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6.78 MHz Wireless Power Transmitter Based on a
Reconfigurable Class—E Power Amplifier for
Multiple Device Charging

Hansik Oh”, Wooseok Lee

Keum Cheol Hwang
and Youngoo Yang

Abstract—This article presents a 6.78 MHz wireless power trans-
mitter based on a reconfigurable Class-E power amplifier for var-
ious and multiple device charging. To maintain high—efficiency for
various power receiving devices, an optimized offset transmission
line based on lumped components and a susceptance switching
circuit are proposed at the load network of the differential Class-E
power amplifier. The offset transmission line changes the load
impedances of the Class-E power amplifier for the various receivers
to the high-power and high—efficiency region. In addition, the
susceptance switching circuit further shifts the load impedances of
the Class-E power amplifier for some receivers to the high-power
and high-efficiency region. To verify the proposed offset line and
susceptance switching circuit, a 6.78 MHz wireless power transmit-
ter was implemented and verified for various receivers. For three
different receivers, the transmitter maintains optimal transmission
efficiencies for received power levels of 39.7,16.3, and 8.5 W. A peak
system efficiency of 81.4% was achieved when the received power
is 31.9 W. The system efficiency maintained well around 74.2 and
70.6 % for the received power of 16.3 and 8.5 W, respectively.

Index Terms—Multiple device charging, offset transmission line,
reconfigurable Class—-E power amplifier, susceptance switching
circuit, wireless power transfer.

1. INTRODUCTION

IRELESS power transfer (WPT) technologies for mo-

bile or wearable devices have been more and more pop-

ular, thanks to high user convenience. Inductive coupling, which

uses a very low frequency of less than 1 MHz, has been actively

applied for various mobile phones and wearable devices. In

addition, WPT systems using electromagnetic resonance, which

uses little of the higher—frequency bands of 6.78 or 13.56 MHz,
has been emerging as an alternative technology [1]-[18].

Research on various circuits for WPT systems based on

electromagnetic resonance, which uses the 6.78 MHz band, has
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been actively done [10]-[17]. In [10], optimal design parameters
for the Class-E power amplifier (PA) and the rectifier were
calculated for the wide range of the load impedance. It was
experimentally verified that the WPT system can be optimized
using the calculated values for the various load impedances. An
impedance transformation network, which transforms a wide
range of the load impedance into the high—efficiency region, was
introduced for the Class-E PA [11]. A closed-loop WPT system,
which controls the output current of the Class-D PA to optimize
the load impedance of the resonator, was proposed for charging
mobile devices in [12]. Through the real-time control based on
the bluetooth link between the Tx and Rx, it was demonstrated
that the maximum system efficiency can be maintained. For
[10]-[12], only a single Rx was considered.

WPT systems for multiple Rx’s using a single Tx have been
also introduced [13]-[14]. Maximum efficiency point can be
adaptively tracked by controlling the duty cycle for the buck
converter in the Rx [13]. In addition, it was demonstrated that
three Rx’s can be efficiently charged one by one using time-
division multiplexing scheme. Six lithium-ion batteries can be
charged and their voltages can be equalized using a single Tx
[14]. However, in [13] and [14], multiple but homogeneous
Rx’s were considered. Resonator design and tuning methods
for homogeneous multiple Rx coils were reported in [19]-[21].
In [19], an equivalent circuit model was proposed for a single
Tx and multiple Rx’s. Optimum distance and resonant capacitor
were derived for a frequency of 6.5 MHz. In [20], a switchable
matching network using a capacitor array in the resonator was
proposed for efficient power transfer. In [21], the power division
ratio to the multiple Rx’s was derived in terms of the load
impedance, inductance, and coupling coefficient. An impedance
inverter was proposed to appropriately distribute power to the
multiple Rx’s. What is needed is a Tx that can charge multiple
and different Rx’s and maintain high-efficiency for various
charging conditions.

In this article, a 6.78 MHz Tx for a WPT system that can
charge multiple and different Rx’s with high-efficiency is pro-
posed. An offset transmission line (OTL) at the load network
of the Class-E PA is proposed to maintain high-efficiency for
the various load impedances from the various configurations
of multiple Rx’s. In addition, a simple susceptance switching
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Fig. 1. WPT system for multiple charging using three different types of Rx’s.

circuit (SSC) is proposed to the load network of the Class-E PA
that can further tune the load impedance which is changed too
much for some cases. The OTL works without control, while
the SSC requires just a two-bit digital control for various Rx
conditions. It was experimentally demonstrated, for the first
time, that the Class-E Tx using the proposed OTL and the SSC
maintains high-efficiency for various homogeneous or hetero-
geneous configurations of multiple Rx’s.

Design procedure for the optimized OTL and the SSC will be
presented according to the load impedances of the Class—E PA
for the nine charging cases using the three types of Rx’s. Com-
parative experimental results for the conventional configuration
without the OTL and the SSC, the second configuration with the
OTL and without the SSC, and the third configuration with the
OTL and the SSC will be presented. The experimental results
will be compared to the previously reported state-of-the-art as
well.

II. MULTIPLE CHARGING SCENARIOS AND TX
LOAD IMPEDANCES

A. Various Cases for Single or Multiple Charging

A configuration of the WPT system, which can charge various
types of mobile devices, such as laptops, tablets, or cellular
phones, is shown in Fig. 1. For three possible types of mobile
devices, Rx circuits should be differently designed. Laptops can
have Rx type-A which is designed to output a dc power of about
40 W. Tablets can have Rx type-B which is designed to output
a dc power of about 16 W. Cellular phones can have Rx type-C
which is designed to output a dc power of about 8 W. Each Rx
type has different resonant coils whose sizes were determined
to fit the sizes of the application devices.

Nine different cases using various combinations of the three
types (A, B, and C) of Rx’s are selected for representative single
or multiple Rx configuration, as shown in Table I. Case 1, 3,
and 9 are configured with a single Rx using type-A, -B, and -C,
respectively. Case 4 and 5 are configured with heterogeneous
multiple Rx’s using one type-B and two type-C Rx’s and using
one type-B and one type-C Rx’s, respectively. Case 2, 6, 7, and 8
are configured with homogeneous multiple Rx’s using two type-
B, four type-C, three type-C, and two type-C Rx’s, respectively.
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TABLE I
SELECTED CASES FOR VARIOUS SINGLE OR MULTIPLE RX’S

Case Ef;gg; of RX’S) Charging type
1 A (1) Single
2 B (2) Homogeneous multiple
3 B (1) Single
4 B (1), C (2) Heterogeneous multiple
5 B (1), C (1) Heterogeneous multiple
6 C @ Homogeneous multiple
7 C (3) Homogeneous multiple
8 C (2 Homogeneous multiple
9 C (1) Single

Rx coil Rx matching network Rectifier
C. L, C,

o It

t 1
. 2

Schematic of the Rx using a full-bridge rectifier.

Fig. 2.

B. Rx Circuit and Resonant Coil Design

Fig. 2 shows a schematic of the Rx circuits, including a
receiving resonant coil and a full-bridge rectifier. The input
impedance, Z,.,;, for the rectifier with matching network in the
Rx is very important for designing the Tx and the resonant coils.
Ry, and Cp, are a load resistance and a large capacitance of
the rectifier to obtain appropriate dc voltage at the load. The
matching network is designed using C'.q, C2, L1, and L,.5. The
resonant capacitor, C..., and L., can be merged with a single
reactive component. Z/. is an input impedance of the rectifier.
Z!. . was calculated using fundamental components of current
and voltage which were extracted using a large-signal simulation
for the full-bridge rectifier. For the full-bridge rectifier, four
Schottky diodes (Diodes, Inc.’s DFLS240 L) were used. The
diode has a breakdown voltage of 40 V. For the three types of
Rx’s, an identical rectifier including the Rx matching network
was used with L,q, Lo, Cp1, and Cpo of 1.5 pH, 0.75 pH,
370 pF, and 1500 pF, respectively.

Fig. 3 shows Z and Z,, for two different R;’s of 10 and
202 Ry, of 10 2 was applied to obtain the received power levels
of 40, 16, and 8 W for three types of the devices with output dc
voltages of 20, 12, and 9 V, respectively. Ry, of 20 € was also
considered to design the overall transceiver, because the load
resistance increases as the devices become more charged. The
original input impedances of the rectifier (Z).,) are 6.6-j2.6 and
12.3-j5.9 Q for R;,’s of 10 and 20 €2, respectively. After applying
the matching network, the input impedances (Z,.,,) become 25.7-
j0.7 and 51.2-j6.8 Q2 for Ry’s of 10 and 20 €2, respectively.
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Fig. 4. Designed resonant coils for the Tx and three types of the Rx’s.
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Fig. 5. EM field simulation setup for the resonant coils. (a) 3-D view for
Case 6. (b) PCB layers.

Fig. 4 shows the designed Tx coil and three different types of
Rx coils. The size of the Tx and type-A Rx coils is 26 x 12 cm?,
and the sizes of the other two types of Rx coils are 12 x 12
and 6 x 12 cm?. The width of the signal lines and line spacing
are both 0.3 cm. The sizes of the Rx coils were determined
by considering their applications, such as laptops, tablets, and
cellular phones.

Fig. 5(a) shows a three dimensional (3-D) view of the electro-
magnetic field (EM) simulation setup using a single Tx coil and
four type-C Rx coils for Case 6. The coils were implemented on
a printed circuit board (PCB) based on Rogers Corp.’s RO4350
whose dielectric constant, loss tangent, thickness are 3.5,0.0031,
and 1.0 mm, respectively. The cross-sectional information for
the simulation setup is depicted in Fig. 5(b). The top and bot-
tom metal layers based on copper has a thickness of 80 pm.
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Fig. 6.  'WPT system with a Tx with multiple Rx’s.

Keysight’s momentum in the advanced design system (ADS)
was used for the EM simulation.

C. Load Impedances of the Tx

Fig. 6 shows a WPT system with a Tx and multiple Rx’s. For
various configurations of multiple Rx’s, the load impedances of
the Tx (Z;,) can differ. In the figure, C', and C,,,  are resonant
capacitors for the coils of the Tx and Nth Rx, respectively. L,
and L, v are the self-inductances for the coils of the Tx and the
Nth Rx, respectively. My is the mutual inductance between the
Tx coil and the Nth Rx coil. The mutual inductances between
the adjacent Rx coils were ignored based on the report by [17].
The load impedances of the Tx in perfect resonance are derived
as follows.

al w?M?

Ttz = Tta + ; PR M
where 7, and 7, ; are equivalent resistances to model the loss
of the resonant coils for the Tx and ith Rx. As the Rx coil
becomes smaller than the Tx coil, the mutual inductance, M,
gets smaller, which decreases Z;,. As the number of Rx’s in-
creases, Zi, increases as well. If it is assumed that the equivalent
resistances of the coils are very small, i.e. 14, 74, = 0, and
the mutual inductance of M, remains large with enough Tx and
Rx’s coupling, and all the loads of the Rx are identical, the load
impedances of the Tx can be simplified as follows.

2

ZO coil
—_— 2
7. (2

N
Zocon =w\| Y M?. @)

Equation (2) indicates that the resonant coils operate as an
impedance transformer which works as a quarter-wave trans-
mission line with a characteristic impedance of Zj ,;; and an
electrical length of 90°. The accurate values of Z;,’s can be

th’ =
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Fig. 8. Schematic of the differential Class—E PA with a Class—E load network

and a Tx resonant coil.

obtained using the EM simulation even including the effect of
the mutual inductances between the adjacent Rx coils. For the
cases with multiple Rx’s, the cross-coupling between adjacent
Rx coils was found to be negligible, so that it takes almost no
effect on the output performances.

Fig. 7 shows the simulated Z;, s for the cases from 1 to 9 with
Rx load resistances of 10 and 20 2. As shown, the widespread
Zy’s for different cases, which are on the real axis of the Smith
chart, must be matched for the PA of the Tx.

III. RECONFIGURABLE LOAD NETWORK DESIGN FOR
THE CLASS-E PA

A. OTL of the Class—E PA

Fig. 8 shows a schematic of the differential Class—E PA with
a Class-E load network and an equivalent circuit of the Tx
resonant coil. L.y is a large inductor for RF choke, and Cy,
is a shunt capacitor required for Class—E operation. A series
resonance network based on Cies and Ly follows. A low-pass
L-section matching network using L; and C; transforms Z;,, to
Zpa-

Simulated load impedances, Z,,’s, are presented in Fig. 9
on the contours for constant efficiencies with a step of 5%
points and for constant output powers with a step of 2.5 dB. The
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Fig. 10.  Schematic of the differential Class—E PA with the OTL.

simple L-section impedance matching network for the Class—E
PA was designed to have high-efficiency and high output power
especially for Case 1, which requires very high received power
at the Rx of about 40 W for laptop applications. However, as
shown, other impedances are dispersed and rotated away from
the high-efficiency region.

Fig. 10is a schematic of the differential Class—E PA including
the OTL, which is designed to rotate Z;, on the Smith chart.
The OTL is designed using lumped components with a balanced
m—type structure. With rotated load impedances of Z';,’s, the
Zpa’s can be rotated into the high-efficiency region, which is
graphically presented in Fig. 9.

The values of the lumped components for the balanced 7-type
transmission line are given as follows.

7, sin 0
Lot = % @)

1 1 —cosf
\/ (5)
2wZp.0frf V 14 cost
where Zj ,r¢ and 0 are a characteristic impedance and a phase
angle of the line, respectively. The value of Cy must be half

that of the shunt capacitor for the single-ended m—type transmis-
sion line based on lumped components. Then, the rotated load

Cott =
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Fig. 11.  Simulated impedances with and without OTL. (a) Z';’s. (b) Zpa’s.

impedance of Z’;,’s can be obtained as follows.

Ly + J 20,0 tan 0
I Z(),off + ]Zta: tan 6

Z/ta; = ZO,O (6)

where the OTL is assumed as lossless.

The OTL having Zj o7 ¢ of 40 €2 and 6 of 20° was designed
using (4) and (5) and applied between the load network of
the Class-E PA and the Tx coil. Fig. 11 shows the simulated
impedances with and without OTL. Fig. 11(a) shows Z’;,’s
that are rotated from Z;,’s by 20° around the characteristic
impedance of 40 € as a center. As a result, Z,,,’s are rotated
in the high-efficiency region, as shown in Fig. 11(b). As shown,
the OTL with appropriate characteristic impedance and phase
can increase the efficiency of the Class-E PA for various cases.

For the load network of the Tx for WPT, some impedance
matching networks, such as a single-ended 7-type impedance
matching network [11] and a double-sided LCC compensa-
tion network [22], were previously reported. However, these
impedance matching networks were designed just for a single
Rx. The proposed OTL operates as a transmission line with
a constant characteristic impedance and a constant electrical
length, which can transform the load impedances of the PA,
to maintain high-efficiency for various configurations of the
multiple Rx’s.
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B. SSC of the Class—E PA

In Fig. 11(b), Z,,,’s for cases 1 and 2 are matched well in the
high power and efficiency region. However, as the case number
increases to 9, Z,,’s escape from the high power and efficiency
region. To further improve the output power of the PA for the
cases from 3 to 9, Z,,’s for those cases must be shifted to the
higher power and efficiency region.

Fig. 12 is a schematic of the Tx with the SSC that includes
two parallel switching paths, consisting of one transistor and
two capacitors of Cy,1 and Cypo. Cgypy1 is smaller than Cpo.
Switch control voltages of V;, Vi, and V; are supplied through
10 k€2 resistors. The switch can be turned on by applying a high
voltage of 20 V to V; and a low voltage of 0 V to V; and V.
For this condition, a capacitance of Cl,,/2 is added in parallel to
the network. If the switch is turned OFFby applying high voltage
to Vz and V; and low voltage to V;, no additional capacitance
is added to the network. The load admittance of Y’;, which is
1/7';, can be changed to be Y, according to the states of the
switches as follows.

Y/

txo

both SWs OFF
C;wl , SWI: on and SW2: OFF (7

Y//tm = Y,tm + jw

sw2

C
Y'iw + jw 5 SW1: off and SW2: ON.
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Fig. 14.  Schematic of the proposed WPT Tx with multiple Rx’s.

Then, Z,,’s are changed according to the Z”,, which is
1/Y",, as follows.

Zpa = +JW2Lt (8)

Yo + jwC
where L; and C} are a series inductor and a shunt capacitor,
respectively, for impedance matching.

An adaptive matching network based on the capacitor matrix
switching [22] requires many capacitors and switches. As the
number of switches increases, the control circuit and algorithm
become more complex and the time for adaptive control can be
significantly increased. However, the proposed SSC has just two
essential switches which were realized using transistors in small
surface-mountable packages instead of relay-based switches
used in [22].

Fig. 13 shows simulated Z,,’s with and without SSC for the
cases from 3 to 9. The switch, SW1, is turned ON for the cases
from 3 to 7, whereas SW2 is turned ON for cases 8 and 9. With
SSC, Z,,’s are shifted to the high power and efficiency region,
which increases the output power and efficiency of the PA for
each case.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

Fig. 14 is a schematic of the proposed WPT Tx with multiple
Rx’s. Two switching transistors (Fairchild’s fdmc86248) are
used for the differential Class-E PA. Differential input signal
with a frequency of 6.78 MHz is applied to the gates of the
transistors. A Vpp of 20 V is applied through L.p; to the
drains of the transistors. Two series inductors of L. and L; are
merged to a single inductor of L', at the Class—E matching
network. The OTL is designed to improve efficiency of the
Class—E PA for various cases. In addition, the SSC is added to
further improve the output power and efficiency of the PA for the
cases from 3 to 9. For the SSC, switching transistors (Fairchild’s
fdmc86248) are employed to switch the shunt capacitors of
Csp1 and Cgya. The proposed WPT Tx for multiple device
charging was designed and implemented. The component values
and design parameters for the proposed WPT Tx are listed in

TABLE II
COMPONENT VALUES AND DESIGN PARAMETERS FOR THE PROPOSED WPT TxX

Component Value Component Value
L yes 1.0 pH Csp 100 pF
Loff 0.18 ;,LH C 500 pF
Lty 374 puH  Clhres 1100 pF
Lygz1 374 pH  Csu 820 pF
Lyg 2 1.96 pH  Csw2 1100 pF
L'rz,3 1.14 [LH Coff 100 pF
Ttx 0823 Q2  Cig 147 pF
Tre,1 0823 Q2  Crsz 147 pF
Tra,2 0457 Q  Chrap2 281 pF
Tre,3 0.331 Q Crz,3 484 pF

Table II. Quality factors of the coils are computed as 194, 183,
and 147 for Rx type A (or Tx), B, and C, respectively.

Fig. 15(a) and (b) are photographs of the implemented Tx and
the full-bridge rectifier for the WPT system. The Tx includes the
proposed OTL and SSC and has a size of 13.0x 8.5 cm?. Both the
Tx and rectifier were implemented on a PCB based on FR4. The
full-bridge rectifier including the Rx matching network has a size
of 3.5x2.5 cm?. Fig. 16 shows examples of the measurement
setups for various cases of multiple charging: (a) Case 1, (b)
Case 2, and (c) Case 6. A supply voltage of 20 V is applied to the
Tx using a dc power supply. Electrical loads (Maynuo’s M9712
and Keithley’s 2380) provide the load resistances of the Rx’s and
the waveforms were probed using an oscilloscope (Keysight’s
DSOX1120 G). The received output power was calculated using
the measured dc voltage and the load resistance. Considering the
thickness of the housing of each device, the distances between
Tx coil and Rx coils were set as 50, 40, and 30 mm for Rx types
A, B, and C, respectively.

Fig. 17 shows the measured voltage waveforms for the imple-
mented WPT system. Vi p and Vg v are the gate voltages for
the positive and negative transistor cells. Vp_p and Vp n are the
drain voltages for the positive and negative transistor cells for
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Fig. 19. Measured received dc powers for the cases from 1 to 9. (a) Ry, of
10 Q. (b) Ry, of 20 Q.

the differential Class-E PA. Peak voltage of about 68 V, which is
3.4 times larger than the supply voltage of 20 V, was measured.
VrecT,p and Vrgcor, N are the measured voltages at the input
ports of the full-bridge rectifier. Fig. 18 shows the measured
system efficiencies of the proposed Tx and Rx’s, including
Class-E PA, Tx and Rx coils, Rx rectifier, for the cases from 1
to 9 with the Rx load resistance (Ry,) of 10 € [for (a)] and 20
[for (b)]. Since the system includes the single-stage differential
Class-E PA, OTL, SSC, Tx/Rx coils, and the full-bridge rectifier,
the system efficiency was calculated using the power sum from
all the dc outputs of the rectifiers divided by the dc power
supplied to the Class-E PA.

Compared to the efficiency without the proposed OTL and
SSC networks, the measured efficiencies for the cases from 2 to 9
were clearly improved by using the proposed OTL. In addition,
the measured efficiencies for the cases from 3 to 9 can be further
improved by using the proposed SSC. For Case 1, with an Ry,
of 20 (2, a high-efficiency of 81.4% was achieved. The received
power of each Rx for the cases with multiple Rx’s (case 2, 4, 5,
6, 7, and 8) becomes a little lower than the received power for
the cases with a single Rx (case 1, 3, and 9). Since the RF-dc
conversion efficiency of the full-bridge rectifier decreases as the
RF input power decreases, the efficiencies for the cases with
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Fig. 20. Measured system efficiencies and received dc powers for various
Rp’s. (a) Case 1. (b) Case 3. (c) Case 4.

multiple Rx’s become a little lower than those for the cases with
a single Rx.

Fig. 19 shows the measured received dc powers for the cases
from 1 to 9 with the Rx load resistance (Ry,) of 10 €2 [for (a)]
and 20 €2 [for (b)]. Compared to the received dc powers without
the SSC, the received dc powers are clearly increased for the
cases from 3 to 9. For the cases with a single Rx, such as 1, 3,
and 9, the received dc powers are 39.7, 16.3, and 8.5 W, which
can sufficiently charge laptops, tablets, and mobile phones,
respectively. In other multiple Rx cases, sufficient dc power was
received from the multiple Rx’s. The measured performances
are summarized for all the cases in Table III.
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TABLE III
PERFORMANCE SUMMARY OF THE PROPOSED WIRELESS POWER TRANSFER SYSTEM FOR THE CASES OF VARIOUS RECEIVERS
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Fig. 21 shows the estimated loss of each circuit block for the

Charging case Casel Case2 “Case3 *Case4 *Case5 “Case6 “Case’ “Case8 “Case9
One type-B | One type-B
Rx configuration | One type—A | Two type-B | One type-B P P Four type—C | Three type—C | Two type—C | One type—C
Two type—C | One type—C
R 100 397 W 183 W 162 W 16.8 W 16.6 W 143 W 11.7 W 94 W 8.5 W
L=
71.9% 58.9% 74.2% 56.4% 58.9% 53.3% 53.4% 54.5% 70.6%
R 20 Q 319 W 152 W 13.7 W 119 W 11.8 W 13.1'W 10.6 W 83 W 7.0 W
L=
81.4% 65.7% 78.7% 60.7% 62.1% 59.5% 59.0% 57.8% 70.7%
*: Susceptance is tuned using the SSC.
TABLE IV
PERFORMANCE COMPARISON OF THIS RESEARCH AND PREVIOUS STUDIES
Ref. Tx coil Rx coil Number Type of the PA Supply Peak received | Peak system Rx Features
size (em?) | size (em?) | of Rx’s voltage (V) | power (W) | efficiency (%) | configuration
P: t timizati
ol | 10x10 1010 1 Class-E 18 20.0 84.0 Single arameter optimization
for load variation
TCM Class-E B . R HITN for wide
[11] 10x10 10x10 1 25 27.0 81.0 Single
VM Class-E load variation
Closed-1 trol
121 | 21x14 6x4.4 1 Class-D N/A 5.0 *54.0 Single osed=loop contro
for #FMET
H s | Closed-1 trol
(131 | 20x10 10x6 3 CM Class—E 30 20.0 717 omogeneous | - Llosec=o0p CoNto
multiple for ¥*MET
) H Batt 1t;
(4] | 314 32 6 Class-E 35 *27.8 *74.7 omogeneons alery votlage
multiple equalization process
Adapti tching fa
221 | 1256 1256 1 Class—E N/A 1.0 88.0 Single aptive matching for
distance variation
Single,

In 26x12 39.7 81.4 homogeneous OTL and SCC
this 26x12 12x12 1, 2, 3, 4 | Differential Class-E 20 16.3/1 Rx 78.7 multiple, and for various Rx
work 6x12 8.5/1 Rx 70.7 heterogeneous configurations

multiple

“Graphically estimated, N/A: not available,

fCurrent mode,

1 Voltage mode,

fImpedance transformation network,

HMaximum efficiency tracking

Fig. 20 shows the measured system efficiencies and received 16
. . . : W/ : d
dc powers for various Ry’s. The measured efficiencies were 14{A B T e
. . . ) 5 | ! A B
significantly improved using the{ proposed OTL for the Ry,’s of ; | ! ¢ ple plc ple ple plc ple D
from 10 to 100 2 for the all charging cases from 1 to 9. From Case £10 1 i !
. . . . < NI
3 to 9, the efficiencies were further improved using not only the z 810 § N § g ! ! g
. . . 2 NN & \ %
OTL but also the SSC. The received dc powers were maintained = 6+ § § g " | % \ g % % Rl ! 2 !
. . S HEHERHEHE B <

for Case 1 and 2 only using the OTL but were increased for Case 448 F \ § =is § tgiig § §

. N =:m \

3-9 using both the OTL and SSC. 2 I I I = I I I I I I I i
0 4
1 3 8 9

all cases with the Rx load resistance of 10 €. For the cases of 1
and 2, the losses were estimated for the configurations without
and with OTL. For the cases of from 3 to 9, the losses were
estimated for the configurations without and with both OTL and
SSC. For the case 2, since the loss of the switch is drastically
reduced for the configuration with OTL, the system efficiency is
accordingly increased. For the cases of from 3 to 9, the system
efficiencies are increased due to the decreased loss of the switch
and the increased output power by turning SSC on.

4 5 6
Case number

7

[ mTx switch = Tx M/N mSSC = OTL  Coupling coil % Rx M/N = Rectifier]

Fig. 21.

Loss estimation for the circuit blocks.

The performances and configurations of the designed WPT
system are summarized and compared to the previously reported
6.78 MHz WPT systems in Table IV. Compared to the previous
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work with multiple Rx’s, the proposed WPT system exhibited
higher efficiency for various Rx configurations.

V. CONCLUSION

In this article, a 6.78 MHz WPT Tx based on a differential
Class-E PA with the proposed OTL and SSC was presented for
transmitting power to multiple Rx’s based on various different
types of Rx. The differential Class-E PA was adopted to have
higher output power than the single-ended PA’s using the same
supply voltage. To improve the power transfer efficiency for
the selected cases with various Rx configurations, the OTL was
proposed to shift the load impedances of the PA to the high-
efficiency region. In addition, to further increase the received dc
power for some cases, the SSC was proposed to shift the load
impedances of the PA to the high power and efficiency region.

To validate the proposed methods, a differential Class-E PA
including the OTL and SSC, Tx coil, Rx coils for various Rx
types, and bridge-diode rectifiers were implemented. The system
efficiencies and received dc powers of the implemented WPT
systems for the various multiple charging configurations were
measured in three conditions: without OTL and SSC, with OTL
but without SSC, and with both OTL and SSC. With the proposed
OTL and SSC, the system efficiencies and received dc power
levels were clearly improved for the aimed cases. For the three
different types of single Rx, received dc powers 0of 39.7, 16.3, and
8.5 W, which are sufficient to charge laptops, tablets, and mobile
phones, were achieved. A peak system efficiency of 81.4% was
achieved for the Rx type-A. Compared to the previous WPT
systems for multiple Rx’s, the proposed system has advantages
in charging various types of single and multiple devices while
maintaining very high—efficiency and sufficient received power
for each case.
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