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Wireless power transfer (WPT) via inductive coupling is a convenient way to
charge power-starved portable/wearable devices. Recently, device-to-device
(D2D) wireless charging was demonstrated [1,2], which expands the range of
WPT applications. Different from the traditional wireless charging, which obtains
its energy from the AC mains and has virtually unlimited energy, the D2D charging
sources power from an energy-constrained battery. Therefore, achieving the
maximum-efficiency transfer is a key design issue. A zero-voltage-switching (ZVS)
Class-φ2 receiver with maximum efficiency tracking, but using several off-chip
passives, was designed in [1] to improve the rectifier and coupling-link efficiencies
for unidirectional D2D wireless charging. In [2], a reconfigurable wireless-power
transceiver (TRX) with the maximum-current charging mode was proposed to
turn a WPT receiver (RX) into a WPT transmitter (TX) with negligible additional
hardware, which enabled the bidirectional D2D wireless charging. However, the
TX mode efficiency and maximum output power in [2] are relatively low, and its
WPT distance is short.
Figure 8.3.1 shows the proposed reconfigurable cross-connected (CC) wirelesspower TRX with near-optimum switch-timing-control schemes for bidirectional
D2D charging. As we know, CC power switches are widely used in full-wave
rectifiers to reduce the switching losses, because they are driven by the LC tank
with no loss [3]. On the other hand, the CMOS power transistors in the traditional
Class-D power amplifier (PA) are controlled by separate buffers, generating large
gate-drive switching losses. Here, we found that the CC topology can also be
applied to the differential Class-D PA for switching loss reduction as well. Now,
MP1 and MP2 are also cross-connected in the TX mode, charged/discharged by
the resonant current ITX when the ZVS of MN1,2 is guaranteed by an optimumswitching control, significantly reducing the gate-drive losses. In addition, the
multiplexers on the gate-drive paths in [2] are no longer required, saving certain
area and conduction loss.
The reconfigurable controller can generate adaptive optimum switching for both
modes. Figure 8.3.1 also shows the ideal critical waveforms of both modes. To
achieve ZVS in the TX mode, the equivalent load impedance of the Class-D PA
should be inductive, which means that the phase of the output voltage leads that
of the output current. Therefore, additional variable capacitors CA1 and CA2 can be
added to the RX, transformed by the resonant coupling link, making an inductive
equivalent load to the TX. In the TX mode, MN2 turns off at t0, prior to the ITX zerocrossing point. During the deadtime tDT, VTX2 is charged up and VTX1 is discharged
by ITX, while the operations of MP1 and MP2 swap. Then, MN1 is turned on at t1 with
ZVS. In the RX mode, to obtain a zero-current switching (ZCS), the off-delay of
MN1,2 is compensated by a delay-locked loop (DLL) in the reconfigurable
controller. Near-ZVS of MN1,2 can be achieved by comparators CMP1,2 without any
timing control.
Figure 8.3.2 shows the reconfigurable controller for MN1 and its timing diagrams.
The voltage-controlled delay line (VCDL) and charge pump are reused by both
modes. Separate phase detectors PDTX and PDRX are designed. The turn-on timing
of VNT1 (VNR1) is determined by detecting the rising edge of CLK (VCMP1). While the
falling edge (FE) is obtained from the VCDL delayed CLK (VCMP1). During the startup process, the delay time of the VCDL may be larger than half of the operation
period, causing large transients and harming the safe operation of power
transistors in both modes. Therefore, the logic AND1 is added to limit the duty
cycle of VNT1 and VNR1 to be <0.5. The PDTX compensates VTX2 with tT_CP first and
detects the phase difference between VNT2 and VTX2_D, where tT_CP is the phase
difference between VNT2 and VTX2 with the proper FE timing of VNT1. Similarly, the
PDRX compensates VNR1 with tR_CP first and detects the phase difference between
VCMP1 and VNR1_D, while tR_CP is the off-delay caused by CMP1. In the TX mode,
when the deadtime is too large, ITX reverses during the deadtime and charges up
the discharged VTX2 again by the reverse current in the same half cycle. Thus, the
second falling edge FE2 misleads the PDTX. Therefore, the PDTX must be carefully
designed to ignore FE2.
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Figure 8.3.3 analyzes the effectiveness of the typical and the proposed resonant
switching topologies. To obtain inductive load on the TX side, one solution is to
operate the TX at the frequency ωOP higher than the resonant frequency ωRES. RRECT
is the equivalent input impedance of the rectifier and ZEQ is the equivalent load
impedance on the TX side. However, this solution is only effective when the
coupling coefficient k is lower than a critical value kC. If k≥kC, ZEQ is resistive and
capacitive. In our case, a capacitor CA is connected in-parallel with RRECT and
provides a capacitive load to L2C2. This capacitive load can be transformed to
inductive ZEQ in the whole range of k at ωOP=ωRES. However, CA causes a resonantfrequency shift and reduces the current that goes into the rectifier. Therefore, the
impedance of CA should be several times larger than RRECT. Here, CA≈300pF is
selected. In the TX mode, CA is harmful because it adds capacitive load to ZEQ.
Therefore, CA should be tunable. In this design, CA is composed of two seriesconnected PMOS capacitors CA1 and CA2, with the body connected to high DC
voltage. Thus, CA can be tuned by switching its gate voltage.
To enhance the D2D total efficiency, the coupling link efficiency ηLINK should be
also optimized. The theoretical peak link efficiency ηMAX can only be achieved at
the optimal load resistance ROPT [4], which is highly related to k. For maximum
efficiency-point tracking (MEPT), a boost converter following the rectifier was
used in [1], and a Q-modulation technique was proposed in [5], to tune the RX
input impedance. In our design, we found that MEPT can be realized automatically
if the TX and RX coils are identical and k2Q1Q2>>1, where Q1 and Q2 are the
unloaded quality factor of L1 and L2, respectively. Because RRECT has a very simple
relationship with ROPT, RRECT=(A/ηPRM)×ROPT, where A is the voltage gain of the
power link and ηPRM is the TX coil efficiency. Thus, the lowest ηLINK/ηMAX can be
estimated. When VBAT1=4.2V and charges VBAT2 from 2.5 to 4.2V with ηPRM >60%,
then ηLINK/ηMAX can be higher than 0.917. Figure 8.3.3 shows the theoretical ηMAX
and the simulated ηLINK of our design. We can see that the ηLINK is very close to
the theoretical ηMAX at different k and VBAT2.
The reconfigurable CC wireless-power TRX has been fabricated in a 0.35μm CMOS
process. CA1 and CA2 are placed in the space margins of the power transistors,
without increasing the chip area. The total area is 3.92mm2. Two identical PCB
coils with a 4cm outer diameter are used in the measurement. Their inductance
and unloaded Q-factor at 6.78MHz is 1.05μH and 111, respectively. Figure 8.3.4
shows the D2D total efficiency and POUT versus VBAT2 at different coupling
distances. The peak total efficiency is 78.1% at POUT=0.8W. The maximum POUT
of 2.7W with 62.5% total efficiency is achieved when the distance d=23mm. Figure
8.3.5 shows the measured RX voltage and current waveforms when charging a
4.7mF capacitor from 2.5 to 4.2V. Figure 8.3.6 shows the comparison with prior
works. This work demonstrates the highest total efficiency and the longest
transmitting distance relative to prior works in Fig. 8.3.6. Figure 8.3.7 shows the
die micrograph.
Acknowledgment:
This work is supported by the Research Committee of University of Macau under
MYRG2015-00107-AMSV, and the Macao Science and Technology Development
Fund (FDCT) SKL-AMSV-2017-2019.
References:
[1] N. Desai and A. Chandrakasan, “A ZVS Resonant Receiver with Maximum
Efficiency Tracking for Device-to-Device Wireless Charging,” ESSCIRC, pp. 313316, Oct. 2016.
[2] M. Huang, et al., “A Resonant Bidirectional Wireless Power Transceiver with
Maximum-Current Charging Mode and 58.6% Battery-to-Battery Efficiency,”
ISSCC, pp. 376-377, Feb. 2017.
[3] Y. Lu and W.-H. Ki, “A 13.56 MHz CMOS Active Rectifier with Switched-Offset
and Compensated Biasing for Biomedical Wireless Power Transfer Systems,” IEEE
Trans. Biomed. Circuits Syst., vol. 8, no. 3, pp. 334–344, June 2014.
[4] K. van Schuylenbergh and R. Puers, Inductive Powering: Basic Theory and
Application to Biomedical Systems, Springer, p. 96, 2009.
[5] M. Kiani, et al., “A Q-Modulation Technique for Efficient Inductive Power
Transmission,” IEEE JSSC, vol. 50, no. 12, pp. 2839–2848, Dec. 2015.
[6] J.-T. Hwang, et al., “An All-in-One (Qi, PMA and A4WP) 2.5W Fully Integrated
Wireless Battery Charger IC for Wearable Applications” ISSCC, pp. 378-379, Feb.
2016.
[7] J.-H. Choi, et al., “A Resonant Regulating Rectifier (3R) Operating at 6.78 MHz
for a 6W Wireless Charger with 86% Efficiency,” ISSCC, pp. 64-65, Feb. 2013.

978-1-5090-4940-0/18/$31.00 ©2018 IEEE

ISSCC 2018 / February 13, 2018 / 9:30 AM

8
Figure 8.3.1: The proposed cross-connected reconfigurable wireless-power
transceiver (top), which is configured to a cross-connected differential ClassD PA in the TX mode and a cross-connected full-wave rectifier in the RX mode,
and the critical operating waveforms (bottom).

Figure 8.3.2: The block diagram of the re-configurable controller (top) and its
timing diagram (bottom).

Figure 8.3.3: Comparison between a typical and the proposed solution to
provide inductive TX load (top), the estimated lower limit of the power link
efficiency, and the simulated power link efficiencies compared with the
theoretical peak link efficiencies (bottom left).

Figure 8.3.4: D2D total efficiencies and charging power at different output
voltages and transmitting distances.

Figure 8.3.5: Measured RX AC input voltage, output voltage, and charging
current when charging a 4.7mF capacitor.

Figure 8.3.6: Performance summary and comparison table.
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Figure 8.3.7: Die micrograph.
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