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Wireless Power Transfer via Strongly Coupled
Magnetic Resonances
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Using self-resonant coils in a strongly coupled regime, we experimentally demonstrated
efficient nonradiative power transfer over distances up to 8 times the radius of the coils.
We were able to transfer 60 watts with ~40% efficiency over distances in excess of 2
meters. We present a quantitative model describing the power transfer, which matches the
experimental results to within 5%. We discuss the practical applicability of this system
and suggest directions for further study.
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In the early 20th century, before the electricalwire grid, Nikola Tesla (1) devoted much
effort toward schemes to transport power wirelessly. However, typical embodiments (e.g.,
Tesla coils) involved undesirably large electric fields. The past decade has witnessed a
surge in the use of autonomous electronic devices (laptops, cell phones, robots, PDAs,
etc.). As a consequence, interest in wireless power has reemerged (2-4). Radiative
transfer (5), although perfectly suitable for transferring information, poses a number of
difficulties for power transfer applications: The efficiency of power transfer is very low if
the radiation is omnidirectional, and unidirectional radiation requires an uninterrupted line
of sight and sophisticated tracking mechanisms. A recent theoretical paper (6) presented a
detailed analysis of the feasibility of using resonant objects coupled through the tails of
their nonradiative fields for midrange energy transfer (7). Intuitively, two resonant objects
of the same resonant frequency tend to exchange energy efficiently, while dissipating
relatively little energy in extraneous off-resonant objects. In systems of coupled
resonances (e.g., acoustic, electromagnetic, magnetic, nuclear), there is often a general
"strongly coupled" regime of operation (8). If one can operate in that regime ina given
system, the energy transfer is expected to be very efficient. Midrange power transfer
implemented in this way can be nearly omnidirectional and efficient, irrespective of the


http://www.sciencemag.org/cgi/content/full/317/5834/83#COR1
mailto:akurs@mit.edu
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF1
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF2
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF4
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF5
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF6
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF7
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF8

geometry of the surrounding space, with low interference and losses into environmental
objects (6).

The above considerations apply irrespective of the physical nature of the resonances.
Here, we focus on one particular physical embodiment: magnetic resonances (9).
Magnetic resonances are particularly suitable for everyday applications because most of
the common materials do not interact with magnetic fields, so interactions with
environmental objects are suppressed even further. We were able to identify the strongly
coupled regime in the system of two coupled magnetic resonances by exploring
nonradiative (near-field) magnetic resonant induction at megahertz frequencies. At first
glance, such power transfer is reminiscent of the usual magnetic induction (10); however,
note that the usual nonresonant induction is very inefficient for midrange applications.

Overview of the formalism. Efficient mid-range power transfer occurs in particular
regions of the parameter space describing resonant objects strongly coupled to one
another. Using coupled-mode theory to describe this physical system (11), we obtain the
following set of linear equations:
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where the indices denote the different resonant objects. The variables ay(t) are defined so
that the energy contained in object m is |am(t)|?, «m is the resonant angular frequency of
that isolated object, and L'y, isits intrinsic decay rate (e.g., due to absorption and radiated
losses). In this framework, an uncoupled and undriven oscillator with parameters w and '
o would evolve in time as exp(iwot —Iot). The smn = mnm are coupling coefficients between
the resonant objects indicated by the subscripts, and Fn(t) are driving terms.

We limit the treatment to the case of two objects, denoted by source and device, such that
the source (identified by the subscript S) is driven externally at a constant frequency, and
the two objects have a coupling coefficient . Work is extracted from the device
(subscript D) by means of a load (subscript W) that acts as a circuit resistance connected
to the device, and has the effect of contributing an additional term I'yy to the unloaded
device object's decay rate I'p. The overall decay rate at the device is therefore I'p = I'p + I
w. The work extracted is determined by the power dissipated in the load, that is, 2r
wlapn(t)|”. Maximizing the efficiency 7of the transfer with respect to the loading I'w, given
Eq. 1, is equivalent to solving an impedance-matching problem. One finds that the
scheme works best when the source and the device are resonant, in which case the
efficiency is
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The efficiency is maximized when fw/i'p =[1+ (+2/t'si'p)]*2. It is easy to show that the
keyto efficient energy transfer is to have «*/1's1'p >1. This is commonly referred to as the
strong coupling regime. Resonance plays an essential role in this power transfer
mechanism, as the efficiency is improved by approximately .%/i'x* (-10° for typical
parameters) relative to the case of inductively coupled nonresonant objects.

Theoretical model for self-resonant coils. Our experimental realization of the scheme

(2)

consists of two self-resonant coils. One coil (the source coil) is coupled inductively to an
oscillating circuit; the other (the device coil) is coupled inductively to a resistive load (12)
(Fig. 1). Self-resonant coils rely on the interplay between distributed inductance and
distributed capacitance to achieve resonance. The coils are made of an electrically
conducting wire of total length | and cross-sectional radius a wound into a helix of n
turns, radius r, and height h. To the best of our knowledge, there is no exact solution for a
finite helix in the literature, and even in the case of infinitely long coils, the solutions rely
on assumptions that are inadequate for our system (13). We have found, however, that the
simple quasi-static model described below is in good agreement (within ~5%) with

experiment.

Fig. 1. Schematic of the experimental setup. A is a
single copper loop of radius 25 cm that is part of

— the driving circuit, which outputs a sine wave with

frequency 9.9 MHz. S and D are respectively the
source and device coils referred to in the text. B is a
loop of wire attached to the load (light bulb). The
various wsrepresent direct couplings between the
objects indicated by the arrows. The anglebetween
coil Dand the loop A is adjusted to ensure that their
direct coupling is zero. Coils S and D are aligned
coaxially. The direct couplings between B and A
and between B and S are negligible. [View Larger
Version of this Image (8K GIF file)]
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We start by observing that the current must be zero at the ends of the coil, and we make
the educated guess that the resonant modes of the coil are well approximated by
sinusoidal current profiles along the length of the conducting wire. We are interested in
the lowest mode, so if we denote by s the parameterization coordinate along the length of
the conductor, such that it runs from —1/2 to +1/2, then the time-dependent current profile
has the form Iy cos(=s/l) exp(i«t). It follows from the continuity equation for charge that
the linear charge density profile is of the form g sin(=s/l) exp(i~t), so that one-half of the
coil (when sliced perpendicularly to its axis) contains an oscillating total charge (of
amplitude go = Xol/=) that is equal in magnitude but opposite in sign to the charge in the
other half.

As the coil is resonant, the current and charge density profiles are =/2 out of phase from
each other, meaning that the real part of one is maximum when the real part of the other is
zero. Equivalently, the energy contained in the coil is at certain points in time completely
due to the current, and at other points it is completely due to the charge. Using
electromagnetic theory, we can define an effective inductance L and an effective
capacitance C for each coil as follows:
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where the spatial current J(r) and charge density P(r) are obtained respectively from the
current and charge densities along the isolated coil, in conjunction with the geometry of
the object. As defined, L and C have the property that the energy U contained in the coil
is given by
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Given this relation and the equation of continuity, the resulting resonant frequency is fo =
1/[2+(LC)Y?]. We can now treat this coil as a standard oscillator in coupled-mode theory
by defining a(t)=[(L/2)"]1o(%).

We can estimate the power dissipated by noting that the sinusoidal profile of the current
distribution implies that the spatial average of the peak current squared is |Io|%/2. For a coil
with n turns and made of a material with conductivity =, we modify the standard formulas
for ohmic (R,) and radiation (R,) resistance accordingly:
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The first term in EQ. 7 is a magnetic dipole radiation term (assuming r << 2xC/.., where ¢
is the speed of light); the second term is due to the electric dipole of the coil and is
smaller than the first term for our experimental parameters. The coupled-mode theory
decay constant for the coil is therefore I'=(R, + R;)/2L, and its quality factor is Q = «/2I.

We find the coupling coefficient =ps by looking at the power transferred from the source

to the device coil, assuming a steady-state solution in which currents and charge densities
vary in time as exp(iwt):
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Where M is the effective mutual inductance, #is the scalar potential, A is the vector
potential, and the subscript S indicates that the electric field is due to the source. We then
conclude from standard coupled-mode theory arguments that kps = #sp = &= w
M/[2(LsLo"?)]. When the distance D between the centers of the coils is much larger than
their characteristic size, =scales with the D™ dependence characteristic of dipole-dipole
coupling. Both =and r'are functions of the frequency, and «/L" and the efficiency are
maximized for a particular value of f, which is in the range 1 to 50 MHz for typical
parameters of interest. Thus, picking an appropriate frequency for a given coil size, as we
do in this experimental demonstration, plays a major role in optimizing the power
transfer.

Comparison with experimentally determined parameters. The parameters for the two
identical helical coils built for the experimental validation of the power transfer scheme
are h=20cm, a=3mm, r =30 cm, and n = 5.25. Both coils are made of copper. The
spacing between loops of the helix is not uniform, and we encapsulate the uncertainty
about their uniformity by attributinga 10% (2 cm) uncertainty to h. The expected
resonant frequency given these dimensions is fo = 10.56 + 0.3 MHz, which is about 5%
off from the measured resonance at 9.90 MHz.

The theoretical Q for the loops is estimated to be ~2500 (assuming == 5.9 x 10’ m/ohm),
but the measured value is Q = 950 = 50. We believe the discrepancy is mostly due to the
effect of the layer of poorly conducting copper oxide on the surface of the copper wire, to
which the current is confined by the short skin depth (-20 um) at this frequency. We
therefore use the experimentally observed Q and I's = I'p = L'= «/2Q derived fromit in all
subsequent computations.

We find the coupling coefficient xexperimentally by placing the two self-resonant coils
(fine-tuned, by slightly adjusting h, to the same resonant frequency when isolated) a
distance D apart and measuring the splitting in the frequencies of the two resonant modes.
According to coupled-mode theory, this splitting should be Aw= 2[(* - I*)*?]. In the
present work, we focus on the case where the two coils are aligned coaxially (Fig. 2),
although similar results are obtained for other orientations (figs. S1 and S2).
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Measurement of the efficiency. The maximum theoretical efficiency depends only on
the parameter «/[(LsLo)*?]= »/T, which is greater than 1 even for D = 2.4 m (8 times the
radius of the coils) (Fig. 3). Thus, we operate in the strongly coupled regime throughout
the entire range of distances probed.
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0 represents the spread in the theoretical /L' due to
10 the 5% uncertainty in Q. [View Larger Version of
T ———— this Image (17K GIF file)]
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As our driving circuit, we use a standard Colpitts oscillator whose inductive element
consists of a single loop of copper wire 25 cm in radius (Fig. 1); this loop of wire couples
inductively to the source coil and drives the entire wireless power transfer apparatus. The
load consists of a calibrated light bulb (14) and is attached to its own loop of insulated
wire, which is placed in proximity of the device coil and inductively coupledto it. By
varying the distance between the light bulb and the device coil, we are able to adjust the
parameter I'w/L’ so that it matches its optimal value, given theoretically by [1 + («%/1)]"2
(The loop connected to the light bulb adds a small reactive component to Iy, which is
compensated for by slightly retuning the coil.) We measure the work extracted by
adjusting the power going into the Colpitts oscillator until the light bulb at the load glows
at its full nominal brightness.
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We determine the efficiency of the transfer taking place between the source coil and the
load by measuring the current at the midpoint of each of the self-resonant coils with a
current probe (which does not lower the Q of the coils noticeably). This givesa
measurement of the current parameters Is and Ip used in our theoretical model. We then
compute the power dissipated in each coil from Psp = I'L|ls p|?, and obtain the efficiency
from 1=Pw/(Ps + Pp + Pyw). To ensure that the experimental setup is well described by a
two-object coupled mode theory model, we position the device coil such that its direct
coupling to the copper loop attached to the Colpitts oscillator is zero. The experimental
results are shown in Fig. 4, along with the theoretical prediction for maximum efficiency,
given by Eq. 2. We were able to transfer several tens of watts with the use of this setup,
fully lighting up a 60-W light bulb from distances more than 2 m away (figs. S3 and S4).

— = Theory Fig. 4. Comparison of experimental and theoretical
Teeme " efficiencies as functions of the wireless power
transfer distance. The shaded area represents the
theoretical prediction for maximum efficiency and
is obtained by inserting the theoretical values from
Fig. 3 into Eq. 2, with [w/Tp = [1 + (+*/T%)]*. The
black squares are the maximum efficiency obtained
O se w1 1 1e aon 2ee  TFOM EQ. 2 and the experimental values of /1" from
Distance (cm) Fig. 3. The red dots present the directly measured
efficiency, as described in the text. [View Larger
Version of this Image (21K GIF file)]
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As a cross-check, we also measured the total power going from the wall power outlet into
the driving circuit. The efficiency of the wireless transfer itself is hard to estimate in this
way, however, as the efficiency of the Colpitts oscillator itself is not precisely known,
although it is expected to be far from 100% (15). Still, the ratio of power extracted to
power entering the driving circuit gives a lower bound on the efficiency. When
transferring 60 W to the load over a distance of 2 m, for example, the power flowing into
the driving circuit is 400 W. This yields an overall wall-to-load efficiency of 15%, which
is reasonable given the expected efficiency of 40 to 50% for the wireless power transfer at
that distance and the low efficiency of the Colpitts oscillator.

Concluding remarks. It is essential that the coils be on resonance for the power transfer
to be practical (6). We find experimentally that the power transmitted to the load drops
sharply as either one of the coils is detuned from resonance. For a fractional detuning A
f/fo of a few times the inverse loaded Q, the induced current in the device coil is
indistinguishable from noise.

A detailed and quantitative analysis of the effect of external objects on our scheme is
beyond the scope of this work, but we note here that the power transfer is not visibly
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affected as humans and various everyday objects, such as metals, wood, and electronic
devices large and small, are placed between the two coils—even in cases where they
completely obstruct the line of sight between source and device (figs. S3 to S5). External
objects have a noticeable effect only when they are within a few centimeters from either
one of the coils. Some materials (such as aluminum foil, Styrofoam, and humans) mostly
just shift the resonant frequency, which can in principle be easily corrected with a
feedback circuit; other materials (cardboard, wood, and polyvinyl chloride) lower Q when
placed closer than a few centimeters from the coil, thereby lowering the efficiency of the
transfer.

When transferring 60 W across 2 m, we calculate that at the point halfway between the
coils, the root mean square (RMS) magnitude of the electric field is Egrms = 210 V/m, that
of the magnetic field is Hrms = 1 A/m, and that of the Poynting vector is Sgpms = 3.2
mW/cm? (16). These values increase closer to the coils, where the fields at source and
device are comparable. For example, at distances 20 cm away from the surface of the
device coil, we calculate the maximum values for the fieldsto be Egms = 1.4 kV/m, Hrus
=8 A/m, and Srms = 0.2 W/cm?. The power radiated for these parameters is ~5 W, which
is roughly an order of magnitude higher than cell phones. In the particular geometry that
we studied, the overwhelming contribution (by one to two orders of magnitude) to the
electric near-field, and hence to the near-field Poynting vector, comes from the electric
dipole moment of the coils. If instead one uses a capacitively loaded single-turn loop
design (6)—which has the advantage of confining nearly all of the electric field inside the
capacitor—and tailors the system to operate at lower frequencies, our calculations show
(17) that it should be possible to reduce the values cited above for the electric and
magnetic fields, the Poynting vector, and the power radiated so that they fall below
thresholds specified by general safety regulations [e.g., the IEEE safety standards for
general public exposure (18)].

Although the two coils are currently of identical dimensions, it is possible to make the
device coil small enough to fit into portable devices without decreasing the efficiency.
One could, for instance, maintain the product of the characteristic sizes of the source and
device coils constant, as argued in (6).

We believe that the efficiency of the scheme and the power transfer distances could be
appreciably improved by silver-plating the coils, which should increase their Q, or by
working with more elaborate geometries for the resonant objects (19). Nonetheless, the
performance characteristics of the system presented here are already at levels where they
could be useful in practical applications.

References and Notes

1. N. Tesla, U.S. patent 1,119,732 (1914).
e 2.J. M. Fernandez, J. A. Borras, U.S. patent 6,184,651 (2001).
3. A. Esser, H.-C. Skudelny, IEEE Trans. Ind. Appl. 27, 872 (1991). [CrossRef]


http://www.sciencemag.org/cgi/content/full/317/5834/83#REF16
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF6
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF17
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF18
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF6
http://www.sciencemag.org/cgi/content/full/317/5834/83#REF19
http://www.sciencemag.org/cgi/external_ref?access_num=10.1109/28.90341&link_type=DOI

10

e 4.]. Hirai, T.-W. Kim, A. Kawamura, IEEE Trans. Power Electron. 15, 21
(2000). [CrossRef]

e 5.T.A Vanderelli, J. G. Shearer, J. R. Shearer, U.S. patent 7,027,311 (2006).

e 6. A. Karalis, J. D. Joannopoulos, M. Soljazi¢, Ann. Phys.,
10.1016/j.a0p.2007.04.017 (2007).

e 7. Here, by midrange, we mean that the sizes of the devices that participate in the
power transfer are smaller than the distance between devices by a factor of at least
2 to 3 For example, if the device being powered is a laptop (size ~50 cm) and the
power source (size ~50 cm) is in the same room as the laptop, the distance of
power transfer could be within a room or a factory pavilion (size on the order of a
few meters).

e 8. T.Aokietal., Nature 443, 671 (2006). [CrossRef] [Medline]

e 9. K. O'Brien, G. Scheible, H. Gueldner, in IECON'03, 29th Annual Conference of
the IEEE (http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=9011) (2003).

e 10.L. Ka-Lai, J. W. Hay, P. G. W. Beart, U.S. patent 7,042,196 (2006).

e 11. H. Haus, Waves and Fields in Optoelectronics (Prentice-Hall, Englewood
Cliffs, NJ, 1984).

e 12. The couplings to the driving circuit and the load do not have to be inductive.

They may also be connected by a wire, for example. We have chosen inductive

coupling in the present work because of its easier implementation.

13. S. Sensiper, thesis, Massachusetts Institute of Technology (1951).

14. We experimented with various power ratings from 5 to 75 W.

15. W. A. Edson, Vacuum-Tube Oscillators (Wiley, New York, 1953).

16. Note that E #cpH, and that the fields are out of phase and not necessarily

perpendicular because we are not in a radiative regime.

e 17. See supporting material on Science Online.

o 18. IEEE Std C95.1—2005 IEEE Standard for Safety Levels with Respect to
Human Exposure to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz
(IEEE, Piscataway, NJ, 2006).

e 19.J. B. Pendry, Science 306, 1353 (2004).[Abstract/Free Full Text]

e 20. We thank J. Pendry for suggesting the use of magnetic resonances and M.
Grossman and I. Celanovie for technical assistance. Supported by NSF Materials
Research Science and Engineering Center grant DMR 02-13282, U.S. Department
of Energy grant DE-FG02-99ER45778, and the Army Research Office through
the Institute for Soldier Nanotechnologies under contract DAAD-19-02-D0002.

Supporting Online Material

Www.sciencemag.org/cgi/content/full/1143254/DC1

SOM Text

Figs. S1to S5


http://www.sciencemag.org/cgi/external_ref?access_num=10.1109/63.817358&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1038/nature05147&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=17035998&link_type=MED
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=9011
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=306/5700/1353
http://www.sciencemag.org/cgi/content/full/1143254/DC1

Received for publication 30 March 2007. Accepted for publication 21 May 2007.

The editors suggest the following Related Resources on Science sites:

In Science Magazine

PERSPECTIVES

APPLIED PHYSICS: The Power to Set You Free
Will Stewart (6 July 2007)
Science 317 (5834), 55. [DOI: 10.1126/science.1145008]
| Summary » | Full Text» | PDF »

11


http://www.sciencemag.org/cgi/content/summary/sci;317/5834/55
http://www.sciencemag.org/cgi/content/full/sci;317/5834/55
http://www.sciencemag.org/cgi/reprint/sci;317/5834/55.pdf

	Research Articles
	Wireless Power Transfer via Strongly Coupled Magnetic Resonances
	The editors suggest the following Related Resources on Science sites:
	In Science Magazine





