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 This study focuses on developing miniaturized electromagnetic components 

for applications in integrated microsystems, magnetic sensors, contactless 

energy transfer, and compact power converters. In a context of 

miniaturization and the pursuit of greater energy efficiency, the planar 

micro-coil plays a key role due to its compact size, ease of integration, and 

compatibility with microfabrication technologies. The work presented 

explores the design, modeling, fabrication, and experimental characterization 

of a square planar micro-coil. Its electromagnetic properties, such as 

inductance, resistance, and quality factor, are highly dependent on factors 

like the coil’s geometry (turns, track width, spacing, conductor thickness), 

substrate characteristics, and the manufacturing process. The main goal is to 

propose an accurate experimental model linking geometric parameters to 

electrical performance. The approach combines analytical modeling, finite 

element modeling (FEM), and experimental measurements on 

microfabricated prototypes. The results show strong agreement between 

theoretical predictions and experimental data, validating the model’s 

relevance. Lastly, the study highlights the impact of skin effects, proximity 

effects, and ohmic losses on the coil’s performance, offering insights for 

optimizing its design for high-performance, compact electromagnetic 

devices. 
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1. INTRODUCTION 

The continuous miniaturization of electronic systems imposes increasingly stringent constraints on 

the design of passive components, particularly in terms of compactness, electromagnetic performance, and 

compatibility with microfabrication processes. In this context, planar micro-coils are key components in 

numerous applications, including integrated microsystems, magnetic sensors, wireless power transfer, and 

miniaturized power converters [1], [2]. Although analytical and numerical approaches, such as finite element 

method (FEM) simulations, are widely employed to estimate their electromagnetic characteristics, systematic 

experimental validation remains limited, especially for square planar micro-coils [3], [4]. 

Conventional analytical models exhibit significant limitations when applied at the micrometer scale, 

where the performance of planar micro-coils arises from complex interactions among multiple geometrical 

parameters, including track width, inter-turn spacing, conductor thickness, and outer diameter [5], [6]. These 

parameters cannot be considered independently, as their combined effects strongly influence key 
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performance metrics such as inductance, series resistance, and quality factor. The lack of a structured 

experimental methodology capable of simultaneously quantifying main effects and interaction effects 

constitutes a major obstacle to the reliable optimization of planar micro-coils. 

The design of experiments (DOE) methodology provides a rigorous and efficient framework to 

address this challenge. By carefully selecting key geometrical factors and their corresponding levels, DOE 

enables a systematic exploration of the design space while significantly reducing the number of fabricated 

samples, which is particularly critical in a microfabrication context. Furthermore, the associated statistical 

analysis makes it possible to identify not only dominant main effects but also significant interactions between 

parameters, which are often overlooked in purely analytical or numerical approaches. 

In this work, a DOE-based approach is implemented to establish a predictive experimental model of 

the electromagnetic performance of square planar micro-coils, validated through precise experimental 

measurements [7]–[9]. This methodology allows the sensitivity of coil performance to geometrical variations 

to be quantified and enables an assessment of design robustness with respect to process-induced variations 

inherent to microfabrication technologies. The experimental results exhibit a strong correlation with 

theoretical predictions, while also revealing nonlinear behaviors and interaction effects, particularly 

associated with the outer diameter, which play a critical role in optimizing high-frequency performance [8], 

[10]. The proposed DOE-based approach thus constitutes a powerful tool for the robust and optimized design 

of planar micro-coils intended for advanced microelectronic applications. 

 

 

2. USING EXPERIMENTAL DESIGN TO EVALUATE PLANAR MICRO-COILS 

PERFORMANCE 

2.1.  Presentation of the planar micro-coil 

2.1.1. Simulation setup and device description 

A square planar spiral micro-coil deposited on a multilayer substrate was selected for this study, as 

shown in Figure 1. The objective is to integrate this planar micro-coil into a low-power, low-voltage buck 

direct current (DC)–DC converter [2], [3]. The main challenge associated with this integration lies in the 

development of an accurate sizing and modeling methodology for the planar micro-coil that ensures minimal 

losses under high-frequency operating conditions. The electromagnetic behavior of the micro-coil was 

analyzed using computer solution (COMSOL) Multiphysics, based on three-dimensional finite element 

simulations. 

 

 

  
 

Figure 1. Square micro-coil on kapton and ferrite substrate 
 

 

2.1.2. Boundary conditions 

The electromagnetic simulations were performed using the alternating current (AC)/DC module of 

COMSOL Multiphysics, assuming frequency-domain operation. To emulate an open-boundary environment 

and avoid artificial field confinement, appropriate boundary conditions were applied to the outer surfaces of 

the computational domain. In particular, magnetic insulation conditions were imposed on selected 

boundaries, while infinite element domains were employed to effectively truncate the simulation space and 

accurately model the radiation of electromagnetic fields. This combination ensures reliable field distribution 

and precise extraction of impedance-related parameters. 
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2.1.3. Meshing strategy 

The accuracy of the finite element simulations strongly depends on the mesh quality, especially at 

high frequencies. A non-uniform adaptive meshing strategy was adopted, with local mesh refinement in 

regions exhibiting high electromagnetic field gradients, namely the conductive tracks of the micro-coil, the 

inter-turn gaps, and the conductor–substrate interfaces. In COMSOL Multiphysics, higher-order tetrahedral 

elements were used within the conductors to accurately capture current crowding, skin, and proximity effects. 

Mesh convergence studies were systematically conducted to ensure that the extracted electromagnetic 

parameters were independent of the mesh density. 

 

2.1.4. Frequency sweep 

A frequency-domain analysis was carried out over a range compatible with the target application. A 

parametric frequency sweep was performed around the nominal operating frequency of the buck converter, 

set to 500 kHz, in order to evaluate the frequency-dependent behavior of the micro-coil. Key performance 

metrics such as inductance, series resistance, and quality factor were extracted as functions of frequency. The 

frequency step was selected to provide sufficient resolution to capture frequency-dependent loss mechanisms, 

particularly skin and proximity effects, which are critical for high-frequency operation. 

 

2.1.5. Converter topology and electrical specifications 

The converter topology was deliberately kept simple, as the objective of this work is not to propose 

a novel power conversion architecture, but to rely on a well-established buck converter that can be integrated 

with minimal complexity. Nevertheless, the selected topology inherently requires the integration of a micro-

coil, which constitutes the key component under investigation [4], [5]. The structure of the considered buck 

converter is shown in Figure 2. The electrical specifications of the converter are: input voltage (𝑉𝑒 = 5 V), 

output voltage (𝑉𝑠 = 2.5 V), output power (𝑃𝑠 = 1 W), operating frequency (𝑓 = 500 kHz), and duty cycle 

(D = Vs/Ve = 0.5). 

 

 

 
 

Figure 2. Schematic of a buck DC-DC converter containing the square spiral planar micro-coil 

 

 

The planar micro-coil is governed by several parameters, which can be grouped into two main 

classes. In this study, we focus on the inter-turn spacing s, the conductor width t, the thickness w and the 

number of turns n. Together, these parameters constitute a set of factors that define the dimensional 

characteristics of the planar micro-coil. The interactions between these factors can be investigated using a 

design of experiments approach [9], [10].  

The selection of appropriate levels for each factor is crucial, as it determines the experimental 

domain within which the conclusions drawn from the study remain valid [11]–[14]. The experimental domain 

considered in this work enables the construction of the experimental matrix, as presented in Table 1. Given 

that four factors are examined at two levels each, a full factorial design is adopted as the initial step in the 

analysis. This design is well suited for modeling purposes, as it allows the development of first-order models 

that include interaction effects between factors [2], [4]. 
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Table 1. Experimental domain 
Factors Min. values Max. values 

Turns spacings (µm) 0.5  2.5  

Width 𝑡 (µm) 0.1  0.5  

Thickness 𝑤 (µm) 1.8  90  

Number of turns (𝑛) 2 16 

 

 

3. EXPERIMENTAL PROCEDURE 

The proposed theoretical model was validated through a systematic experimental characterization of 

square planar micro-coils with varying geometrical parameters. The investigated factors include conductor 

width (𝑤), thickness, inter-turn spacing, and outer diameter (𝑑𝑜𝑢𝑡). The experimental campaign was designed 

using a DOE methodology in order to quantify both main effects and interaction effects on the electrical 

characteristics of the micro-coils, with particular emphasis on inductance. 

Electrical measurements were performed using an impedance analyzer over a frequency range 

centered around 500 kHz, corresponding to the intended operating conditions of the integrated DC–DC 

converter. Each micro-coil was measured individually using short, low-parasitic connections to minimize 

lead effects. Prior to the measurements, the impedance analyzer was calibrated using an open–short–load 

(OSL) procedure at the probe reference plane. This calibration ensured the compensation of systematic errors 

associated with cables, connectors, and measurement fixtures. Residual lead inductance and resistance were 

further evaluated through reference open and short measurements and were subtracted from the raw data. 

Parasitic capacitances arising from the substrate, inter-turn coupling, and measurement 

interconnections were taken into account through frequency-domain analysis. The complex impedance data 

were interpreted using an equivalent resistor–inductor–capacitor (RLC) model, allowing the extraction of the 

inductive component in the frequency region where inductive behavior dominates. Only measurements 

within this region were retained for parameter identification. The experimental results were analyzed and 

presented primarily in graphical form to facilitate the interpretation of trends and interactions between 

geometrical parameters. A strong agreement was observed between experimental data, analytical predictions, 

and simulation results, confirming the validity of the proposed modeling approach at the micrometer scale. 

 

3.1.  Experimentations results 

The experimental setup used in this study makes it possible to evaluate the inductance (𝐿) as a 

function of the turn spacing (𝑠), conductor width (𝑡), thickness (𝑤) and outer diameter (𝑑𝑜𝑢𝑡). Each 

experimental point corresponds to the average value obtained from approximately twenty measurements, 

thereby improving measurement reliability. In the present work, particular attention is devoted to face-

centred composite designs (FCC), which are well suited for modeling using response surface methodology 

(RSM) [15]–[18]. The main advantage of the FCC design lies in its sequential nature: the process is initially 

modelled using a first-order polynomial. Accordingly, the first step of this study consists in establishing a full 

factorial experimental design. If the resulting linear model is validated, the experimental campaign is 

terminated. Otherwise, the analysis is extended to a second-order polynomial model through the construction 

of a composite face-centred design. The results obtained from the 19 experimental runs of the full factorial 

design are reported in Table 2. 

 

3.2.  Results of the full factorial plan 

Table 2 presents the estimated values obtained using the mathematical model established by the 

experimental design methodology applying the MODDE 05 software. These are compared with the values 

measured according to the centred factorial design. We will carry out this calculation using the classical 

method; it should be remembered that the matrix method can also be used, but in both cases the mathematical 

model is that associated with factorial plans. 

 

3.2.1. Matrix for calculating effects 

Table 3 presents the matrix for calculating reduced effects using the high, low and central levels 

dictated by the experimental design methodology. Each result in the last column of the table is the result of 

using the levels of our experimental design according to the mathematical model.  

 

𝑌 = 𝑎0 + 𝑎𝑛 ∗ 𝑛 + 𝑎𝑑𝑜𝑢𝑡 ∗ 𝑑𝑜𝑢𝑡 + 𝑎𝑤 ∗ 𝑤 + 𝑎𝑠 ∗ 𝑠 + 𝑎𝑛−𝑑𝑜𝑢𝑡 ∗ 𝑛𝑑𝑜𝑢𝑡 +  
𝑎𝑛−𝑤 ∗ 𝑛𝑤 + 𝑎𝑛−𝑠 ∗ 𝑛𝑠 + 𝑎𝑑𝑜𝑢𝑡−𝑤 ∗ 𝑑𝑜𝑢𝑡𝑤 + 𝑎𝑑𝑜𝑢𝑡−𝑠 ∗ 𝑑𝑜𝑢𝑡𝑠 + 𝑎𝑤−𝑠𝑤𝑠 (1) 
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Table 2. Results of the full factorial plan 
EXP no 𝑛 𝑑𝑜𝑢𝑡 𝑤 𝑠 𝐿𝑒𝑠𝑡 𝐿 

1 2 145 1.8 0.8 -0.00992723 1.557 e-5 

2 16 145 1.8 0.8 -0.000742769 0.0092 

3 2 532 1.8 0.8 -0.00992719 1.557 e-5 
4 16 532 1.8 0.8 -0.000742754 0.0092 

5 2 145 90 0.8 -0.00930297 0.0006398 

6 16 145 90 0.8 0.318857 0.3288 
7 2 532 90 0.8 -0.009303 0.0006398 

8 16 532 90 0.8 0.318857 0.3288 

9 2 145 1.8 18 -0.00986632 7.6436 e-5 
10 16 145 1.8 18 0.0577572 0.0677 

11 2 532 1.8 18 -0.0098663 7.6436 e-5 

12 16 532 1.8 18 0.0577573 0.0677 
13 2 145 90 18 -0.00924214 0.00070066 

14 16 145 90 18 0.377357 0.3873 

15 2 532 90 18 -0.00924216 0.00070066 

16 16 532 90 18 0.377357 0.3873 

17 9 338.5 45.9 9.4 0.0893613 0.035 

18 9 338.5 45.9 9.4 0.0893613 0.038 
19 9 338.5 45.9 9.4 0.0893613 0.036 

 

 

Table 3. Effects calculation matrix 
𝑎0 𝑛 𝑑𝑜𝑢𝑡 𝑤 𝑠 𝐼𝑛−𝑑𝑜𝑢𝑡 𝐼𝑛−𝑤 𝐼𝑛−𝑠 𝐼𝑑𝑜𝑢𝑡−𝑤 𝐼𝑑𝑜𝑢𝑡−𝑠 𝐼𝑤−𝑠 𝐿𝑒𝑠𝑡(𝐻) 

1 -1 -1 -1 -1 +1 +1 +1 +1 +1 +1 1.557 e-5 

1 1 -1 -1 -1 -1 -1 -1 +1 +1 +1 0.0092 
1 -1 1 -1 -1 -1 +1 +1 -1 -1 +1 1.557 e-5 

1 1 1 -1 -1 +1 -1 -1 -1 -1 +1 0.0092 

1 -1 -1 1 -1 +1 -1 +1 -1 +1 -1 0.000639 
1 1 -1 1 -1 -1 +1 -1 -1 +1 -1 0.3288 

1 -1 1 1 -1 -1 -1 +1 +1 -1 -1 0.000639 

1 1 1 1 -1 +1 +1 -1 +1 -1 -1 0.3288 
1 -1 -1 -1 1 +1 +1 -1 +1 -1 -1 7.6436 e-5 

1 1 -1 -1 1 -1 -1 +1 +1 -1 -1 0.0677 

1 -1 1 -1 1 -1 +1 -1 -1 +1 -1 7.6436 e-5 
1 1 1 -1 1 +1 -1 +1 -1 1 -1 0.0677 

1 -1 -1 1 1 +1 -1 -1 -1 -1 +1 0.000700 

1 1 -1 1 1 -1 1 +1 -1 -1 +1 0.3873 
1 -1 1 1 1 -1 -1 -1 +1 +1 +1 0.0007006 

1 1 1 1 1 1 1 +1 1 1 1 0.3873 

1 0 0 0 0 0 0 0 0 0 0 0.035 
1 0 0 0 0 0 0 0 0 0 0 0.038 

1 0 0 0 0 0 0 0 0 0 0 0.036 

 

 

4. DETERMINATION OF INDUCTANCE VALUE 

4.1.  Study domain 

The selection of levels assigned to each factor is a crucial step in the design of the experiment. 

Indeed, these levels determine the domain of study within which the obtained results can be interpreted and 

applied. As illustrated in Table 4, an appropriate choice ensures the validity and relevance of the conclusions 

drawn from the experiment. The choice of the levels of each factor is essential because it defines the field of 

study within which the conclusions of the experiment will be valid, as in Table 4. 

 

 

Table 4. Study domain [5], [6] 
 n dout(µm) w (µm) s (µm) 

Level (-) 2 145 20 2 
Level (0) 9 338.5 23 4 

Level (+) 16 532 26 6 

 

 

4.2.  Setting up the mathematical model 

The 𝑎𝑜 is a constant, the value of the response at the centre of the domain. In the case of factorial 

designs with the experimental points located at the vertices of the study domain, this constant is the average 

of all the responses, this gives (2): 
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𝑎0 =
∑ (𝐼𝑝)𝑖𝑖=19

𝑖=1

𝑛
=

1.557𝑒−0.05+0.0092+⋯.+0.036

19
= 0.0893613𝐻 (2) 

 

The effect of the number of turns (𝑎𝑛) is calculated by multiplying each response by the value of the 

sign in the column for factor 1 (𝑛). i.e., Ip1 by -1. Ip2 by +1. Ip3 by -1 and so on. Kindly remember that the 

points at the centreare not taken into account when calculating effects and interactions. We can therefore set 

the (3): 
 

𝑎𝑛 =
−𝑦1+𝑦2−𝑦3+⋯+𝑦19

16
= 0.0989459𝐻 (3) 

 

The same procedure is adopted for the effects and interactions of the other factors. 
 

Effect of external diameter 𝑑𝑜𝑢𝑡𝑎𝑑𝑜𝑢𝑡 =
−𝑦1−𝑦2+𝑦3+⋯+𝑦19

16
= −1.02897𝑒−3𝐻 (4) 

 

Effect of the width 𝑤𝑎𝑤 =
−𝑦1−𝑦2−𝑦3−𝑦4…+𝑦19

16
= 0.0800561 𝐻 (5) 

 

Effect of Inter-turns 𝑠 𝑎𝑠 =
−𝑦1−𝑦2−⋯−𝑦8+⋯+𝑦19

16
= 0.0146402 𝐻 (6) 

 

We proceed to calculate the effects of interactions between factors. Interaction between the number 

of turns and the external diameter (𝐼𝑛−𝑑𝑜𝑢𝑡): is calculated by multiplying each response by the value of the 

sign shown in the 6th column. i.e., Ip1 by +1. Ip2 by -1. Ip3 by -1 and so on. The same procedure is adopted 

for other interactions as in (8)-(12). 
 

𝐼𝑛−𝑑𝑜𝑢𝑡 =
+𝑙1−𝑙2−𝑙3+𝑦4+⋯+𝑙19

16
= 2.0063𝑒−3𝐻 (7) 

 

Interaction between turns number 𝑛 and the width 𝑤: 
 

𝐼𝑛−𝑤 =
+𝑙1−𝑙2+𝑙3−⋯+𝑙19

16
= 8.6545𝑒−2𝐻 (8) 

 

Interaction between turns number of n and the inter-turns 𝑠: 
 

𝐼𝑛−𝑠 =
+𝑙1−𝑙2+− ⋯+𝑙19

16
= 1.2967e−2𝐻 (9) 

 

Interaction between the external diameter dout and the width w: 
 

𝐼𝑑𝑜𝑢𝑡−𝑤 =
+𝑙1+𝑙2−𝑙3…+𝑙19

16
= 1.1618𝑒−2𝐻 (10) 

 

Interaction between the external diameter dout and the inter-turns 𝑠: 
 

𝐼𝑑𝑜𝑢𝑡−𝑠 =
+𝑙1+𝑙2−𝑙3−𝑙4…+𝑙19

16
= 1.1618𝑒−2 (11) 

 

Interaction between width w and inter-turns s: 
 

𝐼𝑤−𝑠 =
+𝑙1+𝑙2+𝑙3+𝑙4−⋯+𝑙19

16
= 1.5282e−2𝐻 (12) 

 

The mathematical model of the inductance 𝐿 can therefore be expressed by the (13). 
 

𝐿 = 0.0893613 + 0.0989459 ∗ 𝑛 − 1.02897𝑒−8 ∗ 𝑑𝑜𝑢𝑡 + 0.0800561 ∗ 𝑤 + 

0.0146402 ∗ 𝑠 + 2.13323𝑒−9 ∗ 𝑛𝑑𝑜𝑢𝑡 + 0.0797439 ∗ 𝑛𝑤 + 0.0146098 ∗ 𝑛𝑠 + 

5.96874𝑒−11 ∗ 𝑑𝑜𝑢𝑡𝑤 + (−)5.87277𝑒−9𝑑𝑜𝑢𝑡𝑠 + 4.667𝑒−9 ∗ 𝑤𝑠  (13) 

 

4.3.  Estimation of variance 

Once the mathematical model we are looking for has been established, we now need to assess the 

quality of the model. To do this, we carry out an analysis of variance [19]–[22]. Using (2) to (13), this first 

step results in the construction of Table 5. From (15)-(17) of the statistical analysis of the model as a whole 

we have:  
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Table 5. Estimation of model effects 
N dout w s n×dout n×w n×s dout×w dout×s w×s Y Yest SCM SCE SCT 

-1 -1 -1 -1 1 1 1 1 1 1 1.557e-5 1.55e-5 0.0798 0 0.0798 
1 -1 -1 -1 -1 -1 -1 1 1 1 0.0092 0.009 0.7811 0.0067 0.788 

-1 1 -1 -1 -1 1 1 -1 -1 1 1.557e-5 1.57e-5 0.0798 1.44e-14 0.0798 

1 1 -1 -1 1 -1 -1 -1 -1 1 0.0092 0.0098 0.7811 0.0067 0.788 
-1 -1 1 -1 1 -1 + -1 1 -1 0.0064 0.0007 0.0787 6.4e-11 0.078 

1 -1 1 -1 -1 1 -1 -1 1 -1 0.3288 0.3488 0.0673 0.0004 0.067 

-1 + 1 -1 -1 -1 1 -1 -1 -1 0.0006 0.0007 0.0078 6.4e-11 0.007 
1 1 1 -1 1 1 -1 1 -1 -1 0.3288 0.3488 0.0673 0.0004 0.067 

-1 -1 -1 1 1 1 -1 1 -1 -1 7.646e-5 7.65e-5 0.0079 1.1881e-14 0.007 

1 -1 -1 1 -1 -1 1 1 -1 -1 0.0677 0.0715 0.0003 1.444e-5 0.0003 
-1 1 -1 1 -1 1 -1 -1 1 -1 7.636e-5 7.65e-5 0.0079 1.1881e-14 0.008 

1 1 -1 1 1 -1 1 -1 1 -1 0.0677 0.0735 0.0002 3.364e-5 0.0028 

-1 -1 1 1 1 -1 -1 -1 -1 1 0.000006 0.0007 0.0078 9.3702e-11 0.0078 
1 -1 1 1 -1 1 1 -1 -1 1 0.3873 0.3922 0.0917 2.401e-5 0.0917 

-1 1 1 1 -1 -1 -1 1 1 1 0.0007 0.0007 0.0078 8.723e-11 0.00785 

1 1 1 1 + 1 1 1 1 1 0.3873 0.3756 0.0819 0.1359 0.2178 
0 0 0 0 0 0 0 0 0 0 0.0350 0.039 0 1.6e-5 1.6e-5 

0 0 0 0 0 0 0 0 0 0 0.038 0.041 0 9e-6 9e-6 

0 0 0 0 0 0 0 0 0 0 0.036 0.038 0 4e-6 4e-6 

 

Knowing that: 

 

𝑌̅ =
∑ 𝑌19

1

19
= 0.0896279 (14) 

 

𝑆𝐶𝑀 = ∑ (𝑌̂ − 𝑌̅)
2

𝑖=19

𝑖=1

= 0.367779 𝑆𝐶𝐸 = ∑ (𝑌𝑖 − 𝑌̂)
2𝑖=19

𝑖=1 =0.010157 

𝑆𝐶𝑇 = ∑ (𝑌𝑖 − 𝑌̅)2𝑖=19
𝑖=1 =0.377894 (15) 

 

4.4.  Total variance (variance of residuals) 

The residual variance is defined by equation (16). This equation represents the variation in the data 

that is not explained by the model used. It thus allows for the evaluation of the gap between the observed 

values and the predicted values, representing the portion of variance not captured by the model. 

 

𝑆2 =
𝑆𝐶𝐸

𝑌𝑒
=

∑ (Yi−Y̅i)2i=N
i=1

(N−P)
=

0.0101568

8
= 0.0012696  (16) 

 

4.5.  Variance on one effect 

This value is defined by the (17): 

 

𝑆𝑖
2 =

𝑆2

𝑛
=

0.0012696

19
= 6.68211𝑒−5  (17) 

 

The 𝑡𝑖 statistical test is established from relationship as in (18): 

 

𝑡𝑖 =
|ai|

Si
  (18) 

 

We recall that the equation which translates the micro-coil model is given by (19): 

 

𝑌 = 0.0893613 + 0.098459 ∗ 𝑛 − 1.02897𝑒−8 ∗ 𝑑𝑜𝑢𝑡 + 0.0800561 ∗ 𝑤 + 

0.0146402 ∗ 𝑠 + 2.13323𝑒−9 ∗ 𝑛𝑑𝑜𝑢𝑡 + 0.0797439 ∗ 𝑛𝑤 + 0.0146098 ∗ 𝑛𝑠 + 

5.96874𝑒−11 ∗ 𝑑𝑜𝑢𝑡𝑤 + (−)5.87277𝑒−9𝑑𝑜𝑢𝑡𝑠 + 4.667𝑒−9𝑤𝑠 (19) 

 

As an example, the coefficient of the number of turns 𝑛, 𝑡𝑛= coefficient of the number of turns 

𝑛/𝑆𝑖 = 0.0989459/0.0081279 = 12.7. The mathematical model was determined from 19 tests and has 11 

coefficients. Thus there are 𝜈 = 19 − 11 = 8 degrees of freedom, the student table [23] gives. For a 5% risk 

with 𝜈 = 8, 𝑡𝑐𝑟𝑖𝑡 (0.05, 8) = 2.306. An effect will be significant at the 5% risk if the corresponding statistical 

test tobs is greater than 2.306. Thus, the tv effect of inductance is less than 𝑡𝑐𝑟𝑖𝑡 and therefore not significant. 

Performing the same calculation for all variables gives the results as in Table 6. 
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Analysis of variance or ANOVA is employed to determine the threshold beyond which an effect is 

no longer statistically significant. The results indicate that four main effects and one interaction exhibit a 

probability of at least 95% of being significant. Although Table 6 raises some uncertainty regarding the 

influence of the inter-turn spacing, it should be noted that the ratio between the observed statistics (𝑡𝑜𝑏𝑠) 

associated with this effect and the critical value (𝑡𝑐𝑟𝑖𝑡) is equal to 85.42%. This indicates that the inter-turn 

effect is close to the significance threshold. as (𝑡𝑜𝑏𝑠) is nearly equal to (𝑡𝑐𝑟𝑖𝑡) (1.97 < 2.306).  

 

 

Table 6. Analysis of the effects of the micro-coil mathematical model 

Variables Effect tobs Results 

𝑎0  0.0893 10.93>2.306 Significant 

The inter-turns 𝑠 0.0989 1.79 <2.306 Significant 

The width 𝑡 0 0 <2.306 Not significant 

The thickness 𝑤 0.0800 9.79>2.306 Significant 

The turnsnumber 𝑛 0.0146 12.10>2.306 Significant 

𝑛 × 𝑑𝑜𝑢𝑡  3.469e-18 2.60964e-7<2.306 Not significant 

𝑛 × 𝑤  0.0797 9.75>2.306 Significant 

𝑛 × 𝑠  0.0146 1.78<2.306 Not significant 

𝑑𝑜𝑢𝑡 × 𝑤  0 7.30173e-9<2.306 Not significant 

𝑑𝑜𝑢𝑡 × 𝑠  0 7.18433 e-7<2.306 Not significant 

𝑤 × 𝑠  -7.5e-10 5.70927 e-7<2.306 Not significant 

 

 

These results clearly demonstrate that the inter-turn spacing (𝑠), the thickness (𝑤) and the number of 

turns (𝑛) have a statistically significant influence on the inductance (𝐿). Consequently, only these three 

factors along with the significant interaction (𝑛 × 𝑤) should be considered in the optimization process aimed 

at increasing or decreasing the inductance as they exhibit a meaningful impact on the system response. 

 

4.6.  Confidence interval of model effects 

Once the significant and insignificant effects have been determined the next step is to establish the 

confidence interval for the coefficients of the mathematical model. The confidence interval is expressed as 

(20). 

 

𝑎𝑖 − 𝑡[(𝑎. 𝑣)]𝑆𝑖 . 𝑎𝑖 + 𝑡(𝑎. 𝑣)𝑆𝑖 = [ai − 2.306 ∗ 0.00817442. ai + 2.306 ∗ 0.00817442] (20) 

 

Table 7 shows the confidence interval calculations for all the coefficients in the model. Table 7 confirms the 

results of Table 6. It is clear that, for example 𝑎𝑜 = 0.0893 is significantly different from zero at the 5% risk 

whereas the second example the dout*w interaction is not significantly different from zero at the same risk. 

 

 

Table 7. Confidence intervals for mathematical model coefficients 
Model coefficient Bottom limit Upper limit 

𝑎𝑜  = 0.0893613 0.0893613 ˗ 0.0188502 = 0.0705111 0.0893613 + 0.0188502 = 0.1082115 

𝑎𝑛 = 0.0989459 0.08000957 0.1177961 

𝑎𝑑𝑜𝑢𝑡 t = -1.02897 e-008 -0.0188502 0.0188502 

𝑎𝑤  = 0.0800561 0.0612059 0.0989063 

𝑎𝑠  = 0.0146402 -0.00421 0.0334904 

𝑛 × 𝑑𝑜𝑢𝑡 = 2.13323 e-009 -0.0188502 0.0188502 

𝑛 × 𝑤 = 0.079744 0.0608938 0.0985942 

𝑛 × 𝑠 = 0.0146098 -0.0042404 0.03346 

𝑑𝑜𝑢𝑡 × 𝑤 = 5.96874 e-011 -0.0188502 0.0188502 

𝑑𝑜𝑢𝑡 × 𝑠 = -5.87277 e-009 -0.0188502 0.0188502 

𝑤 × 𝑠 = 4.667 e-009 -0.0188502 0.0188502 

Note: 𝑡(𝑎, 𝜈) = 𝑡(0.05, 8) = 2.306 i.e., 𝑎=0.05=5% (tolerance or risk) and 𝜈=8 is the number of degrees of freedom of the 

residuals ∑(SCE). 

 

 

4.7.  Variance analysis 

The statistical analysis of the model as a whole continues with the construction of a statistical test. 

The regression analysis table is used to group together the various stages leading to the statistical analysis of 

the inductance regression, as in Table 8. The Fisher-Sned table [23] gives for 𝜈1 = 10 and 𝜈2 = 8 𝐹𝑐𝑟𝑖𝑡 =
3.35 for a risk of 5%. Given that (𝐹𝑜𝑏𝑠 = 26.37) >(𝐹𝑐𝑟𝑖𝑡 = 3.35) we therefore accept the assumption that the 

model is linear. 
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Table 8. Inductance regression analysis 
Source Sum of squares Degree of liberty Medium square Fobs 

Model SMC = ∑(𝑆𝐶𝑀)𝑖 = 0.36627961 10 
SMC

10
= 0.036628 

SMC

10
/

𝑆𝐶𝐸

8
= 26.37 

Residuals 𝑆𝐶𝐸 = ∑(𝑆𝐶𝐸)𝑖 = 0.01152109 8 
𝑆𝐶𝐸

8
= 0.00144  

Total SCT = 𝑆𝐶𝑀 + 𝑆𝐶𝐸 = 0.37780099 18   

 

 

4.8.  Descriptive quality of the model 

The regression analysis table can be used to immediately establish the coefficient of determination 

from (15)-(17). 
 

𝑅2 =
SMC

SCT
= 1 −

SCE

SCT
 

𝑅2% =
SCM

SCT
∗ 100 = 97.31%  (21) 

 

When analysing test results, it is essential to avoid using the R2 coefficient, instead the adjusted coefficient of 

determination R2
ajust should be used. The regression analysis table can be used to correct the coefficient 

defined in (23). The coefficient R2
ajust is then defined by: 

 

𝑅𝑎𝑗𝑢𝑠𝑡
2 = 1 −

SCE/(N−P)

SCT/(N−1)
  (22) 

 

𝑆𝐶𝐸 =  0.01152109, 𝑁 = 19, 𝑃 = 11, 𝑆𝐶𝑇 = 0.037780, SCE, SCM and SCT are calculated from Table 8. 
 

𝑅𝑎𝑗𝑢𝑠𝑡
2 % = (1 −

SCE/(8)

SCT/(18)
) = 93.95%  (23) 

 

4.9.  Predictive quality of the model 

By analogy with the coefficient of determination R2, we define the coefficient R2 predictive. also 

noted Q2 from (20). 
 

𝑄2 = 1 −
Press

SCT
  (24) 

 

The smaller the prediction error, the more predictive a model will be so we define the statistic, given by (19). 
 

𝑃𝑟𝑒𝑠𝑠 = ∑ ei
2n

i=1   (25) 
 

As long as the value of Press is low the postulated or well-established model is predictive. 
 

𝑃𝑟𝑒𝑠𝑠 = ∑ 𝑒𝑖
2𝑛

𝑖=1 =  ∑ (𝑌𝑖 − 𝑌̂)219
𝑖=1 Ŷ: is the calculated column matrix. 𝑌̂ = X. A  (26) 

 

𝑋: matrix for calculating the effects of dimension (19, 11). This matrix represents the impact calculation 

matrix obtained from Table 3.  

 
1 -1 -1 -1 -1  1  1  1  1  1  1

1 1 -1 -1 -1 -1 -1 -1  1  1  1

1 -1  1 -1 -1 -1  1  1 -1 -1  1

1 1  1 -1 -1  1 -1 -1 -1 -1  1

1 -1 -1 1 -1  1 -1  1 -1  1 -1

1  1 -1 1 -1 -1  1 -1 -1  1 -1

1 -1  1 1 -1 -1 -1  1  1 -1 -1

1  1  1 1 -1  1  1 -1  1 -1 -1

1 -1 -1 -1  1  1  1 -1  1 -1 -1

1  1 -1 -1  1 -1 -1  1X =  1 -1 -1

1 -1  1 -1  1 -1  1 -1 -1  1 -1

1 1  1 -1  1  1 -1  1 -1  1 -1

1 -1 -1  1  1  1 -1 -1 -1 -1  1

1 1 -1  1  1 -1  1  1 -1 -1  1

1 -1  1  1  1 -1 -1 -1  1  1  1

1 1  1  1  1  1  1  1  1  1  1

1 0  0  0  0  0  0  0  0  0  0

1 0  0  0  0  0  0  0  0  0  0

1 0  0  0  0  0  0  0  0  0  0

























 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

𝐴: matrix of coefficients for the model of dimension (11, 1). DIM (Ŷ)=(19, 1). 
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Ŷ: is the calculated column matrix. DIM (Ŷ)= (19, 1) 
 

Ŷ= [
−0.0099. −0.0007. −0.0099. −0.0007. −0.0093.0.3189.

−0.0093.0.3189. −0.0099.0.0578. −0.0092.0.3774.
−0.0092.0.3774.0.0894.0.0894.0.0894

]  (27) 

 

𝑌𝑖: column matrix of DIM (19, 1) (that is the answer). 
 

𝑌𝑖 =[

1557e−5. 0.0092.1.557e−5. 0.0092.0.0006398.
 0.3288.0.006398.0.3288.7.6436e−5. 0.0677.

7.6436e−5. 0.0677.0.0007.0.3873.0.0007
0.3873.0.035.0.038.0.036

]  (28) 

 

The matrix calculation is too long and is done using a spreadsheet in Excel. The derivative error is 

calculated from a matrix product which gives (29). 
 

𝑃𝑟𝑒𝑠𝑠 = ∑ 𝑒𝑖 = 0.010021

19

𝑖=1

 

𝑄2 = 97.35% (29) 
 

The closer the value of the (𝑄2) coefficient is to 100%, the higher the predictive quality of the 

model. The value of (𝑄2) obtained in this study indicates that the model is suitable for predicting responses 

within the investigated domain. In general, a robust mathematical model is characterized by values of (R2) 

and (𝑄2) close to unity with a coefficient of determination approaching one thereby reinforcing the validity 

and reliability of the model [24], [25]. For this first experimental design the calculated values of (R2), (𝑄2) 

and the adjusted coefficient of determination (R2
adj) as in (30): 

 

𝑅2 = 97.31% 

𝑄2 = 97.35% 

𝑅𝑎𝑑𝑗
2 = 93.95% (30) 

 

The first-order model is adequate, the conclusion of this study is that the first-order model is largely 

satisfactory for interpreting the experimental values. 

 

 

5. GRAPHICAL ANALYSIS OF THE MODEL 
 

5.1.  Model adequacy graph and measurement validation 

The model adequacy plot provides a straightforward means of assessing the descriptive quality of 

the proposed model. This graphical representation compares the measured response values with those 

predicted by the model. The closer the distribution of points lies to the first bisector, the more satisfactory the 

model’s descriptive performance as illustrated in Figure 3. In addition, the MODDE 05 software is used to 

verify the consistency of the experimental results and to identify any potentially anomalous or doubtful data 

points. The plot presented in Figure 4 indicates that all experimental results fall within the validation limits. 

There by confirming the reliability of the measurements and the adequacy of the model. 

 

5.2.  Iso-response curves 

The MODDE 05 software also enables modeling based on RSM which can be used to facilitate the 

interpretation of the experimental design results, as in Figure 5. In the multidimensional space defined by 

variations in the micro-coil inductance (𝐿) as a function of the geometric parameters (inter-turns 𝑠, width 𝑡, 

thickness 𝑤, number of turns 𝑛) the iso-response curves allow the identification of distinct regions 

corresponding to different classes of inductance values. In the (𝑤, 𝑠) plane the inductance classes increase 

from 0.014 H to 0.166 H. indicating that both parameters contribute positively to the inductance. Similar 

trends are observed in the (𝑛, 𝑠) and (𝑤, 𝑛) planes. In the (𝑑𝑜𝑢𝑡, 𝑛) plane a strong influence of both 

parameters is observed: increasing the outer diameter (𝑑𝑜𝑢𝑡) from 150 µm to 500 µm results in a decrease in 

inductance from 0.173 H to 0.013 H. whereas increasing the number of turns (𝑛) from 2 to 16 leads to an 

increase in inductance from 0.013 H to 0.173 H. Comparable behaviors are observed in the (𝑠, 𝑑𝑜𝑢𝑡) and (𝑤, 

𝑑𝑜𝑢𝑡) planes. Overall analysis of these response surfaces indicates that the parameters (𝑠), (𝑛), and (𝑤) have a 

favorable contribution to the variation of the inductance (𝐿). 
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Figure 3. Model adequacy graph 
 

 

 
 

Figure 4. Test validation graph 
 

 

  

  

  
 

 

Figure 5. Modeling using 𝐿 response surfaces and the influence of geometric parameters 
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5.3.  Prediction curves 

These curves show the predicted values plotted in black (central curve) which are statistically 

included in the interval between the blue and red curves with a tolerance interval generally equal to 5% as in 

Figure 6. It can also be seen that within the chosen ranges for each factor. The number of turn 𝑛, the turn 

spacing 𝑠 and the thickness 𝑤 are the most influential. They illustrate the influence of each factor on the 

inductance phenomenon. It is also need to be noteed that: the number of turn n has a positive effect: 𝐿 

increases when 𝑛 increases; the thickness 𝑤 has a positive effect: 𝐿 increases when thickness 𝑤 increases; the 

spacing 𝑠 has a positive effect: 𝐿 increases when 𝑠 increases; and the external diameter 𝑑𝑜𝑢𝑡 has a negative 

effect: 𝐿 decreases as 𝑑𝑜𝑢𝑡 increases. 

 

 

   
 

Figure 6. Prediction curves and influence of geometric factors on 𝐿 

 

 

5.4.  Response surface 

The histogram in Figure 7 shows the difference between the estimated response (green) using the 

model and the response observed during the experiment (blue). From the analysis of this experimental 

design, it can be seen that a good performance was obtained because the two surfaces are very similar. It 

should be noted that the difference observed between them is due to the fact that the result obtained is purely 

experimental. 

 

 

 
 

Figure 7. Illustration of the difference between the estimated rate and the rate observed during the experiment 

 

 

6. CONCLUSION  

The experimental analysis presented in this paper validates the proposed theoretical model. Tests 

conducted on various geometric parameters highlight the influence of inter-coil spacing as well as conductor 

width thickness s and outer diameter dout on the electrical characteristics of the micro-coil. The experimental 

results show that the width (𝑤) is directly proportional to the inductance although it is inversely correlated 

with the outer diameter there by corroborating the fundamental design principles of integrated coils in the 

context of inductance modeling. The results obtained further strengthen the experimental conclusions and are 

consistent with theoretical predictions, although the influence of the outer diameter remains to be fully 

clarified. This study emphasizes the importance of experimental design methodologies in the analysis of 

inductive electrical characteristics. The systematic approach adopted facilitates both knowledge enhancement 

and effective capitalization of results. Moreover, this work illustrates the application of DOE techniques to a 

sizing problem that remains open to further investigation. It should be noted that the development of an 
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experimental design extends well beyond the simple construction of an experimental matrix from predefined 

templates. In conclusion it is essential to underline that the implementation of a design of experiments relies 

on specific modeling strategies tailored to the objectives of the study enabling an in-depth exploration of the 

experimental domain. The answers to the research questions are generally expressed through graphical 

representations. Although modern software tools greatly facilitate the interactive construction of 

experimental designs. It remains crucial to preserve methodological rigor and to maintain a sound 

experimental design philosophy. 

This work presents an experimental approach based on the DOE methodology for the systematic 

analysis and optimization of square planar micro-coils. Unlike previous studies, it explicitly investigates 

interaction effects between key geometrical parameters and provides experimental validation of analytical 

models at the micrometer scale. The results demonstrate a strong agreement between simulations, theoretical 

predictions, and experimental measurements, confirming the accuracy of the proposed modeling approach. 

Additionally, the study evaluates the robustness of micro-coil performance with respect to fabrication-

induced variations, providing insights for reliable design. However, the analysis is limited to single coil 

geometry and a frequency range centered around 500 kHz. Effects such as thermal behavior, the integration 

of magnetic materials, and full system-level interactions are not addressed, highlighting opportunities for 

future research. 
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