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Abstract: Recently, the wireless power transfer (WPT) technology is attracting attention widely because of the
expanding use of portable devices. In WPT system, the coil formed on printed circuit board is used because it
could be modified easily and captured in printed circuit board conveniently. A lot of studied have been proceeded
to improve the power transmission efficiency. However, the optimum of coils geometric parameters on performance
of coil system has not been fully explored yet. Consequently, three geometric parameters of printed square coil have
been investigated for the effect on the power transmission efficiency coils while the other geometric parameters
are remaining constant. As a result, we found that the optimum transmission efficiency improved by adjusting the
width of copper wire, the pitch between adjacent wire and the thickness of wire. Moreover, a printed spiral coil
board system has been designed and simulated based on the analysis above. The total power transfer efficiency is
over 85% at 10mm equaling to half of coils diameter.

Key—Words: Magnetic resonant, Wireless power transmission, Q factor, Optimum power transmission efficiency,
Geometric value.

1 Introduction for long range and highly efficient WPT between two
coils [6]. The quality factor Q, determined by self-
inductance and parasitic resistance, does not relate to
coupling coefficient k, and most determined by size of
coil and distance between coils. The size and geom-
etry of the primary and secondary coils significantly
impact both Q and k independently. Hence to impact
the transmission efficiency [7].

Wireless Power Transmission (WPT) technology is a
method of transmitting electrical energy without con-
tact. With growing electronics in recent years, messy
electric wiring takes up a lot of the space, a wide range
of devices often makes users feel disturbed. There-
fore, WPT technology has been applied to multiple
applications such as wireless charging of mobile cars, ] - ] o )
note PCs and other handheld devices [1]. Compared with traditional helix coil, printed spi-
In low-power transmission field, so called “induc- ral co.il (PSC)is more .convenient. anc.l the. performanc?e
tive coupling” has been implied successfully to power of coil can be optimized by adjusting its geometric
cell phones and desktop peripheral applications. Al- parameters. F urthermore, PSC can be fal?rlcated on
though attractive, this mechanism is limited to trans- ﬁemble dielectric substrate' because the' size of PSC
ferring energy over a very small distance [2]. Mag- is changeable through design [8]. It is to be not-
netic resonant coupling wireless power transmission, ed that double-layer spiral coils can transmit power
which has been used in inductive power transmission more efficiently than single-layer coils do at longer
by Nicola Tesla more than hundred years ago and de- d.1stanc.e [9]. Characterlstlc analysis anq optimal coils
veloped by Andr Kurs et al. from MIT(Massachusetts size ragos of coils for WPT have been‘dlscussed.[?,-7].
Institute of Technology), can achieve power transfer very high Q factors.and strong coupling over signifi-
over a large distance [3,4]. cant ranges are achleved on [1.0]. However, even.at
Simplified diagram of a WPT system consist of strong cogphng.reglme, the optimum power transmis-
five parts as power source, DC-AC converter, PSC sion efﬁc1enpy 18 about 49%. B§31des, the '1mpact of
system, AC-DC rectifier and load. The total pow- the' geometries, such as Wlth, pltch and thickness of
er efficiency is determined by efficiency of each part coil, on Q factors and coupling efficient, has not been
[5].The quality factor Q for each coil and the coupling fully explored.
coefficient k between coils are two critical parameters In this work, we have proposed a double-layer
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printed spiral coil with size of 2x2¢m?, and formed a
parallel-parallel compensation system. The relation-
ship between its geometric parameters and the pow-
er transmission efficiency of PSC system is simulat-
ed. And the recommend requirements of geometric
values are proposed. Based on the results, the print-
ed spiral coils with several different geometric values
have been designed and tested. The optimum pow-
er transmission efficiency is over 85% at the distance
equaling to half of the diameter of coils.

2 Formulations and Equations

(b)

Figure 1: Geometry of spiral coil and lumped equiva-
lent circuit

Fig. 3 shows a square-shaped PSC and its lumped
equivalent circuit. The inductance L, parasitic resis-
tance Rp and parasitic capacitance C'p of coil are de-
termined by several geometries, such as width w, pitch
s of adjacent copper wire and thickness ¢ of copper
wire.

2.1 Inductance

The inductance of square coil is calculated by using
the Eq. 1 from [8].

_ 1.27,Lm2DaUg
N 2

2.07

L [In 5 +0.18¢ + 0.130%] (1)
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Where n is the number of turns, 4 is the permeability,
Dcwg = (dout + dm)/2 and Y= (dout - din)/(dout +
din).

2.2 Parasitic Resistance

The parasitic resistance is given by Eq. 2 from [8] with
respect to skin effect.

p - length
w-d-(1—et/9)

Where length = 4nDgyg — n(0.5w + s) and § =

p/(mfu),in which, p, t and length are the resistiv-
ity, thickness and length of the copper wire. ¢ is the
skin depth.

Rs = (2)

2.3 Parasitic Capacitance

The capacitance of the printed spiral coil is founded
by using an empirical approach [8]. A parallel plate
parasitic capacitor forms between the spiral conduc-
tor sidewalls through air and FR4 substrate dielectrics.
Therefore, the parasitic capacitance can be calculated
from Eq. 3

EOtLga,p

Cp = (a€air + BeFR4) 3)
Where ¢, and Ocppy are the relative permittivity
of air and FR4 substrate. « and 3 are the empir-
ical parameters, t is the thickness of copper wire.
Lgap = 4Dgpg(n — 1) is the length of spiral coil gap.

As the number of turns increases, the parasitic ca-
pacitance becomes increasingly difficult to calculate
accurately due to the nonlinear adjacent winding ca-
pacitance. Moreover, the parasitic capacitance is on
the order of few pF’, and is negligible compared to the
required tuning capacitor for resonance at 13.56MHz
[7]. Therefore, the required tuning capacitance is cal-
culated as Eq. 4 in terms of the inductance and reso-
nant frequency f.

1

“ =L

“)

2.4 Equivalent Circuit for Power Efficiency

Applying Norton equivalent transformation to the in-
put source, the voltage source with serial resistor is
transformed to the current source 7, and source admit-
tance g, for simplification as shown in Fig. 2. Serial-
parallel transformation of inductor is used as shown
in Fig. 3(a). Fig. 3(b) shows an equivalent circuit di-
agram of magnetic wireless power transmission sys-
tem, which operates like a transformer. L; is the in-
ductance of primary coil, g; is the parasitic resistance
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and C is the tuning capacitance. Ls, go and Co are
those of secondary coil. Usually, the load is battery,
which is sensitive to current. Therefore, we apply the
PP compensation in this system. In this case, com-
pared with tuning capacitances, the parasitic capaci-
tance of printed spiral coil is negligible. The power

Iy Iéis—Vs/‘Rs % gsZI/Rs

Figure 2: Norton equivalent circuit of the input
source.
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Figure 3: Equivalent of magnetic resonant coupling
WPT system.

transmission efficiency 7 is the ration of the output
power and input power. The input power is defined
under a approach that the circuit working on optimum
conditions, in other words, the input resistance g;,, e-
qual to source resistance gs. at resonant frequency is
given by Eq. 3 from [11].

Vg 2 is i2 i2
P- = | — y — = S = s 5
" ‘ 2 ‘ gin (29111) Jin 4gin 495 ( )
Pout = || g1 (6)
o Pout o Ug
n= P 2
o ™
9s3gi (QK)2
gnge (1+ K2)2 — 2(K?2 — 5)a2 + o4
In the above equations,
gt1 = gs + g1, 3)
g2 = g1 + 92, )]
27 ! ! (10)
wO prg T 0 = pr N
v L1Ch vV LoCy
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Q- b (11)
gt griwol1
1
Qro = woCz _ : (12)
gt2 growo Lo
QL =QuQrs, (13)
K =k\vQriQr2 = kQr, (14)
Qu | Qr2
b= 15
Qr2 T ou Qr1’ (>
and f f
— QO (— 19, 16
v QL(fo f> (10)

Power transmission efficiency comprise two types of
loss. One is transmission loss [; defined as Eq. 17, the
other is the insertion loss /; defined by Eq. 18.

_ (2K)?
= (1+K2)2 —2(K2 — )2 + 24 a7
9s91 Qr1 Qr2
l; = —(1— 1 xL2 18
911912 ( QUl)( QUQ) (18)

Where QUl = 1/gleL1 and QUQ = 1/gQOJOL2 are
unloaded quality factors of the transmitting and re-
ceiving circuit, and % is the coupling coefficient be-
tween two coils. It is obvious that = has two solution-
s for optimum power transmission efficiency when
K? > b, in this case, strong coupling regime formed
between two coils. When K2 = b, x has one solution
which imply that two coils work on critical coupling
regime. If K2 < b, there is no z exist for optimum
power transmission efficiency, which means two coils
work on weak coupling regime. Therefore, in order to
obtain the optimum power transmission efficiency we
have to increase K. Meanwhile the insertion loss can
be reduced by decrease ration of loaded quality factor
and unloaded quality factor.

Then, the power efficiency at center frequency
T(z—0) can be obtained by setting frequency f equal
to center frequency fp, meanwhile, x equal to zero.

_ 99 (QK)Z
N(z=0) G192 (1 + K2)2 19)
(1- @)(1 B QL2) (2K)?
Qu1 Qua” (1 + K?)?

3 Electromagnetic Simulation

Numerical simulation of electromagnetic computed
by using MAXWELL with adjustable width, pitch and
thickness. Each coil has double layers and three turns
for one layer. Load resistance and source resistance
are selected to be 50052 based on load resistance anal-
ysis [11]. Tuning capacitance is chosen from Eq. 4.
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3.1 Simulation in different width

At first, the proposed model is simulated under differ-
ent widths of copper wire when the other parameters
remaining constant. In the right side of Fig. 4 label-
ing Q1 /Qu, the left side is K. Fig. 4 indicates that
K is increasing with increase of width, and Q1 /Qu
decrease firstly and then increase. According to the
analysis above, the K bigger than one and Q1,/Qp as
small as possible are preferable for high power trans-
mission efficiency. Therefore, the width equaling to
Imm is preferable for high power transmission effi-
ciency.

+0.105

+0.100

--~0.095

~--to.090 o
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+0.080

+0.075

Width (mm)

Figure 4: Simulation results of K and Q1,/Qu with
recept of different width

3.2 Simulation in various pitch

Assuming the other parameters are constant, the pro-
posed model under different pitches of adjacent cop-
per wires is simulated. Fig. 5 indicates that K and
Q1 /Qu are both increasing with the increase of pitch.
According to the principle that /K should bigger than
one and Q1 /Qu is as small as possible, the pitch e-
qualing to 0.6mm is desired for high power transmis-
sion efficiency.

3.3 Simulation in various thickness

Even there is no symbol in Eq. 1 represent thickness
of wire, it is quite obvious that increasing the thick-
ness of copper wire pull parasitic resistance down,
furthermore, the power transmission efficiency is af-
fected. Fig. 6 shows the simulation result of differ-
ent thickness. Increasing thickness brings K up and
pulls Q1./Qu down. The large thickness require extra
PCB technics, besides, Q),/Qu smaller than 0.05 is
enough for over 90% power transmission efficiency.
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Figure 5: Simulation results of K and Q1,/Qu with
recept of different pitch.

Therefore, the thickness equal to 0.035mm is enough
for high power transmission efficiency.
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Figure 6: Simulation results of K and Q,/Qu with
recept of different thickness.

4 Printed Spiral Coil Design and
Measurement

To verify the simulation results, five kinds of proto-
type PSC are built as shown in Fig. 7. The width of
PSC altered from 0.5mm, Imm and 2mm while the
pitch of PSC is fixed to 1Imm, and the pitch altered
from 0.6mm, 1mm and 2mm while the width is fixed
to Ilmm. In Fig. 8, a standard signal generator is used
to supply vs equal to 5V to the whole WPT system
on the right side, and the output voltage is detected
by a oscilloscope on the left side. The source resis-
tor, load resistor and tuning capacitor are wielded in
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PSC as SMD. Frequency response of power transmis-
sion efficiency calculated by Eq. 7 as shown in Fig. 9
and Fig. 10. A SPICE simulation is carried on for
comparison with measurements. The distance of two
coil is fixed at 10mm which is half of the diameter of
coil. Measurements are performed for several dif-

Figure 7: Five kinds of Prototype PSC.

Figure 8: Practical WPT system with power input on
the right side and voltage measurement on the left
side.

ferent width of PSC, with the results plotted in Fig.
8. When the width is large, such as w=0.5mm shown
in Fig. 7, there exist two resonance frequencies that
permit maximum power transmission efficiency. It
should be noted that the system work on strong cou-
pling regime [12], which means the K is larger than
one. In this regime, the peak power transmission ef-
ficiency also called maximum power transmission ef-
ficiency is limited by values of K and Qr/Qu. In
the lower frequency mode, the current in the primary
coil should be in phase with current in the secondary
coil. Conversely, in the higher frequency mode, the
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Figure 9: Frequency response of power transmission
efficiency under different width.

coil currents should be antiphase. The antiphase cur-
rent create a counter magnetic field contributes neg-
atively to transmitter current, which is called para-
sitic couplings [6]. As the width becomes smaller,
the resonance frequencies move closer and eventu-
ally becomes one and the peak power transmission
efficiency improved slightly. The reason is that K
become smaller and get closer to one with Qr/Qu
diminishing. When the width get even smaller, the
K inferior to one and large (J7,/Qu resulting in de-
crease of peak transmission efficiency, which means
the system works on weak coupling regime.It is ob-
vious width=1mm is preferable for high power trans-
mission efficiency. Simulation results are almost the
same as experimental results.

__|—— Pitch=0.6mm_meas. |
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Figure 10: Frequency response of power transmission
efficiency under different pitch.

Simulation and experimental of several differen-
t pitch of PSC are proceeded with results plotted in
Fig. 8. When the pitch is 2mm, two resonance fre-
quencies exist that permit maximum power transmis-
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sion efficiency. The system is working on strong
coupling regime, which means K superior to one.
The peak transmission efficiency is pulled down by
transmission loss and insertion loss. Smaller K and
Q1/Qu are concomitant of decrease of pitch, caus-
ing the peak power efficiency improve until K e-
qual to one. When pitch get smaller, implying K
inferior to one, the system working one weak cou-
pling regime have larger transmission loss. The op-
timum peak power transmission efficiency is achieved
at pitch=0.6mm. Simulation results show good match
to the experimental results.

5 conclusions

In this work, a pair of double-layer printed spiral coils
used in low power transmission device are designed.
Three geometric values, including copper wire width,
pitch between adjacent wire and thickness of copper
wire, are considered for improving optimum trans-
mission efficiency at resonant frequency. A magnet-
ic simulation is conducted to show the influence of
geometric values on the two major parameters, KX =
k\/Qr1Qr2 and the Q1 /Qu, for improving optimum
power transmission efficiency. In the design for P-
SC system, power transmission efficiency of coil with
several different geometric values are measured re-
spectively. The SPICE simulation and experimental
results show that the power transmission efficiency is
over 85% by adopting the optimal width and pitch of
coil on our PSC system. Therefore, adjusting geo-
metric values of PSC is an effective way to increase
the optimum transmission efficiency. Future work in-
clude improve the power transmission efficiency for
PSC designed in terms of number of turns.
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