bandwidth is later verified in Section 3.2.

Between 2700 MHz and 2900 MHz, a minimum peak occurs in
both single cell and 2P battery configurations, whereas a maximum
peak occurs in both 2S and 2S2P battery configurations. These peaks
illustrate the minor trends due to multipath fading as already stated,
whereby single cell and 2P, and 2S and 2S2P battery configurations
demonstrate similar properties.

After the local maximum in 2S and 2S2P battery configurations,
a minimum occurs at 3001 MHz and 3091 MHz with S21 magnitudes
of −7 dB and −16 dB, respectively. The S21 magnitude for the 2S
battery configuration gradually rises after this peak. However, the
single cell, 2P and 2S2P battery configurations all have a minimum
peak at 3398 MHz, 3373 MHz and 3385 MHz with S21 magnitudes of
−10 dB, −26 dB and −17 dB, respectively. This phenomenon shows a
deviation in the minor trend of properties between the 2S and 2S2P
battery configurations, whereby 2P and 2S2P now have increased their
likeliness until 6000 MHz. This suggests that arranging the cells in
parallel has a dominant effect on the S21 magnitude compared to
arranging the cells in series. At 3640 MHz, a local maximum occurs
in all battery configurations, with S21 magnitudes of 0 dB, −7 dB,

1 dB and −8 dB for single cell, 2P, 2S and 2S2P, respectively, again
ighlighting an appropriate communication channel for all battery
onfigurations. At this frequency, it is expected that the addition of cells
n parallel and series will have the least effect on the S21 magnitude,
nd hence on the PLC performance, in comparison to all the other
requencies tested. However, the addition of cells in parallel clearly
as a negative effect on the S21 magnitude in comparison to the
ddition of cells in series. Therefore, increasing the number of cells
n parallel, even at 3640 MHz where the change in S21 magnitude
etween battery configuration is lowest, may still have a detrimental
ffect on the PLC system. As it will be stated later, these results can
e used to deduce the signal filtering required in order to mitigate the
ffects of the addition of cells in parallel, which is inevitable in BEV
8

nergy storage systems. The S21 magnitudes then decrease, with 2S2P
decreasing very sharply and displaying the greatest attenuation for all
frequencies tested at 4070 MHz with an S21 magnitude of −52 dB. This
low S21 magnitude indicates significant attenuation at this frequency,
hence it is most unsuitable for a PLC system as a signal repeater
would be required for each additional 2S2P configuration within the
battery, thereby increasing complexity, weight and cost of the smart
communication system. In addition, at this frequency of 4070 MHz, a
large peak also occurs for 2P with an S21 magnitude of −24 dB. After
these peaks, the S21 magnitudes all rise above −10 dB and remain
nearly frequency-independent, hence increasing their suitability for a
PLC system. Between 4450 MHz to 6000 MHz, the S21 magnitude for
all battery configurations indicates that due to low signal attenuation
on the communication channel, the number of signal repeaters required
within the battery system can be reduced, in comparison with other
frequencies, such as 4070 MHz, which showed very low S21 magnitude.
This range in high S21 magnitude for frequencies of 4450 MHz to
6000 MHz allows for a bandwidth of 1550 MHz. By designing the in-
situ battery PLC system to use this bandwidth, either through OFDM or
as a wide-band single carrier, the signal conditioning required, such as
the use of signal repeaters, can be minimised, which reduces the cost
and complexity of integrating a PLC system within a battery.

3.2. Communication error analysis

Since the results of the SER and BER measurements demonstrate
identical behaviour, the BER results are omitted for brevity without loss
of generality.

Fig. 5 presents the SER of the PLC system with the four battery
configurations using an output power of −27 dBm. It is shown that
similarly to the S21 magnitude, the SER changes with battery configu-
ration, carrier frequency, and QAM order. As expected, where errors in
SER occur, the highest QAM order of 1024-QAM exhibits the highest
SER, whereas 4-QAM does not show a single symbol error for all carrier
frequencies and battery configurations. Despite this behaviour, there
are large carrier frequency ranges where the VST is able to decode all
symbols correctly, even for 1024-QAM. Such carrier frequency ranges
include 1050 MHz to 2800 MHz, and 4250 MHz to 6000 MHz for the
2P battery configuration. Similarly, the 2S2P battery configuration
displays no symbol errors between ranges of 2000 MHz to 3250 MHz,
and 4450 MHz to 6000 MHz. In contrast, the single cell and 2S battery
configurations show very few occurrences of symbol error, with errors
only in 1024-QAM at 10 MHz and 550 MHz for single cell, and in
1024-QAM and 512-QAM at 400 MHz and additionally in 1024-QAM
at 2450 MHz for 2S. Crucially, these symbol errors correspond to the
instances where the S21 magnitude is most attenuated. For instance,
at 400 MHz, the S21 magnitude for the 2S configuration is at a local
minimum of −13 dB, which corresponds to the peak in SER with 1024-
QAM at the same frequency. Furthermore, both 2P and 2S2P battery
configurations demonstrate this trend in high SER with S21 magni-
tude attenuation. It is also shown that the peaks in S21 magnitude
at 395 MHz, 597 MHz and 739 MHz of −27 dB, −30 dB and −26 dB
correspond to sharp peaks in SER at 400 MHz, 600 MHz and 750 MHz,
respectively. At all three of these peaks an SER of 1 for 1024 and 512-
QAM is seen, whereas an SER of 1 for 256, 128, 64, and 32-QAM is
only seen for the first two of these peaks. The greatest attenuation in
S21 magnitude with 2S2P at 4070 MHz of −52 dB also demonstrates
the greatest SER at the same frequency. In fact, the SER of 1024-QAM
sharply rises to an SER of 1 at 3950 MHz, and only decreases from
4150 MHz onwards to a minimum SER at 4450 MHz. At 4050 MHz, only
4-QAM does not have an SER of 1, which continues to remain at the
lowest SER.

This communication analysis indicates that there is a strong corre-
lation with S21 magnitude attenuation and SER. Moreover, it can be
concluded that the addition of cells in parallel significantly reduces
the S21 magnitude, which causes signal attenuation and an increase

in SER. This increase in SER is most pronounced in higher modulation
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Fig. 5. SER of PLC at −27 dBm through Li-ion cell configurations of: (a) Single Cell; (b) 2P; (c) 2S; and, (d) 2S2P.
orders of QAM, which require a higher signal to noise ratio in order to
function correctly without error. Further evidence of these trends are
observed in the RMS EVM measurements presented in Fig. 6 whereby
rises in RMS EVM correlate with rises in SER. The largest attenuation
in S21 magnitude with the 2S2P battery configuration at 4070 MHz
corresponds to the high RMS EVM at 4050 MHz of −11 dB for 16-QAM.
At the same frequency, the 2P battery configuration reaches a high RMS
EVM of −23 dB, whereas 2S and single cell show a low RMS EVM of
−42 dB and −44 dB, respectively.

For a VST output power of −27 dBm, the thresholds of S21 magni-
tude below which symbol errors begin to occur for QAM orders of 16,
32, 64, 128, 256, 512 and 1024 are −30 dB, −27 dB, −26 dB, −25 dB,
−24 dB, −21 dB and −16 dB, respectively. At this output power, no
symbol error occurred for 4-QAM. This result highlights the trend that
with decreasing QAM order, the threshold in S21 magnitude to symbol
error continues to increase. Using these relationships between the S21
magnitude, RMS EVM and SER, it is possible to estimate both the SER
and RMS EVM based upon measurements of the S21 magnitude of a
cell configuration for a given PLC output power, allowing for a much
simpler verification procedure during the early design stage of a smart
cell system.

3.3. Recommendations

From the stated results it can be deduced that the PLC performance
is affected most by the 2P and 2S2P battery configurations, whereas
the PLC performance of the 2S battery configuration is least affected in
comparison with that of a single cell. This outcome is most likely due
to a reduction in the real resistance of the circuit under test, as the two
cells in the 2P configuration act as two resistors in parallel. In contrast,
placing two cells in series, and hence increasing the real resistance
of the circuit, demonstrates slightly improved PLC performance. It is
unlikely that the reactance of this circuit has a profound effect on
the PLC performance due to the effectiveness of phase compensation
processing found in common QAM demodulators, particularly when
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the magnitude of the received signal is above a certain threshold. In
addition to the changing resistance in the shunt configuration of the
batteries tested, an impedance mismatch may be causing a multipath
effect, whereby the signal propagates onto additional paths causing
it to arrive at the receiver at different time intervals as mentioned
previously. These effects can cause data corruption and/or loss as mea-
sured with SER and RMS EVM in this research. The number of cells in
parallel and series must therefore be taken into account when designing
a battery pack, as increasing the number of cells in parallel reduces the
PLC performance and the achievable data rate, whereas a decrease of
cells in parallel will reduce the maximum rated current output of the
battery pack. To mitigate this reduction in the PLC performance with
the addition of Li-ion cells in the battery configuration, the following
techniques can be utilised.

• The addition of cells placed in series should be prioritised over
the number of cells in parallel due to the relatively lower impact
on the performance of PLC.

• Increasing the output power of the PLC signal to reduce the
impact of attenuation caused by the communication channel.

• Adding signal repeaters in the communication system per number
of cells. The selection of a frequency and bandwidth that has been
demonstrated in this research to show the least attenuation in S21
magnitude, will require fewer signal repeaters than a bandwidth
that has high attenuation in S21 magnitude.

Various trends in S21 magnitude between battery configurations
are identified which indicate that certain changes in battery configu-
ration do not result in a significant change in S21 magnitude, thereby
scarcely affecting the PLC performance in terms of SER either. These
trends change in strength with carrier frequency, and in the instance
at 3373 MHz, the trend in single cell and 2P battery configuration
weakens and changes in favour of the trend in the 2P and 2S2P config-
urations which remains strong up to 6000 MHz. In fact, at 3600 MHz,
the similarity in the S21 magnitude and SER between single cell and
2S, and also for 2P and 2S2P, indicates that the addition of cells in

series does not have any significant effect on the PLC channel. Hence,
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Fig. 6. RMS EVM of PLC at −27 dBm through Li-ion cell configurations of: (a) Single Cell; (b) 2P; (c) 2S; and, (d) 2S2P.
these measurements have highlighted that the addition of cells in series
does not impact the expected data rate that can be achieved from PLC
within a large-scale battery pack system.

In addition, it can be concluded that suitable carrier frequencies
for all investigated battery configurations and QAM orders tested are
within the range of 2200 MHz to 2700 MHz, 3500 MHz to 3800 MHz
and 4450 MHz to 6000 MHz. Within these ranges, the achievable data
rate of the PLC system is expected to be the highest. The range of
suitable carrier frequencies may be increased by utilising a lower QAM
order, but then the advantages in QAM data rate are also reduced. For
large-scale battery systems with an increased number of cells in parallel
configuration, signal conditioning techniques may be used to mitigate
attenuation, which in turn may increase the cost and complexity of the
communication system.

These recommendations are based upon the 18650-model Li-ion cell
tested in this research. From existing literature, it can be found that the
SoC, SoH, battery model, and battery chemistry have an effect on the
cell impedance [48]. It is therefore required that the presented exper-
imentation is performed for each different battery design to consider
PLC performance differences caused by these characteristics. These
results can be validated by utilising impedance simulations of Li-ion
cells to predict the PLC performance [33].

4. Conclusions

In this paper, a PLC network within four battery configurations was
evaluated to determine its effectiveness as a smart battery communi-
cation system. The 18650-model Li-ion cells were used as a communi-
cation channel for in-situ PLC. This technique allows for future smart
cells to communicate large amounts of embedded sensor data, such as
core cell temperature, to other smart cells in the battery system and
to an external BMS, using the existing battery bus bar and without
the addition of a wire harness which would increase the complexity,
cost, and weight of the battery. The performance of a real large-scale
Li-ion battery pack can be derived from the experimental results of
10
the four battery configurations presented in this paper. The use of
QAM up to modulation orders of 1024 was analysed for its usability
as a modern modulation scheme in this battery system, and is also the
highest modulation order defined in the HomePlug AV standard.

This research has demonstrated that battery configuration, carrier
frequency, and QAM order, all affect the performance of this PLC sys-
tem. Based on these results, recommendations for a smart battery PLC
network within BEV and smart grid environments have been proposed.
Furthermore, the results display trends in the PLC performance with
battery configuration, and that certain thresholds in S21 magnitude
correspond to the occurrence of symbol errors. For instance, a high
S21 magnitude of −16 dB indicates that 1024-QAM PLC is possible at
a carrier frequency of 3650 MHz with a bandwidth of ∼300 MHz and
as such will exceed the physical layer data rate capabilities found in
IEEE 1901, for example [49]. This research thus supports smart cells
to communicate vast amounts of sensor data to the BMS and the smart
grid using PLC on the bus bar for improved performance, safety, and
energy management.

The performance of large-scale battery systems can be determined
using the methods used within this experimental work. In addition,
an estimation as to the characteristics of large-scale battery systems
may be made based upon the four distinct configurations tested within
this research. These results demonstrate that whereas some carrier
frequencies show significant S21 magnitude attenuation even with
two cells in series (2S), other carrier frequencies do not. With these
exemplary frequencies, such as 3600 MHz, the EVM and the SER also
demonstrated good performance, and therefore a relationship with the
measured S21 magnitude. This relationship allows for future designs of
smart batteries to be verified for their in-situ battery PLC performance
by only requiring a measurement of the communication channel’s S21
magnitude. With such measurements, an appropriate carrier frequency
can be chosen based on the attenuation recorded in the S21 magnitude,
but also allows the selection and magnitude of any signal filtering
techniques, such as signal repeaters.

Future work includes a performance analysis of PLC on a Li-ion
battery communication bus when the batteries are under various state
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of health (SoH) conditions, focusing on how the performance of the
PLC network may change as the SoH of the battery degrades with use
and time. Furthermore, the differences in PLC between various types
of Li-ion cells, such as prismatic and cylindrical, and sizes, such as a
21700-model cell, must yet be evaluated.
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