Progress In Electromagnetics Research Letters, Vol. 80, 53–59, 2018

A Novel Dual-Band Scheme for Magnetic Resonant Wireless
Power Transfer
Keke Ding1,

2, * ,

Ying Yu1, 2 , and Hong Lin1,

2

Abstract—In this paper, a novel dual-band scheme is proposed and analyzed for dual-band magnetic
resonant wireless power transfer. The scheme consists of a novel resonant coil structure for dualband resonance and a coupling loop for dual-band impedance matching. Circuit-based analysis and
experiments verify that our scheme can achieve dual-band power transfer easily and eﬀectively, with its
dual-band reﬂection coeﬃcient lower than −18 dB and transmission eﬃciency over 37.21% at a distance
of 20 cm at 6.78 MHz and 13.56 MHz.

1. INTRODUCTION
Wireless power transfer (WPT) has been a topic of interest with signiﬁcant competition between
technologies and standards [1–3]. The Wireless Power Consortium (WPC) organization adopts near-ﬁeld
inductive coupling WPT technology at 110–205 kHz and 110–300 kHz [4], while the AirFuel proposes
mid-ﬁeld magnetic resonant coupling (MRC) WPT with the working frequency of 6.78 MHz±15 kHz [5].
Meanwhile, Industrial Scientiﬁc Medical (ISM) Band of 13.56 MHz with MRC WPT is also commonly
utilized in WPT medical and wearable devices [6–8]. These diﬀerent operating frequency bands would
lead to incompatibility of diﬀerent wireless charging products.
Dual-band or multi-band technologies might be the potential solution to this problem, and as one
band can be used to transmit power as needed, the spare can be used to transmit power or data. At
present, two modes have been applied to realize multi-band [9]: multi-coil mode and single-coil mode.
In the multi-coil mode, the system adopts multiple resonant coils with individual frequencies to transfer
concurrently [10, 11], but unwanted cross-coupling among resonant coils would cause interference among
channels. [12, 13] introduce a one-coil dual-band architecture with extra series resonant circuit, but
repeaters are needed to realize the dual-band impedance matching.
In this paper, we present a novel dual-band scheme with a novel coil structure and a coupling loop
matching. The resonant coil is simply constructed with a lumped capacitance parallel to part of a helix
coil. The coupling loop is tuned for dual-band concurrent impedance matching, with two couplings
that could be tuned. Based on equivalent circuit analysis, we analyze the dual-band resonance and
impedance matching principle, and develop our working WPT at 6.78 MHz and 13.56 MHz.
2. THE DUAL-BAND SCHEME
2.1. Dual-Band Resonant Coil Structure
The basic structure of our dual-band resonant coil and its equivalent circuit is illustrated in Figure 1. The
resonant coil consists of a helix coil and an external lumped capacitance (C1 ). The lumped capacitance
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(a)

(b)

Figure 1. The dual-band resonant coil. (a) Coil structure. (b) Equivalent circuit.
(C1 ) and part of the helix coil inductance make up the LC tank (parallel resonant). The rest inductance
series with LC tank are connected in parallel with the helix coil self-capacitance (C2 ). Mutual inductance
M12 between two parts of the helix coil is also included in the equivalent circuit for more accuracy.
The structure is chosen for the two main reasons. Firstly, it is simple to implement. We can achieve
the desired resonant frequencies by adding an appropriate capacitance C1 to a helix coil. Secondly, the
self-inductance of the helix coil participates in both coupling band, but the couplings of a loop to two
parts of the helix coil are not the same, so a coupling loop could be set inside the resonant coil to adjust
the port impedance for dual-band concurrent impedance matching, as depicted in Figure 3(b).
2.2. Resonant Frequency Analysis and Coil Design Guideline
According to the decoupling equivalent method, the equivalent circuit in Figure 1(b) can be decoupled
to Figure 2(a). Both L1 and L2 contain the self-inductance and mutual-inductance in between, so
L1 > M12 , L2 > M12 .

(a)

Figure 2. The dual-band resonant coil frequency analysis.
(b) Frequency response of the coil impedance reactance.

(b)

(a) Decoupled equivalent circuit.

The frequency response of the coil impedance reactance is depicted in Figure 2(b). There are two
zeros in the impedance reactance.


1
1
− jωM12 + jωL2 +
(1)
XZ = jωL1 //
jωC1
jωC2
Solving XZ = 0, the resonant frequencies can be obtained by Eqs. (2)–(4) with corresponding coil
parameters.

1
√
1 B − B 2 − 4A 2
(2)
fo1 =
2π
2A

1
√
1 B + B 2 − 4A 2
(3)
fo2 =
2π
2A

Progress In Electromagnetics Research Letters, Vol. 80, 2018

where



A = L1 L2 C 1 C2 − M12 L2 C 1 C2 − L1 M12 C 1 C2
B = L1 C1 − M12 C1 + L2 C2 + L1 C2
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(4)

And our resonant coil at the required resonant frequencies fo1 fo2 can be designed with the following
steps.
Step 1: construct an original helix coil with self-resonant frequencies within the range [fo1 , fo2 ],
and measure the self-inductance L (L = L1 + L2 ) and self-capacitance C2 .
Step 2: select the turn number nL1 of L1 , and measure L1 , L2 , M12 . Integer nL1 is preferred to
facilitate the welding of C1 .
Step 3: using the numerical searching method with MATLAB and formulas (2) (3), ﬁnd the suitable
C1 and L2 to make calculated resonant frequencies in the required bands. Noted that L2 should be
searched in small range, so that L1 and M12 could be approximately assumed to be unchanged. If no
suitable value is found, repeat step 2 and step 3 with another nL1 .
Step 4: construct the resonant coil with the calculated C1 and nL1 . Considering the approximation
of the equivalent circuit, ﬁne-tune C1 , L1 /L2 (the pin position of C1 ) to ﬁnally meet the required
resonance.
2.3. Dual-Band Impedance Matching
In wireless power transfer systems, the optimum power transfer eﬃciency (PTE) can be achieved when
the impedance matching is achieved [13]. However, the dual-frequency impedance matching is diﬃcult
in dual-band systems. Multi-coils [10] or repeaters [12] have been used to implement the dual-band
impedance matching, which increases the complexity of the system. Here we utilize the couplings
between our resonant coils and coupling loops, similar to the coils in four-coil WPT systems [14]. The
coupling loop in the transmitter (TX) is connected to the power source, and it acts as a load loop in
the receiver (RX), as depicted in Figure 3(a). Since TX and RX are identical, only the input impedance
matching in TX is discussed here. Load matching in RX is similar.
When the TX and RX are apart far enough, the coupling coeﬃcient of TX and RX has little
inﬂuence on the input impedance. So the input impedance could be estimated by the equivalent circuit
of TX in Figure 3(b). M01 is the mutual inductance between the coupling loop and L1 . M02 is the
mutual inductance between the loop and L2 . According to the circuit theory, the TX equivalent equation
can be written as
⎧
U = (XL0 + R0 ) i0 + jωM01 i1 + jωM02 i2
⎪
⎨ in
(Z 1 − jωM12 )i1 − i2 (XC1 − jωM12 ) = jωM01 i0
(5)
⎪
⎩
Z2 i2 + (XC1 − jωM12 ) (i2 − i1 ) = jωM02 i0
1
, Zm = X Lm + XCm + Rm , Rm are the parasitic resistance
where XLm = jωLm , XCm = jωC
m
(m = 0, 1, 2). So the input impedance can be expressed as

Zin

2 (Z +X −jωM )+M 2 (Z −jωM )+2M M (X
M01
Uin
2
C1
12
12
01
02
02
1
C1 −jωM12 ) 2
=
= (XL0 +R0 )+
ω (6)
i0
(Z 1 −jωM12 ) (Z2 +XC1 −jωM12 )−(XC1 −jωM12 )2

From Equation (12), we can see that when the resonant coil has been determined, the input impedance
Zin is a function of M01 and M02 . Choosing the appropriate M02 /M01 , Zin can be tuned to be identical
at the two resonant frequencies, as shown in the example in Figure 3(c).
According to Neumann’s formula, M01 and M02 can be controlled by the size of the coupling loop
and the distance between the loop and L1 and L2 [8]. Therefore, by carefully adjusting the size and
position of the coupling loop, we can adjust the ratio of M02 /M01 and tune the port impedances to
achieve concurrent dual-band impedance matching.
It needs to be noted that the analysis above is under the condition that the coupling between TX
and RX is small enough to be omitted. When the coupling is large, frequency splitting phenomenon
would take place [15], which is not discussed here.

56

Ding, Yu, and Lin

(a)
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(c)

Figure 3. Dual-band impedance matching scheme. (a) Block diagram of our proposed scheme. (b) The
structure and equivalent circuit of the TX. (c) Normalized input impedance with the varied M02 /M01 .
(C1 = 106 pF, L1 = 8.66 µH, C2 = 5.3 pF, L2 = 52.6 µH, M12 = 5.24 µH, R1 = 0.11 Ω, R2 = 0.54 Ω.
These are coil parameters in the simulation model. It is found that when M02 /M01 is close to 1.085,
two |Zin | are close to each other at two resonant frequencies.)
3. EXPERIMENT AND VERIFICATION
The experimental setup is depicted in Figure 4. Rectangular helix coil is chosen for easy implementation.
The resonant coils are initially fabricated according to the simulation, then tuned to resonate at the
desired 6.78 MHz and 13.56 MHz, following the steps mentioned in Subsection 2.2. The measured values
of L1 , L2 , M12 and C2 are 8.29 µH, 53.24 µH, 5.04 µH and 6.4 pF. The parasitic resistors of L1 , L2 are
0.56 Ω and 2.61 Ω. The coupling loop is wrapped on a movable holder, inserted inside the helix coil,
and tuned to be port matched. The wire is made of copper, with a diameter of 1 mm. The structure
parameters in the experiment and simulation are listed in Table 1. Because of the inconsistency in
manual production, TX and RX are slightly diﬀerent. TX and RX are aligned coaxially and separated
by a distance of d.
System performance is evaluated in the S-parameters with a vector network analyzer (VNA,
TD3618C) measurement and simulation, where S11 and S21 represent the wave reﬂection and
transmission ratios. System power transfer eﬃciency can be evaluated as PTE = |S21 |2 /(1 − |S11 |2 ) ≈
|S21 |2 [12].
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Figure 4. The experimental setup. (a) Fabricated resonant coil and coupling loop. (b) Measurement
setup.
Table 1. Structure parameters in the experiment and simulation.

Length
/width (cm)

Resonant coil
Height
Turns
(cm)

nL1 /nL2
(turns)

Coupling Loop
Length/
width (cm)

Relative
displacement
(cm)

C1
(pF)

Experiment
(TX)

16/12

5

17.5

3/14.5

12.5/8

4.2

80

Experiment
(RX)

16/12

4.8

17

3/14

12.5/8

4.0

84

Simulation

16/12

5.1

17.2

3/14.2

12.5/8

2.1

106

The length and height of the resonant coil are the sides of the rectangular helix coil. nL1 /nL2 is
the turns of the coil. Relative displacement is the distance between the coupling loop and the resonant
coil (L1 side) as depicted in Figure 3(a).
Figure 5 shows the graph of measured and simulated S-parameters when d = 20 cm. The measured
S11 results show that |S11 | is less than −18 dB at 6.78 MHz and less than −25 dB at 13.56 MHz, meaning
that the reﬂected power is less than 1% at dual bands. This means that the impedance are successfully
matched. |S21 | in the lower band is greater than in the higher band. It might be because the current
directions in L1 and L1 are the same in lower band, while they are reversal in higher band [16], which
cause the ﬁeld to increase in lower band and decrease in higher band. Though the measured |S21 | is
not good enough, 49.14% PTE at 6.78 MHz and 37.21% PTE at 13.56 MHz are obtained. Frequency
splitting [17] takes place in simulated S-parameters, due to its much higher quality (Q) than that in
the experiment.
Figure 6 shows how |S21 | and PTE vary with the distance d between TX and RX. When distance
d is small, the frequency splitting takes place, which reduces the PTE at the desired frequencies. As
d increases, the splitting frequencies merge into one, achieving the maximum eﬃciency. Then, if d
gets even larger, the transfer eﬃciency drops. Maximum eﬃciency measured at 6.78 MHz is 51.4% at
d = 17.5 cm, and the maximum at 13.56 MHz is 46.92% at d = 15 cm.
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(a)

(b)

Figure 5. Measured and simulated S-parameters when d = 20 cm. (a) S11 result. (b) S21 result.

(a)

(b)

Figure 6. Dual-band WPT results from 10 cm to 30 cm. (a) S21 result. (b) PTE result.
4. CONCLUSION
We propose a novel dual-band WPT scheme in this paper. Compared with previous researches, our
single resonant coil structure can reduce the cross-coupling eﬀect in multi-coil systems, and coupling
loop can provide ways to concurrent dual-band impedance matching. Simulation and experiments show
than it can transfer power eﬃciently in each band channel with matched impedance. It provides a
feasible and eﬀective scheme to realize dual-band WPT.
Future research eﬀorts will focus on the optimization of the structure to further increase PTE and
reduce the coil size.
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