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Splitting Frequency Diversity in Wireless
Power Transmission

Hoang Nguyen, Student Member, IEEE, and Johnson I. Agbinya

Abstract—This paper investigates the methodology to create
multiple frequency modes in a multiresonator system of one trans-
mitter and multiple receivers based on the circuit theory. The mul-
tiple frequencies from natural responses of magnetic couplings
could be obtained by determining the eigenvalues of a matrix equa-
tion. This potentially allows us to diversify transmissions to and
from devices. Theoretical calculations and experiments show simi-
lar results of the multiple frequencies at given coupling conditions.
Models of two, three, and four coils in straight line demonstrate
the splitting mode in the spectral domain, which are validated by
envelopes of signals. In measurements, three frequencies of 525,
625, and 695 kHz, and four frequencies of 495, 590, 670, and
755 kHz are achieved at the receiver for three- and four-coil mod-
els, respectively, when coils are equally distanced by 2 cm. When
coupling coefficient of every adjacent coil in three-coil model is 0.2,
aggregating the peak power at two and three splitting modes result
in 28% and 71%, respectively, more power than that at resonance
frequency. Similarly, with two, three, and four modes in four-coil
model, the increases are 43%, 23%, and 33% with two, three, and
four modes, respectively.

Index Terms—Multiple resonators, splitting frequency, wireless
power transfer.

I. INTRODUCTION

D EVELOPMENTS in near-field strongly coupled magnetic
resonances of the MIT group in 2007 have led to a renewed

interest in research in wireless power transfer [1]. In their ex-
periment, power is wirelessly transferred from a source coil to
a load coil at a distance that is three times larger than the radius
of the coil. Using strong coupling of two resonators, the system
lights up a 60-W light bulb with a 40% efficiency. The advan-
tages of the MIT experiment include the flexible position of the
transmitter and receiver coil and the high power efficiency at
the longer distance (middle-range) between the coils. There are
potential applications developed from this experiment such as
cordless battery chargers in mobile phones [2], [3], vehicles [4]–
[6], implant devices [7], [8], underground sensor network [9],
and internet of things [10]. The use of the relay coil to extend
the transmission range and energy efficiency is also studied in
three- and four-coil models [11], [12] and multiple coils [8],
[13]–[16]. The effects of the magnetic couplings of adjacent
and nonadjacent coils have recently been examined for multi-
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ple coils in domino system [13], multiple transmitter coils [17],
[18], and multiple receiver coils [18], [19].

Many factors influence the induced magnetic flux in the re-
ceiver coil including quality factors (Q), efficiencies of the coils,
the coil dimensions, mutual inductance, and also the distance
between the coils. This can be quantified in terms of the re-
ceived power in [20]. Fluxes from the transmitting inductive
coil are picked up by the receiving coil via mutual inductance
and, hence, induce a current in the receiver load. However,
the degree of the flux couplings between two coils can lead
to a splitting frequency with a negative effect on the received
power [18]. There has been a strong research focus on the split-
ting frequency [21]–[24]. Nevertheless, none examined the use
of the splitting mode for transmission in the multiresonant sys-
tem. In a pair of magnetically coupled coil resonators, when the
transmitter and receiver are placed so close to each other that
the coupling condition is greater than the critical coupling, the
single resonant peak at the load of the receiver splits to double
peaks. This phenomenon is known as the splitting frequency.
Moreover, the double peaks vary with different coupling points
below the critical condition. In other words, the variation of the
distance between the transmitter and receiver within the range
below the critical point is the prerequisite for the multiplicity
of the splitting frequencies. The common approach is to ig-
nore the splitting behavior by using the impedance matching
technique [2] or the adaptive shifting frequency [2], [17], [25]
to overcome the degradation of power efficiency. This paper,
however, utilizes and employs frequency splitting as an advan-
tageous phenomenon to diversify to the multiple receivers.

The effects of the magnetic flux in terms of the coupling co-
efficient are investigated in [17] and [26] for multiple receivers.
The effective frequencies should be set at the driving frequency
that maximizes power transfer for a given coupling between the
receivers. However, Ahn et al. [17] limited their study to the
case of equal coupling between the receivers and the weak cou-
pling from the transmitter to the receivers. Ahn et al. [26] also
studied the effects of the coupling on power efficiency in three-
and four-coil systems and point out that the frequency should
be adjusted or the repeaters should be correctly positioned to
obtain maximum power transfer. However, the use of splitting
frequency modes for each resonator is not considered. This pa-
per examines the discussion on mode splitting for the coupling
interaction between transmitter to N receivers in the straight
domino-resonators.

Using matrix calculus, Karaca et al. [27] confirms the pres-
ence of a set of specific eigenmodes in multiresonant systems.
However, the eigenvalues in [27] are merely calculated with
the adjacent neighbors and the eigenfrequencies based on the
coupling coefficient are not shown. Additionally, they do not
use eigenfrequencies to diversify the transmissions. We exam-
ine the different splitting frequencies under various coupling
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Fig. 1. Single transmitter (Tx) and multiple receivers (Rxi ).

conditions and provide more accurate localization of the exact
split frequencies by solving the system of eigenvalue equations.
The adapted distances and the strength of the coupling corre-
sponding to the multiple frequencies are shown and validated.
The rest of this paper is presented as follows. Section II in-
troduces the theory of splitting frequency for N mode split-
ting frequencies in configuration of transmitter-N receivers.
Section III classifies splitting modes for three- and four-coil
models. The simulation results of three- and four-coil models
are presented in Section IV. The experimental evaluation of
mode splitting for one, two, and three receivers are included in
Section V. Power improvement is demonstrated in Section VI.
The last section is our conclusion.

II. METHODOLOGY MODEL OF TRANSMITTER–MULTIPLE

RECEIVERS

The aim of this section is to investigate the splitting fre-
quency in terms of eigenvalues for an excitation source of
N coil configuration. For this purpose, we derive the matrix
equation based on the circuit theory in [17] and [27]. The
distinctive splitting frequencies are introduced according to a
variety of coupling conditions. Fig. 1 shows the model of a
transmitter and N receivers in a domino form. The mutual
inductance among the receivers and between the transmitter
and N receivers are called Mij and MT i(i = 1 : N, j = 1 : N
and i �= j), respectively. When a voltage source of transmit-
ter VT x is turned ON, the magnetic fluxes from the transmitter
induce currents at the N receiver loops. The currents in each
resonator are denoted as IT x, I1 , I2 , . . . IN . The impedance of
resonators are represented by ZT x = RT x + jωLT x + 1

jωCT x

and Zi = Ri + jωLi + 1
jωCi

(with i = 1 : N), where R, L, and
C are the resistance, inductance, and capacitance, respectively,
in each resonator. According to the Kirchhoff voltage law, the
transmitter and N receivers relate through the following matrix:
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(1)

It is noticed that the cross coupling and directed-coupling
coefficients (kij and kT i) can be calculated by the mutual in-
ductance between the coils and their self-inductances as kij =

Mi j√
Li Lj

and kT i = MT i√
LT x Li

(i, j = 1 : N and i �= j). The in-

ductor factors are defined as ai =
√

Li

LT x
(i = 1 : N) and aij =

√
Li

Lj
(i, j = 1 : N and i �= j). The transformed impedances are

called Z
′
T x and Z

′
i , where Z

′
T x = RT x

jωLT x
+ (1 − ω 2

o

ω 2 ) and Z
′
i =

Ri

jωLi
+ (1 − ω 2

o

ω 2 ) (with i = 1 : N), and the resonant frequency

ωo = 1√
LC

. Equation (1) can be rewritten as follows:
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(2)
Determination of Splitting Frequency: It is reported in [17]
that the imaginary part jωL of the transformed impedance in
resonators greatly exceeds the real part R in magnitude un-
der a critical coupling condition and high-quality factor (Q =
ωL
R ). Therefore, the factor R

ωL and VT x

jωLT x
become negligible.

Equation (2) can be transformed into A ∗ I = ω 2
0

ω 2 ∗ I with the

vector current Ī = (IT x, I1 , I2 ...IN )T and matrix A
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The natural modes of the system can be obtained by solving
for the eigenvalues of the matrix A in (3). The modes represent
the natural response of the system under no excitation. Hence,
they provide the best response frequencies of the system. The
magnitude and phase of these modes are also given by the eigen-
vectors of the matrix A. To simplify the mathematical model, we
assume that the self-inductances of the resonators are the same
LT x = Li = Lj , which means the inductor factors (ai and aij )
are equal to 1. Thus, it allows (3) to be transformed into the
following matrix:
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It is noticed that eigenvalues λ of (4) resulting in splitting fre-
quencies are the roots of the nth degree equation. By definition,
they can be obtained by solving the determinant of B − λI = 0,
where I is identity matrix. Furthermore, it is observed that the
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only factor affecting the mode splitting phenomenon is the cou-
pling coefficients. However, the coupling coefficient can be cal-
culated from radii of the two adjacent coils ri , rj and the distance

d between them as k2
ij =

r 3
i r 3

j π 2

(d2 +r 2
i )3 [20], [28]. Therefore, it is true

that the degree of a flux condition between the coils determines
the splitting mode, which confirms that splitting frequency as
the result of the natural response of inductive systems. The con-
ventional resonant frequency ωo does not decide the modes,
but alters the magnitudes of the splitting frequencies due to its
relationship with the eigenvalues and these frequencies. In ad-
dition, from (4), the splitting frequencies of the system could be
accurately estimated, since we can measure the geometrical di-
mension of coils and distance between them. Actually, we need
to find only distance (variable value) since the radii of coils are
known. This method is demonstrated in Section V.

Determination of Current and Power Transfer: With specific
input voltage at the transmitter, the current of each resonator in
(2) can be obtained by the following equation:

Ii = A−1V =
V AT

det(A)
(i = Tx, 1, . . . N) (5)

where voltage vector V = ( VT x

jωLT x
, 0, . . . 0)T . det(A) is the de-

terminant of the matrix A and AT is the transpose matrix.
It is noticed that the receiver voltage across the load is equal to

Vi = −IiRi and the relationship between the voltages of trans-
mitter and receiver is given as Vi

VT x
. Therefore, the magnitude of

S21 can be calculated as follows:

S21 = 2
Vi

VT x

√

Ri

RT x
. (6)

The parameter S21 refers to the ratio of signal measured at
an output port of the receiver to the signal incident at an input
port of the transmitter. This parameter is vital to power transfer
as its squared root (|S21 |2) represents the power gained at the
receiver. In other words, this parameter quantifies the efficiency
of power transfer. Furthermore, from (5), the power transfer
between the N resonators and the transmitter can be expressed
by the equation

Pi
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2
Ri

RT x
(i = 1 : N). (7)

III. CLASSIFICATION OF SPLITTING MODES FOR THREE- AND

FOUR-COIL MODELS

The method of splitting frequency is applied to three- and
four-coil models. Assume that the transmitter and receiver have
similar impedances (ZT x = Zi = Z) and self-inductances.

1) One Transmitter and Two Receivers (SI2O): Applying (4),
we can rewrite the expression for the SI2O system as the 3× 3
matrix below:
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1) Case 1: When kT 1 = k12 = k and kT 2 = 0, three split-
ting frequencies are solved from (8) as ω1 = ωo and ω2 =

ω3 = ωo√
1±k

√
2

(0 < k < 0.7). Insert the coupling coef-

ficient into (5), the current of each resonator is derived
as
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Z(Z2 − 2k2)

, I1 =
−V k

Z2 − 2k2 , I2 =
V k2

Z(Z2 − 2k2)
.

(9)
It is observed that the equations show different splitting frequen-
cies in each receiver. Receiver 1 has two frequencies ω2 and ω3 ,
while receiver 2 has three frequencies ω1 , ω2 , and ω3 .

1) Case 2: when kT 1 = k12 = k and kT 2 = m ∗ k (0 <
m < 1), three splitting frequencies and currents
are obtained as follows: ω1 = ωo√

1−mk
and ω2 = ω3 =

ωo√

m k
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√
m 2 + 8
2 +1

,

IT x

=
V (Z2 − k2 )

(Z − mk)
(

Z + m k
2 + k

√
m 2 +8
2

) (

Z + m k
2 − k

√
m 2 +8
2

)

I1 = − V k
(

Z + m k
2 + k

√
m 2 +8
2

) (

Z + m k
2 − k

√
m 2 +8
2

)

I2

= − V k(k − Zm)

(Z − mk)
(

Z + m k
2 + k

√
m 2 +8
2

) (

Z + m k
2 − k

√
m 2 +8
2

) .

Again, the current equation shows that the power at receivers 1
and 2 is maximized at two and three frequencies, respectively.

1) Case 3: When kT 1 = kT 2 = k12 = k, the transmitter and
two receivers are not on a straight line. Two splitting
frequencies and currents are obtained as follows: ω2 =

ωo√
1−k

and ω3 = ωo√
1+2k

,

IT x =
V (Z + k)

(Z − k)(Z + 2k)
, I1 = I2 =

−V k

(Z − k)(Z + 2k)
.

(10)
Two receivers have a similar splitting frequency ω2 and ω3 .

2) One Transmitter and Three Receivers (SI3O): The similar
method is applied to this configuration to calculate the splitting
frequency
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1) Case 1: When kT 1 = kT 2 = kT 3 = k and k12 = k13 =
k23 = 0, the transmitter and three receivers in this sit-
uation are not on a straight line. Three splitting fre-
quencies and currents are yielded from (11) as follows:
ω1 = ωo and ω2 = ω3 = ωo√

1±k
√

3
(0 < k < 0.57)

IT x =
−V Z

Z2 − 3k2 , I1 = I2 = I3 =
−V k

Z2 − 3k2 . (12)
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Fig. 2. Three-coil system without the cross coupling between the transmitter and receiver 2. (a) and (b) are for receivers 1 and 2, respectively.

The power at the receivers is maximized at the frequencies of
ω2 and ω3 .

1) Case 2: When kT 1 = k12 = k23 = k and kT 2 = kT 3 =
k13 = 0, four splitting frequencies and currents are
obtained as follows: ω1, 2 = ωo√

1±k(
√

5 + 1
2 )

and ω3, 4 =

ωo√

1±k(
√

5−1
2 )

(0 < k < 0.6)

IT x = − V (2Zk2 − Z3)
σ

, I1 = −V k(Z2 − k2)
σ

I2 = − V Zk2

σ
, I3 = −V k3

σ
(13)

where σ = (Z ± k(
√

5+1
2 ))(Z ± k(

√
5−1
2 )). The results show

that under a particular coupling condition, the system generates
different splitting frequencies at the receiver.

IV. SIMULATION RESULTS

The verification of multiple frequencies resulting from the
effect of the coupling condition is introduced in this section. A
possible approach is to analyze the performance of the system
with power transfer equation. Thus, the magnitude of S21 in (6)
as the function of the coupling coefficient and the frequency
is simulated for three- and four-coil models. The circuit ele-
ments of the transmitter and receiver have the coil inductance of
7.3μH and the capacitance of 10 nF. This produces the resonant
frequency of fo = 590 kHz. Note that the critical coupling kc

in the simulation is proportional to the quality factor of the coil
as [17], [18] kc = 1√

Qi Qj

(i, j = 1 : N and i �= j).

The 3-D view of S21 for the three-coil models in case 1 of
the SI2O is plotted in Fig. 2. It is observed that at any coupling
smaller than the critical point, both receivers 1 and 2 have only
one frequency peak. However, at any coupling coefficient that
is larger than the critical point, the two and three splitting fre-
quencies exist at receivers 1 and 2, respectively. It is noticed
that this situation happens when the coupling between Tx-Rx1
and Rx1-Rx2 are equal. This simulated result supports the for-
mula we developed for the current at the receiver in (9). Fig. 2
also demonstrates that if the transmitter operates at the original
resonant frequency fo and k > kc , the receiver 2 power is not

Fig. 3. S21 of receivers 1 and 2 in a three-coil models with the cross coupling.

affected as seen from graph (b), whereas the receiver power 1 is
significantly reduced [graph (a)].

Fig. 3 illustrates S21 of receivers 1 and 2 in case 3 of the
SI2O model. It can be seen that both receivers 1 and 2 have an
identical response of S21 at any coupling coefficient. This is true
since the currents at receivers 1 and 2 [as in (10)] are similar.
Furthermore, only two modes of frequency are also shown at
the receiver 2 (see Fig. 3) instead of three modes in Fig. 2. Thus,
the cross coupling affected the power received by the receiver 2
at the resonant frequency.

Two cases of the SI3O models are shown in Fig. 4. It is
observed that two and four modes of splitting frequency are
obtained for the cases 1 and 2 as in (12) and (13), respectively.

V. EXPERIMENTAL EVALUATION FOR MULTIPLE MODES

In this section, hardware experiments are conducted in both
time and frequency domains. The models of two-, three-, and
four-coils in straight resonator form are used to evaluate the mul-
tiple modes of frequency in inductive system. A single source
with a swept frequency from 400 kHz to 2 MHz is provided to
the proposed models. Fig. 5 shows the experimental setup mea-
sured by Tektronix TDS 2024B. The word “lobe” and “peak”
are used to refer to the envelopes of the signals in the time
domain and the maximum values of the frequency response, re-
spectively. Identical Helmholtz coil is designed with the radius
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Fig. 4. S21 of receivers 1, 2, and 3 in four-coil system. (a) and (b) is cases 1
and 2, respectively.

Fig. 5. Experimental system is arranged for two-, three- and four-coil models,
respectively.

of 2.1 cm and the width of 0.8 mm, and the number of turns is
11. The coil is hand wound on a brown paper core. According
to Wheeler’s formula [29], the inductance of the coil is 7.3μH.
The ceramic capacitor of 10 nF is added in parallel to the coil.
The parasitic resistance is 1Ω. The unloaded quality factor Q
of the coil is 27. Theoretically, resonant frequency is 590 kHz.
Since it is required to have a high Q, the load resistance is chosen
to be 1Ω. With high-load resistance, higher resonant frequency
or large inductor has to be designed.

Fig. 6. Spectrum of two-coil system at k = 0.01 and 0.07.

TABLE I
TWO-COIL SYSTEM

d (cm) k f1 (kHz) f2 (kHz) fo (kHz)

4 0.0101 590
2.5 0.1392 565 650

553* 636*
2 0.202 550 675

538* 660*

* denotes for simulation results.

Model N = 2: For the two-coil system, the signal generator
is connected to the transmitter coil and two channels of oscillo-
scope are linked to the transmitter and receiver coils. The gap
between the transmitter and receiver is varied within 4 cm. The
coupling coefficient between the two coils is a function of the
physical dimension of the coils and the distance between them.
The frequency spectrum at the receiver is demonstrated in Fig. 6.
The details of frequency changes corresponding to the separa-
tion and the coupling coefficient k are introduced in Table I.
It is observed that the spectral response changes from one to
two frequencies as the distance (d) between the transmitter and
receiver is reduced. At loose coupling k = 0.01, the receiver
signal peaks at 590 kHz, which is the same resonant frequency.
We can see that the conventional resonant frequency is the same
between practice and theory. At k = 0.1392, two frequencies
(565 and 650 kHz) are shown.

To evaluate the effect of splitting frequency on the power
transfer, an excitation voltage is generated for a variety of cou-
pling between the transmitter and receiver. Fig. 7 shows the
waveform of the transmitter and receiver at the distance of 4
and 2.5 cm, respectively. It can be seen that the envelope of the
signals has the same shape in both transmitter (at the top graph)
and receiver (at the bottom graph). The envelope of the trans-
mitter and receiver changes from one lobe to two lobes as the
distance decreases to strong coupling coefficient. This explains
that the circuit has single and double frequency responses. This
also demonstrates that the splitting modes affect the maximum
power transfer between the transmitter and receiver at the orig-
inal resonant frequency.
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Fig. 7. Transmitter and receiver at different distances 4 and 2.5 cm.

Fig. 8. Receiver 2 spectrum at different modes.

Model N = 3: The method to determine the frequency split-
ting of the three-coil systems is the same as that with the two-
coil system. In this experiment, we analyze the effect of the
nonadjacent resonator on the transmitter and receiver. The fre-
quency response at the load Rx2 is reported in Fig. 8 and Ta-
ble II. It is shown that one, two, and three modes of frequen-
cies can be obtained by proper arrangements of Rx1 and Rx2.
At distance d1(Tx-Rx1) = 3.5 cm and d2(Rx1-Rx2) = 5.5 cm,
one peak is found at the load Rx2. At the short distance of
d1 = 3.5 cm and d2 = 2.5 cm, there are two frequencies (550
and 650 kHz) at Rx2. However, when Rx1 is separated 2 cm
away from the transmitter and Rx2 d1 = d2 = 2 cm, we have
three frequencies of 525, 625, and 695 kHz at Rx2. Table II also

TABLE II
FREQUENCY OF RECEIVER 2 IN THREE-COIL MODEL

d1 (cm) d2 (cm) f1 (kHz) f2 (kHz) f3 (kHz)

3.5 5.5 595
3.5 2.5 550 650

551* 638*
4 3 560 635

573* 617*
2 2 625 525 695

590* 476* 719*
2 1.5 615 535 685

586* 406* 792*

d1 and d2 are the gap arrangement Tx-Rx1 and Rx1-Rx2,
respectively.
* denotes for simulation results.

Fig. 9. Envelopes of signals in three-coil system. (a) refers to kT 1 = 0.0185
and k12 = 0.0021. (b) refers to kT 1 = 0.0185 and k12 = 0.0708. (c) refers
to kT 1 = 0.144 and k12 = 0.144..

indicates that in three-coil model, ten frequencies (525–695
kHz) are achieved at Rx2 with four different coupling cases.

The voltage at different modes of resonators is illustrated in
Fig. 9. In each figure, the transmitter, receiver 1, and receiver
2 signals are represented in the following order of top, middle,
and bottom graphs, respectively. It is seen that the Rx2 signal
has one, two, or three lobes, while the Rx1 signal has only
two lobes. It means that the Rx1 and Rx2 signals are split into
one, two, or three peaks regarding the given lobes. Addition-
ally, two lobes of Rx1 due to the coupling between receivers
and three lobes of Rx2 depend on the strong coupling between
Tx1-Rx1 and Rx1-Rx2. Fig. 9(c) refers to the case when the
coupling coefficient between Tx-Rx1 and Rx1-Rx2 are similar
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Fig. 10. Spectrum of receiver 3.

(kT 1 = k12 = 0.144). The voltage at the receivers 1 and 2 shows
two and three lobes, respectively. This situation is proven in
Section III by the equation of the receiver currents obtained in
case 2 of the SI2O model.

Model N = 4: The third coil is inserted between the transmit-
ter and two other receivers. The coil positions are also varied to
see how the frequency response of the receiver changes. Fig. 10
and Table III show the spectral response at the receiver 3. It is
seen that two, three, and four frequencies are created regard-
ing the arrangement of the coils. At d1 = 3 cm, d2 = 5.5 cm,
and d3 = 3.5 cm, two peaks are obtained 575 and 635 kHz.
At d1 = d2 = d3 = 2 cm, four peaks are 495, 590, 670, and
755 kHz. As a result, Table III demonstrates that multiple fre-
quencies are achieved by a proper arrangement of the coils
obtained from model equations. With three different coupling
cases, nine frequencies are obtained at Rx3. This creation of
multiple frequencies can be used for frequency diversity of the
inductive system. However, in device to device systems which
need to operate at very short distances between transmitter and
receiver, the two peaks could be counterproductive. For such
situations, impedance matching should be used to force only
one peak.

Time domain signals at three different cases are shown in
Fig. 11. The transmitter and three receiver signals are from the
top to bottom graphs, which refer to channels 1, 3, 4, and 2 of the
oscilloscope, respectively. One and four lobes are obtained in
Rx1, while two, three, and four lobes are presented in Rx2 and
Rx3. For example, Fig. 11(c) refers to the case of four response
frequencies when we have two strong coupling coefficients. The
coupling coefficients are kT 1 = 0.144, k12 = 0.29, and k23 =
0.54. The output voltage also has four lobes representing the
four peaks in the frequency domain. In fact, this case can be
explained by case 2 of the SI3O model.

VI. POWER IMPROVEMENT

Although the split frequency phenomenon has been seen
as counterproductive in wireless power transfer, in this paper,

TABLE III
FREQUENCY OF RECEIVER 3 IN FOUR-COIL MODEL

d1 (cm) d2 (cm) d3 (cm) f1 (kHz) f2 (kHz) f3 (kHz) f4 (kHz)

3 5.5 3.5 575 635
573* 616*

2 2.5 2 525 580 665
525* 590* 543*

2 2 2 495 590 670 755
456* 541* 648* 734*

d1 d2 and d3 are the gap arrangement Tx-Rx1, Rx1-Rx2, and Rx2-Rx3, respectively.
* denotes for simulation results.

Fig. 11. Envelopes of signal in four-coil system. (a) refers to
kT 1 = 0.0356, kT 2 = 0.0019, k12 = 0.0021 and k23 = 0.0185. (b) refers
to kT 1 = k23 and kT 2 = k13 . (c) refers to kT 1 = 0.144, k12 =
0.29, and k23 = 0.54.

we adopt a different view by utilzing the split frequencies as
value added features. We assume that split frequency modes can
be used to enhance system performance by deploying multi-
ple splitting modes at different receivers. A receiver is tuned to
the splitting frequency by using bandpass filters centred at each
splitting frequency. The received power is proportional to the
sum of the power at each splitting frequency. This method takes
advantage of the frequency diversity and provides the received
power as the following expression:

Pi =
N∑

1

PN =
N∑

1

|Ii |2N Ri (14)

where N is the number of the splitting modes and Ii is the cur-
rent of each resonator in (5). Equation (14) demonstrates the
general case for calculating the received power at each type
of mode. The power gain improvement of the received power
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TABLE IV
RECEIVER POWER AND EFFICIENCY AT MODES 2 AND 3

Rx Mode Case Pω o (dB) Pω 2 (dB) Pω 3 (dB) Pi (dB) Gain (%)

1 2 1 −20.1
(−20.8)

−9.05
(−9.03)

−9.04
(−9.03)

−6 (−6) 28.9 (29)

2 3 1 −6.17
(−6.17)

−12.16
(−12)

−12.1
(−12)

−4.39
(−4.4)

71.1 (71)

1 2 2 −26.7
(−26.7)

−9.03
(−9.05)

−9.03
(−9.05)

−6.02
(−6)

23 (23)

2 3 2 −6.06
(−6.05)

−12 (−12) −12 (−12) −4.3
(−4.3)

70.85 (71)

Cases 1 and 2 are with kT 1 = k1 2 = 0.2 and kT 1 = k1 2 = 0.4, respectively.
() denotes for analysing in LTspice.

between the splitting modes and the resonant frequency is cal-
culated as Gain = Pi

Pω o
. Exact results of the receiver power at

splitting frequency, resonant frequency, and power comparison
are simulated using MATLAB and analyzed with ac analysis in
LTspice.

Mode N = 3 (the case 1 in the SI2O System of Section III):
Applying (14), the total powers at the receivers 1 and 2 are
derived as follows:

P1 = (|I1 |2ω2
+ |I1 |2ω3

)Ri

P2 = (|I2 |2ω1
+ |I2 |2ω2

+ |I2 |2ω3
)Ri. (15)

It is noticed that the receivers 1 and 2 in (9) have two modes
(ω2 , ω3) and three modes (ω1 , ω2 , ω3) of splitting frequency,
respectively. However, these splitting frequencies are deter-
mined by the setting of the coupling coefficients. Therefore,
using (9) and (15), the power of receivers 1 and 2 is computed
with different values of the coupling coefficients as shown in
Table IV.

It can be seen that both computation in MATLAB and LTspice
show a similar result. There are two modes at receiver 1 and
three modes at receiver 3, in which powers are obtained at
Pω2 and Pω3 (two modes), and Pωo

, Pω2 , and Pω3 (three modes).
At k = 0.2, power gain at the two mode (−6 dB) and three
mode (−4.39 dB) systems is improved by 28.9% and 71.1%,
respectively, over the receiver power at the original resonant
frequency (−20.1 and −6.17 dB). At k = 0.4, power efficiency
increases by 23% in two modes ( −6 dB

−26.7 dB ) and 71% in three
modes (−4.3 dB

−6 dB ). It is also observed that received power Pωo
at

the original resonant frequency and given coupling in the three
mode system is higher than in the two mode system.

Mode N = 4 (The Case 2 in the SI3O System of Section III):
The method to calculate the received power is similar to that of
mode N = 3, the total received powers at the receivers 1, 2, and
3 are obtained as follows:

P1 = (|I1 |2ω1
+ |I1 |2ω2

+ |I1 |2ω3
+ |I1 |2ω4

)Ri

P2 = (|I2 |2ω1
+ |I2 |2ω2

+ |I2 |2ω3
+ |I2 |2ω4

)Ri

P3 = (|I3 |2ω1
+ |I3 |2ω2

+ |I3 |2ω3
+ |I3 |2ω4

)Ri. (16)

In this case, we can see that the three receivers have the
same splitting mode of 4, which are presented in (13). Using
(13) and (16), the results of the received power at two coupling
cases are shown in Table V. Again, similar results are gained

TABLE V
RECEIVER POWER AND EFFICIENCY AT MODE 4

Rx Case Pω o
(dB)

Pω 1
(dB)

Pω 2
(dB)

Pω 3
(dB)

Pω 4
(dB)

Pi

(dB)
Gain
(%)

1 1 −15
(−15)

−13
(−13)

−12
(−12)

−12
(−12)

−13
(−13)

−6.4
(−6.4)

43 (43)

2 1 −30
(−30)

−13
(−13)

−13
(−13)

−13
(−13)

−13
(−13)

−7 (−7) 23 (23)

3 1 −16
(−16)

−17
(−17)

−9 (−9) −9 (−9) −17
(−17)

−5.3
(−5.3)

33 (33)

1 2 −20
(−20)

−13
(−13)

−13
(−13)

−13
(−13)

−13
(−13)

−7 (−7) 35 (35)

2 2 −42
(−42)

−13
(−13)

−13
(−13)

−13
(−13)

−13
(−13)

−7 (−7) 17 (17)

3 2 −21
(−21)

−17
(−17)

−9 (−9) −9 (−9) −17
(−17)

−5.3
(−5.3)

25 (25)

Case 1 and case 2 are with kT 1 = k1 2 = k2 3 = 0.2 and kT 1 = k1 2 = k2 3 = 0.4,

respectively.
() denotes for analysing in LTspice.

in MATLAB and LTspice. At a given coupling case, the total
power at four-splitting mode is compared with the power at the
resonant frequency. It is shown that in case 1, power gain is
increased to 43% (−6.4 dB

−15 dB ), 23% ( −7 dB
−30 dB ), and 33% (−5.3 dB

−16 dB ) in
receivers 1, 2, and 3, respectively.

We have demonstrated the received power of the two- and
three-splitting mode in three-coil model and four-splitting in
four-coil model. This can be concluded that under a particular
coupling condition, several splitting modes can be produced to
enable the improvement of the power transfer capacity. This
method can be applied to a number of receiver coils in wireless-
powered capsule in medical implant device. For example, in
implant, we can layout antenna coils along capsule in a manner
that the system can create multiple modes when the transmitter
transfers energy from outside. The use of splitting mode from the
array of antenna coil along the capsule could help to enhance the
received power. Furthermore, the cooperative location between
the receivers can create 2-D or 3-D antenna configuration. The
splitting frequencies can be calculated from any position of
receivers. Therefore, it may have a free location of receiver side
compared to a single antenna. The advantage of the multiple
splitting mode and 3-D configuration is the ability to power
multiple receivers at the same time. Note that the design of
the peak power detector at receivers is not within the scope of
this paper. Further investigation on a new form of the antenna
configuration adapted from the multiple splitting modes and
optimal control of the peak power will be our future research.

VII. CONCLUSION

We have demonstrated the one, two, three, and four modes
of the splitting frequency in this paper. The theoretical and ex-
perimental results validate the splitting frequencies in different
situations. The splitting frequency phenomenon is affected by
the mutual coupling behavior between the resonators and can be
obtained from the eigenvalues of the matrix equation. In addi-
tion, the spectral response and voltage excitation experimentally
verify the splitting mode in each receiver, which uses frequency
diversity transmissions of the receivers. Furthermore, multiple
frequencies can be achieved from the splitting system. The more
the number of coils at critical couplings, the more is the number



6096 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 11, NOVEMBER 2015

of splitting frequencies. Consequently, the multiple modes of
splitting frequency could be used to enhance the received power
by aggregating the power at different frequencies.
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