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Abstract—A three-coil wireless charging system is proposed for
full metal-cover smartphone applications. Considering the space
limitation and other antennas in the smartphone, the receiver coil
embedded in the smartphone is designed to be miniaturized as
16 mm × 65 mm. By integrating a series capacitance at the end
of the 2-mm width narrow horizontal slot loading on the metal
cover, the metal cover is converted to a relay coil of the three-coil
system and wireless power transfer (WPT) through the metal cover
is thus achieved. A prototype of the proposed three-coil system
has been built and WPT through metal cover has been validated
via experiment. The experimental results show that the prototype
achieves 5 W output power with 71% coil-to-coil efficiency.

Index Terms—2-mm slot, full metal-cover, miniaturized receiver
coil, smartphone application, three-coil system, wireless power
transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) is a fast developing
technology that utilizes electromagnetic field to transfer

power wirelessly. Inductive power transfer (IPT) is the most
popular WPT technology employing magnetic field coupling
[1]. Compared with traditional cord-based charging technique,
IPT is more user-friendly and environmental-friendly. With
such valuable features, IPT becomes a promising candidate
for consumer electronics charging [2]. Because of the rapid
expansion of smartphones, achieving WPT in smartphones is
now a significant research area.
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Until now, most of the previous IPT researches for consumer
electronics mainly focus on planar wireless charging [2]–[7],
free-positioning wireless charging [8], and multiple receivers
[9]–[11]. In [2], a detailed review of planar wireless charging
technology for portable electronic products and the Qi standard
are indicated. A single-layer winding array with free positioning
and localized feature is reported in [8]. A system for multiple mo-
bile receivers with variable lumped capacitances was reported
in [10].

The above systems are all designed to operate in free-space
condition (FSC). However, in some practical applications, power
transfer needs to penetrate through metal barriers, such as
metal-cover smartphone wireless charging. Few investigations
have been reported in this area. Compared with the smartphone
in FSC, metal cover smartphones have the advantages of me-
chanical robustness and aesthetic appearance, thus designing
smartphones with a metal cover becomes a leading trend. How-
ever, because the electromagnetic field cannot penetrate through
metal barriers, the coupling coefficient of the IPT system will
be reduced. Due to the proximity effect caused by the metal
cover, the quality factor of the coils will be limited. With a low
coupling coefficient and quality factors, the IPT through a metal
block usually comes with a low efficiency and low power [12],
[13]. Therefore, achieving WPT in a metal-cover smartphone
with acceptable performance is an important research area.

The magnetic field generated by the IPT system will induce
self-heating and noise current loops in the conductive materials
in the smartphone, such as batteries. Because the smartphone is
a compact device and the interior space inside the smartphone
is limited, the magnetic field distribution of the IPT charging
system needs to be investigated. Normally, passive shielding
materials like ferrites are integrated below the receiving coil
to reduce the magnetic field leakage [14]. A resonant reactive
shielding coil is reported in [15], which reduces the magnetic
field leakage by producing an opposite magnetic field compared
with the incident magnetic field.

An IPT system for metal-cover smartphone is proposed in
[16]. A T-slot together with a camera hole and a flash hole is uti-
lized to alter the induced eddy current direction on metal cover.
However, certain clearance zone dimension is required because
of the requirement to combine the T-slot, the camera hole, and
the flash hole. Also, two vertical slots are in connection with
the horizontal slot, the camera hole, and the flash hole, which
affect the aesthetic appearance of the metal cover and reduce the
mechanical robustness. A combined capacitive and inductive
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coupler is proposed to achieve WPT across the metal barrier
[17]. Two metal plates are employed to induce an ac current
on the metal barrier, thus reducing the eddy current loss. The
magnetic field is excited by the induced ac current and is picked
up by the receiver coil. However, the magnetic field induced by
the metal barrier is a horizontal-flux approach. Thus, the receiver
coil should be perpendicular to the metal barrier, which does not
fit the slim requirement of smartphones. Critically, it cannot be
a good candidate for metal-cover smartphone wireless charging.

To enhance the overall performance of the IPT system in the
FSC, relay coils can be added between the transmitting coil and
receiving coil. A general analysis on domino IPT system is pro-
posed in [18]. Domino resonators in coaxial, circular, and other
arrangements are proposed to verify the relay coil IPT system.
With an additional relay coil between the transmitting coil and
receiving coil, a three-coil system is studied in [19] and the
energy efficient of the system is validated to be higher than the
two-coil system. However, both of the analyses above neglect
the mutual inductance between nonadjacent coils. With regard
to metal cover smartphone applications, the distances between
the coils are relatively small so that all of the mutual inductances
among the three coils need to be taken into consideration. Also,
due to the limited quality factor caused by the metal cover, the
resistances of the three coils cannot be neglected for circuit
analysis.

In this article, a novel three-coil system for metal-cover
smartphone wireless charging is proposed. The metal cover is
converted from a metal block to a single winding relay coil
by connecting a series capacitance at the main horizontal slot,
thus significantly enhancing the WPT performance. Besides
the ability to achieve WPT for metal-cover smartphone, the
proposed receiver coil has a miniaturized size of 15.5 mm ×
65 mm, and a much smaller clearance zone (only a narrow
horizontal slot of 2 mm × 72.5 mm) as compared with [14]
(two side slots, two vertical slots, camera hole, and a flash hole),
which meets the leading trends in metal cover smartphone de-
sign and becomes a suitable candidate for practical metal-cover
smartphone wireless charging. It is noteworthy that the proposed
system is also suitable for metal cover smartphones with camera
slots and flash holes. The clearance zone of the camera and flash-
light will not impact the performance of the wireless charging
system.

II. WORKING PRINCIPLE OF THE RESONANT CIRCUIT

As depicted in Fig. 1, a full-bridge inverter is utilized at
the transmitter side of the system to provide ac source power.
The transmitter coil, the relay coil, and the receiver coil are
magnetically coupled with each other. The metal cover serves
as a relay coil. Here, because the distance between the relay
coil and the receiver coil is very small (only 1.2 mm), the cross
coupling between the transmitter coil and the receiver coil cannot
be neglected. Three individual capacitors C1, C2, and C3 are
used to resonate with the transmitter coil, the relay coil, and
the receiver coil, respectively. To simplify the analysis, the
resonating components (Le1, Le2, and Le3) and reactance (X1,

Fig. 1. Circuit model of the proposed three-coil wireless charging system.

Fig. 2. Simplified fundamental harmonics approximation circuit model of the
proposed three-coil wireless charging system.

X2, and X3) of the three resonating tanks are defined as
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

jωL1 +
1

jωC1
+R1 = Le1 = jX1 +R1

jωL2 +
1

jωC2
+R2 = Le2 = jX2 +R2

jωL2 +
1

jωC2
+R3 = Le3 = jX3 +R3.

(1)

With quality factors Q1, Q2, and Q3 of the three coils, the
resistances can be derived as

R1 =
ωL1

Q1
, R2 =

ωL2

Q2
, and R3 =

ωL3

Q3
. (2)

It is noteworthy that these resistances are considered in all
of the following analyses due to the small quality factor caused
by the small size and metal cover. Noticeable difference can
be observed between the analyses with and without considering
the resistances. For brevity, the comparison results are not shown
here.

The fundamental harmonics approximation method is used
to analyze the working principle of the circuit topology. The
output voltage of the inverter is approximately equivalent to a
sinusoidal source. Thus, Fig. 1 is simplified as Fig. 2. Among the
transmitter coil, relay coil, and receiver coil, each coil is mag-
netically coupled with the other two. The magnetic couplings
between each two coils are represented by current-controlled
voltage sources. By applying Kirchhoff’s Voltage Law to the
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three resonant tanks in Fig. 2, (3) can be derived:
⎡

⎢
⎣

Le1 jωM12 jωM13

jωM12 Le2 jωM23

jωM13 jωM23 Le3 +RL

⎤

⎥
⎦

⎡

⎢
⎣

I1

I2

I3

⎤

⎥
⎦ =

⎡

⎢
⎣

V1

0

0

⎤

⎥
⎦ . (3)

The currents flowing through the three coils are calculated as
(4) at the bottom of the page.

The output power Pout is calculated as

Pout = I23RL. (5)

By defining S as (6), the efficiency η is calculated as (7) at the
bottom of the page.

S = (−ω2M12M23 + ωX2M13)
2 + (ωM13R2)

2 (6)

To investigate the voltage on the metal cover, the output power
Pout needs to be fixed as P. Here, the worst case occurs when
people touch across the slot and the maximum V2 is calculated as

V2 =

∣
∣
∣
∣

I2
jωC2

∣
∣
∣
∣

=

√

[ωM12(R3 +RL)]
2 + (−ω2M13M23 + ωM12X3)

2

√

P (ωL2 −X2)
2

SRL
. (8)

By defining (9) at the bottom of the page, the input impedance
Zin of the inductive coupler can be calculated as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a = R1R2R3 −X1X2RL +R1R2RL

+ω2(M2
13R2 +M2

12R3 +M2
12RL

+M2
23R1)−R3X1X2 − (R1X2 +R2X1)X3

b = (R1X2 +R2X1)R3 −X1X2X3 +R1R2X3

+(R1X2 +R2X1)RL − 2ω3M12M13M23

+ω2(M2
13X2 +M2

12X3 +M2
23X1)

c = R2RL + ω2M2
23 +R2R3 −X2X3

d = (R3 +RL)X2 +R2X3

(9)

Zin =
V1

I1
=

ac+ bd+ j(bc− ad)

c2 + d2
. (10)

Fig. 3. Breakdown diagram of the proposed three-coil wireless charging
system.

The phase angle θ of the input impedance Zin is thus expressed
as

θ = arctan
bc− ad

ac+ bd
. (11)

III. DESIGN AND STRUCTURE OF THE THREE-COIL INDUCTIVE

COUPLER

A. Structure of the Three-Coil Inductive Coupler

The breakdown diagram of the proposed three-coil inductive
coupler for metal-cover smartphone is shown in Fig. 3. The metal
cover is sandwiched between a transmitter coil and a receiver coil
via two air layers of thickness 12.4 and 1.2 mm, respectively.
For consideration of compactness, AWG 46 Litz-wire of 400
strands is utilized to build the transmitter and receiver coils.
The thicknesses of these coils are determined by the Litz-wire
diameter, which is 1.2 mm in total.

The plan view of the proposed inductive coupler is shown in
Fig. 4. The planar size of the transmitter coil is 66 mm × 80 mm
and the planar size of the miniaturized receiver coil is set to
16 mm × 65 mm. As for the winding width of the transmitter
coil and receiver coil, they are 13.4 and 3.7 mm, respectively.
In practical consideration, the planar size of the metal cover is
assumed to be 75 mm × 150 mm. A narrow horizontal slot of
size 2 mm × 72.5 mm is loaded into the metal cover and it is
located 14 mm away from the upper edge of the metal cover. To
achieve good coupling, both the transmitter coil and the receiver
coil are placed symmetrically with the narrow slot. At the left end

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

I1 =
(Le2(Le3 +RL) + ω2M2

23)V1

(Le1Le2(Le3 +RL)− 2jω3M12M13M23 + ω2M2
13Le2 + ω2M2

12(Le3 +RL) + ω2M2
23Le1)

I2 =
(−ω2M13M23 − jωM12(Le3 +RL))V1

(Le1Le2(Le3 +RL)− 2jω3M12M13M23 + ω2M2
13Le2 + ω2M2

12(Le3 +RL) + ω2M2
23Le1)

I3 =
(−ω2M12M23 − jωM13Le2)V1

(Le1Le2(Le3 +RL)− 2jω3M12M13M23 + ω2M2
13Le2 + ω2M2

12(Le3 +RL) + ω2M2
23Le1)

(4)

η =
I23RL

I23RL + I21R1 + I22R2 + I23R3
=

SRL

S(RL +R3) + {[X2(R3 +RL) +X3R2]
2 + [−X2X3 +R2(R3 +RL) + ω2M2

23]
2}

R1 + [(−ω2M13M23 + ωX3M12)
2
+ (ωM12(R3 +RL))

2]R2

(7)
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Fig. 4. Plan view of the proposed three-coil wireless charging system.

of the slot is a copper connection and at the right end of the slot
is a series capacitor C2. The slot, together with the connection
and series capacitor C2, converts the metal cover into a single
winding coil.

B. Design of the Receiver Coil

Because the receiver coil is supposed to be embedded in
a smartphone, its dimension becomes a vital parameter to be
discussed. There are two steps to obtain the optimum size of the
receiving coil.

1) The first step is to extend the length and width of the
receiving coil as much as possible, so that a better WPT
performance can be yielded. The reason is explained as
follows. The length and width of the receiver coil are
defined as D3 and W3, respectively. It is noteworthy that
the connection wires circled in Fig. 16 are necessary for
conducting the experiment. These connection wires only
contribute to the self-inductance of the three coils and
do not impact the mutual coupling (mutual inductance)
among the three coils. Because the self-inductances of
the three coils are relatively small, the inductances of
connection wires need to be taken into consideration to
obtain precise coupling coefficients, such as k23. In consid-
eration of the connection wire, 313 nH of wire inductance
is added to the simulated L1, 90 nH of wire inductance is
added to the simulated L2, and 300 nH of wire inductance
is added to the simulated L3. As shown in Fig. 5, the
coupling coefficient k23 between the metal cover and the
receiver coil is enhanced with the increase of D3 and W3.
Therefore, with the increase of the receiver coil dimension,
coupling coefficient k23 will increase, leading to a higher
coil-to-coil efficiency.

2) The second step is to set D3 and W3 based on the size
and location of other antennas and components. The rea-
son is explained as follows. In actual industrial applica-
tions, other antennas (including main/diversity antenna
and WIFI/GPS antenna) usually locate beneath the upper

Fig. 5. The coupling coefficient k23 at different (a) receiver width W3 and (b)
receiver length D3.

Fig. 6. The possible layouts of receiving coil, other antenna, camera, and
flashlight.

section of the metal cover, as shown in Fig. 6. Therefore,
to avoid affecting these antennas, which means to avoid
the overlapping problem, the corner edge positions of the
receiving coil are restricted. Not to mention that if W3 is
increased too much, the receiving coil may intersect with
the possible camera and flashlight. Here, it is noteworthy
that the shape of the Rx coil is selected to be rectangular
because the planar size of Rx coil with rectangular shape
is much larger than Rx coil with other shapes (such as
circular shape) in consideration of other components in-
side the smartphone, which leads to bigger self-inductance
and mutual coupling with other coils, resulting in a smaller
compensation capacitance C3 and better efficiency.

The size of the receiving coil is finally set to 16 mm × 65
mm, which can be varied in practical applications according to
the position and size of other adjacent components.

IV. CIRCUIT TUNING

A. The Necessity of Circuit Tuning

At the working frequency, if L1 resonates with C1, L2 res-
onates with C2, and L3 resonates with C3, the resonating tank
(Le1, Le2, and Le3) will be resistive. In this circumstance, due
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Fig. 7. With 1 MHz resonating frequency, the corresponding efficiency with
and without consideration of M13 at different working frequency.

to the negative component “−2jω3M12M13M23” in (4) that
is caused by cross coupling between the transmitter coil and
receiver coil, the input voltage V1 will permanently lag behind
the input current I1 and zero voltage switching (ZVS) cannot
be achieved. Also, if the resonating frequency of the three
resonant tanks is 1 MHz, with measured parameters (inductance
and coupling coefficients) of the inductive coupler in Table II, the
efficiency η regarding working frequency is plotted based on (7),
as shown in Fig. 7. With consideration of M13, frequency split-
ting is observed, and the optimum working frequency is smaller
than the resonating frequency (1 MHz). Without consideration
of M13, frequency splitting is not occurred, and the optimum
working frequency is very close to the resonating frequency
(1 MHz). It can be concluded that the frequency splitting in the
proposed system is caused by the nonadjacent coupling (M13)
between the TX coil and Rx coil. According to IEEE C95.1
standard [20], the maximum rms current flowing through human
body is 16.7 mA at high-frequency band. Based on [21], the
resistance of a human body is about 500 Ω at high frequency.
Thus, the safe rms voltage on the metal cover is required to be
lower than 8.35 V [22]. Based on (8), if the working frequency
is set at the resonating frequency (1 MHz), the voltage on the
metal cover is calculated to be 9.16 V, which does not meet the
safety requirement.

Above all, in consideration of η, θ, and V2, the working fre-
quency and the resonating frequency of the three resonant tanks
cannot be the same, indicating that circuit tuning is necessary to
be applied.

B. Tuning Working Frequency and C1

In this frequency splitting case shown in Fig. 7, either the
working frequency or the resonating conditions of the three coils
need to be changed to achieve optimum coil-to-coil efficiency. If
the working frequency of the system decreases to 0.958 MHz to
achieve the optimum coil-to-coil efficiency, the corresponding
voltage V2 on the metal cover is 7.66 V, which meets the safety
requirement (8.35 V). The corresponding phase angle θ of
the input impedance is –9.7°, indicating that ZVS cannot be
achieved. According to (7) and (8), the coil-to-coil efficiency and
voltage V2 do not change with the variation of capacitance C1.

Therefore, C1 can be increased to achieve ZVS. In conclusion,
decreasing the working frequency to achieve optimum efficiency
and increasing C1 to achieve ZVS is one optional circuit tuning
method.

C. Tuning Resonant Condition

According to (7), C2 or C3 can be tuned to achieve the
optimum efficiency. To study the variation of C2, L1 resonates
with C1 and L3 resonates with C3, leading toX1 = X3 = 0.
Equation (7) is thus simplified as

η =
(−ω2M12M23 + ωX2M13)

2
RL + (ωM13R2)

2RL

(−ω2M12M23 + ωX2M13)
2
(RL +R3)

+[X2(R3 +RL)]
2R1 + T

.

(12)

Here, T is defined by

T = (ωM13R2)
2(RL +R3) + [R2(R3 +RL) + ω2M2

23]
2R1

+ [(−ω2M13M23)
2 + (ωM12(R3 +RL))

2]R2. (13)

To achieve the maximum efficiency, equation ∂η/∂X2 = 0
should be established. Let e, f, and g be defined by
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

e = ω3R1(R3 +RL)
2M12M23M13

f = ω2M2
13T − [(RL +R3)ω

2M2
13

+R1(R3 +RL)
2](ωM13R2)

2

−R1(R3 +RL)
2(ω2M12M23)

2

g = ωM13(−ω2M12M23)[T − (RL +R3)(ωM13R2)
2].
(14)

The optimum X2 is thus derived as

X2_opt =
−f −

√
f2 − 4eg

2e
. (15)

The optimum C2 is calculated to be

C2_opt =
1

ω(ωL2 −X2)
. (16)

With X1 = X3 = 0, (8) is simplified as

V2 =

√

[ωM12(R3 +RL)]
2 + (−ω2M13M23)

2

√
P

RL

√

1/ωC2)
2

S
.

(17)

Because
√

[ωM12(R3 +RL)]
2 + (−ω2M13M23)

2
√

P/RL

is a fixed value, ∂(1/ωC2)
2/S/∂C2 needs to be solved to

obtain the correlation between V2 and C2. LetP = ω2M13L2 −
ω2M12M23, ∂ (1/ωC2)

2

S /∂C2 is simplified as

∂ (1/ωC2)
2

S

∂C2
=

−2[(ωM13R2)
2 + (P − M13

C2
)P ]

ωC2S2
. (18)
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Fig. 8. Calculated (a) efficiencies and phase angle θ, (b) voltage V2 on the
metal cover with the variation of capacitance C1, (c) efficiencies and phase angle
θ, (d) voltage V2 on the metal cover with the variation of capacitance C2, (e)
efficiencies and phase angle θ, and (f) voltage V2 on the metal cover with the
variation of capacitance C3.

Let ∂(1/ωC2)
2/S/∂C2 = 0, C2˙V2 is obtained as

C2_V 2 =
M13

(ωM13R2)
2

P + P
. (19)

In the proposed three-coil system, P > 0. Therefore, if C2 is
smaller than C2˙V2, V2 will be increased with the increase of
C2. If C2 is bigger than C2˙V2, V2 will be decreased with the
increase of C2.

Similarly, with X1 = X2 = 0, by solving ∂η/∂C3 = 0 and
∂V2/∂C3 = 0, the optimum C3˙opt for efficiency and C3˙V2 for
smallest V2 are derived as

C3_opt =
1

ω[ωL3 − ω3R2M12M13M23

(R2
2R1+ω2M2

12R2)
]
, (20)

C3_V 2 =
1

ω2(L3 − M13M23

M12
)
. (21)

For better viewing and understanding, the efficiency η, phase
angle θ, and voltage V2 regarding C1, C2, and C3 are plotted
in Fig. 8. With 1 MHz default resonating frequency, the default
value for C1, C2, and C3 are 2.8, 200, and 32.5 nF, respectively.
If C1 is tuned, only the phase angle θ will vary. The coil-to-coil
efficiency η and V2 will remain unchanged. If C2 is tuned,
the maximum efficiency will be 74.63%, which is obtained at

TABLE I
PARAMETERS OF THE INDUCTIVE COUPLER IN DIFFERENT CASES

TABLE II
EXPERIMENTAL PARAMETERS OF THE PROPOSED THREE-COIL

INDUCTIVE COUPLER

C2˙opt (181.5 nF). The corresponding V2 is 7.31 V, which meets
the safety voltage requirement. The phase angle θ of the input
impedance is 29.2°, leading to ZVS. It is noteworthy that C2˙V2

is calculated to be 270.5 nF, thus the voltage V2 will be positive
correlation with C2 in Fig. 8(d). If C3 is tuned, the optimum
efficiency will be 69.25%, which is achieved at C3˙opt (40.76 nF).
The corresponding phase angle θ is –13°, indicating that ZVS
cannot be achieved. The smallest V2 will be obtained when
C3 equals to C3˙V2 (40.89 nF) and the corresponding voltage
is 9 V, which is higher than the safety voltage requirement
(8.35 V).

In conclusion, tuning C2 can achieve the highest efficiency,
the smallest corresponding voltage on the metal cover, and
ZVS. Compared with the first method that needs to tune both
the working frequency and compensating capacitance C1, the
second method only needs to tune the compensating capacitor
C2 at 1 MHz. Therefore, the experiment was conducted by tuning
the compensating capacitor C2.

V. COMPARISON WITH CONVENTIONAL TWO-COIL SYSTEM

WITH OR WITHOUT A METAL COVER

For comparison purpose, three cases are investigated, namely,
the two-coil system without a metal cover (Case A), the two-coil
system with the metal cover as a barrier (Case B), and the
proposed three-coil system with the metal cover as a relay
coil (Case C). The mutual inductance can be calculated by
self-inductance and coupling coefficient as M = k

√
L1L2. The

inductance and coupling coefficient regarding three cases are
listed in Table I for comparison.

As for coupling coefficient k13 between the transmitting coil
and receiving coil, case B is very small as 0.016 and Case A is
nearly the same as in Case C. That is because the metal cover acts
as a metal barrier in case B and the metal cover is transformed
to a relay coil by connecting C2 in Case C. As compared with
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Fig. 9. Equivalent circuit of Case A and Case B.

Fig. 10. The corresponding efficiency of three cases at different load resistance
RL.

Case A without the metal cover, both inductances (L1 and L3)
decrease in Case B and Case C. That is because of the proximity
effect caused by the metal cover.

To investigate the coil-to-coil charging efficiency, the equiv-
alent circuit of Case A and Case B is shown in Fig. 9. Compen-
sation capacitor C1 resonates with the transmitting coil and C3

resonates with the receiving coil, indicating that a series–series
(SS) topology is applied. The efficiency ηSS for Case A and
Case B is calculated as

ηSS =
ω2k213L1L3RL

ω2k213L1L3RL + (RL +R3)
2R1 + (ωM13)

2R3

.

(22)

With the passive parameters (coupling coefficient k13 and
inductances L1 and L3) in Table I, the corresponding coil-to-coil
efficiencies for the three cases are calculated by (7) and (22),
as shown in Table I. With different load resistance RL, the
coil-to-coil efficiencies for three cases are depicted in Fig. 10. It
can be concluded that the proposed three-coil system achieves
the highest efficiency compared with the conventional two-coil
system (with or without a metal cover). It is noteworthy that
the efficiency of the proposed system is even higher than the
two-coil system without a metal cover at the FSC (Case A). That
is because the metal cover is converted from a metal barrier to a
relay coil and the efficiency of a three-coil system will be higher
than a two-coil system.

Fig. 11. Magnetic field distribution of the proposed system for (a) Case A,
(b) Case B, and (c) Case C.

Fig. 12. With horizontal misalignment (a) the calculated efficiency η, phase
angle θ, and (b) the voltage V2 of the three-coil wireless charging system.

With 5 W output power, the corresponding magnetic field
distribution for the three cases are shown in Fig. 11. Among
the three cases, magnetic field in Case A is the smallest. As for
Case B, the magnetic field concentrates around the transmitting
coil. In Case C, the magnetic field concentrates around the metal
cover. Therefore, as the metal cover is converted from a metal
barrier to a relay coil, the magnetic field will concentrate more
around the metal cover rather than the transmitting coil.

VI. HORIZONTAL AND VERTICAL MISALIGNMENT ANALYSIS

The misalignment of the smartphone includes both the hor-
izontal and vertical misalignments. To analyze the horizontal
misalignment, the smartphone (metal cover and receiving coil)
is moved along the Y-axis (coordinate direction is defined in
Fig. 3). Because the metal cover (relay coil) and the receiving
coil are both integrated in the smartphone, no misalignment
exists between them, leading to unchanged coupling coefficient
k23. The coupling coefficients k12 and k13 decrease with the
horizontal misalignment. The inductances of the three coils
remain unchanged. It is noteworthy that the passive parameters
of the inductive coupler are not shown here for brevity. The
corresponding coil-to-coil efficiency η, the phase angle θ, and
voltage V2 on the metal cover are plotted in Fig. 12. With
a horizontal misalignment, the coil-to-coil efficiency η will
decrease, the phase angle θ will increase, and voltage V2 will
remain unchanged.
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Fig. 13. With vertical misalignment (a) self-inductance L1 of the transmitting
coil, (b) coupling coefficient k12 between the transmitting coil and metal cover,
(c) coupling coefficient k13 between the transmitting coil and receiving coil, and
(d) coupling coefficient k23 between the metal cover and receiving coil.

Fig. 14. With vertical misalignment (a) the calculated efficiencyη, phase angle
θ, and (b) the voltage V2 of the three-coil wireless charging system.

For vertical misalignment, the smartphone is moved along
Z-axis. The corresponding simulated coupling coefficient (k12,
k13, and k23) and inductances of the transmitter coil (L2 and L3

are not shown here for brevity) are shown in Fig. 13. Here, the
distance between the transmitter coil and metal cover is defined
as H. With the decrease of H, the inductance L1 of the transmitter
coil will decrease. That is because the proximity effect of the
metal cover with a big surface area on the transmitting coil has
a negative correlation with H. The inductance L2 of the metal
cover and L3 of the receiving coil remains unchanged. Because
the coupling coefficient has a negative correlation with distance
between the coils, k12 and k13 increase with the decrease of H
and k23 changes little. With the parameters shown in Fig. 13,
the corresponding coil-to-coil efficiency η, the phase angle θ,
and voltage V2 are shown in Fig. 14. Different from horizontal
misalignment, the efficiency η varies a little and the phase angle
θ increases with the increase of H. The voltage V2 on the metal
cover remains unchanged.

Fig. 15. (a) Front view (y–z-plane), (b) side view (x–z-plane) of magnetic field
distribution inside the smartphone, and (c) front view (y–z-plane) of magnetic
field distribution inside the smartphone with embedded ferrite sheet.

VII. ELECTROMAGNETIC INTERFERENCE (EMI) DISCUSSION

The magnetic field generated by the proposed three-coil
wireless charging system will cause self-heating and provide
noise current loops in conductive materials in the smartphone,
which creates EMI issues. Thus, it is important to study the
magnetic field distribution within the metal-cover smartphone.
However, for different designs of the smartphone, the layout of
components inside the smartphone will be different, leading to
different EMI conditions. For general analysis, the magnetic
strength of the proposed three-coil wireless charging system
with a 5 W output power has been simulated, as shown in
Fig. 15(a) and 15(b). From Fig. 15(a), it can be seen that the
magnetic field is concentrated between the receiving coil and
the metal cover, and the magnetic field below the receiving coil
is relatively small. As shown in Fig. 15(b), the magnetic field
is in close proximity with the 2-mm main horizontal slot of
the smartphone and the magnetic field in the remaining area is
relatively low. Specifically speaking, in a normal smartphone
layout, some of the antennas will be located near the main
horizontal slot (concentrated magnetic field area). As for the
GPS/WIFI/LTE antennas and others, their operating bands will
be higher than 698 MHz (LTE) at ultrahigh-frequency band.
Because the working frequency of the proposed wireless charg-
ing system is only 1 MHz, there should be no EMI concerns
between them. As for big conductive materials like the battery,
it is usually implemented at the bottom part of the smartphone,
as shown in Fig. 15(b). Because the battery locates far away from
the main slot, little EMI exists. With regard to components below
the receiving coil, they vary with different smartphone layout. If
necessary, a ferrite composite sheet can be placed between the
receiving coil and the components. As shown in Fig. 15(c), after
integrating a 0.1-mm thick ferrite (μr = 200, 16 mm × 65 mm),
the magnetic field below the receiving coil is further reduced
comparing with Fig. 15(a).
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Fig. 16. Fabricated prototype of the proposed three-coil wireless charging
system.

VIII. EXPERIMENT AND DISCUSSION

A. Measured Parameters of the Fabricated Prototype

The prototype of the proposed three-coil inductive coupler
for metal-cover smartphones had been fabricated and tested,
as shown in Fig. 16. Within 1 mm, the thickness of the metal
cover does not influence the passive parameters of the proposed
inductive coupler. Also, the passive parameters of inductive
coupler do not vary with the material of the metal cover. There-
fore, to successfully conduct the experiment, the metal-cover
was actually constructed by gluing 0.2-mm copper sheets onto
plexiglass. A slim slot of 2 mm × 72.5 mm was cut on the metal
sheet to construct the main horizontal slot. The relay coil was
sandwiched by the transmitter coil (TR coil) and the receiver
coil (Re coil) via two plexiglass layers of 16 and 1.2 mm,
respectively. In consideration of compactness for the wireless
charging system, the transmitting coil and receiving coil are
both constructed by AWG 46 Litz-wire of 400 strands. The
corresponding experimental parameters of the inductive coupler
are indicated in Table I. It is noteworthy that the connection
Litz-wires for experiment will be removed in practical industrial
applications and the practical model will be the same as Figs. 3
and 4.

B. Experimental Results of the Proposed Three-Coil System

After integrating compensated capacitances C1 of 2.8 nF, C2

of 181 nF (C2˙opt to achieve optimum efficiency), and C3 of
33 nF to the system, the input current I1, voltage U2 on the
metal cover, and efficiency η of the system were measured,
as shown in Fig. 17. As the output current I3 varies from 0.4
to 1 A with an increment of 0.2 A (output power from 0.8 to
5 W), voltages V2 on the metal cover remains under the safety
voltage (8.35 V), indicating that the proposed charging system
has no safety concerns during the charging process. As depicted
in Fig. 17(b), the measured efficiencies are all above 70%. To
support the measured results, the experimental waveforms with
5-W output power are shown in Fig. 18. ZVS had been achieved
and the rms voltage V2 on the metal cover is 6.44 V, which is
lower than the safety voltage (8.35 V).

With about 22.5 °C indoor temperature, the proposed wireless
charging system was operated for 30 min and the corresponding

Fig. 17. (a) Measured input current I1 and voltage U2 on the metal cover and
(b) measured efficiencies at different output currents I3.

Fig. 18. Experimental waveforms of the proposed three-coil wireless charging
system with 5-W output power.

temperature distribution was measured. The highest temperature
of the inductive coupler was 26.7 °C and the lowest temperature
was 22.6 °C, indicating that the temperature increase of the
inductive coupler during wireless charging is negligible. For
brevity, the temperature distribution graph is not shown here.

Two methods are proposed in the article to achieve the best
performance, namely tuning working frequency and tuning
resonant condition. Although the method to tune the working
frequency is not adopted in the article, corresponding experiment
was conducted to verify the necessity of circuit tuning and signif-
icance of cross coupling M13. Here, the resonating frequencies
of the three resonant tanks (Tx coil, relay coil, and Rx coil) are
all tuned to 1 MHz. By changing the working frequency from
0.82 to 1.04 MHz with a 10 kHz step, the measured efficiency
η with regard to working frequency is plotted, as shown in
Fig. 19. It is noteworthy that the upper working frequency of
the inverter in our lab is limited to be 1 MHz so that the working
frequency beyond 1.04 MHz is not measured. Also, the input
voltage lags nearly 90° behind the input current at 0.82 MHz,
thus the working frequency below 0.82 MHz is not measured
to protect the inverter. It can be observed that the optimum
measured efficiency is 0.96 MHz, which is smaller than the
resonating frequency of 1 MHz. Also, the voltage V2 on the
metal cover is measured to be 9.13 V at 1 MHz, which does not
meet the safety requirement, indicating that the circuit tuning
is necessary to be applied. The measured efficiency curve with
the variation of working frequency is obviously corresponding
to the efficiency curve with M13 rather than the efficiency curve
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Fig. 19. With 1 MHz resonating frequency, the corresponding measured ef-
ficiency and calculated efficiency with and without consideration of M13 at
different working frequency.

Fig. 20. Calculated and measured (a) efficiencies and (b) voltage V2 on the
metal cover with the variation of capacitance C2.

without M13, validating that the analysis with cross coupling
M13 is correct and necessary.

To verify the adopted method of tuning C2, the capacitance C1

and C3 are selected to be 2.8 and 33 nF, making the Tx coil and
Rx coil resonate at 1 MHz. With the variation of capacitance C2,
the measured efficiency η and voltage V2 for 5-W output power
are shown in Fig. 20(a) and 20(b), respectively. The optimum
measured efficiency was achieved with 181 nF compensation
capacitance C2 and the corresponding voltage V2 was 6.44 V,
which met the safety requirement. The measured voltages in-
crease with the increase of capacitance C2 from 140 to 200 nF.
Here, we need to point out that the self-inductance and resistance
of the single-turn irregular relay coil (metal cover) is too small to
be measured very accurately with an LCR-multimeter or a vector
network analyzer, which mainly causes the difference between
the calculation curve and experimental curve. Therefore, the
calculation efficiency curve with different self-inductance and
quality factor are also plotted in Fig. 20(a). With slight decrease
of quality factor and increase of L2, the measured efficiency
curve corresponds better with the calculated efficiency curve
with the variation of C2.

C. Discussion of Increasing the Resonating Frequency

Here, the compensated capacitance C2 is supposed to be
integrated into a metal-cover smartphone. We need to admit that
the value of C2 (181 nF) is too big in practical applications. That

Fig. 21. Calculated (a) efficiencies and phase angle θ, (b) voltage V2 on the
metal cover, (c) optimum compensated capacitance C2˙opt, (d) current I1, and
(e) current I2 with the variation of working frequency.

is due to the input ac source limitation and available capacitance
type of the lab.

If the resonating frequency of the system is increased, and
the tuning method and output power remain the same; the
corresponding coil-to-coil efficiency η, phase angle θ of input
impedance, the voltage V2 on the metal rim, the optimum capac-
itance C2, and the currents I1 and I2 are indicated in Fig. 21(a),
21(b), 21(c), 21(d), and 21(e), respectively. Here, it is worth to
note that the output current I3 will remain the same because
the output power remains unchanged for fair comparison. As
shown in Fig. 21(c), the optimum capacitance C2 will decrease
with the increase of resonating frequency, which helps embed
the capacitance into a smartphone. However, with the increase of
resonating frequency, the voltage V2 on the metal cover will in-
crease and the optimum efficiency will decrease, indicating that
the frequency cannot be tuned all the way up. Considering the
volume of C2, the safety issue, and the performance (efficiency)
of the proposed three-coil system, the optimum frequency will
be 5 MHz. That is because the value of C2 at 5 MHz is 5.87 nF,
which is already reasonable to be embedded into the smartphone.
Also, the voltage V2 on the metal cover is 7.65 V, which is within
the safety requirement (8.35 V), and the efficiency is acceptable
as 75.5%. As shown in Fig. 21(a), the phase angle θ will be
negative if the resonating frequency is higher than 2.6 MHz,
indicating that ZVS will not be achieved. Based on (11) and
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Fig. 8, with the increase of capacitance C1, θ will increase and
it will not have an influence on the efficiency η and voltage V2.
Therefore, if the resonating frequency is higher than 2.6 MHz,
C2 needs to be tuned as (16) to achieve the optimum efficiency
and C1 needs to be increased to help achieve ZVS.

IX. CONCLUSION

In this article, a novel three-coil system for metal-cover smart-
phone wireless charging is proposed. The three-coil system is
composed of a transmitter coil of 66 mm × 80 mm, a relay coil
(metal cover) of 75 mm × 150 mm, and a miniaturized receiver
coil of 16 mm × 65 mm. By connecting a series capacitor C2

at the end of the narrow slot, the metal cover is converted to a
secondary coil. In consideration of both ZVS and safety issue,
the series capacitor C2 was chosen to be 181 nF to achieve
optimum efficiency. As a result, the metal cover is transformed
from a magnetic field block to a relay coil and WPT through
metal is achieved. The corresponding coil-to-coil efficiency has
been is 71% with 5-W output power. Because only a narrow
horizontal slot is needed to implement the proposed three-coil
system for metal-cover smartphone, the proposed system is rea-
sonable to be integrated into a smartphone in actual applications.
In future research, the resonating frequency of the system will
be increased to reduce the compensated capacitances.
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