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Abstract—A 6.78 MHz dual-output reconfigurable rectifier
for wireless power transfer is presented. The proposed rectifier
integrates AC-DC rectification and DC-DC regulation into a
single-stage topology, alleviating received power loss and reducing
system volume cost. By adding a switch matrix after rectifying
bridge, a dual output can be realized and regulated by a hysteretic
control unit. The proposed rectifier can work in six operation
modes by reconfiguring, and each output can be regulated in
three modes. As a result, fine output regulation and large output-
driving capability can be achieved. Designed in a 180-nm BCD
process using standard 5-V devices, the dual-output rectifier
provides two output voltages at 3 V and 5 V, and delivers a
maximum power of 1.6 W. The peak post-layout simulated power
conversion efficiency reaches 80.1% when both load currents are
0.2 A.

Index Terms—wireless power transfer, 6.78 MHz, dual-output
rectifier, reconfigurable rectifier, regulating rectifier, single-stage
receiver, hysteretic control, biomedical implants

I. INTRODUCTION

Recently, wireless power transfer (WPT) technology is
widely used for portable/wearable electronics, like wireless
phone chargers, and biomedical implantable devices such as
pacemakers, retinal prostheses and neural recording systems.
Typically, a WPT system contains three parts: a power trans-
mitter, a wireless link (L;, Ls) and a power receiver, as
shown in Fig. 1. Conventionally, a wireless power receiver
is composed by a rectifier for AC-DC rectification and a
post DC-DC converter for DC-DC regulation. However, a
two-stage topology degrades the power conversion efficiency
(PCE) due to the multiplicative power loss. On the other hand,
two or more power supplies are generally required from a
WPT system, in highly-functional electronics. For example,
a portable solid-state driver needs a high voltage (3.3 V) for
the NAND array power supply and a low voltage (1.8 V) for
the core logic circuits [1]; a retinal prosthesis requires a high
voltage (>5 V) for the neurostimulator and a low voltage (1.8
V) for signal-processing circuits [2]. Conventionally, a power
receiver with two output voltages is implemented either by
using two rectifiers cascaded by two DC-DC converters or
using one rectifier followed by two DC-DC converters, as
shown in Fig. 1 (a) and (b). Both ways consume a lot of power
and chip area. Therefore, single-stage dual-output rectifiers
have been developed to improve system efficiency and reduce
system volume [1, 3-5].
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Fig. 1. Dual-output wireless power transfer systems with: (a) two rectifiers
and two DC-DC converters; (b) one rectifier and two DC-DC converters; (c)
one single-stage dual-output rectifier.

To date, diverse topologies are used to achieve a single-
stage dual-output rectifier. By putting a switch between the
rectifying bridge and each output node, a single-stage dual-
output rectifier can be intuitively realized without evident
cross-regulation issue [3]. However, this topology hardly reg-
ulates both outputs in one operation period because a part
of power path is shared by two outputs. Another topology is
using four PMOS diodes (upper side) and two NMOS diodes
(down side), with each two PMOS diodes used for one output
[4]. While this topology can easily handle two outputs in one
operation cycle due to the branching power paths, it raises
potential cross-regulation concerns. The topology presented in
[1] splits one full-bridge rectifier into two half-bridge rectifiers,
and each half-bridge rectifier is responsible for one output.
In this case, two outputs can be managed simultaneously and
independently. However, with this topology, an output can only
be charged by a half-bridge rectifier instead of a full-bridge
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Fig. 2. (a) typical full-bridge rectifier; (b) the working waveform of the typical
rectifier; (c) proposed dual-output rectifier; (d) three operation modes for each
output in the proposed rectifier.

one, which means a limited driving capability.

In this paper, a single-stage dual-output rectifier is proposed
with fine output regulation and full-wave operation. The pro-
posed rectifier can work as either a full-bridge rectifier for
one output (full-wave operation) or two parallel half-bridge
rectifiers for two outputs (fine output regulation). By using
hysteretic control, the rectifier can work in six different modes
so that smooth output regulation can be achieved and cross-
regulation issue can be eliminated. Section II presents the
proposed topology and related working principle. Section III
shows the system architecture of the proposed rectifier, as
well as key circuit implementations. Section IV provides post-
layout simulation results including transient performances and
efficiencies. A conclusion is given in Section V.

II. PROPOSED DUAL-OUTPUT RECTIFIER

At the receiving side of a WPT system, two kinds of
resonance can be implemented to improve WPT performance:
parallel resonance and series resonance. In this work, the
series resonance topology is selected for a target power in
the range of 200 - 800 mW, which is usually the case for
wireless sensors and some biomedical implants. To reduce the
volume of LC tanks, an industrial, scientific and medical (ISM)
band frequency of 6.78 MHz is selected. Typically, a series-
resonance LC tank can be regarded as an AC current source
[6].

A typical full-bridge rectifier is shown in Fig. 2 (a), and its
operation waveform is shown in Fig. 2 (b). The rectifier has a
full-wave operation while supporting one output. By adding a
switch matrix, including Sop1, Sp2 and Sp, connected at the
output stage, the rectifier becomes capable to generate two
outputs, as shown in Fig. 2 (c). Due to the existence of Sp,
either a full-wave operation or two half-wave operations can
be achieved; Sp;1 and Spo are used to form two conduction
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Fig. 3. Reconfiguration of the proposed rectifier with two outputs, Vpc1 and
Vpca2, working in: (a) 1X, 0X mode, (b) 0X, 1X mode, (c) 1/2X, 0X mode,
(d) 0X, 172X mode, (e) 1/2X, 1/2X mode, and (f) 0X, 0X mode, respectively.

paths for two outputs. Thus, the proposed rectifier can regulate
each of its outputs in three modes: full-wave (1X), half-wave
(1/2X) and freewheeling (0X), as shown in Fig.2 (d).

The proposed rectifier can operate in six different modes
in total. When Vp; requires a large driving capability from
the rectifier, Sp and Sp; will be ON with Sp, OFF to
form a full-bridge rectifier for Vpco1 (1X) while Vpeo is
freewheeling (0X), as shown in Fig. 3 (a). The same way
applies to Vpco in heavy load, with Sp and Sps ON and
So1 OFF (Fig. 3 (b)). For both 1X case, Vpc1 has a higher
priority to ensure proper operations of critical circuits. When
Vpe1 only requires a moderate driving capability, Sp will be
OFF and Sp; will be ON to form a half-bridge rectifier for
Vpe1 (1/2X). Meanwhile, Sps can be either ON or OFF to
let Vpeo be regulated in 1/2X or 0X mode, as depicted in
Fig. 3 (c) and (e). When Vp¢q is high enough and needs no
input from the rectifier, Sp; will be OFF to disconnect V1
(0X), while Vpee can be regulated in 1X, 1/2X or 0X mode,
as shown in Fig. 3 (b), (d), (f), respectively. Moreover, to
guarantee proper circuit operations to the largest extent, a 1X
mode is set to have a higher priority than a 1/2X mode. The
detailed implementation of the controller will be discussed in
Section III.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 02,2023 at 09:50:26 UTC from IEEE Xplore. Restrictions apply.



v0UT1

Mg+ Ms,
Lo
C, GP1°‘” >"|t _“-—q:]—o Gp,
Gat = =
Vacz | Driver Co1T Ror
L. Vv = 2
2 At CorRos
My My
R, Gy1 °‘u>"| t‘ F |—<:]—0 G2
On-chip Gn1, Gp1-.., Mpo2 =
VA&P CLK TT C<1:4>| Vour
Vaci | CLK_Gen Control_Unit ]4—«:—
V
ouT2
Vours t18v e Je-gYour2
Vour1 Voltage _»VREF LDO ‘

Reference —|—>

Fig. 4. System architecture of the proposed dual-output rectifier.
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Fig. 5. Schematic of the proposed hysteretic control unit.

III. SYSTEM ARCHITECTURE AND CIRCUIT
IMPLEMENTATIONS

A. System architecture of the proposed rectifier

Fig. 4 shows the system architecture of the proposed dual-
output rectifier. Mpi, Mpo, My1 and Mpye form a conven-
tional rectifying bridge, and the proposed switch matrix is
composed by Mpp, Mpo1 and Mppo. Bulk regulation (BR)
is used to bias the body terminal of Mpp, Mpo1 and Mpoo
to the highest voltage in the system. The gate driving signals of
the above power switches are generated by a hysteretic control
unit involving an output voltage detector and a digital decision-
making core. By comparing the AC input Vac1 and Vaeo
versus ground, a 6.78 MHz CLK signal is generated for the
hysteretic control unit. A reference voltage and a low power
supply (1.8 V) are also realized on chip by a Bandgap and a
low dropout regulator (LDO), respectively, for the hysteretic
control unit.

B. Hysteretic control unit

Fig. 5 shows the schematic of the proposed hysteretic
control unit. Output voltages Voyri and Voyrs are firstly
attenuated by voltage dividers and then detected by hysteretic
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Fig. 6. (a) Schematic and operation waveform of the CLK generator; (b)
circuit implementation of the delay-compensated comparator in the CLK
generator.

comparators, with a preset threshold window. If an output
voltage goes lower than the bottom threshold, a 1X mode
request will be sent to digital core for this output. Similarly,
an output voltage inside the threshold window corresponds to
a 1/2X mode request, while an output voltage higher than the
top threshold means no input is needed (0X). After the output
voltage detector, digital core 1 is used to transfer the detection
information C<1:4> to a 6-bit one-hot code Mode<1:6> in
order to clarify which mode the rectifier should switch to.
With mode information, the gate driving signals for the power
switches are generated in digital core 2. To eliminate undesired
short paths between outputs and ground, dead-time control is
also integrated into the digital core 2 for gate driving signal
generations.

C. Clock generator

Since the AC input works like a current source, the rectifier
is always conducting, so the moment to turn on/off the power
switches should be properly indicated through the CLK signal.
To grab the zero-crossing moment of the AC input, two
comparators with turn-off delay compensation are used to
compare Vo1 and Vycoo versus ground. Then, by detecting
the falling edge of the outputs of the delay-compensated
comparator, a CLK signal can be generated through a SR latch
without evident delay. The schematic and working waveform
of the CLK generator are shown in Fig. 6 (a).

The detailed implementation of the delay-compensated
comparator is shown in Fig. 6 (b). The comparator uses a
push-pull stage to compare voltage signals to ground, with a
fast slewing response. A pair of switched offset currents are
introduced around the turn-off moment to enhance the pull-
down ability and diminish the pull-up ability at the output
node, in order to compensate the turn-off delay. Moreover, to
avoid possible multiple-pulsing problems, a voltage locking
block is also implemented at the output node.
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Fig. 7. Layout of the proposed dual-output rectifier.
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Fig. 8. Post-layout simulated transient waveforms with (a) Iro0ap1 = 0.1
A and ILOADQ = 0.05 A, (b) ILOADl = 0.2 A and ILOAD2 =0.25 A.
Irpc1/2 represents the current flowing through the rectifier when charging
VouTi/2: ILoapiy2 is the load current induced by Rpy /o in Fig. 4.

IV. POST-LAYOUT SIMULATION RESULTS

The proposed dual-output rectifier was designed in a 180-
nm BCD process using standard 5-V devices. Fig. 7 shows the
layout of the rectifier occupying an active area of 0.475 mm?.
Three off-chip capacitors are utilized to filter two rectifier
outputs and compensate the LDO, respectively.

Fig. 8 shows the post-layout simulated steady-state wave-
forms of the proposed rectifier in different load conditions.
Two output voltages are designed to be 3 V and 5 'V, respec-
tively. A modeled WPT frontend is used to provide the AC
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Fig. 9. Post-layout simulated PCE of the proposed dual-output rectifier.

input, and preset to ensure the rectifier is capable to drive two
0.2 A loads. The post-layout simulations show that the rectifier
can regulate each output in three different modes regarding
three different driving capabilities. When the load for Voyr:
(Iroap1)is 0.1 A and I pap2 is 0.05 A, the rectifier works
alternatively in 1/2X and 0X modes, equivalent to two parallel
half-bridge rectifiers achieving a fine regulation for each output
(Fig. 8 (a)). With Irpap1 =0.2 A and Ippap2 = 0.25 A, the
rectifier always works in 1X mode for each output to provide a
large driving capability in the heavy load condition (the given
load is too heavy for Voyr2 to maintain 3 V), as shown in
Fig. 8 (b). Fig. 9 depicts the post-layout simulated PCE of
the proposed rectifier with both loads in the range of 0.1 -
0.22 A. A peak efficiency of 80.1% is obtained when I;,04p1
= Iroap2 = 0.2 A and the output power is 1.6 W in total.
The efficiency drops when the rectifier works in light load
conditions, mainly due to the freewheeling conduction losses.

V. CONCLUSION

A 6.78 MHz single-stage dual-output reconfigurable rectifier
is presented in this paper. With a reconfigurable switch matrix
and a hysteretic control unit, the proposed rectifier can operate
as either a full-bridge rectifier or two parallel half-bridge
rectifiers, to achieve either a large driving capability or fine
output regulations. A peak efficiency of 80.1% is obtained,
and the maximum total output power reaches 1.6 W.
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