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The wireless power transfer (WPT) technology can benefit many battery-powered systems, such as electric vehicles, autonomous robots, and implantable medical devices.
A typical inductive WPT system consists of an inverter, a
pair of electromagnetic coils, and a rectifier, as shown in
Fig. 1. The inverter drives the transmitting coil to generate
a high-frequency electromagnetic field, which couples to the
receiving coil and transmits power wirelessly. The majority of
the commercial WPT systems operate with a frequency fs of
20 kHz-200 kHz [1], which causes magnetic coils to dominate
the losses, size, and cost of the wireless charging system [2].
Increasing the frequency of operation has the potential to
improve coil’s efficiency and power density as a coil’s quality
factor naturally increases with frequency in certain range [3].
Beyond 200 kHz, the international, scientific, and medical
(ISM) band, e.g., 6.78 MHz, is an attractive frequency of operation from a regulatory and standardization perspective [4].
Increasing the WPT frequency to multi-MHz range can also
significantly reduce the coil’s cost. At MHz frequencies, the
benefit of using Litz wires is limited and high-Q coils can be
made even using low-cost solid magnet wires [3]. However,
despite the potential benefit of cost reduction, increasing the
fs beyond 6.78 MHz brings significant challenges to the WPT
system design, particularly achieving a competitive efficiency
performance. Table I compares the performance of state-ofthe-art (SOA) inductive WPT systems. Most systems with
an fs above 6 MHz only achieved efficiencies in the up
80s%, possessing more than 2× higher losses than the highlyefficient performance in the 20 kHz-200 kHz frequency range
(95%) [5], [6]. The challenges mainly come from achieving
high efficiencies in the multi-MHz inverter and high kQ
product in air-core coils.
With a high-Q self-resonant coil [7], Gu et al. [8] for the
first time demonstrated 6.78 MHz WPT systems that achieved
a dc-dc efficiency of 95% at 1 kW. The novel coil structure
978-1-7281-9633-6/21/$31.00 ©2021 IEEE

Compen.

Network

Network

+ Vo

AC
DC

-

Fig. 1: A typical inductive WPT system.

Index Terms—Inductive power transmission, power amplifiers.
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Abstract—This paper describes the design and implementation
of a 1.7 kW wireless power transfer system that operates at 6.78
MHz and uses low-cost air-core coils. The demonstration achieves
a dc-dc efficiency of 95.7% at 1.7 kW and maintains above 93%
efficiency between 100 W and 1.7 kW.

in [7] utilizes magnetic ferrite and capacitance ballasting to
force equal current sharing among multiple winding layers,
mitigating both the skin and proximity effects that typically
drive winding losses at multi-MHz frequencies. This selfresonant coil using ferrite achieves a Q that is 4× higher
than the best conventional designs (with similar dimensions)
at 6.78 MHz.
In contrast to the work in [8], this paper focuses on the
design and optimization of a high-power multi-MHz inductive
WPT system using low-cost air-core coils. We present in this
paper a 6.78 MHz, 200 V to 410 V inductive WPT system that
achieves 95.7% dc-dc efficiency at 1.7 kW, a significant improvement in efficiency and power level compared to previous
MHz WPT systems as shown in Table I.
The rest of the paper is organized as follows. Section II
discusses the design of different stages of the multi-MHz
WPT system. Section III describes the detailed implementation and experimental results of the prototype demonstration.
Section IV summarizes the paper.
II. S YSTEM D ESIGN
To achieve a high dc-dc efficiency, each of three stages in
Fig. 1, inverter, coils, and rectifier, needs to operate efficiently.
The following section will discuss the design and optimization
of each stage in the reverse order.
A. Rectifier
Full-bridge diode rectifier is the most commonly used rectifier circuit. Depending on the output filter, we can have either
voltage-mode or current-mode rectifier. A series-compensated
receiving coil needs a voltage-mode rectifier, while a parallelcompensated receiving coil needs a current-mode rectifier.
Because of the parasitic capacitance of diodes, the rectifier’s
input impedance is capactive at the fundamental frequency.
The capacitive reactance depends on the large-signal behavior
of the rectifier and does not simply equal the sum of the smallsignal junction capacitance of the diodes. At kHz frequencies,

TABLE I: P ERFORMANCE C OMPARISON OF THE S TATE - OF - THE -A RT W IRELESS P OWER T RANSFER S YSTEMS
Reference

[9]

[5]

[6]

[10]

[11]

[12]

[13]

[8]

This work

fs [MHz]
Power [W]
Peak dc-dc η [%]

0.085
3.3k-11k
90−93

Coil Design

N/A

Coil Coupling
Semiconductor Tech.

N/A
N/A

0.1
5k
96.5
Litz &
Ferrite
0.33
SiC & Si

0.8
30
95.7
Litz &
Air-core
0.27
All GaN

6.78
20
84
PCB &
Air-core
0.13
Si & SiC

6.78
10
85
PCB &
Air-core
0.11
GaN & Si

6.78
50
88
Solid &
Air-core
0.11
GaN & Si

13.56
300
90
Solid &
Air-core
0.26
GaN & Si

6.78
1k
95.1
PCB &
Ferrite
0.15
Si & SiC

6.78
1.7k
95.7
Solid &
Air-core
0.28
GaN & SiC
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Fig. 2: A voltage-mode rectifier with a parallel tuning inductor. (a) Circuit.
(b) Ideal waveform.
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wireless link and the following is a short review of optimal
SS compensation.
Fig. 3 shows the equivalent circuit for a WPT system using
SS compensation. Table II defines the parameters that describe
the resonant circuit. For the capacitance needed in an optimal
SS compensation,
χ1 = 1, χ2 = 1,

v2
L2

RL,eq

-

Fig. 3: WPT with SS compensation, the inverter is modeled as a voltage
source, while the rectifier is modelled as a resistive load RL,eq . L1,2 are
self-inductances of the coils, C1,2 are series compensation capacitances, k is
coupling coefficient of the coils, and R1,2 are total series resistances of the
coils and capacitors.

this capacitive reactance has negligible effect on the inverter
and coils’ operation. At multi-MHz frequencies, this capacitive
reactance can affect the inverter’s efficiency and the coils’
voltage conversion ratio. Connecting an inductor in parallel
to the rectifier’s input can help tune the total impedance to be
resistive, as shown in Fig. 2.
B. Wireless Coils
The wireless link, or the coupled coils at the center of
the WPT system, can be modelled as a transformer. Due to
the low coupling coefficient, the coils need proper resonant
compensation to cancel the large leakage inductance and
transfer power efficiently. There are four basic compensation
topologies, including series-series (SS), series-parallel (SP),
parallel-series (PS), and parallel-parallel (PP).
To achieve the optimal efficiency for the wireless link,
the inductance and capacitance have to be properly sized
with regard to the ac load resistance (the rectifier’s largesignal impedance) and the voltage conversion ratio. Ref. [5]
derived the optimal designs for SS and SP compensations.
Ref. [8] presented the solutions for PP compensation. In
this demonstration, we used the SS compensation for the

(1)

where the capacitance is selected to cancel the self-inductance
on each side. Practically, it can be quickly tuned by ensuring
that L and C resonate at the switching frequency with the
opposite coil terminals open.
Further, the maximum WPT link efficiency is achieved
when the load matching factor, the ratio of the load to the
receiving coil’s impedance, is
1 p
γopt =
1 + k 2 Q1 Q2 .
(2)
Q2
With high-Q symmetric coils, kQ1 >> 1, kQ2 >> 1, Q1 ≈
Q2 ,
γopt ≈ k.
(3)
With (1) and (2), as derived in [5], [14], the maximum
wireless link efficiency is
ηmax = 

k 2 Q2
2 .
p
1 + 1 + k 2 Q2

(4)

With optimal compensation capacitance in (1), the voltage
conversion ratio becomes
r
v2
γ L2
|Gv | =
=
.
(5)
v1
k L1
p
If γ = γopt , |Gv |opt ≈ L2 /L1 .
C. Inverter
The high-frequency inverter ideally can use any of the
switching amplifiers with a theoretical efficiency of 100%,

L2a

TABLE III: B ILL OF M ATERIALS , PPT Φ2 WPT DC - DC C ONVERTER

Cres1

L1a

Lpri
S1

C1a

Lsec

Cres2

D1

Devices

D2

Vo

C2a
Co

Lzvs

Vi

+
−

RL
-

D3

L1b
L2b

S2

Component Description

+

k

D4

C1b

C2b

Fig. 4: Schematic of the PPT Φ2 wireless dc-dc converter.

(a) Inverter
S1,2
Gate driver
L1a , L1b
L2a , L2b
C2a , C2b
C1a , C1b
(b) Rectifier
D1-4
Lzvs
(c) Coils
Lpri , Lsec
Cres1 , Cres2

GaN Systems GS66508B, 650 V GaN FET
Texas Instruments LMG1025
4.33 µH, Ferroxcube E22/6/16-4F1 x 2
1.085 µH, Fair-rite 67 EEQ25/16
127 pF, C0G, 3 kV
S1a,1b Coss + STPSC406B Cj + 136 pF , C0G, 1 kV
STMicro STPSC406B-TR x 2, 650 V SiC Schottky
3.7 µH, Fair-rite 67 EEQ25/16
6.25 µH, AWG 10, 6 turns, Q ≈ 700
88 pF, C0G, 3kV
5.5 cm

such as Class-D, Class-E, Class-F, and Class-EF [5], [8], [11],
[15]. For low-frequency (≤ 1 MHz) inductive WPT systems,
Class-D is the most common choice, often implemented with
a half-bridge or full-bridge circuit [5], [6]. Class-D amplifier
has the highest transistor utilization factor among different
switching amplifiers [16]. Here, the transistor utilization factor
is defined as the output power normalized to the product of
switch voltage stress and rms current.
As the frequency further increases and approaches
6.78 MHz, it becomes more challenging to implement a highside gate driver that can withstand a large dV/dt at the
switching node. Besides the complexity of high-side gate
driving, to achieve zero-voltage switching (ZVS) in a highfrequency Class-D amplifier, the switches’ output capactiance
Coss become non-negligible and may require a significant
dead-time for resonant charging/discharging, which compromises the practical transistor utilization factor. With nonnegligible Coss , the switches can operate with both ZVS and
zero voltage derivative switching (ZVDS) so that the circuit
behaves more like a hybrid Class-DE amplifier [17].
Contrary to low-frequency inductive WPT systems where
Class-D inverter dominates, many multi-MHz WPT systems
prefer the Class EF family switching amplifiers due to the
simplicity of gate driving [8], [12], [13], [15]. However, unlike
Class-D, the efficiency optimization of Class-E, -EF amplifiers
for WPT is often more complex, as it involves multiple degrees
of freedom in resonant component selection. Regardless of
which topology to use, it is critical to maintain efficient ZVS
operation across a wide range of loads in an inverter operating
at MHz frequencies.
In this demonstration, we use a novel push-pull EF2 /Φ2
amplifier topology that utilizes a T network for impedance
tuning, which is termed a PPT Φ2 amplifier and introduced
in [18]. The PPT Φ2 amplifier has the advantages of high
transistor utilization factor, simplicity of gate driving, and
capability of resistive load independent ZVS operation. Fig. 4
shows the schematic of the PPT Φ2 amplifier driving the
series-compensated coils and a full-bridge rectifier.

D=21.5 cm

(a)

(b)

Fig. 5: Photograph of the 1.7 kW prototype coils, k ≈ 0.28 at 5.5 cm gap.

III. S YSTEM I MPLEMENTATION
Table III lists the key components for the 1.7 kW Φ2
wireless dc-dc converter. With a targeted output of 400 V and
1650 kW, the dc load resistance is RL = 4002 /1650 Ω =
97 Ω. For convenience, we used 100 Ω in testing. The equivalent ac load for the receiving coil is RL,eq = π82 RL = 81 Ω.
With manufacturer’s SPICE model of the SiC didoe, we found
through simulation that a 3.7 µH Lzvs makes the rectifier’s
impedance net resistive.
With an estimated k of 0.3 between the coils, the optimal
inductance of the receiving coil, according to (3), should be
Lsec =

RL,eq
RL,eq
≈
= 6.34 µH
γopt ωs
kωs

(6)

The PPT Φ2 can generate a square wave with an amplitude
of roughly 2Vi , so the transmitting coil should have the same
inductance as the receiving coil with a targeted input of 200 V.
The component values of the PPT Φ2 amplifier were designed
following the guidelines in [18]. Fig. 5 presents the prototype
wireless coils, and Fig. 6 shows the prototype inverter and
rectifier. The final coils have a inductance around 6.25 µH.
Fig. 7 shows the measured drain node voltage waveform
and efficiency performance of the prototype. The converter
can deliver 1700 W continuously from 200 V to 410 V with
a dc-dc efficiency of 95.7 % at 6.78 MHz, and can maintain
above 93% dc-dc efficiency across 100 W to 1700 W output
range. Fig. 8 shows the test setup of the prototype with forcedair cooling and thermal camera.
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Fig. 6: Photograph of the PPT Φ2 wireless dc-dc converter. (a) PPT Φ2
inverter, dimensions (including heatsink) are 8.1 cm x 7 cm x 6 cm. (b)
Rectifier, dimensions (including heatsink) are 4.6 cm x 3.6 cm x 3.6 cm.
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Fig. 7: Prototype experimental results, (a) drain voltage waveform at 200 Vi
and (b) efficiency performance across output power. Gate driving losses
excluded. Power is varied by adjusting the input voltage.

Fig. 8: Test setup with fan cooling and thermal camera.

High-frequency wireless power transfer can be more costeffective than conventional litz-based, kHz-frequency WPT
systems, but the efficiency of existing MHz-frequency systems
has been limited by low-efficiency multi-MHz inverters. The
losses in MHz demonstrations have been about 2× higher
than comparable systems in the kHz regime. In this paper, we
introduce a novel high-frequency resonant amplifier topology
to showcase a 1.7 kW 6.78 MHz WPT system with dc-dc
efficiencies above 95 % while using low-cost air-core coils.
This benchmark-setting prototype highlights the promise of
high-frequency, high-power WPT for future ubiquitous EV
charging applications.
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