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Abstract— In this article, an unequal printed structure is
proposed to obtain high quality factor ( Q-factor) coil antenna
in wireless power transmission systems. In the resonance method
wireless power transmission, the Q-factor is one of the important
factors that determine the transmission efficiency. Generally, the
Q-factor is increased by increasing the size of the resonator,
but, through the structure presented in this article, the Q-factor
can be maximized without changing the size. In addition, this
method can improve the low Q-factor of the “printed antenna,”
which was pointed out as a disadvantage. The main idea to
achieve a high Q-factor is that pitch and width are not constant
along the width. The line pitch and width of the printed pattern
are gradually increased in proportion with the outer diameter.
By using this design method, the Q-factor is increased about
21.8% in comparison with the conventionally designed antenna.
In addition, it can be confirmed that the antenna performance
is substantially superior to that of a typical coil antenna if the
size conditions are the same.

Index Terms— High quality factor ( Q-factor), printed base
resonator, unequal form factor, wireless power transmission.

I. INTRODUCTION

TODAY, a 6.78-MHz antenna, also called a resonance
antenna, is studied to apply to the wireless power trans-

mission system. Almost 6.78-MHz resonance antennas have
a similar shape with the inductor to form a magnetic field
around the coil. The first resonance antenna invented by MIT
had a solenoid structure. However, nowadays, most of the
antennas have a spiral structure, as shown in Fig. 1. Most of
them are made by a circular coil. However, this circular coil
antenna is not good for common use manufactured because
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Fig. 1. Top view of the resonator for WPT.

circular coil antenna needs a winding machine, which has high
design accuracy. The winding machine should be reengineered
when the coil antenna is changed. Because of this reason,
the print-based antenna is researched [1]. The printed-based
antenna (see Fig. 2) has some advantages compared with the
circular coil antenna. First, it has high productivity. Thus,
it is very advantageous for mass production. Second, it is so
thin that it can be applied to any application. However, the
printed-based antenna is too thin to satisfy the skin depth, so
it has higher resistance than the conventional antenna. This
eventually leads to a low quality factor (Q-factor) and low
transmission efficiency. This article investigates the parasitic
components generated in the antenna to improve the low Q-
factor of the print-based antenna. To increase Tx coil to Rx
coil transmission efficiency, the coupling coefficient should
be increased. Also, the Q-factor of each antenna should be
increased, as shown in (1) [1].

In order to explain how the Q-factor affects the efficiency
in the wireless power transmission system, the transmission
efficiency is calculated through the equivalent circuit (see
Fig. 3) of the wireless power transmission system, and then,
the transmission efficiency is expressed as (3). In (3), it can
be seen that the higher the Q-factor of the transmitting
and receiving antenna, the higher the transmission efficiency.
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Fig. 2. Cross-sectional diagram of (a) circular coil antenna and (b) print-
based antenna.

Fig. 3. (a) Original schematic for inductive coupled. (b) Parallel-to-series
approximated schematic [1].

Equations (1) and (2) are used to approximate a general
equivalent circuit for ease of calculation. The description of
this approach is well explained in [1], so we will not elaborate
on it in this article

R1 = Rsrc + Rs1 (1)

R2 = RL ||R p2 (2)

ηmax = 1

1 + 1/
(
k2Q1Q2

) Rp2

Rp2 + RL
(3)

where Rp2 is the approximated resistance of Rs2 and RL is
the load resistance. Q1 and Q2 are Q-factors of each antenna.
In the print-based antenna, there are many parameters, such
as linewidth and pitch, the number of turns, and outer and
inner diameters. It is hard to do modeling precisely because
these parameters are dependent on each other. Thus, existing
papers have different opinions about the parameters. One says
that the Q-factor becomes the highest when the line pitch
becomes the largest [2]. The other says that the Q-factor
can have the highest value when pitch and width have a
2:1 ratio without any influence of diameter [3]. Both of them
are accurate in specific conditions. The specific condition
means the case that some parameters, such as outer diameter or

TABLE I

DESIGN CONSTRAINTS

inner diameter, are fixed. However, if all the parameters have
variable values, the results of [2] and [3] are not accurate.
This article proposes a method to achieve the high Q-factor
in any condition. The inaccuracy of [2] and [3] is caused by
the difficulty of modeling. Thus, this article is not focused
on accurate modeling but concentrated on a tendency about
how these parameters influence the Q-factor. Also, based
on this tendency, a new structure for the high Q-factor is
proposed. In the past, research for a high Q-factor of the
printed resonator has been conducted [4], [5]. However, in this
article, the relationship between the parasitic component of the
resonator and the form factors that make up the resonator was
also investigated.

Considering the user charging convenience aspect,
the greater the separation distance between the transmitting
and receiving antennas, the higher the degree of freedom of
charging (convenience) in the space. In order to provide the
efficiency and stability of charging compared to the existing
magnetic induction method, the transmission/reception
distance has been extended.In this article, the transmission
distance was set to achieve the maximum transmission
efficiency at the size of a smartphone, and as a result, it was
found that the maximum transmission efficiency appeared
at a distance of about 1.5–2 cm. In addition, in this article,
the relationship between the form factor of the resonator
and the transmission distance is investigated, and a method
of designing to have the maximum efficiency at the desired
transmission distance is introduced.

In addition to theQ-factor, the coupling correlation factor is
also related to efficiency. The coupling coefficient determines
the distance at which critical coupling occurs and how to
control it is briefly mentioned in Section IV-B. The coupling
coefficient is most closely related to the mutual inductance
between the transmitting and receiving antennas. In this article,
the resonance performance that a single antenna can have is
mainly discussed.

In Section II, mathematical modeling of the print-based
antenna is performed by a commercial programming tool.
In Section III, the result of modeling is analyzed. Finally,
a new structure based on the result is proposed and compared
with the existing structure by making the experimental proto-
type.
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II. MODELING OF RESONATOR PARASITIC COMPONENTS

Parameters of the print-based antenna are set, as shown
in Figs. 1 and 2. w, s, a, and b mean linewidth, pitch,
outer radius, and inner radius, and t means thickness. Other
parameters are set, as shown in Table I. The Q-factor can be
calculated if inductance and resistance are known because the
Q-factor is calculated by

Q = ωL
R

. (4)

By this equation, we can know that the resistance should
have a low value and the inductance should have a high value
to achieve a high Q-factor. The inductance and resistance can
be obtained in the following.

A. Inductance

There are two types of inductance. One is series inductance,
and the other is mutual inductance between adjacent two lines.
The series inductance is the major factor of coil antenna. It can
be mathematically expressed as [1]

Ls = 1.27μ0n2davg

2

[
ln

(
2.07
ϕ

)
+ 0.18ϕ + 0.13ϕ2

]
(5)

ϕ = do − di

do + di
(6)

where do and di are the outer and inner diameters of the
antenna, and davg = (do + di)/2. n means the number of turns.
Through this equation, we can see that the series inductance
is directly proportional to outer, inner diameters, and turn
number. It seems like that the outer and inner diameters or
turn numbers are unrelated things. However, the parameters are
connected by one parameter, line length. If the outer diameter
is increased, the line length would be also increased when
other parameters are fixed. The inner diameter and turn number
are also directly proportional to line length. Consequently,
the series inductance is directly proportional to line length.

The mutual inductance of adjacent two lines in a single coil
(see Fig. 4) can be expressed as Neumann’s formula

L M = μ0

4π

∮
C2

∮
C1

dl1 · dl2

| �R| . (7)

By this equation, it can be found that the mutual induc-
tance is inversely proportional to pitch between adjacent lines
because | �R|. is directly proportional to outer diameter because
of dl1 · dl2.

B. Resistance

There are two kinds of resistance that we should be con-
sidered: the first is skin effect resistance, and the second is
proximity effect resistance. There are also other resistances,
such as radiation loss or core loss. However, the radiation
loss is too small to consider, and also, there is no core loss
because we use an air core. Finally, there is a substrate loss,
but this is also a very small value, which is negligible [6].
Thus, the skin and proximity resistance take the most of the
part of total resistance.

Fig. 4. Top view of the two-turn antenna for mutual inductance.

The effective series resistance is comprised of skin and
proximity resistance as stated above. It can be calculated by [2]

R = Rdc

(
1 + 1

1 − A′/A
+ 1

10

(
ω

ωcrit

)2
)

(8)

ωcrit = 3.1 · (w + s) · ρ

μ · w2 · t
. (9)

Equation (8) can be divided into three parts, Rdc, Rdc·1/(1−
(A′/A)), and (Rdc/10)·(ω/(ωcrit))

2. In these three parts,
the second part means the skin effect resistance, Rs . A means
the cross-sectional area. A′ that means an effective area
reduction can be expressed as

A′ = (w − 2δ)(t − 2δ). (10)

Through this skin resistance is closely related with the
linewidth, the result is shown in Fig. 5. The third part of
effective series resistance means the proximity resistance, Rp.
We can find that this parameter is also related to the linewidth.
Also, the pitch is related to this. The result is indicated
in Fig. 5.

C. Capacitance

According to [7], there are two types of materials affecting
this capacitance: one is air and the other is the substrate.
Therefore, the total capacitance CP can be divided into CPc

and CPs components

CP = CPc + CPs ≈ (
αεrc + βεrs

)
ε0

tc
s

lg

where εrc and εrs are the relative dielectric constants of the
air and substrate materials, respectively. According to [7],
(α, β) = (0.9, 0.1) can be found empirically for air and FR4.
From insulator characteristic tables, (εrc, εrs) = (1, 4.4). lg is
the total length of the gap, and it can be calculated as

lg = 4(d0 − w · n)(n − 1) − 4s · n(n + 1).

The parasitic capacitance can be obtained through the above
equation, but the thickness of the printed base resonator is
very thin, so the parasitic capacitance is very small. Since the
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Fig. 5. Parasitic component of the printed base antenna according to (a) change of width and pitch, (b) Q-factor simulated using commercial 3-D analysis
tool and commercial programming tool, (c) skin effect resistance, (d) proximity effect resistance, (e) self-inductance, and (f) mutual inductance simulated
using a commercial programming tool.

parasitic capacitance of the printed base resonator does not
affect the Q-factor, it is ignored in this article.

III. ANALYSIS OF THE RELATIONSHIP BETWEEN THE

QUALITY FACTOR AND EACH VARIABLE THAT

DETERMINES THE FORM FACTOR

A. Relationship Between Quality-Factor and Width & Pitch

The relationship between parameters and Q-factor can be
inferred through modeling results. Since the parameters are
connected to each other, we have to separate them. To isolate
the parameters each other, (w + s) should have a fixed value.
Because if w or s is an independent variable, all the parame-
ters, such as turn number, and outer and inner diameters, can
be changed as w or s has changed. Thus, by changing solely
the ratio of w & s, the turn number or other parameter can
be stabilized; after that, the resistance and inductance can be
checked with changing ratio of w & s without any influence
of other parameters. The result is indicated in Fig. 5.

Skin effect resistance and proximity effect resistance are
variables affected by width and pitch, respectively. That
is, as the width increases, the area of the cross section
increases, and the skin effect resistance decreases. Also,
as the pitch decreases, the coupling coefficient between two

adjacent lines increases, and the proximity effect resistance
increases. The mutual inductance is increased with decreasing
pitch because of Neumann’s formula. However, the series
inductance has not any variation with changing width and
pitch because it is related to the line length as stated above.
Consequently, the indicator of the Q-factor has the maximum
value at a specific point, as shown in Fig. 5. This means
that w & s have a specific ratio to make the Q-factor
maximum. We can confirm that the ratio is 1:1 through
Figs. 5 and 6.

When we made a real resonator, we could get the result,
as shown in Fig. 6. In the case of resistance, since it is the
sum of skin effect resistance and proximity effect resistance,
it tends to decrease and then increase as the ratio of width
and pitch changes as expected. In the case of inductance,
since it is the sum of self-inductance and mutual inductance,
it was expected to show an increasing trend, but the actual size
of mutual inductance itself was very small compared to self-
inductance, and the effect was negligible. Rather, it showed a
tendency to slightly decrease due to the parasitic capacitance
that occurs as the two lines get closer. As a result, when the
width and pitch were the same value, the largest Q-factor was
shown, and the difference was about two times compared to
the smallest value.
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Fig. 6. (a) Top view of conventional type resonator. (b) Comparison of results using commercial simulation tools and actual test results. Graphs of (c) resistance,
(d) inductance, and (e) Q-factor.

Fig. 7. Model to explain Neumann’s formula.

When performing the printed antenna manufacturing
process, not only the copper is cut but also the pr coating
is cut during the etching process, so the width of the line
may be thinner than the design value. As a result, the cross-
sectional area is reduced, and the skin effect resistance may
be slightly larger than that of the simulation. In the case of
inductance, the width decreases, the gap between the lines
increases, and the influence of mutual inductance decreases.
Eventually, compared to simulation, a little higher inductance
is formed. Since the degree of etching is the same, when the
width is narrow, as shown in Fig. 6, there is more difference
from simulation.

From the above results, it can be seen that maximizing
the Q-factor by adjusting the width and pitch is not related
to the coupling factor. The coupling coefficient formula is

Fig. 8. Coupling coefficient according to width and pitch length.

k = M/(L1 L2)
1/2. That is, when transmitting and receiving

resonators are present (see Fig. 7), the inductance of each
resonator and the mutual inductance between the two antennas
determine the coupling coefficient. In this article, a method for
maximizing the Q-factor by adjusting the linewidth and line-
to-line distance of a single resonator is presented. According
to the experimental results (see Fig. 6), it can be confirmed
that the inductance does not change significantly even if the
linewidth and the line distance of the resonator are adjusted,
and only the resistance changes significantly.

Also, according to the Neumann formula shown in (7),
the mutual inductance is determined by the distance between
the transmitting and receiving resonators. The distance of
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Fig. 9. Parasitic component of the printed base antenna according to (a) change of radius, (b) Q-factor simulated using commercial 3-D analysis tool and
commercial programming tool, (c) skin effect resistance, (d) proximity effect resistance, (e) self-inductance, and (f) mutual inductance simulated using a
commercial programming tool.

Fig. 10. (a) Top view of the unequal antenna and (b) its parasitic component.

the transceiver resonator can be divided into a horizontal
distance (r2-r1) and a vertical distance (h). The horizontal
distance is determined by the difference in the radius of the
transmitting and receiving resonators, and the vertical distance
is the distance between the resonators. However, in this article,
the Q-factor was maximized by adjusting only the linewidth
and the line distance while maintaining the radius. Therefore,
based on the above two reasons, it can be seen that the method
of improving the Q-factor presented in this article is not
significantly related to the coupling factor. Fig. 8 shows the
result. It can be seen that the coupling coefficient is maintained

almost constant when the simulation is performed by changing
the width and pitch on a commercial 3-D analysis tool.

B. Relationship Between Quality-Factor and Diameter

In this variable, other parameters also need to be stabilized.
For the convenience of analysis, the turn number is set as
2. After that, the resistance and inductance are checked by
changing the diameter.

All the figures are rescaled on the same scale to compare
a slope easily. We can see that the slope of series inductance

Authorized licensed use limited to: Seoul National University. Downloaded on December 15,2022 at 12:33:27 UTC from IEEE Xplore.  Restrictions apply. 



990 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 1, FEBRUARY 2022

Fig. 11. H -field distribution of the printed base antenna (6.78 MHz and
1 W).

is the steepest. The series inductance is increased rapidly than
resistance when the diameter is increased. This means that the
Q-factor has a possibility to be higher when the diameter of
the antenna is increased. Fig. 9 supports this fact.

C. Proposed Antenna

Based on all the results, the new structure antenna is
proposed, as shown in Fig. 10. This figure has a structure
that width and pitch are increased as the diameter is increased
because Section III-B teaches us that the Q-factor can be
increased when the diameter is increased. In fact, as shown
in Fig. 11, the H -field is a structure that is heavily concentrated
in the center of the resonator. This means that the centerline is
more vulnerable to the proximity effect, so it is advantageous
to design the centerline to be thin and the outer line to be thick.
In summary, there are skin effect resistance and proximity
effect resistance in the resistance component. Since the H -field
is concentrated in the center of the resonator, the proximity
effect resistance can increase. Therefore, if the centerline is
designed to be thin, and the more it is off the center, the thicker
it is to minimize proximity effect resistance. In the end,
the structure of the unequal resonator, as shown in Fig. 10,
can help to improve the Q-factor.

A constant is presented to mathematically express the
antenna easily. With this constant, the proposed antenna can be
expressed by just two parameters. When we call the distance
between the center and some lines as d , the linewidth can be
expressed as

d = k ∗ w. (11)

From the above results, we found that the best Q-factor
can be obtained when the ratio of width and pitch is 1:1.
Based on this result and the fact that, as the radius of the
antenna increases, the Q-factor increases, we have devised a
new structure and proposed a variable k to simply represent
the structure. In short, the new antennas are structured by three
facts:

1) innermost diameter “b”;
2) unequal factor “k”;
3) ratio of width and pitch “1:1.”

Of these three, we have to determine the inner diameters
b and k of the antenna. As stated above, the new antenna
can be mathematically expressed with a new constant k and
inner diameter b. k is a ratio between w and d . Some test
is performed with the parameters. With Fig. 10, we can see

that the Q-factor has the highest value when k = 11.11 and
b = 10 mm. In this case, the Q-factor of the proposed antenna
is higher than the conventional type almost 21.8%. Generally,
the Q-factor has a high value at k ≈ b.

Fig. 12 shows the Q-factor according to the innermost
radius “b” and the unequal factor “k” obtained using a com-
mercial simulation tool. It can be seen from the figure that it
shows the maximum Q-factor (Q_factor = 149) under condi-
tions similar to the experimental results (k = 11 and b = 11).
Also, it can be seen that the unequal factor has a greater
influence on the Q-factor than the innermost radius through
this experimental result. In other words, the linewidth (w) and
the line distance (s) are strongly related to the Q-factor, and
it can be seen that minimizing the aforementioned two types
of resistance (skin and proximity) is the most important to
maximize the Q-factor.

Finally, it can be seen that, when the distance is changed,
as shown in Fig. 13, the coupling coefficient also changes
significantly. At this time, the difference from the existing
resonator was not significant. In the case of the unequal res-
onator, the inductance increases as the turn number increases,
but, since the mutual inductance also increases, it can be seen
that the coupling coefficient is not significantly affected.

In this article, we describe how to set up important initial
variables in resonator design before optimization and to deter-
mine each variable. Fig. 14 shows the unequal resonator design
process presented in this article. The design was carried out in
such a way that the form factors constituting each resonator
were listed and variables were removed while deciding one by
one.

First, we tried to understand the relationship between the
form factor constituting the existing resonator and the elec-
trical parasitic components. Through this, it was possible to
confirm which parasitic components have a great influence in
designing the resonator, as well as to suggest the conditions for
maximizing the Q-factor. As can be seen in Fig. 14, an unequal
resonator was proposed through the previous results, and “k,” a
parameter that can define the unequal resonator, was presented.
Finally, through finite element simulation with innermost
radius “b,” the value that can maximize the Q-factor was
confirmed.

IV. WIRELESS POWER TRANSMISSION TEST

A. Efficiency Test

S21 of the two antennas presented in Fig. 15(b) and (c) is
measured, as shown in Fig. 15(a). We use a general Tx
antenna to compared the antennas accurately. As a result,
S21 of the conventional antenna is −2.3793 dB, and S21 of
the new antenna is −1.6760 dB at 4 cm. It means that the
efficiency of the new antenna is higher than the efficiency
of the conventional antenna about 10%, as shown in Fig. 16.
If we use a pair of the new antenna, the efficiency gap will
be more severe. Overall, the efficiency of the new antenna
is improved at under coupling area. The efficiency is low at
over coupling area. However, over coupling can be overcome
by adaptive impedance matching. From this result, it can be
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Fig. 12. Q-factor simulation result according to the innermost radius and unequal factor.

Fig. 13. Coupling coefficient according to power transmission distance.

confirmed that power transmission efficiency can be improved
through an unequal structure with a high Q-factor.

B. Comparison With Conventional Coil Antenna

In this section, we compare the proposed printed antenna
with the conventional antenna. For the conventional coil
antenna, the thickness and the outer diameter are made the
same as the printed antenna, and the “unequal pitch” is applied
for the best Q-factor. All resonators were manufactured using
SS resonant coupling. The result is shown as follows.

Fig. 17(a)–(c) lists the antennas manufactured using com-
mon coils. They are named c1, c2, and c3, respectively, and
their characteristics are shown in Table II. The parameter
resistance (R) and inductance (L) were measured through a
network analyzer (E5071A), and Q was calculated through the
measured R and L. In Table II, c3 with unequal pitch showed
the highest Q-factor. Also, Fig. 17(d)–(f) shows the basic form
antenna, antenna with unequal pitch only, and antenna with

TABLE II

FIG. 17(a)–(f): ANTENNA TEST RESULT (ACTUAL MEASUREMENT)

TABLE III

FIG. 13(a)–(c): ANTENNA TEST RESULT (ACTUAL MEASUREMENT)

TABLE IV

FIG. 18(a)–(d): ANTENNA TEST RESULT (ACTUAL MEASUREMENT)

both unequal pitch and unequal width, and their characteristics
are shown in Table II. The results show that the antenna with
unequal pitch and unequal width has the highest Q-factor.
From these results, we can see that the proposed printed
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Fig. 14. Proposed unequal resonator design process.

Fig. 15. (a) Test bed using Styrofoam to minimize external influence.
(b) Equal printed-based antenna. (c) Unequal printed base antenna.

Fig. 16. Wireless power transmission efficiency to show the performance
improvement of the proposed antenna.

antenna guarantees a higher Q-factor than the conventional
antenna in the same condition. However, it can be seen that
the inductance of the conventional antenna is relatively higher
than that of the printed antenna. In general, the inductance
is related to the transmission distance, and the Q-factor is
related to the transmission efficiency. In order to compare these
characteristics, an antenna with a size of 23 cm × 14 cm was
fabricated, and the experiment was conducted.

First, Fig. 18 shows the transmit antennas that are fabricated,
and their characteristics are shown in Table III. As with the

Fig. 17. (a) Coil antenna (turn number: 14 and pitch: 4 mm) (Rx_coil1).
(b) Coil antenna (turn number: 23 and pitch: 1.5 mm) (Rx_coil2). (c) Coil
antenna (turn number: 18 and pitch: unequal) (Rx_coil3). (d) Printed antenna
(turn number: 7 and pitch: 3 mm) (Rx_print1). (e) Printed antenna (turn
number: 6 and pitch: unequal) (Rx_print2). (f) Printed antenna (turn number:
9 and pitch: unequal) (Rx_print3).

previous results, the Q-factor of the proposed antenna is high.
However, the inductance was higher in the coil antenna than
before. The power transmission experiments were performed
using these transmit antennas according to the following
procedure (see Fig. 19):

1) First, generate a 6.78-MHz signal from the signal gen-
erator.
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Fig. 18. (a) Printed antenna (turn number: 13 and pitch: unequal) (Tx1).
(b) Coil antenna (turn number: 8 and pitch: 7.5 mm) (Tx2). (c) Coil antenna
(turn number: 8 and pitch: 2.5 mm) (Tx3). (d) Printed antenna (turn number:
15 and pitch: unequal) (Rx_print4).

Fig. 19. (a) Experiment environment. A rectangular antenna (t1, t2, and t2)
was used as a transmission (Tx) antenna, and a circular antenna (c1, c2, c3,
p1, p2, and p3) was used as a receiving (Rx) antenna. (b) Block diagram of
how to measure remission efficiency.

2) Amplify the generated signal to the desired power level
(1 W) through a power amplifier.

3) Since the impedance of the resonator can change accord-
ing to the coupling coefficient, the power is transferred
to the resonator through the waveguide, and the output
of the amplifier is determined by reading the forward
power of the waveguide.

4) The power delivered to the Tx resonator is wirelessly
delivered to the Rx resonator, and the power at this time
is read by a power meter.

5) Transmission efficiency can be read through the values
of two power meters.

The results are shown in Fig. 20. As can be seen in Fig. 20,
the transmission efficiency at critical coupling was higher

Fig. 20. Comparison of transmit efficiency according to the z-axis change.

Fig. 21. Comparison of transmit latent efficiency according to the z-axis
change.

Fig. 22. Comparison of transmit efficiency according to x- and y-axis
changes.

for the printed antenna (point A) than for the coil antenna
(point B). However, the coil antenna of which the inductance
value was high was excellent in the transmission distance.
However, it is not impossible to increase the distance if the
printed antenna abandons the high Q-factor. That is, it is
possible to move the critical coupling point from point A to
point B. To illustrate this, another printed antenna (Rx_print4)
was fabricated. The antenna (Rx_print4) in Fig. 18 is an
antenna fabricated using unequal pitch and unequal width
techniques. The difference is to extend the maximum distance,
give up the Q-factor, and increase the inductance. In summary,
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Fig. 23. Cell phone charging experiment block diagram and distribution of losses.

Fig. 24. (a) Cell phone charging testbed. (b) Receiving part.

since securing the best efficiency and maximum transmission
distance is important when designing a resonator, in this
article, we first find the point where the efficiency is the best by
maximizing the Q-factor (point A), and second, by adjusting
the inductance value, a wider transmission distance (point A′)
was achieved.

In Fig. 20, it is seen that the maximum efficiency is
somewhat reduced because the Q-factor is decreased, but the
transmission distance is the same as that of the coil antenna
(Rx_coil3), and the efficiency is higher than the coil antenna.
The critical coupling point of the Rx_print4 resonator was
called A′. In this way, the printed antenna has the advantage
that it can be freely designed according to the design purpose.
On the other hand, in the case of a coil antenna, the critical
coupling point can be shifted from point B to point A,
but it is difficult to ensure high efficiency compared to a
printed antenna. The contents shown in Fig. 21 show the
maximum point of the antenna by designing the antenna that
can maximize the efficiency at each distance by adjusting the
inductance of the antenna. As can be seen from the graph,
the unequal design method can design an antenna with higher
efficiency than the conventional coil antenna.

Fig. 22 shows a comparison of the power transmission effi-
ciency of the conventional antenna and the proposed antenna
when the receiving resonator is moved to the x-axis or the
y-axis instead of the z-axis. An Rx_print1 resonator was
used as a transmit antenna, and an Rx_print1 resonator and
an Rx_print3 resonator were used as the receiving antenna.

Fig. 25. (a) Power meter measurement result. (b) Oscilloscope measurement
result.

Fig. 26. Side view of field distribution. (a) E-field. (b) H -field.

In addition, the z-axis was fixed at 1 cm to conduct the
experiment. Through this experiment, it was found that the
proposed unequal resonator receives power with higher effi-
ciency up to 4 cm from the origin. After 4 cm, the conventional
type resonator receives power with higher efficiency, but the
efficiency is less than 10%. Operating with a transmission
efficiency of less than 10% can cause problems, such as
damage to the amplifier or heat generation, due to reflected
waves, so it can be interpreted as being out of operation range.
Therefore, if the result is checked only within the operating
range, it can be seen that the proposed unequal resonator
receives power with higher efficiency even on the y-axis.

In this section, the relationship between Q-factor and
efficiency, and the relationship between each parameter and
transmission distance were explained. There were other
parameters that were not related to each other. Typically,
the transmission power and the proximity resistance were not
related.
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V. ACTUAL CELL PHONE CHARGING EXPERIMENT

Using the above results, the actual cell phone charging
experiment was performed. The overall experiment consisted
of a power meter, an oscilloscope, a power amplifier, and
a 40-dB coupler, as shown in Fig. 24. First, the power
meter is connected to the forward port of the coupler to
read the 6.78-MHz power flowing into the load in real time.
Next, the oscilloscope was used to read the current and
voltage flowing into the cell phone after passing through the
rectifier and the converter. Finally, comparing the results of
the power meter and the oscilloscope, we can predict the
antenna transmission efficiency and ac-to-dc power conversion
efficiency. Fig. 23 shows a block diagram of a charging
experiment. Also, the losses incurred in each part are specified.
As shown in Fig. 23, the transmission loss is only about
10%, but a total loss of 35% occurs due to return loss and
conversion loss. Among these, the return loss can be improved
by impedance matching, but the conversion loss is limited in
improvement.

The receiver circuit is constructed, as shown in Fig. 24(b).
The receiver antenna was also fabricated on the basis
of the above results, and the rectifier section was com-
posed of a full-bridge rectifier circuit using a zhcs2000
diode. In addition, the voltage was stabilized using
an LM46002.

Fig. 25(a) shows that the power transmitted from the
6.78-MHz power supply to the antenna end is read as 0.3 mW,
which is actually taken from the 40-dB coupler, so it can
be predicted that 3 W is actually transmitted. In this case,
considering the insertion loss of the coupler on the date sheet
is 0.5 dB, the actual output can be estimated as 2.7 W. As you
can see, the current flowing into the mobile phone is about
400 mA, and the voltage is 4.35 V. As a result, it can be seen
that the efficiency is about 65%.

According to [10], in the case of general public/local
exposure conditions, the allowable value of the H -field at
6.78 MHz is less than about 1 Am−1, and the allowable value
of the E-field is less than 110 Vm−1. If the resonator proposed
in this article is powered by 3 W using a simulation tool, H -
field and E-field are generated, as shown in Fig. 26. Each
exceeding the allowable range is 95 mm for H -field and
38 mm for E-field. Therefore, if it is used outside 95 mm,
it can be used stably without violating the standard. This result
is the result of simulation without applying any shielding tech-
nology. Therefore, there is room for improvement if shielding
techniques, such as [11]–[13], are applied.

VI. CONCLUSION

A new structure is proposed in this article. In times past,
many studies about circular coil antennas are performed. How-
ever, because of some disadvantages, the print-based antenna
is researched recently. This article also uses a print-based
structure. To increase the Q-factor, an unequal structure is
proposed. To support the structure mathematically, modeling
of the conventional print-based antenna is performed by a
commercial programming tool. Through the commercial pro-
gramming tool analysis, we can see how the parameters of

the antenna affect the electrical characteristics. Through the
result, we can obtain two tendencies. First, w and s have
some ratios to make the condition of the Q-factor best. Second,
the Q-factor can be increased by increasing the outer diameter.
By these two main results, the optimal unequal structure is
developed experimentally. Consequently, the new structure has
a higher Q-factor than the existing structure about 21.8%.
In terms of efficiency, the new antenna has better efficiency
than the conventional type. We analyzed the unequal structure
and investigated what characteristics the width and pitch of the
line affect, and through this, we provide an idea to design the
optimal printed antenna within the specified design conditions.
Through this, the problem of low Q-factor, which is one of the
biggest issues of the existing printed antenna, can be improved.
In addition, it can be confirmed that the antenna performance
is substantially superior to that of a typical coil antenna if
the size conditions are the same. It was confirmed that the
printed antenna, which is overwhelmingly advantageous in
terms of productivity and reproducibility, can achieve similar
performance to the coil antenna.
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