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Abstract

The main aim of this paper is to present the new design of an integrated planar spiral inductor with a new structure of an underpass to 

obtain a high inductance, high quality factor and minimum losses into winding and magnetic core. The performance of this structure 

dependent on the geometrical, electrical parameters and material properties. These parameters are calculated at 350 MHz and this is 

the high frequency used for MEMS applications. Furthermore, thermal analysis in inductor from finite difference method is described. 

The heat transfer model is based on heat conduction and heat convection. Moreover, the heat source is calculated by different losses. 

In addition, the simulation results from 3D finite element method using software also been presented in this paper. It is based on 

both the classical heat equation and certain condition limits. However, a new design of an underpass has been proposed where a via 

is fabricated with a circular layer. The input and output of the spiral are implanted in the same direction. In addition, the magnetic 

core is the solution to decrease the temperature. Finally, the results of the finite difference method are compared with simulation 

results from finite element method. The good agreement between the results is obtained. The proposed via and a core magnetic 

are responsible for enhancement the thermal behavior in integrated inductor. The result shows that the temperature of the air core 

inductor and magnetic core inductor could be 53 °C and 33 °C, respectively.
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1 Introduction
Inductors are an important part of switching power con-
verters. These components store electrical energy [1, 2]. 
When an inductor is operated in switching power convert-
ers, an increased power loss in the assembly is observed 
due to the effect of the current flowing through the inductor 
windings on the magnetic reversal of its core [3]. Losses in 
the inductor are converted to heat. Due to self-heating phe-
nomena and mutual thermal coupling between the induc-
tor core and windings, the heat generated in the inductor 
assembly causes the temperature of the core and windings 
to rise above the ambient temperature [4].

Thermal modeling and simulation has become an import-
ant part of process design. These integrated components are 
magnetic in nature. Modeling these components provides 
an excellent study to determine the temperature evolution. 
Temperature greatly affects the characteristics of electronic 

components, especially their reliability. Therefore, it is im- 
portant to know the temperature value of each component 
under the expected operating conditions [5].

Given this mentioned importance, many researchers 
have submitted analytical and simulations work related 
to thermal behavior in integrated inductor. Among the 
first researchers to have carried out this type of work, 
Allaoui et al. [6] who introduced an analytical work and 
numerical simulations in integrated inductor with classi-
cal underpass. Coulibaly et al. [7] proposed compact ther-
mal model that can be integrated into mathematical tools 
to achieve temperature distribution across the integrated 
LC component. Calculation of temperature distribution is 
based on the assumption that the temperature line is lin-
ear under steady state. Detka and Górecki [8] carried out 
a study, nonlinear thermal model of the inductor takes 
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into account the fact that both the core temperature and 
the winding temperature depend on the value of ambient 
temperature and a temperature excess. Derkaoui et al. [9] 
studied by numerical voice, the thermal behavior in an 
octagonal inductor with a classical underpass.

The purpose of this research will be a contribution to 
the study of the thermal effect in a new design of integrated 
planar spiral inductor contain underpass with circular via. 
Furthermore, the maximum temperature rise of the pro-
posed inductor is 33 °C. In other words, the inductor can 
due to too high temperature 80 °C.

There are several methods to increase the temperature 
inside inductor. In the aspect of the topology, adding the 
number of turns of the winding is straightforward for a spi-
ral structure. However, the high inductance value could 
downgrade the efficiency of inductor. Also, the proximity 
effect caused by the multi-turn spiral would further decrease 
the efficiency as the high frequency. In addition, the total 
length of winding in traditional planar inductor required 
by the complicated topology and the interface of the via 
in an underpass are responsible for increasing temperature 
value. Under this circumstance, the via in an underpass and 
a magnetic core inductor would be a solution to lowering 
the thermal resistance and miniaturization.

Our aim is to use a simple structure of an underpass 
including circular via to suppress temperature and improve 
the inductance by adding the magnetic core. This mag-
netic core is fabricated with ferrite, enabling its good com-
patibility with the semiconductor process used in industry.

2 Concept and design of integrated inductor
Integrated inductors are used in everything from blood 
pressure sensors to electronic money cards. These coils 
are located on a printed circuit board and are a good 
choice for inductive coupling, especially if space is lim-
ited. They take up less space than other inductors and are 
therefore suitable for any application with size constraints 
such as MEMS or implanted medical devices such as 
heart pumps. These inductors can be fabricated on rigid 
and non-rigid surfaces, which means they can be inte-
grated onto printed circuit boards (PCBs) and flex circuits 
efficient manufacturing process. Due to these properties, 
integrated planar spiral inductors have many different use 
cases, mainly in the high frequency range. Some examples 
include, remote health monitoring (e.g., blood pressure 
sensors), wireless power transfer (e.g., wearable/implant-
able medical devices), RF identification (e.g., e-money 
cards) and induction heating (e.g., induction cooktops). 
In the low frequency, these inductors are used by amateur 

radio operators. Other areas are military applications 
like submarines, RFID tags in near-field communication, 
and some low-frequency radio broadcasting.

The integrated planar spiral inductor can be character-
ized by the following design parameters, the number of 
turns n, the width of the conductor w, thickness of the con-
ductor t, the spacing between conductor s, length of the 
conductor l, the outer diameter dout. Fig. 1 shows the geom-
etry of the inductor corresponding to the design parameters.

The 3D view of air core inductor topography considered 
in this work is shown in Fig. 2 where the underpass includ-
ing a via fabricated with a circular Cu layer. Also, the input 
and output of a spiral are implanted in the same direction.

Fig. 3 shows a physical model of a magnetic core inte-
grated. The copper (Cu) is used as the conductor winding. 
The silicon dioxide (SiO2 ) is used as the dielectric layer. 
This material consists of 25 μm thick. The ferrite (NiFe) 
is used as the substrate layer. This material consists of 
25 μm thick and it is widely used for the device fabrication 
and as the substrates of MEMS sensors. The resistivity of 
the ferrite produces a low eddy current in the substrate 
enhancement the inductance and quality factor.

Many different structures have been proposed for inte-
grated inductors [10, 11] but the most successful is shown 
in Fig. 4.

The inductance L and the resistance Rs represent the 
inductance and resistance of the spiral and underpass 
respectively. The overlap between the spiral and the under-
pass allows capacitive coupling between the two termi-
nals of the inductor Cs. Cox models the dioxide capacitance 
between the spiral and the substrate. The capacitance and 
resistance of the substrate are modeled by the Csub and Rsub.

Table 1 contains the specifications and the design 
results of the integrated planar spiral inductor.

The design results of integrated inductor are shown in 
Table 1, including the inductance, output diameter, num-
ber of turns, thickness of the conductor, width of the con-
ductor, and spacing between conductor.

The electrical parameters values of the model parame-
ters for the integrated inductor are listed in Table 2.

Fig. 1 Geometry of integrated planar spiral inductor
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Fig. 2 Air core integrated inductor topography, (a) general view, (b) top view, (c) front view

(a) (b)

(c)

Fig. 3 Magnetic core integrated inductor topography, (a) general view, (b) top view, (c) front view

(a) (b)

(c)
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The performance parameters of the integrated induc-
tor are calculated from the Z-parameters extracted from 
S-parameters [12, 13].
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The expression used to extract a quality factor Q of the 
inductor in a 2-port configuration is represented by Eq. (2). 
Other important parameters extracted from the induc-
tor are the inductance L calculated by Eq. (3), and resis-
tance (R) computed by Eq. (4).
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Fig. 5 shows the evolution of the quality factor as 
a function of frequency for the inductor. At low frequency, 
the quality factor is presented by L × ω/Rs represents the 
magnetic energy stored and the ohmic losses in the series 
resistance Rs. It is associated to the ideal behavior of the 
component. The rapid degradation of the quality fac-
tor at high frequency is related to the combined effect of 
the dielectric and substrate losses. The self-resonant fre-
quency (SRF) is caused by the parasitic capacitances and 
offers an estimation of the maximum operating frequency 
of the component.

Fig. 6 shows the evolution of the inductance as a func-
tion of frequency for the inductor. At low frequencies, 
the influence of parasitic capacitance is small, the induc-
tance value remains relatively constant, and the inductance 
can be used as an inductive element. The transition region 
where the reactance value becomes negative and crosses 
zero, which is the self-resonance frequency when the peak 
electric and magnetic energies are equal. Therefore, the in- 
ductance tends to zero at the self-resonant frequency. 
At high frequencies, integrated inductor exhibits capac-
itive behavior, and a quality factor has a negative value.

Fig. 7 shows the evolution of the resistance as a func-
tion of frequency for the inductor. At low frequencies the 
quality factor rises with frequency, because the losses are 
relatively constant mainly due to the resistance Rs of the 
metal lines, while the imaginary part of the impedance is 

Table 2 Extracted values of the model parameters for the integrated 
inductor

Electricals parameters Values

Rs (Ω) 0.0515

Rsub (Ω) 0.0032

Cs (F ) 2.9808 × 10−14 

Cox (F ) 1.5694 × 10−7

Csub (F ) 5.1363 × 10−13

Table 1 Design results of the integrated inductor

Parameter Value

Inductance, L (H) 1.13 × 10−6

Output diameter, dout (m) 750 × 10−6 

Number of turns, n 2

Thickness of the conductor, t (m) 20 × 10−6

Width of the conductor, w (m) 10 × 10−6

Spacing between conductor, s (m) 10 × 10−6

Fig. 5 Quality factor versus frequency

Fig. 4 Equivalent circuit of an integrated inductor
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Fig. 6 Inductance versus frequency

Fig. 7 Resistance versus frequency

Fig. 9 Phase versus frequency

Fig. 10 Insertion and return losses versus frequency

increasing to flow through the parasitic capacitance of the 
substrate, causing energy loss and increasing the effective 
resistance. In addition, the skin effect begins to raise the 
resistance of metal at higher frequencies.

Fig. 8 shows the evolution of impedance for the induc-
tor. If the frequency increase, the impedance becomes 
substantial. At a certain frequency, it will be equal to the 
impedance of the component. Consequently, the inductor 
will begin to resonate. The imaginary part of the imped-
ance will be equal to zero [14].

Fig. 9 shows the evolution of the phase. At low frequen-
cies the phase for inductor is in the range of 80°  ~  90°. 
At the self-resonant frequency, the inductor resonates, and 
at high frequencies, the phase have a negative value.

Fig. 10 shows the simulated S-parameters results of 
the integrated inductor based on Z impedance. The inser-
tion losses could be the most important characteristic to 

evaluate the performance of integrated inductor since 
they give an idea of an efficiently. Insertion losses are 

Fig. 8 Impedance versus frequency
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determined by metal ohmic losses and substrate dissipa-
tion. This inductor offers high performances in terms of 
size, insertion loss plus return loss.

Fig. 11 shows Smith chart plot of S-parameters obtained 
from the electrical equivalent circuit using the design for 
the integrated inductor.

3 Thermal modeling of the integrated inductor
Section 3 concerns a description of the temperature in- 
side a planar integrated inductor, using 1D finite differ-
ence method analytical calculation and 3D finite element 
method simulation [15–17]. Equation (5), which describes 
the thermal model, can be expressed as follows:

� �
�
�

�� �� � �C T
t

k T qp .  (5)

The heat source is given by:

q P
V

= ,  (6)

P P P PWinding f ed� � � ,  (7)

where:
• P: losses in inductor;
• V: Volume of inductor.

For electronics devices research, reducing losses is key 
output. Losses in planar integrated inductors include copper 
losses and core loss. There are many effective ways to reduce 
core loss, including choosing better core materials and elim-
inating magnetic flux. There are many ways to reduce cop-
per loss, Joule losses in the winding. However, research on 

skin effect and proximity effect has mainly focused on con-
ductors and round conductor windings [18–28].

Joule losses also known Joule heating. It is generated by 
the current flowing through the winding conductors. As fre- 
quency increases, skin and proximity effects increase the 
resistance of the windings, which increases losses.

Joule losses in the winding are calculated by the ex- 
pressions:

P R I R IWinding s savg AC L� �2 2
.  (8)

Every time the magnetic field reverses, a small amount 
of energy is lost due to hysteresis losses in the core.

The Hysteresis losses in the core are given by this for- 
mula:

P mf B Vf �
� �

max
,  (9)

where m, α and β are the coefficients depend on the size 
of the material.

Eddy current losses, also known as Foucault currents. Fer-
romagnetic materials are also good conductors, and a core 
made of this material will also be shorted with a single turn 
over its entire length. Eddy currents thus circulate within the 
core in a plane perpendicular to the magnetic flux and cause 
resistive heating of the core material.

The Eddy current losses are defined as follows:

P C f Bed �
2 2

�
,  (10)

where C and ρ are the coefficients depend on the size of 
the material.

In Fig. 12, which illustrates how electrical potential dis-
tributes in the air core inductor at 350 MHz by COMSOL 
Multiphysics 3D simulation [29], there is a severe electri-
cal potential concentration on the input conductor near the 
underpass and a via.

The magnetic flux density concentrates at the inner cor-
ner of air core inductor, shown in Fig. 13, leading to more 
magnetic losses.

Loss density distributes in the air core inductor is dis-
played in Fig. 14. The loss is pushed to the inner side of 
turns of the conductor. This is due to the proximity effect, 
which takes place when a conductor is under the influence 
of a time-varying field. In the inductors, the skin-effect 
eddy current and the proximity-effect eddy current super-
impose to form the total eddy current distribution, result-
ing in the increase of the resistance.

Fig. 11 Smith chart plot of S-parameters
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Fig. 12 Electrical potential distributes in the air core inductor, (a) general view, (b) top view, (c) front view

(a) (b)

(c)

Fig. 13 Magnetic flux density distributes in the air core inductor, (a) general view, (b) top view

(a) (b)

3.1 Finite difference method analytical calculation
For the numerical solution of the heat equation, a discreti-
zation by the finite difference method and an implicit time 
is defined:

1
1 1�� � � � �� ��Bi T dt F Ti

n
i
n

i
n
,  (11)

where:
• Bi  : discretization matrix,
• n : index of time, tn = n dt,
• dt : time step,
• Δx and Δy : discretization steps in the axis X and Y.
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At t = tn + 1 = (n + 1)dt, the numerical scheme is given by:

T T dt T T T

dt T T T
M
n

M
n

x W
n

M
n

E
n

y N
n

M
n

S
n

� � � �

� � �

� � � �� �
� � ��

1 1 1 1

1 1 1

2

2

�

� �� � ��dtF TM
n

M
n1
,

 (12)

�
�
�ix
i

i i

dt
C x x

�
� �

,  (13)

�
�
�iy

i

i i

dt
C y y

�
� �

,  (14)

where:
• FM

n+1
:  heat source,

• Ci : specific heat of the material i,
• ρi : volume mass of the material i.
Fig. 15 shows a cross section of the integrated planar 

spiral inductor showing heat flow from a heat source.
The temperature difference between inside and outside is 

composed of heat conduction and heat convection. The heat 
loss rate is given by Eq. (15):

Q
A T T
d

�
�� ��

1 2
,  (15)

where:
• Q : heat flow ( W ),
• T1 , T2 : temperatures at the ends of the solid material 

(°C),
• d : thickness crossed by the heat source (m),
• A : surface of a solid material (m2 ),
• λ : thermal conductivity of the material ( W / (m K )).

On the outer surface of a solid material, heat transfer is 
mainly heat convection between the air and the surface. 
It calculates according to Newton's law of cooling:

Q h A T Tf a� � � �� � ,  (16)

where:
• Q : rate of heat flow ( W ),
• h : convective heat transfer coefficient ( W / m2 K ),
• A : cross sectional area (m2 ),
• Tf  : surface temperature (°C),
• Ta : ambient temperature (°C).

To simplify the modeling of the inductor, some assump-
tions are made:

• each layer must satisfy the heat conduction equation,
• one-dimensional heat flow,
• constant material properties,
• uniform heat flow in each layer,

Fig. 14 Loss density distributes in the air core inductor, (a) general 
view, (b) top view

(a)

(b)

Fig. 15 Cross section of the integrated inductor showing heat flow from 
heat source

Table 3 Thermals properties of the materials

Materials Conductor 
Copper (Cu)

Substrate 
Ferrite (NiFe)

Dielectric Silicon 
Dioxide (SiO2 )

Thermal 
conductivity: 
k (W / m K) 

400 30 1.4

Heat capacity: 
Cp (J / K kg) 

385 700 350

Density: 
rh0 ( kg / m3 ) 1 4000 200
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Fig. 16 Variation of temperature versus time in the different layers

Fig. 17 Temperature distribution through the integrated inductor in the, 
(a) winding, (b) dielectric, (c) substrate

(a)

(b)

(c)

• perfect contact between layers with uniform thickness,
• temperature inside the spiral can be considered uni- 

form,
• in faces, ambient temperature ( Ta ) near the top and 

bottom,
• in faces, the convective heat transfer coefficient 

h = 10 W / m2 / K representing natural convection,
• the flow is fixed on each upper face is given by: gen-

erated heat source Q inside the component,
• the flux is fixed on each upper face and is given by:

� �i
i

i
dT
dy

� ,  (17)

• the continuity condition at the interface is given by:

� �i
i

i
idT

dy
dT
dy

� �
�

1

1
,  (18)

• the initial temperature is given by:

T x y Ta, .� � �  (19)

Table 3 gives the property values of the materials used 
for thermal modeling and simulation of the inductor. Such 
a model should include substrate tsub = 20 µm, dielectric 
tox = 20 µm and metal layers t = 20 µm. Each material that 
makes up these objects is described using properties such 
as thermal conductivity, heat capacity, and density.

Fig. 16 shows the temperature variation over time of the 
various layers of the component.

The temperature distribution calculated analytically by 
the component for each physical case of the heat trans-
fer coefficient according to the finite difference method is 
shown in Fig. 17 (a)–(c).
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Fig. 18 Mesh in air core inductor
(a)

(b)

(c)
Fig. 19 Temperature distribution in air core inductor, (a) general view, 

(b) top view, (c) front view

The temperature profile of winding is constant; it de- 
creases in dielectric and substrate layers.

Using these results, it can be observed that for the ther-
mal conduction problem with uniform heating, finite dif-
ference method can be used to investigate the temperature 
distribution inside the layer integrated inductor.

3.2 3D finite element method simulation
The planar integrated inductor, provided with the heat 
equation is solved by the 3D finite element method [30, 31]. 
The adopted mesh of the computation domain is refined as 
shown in Fig. 18.

Fig. 19 shows the temperature distribution in air core 
inductor. The temperature attained is from 53.3 °C. The heat 
source is transferred to the air by natural convection. This 
is because the winding increases the heat dissipation area in 
the proposed inductor. Fig. 20 shows the mesh in magnetic 
core inductor.

Fig. 21 shows the temperature distribution in magnetic 
core inductor. The temperature attained is from 33 °C. 
Losses due to air core inductor are much greater than losses 
due to magnetic core inductor. The loss is reduced, and the 
efficiency is improved effectively. The performance of this 
proposed magnetic core inductor is verified. Compared 
with conventional planar inductor, the proposed induc-
tor has better thermal management, better thermal man-
agement reduces temperature rise, allowing the proposed 
inductor to carry higher currents. The required tempera-
ture value depends on the geometry of an underpass, mag-
netic core material thickness and properties.

As shown in Fig. 22, the temperature is pushed to the 
side of the conductor. This is because the magnetic core 
decreases the heat dissipation area in the component.

4 Conclusion
In this article, the design process of a new integrated planar 
spiral inductor was described in detail, which is designed 
by the underpass with circular via. The element difference 
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Fig. 20 Mesh in magnetic core inductor

Fig. 21 Temperature distribution in magnetic core inductor, 
(a) general view, (b) top view, (c) front view

(a)

(b)

(c)

Fig. 22 Contour temperature distribution in magnetic core inductor, 
(a) general view, (b) top view, (c) front view

(a)

(b)

(c)

method is used to determine the temperature distribution 
in layers of different materials, given the source of heat 
generated and the properties of the layer materials. This 
model for a case has been compared with a 3D finite ele-
ment method simulation using heat transfer module of the 
Comsol software [29]. A good correlation between analyt-
ical calculation using MATLAB software [31] and finite 
element method simulation tool [29] for the temperature 
distribution in the integrated planar spiral component has 
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