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TRANSMITTERS FOR WIRELESS POWER 
TRANSMISSION 

CLAIM OF PRIORITY UNDER 35 U.S.C. §119 

[0001] This application claims priority under 35 U.S.C. 
§1 19(e) to: 

[0002] US. Provisional Patent Application 61/098,742 
entitled “MAGNETIC POWER USING A CLASS E 
AMPLIFIER” ?led on Sep. 19, 2008, the disclosure of 
Which is hereby incorporated by reference in its entirety. 

[0003] US. Provisional Patent Application 61/097,859 
entitled “HIGH EFFICIENCY TECHNIQUES AT 
HIGH FREQUENCY” ?led on Sep. 17, 2008, the dis 
closure of Which is hereby incorporated by reference in 
its entirety. 

[0004] US. Provisional Patent Application 61/147,081 
entitled “WIRELESS POWER ELECTRONIC CIR 
CUIT” ?led on Jan. 24, 2009, the disclosure ofWhich is 
hereby incorporated by reference in its entirety. 

[0005] US. Provisional Patent Application 61/218,838 
entitled “DEVELOPMENT OF HF POWER CON 
VERSION ELECTRONICS” ?led on Jun. 19, 2009, the 
disclosure of Which is hereby incorporated by reference 
in its entirety. 

BACKGROUND 

[0006] 1. Field 
[0007] The present invention relates generally to Wireless 
charging, and more speci?cally to devices, systems, and 
methods related to portable Wireless charging systems. 
[0008] 2. Background 
[0009] Typically, each poWered device such as a Wireless 
electronic device requires its oWn Wired charger and poWer 
source, Which is usually an alternating current (AC) poWer 
outlet. Such a Wired con?guration becomes unWieldy When 
many devices need charging. Approaches are being devel 
oped that use over-the-air or Wireless poWer transmission 
betWeen a transmitter and a receiver coupled to the electronic 
device to be charged. The receive antenna collects the radi 
ated poWer and recti?es it into usable poWer for poWering the 
device or charging the battery of the device. Wireless energy 
transmission may be based on coupling betWeen a transmit 
antenna, a receive antenna and a rectifying circuit embedded 
in the host electronic device to be poWered or charged. Trans 
mitters, including transmit antennas, face con?icting design 
constraints such as relative small volume, high e?iciency, a 
loW Bill Of Materials (BOM), and high reliability. Accord 
ingly, there is a need to improve a transmitter design for 
Wireless poWer transmission Which satisfy the various design 
objectives. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 illustrates a simpli?ed block diagram of a 
Wireless poWer transmission system. 
[0011] FIG. 2 illustrates a simpli?ed schematic diagram of 
a Wireless poWer transmission system. 
[0012] FIG. 3 illustrates a schematic diagram of a loop 
antenna, in accordance With exemplary embodiments. 
[0013] FIG. 4 illustrates a functional block diagram of a 
Wireless poWer transmission system, in accordance With an 
exemplary embodiment. 
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[0014] FIG. 5 illustrates a block diagram of a Wireless 
poWer transmitter, in accordance With exemplary embodi 
ments. 

[0015] FIGS. 6A-6B illustrate a class-E ampli?er including 
Waveforms, in accordance With an exemplary embodiment. 
[0016] FIG. 7 illustrates a circuit diagram of a loaded a 
asymmetric class-E ampli?er, in accordance With an exem 
plary embodiment. 
[0017] FIG. 8 illustrates a circuit diagram of a loaded sym 
metric class-E ampli?er, in accordance With an exemplary 
embodiment. 
[0018] FIG. 9 illustrates a circuit diagram of a loaded dual 
half bridge ampli?er, in accordance With an exemplary 
embodiment. 
[0019] FIG. 10 illustrates a circuit diagram of a ?lter and 
matching circuit including a Waveform, in accordance With an 
exemplary embodiment. 
[0020] FIGS. 11A and 11B illustrate circuit diagrams of 
intermediate driver circuits, in accordance With exemplary 
embodiments. 
[0021] FIG. 12 illustrates a circuit diagram of portions of a 
Wireless poWer transmitter, in accordance With an exemplary 
embodiment. 
[0022] FIG. 13 is a ?owchart of a method for transmitting 
Wireless poWer, in accordance With an exemplary embodi 
ment. 

[0023] FIG. 14 illustrates a circuit diagram of a Wireless 
poWer receiver, in accordance With an exemplary embodi 
ment. 

DETAILED DESCRIPTION 

[0024] The Word “exemplary” is used herein to mean “serv 
ing as an example, instance, or illustration.”Any embodiment 
described herein as “exemplary” is not necessarily to be con 
strued as preferred or advantageous over other embodiments. 
[0025] The detailed description set forth beloW in connec 
tion With the appended draWings is intended as a description 
of exemplary embodiments of the present invention and is not 
intended to represent the only embodiments in Which the 
present invention can be practiced. The term “exemplary” 
used throughout this description means “serving as an 
example, instance, or illustration,” and should not necessarily 
be construed as preferred or advantageous over other exem 
plary embodiments. The detailed description includes spe 
ci?c details for the purpose of providing a thorough under 
standing of the exemplary embodiments of the invention. It 
Will be apparent to those skilled in the art that the exemplary 
embodiments of the invention may be practiced Without these 
speci?c details. In some instances, Well-known structures and 
devices are shoWn in block diagram form in order to avoid 
obscuring the novelty of the exemplary embodiments pre 
sented herein. 
[0026] The term “Wireless poWer” is used herein to mean 
any form of energy associated With electric ?elds, magnetic 
?elds, electromagnetic ?elds, or otherWise that is transmitted 
from a transmitter to a receiver Without the use of physical 
electromagnetic conductors. PoWer conversion in a system is 
described herein to Wirelessly charge devices including, for 
example, mobile phones, cordless phones, iPod®, MP3 play 
ers, headsets, etc. Generally, one underlying principle of 
Wireless energy transfer includes magnetic coupled reso 
nance (i.e., resonant induction) using frequencies, for 
example, beloW 30 MHZ. HoWever, various frequencies may 
be employed including frequencies Where license-exempt 
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operation at relatively high radiation levels is permitted, for 
example, at either below 135 kHZ (LF) or at 13.56 MHZ (HF). 
At these frequencies normally used by Radio Frequency 
Identi?cation (RFID) systems, systems must comply With 
interference and safety standards such as EN 300330 in 
Europe or FCC Part 15 norm in the United States. By Way of 
illustration and not limitation, the abbreviations LF and HF 
are used herein Where “LF” refers to fO:135 kHZ and “HF” to 
refers to fO:13.56 MHZ. 
[0027] FIG. 1 illustrates Wireless poWer transmission sys 
tem 100, in accordance With various exemplary embodi 
ments. Input poWer 102 is provided to a transmitter 104 for 
generating a magnetic ?eld 106 for providing energy transfer. 
A receiver 108 couples to the magnetic ?eld 106 and gener 
ates an output poWer 110 for storing or consumption by a 
device (not shoWn) coupled to the output poWer 110. Both the 
transmitter 104 and the receiver 108 are separated by a dis 
tance 112. In one exemplary embodiment, transmitter 104 
and receiver 108 are con?gured according to a mutual reso 
nant relationship and When the resonant frequency of receiver 
108 and the resonant frequency of transmitter 104 are 
matched, transmission losses betWeen the transmitter 1 04 and 
the receiver 108 are minimal When the receiver 108 is located 
in the “near-?eld” of the magnetic ?eld 106. 
[0028] Transmitter 104 further includes a transmit antenna 
114 for providing a means for energy transmission and 
receiver 108 further includes a receive antenna 118 for pro 
viding a means for energy reception or coupling. The transmit 
and receive antennas are siZed according to applications and 
devices to be associated thereWith. As stated, an ef?cient 
energy transfer occurs by coupling a large portion of the 
energy in the near-?eld of the transmitting antenna to a receiv 
ing antenna rather than propagating mo st of the energy in an 
electromagnetic Wave to the far-?eld. In this near-?eld, a 
coupling may be established betWeen the transmit antenna 
114 and the receive antenna 118. The area around the anten 
nas 114 and 118 Where this near-?eld coupling may occur is 
referred to herein as a coupling-mode region. 

[0029] FIG. 2 shoWs a simpli?ed schematic diagram of a 
Wireless poWer transmission system. The transmitter 104, 
driven by input poWer 1 02, includes an oscillator 122, a poWer 
ampli?er or poWer stage 124 and a ?lter and matching circuit 
126. The oscillator is con?gured to generate a desired fre 
quency, Which may be adjusted in response to adjustment 
signal 123. The oscillator signal may be ampli?ed by the 
poWer ampli?er 124 With an ampli?cation amount responsive 
to control signal 125. The ?lter and matching circuit 126 may 
be included to ?lter harmonics or other unWanted frequencies 
and match the impedance of the transmitter 104 to the trans 
mit antenna 114. 

[0030] An electronic device 120 includes the receiver 108 
Which may include a matching circuit 132 and a recti?er and 
sWitching circuit 134 to generate a DC poWer output to charge 
a battery 136 as shoWn in FIG. 2 or poWer a device electronics 
(not shoWn) coupled to the receiver. The matching circuit 132 
may be included to match the impedance of the receiver 108 
to the receive antenna 118. 

[0031] As illustrated in FIG. 3, antennas used in exemplary 
embodiments may be con?gured as a “loop” antenna 150, 
Which may also be referred to herein as a “magnetic,” “reso 
nant” or a “magnetic resonant” antenna. Loop antennas may 
be con?gured to include an air core or a physical core such as 
a ferrite core. Furthermore, an air core loop antenna alloWs 
the placement of other components Within the core area. In 
addition, an air core loop may more readily enable placement 
of the receive antenna 118 (FIG. 2) Within a plane of the 
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transmit antenna 114 (FIG. 2) Where the coupled-mode 
region of the transmit antenna 114 (FIG. 2) may be more 
effective. 
[0032] As stated, ef?cient transfer of energy betWeen the 
transmitter 104 and receiver 108 occurs during matched or 
nearly matched resonance betWeen the transmitter 104 and 
the receiver 108. HoWever, even When resonance betWeen the 
transmitter 1 04 and receiver 1 08 are not matched, energy may 
be transferred at a loWer ef?ciency. Transfer of energy occurs 
by coupling energy from the near-?eld of the transmitting 
antenna to the receiving antenna residing in the neighborhood 
Where this near-?eld is established rather than propagating 
the energy from the transmitting antenna into free space. 
[0033] The resonant frequency of the loop antennas is 
based on the inductance and capacitance. Inductance in a loop 
antenna is generally the inductance created by the loop, 
Whereas, capacitance is generally added to the loop antenna’s 
inductance to create a resonant structure at a desired resonant 
frequency. As a non-limiting example, capacitor 152 and 
capacitor 154 may be added to the antenna to create a resonant 
circuit that generates a sinusoidal or quasi-sinusoidal signal 
156. Accordingly, for larger diameter loop antennas, the siZe 
of capacitance needed to induce resonance decreases as the 
diameter or inductance of the loop increases. Furthermore, as 
the diameter of the loop antenna increases, the ef?cient 
energy transfer area of the near-?eld increases for “vicinity” 
coupled devices. Of course, other resonant circuits are pos 
sible. As another non-limiting example, a capacitor may be 
placed in parallel betWeen the tWo terminals of the loop 
antenna. In addition, those of ordinary skill in the art Will 
recogniZe that for transmit antennas the resonant signal 156 
may be an input to the loop antenna 150. 

[0034] Exemplary embodiments of the invention include 
coupling poWer betWeen tWo antennas that are in the near 
?elds of each other. As stated, the near-?eld is an area around 
the antenna in Which electromagnetic ?elds exist but may not 
propagate or radiate aWay from the antenna. They are typi 
cally con?ned to a volume that is near the physical volume of 
the antenna. In the exemplary embodiments of the invention, 
antennas such as single and multi-turn loop antennas are used 
for both transmit (Tx) and receive (Rx) antenna systems since 
mo st of the environment possibly surrounding the antennas is 
dielectric and thus has less in?uence on a magnetic ?eld 
compared to an electric ?eld. Furthermore, antennas domi 
nantly con?gured as “electric” antennas (e. g., dipoles and 
monopoles) or a combination of magnetic and electric anten 
nas is also contemplated. 

[0035] The Tx antenna can be operated at a frequency that 
is loW enough and With an antenna siZe that is large enough to 
achieve good coupling ef?ciency (e.g., >10%) to a small Rx 
antenna at signi?cantly larger distances than alloWed by far 
?eld and inductive approaches mentioned earlier. If the Tx 
antenna is siZed correctly, high coupling ef?ciencies (e. g., 
30%) can be achieved When the Rx antenna on a host device 
is placed Within a coupling-mode region (i.e., in the near-?eld 
or a strongly coupled regime) of the driven Tx loop antenna 
[0036] As described herein, “proximity” coupling and 
“vicinity” coupling may require different matching 
approaches to adapt poWer source/ sink to the antenna/cou 
pling netWork. Moreover, the various exemplary embodi 
ments provide system parameters, design targets, implemen 
tation variants, and speci?cations for both LF and HF 
applications and for the transmitter and receiver. Some of 
these parameters and speci?cations may vary, as required for 
example, to better match With a speci?c poWer conversion 
approach. System design parameters may include various 
priorities and tradeoffs. Speci?cally, transmitter and receiver 
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subsystem considerations may include high transmission 
e?iciency, loW complexity of circuitry resulting in a loW-cost 
implementation. 
[0037] FIG. 4 illustrates a functional block diagram of a 
Wireless poWer transmission system con?gured for direct 
?eld coupling betWeen a transmitter and a receiver, in accor 
dance With an exemplary embodiment. Wireless poWer trans 
mission system 200 includes a transmitter 204 and a receiver 
208. Input poWer PTXl-n is provided to transmitter 204 for 
generating a predominantly non-radiative ?eld With direct 
?eld coupling 206 de?ned by coupling factor k for providing 
energy transfer. Receiver 208 directly couples to the non 
radiative ?eld 206 and generates an output poWer P RXOM for 
storing or consumption by a battery or load 236 coupled to the 
output port 210. Both the transmitter 204 and the receiver 208 
are separated by a distance. In one exemplary embodiment, 
transmitter 204 and receiver 208 are con?gured according to 
a mutual resonant relationship and When the resonant fre 
quency, f0, of receiver 208 and the resonant frequency of 
transmitter 204 are matched, transmission losses betWeen the 
transmitter 204 and the receiver 208 are minimal While the 
receiver 208 is located in the “near-?eld” of the radiated ?eld 
generated by transmitter 204. 
[0038] Transmitter 204 further includes a transmit antenna 
214 for providing a means for energy transmission and 
receiver 208 further includes a receive antenna 218 for pro 
viding a means for energy reception. Transmitter 204 further 
includes a transmit poWer conversion unit 220 at least par 
tially function as an AC-to-AC converter. Receiver 208 fur 
ther includes a receive poWer conversion unit 222 at least 
partially functioning as an AC-to-DC converter. 

[0039] Various transmitter con?gurations are described 
herein Which use capacitively loaded Wire loops or multi-turn 
coils forming a resonant structure that is capable to ef?ciently 
couple energy from transmit antenna 214 to the receive 
antenna 218 via the magnetic ?eld if both the transmit antenna 
214 and receive antenna 218 are tuned to a common reso 
nance frequency. Accordingly, highly ef?cient Wireless 
charging of electronic devices (eg mobile phones) in a 
strongly coupled regime is described Where transmit antenna 
214 and receive antenna 218 are in close proximity resulting 
in coupling factors typically above 30%. Accordingly, vari 
ous transmitter concepts comprised of a Wire loop/coil 
antenna and a transmit poWer conversion unit are described 
herein. 

[0040] FIG. 5 illustrates a block diagram of a Wireless 
poWer transmitter, in accordance With exemplary embodi 
ments. A transmitter 300 includes a transmit poWer conver 
sion unit 302 and a transmit antenna 304. Transmit poWer 
conversion unit 302 includes an ampli?er 306, an example of 
Which is a class-E ampli?er, that is used to drive transmit 
antenna 304. A ?lter and matching circuit 308 provides load 
matching and/or ?ltering of the driving signal generated by 
the ampli?er 306. It is noted that the term “ampli?er,” as used 
in relation to a class-E ampli?er 306, also corresponds to an 
“inverter,” “chopper,” or “poWer stage” because the ampli? 
cation is highly non-linear and the main objective is to gen 
erate a substantially unmodulated signal for Wireless poWer. 
[0041] Transmit poWer conversion unit 302 further 
includes an oscillator 310 Which generates a substantially 
unmodulated signal to intermediate driver 312 Which in turn 
drives the ampli?er 306. Oscillator 310 may be implemented 
as a stable frequency source providing a square-Wave signal 
With a 50% duty cycle. Intermediate driver 312 is con?gured 
to provide adequate drive for controlling transistors (e.g., 
MOSFETs) Within the ampli?er 306. The different operating 
voltages required by the oscillator 310, intermediate driver 
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312 and the ampli?er 306 are generated by a DC/DC con 
verter 314 in response to input voltage 316. In one exemplary 
embodiment, the ampli?er 306 receives oscillator signal 318 
at a frequency of 13.56 MHZ and ampli?es the oscillator 
signal to a poWer level on the order of, for example, 7 Watts. 
[0042] The exemplary embodiment of FIG. 5 provides an 
implementation based upon a reduced number of components 
and does not need additional circuitry to control the duty 
cycle due to the ?xed duty cycle operation. Furthermore, the 
exemplary embodiment of FIG. 5 can be implemented With a 
single transistor Which results in a loW harmonic content on 
the output signal due to a resonant load netWork needed for 
class-E operation. 
[0043] Further by Way of implementation, to design the 
class-E implementation of ampli?er 306 and ?lter and match 
ing circuitry 308, the range of the antenna input impedance 
322 and the load impedance 320 for the class-E operation of 
ampli?er 306 need to be characterized. Further ?gures and 
description herein disclose measurements and modeling for 
determining those impedances. 
[0044] FIG. 6A illustrates an ampli?er con?gured as a 
class-E ampli?er, in accordance With an exemplary embodi 
ment. An example of a transmitter con?gured With various 
ampli?ers suitable for a Wireless poWer transmitter operating 
at, for example, 13.56 MHZ. A class-E ampli?er 320 includes 
an active device sWitch 330, a load netWork 332 and the load 
334 illustrated as being a purely resistive load. The class-E 
ampli?er 320 of FIG. 6A illustrates a single-ended class-E 
ampli?er. 
[0045] The load netWork 332, including inductor L1 340, 
capacitor C1 338, capacitor C2 336 and inductor L2 334, is 
used to shape the current and voltage Waveform in a Way that 
the active device sWitch 330 sWitches under Zero-voltage and 
Zero-current conditions. This heavily reduces sWitching 
losses since a major contributor to ine?iciency is the poWer 
loss occurring in active device sWitch 330. In addition, the 
parasitic capacitance (not shoWn) of the active device sWitch 
330 (usually a PET) is used as a part ofcapacitor C1 338 thus 
the negative in?uence of the parasitic capacitance is elimi 
nated. 
[0046] FIG. 6B illustrates the resulting voltage and current 
Waveforms of the active device sWitch 330 in a class-E con 
?guration. At the sWitch-on instant (center of plot), the cur 
rent and the voltage over the active device sWitch 330 is 
almost Zero, leading to reduced sWitching losses. The same is 
true in the sWitch-off instant (end of plot) Where the voltage 
rises only When the current is Zero already. 
[0047] Components for the class-E ampli?er 306 may be 
determined according to the folloWing formulae: 

L1 10 (1) 
: T1 

b2 : QL'RLoad (2) 
(A) 

0.2 3 
Cl 2 — < ) 

w'RLoad 

1 1.11 (4) 
C2 = i + i] 

w - QL - Rum QL - 1.7879 

v - v m 2 (5) 
PM, = 0.5768- i< CC CE ’) 

Load 

vCEpmk = 3.563- V“ - 2.562- vCEm, (6) 
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(This formulae Was given originally by the inventor of the 
class E ampli?er, Nathan 0. Sokal. Some reference should be 
given here (e.g. Sokal N. O., Sokal A. D., “Class Eia NeW 
Class of High E?iciency Tuned Single Ended Switching 
PoWer Ampli?ers” IEEE Journal of Solid-State Circuits, Vol. 
SC-10, No. 3, June 1975) 
[0048] By Way of implementation, the quality factor of the 
load netWork (QLIwLZ/RLOM) has to be larger than 1.7879, 
otherWise capacitor C2 336 becomes negative and a class-E 
con?guration is inoperable. Furthermore, capacitor C2 336 
has to be larger than the collector-to-emitter capacitance (or 
drain-source capacitance) of the active device sWitch 330. 
Accordingly, all the components of the load netWork are 
dependent of RLoad. Since RLoad changes in the case of Wire 
less poWer With the coupling factor (k) to the receiver, the load 
netWork probably has to be adjusted dynamically or needs to 
be designed for a good trade-off taking into account all opera 
tion conditions. 
[0049] The class-E ampli?er 320 ofFlG. 6A can be adapted 
for Wireless poWer transmission. FIG. 7 illustrates a circuit 
diagram of an asymmetric class-E ampli?er 350, in accor 
dance With an exemplary embodiment. At the transmit 
antenna input port, the coupling netWork comprised of the 
magnetically coupled transmit antenna and the loaded receive 
antenna can be represented in a ?rst approximation by an 
L-R-circuit (equivalent resistance Rieqv 362 and equivalent 
inductance Lieqv 364 in FIG. 7). Equivalent inductance Lieqv 
364 becomes a part of the load netWork (compare FIG. 6A 
component inductor L2 334), and equivalent resistance Rim;v 
362 becomes the load resistance. Eventually, the inductor 
Lieqv 364 is supplemented by an additional series inductor in 
order to increase the quality factor of the load netWork. The 
quality factor should be above 1.79, otherWise the class-E 
ampli?er 350 cannot be designed properly as illustrated With 
respect of equations 1-6. 
[0050] Supply voltage 352 provides the poWer from Which 
the RF signals are generated based on the sWitching of control 
signal 356 Which drives the active device sWitch 358. A load 
netWork circuit includes inductor L1 354, capacitor C1 360, 
and capacitor C2 368. 
[0051] The class-E ampli?er 350 may generate harmonic 
content in the antenna current. To eliminate even order har 
monics, a symmetric class-E stage may be used. Odd order 
harmonics need to be ?ltered With additional ?ltering cir 
cuitry. FIG. 8 illustrates a circuit diagram of a class-E ampli 
?er 400, in accordance With an exemplary embodiment. A 
symmetric class-E ampli?er 400 is an extension of the asym 
metric class-E ampli?er 350 (FIG. 7) including a ?rst class-E 
stage 416 and a second class-E stage 420 con?gured as a 
mirror of ?rst class-E stage 416. Signal generators 406, 426 
operate at 1800 phase shifted from each other and respectively 
drive sWitches 408, 428 at a 1800 phase shifted Waveforms 
resulting in a push-pull operation. 
[0052] The tWo stages share the same load including 
equivalent resistance Rim;v 412 and an equivalent inductance 
Lieqv 414. If equivalent resistance Rieqv 412 and an equivalent 
inductance Lieqv 414 remain unchanged compared to the 
asymmetric class-E ampli?er 350 of FIG. 7, the capacitance 
of capacitors C1-C4 410, 418, 430, 438 Would have to be 
doubled in order to maintain Class E operation. This can be 
explained by the fact that effective inductance as seen per 
sWitch 408, 428 is half of equivalent inductance Liz‘;v (i.e., 
inductance Lieqv splits into tWo identical halves and is 
grounded at the symmetry point). 
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[0053] In the ?rst class-E stage 416, a supply voltage 402 
provides the poWer from Which the RF signals are generated 
based on the sWitching of control signal 406 Which drives the 
active device sWitch 408. A ?rst load netWork circuit includes 
inductor L1 404, capacitor C1 410, and capacitor C2 418. In 
the second class-E stage 420, a supply voltage 422 provides 
the poWer from Which the RF signals are generated based on 
the sWitching of control signal 426 Which drives the active 
device sWitch 428. A second load netWork circuit includes 
inductor L2 424, capacitor C3 430, and capacitor C4 438. 
[0054] The symmetric class-E ampli?er 400 further elimi 
nates even-order harmonic content in the current provided to 
the transmit antenna. Such even-order harmonic reduction 
reduces ?ltering circuitry that Would otherWise be needed for 
supplementary second-harmonics ?ltering. Additionally, it 
can provide higher RF output poWer compared to the asym 
metric class-E stage if both are operated from the same supply 
voltage. 
[0055] The class-E ampli?er desirably remains stable 
under different load conditions because various electronic 
devices or various receiver positions (With relation to the 
transmitter) of a receiver of an electronic device cause differ 
ent load conditions. Changing the load condition on a class-E 
ampli?er Without adapting its load netWork Will lead to a 
reduced ef?ciency and eventually higher stress on the active 
components. But depending on the type of load change, the 
impact could be smaller or larger. Various test cases have been 
simulated according to the component values listed in Table 
1. 

TABLE 1 

Simulated test cases for class-E ampli?ers and their component values. 

Case 

1 2 3 4 5 

RL [9] 5 10 20 30 40 
C1 [pF] 469 235 117 78 58 
L1 [uH] 2.9 5.9 11.7 17.6 23.5 
C2 [pF] 632 316 158 105 79 
L2 [uH] 0.293 0.586 1.17 1.76 2.3 
Vcc [V] 6.7 9.4 13.3 16.2 18.7 

(Note: RL = target load resistance, Vcc = Supply voltage for the class-E amplifer) 

[0056] By noW varying the load to become either capacitive 
or inductive, a desired operating region for the class-E poWer 
stage can be found. Circuit simulations have shoWn that the 
class-E poWer stage can be designed to operate e?iciently on 
various loads such as produced by the different receiver cou 
pling conditions that need to be supported. 
[0057] The component values and the required supply volt 
age Were calculated using the formulae of Equations 1-6. The 
calculated values Were optimiZed in the simulation to get the 
best possible ef?ciency With the target load (purely resistive). 
[0058] FIG. 9 illustrates a circuit diagram of a dual half 
bridge ampli?er, in accordance With an exemplary embodi 
ment. A dual half bridge ampli?er 450 drives a parallel tank 
circuit (not shoWn) and may be considered as the transforma 
tional dual circuit of a half bridge inverter driving a series tank 
circuit (not shoWn). The sWitching voltage and current Wave 
forms are transformational duals to those of a class-D circuit. 
Compared to a class-E stage, the dual half bridge ampli?er 
450 does not need the additional shunt capacitors or any 
inductance to supplement the load netWork. As opposed to the 
classical half bridge topology, the dual half bridge provides 
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low dV/dt voltage waveforms and switching is ideally per 
formed at Zero voltage instants. Switch transistors junction 
capacitance (e. g. drain-source capacitance of a PET) may be 
considered integral part of capacitance needed to achieve 
resonance in the antenna parallel tank circuit. So there is no 
abrupt charge and discharge of junction capacitances when 
switches open and close at Zero voltage instants. However, the 
dual half bridge ampli?er may be more susceptible to varia 
tions of equivalent inductance Lieqv thus resonant frequency 
of the parallel tank circuit as the result of any changes in the 
wireless power link (coupling network) as shown below. In 
order to achieve or maintain Zero voltage switching, switch 
voltage needs to be phase aligned to switch current 

[0059] In a ?rst order approximation, the coupling network 
consisting of the magnetically coupled transmit and the 
loaded receive antenna may be represented at its input port by 
an L-R series circuit (Lieqv 470, Rieqv 468). A parallel capaci 
tor C 1 466 is added to compensate for the inductive part of the 
antenna. Proper design and adjustment of capacitor C 1 466 is 
important as it results in a highly e?icient operation of the 
dual half bridge because any non-compensated reactive part 
in the load causes a phase-shift between the switch voltage 
and the switch current making it infeasible to switch transis 
tors in a lossless mode. Since equivalent inductor Lieqv 470 
and equivalent resistance Rieqv 468 vary with the coupling to 
the receiver, capacitor C 1 466 should be adjusted dynami 
cally, if high ef?ciency is to be maintained in all coupling and 
loading conditions. 
[0060] A supply voltage 460 provides the power from 
which the RF signals are generated based on the switching of 
control signals 452 and 454 which respectively drive the 
active device switches 4456 and 458. Chokes L2 462 and L3 
464 are used to provide a substantially constant current to the 
active device switches or the load and to ?lter RF currents 
from the supply voltage 460 (compare L1 340 in FIG. 6a). 
The dual half bridge ampli?er 450 may also be con?gurable 
in a receiver con?gured to operate as a synchronous recti?er 
operating in the positive VI quadrant, as part of a wireless 
power receiver. 

[0061] FIG. 10 illustrates a circuit diagram of a ?lter and 
matching circuit 308 of FIG. 5 and the respective frequency 
response. The ?lter and matching circuit 308, also known as 
a “resonant transformer” or “L-section”, provides an effective 
approach to realiZe narrowband matching and a certain addi 
tional ?ltering effect. The impedance gradient results in the 
?lter and matching circuit 308 being well suited to be com 
bined with ampli?er 306 (FIG. 5) con?gured as a class-E 
ampli?er, since for the harmonics (eg at 27.12 MHZ and 
40.68 MHZ), the ?lter and matching circuit 308 represents a 
high impedance. The bandwidth, or Q-factor, of the ?lter and 
matching circuit 308 is related to the ratio of resistance R1 
446 to resistance R2 448. A higher impedance-ratio leads to a 
narrower bandwidth and therefore to a higher ?ltering effect. 
A matching network with a high impedance ratio results when 
a class-E ampli?er that is designed for a low target load 
impedance (eg 89) is matched to an antenna 304 that is a 
parallel tank (FIG. 5) typically presenting a high input imped 
ance. In case of a charging pad antenna this impedance may 
be 7009 when loaded with a receiver. This approach seems 
particular interesting for class E ampli?ers that need to oper 
ate from low DC supply voltages and that typically perform 
near optimum in terms of both RF power output and e?i 
ciency when designed for low target load impedances. 
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[0062] FIG. 11A and FIG. 11B illustrate circuit diagrams of 
intermediate driver circuits, in accordance with exemplary 
embodiments. As illustrated in FIG. 5, intermediate driver 
312 drives the ampli?er 306. Selection of intermediate driver 
312 contributes to the ef?ciency of the transmitter 300 since 
power consumption by the intermediate driver 312 reduces 
the overall ef?ciency while the output signal of the interme 
diate driver 312 in?uences the switching behavior of the 
ampli?er 306 thereby affecting the ef?ciency of an ampli?er 
306 con?gured as a class-E ampli?er. 

[0063] FIG. 11A and FIG. 11B illustrated two different 
intermediate driver types. FIG. 11A illustrates a resonant 
type intermediate driver 312' which utiliZes energy stored in 
the gate capacitance of the transistor 482 (e. g., MOSFET) by 
adding an inductor 480 to build a series tank circuit. Such an 
approach appears to perform adequately for higher power 
levels and lower frequencies, but for power levels below, for 
example, 10 Watts at 13.56 MHZ, the additional circuitry 
(inductor, diodes and more complex control signals) for a 
resonant gate driver may incur additional complexity. 
[0064] FIG. 11B illustrates a nonresonant-type intermedi 
ate driver 312" which exhibits a comparable ef?ciency to the 
resonant-type intermediate driver 312' of FIG. 11A. By way 
of example, a nonresonant-type intermediate driver 312' may 
be con?gured as push-pull gate drivers including a totem-pole 
output stage with an N-channel transistor (e.g., MOSFET) 
and a P-channel transistor (e.g., MOSFET) as illustrated in 
FIG. 11B. By way of implementation, to achieve a high 
ef?ciency with a push-pull intermediate driver, the interme 
diate driver should provide low rDSOn values, fast switching 
speeds and a low inductance design to prevent ringing. To 
reduce resistive losses in the driver, several push-pull stages 
can be used in parallel. 

[0065] A description has been provided for a wireless 
power transmitter con?gured to include an ampli?er con?g 
ured as a class-E ampli?er. Various implementation consid 
erations include the realiZation that generally, for a given 
volume, low inductance values can be realiZed with a higher 
quality factor than high inductance values. Furthermore with 
reference to FIG. 5, the oscillator 31 0, intermediate driver 3 12 
and other auxiliary components (e. g., controllers) in wireless 
power transmitter 300 desirably operate from the same aux 
iliary voltage since each additional DC-DC conversion intro 
duces a power loss and requires additional volume within the 
electronic device. Further design considerations include 
operation of the active device switch (e.g., MOSFET) at high 
drain voltages (eg 75 V for a 100 V type) and low drain 
currents since the RDSO” of the used MOSFET types may be 
quite high, leading to higher losses with increased drain cur 
rents (could change with future semiconductors). Conse 
quently, the target load impedance of the class-E ampli?er 
(set by the L-section matching circuit) is desirably in a range 
where a good trade-off between high ef?ciency and high 
power output for given supply voltage is achieved. OptimiZed 
values, in accordance with exemplary embodiments, are in 
the range of 59 to 159. 

[0066] FIG. 12 illustrates a circuit diagram of portions of a 
wireless power transmitter, in accordance with an exemplary 
embodiment. Class-E ampli?er 306' of FIG. 12 illustrates a 
partial circuit diagram of the class-E ampli?er of FIG. 5 and 
as further detailed in FIG. 6A, FIG. 7 and FIG. 8. Speci?cally, 
class-E ampli?er 306' illustrates the active device switch 330, 
the capacitor C2 336, and the inductor L2 334. FIG. 12 also 
illustrates ?lter and matching circuit 308 of FIG. 5 and as 



US 2010/0184371Al 

further detailed With respect to FIG. 10. The ?lter and match 
ing circuit 308 of FIG. 5 includes the inductor LF 472 and the 
capacitor CF 474. 
[0067] FIG. 12 illustrates that the series-con?gured 
arrangement of the inductor L2 334 of the class-E ampli?er 
306' and the inductor LF 472 of the ?lter and matching circuit 
308. Accordingly, ampli?er inductor L2 334 and ?ltering 
inductor LF 472 may be combined into a single element 
inductor 476. Wireless poWer transmitter 300 further includes 
an antenna 304 con?gured as a tank circuit including an 
antenna capacitor CA 478 and an antenna inductor LA 480 
that Will generally include losses Which may be modeled by a 
series loss resistance (not shoWn in FIG. 12). Additionally, 
circuit elements 484 and 486 are included to model self 
capacitance (eg in case of a multi-tum loop antenna) and 
losses eg due to the electric stray ?eld and presence of lossy 
dielectric materials. The magnetic coupling betWeen antenna 
inductor LA 480 and the receive antenna is not shoWn in FIG. 
12. FIG. 12 illustrates the parallel-con?gured arrangement of 
the ?ltering capacitor CF 474 and the antenna capacitor CA 
478. Accordingly, the ?ltering capacitor CF 474 and antenna 
capacitor CA 478 may be combined into a single element 
capacitor 482. 
[0068] Therefore, FIG. 12 illustrates hoW a transmit 
antenna may be ef?ciently driven by a class-E ampli?er With 
the components being reduced to a single inductor 476, a 
single capacitor 482 and a loop antenna inductor 480.Accord 
ingly, a Wireless poWer transmitter has been described Which 
results in a loW bill of materials due to the use of an ampli?er, 
matching ?lter, a transmit antenna combination that alloWs 
for a combination of reactive components. Furthermore, the 
selection of an ampli?er, a matching ?lter and a transmit 
antenna alloWs for a combination of reactive components also 
resulting in a reduced number of components. Also, in an 
exemplary embodiment utiliZing a symmetric class-E ampli 
?er, the second harmonics of the antenna current are can 
celed. 
[0069] FIG. 13 illustrates a ?owchart of a method for trans 
mitting Wireless poWer, in accordance With an exemplary 
embodiment. Method 500 for transmitting Wireless poWer is 
supported by the various structures and circuits described 
herein. Method 500 includes a step 502 for driving a transmit 
antenna from an ampli?er through a matching circuit. Method 
500 further includes a step 504 for resonating the transmit 
antenna according to a transmit antenna capacitance realiZed 
in a capacitor shared With the matching circuit. 
[0070] By Way of an example of a Wireless poWer receiver, 
FIG. 14 illustrates a circuit diagram of a Wireless poWer 
receiver, in accordance With an exemplary embodiment. 
Wireless poWer receiver 608 including a resonant receive 
antenna 618, including inductive loop L2 632 and capacitor 
C2 634, and a passive double diode full Wave recti?er circuit 
600, in accordance With an exemplary embodiment. Recti?er 
circuit 600 includes diode D21 628 and diode D22 630. Rec 
ti?er circuit 600 further includes a high frequency (HF) choke 
LHFC 624 and a high frequency (HF) block capacitor CHFB 
626. The DC path is closed via the antenna loop. HF choke 
624 acts as current sink and With a diode conduction cycle D 
of 50%, the voltage transformation factor M is 0.5. Further 
more, the input impedance as seen at terminals A2, A2‘ at a 
fundamental frequency is approximately 4 times the load 
resistance RL 636. 
[0071] Proper selection of diodes for recti?er circuit 600 
may reduce circuit losses and increase overall e?iciency. For 
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recti?cation e?iciency, diodes may be selected based upon 
various parameters including peak repetitive reverse voltage 
(V R R M), average recti?ed forWard current (IO), maximum 
instantaneous forWard voltage (V F), and junction capacitance 
(Ca). VRRM and I0 are maximum ratings of the diode, Whereas 
VP and C]. are characteristic values Which in?uence the e?i 
ciency of the recti?er. 
[0072] Various diodes Were tested and voltage, current and 
instantaneous poWer of each diode Was calculated during the 
simulation to characterize the sWitching behavior of each 
type. Different sWitching behavior of the tested diodes Were 
observed With the diode With the largest Cj (MBRA340T3) 
shoWing the Worst sWitching behavior but exhibiting the 
smallest ON-state loss due to the reduced forWard voltage. 
For the various diodes types tested, the ON-state loss Was 
dominant. Speci?cally, the sWitching loss varies With the 
junction capacitance and the ON-state loss varies With the 
forWard voltage. Accordingly, the total loss is dependent on 
the ratio of Cj and UP and the operating point of the diode, 
Which is dependent on load resistance RL 636. 
[0073] A con?guration of tWo parallel PMEG40l0EH 
diodes proved to be the best option since the sWitching loss of 
this diode type is very small and the ON-state loss is reduced 
due to the parallel con?guration. The recti?er diodes may be 
implemented as double diodes (second diodes shoWn in phan 
tom) to reduce the conduction losses. The current splits up 
equally on both diodes thus changing the operation point of 
each diode compared to a single diode solution. It Was also 
observed that a single MBRS2040LT3 performed similarly 
Well because the forWard voltage Was signi?cantly loWer 
compared to the PMEG40l0EH and the sWitching loss Was 
still reasonable. Accordingly for one exemplary embodiment, 
a diode With a junction capacitance of about 50 pF and a 
forWard voltage of about 380 mV @ l A is an acceptable 
choice. 
[0074] Those of skill in the art Would understand that con 
trol information and signals may be represented using any of 
a variety of different technologies and techniques. For 
example, data, instructions, commands, information, signals, 
bits, symbols, and chips that may be referenced throughout 
the above description may be represented by voltages, cur 
rents, electromagnetic Waves, magnetic ?elds or particles, 
optical ?elds or particles, or any combination thereof. 

[0075] Those of skill Would further appreciate that the vari 
ous illustrative logical blocks, modules, circuits, and algo 
rithm steps described in connection With the embodiments 
disclosed herein may be implemented as electronic hardWare, 
and controlled by computer softWare, or combinations of 
both. To clearly illustrate this interchangeability of hardWare 
and softWare, various illustrative components, blocks, mod 
ules, circuits, and steps have been described above generally 
in terms of their functionality. Whether such functionality is 
implemented and controlled as hardWare or softWare depends 
upon the particular application and design constraints 
imposed on the overall system. Skilled artisans may imple 
ment the described functionality in varying Ways for each 
particular application, but such implementation decisions 
should not be interpreted as causing a departure from the 
scope of the exemplary embodiments of the invention. 
[0076] The various illustrative logical blocks, modules, and 
circuits described in connection With the embodiments dis 
closed herein may be controlled With a general purpose pro 
cessor, a Digital Signal Processor (DSP), anApplication Spe 
ci?c Integrated Circuit (ASIC), a Field Programmable Gate 
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Array (FPGA) or other programmable logic device, discrete 
gate or transistor logic, discrete hardWare components, or any 
combination thereof designed to perform the functions 
described herein. A general purpose processor may be a 
microprocessor, but in the alternative, the processor may be 
any conventional processor, controller, microcontroller, or 
state machine. A processor may also be implemented as a 
combination of computing devices, e.g., a combination of a 
DSP and a microprocessor, a plurality of microprocessors, 
one or more microprocessors in conjunction With a DSP core, 
or any other such con?guration. 

[0077] The control steps of a method or algorithm 
described in connection With the embodiments disclosed 
herein may be embodied directly in hardWare, in a softWare 
module executed by a processor, or in a combination of the 
tWo. A softWare module may reside in Random Access 
Memory (RAM), ?ash memory, Read Only Memory (ROM), 
Electrically Programmable ROM (EPROM), Electrically 
Erasable Programmable ROM (EEPROM), registers, hard 
disk, a removable disk, a CD-ROM, or any other form of 
storage medium knoWn in the art. An exemplary storage 
medium is coupled to the processor such that the processor 
can read information from, and Write information to, the 
storage medium. In the alternative, the storage medium may 
be integral to the processor. The processor and the storage 
medium may reside in an ASIC. The ASIC may reside in a 
user terminal In the alternative, the processor and the storage 
medium may reside as discrete components in a user terminal 

[0078] In one or more exemplary embodiments, the control 
functions described may be implemented in hardWare, soft 
Ware, ?rmware, or any combination thereof. If implemented 
in softWare, the functions may be stored on or transmitted 
over as one or more instructions or code on a computer 

readable medium. Computer-readable media includes both 
computer storage media and communication media including 
any medium that facilitates transfer of a computer program 
from one place to another. A storage media may be any 
available media that can be accessed by a computer. By Way 
of example, and not limitation, such computer-readable 
media can comprise RAM, ROM, EEPROM, CD-ROM or 
other optical disk storage, magnetic disk storage or other 
magnetic storage devices, or any other medium that can be 
used to carry or store desired program code in the form of 
instructions or data structures and that can be accessed by a 
computer. Also, any connection is properly termed a com 
puter-readable medium. For example, if the softWare is trans 
mitted from a Website, server, or other remote source using a 
coaxial cable, ?ber optic cable, tWistedpair, digital subscriber 
line (DSL), or Wireless technologies such as infrared, radio, 
and microWave, then the coaxial cable, ?ber optic cable, 
tWisted pair, DSL, or Wireless technologies such as infrared, 
radio, and microWave are included in the de?nition of 
medium. Disk and disc, as used herein, includes compact disc 
(CD), laser disc, optical disc, digital versatile disc (DVD), 
?oppy disk and blu-ray disc Where disks usually reproduce 
data magnetically, While discs reproduce data optically With 
lasers. Combinations of the above should also be included 
Within the scope of computer-readable media. 
[0079] The previous description of the disclosed exemplary 
embodiments is provided to enable any person skilled in the 
art to make or use the present invention. Various modi?ca 
tions to these exemplary embodiments Will be readily appar 
ent to those skilled in the art, and the generic principles 
de?ned herein may be applied to other embodiments Without 
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departing from the spirit or scope of the invention. Thus, the 
present invention is not intended to be limited to the embodi 
ments shoWn herein but is to be accorded the Widest scope 
consistent With the principles and novel features disclosed 
herein. 

What is claimed is: 
1. A Wireless poWer transmitter, comprising: 
a transmit antenna con?gured as a resonant tank including 

a loop inductor and an antenna capacitance; 
an ampli?er con?gured to drive the transmit antenna; 
a matching circuit operably coupled betWeen the transmit 

antenna and the ampli?er; and 
a capacitor integrating the antenna capacitance and a 

matching circuit capacitance. 
2. The transmitter of claim 1, Wherein the ampli?er is 

con?gured as a class-E ampli?er. 
3. The transmitter of claim 2, Wherein the class-E ampli?er 

is con?gured as an asymmetric class-E ampli?er. 
4. The transmitter of claim 2, Wherein the class-E ampli?er 

is con?gured as a symmetric class-E ampli?er. 
5. The transmitter of claim 1, further comprising an induc 

tor integrating an ampli?er inductance and a matching circuit 
inductance. 

6. The transmitter of claim 1, further comprising an inter 
mediate driver con?gured to drive the ampli?er. 

7. The transmitter of claim 6, Wherein the intermediate 
driver is con?gured as one of a resonant-type intermediate 
driver or a push-pull intermediate driver. 

8. The transmitter of claim 1, Wherein the matching circuit 
comprises a ?ltering circuit. 

9. The transmitter of claim 1, Wherein the transmit antenna 
comprises a pad antenna. 

10. A Wireless poWer transmitter, comprising: 
a transmit antenna con?gured as a resonant tank including 

a loop inductor and an antenna capacitance; 
an ampli?er con?gured as a dual half bridge ampli?er to 

drive the transmit antenna; and 
a capacitor integrating the antenna capacitance and junc 

tion capacitance of active switches in thc ampli?cr. 
11. A Wireless poWer transmitter, comprising: 
an ampli?er, a transmit antenna, and a matching circuit 

operably coupled therebetWeen; and 
a capacitor con?gured to include a capacitance of the 

antenna and a capacitance of the matching circuit. 
12. The transmitter of claim 11, further comprising an 

inductor con?gured to include an inductance of the ampli?er 
and an inductance of the matching circuit. 

13. A method for transmitting Wireless poWer, comprising: 
driving a transmit antenna from an ampli?er through a 

matching circuit; and 
resonating the transmit antenna according to a transmit 

antenna capacitance realiZed in a capacitor shared With 
the matching circuit. 

14. The method of claim 13, Wherein the driving the trans 
mit antenna comprises driving a transmit antenna from an 
ampli?er through the matching circuit according to an ampli 
?er inductance realiZed in an inductor shared With the match 
ing circuit. 

15. The method of claim 13, further comprising one of 
resonantly driving the ampli?er or push-pull driving the 
ampli?er. 

16. The method of claim 13, Wherein the ampli?er is con 
?gured as a class-E ampli?er. 
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