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Abstract—Magnetic stimulation of the nervous system is a non-
invasive technique with a large number of applications in neuro-
logical diagnosis, brain research, and, recently, therapy. New ap-
plications require engineering modifications in order to decrease
power consumption and coil heating. This can be accomplished by
optimized coils with minimized resistance. In this study the influ-
ence of some frequency-related effects (skin and proximity effect)
on the coil resistance will be discussed, together with the role played
by wire shape, wire section, and twisting effect. The results show
that the coil resistance increases with frequency. As an example, for
a 20-mm2 circular wire section, the skin effect in the typical fre-
quency range of magnetic stimulator devices (2–4 kHz) increases
the coil resistance up to about 45% with respect to its dc value.
Moreover, the influence of the frequency is lower for flat wire sec-
tions and reasonably small helix twist angle of the coil.

Index Terms—Coil optimization, magnetic stimulation, prox-
imity effect, skin effect.

I. INTRODUCTION

T HE human nervous system can be excited noninvasively
using externally applied time-varying electromagnetic

field pulses [2]. Magnetic stimulation (MS) is accomplished
by driving an intense current pulse through a coil placed above
the target nervous structures, which will induce a stimulating
electric field. The poor linkage between the coil and the tissue
limits the efficacy of MS: only 110 of the magnetic energy
in the coil is transmitted into the nervous tissues and, therefore,
coil design is one of the key actions in order to improve and
optimize MS. The required magnetic field of about 2 T is
obtained by rapidly discharging a charged capacitor through
the coil. An effective induced electric field can be obtained in
the nervous tissues only when a current pulse with amplitude of
up to 10 kA flows in the coil, and this, undoubtedly, represents
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the actual main engineering challenge of magnetic stimulation.
Although certain types of pulse generation circuits allow the
recovery of much of the energy as electrostatic energy in the
discharge capacitor, part of the energy is dissipated in the coil
resistance. The losses restrict the usefulness of MS since they
increase the need of high-power electronics and coil cooling
devices and limit both duration of operation and maximum
achievable stimulus repetition rate when repetitive magnetic
stimulation is performed.

While it is straightforward to calculate the resistance of
an ideal coil at extremely low frequency, so far no detailed anal-
ysis has been performed to estimate the same quantities at higher
frequency, in the following indicated as . The coil resistance
at the typical MS current frequencies from 2 to 4 kHz may be
much greater than , and this increase is mainly due to some
frequency-related phenomena, such as the skin and proximity
effects. The skin effect causes the current to concentrate near the
wire surface, whereas the proximity effect causes an additional
current redistribution in the coil windings due to the magnetic
field from adjacent wires [9].

The aim of this study is the theoretical investigation of the in-
fluence of some frequency-related effects on the electric char-
acteristics of nonideal air-cored coils, taking into account their
application in magnetic stimulation. In particular, the study of
the influence of the skin and proximity effect on the coil resis-
tance and, consequently, on the dissipated energy, will be ad-
dressed considering both circular and rectangular wire sections.
In order to make this paper more comprehensible, the theoret-
ical approaches and the results are discussed in the main text,
whereas the mathematical details are described in the appen-
dices.

II. THEORY

A. Skin Effect

Time-varying current flowing in a wire generates a changing
magnetic field, which induces an eddy current in the wire itself.
This phenomenon, known as the skin effect, causes the wire re-
sistance to increase drastically with increasing frequency, be-
cause the current tends to concentrate near the surface of the
wire [13], whereas the effect decreases only slightly the in-
ductance [10]. Since the frequency content of the coil current
in magnetic stimulation ranges usually from 2 to 4 kHz, the
quasi-static (low-frequency) form of Maxwell’s equations can
be used.

0018-9294/02$17.00 © 2002 IEEE
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Fig. 1. Schematic illustration of the stimulator circuit. In commercial
stimulators, typical values for power supply and components areU = 2 kV,
L = 15 �H, C = 150 �F,R = 50 m
 andR = 10 m
, thus obtaining a
pulse duration of about 300�s.

The mathematical approaches and the final formulations for
the ratio between and for circular and rectangular wire
section are discussed in Appendices I and II, respectively.

B. Proximity and Twisting Effect

When two or more adjacent conductors are carrying current,
the current distribution in one conductor is affected by the mag-
netic flux produced by the adjacent conductors, as well as the
magnetic flux produced by the current in the conductor itself.
This effect is called the proximity effect and produces an in-
crease of the wire resistance with the increase of the frequency.
This increase is ordinarily greater than that one produced by the
skin effect [4], [12], although it produces a similar influence
on the current distribution, i.e., the current density is greatest in
those parts of the conductor encircled by the smallest number of
flux lines. For example, if a round wire is close to another wire
carrying an equal current in the opposite direction, the fields will
be additive between the two wires and opposed and canceled on
the outsides. When the distance between wires is reduced the
mutual cancellation increases. As a result, high-frequency cur-
rents are concentrated on the wire surfaces facing the other wire
surface, where the field intensity is greatest, with little or no cur-
rent on the outside surfaces where the field is low. However, this
problem is more complicated than the study of the skin effect be-
cause the geometrical form of the magnetic field that causes the
proximity effect changes with frequency. Moreover, when a coil
winding spiraled to form a helix is considered, the influence of
the proximity effect depends also by the angle of twist (see also
Fig. 7 in Appendix IV) of each ring of the coil (twisting effect).

The mathematical approaches and the final formulations for
the proximity effect in parallel wires and for the twisting effect
are discussed in Appendices III and IV, respectively.

C. Dissipated Energy

The basic stimulator circuit consists of a capacitorcon-
nected in series with the inductanceof the coil by a thyristor
switch (Fig. 1). The total resistance in the cir-
cuit is due both to cables, capacitor, and thyristor and coil
( , i.e., and at low and higher frequency, respectively).
Closing the thyristor sets up a current pulse

(1)

Fig. 2. Influence of the skin effect on the coil resistance per unit length at
high-frequencyR of a copper coil as a function of the frequency of the
coil current. The effect is shown as the ratioR =R , whereR is the coil
resistance per unit length. The ratio is computed for different wire sections and
for circular (see Appendix I) and rectangular (see Appendix II) wire shape.
The solid and dashed lines represent circular and rectangular wire shape,
respectively. In each case, the section (expressed in millimeters squared) is
shown on the right of each corresponding couple (continuous and dotted) of
curves. In this case, for the rectangular wire shape, the ratio between the height
h and the widthw of the wire section was set to one, thus obtaining a square
wire shape. Here and in the following Figures, the computation was performed
by the software package MATLAB.

where , and is the ca-
pacitor’s charging voltage. The diodeconnected anti-parallel
with the thyristor is included when a biphasic wave shape of the
current should be obtained, that allows the recovery of some of
the magnetic energy in the coil as electrostatic energy of the ca-
pacitor.

Energy is dissipated as Joule heating in the coil, cables, and
electronics components. The energy dissipated can be estimated
by the following expression:

(2)

where is the pulse duration.
The integral in the equation above can be computed as [11]

(3)

The energy dissipated during one pulse inducing a given electric
field at the target can be used as figure of merit for the efficacy
of the stimulator.

III. RESULTS

A. Skin Effect

Fig. 2 shows the influence of the skin effect on a coil with
different wire sections and wire shapes (circular and squared
wire). The results are given as ratio between and (i.e.,

and per unit length) versus frequency of the current
flowing in the coil. Disregarding the wire shape, the skin effect
increases the coil resistance, in particular for larger wire sec-
tions. At the maximum considered section of 20 mm, the in-
crease of the over , ranges from 16% at 2 kHz to 45%
at 4 kHz for circular and from 14% to 41% for square wire sec-
tions. On the other hand, at the minimum wire section of 5 mm,



RAVAZZANI et al.: FREQUENCY-RELATED EFFECTS IN THE OPTIMIZATION OF COILS 465

Fig. 3. RatioR =R over frequency for rectangular wire section (see
Appendix II). The ratio is computed for different heighth and widthw of the
wire section. In all cases, the section is set to 10 mm.

Fig. 4. Proximity factorF , obtained by normalizingR with respect toR
of an isolated conductor, i.e.,F = R =R (see Appendix III), versus
the current frequency in a helix-shaped coil. The effect of different circular
sections (expressed in mmon top of each curve) is also shown. The angle of
twist � is set to 90.

increases with respect to from about 2.4% (at 2 kHz)
to 5.5% (at 4 kHz), both for circular and squared wire.

Fig. 3 illustrates the change in versus frequency for
rectangular wire with different height and width ratio and
identical wire section of 10 mm. The resistance ratio is greatest
for squared wire, i.e., equal to one (the increase of over

ranges from 4% to 15% at 2 and 4 kHz, respectively), and
decreases as the wire becomes flat, i.e.,much greater than .
For example, for 2.5, the increase of over is of
2% and 6.4%, at 2 and 4 kHz, respectively.

B. Proximity and Twisting Effect

Fig. 4 shows the proximity effect as proximity factor, ob-
tained by normalizing with respect to of an isolated
conductor, i.e., . The results are given for
different wire sections versus coil frequency, for a helix-shaped
copper coil with given twist angle of 90 . Fig. 5 shows
versus frequency for helices with different, with given section
of 10 mm . Considering the change in wire section,shows
an abrupt change versus frequency. All curves show a rapid in-
crease up to 4 kHz and then saturation, with a reduction in the
slope of the curves with the decrease of the section. However,
in the typical current frequency range of magnetic stimulation

Fig. 5. Proximity factorF versus the current frequency in a helix-shaped coil
(see Appendix IV). The effect of different angle of twist� (on top of each curve)
is also shown. The circular section is set to 10 mm.

Fig. 6. Ratio between the dissipated energy [computed on the basis of (2)] at
high-frequency(W ) computed taking into account skin and proximity effect
and its value at low-frequency(W ) versus the current frequency, changing
the wire sections (expressed in millimeters squared). The inductance of the 5-cm
radius circular coil is of 32�H in all cases.

devices, for a wire section of 5 mm, increases of about 6.3%
and 21.3%, at 2 and 4 kHz, respectively, with a relative increase
of about 14.1%, whereas, for a wire section of 20 mm, in-
creases of about the 48.8% and 67.3%, at 2 and 4 kHz, respec-
tively, with a relative increase of about 12.9%.

As to the twisting effect (Fig. 5), for a given section of 10
mm , the proximity factor is greatest for tightly packed helices.
For a twist angle of 45 , the increase is of about 8.6% and
20%, at 2 and 4 kHz, respectively (relative increase of about
10.4%), whereas when the helix becomes loose and long (
10 ), can be considered approximately equal to unity at all
frequencies.

C. Dissipated Energy

Taking into account the skin and proximity effect, the dis-
sipated energy can be computed by (2) and compared
with the dissipated energy calculated with the coil resistance at
low-frequency . Fig. 6 represents the ratio
versus frequency of the current flowing in the coil, for a circular
wire, considering different wire sections. For a wire section of
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20 mm , increases of about 53% and 101% with respect
, at 2 and 4 kHz, respectively. This effect reduces as the

wire section decreases. For a 5-mm-wire section, the increase
of with respect is of about 3.4% and 9.1%, at 2 and
4 kHz, respectively.

IV. DISCUSSION

Magnetic stimulation of the nervous system is a noninvasive
technique with a large number of applications in neurological
diagnosis, brain research, and, recently, in therapy. The ap-
plications of magnetic stimulation are becoming increasingly
sophisticated, and users demand stimulators with less coil
warming, with better capabilities of focusing the stimulating
fields in small regions and capable of delivering more rapid
trains of stimuli for repetitive transcranial stimulation. More-
over, therapeutic use of magnetic stimulation appears an
exciting and promising application in the near future, being
particularly true for functional and rehabilitative stimulation
[14]. In that sense, recently, the application of magnetic stim-
ulation to functional magnetic stimulation (FMS) may provide
a fascinating option and additional tool to the conventional
functional electric stimulation. Several FMS experiments have
already been described in literature. Linet al. assessed the
possibility of FMS to help bladder emptying and training in
individuals with spinal cord injury [16]. Craggset al.discussed
the possibility to use FMS of the phrenic nerve for respiratory
muscle function [17]. Sheriffet al. reported that FMS over
the sacrum could profoundly suppress detrusor hyper-reflexia
resulting from spinal cord injury [18]. However, to enable
the use of magnetic stimulation as an alternative of electrical
stimulation for functional or rehabilitation purposes, it is
crucial to optimize the available stimulating devices, and the
key to optimization is coil design [11], [14], [19].

Few papers in literature address coil optimization. In one
study, 8-shaped and 4-leaf coils with various angles between the
wings, as to better fit the shape of the tissue surface, were ana-
lyzed along with square and circular loop shapes [20]. The effect
of the size of the circular coil was analyzed by, e.g., Ruohonen
et al. [21] and the degree to which the field can be concentrated
by Ravazzaniet al. [22]. These studies considered the relation-
ship between the amplitude of the driving current and the mag-
nitude of the induced field, which, however, is not a measure
of the efficacy of the coil or the stimulator. In context of repet-
itive brain stimulation, the analysis has been extended to mini-
mize the stimulator’s power consumption, coil heating and the
peak magnetic energy [11]. These last results do not apply di-
rectly for magnetic stimulation, since the activating mechanisms
in brain and peripheral stimulation are thought to be different.
For the stimulation of curved axons or near terminations, such
as in nerve root stimulation, coils similar to those used in brain
stimulation may be useful.

Coil design depends greatly on the application and there is
no globally optimal solution [11]. Ruohonenet al. [14] ana-
lyzed where the copper loops inside the coil should be placed to
achieve the required electric field gradient along the nerve with
the minimum driving energy in the coil. For this purpose, they
cast the coil geometry in terms of six parameters that define the

size, shape, type, and winding profile of the coil. One promi-
nent result of analyzing how changes in the geometry factors
affect the driving energy was that single and 8-shaped coils are
much less effective than 4-leaf coils. Another conclusion was
that D-shaped wings are better over elliptic or circular wings
and that the winding profile should preferably be flat with many
concentric layers. The optimum outer wing diameter was found
to be 40–50 mm. Although smaller coils have been suggested on
the basis of field modeling, our results indicate that the reduced
inductance of small coils is not enough to compensate for the
greater driving current.

In general terms, in order to optimize the device, no single
parameter adequately characterizes the stimulator. The good-
ness of this kind of apparatus is a mixture of various factors,
among which the following can only be considered essential
elements for its design: 1) adequate energy transfer (current
flow pulse duration) to depolarize neurons; 2) restricted flow
outside the area of interest (high focusing); 3) acceptable al-
lowed repetition rate; 4) patient and operator safety; 5) tolerable
heat build-up; and 6) acceptable weight, cost, reliability, conve-
nience, and availability.

This paper, ultimately, addresses the study of the power con-
sumption of magnetic stimulators, substantially influenced by
two main factors, the efficacy of the stimulator, i.e., the power
dissipation in the coil and cables during the stimulus delivery
phase and the efficacy of the coil in transmitting energy into the
brain. The latter is affected by the coil winding [11], whereas the
power dissipation can be decreased by optimizing the shape and
size of the coil wire in order to minimize the coil resistance that
depends greatly on frequency-related effects such as the skin
and proximity effect and, hence, on the frequency of the current
in the coil. These phenomena increase the with respect to

with the increase of both frequency and wire section. Their
influence depends also by the shape of the wire cross section,
affecting more circular than square and rectangular wire cross
section. Considering the skin effect, at 4 kHz (at the top end
of the typical range of the coil current frequency in magnetic
stimulation devices), with the smallest wire section (5 mm),
the increase of over is approximately equal for circular
and square wire shape, whereas for larger wire sections (15–20
mm ), shows a larger increase for circular than for square
wire shape. This is also confirmed for rectangular wire shape,
with a decrease of the influence of the skin effect as the wire
shape becomes flat.

Similarly, the influence of the proximity effect on the coil re-
sistance is greater for larger wire sections than for smaller ones.
Moreover, in a helix-shaped coil, the coil resistance is lower for
long (lower twist angle ) and higher for short helices (higher
twist angle ). As a consequence, the change in coil resistance
versus frequency produces a dramatic change in the dissipated
energy of the device and this effect is greater for larger wire sec-
tion.

The influence of the frequency-related effects investigated
here can be discussed considering some typical characteristic
of actual clinical and research magnetic stimulator devices, i.e.,
coil-current frequency content between 2 and 4 kHz, wire sec-
tion of about 5 to 10 mm, circular or rectangular wire shape
[2], [11], [14], [15]. As an example, the increase of over
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, for circular wire shapes and coil-current frequency of 3
kHz is of about 10.8% considering the skin effect (Fig. 2), of
about 15.1%, considering the proximity effect (Fig. 4), with an
increase in dissipated energy of about 27.4% (Fig. 6). The use of
a rectangular wire shape, with a width/length ratio of 2.0 and a
cross section of 10 mm, produces an increase of over
of about 5.1% (Fig. 3).

As a last remark, one should note that the change in coil re-
sistance due to the frequency intrinsically produces a change
of the electric circuit of the stimulator, yielding a consequent
change of the frequency of the current. This phenomenon is not
taken under consideration in the approach presented here, but,
although, actually in the frequency range from 2 to 4 kHz it can
be considered negligible, this issue should be better investigated
in next studies.

In summary, the results presented here show that the changes
in coil electric parameters due to the frequency-related effects
discussed here cannot be neglected in designing magnetic stim-
ulation devices. As to the coil optimization, this study suggests
that, in order to reduce the influence of these effects, the use of
wire with small section, flat shape and with a reasonably small
helix twist angle is advisable.

APPENDIX I
SKIN EFFECT IN CIRCULAR WIRE SECTION

The current-density in a circular conductor can be most
conveniently computed using the cylindrical coordinates,
and . The boundary conditions imply that theand compo-
nents of the magnetic field vanish , and that
only the component of is not identically zero. Because of the
cylindrical symmetry, both derivatives of and with respect
to are always equal to zero.

By Maxwell equations in cylindrical coordinates and by the
Faraday Induction Law one can obtain the following Bessel dif-
ferential equation of the first kind and order zero:

(AI-1)

where , is the magnetic permeability
( 10 H/m for air as well as for copper), is the
electric conductivity (5.8 10 m for copper), and is
the distance between a point inside the cross section and the
center of the cross section itself. These latter two quantities are
independent from the frequency. The solution of (AI-1) is:

(AI-2)

where is the modified Bessel function of first kind
and order zero, is the modified Bessel function
of second kind and order zero and . and can
be determined by the boundary conditions. In order to avoid a
infinite current along the conductor axis , should be
zero. Taking into account that

(AI-3)

where is the Bessel function of first kind and order
zero; Bessel functions with complex argument are gen-
erally expressed by [8]

(AI-4)

where and stands for the Kelvin functions of order.
Their general expressions are

(AI-5)

(AI-6)

is the Gamma function. For all values of, these se-
ries are convergent [3]. The constantis then easily calculated
by equating the surface integral of current density to the total
current over the cross section with radius

(AI-7)

This can be obtained on the base of the classical formulation

(AI-8)

Now the current density over the conductor cross section can be
computed as

(AI-9)

where is the wire radius.
The resistance , taking into account the skin effect, can

be determined, from the dissipated power per unit length of the
wire in W/m, as [5], [6], [8]

(AI-10)

where is the complex conjugate of and is the
amplitude of the coil current. The right-hand-side integral can
be evaluated using Lommel integrals [8]

(AI-11)

where , , , and are

( AI-12)
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(AI-13)

where is the order of the Bessel functions. It can be demon-
strated that the Kelvin functions converge in the range of values
assumed by [8].

Now, one should take into account that

(AI-14)

where is the root-mean-square value (rms) of the coil cur-
rent and, as stated before, and are, respectively, the
dissipated power and the resistance of the coil at high-frequency
per unit length of the wire. Hence, one can easily compute
by combining (AI-11) and (AI-14)

(AI-15)

The resistance of the coil at low frequency per unit length
can be simply estimated by

(AI-16)

where is the cross-sectional area of the wire, thus obtaining

(AI-17)

APPENDIX II
SKIN EFFECT IN RECTANGULAR WIRE SECTION

Within a certain approximation, the resistance and reactance
of a rectangular conductor (cross-sectional area )
can be quite accurately calculated as a two-dimensional (2-D)
problem [5], [23]. In this case, the current density is given by
the differential equation

(AII-1)

where . This partial differential equation can be
converted into an ordinary differential equation through Fourier
Transform [1]. Assuming that the magnetic flux does not pass
through the surface of this conductor into an adjacent conductor,
the lines of force in the thin surface layer can be considered
as following the boundaries of its cross section. Then, the cur-
rent-density over this thin surface layer will be the same in all
the rectangular section , and can be expressed,
considering a sinusoidal waveform, in the form

(AII-2)

If this conductor carries a currentof rms. (root mean square)
value and the linear current density at low frequency (i.e.,
without considering the skin effect) is denoted by as the
amplitude of the current density at low frequency, i.e., without
considering the skin effect, then

(AII-3)

Taking into account the surface conditions ( and
) given by (AII-2), the solution of the (AII-1) is given by the

series

(AII-4)

Hence, in combination with (AII-3) one can obtain

(AII-5)

The complex values under the radical sign can be expressed
by the components

(AII-6)

from which follow the expressions:

(AII-7)

Then, one will be able to write in (AII-3) simply

(AII-8)

(AII-9)

By suitable arrangement one can obtain the general equations
for and

(AII-10)
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(AII-11)

Then, the sum of the series in (AII-5) can also be simplified

(AII-12)

Equation (AII-5) assumes, after all conversions, the form

(AII-13)

For , the phase angle follows from the equation:

(AII-14)

and for , one can obtain

(AII-15)

From the last two equations the expression for the resistance
(and reactance) follow without the necessity to solve the expres-
sions for and . At the time the voltage drop in
the conductor disregarding or not the skin effect is equal to the
exciting voltage. From (AII-2) one can obtain on the surface of
the conductor the drop

(AII-16)

Equating this drop to that of the linear current density in the
changed conductivity

(AII-17)

where is the apparently reduced conductivity due to the skin
effect. Then the ratio expressing the increase of resistance is
then given by

(AII-18)

APPENDIX III
PROXIMITY EFFECT IN PARALLEL WIRES

A finite round wire that carries a currentis located close
to an infinitesimal wire carrying a current can be considered
as a simple example of proximity effect in wires [7]. Ifvaries

harmonically with frequency the equation that describes the cur-
rent distribution becomes [9]

(AIII-1)

If and are the polar coordinates of a point inside the wire,
is the radius of the wire, is the distance from the center of

the wire to the infinitesimal wire, is an integer, and is equal
to , the solution of this equation becomes [3]

(AIII-2)

where is a Bessel function of the first kind and order.
An expression for the magnetic field at any point of the sur-

face of the wire was proposed by Dwight [3], who used the
Poynting theorem to find the resistance loss in the wire. When

the value of the resistance ratio can be computed by
(AIII-3), shown at the bottom of the page.

The first part of this equation is the expression for an isolated
wire, and the second part gives the increase due to the proximity
effect.

In order to quantify the changes in , the proximity factor
is introduced as the ratio between and computed for

an isolated conductor

(AIII-4)

APPENDIX IV
TWISTING EFFECT

Typically, the coil resistance is computed by the one-dimen-
sional approximation, based on converting its circular conduc-
tors into a single flat sheet of the same thickness [6].

An increased accuracy can be yielded applying a 2-D model
to compute . The coiled winding is assumed to be spiraled
to form a helix. Its radius is , the wavelength or pitch is, as
shown in Fig. 7, where the angle of twistis also shown.

An increase in is attributed to a longitudinal magnetic
field, , inside the helix, which is proportional to . The ac-
tual current resistance of the twisted conductor can be obtained
by computing the power dissipation per unit length, as done be-
fore for the straight wire. It is a sort of effect of superposition:
first consider the skin effect, which induces a current-density

. The power dissipated per unit length due to the skin effect
can be calculated as

(AIV-1)

(AIII-3)
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Fig. 7. Schematic representation of a helix-shaped coil:r is the coil radius,
� is the wavelength or pitch, whereas� is the angle of twist.

The proximity effect induces a current-density component
parallel to the wire surface, , which causes a heat loss in the
ring given by

(AIV-2)

where , as said before, are the Bessel functions of the first
kind and order . The total loss per unit length [W/m] can then
be computed by means of the Lommel integral

(AIV-3)
Then, the total resistance of the twisted wire per unit
length /m can be obtained as

(AIV-4)

Also in this case, as for the discussion of the proximity effect,
in order to quantify the changes in , the proximity factor
is introduced.
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