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Abstract—Wireless power technology offers the promise of cut-
ting the last cord, allowing users to seamlessly recharge mobile
devices as easily as data are transmitted through the air. Initial
work on the use of magnetically coupled resonators for this pur-
pose has shown promising results. We present new analysis that
yields critical insight into the design of practical systems, including
the introduction of key figures of merit that can be used to com-
pare systems with vastly different geometries and operating con-
ditions. A circuit model is presented along with a derivation of
key system concepts, such as frequency splitting, the maximum
operating distance (critical coupling), and the behavior of the
system as it becomes undercoupled. This theoretical model is
validated against measured data and shows an excellent average
coefficient of determination (R2) of 0.9875. An adaptive fre-
quency tuning technique is demonstrated, which compensates for
efficiency variations encountered when the transmitter-to-receiver
distance and/or orientation are varied. The method demonstrated
in this paper allows a fixed-load receiver to be moved to nearly any
position and/or orientation within the range of the transmitter and
still achieve a near-constant efficiency of over 70% for a range of
0-70 cm.

Index Terms—Adaptive tuning, frequency splitting, magneti-
cally coupled resonators, wireless power.

1. INTRODUCTION

DVANCES in wireless communication and semiconduc-

tor technology have enabled a wide variety of portable
consumer electronic, medical, and industrial devices. However,
users are still required to manually plug in these mobile devices,
limiting ultimate mobility and disrupting use when charge is
depleted. Furthermore, as portable devices shrink, connectors
become a larger fraction of system size. Wireless power offers
the possibility of connector-free electronic devices, which could
improve both size and reliability. Thus, there is a desire to use
wireless power technology to eliminate the remaining wired
power connection.
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Presently, several wireless power techniques are being pur-
sued. It is useful to categorize these efforts in terms of their un-
derlying power-transfer mechanism to understand implications
for range, adaptation, and efficiency.

Far-field techniques use propagating electromagnetic waves
that transfer energy the same way radios transmit signals. This
method has been successfully used to power UHF RFID tags,
which have no batteries and an operating range of ~10 m
[1], [2]. One of the drawbacks to far-field approaches is the
inherent tradeoff between directionality and transmission effi-
ciency. There are many examples of RF and microwave systems
that use high-gain antennas to transfer power over kilometer
distances at efficiencies of over 90% [3], [4]. These systems
suffer from the need for sophisticated tracking and alignment
equipment to maintain a line-of-sight (point-to-point) connec-
tion in unstructured and dynamic environments.

Alternatively, RF broadcast methods, which transmit power
in an omnidirectional pattern, allow for power transfer any-
where in the coverage area. In this case, mobility is maintained,
but end-to-end efficiency is lost since power density decreases
with a 1/7? dependence, resulting in received power levels
many orders of magnitude less than what was transmitted [5].

Inductive coupling (or near-field) techniques do not rely on
propagating electromagnetic waves. Instead, they operate at
distances less than a wavelength of the signal being transmit-
ted. Applications include rechargeable toothbrushes and the
recently proliferating “power” surfaces [6]. These techniques
can be very efficient but are limited to transmission distances
of about a centimeter. Alternatively, near-field RFID pushes the
limit on distance by sacrificing efficiency. Near-field tags have
a range of tens of centimeters but only receive power in the
microwatt range with 1%—-2% transmission efficiency [1].

Previously demonstrated magnetically coupled resonators
used for wireless power transfer [7]-[13] have shown the po-
tential to deliver power with more efficiency than far-field
approaches, and at longer ranges than traditional inductively
coupled schemes. However, this prior work is limited to a
fixed distance and orientation, with efficiency falling off rapidly
when the receiver is moved away from its optimal operating
point.

In this paper, we extend prior analysis of coupled magnetic
resonance to elucidate several key system concepts, including
frequency splitting, critical coupling, and impedance matching.
We present a model of magnetically coupled resonators in terms
of passive circuit elements and derive system optimization
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Fig. 1. Sketch of the magnetically coupled resonant wireless power system
consisting of an RF amplifier, on the left, capable of measuring the forward and
reflected powers. A two-element transmitter, made of a single-turn drive loop
and high-Q coil, wirelessly powers the receiver on the right.

parameters. In addition, a method for automatically tuning the
wireless power system is demonstrated, so that the maximum
possible transfer efficiency is obtained for nearly any distance
and/or orientation as long as the receiver is within the work-
ing range of the transmitter. This is important from a practi-
cal standpoint because, in many applications, such as laptop
recharging, the range and orientation of the receive device with
respect to the transmit device vary with user behavior [14].

II. SYSTEM OVERVIEW

Fig. 1 shows a diagram of a wireless power system using
magnetically coupled resonators. The transmit antenna consists
of a single-turn drive loop and a multiturn spiral coil. When
the RF amplifier powers the drive loop, the resulting oscillating
magnetic field excites the 7'z coil which stores energy in the
same manner as a discrete LC' tank. Another way to think about
this two-element transmitter is as a funed step-up transformer,
where the source is connected to the primary (the 7'z loop)
and the secondary (the 7'z coil) is left open. The receive
side functions in a similar manner, although a load replaces
the power source and the system functions as a step-down
transformer from the viewpoint of the receive coil.

The key interaction occurs between the two coils, each of
which is a high-QQ LCR tank resonator. Just as the loop and
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. In order to gain an
intuitive understanding of how magnetically coupled resonators
can efficiently transfer energy back and forth, it is useful to
recall the properties of coupled oscillating systems.

Consider the case of two pendulums connected by a spring,
which is analogous to magnetically coupled LCR tanks [15].
In this classic physics example, the two pendulums will form a
single system which can oscillate in two modes, one of higher
and one of lower frequency than the fundamental frequency of
an individual pendulum. Furthermore, the frequency separation
of the two modes is dependent on the stiffness (or coupling) of
the spring. As this stiffness decreases, the degree of frequency
separation (referred to as frequency splitting) also decreases
until the two modes converge to the fundamental frequency of a
single pendulum. This indicates that, when driving coupled res-
onators, there can be more than one mode or tuned frequency.
This also means that the resonant frequency of the system will
change as a function of the coupling, and in the case of the
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wireless power system, coupling is dependent on the distance
between the transmit and receive coils.

Another significant property of coupled oscillators is that
the amount of coupling defines the rate of energy transfer,
not its efficiency [15]. For the coupled pendulums, the spring
constant defines how much energy is transferred from one
mass to the other per cycle. The stiffer the spring, the more
energy is imparted per cycle; efficiency, on the other hand,
is determined entirely by energy losses, due to friction in a
pendulum or, equivalently, parasitic resistance in the coils.
To the extent that these losses can be neglected, energy not
transferred to the receive coil remains in the transmit coil.
Thus, even if the coupling is very small (limiting the rate of
energy transfer), the efficiency can still be very high, for coils
that are high in @. This is a somewhat counterintuitive result
for wireless power systems, particularly when compared to the
case of omnidirectional far-field antennas which show a 1/72
dependence for efficiency, and inductive coupling which has a
1/r® dependence.

Finally, the mechanisms for driving and extracting work
from coupled resonant systems add additional constraints. To
highlight this, the pendulum example can be modified by
attaching a dashpot to extract work from one of the masses
while sinusoidally driving the other pendulum at one of the sys-
tem’s resonant frequencies. If the amount of power transferred
through the spring each cycle is not enough to provide power
to the load of the dashpot, the magnitude of the pendulum os-
cillation will begin to decay. In order to avoid this situation, the
stiffness of the spring can be increased so that it imparts more
energy per cycle, bringing the system back into equilibrium.
This means that, for every load, there is a minimum amount of
coupling that is necessary to maintain the system at equilibrium.
Equivalently, when driving the wireless power system with an
RF source and using a load resistor on the receiver to extract
work from the system, the amount of coupling defines how
much energy is transferred per cycle. This means that there is
a distance (called the critical coupling point) beyond which the
system can no longer drive a given load at maximum efficiency.

The following sections will build upon the concepts of
frequency splitting, critical coupling, and damping/impedance
matching. First, an analytic model of the magnetically coupled
resonator system is presented in Section III. This is followed
by derivations of key system parameters and figures of merit
in Section IV. Section V compares our model and theoretical
predictions of system performance to measured results. Finally,
Section VI describes adaptive tuning techniques used to achieve
near-constant efficiency versus distance while the receiver is
within the range of the transmitter.

III. CIRCUIT MODEL AND TRANSFER FUNCTION

The magnetically coupled resonator system can be repre-
sented in terms of lumped circuit elements (L, C', and R). Fig. 2
shows a straightforward circuit diagram that can be used for
hand analysis or for SPICE simulations.

The schematic consists of four resonant circuits, linked mag-
netically by coupling coefficients ko, ko3, and ks4. Starting
from the left, the drive loop is excited by a source with finite
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Fig. 2. Equivalent circuit model of the wireless power system. Each of the
four antenna elements is modeled as series resonators, which are linked by
mutual inductances via coupling coefficients.
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output impedance Rgource- A simple one-turn drive loop can be
modeled as an inductor (L;) with parasitic resistance R,i. A
capacitor (C1) is added to make the drive loop resonant at the
frequency of interest. The transmit coil consists of a multiturn
air core spiral inductor (L), with parasitic resistance (R,2).
The geometry of the T'x coil determines its self-capacitance,
which is represented as C5. Inductors L; and Lo are con-
nected with coupling coefficient k12; the receive side is defined
similarly. Finally, the transmitter and receiver coils are linked
by coupling coefficient ko3. A typical implementation of the
system would have the drive loop and 7'z coil built into a single
device such that k15 would be fixed. Similarly, k34, would also
be fixed. Thus, ks3 is the remaining uncontrolled value, which
varies as a function of the distances between the transmitter and
receiver.

This circuit model provides a convenient reference for analy-
sis of the transfer characteristics of a magnetically coupled
resonator system. For the sake of simplicity, the cross-coupling
terms (k13, ko4, and k14) are neglected in the following analy-
sis. Section V-A provides a detailed comparison of the accuracy
tradeoffs between the simplified model (Fig. 2) and complete
model (which includes cross-coupling) versus measured system
performance. Next, we return to the simplified model, where
Kirchhoff’s voltage law (KVL) can be applied to determine
the currents in each resonant circuit in (1), where the coupling
coefficient is defined in (2)

1
I (RSource + Rpl +jwly + C) + jwlaMiy =V

1
I (Rp2 +]OJL2 + C) —|—]w(IlM12 — IgMQg) 0

S»1 Magnitude

Frequency (MHz)

Fig. 3. S21 magnitude as a function of frequency and transmitter-to-receiver
coupling k23 for the simplified circuit model given the values in Table I. The
highlighted red volume is the overcoupled regime, where frequency splitting
occurs and transfer efficiency can be maintained independent of distance if the
correct frequency is chosen.

1
(RLoad + Rpy + jwly + C) + jwlsMsy =0 (1)

Mw
ka:y = 7?!;

0 < kay < 1.
L.L,

@)

These four KVL equations are simultaneously solved for
the voltage across the load resistor and yield (3), with the
substitution in (4), shown at the bottom of the page.

The system transfer function (3) is plotted in Fig. 3 for
the circuit values shown in Table 1. This plot shows So;
magnitude as a function of frequency and coupling coefficient
kos. For consistency, power transfer will be represented in
terms of linear magnitude scattering parameters (|S21 ), which
is important experimentally since it can be measured with a
vector network analyzer (VNA) for later comparison. The entire
wireless power-transfer apparatus can be viewed as a two-port
network (one port being the input, fed by the source, and the
other being the output, feeding the load). Using (3), one can
calculate the equivalent So; scattering parameter using [16],
[17], which results in

1 VLoad RSource 1/2
I3 { Rps + jwLs + —— | tjw(laMzs — I2Ma3) =0 So1 =2 — . 5)

C VSource RLoad

Vi _ iw3kiokosksaLoLs\/Ly LiRioaa 3)

Vs (K2k2 L1 Lo Ly Law® + Z1 20 Z3 74 + w? (kg L1 Lo Z3 Za + k33 Lol Zy Za + k24 L3 LaZ1 Z2))

Zl :Rpl + RSource +jWL1 - ]/(wcl)

Z2 = Rp2 + ijQ — ]/(WCQ)

Z3 = Rys + jwLs — j/(wC3)

Z4 = Rp4 + RLoad + jWL4 - J/(WC4) (4)
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TABLE 1
CIRCUIT VALUES USED TO EVALUATE SIMPLIFIED MODEL
PARAMETER VALUE

| Rsource Riad 50Q

L[, L4 1.0 uH

Cy, Cy 235 pF

Rp1, Rps 0.25Q

Ky, K3y 0.10

Lz, L3 20.0 uH

Cz, Cg 12.6 pF

Rp2, Rp3 1.0 Q

kos 0.0001 to 0.30

fo 10 MHz
Frequency 8 MHz to 12 MHz

In Fig. 3, frequency splitting is clearly visible as the value of
kog is increased. A SPICE simulation reveals that, indeed, the
lower frequency mode of the two coils is in phase, while the
higher frequency mode is 180° out of phase. As the coupling
between the coils decreases, the frequency separation also de-
creases until the two modes converge at f,. This point is called
the critical coupling point and represents the farthest distance
at which maximum power efficiency is still achievable (since
ka3 is proportional to 1/ distance®). When kqys is greater than
keritical, the system is said to be overcoupled, and operating
at either resonance will result in maximum power-transfer
efficiency. Conversely, when ka3 is less than keyigical, the system
is undercoupled, and the amount of power delivered to the load
begins to fall off precipitously with distance. The red dashed
box outlined in Fig. 3 encloses the “magic regime” where
near-constant efficiency versus distance can be achieved if the
correct frequency is selected. This is dramatically different
from typical far- or near-field systems where efficiency drops
off rapidly with distance. An adaptive frequency tuning method,
used to ensure that the maximum possible transfer efficiency
is achieved at any distance within the “magic regime,” is
described in Section VI-A.

IV. DERIVATIONS OF CRITICAL COUPLING
AND SYSTEM PARAMETERS

Further analysis of the transfer function (3) allows insight
into which circuit parameters can be used to optimize the
performance of the wireless power system. First, the equation
of critical coupling will be derived by substituting the term for
series quality factor and resonant frequency, shown in (6), into
the transfer function

Li o wiLi o 1

(6)

Here, the “i},” subscript denotes the circuit elements in
Fig. 2, for example, ¢ = 1 denotes the elements in the the drive
loop (L1,C, and Ry,1). It should be noted that the expression
for w; represents the free resonant frequency of each loop
and coil, which does not include the damping factor attributed
to the resistance in the LC'R tank. This approximation has
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a negligible effect on w; and only accounts for a deviation
of +£0.25% in the final transfer function. For simplicity, the
system is defined to be symmetrical, with the quality factors
of the Tz and Rz coils equal Qo1 = @2 = @3 and the quality
factors of the 7'z and Rx loops equal Qioop = Q1 = Q4. The
symmetric loop-to-coil coupling k1o = k34 will be denoted k..
We will also assume that Rsource = Rloads Rp1 <K Rsources
Rps < Rioad, and that the uncoupled resonant frequency of
each element is defined to be wy. To maintain consistency,
the notation for the symmetric case, coil-to-coil coupling (ko3)
will be renamed k... Finally, for the sake of brevity, only the
derivation for the voltage gain at the center frequency wy is
presented in (7). This function represents a 2-D slice of Fig. 3
along the center frequency of 10 MHz, whose apex is the critical
coupling point of the system. Furthermore, (7) is equivalent to
voltage gain in (3) for w = wy

VLoad

<VSource>

In order to find the function that predicts the critical coupling
point kcyitical, the derivative of (7) is taken with respect to k..
Setting the result to zero and solving for k.. yield (8), where all
variables are defined to be positive

; 2 M2 2
chcklc coilQloop

+ (1 + klchcoilQloop)Q )

)

2

= 12
kcc coil

w=wqo

1
kcritical =—+

2
Q N klc QIOOP .
coi

®)

Here, kepitical defines the extent of the “magic regime,” as
shown in Fig. 3. In order to find magnitude at the critical
coupling point, Kcyiticar 1S substituted back into k.. in (7).
The resulting equation represents the maximum efficiency that
is achievable at the furthest possible operation point before
the system becomes undercoupled. Using (5) and recalling
that Rjoad = Rsource, this voltage gain (Vioaa/Vsource) at the
critical coupling point can be converted into the scattering
parameters, which will be denoted |S21 |critical in

k?CQcoilQloop _ k%CQloop
1+ k?choilQloop

€))

|S21‘critical = L .
critical

Recall that, in order to maximize range, we must minimize
keritical because this increases the extent of the “magic regime,”
which spans from Kcpigical to 1.0. Examining (8) shows that
reducing kj. lowers Kkcriticas and therefore increases range.
However, according to (9), reducing k;. also reduces efficiency.
Indeed, the choice of k. trades off the efficiency level in the
“magic regime” (height of the V-shaped ridge) versus the extent
of the “magic regime” (spatial length of V-shaped ridge). Fig. 4
shows a plot of this tradeoff curve |So1|critical VErsus Keritical,
as a function of the common parameter k;...

The area under this tradeoff curve serves as a useful figure
of merit (FOM) for system performance. An optimal wireless
power system, which could losslessly deliver power at an
infinite range (coupling — 0) would have a FOM of unity.
For the symmetrical case, the FOM integral can be evaluated
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Fig. 4. Efficiency versus critical coupling range: |S21 |critical VEISus Keritical
tradeoff curve as a function of the tuning parameter kj., with our system’s
operating point indicated (large dot at k;. = 0.135).

analytically. Assuming that Q.o;; > 1, the area under the trade-
off curve is

1
Qcoil

In Qcoil
Qcoil -
(10)

1
FOM = / |S21|criticaldkcritical =1-
0

The FOM is only dependent on Q.; and is independent of
Q100p- The quality factor of the resonators (coils) entirely deter-
mines this measure of system performance, which approaches
unity in the limit of infinite (). The measured Q).; values for
our system are around 300 and 400, corresponding to FOM =
978 and FOM = .982. Choosing a feasible value of Qo0 is
the next important design question. To derive a guideline, we
will find an expression for the “knee” of the range—efficiency
tradeoff curve, which is defined as the point at which the slope
equals unity in Fig. 4. Solving d|S21|critical/dkcritical = 1 for
kcritical, we find

kcriticalknee = Q;oli]/z- (11)

If Qioop is too small, then even when setting k. to its
maximum value of 1.0, Kcpiticar Will not be able to reach
Kcriticalknee- To find the minimum necessary Q1o0p value, we
can solve (8) for Qloop with Kcritical = Keriticalknee and ke
1, which yields Qioop = (Q2 = 1)Q.L ~ Q.L/* for large
Qcoil- Specifically, a good operating point on the tradeoff curve
should be achievable as long as Qroop > nglﬂ/ % For Qconl =
300, this condition becomes Qoop > 0.06. In our working
system, the loaded Q10 values are around 0.9, about one order
of magnitude larger than this limit.

The key conclusion is that Q¢ determines system per-
formance (as measured by our FOM), as long as a minimum
threshold value of Q160p is exceeded. The actual value of Qio0p
(less than one for our system) is dominated by the source
and load impedances. The larger the Qco; is, the smaller is
the required minimum Qjo0p. Conversely, moving to a more
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Fig. 5. Photograph of the transmitter and receiver used in wireless power
system. Outside diameter of the large coils is 59 cm.

demanding load (with Qj,cp below the current threshold value)
could be accomplished by sufficiently increasing Q) coil-

V. MODEL VALIDATION AND EXPERIMENTAL RESULTS

Fig. 5 shows the experimental setup used to validate the
theoretical model. The transmitter on the left consists of a
small drive loop centered within a flat spiral transmit resonator.
The drive loop is 28 cm in diameter, with a series-connected
variable capacitor used to tune the system to 7.65 MHz. A
SubMiniature type-A (SMA) connector is also placed in series
so that an RF amplifier can drive the system, as depicted in
the circuit diagram in Fig. 2. The large transmit coil starts with
an outer diameter of 59 cm and spirals inward with a pitch of
1 cm for approximately six turns. The resonant frequency of
7.65 MHz was determined experimentally and is not intended
to correlate with the resonant frequency of the mathematical
example in Section III. Since it is difficult to accurately predict
the self-capacitance of the coils, the resonant frequency is tuned
by manually trimming the end of the spiral until each coil
individually resonates at 7.65 MHz. The receiver is constructed
similarly. All elements are made of 2.54-mm-diameter copper
wire, supported by Plexiglas armatures.

One of the significant challenges when comparing the theo-
retical model to the measured data is the accurate estimation of
the lumped circuit parameters (L, C, and R) of the physical
system. To accomplish this task, we used standard RF and
microwave measurement techniques developed to extract pa-
rameters such as resonant frequency, coupling coefficient, and
unloaded () factor from resonant structures [18].

A VNA is used to measure the scattering parameters of a
device under test (DUT) as a function of frequency. Next, an
impedance model of the DUT is fitted to the complex S7; data
using an unconstrained nonlinear optimization routine to solve
for the free variables. Since a VNA can sample a large number
of data points, the problem is overdetermined, allowing for a
reliable fit with error estimation.

In the case of the drive and receive loops, the values for L, C,
and Iz, can be determined directly. However, when evaluating
the coils, it is not possible to disambiguate inductance and
resistance, and as a result, parameter extraction of the coils
is in terms of resonant frequency, coupling coefficient, and
unloaded () factor. For the sake of completeness, Neumann’s
formula [19], [20] is used to calculate the coils’ inductance,
and the equation for quality factor (6) is used to determine
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TABLE 1I
MEASURED LUMPED ELEMENT VALUES FOR EACH INDIVIDUAL
CIRCUIT ELEMENTS OF EXPERIMENTAL
TRANSMITTER AND RECEIVER

TRANSMITTER RECEIVER
COMPONENT VALUE COMPONENT VALUE
L 0.965 uH Ly 0.967 uH
C 449.8 pF Cy 448.9 pF

Rpl 0.622 Q Rp4 0.163 Q
Rsource 50Q Rioad 50Q

Q 0.91 Q4 0.93

Fy 7.64 MHz || Fy 7.64 MHz
K12 0.1376 K34 0.1343
Q 304.3 Q4 404.4

Foo 7.66 MHz || Fo3 7.62 MHz
Ly 39.1 uH L3 36.1 uH
Cy 11.04 pF C;3 12.10 pF
Rp2 6.19 Q Rp3 427Q

the resistance. However, the model validation could equally be
done using the @ form of the transfer function. The coefficient
of determination (R?) is used to quantify the quality of the fit,
where 0 < R? < 1 with a value 1 indicating a perfect match
between the fitted model and measurements. A summary of the
extracted parameters for each of the individual elements from
the experimental setup depicted in Fig. 5 is shown in Table II.
All of the parameters extracted had an R? value of over 0.9999,
which indicates, with high confidence, that the values model the
system accurately.

The process of comparing the theoretical model of the wire-
less power system to measured results will be presented in
two steps. First, Section V-A and B use extracted values for
coupling coefficient ko3 from the complex So; data to validate
the circuit model that is independent of coupling (i.e., ko3 is the
only unknown variable from Table II and is extracted from the
overdetermined S5; measurements). Second, Section V-C uses
Neumann’s formula to predict all of the coupling coefficients
in the system, thus enabling a full prediction of system perfor-
mance using only the lumped circuit values from Table II.

In the experiment, the transmitter and receiver (shown in
Fig. 5) are placed facing each other along their common axis.
This is shown in Fig. 8, which represents the top view of the
experimental setup. Ports one and two of a VNA are connected
to the drive and load loops, respectively. Thus, the source and
load resistance of the system is 50 . The drive loop and
Tz coil are set a fixed distance apart (13.5 cm), thus keeping
k12 constant. The Rz coil and load loop are similarly fixed at
13.5 cm. Finally, the receiver (as a single unit) is moved away
from the transmitter along the common axis. The So; scattering
parameters are recorded every 5 cm, from 10 to 130 cm.

A. Effects of Parasitic Cross-Coupling

Fig. 6 shows experimentally the measured |So;| data to the
ideal model in (3) and to a more complete asymmetric model
that includes parasitic cross-coupling terms (k13, ko4, and k14).
The agreement between the complete model and the experi-
mental data is excellent. The difference in the magnitude of the
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Fig. 6. Diagram depicting the top view of the experimental setup, where the
receiver, as a single unit, is moved away from the transmitter. In this experiment,
the free variable is the coil-to-coil coupling (k23), which varies as a function of
the distance between the coils.

|S21| peaks for the upper and lower modes can be explained by
considering the phase of the two modes.

Based on the dynamics of coupled resonators [15], one
expects that, in the lower frequency mode, the current in the
transmit coil should be in phase with the current in the receive
coil; in the higher frequency mode, the coil currents should be
antiphase (180° out of phase). In the lower mode, in which the
Tz and Rz coils are in phase, the parasitic feed-through from
the drive loop to the Rx coil (associated with coupling constant
k13) contributes constructively to the magnitude of the current
in the receive coil. In the upper mode, the Rx coil phase is
inverted, but the parasitic feed-through is not; thus, the feed-
through interferes destructively with the Rz coil current. Sim-
ilar arguments apply to the other parasitic couplings. The fact
that the magnitudes of the mode differences are modeled well
only when parasitic couplings are included (as shown in Fig. 6)
supports this conclusion.

A discrete matching network or shielded transformer could
be used to directly connect the source/load to the coils. This
would eliminate the cross-coupling term, simplify the model,
and, possibly, also simplify system construction. On the other
hand, the parasitic feed-through benefits system performance in
the lower mode, and this benefit would be lost by eliminating
the drive and load loops.

B. Model With Extracted Coupling Coefficient Versus
Measured Data

Fig. 7 shows a 3-D plot of measured So; data in linear
magnitude form, depicted by black dots. These dots form
striped rows, each of which corresponds to a frequency sweep
of data points taken with a VNA. Each row of dots (or frequency
sweep) represents a VNA measurement taken every 5 cm as
the receiver is moved away from the transmitter. The mesh
underneath the measured data represents the transfer function
of the circuit model using extracted and interpolated values for
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Fig. 7. Comparison of (black dots) experimental data to the (dotted blue line) simplified transfer function and to the (red line) complete transfer function. The
simple model neglects parasitic cross-coupling (e.g., k13, k24, and k14) and does not reproduce the amplitude difference between the upper and lower modes. The
complete model reproduces this amplitude difference, which is explained by the phase of the parasitic coupling terms (k13 and k24) relative to the nonparasitic

terms (e.g., k23) for the two resonant modes.

Tx Coil Rx Coil

Tx Loop Rx Loop

Center Line

(Top View)

Distance

Transmitter (fixed) 5—' Ld Receiver

Fig. 8. (Black dots) Measured |S21| data plotted in magnitude form. Each
row of black dots represents a frequency sweep taken by the VNA every 5 cm
as the receiver was moved away from the transmitter. The mesh underneath the
data is the theoretical model.

coupling coefficients. Frequency splitting, the point of critical
coupling, and damping are clearly visible. For each of the
frequency sweeps, R? was calculated to quantify the corre-
spondence between theory and measurements. The average R>
value for the 25 measurements is 0.9875. It is important to
note that both Figs. 6 and 7 show a slight underprediction for
the high-frequency mode and a slight overprediction for the
low-frequency mode. This is believed to be due to capacitive
detuning and/or capacitive coupling (which is not modeled) and
becomes more significant at close range.

C. Model With Calculated Coupling Coefficients Versus
Measured Data

In the preceding section, the model was compared to mea-
sured data for discrete values of coupling coefficient. Since

0.8

0.6r

0.4r

S21 Magnitude (o)

0.2r

Predicted by theory
O Measured data

01F 9

@ Predicted critical coupling point

0.4 0.6 0.8 1
Distance between coils (m)

: 1.4

0 0.2

12

Fig. 9. Predicted behavior of the wireless power system at the resonant
frequency f, using Neumann’s formula, along with the (blue dot) predicted
critical coupling point and S2; measured data.

the circuit model itself does not explicitly model distance, it
is necessary to calculate the coupling between each inductive
element as a function of distance. In the following analysis,
these calculated values of coupling coefficients, along with the
L, C, and R values listed in Table II, are inserted into the
transfer function of the full system and compared to measured
results. In order to present a clean comparison of theory and
measured results, Fig. 9 shows the magnitude of the measured
scattering parameter (|S21|), as a function of system distance,
at the center frequency (f, = 7.65 MHz). When the distance
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Fig. 10. Calculated and measured frequency splitting values plotted as a function of distance. The S21 magnitude of the two modes is shown on the left, and the

frequency of the two modes is shown on the right.

between the transmitter and receiver is small, the system is
overcoupled, and the magnitude of the power transferred is
small at this operating frequency. This is a result of frequency
splitting, which causes resonant modes at frequencies higher
and lower than the center frequency of w,. As the distance
is increased, the system becomes critically coupled, and the
magnitude is at its highest. As the distance between the coils
is further increased, the system becomes undercoupled, and
the magnitude of the transferred power begins to fall. The
calculated red line of system performance in Fig. 9 shows a
good match with the measured data. The blue marker on the
plot shows the predicted value for the critical coupling point,
using the asymmetrical form of (8) and (9), along with Neu-
mann’s formula to calculate the distance from coupling coeffi-
cient ko3.

Frequency splitting is further investigated in Fig. 10, which
shows the calculated and measured magnitudes for each mode
of the system as a function of distance (left) along with the res-
onant frequency of each mode as a function of distance (right).
Here, the derivative of the transfer function is taken with respect
to w and set to zero to calculate the maximum magnitude for a
given distance. The discontinuity in the prediction of the high-
frequency branch occurs when the two modes begin to merge
near the critical coupling point. This results in a nonzero slope
for the peaks of the smaller high-frequency mode, and thus,
the derivative does not reach zero. Here, the circuit model plus
Neumann’s formula shows a good prediction of the perfor-
mance of the wireless power system. The magnitude versus
frequency plot in Fig. 10 shows a noticeable underprediction
for the high-frequency mode at small distances. The authors
believe this is caused by capacitive detuning having a more
pronounced effect as the transmitter and receiver are moved
very close to each other.

VI. ADAPTIVE TUNING FOR RANGE-INDEPENDENT
MAXIMUM POWER TRANSFER

A necessary component for a compelling wireless power
system is the ability to operate at a multitude of distances and
orientations without the need for precision manual tuning.

0.9r
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08t X x x x  Auto-Tuned
R
0.7 e
; X6 "

0.6 © % g
5 ’ °
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Distance (cm)
Fig. 11. Automatic frequency tuning compared to a fixed drive frequency as

a function of distance between the transmitter and receiver.

A. Automatic Frequency Tuning

Using the frequency splitting presented here, it is possible to
design a system that automatically adjusts to provide maximum
possible efficiency as a user moves the receiver to locations
within the system’s working range (i.e., k23 > Kcritical)- Intro-
ducing a directional coupler between the amplifier and drive
loop, as shown in Fig. 1, allows the transmit system to contin-
uously measure the incident and reflected powers as a function
of frequency. Since this system forms a transmission line, the
power not consumed by the load or lost to parasitic resistance
is reflected back to the source.

Fig. 11 shows a graph of transfer efficiency versus dis-
tance for the fixed-frequency case of f, = 7.65 MHz, and the
automatic-frequency-tuning case. The experiment is done in the
same manner as the VNA measurements in the previous section.
The receiver was incrementally moved away from the trans-
mitter along the system’s common axis; the source resistance
was the 50-) amplifier/decoupler, and the load resistance was a
50-2 RF power meter. In this case, the transmitted power was
30 W, as opposed to the signal level measurements done with
the VNA. In Fig. 11, the fixed-frequency data points show the
same trends with the measurements made with the VNA in
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Fig. 12. Automatic frequency tuning compared to a fixed drive frequency as
a function of the angle between the transmitter and receiver. An angle of 0°
corresponds to the coils facing each other, while 90° corresponds to the receiver
perpendicular to the transmitter. The transmitter-to-receiver spacing is 0.5 m.
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Fig. 13. Diagram depicting the top view of the experimental setup, where the
orientation of the receiver is varied by angle € at a fixed distance from the
transmitter.

Fig. 9. When the frequency tuning is enabled, the controller
picks the maximum resonant peak and tracks it as the receiver
is moved away from the transmitter. The plot shows that at
short ranges the system is very efficient compared to the
fixed-frequency case. As distance is increased, the efficiency
decreases slowly until the critical coupling point, where the two
modes merge and the system returns to the undercoupled
regime.

One of the key principles of this system is that frequency
splitting is a function of the coil-to-coil coupling coefficient. In
the aforementioned analysis, we show how the coupling, and
therefore the power transfer, varies as a function of distance
along the transmission axis. The coupling will also vary with
orientation. As long as the receiver is sufficiently close to the
transmitter, almost any orientation and/or position will cause
some amount of mutual inductance between the two coils.
If this mutual inductance results in sufficient coupling (i.e.,
ko3 > Kkeritical), automatic frequency tuning can be used to find
the frequency that will result in the highest possible transfer
efficiency. To demonstrate orientation independence, Fig. 12
shows a plot of power-transfer efficiency versus orientation as
the receiver is rotated from 0° to 90°, for both fixed-frequency
and auto-tuned operation. Here, the receiver unit is placed on
axis at a fixed distance of 50 cm, as shown in Fig. 13. As the
receive coil is rotated, the amount of magnetic flux that passes
through the opening of the coil decreases. Thus, the fixed-
frequency case experiences the same trend of transitioning from
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S,1 Magnitude

Fig. 14.

|S21] as a function of k23 and k12.

the overcoupled to critically coupled to undercoupled regimes
as in the previous examples. When frequency tuning is applied,
a nearly constant efficiency can be obtained until the receiver is
rotated past 65°.

B. Impedance Adaptation Techniques for
Narrow-Band Operation

For regulatory reasons, it may be desirable for the wireless
power system to be able to function in a narrower band than
the frequency tuning systems described so far. For example,
one might want the wireless power system to stay inside an
industrial, scientific, and medical band. This section describes
narrow-band wireless power-transfer schemes that can support
range and orientation adaptation by tuning system parameters
other than frequency.

Rather than considering k;. to be a static design parameter
to be optimized (as previously mentioned), one can consider
it as a dynamically variable impedance matching parameter
that can enable range adaptation without frequency tuning.
Fig. 14 shows a plot of S2; magnitude as a function of ka3 and
ki (for symmetric loop-to-coil coupling). This figure shows
that adapting the loop-to-coil coupling to compensate for a
nonoptimal ko3 is another method for adapting to varying range
and orientation.

If the system is driven at wy and the wireless power system
is operating in the overcoupled regime (kog > Keritical), fre-
quency splitting will result in the system being off resonance,
and little to no power will be transferred. To bring the efficiency
of the system back to a maximum, ;. can be decreased, causing
Keritical 10 (8) to decrease, until ko3 = Keritical, at Which point
maximum power transfer can resume. In a laboratory demon-
stration, we have successfully implemented a form of this tun-
ing method that allows tuning for a variety of T'x—Rxz distances
(kos values) with a hand adjustment of a loop that can be rotated
about its coil, thereby changing k;.. The k;. adaptation method
has the advantage of allowing operation at a single frequency
wp, which would be advantageous for band-limited operation.
Thus, it is of practical interest to develop electronically con-
trollable techniques for k;. tuning. As noted earlier, the sys-
tem’s loops could be replaced by discrete matching networks;
making these matching networks electronically variable could
allow for automatic k;. tuning.
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Fig. 15. Wirelessly powered laptop computer. The battery has been removed
and is visible in the lower right of the table. The wireless power system is able
to provide all of the laptop’s peak power consumption of 12 W at a range of
0.7 m. Including the rectifier (which has not yet been optimized), the system
efficiency (measured from amplifier output through the laptop) is 50%.

VII. CONCLUSION

Magnetically coupled resonant structures offer a unique set
of benefits, as well as design challenges, when used for wireless
power transfer. One of the remarkable results is the existence of
the “magic regime,” where efficiency remains nearly constant
over distance, as long as the receiver is within the operating
range of the transmitter. This is not the case for conventional
far- and near-field wireless power systems, whose efficiencies
decline sharply with range.

The work in this paper has provided a deeper understanding
of the underlying principles of coupled magnetic resonance,
as well as a simple circuit model of the system. A derivation
of the transfer function of this model reveals which concepts
play a critical role in system performance: frequency splitting,
operating range, and impedance matching. In order to accu-
rately characterize the wireless power system, measurement
techniques that use a network analyzer for circuit parameter ex-
traction have been implemented. Excellent agreement between
the circuit model and measurements has been demonstrated,
with a coefficient of determination of 0.9875. Lastly, the issue
of receiver alignment sensitivity is addressed with an adaptive
tuning algorithm. We demonstrate that, for any receiver posi-
tion and/or orientation, a frequency can be identified, which
maximizes power-transfer efficiency. In addition, a tracking
algorithm allows for the peak efficiency to be maintained as
the receiver is moved in space.

One compelling usage scenario is a workspace where de-
vices, such as laptops, cell phones, and Universal Serial Bus
peripherals, are seamlessly powered and recharged as easily as
data are transmitted through the air. As a final demonstration
of the potential of this type of wireless power system, Fig. 15
shows a laptop being continuously powered via the magnet-
ically coupled resonators. Here, the laptop battery has been
removed, and the wireless power system is providing all the
power needed for operation. The signal generator, amplifier,
and directional coupler can be seen in the background (top
left corner) and are controlled by a computer. The amplifier
drives the same 28-cm transmit loop and 59-cm transmit coil

553

from the early experiments. The receiver is placed 0.7 m for the
transmitters and consists of a smaller 28-cm coil and a 30-cm
loop, seen in the foreground. A simple bridge rectifier is used
to provide dc power to the modified laptop power brick. In this
demonstration, the removed battery is visible, placed next to
the laptop (lower right). The RF-amplifier-output-to-dc-laptop-
input efficiency is 50% (which includes the efficiency of the
nonoptimized rectifier and power brick).

VIII. FUTURE WORK

From the circuit model and derivation of critical coupling,
it is clear that maximizing the coil’s quality factor, as well
as proper loading of the drive and load loops, can result in
improved range and efficiency. Furthermore, the impedance
matching between the loop and coil embodied by the coupling
constant k;. suggests that a discrete matching network can be
used to directly connect the source/load to the coils, thereby
simplifying the system.

Clearly, the advantages of high and near-constant trans-
fer efficiency at mid-range distance compared to near- and
far-field techniques make this technology exciting for many
applications. There are any number of low-power wireless
recharging scenarios that would benefit from increased range
versus efficiency at power levels typically used in RFID. Fi-
nally, this paper has focused on the delivery aspect of RF power
while consumer electronics require dc power for operation and
recharging. Adaptive rectifier designs will need to be developed
that do not interfere with the operation of the magnetically
coupled resonators.
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