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Abstract—This work presents, for the first time, a communi-
cation and power transfer analysis of interfering wireless power
transfer (WPT) and near-field communication (NFC) systems.
The communication analysis is conducted by investigating the
NFC tag-to-reader communication quality in the digital baseband
while being interfered with by WPT. The power transfer
analysis is conducted by investigating the maximum power
transferred and WPT efficiency n while being affected by the
passive loading effects of the NFC prototype system. Inductive
decoupling techniques are applied to improve the communication
quality and WPT performance. Good communication quality was
achieved with at least 60 % inductive decoupling. A system-level
adjustment of the communication signal demodulation achieved
further communication quality improvements, requiring only
15 % inductive decoupling. The WPT performance was improved
by inductive decoupling, shown by an improved maximum power
transfer of up to 27 % and an improved WPT efficiency 7
from 0.42 to 0.67. Additionally, inductive decoupling reduced
the chance of the WPT system damaging the NFC system due
to too much energy being delivered. These investigations were
conducted using time-efficient broadband circuit-level simula-
tions and measurement-verified broadband equivalent circuit coil
models.

Index Terms—Coils, near-field communication, wireless power
transfer.

I. INTRODUCTION

N RECENT years, researchers and engineers have been

aiming to provide mobile devices with an increasing num-
ber of wireless interfaces [1], [2]. These wireless interfaces
include magnetically resonant coupled systems for wireless
charging via wireless power transfer (WPT) and wireless
communication via near-field communication (NFC) [3], [4].
WPT systems usually require a communication link [5]
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between the transmitter (TX) and receiver (RX) device, which
could be provided by NFC. Due to the interference of these
magnetically resonant coupled systemes, it is crucial to conduct
a communication and power transfer analysis to enable and
optimize their simultaneous operation. Both systems have
to be designed with each other in mind to achieve good
WPT performance and communication quality. Thus, this work
will show a first complete system-level analysis investigating
interfering WPT and NFC systems. Here, a system-level
analysis refers to an analysis using a verified system prototype
equivalent circuit (EC) model to investigate the systems’
functionality and performance. The WPT system operates
at the 6.78 MHz industrial, scientific, and medical (ISM)
band. This frequency was used by the Alliance for Wireless
Power (A4WP) and Powermat, which have merged to the
AirFuel Alliance. The NFC system operates at 13.56 MHz.
The work discusses a system using miniaturized coils (NFC
class 6 [6]), suitable for small devices such as wearables and
wristbands [7], [8].

The discussed related work on interfering magnetically
resonant coupled systems is summarized in Tab. I. The table
divides each work into its used WPT system and communica-
tion system, detailing the type of coupling, frequency, and coil
form factor. Further, it details how the interference between
the systems is analyzed and what solutions to mitigate the
interference were introduced.

A group investigated magnetic resonant coupling-based
power (12 MHz) and data (90 — 135 MHz) transfer [9], which
are both operated outside of ISM frequency bands. A multiple-
band configuration was proposed to separate power and data
transfer frequencies, creating channels at different frequencies
with multiple resonant circuits. The coil setup was measured
to verify the resonance frequency of the resonant circuits via
scattering parameters. However, neither the communication
quality nor WPT performance were investigated. Another
group conducted research regarding WPT (110 kHz) and NFC
(13.56 MHz) interference [10]. The investigation is carried out
using inductively coupled coils without resonant tuning. The
interference is reduced via the coil winding layout, which is
verified by scattering parameter measurements. However, the
positive effects of inductive decoupling on the communication
quality or WPT performance were not investigated. Further
research was conducted regarding the inductive decoupling of
coils [11]. Here, WPT (6.78 MHz) and NFC (13.56 MHz)
interference was investigated. The WPT TX was tuned to a

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0009-0009-9024-2532
https://orcid.org/0000-0001-7641-104X
https://orcid.org/0000-0002-0649-8159
https://orcid.org/0000-0002-9244-6426
https://orcid.org/0000-0002-9312-6811
https://orcid.org/0000-0003-1639-5919

714

TABLE I
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RELATED WORK ON INTERFERING MAGNETICALLY RESONANT COUPLED SYSTEMS

Refer- WPT system Communication system Analysis of WPT and Solution to mitigate
ence Type Antenna Type Antenna communication interference interference
[9] MRC! Circular MRC! Circular S-parameter analysis showing Frequency separation
12 MHz | 36 mm radius 90-135 MHz 36 mm radius separate frequency bands of WPT and NFC
[10] Inductive Square NEC (inductive) Square S-parameter analysis showing Inductive decoupling
110 kHz 50 mm 13.56 MHz 50 mm reduced cross-coupling via coil design
[11] Inductive Varying NFC (inductive) Rectangular WPT efficiency analysis based on Inductive decoupling
6.78 MHz shapes 13.56 MHz 117 x 62 mm WPT and NFC coil displacement via positioning
[14]-[16] MRC! Circular [17] NFC (MRC1) Circular Communication analysis Inductive decoupling
106 kHz | 25 mm radius 13.56 MHz 17.5 mm radius
[18] MRC! Circular NEC (MRC!) Circular Communication analysis Inductive decoupling and
6.78 MHz | 5 mm radius 13.56 MHz 5 mm radius system level adjustments
This MRC! Circular NFC (MRC!) Circular Communication and Inductive decoupling and
work 6.78 MHz | 5 mm radius 13.56 MHz 5 mm radius power transfer analysis system level adjustments

"Magnetic resonant coupling.

resonance frequency of 6.78 MHz, while the WPT RX was
not tuned and was connected to a load resistance. A short-
circuited NFC coil was used as a pick-up coil located between
the TX and RX coil. The coupling between the WPT TX/RX
and the pick-up coil was reduced via positioning, verified
by measurement of the mutual inductance. However, the
quality of communication was not investigated. Additionally,
the WPT efficiency is given as a function of the pick-up
coil position but was not investigated in relation to an NFC
system prototype. Further, many researchers have investigated
stand-alone magnetic resonant coupling-based WPT systems
(7.65 — 13.56 MHz), with the intent to optimize the WPT
performance [12], [13].

Our previous work focused on WPT and NFC interference
analyses in circuit-level simulations [14], [15], [16]. A nar-
rowband investigation regarding WPT interference on the NFC
communication quality was conducted [16]. Behavioral and
physical coil EC models [19] were introduced to allow broad-
band system level investigations [15]. Additionally, a WPT
and NFC system prototype was verified via measurements and
a preliminary broadband NFC communication analysis was
conducted [14] using the low-frequency Qi WPT standard [5].

This work investigates, for the first time, interference issues
regarding the NFC communication quality and the WPT
performance of interfering WPT (ISM band: 6.78 MHz) and
NFC (13.56 MHz) systems. The communication analysis
is conducted by investigating the communication quality of
the NFC tag-to-reader communication signal. In contrast to
previous work, the communication signal is investigated in
the digital baseband while being interfered with by WPT.
The WPT performance is analyzed via maximum power
transferred and the WPT efficiency 5. Instead of stand-
alone WPT analyses from previous work [12], [13], [20],
the passive loading effects of NFC on the WPT system are
investigated on a system level. Contrary to previous work,
an NFC system prototype is used instead of a single pick-
up coil [11]. It has also been investigated whether WPT can
deliver too much energy to NFC tags, risking their destruction.
Contrary to previous work, the effects of inductive decou-
pling [10], [11] are investigated on a system level, which aims

NFC Reader

1 B WPT TX

Fig. 1. Miniaturized WPT and NFC coils: The left-hand figure shows a
schematic view of the coil stack. The right-hand figure shows the prototype.

to improve communication quality and WPT performance.
A novel system level adjustment, discussed in the previous
conference paper [18], regarding the communication signal
demodulation, is introduced to improve the communication
quality further. The investigations are conducted via broadband
circuit-level simulations due to their time and computation
efficiency compared to finite element (FEM) simulations [21].
A broadband approach is needed when system operating
frequencies differ. Thus, broadband instead of narrowband EC
models [12], [13], [20] are used, which were verified in our
previous work [14], [15].

This work is the extended version of the authors’ previous
work [18]. The conference paper is expanded significantly by a
more thorough communication analysis using larger data sets,
a more realistic inductive decoupling approach, more inductive
decoupling states, and a power transfer analysis.

The structure of this article is as follows. Section II details
the generation and verification of the necessary coil EC
models, Section III shows the NFC communication quality
analysis, and Section IV shows the power transfer analysis.

II. INTERFERING MAGNETICALLY RESONANT
COUPLED SYSTEMS

This section discusses the broadband EC model of the WPT
and NFC system used in this work to conduct a communication
and power transfer analysis via circuit-level simulation. The
EC model consists of the coil and tuning circuit EC models.
The coil EC model is generated via the measured impedance
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Fig. 2. Coupled coil EC model: The left-hand figure shows the coil EC models, while the right-hand figure shows the coupling interactions. The node names
N highlight which coil and coupling interaction are connected. The tuning circuit connections are denoted with the + and — nodes (see Fig. 4). All coils are
identical, and their component values are given with L = 506 nH, R = 0.46 2, R, = 37.5 k2, and Cp = 1.7 pF. The coupling coefficients k;_¢ ; and coupling
capacitances C¢ 1 ¢ are given in Tab. II. The following conditions need to be applied to the coils and the coupling capacitances: L; = L/10, R; = R/10, and

Ce1.6,i = Ce,1.6/10 for i =1..10.

TABLE 11
EC MODEL COUPLING VALUES (SEE FIG. 2) MODELING THE
PROTOTYPE SHOWN IN FIG. 1

[ o= [t [ 2 [ 3 [ 4 [ s [ 6 ]
Kui 0371 | 0.094 | 0.054 | 0.19 | 0092 | 0373
Ce,u (PF)|| 208 | 205 | 0.60 172 | 204 | 217

parameters Z of the WPT and NFC prototype coils. The
prototype of the coils is shown in Fig. 1, where a TX (WPT
TX and NFC reader) and RX (WPT RX and NFC tag) coil
setup is shown. The four identical coils comply with the NFC
class 6 form factor [6] and were manufactured on printed
circuit boards (PCB, material: NP — 155F [22]) with 1 cm
diameter, 11 windings, 0.2 mm width, and 35 pm thickness.
The coil distances are given with di = 1.5 mm and d» =
3 mm. The tuning circuits were designed following the low-
frequency Qi WPT standard [5] and NFC system design
guidelines [23].

A. Broadband Coil EC Models

This prototype is measured to generate the broadband coil
EC model given in Fig. 2. The methodology is discussed in
our previous work [15], strictly using directly measured values.

A simple EC model is generated consisting of the coil
inductance L, DC resistance R, parallel resistance R, and
parallel capacitance Cp (see Fig. 2). R, models the real part at
the coil resonance frequency (usually referred to as losses in
the medium), while C, models the parasitic coil capacitance
to account for the self-resonant frequency of the coil [24].
The coupling coefficient kg ; and coupling capacitance C. 1 ¢
between all coils are determined [15] (see Tab. II). Due to the
voltage drop across the coil, the EC model of the coupled coils
needs to be adjusted. The inductance and DC resistance are
divided into ten parts [15], which enables the spreading of the
coupling capacitance across the coil (see Fig. 2, L; = L/10,
R; = R/10, and C¢,1.6,i = Cc,1.6/10).

Further, FEM simulations of the coil stack are conducted via
CST [25] for verification. The coils were imported into CST
via DXF files to match the prototype geometry. In CST, the
standard material template for PCBs was used (FR-4 adjusted
to NP — 155F [22]), and the CST metal copper (annealed)
(metal type: normal) was used for the PCB traces. The SMA-
connectors were modeled to match the prototype geometry.

To compare the measurement (M), FEM simulation, and EC
model, the prototype was connected to a vector network ana-
lyzer (VNA, R&S ZVL) via baluns (WBCI-1TLC, Coilcraft)
and a coaxial cable fitted with ferrite beads to drive the coils
in a balanced manner and suppress sheath currents. Port 1 is
connected to the WPT TX coil, port 2 is connected to the
NFC reader coil, while the WPT RX and NFC tag coils are
terminated with a 50 € resistance.

The comparison is shown in Fig. 3 via the magnitude of
the impedance (Z) parameters (Z11, Z12, and Z3;). One can
see excellent agreement between measurement and EC model
from 0.1 to 500 MHz with minor issues at resonance peaks
and troughs between 100 MHz and 200 MHz. The resonance
frequencies show less than 5 % disagreements between mea-
surement and EC model. Better agreement can be achieved
by conducting parametric sweeps of the lumped components.
The FEM simulation shows good qualitative agreement with
measurement and EC model up to 300 MHz. It agrees well
quantitatively at lower frequencies, but shifts in the magnitude
and resonance frequencies can be seen starting at 130 MHz.
In future work, ferrites will be added to the prototype,
which cannot be modeled properly in simulation. Such ferrites
introduce problems, as it is not very well understood how
to determine their material parameters required for accurate
FEM simulations, above low MHz frequencies [26]. Thus,
qualitative agreements with FEM simulations are deemed
satisfactory.

B. Tuning Circuits

The tuning circuits are given in Fig. 4 and were designed
following the low-frequency Qi WPT standard [5] and NFC
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Fig. 3. Magnitude of impedance parameters of coil stack: Impedance
parameters validate the EC model by comparing it to measurement (M) and
FEM simulation results. Port 1 is connected to the WPT TX coil (Zwx,
Fig. 2), port 2 is connected to the NFC reader coil (Zny, Fig. 2), and the
WPT RX and NFC tag coil are terminated with a 50 Q resistance.

WPT TX WPT RX
Rws CW‘X - Cw.rx= R1:
V 0.8 Q 1.09 nFr- - 1.09nF 8 Q
WX

un’

Tns pF

Fig. 4. WPT and NFC tuning circuits: The nodal connections to the coils
shown in Fig. 2 are indicated with 4+ and —. The lumped elements of the NFC
reader circuit achieve a parallel resonance of the NFC reader at 13.56 MHz
with 70 €2 for kq ; given in Tab. II. The figure on the right shows a simplified
tag tuning circuit, which includes a distortion source and no load modulation
capabilities.

system design guidelines [23]. Their purpose is to enable
magnetic resonant coupling at the desired frequencies.

The NFC reader is supplied with a square wave source
(Vi,peak = 1.65 'V, 13.56 MHz [27]) with the inner resistance
Rns. Loy and Gy rr form a second-order low-pass filter to
attenuate higher order harmonics of V,. Cy ;1 and Gy o are
used to set the NFC reader resonance frequency to 13.56 MHz
and its impedance to 70 €2 while being coupled to the WPT
TX coil. The quality factor of the NFC reader and tag coil
is adjusted with Ry /. Cp; models a tuning capacitance
combined with the NFC tag chip capacitance to achieve a
tag resonance frequency of 15 MHz. The NFC tag resonance
frequency is ideally higher (i.e., around 14.5 MHz to 15 MHz)
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Fig. 5. Coil currents caused by distortion source: The tag coil (top) and
reader coil (bottom) currents are shown for a distortion source (Vgig, see
Fig. 4) for Vgisy = 1 V from 1 to 250 MHz. The currents are shown for the
coil EC models (see Fig. 2) with and without capacitance coupling. Further,
the difference of the two results is given in percent.

than the reader operating frequency (i.e., 13.56 MHz) to coun-
teract card loading effects [28]. The chip real part is modeled
with Ry chip [28]. The load modulation (LM) switch shorts
R, chip via the low-ohmic Ry, 1 to achieve load modulation for
tag-to-reader communication.

The WPT TX and RX are tuned to a series resonance at
6.78 MHz via Cy,ix/rx- The WPT TX is supplied with a square
wave source (Vi peak = 3 V [29], 6.78 MHz) with the inner
resistance Ry, s. The WPT RX tuning circuit is terminated with
a battery equivalent resistance R; [5]. The operating frequency
of 6.78 MHz was chosen to allow small and thin one layer
coils on PCBs to reach a reasonable coil quality factor for
WPT. This specific coil achieves a quality factor of 46.

C. Capacitive Coupling

The following investigation is conducted to determine in
which frequency range capacitive coupling has a relevant
influence on the system behavior. Figure 4 shows a simplified
NEC tag circuitry on the right. It uses the same values as in the
above-described tag circuitry without load modulation switch
and resistance but includes a distortion source (Vyis). The
simplified circuitry replaces the standard NFC tag circuitry for
this investigation. The distortion source supplies a sine with 1
V magnitude and variable frequency, simulating a picked-up
electromagnetic interference by the tag coil.

In Fig. 5, the resulting current through the tag and reader
coil inductance are highlighted versus frequency, ranging from
1 to 250 MHz. The current is shown for the EC model with and
without capacitive coupling. This frequency range was chosen
to cover the self-resonance frequency of the coils at 171 MHz.
Additionally, the difference between the currents for capacitive
and no capacitive coupling is given in percent. As expected,
capacitive coupling at lower frequencies (WPT/NFC operation
frequencies) does not affect the system but gains importance
with increasing frequencies as errors of up to 110 % are shown
above 200 MHz. Thus, capacitive coupling is important if
high-order harmonics are discussed.
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TABLE III
TUNING CAPACITANCE VALUES FOR SPECIFIC INDUCTIVE DECOUPLING (IDEC)

| mEC%) [[ 0o ] 5 [10]15][20[25 [30[35][40][45 ][50 [55 [60]65[70[]75[80]85]090]
Chnr1 (OF) || 549 487] 441 406 374 351] 331 313] 299] 288[ 277 268] 261 254 249] 246] 242[ 240] 238
Cnro (pF) || 162 156| 150| 145] 142 139] 134] 133 129 127] 125| 122] 121] 119] 118] 118] 117] 116] 116
I (f,=6.78 MHz) I (f,=3-39 MHz) I (f,=1.69 MHz)
1.2 12 1.2 Vs
2 I 1 Lonai
o Filtered WPT ong rise
208 WPT 0.8 interf 0.8 time
= interference interrerence
o
> 0.6 . 0.6
0.6 | o
0 0.5 1 0 0.5 1 0 0.5 1
—_— x107 x107° x10°
—_—0' - - -
— Q (f,=6.78 MHz) Q (f,=3.39 MH2) Q (f,=1.69 MHz)
o 0.1 0.1
S .
(o]
2 0 0 0.05
c
> 0
0.2 -0.1
0.5 1 0.5 1 0 0.5 1
Time (s) %«107° Time (s) %107 Time (s) %107

Fig. 6. Eye diagram of Vom: The eye diagram of the I/Q components of V¢om are shown versus time for different I/Q demodulation low-pass filter cut-off
frequencies fco = 1.69, 3.39, and 6.78MHz. Each logical state consists of 29 overlaps, each recorded at a different time during the communication sample.
The start of logic state *1” and end of logical state *0’ show two different trajectories each, due to Manchester encoding.

III. COMMUNICATION ANALYSIS

The communication analysis investigates the NFC tag-
to-reader communication quality while the WPT system
interferes with the NFC system. The coupling coefficients
between the coils can vary drastically depending on each
implementation and specific use case. The main determining
factors of the coupling coefficients are the coil distance,
co-planar alignment, and coaxial alignment [3]. For a more
general analysis of the NFC communication quality, we
adjust the EC model coupling values shown in Tab. II to
model a stronger coupling between the individual coils. This
adjustment of the EC model is feasible as measurements have
validated the EC model. In addition, its synthesis has been
tested using another prototype with different-sized coils [15].

In particular, the TX and RX in wireless charging and
NFC applications usually directly contact their casing. We can
assume that higher coupling coefficients than given in the coil
stack prototype can be achieved (see Tab. II), as the prototype
shown in Fig. 1 is limited to small WPT coupling coefficients
by the 1.5 mm thick PCBs. These changes result in a more
realistic analysis. The adjusted coupling coefficients are given
in Tab. IV, which is a reasonable coupling coefficient range
according to our previous work [14], [15], where we used an
NFC coupling coefficient of k = 0.45.

The coupling coefficients between the WPT coils (k3 ;)
and NFC coils (k4,;) are kept constant. The system cross-
coupling coefficients (k1 ;, k2 ;, ks, and ke ;) are varied by
multiplication with the factor ycp (yepr = 0.1 equates to
inductive decoupling of 90 %). This factor models inductive
decoupling between WPT and NFC as proposed in [10], [11].
The NFC reader should operate at 13.56 MHz with 70 Q

TABLE IV
ADJUSTED EC MODEL COUPLING VALUES (SEE FIG. 2) FOR
COMMUNICATION QUALITY ANALYSIS

[ o= [| ¢+ [ 2 [ 3 ] 4 [ s [ 6 |
i 0.5 0.35 0.3 0.4 0.35 0.5
Ce,u (PF)|| 2.08 2.05 0.60 1.72 2.04 2.17

resistance [23]. This tuning state is achieved while being
coupled to the WPT TX coil, as both are part of the same TX
device. The specific values per inductive decoupling are given
in Tab. III. Such an inductive decoupling, achieved by novel
coil design or horizontal coils misalignment causes lower
coupling coefficients. Thus, it is equivalent to a larger coil
distance and enables engineers to design small and thin devices
with reduced WPT and NFC interference.

A. I/Q Demodulation of the Communication Signal

The NFC tag-to-reader communication is simulated by
changing the load modulation switch state with twice
847.5 kHz with Manchester encoding for type A ISO/IEC
14443 communication [6]. The setup is not limited to type A
communication and can be used for binary phase shift keying.
This is achieved by changing the load modulation switching
sequence to conduct communication at higher data rates (type
B [6]). The communication signal is determined with the
voltage V.om at the NFC reader (see Fig. 4) [16] and it is I/Q
demodulated [30]. The required low-pass filter (usually part
of the NFC reader) is generated in a post-processing task with
a fourth-order Butterworth filter.

Figure 6 shows the logical states of V.o for I and Q versus
time with an eye diagram. The logical state ’1’ is defined by
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Fig. 7. Eye diagram of V¢om: The eye diagram of logical state "0’ of the I
component of Veom is shown versus time for different I/Q demodulation low-
pass filter cut-off frequencies fco = 1.69, 3.39, and 6.78MHz. One sample
of the 29 overlaps from Fig. 6 is shown.

a closed load modulation switch and the logical state 0’ is
defined with an open load modulation switch. The inductive
decoupling is set to 90 % and the a Butterworth filter cut-off
frequency is set to fco = 1.69, 3.39, and 6.78 MHz. This cut-
off frequency is usually used to filter convolution products of
the NFC carrier created by the I/Q demodulation. It can usually
be set high enough to barely interfere with the communication
signal. In this use-case, the cut-off frequency can additionally
be used to filter the 6.78 MHz WPT signal. Thus, a trade-off
between the filtering of the WPT signal while preserving
the 847.5 kHz communication signal square wave has to be
chosen. This combination of NFC carrier frequency 13.56 MHz,
communication signal modulation frequency 847.5 kHz, and
filter cut-off frequency 6.78 MHz was used in previous work
with a low-frequency Qi-WPT system operating at 106 kHz [14].
Due to the low WPT frequency, the Butterworth filter was only
used to separate the NFC carrier from the communication signal
after I/Q demodulation.

In this work, a higher frequency WPT system operating at
6.78 MHz is used, which leads to the WPT signal significantly
interfering with the I and Q components (ripple superposed
with the square wave) for fco = 6.78 MHz. Strong inductive
decoupling still allows for a clear distinction of the logical
states via the I component but not the Q component. The
filter cut-off frequency can be used as a design parameter.
Decreasing the cut-off frequency to fco = 3.39 MHz, shows
good filtering of the WPT influence, leading to distinct logical
states for the I and Q component while preserving the square
wave shape of the communication signal. Reducing the cut-
off frequency further to fco = 1.69 MHz shows even better
filtering of the WPT influence. Although it is too close to the
base frequency of the 847.5 kHz communication square wave,
which causes severe degradation of the square wave shape,
which is highlighted in Fig. 7. This figure shows the logical
state ’0’ of I for fco = 1.69, 3.39, and 6.78 MHz versus time.
One can see the trade-off between suppressing the WPT signal
(superposed ripple for 6.78 MHz) and preserving the square
wave shape (long rise time and sine shape for 1.69 MHz).
Thus, it can be concluded that the Butterworth low-pass filter
cut-off frequency could be an essential tool to improve the
communication quality of NFC systems being interfered with
by WPT systems.

B. Signal Constellation Diagram Analysis

Figure 8 shows the eye diagram and signal constellation
diagram of I and Q for 70 % inductive decoupling and
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Fig. 8.  Signal constellation diagram: The top two figures show the 1/Q

components of Veom for fco = 3.39 MHz for 70 % inductive decoupling.
The thick lines indicate which values are recorded and converted to the signal
constellation diagram in the third figure. Error bars indicate the minimum and
maximum values for I and Q. The mean values are indicated by the cross-
section of the error bars. Al indicates the difference between the minimum I
value of the logical state 0’ and the maximum I value of the logical state ‘1.

fco = 3.39 MHz versus time [31]. In the signal constellation
diagram, Q is plotted versus I. The error bars indicate the
minimum and maximum value for each logical state. The mean
values of I and Q for a logical state are indicated by the
intersection of the error bars. This particular state of inductive
decoupling and fco shows a clear distinction of the logical
states via I, as the distance between the minimum value for
logical state 0’ and the maximum value for logical state 1’
show a significant difference Al (see Fig. 8). The Q error
bars show no overlap but have a smaller difference. Thus, the
logical states are distinct for both the I and Q components,
indicating that an NFC reader should be able to detect the
NFC tag communication signal.

The difference between the I and Q error bars (Al and
AQ) is shown to compare larger data sets. These are plot-
ted versus inductive decoupling for fco = 3.39 MHz and
6.78 MHz in Fig. 9. Here, a positive value indicates a certain
distance between error bars. In contrast, a negative value
indicates an overlap, i.e., non-distinct logical states (likely a
communication failure). The I component is the focus of this
investigation as this type of NFC communication is mainly
an amplitude modulation, i.e., large I component and small
Q component. Larger system cross-coupling (i.e., decreased
inductive decoupling) causes the difference between the error
bars (Al and AQ) to turn negative for both I and Q in Fig. 9.
As shown before in Fig. 6, fco = 3.39 MHz shows more
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Negative Al indicating
I communication failure
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Fig. 9. Difference between logical states for fco = 3.39 MHz and 6.78 MHz:
Al and AQ are shown for the difference between the logical states 0’ and
’1” for I and Q for all inductive decoupling values.
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Fig. 10. WPT and NFC tuning circuits: The nodal connections to the coils
shown in Fig. 2 are indicated with + and —. The NFC reader source and
NFC tag load modulation switch are removed. The input power Pj,, battery
power Py, and NFC tag chip power Pcpip are indicated.

distinct logical states than fco = 6.78 MHz (i.e., higher likely-
hood of the NFC reader successfully detecting the NFC tag
signal). It is shown that lower fco provides a logical state dis-
tinction up to much weaker inductive decoupling. A negative
difference of I is shown for smaller than 15 % decoupling
with fco = 3.39 MHz, but fco = 6.78 MHz requires an
inductive decoupling of more than 60 %. Thus, this com-
munication investigation indicates that inductive decoupling
techniques [10], [11] are effective. The WPT interference is
decreased, which increases the likelihood of successful NFC
tag-to-reader communication due to more separate logical
0’ and 1’ states. Additionally, novel adjustments, such as
optimizing the post-processing via the I/Q demodulation cut-
off frequency, can additionally improve the NFC tag-to-reader
communication quality.

IV. WPT ANALYSIS

This section discusses an investigation of the WPT system
performance concerning passive loading effects caused by the
NFC system [4], [6]. Thus, the NFC source (V,) is turned
off, and no load modulation is performed. The simplified NFC
circuitries are shown in Fig. 10. The passive loading effects
include the NFC system drawing power, detuning the WPT
TX, and changing the impedance seen from the WPT TX.

The tag chip impedance can vary greatly [28], significantly
influencing NFC’s passive loading effects. The tag chip resis-
tance Ry chip 18 varied from 1 © to 10 k€2, which includes
possible tag impedance changes caused by the reduced tag chip
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Fig. 11.  WPT analysis: The battery power Py, and the WPT efficiency n
are plotted versus the WPT coupling coefficient k3 ; while all other coupling
coefficients are kept constant as shown in Tab VI.

impedance during communication, the overvoltage protection
of a tag chip via its limiter [28], and the usual high-ohmic
state while the tag is listening to the reader. The changes of the
tag chip capacitance are ignored as they are small compared
to Cn,t-

The power supplied by the WPT source (Pj,), the received
power by the WPT battery equivalent resistance (Ppy), and the
received power by the NFC tag chip (Pcpip) are determined.
This requires us to divide C, ; into a tuning capacitance Cp tune
and into a tag chip capacitance Cpchip (Cnt = Ch tune +
Ch,chip)- The WPT system was examined to find the coupling
arrangement for maximum power transfer from Pj, to Ppa. The
bifurcation phenomena of |S>1| [12], [32] do not align with the
power transfer maximum due to different WPT source (Ry, s)
and battery (R)) impedance. Thus, the received power Ppy
is shown directly instead of an S-parameter magnitude plot.
Further, the system’s efficiency is defined via n = Pypy/Pin.

Again, as done before in Section III, we adjust the EC
model coupling values shown in Tab. II to model coupling
coefficients suitable for the power transfer analysis performed
in this section. When the WPT system is operated on its own,
a coupling coefficient for optimal power transfer of k3 ; = 0.16
is determined. The previously adjusted coupling coefficients
given in Tab. IV are too large, as adding the NFC system
further loads the WPT system, reducing the optimal coupling
coefficient to 0.1. This is caused by the fact that the coils
operate in the near-field of each other, and thus, the NFC
system is seen as a reflected impedance from the WPT TX
point of view [33], [34]. The WPT system was designed to
operate with Py, being maximised. Halving each coupling
coefficient of Tab. IV leads to a good operating window at
ks i = 0.15. The resulting coupling coefficients are given in
Tab. VI. Thus, the same tuning elements for the NFC reader
tuning circuitry from Tab. III for 50 % inductive decoupling
can be used.

Figure 11 shows Py, and 1 versus a swept WPT coupling
coefficient k3 ; while the other coupling coefficients are kept
constant. A maximum of Ppy can be seen at k3; = 0.15
and the efficiency increases as k3; increases. The coupling
coefficients are chosen to be different from Section III, because
the previous section aimed to determine the issues in regards
to WPT interference, which are worse if particularly strong
coupling is used. Contrary to that, here we investigate the WPT
performance and thus, want to investigate the WPT system
at the coupling point of maximum power transfer. Thus, all
coupling coefficients must be adjusted to achieve a realistic
coupling state between all coils.
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TABLE V
TUNING CAPACITANCE VALUES FOR SPECIFIC INDUCTIVE DECOUPLING (IDEC)
| mEC%) [[ 0o ] 5 [10]15][20[25 [30[35][40][45 ][50 [55 [60]65[70[]75[80]85]090]
Ch,r1 (pF) 277 273 269| 264 | 261 | 258 | 254 | 252| 249 | 247 | 246| 244| 242 | 241 | 240| 239| 238 | 237| 236
Cu,r2 (pF) 125 123 | 122 122 121 | 120| 119| 119| 118| 118| 118 | 117| 117| 116| 116| 116| 116| 116| 116

Py, minimum at 14 Q
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Fig. 12.  Chip impedance sweep: The received battery power Py, tag

chip power Pcpjp, and the WPT efficiency 5 are plotted versus the tag chip
resistance Ry chip-

TABLE VI
ADJUSTED EC MODEL COUPLING VALUES (SEE FIG. 2) FOR
WIRELESS POWER TRANSFER ANALYSIS

L e= [[ t [ 2 [ 3 [ 4] s [ 6]
Ku,i 025 | 0175 | 0.15 0.2 0.175 | 025
Ceu (PF) || 2.08 2.05 0.60 1.72 2.04 2.17

Figure 12 shows Py, Pehip, and the WPT efficiency 5 for
a changing tag impedance. The tag can receive dangerous
power levels Pcpip from the WPT source in the 3 € to 150 2
range, when comparing the received Pcpip to power dissipation
limits of tag chip datasheets (20.7 dBm 120 mW [35]
or 23.8 dBm 240 mW [36]). The Pchip maximum of
25.1 dBm = 324 mW is reached at Repip = 20 2. Further,
Ru,chip = 14 Q causes a Py, minimum at 28.7 dBm = 0.75 W
compared to the Ppy maximum at 30.1 dBm 1.02 W.
Additionally, WPT efficiency n is significantly affected by
Run,chip as it ranges from 0.42 to 0.67. These investigations
highlight that passive loading caused by an NFC system
can significantly degrade the WPT performance. It is espe-
cially important to note that these passive loading effects are
dynamic, as the Ry chjp Tesistance is varied during normal
operation due to NFC tag-to-reader communication and the
tag chip overvoltage protection.

As suggested in prior literature [10], [11], inductive decou-
pling is applied to the system as discussed in Section III. Since
the base coupling coefficients were changed from Tab. IV to
Tab. VI, different inductive decoupling requires new tuning
for the NFC reader. The new capacitance values are given in
Tab. V. Figure 13 shows Ppy and 1 for Ry chip = 14 €2 versus
inductive decoupling from 0 to 90 % for ki ;, k2;, ks, and
ke,i. The clear benefits of WPT and NFC decoupling can be
observed by an increased Ppy; of up to 2.45 dBm. Further,
inductive decoupling can have a significantly positive effect
on the WPT performance by increasing the WPT efficiency 7
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Fig. 13. WPT analysis with inductive decoupling: The received battery power

Ppye and the WPT efficiency 5 are plotted versus inductive decoupling for the
Py, minimum shown in Fig. 12 (R chip = 14 ).
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Fig. 14. Received tag chip power with inductive decoupling: The received
tag chip power Pcpjp is plotted versus inductive decoupling for the Pcpip
maximum shown in Fig. 12 (Ry chip = 20 ).

with increasing inductive decoupling. Inductive decoupling of
WPT and NFC also has positive side effects for the NFC tag.
Figure 14 shows the power Pcpjp versus inductive decoupling
for Ry chip = 20 2. It shows how Pcpip can be reduced below
dangerous levels for tag chips as compared to Fig. 12. It can
be concluded that the NFC system’s passive loading severely
impacts the WPT system. It is shown that the wide range of
possible tag impedances has a large impact and that inductive
decoupling can improve the maximum power transferred and
the WPT efficiency 7 significantly. Additionally, it can prevent
damage to the NFC tag.

V. CONCLUSION

This work provides a thorough communication and power
transfer analysis of interfering magnetically resonant coupled
WPT and NFC systems with miniaturized coils.

The communication analysis is conducted by investigating
the NFC tag-to-reader communication quality in the digital
baseband while being interfered with by WPT. The power
transfer analysis is conducted by investigating the maximum
power transferred and WPT efficiency 5, while being affected
by the passive loading effects of the NFC prototype system.
The communication analysis showed that good communica-
tion quality, indicated by distinct logical states, required at
least 60 % inductive decoupling. Further, novel system-level
adjustments of the I/Q demodulation achieved distinct logical
states, requiring only 15 % inductive decoupling.
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The WPT analysis showed that the passive loading effects
of NFC on the WPT performance reduces the maximum power
transfer and WPT efficiency n. The performance degradation
is dynamic, caused by the changing NFC tag chip impedance
during active NFC communication or because of the over-
voltage protection. It is shown that inductive decoupling can
increase the WPT performance by increasing the maximum
power transferred by up to 27 % and WPT efficiency n
from 0.42 to 0.67. Inductive decoupling can prevent the WPT
system from damaging the NFC system due to delivering too
much energy. The analysis is conducted using time-efficient
circuit-level simulations. The coils are modeled via broadband
EC models and thoroughly verified via measurement and FEM
simulation. The required tuning circuitry is based on NFC and
WPT standards.

The quantitative results are specific to the selected param-
eters, but the presented methodologies can aid engineers and
researchers with the iterative design process of magnetically
resonant coupled systems. Inductive decoupling can benefit
such interfering systems because a reduced coupling coeffi-
cient will always decrease interference and passive loading
effects. The adjusted I/Q demodulation improves the NFC
tag-to-reader communication quality by attenuating WPT
interference of a higher frequency than the communication
signal. Thus, it is most effective if the WPT frequency is larger
than the communication signal frequency. It is to be noted
that even systems using low-frequency WPT can cause high-
frequency harmonics, which might be an issue in case of poor
NFC reader and tag coil alignment, causing poor inductive
coupling. Additionally, these novel optimization possibilities
regarding WPT and NFC systems on a system level are
investigated for the first time.

Ultimately the presented analysis aims to highlight problems
and possible solutions to solve issues related to interfering
magnetically resonant coupled systems. Future work has to
focus on verifying the circuit-level solutions via additional
measurements using state-of-the-art chargers and wearables.
Additionally, further research is needed to determine the
impedances and general behavior of NFC tags. Further, a self-
jamming cancellation method [37] could potentially be used
to dampen the WPT signal coupled into the NFC system.
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