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Abstract—ILoad shift keying (LSK) is widely used in a wireless
power transfer (WPT) system to backscatter secondary side infor-
mation to the primary side. However, when the coupling coefficient
(k) between the transmitter and the receiver coils is lower than a
critical value (kp ), the demodulated LSK data may flip from 1’ to
“0” or ““0” to ““1,” which is popularly known as coupling-dependent
data flipping (CDDF). In this article, the conditions leading to
CDDF are analyzed. Parasitic components of the inductive link are
included, and both matched and unmatched coupled resonators
are analyzed and verified by SPICE simulations. An automatic
carrier-frequency modulation scheme is proposed to prevent CDDF
and is verified by measurement results.

Index Terms—Coupling-dependent data flipping (CDDF), load
shift keying (LSK), wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) techniques based on
WLC resonance have found widespread applications in
electric vehicles [1], [2], Internet of Things (IoT) [3], and im-
plantable medical devices (IMDs) [4], [5]. In these techniques,
the power amplifier (PA) of the transmitter (7X) delivers alter-
nating current (ac) to the primary LC tank, and the secondary
LC tank of the receiver (RX) captures the ac magnetic fluxes.
A rectifier and a voltage regulator then provide a regulated
dc voltage V,, to power up the load on the secondary side.
However, during WPT, changes in the loading current of the
receiver and the coupling coefficient (k) between the primary
and secondary coils can affect the output voltage of the receiver
(Vout)- Uplink communication from the RX side to the 7X side
can be used to maintain a steady Vi, [6], [7], [8]. It is also
essential to report the status of the secondary side to the 7X side,
and this communication should be robust against misalignments
and interference [9], [10], [11]. One popular scheme involves
using different pairs of coils for transferring power and data
separately [12], [13], but the cost and size will increase due
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to the additional coil. Moreover, there may be crosstalk among
the coils. In [14], crosstalk is reduced by placing the power
coil and the data coil orthogonally, but this requires larger coil
sizes. In [15], it is shown that coplanar geometry performs better
than orthogonal geometry by separating the pairs of coils for
power transfer, downlink data transfer, and uplink data transfer.
However, using three pairs of coils increases the area of the
inductive link significantly.

One economical way of transferring both power and data is
to use only one pair of coils. Wideband frequency-shift keying
(FSK) was proposed in [16] to transfer data and power simul-
taneously, but it requires multiple signal sources operating at
different frequencies, resulting in increased power consumption
and circuitry complexity. Therefore, FSK is typically used for
downlink data telemetry. Cyclic ON-OFF keying [17] and passive
phase shift keying [18] were proposed to improve data rate and
maintain power transfer efficiency (PTE) during communica-
tion. However, both require precise timing control, which adds
to the cost of the system.

For applications that do not need a high bandwidth uplink,
such as IMDs and RFID tags, load shift keying (LSK) has been
widely used because of its simple circuit architecture, low power
consumption, and small area requirements [19], [20], [21]. LSK
uses a shorting switch (SW) connected in parallel across the load
resistance on the RX side to modulate the equivalent impedance
on the TX side by switching SW ON and OFF. The uplink signal
can be demodulated by monitoring the input current of or the
voltage across the inductor L; on the TX side. Recently, a
problem called coupling-dependent data flipping (CDDF) has
been reported [22]. The uplink data will be incorrectly demod-
ulated when k is lower than a critical value kpg. In [22], CDDF
was analyzed, and the remedy proposed is to monitor the input
current of Ly to correctly demodulate the uplink data within the
stipulated operating range of k. However, in [22], both the TX
and RX resonant tanks were required to be perfectly matched,
which is challenging to achieve in practice due to variations
in parasitic capacitance of secondary coil caused by changes
in environment, especially for IMDs applications [23], [24].
Moreover, in [22], parasitic resistances of inductors were not
accounted for, which affects the accuracy of the mathematical
analysis.

The major contributions of this article are summarized as
follow.

1) We demonstrate through theoretical analysis, simula-

tion, and measurement results that the CDDF prevention
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Fig. 1. (a) Simplified block diagram of IMDs. (b) Reflected impedance model.

method proposed in [22] is not applicable for mismatched
LC tanks.

2) A more comprehensive analysis was presented by taking
parasitic parameters into consideration. Based on the anal-
ysis, an automatic carrier-frequency modulation scheme is
proposed to prevent the LSK signal flipping issue.

3) The proposed scheme is implemented, and the perfor-
mance is verified through measurement results.

The rest of this article is organized as follows. In Section II, a
detailed analysis of a WPT system with SP compensation topol-
ogy is presented. In Section III, a method of eliminating CDDF
is proposed and verified. Implementation of a WPT system that
is free from CDDF is described in Section IV and measurement
results are presented in Section V. Finally, conclusion is given
in Section VI.

II. ANALYSIS OF COUPLING-DEPENDENT DATA FLIPPING
A. Ideal LSK Modulation Scheme

IMDs are low-power applications that typically use a pair of
coupled series-parallel resonant coils (S—P coils) as the standard
implementation. Fig. 1(a) shows the equivalent circuit of a WPT
system with S—P resonance. Based on the reflected impedance
model [25], the equivalent circuit could be transformed to
Fig. 1(b). Backscattering of signals from the secondary receiver
is detected through monitoring the change in the primary current
I, that is given by

Vs Vs
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Z, is the total primary impedance that accounts for the secondary
loading. The impedance of the series L, C; tank including the
primary parasitic resistance R, is given by

) ) 1 )
71 (jw) = Ra + jwli + — = Ra +jX1. (2

j(JJC1
The primary tank resonance frequency is
1
Wo1 = 271—,](01 = T (3)

VLiCr
On the secondary side, the rectifier load is modeled as an
equivalent load resistor Ry,. When reflected to the primary side,
the impedance of the secondary L, C» parallel tank is Z.(s), and
is equal to shown at the bottom of this page

w2 M?
Rso + jwLa + (1/jwC2) || Ry,

where M is the mutual inductance, R, is the secondary parasitic
resistance, and Cy is the equivalent capacitance consisting of
the compensation capacitor Cr, and the parasitic capacitors
due to the rectifier and other peripheral circuits (not shown in
Fig. 1), which are lumped into a single value as C,2. Hence,
Cy = Cr+C,2. Rationalizing the denominator of (4) yield the
expression for Z.q(jw) in (5) shown at the bottom of this page.
The frequency of the secondary resonant tank that makes Z.q a
real number is given by

1 1
2 = — = 6
Y2 =\ 1,0, T CIRE ©

It should be noted that w, is load-dependent and the equiva-
lent load resistance Ry, changes when the signal-bit is backscat-
tered. To backscatter a “0,” the switch SW is closed and the
corresponding load Ry s is

RLS = RLoad Hst (7)

Zeq (]w) = (4)

where Rgyw is a resistor in series with the switch to limit
the load current. To backscatter a “1,” SW is opened and the
corresponding load Ry, is

Rro = Rioad > Ris. ()

It is worth noting that the subscript “o” denotes an open-
switch, while “s” denotes a closed-switch. Furthermore, it can
be observed that both Rs,2 + Ry, and Rss + Ry, increase as
Ry.0aq increases. If the condition in (6) is satisfied, then Zq (jw2)
becomes a real number, and it can be expressed as

oJ(Q)QM 2
Rep + ——Ly ®
52 14w2,C3 R2L

Zeq (jWOZ) = Req =

L (s)= == = (1) Moreover, by substituting (6) into (9), we have
Zy  Zy+ Zeyg
1 _1 )02
. . . . . L,C CZRZ
where Z; is the impedance of the primary side and Z. is the Zeq (jwon) = Req = 202 bRas (10)
. X . eq JWo2) = eq — Lo .
equivalent reflected impedance from the secondary side. Hence, Rgo + Coltn
Ricad + Reo + W2C2R2 Reo — jw (Lo — CoR? .4 + w?>C2LoR?
Zog (jw) = W2k Ly Lo Load 2 240 gaqdts2 — J ( 2 241 5ad 242 Load) (5)

(RLoad + R82)2 + w? [L% + RandC2 (R%QC2 - 2L2)] + W4L3022Rl%oad
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Clearly, when Ry, increases, R increases.

In summary, the equivalent reflected impedance Z. increases
monotonously with the secondary loading resistance Ry,. When
the receiver sends a “0” by closing the switch SW, R, decreases
from R, = Rioad 10 Rrs = Riocad||[Rsw. As a result, Ze,
decreases from Zgq, t0 Zegs, and Z, decreases from Z,, to Zy,s,
causing an increase in /. By measuring the amplitude of I, the
primary unit can demodulate the uplink signal.

B. Mismatching of Secondary LsC o Tank

According to [22], if the LC tanks of a WPT system are
matched such that the voltage source frequency is the same as
the resonant frequency with w, = w,1 = w,2, the amplitude of
the primary current /1| increases as R, decreases, and decreases
as Ry, increases. Consequently, a higher |I;| corresponds to a
“0”, and a lower |I| corresponds to a “1,” with no data flipping
occurring. However, as shown in (6)—(8), the secondary resonant
frequency w5 is dependent on the load, which is in turn signal-
dependent. Therefore, a few problems arise. First, to ensure that
the receiver coil presents areal Z., = R, C has to be adjusted
according to Ry. Second, the secondary receiver consists of
I/0 pads, over-voltage protection diodes, and a rectifier, all of
which introduce parasitic capacitance to the secondary tank. For
instance, by using a probe station and an LCR meter, the parasitic
capacitance of an I/O pad was measured to be approximately
2 pF. To deliver large load current with low conduction loss,
the transistors of the rectifier are large. Moreover, parasitic
capacitance may vary due to changes in the environment [23],
[24]. Third, to improve patient the comfort, a flexible substrate is
commonly employed for the implanted receiver, which is built
with a printed-circuit secondary coil. Upon implantation, the
flexible secondary coil may bend, altering the inductance value
[26], [27]. Hence, an Lo Cy tank that is well-compensated before
surgery may become detuned after surgery. If the condition in
(6) is not satisfied, Z., would be complex, i.e.,

Zeq (jw) = Req +J Xeqg = w? M? (geq + jbeq) (11)
R X,
M = k\/ Ly Lo, Jeq = TX}Q ) beq = w2;;2 (12)

where £ is the coupling coefficient. A common design strategy
is to set the input voltage source to switch at a frequency of

1 1
VLG VICh
For the secondary receiver, the resonant frequency w,» should

be close to w, even with the presence of Ry. The following
approximation holds

Wo

13)

1 / Lo
02 = 1-— =w, V1—062 14
Wo2 \ LQCQ CQR% w ( )
Lo 9
=4 1 15
G =< (15)
Substituting (15) into (4), we have
‘ (1 - 6%) WM
Zeq (]Wo) = (16)

Rs2 + Cj}%L ""‘71""011252 .
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As aresult, the magnitude of Z,, increases monotonously with
respect to Ry,. In fact, using the same approximation, it can be
concluded that the magnitude of Z,, also increases monotonously
with respect to Ry..

Since the voltage source V; maintains a constant amplitude,
the primary current |I1| is smaller when a “1” is backscattered,
and R; = Ry,. Conversely, when a “0” is backscattered, R,
= Ry, and |I1] is larger. To better comprehend the change in
|I1], it is useful to examine the change in |Z,|, that is, A|Z,| =
|Z,0[-Z,s|- Under normal conditions, |Z,,| > |Z,|, and A|Z,|
> 0. Data flipping occurs when |Z,,| becomes smaller than
|Z,,s|, resulting in A|Z,| < 0. To determine the condition for data
flipping, we propose to investigate the difference |Z,,|-|Z,s|, or
equivalently and more conveniently, the difference of the square
of the magnitudes. We define

Al Zy* = | Zpol* — | Zpsl”. (17)

Expanding the terms yields
A|Zp|2 = (Rsl + Req0)2 + (Xl + Xeq0)2

= (Ra1 + Rege)” = (X1 4+ Xego)™. (18)
Equation (18) can be simplified as
A|Zy[* = Riyy — Rigs + Xiyo — Xis

— 2R (Reqs — Rego) — 2X1 (Xegs — Xego) -
19)

The boundary condition for data flipping to occur is when

A|Z,|* = 0, and using (11), (19) can be reorganized as
2Ra (geqs - geqo) +2X, (beqs - beqo)

= wg k2L1L2 (ge2qo - ggqs + bgqo - b?qs) : (20)

Therefore, the coupling coefficient that data flipping occurs
is

ng1L2 (ggqo - ge2qs + bgqo - bgqs) (21)

In [22], CDDF is analyzed under the assumption that R¢; and

X are zero, which may not provide accurate prediction. In this

article, we not only analyze the condition for CDDF to occur but

also propose a design scheme to prevent CDDF from happening.

To this end, we analyze A|Z,|* in more detail by normalizing
(19) as follows:

k _ \/2R31 (geqs - geqo) + 2)(1 (beqs - beqo)
DF — .

A|Z,?
Y = wLJ\Z‘Q = ak® + 2R, B +2X; (22)
where
o = OJ2 LyLs (ggqo - ggqs + bgqo - biqs) (23)
/8 frd geqo — geqs (24)
Y = bugo — b (25)

Transforming the formula of A|Z,|? to Y does not affect
the null point. By eliminating the common term (w?M?), the
condition leading to CDDF becomes clear. With a matched L; C
tank, if o and S has the same polarity, it can be ensured that Y
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remains positive over the entire range of the coupling coefficient
(0 < k < 1). CDDF occurs if a and 3 have different polarity. To
eliminate CDDF, the component X is introduced intentionally
to make Rs; 5 + X ;7 is homopolar with «.. This method will be
discussed in more detail in Section III.

Assuming the source frequency fs is the same as the L, C;
resonant frequency f,;, X1 = 0, and (22) is reduced to

Y = ak?® + 2R. (26)

Our target application is wirelessly powering an implantable
biomedical device. The input source frequency f; is 40.68 MHz.
In order to enhance comprehension of the proposed analysis, the
measured inductive link parameters are provided as a numerical
example. The primary L; C) tank resonates at f, = 40.68 MHz,
with L, =1 uH, C; =15.3 pFand Rs, =2.3 Q2. For the secondary
LsCs tank, Lo = 740 nH and Rso = 3.3€2, and C5 is designed as
20.7 pF to ensure that L,Cy resonates at 40.68 MHz. The load
resistance is taken to be Rp,o.q = 20 k€2, and the closed-switch
resistance is Rgy = 500 2.

The calculated values of Y for the given inductive link parame-
ters are shown in Fig. 2(a) based on the analysis proposed by this
article. It can be seen from the figure that as long as the resonate
frequency of the secondary LC tank foo( fo2 = wea /2) is
close to f,, Yis positive for k ranging from 0 to 1, indicating ab-
sence of CDDF, and we denote this range as the communication
window. However, as shown on Fig. 2(b), following the analysis
presented in [22] and disregarding parasitic resistance results
in Y being positive across the entire range of k, regardless of
whether the secondary LC tank is matched or not. This behavior
is inconsistent with the reality. The values of « and (8 for the
given inductive link parameters are shown in Fig. 2(c). Here av is
positive even with a mismatched secondary LC tank. According
to (26), when geqo is smaller than gy, 3 is negative, and the
uplink signal will flip. Fig. 2(c) shows that as long as the resonate
frequency of the RX LC tank f,o (foo = w,2/27) is close to f,,
£ is positive and the uplink signal will not flip. For the given
numerical example discussed in Section III, the communication
window is from 0.95 f, to 1.05f,. If f,o shifts by 5% due to
parasitic capacitance or bending of the flexible coil, 5 will be
negative and introduce two null points to the function of Y. In
other words, the method proposed in [22] is valid for the ideal
condition; but in practice, especially for IMD applications, it
is difficult to guarantee f,o matches with fs = f, . A different
method is needed to improve the robustness of the backward
communication.

III. PROPOSED METHOD TO PREVENT CDDF
A. Circuit Analysis of the Proposed Method

There are three different conditions for the backscattering
communication scheme: (1) normal; (2) blackout; and (3) flip-
ping. When f is set equal to f,, and f,5 is within the communi-
cation window, no data flipping occurs, and the LSK scheme is
in the normal condition. However, if f,5 is outside of the window,
then the coupling coefficient & is further examined. If k> kpg,
the LSK scheme is in the normal condition. If & is close to kpg,
the uplink signal will be too weak to be detected, and the LSK
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Fig. 2. Calculated values of Y under different values of k and f,2 (a) with
Rs1 =19, (b) with Rg; =062, (¢) , B, and y versus fo2.

scheme is in the blackout condition. If £ < kpg, then Y becomes
negative, indicating that the uplink signal is flipped, resulting
in wrong decoded information. One method to prevent data
flipping is to implement automatic tuning to adjust the secondary
capacitance such that f,,» matches well with f,. Autotuning can
be achieved through variable-capacitance schemes on the 7X and
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RX sides [28] — [30]. However, variable-capacitance on the RX
side for high f; is rarely discussed. For IMD applications, high
fs is preferred for obtaining a better quality factor of the inductor
to achieve better PTE with a limited size. In the industrial,
scientific, and medical radio bands, 13.56 and 40.68 MHz are
commonly chosen for fs [31] — [33]. Currently, there is no
autotuning loop to match f,o for device with 13.56 MHz or
higher frequency on the RX side because the tuning circuit is
required to have higher speed and consume more power.

Another method is to add aknown data header at the beginning
of the uplink as header bits, such as “010,” and then implement
an additional demodulator to detect if the uplink signal is flipped.
By distinguishing if the detected header bits are flipped (101)
or not (010), the uplink signal can be demodulated correctly.
However, when the coupling coefficient is equal to kpg, A|l4]
is zero, and the uplink cannot be detected.

In this article, we propose to change the PA switching fre-
quency fs to modify the value of X to prevent CDDF. If the
primary LC tank no longer satisfies (13), the expression of Y
contains an additional component 2.X;+, and the value of the
introduced component +y is shown in Fig. 2(c). When f 2 is lower
than f,, v is negative and to avoid data-flipping, a negative X
is needed, and vice versa. The flipping issue can be eliminated
by ensuring that Xy satisfies the following:

X17> —Raf. 27

Y will be positive for the stipulated range of k, (0 < k < 1),
indicating that data flipping will not occur.

B. Analysis and Simulation of Tuning PA Output Frequency

The output frequency fs of the PA could be adjusted in a few
milliseconds, during which the parameters of the RX side, such
as the bending of the secondary flexible coil can be assumed
fixed, and f, and k are thus constants. The increase of parasitic
capacitance due to the presence of saline was measured as 3.7pF,
and the details are discussed in Section V. The based on (22), the
values of Y with parasitic capacitors ( Cpa = 3.7pF’) on the RX
side are calculated and plotted in Fig. 3(a). In order to illustrate
the difference between our proposed mathematical analysis and
the approach presented in [22], we also calculated the values
of Y based on the analysis in [22], and labeled the as Y [22] in
Fig. 3(a). The calculated values of Y [22] consistently exhibit
positivity, indicating that the LSK scheme operates in normal
mode when the switching frequency is varied. It is clear that the
previous analysis [22] cannot predict the behavior of the LSK
scheme with mismatched LC tanks.

When the parasitic capacitor f,o is shifted by 7% from the
L>Cs resonant frequency f, of (13), and f, is equal to f,, «
is positive while /3 is negative, as shown in Fig. 3(b). In this
scenario, when k is smaller then kp i, the backscattering scheme
is in the flipping condition.

As discussed in Section III-A, reducing f is from f,, to a lower
frequency results in the primary LC tank no longer satisfying
(13),and Y contains a component, 2.X;~. As shown in Fig. 3(c),
by reducing fs, X7 increases initially, causing Y to increase
from negative to zero, which means that the uplink signal is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 8, AUGUST 2023
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Fig. 3. Calculated values under different switching frequency fs with mis-
matched secondary LC tank: (a) the values of Y, (b) the values of o and S,
(c) the values of v and X17.

immersed in noise, and the system enters the blackout condition.
Further reducing f, increases the value of Y will increase due
to the increased 3 and X7+, and the uplink signal can then be
detected correctly, and the system enters the normal condition.
However, if f; becomes lower than f,2, v changes from negative
to positive, while X is still negative because fs < f,1, causing
Xj7 to change from positive to negative. Further reducing f;
causes Y to decrease from positive to negative, and the system
will change from normal to flipping. Hence, f, should be well-
controlled to fall between f,2 and f,.

For the numerical example given in Section II-B, if there is a
3.7 pF parasitic capacitor on the RX side, the receiver LC tank is
mismatched (f,2 < fs) and the critical coupling coefficient kp g
15 0.024. The behavior of LSK scheme was simulated by SPICE
to verify the calculated value of kpp, and the simulation results
are shown in Fig. 4. When Vg is high, the switch SW is closed,
adding Rsw in parallel to the load. For mismatched receiver LC
tank, if k is larger than kp g , the primary current I74 (when SW
is shorted) is larger than I;, (when SW is opened) as shown in
Fig. 4(a). At critical coupling (k = kpp) I is approximately
equal to Iy,, as shown in Fig. 4(b). If k£ is smaller than kpp,
I, is then lower than I;,, and the uplink signal is flipped as
shown in Fig. 4(c). The simulation results for the matched Lo Cs
tank (f,o = f;) at weak coupling condition (k < kpg) are shown
in Fig. 4(d). The uplink signal will not flip as I is still larger
than [y, indicating that the magnitude of Z,is monotonic with
respect to R;. The simulation results are consistent with the
theoretical analysis discussed in Section II.
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IV. PA SWITCH FREQUENCY AUTOTUNING SCHEME

To prevent data flipping and improve the robustness of the
communication link in a WPT system, a PA switching frequency
autotuning scheme is implemented. The schematic is shown
in Fig. 5. The primary L;C; tank is driven by a Class-D PA.
The load of the RX side is represented as a resistor Ryad-
A backscattering switch along with 500 ) discrete resistor is
shunted to Rjg.q. The switch is controlled using a complex
programmable logic device (CPLD). Directly sensing the cur-
rent through the transmitting coil requires a high-performance
current sensor integrated with the PA [34], or an additional
current probe [22], which increases the system cost and circuit
complexity. To address this, a tertiary coil is added to sense the
primary current and send the uplink signal to the data receiver,
which consists of a peak detector, a band-pass (BP) filter, and
two Schmitt trigger comparators. Given that the size limitation
is usually more significant on the receiving side and less on the
transmitting side, adding a tertiary coil will not pose problem
in the implementation. The coupling coefficient between the

RECEIVED HEADER CODE UNDER DIFFERENT CONDITIONS OF
BACKSCATTERING SCHEME

TABLE I
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uplink uplinkg
Normal 010 111
Blackout 111 111
Flipping 111 010
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Fig. 6. Data receiver.

primary and tertiary coils k13 is ten times larger than the coupling
coefficient between the secondary and tertiary coils ko3, ensur-
ing negligible interference from the RX side. The peak detector
is a 2X half-wave rectifier driving a capacitor and a loading
resistor that filters out most of the carrier frequency component.
After the BP filter, the filtered data is captured and sent to the
Schmitt trigger comparators. The two comparators use different
reference voltages to detect the normal and flipping uplink
signal, and the demodulated data under different conditions are
given in Table I. The uplink data starts with the header bits
“010.” On the RX side, the switch will turn on to send the “0”
bit and turn off to send the “1” bit. If the valid uplink is found in
uplink,,, the communication scheme is in normal condition, and
if uplink ; contains the flipped header bits “010”, the scheme is in
flipping condition. If the header bits are not detected, the system
is in blackout condition. The demodulated uplink code will be
sent to CPLD, and the conditions of the backscattering scheme
will be distinguished by the decoder of the CPLD. A finite state
machine (FSM) determines the frequency of the programmable
oscillator output, which drives the class-D PA.

The schematic of the data receiver is shown in Fig. 6. L3 is
the tertiary coil for sensing /1. The coupling factor with respect
to the primary coil ki3 is constant while the coupling factor
with respect to the secondary coil ko3 is negligible. To stabilize
the data receiver, a small capacitor C3 is connected to L3. To
prevent excessive power absorption from the primary coil, Cs
is chosen such that the resonance frequency of the L3Cs tank
is much higher than the carrier frequency of 40.68 MHz [35].
The half-wave rectifier drives a loading capacitor and a resistor
(Cr, and Ry). A second-order RC filter is used to remove dc
offset and the coupled noise at the carrier frequency. The bias
voltage for the BP filter and the Schmitt trigger comparators are
provided by the resistor ladder. By comparing the output of the
BP filter V{;gna with these reference voltages, the uplink signal
is recovered in normal and flipping conditions.

Fig. 7 shows the PA switching frequency control loop state
diagram. In previous work [31], the internal circuits sent uplink
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Set the frequency of PA input
counter MHz -
fs( ) START signal as 40.68 MHz
1 40.68
2 40.58
3 40.78
Increase f By monitoring /7, uplink is
counter demodulated
39 38.68
40 42,68

@equest wider f;ra ng9 6equest higher power Ieve) (Keepf;)

Fig. 7. PA switch frequency control state diagram.

Fig. 8. Experimental setup for measuring resonated frequency of the sec-
ondary LC tank in the air and saline.

Fig. 9. (a) External system, (b) internal system, and (c) sideview of the WPT
system. 1. Primary and detection coil. 2. Class-D PA. 3. PA driver. 4. LED. 5.
CPLD core. 6. Autotuning scheme enable button; 7. Programmable oscillator.
8. Data receiver. 9. Secondary coil.
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Fig. 10. (a) Experimental setup in air, and (b) the measured waveforms at
distance of 20 mm, (c) experimental setup in air and saline, and (d) the measured
waveforms at distance of 20 mm.

data to the external unit every 500 ps. In this article, when
the system is power on, the input frequency of PA is set at
40.68 MHz, and the switch SW control signal is generated by
CPLD to send uplink data every 500 us. A table containing
a range of switching frequencies is stored in the CPLD and
the f; modulation step is set at 100 kHz to guarantee that the
communication window will not be missed. With a 100kHz
modulation step, it takes 1.2 second to search the entire fre-
quency table. Given that the bending condition, the environment
of the receiving coil, and the relative distance between the
transmitting and receiving coils typically do not vary rapidly,
it is reasonable to assume that Lo, C5, and &k remain constant
during the autotuning period. If a flipping uplink is detected, the
CPLD will control the programmable oscillator to sweep the PA
driving frequency through I?C protocol. The settling time for
the frequency changes is 10 ms, during which there is no driving
signal for the PA, and no uplink data will be received, which is
similar to the “blackout” condition. To overcome the “blackout”
condition, if the system does not detect the uplink for 20 ms,
the CPLD will continue to sweep the switching frequency. The
variable frequency range should be able to cover both cases
where f,2 may be smaller or larger than f,,. If a flipped uplink is
still detected after sweeping all frequencies in the table, a request
signal will be sent out to report that the switching frequency
should be further modified to eliminate CDDEF. If uplink data
is still not detected, a power request bit will be set to “high” to
indicate that due to weak coupling, the internal circuits does not
receive enough power or the modulation depth is too low to be
detected.

V. EXPERIMENTAL RESULTS

To facilitate measurement, the circuits on the RX side are
built on a PCB containing the secondary LC tank, the switch
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TABLE I
MEASURED PARAMETERS OF THE INDUCTIVE LINK
Parameter Value Parameter Values
fo 40.68 MHz fo2 40.68 MHz
Ly 1 puH L, 740 nH
C; 15.3 pF C, 19.3 pF
Rsq 23Q R, 33Q
Q. 111 Q, 57

SW, the series resistor Rsw, and the loading resistor Ry oag.
The properties of the inductive link were measured by a vector
network analyzer (VNA) and the results are given in Table II.
The values of the compensation capacitors are slightly different
from the calculated values based on the measured inductance
because the discrete capacitor has an accuracy limit of 10%.
Fig. 8 shows the measurement setup. The secondary Ly Cs tank
was fine-tuned and resonated at 40.68 MHz in the air. To mimic
the environment of IMDs [36], [37], a plastic bag (~10 pm
thick) filled with saline was attached to the surface of the
secondary coil, inducing variation in the parasitic capacitance
due to environmental effects. The measurements show that the
resonant frequency decreases from 40.68 to 37.7 MHz because
the parasitic capacitance increases by 3.7 pF due to the presence
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Measured waveforms (a) during the autotuning procedure, (b) in air, (c) in saline and before tuning fs, and (d) after tuning f.

of saline. After substituting the measured parameters of the
inductive link into (21), the value of kpp is determined to be
0.024.

Fig. 9 shows a photograph of the WPT system. The primary
and detection coils were fabricated on the same PCB to maintain
aconstant k5. An LED array is used to request a wider range of
fs and higher output power of PA. The relative distance between
the primary and secondary coils can be adjusted by tuning the
plastic screws.

The values of k at different relative distances were measured
using a VNA. The coupling coefficients £ are 0.044, 0.025,
and 0.015 at distances of 15, 20, and 25 mm, respectively. To
demonstrate the effectiveness of the proposed automatic carrier-
frequency modulation scheme, the modulation function was
disabled, and PA switching frequency was fixed at 40.68 MHz.
By setting the distance to 20 mm, the value of k approaches kpg.
The waveforms of the LSK scheme in different environments are
shown in Fig. 10. The testbench in air is shown in Fig. 10(a), and
the corresponding waveforms are shown in Fig. 10(b). Since the
LC tanks are matched in air, the LSK signal Viigna is normal.
Fig. 10(c) shows a plastic bag (~10 pum thick) filled with
saline attached to the surface of the receiving coil to mimic the
environment variation. Fig. 10(d) shows that under this setting,
Viignal is too weak to be detected because £ is close to kpg and
the LSK scheme is in the blackout condition. The measurement
results demonstrate that environment variations can affect the
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parasitic capacitor of the secondary coil and subsequently impact
the robustness of the LSK scheme. The blackout model predicted
by the proposed analysis is verified by the measurement results.

Fig. 11 shows the corresponding waveforms with the environ-
ment varying from air to saline to illustrate the effectiveness of
the proposed scheme. The secondary Ly Cs tank was well-tuned
in air. The distance was adjusted at 25 mm (k < kpg). The
waveforms of the automatic tuning control loop in different
environments are shown in Fig. 11(a). At ¢;, a plastic bag
(~10 pm thick) filled with saline was attached to the surface
of the receiving coil, which initially existed in the air. Before ¢;
the backscattering scheme is in normal condition and uplink,,
contains the header bits as shown in Fig. 11(b). At t;, the
environment of the secondary coil changed from air to saline,
causing the added parasitic capacitance to lower f,o below f,
and V;gna was reduced instead of increased when the switch SW
was closed to send “0.” As shown in Fig. 11(c), uplink then
contains the uplink signal, and the backscattering scheme is in
flipping condition. After determining the uplink condition, the
FSM then modifies the output frequency of the programmable
oscillator accordingly. The oscillator takes 10 ms to settle, during
which there is no input signal for the PA potentially introducing
turn-ON and turn-OFF glitches. The decoder built in the CPLD
filters out the glitches to avoid affecting the detection of the
uplink signal. The autotuning scheme takes 230 ms to determine
the proper switching frequency. As shown in Fig. 11(d), after 3,
the PA input frequency is set as 40.18 MHz, and Vjjgna increases
when the switch SW closes. uplink,, then contains the uplink
signal, and data flipping is prevented.

VI. CONCLUSION

In a WPT system with mismatched LC tanks, LSK data can
flip in the opposite direction when the coupling coefficient k is
smaller than kpg. This problem has been verified by simulation
and measurement. A comprehensive analysis of the data flipping
issue for a series-parallel compensation topology is presented
in this article. Compared to previous studies, the accuracy of
the analysis is improved by including parasitic resistance in
the analysis. To prevent data flipping, we propose changing the
PA switching frequency. A WPT system implementing a PA
switching frequency autotuning scheme verifies the existence
of data flipping and the effectiveness of the proposed method.

It is worth noting that CDDF occurs independently of the
compensation topologies, and the conditions leading to CDDF
for other topologies are different and will be analysis in future
studies.
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