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An NFC-Connected Coupler Using
IPT-CPT-Combined Wireless Charging for

Metal-Cover Smartphone Applications
Jia-Qi Zhu, Yong-Ling Ban , Rui-Min Xu, Member, IEEE, and Chunting Chris Mi , Fellow, IEEE

Abstract—A near field communication (NFC)-connected coupler
using inductive power transfer (IPT)-capacitive power transfer
(CPT)-combined wireless charging is proposed for metal-cover
smartphone applications. To mitigate eddy current loss in the metal
cover, CPT is introduced. Compared with traditional CPT, wireless
power transfer through a metal cover is realized, and cost and
valuable space inside the smartphone are saved. To achieve CPT
through a metal cover, the metal cover itself is separated by a
cross slot and utilized as receiving plates. To reduce the voltage
across the metal cover within a safety range, IPT is applied. The
already-existing NFC antenna is first used as the receiving coil
for IPT and also performs as the compensated inductance for
CPT. By connecting one of its feed lines to the metal cover, only
a parallel external capacitor is needed to construct the receiver of
the proposed coupler because the metal cover and NFC antenna
are components that already exist inside the smartphone, which
greatly saves space inside the smartphone and cost for the proposed
coupler. Prototypes of the proposed NFC-connected coupler with
and without actual smartphone have been built. The wireless power
transfer through metal cover by IPT and CPT has been validated
via experiment.

Index Terms—Capacitive power transfer (CPT), inductive power
transfer (IPT), metal cover, near field communication (NFC),
smartphone application.

I. INTRODUCTION

W IRELESS power transfer (WPT) is a user-friendly
charging technology for consumer electronic devices,

which utilizes electromagnetic field to transfer power without an
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electric contact [1]. In recent years, with the rapid expansion of
the smartphone market, integrating a WPT coupler into a mobile
handset is now becoming a necessity due to its advantages of
being cordless, waterproof and user friendly over a conventional
plug-in charger [2]. With regard to nonmetallic-cover smart-
phones, inductive power transfer (IPT) is widely applied with
Qi standard [3]–[5]. However, for metal-cover smartphones,
eddy current will be induced and the magnetic field lines will
be blocked by the metal cover, resulting in low power and
efficiency [6], [7]. In this case, capacitive power transfer (CPT)
is a good alternative because the electric field generated by the
capacitive coupler does not induce significant eddy-current loss
in nearby metal objects [8]–[10]. Since two separate metal plates
are needed for a receiving capacitive coupler, the metal cover
itself can be utilized as receiving plates and no metal barrier is
sandwiched between the transmitter and receiver. Here, people
may touch the metal cover during the charging process so that the
voltage on the metal cover needs to be constrained within a safety
range, which is 8.35 V for high frequency (HF) applications
[11]–[13]. Nevertheless, if only capacitive charging is applied,
it is hard to limit the voltage on the metal cover within a safety
range because the CPT capability is in proportion to the voltage
across the metal plates. In this circumstance, if both IPT and
CPT are applied to transfer power, eddy current loss can be
mitigated and voltage on the metal cover can be reduced within
a safety range. Besides, an IPT-CPT-combined coupler can
significantly save valuable space inside a compact smartphone
because the inductive coil of IPT can also be utilized as the
compensation inductance for CPT and vice versa. Above all,
IPT-CPT-combined wireless charging is a promising technology
for metal-cover smartphones.

Both inductive and capacitive couplers can be classified by cir-
cuit topology. The inductive coupler can be classified as series-
none (SN) topology [14], double-sided series or parallel topol-
ogy (series–series, series–parallel, parallel–series, and parallel–
parallel) [15], and double-sided LCC-compensated topology
[16]. Similar to the inductive coupler, the capacitive coupler
can be classified by its compensation topology and the corre-
sponding characteristics are introduced as follows. The most
common topology for capacitive coupler is the SN topology,
in which only one series inductance is placed at either the
transmitter or receiver side to compensate the coupling capac-
itance generated by metal plates [17], [18]. In this topology, a
large coupling capacitance is required to achieve a reasonable
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switching frequency, leading to a small gap distance between
the transmitter and receiver. A double-sided LCLC compensated
topology was proposed in [9] and a 2.4-kW output power was
transferred through a 150-mm air gap with 90.8% efficiency. To
reduce the external compensated components, a double-sided
LC compensated topology is investigated in [19]. A 150-W
loosely coupled CPT system of 2.16% coupling coefficient was
achieved with 180 mm air gap distance and the corresponding
efficiency was higher than 70%. Different from [19], in this
article, the compensated inductance is also used to transfer
power, leading to an IPT-CPT-combined coupler which saves
space and cost. Besides, the external parallel capacitances at the
transmitter and the receiver side are different to adjust the power
transfer ratio between IPT and CPT.

By reviewing IPT, CPT, and IPT-CPT combined systems,
[20] depicted the advantages of IPT-CPT-combined system
on power scaling capability, reduced compensation elements,
higher link power transfer density, less pad compatibility issues,
and improved misalignment tolerance, which indicates the ne-
cessity and imminent trend to combine IPT and CPT. Several
techniques to achieve WPT through inductive and capacitive
coupling have been investigated recently. As reported in [21]
and [22], IPT-CPT-combined systems with LC-compensated
topology were proposed for high power applications such as
electric vehicles. In these two studies, the inductive coils for
IPT and metallic plates for CPT are separately placed with a
big air gap, indicating that the IPT coupler and CPT coupler
are actually not integrated. The size of the combined coupler
is the sum of the capacitive coupler and the inductive coupler.
Besides, an inductive coil and two metal plates are required
to be integrated at the receiving side. Thus, the systems in
[21] and [22] are not suitable to be integrated into a compact
smartphone. An inductive and capacitive integrated coupler with
LCL compensation topology was studied in [23]. Both magnetic
field and electric field were utilized in a single integrated coupler.
However, the long-folded strip structure with 36 mm height was
too large for smartphone applications and an external compen-
sated inductance was required to adjust the power transfer ratio
of IPT and CPT, which did not meet the compact requirement of
a smartphone. In [24], an integrated IPT-CPT combined coupler
was investigated for railway application. The metal plates were
vertically arranged, and the coils were sandwiched between the
metal plates. Although good misalignment ability is realized,
this type of integrated coupler is not suitable for metal-cover
smartphones because of the vertically arranged metal plates that
cannot be used as metal cover, the 20-mm distance between
the receiving coil and metal plate, as well as the eddy current
loss without embedded ferrite. In [25] and [26], inductive and
capacitive combined systems were reported for parallel trans-
mission of power and data. In [25], the power is transferred
by an electric field and in [26], the power is transferred by
a tightly coupled transformer. Since the power and data were
separately transferred by IPT and CPT, these systems are not
dedicated to transfer power by magnetic field and electric field
simultaneously. As indicated in [27], a distance-insensitive WPT
system was proposed using mixed inductive and capacitive cou-
pling. The magnetic coupling coefficient and electric coupling
coefficient canceled each other so that the equivalent coupling

coefficient in close range would be reduced, which suppressed
frequency splitting phenomenon at small transmitting distance.
The above-mentioned systems were all operated in free space
condition. To achieve WPT through a metal barrier, a combined
inductive and capacitive coupler was investigated in [28]. Two
separate transmitting plates were employed to induce current
flow in the metal barrier, thus generating a magnetic field on the
secondary side. Here, the magnetic field was a horizontal-flux
approach so that the pick-up coil inside the receiver was required
to be perpendicular to the metal barrier, which was not suitable
for smartphone applications. Besides, the size of the secondary
compensating circuit was too big to be embedded in a mobile
electronic device.

In [29], an NFC-CPT-combined coupler was proposed for
metal-cover smartphone applications. Except for the structures
of NFC antenna and metal plates, the proposed NFC-connected
coupler in this article is completely different from the coupler
in [29]. We need to emphasize here that the structures of the
NFC antenna and metal plates (similar with [29]) are viewed as
components that are already designed and existing in the pro-
posed NFC-connected coupler. The main differences between
[29] and the proposed coupler are indicated as follows. First, the
coupler structures are different. An NFC antenna is connected
to the metal plates (metal cover) in the proposed coupler, which
makes the NFC antenna part of the WPT system. The power is
transferred simultaneously by both the NFC antenna (IPT) and
the metal cover (CPT). With regard to [29], the NFC antenna is
glued onto the metal cover, but they are not connected, indicating
that the NFC antenna is not part of the WPT system. The power
is only transferred by the electric field between the metal plates
(CPT). Besides, since the coupler in [29] only utilizes electric
field to transfer power, the coil L at the transmitter side is not
integrated with the coupler and it is only used for compensation.
On the contrary, in this article, the Tx coil at the transmitter side
is integrated with the proposed coupler, which is more compact
than [29]. The Tx coil is used for both compensation and power
transfer. Second, the circuit topologies are different. In [29],
an SN topology is applied to the capacitive coupler. As for
the proposed coupler in this study, two parallel capacitors are
applied at the primary and secondary side for compensation and
adjusting the power transfer ratio. Due to the different structure
and circuit topology, the corresponding analyses method and
design procedure are different.

In this article, an NFC-connected coupler using IPT-CPT
combined wireless charging is proposed for metal-cover smart-
phone applications. To achieve WPT through metal cover and
reduce eddy current loss, the metal cover itself is utilized as
receiving plates for CPT. To constrain the voltage on the metal
cover within a safety range, the compensated inductive coil for
CPT is also used to transfer power, resulting in an IPT-CPT-
combined coupler. Here, the NFC antenna first performs as
the compensated inductance for CPT and also transfers power
through the magnetic field, which has not been reported in any
open literature based on our review. As the NFC-based mobile
payment is becoming popular, NFC antenna has become a pre-
requisite component inside smartphones [30]. In the proposed
coupler, the NFC antenna and metal cover that already exist in
the smartphone are employed to be the receiving coil for IPT and
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Fig. 1. Side view of the proposed NFC-connected coupler.

Fig. 2. (a) Plan view and (b) bottom view of the proposed NFC-connected
coupler.

receiving plates for CPT, respectively. Thus, only one parallel
compensated capacitor is needed to build the receiving coupler
of the smartphone, which greatly saves cost for the WPT system.
As is well known, the inductive coil for IPT and metal plates for
CPT usually occupy most of the space in a WPT system. The use
of the already existing planar NFC antenna that is fabricated by
flexible printed circuit board (FPCB) and the metal cover also
significantly saves space, which meets the compact requirement
by smartphone applications.

II. STRUCTURE OF THE NFC-CONNECTED COUPLER

The side view of the proposed NFC-connected coupler us-
ing IPT-CPT-combined technology for smartphone is shown in
Fig. 1, where connection wires are omitted for a better view.
On the top and bottom of the stack are the transmitting coil (Tx
coil) and receiving coil (NFC antenna). In the middle of the stack
is the capacitive coupler, composed of two transmitting plates
(P1, P2), two receiving plates (P3, P4), and the Ro3010 substrate
(εr = 10.2) layer of 0.635 mm. It is noteworthy that the shape
and dimension of the two receiving plates are the same as the
transmitting plates. To utilize the Tx coil and NFC antenna as
compensated inductor and realize IPT simultaneously, the Tx
coil and NFC antenna are in conjunction with the metal plates
P1 and P3, respectively. Here, the transmitting plates, Tx coil,
and substrate layer construct the transmitter while the receiving
plates (metal cover) and NFC antenna make up the receiver
inside the smartphone.

The plan view of the proposed NFC-connected coupler is
depicted in Fig. 2(a). The planer size of each metal plate is 74 mm

Fig. 3. Schematic circuit model of the proposed NFC-connected system.

× 75 mm, which corresponds to the size of an actual smartphone.
Two transmitting plates P1 and P2 are separated by a cross-slot
composed of a 2-mm width main horizontal slot and a rectangu-
lar slot (18 mm× 10 mm). In actual smartphones, the rectangular
slot can represent the camera hole and flash hole. The horizontal
slot is necessary for other antennas, such as WWAN/LTE/GPS.
Above the transmitting plates, a Tx coil of 60.6 mm × 52.6 mm
winds around the cross slot. In consideration of compactness
and resonant frequency, AWG 44 Litz-wire of 300 strands is
utilized to build the Tx coil and the winding width of which is
1.17 mm. It is noteworthy that the Tx coil is tightly winded with
17.5 turns and no air gap is introduced between each turn. The
bottom view of the proposed NFC-connected coupler is shown
in Fig. 2(b). The dimensions of the receiving plates (metal cover)
are identical with the transmitting plates. The NFC antenna of
18 mm × 10 mm locates at the center of the metal cover. The
line width and line gap of the NFC antenna are 0.8 and 0.4 mm,
respectively. Here, the feed port locates at the top of the NFC
antenna, where metal plate P3 is linked to one of its feed lines
through the connecting wire.

III. CIRCUIT ANALYSIS

A. Circuit Model of the Proposed NFC-Connected System

The schematic circuit model of the proposed NFC-connected
system is shown in Fig. 3, in which the connection and winding
polarity can be viewed clearly. The 2.5-MHz sinusoidal source
wave is generated by a power amplifier named AG 1016. To
realize WPT through metal cover, the metal cover itself is
utilized to be the receiving plates for CPT. In order to compensate
the capacitive coupler and transfer inductive power, the Tx coil
and NFC antenna are in conjunction with plate P1 and P3, respec-
tively. Since the capacitive coupler is horizontally arranged, two
external compensated capacitors Cext1 and Cext2 are employed
to be parallel with the transmitting plates and receiving plates,
respectively. According to (15), these two external capacitors
can be tuned to adjust the power transfer ratio between IPT and
CPT. It is worth noting that only one parallel capacitor is needed
to construct the receiver for WPT inside the smartphone, which
significantly reduces cost and saves valuable internal space for
a smartphone.

Since the coupling capacitance can be generated by each two
plates, six capacitances (C12, C13, C14, C23, C24, and C34)
are generated among the four metal plates (P1, P2, P3, and
P4). The equivalent circuit model of the four metal plates is
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Fig. 4. (a) Six capacitance model of the four metal plates (P1, P2, P3, and
P4). (b) Simplified π model of the four metal plates.

Fig. 5. Equivalent circuit model of the proposed NFC-connected system.

shown in Fig. 4(a). Based on [10], the six capacitance model
can be simplified as π model, which is constructed by coupling
capacitance CM and self-capacitance C1 and C2, as depicted in
Fig. 4(b). The relationship between the simplified π model and
the six capacitances generated among the four metal plates is
denoted as ⎧⎪⎪⎨

⎪⎪⎩
C1 = C12 +

(C13+C14)·(C23+C24)
C13+C14+C23+C24

C2 = C34 +
(C13+C23)·(C14+C24)
C13+C14+C23+C24

CM = C24C13−C14C23

C13+C14+C23+C24
.

(1)

As the four metal plates are represented by its simplified
π model, the equivalent circuit model of the proposed system
is depicted in Fig. 5. Since the Tx coil and NFC antenna are
in conjunction with metal plates P1 and P3, L1 represents the
inductance of Tx coil and metal plate P1, and L2 represents
the inductance of NFC antenna and metal plate P3. Here, the
polarity of the Tx coil and NFC antenna is significant that the
inductive power and capacitive power are superposed at the
output. Otherwise, the inductive power and capacitive power
will weaken each other if the polarities of the two coils are
reversed.

B. Working Principle of the Circuit

Before analyzing the circuit of the proposed NFC-connected
system, capacitance Cin1 and Cin2 are defined as follows for

simplification: {
Cin1 = C1 − CM + Cext1

Cin2 = C2 − CM + Cext2.
(2)

To study the working principle of the proposed IPT-CPT
system, Kirchhoff’s voltage law (KVL) is applied and the cor-
responding equation is expressed as⎧⎨
⎩

(jωL1 +
1

jωCin1
)I1 − 1

jωCin1
I2 + jωMI3 = V1

− 1
jωCin1

I1 + ( 1
jωCin1

+ 1
jωCM

+ 1
jωCin2

)I2 − 1
jωCin2

I3 = 0

jωMI1 − 1
jωCin2

I2 + ( 1
jωCin2

+ jωL2 +RL)I3 = 0.

(3)

By defining RCin1, RCin2, RCM, RL1, RL2 and RM as the
impedance of Cin1, Cin2, CM, L1, L2, and mutual inductance
M, the input current I1 and output current I3 are derived as (4),
shown at the bottom of this page.

To achieve load-independent charging, RCin1(RCin2 +
RCM ) + (RCin1 +RCin2 +RCM )RL1 needs to be zero and
inductance L1 is thus derived as

L1 =
Cin2 + CM

ω2(Cin2CM + Cin1CM + Cin1Cin2)
. (5)

To realize zero phase angle (ZPA) at the input, RCin2

(RCin1 +RCM ) + (RCin1 +RCin2 +RCM )RL2 should be
zero and inductance L2 is obtained as

L2 =
Cin1 + CM

ω2(Cin2CM + Cin1CM + Cin1Cin2)
. (6)

With (5) and (6), (4) can be simplified as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I1=V1
(RCin1 +RCin2 +RCM )RL

RCin1RCin2(RCM+2RM)−(RCin1+RCin2+RCM)R2
M

+RCin2RL1(RCM +RCin1)

= V1RL[
(Cin2CM + Cin1CM + Cin1Cin2)ω

CM + (Cin2CM + Cin1CM + Cin1Cin2)ω2M
]2

I2 =
RCin1(RCin2 +RL +RL1)−RCin2RM

RCin1RCin2(RCM+2RM )−(RCin1+RCin2+RCM )R2
M

+RCin2RL1(RCM +RCin1)
ω2Cin2CM (Cin2CM + Cin1CM + Cin1Cin2)RL

=V1

−jωCin1CM [CM+ω2M(Cin2CM+Cin1CM+Cin1Cin2)]

[CM + (Cin2CM + Cin1CM + Cin1Cin2)ω2M ]2

I3=V1
RCin1RCin2−RM (RCin1+RCin2+RCM )

RCin1RCin2(RCM+2RM)−(RCin1+RCin2+RCM)R2
M

+RCin2RL1(RCM +RCin1)

= V1
−jω(Cin2CM + Cin1CM + Cin1Cin2)

CM + (Cin2CM + Cin1CM + Cin1Cin2)ω2M
.

(7)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

I1 = V1
RCin2(RCin1 +RCM ) + (RCin1 +RCin2 +RCM )(RL2 +RL)

RCin1RCin2(RCM +RL1 +RL2 + 2RM )− (RCin1 +RCin2 +RCM )(R2
M +RL1RL2)

+RCM (RCin1RL2 +RCin2RL1) + [RCin1(RCin2 +RCM ) + (RCin1 +RCin2 +RCM )RL1]RL

I3 = V1
RCin1(RCin2 −RM )−RM (RCin2 +RCM )

RCin1RCin2(RCM +RL1 +RL2 + 2RM )− (RCin1 +RCin2 +RCM )(R2
M +RL1RL2)

+RCM (RCin1RL2 +RCin2RL1) + [RCin1(RCin2 +RCM ) + (RCin1 +RCin2 +RCM )RL1]RL

(4)
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Fig. 6. Equivalent behavior source model of the proposed NFC-connected
system.

From (7), the coil-to-coil efficiency η of the proposed system
can be calculated as

η =
I23RL

I21R1 + I23R2 + I23RL
, (8)

where R1 and R2 are the resistance of Tx coil and NFC antenna,
respectively.

Based on (7), the gain G of Fig. 5 can be derived as

G =

∣∣∣∣VRL

V1

∣∣∣∣ =
∣∣∣∣I3RL

V1

∣∣∣∣
=

ω(Cin2CM + Cin1CM + Cin1Cin2)RL

CM + (Cin2CM + Cin1CM + Cin1Cin2)ω2M
. (9)

The voltage V12 across P1 and P2 and the voltage V34 across
P3 and P4 can be deducted as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

V12 = RCin1(I1 − I2)
= RCin1V1

(RCin2 +RCM )RL − (RCin1RCin2 +RCin1RL1 −RCin2RM )

RCin1RCin2(RCM+2RM )−(RCin1+RCin2+RCM )R2
M

+RCin2RL1(RCM +RCin1)
V34 = RCin2(I2 − I3)
= RCin2V1

RCin1RL +RCin1RL1 +RM (RCin1 +RCM )

RCin1RCin2(RCM + 2RM )−(RCin1+RCin2+RCM )R2
M

+RCin2RL1(RCM +RCin1).
(10)

In order to obtain the power PIPT transferred by the magnetic
field and the power PCPT transferred by the capacitive field,
the behavior source model of the system is depicted in Fig. 6.
Compared with the circuit model in Fig. 5, the magnetic coupling
between the Tx coil and NFC antenna is represented by current-
controlled voltage sources. The coupled voltage in each coil
depends on the mutual inductance and the current flowing in the

other coil. Besides, the electric coupling among the four plates is
represented by voltage-controlled current sources, whose value
depends on the voltage at the other side. Here, the apparent power
SCPT transferred by capacitive field can be calculated as

SCPT = V12

(
− 1

RCM
V34

)∗
. (11)

The symbol “∗” in (11) represents the complex conjugate.
From (11), the real power PCPT is derived to be (12), shown at
the bottom of this page.

The apparent power SIPT transferred by magnetic field is
expressed as

SIPT = −RMI1I
∗
3. (13)

According to (13), the real power PIPT is calculated as (14),
shown at the bottom of this page.

In the proposed system, inductive power and capacitive power
are transferred simultaneously, thus, the power transfer ratio is
significant to be studied. Based on (12) and (14), the power
transfer ratio R between IPT and CPT is derived as

R =
PIPT

PCPT
=

√
(Cin1 + CM )(Cin2 + CM )

CM
k. (15)

Since the metal cover is used to transfer power and it will
probably be touched by people during the charging process, the
voltage V34 across the metal cover should be constrained within
a safety range. According to [11] and [12], the voltage on the
metal cover should be smaller than 8.35 V at HF.

Assuming that the output power is fixed as P, the required
input voltage V1 is deducted as follows based on (5)–(7):

V1 =

√
P

RL

CM + k
√

(Cin1 + CM )(Cin2 + CM )

ω(Cin2CM + Cin1CM + Cin1Cin2)
. (16)

By substituting (16) into (10), the rms value of V34 can be
calculated as (17), shown at the bottom of the next page.

From (17), the optimum load resistance to realize the smallest
voltage across the metal cover is derived as

RL =
[CM + k

√
(Cin2 + CM )(Cin1 + CM )](CM + Cin1)

ωCM (Cin2CM + Cin1CM + Cin1Cin2)
.

(18)

PCPT

= V 2
1

RCin1RCin2RL

RCM

(RCin1RCin2 +RCin1RL1 −RCin2RM )RCin1 + (RCin2 +RCM )(RCin1RL1 +RM (RCin1 +RCM ))

(RCin1RCin2(RCM + 2RM )− (RCin1 +RCin2 +RCM )R2
M +RCin2RL1(RCM +RCin1))

2

(12)

PIPT = V 2
1

(RCin1 +RCin2 +RCM )[RCin1RCin2 −RM (RCin1 +RCin2 +RCM )]RMRL

(RCin1RCin2(RCM + 2RM )− (RCin1 +RCin2 +RCM )R2
M +RCin2RL1(RCM +RCin1))

2 (14)
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TABLE I
SIMULATED PARAMETERS OF THE PROPOSED NFC-CONNECTED COUPLER

TABLE II
SIMULATED PARAMETERS OF THE NFC-CONNECTED COUPLER WITH

DIFFERENT DIELECTRIC MATERIALS

TABLE III
MEASURED SPECIFICATIONS OF THE PROPOSED NFC-CONNECTED COUPLER

IV. COUPLER DESIGN

ANSYS MAXWELL was utilized to simulate the parameters
of the proposed NFC-connected coupler. The dimensions of the
simulation model are the same as Figs. 1 and 2. The correspond-
ing results are listed in Table I.

Compared with the measured parameters of the proposed
coupler in Table III of Section VI, the difference between the
simulated and measured parameters for C1, CM, and k are
acceptable. However, the simulated self-inductances of L1 and
L2 are smaller than the measured values, and the corresponding
difference between them are relatively big. That is possibly
because of the experimental wires shown in Fig. 16 and the
four metal plates (P1, P2, P3, and P4) between the coils. In the
proposed NFC-connected coupler, the inductance of the Tx coil
and the NFC antenna are relatively small. Here, the experimental
wires are necessary to conduct the experiment, but it is hard to
be accurately modeled in the simulation, which contributes to
the difference between the simulated and measured values. With
regard to the four metal plates, they will reduce the inductance
of the Tx coil and the NFC antenna. In the simulation, the

Fig. 7. Variation of gain for the proposed NFC-connected coupler regarding
f0 with different load resistances.

impact of the four metal plates is possibly larger than that in the
actual experiment. Above all, the measured parameters listed in
Table III of Section V were used in the following analyses.

By substituting the passive parameters in Table III, the gain
curve of the circuit in Fig. 5 is plotted as shown in Fig. 7. The
resonating frequency is 2.5 MHz and f0 represents the working
frequency (switching frequency). With the increase of load resis-
tance, the gain of the circuit will be enhanced. Before describing
the design procedures of the proposed NFC-connected coupler,
three basic requirements are necessary to be pointed out and
they are listed as follows: 1) since the proposed coupler is
applied to mobile consumer electronics, the external capacitor
Cext1, Cext2, Tx coil L1 inside the transmitter, and NFC coil
L2 inside the smartphone are required to be small to meet the
compact requirement; 2) the coil-to-coil efficiency of the coupler
should be as high as possible; and 3) the voltage V34 needs to be
constrained within a safety range, which is 8.35 V (Vsafe) at HF.

Next, the design procedures of the proposed NFC-connected
coupler are discussed below. Four steps are needed to design and
optimize the unknown parameters. The corresponding design
flowchart is shown in Fig. 8.

1) Since the NFC antenna is embedded inside the smartphone,
FPCB technology is used to fabricate the planar NFC antenna,
leading to a very small total thickness of 0.4 mm. To achieve
NFC through the metal cover, the shape and size of the metal
plates are optimized and a cross slot is embedded on the metal
cover, which mitigates the eddy current loss of the NFC antenna.
For the detailed analyses, please see [29]. On the other hand,
the separation of metal cover is also necessary to realize CPT
because two detached receiving plates are required for CPT,
indicating that the NFC antenna and CPT in the proposed coupler
benefit each other. The detailed analyses and experiment of the
NFC antenna are reported in [29]. Here, the NFC antenna is
considered to be an already-designed and existing component
inside the smartphone. Therefore, the inductance value L2 of
the NFC antenna is fixed, which was measured to be 0.77 μH.

|V34| =
√
P

√
[CM+k

√
(Cin2+CM )(Cin1+CM )]

2
(CM+Cin1)

2

RL
+ (ωCM (Cin2CM + Cin1CM + Cin1Cin2))

2RL

ω(Cin2CM + Cin1CM + Cin1Cin2)[CM + k
√

(Cin2 + CM )(Cin1 + CM )]
(17)
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Fig. 8. Design flowchart of the proposed NFC-connected coupler.

2) According to (6) and (15), the external capacitor Cext1 and
Cext2 can be set to achieve the desired power transfer ratio. The
external capacitor Cext1 is thus expressed as

Cext1 = ω2L2

[(
RCM

k

)2

− CM
2

]
− C1. (19)

The external capacitor Cext2 is expressed as

Cext2 =
(RCM

k )
2

ω2L2[(
RCM

k )
2 − CM

2]
− C2. (20)

Here, the values of the external capacitors cannot be negative.
With Cext1 ≥ 0

R ≥ k

√
C1

ω2L2CM
2 + 1 = Rmin. (21)

With Cext2 ≥ 0 and (21)(
R

k

)2

(ω2L2C2 − 1) ≤ ω2L2C2. (22)

With L2 and C1 (C1 equals C2 due to symmetric property) of
Table III, the operating frequency needs to be 8.8 MHz to make
ω2L2C2 − 1 = 0. Since the operating frequency of a wireless
charging system is normally smaller than 6.78 MHz, ω2L2C2 −
1 ≤ 0. Equation (22) can be conducted as(

R

k

)2

≥ −ω2L2C2

(1− ω2L2C2)
(23)

which is always true. With the parameters in Table III, R is
required to be bigger or equal to 2.14 by (21). As indicated
in Fig. 8, this requirement will be checked at the end of the
procedure.

Since CM has little impact on V34, the voltage V34 as a function
of power transfer ratio R is plotted with different resonating
frequency and load resistance, as shown in Fig. 9(a). The output
power for Fig. 9(a) is fixed as 5.6 W. According to the above
discussion, the voltage V34 is required to be smaller than Vsafe.
Based on (21), the power transfer ratio R is required to be bigger
than Rmin and the load resistance RL is not related to Rmin. With

Fig. 9. (a) Variation of voltage V34 across the metal cover as a function
of R with different resonating frequency and load resistance. (b) Coil-to-coil
efficiency η as a function of R with different load resistances.

the increase of resonating frequency, Rmin will be decreased.
As shown in Fig. 9(a), the voltage V34 is decreased with the
increase of R. That is because the voltage V34 across the metal
cover is in proportion to the power transfer through CPT based
on (11). In order to limit the voltage across the metal cover
within a safety range and provide a wider tunable range for f0
and RL in the following steps, the power transfer ratio should be
increased. If R is tuned to be small, the resonating frequency must
be increased because Rmin can be decreased with the increase
of f0. However, the increase of f0 will lead to increased V34. For
example, if R is set below 2, the resonating frequency must be 3
or 3.5 MHz to decrease Rmin in Fig. 9(a). In this case, the voltage
V34 for the blue curve and magenta curve are above Vsafe, which
is not allowed. To fix this issue, the load resistance RL can be
increased, as shown in the green curve. However, the efficiency
will decrease significantly with the increase of load resistance, as
depicted in Fig. 9(b). Here, the resonating frequency for Fig. 9(b)
is 3.5 MHz. For other resonating frequencies, similar results
can be obtained in the required region (R > Rmin). Thus, R
cannot be too small and needs to be increased. On the other
hand, the current flowing in the Tx coil and the NFC antenna are
in proportion to the power transferred by IPT based on (13). With
the increase of current in the coils, the induced eddy current on
the metal plates will increase, leading to increased loss [31]. If
the coupler is integrated with a smartphone, more eddy current
loss will be induced on the nearby metallic components inside
the smartphone, leading to further decreased efficiency. Besides,
with a fixed output power, the loss of the Tx coil will be increased
due to the increase of input current I1 (increased R), resulting in
a lower efficiency of the proposed coupler, which is verified in
Fig. 9(b). Therefore, the power transfer ratio should be reduced
to increase efficiency. In consideration of both safety and eddy
current loss, the power transfer ratio between IPT and CPT is
selected to be 3.5/1.5.

3) Based on (2), (5), (19), and (20), L1 is determined by
C1–CM, CM, and f0 due to the symmetric property. Since the
dimension of the proposed coupler is set in step 1), the proposed
coupler is investigated with different dielectric materials, as
listed in Table II. Compared with coupling capacitance CM, the
value change in C1–CM is much smaller regarding the dielectric
layer. The inductance L1 is thus determined by CM and f0.

With the variation of CM, L1, η, V34, and Cext2 are calculated
by (5), (8), (17), and (20). The output power for Fig. 10(c) is fixed
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Fig. 10. Variation of (a) capacitance Cext2 inside the smartphone, (b) induc-
tance L1 of the Tx coil, (c) voltage V34 across the metal cover, and (d) coil-to-coil
efficiency η as a function of coupling capacitance CM with different resonating
frequencies.

Fig. 11. Variation of (a) capacitance Cext2 inside the smartphone, (b) induc-
tance L1 of the Tx coil, (c) voltage V34 across the metal cover, and (d) coil-to-coil
efficiency η regarding load resistance RL and working frequency f0.

as 5.6 W. The corresponding results with different resonating
frequencies are shown in Fig. 10. Only L1 changes significantly
with CM, whereas other three parameters nearly remain un-
changed. According to Fig. 11, the operating frequency f0 is
relevant to Cext2, L1, V34, and η. Therefore, CM is first set by
L1 in this step.

As shown in Fig. 10(b), if the coupling capacitance CM is
small, the inductance L1 will become large, making the Tx coil
too large to be embedded in the transmitter. Thus, CM needs to be
increased to reduce the inductance of the Tx coil. The inductance
of L1 is required to be smaller than 10 μH in this design. It is
noteworthy that this upper limit for L1 can be increased if a ferrite

sheet is integrated into the transmitter. As shown in Fig. 10(c),
V34 will exceed or reach Vsafe if the resonant frequency is 3
and 3.5 MHz, indicating that f0 must be smaller than 3 MHz. As
shown in Fig. 10(b), to limit L1 within 10μH, CM must be bigger
than 263.5 pF, indicating that a dielectric layer is necessary to be
integrated in the transmitter. In this case, the available Ro3010
and TMM 10 from Table II can be selected as the dielectric
material to achieve acceptable CM. Because higher CM leads to
bigger tunable range for f0, the available Ro3010 dielectric layer
with 0.635 mm thickness is finally selected, leading to suitable
measured CM of 413.9 pF. It is noteworthy that other dielectric
layers with different thicknesses can be applied as long as the
resultant CM meets the requirement in Fig. 10(b) and (c).

4) Based on (5), (19), and (20), with the selected CM, C1, C2,
and fixed L2, the parameters of the coupler can be set with the
load resistance RL and resonating frequency f0. To find the op-
timum value of load resistance RL and resonating frequency f0,
the compensated external capacitor Cext2, inductance L1 of the
Tx coil, voltage V34 across the metal cover and the coil-to-coil
efficiency η are studied. With the variation of load resistance
and resonating frequency, L1, η, V34, and Cext2are calculated by
(5), (8), (17), and (20). The corresponding results are depicted in
Fig. 11(a)–(d), respectively. It is noteworthy that the equivalent
resistance R1 of the Tx coil and R2 of the NFC antenna are
taken into consideration to obtain Fig. 11(d). From Fig. 11(a)
and (b), it can be seen that the external capacitance Cext2 and
inductance L1 are independent of RL. With the increase of
resonating frequency, Cext2 and L1 will first decrease sharply and
then decrease slowly. Besides, as shown in Fig. 11(c), the voltage
across the metal cover will increase with the enhancement of
resonating frequency, indicating that the resonating frequency
cannot be too high. In consideration of both space and safety
(voltage across the metal cover), the resonating frequency is
finally selected as 2.5 MHz.

As shown in Fig. 11(d), the optimum coil-to-coil efficiency η
appears at 13Ω load resistance with 2.5 MHz working frequency.
However, the corresponding voltage V34 across the metal cover
will be 8.34 V, which almost exceeds the safety range. As
indicated in Fig. 11(c), the lowest V34 comes with 40 Ω load
resistance at 2.5 MHz working frequency but the corresponding
coil-to-coil efficiency η is relatively low as 84.5%. Above all, a
suitable value of 20 Ω is used for load resistance RL, which lies
between 13 and 40 Ω. The calculated corresponding voltage V34

and coil-to-coil efficiency η are 7.14 V and 89.6%, respectively.
According to (21) of step 2), the power transfer ratio needs

to be bigger than k
√

C1

ω2L2CM
2 + 1 ≈ k

√
1

ω2L2CM
+ 1 in con-

sideration of Cext1. After selecting the operating frequency, the
external capacitor Cext1 can be calculated by (19). According
to step 3), CM is required to be relatively big to decrease L1.
Based on step 4), f0 cannot be too large in consideration of V34.

Thus, the value of k
√

1
ω2L2CM

+ 1 is relatively small and the

selected power transfer ratio will normally meet the requirement
of (21). For example, the required minimum power transfer ratio
calculated by (21) is 2.14, indicating that selected power transfer
ratio of 3.5/1.5 meets the requirement. As indicated in Fig. 8, to
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Fig. 12. Movement of the cross slot together with Tx coil and NFC antenna.
(a) Move = 0. (b) Move = 45 mm.

make sure that the design is reasonable, the calculated Cext1 is
still checked at the end. If the calculated Cext1 is negative, the
designed parameters need to be adjusted.

V. PRACTICAL CONSIDERATION

A. Cross-Slot Location

For practical consideration, the rectangular slot may represent
the camera hole or fingerprint, which normally locates at the top
of the back cover in smartphones nowadays. Here, we need to
state that the location of cross slot for the proposed coupler does
not have to be placed at the middle of the metal plates. The
location of the slot can be varied to fit in different smartphones.
For example, the cross slot can be placed at the top half of
the metal cover as in present-day smartphones, as shown in
Fig. 12(b). For the fabricated coupler, the cross slot is placed
at the middle of metal plates to achieve maximum coupling
capacitance CM and verify the circuit analysis in Section III.

For movement analyses, the cross slots in the four metal
plates together with the NFC antenna and Tx coil are moved
from the middle to the top, as shown in Fig. 12. With the
movement, the passive parameters of the proposed coupler are
simulated in ANSYS MAXWELL. The inductance L1 of the Tx
coil, the inductance L2 of the NFC antenna and the coupling
coefficient k remain unchanged, indicating that L1, L2, and k are
not influenced by the movement. Here, Csum1 is defined as

Csum1 = C1 − CM . (24)

The capacitances CM and Csum1 regarding movement of the
cross slot are depicted in Fig. 13. It can be seen that only coupling
capacitance CM is reduced with the move of the cross slot.
According to the analyses on CM in Section IV, step 3), only
L1 of the Tx coil will increase significantly with the decrease of
CM whereas other parameters remain unchanged. The Tx coil
is supposed to be integrated in the transmitter, which locates
outside of the smartphone. Since the volume of transmitter
is not strictly restricted compared with the smartphone, the
enlarged Tx coil with increased inductance is actually able to
be embedded in the transmitter, indicating that the cross slot
does not really impact the proposed coupler.

Fig. 13. Variation of capacitances CM and Csum1 regarding movement.

Fig. 14. Variation of inductance L1 as a function of operating frequency when
Move = 45 mm.

If both the transmitter and smartphone are required to be small
and compact, the impact of cross-slot movement (increased L1)
can be fixed in three ways. It is noteworthy that the following
three methods are applied to Fig. 12(b) with Move = 45 mm.
The corresponding CM and L1 are 244.5 pF and 24 μH without
optimization.

1) Reduce the Thickness H of the Dielectric Layer: Since the
distance between the Tx coil and NFC antenna is very small for
the proposed coupler, reducing the thickness of the dielectric
layer from 0.635 to 0.381 mm will not influence the coupling
coefficient k. Self-inductance L1 and L2 will not be affected
with the variation of H. If the thickness of dielectric layer is
reduced from 0.635 to 0.381 mm, CM (Move = 45 mm) will be
increased to 408.8 pF, which is similar to the original coupling
capacitance. Therefore, the characteristic of the coupler with
45 mm movement can be made the same as the proposed coupler,
indicating that the location of the cross slot can be varied for
different smartphones.

2) Increase the Operating Frequency f0 and Adjust RL:
Based on (5), (19), and (20), the compensated inductance L1

is determined by f0 and CM if the power transfer ratio R is fixed.
When the cross slot moves 45 mm, L1 as a function of f0 is
depicted in Fig. 14. The operating frequency can be selected
as 3.2 MHz to obtain acceptable L1, whose value is 8.97 μH.
According to (17), the voltage V34 across the metal cover will
be increased to 8.79 V, which is beyond the safety range. To
reduce V34 within the safety range, the load resistance RL can
be adjusted to 28 Ω. The corresponding V34 is 7.88 V and the
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Fig. 15. Variation of inductance L1 as a function of power transfer ratio when
Move = 45 mm.

calculated efficiency is 89.18%, which is similar to the proposed
coupler with the cross slot in the middle.

3) Increase the Power Transfer Ratio R Between IPT and
CPT: If the power transfer ratio is increased, the external capac-
itor Cext1 will be increased based on (19), leading to the decrease
of L1. The relationship between R and L1 is plotted in Fig. 15.
If R is increased from 3.5/1.5 to 3.6, L1 will be decreased to 9.4
μH. The corresponding V34 and η will be 6.43 V and 87.94%,
which is acceptable and similar to the proposed coupler with the
cross slot in the middle.

The three methods mentioned above can be used together to
reduce L1. For example, if R is increased to 3 and f0 is increased
to 2.9 MHz, L1 will be 7.66 μH. The corresponding V34 and
η will be 7.88 V and 89.2%, respectively. In conclusion, the
cross slot does not have to be placed at the middle of the metal
plates. The position of the cross slot can be varied to meet the
requirements of different smartphones.

B. Misalignment Analyses

To investigate the transmission performance regarding mis-
alignment, X- and Y-axis are defined in Fig. 1. Since the NFC
antenna and metal plates P3 and P4 are supposed to be integrated
inside the smartphone, they are moved along X- and Y-axis
for misalignment analyses. The transmission performance (mis-
alignment ability) is only investigated within 25 mm of the
misalignment. That is because the output power becomes too
small when misalignment exceeds 25 mm, which will make the
analyses meaningless. The corresponding simulated parameters
are shown in Figs. 16 and 17. With the simulated parameters at
no misalignment case, the external capacitors Cext1 and Cext2

are calculated to be 300 pF and 6.89 nF by (19) and (20) and
remain unchanged during the misalignment analyses. For the
capacitive part of the coupler, the coupling capacitance CM

will decrease with the increase of X and Y misalignment. With
the increase of X misalignment, Cin1 and Cin2 will increase
but the variation of Cin2 is much smaller than Cin1. That is
because Cin2 is mainly determined by the fixed Cext2 and the
increase of C2−CM is much smaller than the value of Cext2.
With the increase of Y misalignment, both Cin1 and Cin2 will
remain nearly unchanged. With regard to the inductive part of
the coupler, the inductance L1 and L2 will decrease with the
increase of X and Y misalignment. Here, the reductions of L1 and

Fig. 16. Variation of (a) coupling capacitance CM, (b) capacitance Cin1,
and (c) capacitance Cin2 of the NFC-connected coupler regarding X and Y
misalignment.

Fig. 17. Variation of (a) coupling coefficient k, (b) self-inductance L1, and
(c) self-inductance L2 of the proposed NFC-connected coupler regarding X and
Y misalignment.

L2 come from the four metal plates and the width of the NFC
antenna is only 22 mm. When Mis_Y= 20 mm, the NFC antenna
moves away from the transmitting plates (P1 and P2), leading
to a reduced impact from the transmitting metal plates to the
NFC antenna. As a result, the inductance L2 will increase with
misalignment if Mis_Y > 20 mm. When Mis_Y = 45 mm, the
impact from the transmitting plates on the NFC antenna becomes
negligible. Thus, the inductance of L2 will remain unchanged if
Mis_Y exceeds 45 mm. With the increase of misalignment, the
coupling coefficient k will decrease. Because the widths of the
Tx coil and the NFC antenna are smaller than their lengths, the
variation of k on Y misalignment is bigger than X misalignment.
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Fig. 18. Variation of (a) coil-to-coil efficiency η, (b) output power, (c) voltage
V34, and (d) power transfer ratio R of the proposed NFC-connected coupler
regarding X and Y misalignment.

From (4), the output power Pout can be calculated as

Pout = I23RL. (25)

The circuit efficiency can be calculated by (8). With I1 and I3
of (4), the voltage V34 across the metal cover is conducted as

V34 = I3RL + I3RL2 +RMI1. (26)

The voltage V12 across the metal cover is expressed as

V12 = V1 −RMI3 −RL1I1. (27)

With (4), (26), and (27), the power transfer ratio R can be
calculated by (11) and (13).

With V1 of 12.5 V, RL of 20 Ω, capacitances at different
misalignment (see Fig. 16), inductances and coupling coeffi-
cients at different misalignment (see Fig. 17), the corresponding
calculated efficiency η, output power Pout, voltage V34, and
power transfer ratio R are shown in Fig. 18(a)–(d), respectively.
As shown in Fig. 18, the circuit efficiency, output power, voltage
V34, and power transfer ratio will decrease with the increase
of misalignment. Because a voltage source V1 is applied for
analysis, the output power is increased a little when Mis_Y = 5
mm, leading to a slight increase of voltage V34. Since the planar
size of the NFC antenna is much smaller than the metal plates,
with the same misalignment, the variation of inductive coupling
between coils will be bigger than the capacitive coupling be-
tween the metal plates. Therefore, the power transfer ratio is
decreased with the increase of misalignment. When Mis_Y =
25 mm, R becomes nearly zero because the coupling coefficient
k is nearly zero.

C. Implementation for NFC and the NFC-Connected System

Considering a real working scenario, the NFC and WPT
system will not work at the same time. The reasons are explained
as follows.

Fig. 19. Schematic diagram of the NFC working principle.

1) As indicated in [30], because of the severe limited operation
range, the NFC indicates users’ intent. When you point, where
you point, or at whom you point, tells the machine about what
it is supposed to do. The essential difference between the NFC
antenna and far field antenna (such as Wi-Fi and LTE) is that
people will only use NFC antenna when they intend to do
something while the far field antenna is sending and receiving
information all the time. So, if people would like to use NFC
antenna, they must first grab the smartphone and then point the
back of the smartphone to the NFC transponder, such as mobile
payments, public transport, smart poster, and door access. With
regard to present-day WPT system, the smartphone needs to be
placed on a charging pad to realize wireless charging. Thus, if a
smartphone is being charged on a charging pad and people need
to use NFC function, they will need to first grab the smartphone
from the charging pad and then point it to an NFC transponder.
After that, the smartphone can be put back to the charging pad
and continue to be charged.

2) As shown in Fig. 19, the NFC antenna is placed at the
backside of the smartphone. Since the metallic components, such
as metal mainboard and/or battery and/or screen metal shield,
etc., are embedded above the NFC antenna, the NFC antenna can
only communicate with the NFC transponder from the back side
of the smartphone. With regard to WPT, the capacitive plates or
inductive coil are integrated at the bottom of the smartphone and
the wireless charging is realized through the back cover. When
the smartphone is being charged wirelessly, the back cover of
the smartphone is attached to the charging pad so that near field
communication cannot be proceeded.

Above all, the NFC antenna and proposed NFC-connected
coupler will not operate at the same time. As shown in Fig. 20,
a simple switch with single pole double throw (SPDT) function
can be used to switch from the NFC and WPT. The NFC
device and the proposed coupler will not disturb each other.
The 2.5-MHz current of the IPT-CPT combined system will not
go through the NFC chip and the 13.56-MHz current of the
NFC system will not go through the IPT-CPT combined system.
Therefore, only the NFC antenna is required to stand both the
2.5-MHz current and the 13.56-MHz current. The 0.8-mm line
width of the NFC antenna is enough to handle the current of the
proposed NFC-connected coupler and the NFC system.
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Fig. 20. Schematic diagram for possible implementation of NFC and WPT.

Fig. 21. (a) Top view and (b) bottom view of the fabricated prototype for the
proposed NFC-connected coupler.

VI. EXPERIMENT AND DISCUSSION

A. Experiment on the Sole Proposed Coupler (Case A)

The prototype of the proposed NFC-CPT-connected coupler
for metal-cover smartphone applications was fabricated and
tested, as shown in Fig. 21. At the transmitter side, two metal
plates (P1 and P2) of 35 μm thickness were mounted on the
Ro3010 substrate layer of 0.635 mm thickness, as shown in
Fig. 21(a). To compensate and adjust the power transfer ratio,
compensation capacitance Cext1 of 100 pF was soldered in par-
allel with the metal plates. On top of the transmitter stack was the
Tx coil, one feed line of which was connected to metal plate P1.

The Tx coil was fabricated by AWG 44 Litz-wire with 300 turns.
Here, Litz wire was utilized because it was easy to fabricate and
adjust, which is good for conducting the experiment. In practice,
since the current flowing through the Tx coil is very small as
0.36 A, the Tx coil can be fabricated by printed circuit board
(PCB) to further reduce the volume of the proposed coupler. With
the designed inductance of L1, the shape and size of Tx coil can
also vary to fit with the other components inside the transmitter.
At the receiver side, compensation capacitance Cext2 of 5 nF
was soldered in parallel with metal plates P3 and P4 (metal
cover), as depicted in Fig. 21(b). At the center of the metal
cover, the NFC antenna was wound around the cross slot and in
conjunction with metal plate P3 through the connection wire. To
save space for smartphones, the NFC antenna was fabricated by
FPCB with polyimide (PI, εr=3) base material. In real industrial
applications, the cross slot represents the possible camera hole,
flash hole, and main horizontal slot.

Fig. 22. Experimental waveforms of the proposed NFC-connected coupler.

It is noteworthy that convenient and available film ca-
pacitors were utilized here for research and verification. In
practical applications, film capacitors should be replaced by
small ceramic capacitors to save space inside the smartphone.
Due to the relatively low voltage rating requirement for ex-
ternal capacitors of the proposed coupler, it is easy to se-
lect a suitable ceramic capacitor model with small packaging.
For example, the C0603C510F2GACTU (51 pF) with 0603
packaging from KEMET can be used to fabricate Cext1 and
the C0603C102F5GACTU (1 nF) with 0603 packaging from
KEMET can be utilized to build Cext2.

To conduct the experiment for the proposed NFC-connected
coupler, an AG 1016 power amplifier from T&C Power was
utilized to provide the 2.5-MHz ac waveform. After integrat-
ing the proposed coupler with the power amplifier and load
resistance of 20 Ω, 5.6 W output power was achieved with
89.3% coil-to-coil efficiency. The corresponding experimental
waveforms and test results are shown in Fig. 22 and Table III,
respectively. It is noteworthy that the scales of the waveforms are
denoted with labels and marked by dotted circles. Here, the input
voltage V1 was nearly in phase with the input current I1 and the
phase difference between the input current and output current
was 96.3° (107 ns at 2.5 MHz). With 5.6 W output power, the
voltage V34 across the metal cover was measured to be 7.08 V,
which met the safety requirement (8.35 V). It is noteworthy that
the measured PIPT was calculated by ωM |I1I3| sin θI and the
measured PCPT was calculated by ωCM |V12V34| sin θV , where
θI indicates the phase difference between I1 and I3 and θV
represents the phase difference between V12 and V34. In this
case, 4.36 W power was transferred by magnetic field and 1.75
W power was transferred by electric field.

With a fixed output power, the load resistance is varied to
verify the circuit characteristic of the proposed coupler. In
Fig. 23, the experimental input voltage V1 and voltage V34 across
the metal cover correspond well with the calculated values.
However, noticeable difference exists between the calculated
values and experimental values for input current I1 and volt-
age V12. Since the inductance L2 of the NFC antenna is very
small (0.77 μH), measurement of L2 may be inaccurate. If
the inductance of the NFC antenna decreases to 0.63 μH, the
revised-calculated results are plotted in Fig. 23 as green curves
for comparison. As shown in Fig. 23, nearly no difference exists
between the revised-calculated V12 and the measured V12. With
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Fig. 23. Experimental, calculated, and revised-calculated (a) input current I1
and input voltage V1, and (b) voltage V12 across the transmitting plates and
voltage V34 across the metal cover at different load resistance RL.

Fig. 24. Fabricated prototype of the proposed coupler with integrated smart-
phone.

regard to the input current I1, the difference is reduced but 9%
average difference still exists between the revised-calculated
values and measured values. That is possibly because of the
measurement error of the oscilloscope and the current probe,
which is generated by the small value of I1 (within 0.5 A).

B. Experiment on the Proposed Coupler With the
Integrated Smartphone (Case B)

In practical consideration, the proposed coupler was inte-
grated with an actual smartphone for experiment. Huawei Mate
10 was selected as the actual smartphone because its planar
size is 150.5 mm × 77.8 mm, which is nearly the same as the
proposed coupler. Since the back cover of Huawei Mate 10
is nonmetallic, the metal plates P3 and P4 of the proposed
coupler become the metal cover for the smartphone. As shown
in Fig. 24, the smartphone was integrated with the proposed
coupler by insulation tape. The distance between the coupler and
the smartphone was 2 mm, which was caused by the necessary
experimental wire shown in Fig. 21(b). For better understanding,
Case A represents the proposed coupler without the integrated
smartphone and ferrite, Case B represents the proposed coupler
with the integrated smartphone, and Case C represents the pro-
posed coupler with the integrated smartphone and ferrite sheet.

Since all the components, including mainboard, battery, cam-
era etc., of the smartphone were included in the experimental
prototype, it is not applicable to analyze the influence from every
component inside the smartphone on the metal plates for CPT
and inductive coils for IPT. The smartphone was viewed as a

TABLE IV
EXPERIMENTAL PARAMETERS OF THE PROPOSED COUPLER WITH

INTEGRATED SMARTPHONE

Fig. 25. (a) Measured efficiency η and (b) voltage V34 across the metal cover
for Case B and Case C.

whole and set as an external condition for the proposed coupler.
With the smartphone, the passive parameters of the proposed
coupler were measured, as listed in Table IV. Compared with
the parameters in Table III (Case A), the inductances of Tx
coil and NFC antenna are significantly decreased. That is due
to the reflection impedance of the metallic components (e.g.,
battery and mainboard) inside the smartphone [32]. With regard
to capacitances C1, C2, and CM with the smartphone (Case
B), they change little as compared with the original prototype
(Case A). Based on (2), (5), and (6), external capacitor Cext1

of 300 pF and Cext2 of 7.8 nF are used for compensation. With
the variation of load resistance, the experimental coil-to-coil
efficiency η and the measured voltage V34 across the metal cover
are depicted as red curves in Fig. 25(a) and (b), respectively.
Here, the measured efficiency with the smartphone for Case B
is much smaller than the efficiency for Case A. For example,
the measured efficiency at 20 Ω is 74.28% for Case B and
89.25% for Case A. That is mainly because of the induced eddy
current loss on the metallic components inside the smartphone.
With regard to V34 at different load resistances, it is smaller
than the values of the original coupler [Case A, Fig. 23(b)]. For
example, the voltage V34 at 20 Ω load resistance is 5.32 V for
Case B and 7.08 V for Case A. That is because the external
capacitances Cext1 and Cext2 are changed for the coupler with
smartphone (Case B), leading to bigger power transfer ratio R of
3.39 according to (15). With the same output power, the power
transferred by CPT is smaller with the integrated smartphone
(Case B), resulting in a smaller V34. Here, the voltages V34 at
different load resistances are all within the safety range (8.35
V). The experimental waveforms with 20 Ω load resistance for
Case B are shown in Fig. 26. Compared with the waveforms in
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Fig. 26. Experimental waveforms of the proposed coupler with integrated
smartphone (Case B).

Fig. 27. (a) Schematic diagram of the proposed coupler with integrated
smartphone and ferrite (Case C). (b) Embedded flexible ferrite composite sheet.

Fig. 22 (Case A), the waveforms with the smartphone (Case B)
were distorted to a certain extent.

C. Experiment on the Proposed Coupler With the
Integrated Smartphone and Ferrite Sheet (Case C)

From the above analyses, the passive parameters regarding
CPT (C1, C2, and CM) change little with the integrated smart-
phone, whereas the passive parameters regarding IPT (L1 and
L2) change significantly. Besides, according to [9], the efficiency
of an inductive coupler will drop significantly due to the induced
eddy current on nearby metal object, whereas the electric field of
capacitive coupler does not generate significant loss. Therefore,
the impact of the integrated smartphone mainly comes from
IPT rather than CPT. To mitigate the impact of the smartphone
and enhance efficiency, a flexible ferrite composite sheet of
70 mm× 60 mm× 0.31 mm was embedded between the coupler
and the smartphone, as indicated in Fig. 27(a). The utilized
ferrite sheet was shown in Fig. 27(b) and the quarter-dollar
was used as a reference. The material of the ferrite sheet is
AFS-150-R10-A-20-30 from AMO with a relative permeability
of 140 at 2.5 MHz.

The measured parameters of the proposed coupler with the
integrated smartphone and ferrite (Case C) are listed in Table V.
Compared with Table IV (Case B), the inductance of the Tx
coil and NFC antenna are increased with the embedded ferrite
sheet (Case C), which are almost the same as the inductance of
Table III (Case A). Besides, the coupling coefficient between
the Tx coil and NFC antenna is increased due to the embedded
ferrite sheet. As for capacitances C1, C2, and CM of Case C, they

TABLE V
EXPERIMENTAL PARAMETERS OF THE PROPOSED COUPLER WITH INTEGRATED

SMARTPHONE AND FERRITE

Fig. 28. Experimental waveforms of the proposed coupler with integrated
smartphone and ferrite (Case C).

remain the same as Case B. Based on (2), (5), and (6), external
capacitor Cext1 of 100 pF and Cext2 of 5.4 nF are used for
compensation. With the load variation, the coil-to-coil efficiency
and measured voltage V34 are indicated as blue curves in Fig. 25.
Compared with Case B (red curve), the efficiency is significantly
increased with the embedded ferrite (Case C). For example, with
20 Ω load resistance, the efficiency is enhanced from 74.28%
(Case B) to 85.7% (Case C). Here, the small efficiency difference
between Case A (89.25%) and Case C (85.7%) is mainly due to
the additional loss on the ferrite and the components inside the
smartphone. According to (15), the power transfer ratio for Case
C is 2.95, which is smaller than Case B. Therefore, the measured
V34 for Case C is bigger than that for Case B in Fig. 25(b).
With 20 Ω load resistance, the experimental waveforms for
Case C are depicted in Fig. 28. Compared with Fig. 26 (Case
B), the distorted waveforms are restored to a certain extent.
This is possibly because of the input impedance variation. With
different input impedances, the output voltage waveform of the
AG 1016 power amplifier will vary. Compared with the relatively
small impedance of Case B, the input impedance of Case C is
increased, which reduced the oscillation of input voltage V1.
The corresponding voltage V34 across the metal cover is 6.8 V,
which meets the safety requirement.

In conclusion, the integrated smartphone will decrease the
efficiency of the proposed coupler, which is mainly caused by
the induced eddy current on the metallic components inside
the smartphone. To fix this, a ferrite sheet can be embedded
between the proposed coupler and the smartphone. Based on the
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analyses above, the proposed coupler can be applied to practical
smartphone applications.

VII. CONCLUSION

In this article, an NFC-CPT-connected coupler applying IPT-
CPT-combined wireless charging is proposed for metal-cover
smartphones. By converting the metal cover from a metal barrier
to receiving plates, CPT through the metal cover is achieved. By
connecting the inductive coils to the metal plates, the inductive
coils perform as compensation inductance and power transfer
coils simultaneously, thus realizing a combined IPT-CPT. Since
the already-existing metal cover of 150 mm × 75 mm and NFC
antenna of 30 mm × 22 mm are utilized to construct the receiver
of the proposed coupler, only a parallel capacitor of 5 nF is
integrated inside the smartphone, which greatly saves space and
cost inside the smartphone. The power transfer ratio is set by
adjusting the two external parallel capacitors Cext1 and Cext2

to be 100 pF and 5 nF, respectively. At 2.5 MHz operating
frequency, 4.36 W inductive power and 1.75 W capacitive power
are transferred with 89.25% coil-to-coil efficiency. With 5.6 W
output power, the voltage across the metal cover is 7.08 V, which
meets the safety voltage requirement at HF. By embedding a
ferrite sheet, the proposed coupler can achieve 85.7% coil-to-
coil efficiency and 5.32 V voltage across the metal cover with
an actual smartphone attached. Considering space, cost, eddy
current loss, and safety, the proposed NFC-connected coupler is
a good candidate for metal-cover smartphone applications.
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