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Abstract—This paper presents the design of a triple-mode wire-
less power-receiving unit (TWPRU) for battery charger with high
efficiency. The TWPRU is proposed based on Alliance for Wireless
Power (A4WP), Wireless Power Consortium (WPC), and Power
Matters Alliance (PMA) standards. An adaptive alignment gate
controller technique is proposed in the triple-mode active rectifier
to block the reverse leakage current and improve the power con-
version efficiency (PCE). This technique can compensate for the
delays in the gate control signals of the main switching MOSFETs at
different operating frequencies for A4WP, WPC, and PMA. The
dead time of a de—dc converter is optimally determined depending
on the voltage and the temperature variations by phase calibra-
tion circuit. This chip with an active area of 5.0 mm X 3.5 mm is
implemented in 0.18-m BCD technology. The maximum PCEs of
the triple-mode active rectifier are 91.7% in the A4WP mode and
92.7% in the WPC/PMA mode, respectively. The maximum PCE
of the dc—dc converter is 92.3% at a load current of 500 mA, while
the system efficiencies of TWPRU at A4WP and WPC/PMA modes
are about 84.5% and 85.5%, respectively.

Index Terms—Active rectifier, Alliance for Wireless Power
(A4WP), delay compensation, magnetic induction, magnetic res-
onance, Power Matters Alliance (PMA), wireless power-receiving
unit, Wireless Power Consortium (WPC).
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1. INTRODUCTION

IRELESS power transfer (WPT) has emerged as one
W of the best solutions among the recent improvements.
Researchers have developed the most useful method of wireless
charging of electric vehicles. Also, the wireless battery charging
technique can be applied to mobile and wearable devices to im-
prove user convenience and flexibility. The two WPT methods
are inductive coupling and magnetic resonance [1]. Wireless
Power Consortium (WPC) and Power Matters Alliance (PMA)
standards are based on the inductive coupling method and are
commercially available to supply wireless chargers for the con-
sumer. In WPC/PMA standards, the frequency of the WPT sys-
tem is adjustable from 87 to 357 kHz for power control and
enhanced efficiency [2]-[5]. On the other hand, the Alliance
for Wireless Power (A4WP) standard is based on the magnetic
resonance method, which can transfer the power over a few
centimeters more than the inductive coupling method. The op-
eration frequency of A4WP is 6.78 MHz, which is much higher
than those of WPC/PMA [6]. The A4WP standard can be the
target for battery charging of laptop, tablet, automotive, and
USB devices applications. In addition, WPC and PMA stan-
dards can be used for battery charging of smart phone, small
device, tablet, laptop, furniture, and video gaming accessories.
Therefore, a wireless charger that can operate in all standards
makes use of wireless charging in various applications more
conveniently.

Fig. 1(a) and (b) shows the conceptual diagram of the prior
WPT system and the proposed triple-mode WPT system, respec-
tively. Fig. 1(a) shows the prior WPT system supporting WPC,
PMA, and A4WP standards. Using separate systems for each
standard increases the area and costs because of the increased
use of redundant circuits and external components. Therefore,
triple-mode WPT systems are proposed in this paper. Fig. 1(b)
shows the conceptual diagram of the triple-mode WPT system.
In order to implement the triple-mode WPT system, the ex-
ternal matching networks for the three modes can be designed
[9]. For the active rectifier and dc—dc converter, the building
blocks for each mode should be shared to reduce the area. How-
ever, the rectifier has the following difficulties in sharing the
circuit. First, since the frequencies of the transmitted signals
are different for each standard, accurate synchronous rectifier

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Conceptual diagram of the (a) prior WPT system and (b) proposed triple-mode WPT system.
operation is difficult to implement. Second, the communica- TABLEI

tion and control methods for each standard differ according to
the inductive coupling and the magnetic resonant methods. In
addition, the output power level of the WPT receiver should
be increased in order to efficiently reduce the charging time.
Therefore, the triple-mode active rectifier proposed in this pa-
per supports the three standards by using a single shared active
rectifier for smaller area and high efficiency. Also, it automat-
ically changes the configuration and modes for high efficiency
by detecting the three standards’ operating frequencies. In the
dc—dc converter of the WPT receiver, the output power level
has been increased to reduce the charging time recently. As
the output power level is increased, the heat from the circuit
will be more serious if the power efficiency is kept the same.
Therefore, to reduce the heat caused by the power loss, a high-
efficiency dc—dc converter has been designed and its malfunc-
tion is prevented by optimizing the dead time, which depend on
the temperature and load current. A high switching frequency
has also been adopted to minimize the inductor size for mobile
phones [10].
Table I presents the list of acronyms used in this paper.

II. PROPOSED TRIPLE-MODE WIRELESS POWER-RECEIVING
SYSTEM ARCHITECTURE

Fig. 2 shows a block diagram of the triple-mode wireless
power-receiving unit (TWPRU) of this paper, which can be

LIST OF ACRONYMS

Acronyms Definition Acronyms Definition
A4WP Alliance for Wireless Power NMOS  n-type
metal-oxide—semiconductor
AAGC Adaptive alignment gate PMA Power Matters Alliance
controller
BCD Bipolar-CMOS-DMOS PTU Power transfer unit
CCM Continues current mode PC Phase calibration
DCM Discontinues current mode SAR Successive approximation
register
EMI Electromagnetic interference SOVP Soft overvoltage protection
EPT End power transfer TWPRU  Triple-mode wireless
power-receiving unit
ESR Equivalent series resistance VCDL Voltage controlled delay line
HOVP Hard overvoltage protection WPC Wireless Power Consortium
ICPT Inductively coupled power WPT Wireless power transfer
transfer
PMOS p-type ZCS Zero current sensing

metal-oxide—semiconductor

used to wirelessly charge mobile devices. The A4WP power
transmitting unit (PTU) and WPC/PMA PTU deliver ac power
to the receiver’s coils of A4WP and WPC/PMA, respectively. A
TWPRU can receive power from all types of PTU (WPC, PMA,
and A4WP), since it can select the type of PTU, and receive
power through the communication. The TWPRU is composed
of triple-mode active rectifier, dc—dc converter, frequency detec-
tor, SAR analog to digital converter (ADC), power-up circuit,
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Fig. 2. Block diagram of the TWPRU.

protection block, and digital logic block. The triple-mode active
rectifier generates the dc power supply (Vrgrcr) from the re-
ceived V¢ with high efficiency. The dc—dc converter generates
an output voltage (Vour) of 5 or 9V, depending on the modes of
the battery charger (normal or fast charging). The power-up cir-
cuit generates voltages analog VDD (AVDD) and Vpg. AVDD
supplies voltage to the internal circuits and the voltage of Vg is
used to check the thermal shutdown condition. The protection
block has overvoltage protection and thermal shutdown func-
tions. The SAR ADC senses the information such as Vygcr,
Vout, IouT, Vg, and converts them into 10-b data to transfer
to the digital logic block.

External matching with the electromagnetic interference
(EMI) filter is designed with an architecture for matching the
WPC and PMA frequency band and the A4WP frequency band
[9]. The magnetic resonators (L x and Ly ) ensure the maximum
power delivery between the PTU and TWPRU. When the out-
put power is S W in the WPT system, with a diode type of the
rectifier, the efficiency of the diode type rectifier is lower than
that of the active rectifier. Therefore, some additional devices
are essential in order to minimize the heat, which is not suitable
for mobile application. So, high-efficiency system is needed to
minimize the heat caused by the power loss. Also, since the
output power should be higher to support quick charging, the is-
sues about heat and efficiency are more important. The adaptive
alignment gate controller (AAGC) circuit in the active rectifier
is proposed and designed as the switching type to increase its
efficiency and mitigate the heat problem.

In Fig. 2, high dv/dt of Va1 and V), ¢ nodes can occur by the
high frequency switching of My to M4, which can raise the
conductive EMI from 150 kHz to 30 MHz, and radiative EMI
from 30 MHz to 1 GHz. As a way to reduce EMI, adding an EMI
filter in the matching circuit can reduce the conductive EMI[11].
There are several ways to reduce the radiated EMI. First, the
radiation from the antenna is generated by the loop of the current
path. Therefore, the radiated EMI can be reduced by using a
smaller radiated antenna to minimize the path of high di/dt.
The printed circuit board (PCB) for measuring the integrated
circuit (IC) is designed to have the minimum loop between

Vac1, ground, and Vico in Fig. 2. Second, the radiated EMI
is reduced by using the capacitors, Caswp, Cwpc/pama, and
Cp with small equivalent series resistances (ESRs) to maximize
the decoupling effect. Third, the radiated EMI is reduced with
a Faraday cage to shield the noise. Material such as copper foil
tape can be used for the Faraday cage [12], [13].

Fig. 3 shows a flowchart of the TWPRU IC. When the PTU
starts to transfer power, the triple-mode active rectifier starts
to operate in passive mode. Thereafter, the internal voltage is
generated and supplied to operate the internal building blocks
of the TWPRU by a power-up circuit. The operating mode of
the TWPRU is automatically selected among three standards
(A4AWP, WPC, and PMA). The frequency ranges of the Vi
are from 87 to 205 kHz for the WPC standard and from 277
to 357 kHz for the PMA standard. The frequency of Vi is
6.78 MHz for the A4WP standard. As can be seen in Fig. 3, the
Fac1 is counted value that the frequency of Vi1 is counted
for the predetermined time by the frequency detector. When the
count of Fo ¢ is larger than the reference values of Na4wp, the
A4WP mode is selected. On the other hand, if F¢; is larger
than Nywpc, then the PMA mode is selected. Otherwise, the
WPC mode is selected. When the input power level is suffi-
ciently high, the rectifier operates in synchronous mode. When
the output voltage of the rectifier is high enough, the dc—dc con-
verter is enabled, and delivers the power to the battery charger.
During the operation of TWPRU IC, the SAR ADC converts
the Vrecr, Vout, and Ipyr into digital codes and transfers
them to the digital logic block. It estimates the received power
and produces the signals to be transferred to the PTU. When the
protection conditions are detected, the TWPRU sends the end
power transfer (EPT) information to the PTU.

III. BUILDING BLOCKS
A. Proposed Triple-Mode Active Rectifier

One of the most important performance parameters of the
triple-mode active rectifier is the power conversion efficiency
(PCE). In this paper, the triple-mode active rectifier is proposed
to actively turn ON and turn OFF the MOS transistors, depending
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Fig. 3. Flowchart of the operation of the TWPRU.

on the polarity of Vjyc. The voltage drops across the MOS
transistors can be controlled to be much smaller than that of a
diode-based passive rectifier, to achieve higher PCE.

Fig. 4(a)—(c) shows the active rectifier structure used in prior
works. Fig. 4(a) shows a p-channel metal-oxide—semiconductor
(PMOS) diode connection structure with the bootstrap tech-
nique. This structure has the critical drawback of large con-
duction loss generated by the threshold voltage of 0.7 V
from the diode connection structure [17]. Fig. 4(b) shows the
comparator-based gate control structure. The comparator is used
to control a gate signal of active rectifier [8]. Since the de-
lay caused by the comparator cannot be compensated for in
this structure, a reverse leakage current occurs and efficiency is
decreased.

Fig. 4(c) shows the structure of active rectifier with a zero
delay circuit to compensate for the delay of the comparator. The
high-side MOSFET of this structure, however, consists of a PMOS
cross-coupled structure, so that the size would be extremely
large if the same on-resistance was used as in an n-channel
metal-oxide—semiconductor (NMOS) [14]. As can be seen from
the structures, PMOS is used as high-side MOSFET. However,
MOSFET involves a break issue since the maximum Vg voltage
of PMOS is designated as 5 V in the recent BCD process, which
means that high voltage cannot be generated by the rectifier.

Since the frequency of the input power for the A4WP standard
is 6.78 MHz, the propagation delays of the gate control circuits
cause a reverse leakage current and reduce the PCE [14]-[16].
The frequencies of both the WPC and PMA are changeable
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delay circuit.

within from 87 to 357 kHz. The triple-mode active rectifier is
designed to be reconfigurable depending on the input frequency.
In the WPC and PMA standards, the transferred power is con-
trolled by the frequency of transferred power. The differences
between frequencies of transferred power in WPC and PMA are
not so large that, in this paper, the active rectifier can be oper-
ated synchronously with the current by sensing the frequency
of transferred power.

Fig. 5 shows a block diagram of the simplified triple-mode
active rectifier. This consists of a voltage limiter, an A4WP
alignment gate controller, the WPC and PMA alignment gate
controller, level shifter, HS_Driver, and LS_Driver.

Unlike low-side power MOSFETS (M2 2, My9 1), the high-
side power MOSFETs (My3_1, My3.2) require the level shifter
for driving, which leads to an inevitable delay. As shown in
Fig. 5, M9 and My 3 consistof Mo 1 — Myoo and My3 1 —
M3 9, respectively. In order to prevent the reverse leakage
current, the current through the active rectifier is sensed by the
zero current sensing (ZCS) circuit shown in in Fig. 5. Source
voltages (Vizcp) of the sensing MOSFETs are sensed by the ZCS
circuit to generate the gate signals (Viz9 sr and Vi3 gRr)-

Fig. 6(a) and (b) shows the simplified circuit of active rectifier
for loss analysis. The loss of active rectifier is composed of the
conduction loss and switching loss. The conduction loss and
switching loss of My, can be represented as follows:

Possrect = Poconp + Psw (D

dyINA ( ) ViNB | Co_REC ==
|— AC Input
Comparator Comparator
’7 with zero delay _| ":MNI MN2:| |_ with zero delay _‘
(© =

Active rectifier circuits in prior works (a) PMOS diode connection circuits, (b) comparator-based gate control circuit, and (c) active rectifier with zero

where Pioss,ecT, Pconp, and Psyw are the power loss of
active rectifier, conduction loss of active rectifier, and switching
loss of active rectifier, respectively.

The conduction loss (Pcoxp) can be decomposed to two
terms when My is turned ON and turned OFF as

Ton
PCOND = (T‘SVV X IQAC.on X Ron)

+ ( To ff
Tsw

where T’sw’ Ton» TOff’ IAC.ons IAC.oﬂ"’ Ron, and Roﬂ" are the
switching period of My, turned-ON time of My 9, turned-off
time of My, averaging value of input current at turned-ON
My, averaging value of input current at turned-off My
turned-ON resistance of Mo, and turned-off resistance of
Mo, respectively. R,y is inversely proportional to total width
(Warn2) of Mys.

Also, the switching loss (Psw) can be decomposed to the
switching loss of Mo and gate driver as follows:

X I?AC.off X Roff) (2)

Vpg x [,
Pyw = <DS2AC(Trise + Ttan) + ((Qg1 + Qy2)
X Vvdrivcr)> X fsw (3)

where VDS9 IACa ﬂ'isc, Tfalls le’ QgQa Vdrivcrs and fsw are
the drain to source voltage of My, input current of active
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rectifier, rising time of Vg2 node, falling time of V92 node,
charge at the parasitic capacitance of V2, node, charge at the
parasitic capacitance of V;2 2 node, driving voltage, and switch-
ing frequency of My, respectively.

Thus, the sizes of switching MOSFET (M) should be con-
trolled automatically depending on the switching frequency
since the switching loss is proportional to the switching fre-
quency and the conduction loss is inverse proportional to it.

Fig. 6(c) shows the conduction losses and switching losses of
Mpyo at WPC, PMA, and A4WP modes depending on the sizes
of My». When the switching frequency is high, the switching
loss is dominant. Thus, the size of My o (W3 x2) needs to be de-
creased at the frequency of 6.78 MHz since the reduced amount
of switching loss (—A Psy ) is larger than the increased amount
of conduction loss (+APconp ). In this paper, the efficiency of
active rectifier is optimized by the AAGC that can change the
sizes of Core MOSFETs depending on the modes (WPC, PMA,
and A4WP).

Fig. 7(a) shows the detailed adaptive alignment gate con-
troller. In A4WP alignment gate controller, the replica delay
is designed to be the same as the delay of the level shifter,
and Vypp is the output signal of the replica delay. The phase
difference between Vrpp and V¢ using a falling edge phase
detector and the charge pump generates Vorrr. The voltage
controlled delay line (VCDL) controls delay time depending
on Vorrr. Fig. 7(b) shows the detailed WPC/pma adaptive
alignment gate controller, which compares Vycg; with Vygp
to generate the ZNS signal Vzcg. In order to enhance the
PCE, the AAGC scheme is proposed in the triple-mode active
rectifier to achieve synchronization between ac input voltage,
current, and gate control signals (V11 — Vigy2) for switching
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MOSFETs (Mpy1 — My4). This can also adaptively change
the configuration by selecting the optimal sizes of drivers and
power MOSFETs (My1 — Myy4). When the A4WP mode is
detected, the WPT_MODE signal goes to low and My o,
MNQ,Qa MN372, and MN’;LQ are disabled.

When the A4WP Alignment Gate Controller is enabled, the
turn-ON times of Mys1 (Tins) and Myo g (T} 1s), respec-
tively, are generated as

Tims =Ton — 2Tyns +Tams = Tox —Tyms (4)
Tirs =Toxn — 2Ty s +Tyrs =Toxn —Tyrs (5)

where Ton, Ty ns, and 7} 1,5 are the half-period of 6.78 MHz,
delay times of the level shifter, and HS_Driver, and delay time
of LS_Diriver, respectively. When the WPC and PMA mode is
selected, the signal level of WPT_MODE goes to high. My,
Mpyo, M3, and My, canbe turned ON by gate signals (V11 —
Via.2). When the I ¢ current is positive, AAGC turns ON My
and My 4. However, when the current level of I, ¢ is negative, it
turns ON M 9 and My 3. The comparator in Fig. 5, Comp_ZCS,
detects the polarity of Ix¢.

Fig. 8(a) shows the timing diagram of the triple-mode active
rectifier with the A4WP alignment gate controller. When the
Vacr1 becomes high, Vi3, and Vo, become high after the
delay times of T, s and T} g, respectively. When Vpry, s
and Vpry, s become high after the delay times of 7; ys and
T; 1.5, respectively, Vas, and Vo, are low.

Fig. 8(b) shows the timing diagram of the triple-mode active
rectifier with the WPC and PMA alignment gate controller.
When V) ¢ is high, Vzcg becomes high. When Vg, voltage
is lower than Vygr voltage, Vzcg becomes low.

B. DC-DC Converter

Fig. 9 shows a block diagram of the dc—dc converter needed
to compensation of switching frequency and dead time. The
input voltage of the dc—dc converter is connected to VrRgcr,
which is the voltage rectified by the triple-mode active rectifier.
Therefore, the operation of the dc—dc converter is not directly
related to the WPT (WPC, PMA, and A4WP) systems. How-
ever, the output (Vygcr) of the rectifier has the voltage ripple
whose frequency is double that of the frequency of Vi in the
WPT system. Thus, operation of the dc—dc converter needs to
be more stable with respect to the input voltage variation. In
this paper, the dc—dc converter is designed to support the fast-
charging mode with the maximum output power level of 9 W,
which requires the high PCE since the heat from it can be in-
creased as the output power level is higher. Thus, the dead-time
generator is proposed to optimize the dead time for improved
efficiency. In [18]—-[21], variable turn-on delay generators are
used for an adaptive dead-time control circuit. However, this
scheme is sensitive to the delay mismatch due to the variations
of process, temperature, voltage, and parasitic capacitances [18].
Continuous-time comparator generally needs several hundreds
of nanoseconds from the off-state to the active operation, and
hence it is not always available for instant sensing and compar-
ison during different Vx node signal excursions, which results
in significant conduction power loss through the body diode
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of My [18]. In [19], automatic dead-time is generated by the
phase of Vy and low-side gate signal. However, this structure
can be used if Vy voltage is lower than 5 V [19]. The way
sensing Vy node with diode can also be used, but there is se-
rious power loss in the light load due to some leakage current
through the power path. Also, the process, voltage, and temper-
ature (PVT) variation makes the approach difficult to be used
for the commercial products [20], [21]. In order to mitigate the
above issues, adaptive dead-time controller that can adjust the

dead time adaptively with respect to the temperature variations
even though Vx node is not directly sensed is proposed in the
dc—dc converter.

The dc—dc converter, which employs a phase calibration (PC)
circuit, consists of a bandgap reference (BGR), which generates
the internal reference voltage; an error amplifier (Err Amp.),
which amplifies the voltage difference between the output volt-
age and reference voltage; a PC circuit consisting of RC os-
cillator, divider/4, phase frequency detector, charge pump, loop
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filter, and sawtooth generator with bias control, which generates
a constant frequency irrespective of the PVT and external cir-
cumstances; a zero current detector; and drivers for the power
MOSFETS (M5 and M y¢).

InFig. 9, Cpyuck, Lauck, and Cy are the output capacitance,
inductance of the dc-dc converter, and the boosting capacitor,
respectively. Ry, R, Rs3, C1, and Cs are used for a compen-
sation feedback loop. Vrgct is the input voltage to the de—dc
converter. Vg and Vi g are the gate voltage signals for M5 and
My, respectively. The dc—dc converter operates in the CCM
region or DCM region when the load current is from 300 mA
to 1.0 A or below 300 mA, respectively. As mentioned earlier,
the widths of power MOSFETs (M5 and Myg) are increased
to reduce their conduction losses. As a result, the parasitic ca-
pacitances at Vg and Viig nodes are also increased. The heat
due to the power loss causes the variation of parasitic capaci-
tance depending on the temperature, which affects the switching
operation and efficiency of the dc—dc converter [22].

Therefore, it would reduce the slew rate of each driver and
increase the mismatch between delays of the high-side driver and
low-side driver in Fig. 9. If the slew rate is too small, there may
be the overlap between high durations of Vg and Vi,s, which
can cause the shoot-through current and drastically decrease
the PCE of the dc—dc converter when the dead time is too short.
Therefore, this paper proposes a dead-time compensation circuit
to overcome the problem caused by the process, voltage, and
temperature variations [23], [24].

In this paper, the dead time of the dc—dc converter is adap-
tively controlled by a dead-time generator with PC circuit, which
is designed to minimize the duration of dead time. This has the
advantage that its dead time is optimally controlled regardless
of the voltage and temperature variations. Thus, the PCE of the
dc—dc converter can be maximized by automatically selecting
the optimum dead time through the dead-time compensation
loop.

The Vgaw is generated by the sawtooth generator with bias
controller, which is compensated by the PC circuit. Therefore,
the frequency of Vgaw is compensated to frequency of Vypr.
The dead-time generator generates dead time between V1,g and
Vs depending on the level of Vorgy. If the level of Vorry
is increased or decreased, the dead time is also increased or
decreased.

Fig. 10 shows the proposed phase detector and charge pump
in the PC circuit. An UP signal is generated based on the phase
difference between Vrgr and Vpyyv. The current of Iypy is
inverse proportional to the Vg, voltage. The loop in Fig. 10
operates to make the Iyp and Ipy the same.

Fig. 11 shows the block diagram of the dead-time generator.
The proposed dead-time generator consists of a rising/falling
one shoot trigger, hysteresis comparator, D flip-flop (D-FF),
and logic gates. The output of PC (Vorry) is applied to the
proposed dead-time generator to change Ippap. Also, Vongg
is generated by the rising edge and falling edge of Vp s through
the rising/falling one shoot trigger. When Vo~ g, ishigh, Cprap
is discharged and Vp goes to low by the hysteresis comparator.
Vp determines the duty of dead time. The output of Vp is
connected to D-FF and AND gates to generate the dead time.
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Fig. 10.  Block diagram of the proposed phase detector and charge pump in

the PC circuit.

The zero current detector senses the Vy node, to prevent reverse
leakage current in the DCM mode.

Fig. 12(a) illustrates the operation of the PC circuit in the
dc—dc converter with respect to the frequency variation. The
switching frequency is controlled by the control voltage, Vorry,
when the switching frequency is changed because of voltage,
temperature variations and the external environment. Vorgy, 1S
changed by the PD, charge pump, and loop filter of the PC
circuit. As the phase difference (A®) is increased, PD detects
itand Vorry is increased by the charge pump and loop filter to
compensate for the variation of dead time.

Fig. 12(b) shows the operation of the PC circuit in the dc—dc
converter with respect to the dead-time variation. When the dead
time is small, the high durations of gate driving signals (Vig
and V1,5) for high-side driver and low-side driver can be over-
lapped causing the shoot-through current. In this case, Vorrr
is increased by the PC circuit and Ipgap is gradually reduced,
lowering the charging slope of Vpgap. As a result, the high
duration of Vp and dead time are increased. The extended dead
time does not generate the shoot-through current. In this way,
constant a dead time is generated, which solves the problems of
shoot-through current and body diode loss.

C. Power-Up Circuit

When the voltage of Vi is supplied by Vi ¢, the power-up
circuit generates power and a reference voltage for the internal
circuit. Moreover, the power-up circuit checks the rectifier volt-
age, which can operate the circuits of the TWPRU, such as the
triple-mode active rectifier, dc—dc converter, SAR ADC, and
digital logic block, in a standby state.

Fig. 13 shows a block diagram of the power-up circuit, which
consists of a limiter, BGR, internal Low Drop Out (LDO), refer-
ence voltage generator, under voltage lock out (UVLO), power
on reset (POR), and oscillator conditions [25]—[27]. If the volt-
age of Vrpct is higher than 5V, the limiter clamps the voltage
of VrRect to Vomvrr. Thus, because of the limiter circuit, it is
possible to design the BGR, internal LDO, and reference voltage
generator block using a 5-V process. The BGR block generates
the reference voltage to supply the internal LDO or reference
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External
Capacitor |

voltage generator block. The internal LDO is the power supply
for the internal circuit of the TWPRU; the reference voltage
generator generates the reference voltage of TWPRU. In the
UVLO circuit, if the Vypcr voltage is lower than VREF_250,
the UVLO_B node goes to low, in order to prevent malfunction.
The POR generates the power enable signal of the triple-mode
active rectifier, dc—dc converter, SAR ADC, and digital logic
block. The oscillator generates the clock signal OSC_CLK to
inputs of the SAR ADC and Digital Block.

Fig. 14 shows the conditions for the power-up sequence of
TWPRU with respect to the voltage of the rectifier. When the
VrecT voltage is 2.5 V, UVLO is released and the POR_ON
signal becomes high. The VygcT voltage that is over 2.5 V
regulates the VREF_250 voltage to 2.5 V. When Vo voltage
is over 5V, the power supply of AVDD is regulated at 5 V. Soft
overvoltage protection (SOVP) and hard overvoltage protection
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generator block in the power-up circuit.

Fig. 15 shows the system configuration of the protection
block. VrgcT and Vrg are applied to the inputs of the com-
parator block. The outputs of the comparator block are Vsovyp,
Viiove, Viror, and Voorp signals. The drain nodes of My
and Mg are connected to the external clamp capacitors (Ccr,q
and Ccr2). The OVP function is implemented in two ways,
SOVP and HOVP, which are design parameters for TWPRU.
SOVP changes the effective input capacitance of the rectifier in
TWPRU. Therefore, the matching impedance between PTU and
TWPRU is changed, and the delivered power is also changed.
HOVP cut off the input power to VypcT by connecting the
Vac1 and Vi o to ground during the turn-ON time of My and
My 5. When SOVP is enabled, My and Mg are turned ON

at the same time. In this case, other pins of C¢p,; and Ccy are
connected to nodes Va1 and Vi co, respectively.

Other pins of Cc1,; and Ccr,2 connected to ground so that the
impedance across the input, V¢, is changed to reduce the input
power. Therefore, the requirement of the input voltage range of
the dc—dc converter can be relaxed. When HOVP is activated,
M1 and My - are simultaneously turned ON, and the V1 and
Va2 nodes fall to the ground voltage level. The detection level
for the HOVP is designed to be 18 V with a margin of 2 V, be-
cause the breakdown voltages of devices are 20 V. Capacitances
of 2.2 nF are used for Ccr,1 and Caro [25]. These values can
shift the resonance frequency in A4WP systems. Therefore, a
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two-stage OVP operation strengthens protection for the circuit.
TSD uses the Vg voltage, which varies linearly with tempera-
ture and a comparator, to sense and respond to the temperature
of the TWPRU IC. If the increase or decrease in temperature
becomes excessive, the thermal shutdown outputs Vior, and
the Verop signal becomes high.

IV. EXPERIMENTAL RESULTS

The chip was fabricated using the BCD process in 0.18 ym
technology using one poly, four metal, and the high-voltage
MOSFET option. Fig. 16 shows a microphotograph of the chip.
The die area of the TWPRU IC is 5.0 mm x 3.5 mm.

Fig. 17 illustrates the measurement environments of the TW-
PRU. The PTU generates the triple-mode frequency, and mod-
ifies the matching network for input matching to A4WP, WPC,
and PMA. The Tx coil is located under the Rx coil. The power
supply is the supply voltage of PTU; the electronic load is that
of VOUT .
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Fig. 19. Measurement results of the triple-mode active rectifier in the WPC
and PMA modes.

Fig. 18 shows measurement results of the triple-mode active
rectifier in the A4WP mode. The measured output of the rectifier
is 8.66 V with the input matching and output of the dc—dc
converter is 5.01 V. It shows that the reverse current is blocked
by the AAGC function control.

Fig. 19 shows the measurement results of the triple-mode
active rectifier in the WPC mode. The AAGC block in the triple-
mode active rectifier senses the Iyc current. When the Ix¢
current is 10 mA, Myo and My 3 are turned ON. On the other
hand, when the I5¢ current is —15 mA, My, and My, are
turned ON. Therefore, there is no reverse current thanks to the
AAGC block.

Fig. 20 shows the measurement results of the dc—dc converter
in the DCM mode with zero current detector. When the load
current I, is 200 mA, Voyr is regulated to 5 V, and the de—dc
converter is operated in the DCM region. When the current of
I; is 0 A, My5 and My are turned OFF by the zero current
detector. Therefore, the dc—dc converter is not damaged by the
reverse current in the DCM mode.

Fig. 21 shows the measurement results of the dc—dc converter
in the CCM mode. When the load current is 600 mA, the duty
ratio of V5 is 80%. There is no shoot-through current in the
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Measurement results of the proposed dc—dc converter in the CCM

waveform of 1, current because the dead time is optimized by
the PC circuit.

Fig. 22(a) shows the measurement result of the dc—dc con-
verter line regulation. When the dc—dc converter is in the normal
or fast-charging mode, the output voltage is measured by sweep-
ing the voltage of Vypcr from 7 to 17 V. The line regulation
characteristic is 2.3 mV/V in normal mode, and 1.4 mV/V in
fast-charging mode.

Fig. 22(b) shows the measurement results of the de—dc con-
verter load regulation. When the dc—dc converter is in normal- or
fast-charging mode, the output voltage is measured by sweeping
the current of oyt from O to 1 A.

Fig. 23 shows the measured PCE of the proposed triple-mode
active rectifier with respect to the output current. When the
AAGC function is used, the maximum efficiency of the triple-
mode active rectifier in the A4WP mode and WPC/PMA are
91.7% and 92.7% in WPC/PMA mode, respectively.

Table II summarizes the power losses of the triple-mode active
rectifier when the input power is 7.5 W.

The conduction loss comes from the turn-ON resistances of the
low side (Mpy1 — My2) and the high side (M3 — My4). The
switching loss and gate drive loss come from the loss of My —
My 4 and the loss to drive Vg (1,2) — Vig4.(1,2), respectively.
In addition, the power consumption of the internal circuits of
the triple-mode active rectifier contributes to internal circuit
losses.

Fig. 24 shows the measured PCE of the proposed dc—dc con-
verter with respect to the output current. When the PC circuit

Fig. 22.

Fig. 23.
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Measurement results of the dc—dc converter: (a) line regulation and
(b) load regulation.
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TABLE II

Parameters WPC/PMA Mode A4WP Mode
(@ 150 kHz) (@ 6.78 MHz)
Input power 75W T5W
Conduction losses 6.4% 5.7%
Switching losses 0.1% 1.5%
Gate drive losses 0.05% 0.1%
Internal circuits losses 0.75% 1.0%
Total losses 7.3% 8.3%
Output power 695 W 6.87 W
Efficiency 92.7% 91.7%




3154

DC-DC conv. Efficiency
95

e 90.4 % Max. Efficiency

ag gl

oL
|/

——

Efficiency [%o]

—e—Efficiency(PC_ON)
5

—a=—Efficiency (PC OFF)

70

01 02 03 04 05 06 07 08 09 1
Load Carrent [A]

Fig. 24. Measured power efficiency of the proposed dc—dc converter with
respect to the output current.

TABLE III
COMPARISON OF REPORTED RELATED TWPRUS AND THIS PAPER

Parameters [14] [15] [16] This Paper
Technology 0.35 pm 0.35 pm 0.18 pm 0.18 um
BCD CMOS BCD BCD
Supported standards A4WP - A4WP A4WP, WPC and
PMA
Input frequency 3.23 13.56 MHz  6.78 MHz 6.78 MHz/85-500
MHz/6.78 kHz
MHz
Input voltage range 4-8 1.5-4 7-20 3-20
V)
Efficiency of rectifier 81 @ 3.23 90.1 91.5 91.7 @ 6.78 MHz
(%) MHz
74 @ 6.78 (Rectifier /92.7 @ 150 kHz
MHz only)
Efficiency of de—dc 92.5 - 88 923
converter (%)
System efficiency 75 82.2-90.1 80.86 84.5 @ 6.78 MHz
(%)
85.5 @ 150 kHz
Max. output power 3 0.024 5 9
W)
Die area (mm?) 183 0.186 12.25 17.5

function is used, the maximum efficiency of the dc—dc converter
15 92.3% at a load current of 500 mA.

Table III compares the reported related TWPRUSs and this pa-
per [14]-[16]. The proposed TWPRU shows the highest overall
efficiency.

In this paper, the efficiency of the proposed triple-mode active
rectifier is higher than those of prior works in the A4WP mode
[14]-[16]. Also, it can support WPC, PMA, and A4WP stan-
dards with an efficiency of 92.7% in contrast to previous work,
which can support just A4WP. The die size of the proposed
triple-mode active rectifier is 17.5 mm?, which is smaller than
that of [14]. The efficiency of the dc—dc converter is higher than
that of the previous dc—dc converter for the A4WP mode [16].
And as compared with limited output power levels (3 W, 5 W)
of previous works, the proposed dc—dc converter can support up
to 9 W [14]-[16].
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V. CONCLUSION

This paper presents the design of a TWPRU with high
efficiency for A4WP, WPC, and PMA applications. In the
triple-mode active rectifier, the AAGC technique is proposed
to block the reverse leakage current and improve the PCE. The
PC circuit is adopted to minimize the dead time between the
gate driving signals for high-side driver and low-side driver in
the proposed dc—dc converter.

This chip is implemented in 0.18-xm BCD technology with
an active area of 5.0 mm x 3.5 mm. The maximum PCEs of the
triple-mode active rectifier are 91.7% in the A4WP mode, and
92.7% in the WPC mode or PMA mode, respectively. The max-
imum PCE of the dc—dc converter is 92.3% at a load current of
500 mA, while the system efficiencies of TWPRU at A4WP and
WPC, PMA modes are about 84.5% and 85.5%, respectively.
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