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Abstract—Self-resonant (SR) coils replace lumped with dis-
tributed compensation components, enabling efficient power trans-
fer and high integration. However, current SR coils function merely
as series (S) or parallel (P) resonant tanks, thereby supporting
merely four low-order compensation networks: SS, SP, PS, and
PP. High-order compensation networks have demonstrated supe-
riority over low-order counterparts, providing enhanced safety,
stability, and design flexibility. Unfortunately, no SR coil currently
with high-order compensation network characteristics. This article
proposes a novel SR coil with LCC compensation characteristics
that integrates the required compensation components in the form
of distributed structures with the main coil on a single substrate,
eliminating lumped components. To verify feasibility, a pair of
SR coils, incorporating a normal SR coil, are fabricated, which
constitute a SR coil inductive power transfer (IPT) system with
LCC-S compensation characteristics. Different with traditional
LCC-S systems, the compensation inductor in the proposed SR coil
participates in power transfer. Therefore, corresponding formulas
for the resonant frequency, ac–ac power transfer efficiency (PTE),
output voltages and power are provided. Favorably, the proposed
IPT system exhibits three advantages: a constant voltage output
independent of the ac load, high ac–ac PTE over a wide range of
ac load values, independence of resonant frequency from coupling
coefficients, and no damage to the front-end power source during
no-load operation. Experimental results demonstrate a coil-to-coil
PTE of 93.2% and dc–dc efficiency of 80.5% over a 35 mm spacing
gap. In addition, a LED monitor is successfully powered, indicating
its potential for application in electronic devices, such as mobile
phones and laptops.

Index Terms—Compensation networks, inductive power
transfer (IPT), LCC-S, self-resonant (SR) coils.
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I. INTRODUCTION

INDUCTIVE power transfer (IPT) represents a prominent
trend in the advancement of wireless power transmission

(WPT) [1], [2], [3], [4]. In contrast to capacitive power trans-
fer, microwave power transfer, and other WPT technologies,
IPT provides superior biological safety [5], thereby attracting
considerable research interest. This method utilizes ac power to
energize the primary coil, generating a varying magnetic field.
An electromotive force can be induced on the secondary coil,
which is placed into the magnetic field. However, the presence of
leakage inductance can lead to the generation of reactive power
in the system, thus reducing transmission efficiency. To address
this issue, it is typically necessary to employ compensation
networks [6], [7] to tune the coupling structure so as to realize
resonance at the operating frequency, which means achieving
zero phase angle between the voltage and current.

For traditional IPT systems, the components required for
compensation networks usually exist in the form of external
lumped components. During system operation, significant
electric field intensity or current density can be generated
within the limited space of the external lumped capacitors.
This situation may result in capacitors breakdown or change
their nominal value, thus causing system detuning [8], [9],
[10]. Moreover, as the operating frequency increases, the
Q of the capacitors decreases, which leads to a high loss,
thereby reducing the transmission efficiency, where Q is the
quality factor. Self-resonant (SR) coils replace the external
lumped capacitors with the distributed capacitors, enhancing
the system stability and transmission efficiency, and effectively
solving the aforementioned issues [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21]. Current research on SR coils
primarily focuses on coupling enhancement, Q improvement,
and compensation networks. Coupling enhancement can be
achieved through shielding techniques [11] and [13]. A novel
circuit modeling approach, the extended IEM, was proposed
for SR coils with ferrite shielding [11], and a comprehensive
shielding technique for SR coils was introduced in [13]. The use
of nanocrystalline materials [14], [15] also enhances coupling,
offering superior performance compared to conventional
magnetic materials. To improve the Q of SR coils, structural
design of the coils is employed to reduce conduction losses
[16], [17], [18], [19], [20], where multilayer thin copper foil
structures [16], [17] mitigate losses by sharing current across
layers. Yi et al. [12] optimized the ratio of winding width
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to the spacing between adjacent windings to reduce loss.
The gradual-width SR coil in [18] increases trace width in
high-current regions, reducing total loss. A modified segmented
filament model for helical SR coils was proposed [19], along
with a high-efficiency self-resonant unequal-pitch coil design.
From the perspective of compensation networks, there are cur-
rently two types of SR coils: 1) series-type and 2) parallel-type,
which can form IPT systems of four low-order compensation
networks (SS, SP, PS, and PP) [6], [7]. SS compensation
network boasts a simple structure and a resonant frequency that
is independent of the coupling coefficient, however, the primary
current is inversely proportional to the coupling coefficient.
Hence, when the primary and secondary coils are far apart or
under no-load conditions, the primary current can be rapidly
increased, causing power supply damage and compromising
the safety of the system [22], [23]. The resonant frequencies
of the other three low-order compensation networks are related
to the coupling coefficient, resulting in poor stability [24].
Compared to low-1order compensation networks, high-order
compensation networks such as LCL–LCL [25], LCC-S [26],
[27], [28], and LCC–LCC [29], [30], [31] can simultaneously
satisfy high safety standards, independence of the resonant
frequency from the coupling coefficient, and offer lower load
sensitivity as well as higher design flexibility. In summary,
SR coils enhance the efficiency, integration, and stability of
IPT systems. However, the current SR coils can only form
IPT systems based on four low-order compensation networks,
which limits their development and application potential.

In order to retain the advantages of SR coils while overcoming
their limitations, this article introduces, for the first time, a SR
coil with high-order compensation network characteristics that
integrates the required compensation components in the form of
distributed structures with the main coil on a single dielectric
substrate, eliminating the need for any lumped components.
SR coils with high-order compensation network characteristics
combine the advantages of high-order compensation networks
and SR coils, enhancing system stability, safety, and efficiency.
Moreover, they maintain high transmission efficiency while in-
creasing coil integration and have great potential for application
in electronic devices such as mobile phones, LED monitors, and
laptops.

This article proposes the SR coil with LCC compensation
characteristics (LCC SR coil) for the first time. To verify its
feasibility, a novel SR coil IPT system with LCC-S compen-
sation characteristics is constructed, and its advantages and
characteristics are analyzed through equivalent circuit analysis
and verified through experiments. The rest of this article is
organized as follows. In Section II, the novel SR coil with LCC
compensation characteristics is proposed, followed by a physical
model correlating the physical dimensions of the LCC SR coil
with its electrical characteristics. In Section III, a SR coil IPT
system with LCC-S compensation characteristics is constructed
to verify the feasibility. Different with the traditional LCC-S
systems, the compensation inductor integrated on the proposed
coil also participates in power coupling. the proposed LCC-S
SR coil IPT system is analyzed through the equivalent circuit
method. In Section IV, an optimized dimension design of coils

Fig. 1. (a) Equivalent circuit of LCC SR coil. (b) Main coil LA. (c) Compen-
sation coil LB. (d) Parallel capacitor CA.

for the LCC-S SR coil IPT system coil operating at 13.56 MHz
is proposed, and the ondition for the independence of resonant
frequency from coupling coefficients. In Section V, the trans-
mission characteristics of the proposed IPT system, including
a constant voltage output that is independent of the ac load,
high-efficiency transmission(87%–93.2%) across a wide range
of ac load(10 Ω–50 Ω) variations are validated through ac–ac
experiments. Additionally, a dc–dc experiment was conducted
using a power analyzer, achieving a dc–dc efficiency of 80.5%.
A demonstration of wirelessly powering a display screen at a
distance of 35 millimeters is also presented. Finally, Section VI
concludes this article.

II. SR COIL WITH LCC COMPENSATION CHARACTERISTICS

In this section, the detailed structure of the SR coil with LCC
compensation characteristics is proposed, followed by a physical
model correlating the physical dimensions of the LCC SR coil
with its electrical characteristics.

A. Structure of SR Coil With LCC Compensation
Characteristics

To ensure that the LCC SR coil has the same characteristics
as a normal coil compensated by the traditional LCC network,
the equivalent circuit of the former, as shown in Fig. 1(a), should
be consistent with that of the latter. This article divides the
equivalent circuit of the LCC SR coil into three parts, which
are the main coil LA, the compensation coil LB, and the parallel
capacitor CA and are identified by blue, green, and orange oval
dashed border, as shown in Fig. 1(a). The connection points be-
tween these three parts are identified as A, B, and C, respectively,
where, Point A is located at one end of the series inductor L1 and
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Fig. 2. LCC SR coil structure. (a) Top view. (b) Bottom view.

is connected to one of the poles of the power supply. Point B is
connected to one plate of the parallel capacitor C1, to one end of
the main inductor LP, and to another pole of the power supply.
Point C is connected to the other end of the series inductor L1,
the other plate of the parallel capacitor C1, and another end
of the main inductor LP. The implementation approach for the
LCC SR coil is to design the above three parts as distributed
structures, and then integrate them onto one dielectric substrate.
First, since the series SR coil can be equivalently considered as
a series connection of an inductor and a capacitor, the main coil
is designed as a planar bifilar coil [31], [32], as shown by the
blue and yellow metal windings in Fig. 1(b), corresponding to
the main inductor LP and series capacitor CP in Fig. 1(a). In
Fig. 1(b), Point B and Point C are two ends of the main coil LA,
respectively. Next, the compensation coil LB, as indicated by
the green metal winding in Fig. 1(c), corresponds to the series
inductor L1 in Fig. 1(a), which is designed as a structure in the
form of a planar spiral coil. Finally, the parallel capacitor CA
is designed as two symmetrically distributed gear-shaped metal
plates on the upper and lower surfaces of the dielectric substrate,
as indicated by the two orange metal conductors in Fig. 1(d),
which corresponds to the parallel compensation capacitor C1 in
Fig. 1(a), where, the inner width of each tooth wCA1 of the gear
is smaller than the outer width wCA2. As shown in Fig. 1(d),
Point B and Point C are located on the upper and lower plates
of the parallel capacitor, respectively. Point A and Point C are
located at the two ends of the compensation coil, respectively.

The overall coil structure of the LCC SR coil is shown in
Fig. 2, where Fig. 2(a) and (b) is the top and bottom views of the
LCC SR coil, respectively. On the substrate, from the inside to
the outside are the compensation coil LB, the parallel capacitor
CA, and the main coil LA, respectively. The yellow, blue, orange,
and green parts representing metal conductors, while the white
circular plate representing the dielectric substrate. The main
coil LA, the compensation coil LB and one plate of the parallel
capacitor CA are located on the front side of the substrate, as
shown in Fig. 2(a), while the other plate of the parallel capacitor
is located on the back side of the substrate, as shown in Fig. 2(b).
According to the Points A, B, and C in the three parts shown
in Fig. 1, route the traces on the substrate, connecting points
marked with the same letters using the shortest possible traces
to minimize unnecessary parasitic effects as much as possible.

Fig. 3. (a) Current distribution of the two windings of LA under the excitation
of 1 W. (b) Total current in both windings of each turn.

Point A and any point on the upper plate of the parallel capacitor
are connected to an ac source. Since the compensation coil
and the main coil are placed on the same dielectric substrate,
extra mutual inductance M1P between LA and LB is generated
compared to the traditional LCC compensation network, as
shown in Fig. 1(a), which may affect the resonant frequency,
so it is necessary to further analyze the performance of the IPT
system employing LCC SR coil to verify the feasibility of it.

B. Physical Model That Correlates the Physical Dimensions
of the LCC SR Coil With Its Electrical Characteristics

The inductance of planar open SR coils [32] can roughly
equal to traditional planar circular spiral coils with the same
parameters. In contrast to the SR coils in [32], the two windings
of LA are symmetrically arranged about the center. To verify
the characteristics, the total current in both windings of each
turn was recalculated using the method in [32]. The current
distribution of the two windings is shown in Fig. 3(a), where a
pair of transverse observation planes is added along the diameter
for each turn. The initial pair of observation planes is denoted
as P1. Given that NLA (the turn numbers of LA) = 4.5, a total of
six pairs of observation planes are considered. The total current
for each pair is shown in Fig. 3(b). The results confirm that
the total current in both windings of each turn is equal. As
LA can be equivalently considered as a series connection of
the main inductor LP and the series capacitor CP. Therefore,
the inductance of LP is approximately equivalent to that of a
conventional planar circular spiral coil with the same dimensions
as LA, which can be calculated by [15]

LP =
μNLA

2davg
2

(
ln
2.46

ρ
+ 0.2ρ2

)
(1)

where davg = ((dLAin + dLAout)/2), ρ = ((dLAout −
dLAin)/(dLAout + dLAin)), respectively. Additionally, μ is the
magnetic permeability and NLA is the turn number of the coil.
As LB is a conventional planar circular spiral coil, corresponding
to the series inductor L1. L1 can also can be calculated by (1).

The electric field distribution between the two windings of
LA is shown in Fig. 4, where electric walls appear between the
windings. CP can be derived as follows [33]:

CP = (l1 + ln)
CECI

CE + CI
+

n−1∑
k=2

lk
CI

2
(2)
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Fig. 4. Cross-sectional electric field distribution along LA radius.

where

CI = 2CI,air + CI,s = ε0

[
2
K (kI∞)

K (k′I∞)
+ (εs − 1)

K (kI,s)

K (k′I,s)

]

CE=2CE,air+CE,s=ε0

[
2
K (k′E∞)

K (k′E∞)
+(εs−1)

K (k′E,s)

K (k′E,s)

]
.

The values of CI and CE are the sum of capacitances under
different cases. The subscripts air and s indicate that the capaci-
tance comes from the air and the substrate, respectively. εs is the
relative permittivity of the substrate. K(k) is the complete elliptic
integral of the first kind with modulus k. k’ is the complementary
modulus, where k’ = (1-k2)1/2. Moreover, lk (k = 1, 2, …,
n) represent the length of the metal winding for each turn, n
represents the total number of turns in both windings, with n= 2
NLA.

As the parallel capacitor CA is designed as two symmetrically
distributed gear-shaped metal plates on the upper and lower
surfaces of the dielectric substrate, C1 can be calculated by [34]

C1 =
εsS

4πkd
(3)

where εs is the relative permittivity of the substrate, k is the
electrostatic constant, d is the distance between the two plates,
and S is the area of the plates facing each other.

M1P is the mutual inductance between the main inductor LP

and the series inductor L1, which, from the coil model perspec-
tive, represents the mutual inductance between LA and LB. Since
the inductance of LP is approximately equivalent to that of a
conventional planar circular spiral coil with the same dimensions
as LA, the mutual inductance can be calculated using the filament
method [35], [36], [37]. The cross-sections of LA and LB are
divided into (2M0+1) × (2N0+1) and (2m0+1) × (2n0+1)
small cells, as shown in Fig. 5. Each cell in each coil contains
one filament, and the current density in the coil cross section
is assumed to be uniform. With this assumption, the mutual
inductance of the two circular coils is computed as the average
sum of the total mutual inductances of each pair of filamentary

Fig. 5. Cross-sections of the two coils.

coils [36]

M1P

=
N1N2

∑g=M0

g=−M0

∑h=N0

h=−N0

∑s=m0

s=−m0

∑l=n0

l=−n0
M12 (g, h, s, l)

(2M0+1) (2N0+1) (2m0+1) (2n0+1)
(4)

where

M12 =
μ0

√
R11 (h)R22 (l)

k (g, h, s, l)
×

{[
2− k2 (g, h, s, l)

] ·K [k (g, h, s, l)]

−2E [k (g, h, s, l)]}

k2 (g, h, s, l) =
4R11 (h)R22 (l)

[R11 (h) +R22 (l)]
2 + z2 (g, s)

R11 (h) = RI +
hI

2N0 + 1
hh = −N0, . . . , 0, . . . , N0

R22 (l) = RII +
hII

2n0 + 1
ll = −n0, . . . , 0, . . . , n0

RI =
R1 +R2

2
, RII =

R3 +R4

2

R1 =
dLAin

2
, R2 =

dLAout

2
,

R2 =
dLBin

2
, R2 =

dLBout

2

hI = R2 −R1, hII = R4 −R3

z (g, s) = d+
a

(2M0 + 1)
g +

b

(2m0 + 1)
s

g =−M0,. . . , 0,. . . ,M0, s=−m0,. . . , 0,. . . ,m0.

The other mutual inductances can also be calculated using
(4).

III. ANALYSIS OF THE SR COIL IPT SYSTEM WITH LCC-S
COMPENSATION CHARACTERISTICS

To verify the feasibility of the proposed LCC SR coil, a SR
coil IPT system with LCC-S compensation characteristics is
proposed in this section. A traditional LCC-S compensated IPT
system uses lumped components and places the compensation
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Fig. 6. (a) AC Equivalent circuit of SR coil IPT system with LCC-S com-
pensation characteristics. (b) AC Equivalent circuit of SR coil IPT system with
LCC-S compensation characteristics after decoupling M1P.

inductor far from the main coils, making the coupling coef-
ficients related to the compensation inductor (extra coupling
coefficients) can be neglected negligible. In contrast, the LCC
SR coil designed in this article integrates the required compen-
sation components in the form of distributed parameter with
the main coil on a single dielectric substrate, where the extra
coupling coefficients cannot be ignored. Therefore, a detailed
analysis of this SR coil IPT system with LCC-S compensation
characteristics is required. By means of the equivalent circuit,
the proposed IPT system is analyzed, and a new formula for
the resonant frequency, efficiency, output voltage and power is
derived.

The equivalent circuit of the SR coil IPT system with LCC-S
compensation characteristics constructed by the LCC SR coil
and a series SR coil is depicted in Fig. 6(a). The primary LCC
SR coil comprises main coil LA, corresponding to the main
inductor LP and series capacitor CP, compensation coil LB,
corresponding to the series inductor L1, and the parallel capacitor
CA, corresponding to the parallel compensation capacitor C1.
The secondary series SR coil LC, similarly to the LCC SR main
coil LA, is also structured as a planar open-bifilar coil, which
corresponds to the main inductor LS and series capacitor CS

in Fig. 7(a), as shown in Fig. 7(b), therefore, LS and CS can
be calculated by (1) and (2). MPS is the mutual inductance
between the main inductors LP and LS, M1P and M1S are the
extra mutual inductances between L1 and LP, and between L1

and LS. RLA, RLB, RCA, and RLC are the loss of LA, LB, CA,
and LC, respectively.

Fig. 7. (a) Equivalent circuit of series SR coil. (b) Series SR coil LC.

For ease of analysis, the coupled primary inductors L1 and
LP can be decoupled by inducing mutual inductance M1P and
the circuit is transformed into an equivalent circuit containing
equivalent inductors L1

′ and LP
′, equivalent capacitor C1

′ and
controlled voltage sources, as shown in Fig. 6(b). The relevant
parameters can be expressed⎧⎪⎨
⎪⎩
L1

′ = L1 +M1P

LP
′ = LP +M1P

C1
′ = 1

1
C1

+ω2M1P

,

⎧⎨
⎩
V1 = −jωM1SIS
V2 = −jωMPSIS
V3 = jωMPSIP + jωM1SIL1

.

(5)
The KVL equations can be obtained as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Uin+jωM1SIS=(jωL1
′+RLB) IL1

+
(

1
jωC1

′

+RCA) (IL1
−IP )(

1
jωC1

′ +RCA

)
(IL1

−IP )=
(

1
jωCP

′ +jωLP
′+RLA

)
IP

−jωMPSIS

jωMPSIP +jωM1SIL1
=
(

1
jωC2

+jωLS+RL+RLC

)
IS .

(6)

When the primary coil and secondary coil satisfy the reso-
nance conditions

jω0LP +
1

jω0C1
+

1

jω0CP
= 0 (7)

1

jω0C2
+ jω0LS = 0. (8)

The output current IS and the current of primary inductor IP
can be expressed as

IS =
jωMPSIP + jωM1SIL1

RL +RLC
(9)

IP =

1
jω0C1

′ +RCA − ω0
2MPSM1S

RL+RLC

ZA
IL1

(10)

where ZA can be defined as

ZA =
ω0

2MPS
2

RL +RLC
+RLA +RCA. (11)

Substituting (9) and (10) into (6), the relationship between
the input voltage Uin and the input current IL1 can be obtained,
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therefore the input impedance Zin can be expressed as in (12),
shown at the bottom of this page.

According to (12), the imaginary part of the input impedance
can be expressed as

Im [Zin]=ω0L1
′− 1

ω0C1
′ −

2ω0MPSM1S

ZAC1
′ (RL+RLC)

+
2RCA

ZAω0C1
′ .

(13)
The main coupling coefficient KPS between the coils is typ-

ically set between 0.1 to 0.3, and ZA is directly proportional to
KPS, therefore{

RLA +RCA � ω0
2MPS

2

RL+RLC

2RCA

ZAω0C1
′ � ω0L1

′ − 1
ω0C1

′ − 2ω0MPSM1S

ZAC1
′(RL+RLC)

.
(14)

The influence of RLA and RCA on Im[Zin] can be neglected.
Thus, (13) can be simplified as

Im [Zin] = ω0L1
′ − 1

ω0C1
′

(
1 + 2

M1S

MPS

)
. (15)

Therefore, the resonant frequency can be expressed as

ω0 =

√√√√√ 1

C1

⎛
⎝ 1 + 2 K1S

KPS

√
L1

LP

L1

(
1− 2 K1S

KPS
K1P

)
⎞
⎠. (16)

According to (12), the real part of the input impedance can
be expressed as

Re[Zin] = RLB +RCA +
1

C1
′2ω0

2ZA

− RCA
2

ZA
+ a+ b

(17)
where,

a =
ω0

2M1S
2 (RCA +RLA)

(RLA +RCA) (RL +RLC) + ω0
2MPS

2 (18)

b =
2ω0

2M1SMPSRCA

ω0
2MPS

2 + (RL +RLC) (RLA +RCA)
. (19)

Since RCA
2<<ZA, RCA

2/ZA can be neglected in Re[Zin].
Additionally, the compensation inductor L1 is smaller than the
primary main inductor LP, and the main mutual inductance MPS

is much larger than the cross-coupling mutual inductance M1S,
thus

ω0
2MPS

2 � ω0
2M1S

2 (RCA +RLA) (20)

ω0
2MPS

2 � 2ω0
2M1SMPSRCA. (21)

So that a and b can be neglected in Re[Zin]. Therefore, (17)
can be simplified as

Re[Zin] = RLB +RCA +
1

C1
′2ω0

2ZA

. (22)

According to (22), the primary current IL1 at resonant fre-
quency can be expressed as

IL1
=

Uin

Re[Zin]
=

Uin

RCA +RLB + 1
C1

′2ω0
2ZA

. (23)

Since ZA is an expression concerning MPS
2, the primary

current IL1 is inversely proportional to the mutual inductance
MPS

2. As the transmission distance increases, IL1 decreases.
When unloaded, ZA drops to its minimum, equal to the sum
of the two losses RLB and RCA. At this point, Re[Zin] is at its
maximum, resulting in the minimum IL1, thereby causing no
damage to the front-end power source during no-load operation.

Substituting (23) into (9) and (10), the secondary current IS
can be expressed as

IS =
UinMPS

C1
′ZARe [Zin] (RL +RLC)

(1 + jβ)

=
UinMPS

C1
′ZARe [Zin] (RL +RLC)

√
1 + β2∠ϕ (24)

where

β = ω0C1
′
[
RCA + (RLA +RCA)

M1S

MPS

]
(25)

ϕ = arctanβ. (26)

Since {
ω0C1

′ � 1

RCA + (RLA +RCA)
M1S

MPS
< 1

. (27)

Therefore, ϕ≈0. The imaginary part of the secondary current
IS can be neglected. Equation (24) can be simplified as

IS =
UinMPS

C1
′ZARe[Zin] (RL +RLC)

. (28)

The output voltage UO can be expressed as

Uo = ISRL =
UinMPSRL

C1
′ZARe [Zin] (RL +RLC)

. (29)

When RL>>RLC, (29) can be approximated as

UO ≈ UinC1
′MPSω0

2. (30)

Zin = jω0L1
′ +RLB +

1

jω0C1
′ +RCA −

(
1

jω0C1
′ +RCA

) 1
jω0C1

′ +RCA − ω0
2MPSM1S

RL+RLC

ZA

+

[
ω0

2M1S
2 + ω0

2M1SMPS

(
1

jω0C1
′ +RCA−ω0

2MPSM1S
RL+RLC

ZA

)]

RL +RLC
. (12)
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TABLE I
EQUIVALENT CIRCUIT PARAMETERS OF LCC-S SR COIL IPT SYSTEM

Therefore, at resonant frequency, the SR coil IPT system with
LCC-S compensation characteristics approximates a constant
voltage output that is independent of the load.

The output power and transmission efficiency of the coils can
be expressed as

Pout = RL

(
UinMPS

C1
′ZARe [Zin] (RL +RLC)

)2

(31)

η =
RLMPS

2

[C1
′ZA (RL +RLC)]

2
Re [Zin]

. (32)

Based on the above analysis, the SR coil IPT system with
LCC-S compensation characteristics causes no damage to the
front-end power source during no-load operation and outputs
approximately constant voltage as the traditional LCC-S IPT
system. However, according to (16), the resonant frequency is
related to the coupling coefficients, therefore, the condition for
the independence of the resonant frequency from the coupling
coefficients is analyzed in the following section.

IV. DIMENSION DESIGN OF COILS FOR THE LCC-S SR COIL

IPT SYSTEM

This section gives the dimension design of coils for the LCC-S
SR coil IPT system. First, in order to light a LED monitor
with an ac load of 15 Ω at a working frequency of 13.56 MHz
and a transmission distance of 35 mm, the specific equivalent
circuit parameters of the LCC-S SR coil IPT system are designed
according to the equivalent circuit in the previous section. Next,
based on equivalent circuit parameters and the structure of the
LCC SR coil and the series SR coil, an analysis of the loss
mechanisms and Q(quality factor) optimization are conducted,
leading to the determination of coil dimensional parameters.
Finally, the independence of the resonant frequency from the
coupling coefficients is analysed using this specific coil design.
The parameters of the SR coil IPT system with LCC-S com-
pensation characteristics are designed, operating at 13.56 MHz.
To illuminate a LED monitor with an ac load of 15 Ω over a
transmission distance of 35 mm, at least 10 W of ac output
power is required. The set parameters is shown in Table I.

Fig. 8. Influence of β on coil loss.

A. Loss Mechanisms and Improvement of Q

To improve the performance of the proposed IPT system,
Q of the three parts(LA, LB,CA) in primary LCC SR coil and
secondary series SR coil LC should be optimized. Since the
Q of both capacitors and inductors is inversely proportional to
loss, the losses of each part must be optimized. The losses of the
primary LCC SR coil are RLA, RLB, RCA, and similarly, the loss
of the secondary series SR coil is RLC, as showed in the Fig. 6.
The metal vias and traces used to connect the three components
of the LCC SR coil exhibit negligible loss compared to RLA,
RLB, and RCA, thus only these four losses are considered. Since
the loss consists of conductive loss(Rc) and dielectric loss(Rd),
optimization will be pursued in both aspects.

To decrease Rc of RLA, RLB, and RLC, the thickness of metal
conductors is set to 0.07 mm, considering skin effect losses
and fabrication challenges for high-frequency circuits [39]. As
shown in Fig. 8, It can be seen that the optimal value of β(the
ratio of the winding width w to the spacing between adjacent
windings s) occurs in the range of 0.5 to 0.7, and Rc varies
gradually around the optimal value of β. Thus, β is set to 0.5 for
LA, 0.51 for LB and 0.7 for LC.

The reason why CA is designed as two symmetrically dis-
tributed gear-shaped metal plates on the upper and lower surfaces
of the dielectric substrate is to minimize the Rc of CA. The use of
gear-shaped capacitors can effectively reduce eddy currents by
comparing the current distribution on the capacitor when using
LCC SR coils with the gear-shaped capacitor and the traditional
disc-shaped capacitor. Fig. 9 shows the LCC SR coils with the
traditional disc-shaped capacitor and the gear-shaped capacitor.
Both two capacitor shapes consist of two symmetrically dis-
tributed metal plates on the upper and lower surfaces of the
dielectric substrate. Fig. 10 is the current distribution of the
two capacitor shapes. The disk-shaped capacitor can generate
eddy currents, thereby causing additional eddy current losses, as
shown in Fig. 10(a) and (b). By contrast, the gear-shaped capac-
itor effectively suppresses eddy currents, as shown in Fig. 10(c)
and (d). Therefore, the parallel capacitor of the LCC SR coil
is designed as two symmetrically distributed gear-shaped metal
plates on the upper and lower surfaces of the dielectric substrate.

To reduce Rd, F4BM300 was chosen as the substrate for
both the primary LCC SR coil and the secondary series SR
coil, owing to its dielectric constant(εr = 3.0), low dissipation
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Fig. 9. LCC SR coils with the two capacitor shapes. (a) Top view of the LCC SR coil with disc-shaped capacitor. (b) Bottom view of the LCC SR coil with
disc-shaped capacitor. (c) Top view of the LCC SR coil with gear-shaped capacitor. (d) Bottom view of the LCC SR coil with gear-shaped capacitor.

Fig. 10. Current distribution on the two capacitors when using LCC SR coils with two capacitors. (a) Top view of the LCC SR coil with disc-shaped capacitor.
(b) Bottom view of the LCC SR coil with disc-shaped capacitor. (c) Top view of the LCC SR coil with gear-shaped capacitor. (d) Bottom view of the LCC SR coil
with gear-shaped capacitor.

TABLE II
OPTIMIZED Q AND ASSOCIATED LOSSES OF LCC-S SR COIL IPT SYSTEM

factor (Dd = 0.0018), and advantages in cost and processing
complexity.

The optimized Q and associated losses of the structural
components and the coil dimensional parameters are shown in
Tables II and III. Additionly, the thicknesses of substrate for
primary LCC SR coil and secondary series SR coil are 0.508 mm
and 1.575 mm, respectively. The outer diameters the primary and
secondary main coils are set to 100 mm to ensure a reasonable
size and performance.

The magnetic field distribution of the primary and secondary
coils is simulated in HFSS, as shown in Fig. 11(a). The primary
LCC SR coil and the secondary series SR coil are positioned on
the upper and lower sides, with the magnetic field concentrated
in the region between them, forming magnetic coupling. The

Fig. 11. Field distribution of the coils. (a) Magnetic field distribution. (b)
Electric field distribution.

electric field distribution on the YOZ plane is illustrated in
Fig. 11(b), where the electric field is confined around the primary
and secondary coils without radiating outwards, indicating that
the proposed system does not rely on the electric field for power
transmission.

B. Condition for the Independence of Resonant Frequency
From Coupling Coefficients

According to (16), the resonant frequency is independent of
the ac load. However, apart from inductances and capacitances,
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TABLE III
DIMENSIONAL PARAMETERS OF COILS

Fig. 12. Variation curve of K1S/KPS. (a) dv changes. (b) dl changes at a fixed
dv of 35 mm.

the resonant frequency is also influenced by the cross-coupling
coefficient K1P and the ratio of coupling coefficients K1S/KPS.
To the LCC SR coil, the compensation coil and main coil
are integrated into a single unit with a fixed relative position,
resulting in a constant value of K1P. To determine if the resonant
frequency is independent of the load and coupling coefficient
during transmission, it is necessary to study the conditions under
which K1S/KPS remains approximately constant when the coil
experience vertical and lateral displacement. Since the coupling
coefficient is only dependent on the coil size [22], the filament
method [35], [36], [37] can be used to calculate the coupling
coefficient.

Using the coil dimensions mentioned above, the ratio of the
coupling coefficients K1S/KPS versus axial and lateral misalign-
ment is calculated, as depicted in Fig. 12, respectively. When the
axial distance (dv) varies while the lateral misalignment distance
(dl) remains fixed at 0 mm and dl changes while dv remains fixed
at 35 mm, the variation in K1S/KPS is remaining approximately

constant. Therefore, under the coil dimension parameters in
Table III, the resonant frequency is approximately independent
of coupling coefficients, thus exhibiting good misalignment
tolerance.

Next, based on the above coil dimensions, the influence of
each dimensional parameter on K1S/KPS when dv and dl change
is studied using the control variable method, thereby obtaining
the condition for the independence of resonant frequency form
the coupling coefficients. To simplify the analysis, the outer
diameter of the primary main coil LA and secondary coil LC
is kept constant. The dimensional parameters of each coil can
be defined as

p =
dLBout

dLAout
, q =

dLAin

dLAout
,m =

dLBin

dLBout
, n =

dLCin

dLAout
. (33)

Due to the requirement that the outer diameter of every coil
be larger than the inner diameter, and the need to leave space
for the compensation capacitor between the main coil and the
compensation coil of the LCC SR coil, the parameters in (33)
are defined within the following limits:

0.1 ≤ p ≤ 0.5, 0.3 ≤ q ≤ 0.9, 0.2 ≤ m ≤ 0.8, 0.2 ≤ n ≤ 0.8.

The variation curve of K1S/KPS when dv changes at a fixed
dv of 0 mm and when dl changes at a fixed dv of 35 mm is
shown in the Figs. 13 and 14. When q, m and p change, K1S/KPS

shows small fluctuation under variations in dv and dl, remaining
approximately constant. The primary factors influencing the
fluctuation in K1S/KPS is n. As shown in Figs. 13(d) and 14(d),
when n = 0.6, the fluctuation in K1S/KPS is smallest. Therefore,
n should be designed to be 0.6. Therefore, when the outer
diameters of the primary main coil LA and secondary coil LC are
the same, the design of the LCC SR coil only needs to consider
reserving space for the parallel capacitor CA and compensation
coil LB. The key point is that the inner diameter of the secondary
main coil LC needs to be 0.6 times its outer diameter.

V. EXPERIMENTAL VALIDATION

In this section, first, through the ac–ac experiment, the inde-
pendence of the resonant frequency from the coupling coeffi-
cients obtained through theoretical calculations in Section IV
and the approximately constant voltage output independent of
ac Load derived from the theoretical formula in Section III, were
validated through ac–ac experiment. Additionally, the transmis-
sion characteristic of high-efficiency transmission across a wide
range of ac load variations is also obtained. Afterwards, a dc–dc
experiment was conducted using a power analyzer, achieving a
dc–dc efficiency of 80.5%. Finally, a dc–dc experiment was set
up with an LED monitor serving as the load, which verifies its
practical application in electronic devices.

A. Experiment of AC Transmission Characteristics

The actual coils fabricated according to the dimensions spec-
ified in Section IV are shown in Fig. 15. The ac–ac system
experiment was conducted using an oscilloscope (KEYSIGHT
DSOX3024T) and an ac power source to verify the approximate
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Fig. 13. Variation curve of K1S/KPS with changes in dv when (a) dLBout changes; (b) dLAin changes; (c) dLBin changes; (d) dLCin changes.

Fig. 14. Variation curve of K1S/KPS with changes in dl at a fixed dv of 35 mm when (a) dLBout changes; (b) dLAin changes; (c) dLBin changes; (d) dLCin

changes.

Fig. 15. Fabricated coils. (a) Top view of the LCC SR coil. (b) Bottom view
of the LCC SR coil. (c) Series SR coil.

constant voltage output that is independent of the ac load dis-
cussed in Section III, as well as the independence of the resonant
frequency from the coupling coefficient detailed in Section IV.

To obtain accurate waveforms at the operating frequency of
13.56 MHz, we calibrated the voltage and current probes of the

oscilloscope by combining a standard ac resistor with a deskew
fixture(KEYSIGHT U1880A), ensuring that the displayed volt-
age and current values were free of phase shift and matched
the actual values of the standard resistors, thereby guaranteeing
the precision of the waveforms measured by the oscilloscope.
The ac–ac experimental setup was composed of an ac power
source(QX-ASA100M), coupling coils and an ac load, as shown
in Fig. 16(a). The power source input 13 W of ac power to
the primary LCC SR coil, which was then delivered to the ac
load by the secondary series SR coil. The oscilloscope was
utilized to acquire and measure the input and output voltages and
currents, thereby obtaining the ac–ac efficiency(ηac) is obtained
by dividing the output power by the input power. The power can
be calculated using the following formula:

−
P =

1

T

T∫
0

P (t)dt (34)

where

P (t) = u(t) · i(t) = U0I0 cos(ωt+ ϕ) cos(ωt)

where u(t) and i(t) are voltage and currents containing phase
shift. When RL = 30 Ω, the input and output voltage and current
of the coupling coils is shown in Fig. 16(b), with the original
graph directly exported from the oscilloscope.

With the ac load fixed at 15 Ω, the variation curve of input
voltage-current phase difference (Δθ) when vertical distance
(dv) between the coils was varied while maintaining zero lateral
misalignment distance (dl) is shown in Fig. 17, and the variation
curve of Δθ when dl was varied while keeping a fixed dv
at 35 mm is shown in Fig. 18. The phase difference remains
nearly constant, indicating that the resonant frequency of the
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Fig. 16. (a) AC–AC experimental setup of the SR coil IPT system with LCC-S compensation characteristics. (b) Measured waveforms on the oscilloscope of the
proposed IPT system with an AC load of 30 Ω.

Fig. 17. Δθ with changes in dv at a fixed dl of 0 mm.

Fig. 18. Δθ with changes in dl at a fixed dv of 35 mm.

SR coil IPT system with LCC-S compensation characteristics is
independent of the coupling coefficient.

With dv between the coils fixed at 35 mm and a fixed dl at 0, the
output voltage Uo was measured across ac loads ranging from
10 Ω–50 Ω with the same input voltage of 45 V. Meanwhile, the
ac transmission efficiency(ηac) was measured for 10 Ω–50 Ω ac
loads with the same input power of 11 W. The resulting ηac curve
and Uo curve are shown in Fig. 19. When RL varies from 10 Ω
to 50 Ω, the output voltage remains approximately constant,
closely matching the theoretical transmission characteristics.

Fig. 19. ηac and UO with respect to the different RL.

Fig. 20. DC–DC Experimental block diagram of the SR coil IPT system with
LCC-S compensation characteristics.

Additionally, ηac is consistently above 87%, and reaches 91.5%
at 15 Ω, and the maximum ηac is 93.2% at 30 Ω, demonstrating
the high transmission efficiency of the SR coil IPT system with
LCC-S compensation characteristics.

B. DC–DC Experiment

Based on Section V-A, with an ac load of 30 Ω yielding the
maximum ηac of 93.2%, an optimal dc–dc system was designed
accordingly. The dc–dc system comprises a Class D zero voltage
switching (ZVS) inverter [38] for dc–ac conversion, coupling
coils for ac–ac transmission, and a full bridge rectifier for ac–dc
conversion, with the experimental block diagram illustrated in
Fig. 20. Notably, the Class D inverter consists of an inverter
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Fig. 21. Power distribution of the proposed DC–DC system.

circuit and an LCC network(LT, CT1, and CT2), with the LCC
network enabling both ZVS and impedance matching. The full
bridge rectifier is composed of a rectifier bridge and a filter
capacitor. GaN HEMT GS61008T is used as the switching
components of the inverter. The component specification of
the four rectifying diodes is DFLS240L Schottky diode. The
power loss(PL) distribution of the dc–dc system, simulated using
Cadence PSpice is shown in the Fig. 21. The input and output
power of the IPT system are 15. 68 W and 12.7 W, respectively,
yielding a total PL of 2.98 W. The main loss of the Class
D inverter(dc–ac) arises from the switching losses of the two
MOSFETS in the inverter circuit and the full bridge rectifier(ac–dc)
is primarily due to the parasitic losses of the diodes and loss of
the filter capacitor.

The dc–dc experimental setup was constructed according to
the dc–dc experimental block diagram, as shown in Fig. 22(a).
The dc–dc experiment was conducted using a high-precision
power analyzer (ZLG PA8000P). The dc–dc efficiency (ηdc) was
measured by connecting the voltage input terminals in parallel
to both the inverter input port and rectifier output port, while
simultaneously connecting the current input terminals in series
to both ports. This configuration enabled precise measurement of
input and output power using the power analyzer, yielding ηdc of
80.5% through comparative power calculations. The waveform
diagram is presented in Fig. 22(b), in which the yellow and green
traces represent the voltage and current waveforms at the input
end of the primary LCC SR coil, respectively, while the blue
and red traces represent the voltage and current waveforms at
the output end of the secondary series SR coil, respectively. The
dc–dc experimental setup with an LED monitor as the dc load,
as shown in Fig. 23, successfully illuminated the LED monitor,
demonstrating the feasibility of the IPT system.

C. Comparison

Table IV compares the LCC SR coil proposed in this article
with the popular SR coils in recent years. Among them, the
SR coils referenced in [12], [31], [13], and [17] feature SS
and PP compensation network characteristics and exhibit high

Fig. 22. (a) DC–DC Experimental setup of the SR coil IPT system with LCC-S
compensation characteristics. (b) Measured waveforms on the oscilloscope of
the DC–DC experiment.

Fig. 23. LED monitor wirelessly powered by the SR coil IPT system with
LCC-S compensation characteristics.

efficiency, but fail to balance safety and stability. Wang et al.
[25] proposed adding lumped inductors to the existing parallel
SR coils to form a high-order LCL–LCL compensation network.
While this approach avoids the issue of reducing system stability
caused by adding lumped capacitors, the lumped inductors
result in large space requirements, a complex structure, and
low transmission efficiency. The proposed LCC SR coil retains
the advantages of the SR coil and LCC compensation network
in enhancing integration and stability, while overcoming the
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TABLE IV
COMPARISON OF REPORTED SR COILS IPT SYSTEM AND PROPOSED LCC-S SR

COIL IPT SYSTEM

shortcoming of current low-order series and parallel SR coils
that cannot simultaneously achieve high safety and high stability,
thus offering high integration, high stability, and high safety.

VI. CONCLUSION

In this article, a novel SR coil with LCC compensation
characteristics that integrates the required compensation com-
ponents in the form of distributed parameter with the main coil
on a single dielectric substrate is proposed. This coil retains
the advantages of the SR coils in enhancing compactness and
stability, while overcoming the shortcoming of current low-order
series and parallel SR coils that cannot simultaneously achieve
high safety and high stability, thus offering high integration,
high stability, and high safety. Through theoretical derivation
and experiments, the transmission characteristics of the SR
coil IPT system with LCC-S compensation characteristics was
validated, confirming its a constant voltage output independent
of the ac load, high ηac over a wide range of ac load values,
independence of resonant frequency from coupling coefficients,
and no damage to the front-end power source during no-load
operation. Experimental results demonstrate an ηac of 93.2%
over a 35 mm spacing gap. In addition, ηdc can reach 80.5%, and
a LED monitor is successfully powered, indicating its potential
for application in electronic devices, such as mobile phones and
laptops.
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