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PAPER

Efficiency Analysis for Inductive Power Transfer Using Segmented
Parallel Line Feeder

William-Fabrice BROU†a), Nonmember, Quang-Thang DUONG†b), and Minoru OKADA†c), Members

SUMMARY Parallel line feeder (PLF) consisting of a two-wire trans-
mission line operating in the MHz band has been proposed as a wide-
coverage short-distance wireless charging. In the MHz band, a PLF of
several meters suffers from standing wave effect, resulting in fluctuation in
power transfer efficiency accordingly to the receiver’s position. This paper
studies a modified version of the system, where the PLF is divided into
individually compensated segments to mitigate the standing wave effect.
Modelling the PLF as a lossy transmission line, this paper theoretically
shows that if the segments’ lengths are properly determined, it is able to
improve and stabilize the efficiency for all positions. Experimental results
at 27.12 MHz confirm the theoretical analysis and show that a fairly high
efficiency of 70% can be achieved.
key words: parallel line feeder, standing wave problem, segmentation,
efficiency stabilization, efficiency improvement

1. Introduction

Wireless power transfer (WPT) is a promising solution to
the energy problem of sensor networks when battery re-
placement is impractical [1]–[7]. Among major WPT tech-
niques, microwave power transfer (MPT) [8], [9] is a radia-
tive type of energy transmission and is suitable for charging
low power sensors (∼mW) at long distance (tens of meters
or longer) [10]–[13]. On the contrary, inductive power trans-
fer (IPT) [14], [15] is a non-radiative type of energy trans-
mission, operating on the same principle of a transformer.
This technique is capable of charging higher power sensors
(∼W) but at much shorter distance (up to tens of centimeters
at most). Fortunately, this limitation in transmission range,
to some extent, can be compensated for by a well-designed
transmitting coil that covers a wide charging area. In such
a case, IPT becomes a viable charging solution for station-
ary sensors requiring power levels far beyond the charging
capability of MPT technique.

A wide coverage IPT can be realized by elongating the
transmitting coil as in [14], [16] or by deploying many small
coils in an array as in [17]–[21]. The coil-array is able to fo-
cus the magnetic field toward the receiving coils to achieve a
sufficient coupling, but it requires a complex mechanism to
locate the receivers and to activate/deactivate the coils. On
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the contrary, the elongated-coil has a much simpler hard-
ware but suffers from insufficient coupling due to the imbal-
ance in dimensions of the coils. Motivated by the simplicity
of the elongated-coil, this paper addresses its weak coupling
problem to achieve a sufficient efficiency for practical appli-
cations.

For a given coupling coefficient, the efficiency of
IPT can be improved by increasing the Q-factors of the
coils [22]–[25]. As the Q-factors can be improved by prop-
erly raising the operation frequency, the parallel line feeder
(PLF) system in [26] operates in the 13.56 MHz band, which
is higher than the kHz band adopted by many typical IPT
systems employing the Qi standard [27]. The PLF in [26]
achieves a good theoretical efficiency of about 85% but its
coverage is just about 1 m long. Further elongating the
feeder makes its length non-negligible compared to the sig-
nal wavelength (about 20 m). This results in fluctuation
in output voltage according to receiver position due to the
standing wave effect. To address this problem, we have
proposed dividing the PLF into individually resonated seg-
ments [28], [29]. This paper is an extension of our previous
works [28], [29] with novel contributions summarized be-
low.

• Modelling the PLF as a lossy transmission line [30],
this paper analyzes the maximum achievable effi-
ciency [22]–[25] according to the segments’ lengths.
We show that if the segments’ lengths are properly de-
termined, it is able to improve and stabilize the effi-
ciency for all receiver position. It is worth noting that
efficiency analysis has not been done in [28], [29] be-
cause these investigations have not considered losses in
the feeder.
• The aforementioned theoretical analysis is confirmed

by extensive experiments. Our experimental results at
27.12 MHz show that the segmented PLF can stabi-
lize the efficiency as fairly high value as 70% for all
receiver positions along the feeder.

The rest of this paper is organized as follows. Section 2
presents the efficiency analysis for the non-segmented PLF
system. Section 3 theoretically shows that efficiency im-
provement and stabilization effects can both be achieved
with the segmented PLF system. Section 4 provides experi-
mental results and Sect. 5 concludes this paper.

Copyright c⃝ 2023 The Institute of Electronics, Information and Communication Engineers
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2. Non-Segmented PLF

2.1 Theoretical Analysis

A simplified schematic of the non-segmented PLF is de-
scribed in Fig. 1(a), where a two-wire transmission line of
length L is connected to a radio frequency (RF) sinusoidal
source via a resonant capacitor C1 to function as the trans-
mitter coil. The operation frequency denoted by f is in
the MHz range to achieve high Q-factors. The angular fre-
quency is ω = 2π f , and the signal wavelength in free space
is λ0 = c/ f , where c is the speed of light. As shown in
the figure, the feeder consists of two parallel wires of iden-
tical diameter d separated at a distance D (center-to-center).
In real applications, the feeder may be surrounded by di-
electric materials. To model the surrounding dielectrics, let
the propagation constant of the feeder be a complex value
γ = α + jβ, where α is the attenuation constant and β is
the phase constant. The attenuation constant α includes all
losses in the feeder, e.g.,copper loss, dielectric loss. From
a practical perspective, it is reasonable to assume that the
feeder is low loss, meaning that αL ≪ 1. The phase con-
stant β usually differs from its free space value β0 = 2π/λ0.
Due to the dielectric effect, wavelength of the signal propa-
gated in the feeder is λ = 2π/β, which may differ from its
free space value λ0. The ratio of these two values is equal to
the refractive index of the dielectric n = λ0/λ. The charac-

Fig. 1 System model of non-segmented PLF.

teristic impedance of the feeder [31]

Z0 =
120Ω

n
cosh−1 D

d
(1)

Without loss of generality, throughout this paper we
assume that the feeder is terminated in a short circuit. In
the unloaded condition in Fig. 1(a), the input impedance of
the feeder is

Z1 = Z0 tanh γL = R1 + jX1, (2)

where

R1 =
Z0 sinh(2αL)

cosh(2αL) + cos(2βL)
(3)

X1 =
Z0 sin(2βL)

cosh(2αL) + cos(2βL)
(4)

In Eq. (2), the imaginary part jX1 is then cancelled by the
resonant capacitor C1 = 1/(ωX1), while the real part R1 re-
mains. It is worth noting that the value of R1 alone does not
accurately reflect losses in the energy transmission when the
load is coupled to the feeder.

Now, let us consider the loaded condition illustrated
in Fig. 1(b) when a receiver is located at the position x from
the terminating end of the feeder. In this case, the feeder can
be divided into two parts: the part of length x on the right-
hand side coupling with the receiver’s coil, and the part of
length L−x on the left-hand side which does not couple with
the receiver. As the coupling part can be seen as a shorted
transmission line of length x, its input impedance can be
expressed as

Zx = Z0 tanh(γx) (5)

Via the coupling M, the load reflects an impedance on the
feeder. Let the mutual coupling between the feeder and the
receiver coil be M, internal resistance of the receiver coil be
R2, then the impedance that the load reflects on the feeder is
ω2M2/(R2 + RL) [14], [25]. Equivalently, the non-coupling
part of the feeder is terminated in an impedance Z′x as illus-
trated in Fig. 1(c).

Z′x = Z0 tanh(γx) +
ω2M2

R2 + RL
. (6)

The input impedance of the loaded feeder is

Zin=Z0

tanh(γx) + tanh[γ(L−x)] + ω2 M2

Z0(R2+RL)

1+tanh(γx)tanh[γ(L−x)]+ ω2 M2

Z0(R2+RL) tanh[γ(L−x)]

=Z0

sinh(γL) + ω2 M2

Z0(R2+RL) cosh(γx) cosh[γ(L − x)]

cosh(γL) + ω2 M2

Z0(R2+RL) cosh(γx) sinh[γ(L − x)]

=Z0 tanh(γL)
1 + ω2 M2

Z0(R2+RL)
cosh(γx) cosh[γ(L−x)]

sinh(γL)

1 + ω2 M2

Z0(R2+RL)
cosh(γx) sinh[γ(L−x)]

cosh(γL)

(7)

Because, the characteristic impedance Z0 is usually large
compared to the reflected load ω2M2/(R2 + RL), the term
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ω2M2/(Z0(R2 + RL)) is very small compared to one. Ex-
ploiting this fact, Zin can be approximated as

Zin≈Z0 tanh(γL)

{
1 + . . .

+
ω2M2cosh(γx)
Z0(R2 + RL)

[
cosh[γ(L−x)]

sinh(γL)
− sinh[γ(L−x)]

cosh(γL)

]}

≈R1 +
ω2M2 cosh2(γx)

cosh2(γL)

RL + R2
+ jX1 (8)

Obviously, the imaginary part of Zin is equal to that of Z1 in
Eq. (2). Therefore, similar to the unloaded feeder, the loaded
feeder is also compensated by the capacitor C1. As a result,
after compensation the input impedance of loaded feeder is
purely resistive

Rin ≈ R1 +
ω2M2 cosh2(γx)

cosh2(γL)

RL + R2
. (9)

Based on Eq. (9), a simplified equivalent circuit for the
loaded PLF system is described in Fig. 1(d). From this
model, the square of kQ-product is derived as a function of
location x as follows.

χ(x) ≈ ω
2M2

R1R2

∣∣∣∣∣ cosh γx
cosh γL

∣∣∣∣∣2
≈ ω

2M2

Z0R2

cosh(2αL) + cos(2βL)
sinh(2αL)

cos2 βx
cos2 βL

≈ ω2M2

Z0αLR2
cos2 βx

≈ χ0 cos2 βx (10)

where χ0 is a constant against the receiver position x

χ0 =
ω2M2

Z0αLR2
(11)

The overall efficiency of the system is the multiplica-
tion of DC-to-RF conversion efficiency at the transmitter,
RF-to-RF efficiency of the feeder-receiver pair, and RF-to-
DC conversion efficiency at the receiver. These efficien-
cies in turn depend on the complex impedance of the load.
Calculating the overall efficiency is therefore quite compli-
cated as this value depends on many factors. To simplify
our analysis, we use the concept of maximum achievable
efficiency [22] which is the RF-to-RF efficiency achieved
when the load impedance is optimized according to the Z-
parameters of the transceiving apparatuses. This value is
also a theoretical upper bound on the overall efficiency of
the whole system, which is related to the kQ-product as fol-
lows.

ηmax(x) = 1− 2

1+
√

1+χ(x)
= 1− 2

1+
√

1+χ0 cos2βx
(12)

Equation (12) shows that the maximum efficiency ηmax vary
drastically with the receiver position x, following a standing

Fig. 2 Experimental setup.

wave pattern represented by the term cos2 βx. This equa-
tion also implies that not the value of R1 but the term Z0αL
represents losses in the feeder.

2.2 Experiments

Experiments are carried out to confirm the theoretical results
in Sect. 2.1. The experimental setup of the non-segmented
PLF system is shown in Fig. 2(a). In this figure, the feeder
is a two-wire transmission line of length L = 5 m and width
D = 40 mm, built from copper wires of diameter d = 4 mm
and conductivity of 5.8 × 107 S/m. The feeder is terminated
in a short-circuit at one end. The other end is connected
to port 1 of vector network analyzer (VNA) R&S c⃝ZNBT8.
On top of the feeder, a receiver is aligned and is moved from
right-hand side to the left-hand side toward the source at a
step of 4 cm in the x direction. The air gaps between the
feeder and the receiver coil is 2 mm. As shown in Fig. 2(b),
the receiver is a spiral coil embeded in a 4 cm × 8 cm
printed circuit board (PCB). The receiver coil is connected
to the port 2 of the VNA for measurement. All the port
impedances are 50 Ω. The IPT system is measured at the
operation frequency f = 27.12 MHz.

In the unloaded condition, the internal resistance of
the feeder and that of the receiver coil are measured as
R1 = 58.4 Ω and R2 = 1.4 Ω, respectively. In the loaded
condition, for each position x of the receiver, we measure
the Z-parameters (Z11, Z12, Z21, Z22) and calculate the max-
imum efficiency by using formula given in [21] as follows.

ηexp(x) = 1 − 2

1 +
√

1 + |Z21(x)|2
Re{Z1}Re{Z2}

(13)

The measurement results of ηexp(x) are shown by the square
dots in Fig. 3. Also, this figure shows a fitted curve follow-
ing Eq. (12) for the measurement results. The fitted curve
matches very well with the measurements, indicating that
the theoretical formula Eq. (12) accurately reflects the sys-
tem properties. The curve fitting also yields estimated val-
ues for the phase constant β = 0.796 rad/m and the constant
χ0 = 14.74. Substituting the values of β, χ0, R1 and R2
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Fig. 3 Maximum achievable efficiency of non-segmented PLF system in
Fig. 2 for air gap of 2 mm.

Table 1 Estimated values of non-segmented PLF parameters.

Quantity Value

Phase constant β 0.796 [rad/m]

Wavelength λ = 2π/β 7.89 [m]

Free-space value of wavelength λ0 11.05 [m]

Refractive index of dielectric n = λ0/λ 1.4

Mutual inductance M 134.1 [nH]

Characteristic impedance Z0 =
120Ω

n cosh−1 D
d 357.6 [Ω]

into Eq. (11) we obtain the mutual inductance M = 134.1
nH. The wavelength of the signal propagated in the feeder
is λ = 2π/β = 7.89 m, thus the dielectric of the feeder has a
refractive index of n = 1.4 and the characteristic impedance
of the feeder is Z0 = 357.6 Ω. Some parameters for the
non-segmented PLF system are summarized in Table 1.

Importantly, Fig. 3 shows that the efficiency drastically
varies with the receiver position x following a standing wave
pattern. To be specific, the efficiency has a high value when
the receiver is at the terminating end x = 0. It starts to de-
crease as the receiver moves toward the power source and
becomes zero when the receiver is near the position x = 200
cm. The efficiency starts to increase as the receiver moves
further toward the source and reaches a highest value when
the receiver is near the position x = 400 cm. It then again
starts to decrease as the receiver moves further toward the
source. The drastic variation of efficiency following a stand-
ing wave pattern mentioned above limits the deployment of
the non-segmented PLF system. This system can not effec-
tively charge receivers at any positions but only the receivers
nearby the current anti-nodes, which are periodically sepa-
rated by a quarter-wavelength.

3. Segmented PLF

3.1 Unloaded Condition

This section presents the segmented PLF which is a modi-
fication for the PLF to improve and stabilize the efficiency.
The proposed segmented PLF is shown in Fig. 4(a), where

Fig. 4 System model of segmented PLF.

the feeder of length L is equally divided into N segments,
each segment has a length of l = L/N. The number of total
segments N is chosen so that the segment length l = L/N
is sufficiently short. The purpose is to guarantee the mag-
netic field generated by one segment is even and the system
efficiency does not significantly change as the receiver coil
moves within one segment. Of course, when the receiver
coil moves from one segment to another, the system effi-
ciency may vary. The segments are numbered as #n, where
n ∈ {1, 2, . . . ,N}, and the segment number is increased when
going from the right-hand side to the left-hand side. The re-
actance of each segment is cancelled by two balanced res-
onant capacitors. To be specific, the n-th segment is com-
pensated by two capacitors Cn and C′n having similar capac-
itances.

Let us consider input impedance of the segmented PLF
in the unloaded condition in Fig. 4(a). Because the first seg-
ment is terminated in a short circuit, its input impedance
before compensation by C′1 is

Z′1(l) = R′1(l) + jX′1(l)

= Z0 tanh(αl + jβl)

=
Z0 sinh 2αl + jZ0 sin 2βl

cosh 2αl + cos 2βl
(14)

Because the segmentation length l is very short such that
αl ≪ 1, sinh(2αl) ≈ 2αl and cosh(2αl) ≈ 1, Z′1(l) can be
approximated as

Z′1(l) = R′1(l) + jX′1(l) ≈ Z0αl
cos2 βl

+ jZ0 tan βl (15)

The imaginary part jX′1(l) = jZ0 tan βl will be compensated
for by two balanced capacitors C1 and C′1. As a result, the
input impedance of the first segment after compensation is a
purely real value

R′1(l) = Re
{
Z′1(l)
} ≈ Z0αl

cos2 βl
. (16)

This resistance is the terminating impedance for the
second segment, thus the input impedance of the first two
segments before compensation is
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Z′1(2l) = Z0
R′1(l) + Z0 tanh γl

Z0 + R′1(l) tanh γl
(17)

As the segment length l is very short such that the phase
change βl and the attenuation αl are very small, it is ob-
vious that R′1(l) shown in Eq. (16) is very small compared
to the characteristic impedance Z0. As a result, the input
impedance Z′1(2l) can be approximated as

Z′1(2l) = R′1(2l) + jX′1(2l)

=
R′1(l) + Z0 tanh γl

1 +
R′1(l)
Z0

tanh γl

=
R′1(l) + R′1(l) + jX′1(l)

1 +
R′1(l)
Z0

tanh γl

≈
2R′1(l) + jZ0 tan βl

1 +
R′1(l)
Z0
· R′1(l)

Z0
+ j

R′1(l)
Z0

tan βl

≈
2R′1(l) + jZ0 tan βl

1 + j
R′1(l)
Z0

tan βl

≈ [2R′1(l) + jZ0 tan βl
] [

1 − j
R′1(l)

Z0
tan βl

]
≈

2−1∑
m=0

[
1

cos2 βl

]m
R′1(l) + jZ0 tan βl (18)

The imaginary part of Z′1(2l) is also jZ0 tan βl which is equal
to the reactance of the first segment jX′1(l). This means the
resonant capacitors C2 and C′2 for the second segment are
similar to the resonant capacitors C1 and C′1 for the first seg-
ment. The combined impedance of the first two segments
after compensation is purely real

R′1(2l) =
2−1∑
m=0

[
1

cos2 βl

]m
R′1(l) (19)

Similarly, it is obvious that the impedance of the first n
segments before the resonant capacitor C′n is

Z′1(nl) = R′1(nl) + jX′1(nl)

≈
n−1∑
m=0

[
1

cos2 βl

]m
R′1(l) + jZ0 tan βl (20)

As shown in Eq. (20), the reactive component of Z′1(nl) is

X′1(nl) ≈ jZ0 tan βl (21)

which is also equal to those of Z′1(l) and Z′1(2l). Thus, this
component is cancelled by two balanced capacitors Cn and
C′n having the similar capacitances as the compensation ca-
pacitors of other segments. Consequently, the impedance
of the first n segments after compensation has a purely real
value

R′1(nl) ≈
n−1∑
m=0

[
1

cos2 βl

]m
R′1(l). (22)

Eventually, the internal resistance of all the N segments

after compensation, which is also the internal resistance of
the transmitting coil in the proposed system is

R′1 ≜ R′1(Nl) ≈
1 −
[

1
cos2 βl

]N
1 − 1

cos2 βl

R′1(l)

≈
1 −
[

1
cos2 βL/N

]N
1 − 1

cos2 βL/N

Z0αL/N
cos2 βL/N

(23)

The value of R′1 in Eq. (23) for the special case N = 1 is
Z0αL/ cos2 βL, which is similar to the internal resistance
R1 of the non-segmented PLF in Eq. (3). Because Eq. (23)
is not a monotonically increasing function of N, it is hard
to say that R′1 decreases immediately from the initial value
R1 when we increase the number of segments N to 2 or 3.
However, when N is sufficiently large such that the value of
cos2 βL/N approaches 1, the value of R′1 reduces and will
approach Z0αL. In such a case, the segmented PLF behaves
like a lumped-element and R′1 reflects losses in the loaded
condition. A reduction of R′1 therefore pays contribution to
efficiency improvement for the segmented PLF. The signif-
icance of reducing the feeder resistance is more obvious to
this system than to the conventional non-segmented one.

3.2 Loaded Condition

Now, let us consider the segmented feeder in loaded con-
dition illustrated in Fig. 4(b). Without loss of generality,
let us assume that the feeder couples with the receiver coil
at the n-th segment. In this case, the input impedances of
the first, the second, . . . and the (n − 1)-th segments do
not change from their values in the unloaded condition in
Sect. 3.1. However, the input impedance of the n-th seg-
ment changes from Eq. (22) because the load RL reflects an
impedance ω2M2/(R2 + RL) onto this segment via the mu-
tual inductance M. As a result, the impedance of the first
n-th segments in loaded condition is

R′in(nl) = R′1(nl) +
ω2M2

R2 + RL

≈
n−1∑
m=0

[
1

cos2 βl

]m
R′1(l) +

ω2M2

R2 + RL
(24)

In Eq. (24), the first term represents the total internal resis-
tances of the first n segments and the second term represents
the reflected impedance of the load onto the feeder.

The (n + 1)-th segment is terminated in R′in(nl). There-
fore, the impedance of the first (n + 1) segments including
the load can be expressed as follows.

Z′in((n + 1)l) = R′in((n + 1)l) + jX′in((n + 1)l)

=
R′in(nl) + Z0 tanh γl

1 +
R′in(nl)

Z0
tanh γl

(25)

As R′in(nl) ≪ Z0 and Z0 tanh γl = R′1(l) + jZ0 tan βl, we can
approximate Z′in((n + 1)l) as follows.
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Z′in((n + 1)l) ≈ [R′1(nl) + R′1(l) + jZ0 tan βl
]

×
[
1 − j

R′1(l)

Z0
tan βl

]
≈

n∑
m=0

[
1

cos2 βl

]m
R′1(l)

+
1

cos2 βl
ω2M2

R2 + RL
+ jZ0 tan βl (26)

In Eq. (26), the imaginary part will be cancelled by the com-
pensation capacitors Cn+1 and C′n+1, resulting in a pure resis-
tance

R′in((n+1)l) ≈
n∑

m=0

[
1

cos2 βl

]m
R′1(l) +

1
cos2 βl

ω2M2

R2 + RL
(27)

Eventually, input impedance of the whole segmented
feeder in the loaded condition is

R′in ≜ R′in(Nl)

≈
N−1∑
m=0

[
1

cos2 βl

]m
R′1(l) +

[
1

cos2 βl

]N−n
ω2M2

R2 + RL

≈
1 −
[

1
cos2 βl

]N
1 − 1

cos2 βl

R′1(l) +

[
1

cos2 βl

]N−n
ω2M2

R2 + RL

≈ R′1 +

[
1

cos2 βl

]N−n
ω2M2

R2 + RL
(28)

From Eq. (28), the kQ-product of this system can be ex-
pressed as

χ′(nl) =
ω2M2

R′1R2
·
[

1
cos2 βl

]N−n

(29)

Thus, the maximum achievable efficiency of the segmented
PLF system is given by

η′max(nl) = 1 − 2

1 +

√
1 + ω

2 M2

R′1R2
·
[

1
cos2 βL/N

]N−n
(30)

Equation (30) shows that the efficiency is not a constant but
it may slightly vary with n when the receiver moves from
one segment to the other. To be specific, the receiver moves
to the left-hand side (closer to the source), the maximum
efficiency decreases. The efficiency has the highest value
when the receiver is at the first segment and has the low-
est value when the receiver at the N-th segment. The low-
est value of efficiency is an increasing function of the term
ω2M2/(R′1R2). This implies that by sufficiently shortening
the feeder length, it is able to reduce the resistance R′1 and
improve the efficiency.

Also in Eq. (30), the magnitude of the term cos(βL/N)
decides how drastic the efficiency variation is. When this
value is far from 1, the efficiency variation is dynamic, but
when this value is close to 1, the efficiency variation is quite
slow. Therefore, we can stabilize the system efficiency by

using the segmented PLF with a sufficiently shortened seg-
ment length l.

4. Experimental Results and Discussions

4.1 Loss Reduction Effect

This section presents experiments with segmented PLF in
unloaded condition to show that the losses can be reduced
by properly shortening the segment length l. To this end, we
fabricate two versions of segmented PLF. The first version
has N = 5 segments of identical length l1 = 1 m; and the
second one has N = 10 segments of identical length l2 = 0.5
m. This means both the two segmented versions have the
same total length L = 5 m as the non-segmented PLF in
Sect. 2.2.

Experimental setup of the 5-segment version is shown
in Table 2 and that of the 10-segment version is described in
Table 3. Table 2 and Table 3 summarize the parameters of
the resonant capacitors as well as the impedance of line at
each segment before and after inserting the resonant capac-
itors. We can notice that the capacitors have been chosen to
properly cancel the reactive component. Other parameters

Table 2 Added capacitors and input reactance for 5-segment PLF

Segment
number n

Length
nl

Capacitor (pF) Reactance (Ω)
Cn C′n X′1(nl)

1 1
no capacitors 363.4
30 29 0.8

2 2
no capacitors 340.9
35 35 -0.8

3 3
no capacitors 364.9
35 31 1

4 4
no capacitors 367.5
34 33 -0.8

5 5
no capacitors 356.8
36 36 0.5

Table 3 Added capacitors and input reactance for 10-segment PLF

Segment
number n

Length
nl

Capacitor (pF) Reactance (Ω)
Cn C′n X′1(nl)

1 0.5
no capacitors 107.3
64 64 1

2 1
no capacitors 152.5
76 76 -0.7

3 1.5
no capacitors 150.2
79 82 -0.5

4 2
no capacitors 160.2
75 76 0.1

5 2.5
no capacitors 153.2
80 77 -0.3

6 3
no capacitors 158.9
77 77 0.4

7 3.5
no capacitors 160
78 76 -0.4

8 4
no capacitors 159.1
79 78 0

9 4.5
no capacitors 157.9
80 77 -0.1

10 5
no capacitors 164.9
76 76 -0.9
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Fig. 5 Reactance of segmented PLF as a function of feeder length.

Fig. 6 Resistance of segmented PLF as a function of feeder length.

including the wire diameters, the distance between wires,
the receiver coil and the operating frequency are the same
as of the non-segmented PLF. As for the values of resonant
capacitors, there is a good match between the values in Ta-
ble 2 and Table 3 and the theoretical analysis in Sect. 3. In
Table 2, the resonant capacitors have similar values for all
5 segments. In Table 3, except for the first segment, the re-
maining 9 segments have similar resonant capacitors.

Figure 5 confirms the observation in Eq. (21) that
X′1(nl) = Z0 tan βl for all n = 1, 2, . . .N. The vertical axis of
the figure shows the reactance X′1(nl) for the 5-segment ver-
sion and the 10-segment version of the PLF. The measure-
ments are shown by the dots; and the theoretical values cal-
culated by Eq. (20) are indicated by the horizontal lines. For
the 5-segment version, the measurements are close to the
theoretical value of 365.3 Ω. Similarly, for the 10-segment
version, the measurements are close to the theoretical value
of 150.3 Ω.

Figure 6 verifies the theoretical formula for internal re-
sistance of the segmented PLF shown in Eq. (22). The mea-
surements for the internal resistance are demonstrated by the
dots and the theoretical curves by Eq. (22) are expressed by

Fig. 7 Efficiency comparison for three versions of PLF.

the lines. As shown in the figure, for each version of the
feeder, the measurements fit well to the associated theoreti-
cal curve; and the internal resistance increases with the total
length nl. More importantly, the 10-segment version has a
smaller resistance than that of the 5-segment version. The
resistance of the 10-segment version is only 14.8 Ω, which
is significantly reduced compared to 63.3 Ω resistance of
the 5-segment version. This implies that the losses can be
significantly reduced by properly shortening the segment
length.

4.2 Efficiency Improvement and Stabilization Effects

Using the same receiver coils as in Sect. 2.2, we measure
the maximum achievable efficiency for the two versions of
the segmented PLF in Sect. 4.1. The air gap between the
receiver coil and the feeder is kept unchanged at 2 mm. Fol-
lowing the same process in Sect. 2.2, for each position of the
receiver coil along the feeder, we measure the Z-parameters
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and substitute them into Eq. (13) to calculate the maximum
efficiency. The results of this measurement is shown by the
triangle dots and circle dots in Fig. 7. This figure also plots
theoretical curves for the maximum efficiency by using the
measured values of parameters M, β, R′1 and R2 and by fol-
lowing Eq. (30). In this figure, the measurements and theo-
retical curve for efficiency of the conventional PLF system
are also demonstrated for comparison.

As shown in Fig. 7 (a) for the 5-segment PLF, the mea-
surements agree well with the theoretical curve. Also, it is
obvious that the efficiency of the 5-segment PLF does not
fluctuates drastically following a standing wave pattern as
in the non-segmented one. Even that the 5-segment version
exhibits a more stable performance, its efficiency gradually
decreases from about 80% to around 40% as the receiver
moves from the terminating end toward the source. This
characteristic of the segmented PLF agrees with the theo-
retical analysis in Sect. 3. The efficiency of the 5-segment
PLF averaged over all the receiver positions is about 60%.
Meanwhile, the non-segmented PLF demonstrates a fluctu-
ation in efficiency between the highest value of around 60%
and the lowest value of 0%, meaning its average efficiency
over all receiver positions is around 30%. This result con-
firm that the 5-segment version has a more stable and higher
efficiency than the non-segmented one.

Figure 7 (b) shows that the efficiency of the 10-segment
version decreases from the highest value of around 80% to
the lowest value of about 60%; and the average efficiency
over all receiver positions is about 70%. Obviously, the 10-
segment PLF exhibits an even more stable and higher ef-
ficiency performance compared to the 5-segment version.
This result verifies that the efficiency can be improved and
stabilized by properly shortening the segment length of the
PLF.

5. Conclusions

This paper performed efficiency analysis for segmented PLF
system which has been proposed for wireless charging of
multiple receivers located in linear topology. Our theoreti-
cal analysis has shown that efficiency improvement and sta-
bilization effects can both be achieved provided that the seg-
ment length is properly shortened to avoid standing wave
problem as well as copper and/or dielectric loss. Experi-
mental results at operating frequency of 27.12 MHz confirm
the theoretical analysis and show that the segmentation can
stabilize the efficiency as high value as 70% for all receiver
positions along the feeder.
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