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We demonstrate efficient wireless power transfer between two high Q resonators,
 especially in a complex electromagnetic environment. In the close proximity of
 metallic plates, the transfer efficiency stays roughly the same as the free space
 efficiency with proper designs. The experimental data fits well with a coupled the-
 ory model. Resonance frequency matching, alignment of the magnetic field, and
 impedance matching are shown to be the most important factors for efficient wire-
 less power transfer. C 2013 Author(s). All article content, except where otherwise
 noted, is licensed under a Creative Commons Attribution 3.0 Unported License.


[http://dx.doi.org/10.1063/1.4809665]


I. INTRODUCTION


While attempts to transfer electric power wirelessly dates back about 100 years,1 rapid devel-
 opment of electronic devices has excited renewed interest on this subject.2–13In recent years, it has
 been shown that efficient mid-range wireless transfer can be achieved by utilizing near field magnetic
 coupling between two identical resonators.2–5,7,9–13Resonance frequency matching, resonance with
 high quality factors, and fast coupling rate are the keys to achieve high efficiency wireless power
 transfer.2–4,7


Most of the previous analysis3and experiments4,7involved transferring power between a source
 and a receiver both in free space. In certain applications, there is also an interest in transferring energy
 into a receiver that is placed in a more complex electromagnetic environment.2,8For example, there
 is a significant interest in the wireless charging of electric vehicles, where a metallic object such as
 the car body is in the close proximity of the wireless power transfer system.


In a recent paper,2 we have shown numerically that efficient wireless power transfer can be
 achieved in the presence of metallic plates. Here, we confirm this finding experimentally by demon-
 strating an efficient wireless power transfer system in the presence of metal plates. We show that in
 order to efficiently transfer power to a receiving resonator located in the vicinity of a metal plate,
 one could use a symmetric configuration by placing a metal plate in the vicinity of the source res-
 onator, in consistency with the numerical prediction in Ref.2. Alternatively, high efficiency power
 transfer can also be accomplished for a system lacking spatial symmetry, by adjusting the resonance
 frequency and the input impedance of the source resonator. In both cases, the demonstrated maxi-
 mum efficiency exceeds 94%, over a distance of 60cm, for a resonator with a coil radius of 30cm,
 operating at 8.4MHz. The key for high efficiency transfer in both cases is to achieve a symmetry in
 the electromagnetic parameters of the source and receiver resonators.


The paper is organized as follows: SectionIIpresents the coupled mode theory model for the
 wireless power transfer system. SectionIIIdescribes the experimental technique and component


aElectronic mail:xfyu@stanford.edu
 bElectronic mail:shanhui@stanford.edu
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FIG. 1. Coupled mode theory model for the wireless power transfer scheme that utilizes two high-Q resonators. The red
 arrow represents the wireless power transfer pathway.


characterization. SectionIVreports our experimental result of the power transfer in the presence of
 metallic plates. A brief conclusion is offered in SectionV.


II. THEORY


To guide the experimental design and to account for the results, we begin by describing the
 coupled mode theory model2–5,8,14of the wireless power transfer system. This enables us to highlight
 the important considerations for achieving efficient power transfer. The model, schematically shown
 in Fig.1, consists of two resonances with an input port 1 and an output port 2. The dynamic equations
 for the system are:


a˙1(t)=(iω1−γ10−γ1)a1(t)+iκa2(t)+


2γ1s1+(t) (1)


˙


a2(t)=(iω2−γ20−γ2)a2(t)+iκa1(t) (2)
 s1−(t)= −s1+(t)+


2γ1a1(t) (3)


s2−(t)=


2γ2a2(t) (4)


where |a1|2corresponds to the energy stored in the source resonance and|a2|2corresponds to the
 energy stored in the receiver resonance.κ is the coupling rate between the source and receiver reso-
 nances.ω1,2are the self-resonant frequencies of the resonators.γ1,2are the coupling rates between
 the resonator and the input/output port.γ10,20are the intrinsic decay rates due to absorption/radiation.


s1+ands2−are the input and output wave amplitudes, respectively.s1−is the reflective wave am-
 plitude ands2+=0 since no power enters the system from the output port. For a continuous wave
 input at frequencyω, the power transfer efficiency at steady state becomes:


η= |s2−


s1+|2


= | κ√


2γ1


√2γ2


[i(ω−ω1)+(γ1+γ10)][i(ω−ω2)+(γ2+γ20)]+κ2|2 (5)
 Eq.(5)shows that the resonant transfer scheme requires resonance frequency matching, resonant
 modes of high quality factor, and a fast coupling rate, in consistency with Refs.2–4. The optimal
 operation regime is the “strong coupling” regime when κ/√γ10γ20 >1. Moreover, to maximize
 the transfer efficiency, an optimal configuration consists of the two resonators having the same
 electromagnetic characteristics, i.e. ω1 = ω2 =ω0, γ1 =γ2 =γ, γ10 =γ20 = γ0. For such
 an electromagnetically symmetric configuration, the transfer efficiency is maximized when the
 operating frequency isω0andγ =


κ2+γ02:
 ηmax = | κ


γ0+γ|2 (6)



(4)
8.3 8.35 8.4 8.45 0



0.2 0.4 0.6 0.8 1



Frequency (MHz)



Transmission (a. u .)


FIG. 2. (a) Schematics of Q measurement setup. (b) The transmission spectrum (red dots are the experiment data and blue
 line is the Lorentzian fit). The inset is the photo of the resonator we characterize.


In our experiments, we aim to achieve such an electromagnetically symmetric configuration, by
 either enforcing a geometric symmetry in the system, or by controlling the resonators such that their
 electromagnetic properties are symmetric, even when the structure itself lacks geometric symmetry.


III. EXPERIMENTAL TECHNIQUE AND COMPONENT CHARACTERIZATION
 A. Resonators and their quality factors


One of the essential factors in an efficient wireless power transfer system is the quality factor
of the resonators. The quality factor (Q) is related to the intrinsic loss rate (γ0) of the resonator by
Q = ω/2γ0. We measure this intrinsic quality factor using the experimental setup shown in
Fig.2(a). We connect two probing coils to a vector network analyzer (VNA) and orient the coils
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60cm 60cm


FIG. 3. Photos and schematics of the wireless power transfer experiment. The system consists of two high Q resonators and
 two coupling coils. The coupling coils are placed right next to the source and receiver resonator serving as the input and
 output port. Both coupling coils are connected to a vector network analyzer.


to minimize the direct coupling between them. We then place them near the resonator and measure
 the transmission spectrum between these two probing coils. The quality factor is extracted from
 the line-shape of the transmission spectrum. This quality factor is for the resonator loaded with
 the probing coils. By increasing the distance between the probing coils and the resonator, we can
 reduce the coupling between the probing coils and the resonator. When we reach a point where
 further reducing the coupling doesn’t change the line-shape of the transmission spectrum, we get
 the intrinsic Q of the resonator.


Fig.2is an example of the Q measurement. The resonator shown in the inset of (b) consists
 of a 2 turn copper ribbon coil with a diameter of about 60cm and a 5 − 70pF adjustable high
 voltage capacitor. The copper ribbon is 3cmwide and 0.14mmthick. In (b) we show the transmission
 spectrum. The red dots are the transmission measurement and the blue line is the Lorentzian fit,
 from which we obtain a resonance frequency of 8.38MHz and a quality factor of 1338. This is in the
 regime discussed above where the probing coils are sufficiently far away from the resonator. Hence
 the Q-factor here is the intrinsic quality factor of the resonance.


B. Transfer efficiency measurement and optimization


We measure the wireless power transfer efficiency with the experiment setup shown in Fig.3.


To illustrate the experimental setup and to establish a reference for comparison, we first use this
 setup to measure the power transfer between two of the resonators characterized in Sec. A without
 the metallic plates. The separation between the resonators is the transfer distance. Two single-turn
 wire loops serving as the input and output ports are attached to the VNA and placed next to the
 source and receiver resonator. The transmission spectrum is directly read out from the VNA.


From the coupled mode analysis, to achieve a high transfer efficiency in such a wireless
 power transfer system, one needs to do the following : 1) tune the resonators to resonate together
 (ω1 = ω2); 2) operate at the optimal frequency; 3) maximize the intrinsic quality factor of the
 resonators (minimizeγ0); 4) orient the resonators along the same axis to maximize the coupling
 (κ); 5) tune the coupling between the coupling coil and the resonator on each side by adjusting the
 coupling loop size with the optimal efficiency reached whenγ1,2=κ−γ0.


In our experiment, the intrinsic decay ratesγ10,20of the resonator are fixed by construction, and
 the coupling coefficientκis determined once we choose the transfer distance and align the resonators
 for maximum coupling. To optimize the transfer efficiency, we only need to adjust the size of the
 coupling coil to affect the input and output coupling rates (γ1,2), and search for the optimal operating
 frequency in the transmission spectrum.


Fig.4illustrates how we optimize the transfer efficiency by adjusting the size of the coupling
loops. The figure shows how the transfer spectra vary as we gradually increase the size of the coupling
loops for a transfer distance of 60cm. The red dots are the experimental data and the blue lines are
the data fitting based on Eqn.(5). In the case whereγ0+γ κ, we can clearly see the frequency
splitting in the transfer efficiency spectra (Fig.4(a)and4(b)), but the maximum transfer efficiency
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FIG. 4. Transfer efficiency spectra as we increase the coupling loop size when the transfer distance is 60cm. Red dots are
experimental data and the blue line is the coupled mode theory model fit. From (a) to (c), we increase the size of the coupling
coil.
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FIG. 5. Maximum transfer efficiency as a function of transfer distance. The red squares are directly measured efficiency.


The blue squares are the theoretical result obtained from experimental extracted parameters (κandγ0).


is small; whenγ0+γ ≈κ, we no longer see the frequency splitting in the transmission spectrum
 (Fig.4(c)), instead we see a wide bandwidth peak. We achieved a maximum transfer efficiency of
 96% when the transfer distance is 60cmin our experiment.


The red squares in Fig. 5 shows our experimental measurement of the maximum transfer
 efficiency versus distance. The blue diamonds are the theoretical predictions of the maximum
 transfer efficiency at each transfer distance from experimental extracted parameters (κ,γ0) assuming
 the optimized conditions (κ =γ +γ0). The result shows that the experimental data is always a
 few percent lower than the theoretical optimal prediction, which we think is largely due to the
 noncontinuous tuning of the coupling loops (optimal operation point isn’t reached).


IV. POWER TRANSFER IN THE PRESENCE OF METALLIC PLATES: EXPERIMENT
 In the previous section, we demonstrated the wireless power transfer in free space. In practice,
 there are many applications that require the system to work in a rather complex environment, such
 as in a close proximity of a metallic object, in sea water, etc. In this section, as an important example
 of a complex environment, we study the influence of a metallic plate on the resonators performance
 and hence the performance of a wireless power transfer system.


A. Resonance properties as influenced by external environment.


The resonator (Coil 1 in Fig.6) we characterized in the previous section, differs from some
 of the resonator geometries that were previously used in wireless power transfer experiments. The
 experiments in Refs. 4and7used a self-resonant coil with distributed self-capacitance. Here we
 have also characterized such a self-resonant coil which consists of a 6-turn copper wire that is left
 open on both ends (Coil 2 in Fig.6). The coil diameter is 60cmand the wire diameter is 3mm.


We now compare these two resonators. In Fig. 6we list the resonance frequency and quality
factor measurement results under different conditions: free space clear of external objects, with a



(8)FIG. 6. Photos and schematics of coils with (a) and without (b) an attached capacitor. (c) Resonance frequencies and quality
 factors of coils in different environment.


large lossy dielectric nearby (e.g. a person standing by), and with a metal plate in a close proximity.


When an aluminum plate is placed (parallel to the coil plane) 20cmaway from the resonator, the
 resonance frequency of Coil 1 increases from 8.38MHz to 8.82MHz and the resonance frequency
 of Coil 2 increases from 8.92MHz to 9.43MHz; the quality factor doesn’t changes much for Coil 1
 but increases by 175 for Coil 2.


When a lossy dielectric comes close to the resonator (such as a person), the resonant frequencies
 shift as well and the quality factors decrease. From the table in Fig.6, for Coil 1, neither the resonance
 frequency nor the quality factor changes much when a person is standing right next to the resonator.


However, for Coil 2, its resonance frequency shifts and the quality factor goes down drastically.


It turns out that Coil 1 performs better in terms of the robustness due to the better confinement of
 electric field. Thus, in our experiments, we use Coil 1 in the following power transfer experiment.


A more detailed study on the influence of the aluminum plate on the resonator is shown in
 Fig.7. The resonance frequency doesn’t change much for Coil 1 unless a metallic object is close
 (<40cm) to the resonator. The quality factor stays above 1300 for all measured distances from 20cm
 to 100cm.


B. Wireless power transfer under the influence of environment changes


As we have shown in the previous section, both the resonance frequency and the quality factor
 of the resonator are influenced by the environment. From coupled mode theory, we can see that
 the performance of the wireless power transfer system will change as well. In particular, the close
 proximity of a metallic plate will greatly influence the power transfer system.


In the previous section, we showed that the maximum transfer efficiency of an optimized wireless
 transfer system (Fig.3) is 96% over a transfer distance of 60cm. Now we place an aluminum plate
 at a distance of 20cmfrom one of the resonators (as shown in Fig.8(a)) in the optimized system, i.e.


close enough to interact with the weak electric fringing fields from the nearest resonator. Since the
distances between the plate and the two resonators are different, the self-resonance frequencies of
the resonators shift differently and no longer match. According to Eqn.(5), the transfer efficiency
will drop as well. Our transfer efficiency measurements do confirm that the transfer efficiency drops
(Fig.8(b)). The maximum transfer efficiency drops from 96% to 37%.
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FIG. 7. Resonance frequency and quality factor change with the distance between Coil 1 and the aluminum plate.
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FIG. 8. (a) Schematics of the wireless power transfer system in the close proximity of an aluminum plate. (b) Transfer
efficiency spectrum of the wireless transfer system with a metal plate on one side. (c) Transfer efficiency spectrum of the
wireless transfer system with an aluminum plate on one side after optimization. (d) Schematics of the wireless power transfer
system with two aluminum plates. (e) Transfer efficiency spectrum of the wireless transfer system with aluminum plates
on both sides. (f) Transfer efficiency spectrum of the wireless transfer system with aluminum plates on both sides after
optimization. Red dots are the experimental data and the blue lines are the coupled mode theory model fit.



(10)1) Re-tune the resonance frequencies such that the two resonators resonate at the same frequency
 by adjusting the capacitor. In addition, adjust the coupling coils size to have the impedance match and
 reach the optimal operating point again. The transfer efficiency spectrum after the re-optimization
 is shown in Fig.8(c). With this approach, we can get the transfer efficiency back up to 94%.


2) Place another aluminum plate in a symmetrical way, which automatically matches the
 resonance frequencies of the resonators without further tuning. The maximum transfer efficiency is
 93% without making other changes to the system (spectrum shown in Fig.8(e)). After fine-tuning
 the coupling coils, we can get the maximum transfer efficiency back up to 95% (spectrum shown in
 Fig.8(f)).


In Fig.8, we again see excellent agreements between the experimental spectra taken in the
 presence of the metal plate, and the coupled mode theory. Thus, our coupled mode theory formalism
 in fact can be applied, and does capture the main physics of wireless power transfer, in the presence
 of the metal plate.


V. CONCLUSION


In conclusion, we have performed a theoretical and experimental study of a resonant wireless
 power transfer system. To analyze and optimize the system parameters, we used a coupled mode
 theory model, which proved to be in excellent agreement with the measured data. We demonstrated
 a transfer efficiency of 96% over a distance of 60cm. A resonator with a better confinement of the
 electric field is shown to be a better choice for a robust wireless power transfer system. In addition,
 we showed that by restoring the electromagnetic symmetry of the system we can overcome the
 system performance degradation when it is placed in a complex electromagnetic environment.
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