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Abstract - A method for predicting stray capacitances of
HF inductors dependent on their geometry is presented.
The analysis is performed for inductors made of one layer
of turns with circular and rectangular cross sections. The
wire is uniformly wound around a cylindrical non-ferro-
magnetic core. The method is based on an analytical ap-
proach to obtain the turn-to-turn and turn-to-shield ca-
pacitances of coils. The influence of insulating coatings of
the wire is also taken into account. An overall equivalent
stray capacitance is derived according to the typical HF
equivalent lumped parameter circuit of inductors. The
method was tested with experimental measurements and
the accuracy of the results was good in most cases. The
derived expressions are useful for designing of HF induc-
tors and can be also used for simulation purposes.

I. INTRODUCTION

At high frequencies, the behavior of an inductor is very dif-
ferent from its ac low-frequency behavior. In fact, skin and
proximity effects cause the winding resistance to increase and
the inductance to decrease for increasing operating frequen-
cies. Furthermore, the parasitic capacitances of the windings
cannot be neglected at high frequencies.

Parasitic capacitances significantly affect the inductor be-
havior and are responsible for resonant frequencies. Unfortu-
nately, above its first self-resonant frequency, an inductor be-
haves like a capacitor. Therefore, in order to obtain an accu-
rate prediction of the response of inductors that operate at fre-
quencies above several hundred kilohertz, such as in EMC fil-
ters, RF power amplifiers and radio transmitters, the predic-
tion of stray capacitances is crucial for the design of high-fre-
quency inductors. However, the parasitic capacitances are dis-
tributed parameters and predicting the frequency response of
an inductor is a difficult task. The high-frequency behavior of
wound components is widely discussed in the literature, but
mainly the aspects related to the parasitic ac resistance of the
winding have been addressed [1]-[3].

Some results concerning stray capacitances of single-layer
and multiple-layer coils are presented in [4]-[8]. These works
offer some interesting physical insights, but their results relay
on some experimental data. A novel simplified method
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to evaluate the stray capacitances of inductors is presented in
[9] and [10]. This method is suited for multiple-layer wind-
ings consisting of layers of turns which are close to one an-
other, and a ferromagnetic core. Yet, the method is not suffi-
ciently accurate when the inductor consists of only one layer
of turns without a ferromagnetic core and the distance be-
tween turns is increased.

The purpose of this paper is to present a method for calculat-
ing stray capacitances of single-layer air-core inductors using
an analytical approach based on few simplifying assumptions.
The presence of a shield is taken into account. The proposed
method can predict the overall stray capacitance of an induc-
tor as a function of its geometry only.

II. THE PROPOSED METHOD

A. Basic Assumptions

In EMC filtering applications, the frequencies of interest
can range up to tens of megahertz. In order to minimize the ef-
fects of parasitic capacitances, inductors are usually made of a
single wire wound as a single-layer solenoid and no ferro-
magnetic core is used. Hence, these inductors have neither
turn-to-turn capacitances between turns of different layers, nor
turn-to-core capacitances. Furthermore, an air core does not
introduce hysteresis and eddy current losses. Wires with both
circular and rectangular cross sections are used. The distance
between turns is usually increased enough to reduce turn-to-
turn capacitances. Inductors for EMC applications, such as
those used in Line Impedance Stabilizing Networks (LISN),
are usually surrounded by an external shield. The presence of
an external shield can give some contribution to the overall
stray capacitance of such an inductor.

In this paper, it is assumed that the overall stray capacitance
of an inductor can be modeled by a lumped capacitance C
connected between the terminals of the winding. The assumed
lumped parameter equivalent circuit of an inductor is shown
in Fig. 1. The coil inductance and resistance are also depicted
in the figure as lomped parameters L and R, respectively.
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Fig. 1 - Simplified HF mode! of inductors.

The lumped parameter circuit model shown in Fig. 1 can be
obtained from a HF equivalent circuit with distributed pa-
rameters. The structure of a portion of this circuit is shown in
Fig. 2.

M iv2

— - M, 1+1’_’_\
Ri \L; //——Rm«»\u Ly Ry \Lisz
W TR AMA—/TTIT —
i Icl(i. i+l) [C’(i+1. i+2)

1]
I 1
)
1 Cyi i)
—l— Cyiiv)

Cs(i+2)
/2

T Cs i
i

Fig. 2 - HF distributed equivalent circuit for a single-layer air-core inductor
with a shield.

The stray capacitances of a single-layer air-core inductor
depicted in Fig. 2 are

e turn-to-turn capacitances (Cy; i+1), ---),
e turn-to-shield capacitances (Cy;, ...).

In Fig. 2, R; and L; are the resistance and the inductance of the
i-th turn, respectively. M;;,; and M;;,, represent the mutual
inductances between pairs of turns.

Because of symmetries of the winding, R; = Ryivpy= ... = R,
= R/n, where n is the number of turns, Cyjiv) = Cyisris2)= oo =
C,and Cy; = Cyis) = -.. = C;. In order to obtain the lumped pa-

rameter circuit of Fig. 1, the following assumptions are made:

1. For the windings of interest, capacitances between non
adjacent turns are small compared to capacitances between
adjacent turns. As a consequence, the capacitances be-
tween non adjacent turns (of the type of Cy;;.z shown in
Fig. 2) can be neglected. Moreover, the distance between
the coil and the shield is usually large enough so that we
can neglect the turn-to-shield capacitances Cy;.

2. The same current flows through all the turns. This means
that edge effects are neglected and each turn has the same
series equivalent inductance, L, which equals the coil
overall inductance L divided by the number of turns (L; =
L,(,'.”) =..= L, = l/n)

Under these assumptions, the equivalent circuit of Fig. 2
can be simplified as shown in Fig. 3. In this circuit, the volt-
age distribution along the winding is uniform and the parame-
ter values of the model of Fig. 1 satisfy the following relations
C=C,/(n-1).

L=nL,, R=nR,, €))

Yet, in the VHF ranges, the impedances of the RLM branches
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Fig. 3 - Simplified HF distributed equivalent circuit.

of the equivalent circuit of Fig. 2 are much higher of the im-
pedances of the shunt capacitances C,. As a consequence, the
equivalent circuit becomes a capacitor network [11] as shown
in Fig. 4. The overall stray capacitance C can be calculated as
explained further in Sec. III-C, where also the turn-to-shield
capacitances (if they can significantly affect the overall stray
capacitance) can be easily taken into account.
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Fig. 4 - VHF equivalent circuit for a single-layer air-core inductor
with a shield.

In the next section, an analytical method for calculating the
turn-to-turn capacitance C, and the turn-to-shield capacitance
C, is presented.
B. Calculation of Distributed Capacitances

The cross-sectional view of uniformly wound wires, of ei-

ther circular or rectangular cross sections, and shields is
shown in Fig. 5.
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Fig. 5 - Cross-sectional view of coils and shields.

In order to carry out the analysis of such inductors, we assume
that turn-to-turn capacitances can be calculated by the capaci-
tance per unit length of two infinitely long straight paralle]
conductors placed in a homogeneous medium, thus neglecting
the turn curvature. Under the previous assumption and if the
thickness ¢ of the insulating coating is small compared with
the air-gap (p-2r), an analytical expression for the turn-to-turn
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capacitance C, can be derived for wires of circular cross sec-
tion [12] as

2
n°Deg, @

In (p/Zr-h/(p/Zr)z—])’

where D is the turn diameter, p is the winding pitch (i.e., the
distance between the centerlines of two adjacent turns) and r
is the wire radius.

When the thickness ¢ of an insulating coating of relative
permittivity &, is significant, the following expression can be
obtained assuming a radial field in the insulating coating

C =

7r2D£0
In (F+\/F2-—(1+t/r)2/g’j

G = 3)

where

p/2r

= £7 ®
(1—t/p) e
A detailed derivation of (3) is given in the Appendix.
Similarly, for wires of rectangular cross section it is possi-
ble to obtain the following expression assuming the parallel-
plate capacitor formula
nDb
C=ke, )
p—a

&)

where k is a factor accounting for edge effects which is a
function of the winding geometry. Equation (5) is obtained
neglecting the contribution of the insulating coating thickness.
If the thickness of the insulating coating is significant, it is
possible to modify (5) obtaining the following result

Db

G T =17,)

()

We can evaluate the turn-to-shield capacitances of the struc-
ture by neglecting the curvature of both the turns and shield.
Under this assumption and neglecting the contribution from
the insulating coating, we can calculate the turn-to-shield ca-
pacitance C, through the capacitance per unit length between
an infinitely long straight conductor and a parallel conducting
plane given by [12]

C = 27r2D£(J

s . 0
In (h/r+ (h/7)? —1)

C. Calculation of the Overall Stray Capacitance

For the equivalent circuit shown in Fig. 3, the overall stray
capacitance C is given by (1). In order to evaluate the overall
stray capacitance C of the equivalent circuit depicted in Fig.
4, the conducting shield can be regarded as a single node
where all the turn-to-shield capacitances C, are connected and
the symmetries of the circuit can be exploited. In fact, for a
coil with an even number of turns, we firstly can consider the
two turns in the middle of the winding. For these two turns,

the capacitor network consists of the capacitance between the
two turns, in parallel with the series combination of the turn-
to-shield capacitances. The equivalent capacitance of this
network is
C2)=C,+C,/2. ®

For coils consisting of an odd number of turns, we first
consider the three turns placed in the middle of the winding.
The equivalent capacitance of the network associated with
these three turns is given by
C3)=C/12+C,/2. ¢))

In order to get the overall capacitance for coils consisting of
any number of turns, we observe that adding one more turn at
each side of the above-mentioned turns, the overall capaci-
tance of the previous arrangement is in series with two more
turn-to-turn capacitances and then in parallel with the series

combination of two more turn-to-shield capacitances. Thus,
for n turns we have

Cin) < E(n=2) €172

= +C, /2.
Cn-2)+C, /2 °°

(10)
Normalizing with respect to C, and introducing the capaci-
tance ratio o = C/C,; , (10) becomes

C(n) _ 1

= +a/2.
C; 2+C;/C(n-2)

D

Starting from (8) and (9), and using (10) or (11), we can cal-
culate the overall capacitances of coils made of either an even
or an odd number of turns, respectively. Furthermore, for
large values of n, (11) converges to a finite limit as shown in
Fig. 7. It can be seen that the convergence is faster for higher
values of the ratio o.
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Fig. 7 - Normalized overall capacitance for various values of the ratio o.

It can be found that the convergence limit is related to «
through the following expression

Clee) = %(a+\/a2 +4oc).

G

12)

Equation (12) is plotted in Fig. 8.
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Fig. 8 - Normalized overall capacitance for an infinite number of turns
as a function of the capacitance ratio o

II1. COMPARISON OF NUMERICAL AND EXPERIMENTAL
RESULTS

In order to test the proposed method, single-wire loops
without insulating coating were built. These loops of circular
cross section were arranged as the turns of a HF coil. This
arrangement for n=7 is shown in Fig. 9.

Fig. 9 - Wire loop arrangement for stray capacitance measurements.

Three sets of loops were used for the measurements. The
geometrical parameters of the loops are given in Table I. For
each set, different pitches were considered. Measured and cal-
culated values for the turn-to-turn capacitance C, are also
given in Table I.

TABLE I
GEOMETRICAL PARAMETERS OF LOOPS

Coil No. Loop Diameter Wire Radius Pitch Meas.  Calc.

D [mm] r [mm] p [mm] G, [pF} C,[pF]

la 472 3.25 6.90 11.7 11.82
1b 472 3.25 7.32 8.2 8.30
lc 47.2 3.25 9.00 4.7 4.85
2a 36.0 2.70 5.70 9.4 9.48
2b 36.0 2.70 598 6.8 6.85
2c 36.0 2.70 733 3.8 3.83
3a . 26.9 2.12 4.59 58 5.82
3b 26.9 2.12 5.05 3.8 3.86
3c 26.9 2.12 6.57 2.3 2.34

The measurements were carried out by means of a HP
4192A LF Impedance Analyzer. As aspected, no significant
difference was found for measured capacitances in the range
of frequency between 10 kHz and 1 MHz.

The good agreement between the measured and calculated
values of the turn-to-turn capacitance C, indicates that the
analytical formula (2) used for the capacitance C, is accurate.
This is valid though in the experimental tests the wire radius
was not small compared with the loop diameter.

Fig. 10 shows the measured capacitances for coils of type 1
having four different winding pitches as a function of the turn
number.

As turn-to-turn capacitances between non adjacent turns
have been neglected in the equivalent circuit of Fig. 3, the
measured overall capacitances are larger than the theoretical
ones given by (1). For a coil with n=10, the relative error in-
creases from 12% to 23% when the winding pitch increases
from 6.90 mm to 16.7 mm.

Figs. 11, 12, and 13 show the measured and theoretical ca-
pacitances for the coils a and ¢ of the type 1, 2, and 3, respec-
tively.

The experimental results prove that the proposed HF
equivalent circuit of Fig. 3 obtained neglecting the stray ca-
pacitances between non adjacent turns, is sufficiently accurate
and its accuracy decreases for increasing values of the wind-
ing pitch.

Overall Capacitance, C(n) [pF]
»

0 a } : |

1 2 3 4 5 6 7 8 9 10

Turns, n

Fig. 10 - Measured capacitances for different values of the winding pitch.

IV. CONCLUSIONS

The overall stray capacitance of single-layer air-core induc-
tors was obtained from two simplified equivalent circuits with
distributed parameters. The former includes the resistance and
the series equivalent inductance of each turn and the turn-to-
turn capacitances between adjacent turns. It is valid in HF
ranges. The latter consisting of only turn-to-turn and turn-to-
shield capacitances, is valid in VHF ranges.

The proposed method for predicting stray capacitances
proved to be reliable and suitable for the design and analysis
of inductors for high-frequency applications.
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Fig. 11 - Measured and theoretical capacitances as a function
of the turn number for the coils 1a and 1c.
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Fig. 12 - Measured and theoretical capacitances as a function
of the turn number for the coils 2a and 2c.
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Fig. 13 - Measured and theoretical capacitances as a function
of the turn number for the coils 3a and 3c.
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APPENDIX

In order to derive (3) of Sec. II-B, we consider the equiva-
lent capacitance of the series combination of the capacitances
related to the insulating coatings and the capacitance related
to the air-gap between turns. Using the cylindrical capacitor
formula, we obtain the per unit length capacitance C, related
to an insulating coating

2ne

Ce= it S

The per unit length capacitance C, related to the air-gap can
be calculated by means of (2) replacing the wire radius r with
the external coating radius (r + 1)

e

Cg: /2 }

p/2r +(
(1+t/r)

2
p/2r )2_ 2
(1+t/v)

Using (A1) and (A2), one obtains for the equivalent capaci-
tance per unit length

= Cccg - TE-E, (A3)
4 c+2C, . |
In (1+t/r)”-(B+\/B —1)
where B=ﬂ.
(1+t/r)
We can write the denominator of (A3) in the form
£
In |:(I+t/r)£" -(B+\/BZ—I) }:
(Ad)

=¢-in [(I+t/r)8”/£ -(B+«/B2 —1)]‘

After few algebraic manipulations and introducing the turn
length 7D, one obtains (3) of Sec. III-B from (A3) and (A4).
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