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双向无线充电

•正向无线充电50W封顶。

•反向无线快充还有很大空间。
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品牌 小米OV 华为 三星 苹果

有线充电功率 120W 66W 45W 20W

正向无线充电功率 50W 50W 15W 15W

反向无线充电功率 10W 10W 5W n/a
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Reconfigurable Bidirectional Wireless Charging Schemes

• Direct Charging
• Large losses on the coils.

• Commercial Solution with 
DC-DC Converter

• Solution with Switched-
Capacitor (SC) Converter
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[M. Huang, ISSCC 2017]
[F. Mao, ISSCC 2018]



Reconfigurable Single-Stage Wireless Charging Scheme

 Reconfigurable bidirectional

 Voltage conversion for high AC voltage for high power

− Step-up power amplifier and step-down rectifier (SDR) 

 Regulating DC Output

 Reduced no. of components and high efficiency
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[F. Mao, JSSC 2022]



Reconfigurable Single-Stage Asymmetrical Full-Wave SDR
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[F. Mao, JSSC 2022]



Reconfigurable Single-Stage Asymmetrical Full-Wave SDR
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[F. Mao, JSSC 2022]



RX Mode
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• 3 operation phases.

• VBAT_RX/VDCH_RX = D

• D is the duty cycle of 
S3 (Φ2).

• In Case-I, D<0.5

• In Case-II, D<0.25

• Soft charging.

[F. Mao, JSSC 2022]



TX Mode
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• 3 operation phases.

• VDCH_TX/VBAT_TX = 1/D

• D is the duty cycle of 
S3 (Φ2).

• In Case-I, D<0.5

• In Case-II, D<0.25

• Soft charging.

[F. Mao, JSSC 2022]



Compatible with Existing Fast Charging Scheme?

• YES!
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Implementation
• Fabricated in 0.35µm HV CMOS.

• Chip area 6.99mm2.

• GaN device for S4.

• One 180nH 4015 power inductor.

• One 220nF CFLY.

• Two 1.05µH coils.
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Measurement
Results

• VCRTX,MAX = 5.4

• VCRRX,MIN = 0.32

• POUT,MAX = 5.1W

• Peak D2D Efficiency 51.4%
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TX Mode RX Mode

The 1st Merged Hybrid 
Wireless Power TRX.
Designed in 2019.
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Power Amplifier (PA) Comparison
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VSW =0.5VIN

VIN

Parasitic 

Cap

√ Compact solution for low power applications

x Average output voltage is 0.5×VIN

x Larger output ripple

√ For mid- to high-power applications

√ Average output voltage is VIN

x Need extra component for ZVS operation

Class-D

Class-E

[X. Ma, ISSCC 2022]



Class-E PA with DC-DC Supply

Yan Lu, University of Macau 16

L
Coil

CS1

ZL

Class-E PA

VSW

GaN 

FET
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Buck converter

x Efficiency degradation, e.g. 90% × 90% = 81%.

x Buck converter needs one inductor and one capacitor that 

increase area and cost.



Class-E PA with DC-DC Supply
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How about removing the inductor and capacitor in the Buck stage?



Merged Single-Stage Regulated Class-E PA
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VSW2 =D·VIN2 
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√ A Compact solution with improved efficiency.

√  Resonant tank works at 6.78MHz.

√ MH and ML work at lower frequency.

[X. Ma, ISSCC 2022]



LR

CS2

fB = fE/N,

N=2,4,8,10

VX2 VSW3VOUT

MHR

MLR
Active

Diode

C2

RX Coil

IL

L2

Reconfigurable as Class-E Rectifier

• Single-stage regulated Class-E PA can be reconfigured as a Class-E rectifier.

• Control circuit reconfigures the GaN switch to work as an active diode.
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[X. Ma, ISSCC 2022]



Class-E Tuning Scheme

• The output waveform of a Class-E PA will change with the load condition.

• A tuning circuit is needed.
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Proposed Class-E Tuning Scheme
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Traditional Solution:

 Needs a large external tunable component.

x   Not suitable for mid-power applications.

0 π 2π 

Adaptive ZVS point

Fully integrated

Proposed Solution:

 On-chip ZVS controller detects the ZVS point. 

√   Fully integrated.

[X. Ma, ISSCC 2022]



Full Schematic of the Proposed Reconfigurable TRX
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Differential Class-E Working Mode Using Two Chips
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√ Doubled AC voltage on the 
resonant tank.

√ Increased output power.

√ Reduced even-order harmonics.



System Implementation

• Fabricated in 180nm BCD-on-SOI

• Up to 100V HV-NMOS

• Chip area: 2.77mm2
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L=1.06µH

Q-factor at 6.78MHz is 142

1. Chip under package

2. eGaN FET

3. Choke inductor

1 2

3
 Most power losses 

are on the coil Thermal map at 30W input 

power with forced air flow.

ML

MH

Low side 

driver

High 
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driver

ZVS controller and

GaN driver
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Dead-time 

Controller

1.98mm



Measured PA Waveforms with Passive Rectifier
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Measured D2D Waveforms with Class-E TRX
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Comparison Table

• Our one-step regulated PA has the highest efficiency and output power among the 
single-stage regulated PAs.
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JSSC'21

F.-B. Yang

ISSCC'19

C.-Y. Xie

JSSC'19

F. Mao

ISSCC'18

C. Yeh

TCAS-I'21

X. Ge

Process 0.25µm 0.5µm 0.35µm 0.5µm 0.35µm

Type
Regualted

Class-D

Diff

Class-E

Bi-Dir

Class-D
Class-E

Regulated

Class-D

Regulated

 Class-E

Reg. Diff 

Class-E

Reg. PA & 

Class-E RX

Chip Area [mm
2
] 1.61 3.15 3.92 3.78 3.53

VIN [V] 4.2 40* 2.5-4.5 40* 15

VOUT [V] 5 N.A. 2.5-4.5 N.A. 12 10-48 25-46 5-10

Operation frequency [MHz] 6.78 13.56 6.78 6.78 6.78

Peak DC output power [W] 0.4 100 2.74 70 7.3 27 45 6.5

Peak E2E Efficiency [%] 71.5 91 77.2 90 57.3 80 83.7 74.6

Regulated output YES NO NO NO YES YES YES YES

External compnent of PA 1C

5C 4L 

2GaN 

2MOSFET 1C

3C 2L 

1GaN 

1MOSFET 3C 2L

2C 1L 

1GaN

4C 2L 

2GaN

2C 1L 

1GaN

6.78

This work

0.18µm

2.77
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Possible Topologies for Regulating Wireless Power RX
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 (a) Typical Full-Bridge Rectifier + Buck [6] (b) Rectifier + Passive Stacked 3rd-Order Buck [4]

(d) Proposed Rectifier with Merged Hybrid Converter(c) Resonant Regulating Rectifier [3]
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[A. Abdulslam, ISSCC 2019 ]

[J.-H. Choi, ISSCC 2013]



Proposed Split-Dual-Path and Hybrid-Quad-Path Step-Down 
Rectifying Conversion (S2H4) Receiver
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• LC Tank  Rivers’ Source
• 4 Current Paths  Rivers
• Battery Sea

[Z. Lin, CICC 2022]
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Implementation
• Maximum POUT = 8.8W.

• RX Efficiency 85.4%@6.4W.
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• Fabricated in 180nm BCD-on-SOI

• Chip area: 3.98mm2

• Two 240nH inductors, 1.6×0.8×0.8 mm3

• Two EPC2045 GaN devices
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Summary
• Bidirectional wireless fast charging needs high AC voltages for high power.

• 3 hybrid topologies for D2D wireless charging are presented.

• Integrating hybrid conversion into the wireless charging TRX is a new area, 
with plenty of rooms.

• Both Class-D and Class-E structures are good candidates.

• Go hybrid, go differential, and go multiple paths.
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