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Abstract

Wireless power transfer via coupled magnetic resonances has been a hot research topic in recent years. In addition, the number
of related devices has also been increasing. However, reverse signals transfer is often required in addition to wireless power
transfer. The structure of the circuit for a wireless power transfer system via coupled magnetic resonances is analyzed. The
advantages and disadvantages of both parallel compensation and series compensation are listed. Then the compensation
characteristics of the inductor, capacitor and resistor were studied and an appropriate compensation method was selected. The
reverse signals can be transferred by controlling the compensation of the resistor. In addition, it can be demodulated by extracting
the change of the primary current. A 3.3 MHz resonant frequency with a 100 kHz reverse signals transfer system platform was
established in the laboratory. Experimental results demonstrate that wireless power and reverse signals can be transferred

synchronously.
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I. INTRODUCTION

In recent years, the number of studies on wireless power
transfer via coupled magnetic resonances has been increasing
[1]-[5]. In addition, more and more applications are using
wireless power transfer technology, such as electric vehicles,

mobile phones and micro implantable medical sensors [6]-[8].

Wireless power transfer technology allows electrical equipment
to be freed from jumbled lines, which greatly improves the
mobility and safety of equipment [9].

In applications, wireless power transfer cannot be separated
from signal transfer. Without cable connections, some signal
information such as load temperature, battery charging state
and personal identification, need to be transferred wirelessly.

Traditional wireless power and signal transfer methods
mainly added signal transfer channels. In [10], apart from the
initial power transfer channel, three signal transfer channels
were added for bilateral signal transfer. In [11], a wireless
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power and signal transfer system was designed and applied to
a set of implantable medical devices. This system required
signal coils, which indicates that the system received power
and signals separately. In [12]-[15], the core structure of
wireless power transfer was designed and optimized to reduce
the interference between the power and signal transfers.
Despite their higher accuracy and fast signal transfer speed,
these methods required an extra pair of signal transfer coils,
which increased the complexity of the whole transfer system,
and were not conducive to product design [16]. At present,
one of the advanced methods for power and signal
transmission is to load the modulation signals to the power
transfer coil so that the signals and power are simultaneously
transferred in the same coil and received by the same
receiving coil. Then the signals were extracted by a filtering
and demodulation circuit and used for load monitoring,
detecting, etc. This is referred to as wireless synchronous
transfer of power and signals technology.

In [17], a dual-band resonance coupling power and signal
transfer system was proposed, where the power transfer
efficiency was improved to 70% when the load value was less
than 10 Q and the transmission distance was shorter than
120mm. In [18], the switching frequency of an inverter was
changed according to different digital signals, which were
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transferred by detecting the amplitude of the secondary side
voltage. In [19], a phase-modulated transmission method was
proposed by changing the secondary compensation capacitor.
By changing the secondary compensation capacitor, the phase
of the input voltage and the resonant current was changed and
the signal was loaded. Based on reflected impedance, the
method in [20] was implemented to regulate the capacity
value of the secondary loop according to the transmitted signal.
Then the current wave of the primary circuit was monitored
to demodulate the signal. Until now, most of the studies on
the wireless synchronous transfer of power and signals have
been based on inductively coupled power transfer (ICPT)
technology. There has been no research on the wireless
synchronous transfer of power and reverse signals based on
coupled magnetic resonances.

In the above methods, the wireless power and signals are
transferred from the transmitter to the receiver. Since the
information transfer needs interaction and feedback, it is
important to transfer reverse signals from the receiving coil to
the transfer coil. A new method for the wireless synchronous
transfer of power and reverse signals based on coupled magnetic
resonances is proposed in this paper. Note that during system
operation, the signal transmission and power transmission
were performed simultaneously in the same wireless channel.
Firstly, the characteristics of the secondary side of the transfer
system of the series and parallel compensation were studied.
Then the advantages and disadvantages of the two compensation
methods were compared. The characteristic of the secondary
side of the transfer system compensation of the inductor,
capacitor and resistor were studied, and a proper method for
compensation was selected. Secondly, ASK was chosen as
the modulation and demodulation method and a MOSFET
switch circuit was designed for controlling the state of the
compensation. Finally, a 3.3 MHz resonant frequency with a
100 kHz reverse signals transfer system was established, and
the reverse signal can be transferred by detecting the change
of the primary current.

II. SYSTEM STRUCTURE

A. Wireless Power Transfer via Coupled Magnetic
Resonances

Existing wireless power transfer via coupled magnetic
resonances is of a double-coil structure or a four-coil structure.
The double-coil structure consists of a smaller number of
coils. However, its resonance characteristics are susceptible
to the power supply and load. Therefore, it needs to add
compensation devices, which increases the instability and
complexity of the system. The four-coil structure is composed
of two single-turn coils and two multi-turn resonator coils.
These two resonator coils can improve the efficiency and
power transfer of the overall system. Since the resonator and
the single coil do not contact each other, the coupling coefficient

g =g

Fig. 1. Wireless power transfer system with a four-coil structure.
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Fig. 2. Wireless synchronous transfer of power and reverse signals.

between them is small. The power transfer is mainly
influenced by the value of Q. However, changes of load have
little influence on the transfer of power. The stability of power
transfer via coupled magnetic resonances can be enhanced by
controlling the value of Q. Since the four-coil structure can
keep the resonant state and power transfer stable, it was
selected as the basic platform to study the transfer of coupled
magnetic resonant wireless power and reverse signals [21].

Taking the four-coil structure as an example, the basic
model of wireless power transfer via coupled magnetic
resonances is shown in Fig. 1. The system consists of the
following components: a radio frequency source (RF source),
a transmitting coil A, a transmitter resonator S, a receiver
resonator D, a receiving coil B and a load. The RF source
provides a high-frequency signal for transmitting coil A.
Then transmitting coil A transfers the power through self-
oscillation. The power is transferred by electromagnetic
coupling to the transmitter resonator S. Then the resonator D
receives the power by a strong magnetic coupled resonance,
and then transfers it to the receiving coil B. Finally, the
receiving coil B provides power to the load.

B. Wireless Transfer of Power and Reverse Signals System

A system for the wireless transfer of power and reverse
signals is shown in Fig. 2. It is implemented as follows. The
RF source generates a sinusoidal signal of a desired resonant
frequency. Then it is transferred through a signal amplifier. The
power is transferred from the primary to the secondary side by
the four-coil wireless power transfer structure. The received
power is then sent through the rectifier circuit, filter circuit and
DC-DC circuit successively. Thus, the load gets appropriate
energy. The control of the compensation of the reverse signal is
implemented by using the modulation circuit. The current of
the primary coil changes due to the compensation. Thus, the
change is extracted by the signal extraction coil, and the
reverse signal can be obtained by the demodulation circuit.
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Fig. 3. Circuit model of a four-coil structure.

III. WORKING PRINCIPLE

A circuit model of a four-coil structure is shown in Fig. 3.

In a wireless power transfer via coupled magnetic
resonance system, since the physical size of the coil is much
smaller than the electromagnetic wavelength, energy is only
transmitted in the near field, and only the coupling between
adjacent coils needs to be considered. Therefore, only Mz,
Mo and M4 are considered. According to KVL voltage
equations, the following formulas are obtained.

IsZ source — Js@Ls — jLioM, —Ug =0

1 . . .
I(= +R +joL) - jlgoM,, - jl,oM,; =0
joC, (1
1 . . .
1, (= +Ry + joL,)— jlyoM 53 — jl ;00M 5, =0
JjoC,
1, (oL +Ziy)— jfloMs, =0

where o represents the angular frequency.

To make the two resonators have the exact same resonant
frequency, the basic parameters are set the same. To simplify
the calculation, the following transformations are carried out:

Z = Gl +R + joL, = Tl + R, + jolL,
Zs=JjoLs

Zyy = joM, )
Zyy = joM

Zyy = joOMsy,

Zy=Jjol,

Then the following formulas are obtained:
Us+IgZs+ 1121, = IsZsoupce =0
[3Zy L, Z +1,Z5 =0
LZyy—1,Z+1;Z,,=0
1424 +13 21005 12234 =0

©)

In Fig. 3, Ug indicates the voltage of the RF source; Lg is
the inductance of the excitation coil; Zgyrce 1S the impedance

of the RF source; Z;, is the input impedance of the four-coil
structure wireless power transfer system; I is the current of
the excitation circuit loop; I is the current of the load circuit
loop; I; is the current of the transmitter resonant coil; I, is
the current of the receiver resonant coil; My, and Mj, are
the mutual inductances between the single turn coil and the
multi-turn coils; L; and L, are the inductances of the
transmitter resonator and the receiver resonators; C; and C,
are the distributed capacitance transmitter and receiver
resonators; R; and R, are the resistances of the transmitter
and the receiver resonator; M,; is the mutual inductance
between the resonators; L4 is the load coil inductance; and
Z10aqa and the load impedance.
A further simplification is carried out as follows:

I = 1,Zy4
=234

Zy+Zipga

Zy3(Zjpaa + Z4) 1 4)

2
ZZ1pga + 224 = Z3,
2

_ (22122 104a + 221224 = 217 Z347) ]

Z(ZZ1paq + 22y = Z34") = Z33" Zigua + Z4)

, =

Formulas (4) can be substituted into (1). Thus, Z;, can be
calculated as shown in equation (5):

Furthermore, the current value of the excitation circuit is
obtained by using (6):

U
[s:—S
V4 +Z,

source

(6)

Thus, a change of Zj,,q results in a change of Z;,, which
leads to a change of Ig.

Note that R, jwL and 1/jwC constitute Zj,.q, as shown

in equation (7):
1
Zipga =R+ joL +— @)
joC

For the resistor element, both series compensation and

parallel compensation are studied in this paper. The methods

are shown in Fig. 4(a) and 4 (b), where R’ is the compensation

resistor, and Zj,,q turns into Zy,,4;  in the case of series
compensation, as shown in equation (8):

Z,oadj':R+ij+%+R' (®)

Jjo

However, Zjy,q turns into Zj,,q,' in the case of parallel
compensation, as shown in equation (9):

, RR' . 1

Where Zjgaq1' and Zjg.q,' represent the equivalent

Ux — IvZ

7. = source _

2 2 2 2 2 2 2
Zs(ZipaadZ™ + 242" = 2234 = Z1paaZi3 = Za233) = Z123(ZZ1pua + 224 = Z34) 5)

in Ji

N

Z(ZZjpgq + 224 — 2324) - 2232(Zload +Z,)
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Fig. 4. Compensation circuit diagram. (a) Series compensation
circuit. (b) Parallel compensation circuit.

impedances of the load after the compensation resistor is
connected.

The network function is expressed as follows:

Where Uz,0.q' Tepresents the voltage of Zjoaq's and Uy,

represents the voltage of the input impedance Z;,.

There are series compensation and parallel compensation
for the compensation of the secondary side. Based on
equation (10), a Bode diagram is shown in Fig. 5. As can be
seen from Fig. 5, H(jw) changes both in the parallel
compensation and the series compensation. Since the resistor
branch is loaded by the switch during signal transmission, it
is not easy to ensure the stability of the circuit voltage due to
the series resistor loaded in the circuit, which has a negative
impact on the stability of the system. Series compensation in
the load can result in more obvious voltage gain and phase
shift changes. However, a time-domain analysis of the system
by Advanced Design System (ADS) software shows that the
series form increases the current of the excitation coil, the
receiving coil and the coil loss, which reduces the energy
transfer efficiency and heats the coil, which is not conducive
to the long-term operation of system, as shown in Table I.
Therefore, comprehensive consideration, parallel compensation
is selected.

Methods for signal modulation and demodulation are
mainly amplitude-shift keying (ASK), frequency-shift keying
(FSK) and phase-shift keying (PSK). The first two methods
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Fig. 5. Bode diagrams of different types of compensation.

TABLE 1
SIMULATED CURRENT FOR THE FOUR-COIL STRUCTURE OF
MAGNETICALLY COUPLED RESONANT WIRELESS POWER AND
REVERSE SIGNALS TRANSFER BY ADS

Current Nothing Series Parallel
Is (A) 3.586 11.931 3.217
I1 (A) 1.111 1.036 1.114
12 (A) 1.060 4.628 0.857
Id (A) 2.681 2.376 2.699

have little effect on the frequency, and have strong stability.
The last method causes a larger frequency change. Thus, PSK
cannot be chosen. To ensure that the system operates at the
resonance frequency, the best choice is the ASK method,
since FSK is a modulation method that uses carrier frequency
parameters to carry digital information. Considering the
complexity of the transmitter and the receiver, ASK is
finally chosen as the method for signal modulation and
demodulation in this paper.

In order to simplify the verification of the system, the
whole load resistance becomes R::

2
R — Re Zload |Z.73| (11)
Zl:md + ZJ

Thus, the system efficiency as known as (13):

b o_ R, |Z,,[ (12)

P, |Z,[ (R,+R,)+R,(R,+R,)

n =

In this paper, a parallel compensation resistor is selected.
The RL changes a system with or without a parallel resistor. It
can be seen from equations (11) and (12) that there is a little
drop in the system efficiency during signal transmission. In
other words, the power gained by the load is slightly decreased
by the parallel compensation.

The modulation method is to control the on and off of the

; l]Zlaady =
H(jo)= .

m

212223234 %10ad ' (10)
Z(Z1pad Ve -FZdZ2 -773 ~Z1pad 'Z3 _ZdZ223)_Z|22(ZZload ‘277, -Z%)
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Fig. 6. Circuit of MOSFET switch modulation.

power electronic switches. In this paper, a N-MOSFET is
chosen to design the switch circuit for controlling the on and
off of the compensation as shown in Fig. 6. When S; is turned
off, the compensation resistor cannot be incorporated into the
circuit. This is the switch off state, which corresponds to the
O position of the switch in Fig. 4 (b). In addition, when S; is
turned on, the compensation resistor can be incorporated into
the circuit. This is the switch on state, which corresponds to
the I position of the switch in Fig. 4 (b). In this way, signals
can be modulated and loaded by controlling the on or off of
the MOSFET Si. The U in Fig. 6 represents the voltage of
the single-turn coil at the receiving end.

When compared with other traditional forms of independent
communications, the system makes use of the features of the
wireless power transfer system itself. By constantly controlling
Si according to the data signal, the reverse energy in the
wireless power transfer and reverse signals are integrated.
The next step is to receive the integrated energy at the
transmitting end and demodulate the data.

As for the demodulation method, it is realized as follows.
The signals are extracted by the signal extraction coil, and the
extracted signals goes through a low pass filter circuit. Most of
the high frequency waves can be filtered. After the envelope
signals voltage and the reference voltage are compared, the
reverse signals are finally obtained. At this point, the complete
reverse signal transmission process is completed.

IV. EXPERIMENTS AND RESULTS

In order to demonstrate the effects of different resistances
on the reliability of signals, a 3.3MHz resonant frequency with
a 100 kHz reverse signals transfer experimental platform was
established, as shown in Fig. 7. Wireless power is produced
by the RF source and the amplifier. The RF source generates
a desired sinusoidal signal. Then the energy of the signal is
enlarged by the amplifier. The reverse signals are modulated
by the signal load module and they are demodulated by the
signal restoration module. The transferred power is metered
by a power meter, and it is consumed by coaxial attenuators.

Based on this platform, experiments on different resistances
were carried out. The device parameters are listed in Table II.

Fig. 7. Experimental platform.

TABLE I
PARAMETERS OF THE FOUR-COIL STRUCTURE OF MAGNETICALLY
COUPLED RESONANT WIRELESS POWER AND REVERSE SIGNALS
TRANSFER

L . T itter Recei ignal
Transmitting Receiving ransmitter Receiver  Signal

Parameter Coil Coil Resonant  Resonant Extraction
Coil Coil Coil

L/uH 2.9 3 50.2 51.4 25.4
C/pF 703.6 695.2 52.5 51.2 95.4
R/Q 0.9 0.8 5.1 54 4.5
Tum 1 1 10 10 10
Wire 2.1 2.1 2.1 2.1 1

Diameter
/mm

Diameter 17 17 17 17 2.1
/em

Resonant 33 33 33 33 33

Frequency/
MHz

A. Impact of a Parallel Resistor on Power Transfer and
Signal Extraction

The resonant frequency of the wireless transfer system is
3.3 MHz at a distance of 40 cm, and the distance of the signal
extraction coil is 3 cm away from transmitting coil A. The
voltage of the secondary side is 28.4 V and the voltage of the
signal extraction coil is 5.31 V without compensation. When
the resistance is 150Q, the voltage of the signal extraction
coil is at the top level. However, the voltage of the secondary
side is relatively low, which is harmful to the wireless power
transfer. When the resistance is 350€2, the voltage of the
secondary side is relatively high. However, the voltage of the
signal extraction coil is low, which is harmful to the signal
extraction. When the resistance is 200Q, the voltage of the
secondary side is about 25.5V and the voltage of the signal
extraction coil is about 7.25 V, which is helpful for both the
wireless power transfer and the signal extraction.

When the wireless synchronous transfer of power and
reverse signals system is operating, the system parameters
measured at different parallel compensation resistances are
shown in Fig. 8(b). It can be seen that when the parallel
compensation resistor becomes larger, the system efficiency
gradually decreases. When R' >> R, ., the equivalent
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Fig. 8. Results with different resistances. (a) Voltages of the
secondary side and the extraction coil. (b) Power and efficiency
of the transmitter and receiver.

resistance obtained by connecting two resistors in parallel is
approximately equal to R, ,, and the effect of R on the
power gained by the load is negligible. However, a larger
R’ results in a stronger thermal effect, which results in a loss
of electric energy and harms to the stability of the system.
Therefore, a 200Q resistor was used as compensation in this
system.

B. Modulation and Demodulation of Reverse Signals

The frequency of the reverse signal is 100 kHz. An
oscilloscope image of the experimental waveforms of the
reverse signal and extraction coil are shown in Fig. 9(a).
Waveforms of the reverse signal and resonant coil are shown
in Fig. 9(b). In both of the figures, the upper waveform
represents the high and low levels of the digital signals, while
lower waveform is a voltage waveform of the signal extraction
coil or resonant coil in different transmitted signals. When the
transmitted signal is 1, i.e., it is at a high level and a parallel
resistor is connected to the circuit, the primary current and
voltage extracted from the signal extraction coil or resonant
coil increase. When the transmitted signal is 0, i.e., itis ata
low level, the parallel resistor in the circuit is disconnected.
Then the primary current and voltage extracted from the

digitaﬂ signals i

L

digital signals

mm 'Hf | ww i
”Jrln ki Wi il I HMI"‘ ”lt i Jﬁu i

resnnant cotl waveforms
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Fig. 9. Oscilloscope images of the modulation and demodulation
results. (a) Modulation results. (b) Resonant coil waveforms. (c)
Demodulation results.

signal extraction coil or resonant coil decrease.

The power waveform extracted from the signal extraction
coil is rebounded by the signal rebounding circuit. Then the
initial transmitted electrical level can be obtained. Based on
the above experimental platform, the measured experimental
waveforms are shown in Fig. 9(c). The top waveform is the
original reverse signals, and the lower is the demodulated
reverse signals. From the contrast of the high and low
electrical levels of the waveform, it can be seen that the
change is completely consistent, which means that both the
power and reverse signals can be successfully transferred.
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C. Effects of Signal Transmission on Power Transmission

The resonant frequency is 3.3 MHz, and the transmitter
power and the receiver power obtained with or without signal
transmission at different distances are shown in Fig. 10.
When the distance increases, whether there is a loading signal
or not, the transmission power increases at first and then
decreases. The power is slightly smaller with signal transmission
than without signal transmission, which indicates that the
signal transmission has a certain but slight effect on the
power transmission. It can be seen in Fig. 8(b) and Fig. 10
that a suitable parallel resistance ensures the high efficiency
and stability of the system operation.

V. CONCLUSION

In a four-coil wireless power and reverse signals transfer
structure, the primary current can be changed by changing the
secondary compensation, and the parallel resistor compensation
can ensure the stability of the resonant frequency. In addition,
the signal loading can be controlled by connecting and
disconnecting the parallel resistor. The impedance changes of
the secondary side result in changes in the primary current,
and these changes can be detected by the signal extraction
coil. As a result, the transferred signal can be recovered. The
changes in the transmitter power, the receiver power and the
efficiency of the system are analyzed while signals are
transmitted at different parallel compensations. Furthermore,
the distance characteristics of the system are presented.
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