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SYSTEM AND METHOD FOR REACTANCE STEERING NETWORK (RSN)

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to provisional applications 62/611744, 62/678815,

and 62/681750, filed December 29, 2017, May 31, 2018, and June 7, 2018, respectively,

which are herein incorporated by reference in their entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to power conversion systems and, more

particularly, to a reactance steering network (RSN) for high frequency power conversion.

BACKGROUND OF THE INVENTION

[0003] Wireless power transfer (WPT) through near-field magnetic coupling is an

enabling technology for many applications ranging from consumer electronics to electric

vehicles. A few WPT standards have been established (e.g., AirFuel, Qi) with frequencies

ranging from hundreds of kHz to a few MHz. These standards may merge and may cover

many frequency domains in the future. In general, there is a fundamental tradeoff between

kHz operation and MHz operation in WPT: MHz operation enables long distance power

transfer and better robustness against coil misalignment, while kHz operation offers higher

efficiency and higher power transfer capability. Both kHz and MHz WPT standards will co

exist for a long period of time. Many WPT equipped devices may co-locate in the same

electromagnetic domain in many application scenarios (e.g., wireless powered desktop,

wireless powered working bench). Future designs also need to be back-compatible with

previous standards and need to be software upgradable (e.g., WPT in vehicles and robotics).

[0004] Figure 1 illustrates a coil placement diagram for an applicable scenario involving

wireless connections for powering, charging, and/or connecting to the Internet. The scenario

involves at least one personal computer, tablet, and mobile device, but other IoT devices that

support wireless charging may be added. The transmitting coils and the receiving coils may

be loosely coupled or closely coupled. The load impedance on the transmitter side may

change across a wide range. The transmitter needs to maintain high performance at both kHz

and MHz, and the receivers need to receive power from multiple frequencies with a low

component count.

[0005] Full-bridge-inverter-based topologies are widely considered as popular options at

low frequencies (LF, e.g., 100 kHz). For high frequency (HF, e.g., 13.56 MHz) operation,



maintaining resistive load for high frequency inverters (e.g., Class-E) is critical to achieve

high performance. There exist many design techniques that can compress load resistance

variation for single-switch MHz inverters. However, for reactance variation, the most

commonly-adopted solution is to use a separate tunable matching network (TMN). The

resolution of these compensation methods depends on the number of components used in the

matching network. A variable reactance rectifier can help to address the challenge from the

receiver side with full-bridge rectifiers, but the additional passive components and switching

devices on the receiver side increase the volume and increase the cost of the receivers.

[0006] On the receiver side, active full-bridge rectifiers can offer high efficiency and high

tolerance to impedance variation for 100 kHz operation. For MHz operation, Class-E based

rectifiers are highly promising as they offer high performance with low component count and

low total harmonic distortion (THD). Since receivers are usually co-packaged with portable

devices or in electric vehicles with size and thermal limits, low component count and small

size are highly preferred.

[0007] As such, there is a need for high performance multi-band transmitters that can

power multiple receivers at different frequencies, and low component count multi-band

receivers that can receive power from a variety of transmitters.

SUMMARY OF THE INVENTION

[0008] According to various embodiments, a transmitter for a dual-band multi-receiver

(DBMR) wireless power transfer (WPT) system is disclosed. The transmitter includes a first

branch including a first dc-dc converter coupled to a first inverter. The transmitter further

includes a second branch including a second dc-dc converter coupled to a second inverter.

The transmitter also includes a reactance steering network (RSN) coupled to the first and

second inverters, a high frequency coil coupled to the RSN, and a low frequency coil coupled

to the first and second dc-dc converters.

[0009] According to various embodiments, a dual-band multi-receiver (DBMR) wireless

power transfer (WPT) system is disclosed. The WPT system includes a transmitter including

a first dc-dc converter coupled to a first inverter, a second dc-dc converter coupled to a

second inverter, a reactance steering network (RSN) coupled to the first and second inverters,

a high frequency transmitting coil coupled to the RSN, and a low frequency transmitting coil

coupled to the first and second dc-dc converters. The WPT system further includes one or

more receivers, each receiver including a high frequency receiving coil, a low frequency



receiving coil, and a rectifier coupled to the high frequency receiving coil and low frequency

receiving coil.

[0010] According to various embodiments, a receiver for a dual-band multi-receiver

(DBMR) wireless power transfer (WPT) system is disclosed. The receiver includes a high

frequency receiving coil and a low frequency receiving coil. The receiver further includes a

rectifier coupled to the high frequency receiving coil and low frequency receiving coil, the

rectifier including a switch for high frequency or low frequency mode selection.

[0011] Various other features and advantages will be made apparent from the following

detailed description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In order for the advantages of the invention to be readily understood, a more

particular description of the invention briefly described above will be rendered by reference

to specific embodiments that are illustrated in the appended drawings. Understanding that

these drawings depict only exemplary embodiments of the invention and are not, therefore, to

be considered to be limiting its scope, the invention will be described and explained with

additional specificity and detail through the use of the accompanying drawings, in which:

[0013] Figure 1 is an application scenario of a dual-band multi-receiver WPT system

according to an embodiment of the present invention;

[0014] Figure 2 is a block diagram of a dual-band multi-receiver WPT architecture

according to an embodiment of the present invention;

[0015] Figure 3 is a schematic of a DBMR system according to an embodiment of the

present invention;

[0016] Figure 4 is a block diagram of an RSN architecture according to an embodiment

of the present invention;

[0017] Figure 5 is a diagram of operation principles of an RSN architecture according to

an embodiment of the present invention;

[0018] Figure 6 is a number of graphs related to an RSN architecture according to an

embodiment of the present invention;

[0019] Figure 7 is a graph of power ratio as a function of load impedance according to an

embodiment of the present invention;

[0020] Figure 8 is a control flow chart of an impedance estimation process according to

an embodiment of the present invention;



[0021] Figure 9 is a schematic of a DBMR WPT system according to an embodiment of

the present invention;

[0022] Figure 10A is a dual band rectifier configuration according to an embodiment of

the present invention;

[0023] Figure 10B is the dual band rectifier configuration in high frequency mode

according to an embodiment of the present invention;

[0024] Figure 10C is the dual band rectifier configuration in low frequency mode

according to an embodiment of the present invention;

[0025] Figure 1 1 is a table of parameters of a dual-band rectifier according to an

embodiment of the present invention;

[0026] Figure 12A is a graph of simulated drain to source voltage at 13.56 MHz

according to an embodiment of the present invention;

[0027] Figure 12B is a graph of simulated drain to source voltage at 100 kHz according

to an embodiment of the present invention;

[0028] Figure 12C is a graph of simulated current waveform of mode selection switch at

13.56 MHz according to an embodiment of the present invention;

[0029] Figure 12D is a graph of simulated current waveform of mode selection switch at

100 kHz according to an embodiment of the present invention;

[0030] Figure 12E is a graph of simulation THD and ratio of switch peak voltage to

output voltage according to an embodiment of the present invention;

[0031] Figure 12F is a graph of simulated rectifier input impedance according to an

embodiment of the present invention;

[0032] Figure 13A is a graph of simulated optimal rectifier duty cycle at 13.56 MHz

according to an embodiment of the present invention;

[0033] Figure 13B is a graph of simulated switch voltage stress at 13.56 MHz according

to an embodiment of the present invention;

[0034] Figure 13C is a graph of simulated THD of a dual band rectifier at 13.56 MHz

according to an embodiment of the present invention;

[0035] Figure 13D is a graph of simulated THD of a full bridge rectifier at 13.56 MHz

according to an embodiment of the present invention;

[0036] Figure 14 is a prototype DBMR WPT system according to an embodiment of the

present invention;

[0037] Figure 15 is a prototype dual band transmitter according to an embodiment of the

present invention;



[0038] Figure 16 is a prototype active dual band rectifier according to an embodiment of

the present invention;

[0039] Figure 17A is a graph of measured drain to source voltage of two HF switches

according to an embodiment of the present invention;

[0040] Figure 17B is a graph of measured drain to source voltage of two HF switches

according to an embodiment of the present invention;

[0041] Figure 18 is a table of parameters of a coupling system according to an

embodiment of the present invention;

[0042] Figure 19 is a table of passive component values of a dual band transmitter

according to an embodiment of the present invention;

[0043] Figure 20 is a graph of measured end to end efficiency of a dual band WPT

system according to an embodiment of the present invention;

[0044] Figure 2 1 is a graph of maintaining power delivered at high frequency and

modulating power at low frequency according to an embodiment of the present invention;

[0045] Figure 22 is a graph of maintaining power delivered at high frequency and

modulating power at low frequency according to an embodiment of the present invention;

[0046] Figure 23A is a graph of measured drain to source voltage with coil misalignment

with phase shift and ZVS according to an embodiment of the present invention;

[0047] Figure 23B is a graph of measured drain to source voltage with coil misalignment

without phase shift and ZVS according to an embodiment of the present invention;

[0048] Figure 24A is a graph of measured waveforms of an active dual band rectifier

drain to source voltage at 13.56 MHz according to an embodiment of the present invention;

[0049] Figure 24B is a graph of measured waveform of an active dual band rectifier drain

to source voltage at lOOkHz according to an embodiment of the present invention;

[0050] Figure 25A is a thermal image of an active dual band rectifier with output power

of 15 W at 13.56 MHz according to an embodiment of the present invention;

[0051] Figure 25B is a thermal image of an active dual band rectifier with output power

of 15 W at 100 kHz according to an embodiment of the present invention;

[0052] Figure 26A is a graph of measured efficiency of active and passive rectifiers at

13.56 MHz according to an embodiment of the present invention; and

[0053] Figure 26B is a graph of measured efficiency of active and passive rectifiers at

100 kHz according to an embodiment of the present invention.



DETAILED DESCRIPTION OF THE INVENTION

[0054] Wireless power transfer (WPT) via near-field magnetic coupling is an enabling

technology for many applications. A few WPT standards are under development with

frequencies ranging from kHz to MHz. MHz operation offers smaller size and higher

tolerance to coil misalignment, and kHz operation offers higher efficiency and higher power

rating. Generally disclosed herein is a dual-band WPT architecture with novel transmitter and

receiver topologies that can achieve high performance at both 100 kHz and 13.56 MHz with

low component count and decoupled power delivery. On the transmitter side, an enhanced

push-pull Class-E topology together with a reactance steering network (RSN) is disclosed

which can seamlessly compensate the load impedance variation for MHz wireless power

transmitters. The dual-band transmitter can simultaneously and independently transmit power

at the two frequencies. On the receiver side, a reconfigurable dual-band rectifier that can

achieve a power density of 300 W/in3 with very low component count and low total harmonic

distortion (THD) is disclosed. A prototype dual-band WPT system including a RSN-based

dual-band transmitter and multiple reconfigurable receivers has been built and tested. The

WPT system can simultaneously deliver a total of 30 W of power to multiple receivers (15 W

maximum each) with 83% efficiency at 100 kHz and 77% efficiency at 13.56 MHz with 2.8

cm of coil distance and up to 5 cm of coil misalignment.

[0055] Generally disclosed herein are topologies and architectures for dual-band WPT to

achieve high performance with low component count. By merging the high frequency and

low frequency circuits and reusing the switches and passive components, mutual advantages

are created. On the transmitter side, a reactance steering network (RSN) enabled dual-band

transmitter is disclosed which can independently modulate the power delivered at two

frequencies. By adding one additional inductor and capacitor to a push-pull Class-E inverter,

the RSN-based topology can maintain high performance across a very wide load impedance

range. On the receiver side, a reconfigurable dual-band receiver is disclosed that can maintain

high performance at both frequencies with very low component count. The receiver functions

as a synchronous half-bridge rectifier at 100 kHz, and functions as two series-stacked Class-E

rectifiers at 13.56 MHz. The two active switches and many passive components are reused at

both frequencies. The transmitter and the receiver are merged as one WPT system that can

operate at two frequencies while maintaining high performance. A prototype RSN transmitter

can simultaneously deliver 30 W of power to multiple dual-band receivers (20 W maximum

each) with 77% peak efficiency at 13.56 MHz, and 83% peak efficiency at 100 kHz with

significant coil misalignment.



[0056] Figure 2 shows a block diagram of a proposed dual-band WPT system 10

including a RSN-based transmitter 12 and multiple reconfigurable dual-band receivers 14.

The RSN transmitter 12 includes two low frequency (LF) dc-dc converters 16 operating at

kHz (e.g., about 100 kHz, about 90-200 kHz), a modified push-pull Class-E inverter

operating at MHz (e.g., about 6.78 MHz, about 13.56 MHz, about 27.12 MHz, about 6.78-

27.12 MHz) formed by two HF inverters 18 and a RSN 20, a LF transmitting coil 22, and a

HF transmitting coil 24. The receiver side includes multiple dual-band receivers 14 including

dual band rectifiers 26. The rectifiers 26 may also be single band in alternative embodiments.

The receivers 14 include a LF receiving coil 28 and a HF receiving coil 30.

[0057] The two dc-dc converters 16 modulate the two inputs 18 of the modified push-pull

Class-E inverter, and simultaneously drive the LF transmitting coil 22 at 100 kHz. By

modulating the voltage amplitude and the phase of the two HF inverters 18, the two Class-E

inverter branches see pure resistive load. The dc-dc converters 16 also drive the LF

transmitting coil 22 as a phase-shift full bridge, transferring power at both LF and HF

simultaneously.

[0058] Each functional block in the RSN-based transmitter 12 can be implemented in

multiple ways. Each dc-dc converter 16 can include a half-bridge LF inverter and LC low

pass filter. The LF inverters can be implemented as Class-D or full-bridge inverters. The low-

pass filters at the output of the LF inverters can be implemented as L-networks or π-networks.

The push-pull inverters 18 can be implemented as Class-E, Class-F or Class-Φ inverters. The

RSN 20 can be implemented as a three-port LC network or other three-port network options.

The LF transmitting coil 22, HF transmitting coil 24, LF receiving coil 28, and HF receiving

coil 30 are standard coils tuned for nominal coupling coefficients. The two dc-dc converters

16 drive the LF coil 22, and the two HF inverters 18 drive the HF coil 24. The power

delivered at the two frequencies can be modulated independently.

[0059] The receiver 14 can be a dual-band reconfigurable receiver that can operate at

either 100 kHz or 13.56 MHz. The receiver 14 functions as two series-stacked Class-E

rectifier at 13.56 MHz, and functions as a half-bridge rectifier at 100 kHz. It has a low

component count and can maintain high performance at both frequencies. A single dual-band

receiver 14 can be reprogrammed to function at either frequency, and multiple receivers 14

working at different frequencies can be placed in adjacent to each other while all maintaining

high performance. The transmitter 12 sees the impedance of all receivers 14 operating at two

frequencies with their power added together.



[0060] Finally, the RSN-based transmitter 12 and the dual-band reconfigurable receiver

14 are merged together as a complete dual-band WPT system 10 that operate at both

frequencies. The transmitter 12 can dynamically estimate the lumped load impedance and

individually modulate the power delivered at each frequency.

[0061] Figure 3 shows the schematic of an example implementation of the RSN based

dual-band transmitter 12. The transmitter 12 includes two half-bridge LF inverters 32, two

LC low pass filters 34, and two HF Class-E inverters 36. The two half-bridge inverters 32 and

the two low-pass filters 34 function as two buck converters that modulate the inputs of the

two Class-E inverters 36. The two Class-E inverters 36 are loaded with a LC resonant

network 38 including an inductive branch j X 40 and a capacitive branch —jXc 42. The two

Class-E inverters 36 and the LC resonant network 38 can be interpreted as a modified push-

pull Class-E inverter. The two half-bridge inverters 32 also drive a low frequency coil as a

full bridge inverter.

[0062] This RSN transmitter 12 has the same component count as a traditional full-bridge

inverter for LF operation and a push-pull Class-E inverter for HF operation. A key innovation

of this design is merging the LF and HF operation together while maintaining resistive

loading of the HF inverters against coil misalignment.

[0063] Figure 4 shows a simplified block diagram of the dual band transmitter 12 with a

RSN 38 connected between the Class-E inverters 36 and the HF coil 24. The reactance

steering network 38 is a three terminal network including an inductor and a capacitor.

Derived from Resistance Compression Network (RCN), out-phasing, and Impedance

Compression Network (ICN) concepts, with modulated inverter dc inputs, the RSN 38 splits

the power flow to compensate the load impedance variation, so that the HF inverters 36 can

operate efficiently across a wide impedance range.

[0064] This architecture has six control variables: Dc and D are the duty ratios of the

two LF inverters 32; 6C and are the phases of the two dc-dc converters; and are the

phases of the two HF inverters 36. The two intermediate dc voltages Mc and M are

controlled by Dc and D . To simplify the analysis, it is assumed Xc = X = X0 and model the

two HF inverters 36 as two ac voltage sources: V = Vc e c and V = V e . The

amplitudes (VL, Vc ) and phases ( , < c ) can be independently modulated. Applying

superposition rules, the effective load impedance of the two HF inverter branches, Zc and ZL,

are explicit functions of X0 , R x , X x , and K c :



[0067] K c is the complex voltage ratio between the inductive branch 40 and capacitive

branch 42: K c = —e / < > φ .To ensure pure resistive Zc and Z , the following is needed:v c

[0070] Here, A
C

= — c is the phase difference between the two HF inverters 36.

For a load impedance range Rtx e [Rm in>̂ max X tx \ min max\, xo should be selected

such that XQ ≤ X +R x) holds true across the entire Rx and Xx range, so that there is a

solution for A
C
. For each pair of Rx and Xtx. there are four feasible solutions for K c, one

located in each quadrant. Due to phase and polarity symmetry, the solution in the I t quadrant

is equivalent to the solution in the 3rd quadrant; and the solution for the 2nd quadrant is

equivalent to the solution in the 4th quadrant. A first quadrant solution of c is usually

preferable because keeping A
C

close to zero can minimize the converter stress. The optimal

solutions for K
C

and A
C

are:

[0073] For a typical voltage source inverter, V is linearly proportional to M and D. and

Vc is linearly proportional to Mc and Dc. As a result, pure-resistive loading of the two HF

inverters 36 can be achieved by modulating Dc, DL. c , and . The control strategy for

these variables are:

[0074] If Ztx is resistive, the two HF inverters 36 equally share power and both see pure

resistive load.

[0075] If Zx is inductive, the system steers power towards the capacitive branch 42. The

capacitive element —jXc is used to compensate the inductive load Ztx.
[0076] If Ztx is capacitive, the system steers power towards the inductive branch 40. The

inductive element jX is used to compensate the capacitive load Zx.
[0077] Figure 5 illustrates the principles of the reactance steering network 38. The

amplitude and phase modulation of the two HF inverters 36 (power amplifiers) steer power

between the two branches of the RSN 38 and dynamically compensate for the load reactance

variation.



[0078] The design of an example RSN system is quantitatively presented in detail.

Assume R x varies from 1Ω to 5Ω; X x varies from —2 Ω to 2 Ώ ; and X0 is selected as 1 Ω.

Based on KCL and KVL, the effective resistance seen at the inductive branch 40 (R ) and

capacitive branch 42 (Rc ) can be calculated based on Eq. (1) and Eq. (2), respectively. R

and Rc can be used to estimate the power sharing between the two branches. The top four

graphs in Figure 6 show the K C, A
LC

. RL. and Rc as functions of R x and X x . A voltage

amplitude ratio adjustable from 1/V2 to V2, and a phase shift adjustable from 0° to 90° can

cover an arbitrary load impedance range.

[0079] As shown in Figure 7, with an inductive load (X x > 0), VL should be larger than

Vc to deliver more power through the capacitive branch 42; with a capacitive load (X x < 0),

VL should be smaller than Vc to deliver more power through the inductive branch 40. When

\Xtx \ ≤ |¾ I, both R and Rc are higher than the overall load resistance, indicating that the

two HF inverter branches are sharing power. When \X x \ > \X0 \ (i.e., the load reactance is

very high), one of R and Rc is smaller than the overall load resistance, and the other one is

negative, indicating that there exists circulating power between the two branches. In other

words, when needed on inverter branch functions as a rectifier to compensate the reactance

variation.

[0080] The bottom two graphs in Figure 6 show the percentage of the power sharing

between the inductive branch 40 and capacitive branch 42 for this example RSN design. As

expected, with pure resistive loads (i.e., X x = 0), the two branches evenly share power (50%

each branch). With capacitive loads (X x < 0), the inductive branch 40 delivers more power

than the capacitive branch 42. With inductive loads (X x > 0), the capacitive branch 42

delivers more power than the inductive branch 40. With very high capacitive loads (Xt x <

X0 ), power circulates from the inductive branch 40 to the capacitive branch 42. With very

high inductive loads (X x > X0 ), power circulates from the capacitive branch 42 to the

inductive branch 40.

[0081] The reactance steering network can be implemented in many different ways

depending on the applications. Generally speaking, the system steers power towards the

inductive branch 40 or capacitive branch 42 to seamlessly compensate the reactance

variation. Both the two HF inverters 36 see pure resistive load.

[0082] Compared to conventional designs, the proposed RSN architecture has the

following advantages:



[0083] It can seamlessly compensate an arbitrary load impedance range and maintain

pure resistive load.

[0084] It requires very few additional components compared to a push-pull Class-E

inverter.

[0085] It has smooth transient behavior without mode-switching spikes or harmonics.

[0086] The dc-dc converters in the RSN are reused to drive a LF transmitter.

[0087] Load impedance estimation allows WPT systems to operate at maximum power

point and maintain high efficiency. Sophisticated ac voltage and/or current sensing circuitry

are usually needed in existing high frequency designs. The unique configuration of the RSN

architecture allows low cost load impedance estimation for WPT without ac voltage/current

sensors. The load impedance can be estimated with simple circuitry by comparing the dc

power delivered by the two inverter branches. Based on Eq. (1) and Eq. (2), the input dc

power of the two inverter branches, Pc and P , are

[0090] The ratio of the power delivered by the two branches is:

[0092] Here, and η are the efficiencies of the two dc-dc converters. Eq. (9) indicates

that the load impedance Rtx and X x are closely related to the input dc power ratio for a
Pc

given η , η . K C, and A C . 7 can be measured from the dc-dc converters with a simple
c

circuit and low cost.

[0093] Figure 7 plots the relationship between the input dc power ratio — and load
Pc

impedance Z tx = R tx + j X tx for K C = 1 and A C = 90°. The load resistance can be

estimated with the total input power P + P and the voltage amplitudes. Assume the

efficiencies of the two HF inverter branches are the same, the load input impedance X x can

be estimated with — using the graph in Figure 7 .
Pc

[0094] Figure 8 shows a control flow chart of the RSN-based transmitter 12. In the RSN-

based control, the input power of the L branch 40 and C branch 42 are sampled and the power

ratio is calculated. Through a look-up table, the desired duty cycles (D and Dc ) and the



driving phases ( > and φ ) can be obtained to control the dc-dc converters 32, 34 and Class-

E inverters 36 based on the calculated power ratio Pdc,L and PcLc.C-

[0095] One way to implement the two dc-dc converters 32, 34 is to build them as two

buck converters with two half-bridge inverters 32 as illustrated in Figure 4 . The two h alf

bridge inverters 32 can drive a LF coil 22 as a phase-shifted full bridge, while at the same

time modulate the dc voltages Mc and M for the HF inverters 36. The LF power transfer is

controlled by the phase of the two LF inverters 32 L and 6C. The output M and Mc are

controlled by D and Dc . Figure 9 shows the schematic of the dual-band transmitter with the

RSN high frequency transmitter shaded. Here, Rt x and X tx are the resistance and reactance of

the low frequency coils. In this circuit, Q and Q2 operate as one phase-shifted half-bridge,

and Q and Q operate as the other phase-shifted half-bridge. The duty ratios of the two half

bridges modulate Mc and , and the phase difference between the two half-bridges

modulates the power output of the LF transmitter.

[0096] Benefiting from the low pass filters at the output of the dc-dc converters and the

input inductors of the Class-E inverters, the power delivered by the LF transmitter and the HF

transmitter are well-decoupled from each other. L and 6C modulate the LF transmitter, but

have no impact on M and M . and thus have no impact on the power delivery of the HF

transmitter. Similarly, c and modulate the HF transmitter, but have no impact on the LF

transmitter. When Dc and D are adjusted to modulate Mc and , and should be

changed accordingly to maintain the power levels of the LF transmitter. The two overlapped

transmitter coils and the related resonant tanks are optimally tuned for 100 kHz and 13.56

MHz, respectively, though other frequencies are possible in alternative embodiments.

[0097] In many application scenarios, a wireless power receiver may need to be

compatible with multiple standards. The receivers also need to be compact and efficient with

low component count. A full bridge synchronous rectifier can work at both high frequencies

and low frequencies. However, the square-wave harmonic contents of the full bridge rectifier

raise concerns for many portable applications. It is also difficult to drive the high-side

switches in a full-bridge rectifier. One can use Class-E rectifiers at high frequencies to reduce

the harmonic contents, but the inductance of the chock inductor is usually large.

[0098] Figure 10A shows the topology of a dual-band reconfigurable receiver 14

according to an embodiment of the present invention. The receiver 14 includes a LF receiving

coil 44, a HF receiving coil 46, and a rectifier 48. The rectifier 48 includes two switches Qr

and Qr 2 functioning as synchronous diodes, two shunt capacitors Cr l and C 2. two RF chock



inductors Lf and L 2 , two filter capacitors C and C 2 , and one switch Qs for HF/LF mode

selection. The parasitic capacitance of the switches is absorbed into the shunt capacitors Cr

and Cr 2 . The table in Figure 11 lists component values of a preferred embodiment of the dual

band reconfigurable rectifier 48.

[0099] Figures 10B and 10C illustrate the operation principles of the proposed rectifier 48

in HF and LF, respectively. As illustrated in Figure 10B, if Qs is kept ON, the rectifier 48

functions as two Class-E half-wave rectifiers stacked in series. The rectifier 48 receives

power from the high frequency coil 46 (e.g., 13.56 MHz). As illustrated in Figure 10C, if Qs

is kept OFF, the rectifier 48 functions like a Class-D rectifier and receives power from the

low frequency coil 44 (e.g., 100 kHz). The RF chock inductors L and Lf 2 ) can be

considered as short, and the shunt capacitors (Cr and Cr ) can be considered as open. Qs can

be implemented as a low-speed switch in the controller IC. The frequency gap between 100

kHz and 13.56 MHz is large enough to size the RF chock inductors L and L 2 , so that they

have low impedance at lOOkHz.

[00100] Figures 12A and 12B show the simulated voltage waveforms of Qr and Qr

working at 13.56 MHz and 100 kHz, respectively. At high frequencies, the rectifier 48

functions as two Class-E rectifiers stacked in series and the waveform of the voltage across

the switches is half-wave sinusoidal. At low frequencies, the rectifier 48 functions as one

Class-D rectifier and the voltage across the switches is rectangular. In 100 kHz operation, the

shunt capacitors Cr l and Cr may resonate with the RF chock inductors L and Lf resulting

in a high frequency ripple at Vrec . One can reduce the oscillation by using a small Cr at the

cost of higher distortion at 13.56 MHz or using a small f at the cost of higher ac current

across the inductors.

[00101] Figure 12C and Figure 12D show the simulated voltage waveforms of the current

and voltage of the mode selection switch Qs at 13.56 MHz and 100 kHz, respectively. The

dashed lines are the dc output current and dc output voltage, respectively. The peak current

flow through Qr and Qr 2 is twice of the dc output current. The voltage across the mode

selected switch Qs is same as that of the switch Qr . which can be used to choose the current

and voltage rating of the switch Qs .

[00102] Figures 12E and Figure 12F show the simulated total harmonic distortion (THD)

and the ratio of the switch peak voltage to the output voltage (the voltage stress of Qr and

Qr ), and the input impedance of the dual-band rectifier 48 with different Cr values. The

THD and the switch voltage stress can be reduced by increasing the Cr . However, a larger Cr



will reduce the input resistance of the rectifier, which may increase the conduction loss of the

receiving coils 44 and 46, the RF chock inductors the rectifier switches Qr .

Qr 2 , and Qs .

[00103] As such, the design principles of the dual-band rectifier are:

[00104] The shunt capacitors Cr and Cr 2 should be designed depending on the THD

requirement, voltage stress, and the ac self-resistance of the receiving coil.

[00105] The frequency selection switch Qs should be implemented as a low-speed switch

with low on-resistance. Its voltage rating is the same as the two high speed switches Qr and

Qrl

[00106] The inductors and L 2 should be designed so that they function as RF chock

inductors at high frequencies and function as shorts at low frequencies.

[00107] The output filter capacitors C and Cf should be big enough to eliminate the

output voltage ripple.

[00108] At high frequencies (e.g., 13.56 MHz), the optimal duty ratio of the switches in

the dual-band rectifier depends on the load impedance. Figures 13A and 13B show the

optimal duty ratio and voltage stress of the switches for a range of R . The optimal duty ratio

decreases as R increases. Since the dual-band rectifier 48 functions as two series-stacked

Class-E half-wave current-driven rectifiers, the voltage stress of each high frequency switch

is only one half of the voltage stress of a conventional Class-E current-driven rectifier. For

low frequency operation, the voltage stress of the two switches is identical to that of a half

bridge rectifier. Figures 13C and 13D show the simulated total harmonics distortion (THD) of

the dual-band rectifier and the full bridge rectifier operating at 13.56 MHz. As expected, the

dual-band reconfigurable rectifier works as two series-connected Class-E rectifiers and offers

significantly lower THD than a full bridge rectifier.

[00109] Compared to a system with two separate rectifiers each designed for one

frequency, the proposed dual-band rectifier offers the following advantages:

[00110] Higher efficiency, lower voltage stress, and lower harmonic distortion than a full

bridge rectifier.

[00111] High efficiency and Q compatibility (at 100 kHz, the system receives power from

a low frequency coil through a full-bridge rectifier).

[00112] Very low component count (the dual-band system only has one more low speed

switch Qs than a traditional push-pull Class-E rectifier).



[00113] Simple sensing, control, and gate drive circuitry. The HF and LF sensing and

control circuitry, as well as the mode-selection switch can be integrated in a single chip.

[00114] In summary, the proposed dual-band rectifier can be utilized where high

performance and low component count are needed. The key principles of this rectifier are to

merge high efficiency low frequency rectifiers (e.g., Class-D) with low distortion high

frequency rectifiers (e.g., Class-E), without increasing the component count and the device

stress. When designing this rectifier, the LF rectifier and HF rectifier should be jointly

optimized so that they share the same loss budget when delivering the same amount of power

with the same thermal limit.

[00115] Figure 14 shows a prototype dual-band WPT system including a 100 kHz

transmitter, a 13.56 MHz transmitter, a 100 kHz receiver, and two 13.56 MHz receivers (one

passive and one active). Measured parameters of the prototype are listed in the table in Figure

18. Figure 15 shows the prototype dual-band transmitter. Key parameters of the dual-band

transmitter are listed in the table in Figure 19. L C and L are configured to resonant with

Cs c and CS . The resonant frequency of the output tank of the two Class-E inverters, L c and

C c , f O,L and C , are 13.56 MHz. The two HF switches are implemented as GaN transistors

(GS66504B). The output capacitance of the two HF switches are absorbed into Cs c and CS .

Figure 16 shows the prototype dual-band reconfigurable rectifier.

[00116] A 100 kHz receiver and a 13.56 MHz receiver are designed and tested to evaluate

the performance of the dual-band WPT system. The dual-band reconfigurable rectifier is used

as the 100 kHz receiver when Qs is on and as the 13.56 MHz receiver when Qs is off,

respectively. The diameters of the HF coil and the LF coil are 10 cm and 20 cm, respectively.

The distance between the transmitting coil and the receiving coil is 2.8 cm. The maximum

horizontal misalignment is 5 cm. Figures 17A and 17B show the ZVS operation of the HF

switches with Z x (= 14 — 26 Ω) . The system delivers 10 W with and without RSN at 13.56

MHz. The RSN enables ZVS of both switches with appropriate phase and amplitude

modulation. Figure 20 shows the measured end-to-end efficiency of the 100 kHz WPT

system the 13.56 MHz WPT system with and without using the RSN. As shown in Figure 20,

the system with the RSN achieves higher efficiency than the system without the RSN across

the entire misalignment range. Up to 13% of efficiency improvements are observed with

significant load reactance (e.g., with 5 cm misalignment). It was also observed that the

presence of LF coil reduces the quality factor of the HF coil, thus reduces the system

efficiency with large coil misalignments. The efficiency of the dual-band system can be



improved by increasing the Q of the dual-band coils (through better materials and better 2D

layout).

[00117] Figures 2 1 and 22 show the measured efficiency and power of the LF and HF

systems working together. The system can independently modulate the power delivered by

the LF coil and HF coil. The power delivered by the LF coil is controlled by the duty ratio

D , D . and the phase shift and 6C.The power delivered by the HF coil is controlled by the

intermediate voltage M , M . and the phase and . The operation of the two frequency

bands are independent from each other with negligible cross-coupling effects. As shown in

Figure 21, by keeping D , Dc . < L. and c as constants, and modulating the phase difference

between L and 6C from 0 to 2π, the power transferred at 100 kHz (Po_LF) can be modulated

between 0 W to 20 W, and the power transferred at 13.56 MHz (Po_HF) can be kept constant

at 10 W. Similarly, as shown in Figure 22, one can keep the power transferred at 13.56 MHz

constant at 10 W, and modulate the power transferred at 100 kHz from 0 W to 15 W by

changing the duty ratio of the LF inverters. The measured efficiencies of the HF and LF

transmitters working together are also shown in Figures 2 1 and 22. When delivering 10 W of

power at 13.56 MHz, and delivering 20 W of power at 100 kHz, the system reaches a

maximum end-to-end efficiency of 77.7%.

[00118] Figures 23A and 23B show the measured drain-to-source voltage waveforms of

the Class-E inverters with and without the RSN. The coil misalignment changes from 1 cm to

5 cm. The Class-E inverters operate in ZVS across the entire coil misalignment range with

the RSN. D / DC and A
LC

. are automatically selected from a look-up table according to the

measured dc power ratio P 1C,L/PCIC,C·

[00119] The rectifiers reported in the previous measurement results were implemented

with passive diodes. To further improve the system end-to-end efficiency, a dual-band

rectifier implemented with synchronous GaN HEMTs is built and tested. The dimension of

the active rectifier is 1.8 cm x 1.3 cm. The driving and auxiliary circuitry are all included.

The shunt capacitors of the dual-band rectifier Crl and Cr2 are 500 pF and the ratio V ea / V

is about 1.82. The maximum dc output voltage of Qr and Qr2 (VDS = 40 V) is about 22 V

and the maximum output power is 15 W at 13.56 MHz. A low cost and low on-resistance

MOSFET ECH8420 is used as the mode selection switch Qs . The RF chock inductors

and L are chosen as 1.2 µΗ which behave as high impedance (about l02j Ω) at 13.56 MHz

to block the high frequency current (reduce the ac power loss). They behave as short at 100

kHz. Figures 24A and 24B show the measured waveforms of the dual-band rectifier when



working at HF and LF, respectively. The measured waveforms closely match with

simulations.

[00120] Figure 25A and 25B show the thermal images of the active dual-band rectifier

when receiving 15 W . Figure 26A compares the measured dc-dc efficiency of the WPT

system at 13.56 MHz with and without synchronous rectification. Figure 26B does the same

comparison for 100 kHz operation. As expected, synchronous rectification significantly

improves the system efficiency across the full power range.

[00121] As such, disclosed herein is a dual-band multi-receiver WPT architecture targeting

large coil misalignment and significant impedance variation. This architecture is developed

based on a novel reactance steering network (RSN) that can precisely compensate an

arbitrary load reactance by dynamically steering the power between two inverter branches.

The theory of RSN is developed and a design method is presented that can cover a wide

reactance variation range. Also disclosed is a topology and operation principles of a dual

band reconfigurable rectifier that can achieve high performance at both 100 kHz and 13.56

MHz. The effectiveness of the proposed architecture is verified by a 30 W dual-band WPT

prototype that can efficiently and independently power multiple 100 kHz and 13.56 MHz

receivers with significant coil misalignment and load variation.

[00122] It is understood that the above-described embodiments are only illustrative of the

application of the principles of the present invention. The present invention may be embodied

in other specific forms without departing from its spirit or essential characteristics. All

changes that come within the meaning and range of equivalency of the claims are to be

embraced within their scope. Thus, while the present invention has been fully described

above with particularity and detail in connection with what is presently deemed to be the

most practical and preferred embodiment of the invention, it will be apparent to those of

ordinary skill in the art that numerous modifications may be made without departing from the

principles and concepts of the invention as set forth in the claims.



CLAIMS

What is claimed is:

1. A transmitter for a dual-band multi-receiver (DBMR) wireless power transfer (WPT)

system, comprising:

a first branch comprising a first dc-dc converter coupled to a first inverter;

a second branch comprising a second dc-dc converter coupled to a second

inverter;

a reactance steering network (RSN) coupled to the first and second inverters;

a high frequency coil coupled to the RSN; and

a low frequency coil coupled to the first and second dc-dc converters.

2 . The transmitter of claim 1, wherein the first and second dc-dc converters are

configured to operate between about 90-200 kHz.

3 . The transmitter of claim 1, wherein the first and second inverters are configured to

operate between about 6.78-27.12 MHz.

4 . The transmitter of claim 1, wherein the first and second dc-dc converters modulate

inputs of the first and second inverters while simultaneously driving the low

frequency coil.

5 . The transmitter of claim 1, wherein the first and second dc-dc converters drive the

low frequency coil as a phase-shift full bridge.

6 . The transmitter of claim 1, wherein the first and second inverters drive the high

frequency coil.

7 . The transmitter of claim 1, wherein the first and second dc-dc converters have

adjustable output voltages.

8 . The transmitter of claim 1, wherein the first and second inverters are phase-shifted

against each other.

9 . The transmitter of claim 1, wherein the first and second inverters are implemented as



one of Class-E, Class-F, and Class-Φ inverters.

10. The transmitter of claim 1, wherein the first and second dc-dc converters are each

implemented as a low frequency inverter coupled to a low pass filter.

11. The transmitter of claim 10, wherein the low frequency inverters are implemented as

one of Class-D and full-bridge inverters.

12. The transmitter of claim 10, wherein the low pass filters are implemented as one of L-

networks or π-networks.

13. The transmitter of claim 1, wherein the RSN is implemented as a three-port LC

network.

14. The transmitter of claim 13, wherein the RSN comprises an inductor and a capacitor.

15. A dual-band multi-receiver (DBMR) wireless power transfer (WPT) system,

comprising:

a transmitter, comprising:

a first dc-dc converter coupled to a first inverter;

a second dc-dc converter coupled to a second inverter;

a reactance steering network (RSN) coupled to the first and second

inverters;

a high frequency transmitting coil coupled to the RSN; and

a low frequency transmitting coil coupled to the first and second dc-dc

converters; and

one or more receivers, comprising:

a high frequency receiving coil;

a low frequency receiving coil; and

a rectifier coupled to the high frequency receiving coil and low

frequency receiving coil.



16. The system of claim 15, wherein the first and second dc-dc converters are configured

to operate between about 90-200 kHz.

17. The system of claim 15, wherein the first and second inverters are configured to

operate between about 6.78-27.12 MHz.

18. The system of claim 15, wherein the first and second dc-dc converters modulate

inputs of the first and second inverters while simultaneously driving the low

frequency coil.

19. The system of claim 15, wherein the first and second dc-dc converters drive the low

frequency coil as a phase-shift full bridge.

20. The system of claim 15, wherein the first and second inverters drive the high

frequency coil.

21. The system of claim 15, wherein the first and second dc-dc converters have adjustable

output voltages.

22. The system of claim 15, wherein the first and second inverters are phase-shifted

against each other.

23. The system of claim 15, wherein the first and second inverters are implemented as

one of Class-E, Class-F, and Class-Φ inverters.

24. The system of claim 15, wherein the first and second dc-dc converters are each

implemented as a low frequency inverter coupled to a low pass filter.

25. The system of claim 24, wherein the low frequency inverters are implemented as one

of Class-D and full-bridge inverters.

26. The system of claim 24, wherein the low pass filters are implemented as one of L-

networks or π-networks.



27. The system of claim 15, wherein the RSN is implemented as a three-port LC network.

28. The system of claim 27, wherein the RSN comprises an inductor and a capacitor.

29. The system of claim 15, wherein the rectifier is implemented as a dual-band rectifier.

30. The system of claim 15, wherein the rectifier comprises a switch for high frequency

or low frequency mode selection.

31. The system of claim 30, wherein the rectifier further comprises two additional

switches, two shunt capacitors, two chock inductors, and two filter capacitors.

32. The system of claim 15, wherein the rectifier functions as one of two Class-E h alf

wave rectifiers stacked in series and a Class-D rectifier based on a frequency mode

selection.

33. A receiver for a dual-band multi-receiver (DBMR) wireless power transfer (WPT)

system, comprising:

a high frequency receiving coil;

a low frequency receiving coil; and

a rectifier coupled to the high frequency receiving coil and low frequency

receiving coil, the rectifier comprising a switch for high frequency or low frequency

mode selection.

34. The receiver of claim 33, wherein the rectifier is implemented as a dual-band rectifier.

35. The receiver of claim 33, wherein the rectifier further comprises two additional

switches, two shunt capacitors, two chock inductors, and two filter capacitors.

36. The receiver of claim 33, wherein the rectifier functions as one of two Class-E half

wave rectifiers stacked in series and a Class-D rectifier based on the frequency mode

selection.

37. The receiver of claim 33, wherein the low frequency receiving coil is configured to

operate between about 90-200 kHz.



38. The receiver of claim 33, wherein the high frequency receiving coil is configured to

operate between about 6.78-27.12 MHz.
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