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Abstract: Simultaneous wireless power and data transfer (SWPDT) technology is usually needed
in wireless power transfer (WPT) systems. In this paper, to achieve the efficient and stable SWPDT,
the signal to noise rate (SNR) is first optimized through the analysis of data transmission gain and the
interference of power transfer on data transfer. In order to reduce the interference of power channel to
data transfer channel, the compensation topology of double-sided LCC and the band-stop networks
are used. To solve the problem of SNR limitation, the coupling relationships between each circuit
are taken into consideration and a matching method of resonance parameters to improve the SNR
is presented. Based on the relationship between SNR and the parameters of data transfer channel,
an optimization design method focused on parameters of data transfer channel for improving the SNR
is presented. Finally, the feasibility and the correctness of the parameter design method proposed in
this paper is verified by simulation and experiment.

Keywords: data transmission; wireless power transfer; inductive power transfer; SNR;
power electronics

1. Introduction

Owing to the stability, flexibility, and high efficiency, wireless power transfer (WPT) technology is
becoming more and more popular, and it has been applied in many fields, such as electric vehicles,
mobile phones, wireless sensors, medical equipment, robotics [1–4], etc. As far as the application of
WPT technology is concerned, data transmission between the transmitter side and receiver side is
usually needed to implement the feedback control of power flow, the state monitoring of the system,
the detection of load and foreign objects, etc. Therefore, the research on the simultaneous wireless
power and data transfer (SWPDT) has attracted more and more attention.

Generally, in terms of data transfer, there are four major methods of data transfer to achieve
SWPDT. The first data transfer method is to use the communication module, such as Bluetooth module,
ZigBee, Wi-Fi, etc. However, there are some problems to use these modules in a WPT system [5,6],
such as the delay time for the communication establishment and the complex pairing between the
transmitter side and receiver side. Therefore, the stability of the information interaction process cannot
be guaranteed.

The second data transfer method is by adding a pair of data transfer coils [7–11]. In references [7,8],
the parameters of data transfer coil were optimized considering the cross-coupling between the
power link and data link. In the reference [9], the omnidirectional wireless power transfer system
with 3-D transmitter coil utilized for data and power transfer at different position was proposed.
In references [10,11], the decoupling coils of data and power transfer coil were proposed to eliminate
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the interference from power flow on data transmission. The advantages of this method is that it
could not only avoid frequency interference with other communication devices, but also realize full
duplex communication effectively. However, this method also has some disadvantages, such as the
cross-coupling between the data transfer coils and power transfer coils, and reducing the flexibility of
WPT systems by adding the signal coils.

The third data transfer method is by using power wave modulation, i.e., taking power waveform
as carrier, and data is modulated by changing the amplitude, the frequency, or the phase of power
carrier. In the reference [12], data are modulated by changing the phase of the power amplifier,
and the achieved data transfer rate is 125 kb/s, while the output voltage is 5 V. In references [13,14],
the data modulation is realized with the 15 kb/s data rate by adjusting the impedance of the load
end to change the current or voltage amplitude in primary side. In references [15,16], on the basis
of amplitude modulation, the modulation depth of amplitude modulation is optimized to reduce
the impact of amplitude fluctuation on power, and the bandwidth of the data is increased through
compensation circuit. In reference [17], phase modulation (QAM) is carried out to transfer data
based on the high-order harmonic of power flow to improve the data transmission rate. The power
modulation method is cost effective to some content, because it can avoid the using of data transfer coils
and communication modules. However, this method will inevitably lead to output power fluctuation.
Moreover, it is not conducive to the bidirectional data transmission.

The fourth data transfer method is to use the inherent power transfer coils as shown in the
Figure 1. The data modulation frequency is usually much higher than the power transfer frequency.
In references [18–20], the power transmission is realized by magnetic coupling while the data
transmission is realized by electric coupling based on the coupling mechanism. In reference [21], the data
transfer is achieved with the partial coil while the data transmission gain is−10 dB. In references [22–25],
the coupled transformers are used to inject or extract the modulated data waveforms while the SNRs
demonstrated in [22–25] are below 10 dB. Since no additional coil is required, this method is easy to
implement and the system volume using this method is relatively small. Moreover, it can also achieve
bidirectional data transfer without power transfer distortion. However, the crosstalk between the
power transfer channel and the data transfer channel is large and they are susceptible to parameter
perturbations. In addition, currently, the analysis of data transmission gain and the optimization of
data transfer channel parameters are still lacking.
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Figure 1. Data and power transmission achieved by power transfer coils. 
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Figure 1. Data and power transmission achieved by power transfer coils.

To fill the technical gap, in this paper, a novel channel parameter optimization method is presented,
which can improve the data transmission gain and ensure that the data demodulation process is not
affected by power transfer. Based on parallel injection and extraction, the interference of data to power
channel could be effectively blocked. In the power channel, the constant-current characteristic of LCC
topology could be used to achieve efficient and stable power transmission, and the filter characteristics
of band-stop network whose center frequency is the same with data carrier can reduce the interference
of energy to the data channel. The relationship between SNR and channel parameters is deduced
by analyzing the impedance of each circuits of the data channel. Based on this, an optimum design
method of channel parameters to improve the SNR is presented. A SWPDT system with 88 W output
power and 40 kbps data rate is implemented. The correctness and feasibility of the optimized design
method is verified by the experimental results.
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2. Proposed SWPDT System

The proposed SWPDT system is shown in the Figure 2, which is composed of power transfer
channel and data transfer channel. The power transfer channel is composed of a DC power supply,
a full-bridge inverter, an LCC compensation network, a coupling mechanism, a rectifier, and a load.
The data transfer channel is composed of a data source, coupled transformers, compensation capacitors,
adjustment resistances, and an output network.
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Figure 2. Simultaneous wireless power and data transfer (SWPDT) system with parallel connection

The working frequency of the inverter is ωp. The LCC compensation network consisting of L1,
C1 and Cp (L2, C2 and Cs) is chosen to be applied in this paper for its characteristic to keep the coil
current constant and good performance to reduce the interference of power channel on data transfer
channel. At the end of the LCC compensation network, a band-stop network consisting of a parallel
LC network consisting of Lb1 and Cb1 (Lb2 and Cb2) is connected with the coupling mechanism to block
the power flow from covering up the data voltage. The center frequency of band-stop network is the
data carrier’s frequency ωd.

ωd = 1/
√

Lb1Cb1 = 1/
√

Lb2Cb2 (1)

The data carrier frequency ωd is much higher than the power working frequency ωp. Generally,
the carrier frequency is at least ten times than the power working frequency, i.e., ωd > 10ωp. So the
power transfer channel would be in high-impedance state at the data carrier frequency due to the
band-stop network.

The mutual inductance of the coupling mechanism is M. The load is connected with the rectifier
after the LCC compensation and the equivalent load is RE which satisfies:

RE =
8
π2 RL (2)

The data transmission is also based on magnetic coupling and the modulation is based on amplitude
shift keying (ASK). The whole data channel is divided into four parts: input tank, transmitter circuit
(TX circuit), receiver circuit (RX circuit) and output tank. The data source presents the ASK modulated
wave. There are two coupled transformers taken as the injection and extraction circuit for data carrier
in the data channel. It is worth mentioning that at the data carrier frequency the resistance of the
transformer is RM which cannot be negligible. CTX and CRX are the resonant capacitors to pass the
data carrier and promote the output amplitude. RTX and RRX are the adjustment resistance to alter
the output amplitude of data. The data channel is parallel connected with the coupling mechanism.
The output circuit is the parallel RLC resonant circuit to extract the modulated wave and filter the
interference of the power flow.

To realize the bidirectional data transmission, there are two complementary switches (Qd1, Qd2)
changing the circuit state between TX and RX circuit. When Qd1 is on and Qd2 is off, data transfer
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channel is working at forward data transmission. When Qd1 is off and Qd2 is on, data transfer channel is
working at backward data transmission. Therefore, the half-duplex communication could be achieved
as shown in the Figure 3.

Electronics 2020, 9, x FOR PEER REVIEW 4 of 18 

 

is working at backward data transmission. Therefore, the half-duplex communication could be 

achieved as shown in the Figure 3. 

Usig LTX LTX

LRX

CORO

LRX Lp

CTX
RTX

CRX
RRX

Qd1

Qd2

Forward data transmission

Backward data transmission
 

Figure 3. The half-duplex bidirectional data transmission. 

3. Analysis of Power Transfer Channel 

In the SWPDT system, the power transfer channel transmits the power flow and the data channel 

transmits the data at the same time. At the power frequency, the data channel should be in the high-

impedance state so as to avoid the impact of data on resonance. At the data carrier frequency, the 

power channel is in the high-impedance state for existence of the band-stop network, so the influence 

between power and data is negligible theoretically. However, the resonance is altered due to the 

existence of band-stop network in the power channel. The amplitude of power interference on data 

channel would still exist even with the band-stop network in power channel, and the data output 

voltage would be very low if the parameters are not designed properly. Therefore, the impedance of 

each channel should be analyzed elaborately for the efficient power transmission and the sustainable 

data transmission. 

The power supply is converted as AC current by full-bridge inverter, and the source is 

equivalent to Uin. The data source should be treated as short-circuit source, and when the equivalent 

circuit of the power channel is shown in Figure 4. 

Uin

Cp Cs

C1

L1

C2

L2

Cb

Lb
Zb 

Lp

Iin

Ip

RE

Is

I2 IL

Lb

ZTX Ls

 

Figure 4. Equivalent circuit of power channel. 

On the primary side of the power channel, the TX circuit is parallel connected with the coil and 

the impedance of the TX circuit is ZTX. The value of ZTX could be calculated: 

1/TX TX TX TXZ j L j C R     (3) 

It should be noted that the power frequency is much smaller than the data carrier frequency. The 

impedance of the TX circuit is very high at the power frequency, so the influence of TX circuit could 

be neglected since it is in high-impedance state parallel connected with the compensation topology. 

And the RX circuit is also in high-impedance state at power transfer frequency. Assuming that the 

band-stop networks are identical, the impedance of the band-stop network is Zb and the value of the 

network is approximately equal to its inductance at the power frequency. 

Figure 3. The half-duplex bidirectional data transmission.

3. Analysis of Power Transfer Channel

In the SWPDT system, the power transfer channel transmits the power flow and the data
channel transmits the data at the same time. At the power frequency, the data channel should be
in the high-impedance state so as to avoid the impact of data on resonance. At the data carrier
frequency, the power channel is in the high-impedance state for existence of the band-stop network,
so the influence between power and data is negligible theoretically. However, the resonance is altered
due to the existence of band-stop network in the power channel. The amplitude of power interference on
data channel would still exist even with the band-stop network in power channel, and the data output
voltage would be very low if the parameters are not designed properly. Therefore, the impedance of
each channel should be analyzed elaborately for the efficient power transmission and the sustainable
data transmission.

The power supply is converted as AC current by full-bridge inverter, and the source is equivalent
to Uin. The data source should be treated as short-circuit source, and when the equivalent circuit of the
power channel is shown in Figure 4.
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On the primary side of the power channel, the TX circuit is parallel connected with the coil and
the impedance of the TX circuit is ZTX. The value of ZTX could be calculated:

ZTX = jωLTX + 1/ jωCTX + RTX (3)

It should be noted that the power frequency is much smaller than the data carrier frequency.
The impedance of the TX circuit is very high at the power frequency, so the influence of TX circuit could
be neglected since it is in high-impedance state parallel connected with the compensation topology.
And the RX circuit is also in high-impedance state at power transfer frequency. Assuming that the
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band-stop networks are identical, the impedance of the band-stop network is Zb and the value of the
network is approximately equal to its inductance at the power frequency.

Zb =
jωLb

1−ω2LbCb
≈ jωLb (4)

So, the resonant frequency is changed due to the addition of band-stop network. In order to keep
resonant frequency unchanged, the inductance of Zb must be taken into consideration during the
calculation. The primary side of power channel could be modelled by Kirchhoff’s current law (KCL)
and Kirchhoff’s voltage law (KVL): Uin = Iin jωL1 + Ip

(
1

jωCp
+ jω

(
Lb + Lp

)
+ Zr

)
Iin
Ip

=
[
Zr +

1
jωCp

+ 1
jωC1

+ jω
(
Lb + Lp

)]
jωC1

(5)

where Zr is the reflection impedance from secondary side. To realize the constant current of the coil Ip

and eliminate the imaginary part of the circuit, the resonance parameters could be derived:

ωp = 1/
√

L1C1 = 1/
√(

Lp + Lb − L1
)
Cp (6)

Substituting (6) into (5) the expression of Ip could be derived

Ip = Uin/ jωL1 (7)

It is obvious that the current of the coil Ip is constant only if the L1 is unchanged. In the practical
application, the inductance of L1 could be guaranteed to be steady while the power is transmitted.

The secondary side of the power channel is analyzed similarly. The equation of the secondary
side could be obtained: jωMIp = Is × jω(Ls + Lb) + Is ×

1
jωCs

+ IL × jωL2 + ILRE
Is
IL

=
(

1
jωC2

+ jωL2 + RE
)
jωC2

(8)

According to the resonant principle of LCC topology, those resonance parameters of the secondary
side could be derived as the primary side:

ωp = 1/
√

L2C2 = 1/
√
(Ls + Lb − L2)Cs (9)

All the parameters of power channel are obtained by the resonant principle of LCC topology,
so the current and the output power of the load are also obtained based on (5)–(9): IL = M

ωL1L2
Uin

Pout =
(

M
ωL1L2

Uin
)2

RE
(10)

In (10), the current of the load IL is constant when the mutual inductance is unchanged and steady
at a wide load range.

Therefore, the current of the primary coil could be constant, and the current of the load is only
related to the mutual inductance M. The inductances L1 and L2 should be elaborately designed for the
appropriate requirements for coil current and load voltage.

Through the above analysis, the influence of the data branch circuits (TX circuit and RX circuit)
on the power channel can be ignored because of their high impedances. After adding the band-stop
network Zb, the inductance value of it should be considered in the resonance parameters of LCC
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topology, so the influence of extra inductance value on the resonance parameters should be eliminated
by compensation. Therefore, the power channel could be kept in the resonant state and high efficiency.

4. Analysis of Data Transfer Channel

In this paper, the data transmission could be in only one direction at a certain moment. Therefore,
the forward direction is taken as an example and the analysis is presented based on the equivalent
circuit of the forward direction shown in the Figure 5.
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There are four parts in the data channel: input tank, TX circuit, RX circuit and output tank.
The data source is connected with the coupled transformer directly, which forms the input tank.
The inductances of primary side and secondary side are identical (LTX) and the internal resistance of
the transformer is noted as RM which is not negligible at the data carrier frequency. The TX circuit and
RX circuit work as the band-pass filter to improve the amplitude of the data carrier. The influence on
the power channel parallel connected with the coil is reduced significantly by the band-stop network.
The output tank is a parallel RLC network to improve the amplitude of the data carrier, besides which
the interference could be reduced by the RLC network further.

4.1. Output Tank and RX Circuit

The impedance of the output tank could be obtained based on the parallel RLC tank,
and the resonant parameters are confirmed by the carrier frequency to improve the amplitude
and filter the other interference.

ωd =
1

√
LRXCo

(11)

So, the impedance of the output tank could be obtained by the resonant parameters.

Zo = jωLRX + (1/ jωCO)//RO =
jωLRX

1 + jωCoRo
(12)

Therefore, the relationship between the output voltage and induced voltage on the secondary side
of LRX could be derived.

UO
URX

=
(1/ jωCO)//RO

ZO
=

RO
jωLRX

(13)

Under the affection of the coupled transformer, the reflection impedance from the secondary side
is Zr.

Zr =
ω2M2

RX
ZO

=
ω2M2

RX(1 + jωCORO)

jωLRX
(14)

The real part and imaginary part of the reflection impedance Zr are presented as following: Re(Zr) = k2
RXRO

Im(Zr) = −
ωM2

RX
LRX

= −kRXωMRX
(15)
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where the kRX is the coupling coefficient of the coupled transformer between RX circuit and output tank.
The reflection impedance should be taken into consideration during the calculation on the

impedance of the RX circuit. So, the impedance of the RX circuit ZRX could be obtained.

ZRX = jωLS + jωLRX + 1/ jωCRX + RM + RRX + Zr

= RM + RRX + k2
RXRO + jωLS + jωLRX + 1/ jωCRX − jkRXωMRX

= Re(ZRX) + Im(ZRX)

(16)

According to (16), the real part of ZRX is the addition of RRX, RM and the real part of reflection
impedance. The imaginary part of ZRX is the addition of CRX, LS, LRX and the imaginary part of
reflection impedance. The current of the RX circuit could be kept as resonant if the imaginary part
were zero constantly. So, the relationships of parameters are acquired based on the resonance and
impedance of the RX circuit.

ωd =
1√

(LS + LRX − kRXMRX)CRX
(17)

When the resonant parameters of RX circuit meet (17), Im(ZRX) = 0, that is, the imaginary part
of RX circuit impedance is zero, the current would reach the maximum and the amplitude of output
voltage would also reach the maximum. Furthermore, the relationship between the data output voltage
and induced voltage on LS can be deduced

UO
US

=
UO
URX

URX

IRX

IRX

US
=

RO
jωLRX

jωMRX
1

ZRX
=

kRXRO

RM + RRX + k2
RXRO

(18)

4.2. RX Circuit and TX Circuit

The coupling relationship between RX circuit and TX circuit is similar to that of power channel,
and the reflection impedance from RX circuit to TX circuit is noted as Zr’. Through the above analysis,
the imaginary of ZRX is zero and the reflection impedance is deduced.

Z′r =
ω2M2

RM + RRX + k2
RXRO

(19)

From (19), there is no imaginary part of the reflection impedance, so the resonance on the TX
circuit would not be affected by the RX circuit only if the parameters on RX circuit are met with the
(17). The impedance of the TX circuit is noted as ZTX

ZTX = jωLp + jωLTX +
1

jωCTX
+ RM + RTX +

ω2M2

RM + RRX + k2
RXRO

(20)

Therefore, the relationship between the induced voltage on LTX and the output voltage could
be obtained.

UO
UTX

=
UO
US

US
ITX

ITX

UTX
=

jωMkRXRO

RM + RRX + k2
RXRO

1
ZTX

(21)

4.3. TX Circuit and Input Tank

In the input tank, there are the inductance LTX and internal resistance RM of the coupled
transformer, but the reflection impedance must be taken into consideration. Obviously, the impedance
of input tank is inductive if there is no influence on the reflection impedance. To improve the current
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of input tank, the imaginary part should be eliminated by the reflection impedance noted as Zr” from
the TX circuit. The reflection impedance could be derived by (20).

Z′′ r =
ω2M2

TX
ZTX

(22)

The impedance of the input tank could be obtained easily.

Zin = jωLTX + RM +
ω2M2

TX
ZTX

(23)

According to (22) and (23), the imaginary part of the input tank would be eliminated only
if the impedance of the TX circuit is inductive and the value is matched with the inductance LTX.
The impedance of the TX circuit could be expressed as

ZTX = jωLX + RX (24)

where the LX and RX are the imaginary part and real part of impedance respectively.
Based on the analysis of TX circuit and input tank, the relationship between their values could

be derived.  LX =
M2

TX
LTX

= kTXMTX

RX = RM + RTX + ω2M2

RM+RRX+k2
RXRO

(25)

When the imaginary part of ZTX is met with (25), the imaginary part of input tank would be
eliminated. So, the resonance parameters of the TX circuit could be acquired as following:

ωd = 1/
√
(LTX + LP − kTXMTX)CTX (26)

Furthermore, the conclusion that the resonance parameters on TX circuit (LTX, Lp, CTX) are only
related with data carrier frequency and transformer parameters instead of the mutual inductance of the
coils and parameters on RX circuit can be drawn. The impedance of the input tank could be obtained
since the imaginary part is eliminated.

Zin = RM +
ω2M2

TXRT

ω2L2
T + RT

(27)

The current of input tank would reach the maximum when the imaginary part of it was eliminated.
Moreover, induced voltage UTX, the induced voltage URX and the output voltage UO would be
promoted since the impedances of each circuit were matched to eliminate the imaginary part.

The gain of the data transmission could be deduced based on the impedance of each circuit when
the parameters are met with the (11), (17), and (26). The gain noted as Gd is derived as followed:

Gd =
Uo

Usig
=

Uo

UTX

UTX

Isig

Isig

Usig
=

kRXRo

RM + RRX + k2
RXRo

∣∣∣∣∣ jωM
jωLT + RT

∣∣∣∣∣ ωMTX

RM +
ω2M2

TXRT

ω2L2
T+RT

(28)

Obviously, the gain is related with the data carrier frequency ωd, the output resistance Ro,
the coupling coefficient kRX and kTX, the adjustment resistances in RX circuit and TX circuit RRX, RTX,
and the mutual inductance of the coils M. In addition to the resonance parameters that must be matched
based on the (11), (17) and (26), the other parameters of the data channel also need to be optimized.
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5. Analysis on Signal to Noise Rate of SWPDT System

The output tank in data transfer channel is also influenced by the power flow even with the
band-stop networks in practical, so the noise should be taken into consideration during the calculation
of the SNR. And it is obvious that the communication would be failure if the interference covered the
data output voltage.

The demodulation circuit is shown in the Figure 6, there are four parts of the demodulation circuit:
second-order high-pass filter, amplifier, detection circuit and comparison circuit. Although the impact
of power flow would be reduced through second-order high-pass filter, the inductive voltage of power
flow still exist in the data transfer channel. So, the higher SNR is expected in the SWPDT system for
better performance of communication.
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5.1. Analysis of SNR

The output voltage could be obtained based on the gain of data transmission, and the output
voltage is related with the input voltage and the gain.

Uo = UsigGd (29)

In generally, the input voltage is constant during the transmission, so the promotion of output
voltage should be achieved by increasing the gain of data transmission.

However, the interference of power flow is also induced in the output tank. The power interference
gain is Gpd and the induced voltage is Upd. The equivalent circuit of data transfer channel with power
flow is shown in the Figure 7.
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In Figure 7, the current of the transmitter coil is constant according to the (7), so the induced
voltage of receiver coil is stable as the mutual inductance M is kept constant. However, the impedance
of data transfer channel would be very high at the power transfer frequency ωp leading to the small
current of RX circuit IRX. The impedance of power branch circuit Zs is

Zs =
L2

REC2
− jωLs (30)
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The impedance of Zd2 and Zd3 are Zd2 = RRX + 1
jωCRX

+ jωLRX +
ω2M2

RX
Zd1

Zd3 =
Zd2Zs

Zd2+Zs
+ jωLs

(31)

where Zd1 is the impedance of the output tank at the power transfer frequency, which is different from
its value at the carrier frequency. The impedance of the output tank at the power transfer frequency is
presented as follow.

Zd1 =
RO

1 + jωCORO
+ jωLRX ≈

R + jωLRX

1 + jωCORO
(32)

So, the gains of each parts are deduced by the (30)–(32) and (7),
Gp1 =

Upd
U1
≈

Ro
jωLRX+Ro

Gp2 = U1
IRX

= jωMRX

Gp3 = IRX
ILs

= Zs
Zd2+Zs

,


Gp4 = ILs

Us
= 1

Zd3

Gp5 = Us
Ip

= jωM

Gp6 =
Ip

Uin
= 1

jωL1

(33)

The total gain of power interference could be obtained according to the (33).

Gpd = Gp1Gp2Gp3Gp4Gp5Gp6 (34)

The induced voltage of power interference is deduced as follow.

Upd = UinGpd (35)

The SNR is deduced by the (29), (35), and the gain of the data transmission is much more than the
gain of the power interference.

S/N = UsigGd/UinGpd (36)

To increase the SNR of SWPDT system, the increment of data transmission and decrement of
power interference are considered by optimization of the data transfer channel.

5.2. Parameters of Data Transfer Channel

Based on the above analysis of the SNR, its enhancement could be achieved by optimizing the
data channel parameters which include ωd, Ro, kRX, kTX, RRX, RTX, and M. Each parameter would be
discussed separately in this part.

5.2.1. Output Resistance and Mutual Inductance of the Coils

Although the reflection impedance from the RX circuit contained the output resistance, its affection
could only be much weakened if the output resistance is far larger than the value of ω2M2 in the (19).
The condition of the output resistance is required since it should be large enough to reduce the affection
on Zr

′.
RO � ω2M2 (37)

Therefore, the output resistance should be as large as possible according to the (37) since its
influence on the RX circuit is reduced. For a better description of the relationship between Ro and SNR,
the curve of Ro and SNR was depicted by simulation software.

As shown in Figure 8a, the SNR is increasing when the output resistance is rising at different
mutual inductance M. The growth of SNR tends to be stable when the output resistance Ro reached a
certain value. So, the output resistance should be selected as larger as possible in the data channel.
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The SNR shown in the Figure 8b varied little value at a mutual inductance range, so the conclusion
that the mutual inductance of two coils has limited affection on SNR could be drawn. The reason why
the SNR is not affected by mutual inductance M is that the data transmission and power interference
are increasing at the same proportion when the M increases, so the SNR is kept as a stable value at a
certain mutual inductance range. It should be noted that the mutual inductance should not be selected
as an excessively high value due to the frequency splitting phenomenon reducing the power [26].

5.2.2. Coupling Coefficient kRX and kTX

According to (28) and (36), the curves of SNR are shown in Figure 9a,b. The SNR is increasing
as the coupling coefficient kTX increases shown in the (a), while there is an optimal point in the (b)
indicating that the coupling coefficient kRX should be selected carefully.
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So, the loosely coupled transformer in RX circuit is suitable to select the optimal point since the
SNR could be a high level, while the tightly coupled transformer in TX circuit should be selected
because of its high value of SNR. For better comprehension of optimal point of coupling coefficient
kRX, the optimal point could be deduced by (28) and (36). The optimal point is related with the output
resistance and the relationship between them could be depicted in Figure 10. In Figure 10, the curves
with same kTX conditions indicate that the optimal points to reach the maximum value of SNR are not
identical if the output resistances are different. Generally, the output resistance is much more than the
adjustment resistance in RX circuit, so the optimal point is manly decided by the output resistance.
The calculation of the optimal point is derived according to (28) and (36) by simulation software

d
(
Gd/Gpd

)
dkRX

= 0 (38)
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Figure 10. SNR versus kRX with different Ro.

Above the analysis on the two coupling coefficients, the selection of kTX and kRX is totally different.
The transformer in TX circuit with higher coupling coefficient should be selected, while the transformer
in RX circuit with optimal point to maximum SNR value should be selected. The optimization of the
parameters will be discussed later.

5.2.3. Resistance RTX and RRX

The adjustment resistances to shift the data rate in the data channel are the key factors to affect the
amplitude of the data output voltage. The relationship between SNR and RTX/RRX is depicted by the
simulation results in Figure 11.
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Figure 11. SNR versus (a) RTX; (b) RRX.

The ranges of SNR is larger when RTX is increasing than that of RRX: the attenuation of SNR is
more than 60 dB at the range of 1-1 k ohm of RTX, while the attenuation at the same range of RRX is
within 4 dB. So, the effect of RRX on the data transmission could be ignored and stability of the SWPDT
system could be promoted achieved by increasing the RRX without attenuation.

The small resistance of the RTX should be selected for a higher amplitude of output voltage.
However, it should be pointed out that when the resistance value is too small, a new oscillation will
appear in the waveform, which would destroy the integrity of the waveform and cause the data
demodulation failure. Therefore, the resistance selection should be taken into consideration carefully
for a higher amplitude and complete waveform.

5.3. Design of Data Channel Parameters

The flow chart of the design process is shown in Figure 12, and all the data channel parameters
are confirmed based on the above analysis.
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The parameters of the power channel are listed in the Table 1. The working frequency is set to 

be 85 kHz and the center frequency of the band-stop network is set to 3 MHz which is the data carrier 

frequency. 

Figure 12. Flow chart of the design for data channel parameters.

The coils and data carrier frequency are confirmed firstly so the parameters of ωd, Lp, Ls and M
are obtained. The transformers are confirmed so that the inductances of primary and secondary are
acknowledged. The parameters of output tank could be calculated by the (11) and (29) according to the
carrier frequency. After the parameters of output tank are confirmed, the optimal coupling coefficient
kRX is calculated by the simulation software in the flow chart and the parameters of RX circuit could
be obtained based on the (17). The coupling coefficient kTX could be selected as high as possible to
obtain a higher data transmission gain Gd, and the parameters of TX circuit are confirmed by the (26).
The adjustment resistance RTX and RRX could be shifted for a faster data rate according to the practical
communication requirement.

6. Experimental Verification

After the above analysis, the experimental setup is built to verify the validity of the proposed
design shown in the Figure 13. The size of coils fabricated by litz wire is 20 cm × 20 cm, and the gap
between them is set to 7 cm. The coupled transformers are also fabricated by litz wire and its size is
less than 10 cm × 10 cm. Its height is alterable for the measurement of the coupled coefficient.
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The parameters of the power channel are listed in the Table 1. The working frequency is set
to be 85 kHz and the center frequency of the band-stop network is set to 3 MHz which is the data
carrier frequency.

Table 1. Parameters of Power Transfer Channel.

Parameter Value Parameter Value

Uin/V 40 L1, L2/uH 14
C1, C2/nF 250 M/uH 8
Lp, Ls/uH 31.5 Cp, Cs/nF 53

Lb/uH 47 Cb/pF 60
fp/kHz 85 RL/Ω 5

The parameters of the data channel are listed in Table 2. The performance of the data channel
is focused on the data transmission gain and power interference. The gains changing with different
coupling coefficients are depicted in the Figure 14. As shown in the Figure 14, the trend of curves
is consistent with the theoretical analysis in last section. In Figure 14a, the gain is promoting since
the coupled coefficient kTX is increasing. It should be noted that the deviation between theoretical
and experimental results is caused by the drift of the resonant parameters on the primary side which
is more sensitive than secondary side. There is an optimal value to approach the maximum data
transmission gain verified by the experimental result in Figure 14b.

Table 2. Parameters of Data Transfer Channel.

Parameter Value

LTX, LRX/uH 20
CO/pF 140
RO/kΩ 500
RTX/Ω 100
RRX/Ω 500
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The specific waveforms at the maximum transmission gain condition are shown in the Figures 15
and 16. In the Figure 15, the output voltage of full-bridge inverter is presented as yellow line and the
peak-peak value is about 80 V. The output voltage of the load is presented as the purple line and its
value is 21 V, so the output power is about 88 W. The current of the coil is presented as green line
in the (a), and its value is about 5.57 A which is constant with the theoretical results. As shown in
the figures, the frequency of the power flow is shifted to approximately 83 kHz and the deviation is
cause by the offset of parameters. The data output voltage is presented as blue line, and it is obvious
that the interference of the power transmission is about 1.2 V in the (b). In the (c), the systems are
shown with both power transfer and data transfer. The amplitude of data output voltage is about



Electronics 2020, 9, 2073 15 of 18

8 V, which covered the interference of power and the data transmission is not influenced by power
flow. Compared with the (b) and (c), the performance of power transmission is not affected by data
transmission and the output power is kept as about 88 W.
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(b) with power transmission.

The waveforms of data transmission are shown in Figure 15, including the data input, data
output and the demodulation output. In the (a), there is only data transmission in the whole system,
and the amplitude of the data input presented as yellow line is 3.6 V. The amplitude of data output
presented as blue line is about 8.8 V, so the data transmission gain is about 17 dB and the SNR of data
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carrier is about 40 dB. In the (b), data transmission is with the power transmission at the same time.
The load output voltage presented as purple line is 21.7 V which means the power is transmitted to
load and the data output is not covered by the interference of power. Obviously, the data transmission
is still affected by power flow, especially the data input whose fluctuation is more obvious than that of
data output. Due to the high data transmission gain, the fluctuation on data output would not affect
demodulation process. The demodulation data is presented as green line and its frequency is 20 kHz,
namely 40 kbps data rate.

The delay time of data transmission is shown in the Figure 17. The delay time (td1) between data
input and output is less than 1µs. And the whole delay time (td1 + td2) is 3 µs. The delay time fulfills
the most communication condition in most WPT applications. So, the data rate is selected as 40 kb/s
since it is satisfied with most applications of WPT systems and it is not affected by the delay time.
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The comparison between the proposed data channel design method and other researches is
presented in the Figure 18. Through the comparison, we can conclude that the SNR of proposed system
is promoted by optimization, especially under the higher carrier frequency condition. Apparently,
the higher carrier frequency could be selected to improve SNR according to the works [23–25]. However,
the higher SNR could be acquired in this paper without increasing the data carrier frequency.
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7. Conclusions

The analysis of the SWPDT system based on the double-sided LCC compensation and parallel
injection/extraction of data transmission is presented and the optimization of parameters to improve
the SNR is proposed in this paper. The interference of the power channel could be effectively blocked
by the double-sided LCC compensation in addition to the band-stop network. The impedance of each
part in the data channel is analyzed to fulfill the resonance condition and the data transmission gain is
deduced based on the parameters of the data channel. To improve the SNR further, those parameters
are optimized based on the analysis of SNR, especially the coupling coefficient of the transformers.
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An experimental setup is built, and the power channel is transferred with stable state while the
amplitude of the data output voltage is improved compared with former researches. The proposed
SWPDT system can be used in wireless charging systems for implantable devices, wireless sensors,
robots, and mobile phones.
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