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Abstract—This paper proposed a novel wireless power transfer
system with full-duplex communication on a shared channel for
capacitively coupled power transfer systems. For the analysis of
power and signal transmission, a frequency-domain model of the
power and signal channels is established. Based on this model, the
signal transfer characteristic of the channel and the influence of
power flow on the signal channel are analyzed. Moreover, to ensure
the power and signal transfer without unacceptable interference
or attenuation, a parameters selection method of the communica-
tion channel is developed. In addition, an interference suppression
strategy by taking the interference from the ipsilateral channel
into consideration is proposed. To suppress the interference ef-
fectively, an estimation of the ipsilateral channel output signal is
made. Then, the signal from the opposite channel is demodulated
by removing the estimated values of the interference. Both simula-
tion and experimental results showed have proven the correctness
and effectiveness of the proposed wireless power and signal trans-
fer method. Finally, it has demonstrated that the designed channel
can transfer 100 W of power, and a full-duplex communication can
be well achieved with different data rates in two directions when
both two data rates are set within 200 kb/s.

Index Terms—Capacitively coupled power transfer (CCPT),
interference suppression, power-signal parallel transmission,
wireless power transfer (WPT).

I. INTRODUCTION

ECENTLY, wireless power transfer (WPT) technologies

have already attracted broad attention of researchers in the
world, and some WPT systems have been applied in many fields
[1]-[7]. Capacitively coupled power transfer (CCPT) is a WPT
technology which has been applied in rotating devices [8], [9],
mobile robots [10], biological implants [11], cell phones [12], as
well as electric vehicles [13]-[16]. With capacitive plates in the
coupling structure, CCPT has many advantages such as design
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Fig. 1. Block diagram of a typical CCPT system.

flexibility, reduced volume and weight of coupling structure,
and metal penetration ability [17]. Fig. 1 shows a block diagram
of a typical CCPT system.

One challenge for CCPT system is to achieve large amounts
of output power and high power efficiency [18]-[22], and a
signal communication system between transmitter and receiver
sides can help achieve it, such as tracking the optimal power or
efficiency point by transferring load information to the trans-
mitter side and transferring switching frequency to the variable
compensation components in the receiver side. Besides, some
practical applications inherently require signal communication
between transmitter and receiver sides, such as systems with
feedback controllers, rotary motors, medical telemeters, special
measurement devices [9], [23], [24], etc.

Some wireless signal transmission strategies have been pro-
posed for WPT systems. Wu et al. proposed a wireless power
and data transfer system via a common inductive link. The
power and data transfer share the same inductive link between
coreless coils. A reduced signal coupling inductance is adopted
in this paper to suppress the power interference caused by the
external noise from the power transfer circuit [25]. However,
in this power interference suppression method, the SNR can
only be increased by magnifying the output of the data carrier.
Su et al. proposed a power- and signal-shared channel design
method which can help achieve the half-duplex communication
on CCPT systems. But this method does not suit the channel de-
sign for full-duplex communication conditions [26]. Up to now,
there is no literature presents methods to realize the full-duplex
communication and eliminate the interactions between the two
signal sources at each side of the system for simultaneous bi-
directional communication on CCPT systems.

This paper presents research results on full-duplex com-
munication on a shared channel of a CCPT system. First, a
novel topology for power-signal parallel transmission system is
proposed. This topology establishes two weakly coupled links to
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transfer power and signal, respectively. A full-duplex communi-
cation function for CCPT systems is realized while transferring
power simultaneously. Second, because of the interference be-
tween two signal sources in full-duplex communication system,
an ipsilateral signal interference suppression method is proposed
to realize a full-duplex communication which is suitable for dif-
ferent carrier frequencies and signal transmission rates of two
signal sources at each side.

This paper is organized as follows. In Section II, the topol-
ogy of power-signal parallel transmission system is proposed.
In Section III, according to the topology in Section II, the model
of two signal channels in the proposed topology is established
and analyzed successively. In Section IV, a parameters selection
method of signal channel is presented. In Section V, a steady-
state response of interference is estimated to suppress the signal
interference from the ipsilateral side. Based on this estimation,
a suppression strategy is introduced to demodulate the useful
signal from opposite channel. The proposed method is verified
by both MATLAB simulations and experimental results. Vali-
dation and concluding remarks are presented in Sections VI and
VII, respectively.

II. PROPOSED TOPOLOGY

Fig. 2 shows the proposed topology of a CCPT system with
full-duplex communication on the shared channel. A typical
topology for wireless power transmission which includes a full-
bridge inverter, a resonant tank, two coupling plates, and a recti-
fier is adopted. The full-bridge inverter transforms the dc voltage
FE4. into a high-frequency ac voltage by using four MOSFETS
S1— S4. Lge serves as a dc inductor to form a quasi-current
source. The combination of C), and L, forms a parallel reso-
nance tank. Under normal operations, two pairs of metal plates
on coupling structure can be modeled as a couple of equivalent
capacitors C; and Cyy. To transfer power to the load suffi-
ciently, the series coupling capacitors are tuned by the com-
pensation inductors Lg; and Lgo. The rectifier bridge formed
by D,—-D, converts the ac voltage into dc for driving the load
directly.

To realize the full-duplex communication based on the pro-
posed CCPT topology, a couple of signal branches are con-
nected directly on the metal plates on each side of the system. In
each signal branch, one tightly coupled transformer T (Ty2)
is employed to load the signal into the signal channel. As such,
the signal in the channel is picked up and detected by another

equivalent to
resistor R

Proposed topology of the CCPT system with full-duplex communication module.

tightly coupled transformer (T3 /T44). In addition, the capac-
itors Cyy and Cjo serve as isolation capacitors which isolate
low-frequency power wave transfer across the signal branch.
To keep the power flow out of the signal channel effectively,
the values of capacitors Cy; and Cy» have to be set to be low
since the ac signal wave at a high frequency can transfer across
capacitors Cy; and Cy» easily.

As for the signal channel, the combination of quasi-current
source and full-bridge inverter serves as an ac current source
which is equivalent to an open circuit. Moreover, an equivalent
ac resistance R can be used to replace the rectifier, filter capacitor
Cy,and load Ry, [27]. The signal channel is shown in Fig. 2 and
the proposed topology in Fig. 2 contains many inductors and
capacitors which result in a complicated high-order channel.
Therefore, a simplified signal channel should be established
to analyze the channel characteristic. For power transfer, the
components of the resonance tank satisfy

w2L,C, —1=0

C.1Clo (1)
2(Lgy + Lyg) =———— —1=0
wp( L 2) Gs‘l+032
where w), is the undamped natural angular frequency of the
power resonance tank. Generally, the signal frequency is much
higher than the frequency of power resonance tank. The signal
angular frequency wg can be expressed as

ws =Aw, (A>1) 2)

where A is the w; /w, ratio. Define the impedances on the left
side of the primary signal branch and the right side of secondary
signal branch as Zi.f; and Z,ig1¢, respectively, and the expression
of these two impedances can be obtained in (3), and a complete
derivation is provided in the Appendix

Zright = jwsLSQ
Loty = jwsle

3)

Then, the signal channel can be simplified to a symmetrical
structure as shown in Fig. 3.

In Fig. 3, there are four signal channels named Sy ¢, Sa _p),
Sp_c,Sp_p, respectively. The subscript label of each chan-
nel name indicates the input and output ports. For example,
Sa_c represents the channel with the input-port Port A, and
output-port Port C. Set Ly, equals Lo, Cy; equals Cyo and four
tightly coupled transformers are all the same, then the model of
communication in both directions becomes the same. The
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Fig. 3.  Simplified circuit of signal channel on the CCPT system.

channel Sy ¢ and Sp_p are equivalent and named as ipsi-
lateral channels. Similarly, the channel S4_p and Sp_¢ are
equivalent as well, and they are named as opposite channels.

III. MODELING AND ANALYSIS

Generally, for the power and signal parallel transmission in
the proposed system, three factors, namely the gains of signal
channels, gain of power channel, and the power interference
on signal channel, should be taken into consideration. There-
fore, three corresponding models are established in this paper
as follows.

A. Gains of Signal Channels

As for the topology in Fig. 3, to calculate the gains of signal
channels more easily, the circuit is divided into seven parts with
certain impedances which are shown in (4)

Zy = jwsL, + R, Ly = JC:C’% + Zg3

Zo1 = (%Zﬁ 2 i = giwLL11+ZZ44

Ty = onCos +Zg + Z, 7 Zso = Zgs5 + jwlegl + 2,
4)

where Zg1, Zso, Zs3, Zsa, Zss, Zsi, and Zgy represent the
impedance of each part which are shown in Fig. 3. Z, de-
notes the impedance of single siding coil of the tightly cou-
pled transformer. Besides, L,, R,, and M, are defined as the
self-inductance, internal resistance, and mutual inductance of
the tightly coupled transformer, respectively. According to the
Kirchhoff Voltage and Current Law (KVL and KCL), the trans-
fer function of each part can be expressed as

Z‘sil 1 Z.C.s’l 1
G =2t = Gy = 0oL = L
Usit st urst  Zsa
i jws M, ULs2
G52 = ,Cgl = JWs My GSG = T = ZsS
1si1 Zs6 + Zq LCs1
) .
Uso1 . 1Cg2 1
Gy = 290 — juo M, Gur = C82 —
10g1 ULs2 Z82
Urs1 Uso2 .
Gs4 = —— =Zs GsS =T = jwsMg
1Cg1l 1Cg2

&)
where 7, and wug; are the current and voltage of the sig-
nal source, ug,; and wug,2 are the voltage of the signal output
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Fig. 4. Simplified circuit of power channel of the CCPT system.

port without power transmission, icg1, cs1, icg2 are the cur-
rent of the Cy1, C,1, and Cjo, respectively. upgi, ursa rep-
resent the voltages of the Ls; and Lg.Ggi(i=1,2,3,...,8)
represent the transfer functions of intermediate variables of
Tsi1, 1Cgls ULsl, tCs1, ULs2 and icgo in (5) which are adopted
to simplify the solving process and solution. Based on (4) and
(5), the transfer functions from signal source voltage ug;; to the
voltage of two signal output ports ug,; and wug,2 can be obtained
as

Usol
Gipsilateral = = H Gsi
Usil . .
i={1,2,3} 6)
a _ Uso2 G :
opposite — — H si
Usil

i={1,2,4,5,6,7.8}

The transfer functions Gipsilateral and Gopposite represent the
signal gain functions of the ipsilateral and opposite channels,
respectively. They are adopted to evaluate the gains of two signal
channels.

B. Gain of Power Channel and Power Interference
on Signal Channel

Fig. 4 shows the power channel of the proposed topology.
Consider the voltage u,; on the parallel resonant tank as the
input power source of the system, the gain of power channel can
be represented by the transfer function from wu,; to the voltage
across the load resistor R. Besides, the power interference on
signal channel can be calculated by the transfer function from
up; to the voltage on two signal output ports up1 and wpe9.
All these transfer functions are excited by only the voltage u,,;,
without signal input.

To calculate these transfer functions more easily, the circuit is
divided into five parts with certain impedances which are shown
below

Zy = jupLy + Ry P Y
P Zb? + Zp]
(ijwg)Z Cs1 + Cs2
Iy = =427+ ——— | Z,5 = L1524 7
) 77 jupCa P37 G, O Cay | 012
(wpMy)® Z1 Zps
Zyy = ————+ 225 + ——— Zpy = 55—
" g 77 jwpCyo ’ Zy1 + Zps
Zpl :jpr32+R Zp5 :jprsl +Zp/l

)
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where 7,1, Zyo, Zp3, Zy4,and Z,5 represent the impedance
of each part which are shown in Fig. 4. Z;; and Z;» indicate the
impedance of signal branches at transmitter and receiver side,
respectively. According to KVL and KCL, the transfer function
of each part can be expressed as

L1 1 Up2

G, 1= = G 6 = = 2
p P . p
Upi Zp5 1051
Up1 102 1
GPQZ%:ZPAL G, = =8 —
p7
tLs1 Up2 Zb?
ngl 1 Upo2
Gps = = ,{ Gps = - = jwp My
upt 21 iCg2
Upol ) 1
Gp4 = 'pO = jprg Gp9 = il = —
log1 Up2 ]WpLsQ +R
101 1 UR
Gps = =+ = —— Gpo=7-=R
Up1 Zp3 iR

®)
where irs1, icg1, tos1, tcg2, tr are the currents of Ly,
Cy1, Cs1, Cy2, R, respectively. And uy; and o are the volt-
ages of the signal branches at the transmitter and receiver sides.
Gpi(i=1,...,10) represent the transfer functions of interme-
diate variables of irs1, Up1, icg1, Tos1s Up2, Gcg2 and ip in
(8). Based on (7) and (8), the transfer functions from voltage
Upi 10 Upo1, Upo2, and ug can be obtained as

Upol H
_ _pol __
Gtransmittcr - U - Gpi

Pl i={1,2,3,4}
Upo2
po
Greceiver = = I I Gpi (9)
Upi . :
{1,2,5,6,7.8}

G =2 = ﬁ

Gpi
Upi .
i={1,2,5,6,9,10}

The transfer functions Giransmitter and Gheceiver represent
the power interference on the signal output port on transmit-
ter and receiver sides, respectively. The transfer function G
presents the gain of power channel without considering the in-
ternal components resistances. In the case of the system without
signal branches, the transfer function should be equal to one if
the internal resistances of the components are ignored. So the
difference between Gi considering additional signal branches
and Gr without additional signal branches can be adopted to
evaluate the interference of the additional signal branches on
the power transmission.

IV. PARAMETERS SELECTION OF SIGNAL CHANNEL

For a typical CCPT system with certain parameters and topol-
ogy on power channel, parameters selection of the signal chan-
nel based on the modeling above is a crucial step to ensure
the power and signal transmission. Because the transformer is
tightly coupled and the coil is winded on the same magnetic
core, the coefficient of mutual inductance k can be regarded as
a constant. Moreover, the variable R, is seen as a constant, an
external resistor R, is connected to the transformer in series.
Then, a constant 17, can be achieved by adopting different R, .
Therefore, only L,, Cy and A are concerned as variables to
simplify the analysis in (6) and (9).
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Based on the analysis in previous sections, in order to achieve
the wireless power and signal transfer on a CCPT system, the
following three assumptions need to be made:

1) To recognize the signal effectively from power flow, the
amplitude of signal voltage ug,1 and us.2 on the output
ports have to be much bigger than the amplitude of power
interference voltage u,,,1 and .2 on signal output ports.

2) To maintain the power transfer on the CCPT system with
signal branches, the gain of power channel G from par-
allel resonant tank voltage to the load voltage have to be
larger than a threshold value.

3) In order to ensure that signal 0 and 1 can be distinguished
clearly, the gain of the communication channel Gpposite
have to be larger than a threshold value.

These three assumptions are related to the voltage gain func-
tions in (6) and (9). All the transfer functions are related to the
variables L,, C; and A, and the associated constraints can be
expressed as

Uso?2 _ usilGopposite (Lgacgv )‘) >k
Upo2 upiGreceiver (Lg7 an )‘) -
Uso1 _ Usi2 Gopposite (Lgacg7 )‘) >k
Upol upiGtransmitter (Lgycqv )‘) - (10)
Gr (Lgv Cq) 2 G;%
Gopposito (Lgv Cg ’ )") > G:;ppositc

where k. is the minimal threshold ratio of the signal voltage
Uso1 and ug,2 On signal output ports to the power interference
voltage u,,1 and u,,2 on the signal output ports, respectively.
The threshold ratio k. is adopted to meet the first assumption 1),
G% is the minimal gain of power channel which is adopted
to meet demand 2), and G7 . is the minimal gain of the
opposite signal channel which is adopted to meet assumption 3).

V. IPSILATERAL SIGNAL INTERFERENCE
SUPPRESSION STRATEGY

In the proposed full-duplex communication system, two sig-
nal sources act on the channel simultaneously, so the signal
transferred to each side is excited by two separate signal sources
on the same channel, they interfere with each other so it is dif-
ficult to demodulate the mixed signal directly. To solve the
problem, the signal interference between the two signals has
to be suppressed. In this section, an ipsilateral signal interfer-
ence suppression strategy is proposed to eliminate the signal
interference.

A. Analysis of Interference and Suppression Principle

Based on the structure shown in Fig. 2, the output signal from
port C or port D is stimulated by the two input signals from
port A and port B. According to the circuit theory, the signal
channel in the proposed topology can be considered as a lin-
ear system which satisfies the superposition theorem. It means
that the response of the channel with two signal sources equals
the algebraic sum of the responses caused by each indepen-
dent signal source acting alone, where all the other independent
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Fig. 5. Block diagram of the interference suppression strategy.

sources are replaced by their internal impedances. However, for
the signal pickup, only signal from the input port on opposite
side is desired. Contrarily, the signal from ipsilateral side is re-
dundant, moreover, it interferes the opposite signal severely. To
obtain the opposite signals effectively, the interference signal
from ipsilateral channel have to be suppressed, then the signal
from opposite channel can be demodulated. The specific block
diagram of proposed method is presented in Fig. 5.

In the block diagram shown in Fig. 5, block G¢ and Gpp
represent the transfer characteristic of ipsilateral signal channel
and block Gap and G'p¢ represent the transfer characteristic of
opposite signal channel. From port C and D, output signal from
both ipsilateral channel and opposite channel can be picked up.
To suppress the interference signal from ipsilateral channel, an
amplitude modulation and phase modulation Module (AM &
PM) are adopted. The specific adjustment value of amplitude
and phase are determined by the transfer function Gipgilateral
in (6). Therefore, the estimated output signal from opposite
channel can be achieve by

ﬂsol = (usilGAC + usiZGBC) - usilGipsilatcral
(11)

Uso2 = (usitGAp + UsioGBD ) — Usi2 Glipsilateral

B. AM & PM module

According to the magnitude-frequency and phase-frequency
characteristics of the transfer function Gigitateral in (6), the re-
lationship of input signal and output signal of ipsilateral channel
can be given as

Uuso = Uy |G (ws)] el ?(@s) (12)

where |G(.)| and () are the magnitude-frequency function and
phase-frequency function, respectively. To get the estimated out-
put signal of ipsilateral channel, an RC series circuit with ampli-
fier is established as Fig. 6. The signal input uy; is set on the RC
series circuit, and the amplifier increases the voltage amplitude.

Usorttiac (OF Usorttipp)

Usi)
(or us)

|

|
I I U
. lor

amplifier | (0’ u””) subtracter
|
|
|
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Fig. 6. AM & PM module for the ipsilateral signal channel output estimation.
TABLE I
PARAMETERS OF THE CCPT SYSTEM
Parameters Values  Parameters Values
Eq./IV 65 Ly./mH 1.00
Cy,/nF 10.00 L,/pH 10.13
Cs 1 /pF 600.00 Cso/ pF 600
Loy /uH 16887  Lyo/uH 168.87
RIQ 50 f, /kHz 500
(1) A=10 () A=15 (3) A=20
400 400 400
T =) =)
2 200 2 200 3 200
on o0 o0
= < ~
0 0 0
2 4 6 2 4 6 2 4 6
C(oF) C,(oF) C(PF)
(4) A=25 (5) A=30 (6) A=35
400 400 400
) ) )
= 200 = 200 3 200
o0 o0 o0
~ = ~
0 0 0
2 4 6 2 4 6 2 4 6
F F F
C,(oF) C,(oF) C,oF)
Fig. 7. Feasible region of signal channel parameters selection.

In Fig. 6, the estimated output voltage can be expressed as

|Gm | Usi
(WsRm Cm)2 +1

UG =

e[fj-arctan(ws R, C)]

13)

where |Gy, | is the gain of the amplifier. Then, the parameters

can be determined as

Rm Cm = —tan ® (ws)/ws

|G| =G (w5)]

tan? o (wy) + 1

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

(14)

In order to verify the proposed topology and interference
suppression strategy, MATLAB simulation and practical exper-

imental tests are conducted.

A. Parameters

The parameters of the proposed CCPT system for wireless
power transmission (see Fig. 2) under study are shown in Table I.
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TABLE II
COMPONENTS PARAMETERS OF THE SIGNAL CHANNEL

Parameters (1) ?2) 3) ) ) 6)

A 10 15 20 25 30 35

C, (pF) 25 25 5 5 25 25

L, (uH) 340 151 42 27 37 28
TABLE III

COMPONENTS PARAMETERS OF PROPOSED TOPOLOGY

Parameters Values Parameters Values
Ed(./V 65.0 usil,usiglv 10.0
Ly, /uH 42.0 C, /pF 5.0
R,/ 300.0 Mg /pH 37.8

In (10), the coupling coefficient k of the tightly coupled trans-
former is set at 0.9, the threshold ratio k. 5, the threshold gain
of signal channel is 0.8, the threshold gain of power channel
is 0.95, then the values of parameters on a signal branch that
satisfy the constraint conditions of (10) can be obtained. The
black regions in Fig. 7 show the acceptable values of L,, C,
and A.

For different frequency ratios A, all the combination of param-
eters L, and C, are marked in Fig. 7. Table II presents several
suitable parameters with different A conditions.

Based on the parameters shown in Table II, the Bode magni-
tude plots of the four transfer functions in (6) and (9) are shown
in Fig. 8.

Fig. 8(a) shows the Bode magnitude plots of Gpposite func-
tion of the opposite signal channel. For each parameters in
Table II, the voltage gains on the signal carrier wave frequen-
cies are around the maximal gain point, and they are greater
than Gzpposite .

In Fig. 8(b) and (c) show the Bode magnitude plots of
Giransmitter ad Giransmitter functions of power interference,
respectively. The operating frequency points for power trans-
mission are also mark on the curves. On the power resonant fre-
quency, the voltage gain of power interference on signal channel
are all smaller than —50 dB.

In Fig. 8(d) shows the Bode magnitude plot of Gy, function of
power transmission from parallel tank to the load. The operating
frequency points for power transmission are also marked on
the curves. The voltage gain on the resonant frequencies is the
maximal gain, and all these voltage gains are close to 0 dB which
is the voltage gain for CCPT system without signal branch. It
shows that the existence of the signal branch has no observable
effect on the WPT.

B. Simulation Results

The proposed topology shown in Fig. 2 has been simulated
with MATLAB. The input dc voltage of power is set at 65 V
and the component parameters on the main circuit are presented
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Simulation waveforms of CCPT system with communication module. (a) The waveforms of traditional CCPT system without signal branch. (b) The

waveforms of signal transmission without wireless power transmission. (¢) The waveforms of CCPT system with signal branch. (d) The power interference on
the signal branch without signal transmission. (e) The waveforms of signal transmission with wireless power transmission synchronously. (f) Modulation and

demodulation signals of system.
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Fig. 10.

Experimental setup of the proposed CCPT system. (a) Prototype of the proposed system. (b) Structure chart of the coupling structure (plate a and b

compose the capacitor Cs1, plate ¢ and d compose the capacitor Cs2). (¢) The actual coupling structure and size.

in Table I, moreover, the selected component parameters on
the signal branches are listed in Table II and parameters in the
third column of it are chosen for verification. The carrier fre-
quencies of ugj; and wugjo are both 10.0 MHz. The amplitude of
usi1 and ugio are both 10 V. The signal modulation frequencies
of ug1 and ugio are 100 kHz and 60 kHz, respectively.

According to (6), the amplitude attenuation and phase differ-
ence can be calculated easily and the results are |G| = 1.27,p =
94.84°, respectively. Substituting the amplitude and phase into
(14), the parameters R, C,,, and |G, | can be derived. Defining
the resistor R,,, = 188 Q,C,, = 1nF,|G,,| = 15.1, then the
simulation waveforms of power and signal transmission in the
proposed system are presented in Fig. 9.

Fig. 9(a) presents the waveforms of a traditional CCPT system
without a signal branch. The first two waveforms are the driving
voltages of the MOSFETS S; —S, used in the full-bridge inverter.
The third waveform is the voltage of parallel resonant tank, the
amplitude is 102 V. The fourth waveform is the voltage on the
load, the amplitude is 101 V and the output power is 102 W.

Fig. 9(b) shows the waveforms of signal transmission without
wireless power transferring. The first waveform is the input
signal voltage of transmitter side whose modulation frequency
is 100 kHz. The second waveform is the input signal voltage of
receiver side whose modulation frequency is 60 kHz. It should
be noted that the modulation frequencies of 100 and 60 kHz
correspond to baud rates (BRs) of 200 and 120 kb/s, respectively.
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Fig. 11.

Experimental waveforms of CCPT system with communication module. (a) The waveforms of traditional CCPT system without signal branch. (b)

The waveforms of signal transmission without wireless power transmission. (c) The waveforms of CCPT system with signal branch. (d) The power interference
on the signal branch without signal transmission. () The waveforms of signal transmission with wireless power transmission synchronously. (f) Modulation and

demodulation signals of system.

This is because in a square wave cycle, each high level and low
level represents one code cell, so each cycle represents two code
cells. The last two waveforms are the output signals of primary
and secondary signal branches, respectively.

Fig. 9(c) shows the waveforms of the CCPT system with
communication modules. The first two waveforms are the driv-
ing voltages of MOSFETSs. The third waveform is the voltage of
parallel resonant tank and the amplitude is 103 V. The fourth
waveform is the voltage on the load, the amplitude is 100 V, and
the output power is 100 W which are close to the Fig. 9(a).

In Fig. 9(d) presents the power interference on the signal
branch while the wireless power transferring and no signal trans-
ferring. The first waveform is the voltage on the parallel resonant
tank, the amplitude is 103 V. The second waveform is the volt-
age on the load, the amplitude is 100 V. The last two waveforms
are the voltage on primary and secondary signal branch which
are excited by the voltage on the parallel resonant tank. The
amplitude of interference voltage of signal output on each side
are both 2.4 V.

Fig. 9(e) presents the waveforms of signal transmission with
wireless power transferring simultaneously. The first waveform
is the input signal voltage of transmitter side whose modulation
frequency is 100 kHz. The second waveform is the input signal
voltage of receiver side whose modulation frequency is 60 kHz.
The third waveform is the output on transmitter side after ip-
silateral interference suppression. The fourth waveform is the
output on receiver side after ipsilateral interference suppression.
The last two waveforms have good correspondence with the first
two waveforms which means that the signal can be demodulated
after interference suppression.

Fig. 9(f) shows the waveforms of modulation and demodu-
lation signals of the system. The first and the third waveforms
d;1, d;3 are the modulate signal of transmitter side and receiver
side whose BRs are both 200 kb/s. The second and the fourth
waveforms d;5, d;4 are the demodulate signal of transmitter side
and receiver side whose bauds rates are both 120 kb/s.

Actually the BR 200 kb/s is a practical maximum value we
chose in our simulation analysis and following experimental
setup, rather than a theoretical design limit of the system that
is mathematically analyzed. At present, the BR of standard se-
rial port communication for industrial applications is between
300 b/s and 115.2 kb/s. In this research, an extra margin of
about 85 kb/s above 115.2 kb/s is added to make the maximum
200 kb/s. Our experiments have demonstrated that the proposed
communication system can operate at 200 kb/s smoothly.

C. Experimental Results

A practical CCPT experimental setup with the parameters
listed in the Tables I and III has been built and tested. The
experimental setup of the proposed CCPT system is illus-
trated in Fig. 10. There are several parts in Fig. 10(a), 1) the
full-bridge inverter, 2) the power resonant tank composed by
L1, Lga, Ly, and Cy, 3) coupling structure Cs; and Ci5, 4) the
rectifier and load, 5) and the signal modules (including the MCU,
modulation—demodulation module and AM&PM module). Fig.
10(b) shows the structure chart of coupling structure. This struc-
ture can be used in some fixed or rotary devices [28] and its real
photo and size are shown in Fig. 10(c). Besides, the distance
between the transmitter plates and receiver plates is 1 mm.
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TABLE IV
POWER LOSS DISTRIBUTION OF THE SYSTEM

Component Power loss (%)

Full-bridge inverter 14%
Transmitter side compensating circuit (Cy,, L;,, and Ly 1) 40%
Coupling plates 18%
Receiver side compensating circuit (Lg2 ) 16%
Rectifier and filter capacitor 10%
Communication circuit 2%

TABLE V
PERFORMANCE SUMMARY TABLE OF PROPOSED SYSTEM

Parameters Values

100 W

84%
<200 kb/s (covering all the BR of serial port communication)
0% (when BR< 200 kb/s)

Power level of CCPT system
Power efficiency
Signal BR

Bit error rate

All the waveforms in the Section VI-B are tested on the
practical circuit, and the experimental waveforms are shown in
Fig. 11.

By comparing waveforms in Figs. 9 and 11, it can be seen
that waveforms of the modulating signal, demodulating signal,
carrier wave, and pick-up voltage in the simulation waveforms
and experiment waveforms match well to each other, respec-
tively. The simulation waveforms are slightly different from ex-
perimental waveforms, as the ultrahigh frequency of the carrier
wave increase internal resistance of tightly coupled transformers
Ty1—Tg4. Therefore, the amplitude of the voltage on detection
resistor in Fig. 11(b) is slightly lower than the simulation results
in Fig. 9(b). Moreover, the peak resonant voltage [200 V in
Fig. 11(a) and 200 V in Fig. 11(c)] and the peak pick-up voltage
on the load [192 V in Fig. 11(a) and 188 V in Fig. 11(c)] in
Fig. 11(a) and (c) are both slightly lower than the simulation
voltage in Fig. 9(a) and (c). The reason is the stray parame-
ters of the elements in the circuit such as internal resistance are
not considered in simulation result. In addition, in Fig. 11(f),
the demodulation signal waveforms whose BRs are 200 kb/s
and 120 kb/s have some unexpected peaks because some abrupt
change in the carrier wave affects the demodulation process.
However, the unexpected peaks of demodulation signals can be
removed by detecting the duration of the high electric level.
Therefore, all the differences here have insignificant effect on
the system which can be ignored. Besides, the power efficiency
is tested and found to be over 84% regardless of whether the
branch circuits are added to the original CCPT system. The
power loss of the proposed system is analyzed and each part of
the loss is listed in Table IV. As can be seen, the whole system is
divided into six parts, and the resonant circuits take the highest
part of the loss, and the power loss of the communication circuit
only takes about 2% of the losses.

The summary performance of the proposed system is listed
in Table V.

3237

D. Further Discussion

All the work presented in this paper focuses on the topology
and characteristics of the system and the method to transfer
power and signal in a shared channel. If a higher data rate is
needed in some other applications, the data rate limitation of the
proposed system and its influencing factors are also important
to measure the capacity of a communication system. Possible
limitations of the system include: damping coefficient of the
signal channel, effect of the stray parameters, etc. Therefore,
the study on the data rate limitation is meaningful for the further
research.

VII. CONCLUSION

This paper has proposed a full-duplex communication chan-
nel on top of a capacitively coupled WPT system. The working
principle of the proposed channel was explained, and the elec-
trical circuit parameters of the channel were calculated based on
the analysis of mutual interference between power and signal,
as well as the voltage gains on the same channel. In addition,
an ipsilateral interference suppression strategy is proposed. Af-
ter full analysis and design, the system is fully simulated and
practically tested. It is demonstrated that 100 W of power can
be transferred and a full-duplex communication on the shared
channel can be well achieved at 200 kb/s, which is sufficient for
normal serial communication applications.

APPENDIX
From Fig. 2, the impedance Z s can be expressed as (Al).

JwsLy

Ze :. SLS T 97 ~ -
left = JWsLis1 + - o?L,C,

(AD)
According to (1) and (A1), the second term of Zj.s, can be
obtained as
JwsLy B JwsLy A 1

1-w?L,C,  w2L,Cp —w?L,C, A2 —1jw,C,’

(A2)

Because A > 1,A/(1? — 1) tends to be equal to 1/A. Because
Cs1 < O, in the practical system, then Ly > L,. So that,

. . . 1
JwsLsi = jhwpLg > jiw, L, >>ijpr

11 A 1
= —- N - . (A3)
Ajw,Cp A% =1 jw,C,

Therefore, the second term of Zj.s, can be ignored and Zjy
can be simplified as

Loty = jws L. (A4)

Moreover, under the high operating frequency w, condi-
tion, the impedance of inductor Lys must be much higher than
impedance of the equivalent load R in practical system. So that
Zyight can be obtained as

Zright = jws Lyo. (A5)
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