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Magnetic-Field-Induced ELF Currents in a Human
Body by the Use of a GSM Phone

Sami Ilvonen and Jukka Sarvas, Member, IEEE

Abstract—A finite element method (FEM) with nonuniform
mesh is employed for the calculation of extremely low frequency
(ELF) currents induced in a human body by a Global System for
Mobile Communications (GSM) phone. The magnetic field of the
phone is measured, and an equivalent source with magnetic dipoles
is constructed for the numerical simulation. A cell of variable size
is used in the simulation to accurately model the most important
areas of the body model, namely areas close to the source and parts
of the central nervous system. Three different mobile phone po-
sitions are considered: normal operation on the side of the head,
breast pocket, and the small of the back where the spinal cord is
close to the phone. Obtained results are compared with the guide-
lines of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP).

Index Terms—Dosimetry, extremely low frequency (ELF), finite
element method (FEM), Global System for Mobile Communica-
tions (GSM), International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines, irregular mesh, mobile phone.

I. INTRODUCTION

DURING operation, a Global System for Mobile Communi-
cations (GSM) phone sends data in short 15/26-ms pack-

ets [1]. As a consequence, the current flow from the battery
to the transmitter is not constant, but varies according to the
data packet structure of the GSM protocol. This pulsed battery
current gives rise to a magnetic field around the phone. In a
conducting material, like human tissues, this pulsed magnetic
field induces currents. These currents have recently been stud-
ied [2], [3] in order to assess the exposure of the human head
to the magnetic field. In earlier studies, other handheld appli-
ances have also been considered. For example, in [4], currents
induced by an electric shaver and hair dryers were calculated.
In this paper, the exposure assessment calculations are extended
with a more detailed head model and two new cases in which
the phone is located in the breast pocket and on the small of the
back where the spinal cord is closer to the phone.

As the pulse form of the mobile phone battery current is
far from a sinusoidal signal, the newer statement of the In-
ternational Commission on Non-Ionizing Radiation Protection
(ICNIRP) [5] is better suited to study the exposure. For this
weighted peak restriction assessment, the rate of change of mag-
netic flux density ∂B/∂t can be measured rather easily by using
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a coil. Since a mobile phone is a very compact source, the mag-
netic field induced by the phone decays rapidly as a function
of distance. On the other hand, the phone is usually held very
close to the body during operation. This means that in, order to
properly predict the maximum induced current values, a more
detailed model is required on areas close to the source.

In this study, the induced currents are computed using a fi-
nite element method (FEM) in the entire human body using the
same measurement data as in [3] and with a realistic anatom-
ical model with variable resolution. The model is individually
adapted for each of the three considered mobile phone positions.
The coarsest parts of the models that are farthest away from the
source have a resolution of 8 mm. The parts close to the source
have a resolution up to 1 mm. In the intermediate zone, there are
parts with resolutions of 2 and 4 mm. This variable-sized mesh-
ing enabled us to calculate the maximum current densities with
good accuracy using modest computational resources compared
to the standard uniform mesh models. The obtained results are
compared with the ICNIRP weighted peak restriction statement
of the year 2003 [5].

II. FORMULATION

The fields due to the current pulses of the mobile phone
battery can be considered quasi-static because the frequency
spectrum of the pulses is in the range of 0.2–40 kHz, and in the
human body, the conductivity σ and permittivity ε satisfy the
condition σ � 2πfε. This also implies that the induced electric
field E(r, t), with position vector r and time t, is directly due
to the primary magnetic flux density B0 induced by the battery
currents, as the first-order approximation. Therefore, the quasi-
static Maxwell’s equations of the form

∇× E(r, t) = −∂B0(r, t)
∂t

(1)

∇× H(r, t) = J(r, t) (2)

can be used, where J(r, t) is the current density and H(r, t) is
the magnetic field. The primary magnetic flux density B0 can
be represented using the vector potential A0(r, t), B0(r, t) =
∇× A0(r, t), and the electric field can be written with the scalar
and vector potentials as

E(r, t) = −∇φ(r, t) − ∂A0(r, t)
∂t

(3)

where φ(r, t) denotes the scalar potential. Due to the quasi-static
approximation, the phase differences can be neglected and the
time dependence can be separated as

∂A0(r, t)
∂t

=
∂v(t)A0(r)

∂t
= v′(t)A0(r) (4)

0018-9375/$25.00 © 2007 IEEE
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Fig. 1. Power spectrum density of the measured signal. This spectrum is not
filtered using the low-pass filter of the ICNIPR statement [5].

where v(t) is the time dependence and prime denotes time
derivation.

Combining Ohm’s law J(r)=σE(r), condition ∇ · J(r)=0,
and (3) with the boundary condition n(r) · J(r) = 0 gives us an
elliptic partial differential boundary value problem{

∇ · [σ(r)∇φ(r))] = −∇ · [σ(r)v′(t)A0(r)]
n(r) · ∇φ(r) = −n(r) · v′(t)A0(r).

(5)

After solving (5) for φ(r), the induced current can be computed
as

J(r, t) = −σ(r)[∇φ(r) + v′(t)A0(r)]. (6)

The value of the source vector potential v′(t)A0(r) has to be
determined from the measurements. Rate of change of magnetic
flux density v′(t)B0(r) is easy to measure as a voltage induced
into a coil. However, determining the value of the vector poten-
tial A0(r) from B0(r) is complicated. One simple solution is
to construct an equivalent source using the measurement data,
and then, determine the vector potential from the parameters of
the model. Details of this procedure are given in Section III.

III. MEASUREMENTS AND EQUIVALENT SOURCE

The measurement data used in this study are the same as
in [3], where a GSM-type mobile phone was studied, and only
a short description of the measurement procedure is given here.
The measured phone gave the highest exposure values in [2],
where seven different phone models were measured. The field
v′(t)B0(r) was measured in front of the mobile phone in a reg-
ular grid with a size of 210 mm× 150 mm and a resolution of
15 mm using a miniature dual coil with a volume of 2 cm3.
Seven similar layers were measured at different distances from
the phone. The spectrum of the measured signal is shown in
Fig. 1. A series of time pulses was recorded using a digital
oscilloscope, and then, combined and averaged at each mea-
surement point in order to reduce the noise. The obtained pulses
were, then, filtered using a numerical low-pass filter accord-
ing to the ICNIRP statement [5] in order to take into account

the weighting of the frequency components above 1 kHz. As
we were only interested in the maximum value of the induced
current density, the value maxt |v′(t)||B0(r)| was determined
from the measurements and used for the construction of the
equivalent model.

The equivalent model was revised from the one presented
in [3]. An equivalent current sheet that was used previously
did not suit to cases where the source is close to a concave
parts of the body, like the small of the back. There are several
publications on the equivalent models for ELF exposure calcu-
lations [6]–[8], and most of these use a small current loop or
a magnetic dipole as a source. From previous tests, it was al-
ready known that a single magnetic dipole did not give accurate
enough results in the proximity of the phone. Better solution
can be obtained using several dipoles, as shown in [8], where an
arbitrary source is modeled using a group of dipoles arranged
onto a cylindrical surface. This configuration does not fit into our
problem, because the source is located very close to the body,
and some dipoles would be too close or even inside the body. Af-
ter some testing, the best results were obtained using an array of
28 magnetic dipoles arranged in a 7× 4 grid with dimensions of
130 mm× 50 mm (approximately the dimensions of the phone).
This grid was placed at a distance of 18 mm inward from the
front of the phone, so that the field values of individual dipoles
were not distinguishable on the front surface. The thickness of
the phone in question was 2 cm, so the equivalent dipoles were
located very close to the back of the phone.

Moments of these equivalent magnetic dipoles were fitted to
the measurements by demanding that

28∑
n=1

∇
[
v′(t)mn · (rj − rn)

4π|rj − rn|3
]

= v′(t)B0(rj) (7)

where mn and rn are the moment and location of the nth mag-
netic dipole and rj is the jth measurement point. The unknown
moments mn of (7) were determined using a regularized least-
squares fitting. Maximum pointwise error of the obtained equiv-
alent source was 4.5%. The source vector potential v′(t)A0 for
the equation system (5) can now be easily constructed from the
dipole moments as

v′(t)A0(r) =
28∑

n=1

v′(t)mn × (r − rn)
4π|r − rn|3

. (8)

IV. MESH GENERATOR AND BODY MODEL

For the FEM field solver, we used a cubical element mesh with
varying cube size. The straightforward approach to generate a fi-
nite element mesh with cubical elements of different sizes leads
to an irregular mesh, i.e., mesh with nodes that are not correctly
connected. Tetrahedral elements do not suffer from the same
problem, and they are often used to model curved geometries.
Robust and fast tetrahedral mesh generators are, however, very
difficult to realize and the problem becomes very demanding
when considering the complicated geometry of tissue bound-
aries in the human body. In this and the following sections, we
present a combination of a mesh generator and an FEM solver



296 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 49, NO. 2, MAY 2007

Fig. 2. Two adjacent elements shown with a slight separation. Five hanging
nodes are denoted with circles; one of them is on the face and four on the edges.
In order to force the continuity of the solution across the element boundary,
values of the hanging nodes have to be constrained.

that can be efficiently used to solve the induced currents in a
irregular cubical mesh.

From now on, we will call these incorrectly connected nodes
in our irregular mesh as hanging nodes. An example of a mesh
with two elements with five hanging nodes is given in Fig. 2.
The problem with hanging nodes is that the solution is no longer
continuous across the element boundaries as it should be. This
problem can be removed by adding constraints to the finite
element solver that force the continuity of the solution. A more
detailed description of these techniques can be found in [9].
More details on the numerical solver used in this study are
given in Section V.

The model of the human body was constructed using the data
obtained from Brooks Air Force Laboratory [10]. This model is
based on the data of the Visible Human Project [11] and has a
resolution of 1 mm. Only some minor modifications were done
to the Brooks model, like removing some nonconnected pixels
that obviously did not belong to the body. The model consists
of 38 tissues that are listed in Table I. The electrical proper-
ties, also obtained from Brooks Air Force Laboratory database,
were modeled using the 4-Cole-Cole model presented in [12].
Although there is some variation on the conductivity values in
the frequency range of 0.2–40 kHz, the values at the base fre-
quency of 200 Hz were chosen for the simulation. This choice is
justified by the frequency spectrum of the measured signal that
showed that the main contribution of the pulses is concentrated
on the lower frequencies. The obtained tissue conductivities are
given in Table I.

For the mesh generator, three coarser models with resolutions
of 2, 4, and 8 mm were constructed. The sizes are selected so
that the coarsest mesh can be recursively refined by dividing a
larger element into eight smaller ones. For each element in the
coarser level, the tissue with largest volume inside the element
was chosen according to the data of the finest model. Volumes
of different tissues in all four models are given in Table I. In
order to avoid removing fine structures of the central nervous
system (CNS), all cells of coarser models that included even one
1-mm3 cell of CNS tissues or CSF were marked so that one could
restore the finer details of the structure when needed. Apart from
these details, the mesh generator was constructed according to
the principles presented in [9], although the practical details
follow more closely to the ones given in [13], where very large

hexahedral meshes are generated for earthquake simulations.
One important aspect is the 2-to-1 requirement, which dictates
that the size ratio between two elements connected to each
other cannot be larger than 2. This requirement simplifies the
construction of constraining equations for the FEM solver.

Three different computational meshes, one for each case,
were, then, constructed using the mesh generator. The upper part
of the mesh used for computing the currents in the head is shown
in Fig. 3. One can see that the resolution of the mesh is dependent
on the distance of the source so that spherical regions of different
resolutions are formed. The CNS is modeled with the finest
1-mm resolution. In other cases, where the amount of CNS
tissues close to the source is smaller, the available resourses
were used to model the parts closer to the phone. Each of the
final models had about 2.5 million elements and roughly the
same number of nodes.

V. NUMERICAL SOLUTION USING FEM

The finite element solver of this study is based on the one used
and tested in [3]. The solver used cubical elements with trilinear
basis functions, and we have programmed it using PETSc library
[14], [15] for data structures of sparse matrices and solvers. The
correctness of the solver was tested by comparing it to analytical
models of a layered sphere.

We had to do some modifications to the solver in order to
implement the additional constraints required by the correct
handling of the hanging nodes. When using trilinear basis func-
tions, one can enforce the continuity of a mesh fulfilling the
2-to-1 requirement by two simple rules. First, one has to rec-
ognize the two different types of hanging nodes: 1) those that
are on the edges of elements and 2) those that are in the mid-
dle of the face of an element. For a hanging edge node, one
simply enforces constraint φ(rh) = 1/2[φ(ra) + φ(rb)], where
φ(rh) is the scalar potential on the hanging node, and φ(ra)
and φ(rb) are the potentials at the nodes at the ends of the
edge of the hanging node. For the hanging face nodes, one has
to enforce the condition φ(rh) = 1/4[φ(ra) + φ(rb) + φ(rc) +
φ(rd)], where φ(ra,b,c,d) are the potential values on the corners
of the face on which the hanging node lies. These conditions
have to be applied recursively, so that if some of the nodes a–d
are hanging nodes, their values will eventually be calculated
from a regular node. Applying these constraints to the system
matrix will remove the unknowns of hanging edges and the
continuity of the solution is forced.

When constructing the system matrix, (5) results in a sym-
metric positive definite system. This is a very desirable property,
since it reduces memory consumption and is required for the
convergence of the conjugate gradient method. So, in practice,
one would like to add the constraints in a way that preserves the
symmetry. As stated in [13], the constraints can be written in
a form of a sparse matrix B, so that the hanging nodes can be
removed from the original system as follows:

u = Bũ (9)

where B is the constraints matrix, u is the vector of original
unknown potential values at the nodes, and ũ is the vector of
potential values with constraints applied. Now, the symmetry of
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TABLE I
CONDUCTIVITIES AND VOLUMES OF DIFFERENT TISSUES IN THE FOUR MODELS USED BY THE MESH GENERATOR

the original equation system Au = b can be preserved using
matrix B as

BT ABũ = BT b. (10)

In practice, this can be done efficiently during the matrix
assembly, since the sparse matrix–matrix products are time-
consuming.

The correctness of the new program was tested with sev-
eral different models, where first the uniform mesh, and then,
the mesh with hanging nodes were computed. Also, the orig-
inal layered sphere models were again compared to the new
solver code. For the results presented in this paper, a conjugate

gradient solver with incomplete Cholesky preconditioner was
used.

VI. RESULTS

A. Averaging

In order to compare the results with the ICNIRP guidelines,
the current densities have to be averaged over a 1-cm2 area
normal to their direction. For the averaging process, the obtained
solutions were transformed back from the FEM mesh into a
Cartesian cubical mesh with a resolution of 1 mm. For each
Cartesian component, the mesh was divided into layers 1 mm
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Fig. 3. Mesh used for the head and the position of the mobile phone.

Fig. 4. Averaging process. The resolution of the grid is 1 mm, and the area of
the circle is 1 cm2.

apart and normal to the direction of the current component. The
current densities on these layers were, then, averaged using a
weighted sum, e.g., for the Jz-components on the layer zn

Jz avg

(
x +

N

2
, y +

N

2
, zn

)

=
N∑

i=1

N∑
j=1

w(i, j)Jz(x + i, y + j, zn)

where w(i, j) denotes the weight, N is the size of the weight
array, and x and y are the coordinates on the layer zn (see
Fig. 4). The values of the weights were chosen so that the
effective area corresponds to a circle with an area of 1 cm2

and
∑

i,j w(i, j) = 1.
This process was repeated for each layer and Cartesian

component. The total averaged current density was calculated
using the averaged Cartesian current components as Jtot =√

J2
xavg + J2

y avg + J2
z avg for each point of the 1-mm grid. In

practice, the aforementioned averaging is often used in digital
image processing, and is easy and efficient to implement using
two-dimensional convolution and fast Fourier transformation.
For details, see [16].

TABLE II
MAXIMUM VALUES OF AVERAGED CURRENT DENSITIES

Fig. 5. Maximum values of averaged current densities per transaxial layer.

B. Obtained Maximum Values

The obtained maximum values of the averaged current den-
sities for each phone position are given in Table II. Fig. 5 shows
the maximum value per transaxial plane for each solution. As
seen from this graph, the current densities drop rather quickly
when moving away from the source, especially in the case when
the phone is held by the ear. The corresponding transaxial planes
from the locations of the maximas of the graphs are shown in
Figs. 6–8. The largest obtained averaged current density value
in the CNS was 35 µA/m2.

C. Position of the Phone

Since the source is located very close to the body, the obtained
current densities are strongly dependent on the distance between
the body model and the source. Several simulations with small
variations in the source position were made to get an estimate
of the stability of the setup.

First, the effect of the distance was tested by positioning the
phone to a normal operating position shown in Fig. 3. Three
simulations were made using 0, 5, and 10 mm distance between
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Fig. 6. Averaged current densities on a transaxial plane at the location of
the maximum when the phone is located close to the ear. Averaged current
density is shown as a decibel value compared to the maximum value (e.g.,
20 log10(|J|/max |J|)).

Fig. 7. Averaged current densities on a transaxial plane at the location of
the maximum when phone is located in the breast pocket. Averaged current
density is shown as a decibel value compared to the maximum value (e.g.,
20 log10(|J|/max |J|)).

the phone and the body model. The obtained current densities
were averaged according to the method given in Section VI-A
with all tissues taken into account. Another test was made for
the breast pocket case. The results are given in Table III. The
effect of the position of the phone on the cheek was also tested
by moving the phone slightly in an up–down direction, but the
change in results (for both CNS and other tissues) was small
compared to the variation in distance.

Fig. 8. Averaged current densities on a transaxial plane at the location of the
maximum when the phone is located at the small of the back. Averaged current
density is shown as a decibel value compared to the maximum value (e.g.,
20 log10(|J|/max |J|)).

TABLE III
EFFECT OF THE DISTANCE BETWEEN THE SOURCE AND THE BODY MODEL

D. Effect of the Resolution of the Body Model

The effect of the resolution of the mesh was examined by
using different refinement levels of the body model. Since the
largest obtained values were observed when the phone was held
on the cheek, the tests were done using that configuration. The
results were calculated for four different meshes starting from
the coarsest uniform mesh with a constant resolution of 8 mm.
The successive meshes were, then, generated by refining the
previous mesh, until the resolution of the finest part was 1 mm.
The locations of the highest values were inspected so that the
largest peak value was always inside the refined volume.

Table IV lists the maximum averaged current densities ob-
tained using different mesh resolutions. It can be seen that the
highest value was obtained when the resolution was 2 mm. Re-
fining the mesh to the resolution of 1 mm did not give larger
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TABLE IV
MAXIMUM AVERAGED CURRENT DENSITIES OBTAINED

USING DIFFERENT MESH RESOLUTIONS

TABLE V
RELATIVE MAXIMUM VALUES OF THE NONAVERAGED INDUCED

CURRENT DENSITY WITH DIFFERENT MESH RESOLUTIONS

values. However, the nonaveraged maximum current densities
showed stronger dependence on the mesh resolution, as can be
seen from Table V, where the relative maximum values are given
(largest value was obtained using 1-mm resolution, and other
values are normalized with this maximum). A more detailed
study showed that the maximum averaged value was induced in
the parotid gland situated right beneath the phone, whereas the
peak value was obtained in the fine layer of cerebrospinal fluid
between the brain tissue and the skull.

VII. DISCUSSION

A previous study [3] gave the maximum averaged current
density of 72 µA/m2 for the FEM solver and 80 µA/m2 for the
finite integration technique (FIT) solver for a single Cartesian
component. The “worst-case” value for the total current den-
sity, calculated by using the maximum values for each Carte-
sian component and combining these into a same point, was
101 µA/m2 when using the FEM solver and 115 µA/m2 for
the FIT solver with lower resolution. In this study, the compa-
rable configuration is the one where a user is holding the phone
close to the ear. Since the previous results were calculated with
a model that consisted only of the CNS, the comparable value
is the obtained maximum current density of 35 µA/m2. This
value is in line with the result obtained before, considering the
following.

1) The exact positioning of the phone is different. As the tests
in Section VI-C show, the position has a large effect on
the current density.

2) A different anatomical model is used, which also affects
the distance between the phone and CNS.

From Figs. 5–8, one can see that the current drops rather
rapidly when moving away from the source. This justifies our
use of different element sizes in a mesh that is refined according
to the closeness of the source and tissue type. In particular, the
effect of tissue conductivity is seen in Fig. 8, where the maxi-
mum current is induced rather deep in the back muscles. This is
due to the much lower conductivity of the fat tissue compared
to the muscle. In the same figure, the spinal cord is also observ-
able, and this is the main advantage of the nonuniform mesh
approach: important tissues can be studied with any accuracy
even when buried deeper inside the body.

As stated in earlier studies also [4], the distance between the
source and the body has a strong effect on the results when
considering small handheld appliances. In our case, the phone
is held in contact (without galvanic coupling) with the body, so
the equivalent model and the geometrical configuration of the
source are critical, as the tests show.

The effect of the model resolution was tested in
Section VI-D. Even though the better resolution gives higher
peak values to areas with thin highly conductive parts, the aver-
aging over the 1-cm2 area effectively levels off the peak values
of the finer model. All obtained values were rather small when
compared to the ICNIRP basic restriction rule [5], which is
2
√

2 mA/m2.

VIII. CONCLUSION

The FEM with irregular cubical mesh and hanging nodes was
used to evaluate the magnetic field induced currents in three
different cases of GSM-type mobile phone usage. Several tests
were made to examine the uncertainties due to the method used
and geometrical variation on phone positions. The results ob-
tained are considerably lower than the basic restriction limit
given in the ICNIRP guidelines. This further qualifies the pre-
viously obtained results. The suitability of the locally refined
models for calculating the induced currents from small appli-
ances held close to the body was also discussed. The use of
refinements enables the use of very detailed models with mod-
erate computational resources.
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