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A Reconfigurable Bidirectional Wireless Power
Transceiver for Battery-to-Battery Wireless Charging

Mo Huang ¥, Member, IEEE, Yan Lu

Abstract—Battery-to-battery (B2B) wireless charging can take
place in many scenarios, such as using a mobile phone to charge an-
other mobile phone, wearable devices, or low-power sensor nodes.
To facilitate this wireless power transfer (WPT) function with the
minimum additional cost, we propose a monolithic reconfigurable
bidirectional WPT transceiver designed for the first time in CMOS,
which can be reconfigured between a differential class-D power
amplifier (PA) and a full-wave rectifier. Meanwhile, we employed
a maximum current charging mode to maximize the B2B charg-
ing efficiency, by directly charging the loading battery with the
rectifier, and by powering the PA with the sourcing battery. Then,
we reduced the number of cascaded WPT stages from five in the
conventional design to three. This bidirectional WPT transceiver
fabricated in 0.35 zm CMOS occupies 3.9 mm? of silicon area. The
bidirectional WPT function, verified at 6.78 MHz with only one off-
chip capacitor, exhibits peak efficiencies of 91.5% and 58.6% for
the receiver and the overall system, respectively, when the output
power is 1.55 W.

Index Terms—Battery charger, bidirectional wireless charging,
class-d power amplifier (PA), maximum current charging mode
(MCCM), receiver, rectifier, transmitter, transceiver, voltage dou-
bler, wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) has been utilized in a

wide range of applications, including mobile, wearable,
implantable devices, and wireless sensor networks. In consumer
electronics, many advanced models of portable and wearable de-
vices have already been integrated with the wireless charging
function. Meanwhile, the aftermarket wireless charging acces-
sories are also quite mature now. With WPT technology, people
may charge their mobile devices without any effort in public
places, e.g., coffee shops and restaurants. Also, WPT technol-
ogy has a large potential to help the devices to be thinner and
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Fig. 1. Projected wireless charging ecosystem based on reconfigurable
bidirectional wireless charging.

waterproof by removing the last connector. Because the power
connectors quite often will limit the thickness of the devices,
and will easily wear out in the humid environment. Therefore,
it is predictable that the number of consumer electronic devices
equipped with a wireless charging function will experience an
exponential growth [1].

Interestingly, it was found that the wireless power receiver
(RX) can simply reverse its operation direction and become
a wireless power transmitter (TX). The bidirectional feature
has been mainly studied for electric vehicle (EV) applications
[2]-[4], although these were achieved with bulky discrete com-
ponents, typically working at 20 kHz, with several kW of out-
put power and >80% efficiency. For instance, Madawala and
Thrimawithana [2] proposed to control the wireless power flow
using phase or magnitude modulation, while Lee and Han [3]
used a self-resonant pulsewidth modulation (PWM) scheme to
reduce circuit complexity. On the other hand, a simultaneous
data transfer scheme was investigated in [4] via the same coil.

Considering the scope of consumer electronics, bidirectional
wireless charging with monolithic on-chip implementation is
also highly favorable, allowing the reutilization of the silicon-
area-consuming power transistors and the LC tank with almost
no cost. Then, the battery-to-battery (B2B) charging can take
place in, but not limited to, the following scenarios.

1) Mobile phone to mobile phone charging.

2) Using mobile phone to wirelessly charge wearable de-

vices.

3) Using a designated portable energy source to charge low-

power sensors for industrial applications.

Consequently, Fig. 1 shows a projected future wireless
power ecosystem comprising four layers. The first layer is
the fundamental layer constructed by wireless charging pad
which is connected to the ac mains for fast charging and
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Fig. 2. (a) Bidirectional wireless charging scheme with five cascade stages.
(b) MCCM charging scheme with only three stages.

multiple-device charging. The second layer is an intermediate
layer formed by wireless power banks which gets energy
from the plant feeding the power-hungry mobile devices. The
third layer incorporates mobile devices with computation and
analysis capabilities, including notebooks, tablets, and mobile
phones. The fourth layer contains low power wearables and
wireless sensor nodes, which sense and collect the data from
the human body or the ambient environment. To facilitate these
applications, this work investigates for the first time an on-chip
solution for bidirectional wireless charging.

In the conventional pad-to-device wireless charging structure,
the wireless power RX consists of a rectifier and a buck-type
dc—dc converter for constant-current (CC) and constant-voltage
charging mode control [5]. For turning such wireless power
RX into a TX for the B2B charging, the buck converter will
reverse its operation direction and become a boost converter on
the TX side, as shown in Fig. 2(a). In this scenario, we obtain
the total B2B charging efficiency (7roTar,) by multiplying the
efficiencies of the five cascaded stages:

NTOTAL = NBOOST X NMpA X MLINK X MRECT X MBuck (1)

where 7500sT, 7PA, TLINK, TRECT, BUCK Tepresent the effi-
ciencies of the boost converter, power amplifier (PA), coupling

link, rectifier, and buck-type charger, respectively. Apparently,
every cascaded stage degrades the total charging efficiency.
Meanwhile, the bulky inductor in the dc—dc converter increases
the area and cost of the wireless charging module. More im-
portantly, the B2B charging is energy-limited, then, one of our
targets is to transfer the energy from one battery to another with
the minimum loss and a safe charging current.

To reduce the number of cascaded stages and consequently to
increase the B2B charging total efficiency, we employed in this
paper a reconfigurable bidirectional wireless power transceiver
(TRX) with the maximum current charging mode (MCCM) [6],
as shown in Fig. 2(b). With the PA supplied directly by the
source battery, the rectifier would charge the loading battery
with the maximum available current. Therefore, there are only
three essential stages in this system, and the total efficiency is
as follows:

NTOTAL = TPA X TLINK X TJRECT- (2)

However, without the post-stage regulator, it would be worth
investigating whether the output current of the MCCM operation
is suitable for battery charging, which is also included in this

paper.
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We organized this paper as follows. Section II discusses the
design considerations of the reconfigurable WPT transceiver
topology. Section III analyzes the charging current of the
MCCM. Section IV presents the circuit implementations.
Section V reveals the measurement results of the proposed WPT
transceiver. Finally, Section VI draws the conclusions.

II. TOPOLOGY OF THE BIDIRECTIONAL WPT TRANSCEIVER

A. Resonant Tank

For the mobile devices, the area of the wireless charging mod-
ule is quite limited, and there will be no room to accommodate
separate TX and RX resonant coils. Therefore, the resonant tank
in the bidirectional TRX should be reused for both TX and RX
modes.

Basically, there are two types of resonant tanks: series and
parallel. They have quite different characteristics in terms of
impedance transformation, voltage and current waveforms. The
series resonant tanks will transfer a small load impedance on
the secondary side into a relatively large equivalent impedance
on the primary side [7], [8], therefore, achieving higher total
efficiency in median/high power scenarios, e.g., in our B2B
wireless charging case. Meanwhile, the series resonant LC tank
behaves like an ac current source, while the parallel acts like a
voltage source. This feature imposes that the secondary input
current magnitude will be nearly independent of its output power
[8]. Moreover, the resonant frequency of the secondary series
LC tank is, regardless of the load, only related to the values of
the inductor and the capacitor [7].

From the circuit design perspective, the series resonant is less
sensitive to the active diode reverse current as pointed out in
[8]. However, we have a different interpretation, for example,
let us consider a full-wave rectifier, where Va1 and Voo are
the two rectifier input voltages, and /1y and I1n9 are the differ-
ential input currents. As shown in Fig. 3, the parallel resonant
tank has sinusoidal-like input voltage waveforms, but with a
pulsing input current going into the rectifier. This implies that
the rectifier output only draws current during the voltage peaks
with short conduction time (fconp). On the other hand, most
of the ac current of the resonant tank will go through the rec-
tifier charging up the output, which results in a much longer
conduction time. As we know, the turned-off delay time (fp) of
the comparator in the active diode determines the duration of
the reverse current. Considering an equal ¢, for both series- and
parallel-resonant cases, rp would be a small portion of fconp in
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Fig. 4. (a) Topology-1: Bidirectional TRX reconfiguring between single-
ended PA and voltage doubler. (b) Topology-2: Reconfiguring between dif-
ferential PA and full-wave rectifier.

the series resonant case, which indicates a higher efficiency for
the series resonant case. Furthermore, the reverse current issue
can also be mitigated by applying a series inductor as a compen-
sator for the parallel resonator [9]. Nevertheless, this inductor
will increase both the cost and area of the charging module,
which may not be favorable for portable/wearable devices.

In sum, in this design, we applied the series resonant tank.

B. Reconfigurable PA and Rectifier

To save cost for the bidirectional charging function, the rec-
tifier should be reconfigured to a PA with negligible area over-
head. Basically, there are two possible reconfigurable topologies
as presented next.

Topology-1: Fig. 4(a) shows a reconfigurable TRX that can
be reconfigured between a single-ended PA and an active volt-
age doubler by reusing the power transistors (Mp y) and the
resonant tank (Cj 2 and L; »). The reconfiguration uses three
multiplexers (MUX _3). In the TX mode, the non-overlapping
signals through MUX; and MUX, control My and Mp, and
MUXj3 connects one terminal of the LC tank to the ground. In
the RX mode, MUX; and MUX, enable the comparators for
operating My and Mp as active diodes, with one terminal of the
LC tank shorted to Vy. In this way, both the power devices and
the resonant tank are reused. Therefore, MUX; and MUX, are
small because they only deal with control signals. On the other
hand, MUX3 should be very large, because it is on the power
path and it needs to conduct a large current. In the TX mode,
MUXj3 needs to be an NMOS which should have the same size
as My, while in the RX mode, MUX3 needs to conduct a large
current between the LC tank and Vy;. Because V) is a volt-
age around “2Vp T2, there should be both NMOS and PMOS
switches for MUX3, which require a silicon area larger than
Mp . Hence, Topology-1 will at least double the silicon area for
the reconfigurable bidirectional structure.
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Fig. 5. (a) Simplified model of the WPT system, converted to (b) using
Ri,0Ap to model the rectifier input impedance, and to (c) using R to model
the TX side equivalent load impedance.

Besides, this reconfigurable TRX Topology-1 has several
drawbacks as discussed next. First, MUX3 not only requires
a large area as mentioned above, but also generates additional
conduction losses when compared with the conventional unidi-
rectional design. Second, the single-ended PA only has a output
peak-to-peak amplitude equal to the battery voltage, which will
result in a low output power. Third, the voltage doubler requires
two additional load capacitors Cr,; and Cr» connected in series,
which will also increase the area and cost [10]. Lastly, the gate
of the Mp in the voltage doubler needs to be driven by the buffer.
On the other hand, for a PMOS cross-connected full-wave rec-
tifier, the ac inputs drive the PMOS power transistors which
would significantly reduce the switching loss by recycling the
gate-drive energy back to the LC resonant tank [11].

Topology-2: The bidirectional TRX can be reconfigured be-
tween a differential class-D PA and a full-wave active rectifier,
as exhibited in Fig. 4(b). We utilized four power devices (M1 2
and Mp 2), and four multiplexers (MUX _4), which are neces-
sary to facilitate the reconfiguration. In the TX mode, MUX; _4
connect all the gates of power devices to the non-overlapping
gate drivers. In the RX mode, Mp; _o are cross connected, while
CMP; _, outputs control My;_» as active diodes. In this topol-
ogy, MUX; _4 only deals with gate control signals, and thus can
be small-sized with negligible area overhead. And the efficiency
of Topology-2 will be higher, because both conduction loss and
switching loss are smaller when compared with Topology-1.

C. Charging Current Analysis

Another benefit of Topology-2 is that it achieves almost
four times larger charging current /cye when compared with
Topology-1. Fig. 5(a) displays the simplified model of the WPT
system. Here, we replace the PA by an ideal ac voltage source
with an amplitude of Vpu. L, C, Rs, and k are the coupling
inductor, series capacitor, lumped equivalent series resistor, and
coupling coefficient of the inductive coupling link. Ry, is the
equivalent load impedance. And, Izx is the root-mean-square
resonant current in the receiving coil. The rectifier block is a
voltage doubler for Topology-1 whilst a full-wave rectifier for
Topology-2. The relationship between Icpg and Izx can be
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presented by the following:

{ICHG1 = Llrx: 3)

Icncs = 21gx
with the subscripts 1 and 2 associated to Topology-1 and -2,
respectively. Then, as Fig. 5(b) reveals, Ry,oap is used to model
the rectifier input impedance, which can be calculated as follows

[71:

_ _2-Rg
Rroap1 = =% @
R _ 8-Ry,
LOAD2 = 77, 1

where 2/72 and 8/72 terms indicate the sinusoidal currents con-
verted to dc after rectification, and nrx represents the rectifier
efficiency. Assuming nrx1 = Nrx2, then R,oap1 = Rroapa/4.

After that, all the circuits operating around the resonant fre-
quency on the RX side have been transformed into an equivalent
impedance Rgq on the TX side, as in Fig. 5(c)

o L 1
Req =k C Rs + Rroap ®)
Considering that Rg should be much smaller than Ry,oap for
a high efficiency design, Rq1 =~ 4Rgq2, and ITx = Vpa/(Rs +
Rrq), with ITx | ~ ITx2/8 because Vpao = 2Vpy; for the differ-
ential implementation in Topology-2. Izxx can then be derived
as follows:

I3xReq = Iix (Rs + Rroap)

Rpq
Igx = I _— 6
rRx = I1x 4/ Rs + Rioan (6)

and therefore, we calculate Izxx; ~ Irx2/2. Together with (3),
we can obtain Icpg1 = Icuage/4.

To sum up, Topology-2 not only achieves higher efficiency,
smaller silicon area and lower cost, but also provides a 4x
larger charging current. Therefore, we applied it to the proposed
bidirectional wireless power TRX.

III. MAXIMUM CHARGING CURRENT MODE

To reduce the number of cascaded stages for higher over-
all B2B wireless charging efficiency, we use the MCCM direct
charging scheme. In this prototype, we did not implement any
regulation scheme for output voltage or current regulation. This
should be reasonable because we found that the output current
of the B2B charging system decreases with time, while its max-
imum value can be lower than the rated maximum charging
current (typically battery-capacity/hour) allowed by most of the
mobile devices. Therefore, it is natural to directly charge the
loading battery with the maximum available current in the B2B
case.

Meanwhile, in case the battery capacity is relatively small,
e.g., for the wearable devices, the MCCM scheme will also
be compatible with the single-stage regulating rectifier schemes
proposed in the literature [12]-[19]. For example, a resonant reg-
ulating rectifier (3R) using PWM has been proposed in [12] with
several additional off-chip components. Reconfigurable reso-
nant regulating rectifiers that configure themselves by operating
in multiple modes (1x/2x mode in [13] and 0x/%2x/1x mode
in [14]) were designed without additional off-chip components.
On the other hand, Q-modulation with low-frequency operation
and multi-cycle Q-modulation for low power applications using
adaptive switching control were proposed in [15]—[19]. Further-
more, transmitter side output regulation schemes [19], [20], are
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also available in the implementation of a wireless data feedback
loop. Therefore, similar output regulation schemes can also be
realized to regulate output voltage and/or current.

The charging current of this B2B wireless charging scheme
can be analyzed as follows. First, we apply the first-order ap-
proximation to the charging current Icppg with respect to the
charging time ¢ as follows:

ICHG =at + b (7)

where a is the increasing/decaying factor of Icpg and b is the
initial charging current at + = 0. Within a short period of the
start-charging time #;, the a#; term is still much smaller than b,
and thus we assume Icg ~ b at the beginning of the charging
process. Then, at #;, the loading battery voltage Vparo is the
integral of /¢y, which can be written as follows:

1 t 1
Iogcdt =
CiaT /0 " CpaAT

where V| is the initial battery voltage, and Cp o 7 is the equivalent
capacitance of the loading battery. We neglect the output filtering
capacitor Coyr (1 pF) here, since Cgar>>Cout. Then, the
equivalent load impedance Zg o can be calculated as Vg s12/b
with an almost-constant Icpe =~ b at the beginning:

Veat2 (t1) =

bt1 +Vo  (8)

Zpar (t1) =

ty + —. )

With Zp 57 as a function of the charging time ¢. Then, we calcu-
late o using the method derived in Section II-C, by finding
out the corresponding Zj,oap and Zgq

8  ZpaT

Zioap (h) = ol

(10)
NRECT

for a full-wave rectifier. And Zpq can be calculated using (5)
and (9). Then, Icgg will become

1 [ Zq o
Rs 4+ Zyq V' Rs + Zroap

When substituting (5), (9), and (10) into (11), and comparing
the result with (7), the charging coefficients a and b can be
obtained as follows:

8
Icng = —Inx = —5 Vpra
71' ™

0~ — 8 IORS (12)
mnrect B (RE 4+ k25 ) Coar
where Iy = 5 #VPA, and
IyRs Vi
b~—+ 2 13
\/ 7T277RECT5 R: + k% (1

where (3 is the correction factor to indicate the non-ideal LC
resonance.

To verify the derivation, we performed a transistor-level
simulation. Fig. 6 exhibits the simulated /¢y transient wave-
form together with the numerical calculation results, including
the design parameters used. From there, we can deduct that
the calculated and simulated curves match each other well.
The discrepancies may come from the switching/conduction
loss of the rectifier, the parasitic series resistor of the Cpat
and the approximations made in the Icpq derivation. Here,
we use a relatively small 0.47 mF capacitor to emulate the
battery capacitance, which significantly saves the simulation
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Fig. 7. (a) Transient waveforms of Vg a2, Vac1,2 and Icg with the pro-
posed charging scheme. (b) Simplified schematic of configuring the bidirectional
WPT TRX into the bypass mode.

time and memory. From (12), we observe that the coefficient
a is negative, indicating that the charging current is favorably
decaying with time using the MCCM scheme.

Besides, Fig. 7(a) shows the charging control scheme applied
to ensure that the charging voltage Vi a12 does not exceed the
maximum battery voltage Vrgr for a safe charging. As derived
above, Icpg reaches its maximum value b, when the charg-
ing process begins. Then, Ic¢ decreases almost linearly with
charging time at a rate of a. When Vparo exceeds Vygr, a
hysteresis comparator generates an End signal to terminate the
charging. Fig. 7(b) displays the schematic for configuring the
bidirectional WPT TRX into the bypass mode, which shorts
Vac1 and Vi oo to ground and thus disables the rectifier, impos-
ing Icy g to drop to 0. In addition, the TX should be deactivated
as well, by possible wireless data communication methods such
as backscattering, near-field communication, or Bluetooth de-
pending on different charging protocols.

Fig. 8 plots the comparison between the conventional and
MCCM charging schemes. Obviously, the charging speed would
be higher with the MCCM. Because the charging current in the
CC mode would be set by the current at the end-point #c¢ of the
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CC mode, which would be lower than the maximum available
current. Also, since I in MCCM decreases with time, Vg a1o
can be easily monitored. Again, existing single-stage regulating
rectifier schemes are compatible with our reconfigurable bidi-
rectional wireless charging, for output voltage and/or current
regulation when necessary.

IV. CIRCUIT IMPLEMENTATION

A. Multiplexer and Gate Driver

As discussed in Section II, to facilitate the bidirectional B2B
wireless charging function, multiplexers are necessary to recon-
figure the TRX into either a TX or a RX. Fig. 9 presents the
MUXs and gate drivers for the low-side NMOS switches and
for the high-side PMOS switches. To minimize the size of the
MUX, we placed it for the low-side switch before the gate drive
buffer (consists of Mgy gp). We also added a transmission gate
(TG) to the second last buffer stage to reduce the short-circuit
current of the last stage buffer, by turning off the Mpy first
before turning on the Mpp, and vice versa.

On the other hand, if we place the buffer for the high-side
PMOS after the MUX as in Fig. 10(a), gate charging loss will
take place. This loss is equal to C, V2f,es, Where C, is the gate
capacitance, and fs is the resonant frequency. Considering a
relatively large power transistor size for reduced conduction
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and V) ¢2, with the gate capacitors charged/discharged by the resonant circuit.

loss, C, will cause a significant gate charging loss. To get rid of
this, we used a tri-state inverter for the buffer of the high-side
switch [see Fig. 9(b)]. In the TX mode, we enable the tri-state
inverter for driving the power PMOS. In the RX mode, the tri-
state inverter will output high impedance, and the power PMOS
will be driven by the ac input. As the input waveforms V¢
and V(o are differential, the gate capacitors Cy; and C,o are
equivalent to be series connected as seen by the ac input source,
in parallel to the resonant tank. In this scenario, the resonant
circuit charges/discharges the gate capacitors as illustrated in
Fig. 10(b), being part of the LC resonant tank. With this self-
driving configuration, the transistor-level simulation shows a
roughly 2% improvement on the RX efficiency.

Fig. 9(c) displays a conventional tri-state inverter, where we
used control transistors Mcp and Mcy to provide a high out-
put impedance. All four transistors in the conventional tri-state
inverter should be double sized for the same driving capabil-
ity when compared with a basic inverter. Fig. 9(d) exhibits the
tri-state buffer in this paper. We removed M¢cp and Mcy, and
inserted two MUXs to control Mpp and Mpy. The RX mode
requires a high output impedance, with the gates of Mpp and
Mpn connected to Vpp and ground through the MUXs, respec-
tively. In the TX mode, with Mpp and Mpy connected to the
pre-driver, the short-circuit current can still be prevented.

B. Active Diode

Fig. 11 shows the schematic of the NMOS active diode, based
on the common-gate input push—pull comparator that compares
Vac1 and ground voltage to turn on or off the power transis-
tor M. M;_, are the common-gate input pairs. To reduce
the reverse current caused by the comparator and buffer delay,
we implemented a reverse current control (RCC) scheme with
My _g, by adding additional bias currents to generate an input
offset [11]. Then, My turns off earlier to compensate for the
delay. To prevent the power NMOS being turned-on more than
once per cycle, a.k.a. multiple-pulsing problem, the R-S latch
will keep the RCC control signal staying low even when Vg
goes up, which means the comparator input offset exists un-
til Voneo goes up. Furthermore, we employed a one-shot logic

—a Venz

6 Vaci

Fig. 1.  Schematic of the active diode.
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Fig. 12.  (a) Active components in the rectifier when VT2 is low and (b)
simulated start-up waveforms of the rectifier, with zoomed-in waveforms of the
passive and active rectifications.

detecting the falling-edge of Vgn1 to pull down the comparator
output by My, and the logic will be reset when Vgno goes up
[8]. Therefore, a hard-off for the comparator can be guaranteed.
We also added an MUX before the gate driver to configure it
into the RX or TX mode, corresponding to Fig. 9(a).

It should be noted that the comparators and thus the active
diodes will be relaxed when Vparo is low, e.g., during start-
up. Instead, the parasitic diodes of the NMOS power transistors
[D; and D5 shown in Fig. 12(a)] will work in this scenario.
When the input amplitude manages to forward bias one branch
on (Mp, and D,, or Mp, and D) while keeping the other
branch off, “passive rectification” will execute and Vp 7o will
be charged up. Once Vi o192 exceeds the threshold to supply the
comparators, the “active rectification” with the active diodes
will then be enabled. Fig. 12(b) displays the simulated start-up
waveforms starting from Vpaps = 0.

V. MEASUREMENT RESULTS

The proposed reconfigurable WPT TRX with MCCM was
fabricated in a 0.35 ym CMOS process with thick metal-4 op-
tion. 5 V power devices have been employed to handle the
battery voltage level, and to resist high voltage spikes during
switching. Fig. 13 shows the chip micrograph of the reconfig-
urable TRX. The chip area is 3.9 mm?, mainly occupied by the
four power transistors.
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Fig. 13.  Chip micrograph of the reconfigurable TRX.

Fig. 14.  Measurement setup with two reconfigurable circuit boards and two
identical PCB coils.
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Fig. 15. Test benches with (a) a resistive load and (b) a capacitive load.

Fig. 14 exhibits the measurement setup for the proposed WPT
TRX. The identical TX and RX coils are etched on a single-side
printed circuit boards (PCBs). Each coil has four turns, with
inner and output radii of 1.9 and 3.3 cm, respectively. These two
coils were separated by 6 mm during the WPT measurements.
The measured inductance L of the coils is 560 nH, and the series
resistance Ry is 350 mf2. And the coupling coefficient k is 0.3.
To resonate at 6.78 MHz, we chose a 1 nF capacitor for both the
RX and TX. We also utilized two identical transceiver boards in
the measurement. They can be reconfigured to either WPT TX
or RX by one-single control pin.
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Fig. 16. Measured TX output voltage and current waveforms; ac input voltage
and current, and dc output voltage of the RX.
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Fig. 17. Measured receiver and total efficiencies versus output power, and

power loss breakdown at the peak efficiency.

Two sets of measurements have been performed. Fig. 15(a)
presents the setup with resistive load for efficiency measure-
ments, while Fig. 15(b) shows the setup for the /-V charging
characteristic measurement. Fig. 16 plots the measured TX and
RX voltage and current waveforms with a 10 €2 load resistor.
With a 4.2 V dc supply for the TX, we observed square voltage
waveforms at the class-D PA outputs, and the ac output current
amplitude is about 0.8 A. On the RX side, we detected an ac
input current amplitude of 0.7 A and a dc output voltage of 4.1 V.

Fig. 17 shows the RX and total efficiencies of the proposed
WPT TRX versus the output power Poyt. The measured peak
RX and total efficiencies reach 91.5% and 58.6%, respectively,
at 1.55 W Poyr. Fig. 17 also presents the power loss breakdown
at the peak-efficiency point. The power losses from the RX, link,
and PA are 18%, 23%, and 59%, respectively. This result also
indicates that the total efficiency may be further enhanced by
improving the PA efficiency, which might be achieved by a better
switching dead-time control.

Fig. 18 shows the measured transient waveforms of the RX
ac input voltage V1 2, charging current /oy, and the loading
battery voltage Vpar2. In this measurement, a 1| mF load capac-
itor has been used to emulate the battery. The charging process
starts at about 1 V of Va9, and ends with V1o charged to
Vrer (4.2 V), which takes around 11 ms. During this period,
the maximum/initial charging current is » = 390 mA with an
attenuation of @ = —5 A/s, basically matching with the calcu-
lated b = 470 mA and a = —3.6 A/s. The discrepancies should
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TABLE I
COMPARISON WITH STATE-OF-THE-ART WORKS
[12] 2013 [14] 2016 [15] 2015 [21]2015 [22]2016 This work
Process (nm) 0.35 BCD 0.35 CMOS 0.35 CMOS 0.35 CMOS 0.18 BCD 0.35 CMOS
Area (mm?) 5.52 4.77 4.8 2.42/3" 5.83 3.9
WPT Direction Uni-dir. Uni-dir. Uni-dir. Uni-dir. Uni-dir. Bi-dir.
RX Topology 3R R’ Rect.+LDO R’ Rect.+Buck Direct Charge
Max. Vour (V) 5 5 4.7 3.7 10 4.2
fitesonant (MHz) 6.78 6.78 2 13.56 6.78 6.78
Max. Poyr (W) 6 6 1.45 0.23 2.5 1.6
HRrx 86% 92.2% 76% 92.5% 91.2% 91.5%
HTotal 55% N/A N/A 62.4% 54% 58.6%
Off-chip 5 diodes,
Components 3 caps. 1 cap. 3 caps. 1 cap. 1 cap. 1 cap.
*RX and TX area, respectively.
e 200v/ 200v/ 200v/ 100mv/ (7] 2000ms/ £ VI. CONCLUSION
: -2.00000V -2.00000V l -2.00000V 380.000mV -17.00ms .
2V _ This paper presented a reconfigurable WPT transceiver for
2 ms Vear2 = 4.2V, END Lo . . . . L
e bidirectional B2B wireless charging, with possible applications
) Vean2 . . . . .
1 START 1 in both consumer and industrial electronics. After comparing
I 1 and discussing two TRX solutions, we chose a reconfigurable
e e LA S TRX with a differential class-D PA as the TX and a full-wave
I Pz Measured: 390 mA | rectifier as the RX for smaller area, higher efficiency, and larger
I ~# (Calculated: 442 mA) | . . .
Iim , charging current. Moreover, to improve the total charging effi-
I = ! ciency, we proposed the MCCM scheme to charge the battery
/ directly without any current or voltage regulation. With two
100 mA Measured: —5Als . . b .
(Calculated: —4 8A%s) identical reconfigurable WPT transceivers and PCB coils, the
s measurement results verified the bidirectional function with the
Coar=1mF, L=560nH, minimum number of off-chip components, and demonstrated
C=1nF, k=0.3, Rs=0.350 A .
ol good efficiencies for both the receiver and the overall system.
Fig. 18.  Measured ac input voltage, charging current, and output voltage when

charging a 1 mF capacitor with MCCM.

100 1.9
90 1.6
S
> 80- 1.3
5 3
S 70 L1.0 3
= o
w
2 604 L0.7
50 RN GORON I VS S 0.4
10 15 20 25 30 35 40 45

vOUT(V)

Fig.19. Measured RX efficiency and PoyT versus Voy during the charging
process, with the same link parameters given in Fig. 18.

come from the additional power loss of the capacitor (battery)
parasitic ESR, PCB trace parasitics, and the resonant frequency
offset. After Vparo reaches 4.2 V, the rectifier is deactivated,
and then Icyg goes down with VpaTo kept constant. Fig. 19
shows the measured RX efficiency and Poyr versus Vour.

Table I compares the performances of the proposed recon-
figurable WPT TRX with state-of-the-art designs. This paper
achieves comparable or sometime even better receiver and to-
tal efficiencies, indicating that the reconfigurable function does
not degrade other performances. Moreover, the reconfigurable
architecture and MCCM also help to reduce the off-chip com-
ponents and will lower the cost.
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