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Abstract: The most used spiral inductors, in the available scientific literature and in
our research activities, so far, have been those with square, hexagonal, octagonal, and
circular geometric shapes. Geometry plays an important role in the efficiency of these
inductors when used in wireless power transfer. In this article, a new geometric shape
is designed by combining the square and the circle to create an oval shape of a planar
spiral inductor. Inductors with this new shape are designed, numerically modelled, and
practically constructed for experimental testing. The formula for inductance computation
for planar spiral inductors is adapted for this new oval shape. New geometric coefficients,
required for inductance computation formula, have been determined. The new formula
for inductance computation is validated both analytically, by comparing the results with
those from numerical modelling, and experimentally, by comparing with measurements,
for a wide range of oval spiral inductors. Five sets of different oval spiral inductors are
optimally designed, numerically modelled, practically constructed, and experimentally
tested. By designing this new shape for planar spiral inductors, the inductance is increased
2.16 times compared to square, 1.84 times compared to hexagonal, 2.12 times compared
to octagonal, and 2.52 times compared to circular shapes. The new oval spiral inductor
design will be very useful for constructing wireless power transfer systems for pacemakers,
smartphones, smartwatches, and/or any other type of smart device.

Keywords: spiral inductor; oval shape; inductance formula; optimal design; numerical
modelling; planar electromagnetic technology; geometrical coefficients; experimental
measurements

MSC: 00A79

1. Introduction
In today’s world, electromagnetic planar components have become the preferred

choice for smart devices, as they are the most used to make devices as small, light, reliable,
thin, and high-performing as possible.

Today, there is a growing demand for high-performance smart devices that can be
wirelessly powered in a quick and easy manner. Therefore, the optimal design of their
components is crucial for achieving high-performance devices. In the literature, there are
planar spiral inductors used for VHF [1,2] and RF application [3–5], wave application [6],
wireless systems [7–14], implantable systems [15,16], filters [17–19], and antennas [20,21].
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In article [9], we designed and constructed a wireless power supply system for small
devices, such as pacemakers, using planar spiral inductors, using two common shapes
of planar spiral inductors, without optimizing the shapes to maximize the use of the
available area of the device to increase the inductance of the inductor and the wireless
system performances. To achieve this goal, we analyzed and extracted the inductance of
an elliptical spiral inductor [16], but its inductance did not increase significantly, and its
geometry did not fit the pacemaker’s shape properly.

Therefore, we designed a new shape, an oval spiral inductor, that perfectly matches
the pacemaker’s shape. This article demonstrates that by designing planar spiral inductors
in this new shape, we significantly increased the inductance compared with conventional
shapes. The contributions of this article significantly advance the current state of the art in
planar inductor design and wireless power transfer (WPT) by addressing key limitations
and enhancing performance. The introduction of the oval shape inductor offers improved
inductance characteristics compared to conventional shapes. This design optimizes space
and allows for better integration in compact WPT systems, leading to more efficient power
transfer and potentially smaller device sizes. A new formula for inductance is achieved by
adapting previous ones. By adapting the formula for the average diameter and fill ratio,
the authors provide a more accurate method to model and predict the behaviour of oval
shape inductors. This enhances the precision of inductance calculations, which is crucial
for designing high-performance inductors in both low- and high-frequency applications.
The introduction of new geometric coefficients accounts for the unique properties of the
oval shape, ensuring that inductance is calculated more accurately. This refinement allows
for better design optimization, resulting in more efficient inductors and improved overall
performance in WPT systems. Together, these contributions enable more efficient and
accurate inductor designs, improving the performance of WPT systems, especially in terms
of power efficiency, size reduction, and integration capabilities, which are essential for
advancing the technology in modern applications.

2. Planar Spiral Inductors with Square, Hexagonal, Octagonal, and
Circular Shapes

Until a few years ago, the most used shapes for planar spiral inductors were square,
hexagonal, octagonal, and circular. Formulas for extracting spiral inductor parameters
and software programs were developed by the authors in [22,23], but only for these four
conventional shapes shown in Figure 1.

A variety of formulas can be found in the literature [22–31] for calculating the induc-
tance of planar spiral inductors with these geometric shapes. The most accurate expression,
explicitly derived for these four shapes, is provided in [25]:

Lspiral planar inductor =
µN2davgC1

2

[
ln
(

C2

ρ

)
+ C3ρ + C4ρ2

]
, (1)

where

- N is the number of turns;
- davg is the average diameter:

davg =
de + di

2
, (2)

- de is the outer diameter;
- di is the inner diameter;
- ρ is the fill factor:
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ρ =
de − di
de + di

, (3)
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Figure 1. Geometric description of spiral planar inductors with (a) square; (b) hexagonal; (c) octagonal;
and (d) circular shapes.

The following dependencies must be fulfilled between the descriptive geometric
parameters, terms, and coefficients:

di ≥ s, (4)

de = di + 2Nw + 2(N − 1)s, (5)

de = davg + N(w + s)− s, (6)

ρ =
[n(w + s)− s]

davg
, (7)

where

- w is the turn width;
- s is the distance between adjacent turns;
- n is the number of layout sides;
- and C1, C2, C3, and C4 are geometrical constants according to the current sheet

method [25] from Table 1.

Table 1. Coefficients for current sheet expression [25].

Layout C1 C2 C3 C4

square 1.27 2.07 0.18 0.13
hexagonal 1.09 2.23 0.00 0.17
octagonal 1.07 2.29 0.00 0.19
circular 1.00 2.46 0.00 0.20

The authors have studied, analyzed, numerically modelled, optimally designed, and
constructed these commonly used shapes designed on mono- or multilayer structures to
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address applications across various domains [4,9,22,23,32]. A wide range of spiral inductors
were initially designed, then modelled and finally constructed and measured to validate
the analyses, formulas, and tools developed for extracting their parameters [9,22,23].

Figure 2 illustrates four planar spiral inductors with square, hexagonal, octagonal,
and circular geometric shapes, which were analyzed, modelled, and constructed for exem-
plification. These inductors consist of 16 turns, with an outer diameter of 20 mm, a turn
width of 0.4 mm, and a distance between the turns of 0.2 mm. The spirals are made of
copper placed on an FR4 epoxy dielectric. The results obtained through analytical, numeri-
cal, and experimental approaches are summarized in Table 2. The analytical results were
calculated using relation (1) and the geometrical coefficients listed in Table 1. Numerical
results were extracted using two software programs; the first one is the ABSIF software
(Version 1) program developed by authors. [23], and the second one is the commercial
ANSYS-Q3D Extractor software (Version 2023 R1) package. The constructed inductors from
Figure 2 were measured experimentally using a Precision LCR Bridge. Relative errors were
calculated for each approach as follows: εr1 (analytical vs. ABSIF); εr2 (analytical vs. Q3D
Extractor); and εr3 (ABSIF vs. experimental measurements). Planar spiral inductors are
extensively used in the design of various compact devices.
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Table 2. Results for the four shapes of planar spiral inductors that were obtained analytically,
numerically, and experimentally.

Inductor
Shape

Inductance, µH

Analytical
Numerical Experimental

Measurements
εr3

ABSIF εr1 Q3D Extractor εr2

Square 2.42 2.45 1.22 2.29 5.37 2.48 1.20
Hexagonal 2.52 2.63 4.36 2.48 1.58 2.91 9.62
Octagonal 2.29 2.36 3.05 2.11 7.86 2.52 6.34
Circular 2.05 2.01 1.95 2.02 1.46 2.12 5.18

The authors utilized these inductors to design and construct antennas, filters, and
WPT systems, as well as RFID [4,9,32], though they are also employed in numerous other
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high-tech applications [1–21,33,34]. Following extensive analysis and simulations, square
and circular inductors were selected as the emitter and receiver, respectively, for our first
prototype of WPT for a pacemaker, as presented in Figure 3. This prototype was initially
tested with different types of lamps and the results were disseminated in the literature [9].
A solution was developed to enhance the performances of WPT by placing ferrite beneath
the dielectric of the emitter inductor [32].
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Figure 3. The wireless power transfer system prototype constructed of planar spiral inductors.

However, achieving high performances for the receiver inductor remains challeng-
ing, as ferrite cannot be used. To improve the power transfer efficiency of the WPT for
pacemakers, it is essential to increase the inductance of inductors. Our proposed solution
involves adapting the shape of the inductors to align with the pacemaker’s shape. Selecting
a shape for the copper spiral inductor that avoids ninety-degree angles offers a significant
advantage. This design choice is expected to substantially increase the inductance, even
when maintaining the same geometric parameters that influence inductance, such as the
number of turns, turn width, and distance between turns.

3. Design of Oval Planar Spiral Inductor
Considering the shape of the pacemaker’s external casing, we proposed a new inductor

design that aligns perfectly with the device’s form. As detailed in Figure 4, this design
introduces an oval shape. Oval planar spiral inductors are ideal for use as both receivers
and emitters in WPT systems for compact smart devices, offering enhanced compatibility
and performance.
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3.1. Idea of the Oval Shape

A new shape has been designed to increase the inductance of the inductors. In the
literature, we recently found the elliptical shape [16]. However, for our application, a
wireless power transfer system to supply the pacemaker, none of the square, circular,
octagonal, hexagonal, or elliptical shapes were suitable for optimally covering the shape of
the pacemaker case. Therefore, we designed a new shape by starting by combining square
and circular shapes (cut into two pieces) to form our oval shape presented in Figure 5,
which matches our application perfectly.
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3.2. The Oval Planar Spiral Inductor

We designed the oval geometry to fit within an area of 40 × 20 mm2, as presented in
Figure 4. To compare and validate the new oval shape, we kept the same parameters as
those used for the square, hexagonal, octagonal, and circular shapes that were designed,
analyzed, modelled, and constructed, as mentioned in the second paragraph of this article:
16 turns, a turn width of 0.4 mm and a distance of 0.2 mm between turns, as shown in
Figure 6. Additionally, the materials remain the same: copper for the inductor’s spiral
and FR4 epoxy for the dielectric substrate. Therefore, the number of turns, the distance
between the turns, the turn width, and the materials are kept consistent with those used for
the common shapes described in the previous sections. This allows for a comparison of
the results with those for the standard shapes (Table 2) to determine whether the newly
designed oval shape achieves an increase in inductance (L) and quality factor (Q).
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4. Numerical Modelling of Oval Planar Spiral Inductor
Before constructing our designed oval planar spiral inductor, we wanted to numeri-

cally model it to extract its inductance. We chose a commercial program software, ANSYS-
Q3D Extractor, to carry this out. We drew the tridimensionality model of the oval spiral
from copper, placed on an FR4 epoxy dielectric with the dimensions presented above. The
implemented model of the planar oval spiral inductor is detailed in Figure 7; the spiral of
copper with a red colour and the dielectric substrate with light yellow can be identified.

Figure 8 represents the current density in the oval spiral which confirms the constant
field distribution all over the spiral inductor, succeeding with this shape to eliminate the
non-uniformities that appear in the case of a square shape, as can be seen in Figure 9.
The parameters extracted with the Q3D Extractor for this planar oval spiral inductor are
presented in Table 3.
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Also, the square, hexagonal, octagonal, and circular spiral inductors were numerically
modelled in the ANSYS-Q3D Extractor to compare the results. Figure 9 represents the
exemplification and comparison of the current density only for the square spiral inductor,
noting that it is not uniformly distributed. Table 4 shows the extracted parameters for
it. Unexpectedly, we were able to significantly increase the inductance; therefore, by
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comparing the simulation results for the square and oval shapes, we observed a 2.27 times
increase in inductance.

Table 3. Modelled oval planar spiral inductor parameters.

Parameter
Oval Planar Spiral Inductor

dc ac

Inductance, µH 5.229 5.132
Resistance, Ω 14.272 195.44

Capacitance, pF 1.022

Table 4. Modelled planar square spiral inductor parameters.

Parameter
Planar Square Spiral Inductor

dc ac

Inductance, µH 2.296 2.126
Resistance, Ω 0.141 22.447

Capacitance, pF 0.874

We achieved this significant increase in inductance for the oval spiral inductor due to
the following factors: the maximum number of turns considered, 16 turns, that perfectly
fit into the available area; the increased enclosed area of the spiral; the strong magnetic
flux coupling between tightly packed turns, with a distance of 0.2 mm between them; the
reduced magnetic field leakage; the elimination of ninety-degree angles in the inductor’s
layout; and the larger effective length of the spiral.

5. Construction of Oval Planar Spiral Inductor for Shape Validation
To ensure that the inductance obtained by numerical modelling is correct, we con-

structed the planar oval spiral inductor and measured its inductance. In this way, we can
be confident that the new shape that we propose can be an ideal one for many applications.
Planar oval spiral inductor construction uses the LPKF PCB production line, more precisely
LPKF ProtoMat S103, LPKF Laser&Electronisc SE, Garbsen, Germany, we bought from the
local distributor, Interbusiness Promotion & Consulting S.R.L., ISO Certificate 9001:2015,
023594-Bucharest, Romania, as presented in Figure 10. We imported the oval planar spiral
inductor geometry from the Q3D Extractor to the LPKF Circuit Pro software (Version
PM 2.3) program to construct it.
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Figure 11 presents the constructed oval planar spiral inductor with a size of
20 × 40 mm size, with 16 turns, a turn width of w = 0.4 mm, and a distance between
the turns of s = 0.2 mm, the same as the numerically modelled configuration.
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Figure 11. Constructed oval planar spiral inductor.

Once the oval planar spiral inductor is constructed, we can measure its inductance
using a Precision LCR Bridge to ensure that the inductance of the new oval shape is greater
than that of square, hexagonal, octagonal, and circular shapes. The inductance measured
for the oval spiral inductor with the LCR Meter is 5.36 µH, as shown in Figure 12.
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Figure 12. The inductance measured for the constructed oval planar spiral inductor.

The experimental measurements performed with the same LCR Meter for square,
hexagonal, octagonal, and circular spiral inductors with 16 turns and identical dimensions
for the geometrical parameters, all constructed with the same LPKF ProtoMat 103, are
presented in Figure 13. The experimental results show that the oval inductor exhibits an
inductance 2.16 times greater than the square shape, 1.84 times greater than the hexagonal
shape, 2.12 times greater than the octagonal shape, and 2.52 times greater than the circular
shape, as detailed in Table 5. Now, we are convinced that using the new oval shape results
in a higher inductance. The quality factor is also increased, as can be verified from the
experimental measurements in Figures 12 and 13 and Table 5.

By designing this new oval shape, several key advantages can be mentioned: uniform
current distribution (this minimizes hotspots and ensures better performance under high-
frequency conditions); higher quality factor (fewer sharp edges and corners reduce losses
due to current crowding); lower parasitic effects (a more symmetric structure reduces
parasitic capacitances and inductance variation, with this being particularly advantageous
in high-frequency and RF applications); improved magnetic field distribution (the magnetic
field is more evenly distributed and this reduces interference with surrounding components
and enhances overall efficiency); mechanical stability (better mechanical strength and
durability due to their continuous structure without sharp angles, making them less prone
to deformation under stress or thermal expansion); aesthetic and compact design (these are
easier to integrate into rounded enclosures); and last but not least, the most important one,
increased inductance. We conclude that it is better to choose oval shapes over traditional
ones for high-frequency applications, where the Q factor and reduced parasitic effects
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are critical, for compact designs requiring efficient use of space and minimal interference
and for thermal reliability where uniform current distribution is important. However,
square inductors might still be preferred in certain applications due to ease of fabrication,
better utilization of PCB space, or alignment with other components. The choice ultimately
depends on the specific requirements of the circuit and the manufacturing process.
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Table 5. Experimental results for inductance and quality factor.

Inductor Shape
Experimental Measurement Results

Inductance, µH Quality Factor

Oval 5.3685 0.129
Square 2.489 0.077

Hexagonal 2.916 0.117
Octagonal 2.525 0.067
Circular 2.127 0.138

The oval shape spiral inductor generally exhibits differences in parasitic resistance
(R), parasitic capacitance (C), and quality factor (Q) when compared to circular or square
inductors, primarily due to its unique geometry. The oval shape inductor may have a
higher parasitic resistance compared to circular inductors due to the less efficient current
flow in regions with tighter curvatures. However, this increase in resistance may be less
pronounced than in square inductors, where sharp corners can cause higher resistance due
to increased current density at the corners. Parasitic capacitance in the oval inductor is
typically lower than in a square inductor due to the smoother curves and more gradual
changes in the geometry, which reduce the chances of significant electric field buildup.
In comparison, the corners of a square inductor often contribute to higher capacitance
due to the sharp edges and increased proximity of conductors. The oval shape, with its
continuous curvature, usually leads to a more uniform electric field distribution, reducing
capacitance. The quality factor (Q) of an oval shape inductor is generally higher than that
of a square inductor because of the reduced parasitic capacitance and less resistance due
to the smoother geometry. The circular inductor, with its symmetrical structure, may also
have a high Q factor, potentially higher than the oval inductor depending on the design
parameters. However, oval inductors may still perform better in certain designs where size
or inductance value optimizations are crucial. In summary, oval shape inductors can offer
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advantages in terms of lower parasitic capacitance and potentially higher quality factors
compared to square inductors, while the parasitic resistance may be slightly higher than that
of circular inductors due to the less optimal current path in regions with tight curvatures.

6. Adapting the Inductance Formula for the Oval Spiral Inductor
Based on the inductance formula for the four common shapes of planar spiral induc-

tors, as shown in expression (1), we want to use it to calculate the inductance for the new
oval shape that was designed, modelled, and constructed. Due to the non-symmetry of
geometry, more concepts are needed. The oval shape is semi-symmetrical, so some of the
descriptive parameters from relation (1), such as the fill ratio and the average diameter,
must be adapted, and new relations such as (8)–(11) are developed. Figure 14 provides
a description of the geometric parameters that characterize the oval planar spiral shape
(number of turns, N; turn width, w; distance between turns, s; outer diameters, Do and
do; and inner diameters, Di and di). Analogous to the current sheet method [25] and the
relations from [16], we need the average diameter and the fill ratio, which, here, for this
semi-symmetrical geometry, are different.
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Analyzing the geometry, we identify four diameters that describe the structure; there-
fore, the two outer diameters are as follows:

- Do is the outer diameter along the length of the oval inductor’s plane;
- do is the outer diameter along the width of the oval inductor’s plane.
- And the two inner diameters are as follows:
- Di is the inner diameter along the length of the oval inductor’s plane;
- di is the inner diameter along the width of the oval inductor’s plane.

From a geometric point of view, we define an outer diameter as a geometric mean:

Dout =
√

Do · do, (8)

and similarly, we define an inner diameter as follows:

Dint =
√

Di · di, (9)

Using these geometric means for the outer and inner diameters, we adapted the
average diameter for the oval shape, which can be determined using the following adapted
relation:

davg_oval =
Dout + Dint

2
, (10)

and similarly, the fill factor, ρoval, can be calculated with the adapted relation:

ρoval =
Dout − Dint

Dout + Dint
, (11)
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Therefore, the inductance of the oval spiral inductor can be calculated using the
formula for common shapes, where the average diameter and the fill ratio have been
determined using relations (10) and (11):

Loval =
µN2davg_ovalC1

2

[
ln
(

C2

ρoval

)
+ C3ρoval + C4ρoval

2
]

. (12)

If we consider the coefficients C1, C2, C3, and C4 (Table 1) to be those for the circular
shape, as was similarly carried out for the elliptical shape in [16], we obtain an inductance
of 3.64 µH, which is incorrect compared to experimental and numerical modelling results
for the oval inductor described above. Additionally, if we calculate the inductance of the
square and circular inductors separately and add them, we still obtain an incorrect value of
4.47 µH (Table 2) because, for the oval shape, the numerical inductance obtained is 6.22 µH,
and the experimental value is 6.36 µH. The average diameter and the fill ratio are correctly
expressed by relations (10) and (11); therefore, the coefficients cannot be the same as those
for the circular shape (Table 1) as is considered for the elliptical shape in [16]. New C1, C2,
C3, and C4 coefficients are required for the new oval shape, and we determined them using
the current sheet method, as well as mathematical algorithms and tools.

7. Numerical and Experimental Coefficient Determination and
Inductance Expression Validation for Oval Planar Spiral Inductors

Five sets of spiral inductors with oval shapes were designed, numerically modelled,
and constructed to determine the appropriate coefficients and validate the new formula (12).
Various dimensions for the geometric parameters and different numbers of turns were
considered to cover a wide range of oval spiral configurations, ensuring the accuracy of
our results.

7.1. Numerical Modelling of Oval Spiral Inductors

We modelled them using the software program ANSYS-Q3D Extractor to extract the
inductance for each inductor. The first set of oval spiral inductors was designed with
smaller dimensions, and in Figure 15, four structures are presented as examples, showing
their real size. The outer diameters are the same for all the inductors in this set: Do = 20 mm
and do = 10 mm. The number of turns is variable between 2 and 16 turns; the width of the
turn, w, is between 0.2 and 0.3 mm; and the distance between the turns, s, varies from 0.1
to 0.25 mm. In Table 6, the extracted parameters for the four oval inductors from the first
set are synthesized for exemplification.

The second set of the oval spiral inductors is presented in Figure 16. The dimensions
for the outer diameters are Do = 30 mm and do = 15 mm, the number of turns range from 1
to 15; the turn width, w, is between 0.25 and 0.5 mm; and the distance between turns, s,
ranges from 0.2 to 0.5 mm.
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Figure 15. First set of oval spiral inductors designed and numerically modelled with 10 × 20 mm
dimensions: (a) 8 turns, w = 0.3 mm, s = 0.25 mm; (b) 10 turns, w = 0.25 mm, s = 0.2 mm; (c) 12 turns,
w = 0.2 mm, s = 0.15 mm; and (d) 16 turns, w = 0.2 mm, s = 0.1 mm.
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Figure 16. Second set of oval spiral inductors designed and numerically modelled with 15 × 30 mm
dimensions: (a) 7 turns, w = 0.5 mm, s = 0.5 mm; (b) 9 turns, w = 0.4 mm, s = 0.35 mm; (c) 12 turns,
w = 0.3 mm, s = 0.3 mm; and (d) 15 turns, w = 0.25 mm, s = 0.2 mm.

Table 6. Numerical results for 1st set of oval inductors.

Number of Turns 8 10 12 16

Results dc ac dc ac dc ac dc ac

Resistance [Ω] 4.93 0.09 7.34 0.13 11.29 0.17 14.27 0.32
Inductance [µH] 0.77 0.76 1.16 1.14 1.82 1.79 2.61 2.56
Capacitance [pF] 0.60 0.59 0.59 0.53

Table 7 shows the extracted parameters for the four oval inductors from the second
set, detailed for exemplification.

Table 7. Numerical results for 2nd set of oval inductors.

Number of Turns 7 9 12 15

Results dc ac dc ac dc ac dc ac

Resistance [Ω] 3.8 0.09 6.19 0.14 10.75 0.02 16.53 0.28
Inductance [µH] 0.83 0.81 1.42 1.39 2.22 2.23 3.87 3.81
Capacitance [pF] 0.88 0.86 0.93 0.89

Starting from the first oval spiral inductor (Figure 6) designed, modelled and con-
structed, we created the third set (Figure 17), keeping the same outer diameters, Do and do,
while varying the number of turns from 1 to 16; the turn width, w, between 0.4 and 0.8 mm;
and the distance between turns, s, from 0.2 to 0.3 mm.In Figure 17, four inductors from the
third set are presented for exemplification. In Table 8, the extracted parameters for the four
oval inductors from the third set are summarized for illustration purposes.
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Figure 18. Fourth set of oval spiral inductors designed and numerically modelled with 30 × 60 mm 
dimensions: (a) 7 turns, w = 1.1 mm, s = 0.8 mm; (b) 9 turns, w = 0.9 mm, s = 0.6 mm; (c) 12 turns, w 
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Figure 17. Third set of oval spiral inductors designed and numerically modelled with 20 × 40 mm
outer diameters: (a) 8 turns, w = 0.8 mm, s = 0.3 mm; (b) 10 turns, w = 0.6 mm, s = 0.3 mm; (c) 12 turns,
w = 0.5 mm, s = 0.3 mm; and (d) 16 turns, w = 0.4 mm, s = 0.2 mm.
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Table 8. Numerical results for 3rd set of oval inductors.

Number of Turns 8 10 12 16

Results dc ac dc ac dc ac dc ac

Resistance [Ω] 3.66 0.19 5.93 0.25 8.56 0.29 14.27 0.05
Inductance [µH] 1.49 1.45 2.24 2.19 2.97 2.91 5.23 5.13
Capacitance [pF] 1.10 1.10 1.14 1.16

The fourth set of the oval spiral inductors is presented in Figure 18. Large outer
diameters, Do = 60 mm and do = 30 mm, are considered, with the number of turns ranging
from 1 to 15; turn widths, w, between 0.5 and 1.1 mm; and distances between turns, s, from
0.4 to 0.8 mm.
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dimensions: (a) 7 turns, w = 1.1 mm, s = 0.8 mm; (b) 9 turns, w = 0.9 mm, s = 0.6 mm; (c) 12 turns, w 
= 0.7 mm, s = 0.4 mm; and (d) 15 turns, w = 0.5 mm, s = 0.4 mm. 

Figure 18. Fourth set of oval spiral inductors designed and numerically modelled with 30 × 60 mm
dimensions: (a) 7 turns, w = 1.1 mm, s = 0.8 mm; (b) 9 turns, w = 0.9 mm, s = 0.6 mm; (c) 12 turns,
w = 0.7 mm, s = 0.4 mm; and (d) 15 turns, w = 0.5 mm, s = 0.4 mm.

Table 9 summarizes the extracted parameters for the four oval inductors from the
fourth set, provided for exemplification.

Table 9. Numerical results for 4th set of oval inductors.

Number of Turns 7 9 12 15

Results dc ac dc ac dc ac dc ac

Resistance [Ω] 3.51 0.16 5.49 0.23 9.49 0.36 16.53 1.23
Inductance [µH] 1.76 1.72 2.80 2.75 5.09 4.99 7.74 7.65
Capacitance [pF] 1.72 1.70 1.65 1.71

The fifth set of the oval spiral inductors is presented in Figure 19. The big dimensions
were considered here, with outer diameters, Do = 80 mm and do = 40 mm; turn widths,
w, between 0.8 and 1.4 mm; and distances between turns, s, from 0.4 to 0.9 mm. Table 10
presents the extracted parameters for the four oval inductors from the fifth set.
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Table 10. Numerical results for 5th set of oval inductors.

Number of Turns 8 10 12 16

Results dc ac dc ac dc ac dc ac

Resistance [Ω] 4.14 0.25 6.09 0.36 10.89 0.38 14.69 0.79
Inductance [µH] 2.86 2.80 4.55 4.46 6.37 6.28 10.46 10.29
Capacitance [pF] 2.18 2.21 2.29 2.21
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newly designed shape. Figures 20–24 detail the inductance measurements for the wide 
range of designed sets of spiral inductors with oval shapes. 

Figure 19. Fifth set of oval spiral inductors designed and numerically modelled with 40 × 80 mm
dimensions: (a) 8 turns, w = 1.4 mm, s = 0.9 mm; (b) 10 turns, w = 1.2 mm, s = 0.6 mm; (c) 12 turns,
w = 0.8 mm, s = 0.75 mm; and (d) 16 turns, w = 0.8 mm, s = 0.4 mm.

7.2. Construction of Oval Spiral Inductors for Experimental Validation

In accordance with the good results obtained through numerical modelling, the five
sets of the designed oval planar spiral inductors were practically constructed using LPKF
ProtoMat S103 to measure their inductances, desiring an experimental validation of the
newly designed shape. Figures 20–24 detail the inductance measurements for the wide
range of designed sets of spiral inductors with oval shapes.

The results obtained through numerical modelling using the Q3D Extractor tool
from the ANSYS software package are compared with the experimental measurements
performed using the Aim-TTi LCR400 Bench LCR Meter, AIM & THURLBY THANDAR
INSTRUMENTS, Huntingdon, England, we bought them from the local distributor SC
Comtest SRL, Timisoara, Romania, as summarized in Table 11. The relative errors range
from 2.12% to 13.63%. By analyzing the dimensions of the sets of spiral inductors, it
can be observed that a wide range of layouts were designed, numerically modelled, and
constructed to successfully validate this new shape. All the obtained results are consistent
and provide the foundation for the next step: determining the new coefficients for the
proposed shape of the planar spiral inductor.
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Figure 21. Second set (15 × 30 mm) of constructed oval inductors: (a) 7 turns, w = 0.5 mm, s = 0.5 
mm; L = 0.95 µH and quality factor, Q = 0.109; (b) 9 turns, w = 0.4 mm, s = 0.35 mm; L = 1.57 µH and 
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Figure 22. Third set (20 × 40 mm) of constructed oval inductors: (a) 8 turns, w = 0.8 mm, s = 0.3 mm; 
L = 1.662 µH and Q = 0.149; (b) 10 turns, w = 0.6 mm, s = 0.3 mm; L = 2.416 µH and Q = 0.143; (c) 12 
turns, w = 0.5 mm, s = 0.3 mm; L = 3.135 µH and Q = 0.127; and (d) 16 turns, w = 0.4 mm, s = 0.2 mm; 
L = 5.368 µH and Q = 0.129. 

Figure 20. First set (10 × 20 mm) of constructed oval inductors: (a) 8 turns, w = 0.3 mm, s = 0.25 mm;
L = 0.895 µH and quality factor, Q = 0.039; (b) 10 turns, w = 0.25 mm, s = 0.2 mm; L = 1.30 µH
and Q = 0.0224; (c) 12 turns, w = 0.2 mm, s = 0.15 mm; L = 2.02 µH and Q = 0.03; and (d) 16 turns,
w = 0.2 mm, s = 0.1 mm; L = 2.69 µH and Q = 0.03.
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Figure 21. Second set (15 × 30 mm) of constructed oval inductors: (a) 7 turns, w = 0.5 mm, s = 0.5 mm;
L = 0.95 µH and quality factor, Q = 0.109; (b) 9 turns, w = 0.4 mm, s = 0.35 mm; L = 1.57 µH and
Q = 0.087; (c) 12 turns, w = 0.3 mm, s = 0.3 mm; L = 2.37 µH and Q = 0.08; and (d) 15 turns,
w = 0.25 mm, s = 0.1 mm; L = 4.10 µH and Q = 0.035.
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Figure 22. Third set (20 × 40 mm) of constructed oval inductors: (a) 8 turns, w = 0.8 mm, s = 0.3 mm;
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Figure 23. Fourth set (30 × 60 mm) of constructed oval inductors: (a) 7 turns, w = 1.1 mm, s = 0.8 mm; 
L = 1.986 µH and Q = 0.237; (b) 9 turns, w = 0.9 mm, s = 0.6 mm; L = 3.092 µH and Q = 0.232; (c) 12 
turns, w = 0.7 mm, s = 0.4 mm; L = 5.604 µH and Q = 0.244; and (d) 15 turns, w = 0.5 mm, s = 0.4 mm; 
L = 8.363 µH and Q = 0.165. 
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L = 1.986 µH and Q = 0.237; (b) 9 turns, w = 0.9 mm, s = 0.6 mm; L = 3.092 µH and Q = 0.232;
(c) 12 turns, w = 0.7 mm, s = 0.4 mm; L = 5.604 µH and Q = 0.244; and (d) 15 turns, w = 0.5 mm,
s = 0.4 mm; L = 8.363 µH and Q = 0.165.
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Figure 24. Fifth set (40 × 80 mm) of constructed oval inductors: (a) 8 turns, w = 1.4 mm, s = 0.9 mm;
L = 3.158 µH and Q = 0.325; (b) 10 turns, w = 1.2 mm, s = 0.6 mm; L = 4.986 µH and Q = 0.340;
(c) 12 turns, w = 0.8 mm, s = 0.75 mm; L = 6.805 µH and Q = 0.241; and (d) 16 turns, w = 0.8 mm,
s = 0.4 mm; L = 10.688 µH and Q = 0.305.

Table 11. Comparison of the results: numerical modelling vs. experimental results for the five sets of
oval spiral inductors designed.

Set of Inductors N, turns Do, mm do, mm w, mm s, mm Q3D Extractor, µH L Measured, µH Error, %

1st

8 20 10 0.3 0.25 0.773 0.895 13.63
10 20 10 0.25 0.2 1.159 1.309 11.45
12 20 10 0.2 0.15 1.820 2.020 9.90
16 20 10 0.2 0.1 2.610 2.699 3.29

2nd

7 30 15 0.5 0.5 0.833 0.950 12.31
9 30 15 0.4 0.35 1.421 1.573 9.66
12 30 15 0.3 0.3 2.227 2.378 6.34
15 30 15 0.25 0.2 3.870 4.102 5.65

3rd

8 40 20 0.8 0.3 1.492 1.662 10.22
10 40 20 0.6 0.3 2.249 2.416 6.91
12 40 20 0.5 0.3 2.973 3.135 5.16
16 40 20 0.4 0.2 5.229 5.368 2.58

4th

7 60 30 1.1 0.8 1.756 1.986 11.58
9 60 30 0.9 0.6 2.805 3.092 9.28
12 60 30 0.7 0.4 5.088 5.604 9.20
15 60 30 0.5 0.4 7.741 8.363 7.43

5th

8 80 40 1.4 0.9 2.864 3.158 9,30
10 80 40 1.2 0.6 4.553 4.986 8.68
12 80 40 0.8 0.75 6.369 6.805 6.40
16 80 40 0.8 0.4 10.461 10.688 2.12
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7.3. Determination of the Coefficients for Oval Shape

The inductance of the new oval spiral inductor will be analytically determined using
the newly developed relation (12). In this relation, new coefficients, C1, C2, C3, and C4, are
required, as the coefficients for the circular shape from Table 1 are not applicable to the oval
shape (see Section 6).

By analyzing the analytical results obtained through the implementation of relation
(12) in mathematical tools and the numerical and experimental results, for a wide range
of oval spiral inductors designed by authors, and based on the current sheet method,
similar to [25], the coefficients for the oval shape are determined to be C1 = 1.39, C2 = 2.48,
C3 = 0, and C4 = 0.2. Relation (12) was applied to the five sets of designed, numerically
modelled, and constructed oval inductors to obtain the inductance using an analytical
approach. The following variation in parameters was considered: N = 1 ÷ 16 turns;
w = 0.1 ÷ 1.5 mm; s = 0.1 ÷ 1 mm; and the outer diameters described above for each of
the sets. The inductances for more than four hundred oval inductors were analytically
determined. Using mathematical algorithms, these new coefficients were selected to be the
ones that provide the minimal errors in relation to the experimental measurements. Next,
these new coefficients are validated both experimentally and numerically.

7.4. Inductance Formula and Coefficients Experimental Validation

To validate the coefficients and the formula for inductance computation, they must be
verified. Validation is carried out through both experimental and numerical approaches.
The inductance Formula (12) is used to calculate the values for each of the five sets of oval
spiral inductors that were designed. First, the results are compared with those experimen-
tally measured using the LCR 400 Precision LCR Bridge, as detailed in Section 7.2. For
comparison, the results from the analytical and experimental approaches for the five sets of
oval spiral inductors designed are summarized in Table 12.

Table 12. Experimental validation of the inductance formula and coefficients for the oval shape: A com-
parison between analytical and experimental results for the five sets of designed oval spiral inductors.

Set of Inductors N, turns Do, mm do, mm w, mm s, mm L Formula (12), µH L Measured, µH Error, %

1st

8 20 10 0.3 0.25 0.839 0.895 6.25
10 20 10 0.25 0.2 1.229 1.309 6.11
12 20 10 0.2 0.15 1.969 2.020 2.52
16 20 10 0.2 0.1 2.545 2.699 5.70

2nd

7 30 15 0.5 0.5 0.895 0.950 5.78
9 30 15 0.4 0.35 1.516 1.573 3.62
12 30 15 0.3 0.3 2.282 2.378 4.03
15 30 15 0.25 0.2 4.021 4.102 1.97

3rd

8 40 20 0.8 0.3 1.609 1.662 3.18
10 40 20 0.6 0.3 2.402 2.416 0.57
12 40 20 0.5 0.3 2.954 3.135 5.77
16 40 20 0.4 0.2 5.089 5.368 5.19

4th

7 60 30 1.1 0.8 1.915 1.986 3.57
9 60 30 0.9 0.6 2.986 3.092 3.42
12 60 30 0.7 0.4 5.389 5.604 3.83
15 60 30 0.5 0.4 8.043 8.363 3.82

5th

8 80 40 1.4 0.9 3.038 3.158 3.79
10 80 40 1.2 0.6 4.804 4.986 3.65
12 80 40 0.8 0.75 6.550 6.805 3.74
16 80 40 0.8 0.4 10.180 10.688 4.75

Next, the results are compared with those numerically obtained using the Q3D Ex-
tractor tool for extracting the inductance by implementing each inductor layout into the
tool separately which requires a long time and computational resources. After analyzing
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the error between the analytical results, obtained using relation (12), and the experimental
measurements taken with the LCR Meter, the very small errors, ranging from 0.57% to
6.25%, highlight the accuracy of our results.

These findings confirm the accuracy and reliability of the adapted formula, as well
as the appropriateness of the geometric coefficients applied specifically to the design
and analysis of oval spiral inductors. Experimental validation ensures that the formula
produces results that align with real-world observations, confirming its precision and
reliability. Validating a formula experimentally boosts confidence among researchers and
practitioners by demonstrating its practical applicability. Experimental validation creates
a foundation for further research and development, paving the way for innovations and
advanced applications. Based on these findings, we can add another row to Table 1 [25],
which is now updated as Table 13.

Table 13. Coefficients for oval layout/shape of spiral planar inductor.

Layout/Shape of Inductor C1 C2 C3 C4

square [25] 1.27 2.07 0.18 0.13
hexagonal [25] 1.09 2.23 0.00 0.17
octagonal [25] 1.07 2.29 0.00 0.19
circular [25] 1.00 2.46 0.00 0.20
elliptical [16] 1.00 2.46 0.00 0.20

oval 1.39 2.48 0.00 0.20

7.5. Inductance Formula and Coefficients Analytical Validation

The inductance Formula (12) is used to calculate the values for each of the five sets
of designed oval spiral inductors. Table 14 presents the analytical results compared with
the numerical results obtained using ANSYS-Q3D Extractor, along with the relative error
percentages for four configurations from each of the five sets of oval planar spiral inductors.
The oval spiral inductors were made on the same dielectric material, FR4 epoxy, with
a thickness of 1.51 mm and a relative permittivity of 4.4. The spiral is made of copper,
which has a thickness of 35 µm, a relative permittivity of 0.999991, and a bulk conductivity
of 5.8 × 107 S/m. The frequency considered for both measurements and simulations is
10 kHz. After analyzing the relative errors obtained from the analytical and numerical
results, which range from 0.64% and 9.05%, it is again demonstrated that the new oval
shape, the new inductance computation formula, and the new coefficients are validated.
Analytical validation confirms that all of these produce results that are accurate and reliable
for their intended purpose.

Table 14. Analytical vs. numerical inductance results for the five sets of oval spiral inductors designed.

Set of Inductors N, turns Do, mm do, mm w, mm s, mm L Formula (12), µH L Q3D Extractor, µH Error, %

1st

8 20 10 0.3 0.25 0.839 0.773 8.54
10 20 10 0.25 0.2 1.229 1.159 6.04
12 20 10 0.2 0.15 1.969 1.820 8.19
16 20 10 0.2 0.1 2.545 2.610 2.49

2nd

7 30 15 0.5 0.5 0.895 0.833 7.44
9 30 15 0.4 0.35 1.516 1.421 6.69
12 30 15 0.3 0.3 2.282 2.227 2.47
15 30 15 0.25 0.2 4.021 3.870 3.90

3rd

8 40 20 0.8 0.3 1.609 1.492 7.84
10 40 20 0.6 0.3 2.402 2.249 6.80
12 40 20 0.5 0.3 2.954 2.973 0.64
16 40 20 0.4 0.2 5.089 5.229 2.68
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Table 14. Cont.

Set of Inductors N, turns Do, mm do, mm w, mm s, mm L Formula (12), µH L Q3D Extractor, µH Error, %

4th

7 60 30 1.1 0.8 1.915 1.756 9.05
9 60 30 0.9 0.6 2.986 2.805 6.45
12 60 30 0.7 0.4 5.389 5.088 5.92
15 60 30 0.5 0.4 8.043 7.741 3.90

5th

8 80 40 1.4 0.9 3.038 2.864 6.08
10 80 40 1.2 0.6 4.804 4.553 5.51
12 80 40 0.8 0.75 6.550 6.369 2.84
16 80 40 0.8 0.4 10.180 10.461 2.69

8. Conclusions
Achieving an optimal inductor shape according to the geometry of the device in which

it will be used as a component is a complex, specific, particular, difficult, and challenging
task. After extensive studies, analytical and numerical analysis, and constructions and ex-
perimental measurements, in this article, a new shape of planar spiral inductor is designed.
For this new oval shape, the inductance calculation formula used for the classic shapes was
adapted. The new inductance formula for the oval planar spiral inductor was validated
through both numerical modelling and experimental approaches. The errors between the
inductances obtained using the new adapting formula and experimental measurements
for the five sets of oval spiral inductors are very small, ranging from 0.57% to 6.25%, with
similarly small errors between the analytical and numerical comparisons, ranging from
0.64% to 9.05%. New geometry coefficients based on the current sheet method and ex-
perimental tests are developed. These small errors demonstrate the accuracy of the new
formula and validate the new geometric coefficients for the oval shape spiral inductors.
Moreover, comparative results between the new oval shape and the conventional shapes
(square, hexagonal, octagonal, and circular) show a significant increase in inductance,
which provides high performance for any device in which it will be used as a compo-
nent. We are now confident that using the new oval shape results in significantly higher
inductance. In accordance with this, the authors aim, in their further research activities, to
design a WTP system for pacemakers using these new oval planar spiral inductors, based
on the prototype previously constructed with square and circular inductors. The major
contributions detailed in this article are a new shape for spiral inductors (the oval shape);
a new formula for inductance calculation; and new geometric coefficients required in the
inductance formula for the designed and validated shape. The newly designed oval shape
offers major advantages compared to conventional shapes, the most important of which is
its significant increase in the inductance of the planar spiral inductor. The introduction of
the oval-shaped spiral inductors, the newly derived formula for inductance calculation,
and the tailored geometric coefficients offer several significant benefits to engineers and
researchers. The manuscript outlines several notable benefits for engineers and researchers
stemming from the introduction of oval-shaped spiral inductors, the newly developed
inductance calculation formula, and the customized geometric coefficients.
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