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Abstract

Inductive devices are extensively employed in power electronic systems due to their mag-
netic energy storage and power transfer capabilities. The current trend is towards increasing
the frequency of operation in order to reduce the size of the magnetic components, but the
main drawback is that the parasitic capacitance effect can become significant, and degrade
the performance of the system. This work analyses the influence of this stray capacitance,
and considers how to improve the performance of the device. In general, the impact of
the stray capacitance on a magnetic component can be reduced by two methods: reduc-
ing the parasitic capacitance between turns of the winding or, alternatively, modifying the
arrangement of the connection between turns. To evaluate the last option, an approximated
expression of the first self-resonant frequency of the magnetic device is proposed. This
gives a rapid assessment of the performance of different devices maintaining the overall
equivalent inductance. The proposed expression accounts for the influence of the connec-
tion between turns in the bandwidth of the component. Finally, some numerical results are
verified with planar coils manufactured on two-layer printed circuit boards.

1 INTRODUCTION

Planar coils are often selected for power electronics systems
because these components are well adapted to the geometry
of many applications and are convenient for integrated appli-
cations. Some examples include inductive power transfer sys-
tems (IPTs) [1–7], devices for medical applications [8–12] and
domestic induction heating systems [13, 14]. With respect to the
integrated applications, there is a tendency towards using planar
constructions of inductors and transformers in switching-mode
power supplies (SMPS) [15–17]. The most common manufac-
turing techniques of planar coils are conventional wiring, PCB
implementations, as shown in Figure 1, and microfabrication
[18].

The present tendency towards higher operation frequencies
has also led to an interest in modelling parasitic capacitive
effects because, among other reasons, this stray capacitance can
be used as the resonant element in converters or determines
the bandwidth of the magnetic component. Various propos-
als trying to capture the capacitive effects by means of equiv-
alent circuits can be found in the literature. One approach is a
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simple equivalent circuit composed of an equivalent RL circuit
connected in parallel to an equivalent capacitance [19]. In other
approaches, the value of the frequency-dependent impedance
has been obtained by means of empirical methods based on
impedance measurements and curve-fitting techniques [20–22].

Although the preceding methods are valuable by themselves,
the applicability of the results is limited to the prototypes stud-
ied. In these simplified lumped equivalent circuits it is assumed
that all turns are driven by the same current and depending on
the device or the frequency, the accuracy could be affected and
therefore some alternatives have been proposed. These alterna-
tives include distributed circuits [23–29] and transmission line
approaches [30], which are mainly focused on obtaining self-
resonant frequencies associated with the parasitic capacitances
and inductances of the system. These parasitic capacitors could
appear, for example, between turns, winding layers or winding
and magnetic cores [31–34]. In general, stray capacitances arise
from the electrical coupling between elements of the device [35,
36]. However, the connection of the winding’s turns can be opti-
mised to improve the bandwidth of the device with a minor
impact in its performance [37–41].
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FIGURE 1 Planar PCB coils

In this paper, a simple expression enabling a rapid calcula-
tion of the first self-resonant frequency from the distributed
circuit elements of the component is derived. In the proposed
expression, the circuit elements are intrinsic parameters associ-
ated with the geometry and physical properties of the media,
but, the first self-resonant frequency is dependent on the turns’
arrangement. From this expression it is evident that the band-
width of the coil can be extended by selecting the appropriate
connection between the turns as different connections provide
similar low frequency characteristics.

The remainder of the paper is organised as follows: in Sec-
tion 2, the distributed circuit model for inductors including stray
capacitances is described; next, the behaviour of these system
are explained in Section 3; in Section 4, the procedure to cal-
culate the distributed circuit element is given; experimental val-
idation of the proposed model is drawn in Section 5 and Sec-
tion 6 concludes.

2 ELECTRICAL EQUIVALENT
OF THE INDUCTOR

2.1 Ideal coil

Generally speaking, a planar inductor consists of the series con-
nection of n concentric turns. For the sake of simplicity, spiral
turns will be considered in this paper, but the analysis is also
valid for turns with alternative geometries, for example, elliptical
or square. The turns of a planar coil are placed concentrically to
increase the inductance value of the device while maintaining a
reduced size. The inductance of this arrangement, Leq, is greater
than the sum of the values of the self-inductances of the turns,
Lii , due to the effect of the mutual coupling between them,
Li j .

Electrical characteristics of an ideal multi-turn coil can be
described from the coupling inductances, Li j , which relate the

FIGURE 2 Distributed circuit model of an ideal coil

value of the induced voltage Vi in each turn and sources of the
magnetic fields, which are given by the current amplitude, I j ,
circulating through each turn. In this description, the harmonic
approach is assumed, that is, i j (t ) = ℜe(I j ⋅ e j𝜔t ), where 𝜔 is
the angular frequency of the excitation. The induced voltage in
the ith turn, Vi , is determined by the sum of the induced volt-
ages Vi j = Li j I j . The induced voltage Vi j can be easily carried
out by integrating, along the trajectory of the ith turn, the elec-
tric field, E j , created by the current flowing through the j th
turn, as stated in [42].

As is commented above, inductors are normally built by con-
necting the turns in series. Therefore, the current of each turn,
I j , is equal to the source’s current, IS, injected through coil
terminals. In that case, the voltage in each turn is therefore
Vi =

∑n
j=1 j𝜔Li j IS, and the total voltage in the coil is VS =∑n

i=1 Vi = j𝜔IS
∑n

i=1

∑n
j=1 Li j . Thus, the equivalent induc-

tance of the ideal inductor, Leq, is the well-known expression
Leq =

∑n
i=1

∑n
j=1 Li j , which is independent of the excitation

frequency, according to the above assumptions. Moreover, the
equivalent inductance, Leq, does not depend on the sequence of
the series connection among turns.

Figure 2 represents the circuit diagram of distributed ele-
ments corresponding to an ideal winding. Similarly, a circuit of
distributed elements can be constructed by dividing the coils
into several segments and applying the definition of coupling
inductance based on the integration of the electric field along
the path of the element. This extended model does not provide
additional data but it can be the starting point for a circuit model
that includes capacitive effects.

2.2 Distributed model of the coil with stray
capacitances

The model described in the preceding subsection only con-
siders inductive effects arising from currents. However, a
complete electrical model of the component also needs to
consider the inclusion of capacitive effects. As a consequence,
an accurate evaluation of the component considers both
self- and coupling inductances as well as stray capacitances,
as shown in Figure 3. The stray capacitances are strongly
dependent on the geometry and relative distances between
segments of the conductors. In particular, multi-layered spiral
coils exhibit a highly variable stray capacitance between facing
segments of different turns associated with the rapid variation
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FIGURE 3 Coil with stray capacitances between pair of segments

FIGURE 4 Distributed circuit model of a three-turn coil

on their relative positions. Stray capacitances can be found
from analytical models [43, 44] as well as from numerical
simulations [45–47]. The stray capacitances can also be found
by considering segments of conductors at different electric
potentials [48].

Stray capacitance can reach high values when the distance
between turns is small or facing surfaces are large. In addition,
the influence of the dielectric properties of the media, for
example substrate of printed circuit boards, play an important
role in this characteristic. Stray capacitance provides electrical
connection between turns at different voltage levels. The
distributed circuit model of an ideal coil depicted in Figure 2
can be easily extended to include capacitive effects by inserting
stray capacitances, Ci j , connected to the middle points of the
ith and j th turns, as shown in Figure 4. As it occurs with the
coupling inductances, Li j , the number of stray capacitances
depends on the square of the number of turns. However, only
parasitic capacitances between nearby turns have a considerable
influence in the frequency response of the coil due to the
strongly dependence of the stray capacitances with the relative
distance between segments of the turns.

The model described in this paper does not consider the
effect associated with power losses in the winding, because it
would compromise simplicity in describing the behaviour of
the system. In order to extend the analysis to include winding
losses, on the one hand, it would be necessary to include in the

FIGURE 5 Ideal single-turn coil with long terminals. (a) Schematic of the
geometry. (b) Distributed element model

model represented in Figure 4 resistive type elements connected
in series with the inductive elements, in order to consider both
the current conduction losses and the proximity losses associ-
ated with the variable magnetic field in which the conductors
are immersed [49, 50]. On the other hand, resistive type ele-
ments connected in parallel with the parasitic capacitors should
be inserted to model the conduction and dielectric losses in
the substrate [51]. However, the preceding elements have a lim-
ited impact in the equivalent impedance of the whole system,
thus, their influence in the first self-resonant frequency value is
moderate.

3 ELECTRICAL BEHAVIOUR OF COIL
WITH STRAY CAPACITANCES

3.1 LC-parallel resonant circuit

Stray capacitances in coils introduces additional circuit paths
for the current which increase the complexity of analysis of the
magnetic device’s electrical behaviour. For illustration purposes,
a simple reference system composed of a loss-less single-loop
coil with long parallel terminals is selected, as shown in Fig-
ure 5a. The distributed electrical equivalent of the reference sys-
tems is also represented in Figure 5b. As can be seen in the
schematic, the equivalent of the single loop is the inductance,
Leq, and the long parallel terminals are transformed in parallel-
connected stray capacitances, Ci , whose addition provides the
equivalent capacitance Ceq. At the endpoints of the coil’s ter-
minals, a voltage source, vS(t ), is connected driving the cur-
rent iS(t ). The simplified electrical equivalent of the preceding
system is shown in Figure 6a which corresponds to the LC-
parallel circuit fed by a voltage source. The current, iS(t ) can be
decomposed into two contributions represented in Figure 6b:
the capacitor’s current or recirculating current, iC(t ), and the
inductor’s current, iL(t ). Applying the Kirchhoff ’s current law
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FIGURE 6 Currents in parallel LC resonant tank. (a) Source’s current flow.
(b) Distributed element model

condition, the relationship iS(t ) = iC(t ) + iL(t ) can be straight-
forwardly established, and, rearranging the preceding expres-
sion, iL(t ) = iS(t ) − iC(t ). Equivalently, the current flowing
through the loop turn can also be decomposed into a recircu-
lating current, iC(t ), and a source current iS(t ), as can be seen in
Figure 6. Mesh defined by the recirculating current, iC(t ), obeys
the Kirchhoff ’s voltage law, that is, the voltage in the equivalent
capacitance, vC(t ), is equal to the voltage in the equivalent induc-
tance, vL(t ). Voltage vC(t ) is totally determined by the prod-
uct between the recirculating current iC(t ) and the equivalent
capacitive impedance, whereas, voltage vL(t ) is given by both
the recirculating current, iC(t ), as well as the source current,
iS(t ).

At low frequency, the recirculating current is negligible and
the current through the equivalent inductance is almost totally
equal to the source current, whereas at higher frequencies,
the recirculating current increases. Considering the harmonic
source’s voltage vS(t ) = VSe j𝜔t , the recirculating current ampli-
tude is IC = j𝜔CeqVS, and the inductance’s current amplitude
is IL = VS∕ j𝜔Leq. The resonant frequency is reached when the
inductance’s voltage is totally due to the recirculating current,
given the source current, iS(t ), equal to zero at this point. The
resonant angular frequency is given by the well-known expres-
sion 𝜔0 = 1∕

√
LeqCeq, being infinite the equivalent impedance

of the LC-tank circuit.
The preceding LC-tank circuit is selected as the reference sys-

tem to understand the influence of the parasitic capacitances
in n-turns coils. Reduction of the distributed circuit model rep-
resented in Figure 4 to the concentrated circuit model shown
in Figure 6b is a challenging task because the total current car-
ried by each turn is the composition of multiple recirculating

currents. As was mentioned, at low frequencies, the recirculat-
ing currents are negligible. However, the current distribution
changes depending on the turn position when the operation fre-
quency increases. At frequencies close to resonance, the current
in the coil is almost totally associated with the recirculating cur-
rents. The current reaches its maximum value in the intermedi-
ate turns and decays to zero in the turns near the coil terminals.
The imaginary part of the current into the terminals is negative
or positive, that is inductive or capacitive, respectively, depend-
ing on whether the excitation frequency is above or below reso-
nance, respectively.

The resonant frequency of the distributed circuit model will
be estimated by weighting the contribution of each parasitic
capacitance to the total current in the inductor. At the res-
onant frequency, the voltage drop between the turns can be
determined from the inductive elements’ voltages, whereas the
effect of the parasitic capacitors comes from the creation of
closed paths for the recirculating currents because the current
driven by the external voltage source tends to zero at this oper-
ating point.

The expression to estimate the first resonance frequency is
obtained by performing two different steps: first, the approx-
imate value of the recirculating current can be determined
assuming that the same current circulates, IL through all the
turns of the coil as well as recirculating current, iCi j

is pro-
portional to the potential drop between the points that present
the Ci j parasitic capacitance; second, from the recirculation cur-
rents, and considering that the current of the source feeding the
winding tends to zero at the resonance frequency, that is, the
currents in each loop are due to the sum of the recirculation cur-
rents, the dependence of the potential drop with respect to the
frequency in the complete coil is calculated, being the expres-
sion of the approximated self-resonance frequency straightfor-
wardly derived from the preceding relationship.

3.2 Approximated recirculating
currents at resonance

To obtain a simplified expression for the first resonant fre-
quency of a multiple turn coil, the recirculating currents iCi j

will
be estimated. First, the currents’ through the inductive elements
at frequencies close to the resonance are approximated to the
estimated mean current, Ii ≅ I ′L. The voltage drop amplitude in
the ith turn, Vi , can be now given by the following expression:

Vi =

n∑
l=1

j𝜔Lil Il ≅ j𝜔I ′L

n∑
l=1

Lil , (1)

where Il is the current amplitude through the l th turn.
The addition of the voltage drop amplitudes over all the turns

of the coil gives the total voltage drop in the coil, Vcoil which is
equal to the source’s voltage amplitude, VS:

VS =

n∑
i=1

Vi ≅ j𝜔I ′L

n∑
i=1

n∑
l=1

Lil . (2)
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Rewriting the preceding equation, the current amplitude I ′L
can be approached by the following equation:

I ′L ≅
VS

j𝜔
n∑

i=1

n∑
l=1

Lil

=
VS

j𝜔Leq
. (3)

Similarly, the voltage drop between the middle point i′ +
1

2
of

the ith turn and the middle point of the next turn is given by:

V(
i′+

1

2

)(
i′+

1

2
+1

) ≅ j𝜔I ′L

(
n∑

l=1

Lil

2
+

n∑
l=1

L(i+1)l

2

)
. (4)

And the voltage drop between the terminals of the parasitic
capacitor, VCi j

= V
(i′+

1

2
)( j ′+

1

2
)
, can be approached by:

VCi j
≅ j𝜔I ′L

j−1∑
m=i

(
n∑

l=1

Lml

2
+

n∑
l=1

L(m+1)l

2

)
. (5)

Substituting the value I ′L given by (3), we obtain:

VCi j
≅

j−1∑
m=i

n∑
l=1

Lml + L(m+1)l

2Leq
VS. (6)

The last expression establishes the relationship between the
voltage drop, VCi j

, in the middle points of the ith and j th turns,
respectively, and the source’s voltage, VS. To a certain extent,
expression (6) could be considered as the formula of a volt-
age divider. The factor of proportionality, FCi j

, defined from the
identity VCi j

= FCi j
VS, can be expressed as:

FCi j
=

j−1∑
m=i

n∑
l=1

Lml + L(m+1)l

2Leq
. (7)

The factor of proportionality, FCi j
, ranges from 0 to 1,

because it is positively defined and the maximum value is
reached for the middle points of the turns connected to the
coil’s terminals. For the maximum value configuration, the volt-
age drop VC1n

is lower to VS due to the non-zero voltage
drops between the coil’s terminals and the middle points of
the extreme turns, V

1′ (1+
1

2
)′

and V
(n+

1

2
)′ (n+1)′

, respectively. The

factor of proportionality, FCi j
, is independent of the frequency,

as it also occurs for the stray capacitances, but presents depen-
dence on the self- and mutual inductances of the turns, that is,
it depends on the geometry and magnetic properties of the coil.
Note that the factor of proportionality, FCi j

, can be modified by
changing the arrangement of connections between turns but the
equivalent inductance of the coil, Leq, remains the same. Equa-
tion (6) can be rewritten as:

VCi j
≅ FCi j

VS. (8)

Capacitive recirculating current ICi j
is proportional to the

voltage drop between the stray capacitor terminals placed in
the middle points of the ith and j th turns, as it is given by
ICi j

= j𝜔Ci jVCi j
. Thus, considering Equation (8), the recircu-

lating current ICi j
can be expressed as:

ICi j
≅ j𝜔FCi j

Ci jVS. (9)

By defining the frequency-independent corrected capacitance
between the ith and j th turns, C ∗

i j , as:

C ∗
i j = FCi j

Ci j . (10)

Thus, the recirculating current amplitude can be rewritten
as:

ICi j
≅ j𝜔C ∗

i j VS. (11)

As can be appreciated in the preceding expression, the cor-
rected capacitance C ∗

i j represents the effective capacitance asso-
ciated with the stray capacitance. As a consequence, the influ-
ence of the physical stray capacitance can be altered by modify-
ing the factor of proportionality, FCi j

, that is. changing the turns
between terminals of the stray capacitance.

3.3 Approximated first self-resonant
frequency

Once the recirculating current amplitude is estimated, the over-
all current carried by the inductive elements of the distributed
model at resonance can be calculated by the addition of the
recirculating currents because the source’s current is zero at
this operating point. The estimated current, I ′i′+1, at resonance
through the i′ + 1th point is:

I ′i′+1 ≅

i′∑
k=1

n∑
m=i′+1

−ICkm
, (12)

which corresponds to the current flowing through inductance

element with terminals at the i′ +
1

2
th and i′ + 1th endpoints

as well as the element at the i′ + 1th and i′ +
1

2
+ 1th end-

points. The estimated voltage drop in the ith turn, V ′
i , can be

calculated as:

V ′
i ≅ j𝜔0

(
n−1∑
l=1

Lil

2
I ′

(l+1)′
+

n−1∑
l=1

Li (l+1)

2
I ′

(l+1)′

)
. (13)

Including (12) in the preceding expression, yields:

V ′
i ≅ − j𝜔0

n−1∑
l=1

l∑
k=1

n∑
m=l+1

Lil + Li (l+1)

2
ICkm

. (14)
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Thus, the total voltage amplitude in the coil is the addition of
the voltages’ amplitudes, V ′

i over all the turns:

V ′
coil ≅ − j𝜔0

n∑
i=1

n−1∑
l=1

l∑
k=1

n∑
m=l+1

Lil + Li (l+1)

2
ICkm

. (15)

The coil’s voltage amplitude is VS = V ′
coil, and the recircu-

lating current is given by (11), thus:

VS ≅ 𝜔2
0

n∑
i=1

n−1∑
l=1

l∑
k=1

n∑
m=l+1

Lil + Li (l+1)

2
C ∗

kmVS. (16)

Rearranging the preceding expression:

𝜔2
0 ≅

VS
n∑

i=1

n−1∑
l=1

l∑
k=1

n∑
m=l+1

Lil +Li (l+1)

2
C ∗

kmVS

. (17)

And, finally, the first self-resonant angular frequency can be
approximated by the following relationship:

𝜔0 ≅
1√

n∑
i=1

n−1∑
l=1

i∑
k=1

n∑
m=i+1

Lil +Li (l+1)

2
C ∗

km

. (18)

Equation (18) can also lead to an estimation of the parallel
resonant capacitor of the lumped circuit equivalent shown in
Figure 6a. From the definition, 𝜔0 = 1∕

√
LeqCeq , the equiva-

lent capacitance is provided by:

Ceq ≅

n∑
i=1

n−1∑
l=1

l∑
k=1

n∑
m=l+1

Lil + Li (l+1)

2Leq
C ∗

km. (19)

This means that 𝜔0 can be increased by reducing the equiv-
alent capacitance applying the correct arrangement of the turns
which is useful because it increases the bandwidth of the induc-
tive device.

4 CALCULATION OF THE
DISTRIBUTED CIRCUIT ELEMENTS

4.1 Inductive parameters

The analytical expression of the inductance for a coil made of
filiform concentric spiral loops is already found in Maxwell’s
treatise [52]. Despite, analytical expressions for alternative
inductor structures are not easily available, the self- and mutual
inductance assuming linear conditions can be easily calculated
with numerical tools. Simplified geometric structures provide

FIGURE 7 Two series-connected spiral turns placed in parallel planes
(dark grey: upper layer turn, light grey: lower layer turn) connected in the inner
radius common point

accurate results due to the low sensitivity of the mutual cou-
pling between turns. Consequently, mutual inductance can be
calculated by taking advantage of an imperfect symmetry, as it
occurs for spiral winding which can be accurately modelled with
2D axisymmetric models. Inductive elements, Li j , can be easily
extracted from the relationship between the induced voltage in
the j th turn, Vj , and the current amplitude, Ii through the ith
turn, as is given in [42].

4.2 Capacitive parameters

The total capacitance between two turns corresponds to the
total effect of several distributed capacitances. Stray capac-
itances can be also evaluated from analytical expressions in
simplified structures [53], but analytical expressions are not
available for common arrangements or are inaccurate [54].
However, the numerical extraction of the parasitic capacitances
can be performed in an easy way because they are physically
decoupled from the inductive effects. Parasitic capacitance Ci j
can be calculated by addition of the capacitance for facing
segments of the turns. The numerical extraction of stray capac-
itance can be performed by applying Ci j = Q j∕Vi , where Q j
is the charge accumulated in the j th turn when a voltage Vi is
applied in the i turn, and the remaining turns grounded.

4.3 Example of parameter calculation

The electrical parameter extraction of the two-turn coil repre-
sented in Figure 7 is performed with COMSOL®. Computa-
tional extraction can determine both inductive and capacitive
elements of the device [55, 56]. Turns are built of standard PCB
copper tracks with thickness, h= 70 µm, and width, w= 500 µm,
placed in each side of the board with thickness, t = 1.55 mm,
respectively. The middle points of the internal terminals are at
radial distance, rint = 30 mm, and the external terminals are
at rext = 31 mm, that is, the separation between tracks is d =
500 µm. Self- and mutual inductances can be easily calculated
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FIGURE 8 Schematic of the PCB-coil (side view including axis of revolu-
tion)

by using the magneto-quasi-static approach. Turns are modelled
by two rectangular cross-section turns with axial 2D symmetry
of mean radius ri = r j = 30.5 mm facing at a distance t . Mag-
netic field arises from the current Ii uniformly distributed in the
cross-section area of the ith turn. The induced voltages Vi and
Vj of the ith and j th turns have been derived by integrating the
electric field. Finally, self-inductance, Lii = 211 nH, and mutual
inductance Li j = 115 nH, are obtained from numerical simula-
tions, respectively, being a good approach of the exact values. In
case of inserting magnetic materials, parameter extraction can
be performed in a similar fashion because numerical tools easily
include the influence of these elements by considering an object
with a high relative permeability.

On the other hand, stray capacitance, Ci j , was obtained
by applying the electro-quasi-static approach, because the fre-
quency dependence of the capacitance associated with the skin
effect can be neglected for conductors of small cross-sectional
area, as it occurs in the coils analysed in this work. The dielec-
tric constant of the FR4 substrate is 𝜖r =5. First, the turns
are divided into N angular segments. Partial axial symmetry is
exploited for each pair of facing segments, but can be also con-
sidered as straight segments with a similar outcome. Partial para-
sitic capacitances ranges from 1.04 to 1.20 pF per radian, due to
the variation of the distance between segments with respect to
the angular position. The calculated two-turn stray capacitance
is Ci j = 7.18 pF.

5 EXPERIMENTAL RESULTS

Three prototypes of two-layer PCB coils with n = 30 equally
distributed turns were built to validate the numerical values
using standard copper thickness, h = 70 µm, and dielectric
thickness, t = 1.55 mm, of FR4 material (𝜖r = 5). The remain-
ing common characteristics of the prototypes, as shown in Fig-
ure 8, are the following: external radius, rext = 60 mm, internal
radius, rint = 30 mm, and trace width, w = 500 µm, respectively.
Furthermore, a distance from the coil to the ferrite equal to
df = 1 mm was set. The first and the second prototypes were
tested with terminals placed at different turns, but in both cases
the connection is performed from outer turn to inner turn in
the bottom layer and in the opposing sense for the top layer.
The first configuration is defined by the coil’s terminals placed
at outer turns, that is first and nth turns, as can be seen in
Figure 9a, and the second one corresponds to the terminals

FIGURE 9 Reference winding arrangements of n-turns (side view includ-
ing axis of revolution): (a) outer connection; (b) intermediate connection; (c)
alternating-layers connection

FIGURE 10 Experimental set-up for measuring PCB coil with ferrite

at seventh and eighth turns of the top layers, as shown in
Figure 9b. In addition, the last prototype was built by series con-
necting the turns from outer-to-inner radius turns, but, sequen-
tially exchanging the layer by means of n-1 vias. Measurements
were performed with a high precision LCR-meter HP 4285A
(measurement frequencies range from 75 kHz to 30 MHz and
the basic accuracy of the measurements is 0.1 %), as shown in
Figure 10.

Figure 11a shows the reactance-to-angular frequency ratio,
equivalent to the inductance at low frequencies, for the coil in
air configurations. Model-based values are calculated from the
same distributed circuit parameters, thus, the equivalent induc-
tance of both configurations are the same but the equivalent
capacitance differs because different corrected capacitances are
obtained. The change in the values of the corrected capacitances
for each configuration is due to the variation in the values of the
proportionality factors, FCi j

, defined in (7) because the parasitic
capacity between the ith and the j th turns, Ci j , remain constant
in all configurations. Therefore, when applying a different
connection of the turns, the equivalent capacitance, Ceq can be
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FIGURE 11 Ratio between reactance and angular frequency experimen-
tal (circles) and model-based (solid lines) values applying the outer (black) and
intermediate (red) connection-modes. (a) Two-layer PCB coil in air. (b) Two-
layer PCB coil with ferrite

reduced if the configuration reduces the proportionality factors,
FCi j

, between the turns with the highest parasitic capacitance
between them. Moreover, Figure 11b shows the results when a
ferrite layer of magnetic permeability, 𝜇r,f = 2000, is inserted at
a distance of df = 1 mm below the coil, with a good agreement
between experimental and modelled data because the mismatch
between them arise from a slight difference on the first self-
resonant frequencies in the prototype and the simulation results
but a high correlation in the frequency dependence between
both types of values is observed for the different configura-
tions. As can be seen in the graphs, configurations with the
intermediate turns’ terminals extend the bandwidth of the coil
compared to configurations with the outer turns’ terminals
but better results are achieved when facing turns located at
different layers are connected between them, as it occurs in the
last prototype. However, the construction of the last configu-
ration exhibits two main drawbacks: including vias in the coil
would impact in the power losses in the coil and the terminal
are placed into distant points. A comparison between the
simulated values and the measured first resonant frequencies

FIGURE 12 Numerical results for coil’s terminals at different consecutive
positions (black: coil in air, red: coil with ferrite plane). (a) First self-resonant
frequency, f0. (b) Equivalent inductance, Leq. (c) Equivalent capacitance, Ceq

for the tested arrangements is given in Table 1. Experimental
first self-resonant frequencies, f0, are obtained by fitting the
measured impedances to the frequency response of parallel LC
resonant tanks.

Figure 12 presents the expected first self-resonant frequency
calculated for the equivalent inductance, Leq and equivalent
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TABLE 1 Self-resonant frequency and electrical parameters of 30-turn coil

Additional Connection Measured parameters Simulated parameters

media mode f0 (MHz) Leq (µH) Ceq (pF) f0 (MHz) Leq (µH) Ceq (pF)

Air Outer turns 2.09 103.84 55.84 2.01 103.19 60.75

Intermediate turns 3.21 103.84 23.64 3.44 103.19 20.74

Alternating turns 6.31 102.70 6.19 6.77 103.19 5.36

Ferrite plane Outer turns 1.44 189.30 64.89 1.48 189.20 61.30

Intermediate turns 2.54 187.40 21.03 2.39 189.20 23.36

Alternating turns 3.63 180.90 10.60 3.33 189.20 12.07

TABLE 2 Self-resonant frequency of two-layer PCB coil

Turns Measured f0 (MHz) Simulated f0 (MHz)

18 6.17 5.70

26 3.61 3.43

34 2.56 2.47

capacitance, Ceq of the tested arrangements but varying the
position of the coil’s terminals, starting from the outer con-
nection, that is 1st and 30th turns, and varying the connection
sequentially. Outer connection and inner connection exhibit a
similar performance because turns with large stray capacitances
are connected through a high number of intermediate turns,
implying a high value of corrected stray capacitances. Maxi-
mum self-resonant frequency is achieved for coils with termi-
nals at intermediate turns, but the upper-layer connection is
weakly preferred for the coil with ferrite plane. Alternative com-
plex connections can increase the bandwidth of the inductor,
that is, first, up-to-down or down-to-up turns’ connection and,
next, outer-to-inner connection gives resonant frequencies at
f0 = 6.77 MHz for coil in air and f0 = 3.33 MHz for coil with
ferrite plane. As can be seen in Figure 12c, the equivalent capac-
itance is clearly dependent on the arrangement of the turns, but
the inclusion of the ferrite plane slightly increases its value.

Additionally, three prototypes of two-layer PCB coils with
n = 18, n = 26 and n = 34 equally distributed turns were also
built using copper thickness, h = 400 µm, and dielectric thick-
ness, t = 1.55 mm, of FR4 material (𝜖r = 5). The remaining
common characteristics of the prototypes are the following:
external radius, rext = 60 mm, internal radius, rint = 12 mm, and
trace width, w = 2000 µm, respectively. A comparison between
the measurement data and the model results are shown in Fig-
ure 13, and the self-resonant frequency extracted from the mea-
surements and the calculated self-resonant frequency, f0, are
listed in Table 2 wherethe good agreement between them can
be seen. Calculated self-resonant frequencies are obtained from
self-inductances of 18.20, 38.01 and 65.21 µH, and corrected
capacitances of 42.82, 56.57 and 65.54 pF, respectively.

Finally, an arrangement composed of two PCB’s was made
to double the number of turns by applying a series connection
between them in order to test the proposed model for multi-

FIGURE 13 Ratio between reactance and angular frequency experimental
measurements (circular symbols) and model-based values (solid lines) for two-
layer PCB coils of n = 18 turns, n = 26 turns and n = 34 turns

FIGURE 14 Ratio between reactance and angular frequency experimental
measurements (circular symbols) and model-based values (solid lines) for four-
layer PCB coils of n = 36 turns, n = 52 turns and n = 68 turns

layered coil configurations. The new configuration was built by
using two PCBs with the same characteristic of the preceding
arrangement. The distance between PCB’s in that case is fixed
to 1.55 mm. These configurations verify the generality of
the proposed model. In that case, the comparison between the
experimental and model results are shown in Figure 14 verifying
the correctness of the proposed model because, as can be seen
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TABLE 3 Self-resonant frequency of four-layer PCB coil by stacking two
two-layer PCBs

Turns Measured f0 (MHz) Simulated f0 (MHz)

36 3.98 3.62

52 2.44 2.30

68 1.75 1.68

in Table 3, the accuracy of the estimated self-resonant frequency
is about 10% which can be considered adequate for this kind
of approach. Calculated self-resonant frequencies are obtained
from self-inductances of 65.91, 138.35 and 237.80 µH, and cor-
rected capacitances of 29.21, 34.57 and 37.63 pF, respectively.
It should be noted that the corrected capacitances in the two
PCB’s configurations are lower than the corrected capacitances
of the single PCB configurations because the gap between
PCB’s, which is similar to the thickness of a PCB, is filled with a
lower permittivity material than FR-4, that is air, which reduces
parasitic capacitances, and, particularly, the fraction of the input
voltage between facing segments is reduced when two PCB’s
are connected in series. As a result, factor FCi j

decreases, and,
consequently, the corrected capacitance in (10) is also reduced.
Without loss of generality, the results shown in the latter con-
figurations validate the proposed analysis for multi-layered coils
with turns placed in three or more parallel planes.

6 CONCLUSION

In this paper, the influence of stray capacitances in magnetic
devices is analysed with the purpose of building extended band-
width inductors. As a result of the analysis, an approximated
expression for the first self-resonance frequency is derived for
evaluating its impact on the performance of the device. The
application of the correct arrangement of the turns in an induc-
tor can extend the frequency bandwidth of the device with no
influence in the value of the equivalent inductance. This effect
was reported in the past, but in this work, both a physical inter-
pretation and an analytical expression are provided. The pro-
posed expression to estimate the first self-resonance frequency
enables a rapid procedure to carry out the values for difference
configurations after evaluating the distributed parameters of the
inductor. Multi-layered coils are not included in the experimen-
tal validation but the analysis can be easily extended to this struc-
ture with no additional effort.

The outcome of this work shows that the distributed circuit
elements only depend on the sizes and location of the turns as
well as physical properties, that is, magnetic permeability, elec-
trical conductivity and dielectric permittivity, of system media,
which are frequency independent over a wide range, contrary to
the equivalent impedance of the system. However, the corrected
parasitic capacitances also depend on the physical connection
of the turns. Among other options, the resonant frequency for
a certain arrangement of turns can be modified by changing
the position of the inductor terminals connected to the volt-

age source with a negligible effect on the equivalent inductance
at frequency below the first self-resonance.

The proposed method for calculating the first self-resonance
frequency of the arrangement of the different turns of the coil
provides a rapid method for optimising the configuration of the
coil, because it provides a figure of merit based on simulation
results. Alternatively, measurement-based optimisation methods
could be used using an impedance analyser, but have the disad-
vantage of requiring prototypes with the different coil configu-
rations to be characterised, which can be costly to build in both
time and effort.

Finally, as a rule of thumb, a pair of turns with a high stray
capacitance, that is, facing tracks, should have a low number of
turns between them in order to reduce the corrected capacitance
between turns, whereas turns with a low mutual stray capaci-
tance can be connected far away.
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