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ABSTRACT | Effective means of delivering wireless power to

volumes of spaces will enable users the freedom and mobility

to seamlessly power and recharge their devices in an unen-

cumbered fashion. This has particular importance for consum-

er electronic, medical, and industrial applications, where usage

models focus on unstructured and dynamic environments.

However, existing wireless power technology falls short of this

vision. Inductive charging solutions are limited to near-contact

distances and require a docking station or precise placement

for effective operation. Far-field wireless power techniques al-

low much greater range, but require complicated tracking sys-

tems to maintain a line-of-sight connection for high-efficiency

power delivery to mobile applications. Recent work using mag-

netically coupled resonators (MCRs) for wireless power deliv-

ery has shown a promising intersection between range (on the

order of a meter), efficiency (over 80%), and delivered power

(up to tens of watts). However, unpredictable loads rapidly

change system operating points, and changes in position dis-

rupt system efficiency, which affects the ultimate usability of

these systems. Dynamic adaptation to these changes in operat-

ing conditions and power transfer range is a critical capability

in developing a fully functional and versatile wireless power

solution. This paper provides an overview of methods used to

adapt to variations in range, orientation, and load using both

wideband and fixed-frequency techniques.

KEYWORDS | Adaptation; adaptive rectification; frequency

tuning; impedance matching; magnetically coupled resonators

(MCRs); wireless power

I . INTRODUCTION

Wireless power transfer using inductive coupling is be-

coming increasingly popular for consumer electronic de-

vices. Commercial applications include wireless charging

pads, electronic toothbrushes, induction cookers, and elec-

tric vehicle recharging. However, none of these applications

enable the geometric freedom that the term wireless power

suggests. Inductive charging pads and electric toothbrushes

require that the device be placed very close to (or directly on

top of) the charging pad. This is due to the fact that the

efficiency for traditional inductively coupled wireless power

transfer systems drops off rapidly as the distance between the

transmitter and the receiver increases [1], [2].

Far-field wireless power transfer techniques use pro-

pagating electromagnetic waves and are capable of deliv-

ering power to much larger volumes of space. However,
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there is an inherent tradeoff between directionality and

transfer efficiency. For instance, radio-frequency (RF)

broadcast methods, which transmit power in an omnidi-

rectional pattern, allow for power transfer anywhere in the

coverage area. In this case, mobility is maintained, but

end-to-end efficiency is lost since power density decreases

with a 1=r2 dependency [3]. On the other hand, microwave

systems with high-gain antennas have been used to trans-

fer power over several kilometers at efficiencies of over

90% [4], [5]. However, these systems suffer from the need

for sophisticated tracking and alignment equipment to

maintain a line-of-sight (point-to-point) connection in un-

structured and dynamic environments.

Furthermore, regulatory restrictions limit the amount

of power that can be transmitted in uncontrolled environ-

ments for safety as well as for emissions and interference

reasons. As a result, the main commercial use of far-field

wireless power transfer is for passive (i.e., battery free)

ultrahigh-frequency (UHF) radio-frequency identification

(RFID) tags, which are limited to 4-W equivalent isotropic

radiated power (EIRP) in the United States [6].

Recent research efforts using magnetically coupled re-

sonators (MCRs) for wireless power transfer have demon-

strated the potential to deliver power with more efficiency

than far-field broadcast approaches, and at longer ranges

than traditional inductively coupled schemes [7]–[12].

These techniques use high-Q coupled resonators that

transfer energy via magnetic fields (which do not strongly

interact with the human body), and ongoing work has

shown that more power can be safely transmitted via

MCRs than traditional far-field techniques [13].

Applications include wirelessly recharged and powered

consumer electronics electric vehicles and implanted medi-

cal devices. However, very few end-to-end systems can adapt

to changes in the environment. Unpredictable loads and

changes in distance and orientation rapidly change system

operating points, which disrupt the end-to-end wireless

power transfer efficiency. Dynamic adaptation of a system to

these types of events is a critical capability in developing fully

functional and versatile wireless power solutions.

This paper provides a comprehensive overview of

methods used to adapt to variations in range, orientation,

and load, using both wideband and fixed-frequency tech-

niques. In particular, we present a detailed comparison of:

impedance matching techniques used for fixed-frequency

operation, adaptive frequency tuning for wider bandwidth

systems, and adaptive load-matching techniques utilizing

maximum power point tracking (MPPT). Finally, we pre-

sent a full end-to-end system capable of adapting to real-

time changes in the environment while maintaining

optimal efficiency. Our system demonstrates a robust

means of wireless power delivery that takes advantage of

the full volume of space available and accounts for changes

in distance and alignment.

II . SYSTEM OVERVIEW

This work focuses on methods that take advantage of the

unique properties of MCRs to enable seamless wireless

power delivery to volumes of space. A detailed description

of the operating principles and performance character-

istics of MCRs is presented in [8]. This section will provide

a brief overview of the system and highlight key features

that can enable seamless wireless power delivery.

Fig. 1 shows a diagram of a basic wireless power system

using MCRs. The transmitter module consists of a single-

turn drive loop and a multiturn spiral resonator. When the

RF amplifier drives current through the drive loop at the

system’s resonant frequency, the resulting oscillating

magnetic field excites the Tx coil; the coil stores energy in

the same manner as a discrete series LCR tank (consisting

of an inductor, a capacitor, and a resistor). This results in a

large oscillating magnetic field in the vicinity of the trans-

mit coil. A high coil quality factor means that more energy

Fig. 1. Sketch of the magnetically coupled resonant wireless power system consisting of an RF amplifier capable of controlling the magnitude

and frequency of the transmitted signal. A two-element transmitter wirelessly powers the two receive resonators and the load device.
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can be stored on the coil, which also results in greater

magnetic flux density at a given point in space.

The receiver module is designed similarly. It consists of

a multiturn spiral resonator and a single-turn load loop,

which is connected to the end device. Just as the loop and

the coil are magnetically coupled, the transmit and receive

coils share a mutual inductance, which is a function of the

geometry of the coils and the distance between them. The

key insight is that the high-Q transmit and receive coils

form a single system of coupled resonators, which can

easily transfer energy back and forth. It is important to

note that the system coils do not radiate electromagnetic

energy into free space. In fact, when the RF amplifier is

driving the transmitter without a receiver present, all of

the power not dissipated by the parasitic resistance of the

coil is reflected back to the RF amplifier.

Fig. 2 shows the typical v-shaped plateau of efficiency

versus distance and frequency for MCRs. This figure was

generated by measuring the set of MCRs shown in Fig. 3

with a 50-� vector network analyzer. Frequency sweeps

were taken at incremental distances along the common

axis of the spiral coil, and the resulting S21 measurement

was converted to efficiency ð� ¼ jS21j
2Þ. These reference

coils will be used throughout this paper, and a detailed

summary of their properties can be found in the Appendix.

Referring back to Fig. 2, the coupling coefficient between

the Tx and Rx resonators is inversely proportional to the

distance between them. As the separation distance increases,

the amount of coupling between the resonators decreases,

and the frequency separation of the twomodes also decreases

until the two resonant peaks converge at the fundamental

frequency of the system. This convergence can be seen as the

two ridges of the plateau merge at 13.56 MHz in Fig. 2.

In this visualization, the overcoupled regime is re-

presented by the area where frequency splitting occurs.

In this regime, the resonators share more magnetic flux

than is required to source the load. As will be shown in

Sections III–V, proper tuning techniques will enable near-

constant efficiency whenever the system operates in the

overcoupled regime.

In the undercoupled regime, the shared flux falls below

a critical point. Below this point, the power amplifier de-

livers more power to maintain the magnetic field than can

be absorbed by the receiver. The result is that maximum

efficiency cannot be achieved. Critical coupling is the point

of transition between these two regimes and corresponds to

the greatest range at which maximum efficiency can still be

achieved. Similar to inductive coupling, the undercoupled

regime is still capable of wireless power transfer, but

efficiency decreases rapidly as distance increases.

This work aims to take advantage of the overcoupled

regime to create volumes of space where a receiver and a load

device can be wirelessly powered at maximum efficiency. It

should be noted that Fig. 2 only represents a 1-D path as the

receiver moves away from the transmitter. When operating,

the transmit coil generates a large toroidal-shaped magnetic

field that fills a large volume of space. Therefore, there are a

wide variety of locations and orientation where the mutual

inductance between the transmitter and the receiver will be

sufficient to support the overcoupled regime.

III . ADAPTIVE FREQUENCY TUNING

Coupled oscillating systems have multiple modes of ope-

ration depending on the strength of the coupling between

Fig. 2. Efficiency plateau of the MCR system as a function of the

distance separation and frequency. The overcoupled regime

represents the region where maximum power transfer can be

achieved at near-constant efficiency if the system is properly tuned.

Fig. 3. Image of the twohigh-QMCRsused forwireless power transfer.

These coils will be used as an experimental reference throughout this

work and are referred to in the text as the ‘‘blue coils,’’ since the

insulation used to coat the wires is blue. The outer radius of the coils

is 14 cm, and a detailed summary of their properties can be found

in the Appendix.
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the resonators. This can be seen in the analogous case of

two masses connected by a spring [14]. In this classic

physics example, the two masses form a single system

which can oscillate in two modes: one of higher frequency

(even mode) and one of lower frequency (odd mode) than

the fundamental frequency of an individual pendulum.

In the case of MCRs used in this work, the two modes

of the system can be clearly seen in Fig. 4. Panel A shows

the S21 linear magnitude, which is a measure of the trans-

mission power gain across the system. This S21 plot repre-
sents a 2-D slice of the efficiency plateau plot in Fig. 2 at a

separation distance of 7.8 cm. Notice that the two peaks

indicate that the system is in the overcoupled regime.

Panel B shows the input impedance ðS11Þ of the system on a

Smith chart, which is normalized to 50 �. A black circle

and a green cross approximately indicate where the peaks

in the linear magnitude plot occur in the Smith chart. The

ultimate goal is to ensure that an RF amplifier with char-

acteristic impedance of 50 � can be well matched to the

MCRs. These plots show that indeed the frequencies of peak

jS21j correspond to a 50-� input impedance to the coils.

The goal of dynamic frequency tuning is to automati-

cally adjust the transmitter frequency to provide maximum

possible efficiency as a user moves the receiver to locations

within the system’s working range. This is accomplished by

introducing a directional coupler between the amplifier

and the drive loop. The coupler allows the transmit system

to continuously measure the incident and reflected power

as a function of frequency. Since this system forms a trans-

mission line, the power not consumed by the load is

reflected back to the source. By measuring the incident and

reflected power using the directional coupler, the transmit

system constantly adjusts the operating frequency such that

the input impedance of the coils matches the impedance of

the source coils. This results in optimal power transfer

over the entire area of the overcoupled regime.

The mutual inductance between the transmitter and

the receiver is a function of the coil geometry and the

distance and/or orientation between them. Furthermore,

the critical coupling point defines the transition from the

overcoupled to undercoupled regime. The transformation

from coupling space to distance can be difficult to vi-

sualize. Therefore, in order to characterize the area and

the shape of space that can be wirelessly powered by

MCRs, we examined the effect of both orientation and

distance on power transfer efficiency.

Orientation has a significant effect on power transfer

efficiency. A parallel configuration allows for the highest

achievable coupling between the MCRs because a maxi-

mum amount of magnetic flux passes through the opening

of the coils. On the other hand, the perpendicular case

represents the worst case scenario for wireless power

transfer efficiency because a minimal amount of magnetic

flux passes through the receive coil. To demonstrate how

efficiency varies between parallel and perpendicular orien-

tations, actual measurements of efficiency were taken. The

receive coil was held 14 cm away from the transmit coil

and rotated in place by increments of 5�. The root mean

square (RMS) received power was measured using an

Agilent E4418B series power meter. Fig. 5 shows variations

between 0� and 90� orientation versus power transfer

efficiency both with and without adaptation. Fig. 5 shows

that single-frequency operation without adaptation

achieves lower efficiency for 0�–70� than the two cases

with adaptation. Beyond that orientation, the efficiency

drops off rapidly as the coils approach a 90� orientation.

To visualize the effect of distance between the coils, we

measured the efficiency at each point on a 60 � 60-cm2

grid. The first column of Fig. 6 shows a top view of the two

experimental configurations. In panel 1A, the receive coil

is parallel to the transmit coil. In panel 2A, the receive coil

is perpendicular to the transmit coil. In both cases, the

Fig. 4. Measured scattering parameters for the blues coils at a distance of 7.8 cm along the axis of coil. Panel A shows the S21 linear magnitude

of the system. Clearly visible are the two resonant modes caused by the coupling of the two high-Q resonators. Panel B shows the Smith chart

of the input impedance ðS11Þ as the function of frequency. This panel shows that there are two frequencies where the input impedance to the

coils is well matched to the 50-W source and maximum power transfer can occur.
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transmit coil was held stationary at the origin of the grid,

while the receive coil was moved in 3.7-cm increments

along the X and Y dimension. For all experiments, the

smart transmitter described in Section VI was used to

transmit 5 W through the MCR systems both with and

without adaptation, and the RMS received power was

measured using an Agilent E4418B series power meter.

In the first experiment, the smart transmitter was used

to transmit 5 W through the MCR systems at a fixed fre-

quency tone of 13.56 MHz. From these results, the wire-

less power transfer efficiency is plotted in Fig. 6. The

results for the parallel case can be seen in panel 1B as a

donut-shaped ring of high-efficiency power transfer

around the transmitter. Although this plot shows that it

is possible to transfer wireless power without adaptive

techniques, the area within 10 cm of the transmit coil

indicates very low efficiency, which would not be ac-

ceptable for most wireless charging applications. The

results for the perpendicular case can be seen in panel 2B

of Fig. 6 as four peaks with a null when a perpendicular

coil is positioned at the center of the opposite coil. The

28 � 28-cm2 square at the center of panels 2B, 2C, and

2D represents the region that is physically impossible to

measure because the coils cannot overlap.

In the second experiment, adaptive frequency tuning is

enabled and the same experiment is repeated. Panel 1C in

Fig. 6 shows a dramatic improvement in the serviceable

area of the wireless power system. The experiment yielded

a peak efficiency of 96.4% and a plateau of near-constant

efficiency that covers a majority of the grid. Although

panels 1B and 1C both show the characteristic toroidal

shape of a magnetic field, frequency tuning can take ad-

vantage of the overcoupled regime to maximize the power

transfer across the entire space. Panels 2B and 2C in Fig. 6

are nearly equivalent because the coupling coefficient

Fig. 6.Wirelesspower transferefficiencyplotsofMCRswithandwithout adaptationenabled for the caseswhenthe transmitand receive coils are

parallel (panel 1A) and perpendicular (panel 2A). Panels 1B and 2B show the regions of space that can bewirelessly powered at a fixed frequency

with adaptation disabled. Panels 1C and 2C show dynamic frequency tracking enabled, which allows the system to take advantage of the

overcoupled regime. Panels 1D and 2D show the use of adaptive impedancematching, which allows for single-frequency, narrowband operation.

Panels 1C and 1D clearly show a high-efficiency plateau which allows for near-constant efficiency as a function of location, when adaptation is

enabled. Panels 2B, 2C, and 2D show nearly equivalent efficiency for single-frequency operation, adaptive frequency tracking, and adaptive

impedance matching.

Fig. 5. Measured efficiency of the blue coils at a distance of 14 cm

between the transmit coil and the receive coil. The angle of

misalignment between the transmit and receive coils is varied by

5� increments.
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between the two coils never reaches the overcoupled

regime for the perpendicular configuration. Thus, the

optimal frequency that is selected for adaptive frequency

tracking is almost always the same (13.56 MHz), which is

the resonant frequency of each of the individual coils as

measured in isolation.

IV. ADAPTIVE IMPEDANCE MATCHING

In Section III, wideband frequency tuning was used to

achieve maximum efficiency in the overcoupled regime. In

this section, dynamic impedance matching networks are

used to maintain high efficiency at a single frequency. Nar-

row bandwidth operation is desirable for regulatory reasons.

A. Regulatory Compliance
Spectrum use regulations vary from country to country.

Currently, no country has allocated spectrum specifically

for wireless power transfer. However, the industrial–

scientific–medical (ISM) bands are allocated internation-

ally for RF applications other than communication. ISM

bands are currently used for applications such as magnetic

resonance imaging (MRI), RF heating, and microwave

ovens. Therefore, they are a natural choice for wireless

power transfer systems. Eventually, if wireless power

transfer becomes widespread, one might imagine bands

dedicated specifically for this purpose.

The ISM bands are currently governed in the United

States by Parts 15 and 18 of the U.S. Federal Communi-

cation Commission (FCC) rules [6], [15]. Part 15 of the

FCC rules covers intentional RF radiators and Part 18

covers specific ISM devices such as MRI and induction

heaters. It may be desirable for wireless power systems to

be covered by Part 18 because the radiated emission limits

of Part 15 are more stringent than those of Part 18.

Regardless of how wireless power will integrate with

governmental regulations on RF emissions, existing ISM

bands are too narrow to accommodate frequency tuning.

Consider the blue coils shown in Fig. 3, which are used

throughout this paper. Fig. 2 shows that in order to max-

imize efficiency at any distance with these coils, it is nec-

essary to tune from 8 to 22 MHz, a bandwidth of 14 MHz.

However, the relevant ISM band is only 14 kHz wide,

spanning 13.553–13.567 MHz. In this example, the band-

width requirements of dynamic frequency tuning exceed

the available bandwidth from FCC regulations by three

orders of magnitude.

B. Consideration of Two-, Three-, or Four-Element
Wireless Power Systems for Impedance Matching

An important question that any wireless power system

designer must answer is how many coils to use. Prior work

has analyzed the improvements in overall efficiency of

two-, three-, and four-element systems using circuit theory,

reflected load theory, and coupled mode theory [9], [16]–

[18]. The common conclusion is that for two- and three-

element systems, at least one of the high-Q coils will be

loaded down by the source resistance RS from the power

amplifier or the load impedance RL of the RF rectifier/load

application, which significantly reduces the Q of the re-

sonator. Low Q limits the amount of energy that can be

stored in the coils and thus reduces the magnetic flux den-

sity for a given location. The result is that the maximum

range at which efficient wireless power transfer can be

achieved is decreased [8]. Therefore, it is desirable to

isolate the high-Q coils from the source and load impe-

dances using a transformer or impedance matching net-

work. The four-element system offers a unique advantage

in this regard. Since the transmit loop and coil act as an air

core step-up transformer and the receive loop and coil act

as an air core step-down transformer, a wider range of

tunable impedance transformation ratios is possible with a

static four-element system compared to a static two- or

three-element system. However, a combination of the

two-, three-, or four-element systems with an adjustable

impedance matching network can be the best approach for

maximum range and efficiency while operating within a

narrow frequency range.

In this section, we analyze the use of two-, three-, or

four-element systems from an impedance matching per-

spective. Using the parasitic parameters of the coils in

Table 2, the input impedance for a two-element system

(coil–coil), a three-element system (loop–coil–coil), and a

four-element system (loop–coil–coil–loop) can be calcu-

lated using

ZIN;2 ¼ Z1 þ
!2M2

12

Z2
(1)

ZIN;3 ¼ Z1 þ
!2M2

12

Z2 þ
!2M2

23

Z3

(2)

ZIN;4 ¼ Z1 þ
!2M2

12

Z2 þ
!2M2

23

Z3 þ
!2M2

34

Z4

(3)

respectively, where Z1�4 are the equivalent impedances of

an individual coil isolated from all other coils

In order to design an impedance matching network for

any of these wireless power configurations, an important

consideration is the ratio of the source impedance RS
(typically 50 � for a power amplifier) to the real compo-

nent of the input impedance of the resonator ðRinÞ, and
vice versa for the load side. This impedance ratio Rin=RS
determines the quality factor of the matching network. If

the impedance ratio is very large (or very small), then

the matching network would exceed the minimum (or

maximum) quality factor for a designable network [19],

[20]. Additionally, for larger ranges of impedance ratios

across all coupling coefficients, it is more difficult to
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physically design an adaptive matching network because

more switches will be required to achieve the same tuning

capabilities as a set of MCRs with a smaller range of

impedance ratios. Therefore, it is desirable to select the

coil configuration that achieves the smallest range of

impedance ratios across all coil–coil coupling coefficients

to ensure maximum power transfer and to simplify the

fabrication of an adaptive impedance matching network.

Fig. 7 shows how the impedance ratio Rin=RS changes
as a function of the coupling coefficient between the two

high-Q coils in each configuration. Recall that the coupling

coefficient is related to the mutual inductance by kij ¼
Mij=

ffiffiffiffiffiffiffi

LiLj
p

. For a two-element system, the impedance ratio

is low for weak coupling ðk12Þ, and increases by a factor of

k212 for stronger coupling. For three- and four-element sys-

tems, the impedance ratio is high for weak coupling ðk23Þ
and decreases by a factor of 1=k223 for stronger coupling.

Fig. 7 shows that for this set of MCRs, the four-element

system does offer the lowest range of impedance ratios.

C. Using Impedance Matching as a
Coil-Tuning Mechanism

To reiterate the importance and practicality of impe-

dance matching, it is useful to refer back to Fig. 4. Panel B

shows the input impedance of the blue coils shown in

Fig. 3. It is clear that if the system was transmitting at a

frequency that did not correspond with the desired load

impedance, an impedance matching network could be de-

signed to match the source and the load. However, as

Section IV-B showed, the input impedance changes as a

function of distance and orientation between the Tx and

Rx coils, and thus a dynamically reconfigurable solution is

needed. In this section, we will demonstrate how to design

an adaptive impedance matching network that can match

the constant source impedance to the varying load impe-

dance for a range of coupling coefficients.

A mismatch between source and load impedances sub-

stantially degrades power transfer efficiency at operating

frequencies within the narrow ISM band. With a four-

element wireless power system, this impedance mismatch

has been overcome under narrowband conditions by vary-

ing the loop-to-coil coupling coefficients klc [8], [21].

However, this method of tuning klc is impractical because

it requires mechanically adjusting the distance between

the loop and the coil. High-efficiency narrowband opera-

tion can also be achieved by using adaptive impedance

matching networks to constantly match the varying input

impedance of the MCRs to the constant source impedance

RS [20], [22]–[24].
To further understand this concept, we can compare

the plots of jS21j as a function of frequency for the blue

coils both with and without impedance matching net-

works. Fig. 4 shows jS21j data for the blue coils (shown in

Fig. 3) without the matching networks at a separation dis-

tance of 7.8 cm along the common axis of the coils. This

plot shows two resonant modes (overcoupled region) and

indicates that the efficiency is highest at 12 MHz and is

nearly at its lowest at 13.56 MHz. Fig. 8 shows jS21j data
for the blue coils with impedance matching networks at

both the input to the Tx loop and at the output of the Rx

loop. This plot shows that there are four resonant peaks,

and the marker indicates that maximum efficiency occurs

at the peak corresponding to 13.56 MHz. In this example,

efficiency was increased from 24.2% to 75.7% using the

matching network. Although maximum efficiency can be

achieved for both approaches used in Figs. 4 and 8, Fig. 8

demonstrates that only impedance matching networks

Fig. 7. Calculated ratio ðRin=RSÞ of coil to source impedance where

Rin ¼ realðZinÞ and Rs ¼ 50 W for the calculated input impedance of a

two-, three-, and four-coil wireless power system as a function of

the coupling coefficient ðkCOILÞ between the two high-Q coils for

each configuration.

Fig. 8. Measured jS21j for the blue coils with �-match networks at

both Tx and Rx sides at a distance of 7.4 cm along the axis of the coil.

Clearly visible are the four resonant modes caused by the coupling of

the two high-Q resonators and the impedance matching networks.
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can achieve maximum efficiency within the allowable

13.553–13.567-MHz ISM bandwidth.

D. Adaptive Impedance Matching With a
�-Match Network

Fig. 9 shows a block diagram of the wireless power

system using adjustable �-match networks for dynamic

impedance matching. This topology includes variable

source capacitors CS, variable load capacitors CL, a fixed

inductor L� with parasitic resistance and capacitance (r�
and C�), and the parasitic equivalent series resistance rp
of the capacitors. The variable source and load capaci-

tances are implemented with a four-element switched

capacitor bank.

This circuit can perform impedance matching by dyna-

mically controlling the source and load capacitance of both

�-match networks. Compared to other matching network

topologies such as the L-match, the �-match is ideal for

adaptive wireless power transfer because it uses a fixed-

value inductor in the high-current path while variable

capacitors handle minimal power in shunt configurations

[19], [20], [25]. Additionally, Fig. 7 shows that across a

range of coil coupling coefficients, the input impedance to

the MCRs can vary from greater than, equal to, or less than

the fixed 50-� source impedance. The �-match topology

can accommodate all of these cases, while an L-match

topology can only match in one direction.

Another design consideration is whether to place a

matching network at both Tx and Rx sides versus only at a

single side. A �-match network at both the input to the Tx

loop and the output of the Rx loop can result in a wider

range of impedance matching between source and load

impedances, thus resulting in higher wireless power

transfer efficiency at a single frequency for any separation

distance [20].

E. Capacitor Selection Tools for a �-Match Network
A Matlab algorithm has been developed that uses un-

constrained nonlinear optimization to determine the ideal

capacitor values for a �-match network that will maximize

S21 for a range of coil–coil coupling coefficients. This

algorithm takes measured S-parameters for a given L� and
set of MCRs and converts the S-parameters into ABCD-

matrices. The ABCD representation is convenient because

a series of cascaded two-port networks can be modeled by

computing the product of their individual ABCD matrices

to form a single lumped ABCD-matrix. The ABCD matrices

for the Tx �-match network, the MCRs, and the Rx

�-match network are multiplied together. After converting

the lumped ABCD-matrix back to an S-matrix, the source

and load capacitor values in each �-match network are

determined by selecting values that optimize jS21j at the
desired frequency.

A total of 100 data sets were collected from the

VNA for incremental distances of 3.7 cm between the

blue Tx and Rx coils spanning a 60 � 60-cm2 x–y grid

for both parallel and perpendicular configurations, as in

panels 1A and 2A of Fig. 6. These data were logged for

the blue coils without the �-match networks. Importing

these S-parameters into the Matlab simulation allows for

the ideal source and load �-match capacitor values to be

determined across every distance such that the maximum

S21 occurs at 13.56 MHz.

Next, two printed circuit boards (PCBs) of the �-match

networks are connected to the Tx and Rx blue coils as in

Fig. 9. Although it is possible to select the capacitor values

using general purpose input/output (GPIO) pins from a

microcontroller, this prototype uses DIP switches to man-

ually enable or disable the source and load capacitors of the

�-match networks. A full set of data is retaken using a

single operating frequency (13.56 Mhz) with a transmit

power of 5 W for the same 60� 60-cm2 grid in Fig. 6 using

the recommended capacitor values from the Matlab simu-

lation. The �-match PCBs are used as the �-match net-

work, and the capacitor values are manually switched to

the optimal value for each receive coil position on the grid.

Table 1 shows the capacitor values used on the �-match

PCBs. These boards use surface-mount ceramic 0603 ca-

pacitors, and the inductors used in the �-match networks

are 206-nH Coilcraft Maxi-Spring Air Core inductors.

Panels 1D and 2D in Fig. 6 show the measured wire-

less power transfer efficiency for adaptive impedance

Fig. 9. Schematic diagram of the dynamic impedancematching technique used at both Tx and Rx sides for a set ofMCRs. Each variable capacitor

indicated in this figure has been implemented as a bank of four capacitors that can be switched manually (four switches for the Tx �-match and

four switches for the Rx �-match).
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matching. Due to the frequency splitting effect in the

overcoupled regime, the wireless power transfer efficiency

at a single frequency (Fig. 6, panel 1B) is very low for short

separation distances. The adaptive frequency tracking

technique (Fig. 6, panel 1C) outlined in Section III achieves

high efficiency in the overcoupled regime, but violates

FCC regulations by operating outside the 13.56-MHz band

and is, therefore, not likely to be used in practical applica-

tions. At the origin in Fig. 6, the efficiency at 13.56 MHz

is improved from 13% for the case without adaptation

(panel 1B) to 89% efficiency using adaptive impedance

matching (panel 1D). The efficiency for short separation

distances is not quite as high as the efficiency for adaptive

frequency tracking because the capacitor values imple-

mented with the �-match PCBs are not able to perfectly

match the source and load impedances, and because of the

parasitic resistance associated with each switch. For the

same reasons listed here, Fig. 5 also shows reduced effi-

ciency for the adaptive impedance matching curve com-

pared to the adaptive frequency tracking curve for regions

of strong coupling (small angular misalignments). How-

ever, a scrutiny of Fig. 6 shows that adaptive impedance

matching achieves a slight improvement in the efficiency

at longer distances between the Tx and Rx coils.

To demonstrate adaptivity to variations in angular

misalignment, efficiency measurements are retaken for the

case when the coils are oriented at 90�. For this worst case

alignment, the coupling between the MCRs never reaches

the overcoupled region. Therefore, panels 2B and 2C are

almost identical because maximum efficiency occurs at a

single frequency in the undercoupled region. Panel 2D

shows a slight improvement in range using adaptive impe-

dance matching because the matching network is able to

match the 50-� source impedance to the high load impe-

dance caused by weak coupling between the MCRs, as seen

in Fig. 7.

The results from this figure show that it is possible to

achieve high efficiency while operating at a single frequen-

cy in the overcoupled regime and a slight range extension

in the undercoupled regime using adaptive impedance

matching.

V. ADAPTIVE RECTIFICATION

Thus far, adaptation techniques have been presented that

focus on modifying the operating parameters of the coils

themselves, either by changing the input and output im-

pedance of the coils using an RF matching network or by

choosing the operating frequency that stimulates one of

the resonant modes of the coils. However, these ap-

proaches have assumed steady state loading conditions that

are not realistic for applications where the end device va-

ries its power consumption as a function of activity. Fur-

thermore, a significant challenge in developing effective

wireless power systems is the efficient rectification of RF

power to direct current (dc) power across the system’s

operating points. This issue arises from the need to main-

tain optimal impedance matching between the receiving

antenna and the rectifier while the load impedance of the

application changes.

A. System Overview
In order to address these challenges, an adaptive recti-

fier has been developed which uses a nonlinear impedance

matching circuit element and a custom control algorithm

to adapt to changes in distance (i.e., coupling coefficient)

and fluctuations in the load.

A diagram of the adaptive rectifier is shown in Fig. 10.

Starting from the left, RF power from the magnetic cou-

pled resonators (or other sources) is injected into the full-

wave rectifier block, which converts the RF power into dc.

Next, the adaptive impedance matching circuit, which

consists of a microcontroller, voltage and current sensing

circuits, and a feedforward buck converter, is used to con-

trol the ratio of voltage to current that is drawn off of the

rectifier and deliver to the load. Although buck converters

are typically used for voltage regulation, they can also be

thought of as nonlinear impedance matching circuits for dc

systems. Finally, power is delivered to the load application,

which for the purpose of this work is represented as a

current source. This approximation is made since most

electronic devices require a constant supply voltage with

varying load current. It should be noted that this work

Table 1 Switched Capacitor Bank Values for the �-Match Networks Used for Adaptive Impedance Matching
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focuses on improving the efficiency of the rectifier. Addi-

tional control algorithms and/or voltage regulation stages

may be needed for a particular application.

The system architecture and the control algorithms

implemented on the microcontroller are similar to maxi-

mum power point tracking (MPPT) techniques used for

harvesting the maximum possible power from solar cells

[26], [27]. In that application, the optimal I–V ratio of the

solar cells is a function of the incident light on the panels.

In this work, the output of the MCRs presents a variable

source resistance, and a typical application will present a

variable load resistance. Thus, adaptation techniques are

needed to ensure maximum power transfer.

A prototype of the adaptive rectifier is shown in Fig. 11.

It consists of a full bridge rectifier, over-voltage protection,

a high-voltage synchronous N-Channel MOSFET driver

(LTC4444), circuits for measuring voltage and current, and

an MSP430 microcontroller, which is used to implement

the control algorithm for tracking the maximum power

point of the rectifier. This prototype was designed for

robustness and fault tolerance. Further optimization and

size reduction are possible for future integration into end

devices.

B. Load Matching
One under-appreciated aspect of RF rectifier design is

that changes in load impact the impedance match between

the RF antenna and the input of the rectifier itself. Occa-

sionally, poor power transfer to the load can be misinter-

preted as inefficiencies in the rectifier. In reality, RF

power is being reflected off of the rectifier-antenna inter-

face due to loading conditions.

To highlight the issue of load matching and to demon-

strate the effectiveness of the new adaptive rectifier, the

prototype was tested at various input power levels and

loading conditions. In this experiment, a class ‘‘A’’ RF

power amplifier (from AR RF/Microwave Instrumentation,
model 100W1000B) with a source impedance of approxi-

mately 50 � was connected to the input adaptive rectifier

prototype. The RF amplifier swept its output power from

3–30 W at a fixed frequency of 13.56 MHz. At each sweep

point, an electronic load (model #: HP 6063B) provided a

second sweep of load current, which emulated different

power consumption modes that an application might pre-

sent. The resulting rectified output voltages and currents

were recorded using digital multimeters (DMMs). A host

computer running Labview was used to control the system

and record data. It should be noted that the output im-

pedance of the RF amplifier was measured and found to be

stable across these limited output powers and loading

conditions.

Fig. 12 shows two sets of plots of system transfer effi-

ciency: one of a normal rectifier (that is, with adaptation

turned off) and the other with adaptive impedance match-

ing enabled. In the 3-D plots, the axes are the swept input

power versus the swept load current, and the surface re-

presents the efficiency of RF-to-dc rectification at each

point. Panel A shows the result when adaptation is turned

off. This is the standard case for passive rectifiers powering

variable loads. The key takeaway is that if the wrong load-

ing conditions are applied to the rectifier, an impedance

mismatch occurs between the output of the coils and the

input of the rectifier, and this mismatch results in poor

power transfer. Thus, there is only a narrow ridge of points

where maximum power transfer can be achieved.

In panel B of Fig. 12, the adaptive impedance matching

circuit is enabled. At each data point in the plot (i.e., at

each input power and load current), the MSP430 micro-

controller measures the output voltage and current ratio

being delivered to the load. Its control algorithm adjusts

the pulse width modulation signal driving the feedforward

Fig. 11. Prototype of the adaptive rectifier capable of delivering

power at nearly constant efficiency to the load application over

a wide range of loading conditions.

Fig. 10. Maximum power point tracking method using an active

feedforward buck converter and microcontroller to control

the input impedance of the enhanced rectifier.
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buck converter and uses a gradient–ascent method to

maximize rectified power. The result is that for nearly any

input power level and load current, an operating point can

be found that maximizes power transfer. This is shown as a

plateau of near-constant transfer efficiency. The result is

that rectifiers that use MPPT techniques can effectively

mitigate load variation, which would normally disrupt

power transfer.

C. Adaptive Impedance Matching
Section V-B described a method for controlling the

apparent load impedance seen by the output of the rectifier

so that the maximum amount of RF power could be

harvested. In effect, the loading condition on the rectifier

maintained the optimal impedance match between the

input of the rectifier and the output of the RF source. The

other way to look at the system is that if the source im-

pedance of the MCRs was not 50 �, the maximum power

point tracking algorithm on the microcontroller will still

servo the PWM control signal to maximize the power

transfer. This will in turn change the real component of

the input impedance to the rectifier to closely match the

output impedance of the amplifier.

To demonstrate this property of the adaptive rectifier,

it was analyzed by a custom-built 100-W vector network

analyzer (VNA). The results can be seen in Fig. 13. Here

the VNA transmits a single tone of 13.56 MHz at 12.5 W

into the adaptive rectifier prototype. Then, the duty cycle

of the buck converter was varied from 20% to 80%. The

resulting impedances are shown on the Smith chart in

panel A. Note that the trace on the Smith chart is not

frequency, but rather the duty cycle of the PWM signal

controlling the feedforward buck converter element. The

magnitude of the input impedance jZ11j versus duty cycle is
shown in panel B.

Fig. 13. Input impedance of the adaptive rectifier when the duty cycle of the nonlinear impedance matching block is varied from

20% to 80%. Panel A depicts a Smith chart of the input impedance which shows a mostly real dependency on duty cycle.

Panel B shows the magnitude of the input impedance jZ11j versus duty cycle.

Fig. 12. Wireless power transfer efficiency as a function of input power and load current as received by the adaptive impedance matching

rectifier. Panel A shows the behavior of the systemwithout adaptivematching. Panel B shows the result of enabling the adaptive rectifier which

allows for constant efficiency at nearly any input power level and load current.
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The two panels show that controlling the duty cycle of

the feedforward buck converter allows the adaptive recti-

fier to servo its input impedance. The range of this

prototype is between 5 and 65 �. However, the Smith

chart shows that some reactance is introduced, and the

impedance matching is not purely real. This is believed to

be due to the junction capacitance of the diodes. One

solution could be to mitigate this parasitic reactance with a

switched impedance matching network. Ultimately, this

shows that using a feedforward buck converter to form an

adaptive rectifier is an effective means of electronically

controlling the RF impedance of a rectifier using only

solid-state devices.

VI. APPLICATION

Using these ideas, a practical end-to-end system can be

built that seamlessly delivers wireless power to the full

volume of space available. The ideas of dynamic frequency

tuning and impedance matching inform the system re-

quirements. For dynamic frequency tuning, the trans-

mitter should be able to change its output frequency on

the fly, provide amplification, and detect how much power

is being delivered to the load. Dynamic impedance

matching requires the transmitter to control impedance-

matching circuits, such as the �-match boards mentioned

in Section IV. To track moving loads that rapidly change

system operating conditions, the smart transmitter should

be able to respond quickly to transient events. The main

types of events include human-caused changes in position

and orientation, as well as variations in the load’s power

demands.

A. System Description
With these principles and guidelines in mind, a work-

ing prototype of a full end-to-end system has been devel-

oped. A block diagram of the complete system is shown in

Fig. 14. The implementation of a smart transmitter is

shown in the left panel of Fig. 15, and the RF receiver and

power management unit is shown in the right panel of

Fig. 15.

The heart of the transmitter module consists of a Texas

Instruments TMS320 digital signal controller (DSC), a

microcontroller that includes some DSP functionality. The

DSC controls all peripherals on the board and communi-

cates with an external personal computer (PC) via a serial-

to-USB FTDI chip. The external PC runs a graphical user

interface that can be used to easily set various parameters

of the system.

Fig. 14. Block diagram of the end-to-end wireless power system. Power is denoted with red lines, while data and/or control is denoted

with blue lines. In the case of the TMS320’s connection to the DDS, the blue connection denotes a digital control word. In the case of the

DSC’s connections to theUSB controller and 2.4-GHz radio, the blue lines represent serial digital data. On the receiveboard, blue lines indicate the

measurementsofmultiple voltageandcurrent sensors,whichmaybeused to send informationback to the transmitter via its 2.4-GHz radioabout

the state of its operating conditions. Finally, the blue lines going to the �-match boards indicate GPIO control pins controlling capacitor banks.

Fig. 15. Images of the transmitter board with external amplifier (left)

and the receiver board (right).
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To detect the phase and magnitude of the RF signal

being transmitted to the load, a high-power directional

coupler is used to extract the incident and reflected sig-

nals, which are then routed to inputs of an Analog Devices

AD8302 RF detector integrated circuit (IC). The RF

detector outputs two voltages that are proportional to the

log magnitude ratio and phase between the incident and

reflected power (i.e., 1=S11). Since the DSC is clocked at

150 MHz, it may take many digital samples of this voltage

in a short period of time. In fact, it takes this system only

5 �s to take one data point.

Using these measurements of the forward and reflected

waveform, the DSC adjusts the transmit frequency of the

systems via an Analog Devices AD9850, an RF direct digi-

tal synthesizer (DDS). Since the DDS produces a sampled

sinusoid from a reference clock, higher order harmonics

need to be filtered out to produce a clean signal. This is

done with an off-the-shelf low-pass filter with a cutoff of

22 MHz.

Additionally, the transmitter can also employ dynamic

impedance matching by controlling �-match boards via

parallel GPIO interfaces from the DSC. An external RF

amplifier is used to achieve an output power of up to

100 W.

The receiver unit rectifies the RF power from the coils

and delivers regulated power to the load application. An

MSP430 microcontroller from Texas Instruments uses

voltage and current sensing circuits to monitor system

performance and aids in startup procedures. Both the

transmitter and the receiver include 2.45-GHz Texas In-

struments CC2500 radios, which implement out-of-band

communication. This bidirectional communication allows

the DSC and host application to receive streaming data on

the load power consumption and enables the transmitter

and host application to send commands to the receiver

unit. Future iterations of the receiver board will include an

adaptive rectification controller and battery recharging

functionality.

B. System Operation and Control Algorithms
The system’s control algorithm has two goals: choose

the optimal system parameters (transmit frequency or

�-match settings) given the current system state, and

maximize power transfer over time. Different considera-

tions must be made for frequency tuning and impedance

matching.

1) Dynamic Frequency Tuning: In this case, the transmit-

ter changes its transmit frequency to maximize power

transfer by tracking one of the resonant modes. Other

systems, such as [28] and [29], have used similar ap-

proaches by measuring estimates of the total reflected

power at different discrete frequencies. These systems also

modify either the increments between the discrete

frequencies or the number of frequency points measured

to find a more optimal transmit frequency. In [30], a dif-

ferent, analog method of frequency tuning is used. Though

we use a somewhat similar method of control as [28] and

[29], our system is optimized for different requirements:

to seamlessly power moving objects in a volume of space.

As such, we use a somewhat different algorithm that adap-

tively narrows or widens the frequency increment between

a small number of frequency points as required.

A naive implementation of frequency tuning would

sweep N frequency points across the entire spectrum of

use, measuring j1=S11j at each one. Once the sweep is

taken, the point with maximum j1=S11j is chosen as the

new transmit frequency. Fig. 16 shows a typical frequency

sweep performed by the system.

To maximize power delivery over time, the system can

take advantage of the peaked shape of the spectrum and

perform gradient ascent. This requires the system to only

measure a few points on each iteration. Such an algorithm

can be further improved by progressively decreasing the

frequency increments as the system hones in on an optimal

operating point. This procedure is similar to the approach

used by [28], with the main difference being that our

system does not start with the same frequency increment

at the beginning of each sweep. Rather, our system only

changes the frequency increment for a sweep when it de-

tects that the load or environmental conditions have

changed.

The algorithm operates as follows: after an initial

optimal transmit frequency is chosen using a full sweep,

m points are examined on either side of the current

Fig. 16. Typical spectrum of the overcoupled regime measured by

our system.
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operating point. This means only N ¼ 2mþ 1 points are

measured on each iteration (a good value is N ¼ 5 or

N ¼ 7). The points are spaced in frequency steps of Df .
After these N points are sampled and stored in memory,

the frequency which corresponds to the maximum j1=S11j
is chosen as the new operating point. The algorithm also

updates the frequency step on iteration i as follows:

• if the center point is chosen on iteration i,
Dfiþ1 ¼ ð1=2Þ � Dfi;

• if an edge point is chosen, Dfiþ1 ¼ 2 � Dfi;
• if any other point is chosen, Dfiþ1 ¼ Dfi.
This adaptive algorithm allows the bandwidth of the

transmitted signal to progressively narrow, maximizing the

wireless power transfer efficiency, because less time is

spend off of the resonant peak. At the same time, any

changes in the spectrum caused by perturbations in load

position or orientation cause the system to temporarily

widen its bandwidth to seek out the new optimal transmit

frequency. These operations happen very quickly (with

N ¼ 5 and Dts ¼ 5 �s, one sweep occurs in 25 �s), which
allows the system to track high-speed loads [moving at up

to (1 cm/25 �s) ¼ 400 (m/s)].

2) Impedance Matching: The system is also capable of

fixed frequency operation by using dynamic impedance

matching. �-match boards have been built that contain

capacitor banks that can be switched on or off by a parallel

GPIO interface. The search space for �-match is more

complicated than that of frequency tuning. Where fre-

quency tuning’s search space was 1-D, the space for impe-

dance matching is 2-D, as the system can change both the

Tx-side or Rx-side capacitances. The search space ends up

having 2ðnTxþnRxÞ states, where nTx and nRx are the number

of capacitors on the Tx and Rx sides, respectively. Thus,

the bank capacitor values must be chosen carefully to

provide the most effective matching circuit with the fewest

number of capacitors. However, some control values will

not correspond to optimal impedance matches, and may be

excluded from the search space ahead of time.

Unfortunately, the �-match space does not have

smooth peaks that correspond to optimal operating points,

so gradient ascent cannot be used. This means that a sweep

and peak-hold algorithm is the best option. Detection of

delivered power presents another challenge to using im-

pedance matching. The j1=S11j measurement used for

frequency tuning tends to be somewhat unreliable with

�-match. Thus, a measurement of the throughput power

is more effective. However, this means that the load

needs to send information back to the transmitter. This

is accomplished by communicating information about

received power back from the load using the out-of-band

radio.

C. System Demonstration
A video demonstrating the prototype’s performance

may be found in this work’s supporting materials. To pro-

vide an idea of how seamlessly the system can adapt to a

nonstationary load, the system wirelessly powers a moving

lightbulb using adaptive frequency tuning. In the first part

of the video, the system only uses a single transmit fre-

quency. In this case, the lightbulb only illuminates at a

specific distance. In the next part of the video, we turn on

adaptive frequency tuning. Now the lightbulb always re-

mains on, regardless of how quickly the position or orien-

tation of the receiving coil changes. This is because the

system quickly adjusts the operating frequency to maintain

optimal efficiency.

We have also experimented with powering useful con-

sumer and biomedical applications with our system. These

devices include a laptop, a cellphone, and a left ventricular

assist device (LVAD) [31]. See Fig. 17 for an image of a

wirelessly powered cellphone. By attaching a receiver

board that contains a small loop and coil, a rectifier, and a

regulator, our solution can provide power to the cellphone

Fig. 17. Wirelessly powered cellphone. Panel A shows the phone being powered by a large transmit coil within a region of 10 cm.

Panel B shows the small receive loop and coil, rectifier, and regulator attached to the USB charging port of the cellphone.
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anywhere around the coil. Using dynamic frequency tun-

ing from 8 to 22 MHz, the system can seamlessly adapt

to changes in distance and orientation between the trans-

mitter and the cellphone.

VII. CONCLUSION

In this paper, we argue that wireless power systems based

on MCRs can realize the vision of seamless, reliable wire-

less power delivery if they are able to adapt to variations in

range, orientation, and loading conditions. The key insight

is that the over-coupled regime allows for high efficiency

and near-constant power delivery if the system is tuned

properly.

In particular, we have demonstrated that adaptive im-

pedance matching techniques used for fixed frequency

operation and adaptive frequency tuning for wider band-

width systems can enable wireless power delivery to larger

areas of space than previously published work. Addition-

ally, we have introduced an adaptive rectifier topology that

is capable of adapting to changes in loading conditions to

allow optimal power delivery. Conversely, the adaptive

rectification technique also allows a receiver to control its

input impedance to ensure proper matching to the MCRs.

Finally, we present a full end-to-end system capable of

adapting to real-time changes in the environment while

maintaining optimum efficiency. h

APPENDIX
Table 2 shows a summary of all the extracted param-

eters for both loops and coils shown in Fig. 3. All of these

parameters were extracted using the model outlined in [8].
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