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Abstract—In this paper, an efficient method is proposed to elim-
inate frequency splitting in nonradiative wireless power transfer
via magnetic resonance coupling. In this method, two nonidentical
resonant coils (NIRCs) are used as wireless power transmitter and
receiver, respectively. According to the elliptic integral term in the
analytical expression, the pole of the mutual inductance function
with respect to transfer distance can be eliminated by using the
two NIRCs, and hence overcoupling between transmitter and re-
ceiver with close transfer distance is avoided. Therefore, frequency
splitting caused by overcoupling can be suppressed and stable out-
put power can be achieved. The NIRCs are analytically calculated,
numerically simulated and finally, fabricated and tested to ver-
ify the theory. All the calculated and experimental results show
that frequency splitting is completely eliminated and uniform volt-
age across the load is achieved. Furthermore, lateral misalignment
between the NIRCs barely introduces frequency splitting, and the
suppression level of frequency splitting can also be controlled freely.

Index Terms—Frequency splitting, magnetic resonance
coupling, nonidentical resonant coils (NRCs), wireless power
transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer via magnetic resonance cou-
pling (WPT/MRC) has been a research hotspot during
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recent years since the inspiring work of A. Kurs et al. was re-
ported in Science in 2007 [1]–[7]. It is pointed out that magnetic
resonant coils in the WPT/MRC system can wirelessly exchange
electromagnetic (EM) power efficiently by magnetic coupling,
and the transfer distance is much longer compared with the con-
ventional WPT via inductive coupling [8]–[10]. Therefore, such
WPT/MRC can be widely applied in portable consumer elec-
tronic, medical, and industrial devices such as charging vehicles,
endoscopes, laptops and so on [11]–[15]. In general, for both
the WPT via inductive coupling and the WPT/MRC, the power
received by the target increases as the transmitting coil gets
close to the receiving coil. However, for a WPT/MRC system,
once the distance between the transmitting and receiving coils is
smaller than a threshold value, the received power drops sharply
because of the magnetic overcoupling between the transmitting
and receiving coils. In this case, the received power reaches its
peak value not at the original resonant frequency but at two
adjacent frequencies, and thus, this phenomenon is called as
frequency splitting [11], [16]–[18]. Consequently, WPT/MRC
operating at a fixed frequency suffers dramatically changed re-
ceived power when transmitting and receiving coils move rela-
tively to each other [19]. The research on frequency splitting, in
cooperation with other technologies such as the power capabil-
ity enhancement technology [20], [21], undoubtedly contributes
to broadening the applications of WPT/MRC, which currently
mainly aims at midrange power transfer.

Frequency splitting has been analyzed first based on coupling
mode theory [22]. Then a few circuit models are established
to explain and describe frequency splitting [11], [23]–[25]. As
essentially caused by the nonuniform magnetic field distribu-
tion of the resonant coil, frequency splitting widely exists in
WPT/MRC systems. To obtain uniform received power with
respect to transfer distance against frequency splitting, several
methods have been presented. In [11], a WPT/MRC transmitter
consisting of two coils referred as drive loop and transmitting
coil, respectively, was proposed, and frequency splitting can
be suppressed by simultaneously adjusting the EM coupling
strength between the drive loop and transmitting coil according
to transfer distance of the WPT/MRC system. The control of
EM coupling is usually achieved by mechanically adjusting the
relative position or attitude of the drive loop and the transmit-
ting coil. However, such adjustment is difficult to implement for
mobile receivers because in this case, people have to constantly
shift the relative position to resist frequency splitting [11], [19],
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Fig. 1. Equivalent circuit model of two-loop WPT system.

[24], [26]. Frequency tracking is another solution to effectively
transfer EM power in strong coupling region. The WPT/MRC
system implementing this method transfers EM power not at the
fixed resonant frequency but at a varying optimal frequency, and
hence, a series of complex control circuits are required in the
WPT/MRC system, such as differential amplifier, phase com-
pensator, phase-locked loop and so on [11], [19], [27], [28],
which occupy specialized space and introduce additional power
consumption. Lee et al. [29] uses tunable impedance match-
ing network to extend the range of the available transfer dis-
tance in both weak and strong coupling regions, but the network
also needs control circuit to switch corresponding impedance
matching channel according to the transfer distance. In addi-
tion, improved structures of resonant coils are also proposed for
frequency splitting suppression [30], [31]. In 2013, Lee et al.
proposed antiparallel resonant loops to offset the excess mutual
inductance to avoid frequency splitting [31]. However, the an-
tiparallel loops further weaken the mutual inductance in weak
coupling region and consequently, the maximum transfer dis-
tance of the WPT/MRC system is shortened.

In this paper, a method adopting a pair of nonidentical trans-
mitting and receiving coils is proposed to eliminate frequency
splitting and obtain uniform received power for WPT. Analytical
calculations, numerical simulations, and experimental measure-
ments show that such nonidentical resonant coils (NIRCs) can
be properly designed to eliminate the magnetic overcoupling
between the transmitter and receiver. Consequently, frequency
splitting is eliminated without complex additional control circuit
and simultaneous impedance matching. The transfer coefficient
of the system is uniform regardless of the transfer distance in
the work range.

II. THEORY DESCRIPTION

A. Equivalent Circuit Model of WPT/MRC

A common WPT/MRC system consists of two resonant coils:
A transmitting coil and a receiving coil. The equivalent circuit
model can be described as shown in Fig. 1. Both the transmitting
coil and the receiving coil can be considered as series loops com-
posing of capacitance (Ct , Cr ), inductance (Lt , Lr ), and copper
wire resistance (Rt , Rr ) of the resonant coils. The port charac-
teristic impedance of the transmitting coil is R0 , and the load
impedance of the receiving coil is RL . The mutual inductance
M is introduced to describe the magnetic coupling between the

two coils. The resonant frequency f0 of the WPT/MRC system
can be denoted by

ω0 =
1√

LtCt

=
1√

LrCr

= 2πf0 . (1)

In order to simplify the calculation and derivation, the two
coils are assumed lossless (Rt = Rr = 0), because Rt and Rr

(usually less than 5 Ω, different from the case of WPT via induc-
tive coupling where the coil resistance cannot be ignored due to
the large turn number [8, 32]) are much smaller than R0 and RL

(e.g., both 50 Ω in this paper). The following experiment in this
paper shows that this approximation barely affects the transfer
characteristics analysis. This is because, for a WPT/MRC sys-
tem, the reduction of the power received by the load mainly
depends on the mismatch, neither the radiation nor Ohm loss
in the coils. The relationship between currents through either
coil and the voltage across either port can be expressed as the
following Z matrix (impedance matrix) (2) through applying
Kirchhoff’s voltage law to this system, which can be viewed as
a two-port network [see Fig. 1]

(
Vin
VL

)
=

⎛
⎜⎝

jωLt +
1

jωCt
jωM

jωM jωLr +
1

jωCr

⎞
⎟⎠

(
It

Ir

)
(2)

where Vin is the voltage across the input port of the transmitting
coil, and VL is the voltage across the output port of the receiving
coil, i.e., the voltage across RL . The relationship among VL , Vin ,
and the source voltage Vs [see Fig. 1] can be established by (3),
where R0 and RL are both resistive

S21 =
VL/

√
RL − Ir

√
RL

Vin/
√

R0 + It

√
R0

=
2VL

Vs

√
R0

RL
. (3)

Therefore, the power transfer property of the system could
be described by transfer coefficient, S21 , which is very conve-
nient to be obtained experimentally by vector network analyzer
(VNA) [11]. In WPT/MRC system with constant source voltage
Vs , S21 can be directly used to estimate the power received by
the load because VL is proportional to S21 according to (3). For
analytical calculation, S21 can be derived as (4) from matrix (2)
using the classic conversion formulas given in [33]

S21 =
2jωM

√
R0RL

M 2ω2 +
(

ωLt −
1

ωCt
+ R0

)(
ωLr −

1
ωCr

+ RL

) .

(4)
When the WPT/MRC system operates at f0 , S21 can be sim-

plified as

S21 =
2

ω0M√
R0RL

+
√

R0RL

ω0M

(5)

and S21 reaches up to its maximum value (1 in ideal model
ignoring radiation loss and heat loss in coils) when the mutual
inductance M equals to Mm as

Mm =
√

R0RL

ω0
. (6)
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According to (5) and (6), S21 decreases as M goes far away
from Mm . Especially when M is larger than Mm , the transmitter
and receiver work in strong coupling region where the transmit-
ter and receiver is close to each other, and S21 drops rapidly
with frequency splitting occurring.

B. Method for Frequency Splitting Elimination

As mentioned above, frequency splitting is caused by the
magnetic overcoupling between the transmitter and the receiver.
Therefore, the investigation of frequency splitting and its sup-
pression should begin with the analytical analysis of the mutual
inductance. For the simplest case, both the receiver and the
transmitter of the WPT/MRC system are single-turn circular
resonant coils whose radiuses are r1 and r2 , respectively, and
are placed face-to-face with a distance d. The mutual induc-
tance M can be calculated through the function M(d) defined as
(7) [34]⎧⎪⎪⎨

⎪⎪⎩
M (d) = μ0

√
r1r2

g

[(
2 − g2) K

(
g2) − 2E

(
g2)]

g2 =
4r1r2

d2 + (r1 + r2)
2

(7)

where K(∗) and E(∗) are the complete elliptic integrals of the
first and second kind, respectively. In the general WPT system,
transmitting coil and receiving coil have the same or similar
dimensions [1], [11], [35]. Especially for the case where trans-
mitting and receiving coils are identical (r1 = r2), g rapidly
approaches 1 as the receiving coil moves close to the transmit-
ting coil, that is, d → 0. Because K(1) = ∞ and E(1) = 1,
M(d) increases rapidly with the decrease of the d between the
two coils. As a result, the optimum transfer consideration is
destroyed and frequency splitting occurs.

Therefore, the key point of the frequency splitting elimination
is maintaining g much less than 1 for any distance to avoid
the pole, K(1) = ∞. By keeping in mind this principle and
mathematically analyzing (7), one can find that unequal r1 and
r2 leads to g less than 1 for any distance, with which the pole of
M(d) disappears. As a result, the curve of M(d) versus d becomes
flat, and frequency splitting can be eliminated once M gets close
with Mm in a large distance range.

In order to validate the above prediction, a series of M values
are calculated and depicted in Fig. 2 under the condition of
r1 �= r2 , where r1 equals to a set value of 3 cm and r2 varies
in a large range. A curve of the case r2 = r1 = 3 cm is also
depicted in Fig. 2 as a reference [blue lines in both Fig. 2(a) and
(b)]. A sharp rise of this curve with d tending to be 0 indicates
the pole of M(d) at d = 0. This dramatic change leads to a small
distance range where M closes to Mm , only in which the S21
maintains large value according to (5).

The calculated M values are divided into two groups as shown
in Fig. 2(a) and (b), respectively. The curves depicted in Fig. 2(a)
present M(d) for the case of r1 > r2 , and those in (b) for the
case of r1 < r2 . For the both cases, all the curves of M(d)
increases with the decrease of d, but the growth slows down
as the difference between r1 and r2 increases, which means
the effect of the pole of M(d) is gradually weakened. The pole
can be completely eliminated if the radius difference is large

Fig. 2. Mutual inductance with respect to transfer distance between two cir-
cular coils with different radius, where (a) is r2 < r1 and (b) is r2 > r1 .

enough according to Fig. 2(a) and (b). Especially for the case of
r1 < r2 , as shown in Fig. 2(b), not only M with close distance
suppressed, but also that with long distance is enhanced due to
the strong magnetic field excited by the large transmitting coil,
whereas the M for the case of r1 > r2 is small at long distance
because the magnetic field excited by small transmitting coil
is not strong. This indicates that transmitter with large size is
suitable in the practice system for frequency suppression and it
will be discussed in the following section.

C. Analytical Calculation of S21 of the WPT/MRC System
With Frequency Suppression and Elimination

To analyze the effect of the curve flatness of M(d) on transfer
characteristics of the WPT/MRC system, a series of S21 of
WPT/MRC systems adopting different pairs of transmitter and
receiver are calculated through (4) and depicted in Fig. 3(a)–
(f). The parameter description of these pairs of transmitter and
receiver are listed in Table I. The inductance in Table I can be
calculated through (8) [34]

Ln = μ0rn

[
log

(
8rn

a

)
− 1.75

]
, n = 1, 2 (8)

where a is the wire radius. The capacitance Cn contains the
self-capacitance of the coil and series capacitor. The turn number
n1 and n2 of the coils mainly depend on the optimal mutual
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Fig. 3. Transfer coefficient S21 between transmitting and receiving coils with different parameters.

TABLE I
PARAMETERS OF RESONANT COILS FOR THEORY ANALYSIS

Receiving Coil Transmitting Coil

Radius r1 = 3 cm r2

Number of turns n1 = 6 n2

Inductance L1 L2

Series capacitor C1 C2

Resonant frequency f0 = 22.1 MHz
Wire radius a = 1 mm

inductance Mm defined by (6) as

n1n2M(d) = Mm . (9)

The parameter values for the six cases shown in Fig. 3 are
listed in the corresponding subfigures, respectively.

Similar to the analysis in the last section, the S21 for the case
of r1 = r2 = 3 cm is investigated first and plotted in Fig. 3(c) as
a reference. From Fig. 3(c), one can observe obvious frequency
splitting phenomenon that the maximum S21 peak splits into two

peaks as the transfer distance decays. For the case of r1 = 3 cm
and r2 = 2 cm, the region where frequency splitting occurs
is compressed but the transfer distance is also shortened as
shown in Fig. 3(b). As r2 decreases further, such as the case
of r2 = 1 cm shown in Fig. 3(a), frequency splitting can be
eliminated completely but the maximum transfer distance is
shortened further.

From Fig. 3(d) to (f), one can find that frequency splitting is
suppressed gradually with the increase of r2 . In Fig. 3(d), the two
peaks of the S21 in frequency splitting region are much closer
compared with the case shown in (c), and the valley between
the two peaks is also shallower than that in (c). When the radius
difference is large enough, such as cases shown in (e) and (f),
frequency splitting is completely eliminated, and the S21 peak
becomes flatter as the radius of the transmitter is larger.

The fluctuation of all the S21 curves versus transfer distance
at the original resonant frequency f0 in Fig. 3 shows good
consistence with the variation trend of M(d) curves depicted in
Fig. 2. The steeper the M(d) curve is, the more dramatically the
S21 declines in strong coupling region where frequency splitting
occurs, and the flatter the M(d) curve is, the more uniform the
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S21 versus transfer distance is. Compared with the S21 depicted
in Fig. 3(e), one can find that the S21 in (f) is more uniform and
maintains large value in a broader distance range. One should
note that in the case of (f), the coil turn is increased to make
up the weakened magnetic field according to (9) to meet the
consideration (6).

From Fig. 3, one can conclude that a relatively large transmit-
ter to receiver is suitable to be adopted in the WPT/MRC system
to eliminated frequency splitting and achieve uniform S21 in a
large distance range. Compared with the method proposed in
[31], the maximum transfer distance can be extended because
the large transmitter adopted in this method enhances the mag-
netic field at long distance instead of offsetting it as reported in
[31]. Designers only need to think about the tradeoff between
the uniformity of S21 and the size of the transmitter. In fact, the
size of the receiver attracts more consideration than that of the
transmitter because the size of the device to be charged is usually
strictly restricted by the application environment such as endo-
scope [12] but the size of transmitter is usually not restricted
that strictly [26]. Therefore, the method proposed in this paper
can be a good alternative of that in [31] and [36], in the case
where there is no strict restriction on the size of the transmitter.
In addition, the proposed method does not require extra con-
trol mechanism such as simultaneous impedance matching and
frequency splitting, which makes it easy to design and apply.

What is worth noting that the proposed method for frequency
splitting elimination is universal for coils of other shapes as well,
such as rectangle resonant coils. The key point is to eliminate
the pole of M(d) and this can be achieved by properly adjusting
the relative sizes of transmitter and receiver through the cor-
responding calculation expression, for example, M of regular
coils can be calculated through the expressions in [31], [36],
and [37]. For coils of complicated shapes, between which M
cannot be calculated easily or precisely, numerical simulation
can be implemented to calculate M and optimize the coil sizes
for frequency splitting suppression and elimination.

III. NUMERICAL SIMULATION AND EXPERIMENTAL RESULTS

According to the analytical calculation, the pairs of resonant
coils of the sizes listed in Fig. 3(e) and (f) shows good frequency
splitting elimination performance. Considering the tradeoff be-
tween transfer characteristics and the sizes of the resonant coils,
a pair of NIRCs are designed based on the parameters of the
case shown in Fig. 3(e) and modeled in HFSS, a commercial
software package based on finite-element method, as illustrated
in Fig. 4. As the calculation in Section II is ideal, the parame-
ters of the simulated NIRCs are slightly modified for simulation
convenience and precision.

As shown in Fig. 4, the transmitting coil is three-turn copper
wire with wire width w = 1 mm. The largest radius is r2 =
9.25 cm. The gap between adjacent loops is g = 1 mm. The
small resonant coil is six-turn copper wire with the largest ra-
dius r1 = 3.25 cm. The rest of its parameters are the same as
the large resonant coil. Both of the two coils are connected with
capacitors in series to resonate at 17.5 MHz. The coils shown
in Fig. 4 are also fabricated using enameled wires with series

Fig. 4. Structures and parameters of the NIRCs for frequency splitting elimi-
nation, where r1 = 3.25 cm, r2 = 9.25 cm, and w = g = 1 mm.

Fig. 5. Prototype of NIRCs.

Fig. 6. Simulation models in HFSS, where (a) is the NIRCs and (b) is the
IRCs.

tunable capacitors as shown in Fig. 5. Limited by fabrication
procedure, deviation between the fabricated and ideal coils can-
not be avoided, but this deviation has no serious impacts on the
performance of WPT/MRC according to the measured results.

The NIRCs are placed face-to-face as shown in Fig. 6(a). The
distance between the NIRCs is d, varying from 0 to 7 cm. A
pair of identical resonant coils (IRCs), shown in Fig. 6(b) is also
simulated and experimentally tested corresponding to the case
shown in Fig. 3(c) as reference, and hence, they are the same as
the receiving coil in the pair of the NIRCs.
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Fig. 7. Imaginary part of the mutual impedance between two resonators versus
distance at 17.5 MHz.

In the numerical simulation, ωM can be directly got as it is
the imaginary part of the mutual impedance between the trans-
mitting and receiving coil. The simulated ωM for the both cases
at 17.5 MHz is simulated and depicted in Fig. 7. The curve of
the IRCs changes dramatically as the distance between the coils
decreases, which agrees with M(d) depicted in Fig. 2. As R0 and
RL are set 50 Ω, the optimal ωM value should also be 50 Ω for
maximum power transfer according to (6). Therefore, frequency
splitting occurs because of the overcoupling at close distance,
and S21 also decays at long distance due to the weak coupling.
On the contrary, ωM of the NIRCs maintains around 50 Ω and
S21 can be predicted to stay at the peak value without frequency
splitting at both close transfer distance and long distance.

Both the transfer coefficient S21 of systems using NIRCs
and IRCs are simulated and then, measured by VNA, Agilent
N5227A. As shown in Figs. 8 and 9, both the simulated and
measured S21 agree with each other very well. The S21 of
NIRCs stays at peak value near 0 dB at the resonant frequency
17.5 MHz with different transfer distance, and no frequency
splitting is observed. On the other hand, the S21 of the IRCs
stays at 0 dB at 17.5 MHz only with d = 3.5 cm. Frequency
splitting occurs and reduces S21 at the resonant frequency as d
decreases. Both the results depicted in Figs. 8 and 9 show good
consistence with those in Fig. 3(c) and (e), respectively. The
tendency and magnitude of the S21 for the both cases validate
the proposed theory reliably.

To clearly observe the results of both the NIRCs and IRCs,
the S21 with respect to transfer distance at resonant frequency
for the both cases are depicted in Fig. 10. There exists a re-
duction about 2 dB between the peak values of the simulated
results and the measured ones. The reduction can be caused by
fabrication deviation, loss in components, radiation, and port
and experiment operation errors. From Fig. 10, one can observe
that the S21 of the NIRCs is much more uniform than that of
IRCs and the value maintains at high level. The S21 is enhanced
by 6.5 dB in the original strong coupling region.

Practical WPT/MRC systems are also established using the
pairs of NIRCs and IRCs. Agilent E8257D is used as signal
generator and is connected with a power amplifier (PA). The PA
is connected with the large resonant coil, and the small resonant
coil is connected with a load. The waveforms in this WPT/MRC

Fig. 8. Transfer coefficient S21 of the NIRCs with different transfer distance,
where (a) shows the simulated results and (b) shows the measured results.

system are measured by Lecroy Wave Master 8600A. The mea-
sured results of WPT/MRC with IRCs and NIRCs at the resonant
frequency are shown in Figs. 11 and 12, respectively.

The waveforms (a) in both Figs. 11 and 12 are the output
voltage of the PA when directly connected with a 50-Ω load,
whereas the waveforms (b), (c), and (d) in both Figs. 11 and 12
are the voltage across the 50-Ω load connected with the receiving
coil as the receiving coil moves away from the transmitting coil.
According to Figs. 11 and 12, there is no waveform distortions
but amplitude variation between the transmitter and the receiver.
The amplitude of the output waveform of the WPT/MRC system
with IRCs (shown in Fig. 11) varies dramatically, whereas the
amplitude of the output waveform of the WPT/MRC system
with NIRCs keeps large value and varies slightly as shown
in Fig. 12. The two series of sinusoidal waveforms verify the
proposed method in the time domain.

LEDs are also implemented as the load in WPT/MRC to intu-
itively reflect the transfer characteristic of WPT/MRC, as shown
in Fig. 13. The LEDs of WPT/MRC using IRCs becomes dim
whether the transfer distance is too close or too long, whereas
the LED brightness of WPT/MRC using NIRCs keeps strong in
the same whole region. All the experimental results reflect in all
aspects that frequency splitting in WPT/MRC can be effectively
eliminated and large and flat transfer coefficient can be easily
obtained. Different from the results shown in Figs. 8–10, the
results shown in Figs. 11–13 directly verify the proposed theory
by the realized power received by the load.
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Fig. 9. Transfer coefficient S21 of the IRCs with different transfer distance,
where (a) shows the simulated results and (b) shows the measured results.

Fig. 10. Transfer coefficient S21 contrast between the NIRCs and the IRCs
at 17.5 MHz.

IV. DISCUSSION

A. Impact of the Lateral Misalignment of the NIRCs

The method proposed in this paper aims at the uniform trans-
fer property with respect to transfer distance. Therefore, all
the results above illustrate the performance of NIRCs with the
same axis. It is also important to investigate the S21 for the
case where there exists lateral misalignment when the NIRCs
moves relatively as shown in Fig. 14 [38], [39]. The lateral mis-

Fig. 11. Waveforms in WPT/MRC with IRCs, where (a) is the output voltage
of the PA, and (b), (c), and (d) are the voltage across the load as the receiver
moves away from the transmitter.

Fig. 12. Waveforms in WPT/MRC with NIRCs, where (a) is the output voltage
of the PA, and (b), (c), and (d) are the voltage across the load as the receiver
moves away from the transmitter.

alignment along x-direction is defined as dx . Fig. 15 illustrates
the simulated results of the S21 of NIRCs (simulation model in
Section III) taking lateral misalignment into consideration. In
Fig. 15, the results of S21 with d = 1 cm and dx varying from
0 to 7 cm are depicted. Only the curves of the case of dx = 6
and 7 cm show slight frequency splitting because the magnetic
field near the edge of the transmitting coil is strong result-
ing excess coupling. Out of this region, there is no frequency
splitting regardless of the position of the receiving coil relative
to the transmitting coil due to the uniform magnetic field ex-
cited by the transmitting coil. Therefore, the charging region
of the receiver with uniform transfer property is very large.
In addition, the uniform transfer property could be further im-
proved through clever design of the structure of the transmitting
coil [40].

B. Estimation of Maximum Transfer Distance of WPT/MRC
With NIRCs

Although the results shown in Section III illustrate that uni-
form transfer coefficient can be achieved in a large distance
range by using NIRCs, one should note that the results do not
mean NIRCs effectively contributes to extend the maximum
transfer distance because the experiments in Section III are on
the base that the dimension of the receiver is constant. IRCs
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Fig. 13. Practical WPT/MRC system with (a) IRCs and (b) NIRCs using LED
as load, respectively.

Fig. 14. NIRCs with lateral misalignment.

with equivalent radius defined by (10) should be introduced
as reference to estimate the maximum transfer distance of the
WPT/MRC system using NIRCs

req =
r1 + r2

2
. (10)

A comparison of S21 at resonant frequency is conducted be-
tween WPT/MRC using NIRCs and IRCs with equivalent ra-
dius, and the results are shown in Fig. 16.

Fig. 15. Simulated S21 taking lateral misalignment into consideration.

Fig. 16. Transfer coefficient S21 comparison between the WPT/MRC system
using NIRCs and IRCs with equivalent radius.

From Fig. 16, one can find that system using IRCs with
equivalent radius shows better performance at long transfer dis-
tance than system using NIRCs, but the difference between the
two curves at long distance is small. Therefore, using NIRCs
achieves uniform S21 in large distance range with limited de-
crease of the maximum transfer distance of the WPT/MRC
system.

C. Level Control of Frequency Splitting Suppression

In the experiments in Section III, frequency splitting is totally
eliminated. Actually, the suppression level of frequency split-
ting can be controlled by adjusting the relative dimension of the
NIRCs. In this section, S21 of systems, operating at resonant
frequency and using four pairs of NIRCs, are analytically calcu-
lated and depicted in Fig. 17. The key parameters of these cases
are listed in Table II. The equivalent radius of the four pairs
of NIRCs are the same so that the maximum power transfer
regions of the four cases have overlap for clear comparison. Ac-
cording to Fig. 17, the suppression level of frequency splitting
can be freely controlled by reasonably adjusting the difference
between the sizes of the transmitter and receiver. One could
design the relative dimensions of the NIRCs according to the
available charging range of the receiver in practice.
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Fig. 17. Transfer coefficient S21 comparison between the WPT/MRC system
using different NIRCs with the same equivalent radius.

TABLE II
PARAMETERS OF RESONANT COILS FOR THE COMPARISON OF THE LEVEL

CONTROL OF FREQUENCY SPLITTING

Radius Number of turns

IRCs r1 = r2 = re q = 6 cm n1 = n2 = 3
Case 1 r1 = 5 cm, r2 = 7 cm n1 = 4, n2 = 3
Case 2 r1 = 4 cm, r2 = 8 cm n1 = 6, n2 = 3
Case 3 r1 = 3 cm, r2 = 9 cm n1 = 6, n2 = 4
Case 4 r1 = 2 cm, r2 = 10 cm n1 = 7, n2 = 7

V. CONCLUSION

In this paper, a pair of nonidentical transmitting and receiving
coils is proposed as an approach to avoid the magnetic over-
coupling in WPT/MRC. Therefore, frequency splitting can be
suppressed or completely eliminated, and uniform output power
can be achieved. Analytical calculation, numerical simulation,
and experiment are conducted and results agree with each other.
The proposed NIRCs present an effective approach to cope with
frequency splitting without extra control mechanism, which is
easy to design and apply in practice.
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