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Letters

Split Impedance Tuning of Multistrand PCB Windings for Constructing Efficient
Wireless Power Transfer Module

Junhua Wang , Member, IEEE, Xinghong He , Changsong Cai , Senior Member, IEEE, Yang Si, and Jing Xiao

Abstract—Printed circuit board (PCB) windings offer significant
advantages for various applications, including ease of manufac-
turing, high repeatability, and compact size. These qualities are
particularly beneficial in modular wireless power transfer (WPT)
systems for uncrewedaerial vehicles, and other mobile devices,
which require compact dimensions and consistent parameters.
However, a major challenge associated with PCB windings is sub-
stantial high-frequency ac resistance. To address this issue, this
letter proposes a split impedance tuning method that is free from
complex design. It employs capacitors to tune the impedance of
each strand, thereby achieving optimal current distribution and
reducing resistance. Experimental validation demonstrates that the
proposed method reduces the resistance of the tested sample from
0.904 to 0.326 Ω. The 527-W experimental WPT system, utilizing
76-mm-radius PCB windings operating at 300 kHz, achieves 90%
efficiency.

Index Terms—AC resistance, Printed circuit board (PCB), split
impedance tuning, uncrewedaerial vehicles (UAVs), wireless power
transfer (WPT).

I. INTRODUCTION

W ITH the advancement of integration in power electron-
ics, printed circuit boards (PCBs) have become a promi-

nent manufacturing method for coupling windings in wireless
power transfer (WPT) systems, particularly for mobile devices,
uncrewedaerial vehicles, and other intelligent devices that ne-
cessitate a lightweight receiver design [1], [2]. This is attributed
to their ease of production, high reliability, and lightweight
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Fig. 1. PCB windings. (a) Single strand. (b) Multistrand.

characteristics [3]. However, the skin effect and proximity
effect increase ac resistance significantly at higher operating
frequencies, posing challenges for PCB winding applications.
Mitigating these effects is crucial for optimizing ac resistance
in PCBs.

First, as illustrated in Fig. 1, to mitigate the skin effect, a
single-strand PCB winding is commonly divided into multiple
strands. However, the reduction in ac resistance is limited due
to the proximity effect among the strands. To further mini-
mize the ac resistance, substantial optimization research has
been conducted on structural parameters, such as line width,
line spacing, and the number of split strands [4]. However,
the direct division into parallel strands leads to nonequivalent
tracks. To address this issue, a litz structure utilizing the twisting
technique is proposed, which can achieve equivalence among
strands while also minimizing the total flux linkage between
pairs of tracks [5], [6]. To address the issue of inductance
reduction resulting from path length differences between the
inner and outer strands, a novel structure has been proposed. In
this design, wires are systematically rotated from the top layer to
the bottom layer, thereby ensuring consistent lengths of the split
wires [7].

As the system frequency enters the MHz range, distributed
capacitance and dielectric loss become increasingly significant
and must be taken into account. To mitigate interwinding capac-
itance and dielectric loss, a novel resonant structure has been
proposed, which separates the two planar windings using air
gaps [8]. A design for a PCB resonator winding optimized via the
partial element equivalent circuit method has been proposed for
implementation in Domino WPT [9]. A multilayer nonuniform
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Fig. 2. 3-D and cross-sectional of a double-layer PCB winding.

self-resonant winding designed for high-power, high-frequency
wireless electric vehicle charging has been proposed. This de-
sign incorporates interlayer capacitors to achieve resonance,
thereby enhancing the efficiency and performance of the system
[10]. A multimegahertz WPT technology employing integrated
PCB self-resonators is introduced, capable of achieving both
magnetic coupling wireless power transfer (MC-WPT) and
electric-field coupled WPT [11].

In addition to the PCB structure, relevant research has also
focused on materials. By employing a substrate with a high
dielectric constant in conjunction with a high-precision PCB
structure, a thin metamaterial exhibiting negative relative per-
meability and low loss was fabricated at 6.78 MHz. [12].

As the frequency increases, the resistance of the PCB winding
rises due to the skin effect and proximity effect. Consequently,
previous research has predominantly focused on optimizing
these effects while consistently neglecting the variations in
resistance and inductance among individual wire strands. Such
variations cause an imbalance in current distribution, which in
turn increases the overall equivalent resistance of the winding.
To address this issue, this letter proposes a circuit model for
multistrand wires, analyzes and derives the optimal current
distribution, and introduces split impedance tuning as a method
to optimize current distribution and thereby reduce winding loss.
The main advantages of proposed method can be summarized
as follows.

1) Simplicity in design: Without extensive design and simu-
lation, the optimal current distribution among multistrand
wires achieved merely through capacitors, significantly
reducing the equivalent resistance of the PCB winding.

2) Broad applicability: Unlike methods that focus on direct
optimization of the winding itself, this approach is not
constrained by factors, such as frequency or PCB winding
dimensions, and thus can be universally applied to opti-
mize any multistrand PCB windings.

II. MODELING AND ANALYSIS OF THE SPLIT WIRE

A. Modeling of Split Wire

Fig. 2 illustrates the cross-section of a multistrand PCB wind-
ing. Each wire is composed of n strands arranged in parallel,

Fig. 3. Equivalent model of multistrand wire.

which can mitigate the skin effect. However, each strand still
influences each other, a phenomenon known as the proximity
effect.

Fig. 3 is an equivalent model of the multistrand conductor.
İi represents the currents flowing through the ith strand. Lii

and Rii are the self-inductance and resistance of the ith strand,
respectively. Lij and Rij (i � j) represent the mutual inductance
and mutual resistance of the ith and jth strands, respectively. The
angular frequency of the system, denoted as ω, is related to the
operating frequency f by the equation ω = 2πf.

The mathematical model for the equivalent resistance and
inductor of a multistrand wire can be expressed as follows:

Rmat =

⎡
⎢⎢⎢⎣
R11 R12 · · · R1n

R21 R22 · · · R2n

...
...

. . .
...

Rn1 Rn2 · · · Rnn

⎤
⎥⎥⎥⎦ ,

Lmat =

⎡
⎢⎢⎢⎣
L11 L12 · · · L1n

L21 L22 · · · L2n

...
...

. . .
...

Ln1 Ln2 · · · Lnn

⎤
⎥⎥⎥⎦ . (1)

The matrix representing the current flowing through each
strand can be expressed as follows:

Imat =
[
İ1 İ2 · · · İn

]T
(2)

where the symbol T, located in the upper right corner, signifies
the transposition of the matrix. It is worth noting that to distin-
guish between matrices and complex numbers, matrices will be
uniformly represented in bold, while complex numbers will be
indicated with a dot above the symbol.

B. Analysis and Optimization of Loss

To facilitate analysis, the column matrix consisting entirely
of one with n rows is defined as Λ

Λ =
[
1 1 · · · 1

]T
. (3)

The wire is formed by connecting each strand in parallel at
both ends, thus the voltage at both ends of each strand is defined
as U̇X. According to Kirchhoff’s voltage law, the Kirchhoff’s
voltage law (KVL) equation is expressed as follows:

U̇xΛ = (jωLmat +Rmat) · Imat. (4)

By solving (4), the current matrix can be obtained as follows:

Imat = (jωLmat +Rmat)
−1 · U̇xΛ. (5)
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Therefore, the winding loss can be expressed as

PLoss = Imat
T ·Rmat · Imat

H (6)

where H, located in the upper right corner, denotes the conjugate
operation of the complex numbers. The sum of the currents
flowing through each strand can be calculated by

İx = ΛT · Imat. (7)

The equivalent impedanceŻx of the winding can be calculated
as follows:

Żx =
U̇x

İx
=

1

ΛT · (jωLmat +Rmat)
−1 ·Λ . (8)

The equivalent resistance and inductance of the winding can
be determined by calculating the real and imaginary components
of the impedance ⎧⎨

⎩Req = Re
(
Żx

)
Leq =

Im(Żx)
ω

(9)

where Re(∗) and Im(∗) represent the real and imaginary parts of
the complex number, respectively.

The quality factor Q of the winding can be calculated by

Q =
ωLeq

Req
. (10)

To attain the current distribution that minimizes loss, the
Lagrange function is formulated by considering (7) as the con-
straint condition

Γ (Imat, λ) = Imat
T ·Rmat · Imat

H

+ λ
(
İx − İ1 − İ2 · · · İn

)
(11)

where λ is the Lagrange multiplier. By calculating the partial
derivative of the Lagrange function with respect to each variable
and setting it to zero, the equation can be obtained as

∇Imat
Γ (Imat, λ) =

[
0 0 · · · 0

]T
(12)

∂Γ (Imat, λ)

∂λ
= 0. (13)

By resolving (12) and (13), the optimal current matrix can be
ascertained as follows:

Iop =
Rmat

−1 ·Λ
ΛT ·Rmat

−1 ·Λ İx. (14)

III. DESIGN AND ANALYSIS OF SYSTEM PARAMETERS

A. Design of the Split Impedance Tuning

Considering the current as a reference (where the imaginary
part of the current is zero), the voltage Uop across each strand
in the optimal current distribution is

U op = (jωLmat +Rmat) · Iop. (15)

By substituting (14) into (15), it is evident that all real parts of
the voltages are equivalent. Fig. 4(a) illustrates the voltage and
current diagram of the winding composed of three strands.

Fig. 4. (a) Schematic diagram of voltage and current vectors. (b) Circuit of
split impedance tuning.

Fig. 5. Circuit structure of the WPT system.

To compensate the voltage discrepancies, a split impedance
tuning method is proposed, wherein capacitors are connected in
series with each strand to compensate for the reactive voltage,
as shown in Fig. 4(b).

By considering the voltage with the smallest imaginary com-
ponent as the reference point, the voltage differences between
each strand and this minimum voltage can be explicitly repre-
sented as

dU = ωLmat · IOP −min (ωLmat · IOP) (16)

where min(∗) denotes the minimum value of the matrix. Thus,
the compensation capacitor Ci for the ith strand can be calculated
by

Ci =
IOP [i]

dU [i]ω
(17)

where [i] represents the ith elements of the matrix. The equiv-
alent resistance and inductance of the winding after split
impedance tuning are as follows:{

Req = 1
ΛT·Rmat

−1·Λ
Leq = min(ωLmat·IOP)

ωIx
.

(18)

B. Design of the WPT System

The circuit structure of the WPT system is illustrated in Fig. 5.
The input and output voltages of the system are denoted as Uin

and Uo, respectively, with corresponding equivalent ac voltage
represented as U̇ab and U̇cd. MOSFETs S1–S4 and diodes D1–D4

constitute the inverter and rectifier, respectively.
Cp and Cs are resonator capacitors. Lp and Ls represent the

transmitter and receiver, respectively, with the corresponding
resistance being Rp and Rs. The currents flowing through Lp

and Ls are denoted as İp and İs. M represents mutual inductance.
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Fig. 6. Experimental test sample of PCB winding.

RL is the dc load. The circuit components should satisfy

ω = 1/
√

LpCs = 1/
√

LsCs. (19)

Assuming the resistance is neglected, the KVL equation for
the circuit can be expressed as follows:[

0 −jωM
−jωM Rac

] [
İp
İs

]
=

[
U̇ab

0

]
(20)

where Rac represents the ac load, expressed as Rac = (8/π2) RL.
By solving (20), the output power Po can be calculated by

Po =
64U2

in

π4ω2M2
RL. (21)

C. Power Losses Analysis

The system losses are primarily divided into three compo-
nents: inverter loss PInv, coupler loss PCou, and rectifier loss
PRec.

According to Li et al. [13], the PInv includes the losses
generated by four MOSFETs S1–S4, which consist of turn-ON

loss, turn-OFF loss, reverse recovery loss, and conduction loss.
Therefore, PInv can be expressed as

PInv = 4Uinfs

[
eON + eOFF

VRIR
+

QRR

IRD

]
isw + 2Ip

2Rcon (22)

where Rcon is drain–source ON-state resistance, eON and eOFF

are the turn-ON and turn-OFF loss of MOSFETs under reference
voltage VR and current IR, respectively. isw is the switching
current of inverter. QRR and IRD are reverse recovery charge
and the reference current of the MOSFETs, respectively.

The coupler loss is composed of transmitter and receiver loss
and can be expressed as

PCou = I2pRp + I2sRs. (23)

The diodes D1–D4 form the full-bridge rectifier, with a for-
ward voltage of Vfs. Therefore, PRec can be calculated by

PRec =
4
√
2

π
IsVFs. (24)

Therefore, the total loss of the system is the sum of three parts,
which can be expressed as

PLoss = PInv + PCou + PRec. (25)

TABLE I
ELECTRICAL PARAMETERS OF THE PCB WINDING

Fig. 7. Experimental platform of the WPT system based on PCB windings.

TABLE II
ELECTRICAL PARAMETERS OF THE WPT SYSTEM

IV. EXPERIMENTAL VERIFICATION

To verify the theoretical analysis, a tested sample of multi-
strand parallel PCB winding, as shown in Fig. 6, was fabricated,
with an outer diameter of 76 mm and an inner diameter of
19 mm. The structure is identical to the one shown in Fig. 2,
which consists of a double-layer PCB with a thickness (hth) of
1.6 mm. Each layer contains eight strands arranged in parallel
spirals, with a total of 12 turns (x). Each strand has a width (wth)
of 0.44 mm, a thickness (tth) of 0.07 mm, and a spacing (dth) of
0.16 mm. At a 1-mm spacing beneath the winding, nine ferrite
pieces, each measuring 50 mm×50 mm×2.5 mm, are arranged.
The tuning capacitors utilized in the experiment are multilayer
ceramic capacitors with a dielectric material classified as Type
I ceramic. They exhibit a temperature coefficient of 0 × (−1)
ppm/°C ± 30 ppm/°C (C0G) and have a package size of 0.12 in
× 0.6 in (1206).

Table I presents the equivalent inductance and equivalent
resistance of the PCB winding, both before and after impedance
tuning, as obtained through calculations (Lab’, Rab’) and mea-
surements (Lab, Rab) under 300 kHz. It should be noted that
the calculated values are derived by first measuring the specific
values in (1) using the impedance analyzer, and then substituting
these values into (9) and (18) for subsequent calculations. The
resistance of the winding decreases from 0.904 to 0.326 Ω.

A 527-W experimental platform was established, as illus-
trated in Fig. 7, based on the circuit structure in Fig. 5.
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TABLE III
COMPARISON BETWEEN THE [4], [6], [11], AND THIS WORK

Fig. 8. Experimental waveforms with rated output. (a) Output of the inverter
and input of the rectifier. (b) Input of the inverter and output of the rectifier.

Fig. 9. Curves of output current and efficiency versus output power.

The operation frequency of the system is 300 kHz. MOSFETs
S1–S4 adopts C2M0080120D. The models of diodes D1–D4 are
STPS60SM200CW. Both the transmitter and receiver are PCB
windings, which together form a coupler, with a vertical distance
of 50 mm. The electrical parameters of the WPT system are
summarized in Table II.

Fig. 8 shows the voltage and current waveforms measured
during the experiment with rated output (527 W).

As shown in Fig. 9, at an input voltage of 100 V, the
output current (Io) decreases as the output power increases. The
maximum current of 5.91 A occurs at 246 W, while the minimum
current of 5.73 A is observed at 527 W. Overall, the output
current fluctuates by 3%. The efficiency of the WPT system
(from dc to dc) reaches a maximum of 90% at an output power
of 527 W, the efficiency is at its minimum of 86.7% at an output
power of 246 W.

Based on the experimental data and the datasheets of the
MOSFET and diode, the loss distribution can be derived from
(22) to (24). Fig. 10 illustrates the loss distribution and measured
efficiency of the system under rated output power (527 W), with
the coupler loss accounted for as 47.6% (27.1 W).

Fig. 10. Loss distribution and measured efficiency with rated output power
(527 W). (a) Loss distribution. (b) Measured efficiency.

Table III tabulates the comparison between this work and
others’ work in terms of frequency, size, inductance L, quality
factors Q, output power, power per m2, and system efficiency.
By adopting the proposed method, the system achieves 90%
efficiency and a power density of 29 kW/m2 on the experimental
platform at a frequency of 300 kHz.

Compared with parameter design, better resistance optimiza-
tion can be achieved without an exact PCB winding model and
extensive simulation optimization. Compared to the Litz struc-
ture, the Litz configuration is more complex in terms of modeling
and demands substantial computational resources for simulation
validation. In addition, the Litz structure involves the alternating
winding of multiple strands of wire, which poses challenges in
achieving optimal resistance performance in compact designs.
Compared to self-resonant systems, it offers a lower operating
frequency and higher power density.

V. CONCLUSION

This letter presents a split impedance tuning method for
optimizing the resistance of PCB windings. By using capacitors
to compensate for the impedance of each wire, the optimal
currents distribution is achieved, thereby reducing the resistance
of the winding and enhancing the overall efficiency of the
system. Compared with the previous methods for optimizing
the resistance of PCB windings, the proposed method is sim-
ple in design, only reducing the equivalent resistance of the
PCB windings through capacitors, and does not rely on the
parameters of the PCB winding itself, without restrictions such
as frequency and PCB winding size. Through experimental
validation, the resistance of the winding, originally 0.904 Ω,
can be reduced to 0.326Ω after applying the split impedance
tuning method. Finally, the WPT system experimental platform
was built, achieving a maximum system efficiency of 90% at an
output of 527 W.
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