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Abstract 
Wireless power transfer (WPT) is a promising technique 

for powering the Internet-of-Things devices. Printed spiral 
coils (PSCs) are commonly used in WPT because of their 
advantages of compact size and standardized fabrication. 
Under the demand of analytically optimizing the WPT 
system, like power transfer efficiency or power delivered to 
the load, an analytical resistance model is required. In this 
paper, the proximity-effect resistance is focused on. A 
formula is curve-fitted based on the data simulated from 
COMSOL Multiphysics and magnetic field calculation. The 
total AC resistance model which is the sum of skin-effect 
resistance and proximity-effect resistance is verified by 
HFSS simulation and measurement. Under the impact of 
inductance and parasitic capacitance, the comparison of the 
calculated, simulated, and measured real parts of Z-
impedance shows that the difference between them is 
increased quickly when the operating frequency is higher 
than the frequency corresponding to the maximal quality 
factor of a PSC. A more accurate self-resonant frequency or 
capacitance model should be developed in the future work. 
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1. Introduction 
The vision of the Internet-of-Things (IoT) projects 

deployment of a large number of devices everywhere. One of 
the significant challenges for this vision is powering all the 
devices cost-effectively and conveniently. Instead of 
replacing the battery of IoT devices, harvesting energy from 
ambient energy sources [1] or receiving power from 
dedicated power transmission sources (i.e., wireless power 
transfer, WPT) [2] [3] are promising techniques and draw 
amount of attention recently.  

Printed spiral coils (PSCs) are commonly used in 
inductively coupled wireless power transfer (ICWPT) and 
other applications like near field communication, and radio 
frequency identification, by virtue of compact size, 
standardized fabrication, and good uniformity for PSCs [4]. 
In ICWPT, the power transfer efficiency, one of the most 
important parameters concerned, is determined by the 
coupling coefficient and the quality factors of the coupled 
coils, which are related to the geometries of the coils. A fully 
analytical model of the coils are required to optimize the 
geometries of the coils to reduce the power loss and improve 
the efficiency. The modelling of the self- and mutual 
inductances have been established analytically and 
accurately. Although many efforts have been exerted on 
studying the AC resistance of PSC [5], an accurate model is 
still absent. Two mechanisms induce the increase of the 

 
Figure 1: (a) Diagram of multi-turn PSC, (b) proximity 
effect and eddy current, and (c) lumped resistance, 
inductance, and capacitance model 
 
resistance with frequency, i.e., skin-effect and proximity-
effect. The skin-effect resistance has been studied and an 
accurate model has been obtained [7], [8]. In this paper, the 
proximity-effect resistance is analytically modelled. The 
resistance model is verified by simulation and experiments 
within the frequency range of lower than the self-resonant 
frequency of a PSC.  

2. proximity-effect resistance 
A N-turn PSC is shown in Fig. 1a where the outer and 

inner diameters are dout and din, respectively, the space 
between the adjacent trace is s, the thickness and width of 
the trace are t and w, respectively. If an AC current is fed 
into the conductor, the current will crowd to the edges of the 
conductor, which is the phenomenon named skin-effect and 
leads to the increase of the resistance. Another current 
crowding phenomenon is caused by the proximity effect as 
shown in Fig. 1b where a top view of the eddy current in the 
nth turn, induced by a magnetic field from the current of 
other conductors. This eddy current results in asymmetrical 
current distribution between two sides of a conductor and 
consequently the increase of the resistance furthermore. In 
previous studies, authors considered the eddy currents to be 
simply limited in the outer 1/4 of the trace width [9], [10] or 
δ of the trace width [11], where δ is the skin-depth. This 
simplification give a rough approximation of resistance. 
Although electromagnetic simulation tools and some finite 
element method [12] can give more accurate results, the 
accuracy is dependent on the number of elements and 
usually it is time consuming.  

Based on the analytical calculation method of the 
proximity-effect resistance (Rpr) for a conductor with circular 
cross-section [13], a similar method is proposed [4],   2
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where Rpr, n is the proximity-effect of the nth turn, ln is the 
trace length of the nth turn, σ is the conductivity of the 
copper, Hn is the magnetic field normal to the conductor 
surface when the excited current is 1 A, and Φ is a function 
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of w, t, and δ, δ = (πμ0σf)−0.5 where μ0 and f are the 
permeability of the copper and the operating frequency. 
Although the simulated values of Φ(w/δ, t/δ) are plotted in 
[4], a formula is required to express the resistance and 
consequently the quality factor and efficiency in optimizing 
WPT analytically. Fig. 2 shows an example of the eddy 
current distribution simulated in COMSOL Multiphysics 
where 1-A/m magnetic field in the vertical direction is added 
to the conductor and no external current is excited. The 
power loss of an unit-length copper conductor can be 
calculated according to the simulation, consequently the 
values of Φ is extracted according to (1). Based on 10000 
cases with the trace width range from 0.1 mm to 10.333 mm 
(50 points), the operating frequency range from 0.1 MHz to 
1.6 GHz (200 points), a curve-fitted formula is obtained  
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The magnetic field normal to the surface of the nth turn, 
i.e., Hn, in (1) can be calculated by summing all the magnetic 
field produced by the currents inside other turns [11], [14], 
[15]. A more concise method is approximated as [9]  
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3. Verification by simulation and measurement 
In order to verify the modeling of the proximity-effect 

resistance, simulation and measurement are taken. The 
difficulty of verification is from the truth that the resistance 
of the PSC is not independent from the impedance, i.e., only 
the impedance of the PSC but not the resistance can be 
obtained from simulation tools or measurement devices. If a 
multi-turn PSC is modelled by an inductor L and a parasitic 
resistance R in series, and a parasitic capacitance C in 
parallel (as shown in Fig. 1a), the real and imaginary parts of 
the Z-impedance of PSC coil can be expressed as  
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where ω is the angular frequency, ω= 2πf. The lumped 
inductance and capacitance have a self-resonant frequency 
(fsr = 1/(2π(LC)0.5) which impacts on Z-impedance. When f 
<< fsr, Re(Z) can be simplified to R. When f is high, 
especially when f is close to fsr, Re(Z) is much larger than R, 
and increases with f faster than the situation when f is low. 
That is to say, an accurate self-resonant frequency or 
parasitic capacitance model is important to verify Re(Z) 
besides an accurate inductance model, if the operating 
frequency range up to the self-resonant frequency should be 
considered. Although a good inductance model [16], as 
shown in (6), exists, to the best of our knowledge, an 
accurate model of self-resonant frequency or parasitic 
capacitance still is absent now. Here, a simple model with 
moderate accuracy of self-resonant frequency in [17] is 

 
Figure 2: Eddy current distribution of a conductor under a 
magnetic field normal to its surface 
 
selected here, 

 sr
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where c is the velocity of electromagnetic wave, and l is the 
total length of the conductor. Then the parasitic capacitance 
can be obtained from fsr and L,  
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where davg = (dout+din)/2, ρ = (dout − din)/(dout + din). 
In (4), R is the total resistance, i.e., the sum of skin-effect 

resistance Rsk and Rpr. Rsk can be found from [7], 
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where K(·) is the complete elliptic integral of the first kind, 
w' = w/(π)0.5, and t' = t/(π)0.5, respectively.  

With the preparation of (4)–(7), a set of PSCs are 
fabricated, simulated, and measured, which are with various 
trace widths and spaces. All other geometrical parameters 
are fixed as follows: t = 35 μm, N = 11, and dout = w + 70 
mm. The trace width w varies from 0.5 mm to 2.1 mm with 
step 0.4 mm, while the trace space s is set in such a way that 
(w + s) is always equal to 2.5 mm.  

Fig. 3 shows the measurement setup where the coil is 
connected to a vector network analyzer (VNA Agilent 
E5071C) through a SMA connector, the parasitic parameters 
of which is removed partly by using de-embedding method 
[18]. The simulation is completed in Ansoft HFSS.  

Table I shows the measured, simulated, and calculated 
self-resonant frequencies for different cases. Because of the 
impact of the environment and the substrate of the PSC, i.e.,  



 
Figure 3: Measurement setup by using a VNA  
 
Table 1: Measured, simulated, and calculated self-resonant 
frequencies under different trace width cases. 

Trace width 
(mm) 

0.5 0.9 1.3 1.7 2.1 

Mea. fsr (MHz) 30.1 29.5 29.0 27.0 27.0 

Sim. fsr (MHz) 53.0 48.0 47.0 46.0 45.0 

Calc. fsr (MHz) 39.6 39.6 39.6 39.6 39.6 

 
FR4 material with 4.4 permittivity, the parasitic capacitance 
in practice is larger than the simulated and calculated ones. 
Consequently, the measured self-resonant frequency is lower 
than the simulated and calculated ones. As a fair comparison 
and removing the influence of the difference of self-resonant 
frequencies between measured, simulated, and calculated 
results, in calculation, different self-resonant frequency is set 
in the following comparison. 

Fig. 4a–4c shows the comparison between the calculated, 
simulated, and measured Re(Z) for the cases of w = 0.5 mm, 
1.3 mm, and 2.1 mm, respectively. We can observe from Fig. 
4, when f is lower than 10 MHz, the measured, simulated, 
and calculated Re(Z) which equal to R approximately, are 
close to each other. We also find that the error increases with 
w, i.e., the error for case w = 2.1 mm is larger than the case 
w = 0.5 mm. The reason is the approximated calculation of 
magnetic field in (3) with larger error when the trace width is 
larger. When f is higher than 10 MHz, the impact of the self-
resonant frequency increases. In calculation, when the self-
resonant frequency is adjusted to the values same with 
simulated or measured self-resonant frequency, the 
calculated Re(Z) are also with acceptable accuracy.  

In the application of WPT, the optimal operating 
frequency, corresponding to the maximal power transfer 
efficiency, is usually chosen to be the frequency where the 
quality factors of PSCs are maximized [19]. According to 
the measured quality factors for the cases, shown in Fig. 5, 
where the frequencies corresponding to the maximal quality 
factors are about 10 MHz which is the boundary if the 
impact of the self-resonant frequency becomes obvious or 
not. 

4. Conclusion and future work 

 
(a) 

 
(b) 

 
(c) 

Figure 4: Comparison between the calculated, simulated, 
and measured Re(Z) for different cases, (a) w = 0.5 mm, (b) 
w = 1.3 mm, and (c) w = 2.1 mm, respectively. 
 

A simple and accurate formula of proximity-effect 
resistance for PSCs is developed by curve-fitting the 
resistance of unit-length conductors with rectangular cross-
section under unit magnetic field normal to the surface and 
calculating the magnetic field distribution for multi-turn 
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Figure 5: Measured quality factor for different cases. 

 

PSCs. The simulated and measured results show that the 
model has good accuracy. When the operating frequency is 
high, the impact of self-resonant frequency leads to the 
difference between the calculated, simulated, and measured 
real parts of Z-impedance increase. The frequency boundary 
of this impact becoming obvious or not is the same with the 
frequency corresponding to the maximal quality factor. In 
the future work, an accurate model of parasitic capacitance 
or self-resonant frequency is required to obtain a more 
accurate PSC analytical model. 
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