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High-Frequency Self-Synchronized
Load-Independent Class-E Rectifier
Using Fixed-Point Crossing Detection

Wengqi Zhu
Yutaro Komiyama
Hirotaka Koizumi

Abstract—This article presents an intracycle self-synchronized
load-independent (LI) class-E rectifier based on a novel fixed-point
crossing detection method. Through circuit analysis, we identify
that the drain-to-source voltage of the LI class-E rectifier consis-
tently crosses a fixed voltage threshold at a specific phase angle
prior to turn-ON, independent of load resistance. This fixed crossing
point serves as a reliable trigger for gate-drive signal generation.
Therefore, the proposed approach enables intracycle synchroniza-
tion without the need for additional resonant components or control
circuitry. Analytical expressions for the fixed point are derived,
and a systematic design procedure is provided. A 6.78 MHz,
20 W WPT prototype was implemented and tested. The rectifier
maintained robust load-independent performance, demonstrating
nearly constant output voltage and input reactance across varying
loads. Compared with the zero-crossing detection-based intracy-
cle synchronization, the proposed method achieved more precise
switching, eliminating reverse conduction and switching losses, and
reducing total rectifier effectively.

Index Terms—Class-E rectifier, load-independent, synchronous
rectifier, wireless power transfer, zero-voltage switching (ZVS).

1. INTRODUCTION

ALLIUM Nitride (GaN) semiconductors are revolution-
G izing switching power supplies, including resonant power
converters [1], [2], [3], [4], [5], [6], [7], [8] and wireless power
transfer (WPT) systems [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23]. GaN FETs enable
power converters to operate at multimegahertz frequencies, such
as ISM bands (6.78 MHz, 13.56 MHz, etc.). The high-frequency
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operation reduces the size of resonant coils and output filters
significantly. However, higher switching frequencies also lead to
increased switching losses, lowering overall efficiency. To main-
tain high efficiency in multimegahertz operation, zero-voltage
switching (ZVS) is a critical design requirement.

Among various high-frequency wireless power receiver
topologies, the class-E rectifier [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [24], [25] is widely adopted due
to its intrinsic ZVS capability and simple circuit structure.
However, the original class-E rectifier is highly sensitive to load
variations, causing its voltage gain to vary with changes in load
resistance [25]. As a result, additional regulation is required to
stabilize the output voltage. Furthermore, the input reactance of
the original class-E rectifier also varies with the load, which may
detune the magnetic resonance and cause non-ZVS operation of
the power transmitter. Due to these limitations, the original class-
E rectifier is unsuitable for WPT applications with wide load
variations. To overcome these challenges, the load-independent
(L) class-E rectifier was proposed [12]. The LI class-E rectifier
maintains a constant output voltage gain regardless of load resis-
tance, eliminating the need for additional regulation. Moreover,
itfeatures a constant input reactance, which is desirable for WPT
systems because the resonant frequency of the power receiver
remains stable across varying loads.

An LI class-E rectifier requires an active switch capable of
bidirectional conduction, making a diode unsuitable. Thus, a
precise synchronization method is essential for accurate gate-
drive timing. At multimegahertz operating frequencies, delays
introduced by digital controllers and gate drivers become sig-
nificant. One approach to mitigate these delays is intercycle
synchronization, where the turn-ON event is aligned with switch-
ing cycles in subsequent periods [12], [13], [14], [15], [16].
This strategy extends the time window available for delay com-
pensation, enabling more precise turn-ON timing and reducing
reverse-conduction loss.

While intercycle synchronization can achieve accurate
switching, it may slow the circuit’s dynamic response and re-
quire additional digital circuitry for state tracking and pulse
scheduling. Alternatively, intracycle synchronization methods
generate the gate-drive signal based on circuit states within the
same switching cycle. This approach improves response speed
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Fig. 1. Circuit topologies. (a) Circuit topology of the class-E rectifier.
(b) Equivalent input circuit at the fundamental frequency f.

and eliminates the need for historical state storage. However, the
limited available time window makes the use of a digital con-
troller impractical due to its inherent latency. In [17], precise in-
tracycle synchronization was achieved by introducing a resonant
inductor to produce a phase-compensated gate signal. However,
this added inductor increases both circuit complexity and size.
There remains a clear need for an intracycle synchronization
method for LI class-E rectifiers that can robustly compensate
for propagation delays without requiring additional resonant
components or digital controllers.

This article presents an intracycle self-synchronized LI class-
E rectifier based on a novel fixed-point crossing detection
(FPXD) method. Through circuit analysis, we identify that the
drain-to-source voltage of the LI class-E rectifier consistently
crosses a fixed voltage threshold at a specific phase angle prior
to turn-ON, independent of load resistance. This fixed crossing
point serves as a reliable trigger for gate-drive signal generation.
Therefore, the proposed approach enables intracycle synchro-
nization without the need for additional resonant components
or control circuitry. Analytical expressions for the fixed point
are derived, and a systematic design procedure is provided. A
6.78 MHz, 20 W WPT prototype was implemented and tested.
The rectifier maintained robust load-independent performance,
demonstrating nearly constant output voltage and input reac-
tance across varying loads. Compared with the zero-crossing
detection (ZXD)-based intracycle synchronization, the proposed
method achieved more precise switching, eliminating reverse
conduction and switching losses, and reducing total rectifier loss
effectively.

II. LI CLASS-E RECTIFIER
A. Circuit Topology

Fig. 1 shows the circuit topology of the class-E rectifier. The
rectifier is driven by an ac voltage source v, at an angular
frequency w = 27 f through an L, — C, interface. When used
in WPT or isolated converters, L, is usually the receiving coil,
and v, is induced via magnetic coupling. The L,. — C, interface
has a high quality factor to ensure a sinusoidal input current ¢,..
The rectifier consists of a main switch S, a shunt capacitor Cy, an
output inductor L., and an output filter capacitor C'r. The load
resistance I?;, varies depending on the operating conditions.

Fig. 1(b) shows the equivalent circuit of the class-E rectifier
at the fundamental frequency f. The input impedance of the
class-E rectifier is capacitive, modeled using an equivalent input
resistance Ry, and capacitance Cg,.
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Fig. 2. Typical waveforms of the class-E rectifier. (a) The original class-E

rectifier using a diode. (b) Self-synchronized LI class-E rectifier using an active
switch.

B. Original Class-E Rectifier

The original class-E rectifier uses a diode as the switch S. A
sufficiently large choke inductor L. is used to ensure that the
current 4. is purely dc.

Fig. 2(a) shows the typical waveforms of an original class-E
rectifier under load variation. While ZVS turn-ON is inherently
achieved, the rectifier exhibits high sensitivity to load variations.
The duty cycle of v varies with the load. In addition, the output
voltage v, also varies, caused by a variable rectifier voltage
gain Gr. To maintain a constant output voltage, an additional
regulator stage is required, which increases system size and
complexity.

Furthermore, the input reactance of the rectifier, Xg, =
1/(wCEq). also varies with load changes, affecting the phase
of ¢, as shown in Fig. 2(a). In WPT applications, this variation
can detune the input LC resonant circuit, introducing a load-
dependent reactance seen from the transmitter side. As a result,
it may cause non-ZVS operation in the power transmitter. Due
to these limitations, the original class-E rectifier is unsuitable
for WPT systems with significant load variations.

C. Load-Independent Class-E Rectifier

To address the load-sensitivity problem, the LI class-E recti-
fier was proposed in [12]. The LI class-E rectifier uses a finite
output choke inductor L., which resonates with C' at a specific
resonant frequency ws = 1/v/L.Cs.

Fig. 2(b) shows the typical waveforms of the LI class-E
rectifier. Unlike the original class-E rectifiers, i5 flows bidirec-
tionally, necessitating an active switch such as a GaN FET as S.
A passive diode is unsuitable.

If the gate voltage v is properly determined to drive S, the
rectifier voltage gain G remains constant regardless of load
variations. This eliminates the need for additional regulation
stages. Moreover, the input reactance X, remains constant,
leading to a fixed phase of 4,, as can be seen in Fig. 2(b). This
characteristic is highly desirable in WPT systems, as it ensures
that the resonant frequency of the receiver remains unaffected
by load variations.

In addition, the switch voltage maintains a constant off-duty
ratio D and ensures ZVS operation regardless of load variations,
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Fig. 3. Intracycle synchronous control of the LI class-E rectifier using ZXD
of vs. (a) Controller circuit. (b) Example control waveforms.

as given by
vs(2rD7) = 0. (1)

Therefore, switching loss in the GaN FET is eliminated, enabling
high power efficiency even at multimegahertz frequencies. Due
to these advantages, the LI class-E rectifier is a strong candidate
for high-frequency WPT and isolated power converters operat-
ing under varying load conditions.

III. SELE-SYNCHRONIZATION OF THE CLASS-E RECTIFIER

To achieve ZVS turn-ON and maintain a constant output volt-
age, the LI class-E rectifier requires precise synchronization of
the gate voltage v, as shown in Fig. 2(b). A premature turn-ON
causes hard switching, leading to switching losses, while a
delayed turn-ON results in reverse conduction, increasing power
dissipation due to the inherently high freewheeling losses of GaN
FETs. To avoid these losses, v must be triggered precisely at
the negative zero-crossing of v,, which becomes increasingly
challenging for MHz intracycle self synchronization.

A. Intracycle Self-Synchronization Using Zero-Crossing
Detection

To achieve intracycle synchronization, a straightforward ap-
proach is to detect the negative zero-crossing of the switch
voltage v, using a ZXD circuit, as shown in Fig. 3(a).

In this method, v is scaled down by a voltage divider R, —
R, and then compared to a zero reference voltage Vg = 0V
by a comparator (CP1). The comparator generates a detection
signal vx, which rises when the zero crossing occurs. The rising
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edge of vx triggers a monostable multivibrator (MV 1), which
generates a driving signal vy, with fixed-pulse width t{, . This
signal controls the gate driver (GD1), finally pulling up the gate
voltage v and turning ON S.

However, at multimegahertz frequencies, the propagation de-
lays, including those from the comparator (¢ x ),! the monostable
multivibrator (t,s,), and the gate driver (¢p,), become signifi-
cant. These delays result in an overall turn-ON delay of

tpp =tx +1tyw +1pr. (2)

This delay introduces a critical issue: during ¢ p p, the negative
switch current ¢4 continues freewheeling through S while its
gate voltage vg remains low, as can be seen in Fig. 3(b). In
typical implementations, ¢ p p exceeds 20 nanoseconds, which is
nonnegligible because the ON-duration in ISM band applications
is often on the order of tens of nanoseconds. As a result, the GaN
FET experiences high reverse-conduction loss.

Increasing the reference voltage Vg, above zero can trigger
the comparator earlier, reducing the turn-ON delay to some
extent [16]. However, at multimegahertz operation, a high Vg, s
is required for adequate delay compensation, which introduces a
load-dependent turn-ON time due to variations in the falling slope
of v, as shown in Fig. 3(b). Consequently, lossless switchings
cannot be ensured under load variations.

B. Intracycle Self-Synchronization Using Fixed-Point
Crossing Detection

Fig. 4 shows the proposed self-synchronization method based
on FPXD.

For the LI class-E rectifier, we notice that the switch voltage
v, inherently crosses a specific voltage level Vi, at a fixed time
t i, before turn-ON, as shown in Fig. 4(b). Notably, both Vi,
and tp;, remain constant regardless of load variations, which
will be mathematically proven in the following Section IV. In
this research, we refer to this as the “fixed point.” Our core
idea is to detect this fixed voltage point of v, for intracycle
self-synchronization.

Unlike the ZXD method, the comparator reference voltage
VRey is set to a positive level. Vg, is carefully determined so
that the comparator output v x rises when v, crosses Vg, in the
positive direction. Vg, is derived from the dc output voltage
V, using a voltage divider R,3 — R,4.

The rising edge of vx triggers the first monostable multi-
vibrator (MV1), which generates a pulse vas,1 of width {cps.
tcps 1s tuned to compensate for propagation delays, ensuring
precise turn-ON timing. The falling edge of vps,1 then triggers
the second monostable multivibrator (MV2), which generates
VUprv2 With width ¢ . This pulse finally controls the gate voltage
v@ via the gate driver.

As shown in Fig. 4(b), the total propagation delay in the
proposed method is given by

tpp = tx + tarer + tops + tarw2 + tor 3)

't x includes delays caused by the parasitic capacitances in the voltage divider
and the comparator.
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Fig. 4. Proposed intracycle synchronous control of the LI class-E rectifier
using FPXD of v;. (a) Controller circuit. (b) Example control waveforms.

MV1

Fig. 5. Implementation of monostable multivibrators using five NOR gates
and passive components.

where tp,1 and 7,2 are the propagation delay of MV1 and
MV2, respectively. To ensure precise synchronization, tcps
should be adjusted so that

“

With this condition met, the gate voltage v is pulled up
precisely when v, reaches zero, achieving timely turn-ON with-
out switching loss or reverse-conduction loss, as shown in
Fig. 4(b).

Fig. 5 shows an implementation example of the two monos-
table multivibrators. MV1 is constructed using two NOR gates.
MV?2 uses three, with one acting as an input inverter for falling-
edge triggering. The pulse widths of MV1 and MV2, {¢,,, and
ton, are adjusted by tuning the resistances 77,1 and rar,9,
respectively. A key advantage of the proposed method is that
it requires only a single comparator and five logical gates to
compensate for propagation delays and achieve precise turn-ON
timing. The proposed method eliminates the need for additional
resonant inductors or digital controllers, simplifying the design
and reducing the overall cost significantly.

tpp = tpiz.
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TABLE I
DEFINITIONS OF NORMALIZED QUANTITIES AND CIRCUIT PARAMETERS

Quantity Notation  Base quantity Definition

Voltage v* Vo vy = 0s/ Vo
Current 7 Vo/RLr iy =iz Rir/Vo

Angular Freq. w* w Wy = we/w
Resistance R* Rir R, = Rsz/RLr
Capacitance c” 1/wRL, C; = CywRL,

IV. ANALYTICAL DERIVATION OF THE FIXED POINT
A. Assumptions

To prove the existence of the fixed voltage point and derive
its analytical expression, circuit analysis is performed. For sim-
plification, the following assumptions are made:

1) The rectifier input current ,. is sinusoidal, expressed as

ir(0) = I sin(f + ¢) 5)

where 0 is the phase angle. ¢ is the phase shift between 4,
and the switch turn-OFF instant, shown in Fig. 2(b).

S'is considered ideal, with zero ON-resistance and infinite
OFF-resistance. Its output capacitance Cpgg is absorbed
into C.

All passive components in the circuit are linear and ideal,
with no parasitic resistances.

The output capacitance C'r is sufficiently large to maintain
a dc output voltage V.

To generalize the analysis, circuit parameters and quantities
are normalized and denoted by superscript *, as summarized
in Table I. Here, subscript  denotes any arbitrary variable
or parameter, while subscript r represents values at the rated
condition. This normalization ensures that the derived results
remain independent of specific circuit specifications.

2)

3)

4)

B. Waveform Equations
The normalized charging current through the shunt capaci-
tance C's is given by
I sin(0 + )
< wi?=1 7
ics(9) = (0 <6 < 27D),
0, (2D <0 < 2m)
(6)
where vy, ao are arbitrary coefficients, and the normalized
resonant frequency w; is defined as

—sin(wif)a; — cos(wif)as —

i_ws 1

S w w/OiL.

The normalized current flowing through the FET ¢} is ex-
pressed as

w

)

0, (0< 6 < 27D),
ooy ) IEsin(0 + @) — ag + (0 — 27)Crwr? —
is(0) = I* sin(p)w??
ﬁ, (2D < 0 < 2m).

%2 _
w 1

®)
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The normalized switch voltage v} is given by

1 [y cos(wif) — a1 — ag sin(wib)

C3 W
Us(g) = +COS(9 "’;;0) _:lCOSSDI;« ; (0 g 0 < 27TD),
0, (2D < 0 < 2m).
€))

At the turn-ON instant, the charging current of the shunt ca-
pacitance i ¢ is instantaneously redirected to the switch current
is, €NSUring current continuity as

it,(2nD7) = it (27 D). (10)

In addition, the volt-second balance condition in the inductor

L. requires
1 27D
=V /Vo=1= —/ vi(0)do.
21 0

Substituting the waveform (6) and (8) into (10), and substi-
tuting (9) into (11), we obtain two equations. Solving them
simultaneously, we derive the closed-form expressions for oy
and a as

(1)

g =wid —————Chw
! *| tan(mDw?) ~°°F

sin(7D) [Sin(ﬂ'D + ) + %wz} *} 1)

w2 —1

g = w:{ — (1= D)nCiw;

+

sin(w D) [cos(wD + Q)i — %]
- 13
ST L (13)
C. Load-Independent Conditions

Substituting the coefficients (12), (13) into the waveform (9),
the ZVS condition (1) becomes
(1= D)mwy .
tan(rDw?)
_cos(mD 4 ¢) [sin(rD)w}
~ VO (wr? — 1) | tan(mDw? )

— cos(mD) (14)

If both sides in (14) are nonzero, ZVS will only be achieved
at a specific value of R} . To eliminate this dependency, (14)
must hold as an identity with the form as 0 - R} = 0. Setting the
left-hand side to zero, we have

(1 - D)mw?

tan(rDw?) (15)

This equation gives the relationship between D and w} to
achieve LI ZVS. Because (15) is transcendental, w} does not

1465
Eq. '(15) Eq. '(27) Eq. (22) Eq. (28)
5.0 1.0 3.0—% +—s.
‘ V| — XX, 0
4.0 0.9 ‘\\ """" VeVl | |¢ o
2.0
% 30 0.8 w20 Y N
“ ~N \ AN
SP 0.7 S e . "0 &
R . >< 1of <7 234 ~
10 6 B
0.
8. 1.0 0.0 025 05 075 1.0
D D
(2) (®)
Fig. 6. Parametric curves of the LI class-E rectifier as functions of the off-

duty ratio D. (a) Normalized resonant frequency wj and voltage gain G .
(b) Reactance ratio X g4/ X and fixed drain-voltage point Vi, /V,.

have a closed-form solution but can be solved numerically.
Fig. 6(a) shows the curve of w? as a function of D.?

In addition, the required phase shift ¢ can be derived by setting
the right-hand side of (14) to zero, given by

p=m/2—7D. (16)

D. Fixed Point of Switch Voltage

Substituting LI conditions (15) and (16) into (12) and (13),
the coefficients a; and ao can be simplified as follows:

in(x D
o =~ {c; + Slf}ﬁﬁl)f:] ,
* * vk Sin(ﬂ-D) *
T {(1 DIl ¥ G0 tan(e D)

7)

Substituting the LI conditions (15) and (16), along with the co-
efficient expressions (17), into the waveform (9), the normalized
switch voltage v} during the OFF period can be decomposed into
two parts

vs (0, Ry ) = v51(0) +v5p(0, R ),

where v%,(0) is independent of the load resistance R}, while
v%5(6, R}) depends on R . They are given by

vi(0) =1 — cos(wif) + m(1 — D) sin(w0)w;

(0< 6 <2rD) (18)

19)

and

vy (0, R}) = —sin(f — D)

2
R Crwr? 1>{
sin(w D)
sin(wimwD)

Observing (20), we notice that v}, (6, R} ) = 0 at the phase of
0 = wD. This implies that at this phase, the switch voltage v} is
solely determined by v};. Defining this voltage as

Vpip = vs(mD) = v (7 D)

sin [(6 — ﬂD)w;]}. (20)

21

Because of the periodic nature of the tangent function in (15), there are
multiple D-w? curves mathematically. However, only one curve near (D = 0.5,
wy = 1.29) is practical for the LI operation. The other curves result in a high
peak voltage at the switch.
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we obtain

% VFia:
Viig = V

=1-cos(wimrD) + 7(1 — D)sin(winD)w?.
(22)

This ratio is independent of both the load resistance R} and
the shunt capacitance C7. It depends only on the off-duty ratio
D. Fig. 6(b) shows the parameter curve of V. /V,, as a function
of D.

At the fixed point, the slope of the normalized switch voltage
v} is given by
_igu(nD) _ I Satent —1

o=rD  Cr  Cr wr?-1

40 (23)

Assuming lossless operation where input power equals output
power (P = P,), and noting that V. =V, /V,, = 1, we have

1 V2 1
VA= o = ) 24
2 ToTr Rz R*L ( )
Substituting (24) into (23) yields
sin(wD)w?
dvz (9) _ 2 sinngﬂ)D} B (25)
d0 le=rD R;C:V}r w2 —1

This result indicates that the slope of v} at the fixed point is
inversely proportional to the load resistance 2} . In particular,
under open-circuit conditions (R} = o0), the slope approaches
Zero.

In addition, the time interval from this fixed point to the next
turn-ON of S, denoted as ¢ y;,, is given by

21D —7D 2
orf  2f

In conclusion, we have demonstrated that in the LI class-E
rectifier, the switch voltage v, inherently crosses a fixed voltage
point Vi, as shown in Fig. 4(b). This crossing occurs at a pre-
dictable and constant time interval ¢ z;,. before the next turn-ON
event of S. In this research, we propose using this crossing for
phase detection, which enables precise compensation of propa-
gation delays without the need for additional digital controllers
or resonant inductors. By ensuring timely turn-ON of S, the
proposed method effectively eliminates reverse conduction and
switching losses, significantly improving rectification efficiency
at high operating frequencies.

tric = (26)

E. Rectifier Characteristics

1) Voltage Gain: Applying Fourier analysis to the switch
voltage v, the normalized output voltage (voltage gain) Gr
is derived as

m(ws® —1)

Gr =
2w*? [71'(1 — D) cos(nD) + sin(nD)

27

which remains independent of the load resistance R . Fig. 6(a)
shows the voltage gain G'r as a function of D under the class-E
LI condition.
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TABLE II
CIRCUIT PARAMETERS FOR THE PROPOSED CLASS-E RECTIFIER

0.20 | 2.730 0.519 0.014 7.93
0.25 | 2239 0.530 0.028 6.37
0.30 | 1.914 0.543 0.050 5.33
0.35 | 1.686 0.560 0.082 4.58
040 | 1.518 0.580 0.126 4.03
0.45 | 1.390 0.603 0.187 3.60
0.50 | 1.292 0.629 0.266 3.26
0.55 | 1.214 0.660 0.370 2.99
0.60 | 1.154 0.694 0.505 2.76
0.65 | 1.106 0.733 0.683 2.57
0.70 | 1.070 0.776 0.923 242
0.73* | 1.049 0.807 1.141 2.34
0.75 | 1.042 0.822 1.259 2.29
0.80 | 1.023 0.869 1.760 2.18

* Designed parameters.

LI Class-EF Inverter LI Class-E Rectifier with FPXD

Ll === Ct | |Cr /66%‘
J_ | k [ >
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vz @l g (I
' C 2, . I
T 1 lt+ *lr S Cs CF RL
Fig. 7. Circuit topology of the implemented WPT system using the proposed
FPXD rectifier.

2) Phase-Shift Condition: The input reactance of the LI
class-E rectifier, given by X, = 1/(wCg4) can be derived via
Fourier analysis as

Xpq wi? .
X, = Sm@ — 1) 27D + sin(27D)
4w sin? (D)

ontDos) T w'? [sin(zwD) - QWD} } 28)

This result indicates that C'g, is determined solely by D
and X. = wL., independent of the load resistance 12} . This
characteristic is critical for WPT applications, as it ensures
that the receiver resonant frequency remains stable despite load
variations. Fig. 6(b) shows the curve of Xp,/X. as a function
of D.

For quick reference, Table II provides precomputed values of
D,w’, Gr, Xgq/X., and Vi, /V, for designing the LI class-E
rectifier.

V. CIRCUIT DESIGN STRATEGY
A. Circuit Specifications

To validate the proposed rectifier, we designed and imple-
mented a 6.78 MHz WPT system with a 48 V input and a
target output voltage of 24 V. The system delivers a maximum
output power of P, = 20 W, corresponding to a nominal load
resistance of Ry, = 28.8 ). Fig. 7 shows the circuit topology
of the implemented WPT system.
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Fig. 8. Photograph of the implemented WPT system. (a) Coupling coils.
(b) Implemented class-E rectifier. (c) Overview of the system.

TABLE III
DESIGNED AND MEASURED CIRCUIT COMPONENTS VALUES

Param. Designed Measured Difference ESR (mS2)
(& 164.1 pF  163.7 pF -0.24 % -
Co 268.9 pF  268.7 pF -0.07 % -
Cy 4619 pF  461.7 pF -0.04 % -
Ly - 46.7 pH - 25.0 (f)
Lo 820.7nH 813.6 nH  -0.87 % 202 (2f)
Ly - 1.875 pH - 354 (f)
L, - 1.900 pH - 360 (f)
L. - 314.3 nH - 39.7 (f)
Cr 357.4 pF 357.2 pF -0.06 % -
Cratt 1427 pF 1437 pF  +0.70 % -
Cr - 2.940 pF -

1 See Appendix for the derivation of the external shunt capacitance C' .

1) Power Transmitter: An LI class-EF inverter is employed
as the power transmitter. The inverter is driven by an input
dc voltage of V; =48 V and operates at a frequency of f =
6.78 MHz. It provides a constant output ac current of I; =
1.59 A. The detailed inverter design was provided in [12] and
is omitted in this article for brevity. Table III gives the designed
component values used in the LI class-EF inverter.

2) Magnetic Coupling: The transmitter and receiver coils,
denoted as L, and L,., were implemented using identical spiral
coils, as shown in Fig. 8(a). These coils were wound with
AWG20 copper wire on 3-D printed formers, each with an
outer diameter of 66.5 mm and four turns. The system operates
with a coupling distance of 17 mm, with a measured coupling
coefficient of k£ = 0.233. The inductances and ac resistances of
L; and L, were experimentally measured, given in Table III.

To achieve load-independent operation, a series-series com-
pensation topology is employed. To ensure ZVS of the class-EF
inverter, the compensation capacitor C, is designed to achieve
complete resonance, maintaining a constant output reactance for
the inverter.
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Fig. 9. Required pulse width tcps of MV1 as a function of switching fre-

quency f.

TABLE IV
PROPAGATION DELAYS OF TWO IMPLEMENTATION CANDIDATES

Candidate 1 (farqz=11.4 MHz)

Compon. Model Notation  Delay (ns)
CP1 TI LMV7219 tx 8.60
MV1 2x Diodes 74LVC1G02 tvvi 3.45
MV2 3x Diodes 74LVC1G02 tvmve 4.54
GD1 TI UCC27516 tpr 15.32

Candidate 2 (fara2=28.1 MHz)

Compon. Model Notation  Delay (ns)
CP1 TI TLV3602 tx 2.50
MV1 2x Diodes 74LVC1G02 tvvi 3.45
MV2 3x Diodes 74LVC1G02 tvve 4.54
GD1 TI LMG1020 tpor 2.50

B. Rectifier Design

According to (27), D significantly influences the rectifier
voltage gain G and therefore must be carefully selected when
a specific output voltage is required. In our prototype, the input
ac voltage V,. of the rectifier is determined by

‘/;n == kat\/ LtLr =297V

where the parameters k, I3, L, and L, are set by the fixed spec-
ifications of the transmitter and coupling coils. To achieve the
target output voltage V,, = 24 V, the rectifier must be designed
to deliver the corresponding voltage gain

Gr=V,/V, =0.807.

(29)

(30)

Substituting (30) into (27) yields a parametric relationship be-
tween D and w}.

In addition, the load-independent ZV S condition requires (15)
to be satisfied, providing a second equation linking D and wj}.
By solving (27) and (15) simultaneously, we obtain a unique
solution: D = 0.73 and w} = 1.049, which satisfy both the
required voltage gain and the ZVS condition. These values are
visually illustrated in Fig. 6(a).

For the implementation, a Micrometals Mix-6 powder core
with six turns of AWG18 wire was selected for L., resulting in
aninductance of 314.3 nH. The corresponding shunt capacitance
to achieve w; = 1.049 is

1

(wiw)? L,

= 1.592 nF. 31)
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TABLE V
COMPARISON OF RECENT SELF-SYNCHRONIZED CLASS-E RECTIFIERS

Circuit Extra Resonant Synchronization Eff. (%) Controller

Research Topology f (MHz) Method 3é’)omponents nw PT/MRct Complexity

[12] Class-E 13.56 vs ZXD None —194.0% Low

[13] Push-Pull Class-E 6.78 External (Aux. Coil) 3L 1C 86.7 / 94.6 Low

[14] Class-ET 6.78 Input Current Sensing 1L 1C —/81.6 High (Computer)

[15] Push-Pull Class-E 6.78 vs ZXD None 91.6 /97.0 High (FPGA)

[16] Class-E 1 vg ZXD None -/ - High (DSP)

[17] Class-E 13.56 L voltage ZXD 1L 1C —-/93.1 Low
Proposed Class-E 6.78 vs FPXD None 87.6/96.8 Low

L The nonlinear output capacitance of the GaN FET is considered. 2 Efficiency tested using an external driving signal. Estimated efficiency based on the
GaN FET thermal image and simulation. The self-synchronous version was implemented on a drone without direct efficiency measurement.

Substituting D and w into (28), we derive X,/ X, = 1.141
as shown in Fig. 6(b). Thus, the equivalent input capacitance of
the class-E rectifier is

Ciq = 1.538 nF. (32)

©1.141 w2L,

To maintain a constant reactance as seen by the inverter,
C, should be selected such that the series combination C,. =
C.||CEq resonates with L, at w, which is

w = 1 (33)

VL.CT'

Namely, the required value of C!. is

1
| = —— =290.0 pF. 34
C, L p (34)
This leads to the component value of
Cp,Cl
C,=——21"— =3574pF. 35
o P (35)

Table III gives the designed circuit component values for the
implemented WPT system.

C. Maximum Operating Frequency

To ensure a timely turn-ON of the switch, the propagation
delays introduced by the synchronization circuit must be com-
pensated. Substituting (4) and (26) into (3), the required pulse
width tcp,s of MV is calculated as
(36)

tops = 7 —tx —tpmol — tvo2 — tDr.

2
Namely, the required ¢, decreases as the frequency increases,
as shown in Fig. 9. If the frequency becomes too high, (36)
results in a negative ¢, which is physically unrealizable.
Consequently, the maximum feasible switching frequency
Jmax for a given set of components is determined by the critical
condition t¢y,s = 0. The components must be selected such that

1
(tx + taror + tarv2 +tor)

Table IV gives the propagation delays for two candidate com-
ponent sets. Candidate 1 employs cost-effective components,
while Candidate 2 uses high-speed ones with higher costs. Fig. 9
shows the required pulse width ¢ as a function of switching

> f. (37

fMax = D)

frequency f. The maximum operating frequencies of the two
candidates are 11.4 MHz and 28.1 MHz, respectively.

In this study, Candidate 1 was selected due to its cost
efficiency, which sufficiently supports the target frequency
6.78 MHz. However, for higher ISM band frequencies such as
13.56 MHz or 27.12 MHz, Candidate 2 is required. According
to (36), the required pulse width of MV1 was t¢ps = 21.9 ns.

D. Self-Synchronous Circuit Design
From (22), we have

Vrix
Vo

=1—cos(wif) + m(1 — D)sin(wif)w: = 2.34 (38)

as visually shown in Fig. 6(b). This leads to an absolute voltage
of Vpiz = 56.1 V.

To scale v, within the safe operating range of the comparator,
the voltage divider resistors were chosen as R,; = 27.8 k{2,
Ryo = 1.48kQ. This results in a reference voltage Vg
given by

Vi = 02y
Ref — RU1+R1;2 Fix —

R'u4
RUS + Rv4

V,=284V. (39)

VI. PARAMETER SENSITIVITY

The sensitivity of the proposed FPXD method to circuit
parameters is crucial for ensuring reliable operation. This section
analyzes the impact of variations in the turn-ON timing, reference
voltage, circuit components, and working conditions on the
circuit performance.

A. Sensitivity to C,. and L,

The tolerance of the circuit components may affect the shape
of the waveform of v, which in turn influences the fixed-point
crossing time ¢t ;.. Fig. 10(a) and (b) show simulation rated-load
waveforms with £10% changes in C,. and L,, respectively.
Fig. 11(a) shows the variation in fixed-point crossing time
t i with these changes. It can be observed that C. and L,
influence the circuit similarly, as 1/4/(C,.||Cg4) L, determines
the resonant frequency of the receiver. A decrease in either L,. or
C, results in an earlier ZVS, i.e., a negative At g;,.. Conversely,
t i 18 less sensitive to increases in L, or C.. A 10% increase in
either component results in a change of less than 2% variation
int Fix-
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Fig. 10. Simulation waveforms of the WPT system under rated load with
variations in circuit component values. (a) Variation in C,.. (b) Variation in L,..
(c) Variation in C's. (d) Variation in L.
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Fig. 11. Change in tp;, with variations in circuit component values.

(a) Variation in C. and L,.. (b) Variation in Cs and L.

Furthermore, as shown in Fig. 10(a) and (b), the power trans-
mitter switch voltage vg; suffers from non-ZVS when L, or
C,. decreases. This behavior is attributed to a deviation from
the resonant condition in (33). In conclusion, the system is
relatively robust against increases in L, and C,., but sensitive
to decreases in them. Setting a positive bias of within 0%—5% in
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either parameter is considered a good balance for compensating
component value variations while preserving reliable system
performance.

B. Sensitivity to Cs and L.

The simulation waveforms under rated-load conditions with
changes in the shunt capacitance C'; and the output inductance
L. are shown in Fig. 10(c) and (d), respectively. Fig. 11(b) shows
how ¢ ;, varies with these changes. Note that variations in the
FET output capacitance Cpgg effectively appear as changes
in Cs. Cs and L, influence the circuit similarly, as 1//C L.
determines ws. As shown in Fig. 11(b), t;, is sensitive to
variations in these components: a +£5% bias in either Cy or L.
leads to an approximate +3% shift in ¢ ;.

Fig. 10(c) and (d) further show that an increase in Cy or L,
results in an insufficient discharge of Cy, causing non-ZVS in
the rectifier voltage v. These variations can also disrupt ZVS in
the inverter because the equivalent input reactance X g, of the
rectifier, predicted in (28), is no longer preserved.

C. Sensitivity to V.

In some applications, the input ac voltage V,. of the rectifier,
defined in (29), may vary due to changes in the coupling coeffi-
cient k (e.g., from coil misalignment) or inverter output current ¢,
(e.g., from input dc-voltage variations). These changes result in
a proportional scaling of the switch voltage waveform v,, which
in turn scales the fixed-point voltage Vp;,. If a fixed detection
threshold Vg, is used, such variation in V,. may cause incorrect
timing. In extreme cases, the peak value of v, may fall below
the origin level of Vg;, without crossing it, leading to a missed
driving pulse.

To address this, the proposed circuit does not use a fixed Vg, s,
but derives it from the rectifier output voltage V, instead. This
is realized using a resistor divider as shown in Fig. 4(a). This
implementation yields

R'u4

Rv4

Rv3 + R’u4 VO - RUS + Rv4 GRV;

As a result, the detection threshold Vg, s also scales propor-
tionally with V., thereby tracking the change in Vp;,. In other
words, the ratio of Vi, / Vg, y remains constant and independent
of rectifier input V;.. This ensures consistent gate-drive timing
even under variations in the coupling coefficient or input dc
voltage. Furthermore, if regulated output is required, a voltage
regulator can be connected downstream of the rectifier without
compromising the synchronization performance.

(40)

VRef =

D. Sensitivity to tpp and tpi,

To achieve optimal switching performance, the propagation
delay ¢t pp should match the fixed-point crossing time ¢p;,., as
defined in (4). However, in practical implementations, both t pp
and tp,;, may deviate due to component tolerances, resulting in
timing mismatches and additional turn-ON power loss. This time
mismatch can be quantified as

B=(tpp —triz)/tPra (41)
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Zoomed-in view of switch voltage and threshold voltage for different o values.
(c) Normalized switching-time misalignment (3 as a function of « under various
D values under open-load condition (the worst case).

where tp.q = 1/f is the switching period. Fig. 12 shows the
relationship between § and the additional turn-ON power loss
under rated-load conditions. A positive 3 corresponds to a late
turn-ON event, leading to reverse conduction loss, similar to what
is observed in the intracycle ZXD-based rectifier. Conversely, a
negative  implies early turn-ON, which induces hard-switching
loss. To mitigate this sensitivity and achieve 5 = 0, a tunable
resistor (PVG5AS502C01R00) was used for 2,1 to fine-turning
tcps- This allows precise alignment of the gate signal with the
negative zero-crossing of v against potential variations intpp.

E. Sensitivity to VRef

The slope of the switch voltage v, is influenced by the load
resistance R, according to (25). Under open-circuit conditions,
the slope approaches zero, as shown in Fig. 13(a) and (b).
This makes it difficult to reliably detect the zero-crossing of
vs, because even a small positive deviation in the detection
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threshold Vg, may cause the comparator to miss the crossing
entirely, leading to a missed gate-driving pulse. In such cases,
the FET will fail to receive a gate-driving pulse, and the rectifier
will operate in a degraded passive mode through body-diode
conduction.

To address this issue in practice, a small negative offset can
be applied to Vg to ensure reliable detection of the crossing
point, as shown in Fig. 13(b). The adjusted reference voltage
Ve 1s defined as

Vll%ef = VREf(]' + a)

where « is the offset factor.

However, introducing this offset results in an earlier switching
event, i.e., a negative timing mismatch 3, which becomes sig-
nificant under light-load or open-circuit conditions. Fig. 13(c)
shows the relationship between the normalized switching-time
misalignment 3 and the offset factor « for various duty ratios
D. As shown, § becomes more negative as « becomes more
negative. The value of a must therefore be carefully chosen
to balance robustness against missed pulses and accuracy of
turn-ON timing. For D = 0.7, setting o« = —1% ensures that 3
remains below 3% even under open-circuit conditions, which
is acceptable for practical applications. This leads to V,, =
0.99 Vres = 2.81 V. For deriving V},, s from output voltage
V,, we selected R,3 = 33.0 kQ and R,4 = 4.32 k2.

(42)

VII. EXPERIMENTAL VALIDATION
A. Experimental Prototype

An experimental prototype was developed based on the design
resultsin Section V. A close-up view of the implemented rectifier
is shown in Fig. 8(b), while Fig. 8(c) shows the overview
of the WPT system. Our goal is to verify the effectiveness
of the proposed FPXD method for achieving intracycle self-
synchronization.

The self-synchronous components (CP1, MV1, MV2, and
GD1) are powered by a 5 V dc source, which is derived from
the rectified output voltage V,, using a CJ78L05 LDO. A key
feature of the proposed rectifier is its self-starting mechanism.
At startup, when no driving signal is present, switch .S initially
operates as a diode, allowing the circuit to function as a passive
rectifier. This enables the instant charging of the output capacitor
C'r, which then powers the self-synchronous circuit.

For the rectifier, we used a GS61004B GaN FET from Infi-
neon (formerly GaN Systems) as the switching component. VJ
HIFREQ Series capacitors from Vishay were used for resonant
and shunt capacitances.

The external shunt capacitance C'p,; was calculated consid-
ering the nonlinear output capacitance Cpgg of the GaN FET,
as detailed in the Appendix.

For the class-EF inverter, we used an EPC2012 C GaN FET
from EPC, driven at 6.78 MHz via a TI LMG1020 gate driver.
The high-order resonant inductor Lo was implemented using a
T-68-6 toroidal core from Micrometals.

An LI class-E rectifier with intracycle ZXD, shown in Fig. 3,
was also implemented for comparison. The main power circuits
of both rectifiers were identical, with the only difference being
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Fig. 14.  Experimental waveforms of the class-E rectifier. (a) Intracycle ZXD.
(b) Proposed intracycle FPXD.

their self-synchronous circuits. Both rectifiers were powered
by the same class-EF inverter wirelessly. In addition, the gate
voltage width t{, 5 of the intracycle ZXD rectifier was adjusted
to ensure that switch .S’ maintained the same turn-ON duration as
in the FPXD rectifier, ensuring a fair comparison.

B. Steady-State Waveforms

A Kikusui PLZ205 W electronic load was used to sweep
the load resistance from 28.8 Q) (Ry,,.) to 288 Q (10Ry,.). The
measured waveforms of both circuits are shown in Fig. 14.

It can be observed that the intracycle ZXD rectifier exhibited
a significantly delayed turn-ON due to propagation delays. In
contrast, the proposed intracycle FPXD rectifier maintained
a phase-locked gate voltage, independent of load variations.
The rising edge of v in the FPXD rectifier aligned precisely
with the negative zero-crossing of v, effectively eliminating
both switching loss and reverse-conduction loss. These results
confirm that the fixed point was successfully detected and that
propagation delays were properly compensated.

In addition, the inverter output current ¢; maintained a con-
stant phase angle regardless of load variation. This is because the
input reactance X g, remained constant, as given in (28). This
stability enabled the class-EF inverter to sustain ZVS operation.
Furthermore, Fig. 15(a) shows the measured output voltage V,,
as a function of output power. The voltage reached the designed
value of 24 V and remained nearly constant, validating the LI
operation of the rectifier.

C. Efficiency and Power Losses

Fig. 15(b) shows the measured dc—dc efficiency nyy pr of the
WPT system. The efficiency was measured using two Iwatsu
VOACT7523H digital multimeters and is calculated as

Volo
=P,/Pr = .
nwpT /Pr Vi,

(43)
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Fig. 15. Measured characteristics of the proposed rectifier as functions of
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Fig. 16. Breakdown of power losses in the proposed rectifier. (a) Power loss
model of GaN FET S. (b) Intracycle ZXD rectifier. (c) Intracycle FPXD rectifier.

The WPT system with the intracycle ZXD rectifier achieved
a maximum efficiency of 82.8%, whereas the WPT with the
proposed FPXD rectifier reached 87.6%. This efficiency im-
provement is attributed to the reduced power losses in the
proposed rectifier.

To evaluate the ac—dc efficiency of the rectifier, we performed
a power loss analysis. The power-loss model of the GaN FET
is shown in Fig. 16(a), where rps = 19.2 m{2, rsp = 105 m{2,
and Vgp = 1.7 V. Ps,,, is the FET conduction loss due to the
ON-state resistances, while Pgp is the loss caused by the reverse
voltage drop Vsp. Other power losses include the inductor
loss in L. (Pr.), the receiving-coil loss in L, (Pr,), and the
self-synchronous circuit loss (Pcy,-). Pcoy,r includes the power
consumption of the comparator, multivibrators, and gate driver,
which were measured experimentally.

Fig. 16(b) shows the power loss breakdown of the intracycle
ZXD rectifier. The dominant power loss was the reverse voltage-
drop loss Psp. This loss occurred due to the delayed turn-ON
of the switch. Since the rectifier was designed with a high off-
duty ratio to achieve the target gain G'r, the propagation delay
tpp exceeds half of ¢,,,, making the impact of delayed turn-ON
particularly significant. This result confirmed the limitation of
the ZXD method for achieving intracycle synchronization.

Fig. 16(c) shows the power loss breakdown of the proposed
FPXD rectifier. The proposed rectifier eliminates Psp by ensur-
ing timely turn-ON, achieving a total loss reduction of 56.9% at
heavy load conditions compared to the intracycle ZXD version.
This result verified the effectiveness of the proposed FPXD
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Fig. 17. Thermal images of the rectifiers after 30 minutes of heavy-load
operation. (a) Intracycle ZXD rectifier. (b) Intracycle FPXD rectifier. "Test
conditions: Same PCB design with switchable self-synchronous circuits.
S mounted on an FR4 PCB (25 cm?, 1 oz copper land). Room temperature:
23 °C. No forced air cooling. V reduced to 36 V in both circuits to prevent
thermal runaway in the ZXD rectifier. Thermal images were captured using a
FLIR ES50 infrared camera.
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Fig. 18. Transient response of the proposed rectifier against sudden load
change.

method for achieving intracycle self-synchronization. Under
heavy-load conditions, the receiver coil L, was the largest source
of power loss, whereas under light-load conditions, losses in the
self-synchronous circuit dominated because they did not scale
with the load resistance.

Based on the loss prediction, the ac—dc efficiency of the
proposed rectifier .+ was estimated as

TRet = Po/(Po + PLoss) (44)

where Pr,ss represents the total power loss in the rectifier.

Fig. 15(b) shows the estimated rectifier ac—dc efficiency nrc;.
The proposed intracycle FPXD rectifier achieved a maximum
efficiency of 96.2%, compared to 91.3% for the intracycle ZXD
rectifier. Fig. 17 shows thermal images of the two rectifiers
after 30 minutes of operation at maximum output power P,,..
The proposed intracycle FPXD rectifier exhibited significantly
lower GaN FET temperatures than the intracycle ZXD version,
confirming its reduced power losses.

D. Transient-State Waveforms

To evaluate the robustness of the proposed rectifier against
sudden load variations, a 100 Hz periodic step change in load
resistance was applied, alternating between Ry, (28.8 ) to
10R, (288 (). Fig. 18 shows the transient response of the
proposed FPXD rectifier. The output voltage remained nearly
constant throughout the load transition, verifying that the self-
synchronization mechanism maintained robust operation with-
out loss of control.
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voltage vs.

E. Input Variation

An additional experiment was performed to validate the cir-
cuit robustness against input ac voltage V. caused by coupling
coefficient k variations or input dc voltage variations. The rec-
tifier input voltage V,. was varied from 25% to 100% of the
nominal value by adjusting the supply voltage of the class-EF
inverter. The measured waveforms are shown in Fig. 19. It can be
observed that the phase of the gate voltage vs remained nearly
constant for 50%, 75%, and 100% input conditions. However, a
delay of 6.2 ns in the turn-ON timing was observed at 25% input.
This is attributed to the increased output capacitance Cpgg of
the GaN FET under low-voltage operation. This variation has a
similar effect to increasing C'y, which distorts the shape of vy,
and shifts the fixed point, as discussed in Section VII-B.

Based on the experimental results, we confirmed that the
proposed FPXD method achieved high efficiency and robustness
for achieving intracycle self-synchronization.

VIII. RESEARCH COMPARISON

To compare the proposed approach with existing methods,
we conducted a literature review of recent studies on self-
synchronized class-E rectifiers, summarized in Table V on the
top of page 12. Compared with existing methods, the proposed
rectifier achieves intracycle synchronization without requiring
additional resonant inductors or digital controllers. This con-
tributes to reduced circuit complexity, improved miniaturiza-
tion, and lower system cost for compact WPT applications. By
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applying the FPXD method, precise turn-ON timing is achieved,
enabling consistent ZVS operation across varying loads. As a
result, switching losses are significantly reduced, leading to high
power conversion efficiency.

IX. CONCLUSION

This article presented an intracycle self-synchronized LI
class-E rectifier based on a novel FPXD method. Through circuit
analysis, we identified that the drain-to-source voltage of the LI
class-E rectifier consistently crosses a fixed voltage threshold
at a specific phase angle prior to turn-ON, independent of load
resistance. This fixed crossing point serves as a reliable trigger
for gate-drive signal generation. Therefore, the proposed ap-
proach enables intracycle synchronization without the need for
additional resonant components or control circuitry. Analytical
expressions for the fixed point were derived, and a systematic
design procedure was provided. A 6.78 MHz, 20 W WPT pro-
totype was implemented and tested. The rectifier maintained ro-
bust load-independent performance, demonstrating nearly con-
stant output voltage and input reactance across varying loads.
Compared with the ZXD-based intracycle synchronization, the
proposed method achieved more precise switching, eliminating
reverse conduction and switching losses, and reducing total
rectifier effectively.

As part of our future work, we plan to explore methods to
enhance robustness against component variations, particularly
in parameters such as C's and L.. In addition, we aim to extend
the proposed FPXD method to other topologies, such as the
class-EF rectifier. Like the LI class-E rectifier, the LI class-EF
topology also exhibits a fixed voltage crossing point suitable for
synchronization. However, due to its characteristic double-peak
switch voltage waveform, implementing FPXD in this topology
will require the development of a selective detection circuit
capable of isolating the correct crossing point. Addressing this
challenge will be a key focus of our subsequent research.

APPENDIX
SHUNT CAPACITANCE OF THE CLASS-E RECTIFIER

The shunt capacitance of the class-E rectifier includes the
external capacitor C'g,; and the output capacitance Cpgg of the
GaN FET. Cpgg is nonlinear depending on the drain-to-source
voltage vs. For the GS61004B GaN FET used in our prototype,
we extracted an approximation of Cpgs(vs) from the device’s
LTspice model [26], which is

COSS (’Us) =928

2.145 % 60.0429(8071)5)
1 + ¢0-0429(80—v,)

178.3 x e0-115(-8-v.)
1+ e0-115(-8-v,)

157.5 x 0-2(16-vs)
1+ e0.5(—16-v;)

50.7 x 0-03(31vs)
1+ £0.03(31-v;)

(45)

where Clpgg is in pF and vy is in V. Fig. 20 shows the output
capacitance Cpgg as a function of v,.
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To account for this nonlinearity during the design process,
we used a practical approach based on the charge-equivalent
capacitance method. The charge-based equivalent capacitance
Cossq is computed by integrating the charge over the operating
voltage range

1 Vs
Cossq = V/ Coss(vl)dvl, = 165.3 pF (46)
s JO

where V; = 65.8 V is the peak drain-to-source voltage derived
from waveform equation. This formulation ensures that the
integrated charge of the nonlinear Cpoggs(vs) over a voltage
swing from 0 to V is equivalent to that of a linear Cpssq,
as shown in Fig. 20. Then, Cogsq was subtracted from the
total calculated shunt capacitance C to determined the external
capacitor C'g ¢ as

Cpat = Cs — Cossg = 1.427 nF. (47)
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