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Abstract—Wireless power transfer (WPT) systems can poten-
tially provide simultaneous power and data transfer for Internet-
of-Things devices, such as smart speakers, glasses, and watches.
However, due to the high quality factor of coils, the intrinsically
narrow WPT channel bandwidth severely limits the data transmis-
sion capability of the system, especially for data downloading links
requiring higher data rates. In addition, the channel bandwidth
varies with power transfer distances, which is also undesirable for
wireless communication. In this study, the channel features of a
two-coil series—series matching magnetic resonance wireless power
and data transfer (MWPDT) system, including the bandwidth and
the roll-off slope are characterized analytically. Based on the char-
acterization results, a receiver front-end circuit with a three-stage
cascaded equalizer (EQ) is proposed and implemented to extend
the bandwidth of a MWPDT system at different distances. The
proposed EQ can provide a frequency response with a variable
roll-up slope from 10 to 45 dB/dec to compensate for the distance-
dependent channel response of an MWPDT system. A complete
MWPDT system is built and tested to verify the performance of
the proposed method. Experimental results demonstrate that the
data rates can be extended from 650, 500, and 350 kbps to 850,
700, and 650 kbps at 0.4, 0.5, and 0.6-m distances, respectively. The
highest data rate extension ratio is 85% at a transmission distance
of 0.6 m, which is 2.4 times the radii of the coil employed in the
system.

Index Terms—Bandwidth, cascaded equalizer (EQ), magnetic
resonance wireless power and data transfer (MWPDT), receiver,
roll-up slope (ROS).
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I. INTRODUCTION

IRELESS power transfer (WPT) technology has at-
W tracted wide research efforts since Tesla demonstrated
the first WPT system prototype to power up a light bulb [1],
[2]. Recently, with the ever-increasing demand for Internet-of-
Things (IoT) devices, WPT technology is playing an important
role in charging portable devices due to its high flexibility.
Among the most popular WPT techniques, such as inductive
coupled power transfer and capacitive coupled power transfer,
magnetic resonance wireless power transfer (MWPT) technique
achieves a good balance between operation distance and power
transfer efficiency [3]. MWPT systems are capable of trans-
mitting power from a few milliwatts to several kilowatts over
distances from a few millimeters to more than one meter [4],
[5]. Therefore, MWPT systems can provide reliable charging
accesses for vehicles, smart portable devices, and implant
devices [6]-[8].

The rapid growth in the number of IoT and portable de-
vices not only challenges the existing charging systems, but also
causes unprecedented pressure on wireless communication sys-
tems. Conventional radio frequency (RF) communication tech-
nology is lacking in spectrum resources and cannot provide
enough communication accesses, especially under environments
with a high density of users, such as airports and shopping malls.
Since MWPT systems are essentially resonance tanks, the power
transfer channels can potentially be used for simultaneous data
transmission to support the communication function. As shown
in Fig. 1, magnetic resonance wireless power and data transfer
(MWPDT) technology can be implemented seamlessly with the
rapidly developing power line communication (PLC) technol-
ogy to provide simultaneous power and internet connections for
IoT devices, such as smart speakers, glasses, and watches [9].

The critical problem in implementing MWPDT systems for
IoT devices is the tradeoff between the high quality (Q) factor
of the coils and data transmission bandwidth. With a larger coil
inductance, and therefore higher Q factor, a longer transmission
distance and a higher efficiency can be achieved, but at the cost
of a narrower bandwidth. There have been significant research
efforts focusing on developing novel MWPDT system architec-
tures. In[10]-[15], power and data were transmitted using carrier
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Fig. 1. Integrating MWPDT and PLC technology for simultaneous charging
and communication of IoT devices.

waves with separate frequencies to extend the data transmission
bandwidth and reduce the cross talk. By centering the power and
data carriers at lower and higher frequencies, respectively, data
rates of 19.2 [10], [11],20[12], 100 [13], 119 [14], and 560 kbps
[15] were achieved and the cross talk between power and data
was suppressed. In [16] and [17], power and data were trans-
mitted at two different pairs of coils with different resonance
frequencies, which was suitable for short-distance biomedical
applications. In [18], backward data transmission was achieved
to send a control command from the receiver side to the trans-
mitter side for vehicle charging and status monitoring. In [19],
a novel system was proposed using trapezoidal current to trans-
mit power and data simultaneously. The fundamental component
of the trapezoidal current waveform was used to transfer power
and its third-order harmonic component was selected to transmit
information.

However, there still exist some challenges limiting the prac-
tical implementation of MWPDT systems. First, the method
of separating power and data requires either multi-resonance
structures or multi-coil systems, which increase the design
complexity. Second, the problem of the intrinsically narrow
channel bandwidth has not yet been solved. In addition, the
channel features of a MWPDT system, such as bandwidth and
roll-off slope (ROS), varies with operation distances, which
results in an unstable communication channel undesirable for
wireless communication.

In order to solve these problems, we propose a receiver
front-end (RX) circuit with three-stage cascaded equalizer (EQ)
to compensate for the limited bandwidth and the distance-
dependent channel response of MWPDT systems. The cascaded
EQ consists of two first-order EQ stages and one second-order
EQ stage. It is capable of providing a variable compensation
frequency (CF), a roll-up height (RUH), and a roll-up slope
(RUS) from 10 to 45 dB/dec. A complete MWPDT system
with a typical series—series matching two-coil structure is built
to verify the circuit performance. Experimental results demon-
strate that the highest data rate can be extended from 650, 500,
and 350 kbps up to 850, 700, and 650 kbps at distances of 0.4,
0.5, and 0.6 m, respectively, with the received power as high
as 2 W.
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Fig. 2. (a) Circuit model of a typical two-coil s-s matching MWPT system.
(b) Received voltage on the load resistor at different frequencies.

This paper is organized as follows. Section II theoretically
characterizes the channel of a typical MWPDT system. The
variation of bandwidth and out-of-band ROS at different trans-
mission distances is analyzed. Section III describes the design
and simulation of the proposed RX circuit with three-stage cas-
caded EQ. Section IV presents the complete MWPDT system,
which consists of a two-coil structure and a power and data
decoupling (PDD) circuit. Section V shows the experimental
results. Finally, a conclusion is drawn in Section VI.

II. CHANNEL CHARACTERIZATION OF AN MWPDT SYSTEM

The channel bandwidth and out-of-band ROS of a typical
two-coil MWPT system is characterized analytically to provide
a guideline for the RX circuit design. Here, we consider the case
when the data and power are transmitted via a shared channel and
received simultaneously on a load. A series—series (s-s) match-
ing MWPDT system is shown in Fig. 2(a). The system consists
of a signal source V; with a source impedance Ry, a load resistor
Rioad, @ transmitting L, a receiving coils Lo, the coil parasitic
resistances 12,1, I?p2, and two matching capacitors C1,Cs. The
center frequency f., at which maximum power transfer can be
achieved on Rj,,4, is determined by the resonance condition of
Ly, Cy and Lo, Cs as follows:

Vre Vo
fe=Voe “Vne
The received voltage across Rjpaq (Vioad) gradually decreases
when the source signal frequency deviates from f.. The fre-
quency point when the received voltage across Rjy,q reduces
by 3 dB compared to the received voltage at f. is denoted as

f-3 aB, as shown in Fig. 2(b). The channel bandwidth (BW) is
thus determined as follows:

BW = |f_34B — [c|. (2)

A transmitted signal can be successfully recovered on the re-
ceiver side when the Nyquist frequency of the signal falls within

ey
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BW. When the signal’s Nyquist frequency goes outside BW, the
intensity of the out-of-band spectrum component drops sharply
so that the signal cannot be recovered properly. Out-of-band
ROS describes how fast the frequency response of a MWPT sys-
tem drops at frequencies outside the BW. As shown in Fig. 2(b),
the ROS can be calculated using the following equation:

i aVioad
Ve of |
In order to calculate the BW and ROS, V),.q at different fre-

quencies needs to be analytically calculated. The circuit equa-
tions of Fig. 2(a) are shown as follows:

ROS = 3

V, = I, <RS + Ry +j (27rfL1 - )) +j2rfMIL

“

L
27TfC1

1
— 1, (Rp.. (27 fLy — —— )\ + j2n FMI..
0 L(Rl d+Rp2+J(7Tf 2 27ch,2)>+j wf
)

The mutual inductance M can be calculated using coupling
factor k with the following equation:

M = k\/I, Ls. (©6)

Under the condition of symmetric transmitting and receiving
coils with equal inductance L, equal source and load R, based
on the (1) and (4)—(6), Vioaq can be calculated as in (7) shown
at the bottom of this page.

Veenter 1S also calculated as follows:

—j2nf3kLR
Vcenter = 47T2f§]€2L2 n fC2R2 .

®)

The design parameters of the MWPDT system are coil radii
r, inductance L, and resonance frequency f., which are deter-
mined by application specifications. Other parameters such as
matching capacitors C; and Cz and coupling factor k can be
calculated based on the design parameters. In our system, both
the transmitting and receiving coil inductances are set to 30 ©H,
and the coil radii are set to 0.25 m. The resonance frequency f.
is set to 4.25 MHz. The Ry is 50 2 considering the typical RF
power amplifier (PA) output load. The parasitic resistances I2,,1
and R, are 14 and 7 (2, respectively.

In the case that the two coils share the same radii r and are
separated by a distance of d, their coupling factor can be cal-
culated using the following equation when d is comparable to r
[20], [21]:

k= ! 573 )
1+ 22/3(d/r)?]

The equation indicates that the ratio of the power transfer dis-
tance over the coil radii d/r is more meaningful and convenient
for analysis.
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Fig. 3. (a) Calculated variation of BW versus d/r. (b) Calculated variation of
ROS versus d/r.

The BW and out-of-band ROS can be calculated using (2),
(3), and (7)—(9). The calculation is performed under two differ-
ent loading conditions, a pure 50-§) resistive load and a 50-2
resistive load after a full-bridge rectifier. The latter loading con-
dition is in accordance with our designed MWPDT system. The
equivalent resistance of a 50-2 load after a full-bridge rectifier
with large filtering capacitor is 40.52 € [22]. The calculated BW
and ROS versus d/r are presented in Fig. 3(a) and (b), respec-
tively, which indicate that both ROS and BW drop with increased
transmission distance. The ROS varies from 17 to 55 dB/dec
when d/r increases from 1.2 to 4. The bandwidth drops to below
100 kHz when d/r is beyond 2.5. The reason why BW drops
with distance can be explained using the equivalent impedance
seeing on the transmitter side to the receiver side as follows:

_ k2L, Ly(27 f)?

Ze
q
Rload

(10)

Atlonger distances, the coupling factor k is smaller and causes
the equivalent impedance Z to decrease. Therefore, the Q fac-
tor of the transmitter side resonant tank is larger, which leads to
a narrower BW.

III. DESIGN OF RX CIRCUIT

A. Operation Principle

To transmit data and power simultaneously through the MW-
PDT channel, the data signal can be modulated with a power

—j2rf3kLR

Vioad =

Am? fAR2L2 + f2R? — Am?L2(f2 — f2)* + jAn fRL (1% — f2)

)
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Fig. 4. (a) Block diagram of a MWPDT system. (b) Evolution of a signal
spectrum when transmitted through the MWPDT system. (c) Principle of using
an EQ circuit to extend the channel bandwidth and recover the original signal
spectrum. (d) Evolution of the baseband data signal dynamic behavior when
transmitted through the MWPDT system. (e) Definition of CF, RUS, and RUH
of an EQ circuit.

carrier centered at f. and transmitted through the matched coils.
On the receiver side, the data signal and carrier wave are sepa-
rated as shown in Fig. 4(a). Compared to transmitting data and
power using separate carriers, this method requires no extra car-
rier for data transmission and is suitable for middle-range IoT de-
vices charging and communication. However, when transmitting
a high-speed data signal with wide baseband spectrum occupa-
tion, as shown with the blue curve in Fig. 4(b), the demodulated
signal is low-pass filtered due to the narrow channel BW. Only
the signal spectrum component shown by the gray area is left as
indicated in Fig. 4(b). In order to recover the original signal spec-
trum properly, an EQ circuit with a high-pass frequency response
shown with the black curve in Fig. 4(c) needs to be implemented
to compensate for the frequency response roll-off of the MW-
PDT channel. The overall channel frequency response with the
EQ circuit is shown with the green curve and the equalized sig-
nal spectrum is shown in the gray area in Fig. 4(c). Considering
transmitting a periodic square wave as a data signal, the evolu-
tion of the dynamic behavior of the signal in baseband during the
transmission and equalization process is shown in Fig. 4(d). The
low-pass frequency response of the MWPDT channel suppress
the signal high-frequency spectrum components and results in
slow rising and falling edges, which can be compensated and
recovered by using an EQ circuit with high-pass response.
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Three parameters are used to characterize the performance
of an EQ circuit, CF, RUH, and RUS, as shown in Fig. 4(d).
The CF specifies the frequency point when the EQ frequency
response rolls up by 3 dB, which should be set as equal to f_3qp
of the channel under compensation. The RUH describes the gain
difference in frequency response between the roll-up peak and
low-frequency range. The RUS is the slope of the roll-up curve
and should be set variably based on the ROS of the channel.
Depending on the channel features, the three parameters need to
be properly optimized to extend the channel bandwidth without
causing over- or under-shooting.

B. Receiver Front-End Circuit (RX)

The data signal extracted from the demodulation circuit gen-
erally features a distance-dependent narrow spectrum and un-
avoidably consists of some carrier wave component. Therefore,
the RX circuit needs to be properly designed for variable channel
bandwidth extension and carrier suppression. The basic princi-
ple of designing an EQ circuit is to create a zero in its transfer
function, which provides a high-pass frequency response. The
most common circuit structures to introduce zeros in EQ cir-
cuits are resistive—capacitive (RC) degeneration and inductive
peaking structures. The former is capable of providing a smooth
and variable CF, RUS, and RUH, but at the cost of suppressing
the intensity of low-frequency gain, which reduces the signal-
to-noise ratio. The latter has the advantages of a higher CF and
easy implementation, but unavoidably leads to over- and under-
shooting in the time response. In addition, the CF and RUH can-
not be tuned separately in inductance peaking structures. Here,
targeting variable CF, RUS, and RUH, we choose to use the RC
degeneration active EQ structure.

As shown in Fig. 5(a), the proposed RX circuit is composed
of a pre-amplifier (pre-Amp) and a three-stage cascaded active
EQ. The pre-Amp amplifies the demodulated signal to provide
enough amplitude gain for equalization. Each EQ stage consists
of two sections, an RC degeneration equalization section (shown
in the red box) and a gain section (shown in the blue box) to
compensate for the loss in the signal’s low-frequency component
during equalization process. A low-pass filter with a 1.5-MHz
3-dB bandwidth is implemented at the pre-Amp to suppress the
carrier wave component and to keep the circuit stable [23]. The
1.5-MHz cut-off frequency is three times higher than the channel
bandwidth and has little effect on the data signal spectrum.

The cascade EQ consists of three stages, EQ;, EQ2, and EQs,
as shown in Fig. 5(a). EQq is a simple first-order equalizer with
Req11 and Ceq11 in parallel to introduce a single zero into the EQ
section. The transfer function is shown in the following equation:

Reg13 + Reqia ) Reqi2
Req14 Req11 + Req12
. 1+ jwCeqi1 Reqi1
1 —+ jwccqll(chll//ch12) .

Hyq1(jw) =

(1)

The first term in (11) determines the amplification of the gain
section and the second term determines the suppression of the
low-frequency component. The third term contains a zero at
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Pre-Amp + LPF EQ, + LPF
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Fig. 5.

1127 Ceq11Req11, Which determines the CF. The transfer func-
tion indicates that the RUH and CF can be controlled separately
by tuning Rcq12 and Ceq11. The first-order equalizer can theo-
retically provide around a 20-dB/dec RUS when frequency is
higher than CF, but the initial RUS around CF is actually much
less than 20 dB/dec. As a result, the actual simulated RUS of
EQ; is 12 dB/dec for a 9.54-dB RUH as shown in Fig. 5(b).
The slow roll-up feature around the CF is exploited in EQo,
which is still a first-order EQ but consists of two zeros introduced
by Ceg21, Reg21 and Ceqo2, Reqo2. By changing the separation
between the frequencies of the two zeros, a variable smooth RUS
can be generated within 12 dB/dec. A slow roll-up frequency
response of EQy with a 5-dB/dec RUS is obtained in simulation
and shown with the green curve in Fig. 5(c). The transfer function
of EQs is presented in (12) shown at the bottom of this page.
By cascading EQ; and EQ,, a wide range of the RUS, from
5-24 dB/dec can be covered by tuning the frequencies of the

(a) Schematic of the RX circuit. (b) Simulated frequency response of each EQ stage. (c) Biasing method of EQs.

three zeros. However, the slow initial RUS around the CF sig-
nificantly limits the compensation performance when a higher
RUS is necessary. Therefore, a second-order equalizer EQg is
cascaded to provide a variable RUS from 20 to 32 dB/dec. The
equalization section of EQj is still based on the RC degeneration
structure but a positive voltage feedback is applied through Req32
to introduce an extra zero into the transfer function, which effec-
tively increases the RUS. To ensure stability, the gain of EQ3 is
keptbelow 1.5. Variable RUS can be achieved by properly setting
the values of the two capacitors Ceq31 and Ceq32. The transfer
function is shown in (13) at the bottom of this page, where g
denotes the gain provided by the gain section of EQs. The sim-
ulated two different frequency responses are plotted with blue
and red curve in Fig. 5(b) using different sets of degeneration
capacitors Ceq31 and Ceqy32, as shown in Table 1.

The biasing method is shown in Fig. 5(c) using EQ- as an
example. Ry14, Rpor, and Ry are selected to be equal and

Req24 + Req25

Higa(jiw) = =2
eq

Req23(1 + jwReq21Ceq21) (1 + jwReq22Ceq22)

X : 12)
(RquI + Req22 + Req23) + ]W(Req22Req21 Ceq21 + Req21 Req2206q22 + Req23Req2106q21
+ ch23 ch22 ch22) - szcq21 ch22 ch23 Ochl Ocq22
HEQ3 (]OJ) _ g- (ReqSS + ijeq32Req33(Ceq31 + jwceqSQ) - WQRquI Req32ReqSBCeq31 Ceq32) (13)

ReqSl + Req32 + jWReq31Req32 (Oeq?)l + Ceq32) + jWReq32Req33(Ceq31 + Ceq32)

+ jWReq31 Req33ceq32 (1 - g) - WQ Req13 Req32 Req33 Ceq31 Ceq32
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TABLE I
COMPONENT PARAMETERS FOR RX CIRCUIT

Parameters ~ Values Parameters Values
Reqll 10 kQ Ceq22 1 nF
Reql2 5kQ Req31 10 kQ
Reql3 5kQ Req32 3.5kQ
Reql4 5kQ Req33 5kQ
Ceqll 200 pF Req34 5kQ
Req21 5kQ Req35 53kQ
Req22 5kQ Ceq31* 400 pF
Req23 5kQ Ceq32" 400 pF
Req24 5kQ Ceq31® 275 pF
Req25 5kQ Ceq32° 580 pF
Ceq21 160 pF

#Capacitor values for generating 32-dB/dec RUS.
bCapacitor values for generating 20-dB/dec RUS.

& 200
s
3
s 10.0
Q.
]
& 0.0 10 dB/dec
g | — 15dBldec
o 1 —
3 100 30 dB/dec
8 | — 45dB/dec
10° 10° 10° 10° 10’ 10°
Freq (Hz)
Fig. 6. Simulated frequency response of the entire three-stage EQ.

much larger than R.q23, Reg24, and Reqo5. Therefore, the bias
voltages at the core amplifier input and output nodes are fixed
to half of the supply voltage. A capacitive coupling method is
used between each stage in the RX circuit to isolate the dc bias
of each circuit stage.

The entire EQ circuit is capable of providing a wide RUS tun-
ing range from 10 to 45 dB/dec, as shown in Fig. 6. The CF and
RUH can be variably set by the proper selection of degeneration
capacitors and resistors. With a 6 V voltage supply from a power
management circuit connected with the power filter, the RX cir-
cuit consumes a power of 30 mW. All simulation parameters for
the EQ circuit are summarized in Table 1.

IV. DESIGN OF THE MWPDT SYSTEM
A. System Overview

To verify the performance of the proposed RX circuit, an
MWPDT system is designed, as shown in Fig. 7. A series—
series capacitive matched two-coil structure with a resonance
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frequency f. at 4.25 MHz is employed for a shared power and
data transfer channel. The amplitude-shift-keying (ASK) mod-
ulation scheme is adopted here to simplify the receiver design.
Compared with other modulation schemes such as frequency-
shift-keying and phase-shift-keying, the ASK modulated data
can be recovered on the receiver side using only passive com-
ponents such as rectification diodes and cascaded filters, which
gets rid of active circuits such as mixers and local oscillators
and is more suitable for low power [oT devices. The data signal
from the baseband is modulated with a 4.25-MHz power carrier
wave, amplified using an RF PA and then transmitted through
the MWPDT channel. After rectification using a full-bridge rec-
tifier, a PDD circuit based on cascaded filters is applied to re-
cover the power and data signal and the RX circuit is connected
in series following the PDD circuit for the variable channel
compensation.

B. Power and Data Decoupling Circuit

The received signal from the receiving coil consists of three
frequency components, dc power, low-frequency data signal,
and high-frequency carrier wave component. A cascaded three-
stage filter is applied to separate different frequency components
as shown in Fig. 8(a). The normalized frequency response of
each stage is calculated analytically and presented in Fig. 8(b).
For power extraction, a 400-uF capacitor is connected in parallel
with a standard 50-(2 load to create a low-pass filter to separate
the dc power component. A second-order low-pass filter consist-
ing of Cyr1, Ra1, Car2, and Ry is used to extract the data sig-
nal. The small signal input impedance of the RX circuit is 5 k{2
and does not affect the performance of the filter. The frequency
response of the second-order filter features a sharp out-of-band
ROS and can better suppress the influence of the carrier com-
ponent, as shown with the blue solid curve in Fig. 8(b). Since
Rgp1 < Rigad, the data filter has very little effect on the power
extraction at low frequencies. The pole of the second-order filter
is set to 1 MHz, which is over two times higher than the channel
bandwidth under testing and does not affect the high-speed data
extraction. The extracted data signal across Cyro will be fed into
the RX circuit for further processing. A small inductor is con-
nected in parallel to suppress the effect of the carrier on power
and data extraction. The transfer functions of the power, data
and carrier filters are shown in (14)—(16) at the bottom of this
page. All component parameters used in the design are shown in
Table II.

Rigad (1 + jwCar1 Rap1)

Hower jw) = - - i : : (14)
o) Rioad (1 4 jwCap1Rap1) + Rap1 (1 + jwCps Ricad) + jwLlp(1 4 jwCapiRap1)(1 + jwCpRioad)
14+jwC)p s Rioa.
Hgata(jw) = Ryt 755G (15)
M Rioaa (14 jwCap Rapn) + Rapy (Ut jwCp Rioad) + L (L jwCat Raa) (1+ jeCop Fioad)
] L 1 ] 1 ] oau
Heaprier (jw) = jwLy(1+ jwCariRap1)(1 + jwCpy Rioad) 6

" Rioad(1 + jwCap1 Ras1) + Rap1 (1 + jwCpy Rioad) + jwL (1 + jwCap1 Ra1)(1 + jwCys Rioad)
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TABLE II
COMPONENT PARAMETERS OF MWPDT SYSTEM

(a) PCB of the full-bridge rectifier (#1), the PDD circuit (#2) and

Fig. 9.
Parameters Values Parameters Values the power management circuit (#3). (b) PCB of the RX circuit, including the
Rioad 500 Diode ES3D pre-Amp (#4), EQ1 (#5), EQ2 (#6), and EQ3 (#7).
Cpf 400 uF L, 31.1uH
Rdfl 5Q R, 14 Q
Cdf1 31.2nF L, 30.88 uH
Rdf2 50 Q R, 7Q
Cdf2 3.12 Nf C; 45.1 pF
Lf 100 nH C, 45.41 pF

V. EXPERIMENTAL RESULTS

Fig. 9 shows the fabricated PCB for the rectifier, power man-
agement circuit, PDD circuit and RX circuit. Fig. 10 shows the
complete system with a 1.5 W light emitting diode used as the
load and a pseudo random binary sequence-7 (PRBS-7) used
as the testing data pattern. The decoupled power and data are

Experimental setup of the complete MWPDT system.

Fig. 10.
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Fig. 11. (a) Eye diagrams at 400 kbps over 0.4, 0.5, and 0.6-m distances,
respectively. (b) Eye diagrams at 500 kbps over 0.4, 0.5, and 0.6-m distances.

fed into the load and an oscilloscope respectively after trans-
mission through the MWPDT system. The received waveforms
are plotted into eye diagrams to directly show the data transmis-
sion quality. The radii of the coils are 0.25 m and the system is
tested at 0.4, 0.5, and 0.6 m, which correspond to a d/r ratio of
1.4, 2.0, and 2.6, respectively. The highest transmitted power is
2 W across a 50-(2 load at 0.4 m distance. A video clip showing
the complete experimental setup and demonstrating the received
data waveform with and without RX circuit is also included in
the supplementary material.

First, we show the variation of data transmission quality with
transmission distances. Eye diagram is a common tool for eval-
uating the quality of received data signal, which is generated
by repetitively overlapping the data patterns of PRBS-7 within
3-bit time. The eye diagrams (Eye) can be plotted from data
signal (Vgata) using the following equation:

Eye (t) = Viata (t +n X 3Tb> 0<t<3xTy. 17

Here, n is any integer number no less than 0 and 7} is the bit
period.

The measured eye diagrams under different distances without
employing the proposed RX are presented in Fig. 11(a) and (b)
for 400 and 500 kbps, respectively. At a 400-kbps data rate, the
eye diagram over a 0.4-m transmission distance is still widely
opened. However, the eye opening is smaller when the distance
is increased to 0.5 m and become completely closed at 0.6 m.
When the data rate is further increased to 500 kbps, the eye
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Fig. 12.  (a) Eye diagrams at 400 kbps over 0.6-m distance. (b) Eye diagrams at

500 kbps over 0.5-m distance. (c) Eye diagrams at 600 kbps over 0.4-m distance.
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diagrams at the three distances become obviously worse com-
pared to 400 kbps due to the limited bandwidth. Eye diagrams
at both 50 and 60 cm are closed. However, by applying the
proposed RX circuit to compensate for the narrow and distance-
dependent bandwidth, the data transmission quality is signif-
icantly improved. The comparison of eye diagrams with and
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(a) Measurement setup for the power transfer capacity and efficiency testing at 100 kbps over 0.4-m distance. (b) Collected waveforms of the PA output

voltage at the transmitter side, received voltage across a 50-€2 load resistor and voltage across a 3.9-€2 testing resistor for calculating the PA output current. (c) and
(d) measured received power and power transfer efficiency at different data rates over 0.4, 0.5, and 0.6-m distances, respectively.

TABLE III
HIGHEST DATA RATES AT DIFFERENT DISTANCES

d=04m d=05m d=0.6m
wo/ Rx circuit 650 kbps 500 kbps 350 kbps
w/ Rx circuit 850 kbps 700 kbps 650 kbps

without the RX circuit at various distances is shown in Fig. 12.
Under all these distances, the original eyes are completely
closed, which means the tested data rates exceed the upper
limit of the original MWPDT system. After applying the RX
circuit, the recovered eye diagrams are widely opened with a
sufficient signal amplitude for eyes digitizing. The measured bit
error rates under different transmission distances and data rates
are presented in Fig. 13. Based on the forward-error-correction
limit of 3.8x 1073, a highest data rate extension ratio of 85%
can be achieved from 350 to 650 kbps at 0.6 m. The highest
data rates of the implemented MWPDT system under different
conditions with and without the RX circuit are summarized in
Table II1.

The power transfer capacity is measured at different data rates
and distances by directly testing the received voltage across a
50-Q resistive load, which is the typical resistance for gen-
eral electronic application. Targeting at the charging and data

transmission for IoT devices, the typical received power of
around 2 W is measured at 100 kbps over a 0.4 m distance.
The measurement setup, waveforms, and received voltage are
shown in Fig. 14(a) and (b). The received power at different
distances and data rates are presented in Fig. 14(c). Under each
distance, the received power gradually decreases at higher data
rate. The reason is that after modulating the power carrier with
the data signal, the spectrum of the transmitted signal is broad-
ened and distributes evenly around f.. Therefore, at higher data
rate, the transmitted signal spectrum partly deviates from the f.
and causes the received power to decrease. The power transfer
efficiency is obtained by dividing the received power with the
total transmitted power, which is calculated from the integration
of the output voltage and current from the PA. Here the cur-
rent is obtained by measuring the voltage across a series 3.9-Q)
testing resistor on the transmitter side, as shown with light pink
curve at the bottom of Fig. 14(b). The efficiency is limited to
below 50% due to the fact that a 50-() resistor is applied at
the output of the RF PA for impedance matching. The power
transfer efficiencies at all three distances gradually decrease at
higher data rates. The reason is that when the transmitted signal
spectrum gets broadened and deviates from the center resonance
frequency, the coil inductances and the matching capacitors can-
not completely cancel with each other, therefore the power factor
of the system drops, which leads to a higher loss on the parasitic
impedance in the system.
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VI. CONCLUSIONS AND DISCUSSIONS

This paper presents a RX circuit consists of a pre-Amp and a
three-stage cascaded EQ, which is capable of providing a vari-
able CF, RUH, and RUS to compensate for the distant-dependent
MWPDT channel BW and out-of-band ROS. The three-stage
cascaded EQ is composed of two first-order EQ stages and a
second-order EQ stage. The proposed EQ can cover a wide RUS
tuning range from 10 to 45 dB/dec. A complete MWPDT system
based on a two-coil structure is built to verify the performance
of the RX circuit. Experimental results demonstrate that an 85%
data rate extension from 350 to 650 kbps has been achieved at a
transmission distance of 0.6 m, which is 2.4 times the radii of the
coils. The proposed method is also applicable to other MWPDT
architectures, such as dual resonances structures and multi-coil
structures, to extend the narrow channel bandwidth.

The proposed design modulates the data signal onto the power
carrier and transmits the modulated wave through the single
channel. This method gets rid of using an extra carrier wave for
data transmission and simplifies the design to a single channel
system, which is suitable for middle range operation. For short-
range and high power MWPDT systems, directly modulating
the data on power carrier leads to a higher signal peak to aver-
age ratio, which requires PA with larger linear range. Therefore,
a dual coils or dual resonances systems can be implemented to
transmit power and data simultaneously through separate chan-
nels. The proposed equalization method is still applicable to
these data transmission channels to extend the communication
bandwidth.
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