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Abstract—The existing simultaneous wireless power (SWP) and
information transfer can only achieve serial signal transmission
and itis hard to decouple the power and signal transmission without
the additional circuits. To solve these problems, a SWP and multibit
signals transfer technology is proposed in this article. Based on
the working principle of the hybrid modulation waves pulsewidth
modulation control technology, the power and multibit signals are
modulated into the system through the modulation waves with
different frequencies. Therefore, the signal transmission no longer
depends on the power transmission, and the signal transmission
rate is multiplied through the realization of parallel signals trans-
mission. Subsequently, the parameter selection criterion of the
signal channel is given by analyzing the signal transmission rate
and the interference between the power and signal transmission.
Finally, the proposed technology is verified with experimental re-
sults. The experimental results demonstrate that the power and
two-bit signals can be transmitted stably. Compared to the serial
transmission, the band signal transmission rate is increased by two
times.

Index Terms—Hybrid modulation wave, multibit signals,
pulsewidth modulation (PWM) control, simultaneous wireless
power and information transfer.

1. INTRODUCTION

HE wireless power transfer (WPT) technology has ef-
fectively improved the safety and flexibility of electricity
transfer due to the complete isolation between the power supply
and the electrical equipment, which is widely used in medical
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instruments [1], [2], rail transportation [3], and electric vehicles
[4].

With the expanding demands for WPT technology applica-
tions, stable communication between the primary coil and the
secondary coil is essential. Simultaneous wireless power and
information transfer (SWPIT) technology has obtained more
attention.

The existing SWPIT systems can be mainly classified into
modules communication [5], [6], dual-channel transmission
[7]-[9], and single-channel transmission [10]-[24]. Modules
communication technology uses wireless modules to transmit
signals. The wireless modules include the radio-frequency mod-
ule, Wi-Fi, and so on, which is the common method used for
wireless communication, however, the communication modules
are costly and less stable in the high power rated WPT system.
The dual-channel transmission technology needs to add an extra
coil for the signal transmission. Therefore, the dual-channel
transmission technology is not suitable for practical applications
with narrow spaces such as implantable medical equipment. The
additional coil will also increase the system cost. Compared with
the dual-channel transmission technology and modules commu-
nication technology, the single-channel transmission technology
can not only eliminate the additional coil and expensive com-
munication modules but also increase the flexibility of the WPT
system.

For single-channel simultaneous power and signal trans-
mission technology, there are mainly three methods: energy
envelope modulation [10]-[13], signal carrier wave injection
[14]-[19], and harmonic utilization [20]-[23].

For the energy envelope modulated SWPIT technology, the
signal is directly modulated on the power carrier through
amplitude-shift keying (ASK), frequency-shift keying (FSK),
and phase-shift keying (PSK) technology. The modulated
method uses the same carrier for the power and signal trans-
mission. In [10] and [11], the methods using the drain bias of
a class E power amplifier and the dynamic bias of a positive
channel metal oxide semiconductor are proposed to perform
ASK modulation. The transistor modulates the signal charac-
teristics onto the energy envelope. In [12], the PSK technology
is applied to modulate the phase difference between the rectifier
input voltage and the receiver resonant circuit current. Signals
are demodulated from the reflected phase difference between the
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inverter output voltage and the resonant current on the primary
coil. Ishii et al. [13] used an automatic tuning assist circuit
for frequency modulation, which enables simultaneous wireless
power and signals transmission at multiple frequencies. The
power carrier modulation technology is easy to realize, however,
the signal transmission rate is limited by the power carrier, and
the signal transmission will unavoidably lead to the output power
fluctuation.

For the signal carrier wave injection simultaneous transmis-
sion technology, the high-frequency signal carrier is injected
into the power transmission coil to achieve simultaneous power
and signal transfer. In [14], the frequency division multiplexing
technology is proposed to transmit power and signals through
the shared coil. Fan er al. [15] realized the full-duplex com-
munication and the signal transmission rate is up to 80 kb/s.
Ji et al. [16] and Madzharov et al. [17] used signal carrier
injection transformers to achieve simultaneous transmission of
the power and signal. In [18] and [19], the passive bandpass
and band-reject filters are designed to avoid severe crosstalk
between the power and signal transmission. This method can
easily achieve the reverse signal transmission, and the signal
rate can be effectively improved, but the additional equipment
for the high-frequency signal carrier generation is costly and
the injecting signals will attenuate greatly through the wireless
power transfer channel.

For the harmonic utilization simultaneous transmission tech-
nology, the harmonic in the system is used as the signal carrier to
achieve the signal transmission. In [20] and [21], the triangular
wave current is generated on the primary coil by removing the
resonant capacitor on the primary side. The power and signal
are transferred, respectively, through the fundamental and third
components of the triangular current. In [22] and [23], the phase
angle of the inverter is changed to produce a trapezoidal wave
current on the primary coil. The harmonic utilization simulta-
neous transmission system is employed simply to realize signal
transmission and stable power transmission without additional
circuits. The power transfer efficiency is not affected because
the power transfer channel is not changed.

As mentioned before, compared with the energy envelope
modulated technology, the harmonic utilization technology can
realize a higher signal transmission rate and reduce the output
power fluctuation greatly. Compared with the signal carrier
wave injection technology, the harmonic utilization technology
reduces the volume and cost of the system. Therefore, harmonic
utilization technology has attracted wide attention. However,
the existing harmonic utilization technology can only transmit
the serial signal, the low transmission rate fails to satisfy the
communication requirements in the WPT system. Moreover,
since the harmonic comes from the power transmission, the
signal transmission strongly depends on the power transmission.
When the demand for the power is changed on the load, the
signal transmission will be affected and resulting in unsuccessful
demodulation. The decoupling of the power and signals trans-
mission will increase the flexibility of the WPT system.

To solve the problems in the current harmonic utilization
technology, a simultaneous wireless power and multibit sig-
nals transfer (SWPMST) system with hybrid modulation waves
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pulsewidth modulation (PWM) control is proposed. Based on
the multifrequency modulated PWM control technology [25],
the simultaneous transmission of power and multibit signals are
achieved successfully. The signal transmission rate is multiplied
by two times through the realization of parallel signals trans-
mission. The power and signals are modulated into the system
through the modulation waves with different frequencies, so the
signal transmission no longer depends on the power transfer.
By optimizing system parameters, the interference between the
power and signal transmission can be reduced, which increases
the stability of the system.

II. PROPOSED SWPMST SYSTEM

A. Structure and Parameters of SWPMST System With Hybrid
Modulation Waves PWM Control

The structure of the SWPMST system with hybrid modulation
waves PWM control is shown as Fig. 1.

In Fig. 1, L, L is the self-inductance of the transmitting
and receiving coils separately. C,, Cy is the resonant capacitor
of the transmitting and receiving coils, respectively. Ry, R is
the internal resistance of the transmitting and receiving coils,
respectively. M is the mutual inductance between the two coils.
Ry, istheload, Lg, Cs, Ry, forms the secondary side power transfer
channel. L, Lo, ..., L, are the detection inductance values of the
nsignal channels, C1, Co, ..., C, are the resonant capacitor of the
n signal channels. Ry, Rs, ..., R, are the resistors of the n signal
channels. L1, Cy, R; forms the first signal transmission channel,
Lo, Cs, Ro forms the second signal transmission channel, ..., L,
Cy, R, forms the nth signal transmission channel.

The resonant frequency of the primary side circuit is fy, the
resonant frequencies of each signal channel are f1, f>, ..., fu. L
C,, constitute the frequency fy selection channel of the primary
side, Ls, Cs constitute the frequency fy selection channel of
the secondary side, L, Cy constitute the frequency f; selection
channel, Lo, Co constitute the frequency f> selection channel, L,
C,, constitute the frequency f;, selection channel. The parameters
of the multifrequency receiving network should be satisfied with

(27Tf0)2LpCp =1
(27 f0)?LsCs = 1 (1)
(27Tfk)2Lka =1

where (1 <k <n, k € Z).
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The carrier wave of the SWPMST with hybrid PWM control is
a triangular wave in the inverter controller. The hybrid modula-
tion wave i, is a multiple sine waveform, which is superimposed
by the sine waveforms of adjustable amplitude and frequency

Up = Upg + Up1 + +++ + U

ao sin 27 fot + a1 sin 27 f1t + - -+ + ap sin 2w f,t. (2)
uyo is the modulation wave for power transfer, u,1, uy2, ..., Uy
is the variable amplitude signals modulation waves for n signal
transmission channels, and ag, a1, as, ..., a, is the amplitude of
each modulation wave.

B. Working Principle of the SWPMST System With Hybrid
Modulation Waves PWM Control

Based on the SWPMST system with hybrid modulation waves
PWM control in Fig. 1, the modulation and demodulation of the
power and signals are shown in Figs. 2 and 3.

/

The band signal is converted into n parallel transmission
signals. In Fig. 2, based on the ASK modulation strategy, n
parallel signals (a1, as, ..., ay) are multiplied by the corre-
sponding signal modulation waves with different frequencies
(f1, fos ..., fn). As a result, n parallel transmission signals are
modulated into variable amplitude signal modulation waves (4,1,
Uyg ..., Urn). Power transmission always exists, so the power
modulation degree ag remains at 1. The power modulation
degree ag is multiplied by the power modulation wave with
frequency f, which produces the power modulation wave (i,().
Then, the power modulation wave (i) and n parallel variable
amplitude signal modulation waves (i1, Uy2 .. .U, ) are summed
to produce the hybrid modulation wave u,.. The possible numbers
of transfer bits n depend on the chosen carrier frequency and the
selected modulation frequencies. According to the unipolar fre-
quency doubling PWM modulation, the hybrid modulation wave
is compared with the high-frequency triangular carrier wave (f;),
which produces the PWM waveform. The PWM waveforms are
the driving pulse of the GaN inverter. Finally, the multifrequency
hybrid PWM current i, generates on the transmitting coil. The
multifrequency hybrid PWM current includes the components
of the power and n parallel transmission signals. By designing
the proper parameters to avoid the crosstalk of the power and
signals transmission, the power modulation degree ag can be
adjusted to achieve a different power supply when the signals
are transmitted stably. When the power transfer is unnecessary,
the power modulation degree ag can be set to 0 and the signal
modulation degree (ay, as, ...a,) remains at the original value.

Based on the principle of mutual inductance coupling, the
picking-up current iy is induced shown in Fig. 3. The frequency
selection network is formed by the power and signal transmis-
sion channels. Through the power transmission channel com-
posed of Lg, Cs, and Ry, the power component with frequency
Jo is separated to supply the load Ry, thereby realizing the
wireless power transfer. Through n signal transmission channels,
the signal modulation wave components of the corresponding
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Fig. 4. System equivalent circuit. (a) SWPMST system. (b) Power transfer.
(c) Signal transmission.

frequencies are obtained, respectively, thereby realizing the
transmission of the n-bit signals of the system. The voltage on
each detection inductance (U1, Us, ..., U,) are sampled into n
signal demodulation circuits. The demodulation process is as
follows: the voltage envelope on the detection inductance is ob-
tained in the envelope detector, then high-frequency components
of the voltage envelope are removed in the low pass filter (LPF).
According to the comparison between the reference voltage and
the voltage envelope, the multichannel signal demodulation is
completed.

C. Power and Efficiency Derivation of the SWPMST System
With Hybrid Modulation Waves PWM Control

According to the superposition theorem, the hybrid PWM
current on the primary side can be approximated as the superpo-
sition of the power modulation wave frequency current and the
signal modulation wave frequency current [25], which is shown
in Fig. 4.

The equivalent circuit of the SWPMST system is shown in
Fig. 4(a). According to the superposition theorem, it can be
decomposed into the equivalent circuit under the frequency
of the power modulation wave shown in Fig. 4(b) and the
frequency of the signal modulation wave shown in Fig. 4(c).

USs U Do, Tk Lo T Ti(wo)s Ti(jewn)s Taljwo),
Iy (jwr) ..o In(jwo), In(jwi), Ur(jwo), Ur(jwr), Uz(jwo),
Ua(jwr) » s Un(jwo), Un(jws), To(jwo), To(jwr), Uo(jwo),
Up(jwy;) are the voltage on the primary side, the current on the
transmitting coil, the current on the receiving coil, the current
and voltage on the signal transmission channel numbered 1,
2,..., n, and load under the frequency of power modulation

wave and the kth signal modulation wave, respectively.
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In Fig. 4, the system under the power modulation wave
frequency is analyzed when m = 0. The system under the kth
signal modulation wave frequency is analyzed when m = k.
The total impedance of the signal transmission network under
the power and signal modulation wave Z,, (jw,, ), the impedance
of the secondary side Z(jwy, ), and the input impedance of the
system Zi;, (jwy, ) are expressed as

Zaljem) = semermm— —
N m O<m<n,1<k< [1/(jmek+Rk+meck)]

Zs(jwm) :jwml; + R+

1/Z, (me>+1/(RL+M,,ch)

Zin(,jwm,) = (Zw?;w,i) +R —|—jme —+

]mep
3)
According to the unipolar frequency multiplication PWM
modulation [25], the inverter output voltage is set as

0, = 2V Gt (4)

V2
where Uy represents the amplitude of the dc input voltage, and
an, represents the modulation degree under the corresponding
modulation wave.
The current on the primary and secondary sides are, respec-
tively, expressed as

I(jum) = 2R v
Due to the large component of the power modulation wave
in the hybrid PWM current and the large equivalent impedance
of the signal frequency selection channel, the signal detection
channel can be ignored when calculating the power and effi-
ciency under the power modulation wave. From (3)—(5), the
power Py and efficiency 7y of the proposed system under the
power modulation wave frequency are calculated as follows:

2
Py =|Ix

(6)
2
No =~ 2 o = 2 (WOM)QRL 2"
‘jpo‘ Re (Z,) (Br+Rs) Ry + (B + Rs) (woM)
(7

III. CROSSTALK ANALYSIS OF THE SWPMST WITH HYBRID
MODULATION WAVES PWM CONTROL

To analyze the crosstalk characteristics of the SWPMST with
hybrid modulation waves PWM control, the system parameters
are shown in Table I, which are set in conjunction with the actual
system.

A. Crosstalk From Signal Transmission to Power Reception

Considering the power modulation frequency selection chan-
nel in the actual system is not entirely ideal, trace amounts of
signal modulation wave frequency components still exist on the
load. The crosstalk voltage caused by signals transmission on
the load should be taken into account.
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TABLE I
SYSTEM PARAMETER CONFIGURATION TABLE

Parameters Values Parameters Values
fe 600.00 kHz fo 20.00 kHz
f 60.00 kHz 1 80.00 kHz
L, 15.12 uH L, 37.30 uH
R, 0.04 Q R 0.10Q
Cs 1.62 uF Cy 4.03 uF
M 10.25 uH R, 1.00 Q
R; 0.50 Q ap 0.70
a 0.30 a 0.30
L 42713 uH C 16.47 nF
L, 385.76 uH C, 9.77 nF

According to Fig. 4, Uy (jwo) and Uy (jwy) are defined as the
load voltage under the power and the kth signal modulation wave
frequency, respectively. From (3)—(5), the load voltage under
the power frequency and the kth signal channel corresponding
frequency are obtained as

Uo (jwo) = Rﬁr% ' gs((;:jg)) Ipo (jwo) - jwoM )
Jrwots 1 .

Uo (jwr) = RL+R]-7L1C Z00 o o) - jen M
wp, Cs

where Z(jww) = Zs(jwm) — (wmLs + Rs), (m = 0 or k).

From (8), the crosstalk from the signal transmission to power
reception is mainly related to the detection inductance value
of the kth signal transmission channel Ly, the corresponding
frequency of kth signal channel fi, and the load resistance Ry,.

Based on the parameters shown in Table I, when the frequency
of the power transmission channel is 20 kHz and the frequency
of two-bits signals transmission channel is, respectively, 60 kHz
and 80 kHz, the crosstalk from the signal transmission to power
reception is shown in Fig. 5. Among them, the load voltage
curve under the power modulation wave frequency is shown in
Fig. 5(a) and (b). The crosstalk voltage curve under the 60 kHz
and 80 kHz signal modulation wave frequency is, respectively,
shown in Fig. 5(c) and (d).

In Fig. 5(a) and (b), the load voltage under the power modu-
lation wave frequency f; is related to the detection inductance
Ly and load resistance Ry,. When Ly is less than 10 pH, the
load voltage under the power modulation wave frequency is
greatly sensitive to the detection inductance Li. When Ly is
greater than 10 ;H, the load voltage under the power modulation
wave frequency tends to be stable. At the same time, with the
load resistance increasing, the signal crosstalk voltage rises, and
tends to be stable, which is up to 40 V. In Fig. 5(c) and (d), the
signal crosstalk voltage is irrelevant to the detection inductance
Li.. Moreover, the signal crosstalk voltage tends to be stable
when Ry, >20 (2, the maximum value is 0.6 V and 0.09 V. The
crosstalk of 60 kHz transmission channel for power transfer is a
little larger than that of 80 kHz transmission channel, but they are
much smaller than the load voltage under the power modulation
wave frequency.

B. Crosstalk From Power Reception to Signal Transmission

The signal modulation frequency selection channel in the
experiment is not ideal, some power modulation wave frequency
components still exist in the signal transmission channels. The
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Fig.5. Crosstalk from the signal transmission to power reception. (a) Voltage
on the load varied with 60 kHz detection inductance Ly under fy = 20 kHz.
(b) Voltage on the load varied with 80 kHz detection inductance Lo under
fo = 20 kHz. (c¢) Signal crosstalk voltage on the load under f; = 60 kHz.
(d) Signal crosstalk voltage on the load under fo = 80 kHz.

crosstalk voltage caused by the power reception should be
analyzed to enable successful signal demodulation.

According to Fig. 4, Us (jwi) and Us (jwo) are, respectively,
defined as the detection inductance voltage under the frequency
of the kth signal modulation wave and power modulation wave.
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From (3)—(5), the kth signal detection voltage under the power
and kth signal modulation wave frequency is obtained as

Uk (790) = 5, Lt ot 7o)+ Too (o) - juo M
U, (jeor) duel 2l () - jag M.

= RitjorLit ooy Zs(wr)

)]

The transfer function G1(w), G2(w) of the voltage on detec-
tion inductance L;, Lo is given by the

Gi(w) =1
N 10
Galw) = L2

where Uj is the dc supply voltage.

According to (9), the crosstalk from power reception to signal
transmission is mainly related to the detection inductance value
of the kth signal channel Ly and the corresponding frequency
of kth signal channel fi,. When the frequency of the power
transmission channel is 20 kHz and the frequency of the two-
bits signals transmission channel is, respectively, 60 kHz and
80 kHz, based on the parameters shown in Table I, the crosstalk
from power reception to signal transmission is shown in Fig. 6.
Among them, the signal voltage in the 60 kHz channel and
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the power crosstalk voltage on the 60 kHz modulation wave
detection inductance L is shown in Fig. 6(a). Signal voltage
in the 80 kHz channel and the power crosstalk voltage on the
80 kHz modulation wave detection inductance Ly is shown in
Fig. 6(b).

In Fig. 6, the crosstalk voltage caused by power reception
tends to be stable with Ly increased. The signal voltage on the
signal detection inductance is positively correlated with Lj.

Supposing that the impact of Gaussian white noise is ignored,
the signal-to-noise ratio SNRj, ,ower Of the signal transmis-
sion (the noise caused by power reception) in this system is
defined as

Uy (jwi)
U (jiwo)

The SNRj;_p,ower curves for the 60 kHz and 80 kHz transmis-
sion channels are plotted according to (11), as shown in Fig. 7.

In Fig. 7, the SNR of signal transmission (the noise caused
by power reception) increases with the value of the detection
inductance Ly. The crosstalk signal-to-noise ratio SNRq_power
and SNRy ,qwer Of the two signals transmission channels can
be adjusted to the proper value. When L; = 427 yH and Ly =
385 pH shown as Table I, SNRy_power and SNRy_power are 13
dB and 15 dB, respectively.

SNRy_power = 201g (11
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C. Crosstalk Between Different Signal Transmission Channels

In reason of the transmission of the parallel signals, the
crosstalk voltage caused by different signal transmission chan-
nels should be considered.

Making a,b € [1, n], a#b, w, is supposed to be the ath signal
channel corresponding frequency, wy, is supposed to be the bth
signal channel corresponding frequency. U, (jwy) and U (jws,)
are, respectively, defined as detection inductance voltage in the
ath and bth signal transmission channel under the ath signal
channel corresponding frequency fi.. From (3)—(5), U, (jwy) and
Uy (jwy,) can be expressed as

. . . aLa ZS/ . a . . .

Ua (jwa) = mrgiiis—— e - Tor (jw.) - jwaM

. . - La ZSI . . . .

Ua (]wb) - Ra+jojbwLba+j T Zﬁ((J]:L:)) Lok (wp) - jen M.
wpCa

(12)

The crosstalk between different signal transmission channels
is mainly related to the detection inductance Ly and the corre-
sponding frequency of kth signal channel f from (12).

On the conditions that the frequency of the transmission chan-
nel is 20 kHz and the frequency of two-bits signal transmission
channels is, respectively, 60 kHz and 80 kHz, the crosstalk from
different signal transmission channels is shown in Fig. 8. Among
them, the signal voltage in the 60 kHz channel and crosstalk
voltage from 80 kHz channel on the 60 kHz modulation wave
detection inductance L; is shown in Fig. 8(a), the signal voltage
in the 80 kHz channel and crosstalk voltage from 60 kHz channel
on the 80 kHz modulation wave detection inductance Ly is shown
in Fig. 8(b).

Supposing that the impact of Gaussian white noise is ignored,
the signal-to-noise ratio SNR,_gigna1 of different signal transmis-
sion channels (the noise caused by other signal transmissions)

is defined as
=20 Ua o)
SNPLkisignal lg ((]k)) .

(13)
Uy (jwr)

The SNRj gignal curves (the noise caused by other signal
transmissions) for the 60 kHz and 80 kHz transmission channels
are plotted according to (13), as shown in Fig. 9.

In Fig. 9, the crosstalk signal-to-noise ratio SNR_gjgna1 and
SNR3_gignal Of the two signal transmission channels can be
adjusted to the proper value. When Ly = 427 pH and Ly =
385 uH, the crosstalk voltage from the other signal transmission
channel is separately 27 dB and 25 dB.

D. Discussion of the System Frequency Response

The attenuation characteristics of multisignals when trans-
mitting via the coupling coils are mainly caused by the series
resonance on the primary side, according to (3)

1
Zp(jwm) = Rp + jwm Ly + =

_— 14
]Wme ( )

The frequency response of the series resonance on the primary
side is shown in Fig. 10. In Fig. 10, the attenuation of the signals
in the 60 kHz and 80 kHz channels transmitted via the coupling
coils is, respectively, —14 dB and —17 dB.
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Fig. 8. Crosstalk between different signal transmission channels. (a) Signal
voltage in the 60 kHz channel and crosstalk voltage from the 80 kHz channel.
(b) Signal voltage in the 80 kHz channel and crosstalk voltage from the 60 kHz
channel.

From (10), the frequency response of the signal detection
inductances when transmitting signals of the 60 kHz and 80
kHz channels is displayed as Fig. 11.

It can be seen from Fig. 11 that when the frequency of the
signal modulation wave is consistent with the resonant frequency
of the signal receiving channel, the amplitude is the maximum.
The gain of the 60 kHz and 80 kHz channels is 63 dB and 67 dB,
which is much higher than the attenuation when transmitting via
the coupling coils.

E. Selection of Power and Signal Transmission Frequencies

With the increase of the carrier ratio, the output voltage of
the inverter is more accurate, but the great carrier ratio also
means a high inverter switching frequency. According to [25],
the carrier ratio of the power modulation wave is guaranteed to
be an integer to avoid additional harmonic interference. In [25],
the carrier ratio of the power modulation is set as 30 when the
inverter switching frequency is 600 kHz. Therefore, we adopt
the identical inverter switching frequency, and the frequency of
the power modulation in this article is 20 kHz.
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‘When the detection inductance on the signal detection channel
is always 427 pH, and the frequency of the power modulation
wave is 20 kHz, the signal-to-noise ratio of the power reception
for the different frequencies of the signal transmission channel
is plotted according to (8) in Fig. 12.
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Fig. 13.  Signal-to-noise ratio SNRy ower Of the signal transmission (the

noise caused by power reception) for the different frequencies of the signal
transmission channels.

In Fig. 12, with the frequency of the signal transmission chan-
nel increased, the signal-to-noise ratio of the power reception
on the load is raised. The noise on the load is maintained at a
relatively low level.

When the detection inductance on the signal detection channel
is always 427 pH, the signal-to-noise ratio SNRy, jower Of the
signal transmission (the noise caused by power reception) for
the different frequencies of the signal transmission channels is
plotted according to (11) in Fig. 13. The signal-to-noise ratio
SNR}; signal Of the 60 kHz signal transmission (the noise caused
by other signal transmissions) for the different frequencies of
the signal transmission channels is plotted according to (12) in
Fig. 14.

In Fig. 13, on the premise that the signal detection channel is
427 pH, with the frequency of the signal transmission channels
increased, the signal-to-noise ratio SNRy, jower Of the signal
transmission (the noise caused by power reception) is raised. The
high frequency of the signal transmission channel is beneficial
to reducing the crosstalk from the power reception.

In Fig. 14, the signal-to-noise ratio SNRj,_gigna1 oOf the signal
transmission (the noise caused by other signal transmissions)
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Fig. 14.  Signal-to-noise ratio SNRy,_gjgna1 of the 60 kHz signal transmission
(the noise caused by other signal transmissions) for the different frequencies of
the signal transmission channels.

is sharply decreased when other signal channel frequency ap-
proaches 60 kHz.

In Figs. 13 and 14, adopting the high frequency of the signals
transmission channel seems to be a useful method to reduce the
crosstalk from power reception and other signal transmissions.
However, the high frequencies of the signal modulation wave
will cause great pressure on the inverter. The signal modulation
frequencies should be appropriately lower than the switching
frequency f;.

From [23] and [26], to realize signals demodulation and
constant output voltage on the load, the frequencies of power
and signals transmission channel should satisfy the following
requirements: 1) the high-level voltage envelope on the informa-
tion detection inductor is twice of the low-level voltage envelope;
2) the load voltage fluctuation is less than 3%

,il Uo (jer)
= 1<
[ToGGwo)| = 0.03

| U (Geor) |

(15)
>2

|Uk (Gwo) |+

’i:;i;#k Uk (jws)

From (15), the crosstalk voltage on the load and the crosstalk
voltage on the signal detection inductances should be restricted
under the required value. The selection of the signal detection
inductance and the frequencies of power and signal transmission
channels should meet the crosstalk requirement.

IV. SIGNAL TRANSMISSION RATE OF THE SWPMST WITH
HYBRID MODULATION WAVES PWM CONTROL

A. Relationship Between Signal Transmission Rate
and Channel Numbers

The SWPMST with hybrid modulation waves PWM control is
based on the principle of frequency division multiplexing. The
schematic figure of SWPMST with hybrid modulation waves
PWM control is shown as Fig. 15.

In Fig. 15, fnrz is the main bandwidth of the band sig-
nal assigned to each channel after serial-parallel conversion
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Fig. 15. Spectrogram of the SWPSMT with hybrid modulation waves PWM
control.

(fNrz1 = fNRzZ2 = *'+ = fNRza), fi is the signal spectrum
isolation bandwidth to avoid interference between the different
signal transmission channels. The ASK is used for the trans-
mission of each parallel signal channel. Meanwhile, parallel
signals separately are modulated by different modulation fre-
quency waves (Uy1, Upo...Urn) to avoid the crosstalk of the
power and signal. With the development of GaN technology, the
inverter switching frequency will improve greatly, which can
increase the signal transmission channel numbers. The series
signal transmission rate is n times as fast as the parallel signal
transmission rate. The signal transmission rate theoretically can
be multiplied by expanding the number of signal transmission
channels. Moreover, the high frequency of the signal channel
can reduce the signal transmission crosstalk from the power
reception and other signal transmissions.

B. Relationship Between Signal Transmission Rate and
Channel Parameter

According to Fig. 1, when the transition moment of the signal
reach “0” and “1,” the voltage change on Ly can be approximated
as a zero-state response. The signal transmission rate will be
limited by the response time [20]. From (1), the voltages on Ly
and Cy are equivalent and opposite in direction. The transient
equation on the signal channel is shown as

duCk
—— + R C—— = ug (t
a2 + [k Cx i + uck = uw (1)
where ucy is the voltage on the capacitor Cy, ug(f) is the
voltage on the secondary coil, and ug () = v/2Uy sin wyt, its
discriminant can be defined as

(16)

A=R:*—-—=<0. (17)
The system works on an under-damping state, and the capac-
itor voltage ucy transient process can be expressed as

ée”‘%t sin (wit + @) | .
Wey L k C k
(18)
The transient process of signal reception is shown in Fig. 16,
where 1/Tj is the signal transmission rate and 74 is the duration
of the transient process.
It is generally believed that the transient process gets to the
end when the voltage amplitude in the transient process rises to

uck(t) = ug(t) |1 —
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95%

R
¢ T = 0.05 = tq = S (19)

Neglecting the effects of other factors, the maximum commu-
nication rate v is defined as when Ty, = 2¢4

n nR)

Ty 12Ly

From (20), the signal transmission rate can be improved

appropriately by increasing the resistance of the signal channel

Ry or reducing the signal detection coil Ly. The maximum

communication rate v should be larger than the series signal
transmission rate Veeries

(20)

Vseries < V.

2y

According to the crosstalk analysis and signal transmission
rate analysis, the design flow chart of SWPMST system with
hybrid modulation waves PWM control can be derived, as shown
in Fig. 17.

The first step is to input the series signal transmission rate
Vseries, the signal channel numbers n, and the switching fre-
quency f.. The next step is to optimize the power and efficiency
of the system by adjusting the appropriate electric parameters
without the signal channels from formulas (6) and (7). The third
step is to preset the frequencies of signal transmission channels
and the value of the elements in the corresponding channels.
Then calculate the power voltage and the crosstalk voltage from
the signal transmission from (8). Besides, the signal voltage
and the crosstalk voltage from power reception and other signal
transmissions from (9) and (12) are obtained. Moreover, the
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maximum signal transmission rate v is given by (20). Finally,
the calculation results of the previous steps should be examined
by the crosstalk limitation (15), the signal transmission rate
limitation (21), and the switching frequency f. requirement. The
carrier frequency f. and the selected modulation frequencies f;
should be chosen under the consideration of the harmonics in
the system and switching losses. If the requirement is satisfied,
the system parameters are obtained, otherwise, the frequencies
of signal transmission channels and the value of the elements in
the corresponding channels need to be designed in step. 2 again.

V. SIMULATION AND EXPERIMENT VERIFICATION
A. Simulation Module Verification

Based on the analysis abovementioned, a MATLAB/Simulink
module is built to verify the correctness of the system. The band
signal is formed by “011001100...,” which is converted into
“010101 ... ...” as channel 1 and “101010...” as channel 2
(in a complementary form to channel 1). The simulation of the
conversion process is shown in Fig. 18.

The modulation process of the power and signals is shown as
Fig. 19.

In Fig. 19, the power modulation wave (u,() and the variable
amplitude signal modulation waves (u,1, 4,2) are sine waveforms
with different frequencies (fy, f1,f2). In period 1, the signal in the
60 kHz transmission channel is “1” and the 80 kHz transmission
channel is “0,” the hybrid modulation wave u, includes the
components of the 20 kHz power modulation wave and the
60 kHz modulation wave. In period 2, the signal in the 60 kHz
transmission channel is “0” and the 80 kHz transmission channel
is “1,” the hybrid modulation wave u, includes the components of
the 20 kHz power modulation wave and the 80 kHz modulation
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Fig. 19. Process of the power and signal modulation.
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Fig. 20.  Simultaneous power and two-bit signals transfer (60 kHz and 80 kHz
channel).
TABLE I
ADJUSTED SYSTEM PARAMETER TABLE
Parameters Values Parameters Values

A 100.00 kHz 1 120.00 kHz

f 600.00 kHz n 2

R 10.00 Q Ry 15.00 Q

wave. The components of the hybrid modulation wave depend
on the transmitted signals.

From Table I, the load current and signals voltage envelope
(60 kHz and 80 kHz channel) are shown in Fig. 20.

In Fig. 20, the signal voltage envelope can form stably when
the power is transferred. Therefore, the system can achieve
simultaneous power and signal transfer, however, the crosstalk
noise from the power transfer to signal transmission is kind of
serious. According to Fig. 13, the crosstalk can be decreased
with the frequencies of the signal modulation waves raised.
Therefore, the following parameters are adjusted, which are
shown in Table II.

From Table II, the load current and signals voltage envelope
(100 kHz and 120 kHz channel) are shown in Fig. 21.

Compared to Figs. 20 and 21, the crosstalk from the power
to signal transmission is greatly reduced, and the simulation can
prove the correctness of the crosstalk analysis.

The decoupling control of the power and signals is shown in
Fig. 22.

In Fig. 22, the voltage envelope can keep steady when con-
trolling the output voltage on the load by adjusting the power
modulation degree a( from 0.7-0.6.
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Fig. 23.  Experimental platform.

B. Experimental Verification

To verify the correctness and effectiveness of the SWPMST
with hybrid modulation waves PWM control, according to the
parameters in Tables I and II, an experimental platform of the
SWPMST with hybrid modulation waves PWM control was
built shown in Fig. 23. The modulation process shown in Fig. 2
is realized in the DSP controller without any extra circuit.

The signal modulation frequency selection channel filters
according to the frequency of the signal modulation wave. When
the signal amplitude is ““1,” a relatively high amplitude voltage
is generated on the detection inductance L. The demodulation
circuit is shown in Fig. 24.

The design principle is as follows: the voltage on the detection
inductance Ly is divided and converted as the input of the voltage
follower formed by OPA2354. The envelope detector is formed
by the detection diode D1, the capacitor Cq4;, and the resistance
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Rg4. After detecting the envelope, the signal is received in LPF.
The signal demodulation is finally realized by the comparator
consisting of LM311.

C. Power Characteristic Analysis

To analyze the power characteristics of the SWPMST with
hybrid modulation waves PWM control, the driving pulse of the
GaN inverter was measured, as shown in Fig. 25.

In Fig. 25, the driving pulse is generated by comparing the
hybrid modulation wave u, with the high-frequency triangular
carrier wave. The waveform conforms to the unequal width
characteristic of the typical PWM wave. Meanwhile, the ringing
noise is relatively low and it has little effect on the signal
transmission. The ringing noise of the switchers is mainly caused
by the parasitic inductance and capacitance of the printed circuit
board. From the user’s guide of the GaN inverter, the ringing
noise can be decreased by optimizing parameters in the drive
circuit.

To analyze the power transmission characteristics of the SW-
PMST with hybrid modulation waves PWM control, the current
in the primary coil i;,, and the waveform on the load are shown
in Fig. 26.

In Fig. 26(a), i,, contains most of the power transfer com-
ponents (20 kHz). In Fig. 26(b), the load voltage and current
perform excellent quality with little total harmonic distortion.
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envelope and load current.

To analyze the impact of signal transmission on the system
power and efficiency, band signals with different rates of 12,
14, and 16 kb/s were sent. According to (6) and (7), the power
and efficiency of the system were measured when the power
modulation degree ag and band signal rates changed. The results
are shown in Fig. 27.

The solid line in Fig. 27 is the theoretical curve of power and
efficiency varied with power modulation degree ag. The sets of
discrete points are the actual power and efficiency when sending
different data strings. In Fig. 27, the signal transmission has little
impact on the system efficiency with different transmission rates.
The theoretical efficiency of the system is 86.67% by (7), and the
actual efficiency remains stable with the increase of the power
modulation amplitude aq, around 84%. The power on the load
upgrade with the increase of the power modulation amplitude ay.
Therefore, the SWPMST with hybrid modulation waves PWM
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control proposed in this article can realize the power transfer, and
the transmission of the signals has little effect on the efficiency
of the system.

D. Band Signal Transmission Analysis

Fig. 28 shows the experimental waveforms when transmitting
the signal “011001100...”.

Fig. 28(a) shows the load current and voltage envelope on
the detection inductance of the signal channel. The current
on the load is stable when transmitting the signals. Fig. 28(b)
presents a comparison of the 60 kHz and 80 kHz signal channel
simultaneous transmission. In Fig. 28(a) and (b), the signals
can be demodulated successfully, but there is rich noise on the
voltage envelope. According to Table II, the adjusted signal
channel frequencies are adopted. In Fig. 28(c), the crosstalk
noise on the voltage envelope is decreased greatly.

The spectrums of the 60, 80, 100, and 120 kHz channels are
analyzed in Fig. 29.

In Fig. 29(a) and (b), 60 kHz and 80 kHz constitute the main
components of the whole spectrum and the main crosstalk noise
comes from the power transfer (20 kHz). The signal-to-noise
ratio from the 60 kHz signal transmission channel to the 20
kHz power reception channel is 12 dB, and the theoretical
value is 13 dB from Fig. 7(a). The signal-to-noise ratio from
the 80 kHz signal transmission channel to the 20 kHz power
reception channel is 14 dB, and the theoretical value is 15 dB
from Fig. 7(b). In Fig. 29(c) and (d), with the signal channel
frequencies increased, the SNR of the signal transmission chan-
nels is improved greatly. The SNR of the signal transmission
channels has been improved from 12/14-26/27 dB. Therefore,
the correctness of the SWPMST with hybrid modulation waves
PWM control proposed in this article is verified.
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Fig. 30. 100 kHz and 120 kHz signal channel envelope with input voltage
varied. (a) Ug =5 V. (b) Ug = 10V. (¢) Uq = 15 V. (d) Ug =20 V.

When the input voltage and load are varied, the voltage
envelope of 100 kHz and 120 kHz channels is shown in Figs. 30
and 31.

In Figs. 30 and 31, the voltage envelope can maintain stably
when the input voltage and load are adjusted.

The decoupling control of the power and signals is shown in
Fig. 32.

The decoupling control of the power and signal transmission
isshownin Fig. 32. InFig. 32(a) and (b), the power and signal can
transfer independently. In Fig. 32(c), in the process of the power
control, the 100 kHz and 120 kHz signal detection inductance
voltage envelope keeps stable and the signal can be demodulated
successfully. Therefore, the decoupling control of the power and
signal transmission can be achieved in the proposed system.



12926

The load current (1A/div) The load current (1A/div)

complementary envelope —

120kHz channel envelope (5V/div)
C < CH2#500Y M 250us CH3 7
<10Hz Push an option button to change its measurement

(@)

-

S 840 0 s e o e
100kHz channel envelope (10V/div)
M 2508 cH2 /e

CHA 10.0v  20-Apr-22 14:45

The load current (1A/div) The load current (1A/div)

complementary envelope

-« T

Wi

120kHz channel envelope (10V/div)
CH2+10.0v M 2508 CH3 /1
<10Hz Push an option button to change its measurement

(b)

100kHz channel envelope (10V/div)
M 2508 CH2 /7

CH4 100V 20-Apr-22 1453

The load current (500mA/div) The load current (500mA/div)

complementary envelope

- T

Bt it ot et
i
100kHz channel envelope (10V/div)
H

M 2500s CH2 /¥
Push an option button to change its measurement

120kHz channel envelope (20V/div)
CH2+200v M 25008 CH3 /7
Push an option button to change its measurement

(©)

Fig. 31. 100 kHz and 120 kHz signal channel envelope with the load varied.
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Fig. 32.  Decoupling control of the power and two-bit signals transmission
(100 kHz and 120 kHz signal channel). (a) Power transfer without signal
transmission. (b) Signal transmission without power transfer. (¢c) ap = 0.7
convert to ag = 0.6.

E. Power Factor Analysis

To analyze the power factor in the system, the relationship
between the power factor and the power modulation amplitude
was measured, as shown in Fig. 33.
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Fig. 33.  Power factor with the power modulation degree changed.
TABLE III
EXISTING TECHNIQUES PRESENTED IN THE LITERATURE
Reference [10] [17] [23] This article
Transmission Energy Carrier Harmonic PWM
mode modulating  injection  utilization modulating
Carrier N/A 1.47 MHz N/A 60/80/100/120
frequency kHz
Power factor N/A N/A 0.2 0.68
crosstalk low Relatively ~ Relatively Relatively
low low low
Bit rate 10 kb/s 19.2 kb/s 6 kb/s 16 kb/s
Channel 1 1 1 5
numbers
Complexit simple complex Relatively simple
plexity p p simple p
Decoupling No N/A No Yes
control

In Fig. 33, the power factor is positively related to the power
modulation degree, and the proposed system can be adaptable
for different signal transmission rates.

To analyze the innovation of the proposed method in this arti-
cle, the results are compared with existing technology presented
in the literature, as shown in Table III.

From Table III, the SWPMST with hybrid modulation waves
PWM control can realize high transmission power efficiency,
relatively low crosstalk, and simple design cost. Compared to
the paper [23], the power factor and signal transmission rate of
this article have been improved obviously.

VI. CONCLUSION

The SWPMST with hybrid modulation waves PWM control is
proposed in this article. PWM control of multifrequency hybrid
modulation waves is used to transfer power and multibit signals,
the power transfer channel, and the signal detection channels are
separately formed on the secondary side. Based on the multi-
frequency modulated PWM control technology, stable voltage
envelopes can be detected on the signal detection inductance
with little impact on power transmission. Finally, the envelope
detection circuit is designed to complete the demodulation of
the signals. The experimental results can prove the correction of
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the simultaneous power and multibit signals transfer technology.
Meanwhile, the signal transmission rate is also increased. The
method proposed in this article retains the advantages in [23]
while overcoming some shortcomings.

1) Increase signal transmission rate by realizing the parallel

signal transmission.

2) Realize the decoupling control of transfer signals and

power.

3) Greatly improve the power factor of the system.

However, this article still has the following shortcomings,
which need to be further improved and perfected: the SWPMST
with hybrid modulation waves PWM control in this article
transmits signals from the primary side to the secondary side, the
transmission of the multibit signals in the reverse direction needs
to be further studied and realized. Moreover, the high switching
frequency will cause switching losses.
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