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Induced in the Human Head by a Dual-Band

Monopole-Helix Antenna Phone
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Abstract—A numerically efficient way to evaluate specific ab-
sorption rate (SAR) deposition and temperature elevation inside
the head of a user of a cellular phone equipped with a dual-band
monopole-helix antenna is proposed. The considered antenna
operates at both frequencies (900 and 1800 MHz) employed in
global system for mobile communication. The results obtained
show that, for a given radiated power, although the maximum
SAR value as averaged over 1 g in the brain is higher at 900 MHz
than at 1800 MHz, the maximum temperature increase in the
brain is higher at 1800 MHz. However, taking into account that
the average power levels radiated at the two operating frequencies
are different (250 mW at 900 MHz and 125 mW at 1800 MHz),
higher temperature elevations are obtained at 900 MHz. In this
last case, the temperature increases are of the order of 0.2C in
the ear, and less than 0.1 C in the external brain region close
to the phone. When the heating effect due to the contact of the
ear and cheek with the phone is also taken into account, it is
found that the predominant heating effect in the ear, able to cause
temperature increases as high as 1.5 C, is the one due to the
phone contact, while SAR deposition plays a significant role only
in the heating of the external brain region.

Index Terms—Biological effects of electromagnetic radiation,
dosimetry, electromagnetic heating, FDTD methods, land mobile
radio cellular systems, temperature.

I. INTRODUCTION

T HE ever-rising diffusion of cellular phones has determined
an increased concern for possible adverse health effects

due to the field emitted by the handheld terminals. The eval-
uation of the power absorbed in the user’s head is a key task,
both for design and compliance testing of cellular phones, that
can be efficiently performed numerically. At present, among the
numerical techniques, the most often applied in the presence
of highly nonhomogeneous structures, like the human head, is
the finite-difference time-domain (FDTD) method, thanks to
its efficiency and ease of implementation [1]–[3]. Generally, in
FDTD studies, the phone radiating element is simulated as a
half-wavelength dipole, a quarter-wavelength monopole, or a
whip antenna [4]–[10]. All these antenna models, and the last
two in particular, can be used as approximate (quarter-wave-
length monopole) or realistic (whip antenna) models of pullout
antennas, which were equipping, until some time ago, almost all
cellular handsets. Today, however, the need for more and more
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compact terminals and for dual-band operation has arisen, and
new antenna types are being used; one of the most diffused being
the helical antenna. Therefore, the solution of the problem of the
electromagnetic (EM) dosimetry for a human head exposed to
a handheld terminal equipped with a helical antenna becomes
of primary importance. While monopole and planar antennas
can be easily implemented inside an FDTD code, as confirmed
by the many FDTD studies available in literature, modeling of a
helix can become a rather difficult task. In fact, only rather large
structures have been studied employing a pure FDTD scheme
[11], while for smaller structures, either equivalent sources [12]
or a hybrid method of moments (MoM)/FDTD technique [13],
[14] have been employed. Since all these techniques show some
problems and drawbacks, the applicability of a pure FDTD ap-
proach, properly modified to allow the use of a graded mesh,
has been investigated [15], [16].

Numerical dosimetry applied to the problem of human-head
exposure to fields radiated by cellular phones exhaustively an-
swered many questions, but some problems are still open. In
particular, one of them is the evaluation of induced tempera-
ture increases in the user’s head, which can be directly com-
pared with the thresholds for the induction of known adverse
thermal effects in the human head. Unfortunately, if much has
been done in the field of numerical dosimetry, only a few papers
are available addressing the EM-field/human-body interaction
problem also from a thermal point-of-view [17]–[19]. In par-
ticular, in all these studies, power deposition and temperature
increase in the head of a cellular phone user have been evalu-
ated only for cellular phones equipped with linear or planar an-
tennas. Moreover, the above-cited studies have mainly consid-
ered the heating effect due to the specific absorption rate (SAR).
However, in practical situations, two more causes for tempera-
ture increase are present. The first one is the contact between the
phone case and the user’s head (in particular, ear and cheek) that
blocks the convective heat exchange between the skin layers and
air, causing temperature rises in the tissues around the contact
zone. Obviously, this heating is totally independent from the ra-
diated power and, indeed, it can also be observed for a wireline
phone. The second additional cause for temperature increase is
the heating of the phone itself, due to the power dissipated in the
circuitry and, in particular, in the power amplifier; this heating
is transmitted to the head tissues via thermal conduction.

In this paper, the problem of SAR deposition and temperature
elevation inside the head of a user of a cellular phone equipped
with a dual-band monopole-helix antenna is numerically solved
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Fig. 1. Cellular phone model (the plastic shell enclosing the metal case is not
shown).

by using a graded-mesh FDTD approach for the solution of
the dosimetric problem, and a finite-difference implementation
of the bio-heat equation (BHE) for the solution of the thermal
problem. In particular, the thermal study aims at investigating
the effect on induced temperature elevations not only of SAR,
but also of phone contact and power dissipation in the circuitry.

II. M ETHODS AND MODELS

The power deposition in a human-head model due to a cellular
phone equipped with a dual-band monopole-helix antenna has
been computed by using the FDTD numerical technique [1]–[3]
with a graded mesh [15], [16].

The considered head model has been obtained from a tissue-
classified version of the “Visible Human” image set developed
at Brooks Air Force Base Laboratories, Brooks AFB, TX [20].
The model has a 3-mm resolution and discriminates 19 different
types of tissues/organs. For the electrical characterization of the
tissues at the considered frequencies, Gabriel’s data [21], [22]
have been used.1

A cellular phone equipped with a recently proposed
dual-band monopole-helix antenna [23] has been considered.
This antenna is constituted of a helix mounted on a straight
metal connection and of a monopole placed inside the helix
(see Fig. 1). The diameter, pitch, and length of the helix are 5.5,
4.4, and 27 mm, respectively, and the straight metal connection
is 10-mm long. All dimensions are chosen to achieve resonance
at 900 MHz. The monopole is 25-mm long and, together with
the straight metal connection, is tuned to operate at 1800 MHz.
The wire radius is equal to 0.8 mm. The helix is mounted on
the right-hand corner of a metallic case, in the far end with
respect to the side of the earphone. The phone metal case is
15 50 150 mm wide, and it is enclosed by a 3-mm-thick
lossless dielectric shell ( ).

In the FDTD analysis of the considered phone, the section of
the wire has been modeled, within the fine-resolution region of
the graded mesh, with a five-cell cross [16]. The size of the cells
in the high-resolution region has been chosen equal to 0.55 mm.
The largest cell size has been chosen equal to 3 mm and the
grading factor equal to two. The antenna has been fed, at the
connection between the metallic case and straight wire, with a

1[Online]. Available: http://www.fcc.gov/fcc-bin/dielec.sh

Gaussian pulse, thus exploiting the capability of FDTD to per-
form a wide-band analysis of the structure. The simulation has
been interrupted when the current at the antenna feed point was
reduced at least of three orders of magnitude with respect to the
peak value.

To evaluate the temperature distribution in-
side the user’s head, a finite-difference formulation of the BHE
[19] has been used. This equation describes the different ways
through which heat is transferred, produced, or removed inside
the tissues, and, precisely: heat transfer through internal con-
duction, metabolic heat production, exogenous heat deposition,
and heat-exchange mechanism due to capillary blood perfusion.
The BHE can be adopted to study the temperature increase in-
duced inside subjects exposed to EM fields, after a dosimetric
analysis has been performed. In fact, the power absorption in-
duced by the EM-field exposure can be represented, inside the
BHE, as an exogenous heat deposition term that is responsible
for the alteration in temperature profiles inside the biological tis-
sues with respect to the unexposed situation. This term, which
represents a volumetric heat deposition, can be directly derived
from the SAR distribution, simply multiplying the SAR by the
tissue mass density[19].

The values assumed for the thermal parameters of the dif-
ferent head tissues have been directly taken or extrapolated from
existing literature and can be found in [19].

III. RESULTS

A. Phone Model Validation

First of all, a simulation has been performed to study the
free-space radiating properties of the phone, in order to assess
graded-mesh FDTD accuracy. To this end, the results of the
FDTD analysis have been compared with those obtained ana-
lyzing the same phone with the MoM by using the freely avail-
able numerical electromagnetics code (NEC) program [24]. The
choice of validating the phone model in a free-space situation,
instead of considering exposure of a user’s head, is justified by
the fact that the NEC implementation of the MoM is able to
handle only metallic objects. For this reason the 3-mm-thick di-
electric shell that encloses the metallic case of the real phone
has been neglected. In MoM simulations, the phone box has
been modeled employing a wire-grid model with a spatial step
of about 7.5 mm, reduced to about 2.5 mm in the zone where
the straight wire connecting the helix to the box is present. The
helix has been modeled employing 120 segments (i.e., 20 seg-
ments per turn).

Since it has been demonstrated that the SAR in an ex-
posed head is mainly related to the near-field produced
by the cellular phone [25], this field, computed at the two
frequencies of operation by using the graded-mesh FDTD
approach, has been compared with the one evaluated by the
MoM. In particular, in the FDTD simulation, the magnetic-field
amplitude has been evaluated through a discrete Fourier
transform of the -field components. Comparison of the
normalized distribution of the -field on the plane parallel to
the – -plane of Fig. 1 containing the straight metal connection
has shown optimum agreement between the FDTD and MoM.
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(a)

(b)

Fig. 2. H-field normalized amplitude along a vertical line 1 cm far from the
straight metal connection in the -x-direction. (a)f = 900 MHz. (b) f =

1800 MHz.

As an example, the normalized magnitude of the-field
computed, employing the FDTD and MoM, on a vertical line
lying on the above-described plane, and placed at a distance
of approximately 1 cm from the metal connection, on the
left-hand side of the connection itself, is reported in Fig. 2.
This figure shows the optimum agreement obtained between
the two techniques.

The far-field radiating properties of the phone have been also
analyzed. In particular, the radiation pattern at the two operating
frequencies has been evaluated employing both the FDTD and
MoM. In the FDTD simulation, the radiation pattern has been
evaluated through a discrete Fourier transform of the near-field
components and by applying a near-to-far-field transformation.
A cut of the radiation pattern on the– -plane of Fig. 1, ob-
tained by using both the graded-mesh FDTD and MoM, and
normalized to the maximum gain, is reported in Fig. 3 for the
two operating frequencies. Fig. 3 shows that the antenna oper-
ates in normal mode with a down tilting of about 30. An ex-
cellent agreement is observed between the graded-mesh FDTD
and MoM.

(a)

(b)

Fig. 3. Normalized free-space radiation pattern on thez–y-plane. (a)f =

900 MHz. (b) f = 1800 MHz.

The comparisons between the graded-mesh FDTD and MoM,
concerning both near- and far-field analysis, show the capa-
bility of the graded-mesh FDTD to correctly characterize the
fine structure of the realistic monopole-helix antenna consid-
ered.

B. SAR and Induced Heating: Differences Between 900 and
1800 MHz

The interaction between the considered phone and
human-head models has been studied with a reference ra-
diated power of 1 W, in order to highlight the differences in
the SAR and induced heating due to the different operating
frequencies. In this initial study, the phone has been kept in a
vertical position, with the ear piece aligned with the auditory
canal and the phone case in direct contact with the ear. A
discrete Fourier transform of the electric field inside the head
has been used to evaluate the field amplitude, from which the
SAR distribution has been derived. Fig. 4 shows, for the chosen
radiated power of 1 W, the SAR distributions evaluated on
the coronal vertical plane passing through the point where the
maximum SAR is located. This figure evidences the higher
penetration depth at 900 MHz, and the higher superficial SAR
values obtained at 1800 MHz. In particular, at the frequency
of 900 MHz about 800 mW are absorbed inside the head,
while the maximum SAR values as averaged over 1 and 10 g
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Fig. 4. SAR distribution for a radiated power of 1 W. (a)f = 900 MHz. (b) f = 1800 MHz.

Fig. 5. Temperature increase distribution for a radiated power of 1 W. (a)f = 900 MHz. (b) f = 1800 MHz.

in the head ( and ), and over 1 g in the brain
( ) are equal to 8.24, 4.77, and 1.29 W/kg, respec-
tively. At the frequency of 1800 MHz, one-half of the radiated
power (i.e., 500 mW) is absorbed inside the head, while the

, , and values are equal to 14.46,
6.93, and 0.93 W/kg, respectively. In conclusion, at 1800 MHz,
the maximum SAR values averaged over 1 and 10 g increase
with respect to the 900-MHz situation, while the SAR in the
brain and the total power absorbed in the head reduce. Similar
results have been obtained by Dimbylow and Mann [26] and
Gandhiet al. [27].

With reference to the steady-state temperature increase
( ), Fig. 5 shows the distributions at 900 and 1800
MHz on the same plane of Fig. 4. From Fig. 5, it can be
noted that the maximum temperature rise ( ) is always
obtained in the ear. A comparison between the two operation
frequencies reveals that, at 1800 MHz, higher values are
obtained with respect to the 900-MHz situation, as expected
from the SAR results. In particular, the obtained in
the ear region are equal to 0.93C and 1.28 C at 900
and 1800 MHz, respectively. A temperature rise of 0.26C
(900 MHz) and 0.31 C (1800 MHz) is present in the
external part of the brain close to the phone ( ).
It is worth noting that, in the brain, the is higher

at 1800 MHz with respect to the 900 MHz exposure, thus
reversing the behavior.

In order to better understand the differences in power absorp-
tion and induced temperature increases at the two operating fre-
quencies, Fig. 6 shows the profiles of the free-space squared
magnetic-field amplitude, SAR, and induced temperature ele-
vations along a line parallel to the-axis of Fig. 1 and passing
through the point of the ear where the maximum SAR value is
obtained. The -field profile [see Fig. 6(a)] shows that the mag-
netic field produced by the phone at 1800 MHz is higher than
that at 900 MHz, at least in the region near the case where the
ear will be located, and that it decreases more quickly than at
900 MHz. The most interesting information, however, can be
drawn from the SAR and profiles [see Fig. 6(b) and (c)]. In
order to correctly analyze these profiles, it must be noted that,
along the examined line, the brain cortex begins at a distance
from the case of approximately 2.5 cm. Fig. 6(b) shows that, at
1800 MHz, due to the higher magnetic field and to the higher
tissue conductivity, higher SAR values are obtained in the first
skin layers, as compared to those computed at 900 MHz. How-
ever, the losses within the biological tissues, being higher at
1800 MHz, cause the SAR profile to attenuate more rapidly. In
particular, the figure shows that SAR curves computed at the two
frequencies intersect at a distance from the case of about 2.5 cm,
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(a) (b)

(c)

Fig. 6. Penetration curves for a radiated power of 1 W. (a) SquaredH-field amplitude. (b) SAR. (c)�T.

just below the brain surface. As the cube used for computing
extends 1 cm in depth from the brain surface, a

lower is obtained at 1800 MHz. Temperature in-
crease profiles, reported in Fig. 6(c), show a penetration profile
having a shape that is much smoother than that of SAR. Also in
this case, it can be noted that the profiles computed at the two
frequencies intersect in a point located just below the brain sur-
face, thus explaining the reason why is slightly
higher at 1800 MHz than at 900 MHz.

C. SAR and Induced Heating Under Realistic Use Conditions

In the previous subsection, temperature elevations induced in
the user’s head have been evaluated, neglecting heating effects
due to the phone contact and power dissipation in the circuitry,
and considering a reference radiated power of 1 W, which does
not correspond to the global system for mobile communication
(GSM) system standard [28].

The aim here is to investigate the temperature increases in-
duced under realistic use conditions. This is accomplished con-
sidering also the heating effects due to the phone contact and
dissipation, and scaling the average radiated powers to those
typical of the GSM system, namely, 250 mW at 900 MHz, and
125 mW at 1800 MHz. Obviously, in order to correctly char-
acterize the effect due to the phone contact, it is necessary to

Fig. 7. Cellular phone held in a realistic “cheek” position.

refer to a realistic position of the phone, ensuring an extended
contact area between the phone case and user’s cheek. There-
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TABLE I
SAR IN THE HEAD OF A USER OF APHONE EQUIPPEDWITH A DUAL-BAND

MONOPOLE-HELIX ANTENNA. AVERAGE RADIATED POWER: 250 mW
AT 900 MHzAND 125 mWAT 1800 MHz

fore, together with the previously examined vertical position, a
double-tilting position has been also considered for the phone.
A three-dimensional view of the phone–head geometry, with the
phone in double tilting or “cheek” position, is depicted in Fig. 7.
In the graded-mesh FDTD code, the double tilting has been ob-
tained leaving the phone in a vertical position and rotating the
head first forward by an angle of 60, and then applying a fur-
ther rotation of 12 toward the phone around the head vertical
axis. In this manner, the microphone has been aligned with the
user’s mouth, and the phone case has been brought in close con-
tact with the cheek.

The , , and values computed
at the two frequencies, with the average radiated power set
to the GSM standard maximum level, are reported in Table I,
both for the phone kept in the vertical position and in the
“cheek” position. The table shows that, due to the lower
radiated power, SAR values obtained at 1800 MHz under
realistic use conditions are always lower than those computed
at 900 MHz. As concerns the effect of moving the phone
from the vertical position to the “cheek” position, it can be
noted that this change of position causes a reduction of all
SAR values. It must be noted that bringing the phone to the
“cheek” position not only alters the SAR values, but also
causes a marked variation in the characteristics of the SAR
distribution. In particular, the highest SAR values tend to
move to the bottom part of the ear, strictly pressed against
the phone, and the shows a decrease, which is
more relevant than the one appearing on and ,
due to the greater distance of the antenna from the brain.
Comparing SAR values reported in Table I with limits issued
by exposure guidelines [29]–[32], it is found that the limit of
2.0 W/kg averaged over 10 g of tissue [29], [30] is always
respected, while the more stringent limit of 1.6 W/kg averaged
over 1 g [31], [32] is always exceeded, except when the phone
is kept in a double-tilting position and operates at 1800 MHz.

After studying power absorption, the temperature elevations
induced under realistic conditions have been evaluated, as-
sessing the influence of the different heating causes considered.
To this end, first of all, a study has been performed to evaluate
heating induced by the SAR alone, both for the vertical-ori-
ented and “cheek” phone positions. Heating induced inside
the head by the contact between the phone and the ear, and
by the dissipation in the power amplifier, neglecting SAR, has
also been considered. In this case, only the “cheek” position
has been analyzed because it is the only one that ensures a

TABLE II
TEMPERATUREELEVATIONS INDUCED IN THE USER’S HEAD, AFTER

15 min,BY A PHONE EQUIPPEDWITH A DUAL-BAND MONOPOLE-HELIX

ANTENNA. AVERAGE RADIATED POWER: 250 mWAT 900 MHz AND

125 mWAT 1800 MHz

significant contact area between the phone and head surface.
The dissipation in the power amplifier has been simulated
adding a power deposition of 250 mW at 900 MHz and 125
mW at 1800 MHz uniformly distributed inside the upper part
of the phone, supposing a 50% efficiency. As concerns thermal
conductivity for the plastic shell and metal case, values of 0.013
and 1.0 W/(mC), respectively, have been used [33]. It must be
observed that the value chosen for metal is much lower than the
real thermal conductivity of a metallic material (e.g., copper)
because it has been assumed that, in the real phone, only part of
the case is constituted by metal, the remaining part being filled
by air or printed circuit boards. The used value, therefore, is a
sort of average thermal conductivity for the phone case. Finally,
after having considered the single effects, due to SAR, phone
contact, and power dissipation in the amplifier separately, these
effects have been considered simultaneously, in order to obtain
the complete thermal elevation.

All thermal simulations have been performed assuming the
air temperature is equal to 24C. Moreover, in order to resemble
as close as possible a realistic situation, temperature elevations
have been computed for a time interval of 15 min, corresponding
to the duration of a rather long phone call. This means that the
computed temperature increases refer to a situation in which
steady state has not been reached as yet, although temperature
elevations evaluated after 15 min are expected to be very close
to the steady-state value [19].

The maximum temperature elevations obtained, after 15 min
of phone call, in the ear and brain of the user’s head, considering
the different heating causes previously described, are reported
in Table II for the two operating frequencies.

Analysis of Table II reveals some interesting aspects. First of
all, it is possible to observe that the temperature elevation in-
duced inside the brain by SAR alone is below 0.1C, especially
when the phone is kept in the “cheek” position, which, as al-
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Fig. 8. Time evolution of the temperature in a point of the ear in direct contact
with a nonradiating phone.

ready commented, determines a marked reduction in power de-
position inside the brain.

Table II also shows that the mere contact of the cellular phone
with the ear and cheek, even in a standby condition, in which no
power is radiated and no power is internally dissipated, causes
temperature elevations in the ear reaching 1.5C, due to the
highly insulating properties assumed for the phone plastic shell.
A negligible maximum temperature elevation of about 0.01C,
instead, is caused in the external brain region. It is also possible
to observe that, if the further contribution due to power dissi-
pation in the amplifier is added, induced temperature elevations
are not significantly altered. Finally, it is worth noting the effect
that the phone contact has on the temperature evolution in the
ear region (see Fig. 8). The phone is initially at ambient temper-
ature (24 C), which is usually lower than the ear temperature;
therefore, when the phone is put in contact with the ear, it deter-
mines a quick decrease in the ear temperature. Soon after, how-
ever, the heat supplied by blood and the one coming from the
neighboring tissues stops this decrease, and temperature starts
to elevate, going beyond the initial value, due to the suppressed
convective exchange with air.

Coming, finally, to the case when all heating effects are con-
sidered simultaneously, the following observations can be done.
The maximum temperature elevation in the ear is almost entirely
due to the contact effect, with only a very slight contribution due
to the SAR deposition in the ear region. The situation, instead,
is completely different in the brain region. In fact, it must be ob-
served that the two heating effects, due to the SAR and phone
contact, tend to heat different parts of the brain, with the con-
tact effect heating the lower external brain region, and the SAR
heating the upper external brain region. Therefore, these two
heating effects are not additive in the brain, and when they are
simultaneously present, as opposed to the case when only one
is considered, the result is that the portion of the brain affected
by heating becomes larger. The peak temperature increase in the
brain is, therefore, governed by the most important between the
two heating causes. At 900 MHz, the most relevant effect is the
one due to the SAR, while at 1800 MHz, due to the lower radi-
ated power, the two heating effects are comparable.

IV. CONCLUSIONS

SAR distributions and temperature increases have been eval-
uated in a head model exposed to the field radiated by a cel-
lular phone, equipped with a monopole-helix antenna operating
at 900 and 1800 MHz. The obtained results confirm the impor-
tance of performing a thermal analysis together with the dosi-
metric one. At the same levels of radiated power, operation at
1800 MHz results in higher SAR and temperature increases with
respect to 900 MHz. When the powers really radiated at the
two frequencies by GSM phones are considered, however, it is
found that temperature elevations induced in the external brain
region at 1800 MHz are halved, as compared to those induced
by 900-MHz operation. In any case, induced temperature ele-
vations, in all the examined conditions, never exceed 0.1C in
the brain region. This value is well below the threshold for the
induction of adverse thermal effects to the neurons [34]. It is
worth noting that the reported temperature elevations have been
computed assuming that the phone is operating at the maximum
power levels permitted by the GSM standard. In real-life opera-
tion, however, thanks to power control and discontinuous trans-
mission (DTX), it is expected that the radiated power levels are
lower than the maximum ones, thus lowering induced tempera-
ture increases [35]. Finally, it is important to evidence that the
simulations performed to study the effect of the phone contact
on temperature elevations have shown that, indeed, the most rel-
evant heating cause in the ear is the one due to the suppression
of convective heat exchange from the ear and cheek to the air,
due to the contact with the phone.
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