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Abstract. Energy is the material basis of human activities, whether traditional coal, oil, natural gas or
wind energy, solar energy, tidal energy and other new energy sources have greatly promoted the
development of mankind, but in any case, human beings are inseparable from power. Traditional
power can only be transmitted through wires, in 2006 researchers of Massachusetts Institute of
Technology[1] first proposed the concept of magnetically coupled resonant wireless energy transfer,
and light a 60W bulb using solenoid coils at a distance of 2m. In their power transmission system,
reasonable resonator is the key to the system.

In this paper, a printed circuit board (PCB) is used as a resonator of small device. HFSS simulation
is applied to verify Youbok Lee’s method[2], inductance formula of any layer particular PCB
rectangle coil is further deduced. Then HFSS simulation is applied again to verify inductances of the
two and four layers PCB rectangular coil; Finally, the key and secondary factors which can influence
inductance of multilayer PCB rectangular coil are located. The conclusion is: for a certain area of
PCB rectangular coil, the greater the surface area of the wiring is, the higher the inductance is.

Introduction
Compared to traditional wired power transmission technology, wireless power transmission

technology is more convenient, secure, and its use is becoming more and more widespread, it was
named one of the ten most promising future research directions. In 2006, the research published by
MIT set off a new era in this field.

Domestically, in 2008 Professor Qingxin Yang[3], Tianjin University, analyzed the principle of
inductive coupling energy transfer and mathematical model of separation transformer, calculated the
coupling coefficient of E-type structure transformer with the change of the transmission distance. In
2009, Professor Yunzhong Zhu[4], Sun Yat-sen University, made a power transmission apparatus
using solenoids and capacitors, when the input power is 1W, the diode four meters outside was
lighted up, but the transmission efficiency was only 10%. Professor Bo Zhang[5], South China
University of Technology, invented a technology which can capture the electromagnetic field using a
pair of mutually coupled circuit,which solved the problem of optimal system operating frequency
changing with the change of energy transfer distance. In 2010, Professor Sun Yue[6], Chongqing
University, studied middle distance wireless transmission. Their transmission indicators were:
transmission distance 1.6m, power 60W, efficiency 40%, they also involved in the production of the
power part of Haier tailless TV. In 2014, Professor Zhu Chunbo[7], Harbin Institute of Technology,
achieved a wireless power transmission system using asymmetric structure coil in the distance of 60 ~
150mm, and the transmission power is 700W, the transmission efficiency is 80%, the results also
showed transmitting and receiving coil which were inconsistent can improve system stability.
Professor Weinong Fu[8], the Hong Kong Polytechnic University, using a thin film resonator which
resonance frequency was 5.5Mhz, achieved about 50% of the power transfer efficiency at a distance
of 20cm. Then they increased the transmission distance by adding repeaters resonator in the middle of
transmitting and receiving coils.

Abroad, in 2008, the research group[9] of Intel Corporation in Seattle, lighted a 60W bulb at a
distance of 1m using flat spiral coils, and the power transfer efficiency is 75%.In 2010, Fujitsu [10]
designed a fast wireless charging technology, which can greatly shorten the charging time of
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cellphone. In 2011, Professor John Boys[11], the University of Auckland in New Zealand, designed a
charging coil which diameter was 700mm and the output power was 2kW, meeting the charging
requirements of electric vehicles. South Korean Science and Technology (KAIST) [12] has
developed three generations of OLEV wireless charging system, and promoted the application of
wireless power transmission technology.

inductance of planar PCB rectangular coil
Conveniently, we number each section of the coil in the way of from the inside out, and symbolic

significance as follows: indicates the length of section i, w represents the width of copper wiring, s is
the distance between the centerlines of adjacent turns (Fig. 2), h_c represents the thickness of wiring
(all 0.035mm in this paper), h_f represents the thickness of FR4 substrate (all 0.33mm in this paper),
n represents the total number of turns of the coil, lay indicates wiring layers of the coil.

Fig. 1 planar 2-turns rectangular coil and its numbers Fig. 2 coil parameters
inductance calculation of planar rectangular coil

The circuit model of n-turns planar coil shown in Fig. 1 is shown in Fig. 3. Because there is mutual
inductance, capacitance between each wire and other wire, circuit analysis method is very complex.
Therefore, paper[1] proposed a inductance value formula of n-turns planar coil:
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In this formula, Li represents the inductance of section i, Mi.j represents mutual inductance
between section i and j, there is

, ,i j j i
M M .

Fig. 3 circuit model of planar PCB coil
In order to verify the Eq. 1, we designed five single-layer PCB rectangular coils(copper wire),

detailed parameters are list in Table 1, inductances of theoretical calculations and HFSS simulation
results are compared, the results are as Fig. 4. It can be seen that the theoretical results and simulation
results are very similar. In addition, by comparing the number 1, 2 coils, It can be found that
increasing the line width will reduce inductance, but the impact is not great; By comparing 3,4 coils,
it can be seen that increasing the distance between the centerlines of adjacent turns can also cause
inductance reducing, and the impact is relatively large; By comparing the numbers 3,5 coil, turns can
be seen to be positively correlated with the inductance, and the impact is great, too.

185



number wiring layers turns
n

linewidth
w(mil)

the distance
between the
centerlines
of adjacent
turns s(mil)

coil
parameters

1 The first layer 8 20 80
2 The first layer 8 40 80
3 The first layer 15 10 20
4 The first layer 15 10 40
5 The first layer 30 10 20

Table 1 parameters of coil 1-5
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Simulation results

theoretical results

Fig. 4 simulation and theoretical inductances of coil 1-5
inductance of 3-D PCB rectangular coil

Fig. 5 the structure of four-layer PCB coil

Fig. 6 number of four-layer two-turns coil
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Fig. 7 circuit model of four-layer two-turns coil
The structure of 3-D PCB coil is shown in Fig. 4, the material of is FR4 epoxy glass fiber, and there

are rectangular planar coils on both sides of each substrate, its circuit model is shown as Fig. 6. Each
layer is connected with the next layer in the form of end to end, and the structure of the odd layers and
even layers are respectively same. We number each section from small to large according to current
flow starting from the first layer, and a four-layers two-turns coil’s number is as shown in Fig. 5. Thus,
the current direction of the straight wires which number’s difference is a multiple of 4 is the same.
The formula of its inductance is as followed:
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In this formula, Li denotes inductance of a straight wire of section i, according to empirical
formula of Калантаров[13], there is:
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Mi.j represents the mutual inductance between two straight wires i and j. When the current
direction of the two straight lines is perpendicular to each other, Mi.j can be ignored, denoted by 0;
When the current direction of the two straight lines is same, Mi.j plays a positive role in the total
inductance; When the current direction of the two straight lines is reversed，Mi.j plays a negative role
in the total inductance. And there is:
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,i jM represents the absolute value of
,i j
M , the

_

,i jM between two straight wires shown in Fig. 2
is solved by[1]:
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dk,j is the distance between lines k and j, which can be obtained from distance of the vertical
direction (associated with h_f and h_c),distance of the horizontal direction (related with s and lk+1)
and the Pythagorean theorem.Eq. 2 is extended to three-dimensional rectangular n-turn PCB coil, the
inductance formula is:
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In order to verify Eq. 7, we designed a total of six coils (No. 6-11) which parameters is show in
Table (2), simulation and theoretical results are shown in Fig. 8. As can be seen, the relative error
between theoretical and simulation results becomes larger with the increasing of the number of layers;
By comparing the numbers 6,7,8 coils, it can be seen, when the wiring layer is two layers, coil
inductance increased with the decreasing of the distance between the layers; By comparing the
numbers 9,10 coils it can be found that increasing the distance between the centerlines of adjacent
turns will reduce the inductance; 10,11 coils show that increasing the width of the coil decreases
inductance. This is consistent with the previous results.

number wiring layers turns
n

linewidth
w(mil)

the distance
between the
centerlines
of adjacent
turns s(mil)

coil
parameters

6 the first and
second layers 8 40 120

7 the first and
third layers 8 40 120

8 the first and
fourth layers 8 40 120

9 all four layers 32 10 70
10 all four layers 32 10 80
11 all four layers 32 15 80

Table 2 parameters of coil 6-11
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Simulation results

theoretical results
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Fig. 8 simulation and theoretical inductances of coil 6-11

Summary
In this paper, finite element inductance calculation algorithm in the article[2] is generalized,

inductance formula of multilayer PCB rectangular coil (total number of turns is n) is derived, the
theoretical and simulation inductance of 11 PCB coils are compared. By analyzing the influencing
factor of PCB rectangular coil inductance, conclusions are as follows: Linewidth has less impact on
the inductance, and it is a secondary factor; The distance between the centerlines of adjacent turns and
turns, as the main factors, have greater impact on the inductance. The turn of coil has a positive
correlation with the inductance; Linewidth, the distance between the layers, the distance between the
centerlines of adjacent turns have a negative correlation with the inductance. That is to say, the
greater the surface area of the wiring is, the higher the inductance is.
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