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Simultaneous Wireless Power and Data Transfer
System With Full-Duplex Mode Based on
LCC/CLC Resonant Network

Yongzhi Jing ™, Wei Feng ™, Ke Qiao

Abstract—Demand for the wireless power transmission system
with real-time and full-duplex data transmission, a high-frequency
carrier injection full-duplex simultaneous wireless power and data
transfer (SWPDT) system is proposed. An LCC/CLC compensa-
tion structure is applied in the power transfer channel to achieve
voltage stabilization and reduce the power interference on the data
transmission. An LC parallel branch is utilized in the data receiving
circuit to suppress ipsilateral data source crosstalk in full-duplex
communication. This article theoretically demonstrates the voltage
gain characteristics of the power and data transfer channels. Then,
the crosstalk between bidirectional data transmission is discussed,
along with the analysis of the power effect on the data transmission.
In addition, the parameter design method is presented to optimize
the data transmission gains while suppressing interference and
crosstalk. Finally, the experimental prototype with 20 W output
power, 250 kbps forward data rate, and 170 kbps backward data
rate is built to verify the correctness and effectiveness of the pro-
posed full-duplex SWPDT system.

Index Terms—Amplitude-shift keying (ASK), full-duplex com-
munication, shared channel transmission, wireless power transfer
(WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology can trans-

mit electric energy from a power source to aload without
conductors. With years of development, WPT technology has
been widely used in electronic devices, smart homes, electric
vehicles, industrial robots, and underwater detection equipment
[11, [2] [3], [4]. In these applications, real-time communication
between the primary and secondary sides is required to improve
the overall system performance, such as closed-loop control,
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instruction exchange, load detection, and state-of-charge moni-
toring [5], [6]. Therefore, simultaneous wireless power and data
transmission (SWPDT) has recently gained more attention.

The SWPDT techniques can be mainly classified into multi-
channel and single-channel SWPDT [7]. The first type of multi-
channel SWPDT is to use conventional communication mod-
ules, such as Bluetooth, Zigbee, and Wi-Fi, which can achieve
high-speed data transmission. However, the complexity and cost
of the system are increased, and the delay caused by the pairing
time of these modules limits their application. The second type
of multichannel SWPDT is to use additional data transmis-
sion coils. This way can achieve high-speed bidirectional data
transmission. But it also increases system complexity, and the
interference between the power and data transmission coils must
be considered. The first type of single-channel SWPDT is to
modulate the amplitude, frequency or phase of the power wave
to characterize the data [8], [9]. This method is simple to imple-
ment, but the data transmission rate is limited by the frequency
of the power wave and generally only reaches a few kbps.
Besides, this method changes the characteristics of the power
wave, so the data transmission has a significant impact on power
transmission. The second type of single-channel SWPDT is to
inject the modulated high-frequency carrier containing the data
characteristics into the power wave. The data transmission rate is
almost unaffected by power transmission, and the interference
between power transmission and data transmission is smaller
than the power wave modulation method.

Nowadays, the high-frequency carrier injection SWPDT is
attracting wide attention due to its small size, low crosstalk,
and high transmission rate. However, the current SWPDT is
focused on unidirectional or half-duplex data transmission. Yao
et al. [10] show an frequency-shift keying (FSK)-based SWPDT
scheme that is less susceptible to interference between the power
and data transfer. In [11], the double-D coupling coil is used to
transfer power and data simultaneously. The data carriers are
directly injected into one of the D coils and can be entirely
coupled to the datareceiving side. In [12], the power and data can
be transferred via the same channel based on the time-division
multiplexing theory. In [13], the single-coil and dual-resonant
coupling structure are proposed to transmit power and data
simultaneously. Sun et al. [14] present a topology that data
carriers are injected and extracted in parallel to increase the data
transmission gain and achieve half-duplex communication.
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In consideration of the communication efficiency of the SW-
PDT system, full-duplex data transmission is required. Although
the single-channel SWPDT based on data carrier has been devel-
oped for years, there are still some problems in the application
of full-duplex communication [15], such as crosstalk between
bidirectional data transmission and the interference of power
transmission. In [16], a topology with a dual-notch filter is used
to reduce the interference of ipsilateral data source, but this
method needs more passive components. In [17], a full-duplex
SWPDT is proposed based on differential quadrature phase-shift
keying (DQPSK). The plug-and-play data injector and extractor
make the system design simpler than the conventional method.
Nevertheless, the data transmission rate is relatively low at 64
kbps. In [18], the data transfer channel is constituted by a four
resonance dual-rejection structure, which achieves full-duplex
data transmission effectively. However, it requires four sets
of wave trappers in the power transfer channel. Wang et al.
[19] achieve an improvement of signal-to-noise ratio (SNR) for
SWPDT system with double-side LCCL compensation topology
and dual-resonant structure. However, two blocking inductances
are added in the power transfer channel, and the parameters of
the data transmitting circuit and receiving circuit are coupled
with each other, which leads to a more complex parameter
configuration. In summary, the system structure or parameter
configuration of the data transfer channel mentioned above is
relatively complex, which leads to the system is not easy to
implement.

Recently, the double-side LCC compensation topology has
been widely used in SWPDT systems due to its effectiveness in
reducing the effect of power transmission on data transmission
[20], which can implement load-independent constant current
output, just as most of the existing works. However, the constant
voltage output is required in some other applications. The exist-
ing constant voltage topologies (e.g., LCC/S, S/LCC, etc.) are not
suitable for SWPDT because there is a series compensation side,
which leads to more interference on the data transmission by the
high-frequency component of the power carrier. However, the
multi resonant compensation (e.g., LC, LCC, CLC, etc.) provides
a path for the high-frequency component, thus, the double-side
multi resonant topology (e.g., LCC/CLC) is more suitable for
the constant voltage output SWPDT.

In order to achieve constant voltage output, suppress power
interference, and make the system easy to implement, this arti-
cle presents a new high-frequency carrier injection full-duplex
SWPDT system. An LCC/CLC multiresonant network is used to
effectively achieve voltage stabilization and suppress the power
interference on the data transmission in the proposed system. On
this basis, an LC parallel branch is connected serially to each data
receiving circuit to minimize interference between bidirectional
data transmission. The rest of this article is organized as follows.
Section II presents an overview of the proposed system, includ-
ing the composition and parameter configuration of the power
and data transfer channels. In Section III, the voltage gain is
deduced in the power and data transfer channels, respectively.
Section IV discusses the main interference in the proposed
SWPDT system, and the parameters design is carried out to
optimize the data transmission gains and suppress interference.
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Section V presents the experimental validation results for the
theoretical analysis. Finally, Section VI concludes this article.

II. OVERVIEW OF THE PROPOSED SYSTEM

The proposed SWPDT system is composed of power and
data transfer channels shown in Fig. 1. The power transfer
channel consists of the dc power supply, the full-bridge in-
verter, the LCC/CLC compensation topology, loose-coupling
coils, the diode rectifier, and the load resistor. The data transfer
channel consists of the modulated data source, compensation
components, data coupling transformers, loose-coupling coils,
the parallel LC branch, and receiving resistor. The primary and
secondary sides of the proposed SWPDT system each have a
data transmitting circuit and a data receiving circuit to achieve
data full-duplex transmission. C; in the LCC network provides
a path for the high-frequency component of the power carrier
generated by the inverter. Similarly, Cy in the CLC network
provides a path for the high-frequency component generated
by the rectifier. These high-frequency components hardly pass
through the data receiving circuits, and the interference of the
power carrier can be effectively suppressed relative to series
compensation.

The LCC network is utilized at the primary side of the power
transfer channel, and the resonant components Ly, Cy, L,, Cp,
Lg1 and Ly, should satisfy

wp = 1/\/ L1Cy = 1/\/(Lp + Lai1 + Lar1 — Ll)Cp ()

where w, is the power transfer carrier frequency.

The CLC topology is adopted for the secondary side of the
power transfer channel. The parameters Lg, Lgto, Lgro and Cs
satisfy series resonance, and the parameters Lo and Co satisfy
parallel resonance. These resonant parameters should satisfy

wy = 1/v/(Ls+Larz+Lar2) Cs = 1//LaCs. (2)

The parallel capacitors C; and C in the LCC/CLC resonant
network can filter out a large portion of the high-order harmonics
generated by the primary inverter circuit and the secondary rec-
tifier circuit. So, there is almost no high-frequency component
of the power wave on the receiving resistor for both the primary
side and secondary side, which is very advantageous for the data
transmission.

The data transfer channel is serially connected with the power
transfer channel via the data coupled transformers. The data
sources which represent the modulated data are U4y and Ugo
at the forward and backward data transmissions, respectively.
After the series resonant components, U1 and U 45 are injected
into the power transfer channel by the data coupled transformers
T4:1 and T 442. The data carriers can be transmitted to the opposite
side through the loose-coupling coils L, and L. Then, they can
be extracted by the data coupled transformers 741 and Tgo.
The demodulation circuit can recover the high-frequency analog
signal to the corresponding digital signal.

In order to realize full-duplex communication, dual frequen-
cies wg1 and w g9 are selected to transmit forward and backward
data separately. The forward and backward data transmission
can be analyzed entirely independently. Take the forward data
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Fig. 1.  Structure of proposed SWPDT system with full-duplex communication.

transmission as an example. The resonant frequency of C43 and
L 441 in the data transmitting circuitis wq; . The resistor Rs is used
to regulate dynamic response speed and data transmission power
level. In order to avoid crosstalk between the bidirectional data
transmission, the LC parallel branch is connected in series in the
secondary side receiving circuit. The resonant frequency of the
LC parallel branch L4 and C g5 is designed as backward data
carrier frequency w 42. Therefore, the secondary side modulated
signal is significantly attenuated in the secondary side receiving
circuit, and the interference from the carrier Ugo is hardly
received on the receiving resistor Rgo. To increase the data
transmission voltage gain, the C 44 is resonant with L g, at w41
in the receiving circuit. Above the analysis on the data transfer
channel, these parameters should satisfy

wa1 = 1/v/La11Cq3 = 1/v/Lar2Cys
wgz = 1/v/Lg2Cygs.

In the backward data transmission, the compensation circuit
is entirely symmetrical to the forward data transmission. The
resonant frequency of the LC parallel branch Ly, and Cg; is
wgq1 in the data receiving circuit, which assures the forward
transmission data carrier is significantly attenuated in the back-
ward transmission receiving circuit. The resonant frequency of
the Lg:2 and Cy4 in the data transmitting circuit is wgo. Then
the C 4o is resonant with L 4,1 at wgo. These parameters should
satisfy

3)

wir = 1/vVTaaCai = 1)V Caz

4)
w1 = 1/v/Li1Ca.

IIT. ANALYSIS ON TRANSFER CHANNEL
A. Analysis on Power Transfer Channel

When only the power transfer channel is analyzed, the data
sources Ug1 and Ugs in the data transfer channel can be treated
as short circuits. Due to the LCC/CLC compensation structure
with good frequency selection characteristics, the fundamental
harmonic approximation can be applied here. The high-order
harmonics generated by the dc full-bridge inverter are not con-
sidered, and the power supply is treated as an ideal ac source.

The RMS value of the fundamental component of the inverter
voltage is expressed as U;, = 22Uy, /7. The AC equivalent
resistance R is given by

Rp =8R./7* Q)

where R, is the dc load resistance.

At the primary side of the proposed SWPDT system, the
impedances of data transmitting and receiving circuits in the
data transfer channel are Z' 541 and Z' 4,1, respectively, and the
impedances are calculated by

Z' g1 = jwpLan +1/jwpCas + R

Z'art = jupLars + (1/jeopCe) [/ [Ran+ =230
(0)
The corresponding equivalent impedances in the power trans-
fer channel are Z;;; and Z 4,1, respectively, and the impedances

are obtained as
Zan = (WpMdtl)Q/Z/dtl
Zdrl = (WpMdrl)z/Z’drl

where M 41 and M 41 are the mutual inductances of the data
coupled transformers Ty and Tg,1, respectively.

Generally, the w,, is much lower than data carrier frequencies
wq1 and w 4o. From (6), it can be seen that the impedances Z' 441
and Z 4,1 are at high-impedance state. So Zg;, and Zg-1 can
be neglected because they are at low-impedance state and reach
close to zero.

At the secondary side of the system, similarly, the equivalent
impedances of data transmitting and receiving circuits in the
power transfer channel are Z;;2 and Zg,2, which can also be
neglected. The equivalent circuit of the power transfer channel
is shown in Fig. 2.

From (1) and (2), the secondary side impedance Z; = Rp +
Ry, and the primary side impedance Z,, can be obtained as

(N

Zp = (WPL1)2/(RP + Zsp) ()

where the equivalent impedance Z, = (w,M)?/Z,, M is the
mutual inductance of the loose-coupling coils, and R, and R,
are the internal resistance of L,, and L.
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Fig. 2. Equivalent circuit of the power transfer channel.

So, the currents of the primary and secondary side coils are
I, and I, respectively, and they can be expressed as

I —Us_1 1
P 7, §0pCi Zopt Ry )
Iy = jw,MI,/Zs.

According to (8) and (9), the output voltage across the equiv-
alent ac resistance is found to be

MU; Rp - MU;
Ly Rg+R, L’
From (10), when the internal resistance Ry is ignored, the
voltage gain is only related to the ratio of M and L, . If the mutual

inductance M is constant, the output voltage U, can be changed
by shifting the L;. The output power P, can be expressed as

P,=U?/Rg. an

According to the above analysis of the power transfer channel,
the power transfer efficiency of the proposed SWPDT system
can be expressed as

U, =

(10)

B (w,ML1)*Rg
L%(RE + RS)2 (Rp + ZSp) '

n 12)

B. Analysis on Data Transfer Channel

When only the data transfer channel is analyzed, the power
supply Ugq. in the power transfer channel can be treated as a
short-circuit. At the data carrier frequencies wg; and wgs, the
capacitors in the power transfer channel are at low-impedance
state, and the inductors are at high-impedance state. Take the
forward data transmission as an example to derive the transfer
function of data transmission. The modulated signal is injected
from the data carrier source Ug; and extracted across the re-
ceiving resistor R 2. The equivalent circuit of the data transfer
channel is shown in Fig. 3.

The impedances of each part can be obtained as

Zap1 = —(SMdt1)2/de2 +1/sCq3 + sLan + Rs
Lo = —(SM)Q/de:; +s(Lp + Lar1 + Lar1)
+Zgr1 + Ry +1/sCp + sLy// (1/sCy)

Lz = —(SMer)z/deéx + s (Laia+Lar2 + L)
+Zar2 + Rs + (Re +1/5C5) [ /sLa2/ [ (1/5Cx)

Zata = (Raz + sLa2// (1/5Cas)) // (1/5Cas) + SLar2
(13)

where Z4,1 is the equivalent impedance of the data receiving

circuit in the primary side, and Z 45 is the equivalent impedance
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Fig. 3. Equivalent circuit of the forward data transfer channel.

of the data transmitting circuit in the secondary side. They can
be calculated as follows:
Z. = —(sMar1)*
drl (Rai+sLa1//(1/sCa1))//(1/sCaz2)+sLar1

T — —(sMgs2)*
dt2 (1/8Caa)+sLata+Ra"

(14)

According to the above analysis, the transfer functions of each
part in the forward data transmission can be obtained as

Gap1 = 1/Zagpn

Gaz = sMan [ G5 = sMyps

Gaps =1/ Zap Gapr = 1/ Zapa

Gapa = sM G — (1/5Ca6) Ras

Gars = 1/ Zg3 48 = T/5Cus+(1/5Cus)//sLazt Raz

(15)
Based on (15), the transfer function Gg4f at forward data
transmission can be obtained as

Gar = Uagou/ U = II
i=1,2,3,4,5,6,7,8

Gari (16)

where U gfout 18 the output voltage across the receiving resistance
R 2. It should be noticed that the gain Gy is calculated at the
forward data carrier frequency w 4.

According to (13)—(16), it can be seen that the data trans-
mission voltage gain is dependent on almost the entire system
parameters, of which the loose-coupling coils, the data coupled
transformers, and the resistors in the data transfer channel are
the most significant parts. The self- and mutual-inductance of
the loose-coupling coils are generally determined by the power
transmission characteristics.

In the design of the system parameters, in order to simplify
the analysis and maintain symmetry of forward and backward
transfer, assuming that the inductances and coupling coefficients
of two transmitting transformers and two receiving transformers
are identical, respectively,

Lain = Lagt2 = La¢ | Lar1 = Lar2 = Lgy
kann = ka2 = kas kar1 = Kara = kar-

A7)

The relationship between data transmission gain Gg; and
inductance L4 and Ly, is shown in Fig. 4. As the increase of
L4, the gain tends to increase firstly, and the maximum gain
occurs at about Ly, = 3 pH. The gain keeps growing with the
rise of L4, but the effect is not very noticeable. The relationship
between data transmission gain and capacitance Cg3 and Cgg
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is depicted in Fig. 5. As approaching the designed value of the
Cgs3 and Cgg, the data transmission gain is maximal, while the
data transmission gain decreases sharply as the set values of the
C43 and C 46 deviate.

The relationship between data transmission gain and R ;o
and R3 is shown in Fig. 6. The transmission gain increases
with the increase of R;o. When Ryo is at a relatively large
value, the transmission gain is almost unchanging. Obviously,
the larger the value of Rj3, the smaller the data transmission
gain. But the Rj3 is also related with the dynamic performance
of the proposed SWPDT system. For amplitude-shift keying
(ASK) modulation, the small R3 increase the transient time,
and thus limit the data rate [21]. So R3 should be considered
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comprehensively to fulfill the optimal data transmission gain and
rate.

The backward data transfer function G4, can be obtained
in the same way as the forward data transmission and will
not be described here. It should be noted that the gain
Gg, is calculated at the backward data carrier frequency
wq2.

IV. INTERFERENCE ANALYSIS

There are mainly three parts of interference in the proposed
full-duplex SWPDT: interference of data transmission on power
transmission; interference of power transmission on data trans-
mission; and crosstalk between the forward and backward data
transmission.

A. Interference of the Data Transfer on the Power Transfer

Two aspects need to be considered when analyzing the impact
of data transmission on power transmission, namely the addi-
tional data transmission channels and data transmission carriers.
On the one hand, the power current will generate some power
loss in the data reception resistors, but this value is quite small.
On the other hand, since the data transmission frequency is much
larger than the power transmission frequency, the amplitudes of
the data carriers are severely attenuated because of the resonant
circuits in the power transfer channel. It is much smaller than
the power transmission carrier amplitude. Therefore, the impact
of data transmission on power transmission is small enough to
be generally neglected.

B. Interference of the Power Transfer on the Data Transfer

In order to achieve high-quality data transfer, the interfer-
ence of power transfer should be minimized as possible. The
power transmission interference on the forward data trans-
mission is taken as an example to demonstrate the effect of
the power transfer channel. The equivalent circuit is shown
in Fig. 7 to calculate the power interference transfer function
Gpy.
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The calculation method is similar to the data transfer function
G 4r. The impedances of each part can be expressed as

(1/5Cp) [/ Zpg2 + sLa

—s2

Zpra = ijgz + Zar + Zan

prl =

+s(Lp + Lgr1 + Lann) + Ry, +1/5C4 (18)
Zyp3 = Laf3
Zpja = Zaga

whereZ4;1 = —(sttl)Q/(Rg + sLgt1 + 1/sCy43). The trans-
fer functions of each part can be expressed as

pr4 = 1/pr3
prS = 5Md7'2
prﬁ = 1/pr4
Gprr = Gyys.

prl = 1/prl
Gpr2 =1/(1+5C,Z,p2)
prg =sM

19)

Therefore, the power interference transfer function Gy at
forward data transmission can be expressed as

II

i=1,2,3,4,5,6,7

pr = Upfout/Uvin = pri (20)

where U o4 is the power interference output voltage across the
receiving resistor.

The square wave power supply generated by the inverter
circuit contains fundamental and high-order harmonics. Only
the fundamental harmonic and the two high-order harmonics
closest to the data carrier frequency need to be analyzed. The
forward data transmission carrier frequency fy; is 2 MHz, and
the nearest 23rd and 25th harmonics frequencies are 1.92 and
2.13 MHz, respectively.

The gain Gy at a frequency of v X w), is denoted as Gy~
(v =1, 23 and 25). Each interference gain under different L,
and L, is shown in Fig. 8. The data transmission gain is also
added in Fig. 8, and the difference between the data transmission
and interference gains can be understood as the SNR. From
Fig. 8(a), the fundamental harmonic of the power wave is almost
unchanged, about —52 dB, and the high-order harmonics show
a slightly decreasing trend. From Fig. 8(b), as the increase of
L., the interference gain gradually increases but remains in
a relatively small range. It should be noted that the overall
amplitude of power-to-data transmission interference is quite
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small, about -50 dB and below, which proves the superiority of
the LCC/CLC topology.

The coupling coefficients of the data coupled transformers
are also the key factors in improving the SNR. The relationship
between transmission gains and coupling coefficients k4 and k g,-
is shown in Fig. 9. From Fig. 9(a), the three power interference
curves almost have not changed, and kg4 could be shifted to
increase the SNR. From Fig. 9(b), the SNR basically does not
change with the growth of k. in the four graphs. Therefore, the
larger coupling coefficients in the data transfer channel can be
selected for higher SNR and transmission gain.

The backward data transmission gain G4, and power in-
terference gain Gy, can be obtained by the same method as
the forward data transmission. The backward data transmission
carrier frequency f2 is 1.2 MHz, and the nearest 13th (1.1 MHz)
and 15th (1.275 MHz) harmonics in the power carrier need to be
analyzed. The gain calculated for G, at a frequency of v X w,, is
denoted as Gpp- (v = 1, 13, and 15). The relationship between
transmission gains and Lg; and Lg;- is shown in Fig. 10. As L4,
increases, each interference gain is almost constant. However, as
L., increases, each interference gain is in an upward trend, and
a smaller value of L4, should be used to avoid too large Gpp-1. It
should be noted that the G- is more significant than G .1 . This
is because the backward receiving resistor R ;1 is on the same side
as the power supply, and the fundamental harmonic of the power
carrier directly flows to the R;; without passing through the
loose-coupling coils in the backward data transmission. Fig. 11
shows the relationship between the backward data transmission
and interference gain versus coupling coefficients k4, and k4, It
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Fig. 11.  Gpp-1, Gpp-13, Gpb-bs5, and Gy, versus (a) kq; and (b) kg
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Fig. 12.  Equivalent circuit of interference of ipsilateral data source.

is basically the same as the forward data transmission, and kg
and k4, have a weak relationship with SNR.

C. Crosstalk Between Bidirectional Data Transmission

Except for the power interference on the data transfer channel,
there is still the interference of the ipsilateral data source. Take
the forward data transmission as an example to demonstrate
the interference of the backward data source on forward data
transmission. The equivalent circuit of interference of the ipsi-
lateral data source is shown in Fig. 12 to calculate the transfer
function Gy.

The impedance of each part can be expressed as

Za = —(sMa2)? /Zaz + Ry + sLag2 +1/5Ca
Zaz = Zap + s (Ls + Lara + Las2)

+Ry — (sMar2)” [ Zas

+ (Re +1/sCs) [/sL2// (1/sC2)

Za3z = Zgfa

21

where Zg, is the equivalent impedance from the primary side
circuit to the secondary side and can be calculated as follows
equation (22) shown at the bottom of this page:
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Fig. 13.

mission.

FFT results. (a) Forward data transmission. (b) Backward data trans-

The transfer functions of each part can be expressed as

Gorr =1/Zsn (Gopa = sMaro
Gyra = sMaz < Guops = 1/Zg3 (23)
Gors =1/Zg2 | Gore = Gays.

The transfer function Gy of interference of ipsilateral data
source can be expressed as

Gor = Upfou/Ua2 = Gyri (24)

i=1,2,3,4,5,6
where Ujfoys is the output voltage across the receiving resistor
Rg2. The frequency of ipsilateral data source interference is
around w 49 at forward data transmission.

The calculation method of the interference transfer function
Gy at backward data transmission is the same as that at forward
data transmission. The fast Fourier transform (FFT) results of
the data transmission are shown in Fig. 13. From Fig. 13(a), in
the forward data transmission, the amplitude of the 2M signal
carrier used for the forward transmission is significantly large,
while the 1.2 MHz backward data carrier is suppressed. From
Fig. 13(b), in the backward transmission, the 2 MHz forward
data carrier is suppressed. It is shown that the interference of
the ipsilateral data source is even more minor in the backward
data transmission and reaches close to zero, and the proposed
LC parallel branch can effectively eliminate interference from
the ipsilateral data source.

D. Parameters Design Method

Fig. 14 is the flowchart describing the design procedure of the
parameters in the proposed full-duplex SWPDT system. First,
coil size and transmission distance are confirmed according to
the practical application, i.e., the values of L, L,, and M are
determined. Then, the frequency of power transfer and data
carriers should be selected. After confirming the self-inductance
of the data coupled transformer, the power transfer channel
parameters L, C1, Cp, and C, can be calculated according to
(1) and (2). At the same time, the parameters Ly and Cy can be
calculated according to (2). The inductance L; can be shifted to

(sM)°

Zap =

Ly + Lay + Lann) + <& + Ry + <&/ /s Ly — ©Man)” _
s(Lp+ Lar1 + dt1)+scp+ p+scl//s 1 Zau

(S]\fdrl)z ’ (22)

Zar
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Fig. 14.  Flowchart of system parameters design.
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Fig. 15.  Experimental platform.

fulfill the rated voltage U,yyset if there is a slight offset in the
output voltage.

Since the power transfer channel parameters are confirmed,
Cg2, Cg3, Cq4, and Cgye are calculated according to (3) and
(4). Then, the parameter values of the LC parallel branch and
the receiving resistance can be determined. For stable data
transmission, the data transmission gain should be greater than -3
dB (receiving voltage amplitude of about 5 V), and power high-
frequency interference gain G123, Gpr25, Gpp-13, and Gpp_15
should be suppressed below —20 dB. At last, the parameters
of the entire data channel could be shifted to optimize the data
transmission gains while suppressing interference and crosstalk.

V. EXPERIMENTAL VERIFICATION

To verify the correctness and effectiveness of the proposed
full-duplex SWPDT system, a 20 W prototype is built, as shown
in Fig. 15. The specific parameters utilized in the prototype are
given in Table I. The proposed SWPDT system is mounted on
two PCBs (one for the transmitter and one for the receiver). The
size of the coupling coils is 5 cm x 5 cm, and the transmission
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TABLE I
SYSTEM PARAMETERS
Parameter ~ Value Parameter Value Parameter Value
R,/Q 29 Lan, Lap/pH 5 kans ko 0.99
L,, Ly/uH 29.7 | Lan, Lao/nWH 7.5 karty kar 0.99
M/uH 14.5 Ca/nF 0.288 Ra1, Rn/Q 1000
Ly/uH 15 Cp/nF 2.35 Ua/V 24
Ci/nF 242 Cx/nF 1.27 Ry/Q 6
C,/nF 125 Cay/nF 3.52 R/Q 3
L,/uH 15 Cys/mF 0.8 Jf/kHz 85
Cy/nF 233 Cyue/nF 0.85 Ja/MHz 2
CynF 82 Lai, Lao/nH 22 fa/MHz 1.2
01-04 IRFZ24 D-D, TSSA3U60 - -
bandpass filter Envelope Low-pass N Voltage
F————_— — — — — —— 4] detector filter Amplifier Comparator
N N P
°'!"‘M"—”‘ + . [ |: (Uar2) :

Fig. 16. Demodulation circuit.

distance is lcm, which is probably applicable to implantable
medical equipment, smart home appliances, and mobile devices.

The data modulation scheme is ON-OFF keying and can be
regarded as a particular case of ASK. When the digital signal
to be transmitted is “1,” the 2 MHz or 1.2 MHz data carrier
is generated by the half-bridge inverter circuits in the data
transfer channel. When the digital signal to be transmitted is
“0,” shutting down the half-bridge inverter circuits, and there is
no high-frequency carrier generation. The demodulation circuit
is shown in Fig. 16, which is mainly made up of a bandpass filter,
an envelope detector, a low-pass filter, an amplifier, and a voltage
comparator. In the forward data transmission, the voltage across
the receiving resistor, bandpass filter output voltage, comparator
input voltage, and demodulation output voltage are denoted
as Ugp, Ugpr, Ugpa, and U gpoue, respectively. Similarly, these
voltages in the backward data transmission are represented as
Uab, Uap1, Uap2, and U gpout, respectively.

The waveforms of the power transfer channel are shown in
Fig. 17. The mean value of the output voltage Uy, is about 24 V
when the load is 29 €), so the output power is about 20 W. The
curves of output voltage U,,; and efficiency 1 under different R,
are shown in Fig. 18. It can be seen that the output voltage shows
a slightly increasing trend when the load resistance increases.
On the contrary, when the load resistance decreases, the output
power increases rapidly and the output voltage drops relatively
quickly. When the output power P, is 20 W, the efficiency is
about 80%, and the maximum efficiency is about 82%. The
system efficiency is relatively low due to the loss caused by
the rectifier circuit and the internal resistances of coupling coils
in this low power transfer system. The output power changes
from 10 to 30 W by adjusting the load resistance, and the output
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Fig. 17.  Waveforms of the power transfer channel: Inverter output voltage
Uiny, the voltage of primary coil Up, and output voltage Uqyt.
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Fig. 18.  Output voltage and efficiency under various Ry,.

voltage fluctuates within 6% of the rated voltage. As can be
seen, the stabilization of the output voltage within a specific
range during load changes is basically achieved.

The forward data transmission rate is set to 250 kbps, and the
sequence “10101010 is taken as a binary data example to send.
The backward data transmission rate is set to 170 kbps, while
taking “10100110” as a data example to send. To better observe
the suppression effect of the LC parallel branch on interference
from the ipsilateral data source, the relevant waveforms without
power transmission are shown in Fig. 19. The Up4,1 and Up, g2
are the voltages of the data receiver transformers. The voltages
U g and U gy across the receiving resistors contain only the data
characteristics of the other side to be received. It is evident
that the LC parallel branch plays a good role in suppressing
the ipsilateral data source features.

The critical waveforms in the forward and backward data
transmission demodulation circuits with power transmission are
shown in Fig. 20. First, the main interference component in the
Ugf and Uy is the fundamental harmonic of the power carrier.
Second, the high-frequency modulated waves Ugp and Ugp1
containing the characteristics of the transmitted data can be well
separated by the bandpass filters. Then the envelopes U s and
Ugpo of the modulated waves are extracted by the envelope
detector modules. Finally, the signal envelopes are shaped by
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Fig. 19. Voltage waveforms of receiving transformer and receiving resistor
without power transmission.
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Fig.20. Demodulate waveforms. (a) Forward data transmission. (b) Backward

data transmission.

voltage comparators to recover the transmitted digital signal
accurately. In addition, the power loss on the data receiving
resistor is about 0.2W, which is 1% or less of the output power,
and increasing the data receiving resistor could reduce the loss.

In order to compare and analyze the data transmission char-
acteristics with power transmission and without power trans-
mission, the voltage waveforms of the primary and secondary
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(b) With power transmission.

TABLE I
BITS ERROR RATE

P,/ W

Data rate / kbps 0 10 20 30

128 0 0.086% 0.139% 0.123%

Forward data 200 0 0.066% 0.167% 0.172%
transmission

256 0.157% 0.161% 0.290% 0.437%

Backward data 128 0 0.056% 0.182% 0.229%

transmission 170 0 0.122% 0.280% 0.346%

side receiving resistors and the demodulated data are shown
in Fig. 21. The received voltage waveforms without power
transmission can be better demodulated. When there is power
transmission, the received voltage contains both the power car-
rier and data carrier. However, whether there is power transmis-
sion or not, the data can be accurately recovered after the LC
parallel branch and demodulation circuit. The transmitting and
receiving data waveforms are shown in Fig. 22 to analyze the
data transmission delay characteristics. It is shown in Fig. 22 that
the delay for both the forward and backward data transmission
is pretty small, only about 5 ps.

The bit-error-rate (BER) test results of the proposed SWPDT
system are given in Table II to verify the accuracy and reliability
of data transmission under various operating conditions. Obvi-
ously, the higher the transmission rate or energy transmission
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Fig.22. Waveforms of transmitting data and receiving data.
TABLE III
PERFORMANCE COMPARISON
This article [16] [17] [18] [19]
P,/ W 20 400 3300 600 500
Modulation ASK ASK DQPSK ASK ASK
Coils size / cm 5*5 40*40 - - 40*40
Transfer distance / cm 1 30 - - 30
Data rate / kbps
(Forward / Backward) 250/170 100/200 64/64 80/80 200/600
Number of passive
components in the data 12 20 14 10 12
transfer channel
The ratio of the carrier
frequency to the 8/7  14/21 78/97 25/15 95/53
transmission rate
(Forward / Backward)

power, the higher BER. However, the BER remains at a low
level of around 0.3%. The comparison between some typical
full-duplex SWPDT references is given in Table III. Compared
with other references, the proposed SWPDT system can achieve
full-duplex communication with fewer passive components in
the data transfer channel. The ratio of the carrier frequency to
the transmission rate is comparatively low, which corresponds
to a higher transmission rate at the same data carrier frequency.
In particular, compared with the typical literature of high power
transmission [17], the main advantage of this article is that mod-
ulation and demodulation are easier to implement and the data
transmission rate is higher. Compared with the typical literature
of high data transmission rate [ 19], the proposed method does not
need the blocking inductances in the power transfer channel in
this article, and the data transmitting circuit and receiving circuit
are designed independently, so the parameter configuration is
simpler.

VI. CONCLUSION

In this article, a full-duplex SWPDT system is proposed
based on the LCC/CLC compensation topology in the power
transfer channel and the LC parallel branch in the data trans-
fer channel. The LCC/CLC network is used to suppress the
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interference of power transmission on data transmission and
achieve load-independent voltage stabilization. The LC paral-
lel branch is connected in series in the data receiving circuit,
effectively reducing crosstalk between bidirectional data trans-
mission. The equivalent circuits of the power and data transfer
channels are analyzed. The main three parts of interference in
the proposed full-duplex SWPDT system are analyzed, and the
parameters design is carried out to optimize the data transmis-
sion gains and suppress interference. At last, the experimental
platform is built to achieve full-duplex communication at 250
kbps forward and 170 kbps backward transmission rates under
the 20 W output power. The experimental results show that the
output voltage fluctuates within £ 6% of the rated voltage when
the output power changes from 10 to 30 W. The BER is only
about 0.3% under various operating conditions, which indicates
that there is no bad interference between power transmission and
bidirectional data transmission. The feasibility and effectiveness
of the proposed full-duplex SWPDT system are verified. The
main defect of this technology is that voltage stabilization is
achieved by the circuit structure, and there is a small fluctua-
tion in the output voltage when the load changes. Therefore,
closed-loop control may be required to achieve better voltage
stabilization.
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