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Abstract—This paper presents design and analysis of a switch-
able inductor suited for active impedance matching in magnetic
resonance wireless power transfer systems. The switchable in-
ductor is compact and can be used as both driving coil at the
transmitter side and load coil at the receiver side. We first present
the concept through design, simulation and measurement of a
three loops coil. This model of the switchable coil is used to
study the internal couplings between the loops. The coil was
fabricated on PCB with inductances between 130-324 nH. In
addition, we demonstrate a ten-loop switchable coil for driving a
high Q-factor resonance with an almost linear increase in their
mutual inductances, which is verified by measurement results.

Index Terms—Impedance matching, inductors, inductive cou-
pling, resonance frequency, selective inductance, wireless power
transfer.

I. INTRODUCTION

One of the main challenges of magnetic resonance wireless
power transmission (MR WPT) is to maintain high power
transfer efficiency throughout different distances between res-
onator coils. This efficiency instability is due to the impedance
mismatch between coils, which can be solved using an ef-
fective impedance matching network (IMN) [1]. Moreover, a
system with the IMN can be used to power several wireless
receiver nodes separately by utilizing a single transceiver [2].

There are many research activities focused on implemen-
tation of IMN circuits for WPT. Most of them are based on
capacitive circuits where circuits such as capacitor matrices,
variable capacitors, or a sequence of predefined capacitors
[3]- [6] are used. An alternative, but less common solution
is inductive IMN. A recognized solution for WPT is the four-
coil magnetic resonance WPT system presented by the MIT
in 2007 [7], as shown in Fig. 1. The system consists of two or
more high Q-factor resonator coils (L7, Lr) which are driven
by a low Q-factor coil denoted Ly connected to the power
source. The load is also connected to a similar low Q-factor
coil also denoted Ly in the figure. The coupling coefficient
kr between transmitting resonant L7 and the driving coil Ly
and kg between the load coil Ly and the receiver resonant
LR can be considered as transformer-based matching networks
[1]. An active impedance matching can be achieved by making
the driving and load coils Ly, tunable. This method referred to
as inductive IMN, is discussed and compared to a capacitive
IMNs in our previous work [8].

In this paper, we propose a design of the switchable coil
Ly, where the optimal inductance value can be selected using
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Fig. 1. Equivalent model of four-coil magnetic resonance WPT system.

switches to improve region of matchable impedances and
efficiency [8], [11], [12]. We have fabricated a switchable
driving coil Ly and resonating coil L on each side of a
two-layer PCB with FR4 substrate. Such design offers an easy
fabrication process, low cost and compactness.

The paper is organized as follows: In Section II, theoretical
analysis of the switchable coil and the working principle of the
inductance selectivity is explained. Subsequently, Section III
shows the simulation and measurement results used to validate
the analytic solution. Furthermore, Section IV discusses the
coupling between a switchable driving coil and the resonating
spiral coil, while Section V is the conclusion of the study.

II. DESIGN OF SWITCHABLE COIL
A. Working principle

One way to realize the switchable driving or load coils Ly
in Fig. 1 is by having a set of inductors to choose between. We
propose a solution as shown in Fig. 2 where the inductance can
be selected via a set of switches. For simplicity of analysis, we
chose a three loops coil with different sizes with parameters
given in Table I. Here, L, is self-inductance for the outer
loop, Lo for middle loop, and L3 for inner loop. Switches
can connect each coil to the power source Vg or ground them
for deactivation. In this study, we consider the simplest option
when one coil is active, and other two coils are inactive i.e.
short-circuited.

B. Self-inductance of the coils
The self-inductance of a planar circular loop is given by

Wheeler’s formula
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Fig. 2. Design of switchable coil with three loops.

TABLE I
PARAMETERS OF SWITCHABLE INDUCTOR

Parameter | Value | Unit Description
1 9 cm radius of the loop 1
T2 7 cm radius of the loop 2
3 5 cm radius of the loop 3
w 1.2 cm width of loops
t 35 pm | thickness of the copper

where g is permeability of free space, N - number of turns,
davg = 2rp +w, p = w/(2r, + w), and the index n = 1,2,3
represents a loop order [9]. Calculated self-inductances L,, are
given in Table II.

C. Analysis of the mutual inductance

Another important parameter is mutual inductance between
the loops since they are magnetically coupled to each other, as
shown in Fig. 3(a). Here, the outer loop is driven by current
I;, which generates magnetic field B; at the center of the
circle (at the distance ).
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Fig. 3. Three-loop switchable coil: (a) magnetic field representation when
coil 1 is activated and coil 2-3 are short circuited; (b) fabricated coil on the
PCB for measurements.

The mutual inductance Mjo,/13 between Ly and Loj3 is
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In the same way mutual inductance Ms,3 between coils Lo
and Lg is calculated. Calculated mutual inductances, as well
as self-inductance of each loop, are given in Table II.

TABLE II
CALCULATED SELF-INDUCTANCE AND MUTUAL INDUCTANCE

Loop | Self-inductance Mutual inductance
n L, nH M12, nH M23, nH M13, nH
1 378
2 271 108 71 55
3 168

D. Verification of the analysis

The three-loop switchable coil’s structure is simulated in
COMSOL Multiphysics, to verify calculation and measure-
ment results. The inductor is also fabricated on the PCB
as shown in Fig. 3(b). Measurement and simulation results
comparison at 2 kHz is given in Table III. These values
are comparable with the calculated results in Table II. One
of the advantages of such coil design is a small parasitic
resistance (in mf)), which offers less ohmic losses. There
is a difference between measurement and simulation results,
which might be caused by an inaccuracy in the calibration of
measurement equipment or errors in the fabrication process.
It is worth mentioning that the estimated and simulated values
are obtained with an assumption that the thickness of the
copper layer is much smaller than the length and width of
the coil.

TABLE III
SIMULATION AND MEASUREMENT RESULTS AT 2 KHZ
Simulation Measurement
nl [ L,nH | R, Q M, nH L,nH | R, Q M, nH
1 361 0.036 | Mo =121 420 0.047 | M2 =155
2 274 0.023 M3 = 66 310 0.026 M3 = 81
3 196 0.014 Mq3 =44 210 0.019 M3 =50
L n — loop number

According to AC simulation results at 6.78 MHz (standard
ISM band [10]) given in Table IV, there is a decrease in the
self-inductance and mutual inductance due to parasitics such
as the skin effect and parasitic capacitances.

TABLE IV
SIMULATED SELF-INDUCTANCE AND MUTUAL INDUCTANCE AT 6.78 MHZ

Loop | Self-inductance Mutual inductance
n L, nH M12, nH M23, nH M13, nH
1 324
2 220 116 65 45
3 130

III. MUTUAL INDUCTANCE BETWEEN SWITCHABLE COIL
AND RESONANT COIL

The measurement and simulation results show that the esti-
mation of the self-inductance and other parasitic components
of the proposed coil is a straightforward process. Moreover,
according to the simulation results, the impact of internal
couplings between the loops on the self-inductance of the
switchable coil is small. In this section, a relation between



TABLE V
PARAMETERS OF THE TEN-LOOP DRIVING COIL AND TRANSMITTER COIL
Parameter | Value | Unit Description
n 1-10 - index of the loop
Tn 1-10 cm radius of the n-th loop
Tout 11.5 cm outer radius of the spiral
Tin 1 cm inner radius of the spiral
N 11 - number of turns in the spiral
w 0.5 cm width of loops
t 35 pm thickness of the copper

the switchable driving coil Ly and a high Q resonating coil
L1 on a two-sided PCB is measured, simulated and discussed.

The inductance of the switchable coil with three loops is
limited in the range of 130-324 nH with three selections only.
Therefore, the design of a switchable driving coil with ten
loops is used in this section. The new version of the switchable
inductor, as well as resonant coil design, are shown in Fig. 4.
Here, the switchable driving coil consists of the ten loops,
which are numbered 1 to 10 and located at the frontside of
the PCB. The radius of the loops is varied from 1 to 10 cm.
At the backside of the same PCB, a high-quality resonant coil
with spiral shape can be seen, and its size and other parameters
of the PCB are given in Table V.

L,

Frontside of PCB Backside of PCB

Fig. 4. Design of the switchable driving coil (frontside) and resonant coil
(backside) on the PCB.

In order to derive the mutual inductance between driving
coil Ly and resonating coil Ly, the self-inductance of each
loop at 6.78 MHz is simulated via COMSOL Multiphysics
which are given in Fig. 5. The almost perfect linearity of
the mutual inductance can be noticed between loops 4 and
10. There is a non-linearity between loops 3 and 1, which,
we think, is due to their position to the resonating coil.
Nevertheless, the relative variation of the inductance from 19
nH to the 373 nH is achieved. Effect of the internal coupling
on the self-inductance of the switchable driving coil is also
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Fig. 5. Simulated self-inductances of the loops at 6.78 MHz.

tested, and it is again negligible. The self-inductance of the
spiral coil is L7 = 9.6 puH.

Mutual inductance between the switchable driving coil Ly
and resonator coil Lr versus frequency is shown in Fig. 6,
where M1 represents the mutual inductance between loop 1
(the smallest) and L, whereas M 10 - the mutual inductance
between loop 10 (the outer) and L. The start frequency is 2
kHz. There is only a minor change of the mutual inductance
over the simulated frequency range, which means the mutual
inductance is not susceptible to the diversity of operating
frequency.
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Fig. 6. AC simulation of the mutual inductance between the switchable
driving coils Ly and the resonating coil L, where M1 is mutual inductance
between loop 1 and Ly, M2 - loop 2 and Lz, M3 - loop 3 and Lp, M4
- loop 4 and Ly, M5 - loop 5 and L, M6 - loop 6 and L, M7 - loop
7 and L7, M8 - loop 8 and L7, M9 - loop 9 and L, M10 - loop 10 and
L.

Finally, a comparison of simulated and measured values
of mutual inductance and capacitance between the transmit-
ter coil and the corresponding loop is shown in Figs. 7-8.
Measurement has been obtained by using high precision GW-
Intek LCR meter. Simulated values are represented by star
sign and connected by a solid curve, whereas measured values
are shown by plus sign and dashed curve. According to the
measurements, mutual inductances are varied from 25 nH
to 1230 nH, while the range of the capacitance is between
4.1 pF and 60.7 pF. Moreover, an almost linear behaviour
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Fig. 7. Simulated and measured mutual inductance between the switchable
driving Ly and resonant L coil at 2 kHz.
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Fig. 8. Simulated and measured capacitance between switchable driving Ly
and resonant L7 coils at 2 kHz.

of the trace can be seen for both parameters with a small
deviation between simulation and measurement results. The
deviation can be explained by parasitic components introduced
by the measurement setup or inaccuracy during the fabrication
process.

The inductance of the ten-loop switchable driving coil
can be varied in the range from 19 nH to 373 nH at 6.78
MHz, which gives a better tunability compared to the three-
loop model. There is also linearity in the change of mutual
inductance between the switchable driving and resonant coils.
Therefore, the switchable driving coil can be re-designed with
many loops to achieve the desired range of the inductance
variation at the different operating frequency. The linearity
of the mutual inductance can be improved by more careful
design of the coil parameters and increase the tuning range
by driving several loops simultaneously. With this in mind, an
extension of research will focus on performance analysis of
the switchable driving coil in the inductive WPT system.

IV. CONCLUSION

The design of the switchable coil, where inductance can
be controlled using switches, is studied. The structure of the

coil is fabricated on the PCB with FR4 substrate. According
to the simulation and measurement results of the three-loop
coil, the internal couplings between the loops are minimum
when one of the loop is active and others are short-circuited.
The measurement results of the self-inductance and parasitic
resistance of the coil correspond to the simulation and calcu-
lation. Measured parasitic resistance of the coil is 19-47 mS)
at 1 kHz. Three-loop switchable coil’s inductance is varied
between 130-324 nH at 6.78 MHz, which is a standard ISM
band chosen by AirFuel Alliance.

An extended version of the switchable coil with ten loops
together with a high Q-factor resonant coil is also analysed. In
this case, the self-inductance of the switchable coil is varied
from 19 nH to 373 nH at 6.78 MHz with an almost linear
behaviour, whereas the inductance of the high-Q resonant coil
is 9.6 pH. The simulation of mutual inductance between the
switchable and the high-Q coils is verified by measurement
results, which give an almost linear increase in the range of
25-1230 nH. The proposed switchable coil is a good candidate
for driving and tuning high-quality resonators in MR WPT
systems.
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