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Abstract—PCB inductors can enhance the integration of power 

electronics systems, and hence are of high demand. Nevertheless, 

PCB inductors encounter challenges such as the severe skin effect 

and significant inductance reduction in both ac and dc condition 

as trace widths increase. This paper identifies the cause of this 

inductance reduction and proposes an innovative PCB inductor 

structure to mitigate these issues. The new design also utilizes split 

wires to effectively suppress the skin effect. Comprehensive 

simulations and experiments demonstrate that the proposed ESPI 

can achieve both high energy density and low near-field magnetic 

radiation. The design files, simulations, and experiment data are 

included in the multimedia folder. 

Index Terms—PCB inductors, optimized energy density, near-

field radiation.  

I. INTRODUCTION

he growing demand for high integration in power 

electronics is driving the need for PCB integrated 

inductors. While there has been both notable research in 

both academia [1-5] and emerging industrial applications [6], 

existing PCB inductors still use similar structures as the 

structure of matured semiconductor-integrated designs as 

shown in Fig. 1. These conventional PCB inductors have not 

addressed challenges posed by high-current requirements in 

power electronics applications. Therefore, proposing a new 

structure to address these issues is crucial for PCB inductor 

design.   
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Fig. 1. Key patents for integrated inductors in the semiconductor industry 
(statistics up to November 2023). This extensive patent activity and widespread 

citations indicate the significance of integrated inductor technology in practical 

industrial applications.

Since 1975, the semiconductor industries have used on-chip 

integrated 2D inductors, as shown in Fig. 1. This extensive 

patent activity and widespread citations indicate the 

significance of integrated inductor technology in practical 

industrial applications. PCB inductors in power converters also 

pursue large inductance per unit area and high Q value, but there 

are also differences, e.g., PCB inductors use different conductor 

material, and have high current capacity requirements. Hence, 

it is necessary to evaluate if the structure of semiconductor 

inductors is suitable and ideal for PCB inductors.  

Ref. [1, 2] extend the semiconductor integrated inductor 

structure from Patent 5 [7], and affirm the applicability of [7] 

for PCB inductors. Nevertheless, with increasing wire widths, 

notable inductance reduction and severe skin effect are 

observed. Ref. [3] introduces a planar litz structure inspired by 

the circular litz wires. However, the substantial extension of 

winding length significantly increases DC resistance (Rdc) and 

the number of vias. Using more vias increases manufacturing 

difficulty and reduces current capacity. Furthermore, to address 

the challenges in PCB inductor fabrication, ref. [4] implements 

3D printing technology. Nevertheless, mass production costs of 

3D printing are much higher than that of PCB inductor 

production. In 2023, [5] uses PCB inductors for buck 

converters, but these PCB inductors are still constructed like 

semiconductor integrated ones.  

Recent advancements in PCB winding structures, as in [8-

11], have primarily targeted the enhancement of Q value and 

AC loss reduction, yet the aspect of DC inductance remains 

unsolved. While [8] introduces a novel coil design for wireless 

power transfer, its impact on Ldc is minimal. Similarly, [9] 

delves into track width ratio optimization, again focusing on 

AC characteristics. Ref. [10] explores hollow windings for 

improved heat dissipation, enhancing AC loss and Q value 

without impacting Ldc. Ref. [11] focuses on electromagnetic 

analysis of ferrite-core inductors, but not applicable to air-core 

PCB inductors. This underscores the need for further 
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exploration in PCB inductor design, specifically aimed at 

resolving inductance reduction issues in both DC and AC 

conditions. 

Besides the mentioned engineering practices, [12] introduces 

calculation formulae for different shape inductors. Ref. [13] 

further discusses the optimal structure for inductors based on 

various scenarios, ultimately asserting that the optimal inductor 

configuration is contingent upon dimensions. However, refs. 

[12, 13] are still based on the conventional semiconductor 

inductor structures and have not yet uncovered the cause nor 

resolve the issues pertaining to PCB inductors. Consequently, 

investigating the suitable PCB inductors’ structure becomes 

imperative.  

This paper identifies the cause of this inductance reduction 

both in DC and AC conditions and proposes an innovative PCB 

inductor structure to mitigate this issue. The proposed design 

also utilizes the split wire to effectively suppress the skin effect. 

Comprehensive simulations and experiments demonstrate that 

this proposed inductor can achieve both high energy density and 

low radiation.  

II. EXISTING METHODS AND ISSUES IN PCB INDUCTOR DESIGN

A. Inductor Design: from Semiconductors to PCB

Transplanting semiconductor 2D inductors to PCB is mature.

Firstly, the inductor structure remains unchanged and is directly 

ported to the PCB. Then increase the trace width and copper 

thickness of the inductor to achieve a larger current carrying 

capacity. The process is as shown in Fig. 2. 
Increase trace 

width and copper 

thickness

Manufacturing 

with PCB

Fig. 2. Existing method of transplanting semiconductor 2D inductors onto 

PCBs. This approach has been validated by various researches [1, 2, 4]. 

B. Issues: Severe Skin Effect and Inductance Reduction with

Wide Traces

This simple transplantation method has two issues. Firstly, 

under high-frequency conditions, PCB conductors induce 

notable skin effect, leading to higher losses and lower Q value. 

In semiconductor processes, copper is chosen for PCBs due to 

superior conductivity, but its smaller skin depth, causes more 

pronounced skin and proximity effects. 

Besides, the method of widening the trace is equally 

problematic even at low frequencies. Clayton R. Paul provided 

the fundamental formula for a single-turn coil in [14] as (1). A 

plot of the inductance of a single-turn coil against the width of 

the conductor can be shown as Fig. 3. 
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DC inductance decreases from 72 nH to 7 nH.

Fig. 3. Inductance decreases as radius increases. Denoting l as the width of 

rectangular coil, w as the length of rectangular coil, r as the diameter of the coil 

wire. When w = l = 20 mm, r increases from 0 to 12 mm. It means higher 
currents necessitate wider conductors, but this leads to a reduction in inductance. 

Litz wire is commonly employed to ensure that the 

dimensions of each wire are significantly smaller than the skin 

depth, therefore effectively mitigating skin effect at high 

frequencies. However, the issue of decreasing inductance, as 

indicated by (1) and Fig. 3, remains unresolved. Furthermore, 

litz wires have limitations in terms of integration, as their 

degree of twisting and insulation control can be challenging. 

Additionally, the employment of round wires in litz 

configurations also tends to result in considerable volume 

inefficiency. 

III. PROPOSED INDUCTOR STRUCTURE

A. Physical Explanation of Inductance Decreasing

Fig. 4 illustrates the most direct mechanism behind the

phenomenon of inductance decreasing. The innermost layer of 

the circuit has the shortest path and lowest resistance, causing a 

concentration of current and charge in the innermost. This 

phenomenon leads to a reduction in the loop area of the inductor, 

resulting in a decrease in the inductance value. 
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The inner pathway 

flows the majority of 

the current.

Fig. 4. Structure of rectangular loop inductor. (a) Usually expected current 
distribution. (b) Actual current distribution: concentrated in the innermost part. 

Therefore, the actual area enclosed by the current is reduced, and the inductance 

is reduced with trance width increasing.  

B. Splitting Wires Procedure

In order to suppress skin effect, the wide wire need to be split

into thin conductors as shown in Fig. 5(b). The design flowchart 

is as shown in Fig. 6, and the principles of the design are as 

follows: 

1) Spacing, wsp: wsp is determined by the capability of the

PCB manufacture. 

2) Width, w: w is determined with the target frequency to

suppress the skin effect. Denoting ρ as the electrical 

conductivity of copper, μ as the magnetic permeability of 

copper, t as the thickness of copper, and f as the operating 

frequency of the system. The AC resistance formula [15] is 

given in (2), where we normally consider that a rise in Rac of no 

more than 2% is sufficient to represent freedom from skin 

effects: 

_ _/ / (1 ) 1.02x

ac rec dc rec CR R K e− = −   (2) 
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3) Count of wires, Nw：Nw is limited by the size limitation.

Denoting Wtotal as the total width requirement, the Nw is limited 

by:  

( )( )1/ 4 / 1w total spN W w w + + (3) 

C. Equalizing Split Wires Procedure

In order to further solve the problem of inductance decrease

caused by wide wire, it is necessary to rotate wires from top to 

bottom layer. The serpentine curve is utilized to ensure the 

perfect consistency in length of split wires so that the 

inductance of each wire is as identical as possible. The design 

is shown in Fig. 5(c). The principles of the design are as follows: 

1) Vias should take on the role of position rotating: after

passing through the vias, the outermost alignments should be 

rotated to the innermost; and the innermost alignments should 

be switched to the outermost in order to ensure the general 

symmetry of the alignment of length. 

2) Serpentine alignment should be utilized to compensate for

the alignment with unequal length. After the proposed design, 

the lengths of segments of the inductor are recorded in Table I 

and are exactly the same.  

(a)

Top Layer Bottom Layer

Top Layer Bottom Layer

Top Layer Bottom Layer

Splitting wires to suppress the skin effect.  

Equalizing the wires to suppress the inductance reduction. 

(b)

(c)

Wire alignments rotation: 

e.g. the outermost alignments is 

rotated to the innermost

Fig. 5. Three PCB planar inductor structures: (a) existing wide wire structure, 

(b) improved split wire structure, (c) the proposed ESPI. All three inductors are 
the same size and thickness, and the same manufacturing process and 

manufacturer have been chosen.

The new structure of the inductor can effectively avoid the 

concentration of current on the inner side and improve the high 

frequency characteristics of the inductor. In Section IV, Fig. 7 

and Fig. 8 verifies the distribution of current, Fig. 9 and Fig. 11 

verifies the magnitude of radiation produced, and Fig. 12 

verifies the trend of inductance variation, all of which are 

consistent with theoretical expectations. 

TABLE I 

LENGTH OF EACH SEGMENT OF INDUCTOR IN FIG. 5(C) 

D. Design Flowchart

Preset wire spacing width

Establish the desired dimensions 
for the ESPI

Confirm target frequency

Confirm wire width based on 
skin depth

Optimize the placement of vias for 
facilitating top-to-bottom rotation

Devise a serpentine alignment for the 
precise equidistance between split wires

Splitting Wires

Equalizing the Split Wires

Calculate count of wires

Correct the wire spacing

Completed

Fig. 6. Flowchart for the design of the proposed ESPI. The derivation of 
specific equations for the calculation of inductance is included in multimedia 

folder. 

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Comparison of Current Distributions

Fig. 7 and Fig. 8 compare the current distribution of the

proposed ESPI and the commercialized inductor from Coilcraft, 

as well as PCB inductors with wide wire and split wires. The 

proposed ESPI has the best current distribution. 
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Fig. 7. Comparison of the simulated current distribution @ DC condition. Split 
wires inductor improves current distribution, but still concentrates more on the 

inner wires due to unequal lengths of split wires. The proposed ESPI has the 

most uniform current distribution. Simulations are included in the multimedia 

folder. 
JAC
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Fig. 8. Comparison of the simulated current distribution @ 200 kHz. Split wires 
inductor suppresses skin and proximity effects, but the problem of unequal wire 

lengths still hurts the AC current distribution. Therefore, the proposed ESPI has 

the most uniform current distribution. Simulations are included in the 
multimedia folder. 
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B. Comparison of Magnetic Field Distributions 

Fig. 9 compares the radiation results of three PCB inductors 

and the commercialized inductor. Experiment in Fig. 10 verifies 

the accuracy of electromagnetic simulations. The comparison 

results are shown in Fig. 11. The radiation results of simulation 

and experiment are matched. 

B 

0.0007 T

0.0500 T

Fig. 9. Comparison of the simulated radiation values at 0.1 mm height with 100 
A current. The distribution of magnetic field strength of the split wires inductor 

is more uniform than that of the wide wire inductor, but not as uniform as the 

ESPI. The proposed ESPI yields a more uniform magnetic field distribution 
with a smaller maximum value of the magnetic field strength. Simulations are 

included in the multimedia folder. 

EMC Probe:

beehive 100 Series 100B

3 dB bandwidth: 3100 MHz

The proposed ESPI

Oscilloscope

Signal Generator: Bode 100 

with a B-WIC kit

Current Probe

Spectrum Analyzer

x

y

z

Fig. 10. Radiation measurement test bench setup. The Bode 100 with fixed 

frequency serves as the signal generator, which is connected to an oscilloscope 

to monitor through a current probe. The effective input current set at 40 mA. 
Coordinate paper is affixed to the proposed ESPI to measure radiation at 

equidistant points. The EMC probe, specifically the beehive 100 Series 100B, 

is used to measure the radiation components in the x, y, and z directions. The 
root mean square (RMS) value of these measurements is taken as the final total 

radiation value. The EMC probe is connected to a spectrum analyzer, which 

reads and records the measurement results. Raw data for the experiment is 
shown in multimedia folder. 
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 T
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(a) (b)

(0, 0.0025, 6.22×10-6)(0, 0.0025, 6.15×10-6)

Fig. 11. Comparison of simulated and experimental radiation values at 4.6 mm 
height with 40 mA current: (a) simulation result, and (b) experiment result. The 

coordinate paper is segmented into 5*5 = 25 sections, to conduct the radiation 

measurements. For each grid section, radiation data is collected at four corner 
points and the central point to ensure comprehensive coverage and accurate 

image fitting. Simulated and experimental results of radiation distribution are 

welly matched. The error at the radiation maximum point is 1.12%.  

C. Comparation of Inductance, Resistance and Q value

Fig. 12 gives the simulation results of Q3D in terms of

parameter extraction. The proposed ESPI performs optimally in 

terms of AC resistance, inductance and Q value. The DC 

resistance value of the proposed ESPI in Fig. 12(a) is higher 

compared to the other two structures. This is due to the fact that 

splitting causes a decrease in the cross-sectional area of the 

conductor and the current cannot flow from the innermost side 

at corners. Besides, equalizing causes the total length of the 

conductor to rise. Fig. 13 demonstrates that simulated and 

experimental results of impedance measurement are welly 

matched.  

(a)

(b)

(c)

The simulated value of ESPI matches the calculated 

Inductance derived from fomulae.

Fig. 12. Q3D simulation parameter results of three PCB inductors: (a) resistance; 
(b) inductance; (c) Q value.

Existing Wide Wire Inductor: a serious skin effect and poor inductance 

characteristics in both DC and AC conditions. 
Improved Split Wires Inductor: mitigate the skin effect and have a noticeable 

increase in Lac and Q value compared to wide wire inductor. However, the DC

inductance hasn’t improved significantly because of uneven current distribution. 

The proposed ESPI: not only solves the AC effect, but DC inductance 

continues to increase compared to split wires inductor. Therefore, the proposed 

ESPI exhibits the highest Q value, aligning well with theoretical predictions.
Simulations and derivation of specific equations for the calculation of 

inductance are included in the multimedia folder.

Fig. 13. Comparison of simulated and experimental results for impedance. The 

simulated and experimental results of impedance measurement are welly 

matched. 

D. Experiment of Thermal Distribution

Fig. 14 gives a photograph of the ESPI and the thermal

distribution under actual circuitry with a 20 ℃ temperature rise, 

demonstrating the excellent heat dissipation capability of its 2D 

structure and the feasibility of its practical application. The 

ESPI has a current carrying capacity of 4.0 A at a 20 ℃ 

temperature rise. 
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(a) (b)

Center
Highest

17.63 mm

14.29 mm

Fig. 14. (a) The photo of the proposed ESPI, (b) experimental result of 4.0 A 

current at 20 ℃ temperature rise. 

TABLE II provides a comparison of key electrical 

parameters for three different inductors. The proposed ESPI 

inductor showcases a superior energy density of 22.06×10-9 

J/mm³, which means a 27% increase over the commercial 

inductor and a substantial 513% increase over the litz-wire-

based inductor. The proposed ESPI also achieves a compact 

volume and comparable inductance and current-carrying 

capabilities. This multi-faceted superiority makes the ESPI an 

attractive option for applications where integration, efficiency, 

and energy density are critical considerations. 

TABLE II 

COMPARISON OF COMMERCIALIZED INDUCTOR LITZ-WIRE-

BASED INDUCTOR AND THE PROPOSED ESPI 

V. CONCLUSION 

In conclusion, this research addresses the need for high-

performance PCB inductors and have several achievements:  

Identification of the Cause of DC Inductance Reduction: 

this manuscript uncovers and identifies the underlying cause of 

inductance reduction and give the physical explanation. 

Innovative Structure: a novel PCB inductor structure has 

been proposed, effectively suppressing both the skin effect and 

inductance reduction, to design inductor with high-current 

capacity and high-energy density. 

Comprehensive Equations: this study provides 

comprehensive equations that model the behavior of PCB 

inductors under various conditions, enabling precise design and 

optimization. The calculation result using simplified equations 

is 66.0882 nH, with an error of 0.07% from simulated value. 

The derivation of specific equations for the calculation of 

inductance are included in the multimedia folder. 

Design Flowchart: a structured design flowchart has been 

established to guide the development of high-performance PCB 

inductors. 

High Energy Density and Low Radiation: the proposed 

PCB inductor design has been validated through both 

simulations and experiments. The energy density and radiation 

level are better than that of both conventional PCB inductors 

and commercialized products.  

Optimal Thermal Performance: additionally, our design 

exhibits excellent thermal performance, ensuring stable 

operation under demanding high-current. 
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