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Abstract: At high frequency, power losses of a winding due to eddy currents becomes significant.
Moreover, the skin and proximity AC resistances are influenced by the width of printed circuit board
(PCB) conductors and distance between the adjacent tracks which causes many difficulties to design
windings with lowest AC resistances. To clarify this phenomenon, this paper focuses on modeling the
influence of skin and proximity effects on AC resistance of planar PCB winding, thereby providing
guidelines to reduce the winding AC resistance. An approximate electromagnetic calculation method
is proposed and it shows that when the winding proximity AC to DC ratio (Fproximity) is equal to
1
3 the AC on DC ratio caused by skin effect (Fskin), the winding is optimized and it has lowest AC
resistance. 3-D finite element simulations of 3, 7 and 10-Turn windings, which are divided into 3
groups with the same footprint, are presented to investigate the lowest AC resistance when the track
width varies from 3 mm to 5 mm and the frequency range is up to 700 kHz. In order to verify the
theoretical analysis and simulation results, an experiment with 3 simulated groups, (9 prototypes in
total) is built and has a very good fit with simulation results. Experimental results show that at the
optimal width, the AC resistance of the windings can be reduced up to 16.5% in the frequency range
from 200 kHz to 700 kHz.

Keywords: finite element simulation; optimize AC resistance; solid PCB winding

1. Introduction

Printed circuit board (PCB) winding has been widely used in high frequency electromagnetic
devices including planar transformers and spiral coils because of its flexibility in design and high
reproducibility. However, using very thin copper layers require windings with larger track width,
which causes eddy effects and increases winding losses at high frequencies [1,2]. Research on improving
AC resistance of PCB winding were previously done in many ways. Reference [3] presented an idea
to reduce winding losses by using an optimal thickness of copper foil for a conventional transformer.
However, the result was not general enough since authors only investigated the transformer at a fixed
frequency and a specific number of turns. Reference [4] optimized the quality factor of a predefined
footprint spiral coil by changing the number of turns and distance between adjacent tracks. But this
approach will change the inductance of the winding and therefore, the operating frequency must be
changed to accommodate the new inductor. In recent years, the idea of using multi-strands or litz
style track has been studied by many researchers and introduced in References [5–7] to reduce skin
and proximity effect, thus improving the AC to DC ratio of spiral winding. Although showing a good
RAC/RDC improvement, the elimination of large copper areas increases the number of layers requires
to compensate for the conductive area. Moreover, these studies don’t mention the improvement of
absolute AC resistance but the ratio only. Therefore, more measurements are required to confirm the
benefits of these methods. Many computational methods were also proposed to model and calculate
AC resistance of rectangular track. A correction factor with a 1-D approach was used in Reference [8].
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However, this correction factor cannot be clearly calculated and the division of frequency regions
for each calculation model causes many difficulties in practical application. A 2-dimensional model
mentioned in Reference [9] and numerical solution presented in [10] were effective methods to calculate
the AC resistance of long copper track. Nevertheless, the lacking mention of proximity effect on total
AC resistance has limited the applicability of such methods to spiral winding. Also, a detailed analysis
presented in Reference [11] added supplementary limitations to this approach. By separating the
conduction loss and proximity loss, which represent for skin effect and proximity effect, the conduction
resistance and proximity resistance can be calculated independently by functions Φcond and Φprox,
respectively. Unfortunately, ~H field outside the conductor is needed and it is obtained by numerical
computations, making calculations impossible to do directly. Recently, finite element simulation
(FEM) method was favored and proved to have more benefits than algebraic calculations [12–14].
A comparison between 2-D and 3-D FEM in detail mentioned in Article [15] pointed out the limitations
of 2-D simulation and the need to use 3-D computations to increase the accuracy when modeling
coreless winding. Despite proving many advantages, the use of FEM simulation does not provide a
general solution, so it is only applicable in specific cases.

In hardware design, PCB windings need to be fitted in a given space, for example, the winding
is placed in a planar core limited by inner width (Win) and outer width (Wout) as in Figure 1.
Although there were many optimizing studies mentioned in previous papers, the way to change
parameters or dimensions of the winding to find the optimum point is still not clear. In this paper,
an analysis to find the optimal AC resistance of a core-less winding with a fixed footprint is presented.
For the calculation, the winding design parameters, including footprint, pitch, number of turns and
working frequencies are kept constant. The track width is changed to adjust the skin and proximity
ratio, hence, the lowest AC resistance is achieved for each type of planar PCB winding. By combining
electromagnetic calculations and FEM simulations, a general conclusion is drawn and therefore, it can
be used as a guide to optimize the AC resistance of different types of windings.

W in W out

Figure 1. The printed circuit board (PCB) winding inside a planar core.

The paper is organized as follows—in Section 2, an approximate calculation analysis is performed
with some assumptions to find the relationship between the skin and proximity effects of copper track,
thereby, pointing out the optimal point. In Section 3, several FEM simulations are conducted with 2 Oz
single layer PCB winding to further describe the optimal process with different groups of windings.
Experimental results are presented in Section 4 of the paper to verify the simulations and to prove the
correctness of the proposed method. Based on results, a procedure to optimize planar PCB winding is
recommended in the discussion Section and a summary is drawn in the Conclusion.
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2. Optimizing the AC Resistance of Copper Track

In a planar winding with many turns, the non-uniform current density at high frequency is known
as the main reason for AC losses and efficiency reduction of transformers and inductors. Copper wires
then experience the redistribution of magnetic fields including internal and external magnetic field,
known as skin and proximity effects. It causes a decreasing current density in the center of the wire.
Therefore, reducing the useful area of the conductor.

In traditional transformers, skin and proximity effects can be reduced by using many small wires
in parallel or Litz wire. Unfortunately, the problem with planar winding becomes more complicated
when the windings need to be designed for a compact structure. Thus, an understanding of magnetic
field distribution and optimal AC resistance is needed to improve the performance of winding with
planar structure.

2.1. Skin Effect

At high frequency, the current tends to concentrate at the edge of the conductor, causing skin
effect and increasing the AC resistance. The skin effect occurs when the dimensions of the conductor
are larger than skin depth and can be readily calculated using Dowell’s equations with 1-D model.
Considering a long rectangular conductor with W� h laid perpendicular to the X-Y plane carries
current density along the Z-axis as shown in Figure 2. This current density causes a magnetic field
inside and outside the trace. Defined H as the magnetic field intensity. In 1-D model, H vector is
assumed to be uniform and parallel to the X-axis. Therefore, it does not depend on the conductor
width but thickness only, H = Hx(y). The DC and AC resistance of the conductor is calculated as in
Equations (1) and (2) [16–18]:
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where L, σ, δ are the length, conductivity and skin depth of the PCB copper track, respectively. The skin
ratio Fskin = Rskin/RDC is drawn as in Equation (3):
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In converters with rated power to a few KVAs, the switching frequency usually ranges from
a few kHz to less than 1 MHz [19] and the PCB winding with copper track thickness 0.035 mm to
0.07 mm, known as 1 Oz and 2 Oz copper weight, is mostly used. To have enough conductive area,
the track width (W) of the winding must be chosen very large compared to the thickness (h) and copper
skin depth (δ), that is, W = 2 mm to 5 mm compared to h = 0.07 mm and δ = 0.065 mm at 1 MHz. From
Equation (3), it can be considered that changing the width of the copper track will not have much
effect on Fskin ratio. Although showing clearly equations and explanation on skin effect, the 1-D model
ignores other magnetic field vectors in Y and Z axis thus reducing calculation accuracy. Therefore, 2-D
or 3-D models are often recommended [8,11,12] and used in this paper to calculate the skin resistance
of a rectangular conductor. The simulation is setup with 2 Oz long copper track in free space, L =
50 mm, h = 0.07 mm, σ = 50.65× 106(Ω·m)−1 and track width varies from 2 mm to 5 mm. Simulated
results are then normalized to per unit length and shown a linear change with a inverse track width 1

W
as in Figure 3. Besides, the skin ratios Fskin which are calculated from resistances and shown Figure 4
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has a slight change with various track width at a specific frequency. Therefore, the skin resistance can
be rewritten in a simpler form as in Equation (4).

Rskin = Fskin × RDC = Fskin ×
L

σWh
. (4)

H field

H field

Conductor width (W)

Conductor
thickness (h)

Current
density J

x

y

z

Figure 2. A rectangular conductor with its magnetic field.
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Figure 3. The per unit Rskin of 2 Oz copper track with track width W (left) and inverse track width 1
W

(right) simulated by Ansys Maxwel.
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Figure 4. Fskin of 2 Oz copper track with various track width simulated by Ansys Maxwell.
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2.2. Proximity Effect

Differently from skin effect, proximity effect takes into account the influence of adjacent conductors
by redistributing current under the influence of an external magnetic field. Defining Rproximity and
Fproximity as the equivalent proximity AC resistance and proximity AC to DC ratio. The total AC
resistance of a copper track RAC is the sum of Rskin and Rproximity as in Equation (5) [18].

RAC = Rskin + Rproximity =
(

Fskin + Fproximity
)
× RDC. (5)

Considering a copper track placed under an external field created by a current flowing in a
conductor as in Figure 5, where W, S, h and P are the width, distance, thickness and pitch, respectively.
Assuming that the pitch is unchanged and the distance between the tracks is large enough, the total
external field B

′
n remains unchanged with different track width and causes proximity eddy currents

Ieddy and current densities Jeddy. To simplify the calculation, the average external magnetic field Bn is
used across the track width, which leads to an electric field E(x) inside the conductor varying linearly
along x-axis and calculated by Equation (6) [20].

E(x) = −jωBnx. (6)

Main current

Eddy loop

External magnetic field
(B'n)

h

WP = W + S

S

- W/2  W/2

Approximate external 
magnetic field (Bn)

E(x)

x

Main current

Conductor cross-sectional area (Sn)

x

y
z

Figure 5. The copper track under external field.

Where ω is the angular frequency of the main current. The eddy current density is given by:

Jeddy = σE(x) = −jωσBnx. (7)

For simplicity, the resistance and field are calculated when the main current Iex = 1 A, the per unit
length AC resistance caused by the proximity phenomenon is shown as in Equation (8) [10].

Rproximity =

∫
Sn

∣∣∣Jeddy

∣∣∣2dSn

σ|Iex|2
=

hω2σ2B2
n

W/2∫
−W/2

x2dx

σ
=

1
12

hω2σB2
nW3. (8)

The AC to DC resistance ratio is determined in the following equation:

Fproximity =
Rproximity

RDC
=

Rproximity
1

σWh
=

1
12

h2ω2σ2B2
nW4. (9)
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Finally, the per unit length total AC resistance of the conductor is:

RAC = Rskin + Rproximity = Fskin ×
1

σWh
+

1
12

hω2σB2
nW3. (10)

The effect of track width on RAC can be observed in Equation (10). As track width increase, skin
resistance decreases and proximity resistance increases. Thus, to achieve the minimum AC resistance,
the derivative of RAC is set to zero, yielding:

W4
opt =

4Fskin
h2σ2ω2B2

n
(11)

where Wopt is the track width at the optimal point. Combining Equations (11) and (9), the relationship
between skin and proximity ratio at the optimal point is expressed by:

Fproximity =
Rproximity

RDC
=

Fskin
3

. (12)

At the optimal point, the total AC to DC ratio Fr can be calculated by the skin ratio as in Equation (13)

Fr = Fskin + Fproximity =
4
3

Fskin, (13)

where the Fskin is extracted from the 3-D FEM with Ansys Maxwell and previously shown in Figure 4.
A summary of average values of Fskin and optimal values Fr_optimal with different frequencies is shown
in Table 1 for a quick reference and will be used throughout the paper.

Table 1. The average Fskin and calculated Fr_optimal of 2 Oz copper track with the track width varies
from 4 mm to 5 mm.

Frequency 100 kHz 200 kHz 300 kHz 500 kHz 700 kHz

Fskin 1.15 1.25 1.32 1.41 1.46
Fr_optimal 1.53 1.67 1.76 1.89 1.95

For a multi-turns spiral winding, proximity effect increases with the number of turns. When
the winding has fewer turns and Fr <

4
3 Fskin, the contribution of proximity effect is less, therefore,

increasing the track width to the maximum allowable value will result in the lowest AC resistance.
For more turns winding, the magnetic field will concentrate in the innermost turn and gradually
decrease in the outer turns. For a specific turn in the winding, the Bn field is the superposition of
the magnetic field of the remaining turns and it is different depending on the position of the turn
inside the winding. Thus, an optimization can be done for each turn. However, it makes the design
complicated so a homogeneous structure should be used. Consequently, Fr is the AC to DC ratio of the
whole winding while Fskin is the skin ratio of the PCB track. Equation (11) leads out the influence of
the frequency on the track width at the optimal point, Wopt ∼ 1√

ω
. When the frequency is high enough,

the optimal width changes very slowly with variation of ω. Therefore, the Wopt can be used not only
at a specific frequency but for a range of frequencies. In designing, the optimal frequency is chosen
at the midpoint of the working frequencies while the optimal frequency range needs to be verified
by simulation.

3. Simulation Results

In this section, 3-D FEM is used to find the lowest AC resistance of PCB windings. The shape
of windings shouldn’t affect the calculation results [21]. Thus, circular spiral windings are chosen.
Simulations are divided into 3 groups, each group having the same design parameters with unchanged
footprint. Only track width is modified. A single layer PCB with copper thickness 0.070 mm, conductivity
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σ = 50.65× 106(Ω·m)−1 and dielectric relative permeability 1.5 is employed in all designs to directly
compare AC resistances. Simulations are done as follows: Firstly, 3-D FEM simulations are set up with
frequency range 100 kHz–700 kHz and the track width varies from 3 mm to 5 mm. Secondly, AC resistances
are extracted and compared together to determine the optimal width for each group of windings and
finally, RAC/RDC is used to prove the agreement between calculation and simulation results.

3.1. Case Study 1: Three-Turn PCB Windings

In the first study, the windings have only 3 turns as in Figure 6 with dimensional parameters
are listed in Table 2. In this design, the track pitch is kept fixed P = 6 mm and the largest track is
assumed to be 5 mm. The center frequency is 500 kHz while selected simulation frequencies are
100 kHz, 200 kHz, 300 kHz, 500 kHz and 700 kHz. Figures 7 and 8 show AC resistances and AC to DC
ratios of the all windings in the group. It can be seen the smallest AC resistance is achieved when the
track width is equal to 5 mm and its Fr deviation is between 0 to 0.1 compared to optimal values in
Table 1 (the blue solid line) in all computed frequencies. At 100 kHz, all 5 windings have Fr less than
the optimal value, therefore, AC resistance is largely influenced by skin effect and tends to decrease
when increasing track width. At 500 kHz and 700 kHz, the 5 mm winding has Fr ratio closest to the
optimal values, hence, it has the lowest AC resistance among all the windings in the group. This study
has shown that in fewer turns windings, the proximity effect becomes weaker than skin effect and
increasing the track width to the largest value will have the best AC resistance.

Table 2. Dimensional parameters of three-turn PCB windings.

Profiles/Parameters Rin (mm) Rout (mm) Number of Turns Pitch (P) (mm) Track Width (W) (mm)

PCB 1 15 33 3 6 5
PCB 2 15 33 3 6 4.5
PCB 3 15 33 3 6 4
PCB 4 15 33 3 6 3.5
PCB 5 15 33 3 6 3

Figure 6. Three-turn W = 5 mm, P = 6 mm PCB winding (left) and W = 3 mm, P = 6 mm (right).
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Figure 7. AC resistances of three-turn PCB windings.
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Figure 8. RAC/RDC of three-turn PCB windings with different track width.

3.2. Case Study 2: Seven-Turn PCB Windings

In the second study, the number of turns is increased to 7 to have a greater proximity effect on
windings. As in the previous study, the footprints of the whole group are unchanged while the track
width varies by 3 mm, 3.5 mm, 4.2 mm, 4.5 mm and 5 mm. The central frequency is also 500 kHz
and the range of frequencies is set at 100 kHz, 200 kHz, 300 kHz, 500 kHz and 700 kHz, respectively.
Designed parameters are shown in Table 3.

Table 3. Dimensional parameters of seven-turn PCB windings.

Profiles/Parameters Rin (mm) Rout (mm) Number of Turns Pitch (P) (mm) Track Width (W) (mm)

PCB 6 15 57 7 6 5
PCB 7 15 57 7 6 4.5
PCB 8 15 57 7 6 4.2
PCB 9 15 57 7 6 3.5
PCB 10 15 57 7 6 3

The simulation results including AC resistance and AC to DC ratios are presented in Figures 9
and 10. At 500 kHz, the 5 mm winding has Fr = 2.5, larger than the optimal value Fr_optimal = 1.89,
therefore, it is necessary to reduce the track width to reduce the effect of proximity phenomenon on
the winding. When the track width equals to 4.2 mm, Fr ≈ Fr_optimal and the lowest AC resistance is
achieved. This optimization is still maintained in a frequency range from 200 kHz to 700 kHz since
the Fr deviation is about 0.01–0.05 compared to optimal values. At 100 kHz, the 4.5 mm track has the
best agreement to optimal line, Fr_4.5mm = 1.547, compared to Fr_4.2mm = 1.45 and Fr_optimal = 1.526 of
the 4.2 mm winding and optimal value, respectively. Therefore, it has the lowest AC resistance at this
frequency. Once again, the windings with AC to DC ratios matching the optimal line will have the
best AC resistance. Although the optimization is initially performed at 500 kHz, the results show that
in the 500 kHz bandwidth around the central frequency, this optimum value is still achieved.
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Figure 9. AC resistances of seven-turn PCB windings.
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Figure 10. RAC/RDC of seven-turn PCB windings with different track widths.

3.3. Case Study 3: Ten-Turn PCB Windings

To verify the generalization of the optimization process, in the last study, the 10-turns windings
are included to the simulation. The initial track width is also 5 mm, center frequency is 500 kHz and
other parameters are shown in Table 4.

Table 4. Dimensional parameters of ten-turn PCB windings.

Profiles/Parameters Rin (mm) Rout (mm) Number of Turns Pitch (P) (mm) Track Width (W) (mm)

PCB 11 15 75 10 6 5
PCB 12 15 75 10 6 4.5
PCB 13 15 75 10 6 4
PCB 14 15 75 10 6 3.5
PCB 15 15 75 10 6 3

At 500 kHz, the 5 mm winding has Fr_5mm = 2.5, which is higher than the optimal value,
Fr_optimal = 1.89, so it is not the optimal track width at this frequency. Simulated AC resistances shown
in Figure 11 shows that the 4 mm track width winding has the smallest AC resistance. This can be
explained because the 4 mm winding has the best fit to the AC to DC optimal value shown in the
Figure 12, Fr_4mm = Fr_optimal = 1.89. A similar result to study 2 is also drawn in the frequency range
from 200 kHz to 700 kHz by comparing AC to DC ratio of a 4 mm winding to the optimal line within
this range. At 100 kHz, the windings with track width 4 mm and 4.5 mm have a little deviation from
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the optimal value,
∣∣∣Fr_4.5mm − Fr_optimal

∣∣∣ ≈ ∣∣∣Fr_4mm − Fr_optimal

∣∣∣ ≈ 0.1, therefore, they have the smallest
AC resistance among the windings in the group (RAC_4.5mm ≈ RAC_4mm ≈ 297 mΩ).
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Figure 11. AC resistances of ten-turn PCB windings.
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Figure 12. RAC/RDC of ten-turn PCB windings with different track width.

The three studies show the ability to use the AC to DC ratio as a reference for optimizing planar
PCB winding. When the winding has fewer turns or the track pitch is large enough, as in Study 1,
the influence of the proximity effect is negligible because Fr is lower or has a slight deviation from the
optimal value in a wide range of frequency. In Studies 2 and 3, the optimal ratio remain unchanged
although the number of turns and dimensions are different among the group of windings.

4. AC Resistance Measurements

In this paper, 9 PCB windings were designed and tested in the laboratory to verify the proposed
analysis and simulation results. To have a good agreement to the previous simulations, single layer
PCB with a copper thickness of 0.070 mm was used and the dimensional parameters are chosen
equivalent to the windings used in simulations. All prototypes are divided into 3 groups with 3,
7 and 10 turns and full designed parameters are presented in Table 5. The Agilent vector analyzer
(VNA) E5061B is employed to measure the AC resistance of the windings and set up as in Figure 13.
In particular, port 1 and 2 of VNA are connected to a splitter by 2 SMA-SMA cables and port 1–2 shunt
measurement method is used. The remaining SMA connector is soldered directly to one end of the
measured winding, the other end is connected to the SMA connector by 6 parallel litz wires. By doing
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that, the fixture AC resistance is kept low in the frequency range of interest. Hence, it does not affect
the resistance of the winding. To limit the inaccuracy of measurements, the VNA is kept at room
temperature during the process and the Open/Short/Broadband Load impedance calibration need to
be done before each measurement. The frequency range is set from 200 kHz to 700 kHz, step 1 kHz
and the DC resistance is the average value of the resistance in the range 5 kHz to 7 kHz. Winding
resistances are directly extracted from the VNA and compared by group with the same number of
turns corresponding to studies 1, 2 and 3 in the previous Section while DC resistances of 9 prototypes
are shown in Table 6.

Table 5. Dimensional parameters of PCB prototypes.

Group Parameters/
PCBs

Rin
(mm)

Rout
(mm) Number of Turns Pitch (P)

(mm)
Track Width (W)

(mm)

Group 1
PCB 1 15 33 3 6 5
PCB 2 15 33 3 6 4
PCB 3 15 33 3 6 3

Group 2
PCB 1 15 57 7 6 5
PCB 2 15 57 7 6 4.2
PCB 3 15 57 7 6 3

Group 3
PCB 1 15 75 10 6 5
PCB 2 15 75 10 6 4
PCB 3 15 75 10 6 3

Table 6. DC resistances of PCB prototypes

Group PCBs RDC−measure
(mΩ)

RDC−simulate
(mΩ)

Group 1 (Three-Turn PCBs)
PCB 1 26.5 27.4
PCB 2 31.5 33.8
PCB 3 41 44.48

Group 2 (Seven-Turn PCBs)
PCB 1 93 94.94
PCB 2 111.69 104.9
PCB 3 154 154.59

Group 3 (Ten-Turn PCBs)
PCB 1 166.86 165.41
PCB 2 210.6 205.315
PCB 3 277.5 271.84

Figure 13. The set up of VNA (left) and a ten-turn spiral winding (right).
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4.1. Group 1: Three-Turn PCB windings

Figures 14 and 15 present the prototypes and AC resistances of 3-Turn windings. Measurement
results show that the 5 mm winding has the smallest AC resistance throughout the frequency range
from 200 kHz to 700 kHz. At the same time, these measurements have a difference of 1 mΩ to 2 mΩ
compared to the simulation results, which corresponds to an error of 5%. The AC to DC ratios are
compared to the optimal line in the Figure 16 and shown that 5 mm winding presents a ratio very
close to the optimal line. This result is consistent with computation and simulation results presented
in the previous Sections.

Figure 14. Group-1 prototypes with track width 5 mm (left), 4 mm (middle) and 3 mm (right).
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Figure 15. Group-1 measured and simulated AC resistances with changing in frequency (left) and
track width (right).
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Figure 16. Group-1 measured RAC/RDC.
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4.2. Group 2: Seven-Turn PCB Windings

The results of seven-Turn windings are shown in Figures 17 and 18 including the prototypes
and AC resistance measurements. The experimental results are compared to simulations showing the
difference under 5% and the 4.2 mm is the lowest AC resistance winding in the range of frequency
200 kHz to 700 kHz. The AC resistance improvement is most evident at 700 kHz, about 11.5%, with the
AC resistances RAC_4.2mm = 230 mΩ and RAC_5mm = 260 mΩ of the 4.2 mm and 5 mm windings,
respectively. The AC to DC ratios are shown in Figure 19 with the difference between the Fr_4.2mm

and Fr_optimal lines is about 0.05 to 0.1, which again show the agreement between simulation and
experimental results.

Figure 17. Group-2 prototypes with track width 5 mm (left), 4.2 mm (middle) and 3 mm (right).
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Figure 18. Group-2 measured and simulated AC resistances with changing in frequency (left) and
track width (right).
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Figure 19. Group-2 measured RAC/RDC.
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4.3. Group 3: Ten-Turn PCB Windings

The 10-Turn windings are designed as in Figure 20 and the AC resistances are shown in Figure 21.
A similar conclusion with previous two experiments is also drawn when the 4 (mm) winding has the
lowest AC resistance. At 700 kHz, the 4 mm and 5 mm windings have AC resistance RAC_4mm = 405 mΩ
and RAC_5mm = 485 mΩ, the improvement is about 16.5%. The comparing AC to DC ratios of the 4 mm
to the optimal line in Figure 22 shows the compatibility between theory and experimental results. Also,
confirming that the 4 mm winding is the optimal design in the group because its ratios have the least
differences to the optimal line.

The measured AC to DC ratios of different groups are compared to the optimal values in Table 1
(the blue line) in Figure 23 to prove the correctness of the proposed method. Initially, the Fr of
maximum allowable track width W = 5 mm of 3 groups are totally different. At 500 kHz, these values
are 1.96, 2.58 and 2.71 for 3, 7 and 10-Turn windings, respectively. After adjusting the track width,
at optimal designs, the AC to DC ratios of all groups are Fr_3Turns_5mm = 1.96, Fr_7Turns_4.2mm = 1.94,
and Fr_10Turns_4mm = 1.85. These results are in accordance with the calculation results Fr_Optimal = 1.89
regardless of number of turns and winding dimension. Moreover, similar results are also recorded
in the frequency range from 200 kHz to 700 kHz. Therefore, the 3 groups of windings show a clear
explanation about the theory used with 3 achievements:

• Although initial Fr ratios of each group of windings are very different, the optimal track width
in each group is also different. However, at optimal points, Fr_optimal ratios remain unchanged
regardless of the number of turns so it can be used as a general standard to optimize AC resistance
of PCB winding.

• The optimal point is not only valid at a specific frequency but a wide range of frequency for
different group of windings. Thus, this method is valuable for windings which work in a wide
range of frequency.

• For windings with few turns or windings working in low frequency range, the proximity
effect is negligible, therefore, it is not necessary to optimize. The ratio Fproximity = (1/3)Fskin
or Fr = (4/3)Fskin can be used as a gap between high and low frequency of a winding.

Figure 20. Group-3 prototypes with track width 5 mm (left), 4 mm (middle) and 3 mm (right).
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Figure 21. Group-3 measured and simulated AC resistances with changing in frequency (left) and
track width (right).
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Figure 22. Group-3 measured RAC/RDC.
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Figure 23. Measured Fr of 3 group of windings with maximum track width and optimal track width.

5. Discussion

Equation (9) points out the relationship between the proximity ratio and track width with an idea
that a slight change in track width will cause a significant change of proximity ratio. Consequently,
adjusting track width can help to adjust the proximity ratio and the optimal point is achieved when
Fproximity = (1/3)Fskin or Fr = (4/3)Fskin. Moreover, the optimal point only varies by Fskin so it is
independent of the number of turns and structure of windings. From the simulation and measurement
results, defined Wmax and Woptimal are the maximum allowable and optimal track width of a winding,
respectively. A procedure for designing the PCB windings is recommended with a few steps as below:

• Step 1: The windings need to be designed with the maximum allowable track width Wmax which
depends on other parameters like number of turns, required distance between the adjacent turns
and dimension of the footprint. Also, the working frequency range needs to be designed from the
beginning. After that, the AC to DC ratio at the center frequency is being compared to Fskin of
conductor at this frequency to determine whether the winding need to optimize.

• Step 2: If Fr ≤ 4
3 Fskin, the winding is in optimized condition so no more action need to take place,

Woptimal = Wmax.
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• Step 3: If Fr >
4
3 Fskin, the winding need to be optimized by reducing the track width. The Fproximity

need to be calculated as in Equations (14) and (15):

Fproximity = Fr − Fskin (14)

Fproximity_optimal =
1
3

Fskin. (15)

Finally, the optimal track width Woptimal is drawn according to Equation (9) and Equation (16):

Woptimal = Wmax × 4

√
Fproximity_optimal

Fproximity
. (16)

6. Conclusions

This paper points out the influence of the skin and proximity effects on AC resistance of a PCB
winding. The analysis and simulation results show that by changing the width of the copper track on
a fixed footprint, the skin and proximity resistances can be adjusted and the optimal AC resistance is
achieved when Fproximity is equal to 1

3 Fskin. The analysis and simulations are verified and the correctness
is proved by measurements in the laboratory with three groups of prototypes. The research results
show the ability to use the relationship between Fproximity and Fskin as a comparison standard in
designing and optimizing spiral winding.
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Abbreviations

The following abbreviations are used in this manuscript:

σ Copper conductivity
δ Copper skin depth
ω Angular frequency
B
′
n External magnetic field

Bn Average external magnetic field
E Electric field
FEM Finite element simulation
Fskin Ratio of AC resistance causes by skin effect to DC resistance
Fproximity Ratio of AC resistance causes by proximity effect to DC resistance
Fr Ratio of total AC resistance to DC resistance
h Track thickness
Ieddy Eddy current
Iex Excitation current or main current
Jeddy Eddy current density
L Track length
P Track pitch
RAC Total AC resistance causes by skin and proximity effects
RDC DC resistance
Rin Inner radius of a winding
Rout Outer radius of a winding
Rskin AC resistance causes by skin effect



Electronics 2020, 9, 875 17 of 18

Rproximity AC resistance causes by proximity effect
VNA Vector Network Analyzer Machine
W Track width
Win Inner width of a winding
Wout Outer width of a winding
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