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1. Introduction

Inductors are essential components for radio frequency communication devices. A typical
device such as a cell phone may utilize more than 20 inductors [1]. In 2012 alone, over 1.7
billion mobile phones were sold [2], and that number is only expected to increase. With the

evolution of technology, there is an ever-increasing demand for communication devices with

* Corresponding author, E-mail address: namoune.abdelhadi@gmail.com
Tel.: +213 771795748

ISSN: 1112-2242 | EISSN: 2716-8247
This work is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License.
Based on a work at http://revue.cder.dz.



http://revue.cder.dz/

Journal of Renewable Energies 23 (2020) 05 — 19

improved signal quality and reception, reduced power consumption, and smaller packaging. To
accomplish these goals, it is critical to integrate high-quality passive components, but
unfortunately, available on-chip inductors traditionally exhibit poor performance. Designers are
thus faced with suffering the low quality of on-chip devices, or they must resort to larger off-
chip inductors that come with an increase in power consumption, cost, and area [3]. Divers
papers have been devoted to integrated inductors through silicon substrates used in power
change [4-7].

A number of reasons form of losses that influence the behavior of the inductors [8]. Practical
archetypes require to be constructed before manufacturing, in order to decrease the fabricating
cost and to augment the dependability of the planned circuits. Design and modeling are
important in studying integrated inductors with silicon for power change [9-10].

The initial element of the work illustrates the design and modeling method of integrated
inductors with substrate. The next element discusses the behavior of the inductor in a universal
advance tending nears the complete integration of petite power systems such as those designed
for portable phones. Then, the effect of different geometrical elements such as the working
frequency, the number of turns, the width of metal trace and the space between turns are
examined in simulations by MATLAB. Lastly, an application by the integrated inductor in a
buck converter illustrated.

2. Design and modelling spiral inductor

The basic structure of an integrated inductor is made up of one or more metal tracks in parallel
forming one or several concentric turns, requiring a minimum of two metal layers and one via
connection between them for inductors with 2 or more turns. In order to design an inductor it is
important to consider both the vertical and lateral geometries of the layout. In Figure 1 it is
possible to observe a three dimensional square spiral inductor.

Square spirals are popular due to its easy layout. However, some other layouts can be used to
improve the inductor performance. Layouts such as hexagonal and octagonal have already been
reported. If desired, a circular layout may be approximated using a polygonal with many sides.
Figure 2 shows the different layouts, for square, hexagonal and octagonal respectively [12].
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Fig. 1: 3-D view of a square spiral inductor [11].

Fig. 2. Different implementations of inductor (a) square, (b) octagonal, (c) hexagonal

The geometry of a planar spiral inductor is defined by five geometric parameters:

1. number of turns, n,

2. metal width, w,

3. spacing between turns, s,

4. the outer diameter, dout,

5. the inner diameter, din.

The average diameter (davg). The fill ratio (p) is given by either of the following expressions
[13]

dout—din
— Zout”Cin 1
douttdin ( )

The most important performance characteristics for spiral-integrated inductors are the
inductance (L) and the quality factor (Q). The five geometric parameters presented are
responsible for the definition of inductance. However,
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Figure 3 illustrates the conventional n-type model describing the impedance behavior of a two-
port inductor on a lossy substrate. The elements constituting the equivalent model are indicated
in the schematic cross-section of a planar spiral inductor represented in Figure 4. The physical
meaning of the lumped elements is the following [14] : Ls and Rs represent the series inductance
and series resistance of the metal trace (i.e., spiral and underpass). The term Cs models the
capacitive coupling due to the overlap between the spiral and the underpass.

The network composed by Cox, Rsun and Csub accounts for the parasitics associated to the lossy
substrate. Cox models the oxide capacitance between the spiral and the substrate; whereas, Rsup

and Csup represent the silicon substrate resistance and capacitance, respectively [15].
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Fig. 3. Conventional -type equivalent model representing a two-port inductor on a lossy

substrate.

Fig. 4. Schematic cross-section of a two-port spiral inductor on a lossy substrate.
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The inductance (Ls) calculation of each coil is determined by approximate expressions derived
in [16]. The equation for the series inductance is [16] :

L= 2“"1‘1‘“’«‘1 & (Z'i”) +0,178.p + 0,125. p?] )

Where x is the magnetic permeability of free space (u=4r-10" H/m), n is the number of turns
of the coil, davg is the average diameter of the turns, and p is the fill ratio [17].

The series resistance is calculated by the following equation:

_ l
Rs = adw(l—e_t/a) (3)

Where | and w are the length and width of the spiral, o is the metal conductivity, t is the metal

thickness, and ¢ is the skin length given by [18]:

5:\/% (4)

Where f is the frequency. The series resistance expression models the increase of resistance at

higher frequencies due to the skin effect [19].
For the evaluation of the capacitance, Cs, all overlap capacitances are considered and given by
[20].

()

Where &ox IS the oxide permittivity and tox is the oxide thickness between the spiral upper and
lower metal. The parasitic capacitance, Cox, between the spiral metal and the silicon substrate,
is estimated with [20]

Cox - (6)

Finally the Substrate resistance, Rsun, and capacitance Csus, are obtained with [20]
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2hsup

Roup = WO syp (7)
0,5lwege
Csup = T;T (8)

Where osub and hsyp are the substrate conductivity and height, respectively

The simulation process followed for the analysis of inductor is meshing and porting of the
device. After porting S-parameters are obtained to calculate Quality factor and inductance. Now
from S-parameters, Y Parameters are obtained. Using Y-Parameters the quality factor and
inductance values are calculated using the expressions shown in Equation (9) and Equation (10)
respectively [21-22]:

_Imf{yy1)7t

L 2..f (9)
_ Im{r;, 37t
Q B Re{Y;1}71 (10)

Where, f represents the frequency. L, Q, Y represent the inductance, quality factor and
admittance respectively. The symbol Im and Re represents the imaginary part and real part
respectively.

Variable geometrical parameter of spiral inductor layout has been proposed as a way of
maximizing the quality factor of integrated inductors. In this work, five spiral inductor designs
have been created. The designs have the same dielectric layers and physical layout but of
different geometry dimensions. All related variable parameters for these designs are shown in
Table 1. Design 1 is set as the reference design.

Table 1. Design geometries of the square inductor

dout (um) din (um) n W (Um) S (um)
Design 1 182 70 3 14 7
Design 2 140 70 2 15,5 4
Design 3 140 70 2 14 7
Design 4 140 80 2 13 4
Design 5 120 60 2 12,5 5

10
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3. Results and discussion

By using MATLAB simulation software, the characterization of spiral inductor permits more
flexibility during the design process. The effect of spiral inductor geometry variations can be

more easily analyzed.

3.1 Effect on quality factor and inductance

3.1.1 Design comparison

The effects on inductance and quality factor computed from equations (9 and 10) are shown in
Figure 5 and Figure 6.
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Fig. 5. Effect on inductance value, L for different designs of spiral inductor

Analysis from 1 MHz to 10 MHz was done to investigate the effects on inductance and quality
factor. Design 1 produces the highest quality factor at 5 MHz. Compared to the others; Design
5 has the smallest dimension and also produces small inductance value. Design 2 is chosen as
the basic design because this design fulfills the desired specifications such as quality factor
more than 13.

11
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Fig. 6. Effect on quality factor for different design of spiral inductor

3.1.2 Number of turns

The first geometrical element is the number of turns of the spiral inductor. The L and Q for
different values of number of turns (2, 3 and 4) are illustrating in Figures 7 and 8.

The inductance value augments when the spiral has additional turns. However, from Figure 7,
we can infer that the inductance value does not augment linearly with the n, as the area of the
inside diameter (din) is lesser compare to the outer diameter. The self-resonance frequency
diminishes importantly for every new winding added because of the augmented capacitive
coupling among the substrate and the turns. The peak quality factor also diminishes
significantly with augmenting number of turns because the augmented metal loss of the
conductor.

3.1.3 Width of conductor

The width of the conductor influences the behavior of the spiral inductor to very large extent,

as illustrate in Figures 9 and 10.

12
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Fig. 7. Effect on inductance, L value for different number of turns
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Fig. 8. Effect on quality factor, Q for different number of turns

The width of the metal trace is diverse from 10 um to 18 um. The L value diminishes as the
ring region of the inside diameter (din) reduces with growing width, but the self-resonance
frequency diminishes because of the better capacitive coupling of the square inductor to the
silicon. Since the series loss reduces with augmenting w, the Q quality factor enhances, but not
linearly, in fact augmenting the width, which reduces the series resistance, only augments the
peak Q from 12 to 13,2.

13
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Fig. 9. Effect on inductance, L value for different width of conductor
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3.1.4 Space between turns

The separation distance between turns also changes the effective inductance value and quality
factor. Metal spacing is varied from 6 um to 10 um. The simulation results are shown in
Figures 11 and 12.

The inductance value decreases with increasing the distance between turns, as the ring region
of the inside diameter (din) spiral inductor diminishes with augmenting space between turns.

Smaller space between turns results in superior capacitive coupling among the turns and

14
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consequently a lower self-resonance frequency. The peak of the Q is not so responsive to the
space between turns.
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Fig. 11. Effect on inductance, L value for different space between turns
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Fig. 12. Effect on quality factor, Q for different space between turns

3.2 Comparison with state of the art work

Comparison between previous works and my design is shown in Table 2. The values mentioned

in the table under my work are the size of inductor, maximum quality factor and inductance

15
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value obtained by the parametric analysis. The area of spiral inductor for the entire analysis

process is same as mentioned.

Table 2.Comparison of different spiral inductors

Inductor design Size (uUm?) Qmax L (H) Réf
Spiral inductor (Octagonal inductor) 140*140 12 75.10° [23]
Spiral inductor (Hexagonal inductor) ~ 300*300 22 33,3.10° [24]
Spiral inductor (Square inductor) 180*160 13,3 78 .10° My work

4. Buck converter application

The circuit of the synchronous buck converter shown in Figure 13 is used to evaluate the
performance of the integrated inductor. This topology of the converter is chosen because it
provides better performance since it does not require an isolation transformer. The inductor we
intend to integrate will be sized for this type of application. In the simulation we used PSIM

software; the values of the micro converter electrical characteristics are enlisted in Table 3:
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Fig. 13.Schematic diagram of Buck converter DC-DC

Table 3.Design specifications of buck micro converter DC-DC

Electrical characteristics Symbol Value
Input Voltage Vin 33V
Output voltage Vout 15V
Output current lout 0,5
Switching frequency of the converter f 5 MHz

16
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Figure 14 shows the waveform of the output voltage and current of the Buck converter with
integrated spiral inductor. The output current (lout) simulated at a switching frequency of 5
MHz is illustrate in red color. It is remarked that the (lout) is stable; the buck converter
distributes an (lout) of about 0, 5 A. In addition, the output voltage (Vout) is illustrated in blue
color. It is also significant to observe that the input voltage (Vin) of 3,3 V is lessened to 1,5 V.

lout Vout
75

150
125 /
00 |
075 |
050,
ol

0.00!
0.00 2.00 4.00 6.00 8.00 10.00

Time (ms)
Fig. 14.0utput voltage and current of the Buck converter with integrated spiral inductor

5. Conclusions

In this paper, we proposed an integrated inductor design process with a substrate. Using the
developed procedure, we demonstrated that the value of the inductor and the quality factor of
the inductor could be predicted prior to manufacturing. Then, the influence of various
parameters such as the operating frequency, the space between the turns, the number of turns,
and the width of conductor were analyzed in detail based on simulations using the MATLAB
to determine the optimal geometrical parameters of the inductor. The efficiency study of the
integrated inductor in an application of the energy conversion was established. The desired
value of the output voltage was also obtained from the simulation of the DC-DC buck converter
microwave. The results show that the developed structure of the inductor is a very promising

approach for the monolithic integration of DC-DC converters.
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