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A Novel Class-E Quasi-Constant Transconductance Rectifier

Haipeng Zhou

Abstract—A novel class-E rectifier with quasi-constant transcon-
ductance (QC-G,,) is proposed. The operation mechanism of the
class-E QC-G,, rectifier is investigated, and the transconductance
is calculated. The rectifier exhibits zero-voltage switching (ZVS)
over a wide input and output range. The QC-G,, performance of
a designed 40 mS rectifier is verified in a 6.78 MHz wireless power
transfer link as demonstration. The rectifier is driven by constant
voltage operation mode LCC-LCC network and class-E inverter,
with unity overall dc—ac driving gain. The calculation matches the
simulation, and the measurement shows that the output current is
0.96 A (+3.8%) under 25 V input voltage and 1-20 €2 loads.

Index Terms—Quasi-constant transconductance (QC-G,,,) class-
E rectifier, wireless power transfer (WPT), zero-voltage switching
(ZVS), load-independent.

I. INTRODUCTION

ONSTANT-CURRENT (CC) power supply or drivers are
C required in battery powered devices and LED lighting
systems. The conventional CC driving can be achieved by closed
loop controlling [1], [2]. In recent years, CC topologies and
class-D full-bridge rectifiers are used for CC driving [3]. This
approach eliminates the need for complex closed-loop control,
significantly simplifying the driving architecture, particularly
in mid-to-low frequency WPT applications (e.g., hundreds of
kHz). But its large number of switching/rectifying transistors
introduces additional switching losses [1], [6], [7], [4]. With
the rapid development of high-frequency, high-density inte-
grated power electronic systems operating in the 6.78 MHz or
higher frequency, class-E rectifiers have gained attention due to
their zero-voltage switching (ZVS) characteristics and minimal-
ist single-switch architecture, achieving efficiencies exceeding
95% under high-frequency operation [3], [2], [8], [9], [10], [11].
The application of class-E rectifiers in constant output topologies
typically requires the input impedance of the rectifier to be
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independent of the load. The input to output current conver-
sion ratio of traditional current-driven class-E rectifiers exhibits
load-dependent variations [1]. Meanwhile existing research on
load independent class-E rectifiers typically requires the active
closed loop controlled synchronous switching devices [12].
Consequently, researchers have introduced closed-loop control
strategies to maintain CC characteristics, but it increases system
complexity, particularly in dynamic load scenarios where the
robustness and real-time performance of control algorithms face
significant challenges [2], [13].

In this letter, a novel class-E rectifier with quasi-constant
transconductance (QC-G,,,) performance is proposed. The rec-
tifier achieves quasi constant transconductance characteristics
through internal duty cycle adaptive adjustment mechanism. The
dynamic equations and numerical solutions of the novel quasi
constant transconductance rectifier are studied and verified. The
class-E QC-G,, rectifier enables open-loop CC delivery to wide
range loads, as well as ZVS operation. The working principle
of the class-E QC-G,,, rectifier is studied in Section II. In
Section III, as a demonstration, the rectifier is driven by constant
voltage (CV) operation mode LCC-LCC network and class-E
inverter with unity overall dc—ac driving gain in a wireless power
transfer (WPT) link, and the design equations and simulation
results are given. The prototype measurement and the summary
are given in Sections IV and V, respectively.

II. MECHANISM OF THE QC-GM CLASS-E RECTIFIER

Fig. 1(a) illustrates the schematic of the proposed Class-E
QC-Gy, rectifier. C; is the parallel capacitor of the rectifier
diode, which alternately conducts with diode D; to complete the
periodic rectification process. Lo acts as a constant transcon-
ductance inductor to dynamically adjust the transconductance
of the rectifier under different load conditions. Ly and Cy form
an LC low-pass filtering network to reduce output ripple waves,
filter out high-order harmonic components for the dc output.
For each operating cycle, the operation of the rectifier can be
divided into two distinct operating states, i.e., OFF state and ON
state, as shown in Fig. 1(b). In this configuration, u;, is the input
ac voltage of the rectifier, u, is the input voltage of the inductor,
D, denotes the rectifying diode, the parallel-connected capacitor
C; establishes a current path during the OFF state, the inductor
Lcg converts the voltage from u  into a stabilized current while
serving as the rectifier’s excitation source.
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Fig. 1. Schematic and working waveforms of the class-E QC-G,, rectifier.

(a) Schematic. (b) ug. (c) vp1.(d)ip1,ict, ir, and Io.

In the OFF state, the diode D; is shutdown, and the voltage
across the capacitor C; is equal to the reverse voltage of the
diode. In the ON state, the diode D is turned on due to the forward
bias voltage reaching its threshold, and the voltage across the
diode is clamped to the level of the forward voltage drop, i.e.,
Vr~0.2-0.7 V. In this article, the Vs set to zero for simplified
analysis.

Due to the absence of dc part of the input current iz (f) =
1/Lcg [[ur(f)-v p1(£)]dt, the input voltage of the inductor can be
written as u g(?) = Uin(£)+V p1(avg), Where ui, = Us,,co8(wot+p),
VD1(avg) 18 the average value of vpi(f), wg is the working
frequency, U,, is the amplitude of the u;,,(¢), and ¢ represents the
initial phase. Due to the low-pass filtering of the output network,
the output voltage V¢ is equivalent to the dc part of the Taylor
series expansion of vp1(?), thatis, vpi(avg) = Vo, as shown in
Fig. 1(c). The input voltage of the inductor can be written as

ur(t) = Uy, cos(wot + @) + Vo. (1)

The current through the input inductor i z(f) contains multiple
harmonic parts. The fundamental part can be considered for
simplifying the analysis, and the rectifier input current is defined
simply as

ig(t) = Iy, sin(wot + ¢) (2)

where [, represents the amplitude of the input current, as shown
in Fig. 1(d). According to the KCL, the output current iz can
be written as

irf =1iR +ic1 +ip1 (3)

where i1(7) is the current of capacitor Cy, ip1(?) is the current
of diode D;. The diode is shut down in the OFF state, therefore,
the current of the capacitor is zero at + = 0. At this moment,
assuming the time constant of the output filter is large, the output
dc current /o can be given by

Io =irfl,_g = Imsine. %)

In the OFF state, vp; can be derived by (2), (3), and (4) as

]- . Inl
vp1(t)seo,1-pyr) = a/101(t)df ke

[sin(e)
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—sin(wot + )] dt

Vo . coswot — 1
= —2  (wot —sinwet + ————— | . 5
woC1 Ry, (wo st tan ¢ > ©)
In the ON state, vp; = 0, therefore, V can be given by
1 [T(-D)
Vo=— t)dt
0=5- /0 vp1(t)
272(1 — D)? — cos 2D — 1
=Vo | 427 (1 — D)/ tang /(2mwoC1RL).
+sin(27D)/ tan ¢
(6)

The duty cycle D is defined as the ratio of the turn-on time
duration of D; to the total switching period 7, and the load
resistor R, = V o/l . To ensure the rectifier works in ZVS mode,
the following condition must be satisfied:

op1(8)l—1_pyr = 0 )
From (2) to (7), it can be derived that
1-— 2w D
tan p = cos(2m D) ®)

27(1 — D) +sin(27D)’

Therefore, ¢ is an increasing function of D. The current and
voltage of Lcg can be obtained from the volt-ampere relation-
ship of the inductor as

1

0= T

[ur(t) —vp1(t)] dt. ©))

To simplify the calculation, the zero moment (¢ = 0) of the
steady-state period is chosen to compute L. Based on (1), (4),
(6), (8), (9), and the initial condition of ip1|; — o = ic1|t = 0 =
0, ith -0 = Io, VDllt -0 = 0, and uglt =0 = UmCOSgD+VQ,
the solution is obtained as

wOLCG - (10)

where ¢ can be determined by (6) and (8). Referring to formula
(10), this rectifier can reduce the value of Lo by increasing
the frequency. For specified Vo, U,,, wp, and Log, the output
current /o can be calculated by (6), (8), and (10), and the
transconductance of the rectifier can be obtained as

(1)

Fig. 2(a) shows the theoretical calculated G, ec Versus the
rectifier output voltage Vo under different values of L g when
U,, is 25 V. Fig. 2(b) shows the G, versus the rectifier
input voltage amplitude U,,, under different values of L o when
the output voltage is 10 V. According to Fig. 3, it shows that
quasi-constant transconductance (QC-G,,,) characteristics can
be obtained over a wide range of input voltage, output voltage,
and L o¢. The transconductance increases while L decreases.

Based on the above theoretical analysis, Fig. 3 shows the
design flow of the class-E QC-G,, rectifier.

1) Instep 1, the rectifier capacitor C; can be calculated based

on (6) and (8), with the given operating frequency, the
typical load and its typical duty cycle. For Ry, (typ) = 10 €,

Gmrec = IO/Um~
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Fig.2. (a) Gpyrec versus Vo and Lo, with Uy, = 25 V. (b) Grec Versus Uy,
and Log, with Vo =10 V.

wy, typical load Ry, and typical duty cycle D;,=0.5 [13].

v

Step 2: Calculate [Gnrec] Using Equ. (6), (8), (10), (11) with Cy,
wo, [Leel, and [Vo] (with specified Unyp)) OF [Um] (With specified
Vo). For different Leg values, The [Gmrec] Versus the output
voltage vector [Vo] or input voltage vector [Un] is obtained, i.e.,
Fig. 2 (a) or (b). The quasi-constant transconductance (QC-Gn)
region can be found.

Step 3: The designed L¢g can be determined with
specified Gnrec by Using Fig. 2 (a) or (b).

Step 1: Calculate C;using Equ. (6) and (8), with specified |:>@

Fig. 3. Design flow of the class-E QC-G,, rectifier.

D(typ) = 0.5 [13],wp = 27 x6.78 x 10° rad/s, the capacitor
C; = 500 pF can be obtained.

2) In step 2, by using formulas (6), (8), (10), (11), and the
C, obtained in step 1, the vector [G,rec] Versus [V o] or
[U,,] can by calculated with different Lo, and the quasi
constant transconductance region can be found, as shown
in Fig. 2(a) or (b).

3) Instep 3, the Lo can be determined with specified G, rec
based on the results in quasi constant transconductance
region of Step 2. In the case of G ;o = 40 mS, this article
chooses Log = 450 nH.

Fig. 4 shows the simulated rectifier operating waveforms,
where Log = 450 nH, C; = 500 pF, Ly = 2 pH, Cy = 10 uF,
and the diode adopts PMEG100TO80ELPE in Fig. 1. It shows
that the following.

1) Comparing the curves (black, rectangle symbol) with U,,
=25V, Vo = 8V, and the curves (red, circle symbol)
with U,, =25V, Vo = 3.3V, for a specified U,,, the
increases of Vo will lead to a reduction of the rectifier’s
duty cycle D and initial phase ¢ automatically as shown in
Fig.4(a),(b), and (d), where ¢ is defined in Fig. 1(d). By us-
ing (10), the reduction of ¢ will compensate the increase of
Vo, and a quasi-constant output current /o can be obtained
for the specified U,,, as shown in Fig. 4(c). Therefore, a
quasi-constant transconductance can be guaranteed.

2) Comparing the curves (black, rectangle symbol) with U,,
=25V, Vo =_8Y, and the curves (blue, triangle symbol)
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Fig.4. Simulated working waveform of the rectifier. (a) Vp1. (b) Input current

iR. (c) Output current /o. (d) ip1.
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Fig.5. 1o versus V. (a) Voltage load. (b) Resistance load.
with U,, = 12 V, Vo = 8 V, for a specified Vo, the

increase of U,,, will lead to an increase of the duty cycle
D and rectifier’s initial phase ¢ as shown in Fig. 4(a), (b),
and (d). By using (10), the increase of ¢ will compensate
to a larger output current /o for the increase of U,,, as
shown in Fig. 4(c), and a quasi-constant transconductance
can be guaranteed.

3) For the curves (dash) with U,, =12 V,and Vo = 15 V, it
shows that the ZVS operation will be broken under a large
output voltage, as shown in Fig. 4(a). This will suppress
the turning on of rectifier diode, and the output current
decreases, as shown in Fig. 4(c).

Fig. 5 shows the simulated curves of /o under different input
and output conditions. It can be observed that the rectifier
is constrained by various factors, such as load, duty cycle,
and diode performance, and exhibits constant transconductance
characteristics under certain conditions. When the resistance-
type load is used, the rectifier shows constant transconductance
characteristics in the load range of 0-20 €. If the load range
continues to increase, the transconductance of the rectifier will
decrease, and the constant transconductance characteristics will
gradually become worse. When the voltage-type load is used, the
constant transconductance characteristics begin to deteriorate
when the output voltage is close to the input amplitude U,,,.

Fig. 6(a) shows the simulated rectifier efficiency under dif-
ferent input inductances and output voltages when U,, = 25
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Fig. 7. Simulated load response of the duty cycle D, output current /o, and

the calculated /o using the simulated duty cycle D.

V. When the output voltage is greater than 5 V, the recti-
fier efficiency exceeds 90%. Fig. 6(b) shows the rectifier effi-
ciency under different input voltage amplitudes U,,, and input
inductances when Vo = 10 V. It can be seen that the rectifier
efficiency is affected by U,, slightly.

The load response simulation results are shown in Fig. 7. The
load Ry, is dynamically switched from 5 €2 to 10 €2 and 15 €,
with a fixed input voltage amplitude U,,, = 25 V, and operation
frequency is 6.78 MHz. It can be seen that, the proposed Class-E
QC-G,, rectifier can adjust the duty cycle automatically for
achieving a constant output current /. The response of the
duty cycle of the rectifier is extracted from the simulated data,
the calculated output current /o can be obtained by using (8)
and (10), and the calculated / matches the simulated /o very
well as shown in Fig. 7.

III. VERIFICATION OF THE CLASS-E QC-GM RECTIFIER IN A
6.78 MHz WPT LINK

To verify the proposed class-E QC-G,, rectifier, a 6.78 MHz
WPT link is designed as shown in Fig. 8. The rectifier is de-
signed to be driven by a CV compensation network and class-E
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Fig. 8.  WPT link for verifying the class-E QC-G,, rectifier.
TABLE I
DESIGN PARAMETERS OF THE WPT LINK

Parameter Value Parameter Value
Vie 25V I 1A
Lps 0.83 uH Ly 0.5 uH
Cpp 490 pF Cgp 810 pF
Cps 100 pF CSS 98 pF
Lp 4.65 uH Lss 4.65 uH
7y 0.8Q 7y 0.8 Q
R, 1-20 Q Cp 500 pF
C 500 pF D, PMEGI100TOSOELPE
M, GS66504b M 1.6 uH

inverter with unity overall dc—ac gain for verification. Various
CV compensation networks, such as LCC-S, LCC-LCC, can be
used in practical designs to achieve the aforementioned function.
CV mode LCC-LCC compensation network is chosen in the
design [14]. The class-E inverter employs a CV inverter design
that is independent of the load [15]. As a result, the input of the
rectifier receives a CV independent of the load. The QC-G,,
characteristics of the rectifier provide the load with a stable
output current. Table I lists the component parameters of the
WPT link

Viny 2¢>

Ainv: <~ = 7 5 N
Vi  m(g?—1)

[sin(0.57) + 0.57 cos(0.57)] = 3.5

(12)
where Vi, is the magnitude of the inverter’s output voltage, 0.5
is the duty cycle of the inverter, and ¢ is the design constant of
the inverter, which is independent of the load. In this article, ¢
is taken as 1.25 [15].

The CV mode LCC-LCC compensation network consists of a
high-order resonant network composed of a series compensation
inductor L,,; and a capacitor C,,, which realizes impedance con-
version and improves load adaptability. The parallel compensa-
tion capacitor Cp,, is used to improve the system quality factor (Q
value) and frequency stability. The secondary side Cg;, L, and
Csp have similar effects. The coil inductance L, and L, coupled
with the mutual inductance M, and the internal resistances is r,
and r;, respectively. The overall topology achieves CV output
characteristics. By using the parameters in Table I, the voltage
transfer gain of the LCC-LCC compensation network can be
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TABLE II
COMPARISON OF PERFORMANCE BETWEEN THIS ARTICLE AND EXISTING RESEARCH

References Frequency Output Mode Operating Range Topology type
CC with 1-20 Q or
This article 6.78 MHz  0.965 A(+3.8%) _ Constant voltage topology + Class-E QC-G,, Rectifier (G, = 40 mS by design)
@Vi2s v Vo=1V-20V
Liuetal. [1] 6.78 MHz CC with 1.05 A 13.3-16.5Q Input dc voltage Control+SS/LC topology + Class-E Rectifier
Qu et al. [2] 200 KHz CCwith 1 A 10-30Q Secondary closed loop control + Class-D Rectifier
Wang et al. [3] 85 KHz CC with 1.04 A 24.36-40.8 Q LC-S CC topology + Class-D Rectifier
E‘]’m‘yama etal. 339 MH, CCwith 1.7 A 100 1 kQ Load independent Inverter + CC topology + Half-bridge Class-D Rectifier
Guo etal. [5] 35 Kz CC with2 A 5500 Quasi-LCC-S-S topology + two channpl Class-D rectifier, when the equivalent
load is small
45 o
44 + 0 _____. Ginink R go-mmBT g-----4
43 b e S
T 42 | o
s 41}
O V=25V  AV,=15v
40 r
O Vaz2ov  QOVin=12v
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"’\‘es ‘*ﬂ-ﬁ'ﬁ\ 1 .M Vin=25V
(@ » z ] S b
100 4 £a | ©°° - $ o8 “‘“Vﬂﬂﬁ_‘
p=} ~ 0, -~
E P
80 | O 1///0“’% 0.6 Vin=15V 0.6 =15V
60 "7z Vin=12V Yin=12v 4
< i 2 /\o\ 24 0.4 . 0.4 L
< 40 | 95_- o 10 20 0 10 20 0o 10 20
20 L Vo(V) Vo(V) RU(Q)
b d
o 0 (b) © @
0 3 6 9 . . .
Vo(V) Fig. 10.  Test configuration of the class-E QC-G,,, Rectifier and measurement
results. (a) Test configuration. (b) Overall transconductance of the WPT link
(b) Gmlink- (¢) 1o under voltage load. (d) o under resistance load.
Fig. 9.  (a) Gprec and Gp1ink versus Vo under different Viy,. (b) Simulated

efficiency of the rectifier under different U,,.

calculated as Ar,cc = 0.3 [14], and the transconductance of the
rectifier can be calculated as G,,roc = 40 mS by using (11).
Therefore, the transconductance of the WPT link can be derived
as

Gmlink = Ainv ' ALCC ' Gmrec ~ 40msS. (13)

Fig. 9(a) and (b) shows the simulated curves of G,,..c and
G m1ink Versus output voltage Vo under different input voltages,
as well as the efficiency curve of the rectifier under different
output voltages, where the A, is the difference between the
rectifier efficiency under different input conditions (U,,, =25V,
20 V, 15 V) and the rectifier efficiency when U,,, = 12 V. The
quasi-constant transconductance is verified by simulation.

IV. FABRICATION AND MEASUREMENTS

Fig. 10(a) shows the test configuration of the WPT system for
verifying the proposed class-E QC-G,, rectifier. The LM5114B
is used as the driver chip for the GaN transistors. The test is
conducted using a LeCroy 104MXj-A oscilloscope and ZS 1000
active probes. Fig. 10(b) shows the link transconductance
G mlink. of the system with a CV load. The measured typical

Vo=8V : d ey Vo=3.3V . - iy

P & a

- - A

d ’m"{) + (-, W : | -ﬂ’%zz\.;w / L / :
; 689)51“ 55.6".{'r
< € >
| & ! -

(@) (b)
Fig. 11.  Measured waveform of vp1. (a) Vo =8 V.(b) Vo =33 V.

Gmlink = 41 mS when Vi, = 25 V, meeting the design expec-
tation of 40 mS. Fig. 10(c) shows the test results with CV load.
The results indicate that the system can provide constant current
charging for the CV load, the voltage-type load in the range of
1-20 V when Vi, = 25 V. Fig. 10(d) indicates that, under the
quasi-constant current operating mode, when the dc input volt-
age Vip =25V, the output current remains stable at /o = 0.965A
with a stability of £3.8% as the load R; dynamically varies
within the range of 1-20 2. As given in Table II, compared with
existing research, this new rectifier has a larger load-independent
range than other literature. Fig. 11 shows the diode voltage
waveforms under different output voltage conditions. It shows
that the rectifier duty cycle is increased with the reduction of
output voltage, which meets the design expectations as shown
in Fig. 4(a).
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V. CONCLUSION

A novel class-E QC-G,, rectifier is proposed. The rectifier
dynamically adjusts transconductance through a duty cycle
adaptive control mechanism, enabling the rectifier to achieve
constant current output. The QC-G,, performance of the rectifier
is verified in a 6.78 MHz WPT link. Prototype testing shows
that, the output current variation rate is only 3.8% when the load
changes from 1 to 20 2. It provides a new method to realize CC
charging for constant resistance and CV loads.
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