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Abstract: In this paper, we examine the design of planar inductors and consider an expansion of the conductor to
reduce its resistance. An increase in the number of turns increases the proximity effect, capacitive coupling, and skin
effect. The resulting effect will translate into an increase in the area occupied by the inductor and a decrease in the
inductors’ performances. In order to solve such difficulties, an alternative approach is to design tapered inductors. For
the same electrical and geometrical characteristics, a tapered inductor occupies a larger area than a standard inductor.
Our approach consists of designing a new concept regarding tapered planar inductors that occupy the same surface and
maintain the same electrical characteristics as the standard planar inductor regarding the following topologies: circular,
hexagonal, and square. The results obtained show that impedance is more important in the case of the tapered inductor.
Higher impedance implies smaller current and hence smaller parasitic effects of the capacitance series and proximity
effect.
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1. Introduction

Nowadays, miniaturization of active and passive electronic components has become a wide research area [1].
It is an increasing trend to manufacture electronic equipment and accessories that represent high consumer
products such as hard drives, mobile phones, and automotive industry such as avionics and ships. The aim
of this interest in miniaturization is, on the one hand, to increase the number of functionalities on the same
chip and, on the other hand, to reduce the cost by putting in place a system of mass production [2,3]. In a
number of cases, hybrid systems offer facilities for volume reduction. However, passive components represent a
holdback to miniaturization. Nowadays, inductance is a key component in the electronics arena and represents
an important factor for its progress. Several models have been considered to improve its characteristics [4-7].
The model of tapered inductors improves the performance of the planar inductor. Indeed, in this specific model,
we need to change the conductor’s width in order to reduce its resistance [8,9]. For a standard inductor in the
absence of a magnetic circuit, the concentration of the magnetic field at the centre of the inductor generates
a worse distribution of the current within the central inductor than for the peripheral inductor. For a tapered
inductor, the distribution of the current in each turn of the spiral is homogeneous. This makes it possible

to exploit the copper section optimally. It is evident that the current density is higher for the inner turns
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than for the outer turns, which could cause greater heating in the center; however, the resistance of each turn
remains in accordance with the desired design [10]. In this work, we will focus on the design, manufacture, and
characterization of planar inductor spirals on a magnetic layer. We consider two types of inductors: standard
and tapered inductors. The second type of inductor is characterized by an increasing track width according to
the radius. This approach is of particular interest to the inductor, as the total DC resistance will be effectively
reduced to a given number of turns. Indeed, on the one hand, this will compensate for the variation of the
resistance linked to the increase in conductor width of the inductor [11]. On the other hand, it will reduce the
proximity and capacitive effects between turns. The gain is less perceptible because we have considered the
same occupied space for all prototypes of inductors studied. This study has targeted the following topologies:
circular, square, and hexagonal, which are represented in Figure 1. The parameters that have been taken into
account in this study are topology, turns’ width, interturn distance, and thickness of the conductor [12,13]. The
production and characterization took place in the Laboratory on Plasma and Conversion of Energy-UMR5213,
Team MDCE, Toulouse, France.

—w

(b)

Figure 1. Different studied topologies: (a) circular, (b) hexagonal, and (c) square.

2. Characteristics of planar inductors

In this section, we present the geometrical and electrical characteristics of standard and tapered inductors.

2.1. Geometrical parameters

In Figure 2, we present a 3D representation of planar inductors made in this study. Our strategy is to keep the
same area occupied by the inductors and calculate the electrical parameters in particular values of the series
inductance and resistance. The various stages of implementation are detailed in Section 3.

For a given shape, an inductor is specified by the number of turns n, turn width w, turn spacing s,
thickness ¢ of the conductor, total conductor length I;, average diameter d,,q, outer and inner diameters doy:
and d;,, as shown in Figure 1 [14]. The dimensions of the different topologies are as follows: dyu= 10mm,
din=1mm, and n = 3. For a tapered inductor, wl, w2, and w3 are the widths of winding of each turn, as
shown in Figure 2.

The results of geometric parameters included in Table 1 are obtained for conductor material copper (Cu)
and magnetic material N87.

We note that the total lengths vary according to the topology. The square spiral has the largest value,
the smallest circular spiral, hence the interest in calculating the value of the resistance for each topology. The

total length of the inductor can be expressed as

li=ndapgN tan (1 /N) (1)
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Figure 2. 3D representation of planar inductors realized circular, hexagonal, and square.

Table 1. Geometric parameters for standard and tapered inductors.

Tapered inductors | Standard inductors
Topology | I (cm) | ¢ (um) wl/w2/w3 (mm) | w(mm)
Circular 4.7 35 0.3/ 0.6/ 0.9 0.9
Hexagonal | 5.2 35 0.3/0.6/ 0.9 0.9
Square 6.0 35 0.3 /0.6/0.9 0.9

For a square inductor, N = 4 and for a hexagonal inductor, N = 6. N is a big number for the circular inductor,

where we get the expressions of the total length I; Eq. (2) [15].

ly= 7Ndyy, (2)

dout +dzn

] 3)

daug:
2.2. Simplified physical model of a inductor on ferrite
The model includes the series inductance Ly, series resistance R, coupling capacitance between the turns Cf,
capacitance associated with the insulation layer (Kapton) with the substrate Cy, capacity substrate Cs,p, and

resistance associated with substrate R,p. The equivalent electrical model of the integrated microinductor [16]

is shown in Figure 3. Inductance L is calculated by Mohan’s formula, expressed by Eq. (4) [17].

2
Ls:uon davgci (ln <C_2> +c3+c4> (4)
2 p
dout_din
—_out Tin 5
P dout+din ( )

Coefficients c¢1, c2, c3 and ¢4 are defined for each geometry as given in Table 2.
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Figure 3. Equivalent model of a planar inductor [18].

Table 2. Parameter values of ¢ [17].

Geometry | ¢ Co c3 cy
Square 1.27 | 2.07 | 0.18 | 0.13
Hexagonal | 1.09 | 2.23 | 0 0.17
Circular 1 2.46 | 0 0.2

_Pl_ply
Ro= S, wt

doyt=din+2 (nw+ (n — 1) s)

p : resistivity of copper, S.: section of the conductor, s: interturns spacing.

2.3. Electrical parameters

The calculation of electrical parameters, especially series resistance R, and series inductance L, obtained by

the implementation of Mohan’s formula, show the importance of topology. The results of electrical dimensioning

for the three topologies are shown in Table 3.

Table 3. Electrical parameters of standard and tapered planar spiral inductors.

Standard inductors Tapered inductors
Square Hexagonal | Circular | Square Hexagonal | Circular
Ry (mQ) 36.8 35 28.5 55.2 51 43.7
Lo(nH) In .air 49.49 45.06 40.053 49.49 45.06 40.05
s With N87 | 74.23 67.59 60.07 74.23 67.59 60.07
Ls/Rs 2.02.107% [ 1.93.10°¢ | 2.1.107° | 1.34.107% | 1.32.10°% | 1.37.10°°

3. Fabrication process

The planar inductor consists of a copper conductor on a patch of Kapton, all deposited on a ferrite substrate

[9,19]. Fabrication was carried out in the Laplace laboratory [20]. Each step was studied and optimized to

ensure the performance and reproducibility of the process, as shown in Figure 4.
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Figure 4. Steps of photolithography.

Firstly, we prepare the magnetic cores N87 by using a chainsaw, shown in Figure 5, to cut 15 x 15 x 2 mm?

of size. The copper conductors, of 35um thickness, are then assembled on these ceramic substrates. The mag-
netic core serves as a mechanical support for a polyimide film constituted of Kapton and copper, called flex.

Then we realize the copper circuits on the flex for the different topologies shown in Figure 2.

Figure 5. Mask of the prototypes to be realized: (a) printed on paper, (b) printed on transparent paper, and (c)
chainsaw (Secotom 10 — STRURES) with a disc.

Next, we present the set of steps for preparing the metallized and masked inorganic substrate. Figure 5
shows the pattern that allows the realization of the mask to etch.

Afterwards, the pattern is engraved on a glass plate covered with a layer of chrome to obtain the mask.
The mask is transferred to the flex made of Kapton and 35um of copper, called photolithography. The etching
allows removing the copper from the surface of the flex. We used wet etching, which involves soaking the sample
in a solution composed of iron perchloride and water that is heated to 27 °©C. The solution engraves the copper
by dissolving the copper that is unprotected by the hardened film, and shows the desired pattern. The final
sample is rinsed with water and immersed in a solvent acetone or sodium hydroxide NaOH to remove the blue
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film and show the conductive lines. After rinsing, the final component is thus obtained and passed into a 70 °C
furnace to avoid oxidation.

Finally, the inductors are varnished to prevent oxidation of the copper conductor. The installation of
bonding is essential for the interconnection of the central plot to the outside plot. The topologies carried out
are presented in Figures 6a and 6b.

Figure 6. System of chemical etching (left) and topologies realized (right): (a) standards, (b) tapered.

4. Experimental results of prototypes

The characterization of prototypes realized requires both the measurement means adapted and a model to take
into account the major physical phenomena. Planar inductors are characterized using LRC meter 4194A. To
characterize the inductors without a magnetic core, we realized the conductor on Kapton. We compensated the
bonding resistance in order to obtain the accurate value of the series resistance spirals. The measuring bench

available at the Laplace laboratory to measure the amplitude and phase signals is presented in Figure 7.

4.1. Choice of equivalent circuit model

The measurement model is chosen by the apparatus and for each specified range according to preset impedance
values. In our case, the inductance values to be measured are of the order of several nH [20]. To this effect, we
chose the model of the equivalent circuit, indicated in Figure 7, to take measures. The different parameters of
the equivalent circuit depend on the frequency.

Inductance L,, as a function of frequency, enables us to see the influence of the frequency on the
inductance value and reports the evolution of the permeability as a function of frequency. Resistance R,
depending on frequency, takes into account all losses in the conductors. Cs models the capacitive coupling
between the turns of the inductor. An optimization algorithm was used to extract the values of the model

elements.

4.2. Measurement results for standard planar inductors

The results of the measures of the standard planar inductors for the topologies realized are shown in Table 4.
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NN

Figure 7. Bank of characterization

Table 4. Results of measures for standard planar inductors.

Val Standard inductors
ames Square Hexagonal | Circular
R (mQ) 36.14 27 19.56
In air 33.78 13 21.38
Ls (nH) —<iren 87 [ 5154 278 35.64
LS/RS 1.43.107% | 0.47.10°6 1.82.10°6

4.3. Measurement results for tapered planar inductors

The results of the measures of the tapered planar inductors for the topologies realized are shown in Table 5.

Table 5. Results of measures for tapered planar inductors.

Val Tapered inductors
ames Square Hexagonal | Circular
IR;,1 (mQ) 54.59 31.21 32.7
In air 12.98 23.58 21.38
Hasl(nH) i Ns7 113 36.16 35.64
ILis /1Ry 1.43.107% | 1.43.10°° 1.43.107°

4.4. Inductive and resistive behavior of inductors

In this paragraph, we present the influence of the magnetic core on the resistive and inductive behavior of the
prototypes realized. Figure 8 shows the influence of the frequency on the inductor. For different topologies

realized, we note that the inductance of the spiral increases with increasing frequency.
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Figure 8. Variation in series inductance depending on the frequency with and without magnetic core for standard
inductors: (a) circular, (b) hexagonal, and (c) square.

The value of the inductance has become more important with the use of a magnetic core, because it
allows canalizing the lines of the magnetic fields.

Figure 9 shows the influence of the frequency on the resistive behavior for the different topologies realized.
We note that the resistance of the spiral increases with increasing frequency.

The resistance of the inductor without the magnetic core is substantially constant, although account must
be taken of the skin effect. In this case, the useful section of the conductor decreases with frequency. Therefore,

the measured resistance of the inductor with magnetic core increases significantly with frequency.

5. Influence of topology on inductive behavior for standard inductors
The effect of total length is shown in Figures 10 and 11. It varies according to the topology on the resistive and
inductive behavior of the realized inductors.

The maximum value of inductance corresponds to the square topology and the minimum value to the

circular topology. The intermediate value corresponds to the hexagonal topology, as shown in Figure 10a.
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Figure 9. Variation in series resistance depending on the frequency with and without a magnetic core for standard
inductors: (a) circular, (b) hexagonal, and (c) square.

We observe in Figure 10b that the maximum value of resistance corresponds to the square topology and the

minimum value to the circular topology. The intermediate value corresponds to the hexagonal topology.
Figure 11 allows us to note that the circular topology has the best X /R as a function of frequency. This
is due to its low resistance compared to hexagonal and square topologies.

5.1. Influence of topology on inductive behavior for tapered inductors

Figure 12 shows the variation of the ratio X/Rs as a function of frequency for the circular, hexagonal, and
square tapered inductors.
We find that the circular topology has the best X/R; as a function of frequency. As in the case of

standard inductors, this is also explained by its low resistance compared to hexagonal and square topologies.

6. Behavior in operating mode of prototypes

In this section, we present the frequency behavior of the standard and tapered circular inductors. Figure 13

shows a comparison of inductance values with standard and tapered circular inductors.
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Figure 11. Variation in !X /IR;s, depending on the frequency for standard inductors.

We observe that the value of inductance of the standard and tapered inductors evolves in the same way,
depending on the frequency.
Figure 14 illustrates the evaluation of impedance versus frequency of standard and tapered inductors.

We note that impedance is more important in the case of the tapered inductor. Higher impedance implies
smaller current and hence smaller parasitic effects of the series capacitance and proximity effect. This is why a
tapered inductor presents the best behavior.

Figure 15 shows, by way of example, the variation in the impedance and the phase as a function of the
frequency for a tapered planar circular inductor.

It can be seen from these curves that the realized components show resistive behavior up to 10 kHz and
inductive beyond 10 kHz. This means that the prototypes made are purely inductive. This reasoning is valid
for all inductors made.
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Figure 12. Variation in [X /IR, depending on the frequency for tapered inductors.

107 (2 107 (2
T T T
_— standard coil et — standard coil MM
—— tapered coil MW —— tapered coil #._.,.-*""
- 10_3 V / 1078 /
£ " £
Q Q
9 Q
= g
< <
9] ]
E E
b= !
S 9 g
10 10
-10 -10
10 10
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) x10° Frequency (Hz) x10°

Figure 13. Variation in series inductance depending on the frequency: (a) circular, and (b) square.

7. Conclusion

The work presented in this paper concerns the design, realization, and characterization of standard and tapered
inductors. We retained circular, hexagonal, and square topologies. The particularity of the model of the tapered
coil is that it allows improvement in the performances of the planar inductor. Indeed, it makes it possible to
maintain the same value of inductance while reducing the effect of proximity and the parasitic effects of the series
capacitance. The geometrical and electrical dimensioning of these inductors is an important step that requires
taking into account many parameters and compromises their manufacture and use. The manufacturing of these
inductors was carried out at the Laplace laboratory in Toulouse, France. The use of low-cost commercial ferrite
substrates makes it possible to meet a very large number of applications, extending from a few tens of kHz to
several hundreds of MHz. The conductive spirals of all prototypes were made on Kapton and on the magnetic
material N87. The results obtained show that the magnetic core increases the value of the inductance; both
types of inductors, standard and tapered, have the same electrical characteristics while occupying the same
area. The inductance of the spiral increases with frequency, and this applies to all inductors. The maximum
value of inductance is obtained with square topology and the minimum value with circular topology; this is due
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Figure 15. Planar spiral inductors on Kapton and ferrite substrate: (a) impedance, (b) magnitude, and (c) phase,
depending on the frequency.

to the geometric specifications of each topology. The electrical resistance of the square inductor is larger than
that of the circular inductor for the case of standard and tapered inductors. Indeed, the total length of the
conductor of the square inductor is greater than that of the conductor of the circular inductor. The circular
topology has the best X /R, ratio; the inductance of the standard and tapered inductors evolves identically as
a function of frequency. The impedance is greater in the case of variable width inductor and so a low-value

current will flow, implying a decrease in the parasitic effects of the series capacitance and proximity effect.
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