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Abstract—Wireless charging of Electric Vehicles (EVs) has
become an important research topic in recent years. During
the wireless charging process, wireless data exchange must take
place between the EV and the charging station. Battery status,
current and voltage of the charger or the EV identification may
be required on the primary side in order for the system to
operate properly. This data exchange can be carried out through
commercial wireless communication solutions such as Bluetooth,
802.11 or ZigBee. However, these technologies introduce cyber-
security problems, high and variable transmission delays and
possible connection losses during communication. To address
these issues, numerous solutions have been proposed based on
wireless data transmission through the wireless power transfer
circuit. This paper gives a comprehensive review of the different
issues that need to be considered for simultaneous wireless
power and data transmission (SWPDT) for wireless EV charging
applications. This context represents a challenge for SWPDT
due to the power levels and the high probability of operating
with notable misalignments or even with the EV on move.
Specifically, a classification of SWPDT systems is described,
and six different criteria to consider when designing a SWPDT
system are analysed for EVs. The suitability of different system
configurations is evaluated according to three representative use
cases: (i) providing maximum efficiency, (ii) synchronisation for
bidirectional wireless chargers and (iii) dynamic charging. We
have also analysed the feasibility of using the Open Charge
Point Protocol (OCPP) together with ISO 15118, which is the
most popular communication protocol used in EV charging
infrastructures,

Index Terms—Simultaneous Wireless Power Data Transfer,
Electric Vehicles, Inductive Resonant Charging, OCPP, ISO
15118

I. INTRODUCTION

Wireless Elecric Vehicle (EV) charging has gained popular-
ity in recent years due to the advantages it brings. Through
wireless EV charging, the driver’s intervention in the charging
process is limited, as it is carried out automatically. In this way,
charging an EV would become a more comfortable process
[1]. For this reason, a large amount of research is currently
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focused on implementing a design that efficiently replaces
the conventional conductive charging method with wireless
charging.

The general structure of an inductive-resonant charger is
illustrated in Fig. 1. For EV charging, the primary circuit is
located in the Electric Vehicle Supply Equipment (EVSE), and
the secondary circuit in the EV.

During any conductive or wireless charging process, power
must be exchanged between the EV and EVSE in a control-
lable way. In some cases, WPT solutions with no communica-
tion between the EV and the EVSE are proposed [2], [3] or [4].
In these solutions, secondary side sensorless wireless charging
is employed. However, communication between primary and
secondary side is advantageous for monitoring system status
and operation control. Thus, in the field of wireless charging of
EV, sensorless systems are not the most widely used solution,
according to the literature reviewed. Thus, information is
frequently required for choosing the correct charging method,
such as constant current charging or constant voltage charging,
as indicated in [5]. Thus, not only is power transmitted, but
information must also be exchanged between the vehicle and
the charging base in order to facilitate the charge (e.g. battery
status, current or voltage in some points of the charger) or
the user management (such as vehicle identification, energy
demand, battery status or warning messages) [6]. For the
interoperability of the infrastructures and the wired charging
stations, it should be implemented a communication protocol.
One of the best-known protocols is OCPP, which works
between EVSE and Charging Station Management System
(CSMS) [7].

In the case of OCPP, the ISO 15118 standard is used for
communication between the EV and EVSE. This is necessary
to mention since, as in the case of wired chargers, the
transmission of information in wireless chargers must also be
achieved through a communication protocol. For this reason,
the feasibility of using these two protocols will be discussed in
a later section of this paper. Furthermore, in wireless chargers,
it is also commonly required to transmit information associated
with the secondary side current/voltage or the battery state of
charge [8], [9], so that it serves as feedback for the primary
control circuit. In this way, the controller can adjust the power
converters on the primary and/or secondary sides to guarantee
that the battery charges correctly, as can be seen in Fig. 1.

If the charging process is carried out wirelessly, the data
transmission process must be done in the same way, and
without the driver’s intervention, so that information exchange
does not complicate the charging process. Currently, there are
numerous commercial non-contact data transmission platforms
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Fig. 1. WPT generic system scheme.

– such as Bluetooth, Bluetooth Low Energy (BLE), Zig-Bee,
Radio Frequency (RF) and IEEE 802.11 (Wi-Fi) – that can be
used for this purpose. Both Bluetooth and Zig-Bee or 802.11
work in the 2.4 GHz band, and they have the advantage of
having a relatively high data transmission rate, from 250 kbps
in the case of Zig-Bee [10] to the order of Mbps in the case
of Bluetooth [11], BLE [12] and 802.11 [13].

These commercial products are often an economical option,
however, they have some drawbacks that may hinder data
transmission for EV wireless charging applications, such as:

• The pairing process, where the vehicle data controller
may be unable to connect to the charging station.

• Possible connection loss during the information exchange
due to interference from other devices, weak connection
or the deterioration of the antennas used, preventing the
system from functioning properly.

• Long transmission delays (up to 6 ms in the case of RF
[14] and up to 46 ms in the case of BLE [15]).

• The bit error rate (BER) of RF depends on the WPT
power level, as indicated in [16]. Thus, the higher the
power level, the more degraded the BER.

• Cybersecurity problems, which make information more
vulnerable to attackers [17], [18]. In the case of Blue-
tooth, attackers use numerous methods to hack into
devices, such as Bluesnarfing [19], [20], Bluejacking [21]
or Fuzzing Attack [22]. These vulnerabilities, among
others, could cause numerous problems for the charging
infrastructure and the vehicle itself. These cybersecurity
issues can also occur in the pairing process between
devices, as noted in [23], [24]. For 802.11, there are
techniques such as the use of Packet Sniffers, among
others, where an attacker can access and intercept all
the data circulating in and sent through the network,
including the vehicle driver’s personal information [25].
In ZigBee, different attacks can be categorized according
to different criteria, such as the layer they affect or
the method used [26]. Thus, there are various threats
to ZigBee devices such as Eavesdropping [27] or data
manipulation or injection, which, as indicated by Vidgren
et al. [28], can be carried out with low-cost devices easily
available to attackers.

• The sequence of the communication phases is variable,

which leads to difficulties and uncertainty in latency
estimation.

In addition to the above-cited problems, the infrastructure
required to establish data communication between the two
sides of the circuit can be more costly and less reliable in
high nominal power WPT systems, as is the case for RF [29].
For these reasons, a large amount of recent research focuses
on data transmission through the WPT power circuit itself.
This makes the system more reliable, as communication is in
real time and no pairing process between devices is needed to
carry out an information exchange. Several solutions have been
proposed which make use of the WPT power transmission
circuit to send and transmit all the information relevant to the
charging process, thus eliminating the aforementioned risks.
These are called Simultaneous Wireless Power Data Trans-
fer (SWPDT) or Simultaneous Wireless Information Power
Transfer (SWIPT) [30]. This definition includes both circuits
in which a power signal and one or more data signals coexist,
and all those in which a slight modification of the power signal
is equivalent to the transmission of data during the charging
process.

The way of combining data and power transmission in WPT
systems can be implemented in multiple ways, establishing
differences in terms of the number of signals and transmission
channels used, the way in which the signals are combined
(in the event that two or more different signals coexist in the
same circuit), the type of communication established and even
the modulation of the transmitted data. It is also possible to
differentiate between the compensation systems used, as well
as the electronics circuits used to inject the data signal into
the system.

Research work on EV wireless charging focuses on differ-
ent aspects such as dynamic charging (which is one of the
analysed case studies in Section III) [31], vehicle positioning
[32] or developing WPT power converters for EVs [33]. On
the particular topic of combining power and data transfer,
several review papers have been presented related to simul-
taneous wireless power and data transfer systems in far-field
application, as described in [34], [35] and [36]. As for near-
field applications, a few reviews have been found in [37], [38],
[39] and [40]. As shown in Table I, only [38] and this paper
address electric vehicles wireless charging as main topic while
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the rest discusses general applications [37] or medical implants
[39], [40]. The power levels and modes of operation of power
transmission in EVs are different from biomedical ones in
terms of power and degrees of misalignment, which influences
power and data transmission and their potential interferences.

The reviews analysed coincide in classifying the proto-
types according to the number of signals and links. This
paper extends the classification proposing 6 criteria, that is,
we add the analysis of number of signals and links, data
communication, signal combination, data modulation, data
injection/extraction method and compensation system. The
suitability of each configuration associated to the analysed
criteria is carried out for the particularities that EVs impose.
Another point mentioned in this paper is the geometry of
the power coils, which is directly related to the misalignment
tolerance of the charging system and with potential effects on
the data transmission. The most commonly used geometries in
SWPDT systems have been analysed, highlighting advantages
and disadvantages of each of them. These criteria are relevant
in the design and the implementation of the SWPDT system.

Moreover, unlike the other reviews, this paper analyses the
feasibility of these types of solutions according to the require-
ments imposed by ISO 15118-2. These requirements include
the bit rate and the type of communication channel, among
others. Finally, this paper presents a comparative analysis of
the solutions, ending with some final conclusions in which we
analyse the current status of SWPDT systems and future lines
of research related to this topic. Gathering information on the
state of the art on this topic is useful for optimising SWPDT
systems in future research, and may encourage the design of
new techniques to improve previous ones.

As a brief summary, the main contributions of this paper
are:

• Classification and analysis of SWPDT systems according
to 6 different criteria: analysis of the number of sig-
nals and links, data communication, signal combination,
data modulation, data injection/extraction method and
compensation system. The study has been performed
considering the particularities of the EV applications.
Specifically, we have analysed them taking into account
the communication requirements of EV services and the
particular misalignment and gap conditions expected in
these vehicles, which are not so severe in other scenarios
as medical implants.

• Analysis of design criteria within the main classification,
based on the number of channels and signals. The de-
sign criteria are: operating frequency, data rate, electron-
ics, crosstalk minimisation and coil geometry. We have
evaluated the criteria considering the operational power
frequencies imposed by the international standards for
EVs, which is notably different to those used in wireless
chargers for other areas as in biomedical applications.

• Study of different use cases of potential interest for EVs.
We have evaluated the suitability and configuration of the
SWPDT technology to provide an adequate performance.
The case studies are: (i) maximum efficiency control to
cope with EV misalignment, (ii) synchronisation between
power converters for bidirectional EV chargers and (iii)

dynamic charging to control the power flow for EVs on
move.

• Study on the feasibility of using the OCPP protocol,
widely deployed in EV charging stations, with SWPDT.

• Comparative analysis of the different current SWPDT
solutions proposed in the literature in terms, mainly,
of the frequency used, the bit rate achieved and the
misalignment conditions tested.

• Discussion of possible future works related to SWPDT
systems for EV wireless charging.

The paper is structured as follows. Section II gives a
description of EV inductive chargers. Section III describes the
case studies proposed for the integration of a SWPDT system
in an EV wireless charger. A classification of proposed solu-
tions according to different criteria can be found from Section
V to Section XI. The paper concludes with a comparative
analysis in Section XII and a closing description of future
research trends in Section XIV.

II. BASIC OPERATION OF EV INDUCTIVE CHARGERS

One of the main elements to consider when designing an
inductive WPT or SWPDT charging system for EVs is the
coil used for power transmission. Currently, two main types
of coils can be distinguished for WPT systems: unpolarized
coils (circular, square, rectangular) or polarized coils (Double-
D (DD), Double-D Quadrature (DDQ)) [41], [42], [43], as can
be seen in Fig. 2. All these different geometries can also be
found in a SWPDT system. Furthermore, in order to improve
the coupling between the windings and the quality factor,
ferrite plates or bars need to be optimally designed.

The misalignment tolerance is directly related to coil ge-
ometry. As studied in [44], circular and DD coil have a poor
tolerance to misalignment. In contrast, the geometry with
the highest misalignment tolerance of the above-mentioned
geometries is the DD-Q pad. On the other hand, rectangular
coils offer a higher misalignment tolerance than circular coils,
as demonstrated in [45].

(a) (b) (c)

(d) (e)

Fig. 2. Coil designs: (a) Circular, (b) Square, (c) Rectangular, (d) DD, (e)
DDQ

In order to maximize the power transfer capability and
minimize the VA rating of the power electronics supply [46],
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TABLE I
SUMMARY OF THE MOST RELEVANT REVIEWS ON SWPDT TECHNOLOGY.

Classification Analysis

Ref. Application
of study

Fundamentals
of WPT
systems

Analysis of a
communica-
tion protocol

Number
of links

and
signals

Data
commu-
nication

type

Signal
multi-

plexing
technique

Data
modula-

tion

Data
injection/
extraction

Compensation
system found
in literature

Data rate
analysis

Comparative
analysis

[38] Electric
Vehicles ✓

[37]
General
applica-

tions
✓

Mentioned
but no

analysis
✓ ✓

Optimal CSs
are

mentioned,
but there is
no analysis
of the CSs
used in the
literature.

✓ ✓

[39] Implanted
devices ✓ ✓ ✓

Basic CSs are
mentioned,
but there is
no analysis
of the CSs
used in the
literature.

✓ ✓

[40] Medical
implants ✓ ✓ ✓ ✓

Proposal Electric
Vehicles ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

it is necessary to design a compensation system, both in
the primary and secondary windings, so that both work in
resonance at a given frequency. In its most basic form, the
compensation system includes a capacitor in series/parallel
with the primary and secondary coil, although other more
complex configurations can be found. The four basic power
transmission compensation systems (mono-resonant topolo-
gies), as cited in [47], can be seen in Fig. 3, where the
difference between the different configurations can be checked.
It should be mentioned that Vin is the RMS output voltage
of the primary converter and RBAT refers to the equivalent
AC battery resistance. In SS (Series-Series) and SP (Series-
Parallel) compensation systems, the capacitor C1 is found in
series connection with the primary coil, while the capacitor
C2 is connected in series (SS) or parallel (SP) with the
secondary coil. In case of PS (Parallel-Series) and PP (Parallel-
Parallel) compensation systems, the capacitor C1 is connected
in parallel with the primary coil, while the capacitor C2 is
found in series (PS) or parallel (PP) with the secondary coil.

However, more elements can be included in compensation
systems, resulting in more complex structures (multi-resonant
topologies) such as LCC compensation. In this case, an extra
inductor is included along with a capacitor in series and
another in parallel with the main winding, repeating the
structure in both parts of the circuit. A simplification of
the LCC compensation system is the LCL, where a coil is
connected in series and a capacitor in parallel with the main
winding. These two topologies, which can be seen in Figure 4,
can be used when it is necessary to reduce data transmission
latencies in the control system, as they eliminate cycle-by-
cycle control, allowing feedback control to have low sampling
rates in the order of 1 Hz or even 0.1 Hz.

The performance of the WPT in cases of misalignment
strongly depends on the compensation systems used. Varia-
tions in the amplitude or the phase of the signals may be more
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Fig. 3. Mono-resonant Compensation systems (a) Series-Series (SS), (b)
Series-Parallel (SP), (c) Parallel-Series (PS), (d) Parallel-Parallel (PP)

Vin RBAT

+

L1

Cp

Lp

R1 R2

Ls

Cs

L2

M

(a)

Vin RBAT

+

L1

Cp

C1

Lp

R1 R2

Ls

Cs

C2

L2

M

(b)

Fig. 4. Multi-resonant compensation systems (a) LCL (b) LCC

significant with certain compensation systems. If perfectly
tuned, the series-to-series compensation does not undergo any
phase change. For other systems, the phase and amplitude of
the signals vary with some coil displacement, as described in
[5].

Fig. 1 shows how power converters are usually needed
in a WPT system to convert alternating current (AC) power
into direct current (DC) power (AC-DC rectifiers), or vice
versa (DC-AC inverters). Currently, SAE J2954 standard states
that the nominal operating frequency should be 85 kHz [48],
although this frequency was generally set around 20 kHz
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according to previous works [49], [50], [51]. As a result, both
the compensation system and the choice of power converter
components are designed and chosen, respectively, for this
frequency. Power switching devices, as SiC MOSFETs or
IGBTs, are the main components in power converters. Thus,
it is necessary to evaluate their performance depending on the
operating frequency.

Finally, in a WPT system for EVs, it is imperative to
control the power delivered to the EV batteries to guarantee
a proper charging process and prolong the battery lifetime.
There are three control types depending on where the control
is applied [52]: primary side [53], [54], secondary side [55],
[56], [57], [58] or dual-side [59], [60]. In order to optimise the
control, variables such as voltage, current and power should be
monitored on both sides. In some implementations, the values
of these variables need to be transmitted from the primary to
the secondary side and vice versa. In Table II, several examples
of these variables can be found.

TABLE II
SOME EXAMPLES OF CONTROLLED VARIABLES REQUIRED IN A WPT

SYSTEM.

Required data Control type Ref.

Output voltage Primary side [61], [54]
Secondary side [56], [62]

Output current Dual side [63], [64]
Output power Primary side [65]
Input power Dual side [52]

Primary inverter voltage Primary side [53], [66]
Primary current Primary side [67]

III. DATA TRANSFER BETWEEN EV AND EVSE: CASE
STUDIES

Within the field of wireless charging, there are research lines
that study in depth the improvement of different functionalities
of this type of chargers. In this section, we present some areas
that, we believe, can be a field of application for SWPDT
systems.

They are representative use cases in which the commu-
nication delay must be estimated with precision in order to
ensure the correct and efficient performance of the system.
Commercial communication technologies fail in the provision
of the delay value. Since they have been developed with
complex communication protocols with an uncertain sequence
of phases, the estimation of some communication-related
parameters (particularly, the delay or latency) is not trivial [68]
and the delay may be excessive for some service applications
running in EV wireless charging (with values on the order of
milliseconds in BLE [69], BL [70] or 802.11 [71]). A suitable
and customized communication protocol can be implemented
with SWPDT, in which the use of simple phases may favour
the correct performance of specific operation of EV wireless
chargers. The particular cases in which SWPDT is of interest
are described next.

A. Maximum efficiency control

Due to the power level involved in EVs, many of the
solutions proposed in the literature for wireless charging
aim for maximum efficiency control [72], [73], [74], hat
the performance of an inductive charger could be equivalent
to that of a conductive charger. In the control algorithms
proposed for reaching the point of maximum efficiency, it
is common to use a communication system that allows the
exchange of parameters between both parts of the circuit,
such as load voltage, load current or battery status. Therefore,
it is possible to deduce that for this type of system, the
communication between the primary and secondary circuit
must be robust, avoiding connection losses, pairing problems
or latencies. For this reason, it is possible to consider that
SWPDT systems could be a beneficial solution for these
controls, as all communication is carried out through the
power coils, without added wireless data technologies that
could be even manipulated maliciously. The use of SWPDT
systems for maximum efficiency control is conditioned by
communication parameters, such as data rate or bandwidth,
which must be studied and properly designed in order to meet
all requirements.

B. Synchronisation between power converters

As a different specific case study, the use of data transmis-
sion between both parts of the circuit is proposed to carry
out the synchronisation between the primary and secondary
power converters [75], [76]. In WPT systems where control
over the converters on both sides is implemented [77], it is of
substantial importance to synchronise the signals that activate
the power converters. This is mandatory to control the power
flows in Vehicle to Grid (V2G) operations based on a phase-
delay technique [78]. In this type of approach, the activation of
the signals to switch the power devices on the secondary side is
delayed with respect to the primary converter. The computation
of the delay, referred to as the δ parameter, is usually carried
out on the primary side and transmitted to the secondary
side. Although there are commercial communication platforms
that could be used for the transmission of this parameter,
the communication delay is variable due to the uncertain
number of phases required for the transmission (initial setup,
pairing, etc.). When using these platforms, the system is
forced to incorporate complex synchronisation techniques as
the ones described in [79]. SWPDT could avoid the need for
synchronisation techniques as the control designer could set
the sequence of the communication phases in such a way
that the communication latency can be precisely estimated
on the secondary side. With an accurate determination of
the communication latency, the two power converters can be
synchronised so that the V2G operations can be accomplished
correctly.

C. Dynamic charging

Dynamic charging or charging on-move is a line of research
where integration of SWPDT systems can potentially lead to
a significant improvement in the charging process. As can
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TABLE III
OCPP 2.0.1 AND ISO 15118 MESSAGES EXAMPLES.

Message Communication Content

ISO
18118

ChargeParameterDiscovery.req EV to EVSE Contains the amount of energy needed by EV for a full charge.

PowerDelivery.req EV to EVSE Includes the “Ready to charge” state.
CertificateInstallation.res EVSE to EV Installs a new certificate from the CSMS in the EV.

PaymentDetails.req EV to EVSE Provides the certificate chain necessary to verify the signature.

OCPP
2.0.1

Authorize.req EVSE to Central System User identifier that needs to be authorized

BootNotification.req EVSE to Central System Includes, at a minimum, the ChargePoint vendor and model identifier.
CancelReservation.req Central System to EVSE Contains the Id of the reservation to cancel.

MeterValues.req EVSE to Central System
Contains the amount of energy needed by the EV, a definition of the
EVSE and the information about the connector to which the EV is

connected.

be seen from recent references, dynamic charging has been
a topic of interest in the scientific community in recent years
[80], [81], [82], [83]. In dynamic wireless charging systems,
data transmission from/to the primary circuit to the secondary
circuit is required in the same way as in static charging.
However, in the case of dynamic charging, this communi-
cation must be even more robust and fast as the vehicle
is constantly in motion. For this reason, in order to avoid
connection losses, data loss, delays or inaccuracy, in dynamic
charging systems the data acquisition is generally carried out
at the beginning of the charging line [84]. This forces the
system to deduce the battery status, the mutual inductance or
the state of constant voltage/constant current while it moves
over the line of transmitting coils. This deduction can be
inaccurate, or even wrong. Thus, we consider that SWPDT
systems with simple communication protocols can provide a
clear alternative to commercial communication systems, so
that constant communication can be maintained during the
entire charging process without the need for repetitive pairing
process.

D. EV dispatching strategies

Finally, a fourth case study that is gaining relevance should
be mentioned: EV dispatching strategies. Power grids are
experiencing an increase of power consumption in recent
years, and with the arrival and expansion of electric vehicles,
it is estimated that this consumption will increase by a further
15.98 % by 2050 [85]. The problem is aggravated by the fact
that the majority of EV users charge their vehicles when they
return home from work, resulting in peak demand in more
limited time slots.

On the other hand, bidirectional charging of electric ve-
hicles has been gaining in popularity in recent years, with
technologies such as V2G or Vehicle to Home (V2H). These
technologies can decongest the power grid as the batteries
of the electric vehicle can be used as a source of energy in
times of high-power demand. In addition, these EV batteries
can be recharged following constraints such as the price of
electricity or the state of charge of the EV batteries. All these
processes can be performed by means of charging planning
algorithms that allow an optimal energy management at any
given moment.

For the development of these algorithms, communication
between the electric vehicle and the charging station is essen-
tial. However, the implementation and integration of electric
vehicles with wireless charging in the market generates the
need to establish new types of communication so that these
systems also participate in the energy management algorithms.
Thus, we believe that SWPDT systems can be an optimal
solution in this application.

IV. OCPP PROTOCOL

As mentioned in Section I, one of the most widely used
protocols for information exchange in the EV charging process
is the OCPP protocol. The OCPP protocol is designed to allow
charging points and management systems to be manufacturer-
independent, and thus to achieve universal information ex-
change between the charging point and the central system.
There are several versions such as OCPP 1.0 [86], OCPP
1.6 and OCPP 2.0.1. The most widely used is OCPP 1.6
[87], while OCPP 2.0.1 [88] is the most recent. The OCPP
2.0.1 specification supports the use of the ISO 15118 standard
for communication between the charging station and the EV.
This standard regulates the physical data link, network and
application layer requirements. It also defines the requirements
for wireless communication at the physical data link, network
and application layers. Thus, EV wireless chargers are also
expected to operate with this protocol, as illustrated in Fig.
5. Wireless chargers, and their communication system in
particular, must be adapted to these requirements in order to
be fully compatible with these protocols. In this paper, we
want to provide an analysis of the feasibility of this protocol
for wireless charging of EVs. The basic concepts are outlined
below.

In its new version, OCPP 2.0.1 protocol has two new
important features. First, it has the possibility to establish
a bidirectional power flow, including V2G transmission, by
using ISO 15118 protocol [89]. It is necessary to consider this
feature in order to determine if bidirectional communication
is also needed.

Second, OCPP version 2.0.1 together with ISO 15118
allows the EV to make a request with the amount of energy
required until it is fully charged, in kWh, as can be seen in
Fig. 6. This message is transmitted from the secondary circuit
of the WPT system to the EVSE. The EVSE transmits this
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information to the Central System, which can then draw up
a charging plan based on requests from the other vehicles.
The OCPP specification, based on ISO 15118, describes this
process as “Charging with load leveling based on High-Level
Communication”. All actions consist of the same structure,
divided into two parts: a request and a confirmation. In each
of these parts, variables of different types are sent (some
mandatory, others optional) containing information about the
action to be carried out. An example of these messages (among
others), taken from [88] and [90], can be seen in Table III.

MICROCONTROLLER

+ DATA

ISO 15118

OCPP

EV EVSE CENTRAL
SYSTEM

MICROCONTROLLER

Fig. 5. Diagram of the integration of OCPP ISO into an inductive charger.

If EV wireless chargers are operated with the OCPP pro-
tocol together with ISO 15118 while the EV battery is being
charged, the exchange of messages not only includes messages
between the EVSE and the CSMS, but also between the
primary and secondary sides of the EV WPT system. Vehi-
cle identification, energy demand, battery status or warning
messages need to be transmitted between the primary and
secondary sides (in both directions when we include the receipt
confirmation). For this reason, it is important to design and
implement a robust and secure communication system between
both sides for wireless chargers. This minimises the loss of
messages due to connection errors, following a bidirectional
communication protocol compatible with the one implemented
in EV conductive chargers.

A review of the regulations governing the OCPP protocol,
as well as the ISO 15118 standard, reveals numerous require-
ments for the communication channel that an EV charging
system must satisfy. It should be noted that these requirements
are established for plug-in charging, but can be considered a
reference for wireless charging implementations.

According to both ISO 15118 part 2 [90] and the OCPP
2.0.1 protocol, messages sent between the EV and the charging
station, as well as between the charging station and the central
management system, must have the ability to be transmitted
in both directions. For example, if an EV makes a request to
the charging station through a message in “Request” mode,
the charging station must reply to the EV with a message
in “Response” mode. This means that the communication
between all parts of the system must be bidirectional.

ISO 15118-2 also sets some specific restrictions for each
message, such as session time parameter values and message
structure definition, where the maximum duration (in ms) and

EV EVSE CSMS

TransactionEventReq()

NotifyEVChargingNeedsReq()

NotifyCentralChargingNeedsReq()

TransactionEventReq()

NotifyEVChargingScheduleReq()

ChargeParameterDiscoveryReq()

PowerDeliveryReq()
Contactor Close

TransactionEventResp()

NotifyEVChargingNeedsResp()

NotifyCentralChargingNeedsResp()

TransactionEventResp()

NotifyEVChargingScheduleResp()

ChargeParameterDiscoveryResp()

PowerDeliveryResp()

ISO 15118 OCPP

Fig. 6. OCPP and ISO 15118 communication sequence example.

the content of the message (semantics and type definition) is
specified, as we will describe in more detail in later sections.

V. SWPDT FOR EV CHARGERS: CLASSIFICATION

This paper reviews a significant number of research works
on the design of SWPDT systems published in recent years.
They can be classified into different categories according
to different criteria. The purpose of this classification is to
group all systems with similar characteristics to obtain an
overview of the criteria used when designing a system. Their
advantages and disadvantages are considered, as well as their
compatibility according to the application for which they are
intended. The following criteria, summarized in Fig 7 are
proposed for the classification:

• Number of links and number of signal carriers. In
WPT systems, a pair of coupled coil is defined as a
wireless link. The transmission of power and data can
be made over one link only (Single Link - SL) or they
can rely on two pairs of coils for the separate propagation
of the power and the information (Double Link - DL). As
for the frequency of the transmission, data and power can
share the same carrier (Single Carrier schemes - SC) or
they can be transmitted with different frequencies (Dual
Carrier - DC). The same classification has been proposed
in [37].

• Data communication type. Depending on the direction
of the data transfer and the simultaneity of both direc-
tions, three categories can be distinguished:

– Simplex, where a data signal can only be transmitted
in one direction (from primary to secondary side, or
from secondary to primary side).

– Half-duplex, where a data signal can be transmitted
in both directions, but not simultaneously (from
primary to secondary side and from secondary to
primary side at different times).

– Full-duplex, where a data signal can be transmitted
simultaneously in both directions (from primary to
secondary side and from secondary to primary side
at the same time).
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SWPDT
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Data
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modulation
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Full-Duplex

FDM
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Connection
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Fig. 7. SWPDT classification scheme.

Both half-duplex and full-duplex are bidirectional com-
munications, while Simplex is a unidirectional commu-
nication.

• Signals multiplexing technique. When two different
signals coexist in the same circuit as in our application
for power and data, there are different multiplexing tech-
niques that allow them to be transmitted simultaneously,
such as:

– Frequency Division Multiplexing (FDM). Two (or
more) different frequencies are used within the avail-
able bandwidth for transmitting two signals.

– Time Division Multiplexing (TDM). Two (or more)
signals are transmitted in different time slots, follow-
ing an alternating pattern, using (or not) the same
frequency within the available bandwidth.

• Modulation of data signal. The data transmitted by the
circuit can be modulated in the following ways:

– Modulation with amplitude variation: Amplitude
Shift Keying (ASK), On-Off Keying (OOK).

– Modulation with phase variation: Binary Phase
Shift Keying (BPSK), Differential Phase Shift
Keying (DPSK), Quadrature Phase Shift Keying
(QPSK), Differential Quadrature Phase Shift Keying
(DQPSK).

– Modulation with frequency variation: Binary Fre-
quency Shift Keying (BFSK).

• Data injection/extraction. Depending on the technique
used to inject or extract the data, different methods can
be distinguished according to two categories:

– Depending on the electronics used: transformers,
inductors, direct connection or toroidal-core inductor.

– Depending on the injector/extractor circuit connec-
tion to the power electronics: series or parallel.

• Compensation system. As indicated in Section II, dif-
ferent compensation systems may be used, such as SS,
SP, PS, PP, LCC. To determine the appropriate compen-

sation system for the design, the bandwidth tolerance to
misalignment must be taken into account, as this is a
factor that varies according to the chosen compensation
system.

Considering these criteria, Sections V to X describe the
main particularities of SWPDT systems for each criterion
identified.

VI. NUMBER OF SIGNALS AND LINKS

Existing SWPDT solutions can be classified in the following
categories according to the number of links and signals,
as indicated in [38]: Single Link - Single Carrier (SL-SC),
Double Link - Double Carrier (DL-DC), Single Link - Double
Carrier (SL-DC). It should be noted that the Double Link -
Single Carrier (DL-SC) configuration is not practical, and is
more expensive and complicated than SL-SC configuration.
Therefore, the DL-SC configuration will not be discussed in
this paper.

In the following subsections, we develop the characteristics
of each of these configurations in more detail.

A. SL-SC configuration

In SL-SC configuration, a single pair of coupled coils is
used for both the data and power transmission. This can
be achieved in two main ways. In one method, power is
transmitted at a pre-set frequency (fp) but the amplitude of the
power varies according to the data signal. In another method,
the power amplitude remains constant, while the frequency of
the power transmission varies between two different values
(fp1, fp2). It can be observed that power transmission is
affected by the data transmission, therefore, the power level
to charge the EV batteries is affected by the data transfer, and
could lead to longer charging times (CTs). The communication
direction depends on the structure of the power converters.
So for a unidirectional wireless charger with this scheme,
data can only be transmitted from the primary side to the
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secondary side. V2G chargers will allow communication in
both directions if the signal generators are installed on both
the primary and secondary sides. A generic representation of
this type of SWPDT system is shown in Fig. 8.

L1

R1 R2

L2

M

AMPLITUDE VARIATION FREQUENCY VARIATION

10 0 10 0

POWER

SPECTRUM ANALYSIS

fp

Ampl.

freq.

SPECTRUM ANALYSIS

fp2fp1 freq.

Ampl.

Fig. 8. SL-SC scheme.

The SL-SC configuration has a number of disadvantages
that need to be taken into account. In general, the power
signal is modified in order to transmit data from one side
of the circuit to the other. This modification can be made by
varying either the amplitude or the frequency of the signal.
Although this is a simple way of transmitting data, since it
takes advantage of a signal already transmitted in the circuit,
these actions trigger a series of disadvantages that should not
be overlooked. For example, if ASK modulation is used for
the power signal, the power transmitted to the load varies with
each bit of the transmitted data. This means that the power
generated is constantly being reduced or increased, which
directly affects the vehicle’s charging time: the lower the trans-
mitted power, the longer the total charging time. In addition,
this can affect the battery lifetime, as it does not charge at
a constant voltage and current – as mentioned in Section I
– but oscillates between at least two values constantly, with
burst. This may damage the battery, since it should be charged
at an accurate and constant current/voltage through stable
conditions [91]. Another case involves modifying the power
signal through a frequency variation. The major drawback
here is that the circuit will stop working resonantly at every
variation of the power signal frequency, resulting in low overall
system efficiency. To overcome these problems, adjustable
compensation systems need to be included, which makes this
option more expensive and complex.

Different solutions proposed with this type of configuration
can be observed in [92], [93], [94], [95], where data is
transmitted by means of a power amplitude variation, and in
[67], [96], [97], [98] where power frequency variation is the

chosen method.
A further problem caused by these circuits is that the

data rate (DR) is low, since the bandwidth is limited by the
frequency of the power carrier wave (Standards on EV wireless
chargers limit the frequency of operation to the range of 79 to
90 kHz), which in turn is hampered by the physical limitations
of the power semiconductors. For example, the more the
amplitude of the signal is reduced, the more significant the
semiconductor non-idealities are, i.e. a voltage drop of 0.7 V
produced by a diode at 100 V is more relevant than at 300
V. This effect will have an repercussion in the power transfer
efficiency.

Furthermore, in SL-SC systems there is a direct relationship
between the vehicle charging time and the data rate during
transmission. As mentioned in Section III, a series of messages
are transmitted during the charging process of the EV, at a
given data rate, to allow an exchange of information between
all parts of the system. These coded messages can be under-
stood as a given number of “0” and “1”. In an SL-SC system,
if the transmission of a bit can alter the frequency or amplitude
of the output voltage or current, it results in a change in the
vehicle charging time. For example, if it is assumed that when
transmitting a “1” the voltage remains constant, and when
transmitting a “0” the voltage decreases by a certain value,
this decrease will result in a longer charging time δτ , since the
output power will then be lower. To understand the relationship
between charging time and data rate, the number “1” sent will
be denoted as md, the number “0” as nd, and the time when
a bit is transmitted will be denoted as τd. It is expected that
data communication is necessary only during some slots in
the charging process. Thus, there will be some periods when
no data transfer is required. In SL-SC SWPT systems, it is
mandatory to include a preamble data sequence to indicate
that the communication has started. Otherwise, the receiver
assumes that the transmitter is always sending a “1” bit. This
preamble will contain a sequence of “1” and “0” bits to activate
the data processing. Similarly, there will be a sequence to
indicate that the data transfer has ended. Assuming the number
of “0” bits in the preamble and the ending sequence are np

and ne respectively, and the time to send one bit is τp in the
preamble and τe in the ending message, the resulting charging
time for a SL-SC system (CTSL−SC) is computed as:

CTSLSC = CTWPT +M(npτp + neτe) + ndτd (1)

where CTWPT corresponds to the charging time required by
a conventional WPT system and M is the number of data
sequences during the charging process.

From 1, it can be deduced that the higher the number of bit
“0”, the longer the charging time in SL-SC systems.

Finally, the charging efficiency may be reduced. In the case
of SL-SC amplitude variation, as mentioned before, output
power may be lower when a “0” is transmitted. If we consider
overall efficiency, as indicated in 2, it can be deduced that
its value will constantly change during data transmission and
will be lower when a “0” is transmitted. The loss of efficiency
for a transmission of a “0” is caused by the non-idealities of
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the power converters, which are more relevant for low-power
voltages.

η =
CTSLSC − CTIPT

CTSLSC
η0 +

CTIPT

CTSLSC
η1 (2)

In a similar way, the SL-SC approach based on frequency
variation also requires a preamble and an ending sequence to
be included, which will increase the charging time. When a
frequency variation is performed, the WPT system does not
usually work in resonance for both, so the efficiency will
be lower when operational frequency is different from the
resonant frequency. The charging time will increase as a result.

Finally, it should be highlighted that although this technol-
ogy requires the power signal to be modified to perform the
data transmission, the initial stages of the communication, such
as handshaking process, can be correctly carried out without
initiating the power transmission. An example of the correct
functioning of this process can be found in [92].

B. DL-DC configuration

In the DL-DC configuration, two or more frequencies are
used for the wireless data and power transmission (fd and fp,
respectively), which are carried on two or more channels. An
extra pair of coupled coils (LD1 and LD2 with their internal
resistances RD1 and RD2), with extra control electronics, are
added to the circuit to transmit the data signal, which increases
the cost and size of the system. Power and data are transmitted
at the same time through the different links, so there is no
change in the charging time with data or without them. An
example of this type of system is shown in Fig. 9. The close
proximity of the data and power coils may cause interference
between the two links at the same time, as there will be a slight
coupling between them (represented by the mutual inductances
MDP1

and MDP2
). Generally, in DL-DC systems, the data

signal has a higher frequency than the power signal, as shown
in the spectrum analysis. In addition, the data is sent with a
lower amplitude. An example of this type of configuration can
be found in [99] or [100].

Although in this configuration the power signal is not
modified and, in theory, signals are not transmitted together
on the same channel, the main disadvantage is the cost of the
system, since a new pair of external coupled coils is needed,
with extra electronics. This increases the price. It must also
be remembered that including an external element increases
the size of the overall system, which can be a disadvantage
considering that part of the system is installed in a mobile
element (EV). Another problem to be solved is the position
between the power coupled coils and the data coupled coils,
as it would be necessary to deal with the possible currents
induced between them due to the coupling between the power
and the data coils. It is preferable to minimize MDP1

, MDP2
.

If these two parameters are not negligible, there will be a
high-frequency signal in the power link and and the data
signal cannot be decoded correctly. The data signal would also
generate extra consumption in the power converters. Filters
are usually necessary to prevent these effects, since it is not
possible to ensure that the coupling M is not null. Considering
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Fig. 9. DL-DC scheme.

this circumstance, the data frequency is not usually a third
harmonic of the power signal to prevent the harmonics due to
the power circuit from being understood as data.

Finally, it is worth noting that one of the problems to
contend with in wireless EV charging is potential misalign-
ment between the coils during vehicle charging since, even
though the charge is static, there is a high probability that
the vehicle’s coil is not perfectly aligned with the coil on the
charging platform. The positioning between the coils is a key
point in determining charging time and efficiency. Therefore,
if in addition to the power coils, new coils are added in
both primary and secondary for data transmission, not only
misalignment between the power coils, but also misalignment
in the data coils must be taken into account, which would
complicate this method.

In addition, data coils are generally smaller in size than
power coils, as the amplitude of the data signal transmitted is
lower (the data signal typically has an amplitude of between
5-15 V, as opposed to 230 V for the power signal) and the
frequency is higher. For example, in [99] and [100], the power
coils have an area of 100x100 mm2, while the data coils have
dimensions of 60x60 mm2 and 80x80 mm2, respectively.
The smaller the area of the coils, the greater the effect of
misalignment between them. Fig. 10 illustrates the reason for
this: for the same displacement on one x axis (δx), the smaller
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Fig. 10. Misalignment effect between two different pair of coils.

the area, the lower the flux received by the secondary circuit,
since the area that remains parallel between the two coils (S) is
smaller. The relationship between magnetic flux and surface
area can be seen in 3, in which Φ is magnetic flux, B is
magnetic field and S is the evaluated surface. In turn, the
voltage induced in the secondary circuit (eind) depends on
the flux variation and is determined by Faraday’s Law 3, from
which it can be extrapolated that the lower the variation of the
flux, the lower the induced voltage.

eind = −dΦ

dt
= − d

dt

∫
S

BndA (3)

C. SL-DC configuration

In this configuration, two or more frequencies are used for
the data and power transmission (fd and fp, respectively),
which are carried on a single channel as shown in Fig.
11. In order to implement this type of circuit, two coils
or transformers are generally coupled in the primary and
secondary power circuit, which will inject and extract the
corresponding data signal from the communication processors.
It should be noted that the amplitude of the data signal must
be significantly lower than the one used for the power signal.

Among all the proposals, this approach is one of the most
flexible and widely used, considering that it incorporates
the advantages of the two previous configurations. On this
occasion, as can be seen in [101] [102], [103], [104], [38],
[105], [106], [107], [29], [108], [109], [110], [111], [112],
[113], [114], [115], [116], [117], [118] and [119], the authors
choose to use two different signals, one for data and the other
for power, which are transmitted on the same channel but are
independently controlled.

Although it is the most flexible, the SL-DC configura-
tion introduces a number of disadvantages that cannot be
ignored. The first of these is the appearance of circulating
currents caused by the inclusion in the circuit of new coils
or transformers used to transmit the data signal. Circulating
currents are currents generated by connecting transformers
in parallel whose open-circuit voltages are not equal. This
voltage difference results in a current that is independent of the
load, which flows through the transformers. As the circulating
currents are not used to supply any load, extra losses occur in
the system, thus reducing its efficiency [120]. Second, it must
be taken into account that both signals will be transmitted
together through the circuit (usually at different frequencies),
so there may be interferences between them, causing variations
in their characteristics. Generally, these cases require the use
of filters that can behave as an open or short circuit at a
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Fig. 11. SL-DC scheme.

certain frequency, to prevent harmonics in the power signal
from affecting the data signal. They are also necessary to
prevent the data signal from flowing into the power electronics
and hindering the circuit’s operation.

It should be noted that in a WPT system the semiconductors
generate some ripple in the output signal. Depending on the
value this ripple reaches, it can have an adverse effect on
the communication between the two sides of the circuit. In
other words, if the ripple has an amplitude and frequency
value greater than or equal to the data signal, the transmitted
data wave will be modified unintentionally if nothing is done
to prevent it. This could result in the data being processed
incorrectly.

D. Analysis of the system design criteria

In the classification of these configurations given in Sub-
sections A–C, we can observe that there is a significant
differentiation between the design criteria of each of them.
We will now analyse the following criteria: frequency, data
rate, electronics and crosstalk minimization.

When designing a SWPDT system, it is crucial to choose
the correct working frequency (both for power and data
transmission), which will generally be one for SL-SC systems,
and two or more for SL-DC and DL-DC systems. The latter
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TABLE IV
SUMMARY OF FREQUENCIES AND DATA RATE USED IN THE MAIN SWPDT SYSTEMS.

Number of Links and Signals fp fd Data rate Ref.

SL-SC

22 kHz Not specified Not specified [96]
100 kHz 100 kHz 25 kbps and 50 kbps [94]
83 kHz 83 kHz Not specified [92]

85 kHz and 87 kHz 85 kHz and 87 kHz 2 kbps [97]
85 kHz 85 kHz Not specified [67]

85 kHz and 83 kHz 85 kHz and 83 kHz 1 kbps [98]
100 kHz 100 kHz 100 kbps [95]
100 kHz 100 kHz Not specified [93]

SL-DC

85kHz 5 MHz and 6.25 MHz 64 kbps [101]
22.4 kHz 13.56 MHz and 6.78 MHz Not specified [102]
150 kHz 8 kHz 1 kbps [103]
100 kHz 8 kHz 1 kbps [104]
85 kHz 3 MHz 40 kbps [105]
85 kHz 2 MHz and 1.2 MHz 80 kbps [106]
85 kHz 5.5 MHz and 4.5 MHz 500 kbps [107]

22.4 kHz 1.67 MHz 20 kbps [29]
80 kHz 10.7 MHz 80 kbps [108]
85 kHz 2 MHz Not specified [38]
85 kHz 5 MHz Not specified [109]
85 kHz 850 kHz 28.33 kbps [110]
85 kHz 1.65 MHz and 1.5 MHz 150 kbps [111]
85 kHz 1 MHz 166.7 kbps [112]
28 kHz 756 kHz 5 kbps forward and 10 kbps backward [113]

28.3 kHz 1.67 MHz Not specified [114]
50 kHz 2 MHz 10 kbps forward and 200 kbps backward [115]
91 kHz 10 MHz 560 kbps [116]

100 kHz 1.9 MHz and 3.2 MHz 600 kbps [117]
100 kHz 1.4 MHz and 4.2 MHz 200 kbps [118]
85 kHz 2 MHz and 1.2 MHz 250 kbps forward and 170 kbps backward [119]

DL-DC 200 kHz 6 MHz 19.2 kbps [99]
200 kHz 6 MHz 19.2 kbps [100]

requires at least one signal for power transmission and one
different signal for data transmission. In addition, if the data
transmission is full-duplex, a different data channel may be
required for each direction, one from the primary to the
secondary side and a different one from the secondary to the
primary side.

Regarding the frequency for the power carrier signal, there
is no fixed frequency among the solutions presented so far, as
the authors propose different values ranging from 22 kHz to
200 kHz. According to SAE J2954 standard, the contemplated
frequency range for power transmission is from 79 to 90 kHz.

The situation is similar for the data signal, except that, in
this case, most authors use frequencies at least one order of
magnitude higher than the power signal, in the order of MHz.
However, to avoid any potential interferences between the data
signal and the power signal harmonics, some authors argue that
for the data signal it is more appropriate to use a frequency
lower than the power signal [103], [104]. This introduces a
disadvantage: the data transmission rate is lower than that
achieved with higher frequencies, as can be seen in Table IV,
so it would clearly limit a system that requires an exchange
of information with a high transmission rate.

It should be noted that, in SL-DC configurations, the data

carrier signal is transmitted through the main coils, together
with the power signal which is modelled as the first harmonic
of the primary converters’ output voltage. However, odd
harmonics are also present in the circuit. Therefore, when
choosing the frequency of the data carrier signal, it would
be good practice to avoid choosing values close to these odd
harmonics of the power carrier signal.

A summary of the frequencies used for each configuration,
as well as the data transmission rate achieved in each case,
can be found in Table IV. It should be noted that the resonant
working frequency is named as fp and the frequency of the
data signal is named as fd.

In some cases, we observe two different data rates for data
transmission: one for forward information and another for
backward information, as described in [113] and [115]. In
the solutions reviewed, the data transmission circuit design
differs according to the communication direction, resulting
in an asymmetric data system. However, the communication
system used in [94] is the same but the data rate is different
because the fluctuation of the primary current is smaller than
that of the secondary current.

The data rate is an important parameter in the system
design, since, among other determinants, the communication
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TABLE V
REPRESENTATIVE EXAMPLE OF ISO 15118 MESSAGES DATA RATES.

MESSAGE Bytes Bits Time (s)
Minimum
data rate
(bps)

ServiceDiscoveryReq 70 560 2 280

PaymentsDetailsReq 1616 12928 5 2586

CurrentDemandReq 207 1658 0.25 6632

CertificateInstallationRes 3289 26312 4.5 5848

ChargingStatusRes 260 2084 1.5 1390

protocol will establish minimum time requirements that must
be complied with during a sequence of messages. As men-
tioned in Section IV, one of the most widespread protocols
in EV charging is OCPP, working together with ISO 15118.
For this reason, and as a representative example, we will now
examine some of the V2G messages that can be transmitted in
a communication sequence, as shown in Table V, in order to
determine whether the systems analysed can be implemented
with the aforementioned protocol.

We counted the maximum number of bytes required to
transmit each of the messages. We reviewed the bytes con-
sidering the structure of each of the constituent elements,
taking into account different formats that can be found in
the literature. When performing the count, we considered
the data type, such as short, unsigned long, string, boolean,
etc. ISO 15118 lists the structure of the messages, with a
description of their constituent elements and, in some cases,
their maximum length. The analysis we performed was based
on an approximate determination of the maximum number of
bits to be transmitted in each message. In order to illustrate the
methodology used, we will disaggregate one of the messages
as an example. In the case of ServiceDiscoveryReq, the
message has two main elements: ServiceScope and Service-
CategoryType, both of string type. For the former, the ISO
standard states that its maximum length is 32 bytes, while for
the ServiceCategoryType element, the types of messages that
can be sent are defined. In order to analyse the maximum
length that can be included in this element, we examined
the message with the largest number of characters. In this
case, this message is “ContractCertificate”, which is composed
of 19 characters. It should be noted that UTF-8 encoding is
employed, so that each of the characters can be encoded in
2 bytes, giving a total of 38 bytes. The resulting number of
transmitted bytes will therefore be 70 bytes. We performed
a similar analysis for the rest of the messages in Table V.
Furthermore, the ISO 15118-2 standard defines the maximum
time taken for each of the V2G messages transmitted. This
requirement is included in the “Time” column. Considering the
total number of bits, the minimum data rate can be determined
for the individual cases.

Analysing the results in Table V, it can be seen that while
some messages have a data rate of approximately 280 bps, in
other cases data rates can be higher than 6 kbps. As a result, it
can be deduced that systems whose communication has a data
rate lower than these values (such as 1 kbps or 2 kbps) are

not suitable for using the OCPP - ISO 15118 protocol, since
they would not comply with the minimum time requirements
imposed by the standard.

With regard to the electronics used, it should be noted
that SL-DC designs require a higher number of components
than SL-SC configurations, such as control circuitry, signal
generators, complex demodulator circuits, etc. This is because
if two or more signals of different frequencies are transmitted
then generally speaking each signal must be controlled and
generated independently. Moreover, a coupled coil or trans-
former needs to be included to inject and extract the data into
the power circuit (as described in Section X). For SL-SC cases,
as can be seen in the articles we reviewed, the control circuit
of the power electronics is the one that controls and generates
the data transmitted by the circuit. If, as well as having two
different signals, a separate channel is used for each of them,
as in the case of DL-DC, there is an increase in both the
number of components used and their cost. One of the factors
that determine the cost of the system is the type of material
used for data transmission coils in DL-DC solutions. In the
cases we reviewed, the material used to manufacture the coils
is Litz wire, which, despite its advantages in terms of reducing
eddy current losses, increases the cost of the system.

In the same way, it is important to address crosstalk
minimization design criteria in the various configurations
proposed. Crosstalk is a phenomenon that occurs when a
signal creates unwanted effects in a different channel [121].
The crosstalk effect must be minimized in a SWPDT system,
where power and data are transmitted. In [37], different design
solutions are therefore proposed to reduce crosstalk, accord-
ing to each signal-link classification. In SL-SC, the authors
suggest modulation and compensation topology optimization,
and closed loop control, in order to achieve constant output
characteristics during power modulation. On the other hand, in
SL-DC systems, they recommend isolation between power and
data loops, adding wave trappers to trap inductors and power
transfer gain maximization, which can be achieved through
adaptive frequency control or maximum power point tracking.
Lastly, for DL-DC configurations, where crosstalk is the result
of cross-coupling between both pairs of coils (power and data),
the authors propose to carefully adjust the position between the
power and data coils until cross-coupling is reduced to zero.
Multiple data coils could also be used to make the sum of
induced magnetic flux null. The design is not trivial, however.

Finally, there is a noteworthy design criterion that can be
decisive in a SWPDT system: coil geometry. Thus, the choice
of topology must be made on the basis of the behaviour
of the coil under different misalignments. That is, if in the
final application for which the designed system is intended
there is a high probability that both coils will be misaligned
during the charging process, a geometry robust to this factor,
such as DDQ, should be chosen. However, if in the charging
process there is no possibility of both coils being misaligned,
a circular or rectangular (unipolar) geometry could be chosen,
considering, in turn, that the rectangular geometry has a
higher tolerance than the circular geometry. It is important
to determine this criterion according to the target application
of the SWPDT system, as the choice of coil geometry can
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TABLE VI
SUMMARY OF DESIGN RECOMMENDATIONS.

Parameter Recommendations

Power working frequency
From 79 to 90 kHz, according to SAE
J2954 standard.

Data signal

Data signal frequency recommended to be
an order of magnitude higher than power
signal frequency.
Choose frequencies that differ from power
signal harmonics.

Data rate
Must satisfy the minimum time require-
ments established by the communication
protocol used.

Electronics used

For the system design, the advantages and
disadvantages of each configuration must
be considered, as well as the number of
components required, the number of sig-
nals, and the costs.

Crosstalk minimization

SL-SC: modulation, compensation topol-
ogy optimization and closed loop control
are suggested.
SL-DC: isolation between power and data
loops and power transfer gain maximiza-
tion are recommended.
DL-DC: careful adjustment of the position
between the power and data coils, and mul-
tiple data coils for magnetic flux reduction
are advised.

Coil geometry

Circular coils have poor misalignment tol-
erance, while DDQ coils have the best
performance. Rectangular coils have better
misalignment tolerance than circular coils.
The choice of the coil geometry must be
made according to the intended application
of the final charging prototype.

influence the cost, material used and weight of the final
prototype.

Table VI provides a brief summary of the recommendations
discussed in this subsection.

VII. DATA COMMUNICATION TYPE

As in a conventional communication system, the data links
can be classified as simplex, half-duplex and full-duplex. The
simplest communication configuration is Simplex, in which
data are transmitted in one direction only (unidirectional). The
data transmission can be from the secondary to the primary
side, as can be observed in [99], [100], [67], [114], [116],
[95] and [104], or from the primary to the secondary side,
as shown in [93], [108] and [105]. One problem introduced
by the simplex configuration is the non-confirmation of data
reception by the receiving circuit. Therefore, the transmitting
circuit cannot identify whether or not the message has been
received correctly.

Bidirectional communication has more advantages accord-
ing to many proposed solutions for simultaneous wireless
power and data transfer in EVs. In this approach, the primary
and the secondary coils are used for both transmitting and
receiving data. This bidirectional configuration can be further
classified into two types:

• Half-duplex: where data is transmitted in both directions,
but not simultaneously, as is the case in [96], [103], [38]
[29], [92], [109], [94], [97], [110], [98], [111], [112] and
[113].

PRIMARY SIDE

SECONDARY SIDE

Data direction

(a) Simplex

PRIMARY SIDE

SECONDARY SIDE

Data direction,
time 1

Data direction,
time 2

(b) Half-duplex

PRIMARY SIDE

SECONDARY SIDE

Data direction,
time 1

Data direction,
time 1

(c) Full-duplex

Fig. 12. Simplex, half-duplex and full-duplex data communication.

• Full-duplex: where data is transmitted simultaneously in
both directions, as can be observed in [101], [102], [106],
[107], [115], [117], [118] and [119].

Generally, for the half-duplex configuration, the same data
generation and demodulation circuit is used on both the
primary and the secondary sides, achieving similar data rates in
both directions. For this purpose, some authors propose to use
a selector circuit that changes the direction of communication
(forward or backward), as in [110] and [29]. There are specific
cases where the authors decide to implement a different data
circuit for each direction of communication. This is the case
in [113], where even a different type of data modulation is
employed, achieving different data rates for backward and
forward communication.

The same is true for the full-duplex configuration, where it
is most common to use the same data circuit for both directions
of communication . When it is not used, as in [115], the data
rate is different for each direction.

Fig. 12 shows, in a simplified form, the difference between
the three types of communications, and Table VII gives a brief
summary of works according to this classification.

TABLE VII
SUMMARY OF TYPES OF COMMUNICATION

Type of communication Ref.

Simplex [99], [100], [104], [105], [67], [114], [116],
[95], [93], [108]

Half-duplex [96], [94], [92], [103], [29], [38], [109],
[97], [110], [98], [111], [112], [113]

Full-duplex [101], [102], [106], [107], [115], [117],
[118], [119]

The type of communication used in a circuit can be a
determining factor when choosing the protocol on which the
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data transmission in the system will be based, as it can impose
restrictions that may not allow the protocols to be used.
This is true of OCPP together with ISO 15118, which, as
briefly mentioned in Section III, uses a specific structure in
its message sequences. By using these protocols, bidirectional
communication is established between the devices that make
up the system. In other words, if a message is sent to request
an action or piece of data in “Request” mode, the device
sending the message must receive another message back in
“Response” mode. For this reason, systems that establish a
simplex communication are excluded from using the OCPP
protocol in association with ISO 15118, as they can only
send messages in a single direction. Thus, it can be concluded
that simplex communication cannot be used for applications
where bidirectional communication is a requirement, while
half-duplex and full-duplex communication can be used in
such cases. The advantage of full-duplex over half-duplex is
that bidirectional communication has no delays, since mes-
sages are sent simultaneously in both directions. The main
disadvantage is that the bandwidth must be wider for full-
duplex than for the other two types of communication. Thus,
in applications where bidirectional communication is needed
and bandwidth is limited, half-duplex communication is the
optimal choice, while if there are no restrictions on bandwidth,
full-duplex communication offers higher speed in bidirectional
communication.

VIII. SIGNALS COMBINATION TYPE

If two different signals need to be transmitted over the same
circuit, it is necessary to study how the different signals will
be transported through it simultaneously so that they do not
significantly interfere with each other. For this purpose, there
are several multiplexing techniques, which allow several sig-
nals transmitted over the same medium to coexist. Frequency
Division Multiplexing (FDM) and Time Division Multiplexing
(TDM) are two of the most commonly used techniques for this
type of application.

The FDM technique is used in most of the designs proposed,
such as [102], [38] [109], [101], [103], [104], [105], [106],
[107], [29], [108], [109], [111], [112] and [110], [114], [115],
[117], [118], [119]. The technique allows two carrier signals
to be transmitted simultaneously, with the condition that they
must have sufficiently distant frequencies [122]. Since, in the
case of EV charging, the frequency of the data signal must
be far enough away from the frequency of the power signal
to avoid interference between them, this is one of the most
commonly used solutions.

Other works such as [102] use the TDM technique as a com-
plement to FDM. In this case, while the data signal and power
are transmitted through the winding using the FDM technique,
the TDM technique is used to achieve full-duplex communi-
cation by sending data in both directions. For this purpose,
a control circuit is designed that synchronously switches the
communication direction, alternating transmissions from the
primary to the secondary side with transmissions from the
secondary to the primary side. The basis of the operation
principle of the TDM technique [123] consists in splitting

TABLE VIII
CLASSIFICATION OF SIGNAL COMBINATION TYPES

Signal combination type Ref.

FDM
[101], [103], [105], [106], [107], [29],
[108], [38], [109], [110], [111], [112],

[114], [115], [117], [118], [119]
FDM and TDM [102]

a message into several parts so that each one is sent in
a time slot. Two different data signals (from secondary to
primary and from primary to secondary) therefore coexist on
the same channel. In the literature we reviewed, we only found
the combination of TDM and FDM for SL-DC systems. For
this combination, the authors in [102] describe two operation
modes in communication cells: forward mode and backward
mode. In order to determine which mode is executed at each
moment of time, AND and NAND logic gates are used, so
that when the data sending mode is configured in one of
the communication cells via the control signal, the receiving
circuit, formed by an RLC filter, is connected in the other cell,
and vice versa. Control signals must be out of phase to ensure
that data transmission is performed at different time intervals.

Table VIII shows the signal combination type used in each
of the designs proposed in which at least two data signals have
to be transmitted.

Considering the operating principles, we can conclude that
the TDM technique is adequate for cases where the band-
width for data transmission is very limited, as it allows data
to be transmitted using the same channel at different time
intervals. However, if bandwidth is not a constraint, whereas
transmission time is, the optimal solution is to use the FDM
technique, where frequency multiplexing allows bidirectional
transmission in the same time slot. In the case of EV charging
that relies on OCPP and ISO 15118, it is recommended to
use the FDM technique, since according to ISO 15118-2 there
are minimum time requirements that must be satisfied when
transmitting a complete sequence of messages.

IX. DATA MODULATION TYPE

Another important feature of SWPDT systems is the modu-
lation technique used in data transmission. In most cases, the
data sent in the communication will be digital signals, which
must be converted to analog signals to facilitate their delivery
from the primary to the secondary winding, and vice versa.

Depending on the design and system characteristics that
are proposed, several different modulation techniques can be
found in the related literature.

One of the techniques used is Amplitude Shift Keying
(ASK) [124], which is found in some proposals such as [99],
[100], [105], [106], [108], [113], [115], [116], [117], [118],
[119]. In this technique, the digital signal coming from the
analog-to-digital converter (ADC), is modulated by varying the
amplitude of the signal, and transported to the primary circuit
for demodulation and interpretation. The simplest version of
this modulation technique is called On-Off Keying (OOK).
It is used in the designs proposed in [29], [38], [112] and
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[110], [114], where a logic “1” corresponds to the presence
of the signal, and a logic “0” corresponds to the absence of
the signal. There is another variation of ASK modulation,
known as DASK, where data is modulated and demodulated
through the amplitude difference of a signal, rather than by
the amplitude of the signal itself, as indicated in [93]. ASK
schemes can easily be implemented with a SL-SC topology.

ASK

PSK

FSK

10 0

Fig. 13. Illustrative example of ASK, PSK and FSK modulations.

Another modulation technique that is differentiated from the
previous one is the BPSK technique used by Trautmann et al.
[103]. Here, instead of there being four different phases, there
are only two possible ones, representing a logic “1” or a logic
“0”. Another example where this technique is used is [104].

Sometimes, after a BPSK modulation, the 2-QAM model is
used, as proposed in [92]. In this solution, the phase change
causes an amplitude change in the voltage drop signal of the
primary capacitor (in order to transmit data from the primary
side to the secondary side), which results in a “1” or a “0”,
depending on the criterion used.

The design proposed in [101] contains a slightly different
modulation technique, called Differential Quadrature Phase
Shift Keying (DQPSK), which consists of a variation of the
phase of the signal, where each phase variation is a different
2-bit symbol. Thus, there are up to four different symbols.
This technique increases the data rate, since the bits are not
transmitted individually, but two by two.

The DQPSK technique has a variant, called QPSK, in which
it is not the variation between phases that is measured, but
rather the phase itself. Therefore, each phase corresponds to a
different symbol [125]. The number of symbols is similar to
that of the DQPSK technique.

Instead of modifying the amplitude or phase, the frequency
of the signal may be modified according to the value of the bit
to be modulated. This is a fourth type of modulation known as
FSK. In [126], two frequencies are used (leading to a BFSK)
where a certain frequency is assigned to a “1”, and a different

TABLE IX
CLASSIFICATION OF MODULATION TYPES

Modulation type Ref.

BFSK/FSK [96], [107], [97], [67], [98], [111]
BPSK [103], [104]
DPSK [94]

DQPSK [101]
2-QAM [92]

ASK [99], [105], [106], [108], [113], [115], [116],
[117], [118], [119]

OOK [29], [38], [110], [112], [114]
DASK [93]

Not specified [102], [109]

one to a “0”. This type of modulation can be found in [96],
[97], [67], [98], [111], [113] and [107], and is one of the most
widely used together with ASK modulation.

In Fig. 13 the basic form of each modulation is illustrated,
and Table IX shows the modulation used in each of the designs
reviewed.

In order to decide which modulation technique is best suited
to the circuit characteristics, several factors have to be taken
into account. ASK modulation is the simplest, but it is more
sensitive to coupling. It is therefore likely to be affected
by misalignment between the coils, which may hinder the
communication process. Furthermore, ASK modulation has
larger co-channel interference from the fundamental compo-
nent of the power carrier, which causes the communication
channel capacity to degrade [101]. PSK modulation solves this
problem, and it has the strongest anti-interference ability, but it
needs relatively more complex modulation and demodulation
circuits, with hard synchronisation between signals. synchro-
nisation in PSK schemes may force the use of longer preamble
sequences so it is recommended for longer messages.

Some studies, such as [127], specify that certain compen-
sation systems are more tolerant to misalignment than others.
For example, SS and SP systems show good misalignment
performance but unstable source behaviour, which can be
overcome by means of an optimised control circuit. The PS
and PP systems behave worse under lateral misalignment,
showing a sharp decrease in the transferred power. We can
therefore conclude that in a WPT system – and consequently
in a SWPDT system – misalignment may alter the system
performance by modifying the amplitude and/or phase of the
signal during the transmission, whereas it is not altered by the
data source. For this reason, it is necessary to study whether
the changes introduced by the modulation technique included
in the system (amplitude of the power signal, phase modifica-
tion, etc.) further deteriorate the power transfer efficiency of
the circuit under misalignment conditions, depending on the
type of compensation scheme employed.

When designing the system, it is extremely important for
the data signal to be distinguished even under misalignment
conditions for all misalignment distances within the limits set
by SAE J2954 standard. These limits are ±75 mm for the
X axis, ±100 mm for the Y axis. For the Z axis, it will be
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specified by the manufacturer. In addition, the control system
must take into account the effects of misalignment so as not
to confuse these effects with the data variation. The effects
of misalignment include changes in the amplitude and/or
phase. Their magnitude strongly depends on the compensation
system, so any decision about the modulation technique should
take into account the compensation system used in those
systems where misalignment may occur.

In contrast, FSK modulation is a more robust modulation
technique. It improves the anti-noise and anti-fading per-
formance [111] even with misalignment. It needs two high
frequency signal sources, making the design more complex.

X. DATA INJECTION/EXTRACTION METHODS

TABLE X
SUMMARY OF DATA INJECTORS AND EXTRACTORS.

Used electronics Connection Ref.

Transformer Series [102], [38], [29], [111],
[113], [114], [115], [119]

Parallel [103], [105], [107], [110],
[112], [115], [117], [118]

Toroidal-core in-
ductor

Series [101]

Direct connection Series [108]

Direct
connection
and resonant
tanks

Parallel [106]

RLC injector
/ extractor and
Resonant tanks

Series and parallel [109]

In cases where there are two different signals in the system
(SL-DC), the data signal injection and extraction method must
be defined. As we have verified after reviewing the different
solutions proposed by the authors, there is no single way to
perform this task. For this reason, a classification according
to two different criteria is given below:

• Depending on the electronics used: transformers, induc-
tors, a toroidal-core inductor or a data transfer circuit
direct connection.

• Depending on the injector/extractor: series or parallel.
Following the first criterion, when we review the data signal

injector/extractor electronics we find that one of the most
widely used components is the transformer [102], [38] [103],
[105], [107], [29], [110], [111], [112], [113], [114], [115],
[117], [118], [119]. This allows the communication circuit
and the power circuit to remain isolated from each other. The
transformer has smaller dimensions than the main windings,
and must be carefully designed for each case.

Conversely, the authors of [101] propose to replace this
transformer with a toroidal-core inductor in order to make
the transformer design easier, since the power signal needs
to flow through the transformer. In this way, the power
signal travels through the existing power line and the data is
injected/extracted by the loose coupling between the toroidal
inductor and the power line. Another way to replace the use
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Fig. 14. Transformer-based data injection/extraction.

Compensation

System

L1

R1 R2

L2

M

DATA
INJECTION

DATA
MODULATOR

DATA
EXTRACTION

DATA
DEMODULATOR

Compensation

System

PRIMARY SIDE

ELECTRIC VEHICLE SUPPLY EQUIPMENT

SECONDARY SIDE

ELECTRIC VEHICLE

Fig. 15. Toroidal-core inductor based data injection/extraction.

of the transformer is to employ resonant tanks to optimize the
coexistence of both signals through the same channel, along
with an extraction/injection RLC circuit, which is connected
through the winding terminals to the power circuit, as shown
in [109].

Alternatively, the authors in [106] and [108] propose designs
that directly connect the communication circuit with the power
circuit, accompanied, in the first case, by resonant tanks in
parallel.

In order to carry out a second classification, the method
of injecting/extracting the data signal must be observed.
After reviewing the proposed solutions, we concluded that
there is no fixed criterion when determining whether data
injection/extraction is carried out through a series or parallel
connection. Thus, there are authors who determine that it is
more optimal to carry it out in series [101], [102], [29], [108],
[107], [38], [119], others who opt for a parallel scheme [103],
[105], [106], [107], [110], [112], [117], [118] and, finally,
those who differentiate between data injector and extractor,
such as [109]. In this last paper, the authors propose to make
different connections in each case, keeping the injection of the
data signal in parallel and the extraction in series. These three
types of implementations reviewed are shown in Figs. 16, 17
and 18 respectively.

This classification, based on these two criteria, is shown
in Table X to facilitate comparison. The first criterion that
can be used to select the data injection/extraction method is
the power at which the system will operate. If a transformer is
used, its specifications should be checked to guarantee that the
maximum power it supports is higher than the power at which
the system will operate. If this is not the case, it will cause
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problems in power transmission, and damage to components
may occur. On the other hand, if a toroidal core is used, the
possibility of core saturation must be taken into account when
power is increased. Core saturation occurs when the magnetic
field present is greater than the core can withstand, which, in
addition to being affected by the power, will depend on the
physical characteristics of the core. If core saturation occurs,
changes in the current do not generate changes in the magnetic
flux, and core permeability becomes ineffective with a non-
ideal coil. This limits the maximum magnetic field that can
flow through the core. In terms of component price, toroidal
cores are usually a more cost-effective option than commercial
transformers.

XI. COMPENSATION SYSTEM

According to the fundamentals described in Section II, a
possible classification of the compensation systems used in
the designs we reviewed is listed in Table XI. These are the
systems related to the power transmission. It should be noted
that, in systems such as those proposed in [100], a multiple
output can be achieved through an intermediate unit that uses
the same compensation system as the primary and secondary
circuit, in order to realise a second power transmission. We
should also mention that LCC compensation can be used as
a filter for the inverter’s square signal output, as proposed in
[128].

One of the handicaps to be dealt with in the wireless
charging of EVs is the misalignment between the pair of
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Fig. 18. Parallel-series data circuit connection.

coupled coils on both sides of the circuit. In a practical
situation, it is difficult to get both coils perfectly aligned
while the vehicle is charging. For this reason, one of the
crucial criteria when choosing the compensation system is its
tolerance to misalignment. The effects of misalignments on
power transmission have been widely studied, but it should
be noted that the misalignment between coils also directly
affects the bandwidth of the data system. As indicated in [129],
vertical misalignment affects the communication capacity of
the channel more than horizontal misalignment. Nevertheless,
the bandwidth alteration is not only related to the direction of
misalignment, but also to the compensation system used. The
authors conclude that a PP compensation system offers the
highest communication capacity for misalignment on both the
horizontal and vertical axes, while SP compensation offers the
lowest channel capacity. It should be mentioned that the data
rate is directly related to the bandwidth, through the Nyquist
theorem. This theorem establishes that DR = 2∗B ∗ log2(L),
with DR being the data rate, i.e. the number of bits per second,
B the bandwidth of the channel and L the number of signal
levels. Therefore, a change in bandwidth directly leads to a
change in the data rate.

The compensation system also has a relevant impact on
the correct demodulation of the data when misalignment
occurs. The impedance reflected from the secondary to the
primary side depends on the mutual inductance and on the
specific topology of the compensation system. Changes in this
impedance lead to variations in the amplitude and/or phase of
the primary current and, consequently, in the voltage induced
on the secondary side. The magnitude of these changes for a
particular coil misalignment is related to the topology of the
compensation system. Thus, for a specific coil displacement,
one compensation system may generate a greater amplitude or
phase variation than another. For a correct data demodulation,
these variations may not be understood as data changes
(those generated by the data source). We should consider the
misalignment conditions of our SWPDT system to decide if
the compensation system and the modulation technique are
appropriate for them.

When we analyse the data transmission circuit, we find
that the type of data compensation system is sometimes
different from the type of power compensation system. For
example, in [101], where Zhongnan Qian et al. propose to
use SS compensation for power transmission, they opt for SP
compensation for data transmission and reception circuits. The
decision to change the compensation system may be motivated
by the characteristics of the demodulator circuit which first
implements a voltage divider. Since the capacitor is connected
in parallel with the data coil, the voltage thus remains constant.
However, most of the solutions opt to use the same type of
compensation for data and power. When we analyse these
cases, we find that the prevailing compensation system is SS,
since it is the one most widely proposed. One of the advantages
of the series-series compensation, in addition to its simplicity,
is the need for a smaller amount of copper in the windings
[127], which can be very useful considering that one of the
windings will be have to be placed in a mobile element (the
EV). Another of the most widely used systems is the LCC.
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In this case, the decision to use this configuration is driven
by its numerous advantages, such as an output current that
is independent of the load, ZVS, and the filtering of a large
part of the harmonics generated in the inverter and rectifier,
as indicated in [107], [106].

To complement the compensation system, it is important to
remember that when we want to optimize the data channel,
resonant tanks can be included in a particular branch of the
circuit, consisting of a coil (LRT ) and a capacitor (CRT )
connected in series or in parallel, as shown in Fig. 19. These
elements must be in resonance at the frequency of the data
signal, and a different behavior is observed depending on the
connection of these elements:

• Series LC tank: behaves as a short circuit at the data fre-
quency, and has high impedance at the power frequency
(blocking the passage of the power carrier).

• Parallel LC tank: behaves as an open circuit at the data
frequency, and has low impedance at the power frequency
(the power carrier can pass through it, but not the data
carrier).

Taking advantage of this property, a circuit can be designed
to block or allow each of these signals to pass through, and
prevent the interference between them from being too signif-
icant, as proposed in [109], [105] and [106]. In some designs
such as [107] and [112], different configurations are proposed
to avoid these resonant tanks or wave trappers without the
data signal significantly affecting the power carrier signal. The
authors in [107] suggest dividing the main windings into two
parts, Lp1/Lp2 and Ls1/Ls2, injecting and extracting the data
through one part of the winding. In [112], Guo Wei et al.
formulate a design using a multipole mechanism known as
Double-D coil, in which the data is injected through one of
the D coils and transferred by the single coupled coils of the
transmitting D coil and the receiving D coil. This system not
only avoids using wave trappers but also restricts the magnetic
field mainly to the coupling mechanism and has high tolerance
to misalignment in the Y-axis. All these configurations can
be seen in Table XI which also shows whether or not the
design makes use of resonant tanks in order to optimize data
transmission through the power channel.

XII. COMPARATIVE ANALYSIS

To summarize all the SWPDT system configurations re-
viewed, each of the solutions and their most important char-
acteristics have been grouped in Table XII. Considering that
the main classification is the one described in Section VI, a

TABLE XI
SUMMARY OF POWER COMPENSATION SYSTEMS USED.

Compensation system Resonant Tank Ref.

SS
No

[94], [92], [101], [103],
[104], [108], [38], [97],
[42], [110], [98] [113],

[95], [93]
Yes [109], [114]

SP No [102], [29]
PP No [96]
PS No [116]

LCC Yes [105], [106], [118]

No [107], [111], [112], [117],
[119]

LCC-Series No [99], [100], [115]

summary of the main advantages and disadvantages according
to this grouping is also presented in Table XIII.

After reviewing the above configurations, we can conclude
that there is no single principle to follow when designing a
SWPDT system. However, certain design criteria prevail over
the others.

After classifying the systems, we can deduce that SL-DC
is the most commonly used topology in terms of the number
of signals and number of links. This is related to the fact that
this topology does not involve phase, frequency or amplitude
variations in the power signal, as is the case with SL-SC, and
does not require the inclusion of new coupled coils for data
transmission, as is the case with DL-DC topology. The SL-
SC configuration offers the advantage of being the simplest
configuration and generally requires fewer components, while
the DL-DC configuration minimises interference between the
data signal and the power signal as they are transmitted
on different channels. However, according to the literature
reviewed, these solutions do not attract the same interest as
the SL-DC configuration, as can be seen in Fig. 20.

Fig. 20. Percentage of use of each topology.

A clear conclusion can be drawn from this first clas-
sification. As can be seen in Fig.21, SL-DC and DL-DC
configurations use frequencies in the order of MHz for data
transmission, while SL-SC solutions stay in the kHz range.
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TABLE XII
SUMMARY TABLE OF SOLUTIONS REVIEWED.

Ref.

Number
of Links

and
Signals

Power
carrier

frequency

Data carrier
frequency

Data
commu-
nication

type

Signals
combina-

tion
Modulation Compensation

system
Coil

geometry
Data injection/

extraction method Data rate

[67] SL-SC 85 kHz 5 kHz and 10
kHz Simplex - - - - - - FSK SS Circular - - - - - - - - - Not specified

[92] SL-SC 83 kHz 83 kHz Half-
Duplex - - - - - - 2-QAM SS Circular - - - - - - - Not specified

[93] SL-SC 100 kHz 100 kHz Simplex - - - - - - DASK SS Circular - - - - - - - - - Not specified

[94] SL-SC 100 kHz 100 kHz Half-
Duplex - - - - - - DPSK SS Circular - - - - - - - - - 50 kbps

[95] SL-SC 100 kHz 100 kHz Simplex - - - - - - DDPSK SS Circular - - - - - - - - - 100 kbps

[96] SL-SC 22 kHz Not specified Half-
Duplex - - - - - - BFSK PP Circular - - - - - - - - - Not specified

[97] SL-SC
85 kHz
and 87

kHz

85 kHz and
87 kHz
forward

Half-
Duplex - - - - - - FSK SS Not

specified - - - - - - - - - 2 kbps

[98] SL-SC
85 kHz
and 83

kHz

85 kHz and
83 kHz

Half-
Duplex - - - - - - FSK SS Circular - - - - - - - - - 1 kbps

[29] SL-DC 22.4 kHz 1.67 MHz Half-
Duplex FDM OOK SP Circular Transformer, series 20 kbps

[38] SL-DC 85 kHz 2 MHz Half-
Duplex FDM OOK SS Not

specified Transformer, series Not specified

[101] SL-DC 85 kHz 5 MHz and
6.25 MHz

Full-
Duplex FDM DQPSK SS Rectangular Toroidal-core

inductor, series 64 kbps

[102] SL-DC 22.4 kHz
13.56 MHz

and 6.78
MHz

Full-
Duplex

FDM and
TDM

Not
specified SP Not

specified Transformer, series Not specified

[103] SL-DC 150 kHz 8 kHz Half-
Duplex FDM BPSK SS Not

specified
Transformer,

parallel 1 kbps

[104] SL-DC 100 kHz 8 kHz Simplex FDM BPSK SS Not
specified - - - - - - - - - 1 kbps

[105] SL-DC 85 kHz 3 MHz Simplex FDM ASK LCC Not
specified

Transformer,
parallel 40 kbps

[106] SL-DC 85 kHz 2 MHz and
1.2 MHz

Full-
Duplex FDM ASK LCC Circular

Direct connection
and resonant tank,

parallel
80 kbps

[107] SL-DC 85 kHz 5.5 MHz and
4.5 MHz

Full-
Duplex FDM FSK LCC Circular Transformer,

parallel 500 kbps

[108] SL-DC 80 kHz 10.7 MHz Half-
Duplex FDM ASK SS Circular Direct connection,

series 80 kbps

[109] SL-DC 85 kHz 5 MHz Half-
Duplex FDM Not

specified SS Not
specified

RLC injector /
extractor and

Resonant tanks,
series and parallel

Not specified

[110] SL-DC 85 kHz 850 kHz Half-
Duplex FDM OOK SS Not

specified
Transformer,

parallel 28.33 kbps

[111] SL-DC 85 kHz 1.65 MHz
and 1.5 MHz

Half-
Duplex FDM FSK LCC Circular Transformer, series 150 kbps

[112] SL-DC 85 kHz 1 MHz Half-
Duplex FDM OOK LCC DD Transformer,

parallel 166.7 kbps

[113] SL-DC 28 kHz 756 kHz Half-
Duplex

Not
specified

ASK and
FSK SS Circular Transformer, series 5 kbps forward, 10

kbps backward

[114] SL-DC 28.3 kHz 1.67 MHz Simplex FDM OOK SS Circular Transformer, series
and resonant tanks Not specified

[115] SL-DC 50 kHz 2 MHz Full-
Duplex FDM ASK LCC-Series Circular

Transformer
parallel (reverse)
and transformer
series (forward)

10 kbps forward
and 200 kbps

backward

[116] SL-DC 91 kHz 10 MHz Simplex Not
specified ASK PS Not

specified
Modulation Module
and RLC extractor 560 kbps

[117] SL-DC 100 kHz 1.9 MHz and
3.2 MHz

Full-
Duplex FDM ASK LCC Circular Transformer,

parallel 600 kbps

[118] SL-DC 100 kHz 1.9 MHz and
3.2 MHz

Full-
Duplex FDM ASK LCCL Circular

Transformer,
parallel and

resonant tanks
200 kbps

[119] SL-DC 85 kHz 2 MHz and
1.2 MHz

Full-
Duplex FDM ASK LCC-CLC Circular Transformer, series

250 kbps forward
and 170 kbps

backward
[99] DL-DC 200 kHz 6 MHz Simplex - - - - - - ASK LCC-Series Square - - - - - - - - - 19.2 kbps

[100] DL-DC 200 kHz 6 MHz Simplex - - - - - - ASK LCC-Series Square and
bipolar - - - - - - - - - 19.2 kbps
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TABLE XIII
COMPARATIVE TABLE OF MAIN CLASSIFICATION ACCORDING TO NUMBER OF LINKS AND SIGNALS.

Number of signals and
links Advantages Disadvantages

SL-SC

- A single signal is required to transmit power and data.
- Lower number of components.
- Data transfer and power transfer are equally sensitive to
misalignment.
- Simpler to implement.

- Constant current, constant voltage and constant power is
difficult to achieve.
- The charging time increases and the average transmission
efficiency degrades.

SL-DC

- Constant current, constant voltage and constant power can
be achieved.
- It is the most flexible and commonly used configuration.
- Data transfer and power transfer are equally sensitive to
misalignment.
- Higher data rate in the implementations reviewed.

- FDM or TDM techniques should be used for simultaneous
signal transmission.
- Appearance of circulating currents.
- Higher number of components than SL-SC.
- It is necessary to include extra electronics (coils, trans-
formers) for data transmission.
- Ripple generated by semiconductors could result in
incorrect data processing.

DL-DC

- Constant current, constant voltage and constant power can
be achieved.
- Data and power signal are transmitted on different channels.
- Charging time and power efficiency are not modified by the
data.

- It is the most expensive configuration due to the extra
data coils needed.
- It is the least used configuration.
- Cross-coupling between data and power coils.
- Higher number of components than for SL-SC and SL-
DC.
- It is necessary to introduce filters.
- Position between coils must be carefully designed to
minimize the coupling between the data and power coils.
- Data transfer is more sensitive to misalignment than in
SL-SC and SL-DC.

This leads to the conclusion that the choice of data signal
frequency tends to use frequencies of an order of magnitude
higher, and not lower as proposed in [103] and [104].
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Fig. 21. fd vs fp in SL-SC, SL-DC, and DL-DC configurations.

As mentioned above, in SL-DC systems both the data signal
and the power signal coexist in the same channel, so it is only
in this topology that resonant tanks are used. The inclusion of
resonant tanks is important to avoid the effect of power signal
harmonics in data transmission, and to prevent the data signal
from flowing into the power circuit and interfering with the
power electronics.

Regarding the type of communication established in SW-
PDT systems, there is a clear tendency to use half-duplex

communications, where information is transmitted in both
directions at different times, as can be observed in Fig. 22.
Following the literature review, it has been observed that
for the SL-SC configuration, a full-duplex configuration has
not been proposed. The motivation can be that is highly
challenging to make at least two different modifications to
the power signal at the same instant of time, as requiered
in SL-SC. All configurations with full-duplex communication
have been proposed in SL-DC solutions, as the possibility of
using two data signals at different frequencies facilitates their
integration in such systems.

Fig. 22. Percentage of use of each communication technology.

On the other hand, in this comparison it should be men-
tioned that the most commonly used compensation systems
are SS and LCC. In SL-SC systems there is a clear tendency

This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TTE.2023.3309505

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL X., NO.4, MONTH XXXX. 22

to use SS compensation, however, in the SL-DC topology
LCC compensation takes relevance. It is noteworthy that
LCC compensation provides a significant advantage in SL-DC
systems. In these solutions, the transmission of a data signal
is achieved through the inclusion of a signal, generally of an
order of magnitude higher than the power carrier signal. This
means that special attention must be paid to the harmonics
transmitted through the circuit. The LCC topology allows a
large part of the harmonics arriving at the primary coil, which
originate from the inverter’s square output signal, to be filtered
out.

There are two features that are unique to SL-DC systems:
the signal combination technique, and the method of data
injection and extraction. First, the combination of signals is
mostly based on FDM technology, where signals of different
frequencies are combined in the same channel. Moreover, it
is noteworthy that in 89 % of these systems, the frequency
used for data transmission is greater than or equal to 1 MHz,
which facilitates the coexistence of this signal with the power
signal (which is in the order of kHz). With regard to the
injection/extraction method, in most solutions, a transformer
is specifically designed to insert or extract the data signal. As
for the connection of these transformers to the power circuit,
there is no clear trend, as a similar number of solutions with
series and parallel connection have been found.

The modulation techniques used in these SWPDT systems
are diverse. According to the main classification, it can be
seen that in SL-SC systems FSK and its variants are the most
commonly used techniques. In SL-DC and DL-DC systems,
however, the trend is more towards the use of the ASK/OOK
technique due to its simplicity.

The geometry of the coils used in this type of system is
in most cases circular, although there are some specific cases
where rectangular and DD coils are used, as shown in Fig.
23. In this part of the comparison, two main conclusions can
be drawn. The first conclusion is that many papers do not
consider the design of the coil as a relevant factor, as they
do not provide information on its dimensions and geometry.
On the other hand, for wireless charging of electric vehicles,
the recommendations of the SAE J2954 standard must be
followed. This standard establishes the geometry of the coils,
with their exact dimensions. It is noteworthy that the solutions
reviewed in the literature have not focused their efforts on this
highly important parameter.

Finally, it is necessary to mention that the data rates found in
the literature range from 1 kbps to 600 kbps. However, despite
this wide difference, it has been found that the systems with the
minimum data rate (1 kbps) are those using a data signal with
a frequency lower than or equal to the power signal. Attention
should be paid to this relation as it may be an indication that
these systems cannot be used in specific applications requiring
high data rates.

It is very important to deeply analyse the data rate during
the design process of a wireless charger. Although some
communication systems such as LCC or LCL significantly
reduce the data rate requirement to the order of Hz for
cycle-by-cycle control, control is not the only communication
objective in wireless chargers. As mentioned in Section IV,

Fig. 23. Percentage of use of each coil geometry.

and briefly shown in Table III, the use of a communication
protocol, such as OCPP or ISO 15118, results in the exchange
of a large number of messages during the communication
between the EV and the EVSE. Thus, the integration of a
communication protocol in wireless chargers forces the system
to comply with minimum time requirements for the exchange
of messages that must be satisfied.

With the previous analysis, we now proceed to give some
design guidelines for the use cases described in Section III.

XIII. DISCUSSION OF RELEVANT FEATURES IN CASE
STUDIES

We will analyse different criteria presented in the classi-
fication of this paper according to the needs of each use
case described in Section III. Specifically, we will discuss
those requirements that are critical for the implementation.
In order to highlight the importance of each design criterion
for each case study, the graph in Fig. 24 has been elaborated.
In this graph, it can be directly observed that each of the
applications has certain essential main requirements for the
correct operation of these systems. The design parameters that
directly affect the fulfilment of these requirements are detailed
next.

Fig. 24. Case studies critical parameters.

A. Maximum efficiency control

Systems with maximum efficiency control aim to minimise
losses in every part of the circuit. Thus, it is important to
choose the optimal combination of components and criteria
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that allows the system to work at its maximum efficiency point.
For this use case, we consider that the main objectives for
the choice of design criteria are low losses and robustness.
According to this criterion, we can consider the following
guidelines:

• Number of links and signals. In this case, it is noteworthy
that, in the classification proposed in previous sections,
only the SL-SC case carries out a modification of the
power signal to perform data transmission. Although the
modifications are usually not very significant, they can
lead to slight losses in the overall efficiency of the system.
Thus, the principle of operation of SL-SC systems may be
contrary to the objective of maximum efficiency controls
and their use would not be recommended for this specific
scenario. Instead, SL-DC or DL-DC systems can be used,
with appropriate analysis of the effect of the data signal
on the power signal.

• Data communication type. For the choice of this criterion,
it is necessary to consider that many systems have control
in both the primary and secondary circuit converter. This
control must have constant communication in both direc-
tions, in order to work according to the same variables.
Therefore, in this case we propose the use of full-duplex
or half-duplex communication.

• Data modulation. In this case, the data transmitted is
of great importance for the correct functioning of these
systems, since the entire control is carried out on the
basis of the value received. It is therefore essential
that the data received are correct. For this reason, a
robust modulation technique must be chosen. Among the
simplest techniques, FSK or DPSK modulation would be
proposed.

• Compensation system. In order to choose the appropriate
compensation system, its performance in terms of ef-
ficiency will be considered. Among the mono-resonant
compensation systems, SS has the best performance,
while among the multi-resonant systems, LCC stands out.
However, in terms of efficiency, SS achieves a higher
maximum value than LCC.

B. Synchronisation

In reference to synchronisation, there are systems that base
their control on the prediction/deduction of variables of the
primary circuit, which are used as a reference in the secondary
circuit. Therefore, it would be convenient to consider that the
objective of these systems is stability. Keeping this idea in
mind, we propose the following recommendations:

• Number of links and signals. It should be noted that
the synchronisation between the power converters is a
process that must be carried out in a short period of time.
Therefore, for the choice of this criterion, the data rate
is prioritised. As shown in Table XII, the configuration
offering the highest data rate is the SL-DC, which will
initially be the most optimal solution.

• Data communication type. In synchronised control sys-
tems, both circuits should ideally have constant infor-
mation from the system, so the exchange of information

between them becomes important. Thus, the use of Half-
Duplex or Full-Duplex communication is proposed.

• Signal multiplexing technique. The TDM modulation
technique requires synchronisation between the trans-
mitter and receiver, which must be carried out prior to
data transmission. This makes this technique not recom-
mended for systems requiring synchronisation between
power converters, as this will delay the start of the
communication and consequently the start of synchro-
nisation. Thus, the use of the FDM technique is more
recommended.

• Data rate. An important factor to consider when integrat-
ing a SWPDT system in the synchronisation of power
converters is the data rate. It is important to note that
the synchronisation process must be carried out in the
shortest possible time, so a requirement to be taken into
account is that the data rate is as high as possible. If a data
is considered to be a set of 8 bits, the time required for
its transmission can be deduced in a simple way. Figure
25 shows the curve defining the relation between the data
rate (from 1 bps to 20 kbps) and the transmission time
(from 8 seconds to 400 µs). As indicated in [79], for
synchronisation, times longer than milliseconds should be
avoided, therefore it is recommended that for the design
of a SWPDT system for this application, the data rate
should be at least 8 kbps.

• Compensation system. In order to avoid instabilities in
the system, it is advisable to use compensation systems
with series connection in the primary circuit, so that no
current peaks occur. In the case of mono-resonant tech-
nologies, SS compensation stands out. For multi-resonant
technologies, LCC compensation facilitates control in the
secondary circuit, reducing the instabilities that can be
caused by the rectifier.
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Fig. 25. Data rate vs transmission time in an 8-bit data.

C. Dynamic charging

For the dynamic charging case study, it can be deduced that
the clearest design criterion would be that the system could
offer a high tolerance to misalignment, so all components
and configurations should be chosen to pursue that goal. In
particular, we have identified the following recommendations:
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• Number of links and signals. As briefly mentioned in
the previous paragraph, in dynamic charging systems a
high tolerance to misalignment is required, since during
the charging process it is not possible to ensure that the
coils are aligned. Among the topologies presented in this
paper, we consider that the least suitable is the DL-DC,
since having a second pair of coils for data transmission
can lead to a double problem of coil alignment. On the
other hand, we also consider the use of SL-SC technology
unsuitable, since during the dynamic charging process
the power signal can suffer fluctuations, which can be
confused with the sending of a data. We therefore propose
the use of SL-DC technology.

• Data communication type. The data transmission in dy-
namic charging systems must be done in both directions,
as this can help in the positioning of the coils, as well as
in knowing the state of the vehicle’s battery at any given
moment. Furthermore, this communication must be done
at high speed, as the time that the secondary coil remains
over the primary coil is limited. For this reason, the use
of Full-Duplex communication is proposed.

• Signal multiplexing technique. Since in the FDM mul-
tiplexing technique the data can be sent at any time,
this configuration will be chosen over TDM. This avoids
high latencies and communication in both directions takes
place at the same instant of time, which will speed up the
process.

• Compensation system. The LCC compensation system
has good performance in misalignment situations and it
has been widely used in the literature for this purpose
[130], [131]. For this reason, this configuration is pro-
posed as the optimal choice.

• Data rate. The most important communication require-
ment is to achieve low latency since, as mentioned in the
previous paragraphs, the design of a dynamic charging
system prioritises the speed of data transmission. Each
specific dynamic charging application will have specific
requirements defining the maximum latency, data rate,
etc. We recommend the definition of simple and robust
communication protocols to reduce the data exchange.

• Coil design. In the literature related to dynamic charging
systems, a variety of design proposals can be found.
However, we consider that not all designs would be
appropriate for SWPDT in dynamic charging. Mainly two
different solutions can be distinguished, as shown in Fig.
26: one solution using a single long primary coil, and
another solution using a large number of primary coils,
which are switched as the vehicle moves over them. To
implement SWPDT systems in dynamic charging, the
speed at which the vehicle moves over the primary coil
must be considered. This speed can be up to 100 km/h
and would therefore represent a strong restriction in the
communication process. The use of shorter primary coils
may result in incomplete data transmission due to the
short period of time the vehicle is on a coil. For this
reason, the use of a single primary coil benefits the
implementation of a SWPDT system.

Fig. 26. Dynamic charger pads: (a) single pad, (b) multiple pads.

D. EV dispatching strategies

Finally, with regard to EV dispatching strategies, it should
be mentioned that the most critical requirements are the
minimisation of power transmission losses and the system
stability and robustness.

• Number of links and signals. In EV dispatching strategies
it is important to minimise the power losses as the
charging scheduling is conducted in order to achieve
optimal energy management. Considering the types of
configurations according to this criterion, we consider
that the use of SL-DC or DL-DC technology would
be an optimal choice, since in these topologies it is
not necessary to modify the power signal to establish
communication.

• Data communication type. In this application it is nec-
essary to establish a communication from EV charging
station to EV, and vice-versa. Thus, there is a need
to implement a bidirectional communication. Simplex
communication is not recommended for this application,
being half-duplex and full-duplex the most appropriate
options.

• Signal multiplexing technique. In these systems, it is im-
portant that communication delays are minimised to avoid
latencies that difficult real-time charging scheduling. In
case of implementing an SL-DC system, the use of FDM
is recommended, as it does not require the division of the
data into time slots.

• Compensation system. As mentioned in case Synchroni-
sation stability is one of the most critical parameters of
this application. Following the previous statement, the use
of compensation systems with series compensation in the
primary is recommended. The trend shows that the most
commonly used systems are SS and LCC, due to their
good performance to avoid instabilities.

• Data rate. The data rate is important since in this appli-
cation energy management is carried out in real time,
analysing at certain points in time variables that are
involved in charging process such as the price of energy,
energy demand or the current charging status of the
battery. This leads to the need to establish communication
with high data rates and robust communication protocols
that ensure the correct transmission of data through the
system.
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XIV. FUTURE RESEARCH TRENDS AND
CHALLENGES

To conclude this review paper, this section outlines the
topics that we consider most relevant for future developments
of SWPDT technology in EVs. In Fig.27 a resume diagram
is represented. We have highlighted in blue the future trends,
and in red the challenges involved in integrating these systems
into wireless charging.

FUTURE
TRENDS AND
CHALLENGES

Security analysis of
SWPDT systems

SWPDT in dynamic charging

Increase the data rate

Compensation system
influence in data transmission

Delay tolerance

Experimental validation
of SWPDT systems

Advanced modu-
lation techniques

Integration of data
and power coils

Fig. 27. Diagram of future trends and challenges in SWPDT technology.

After reviewing all the articles included in this paper, it
is clear that there are still areas in which further research is
needed for SWPDT in EVs:

• Integration of data and power coils. In DL-DC systems,
the study of the integration of data coils into the power
transmission circuit needs special attention. In these
systems, the positioning of the data coil is of great
importance, as interference can occur which can disturb
the data transmission in the circuit. Not only the location
of the data coils, but also the positioning of the power
coils in relation to other elements of the circuit must be
studied. Compensation systems could be integrated with
the main coils in a compact structure so that a unified
system is achieved. In this way, SWPDT systems could
be presented as two modules, one primary and one sec-
ondary, in which all elements are seamlessly integrated.
An interesting field of work would be the development of
theoretical and experimental studies relating the geometry
of the coils used for data transmission to their tolerance to
misalignment, with a focus on SWPDT systems. With this
analysis, it would be possible to know how misalignment
affects data transmission (bandwidth modification, bitrate
alteration, etc.), depending on the coil topology used. A
study of these characteristics can be beneficial for the
optimal design of the data channel of a SWPDT system.

• Advanced modulation techniques for data transfer. Cur-
rently, simple modulation techniques such as ASK, PSK
or FSK are used. More advanced modulation techniques
such as MSK [132], GMSK [133] or CPFSK [134] could

be tested and studied for SWPDT systems to determine
whether they offer advantages over the previous ones.
In addition, it would be of great interest to carry out
studies on the behaviour of each of these modulation
techniques in situations of misalignment between coils,
which are quite common in electric vehicles. Variations
in the bandwidth or in signal processing errors should be
analysed.

• Experimental validations of SWPDT systems. It is vital
to perform further experimental tests that provide in-
formation on the behaviour of the system in different
situations. For example, the system should be tested to
establish whether it complies with the emissions recom-
mended by the standard, either independently or with test
platforms connected to the infrastructure, which allow
the infrastructure to be studied continuously. Similarly,
experimental tests could determine the benefits of using
the OCPP protocol in SWPDT systems, as this protocol
has mainly been used in solutions with power transmis-
sion only. Considering that this review is focused on
the use of SWPDT systems for EVs, it is important to
carry out experimental tests with SAE J-2954 compliant
devices. This is relevant, especially with regard to the
design, dimensions and positioning of the main coils,
which must comply with the requirements of the standard.
Furthermore, the behaviour of the system can be tested in
situations that are far from ideal: for example, where there
is electromagnetic interference (EMI) with other devices,
both in the radio spectrum close to 85 kHz for the power
signal and in the order of MHz for the data signal, which
can alter the signals that are transmitted and received.
This can prevent the system from operating correctly and
generate potentially serious errors. Finally, we would like
to highlight the importance of implementing the use cases
mentioned in this paper in order to expand the literature
related to this topic and motivate researchers to continue
along these lines of research.

• Delay tolerance. Communication delay is a common
feature of all data transmission systems, and it is there-
fore necessary to study its value and variability. The
communication delay can be a critical parameter in
some applications (referred to as delay-sensitive appli-
cations). In the context of EV wireless charging, there
are cases where the communication delay tolerance is
very restrictive, such as in synchronisation or dynamic
charging. In synchronisation, the delay can imply that
the system losses increase during the time when the
power converters are not working properly (for instance,
when it is not adopting the correct control setpoints to
maximise the efficiency). In dynamic charging, a delay
in data transmission may result in loss of information (e.g
vehicle identification or battery status). The no reception
of these data may prevent a correct power transfer, which
could lead to inoperative dynamic wireless charging. Fur-
thermore, the protocol for the data involved in dynamic
wireless charging could be supported by a connection-
oriented protocol. Under this configuration, it is essential
to validate that the communication delay and jitter fulfils
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the requirements for the data exchange established by the
protocol.

• Compensation system influence in data transmission.
Similarly, as demonstrated in Section X, the compensa-
tion system is one of the key elements in the design of
a SWPDT system. However, after an exhaustive review
of the related literature, we only found a few articles
that make comparative studies of the behaviour of com-
pensation systems in data transmission terms. In these
studies, the analysis of the transfer functions would be
very relevant, both for the communication channel used
for data transmission and for the power transmission
channel. Through them, it would be possible to determine
the frequency range with the optimum behaviour of the
whole system, the gain in terms of voltage, as well as
the possible phase variations suffered by the data signal
after its transmission through the circuit. This type of
analysis also makes it possible to determine whether
the system bandwidth or bit rate is suitable for system
communication. In addition, the misalignment between
the coils also has a direct effect on the data transmission
channel and, as discussed in this paper, the compensation
system is closely linked to the performance of the system
in misalignment situations.

• Increase the data rate. As can be seen from Table XII,
data rates barely reach 600 kbps. These values are still far
below what is achievable with commercial technologies
such as Bluetooth or Wi-Fi. The low data rate will
limit its control performance in wireless EV charging
applications. Therefore, we consider that theoretical study
is needed to find out the data rate limit of different types
of SWPDT systems and to identify the ways to implement
the optimized SWPDT based communication. For this
reason, we consider it interesting that new research should
focus, in addition to the above, on increasing the data rate
in this type of system, so that it does not involve a sig-
nificant problem in comparison with other technologies.
The defined technologies to increase the bit rate must also
offer a high tolerance to misalignment, as it is a strong
requirement in future EV applications.

Finally, we would like to highlight that, in addition to these
future studies, there are challenges not yet addressed by the
scientific literature. Specifically, we highlight:

• SWPDT in dynamic charging. As we suggest in Section
III, one of the most attractive points in the field of
EVs is dynamic charging, whereby the vehicle’s battery
is recharged while the vehicle is in motion. However,
no research paper has been found that focuses on the
simultaneous transmission of power and data in dynamic
chargers. For dynamic charging SWPDT chargers, it
would be necessary to study parameters such as the min-
imum data rate for communication, the optimal system
type for the charging in motion (SL-SC, SL-DC or DL-
DC) and the study of the optimal design criteria of the
data channel. It should also be noted that misalignment
affects wireless transmission, so it would be necessary to
adapt the system to the conditions at any given time, in

order to achieve optimal transmission.
• Security analysis of SWPDT systems. As mentioned

throughout this paper, the transmission of data through
power coils is a more robust method to potential attacks
in terms of cybersecurity. However, we consider the need
for an in-depth analysis to determine the level of security
of SWPDT systems. In this analysis, we propose to carry
out experimental tests on wireless charging platforms in
which conclusions can be drawn to define the behaviour
of the system. For example, it would be very useful to
perform various intentional cyber-attacks, studying the
ease of access to the system, the level of robustness of
the communication, the threats of altering the data, the
possibility of varying parameters that could lead to major
failures, etc. In particular, we find it interesting to analyse
the cybersecurity issues that may arise in the case studies,
and their consequences.
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