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A Dual-Output Wireless Power Transfer System With Active Rectifier and
Three-Level Operation

Yan Lu, Mo Huang, Lin Cheng, Wing-Hung Ki, Seng-Pan U, and Rui P. Martins

Abstract—This letter presents a 6.78 MHz wireless power trans-
fer (WPT) system for wirelessly powered flash drives that need
multiple supplies with a total power of sub-1 W. A new architecture
that merges an N-level single-inductor multiple-output switching
converter with a multistage rectifier is proposed for the WPT re-
ceiver, and the regulated outputs attain small ripples. A prototype
of a2X active rectifier that merges with a three-level single-inductor
dual-output dc—dc converter is implemented in a 0.35 pm CMOS
process.

Index Terms—AC-DC power conversion, de—dc converters,
inductive power transmission, rectifiers, wireless power transfer
(WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) systems for batteryless
W and wirelessly charged devices have attracted enormous
attention in recent years [1]-[5]. To cut the last wire of the elec-
tronic devices, this letter is designed for the wirelessly powered
flash memory drives that need multiple supply levels with a total
power consumption of sub-1 W.

The concept of N-level converter was first used in a high-
power inverter [6] to reduce the harmonics of output voltage. A
similar idea was then employed in dc—dc converters [7]. Here,
N-level single-inductor multiple-output (SIMO) converter is in-
corporated in the low-power WPT system with a 2(N—1)-stage
rectifier, as shown in Fig. 1. Now, any output voltage that has a
value between Vy.r and Vie(,—1)(k=1,2,...,N) can be regu-
lated by sinking currents from these two rectifier outputs through
L3 as a buck converter such that the inductor current and output
voltage ripples are reduced. Moreover, the ac input is boosted
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Fig. 1. Generic 2(N — 1)-stage rectifier merged with N-level single-inductor
multi-input multiple-output converter for WPT systems.

without introducing the well-known right-half-plane zero that
exists in boost and buck—boost converters. Basically, the maxi-
mum achievable efficiency of the series—parallel multistage rec-
tifier does not change with the number of stages [8], since all
the stages get energy from the ac input in one phase and then
being stacked to attain a high V;. in the other phase.

For a wireless power receiver (RX), a direct way to regulate
the rectifier output is to cascade a dc—dc converter [4] that needs
one more bulky inductor. Thus, the 3R operation was proposed
to eliminate one inductor by reusing the RX coil [3]. Instead, a
10 pF flying capacitor was used to regulate the output voltage.
In multiple-output scenarios, SIMO techniques were employed
to reduce the number of inductors [9], [10].

In this prototype, a three-level single-inductor dual-output
dc—dc converter that inherently cooperates with a 2X ac-
tive rectifier (voltage doubler) is designed for the WPT RX.
The system architecture and the building block circuit design
are discussed in Section II. Then the experimental results and
the conclusions are given in Section III.

II. SYSTEM ARCHITECTURE AND CIRCUIT DESIGN

As shown in Fig. 2, the three-level dc—dc and the SIMO
techniques are merged with a 2X rectifier, which readily has
two dc supplies (three-level). When the V,, amplitude is 3.2 V,
Vier will be 2.7 V and V.o will be 5.5 V. The higher output
voltage Vo retrieves current from V.o and Vi.; and can be
programmed to range from 3.3 to 5 V for I/O and memory
circuits; and the lower output voltage V; retrieves current from
Vic1 and Gnd and can be ranged from 1.0 to 1.8 V for core
circuits. The SIMO converter switches at the WPT frequency
of 6.78 MHz. One benefit of operating the dc—dc converter at
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Fig. 2.  WPT system with 2 x rectifier and three-level SIMO converter.

the WPT frequency is that, part of the discontinuous rectifier
output currents will directly go to the dc—dc converter inputs in
every half cycle, bypassing the rectifier load capacitors Cy.; and
Clc2, further reducing the output ripple. With load resistors Ry
and Ry, connected in parallel, the equivalent load impedance
R e seen from the RX resonator can be expressed as [11]

Ri po = (arpcRr1/D?) || (argc Rr2/D3) (1)

where Dy and D, are the voltage conversion ratios of the dual-
output three-level converter and aggc is the impedance trans-
formation factor of the rectifier; here, arpc =~ 1/8 [12].

The volume of a passive component is roughly proportional
to its value (inductance or capacitance). In this letter, smaller
L3 and capacitors can be used, benefiting from the three-level,
6.78-MHz discontinuous conduction mode (DCM) operation.
Independent pulsewidth-modulated (PWM) control loops are
used for each output, such that cross-regulation can be reduced
as long as I3 remains in DCM.

Intuitively, Ve is a low voltage that can simply be used for
the control logics and the gate driving buffer. However, since
instantaneous current of the switches and drivers will cause
bond-wire induced ringing, a large on-chip decoupling capacitor
is needed to filter it. Thus, a low-dropout regulator (LDO) with
120 pF load capacitor is used to smoothen the load current of
the controller and to provide a clean Vypg.

As depicted in Fig. 3, the clock pulse CIk’ that initiates the
PWM control for Vjy is recovered from V. by an inverter and a
pulse generator and the zero current detection (ZCD) signal that
determines the connection of Vx4 is generated by sensing the
current of Mp,. Since both V4 and V51 need to get current from
Vie1, Mpo is kept on for the output transition period to avoid
one-time switching loss of Mp» in every cycle. A common-gate
input comparator formed by M; through Mj is used to detect
the voltage crossing point of Vx 1. When V1>V during the
ON state of Sin1, a pulse ZCD’ that initiates the PWM control
for Vo swaps the output control signals Sps and Spp. To
compensate the delay of the gate drive buffer, an artificial offset
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Fig.3. Timing diagram of the three-level SIMO converter in DCM operation,
and the schematics of the clock recovery, ZCD, pulse and ramp generators.

is designed into the comparator by tuning the sizes of M5 and
M. For fast speed, the quiescent current of the comparator is
about 60 pA. Alternatively, the speed requirement on the ZCD
can be relaxed by using an additional slow autocalibration loop
to adjust the comparator offset, as demonstrated in [13]. Since
the calibration loop only requires a low bandwidth, for example,
200 kHz in [13], its current consumption is only in the order
of 1 pA.

When both Mp; and M p» are off during the transition period
between Sini and Syyo, large glitches on V1 can occur during
this dead-time period, and additional logics are used to prevent
malfunctioning of the switches.

A simple and effective ramp generator is proposed for the
SIMO converter, as shown in Fig. 3. The capacitor Cy for the
ramp is charged up by a constant current / and is discharged by
a switch triggered by either Clk’ or ZCD’. To satisfy the output
range of the error amplifiers (EAs), the ramp signal is shifted
up by Vg that is the voltage drop on the resistor.

Good rectifier efficiencies were achieved in [3] with Schot-
tky diodes that are not available in a standard CMOS process,
while CMOS active rectifiers have lower cost with comparable
efficiency at relatively lower power levels [2]. Fig. 4 shows the
schematics of the N-type active diode (AD) for AD; and ADs3,
and the P-type AD, in Fig. 2. The common-gate input pairs
M; — M4 in the N-type AD compare V,. and Gnd, and in the
P-type AD, they compare V,. and V.o. My and M, provide
additional currents to generate an input offset for reverse current
control (RCC), and the strategy is to turn off the power MOS
earlier to compensate for the comparator delay and the buffer
delay. The RCC switches will be kept on for half cycle and then
be reset in the subsequent half cycle to prevent multiple pulsing
of the gate voltage [14]. Further, large on-chip V,. glitches in-
duced by bond wires can also turn on the active diodes multiple
times in one half cycle. To reduce V,. glitches, two on-chip
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Fig. 4. Schematics of the active diodes.

Fig. 5. Gate drive circuits for Sin2, Sin2. So2. So1, and Spw .

capacitors of 50 pF each are added between V,. and V.2 and
V.. and Gnd, respectively.

The gate drive circuits for Mp; — Mp4 and Spw are shown
in Fig. 5. The input signals of the buffers come from the control
logics and are not shown for the sake of simplicity. The free-
wheel switch Spw will be turned on at the end of each cycle
when both AD3 and Mp, are off, to suppress the possible ring-
ing caused by L3 and the parasitic capacitors on Vy; and Vo
nodes when they are floating [15]. The three-transistor-based in-
verters [16] are employed to eliminate the short-circuit current
of the buffers driving Mp; — Mp,4 and to avoid Mp; (Mp3)
and Mps (Mpy4) being ON simultaneously. By doing so, Mps
can only be turned on after Mp is off, and similarly, Mp, can
only be turned on after Mpj3 is off. A transmission gate (TG) is
added to the second last buffer stages of the ADs and Sgw, to
reduce the short-circuit current of the last two stages. If one of
Mpy, Mps,and Spyw is ON, a signal Sps is fed to the shutdown
(SD) pin of ADj to disable it.

Fig. 6 shows the simulated start-up process of the proposed
WPT RX with R;,; = 100 Q and Ry» = 200 €. There are three
operation regions within the start-up process: at the very begin-
ning, the parasitic passive rectifier will operate first and charge
up the output voltages to relatively low levels [4], [14]; then, the
active rectifier will take over to continue the charging of the load
capacitors; finally, when the rectifier outputs are good enough
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Fig. 7. Chip micrographs and off-chip components of the proposed system.
for the three-level SIMO operation, regulated output voltages
can be provided.

III. EXPERIMENTAL RESULTS

The WPT system was fabricated in a 0.35 pm CMOS process
using both 5 and 3 V devices, and it was measured with the
PCB coils shown in Fig. 7. A transmitter (TX) chip consists
of a single-ended Class-D power amplifier driving a series LC
resonant tank at 6.78 MHz was also fabricated for testing. The
chip areas of the WPT TX and RX are 1.04 and 1.92 mm?,
respectively. The inductances of L; and Lo are 573 and 225 nH,
with outer diameters of 2.4 and 1.6 cm, and their matching
capacitors C; and Cy are 0.96 and 2.4 nF, respectively. Fig. 8
shows the measured waveforms of the RX with coil distance
of 5 mm. The regulated outputs Vpp; and Vo exhibit much
lower ripples when compared to the unregulated outputs V.o
and V.1 . The current of the shielded L3 of 150 nH is measured
with a high-bandwidth ac current probe. The measured output
voltage ripples are smaller than 120 mV for all outputs at a
total output power of 0.5 W. Besides the LC resonant tank,
off-chip components of only one 2 x 2 mm? miniature power
inductor L3 and one 1.6 x 3.2 mm? capacitor array (which
houses 4 x 100 nF capacitors) are used. All core circuits are
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TABLE I
COMPARISON WITH STATE-OF-THE-ART WPT WORKS

[2] [3] [4] This Letter
Process (pm) 0.35 CMOS 0.35 BCD 0.18 BCD 0.35 CMOS
Receiver 1X/2X Rect. 3R Rect. + Buck +  2X Rect. +
Topology 3-LDOs three-level

SIMO

Rectifier Type Active Passive Active Active
Fwpr (MHz) 13.56 6.78 6.78 6.78
FPWM (MHZ) N/A 0.848 2 6.78
No. Regulated 0 (1) 1(0) 4(1) 3(2)
(Unreg.) V,
Passives for N/A C= 10 uF LC: Not rated L = 150 nH
Regulation
RX Chip Area 1.41 5.52 12.25 1.92
(mm?)
Pour vax (W) 0.032 6 6 0.6
Eff. RX Chip 84.2% 86% 80.86% 80.5%
Eff. Total N/A 55% N/A 42.1%
C'Load (nF) 4 20 000 Not rated 100
Ripple (mV) 210 ~120* Not rated 120

Estimated from figure.

within the area of the RX coil. Fig. 9 shows the efficiency curves
versus Poyr and the power loss breakdown at Poyt = 0.1 and
0.6 W, respectively.

Performance comparison with state-of-the-art WPT works is
listed in Table I. With the proposed architecture, three regulated
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outputs (including Virpg) are provided. The two unregulated
outputs can further be cascaded by LDOs to realize more cus-
tomized supply rails. Small output ripples are achieved with
only 100-nF output capacitors. The power-handling capability
of the de—dc converter in DCM can be increased by decreasing
its switching frequency [10].

IV. CONCLUSION

A highly integrated three-level single-inductor dual-output
dc—dc cooperating with a 2X active rectifier is proposed for
the WPT RX and is measured with PCB coils. Dual regulated
outputs with small voltage ripples are achieved with only one
capacitor array and a miniature-sized inductor.
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