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EM Interaction of Handset Antennas and a
Human in Personal Communications
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In personal communications, the electromagnetic interaction
between handset-mounted antennas and the nearby biological
tissue is a key consideration. This paper presents a thorough inves-
tigation of this antenna-tissue interaction using the finite-difference
time-domain (FDTD) electromagnetic simulation approach with
detailed models of real-life antennas on a transceiver handset.
The monopole, side-mounted planar inverted F, top-mounted bent
inverted F, and back-mounted planar inverted F antennas are
selected as representative examples of external and internal con-
figurations. Detailed models of the human head and hand are
implemented to investigate the effects of the tissue location and
physical model on the antenna performance. Experimenial resulis
are provided which support the computationally obtained conclu-
sions. The specific absorption rate (SAR) in the tissue is examined
for several different antenna/handset configurations. It is found
thar for a head-handser separation of 2 cm, the SAR in rhe head
has a peak value between 0.9 and 3.8 mW/g and an average value
between 0.06 and 0.10 mW/g for 1 W of power delivered to the
antenna. Additionally, the head and hand absorb between 48 and
68% of the power delivered 10 rhe antenna.

I. INTRODUCTION

The introduction of cellular communications technology
has generated a widespread awareness of the important role
wireless services play in today’s communications-centered
marketplace [1]. Naturally, this awareness has spawned a
growth in the wireless communications arena which in turn
has had and will continue to have an impact on antenna
technology advancement. An important example of this
influence involves the development of external and internal
antenna structures, such as the monopole or planar inverted
F antenna (PIFA), which can be efficiently and conveniently
integrated with a hand-held transceiver unit. The dominant
role of such portable terminals in many systems motivates
a thorough examination of the issues involved in designing
these and other similar antenna structures.

Because portable handsets operate in close proximity to
a human being, one particularly important consideration in-
volves the interaction of the radiated electromagnetic fields
with the nearby biological tissue. Certainly, the operator’s
influence on the antenna gain, radiation pattern, and input
impedance is an issue which deserves a detailed investiga-
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tion. Furthermore, growing concerns over the health effects
of tissue exposed to electromagnetic energy motivates an
effort to understand the power absorption distribution in the
tissue when a hand-held device is used.

To gain a detailed understanding of the antenna-tissue
interaction, the designer must abandon simplified, approx-
imate analysis methodologies in favor of more general
numerical simulation techniques. The finite-difference time-
domain (FDTD) method [2]-[6] is one such approach
which allows accurate prediction of the electromagnetic
behavior of general topologies. A few studies have appeared
which present preliminary results associated with this topic.
For example, one paper has used a homogeneous sphere
and block of muscle to represent the head and hand,
respectively, within an FDTD simulation of a handset-
mounted monopole antenna [7]. Other studies have used
a more elaborate model of the head, but have used simpler
models for the antenna such as a dipole [8].

In this work, advanced physical models of the head and
hand are coupled with detailed representations of handset-
mounted antennas to allow accurate FDTD simulations of
real-life communications scenarios. The computer program
developed for this work has been made adequately flex-
ible to accommodate these modeling requirements. The
computations not only reveal the human operator influence
on the antenna performance, but also provide information
concerning the SAR [8]-[10] for power absorbed in the
tissues. The monopole, side-mounted PIFA, top-mounted
bent inverted F antenna (BIFA), and back-mounted PIFA
elements shown in Fig. 1 are used in the computational
examples to provide results representative of external and
internal antennas. The effect of tissue location and the
model used to represent the human operator are addressed.
Measured data is compared to many of the computational
results to show the accuracy of the FDTD tool in predicting
the antenna performance. Conclusions and suggestions are
presented based upon the results obtained.

II. PHYSICAL/COMPUTER MODELING

A. FDTD Implementation

The FDTD methodology [2]-[10] is derived from
Maxwell’s time-domain equations which may be expressed
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Fig. 1. Antenna geometries and dimensions for hand-held transceiver units: (a) monopole; (b)
side-mounted dual PIFA; (c) top-mounted dual BIFA; (d) back-mounted PIFA. The chassis

dimensions (105 cm?) shown in (a) apply to all four configurations.
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where E and H are the electric and magnetic field inten-
sities and e, p, and o are the space-dependent permittivity,
permeability, and conductivity, respectively. Using a dis-
cretization of the calculus operators in these equations
results in a set of algebraic time-stepping relations which
may be written in a compact form as
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where the superscript denotes the time step ¢ = nAt and
the difference operator is defined as

-
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The terms @, [3, and 5 are space-dependent diagonal tensors
whose components are defined by
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for p = x, vy, or z. The symbols characterized by an overbar
(%) represent averaged values of the constitutive parameters
over a face of a cell in the discretized computational grid,
such as
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Fig. 2. Block model of the human hand used in the simulation
of antennas on the handset.

where AS represents the area of the cell face normal to the
unit vector p. Using the definitions in (6) and (7) allows
accurate modeling of inhomogeneous materials within the
computational domain.

The relations in (3) and (4) are used to track the time-
evolution of the fields in the spatial domain by initially
setting all field values to zero. An antenna excitation is
then introduced by specifying a voltage at the antenna feed
point. The value of the magnetic and electric field intensities
are alternately computed at times t = (n + 1/2)At¢ and
t = (n + 1)At. At grid points coincident with perfect
electric conductors, the tangential components of E are set
to zero at each time step. Special considerations are made
for modeling wires and lumped elements within the domain
[5], and absorbing boundary conditions [11] arc uscd to
truncate the mesh a reasonable distance from the antenna.
Once the time-domain data has been collected, a Fourier
transform is used to obtain the desired frequency-domain
quantities such as input impedance, radiation pattern, and
gain. In this fashion, the antenna response over a given
bandwidth may be obtained.
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with the hand and plastic-covered handset present.

The antenna excitation is introduced into the computa-
tional domain using a previously reported simulated coaxial
feed model [5]. The functional form of the voltage applicd
in the feed is a sinusoid modulated by a Gaussian as
expressed by

s(t) = e (tmt0)*/207 cos[2m fo(t — t,)] (8)

where f, is the sinusoidal frequency and o, controls the
pulse width. This particular functional form is interesting
since the center frequency and bandwidth of its spectrum
may be controlled. In this work, antenna impedance compu-
tations over a bhand are performed using the parameters o,=
160 ps and f,= 0. In computing this transient response,
the time-stepping is continued until the antenna current
magnitude has decayed to a level approximately 40 dB
below its peak value. When computing radiation patterns
and power absorption in tissues, a single frequency source
is used such that o; — oc. In this case, the time-stepping is
performed for several cycles (~20) in order for the system
to reach a steady state.

B. Biological Tissue Modeling

Anatomical human features are modeled within the
FDTD framework by mapping the spatial location of
the different tissues into a permittivity and conductivity
assignment in the computational grid. The human hand is
simply modeled as a layer of bone surrounded by a layer of
muscle that covers three sides of the handset, as depicted in
Fig. 2. To construct a head model, a grid with a 6.56 mm
spatial resolution was placed on cross-sectional images of
the head obtained from an anatomy atlas [12]. Magnetic
resonance images (MRI) were also used to aid in the
tissue classification and location. Each cell in the grid was
then assigned a permittivity and conductivity classification
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(a) Sagittal cut of the discrete head model at the head center and (b) entire head model

corresponding to the type of tissue which filled the majority
of the cell. Figs. 3(a) and (b) illustrate a mid-sagittal cross
scction of the hcad model and the full head model (24
x 33 x 31 cells) with the hand and handset. Fig. 4
provides two different views of the head/hand/handset
configuration with the dimensions used in the computations.
The electrical parameters corresponding to each tissue
around the operating frequency of 915 MHz have been
obtained from published data and are listed in Table 1 [9].
Since variations in the conductivity and permittivity values
are less than 5% and 1%, respectively, over the frequency
band of interest, these constitutive parameters will be
considered to be nondispersive in the FDTD simulations.
If broadband computations are to be performed where the
dispersive nature of the tissues is more significant, then
special considerations in the FDTD implementation must
be made [13].

Two additional comments are warranted concerning the
tissue models presented. First, in order to allow the mod-
eling of very realistic operator/handset configurations, it is
important to allow the handset to be rotated such that it
is positioned between the operator’s mouth and ear. This
is accomplished by rotating the position of each cell in
the head model in the y — =z plane about the head center
and reconstructing the grid based upon these rotated tissue
locations (see Fig. 4). The fact that the handset remains
aligned with the FDTD grid allows accurate modeling of
its rectilinear features. Second, when using the models in
the computations, different FDTD cell sizes are chosen
according to the parameter of interest. For example, it has
been found that a cell size of 3.28 mm is required in
order to obtain an accurate value of the input impedance.
However, for pattern and power absorption characterization,
a 6.56 mm cell size may be used. These two cell sizes
correspond to approximately 14 and 7 cells per wavelength,




Table 1.

Relative Permittivity, Conductivity, and Density of
the Tissues in the Hand and Head Near 900 MHz

Tissue Permittivity Conductivity (S/m) Density
(g/em?)
Bone 8.0 0.105 1.85
Skin/Fat 34.5 0.60 1.10
Muscle 585 1.21 1.04
Brain 55.0 1.23 1.03
Humour 73.0 1.97 1.01
Lens 445 0.80 1.05
Cornea 52.0 1.85 1.02
YZ
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Fig. 4. Side and rear views of the FDTD head/hand/handset
model showing dimensions.

respectively, within the high-permittivity tissues at the
operating frequency.

C. Time-Response of High-Permittivity Dielectrics

The relatively high permittivity values listed in Table
1 suggest that a considerable amount of computational
time (i.e., large number of time steps) is required for
an antenna near a biological system to reach its steady-
state response for a given input. To test the duration of
the transient effects, a 16.4 cm dipole is placed 1.31 cm
from a 17 cm diameter homogeneous dielectric sphere.
The antenna is excited with a 160 ps Gaussian pulse and
the antenna terminal current I, is monitored as a function
of time for different values of the sphere permittivity
and conductivity. Fig. 5 illustrates the result of this study,
where the normalization parameters 7, and c, are the
free-space impedance and speed of light, respectively. The
dielectric parameters are chosen to represent the humor
in the eye since this is the highest-permittivity tissue
involved in the models. As can be seen, introduction of
high-permittivity dielectrics produces significant ringing in
the antenna response. However, addition of loss into the
system causes the transient response to damp quickly. The
response for the dipole near the head model also shown in
Fig. 5 illustrates that this same damping effect occurs for
the inhomogeneous tissue models used in this investigation.

D. Power Absorption and SAR

Several quantities of interest should be defined before
proceeding with the results. The power absorbed within the
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Fig. 5. Normalized antenna current versus normalized time for a
dipole 1.31 cm from a homogeneous sphere filled with dielectrics
of different permittivity and conductivity values. The case for a
dipole next to the inhomogeneous head model is also provided.
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Fig. 6. Computed and measured values of |11 for the monopole
on the handset with no tissue, with the hand only, and with the
hand and head (6 = 1.97 ¢cm, d = 5.9 cm).

lossy tissue (P,ps) and the power radiated to the far-field
(Prsnq) are obtained using the integrals

Pape = & / o[EP2dV ©)
2 )y
Pud =3 Re{/ E x H* -fzdS} (10)
S

where E and H are the frequency domain peak electric
and magnetic fields, respectively, and ¢ is the medium con-
ductivity. The symbols V, S, and 7, represent the volume
containing the tissue, the surface completely surrounding
the handset/operator configuration, and the unit outward
normal to the surface, respectively. The antenna/tissue
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Fig. 7. Computed radiation patterns at 915 MHz normalized to
the antenna gain for a monopole on the plastic-covered handset in
the absence and presence of the head and hand (b = 1.97 cm, d =
5.9 cm). The antennas are rotated 60° from upright.

system radiates with an efficiency of

Prad _ Prad
Prad + Pabs - Pdel

where Py is the real power delivered to the antenna.

The SAR quantifies the power absorbed per unit mass
of tissue and is a fundamental parameter when discussing
the health risks of electromagnetic power absorption in the
body. This quantity is defined as

Na = (n

SAR = —|E|? (12)
2p
where p is the material density. The values of ¢ and p for
the different tissue types are provided in Table 1 [9]. The
ANSI/IEEE standard suggests that the SAR averaged over
any 1 g of tissue for 30 min. or more should remain under
1.6 mW/g [14], [15]. If necessary, the SAR values can be
manipulated to obtain the tissue heating resulting from the
power dissipation through a simple multiplicative constant.

III. COMPUTATIONAL AND EXPERIMENTAL RESULTS

The following cases provide examples of computations
and measurements used in the evaluation of several an-
tenna/handset configurations. The experimental measure-
ments of Sy; provided here have been obtained from a
Hewlett—Packard 8510B network analyzer at the University
of California, Los Angeles, antenna measurement facility.
This parameter is a measure of the reflection coefficient for
a voltage wave introduced to the antenna feed point using
a 50 2 coaxial cable and may be defined as

Zy — 50

Sy = 2o
=7 550

(13)
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Fig. 8. Computed value of |Sy;| for the side-mounted PIFA
on the handset without the hand and with the hand for three
different values of d (see Fig. 4). Measured values appear for the
configurations with no hand and with the hand at d = 6.56 cm.

where Z, is the antenna input impedance. For all of the
examples, the feeding wire radius is 7, = 0.46 mm which
corresponds to the inner conductor radius of RG402/U 50 €2
semi-rigid coaxial cable. Where impedance measurements
involving biological tissue are presented, a single human
subject is used. These experiments have been deliberately
performed at very low power levels such that induced SAR
levels are well below recommended safety limits.

The computer platform used in the simulations is an IBM
RISC/6000 530H workstation. Based upon the findings
of Section II-C, the simulations for the small (large cell
size) and large (small cell size) models require 1800 and
3600 time steps, respectively, corresponding to respective
physical run times of approximately 2-3 hours and 10-12
hours. The storage requirements are approximately 17 MB
for the small model and 35 MB for the large model.

The geometries and dimensions for the different antennas
under investigation are illustrated in Fig. 1. Parts (a)—(d)
illustrate the monopole, side-mounted PIFA, top-mounted
BIFA, and back-mounted PIFA configurations, respectively.
The chassis dimensions provided in Fig. 1(a) apply to all
four geometries. When the plastic casing is included, it
is modeled as a 3.28 mm thick lossless dielectric with a
relative permittivity of 2 which is immediately adjacent
to and completely surrounds the chassis. In computations
where the FDTD cell sizc is larger than 3.28 mm, the
approach detailed in [16] is used to approximate the thin
plastic casing.

A. Monopole Antenna

The monopole antenna’s widespread use in the per-
sonal wireless industry motivates an investigation of its
characteristics and performance. The geometry for the
quarter-wave monopole antenna on the conducting handset
chassis is shown in Fig. 1(a). Fig. 6 presents the value
of |S11| versus frequency for this configuration obtained
both computationally and experimentally for the handset
alone, the handset with the hand (d = 5.9 cm), and the
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Fig. 9. 1S |versus frequency for the side-mounted PTFA on the
handset with the head and the hand (b = 1.97 cm, d = 7.21 cm).
Computed results obtained using both head models are compared
with measured data.

handset with the hand and the head (b = 1.97 cm). For
simplicity, the data for the third case is obtained with
the handset oriented upright with respect to the head, as
illustrated in Fig. 4. Because no plastic casing was included
in the experimental handset prototype, the casing was
absent in the computations as well. As can be seen, the
FDTD method is very effective in predicting the antenna
impedance behavior. Furthermore, the results imply that the
hand and head exercise relatively little influence on the
antenna input impedance. ‘Lhis is an important feature of
the monopole which partly accounts for its widespread use.

The monopole’s radiation pattern, in contrast to its input
impedance, is more noticeably influenced by the operator
proximity. This is demonstrated in Fig. 7 which provides
the radiation pattern of the handset-mounted monopole at
015 MHz in the absence and presence of the hand and head.
In this simulation, the plastic-covered handset is rotated 60°
in the y — z plane with respect to the head (see figure inset),
and the patterns are normalized to the antenna gain. These
patterns are presented in standard spherical coordinates such
that the principal polarizations are in the g and ¢ directions.
Clearly, the presence of the biological tissue alters the
radiation pattern and rcduces the antenna gain. The ratio
of the power absorbed in the head and hand to the total
power delivered to the antenna, as well as the antenna
radiation efficiency. are provided in Table 2 for the 915
MHz operation frequency. This table contains data for the
handset rotated as in Fig. 7 and for the handset upright
as shown in Fig. 4. As can be seen, the results are very
similar for the two handset orientations. The gain reduction
caused by power absorption is a key issue to consider
in determining system requirements to satisfy target link
budgets.

B. Side-Mounted PIFA

The growing desire to replace the monopole with more
conformal, less obtrusive elements has focussed consid-
erable attention on antennas such as the PIFA [17]. A
potential topology with two PIFA elements configured
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Fig. 10. Computed patterns at 915 MHz normalized to the an-
tenna gain for the side-mounted PIFA on the plastic-covered
handset rotated 60° from upright. Results are shown for the handset
alone, with the spherical head model, and with the inhomogeneous
head model (b = 1.97 cm, d = 7.21 cm).

to provide dual-branch antenna diversity is illustrated in
Fig. 1(b) [5]. These side-mounted elements consist simply
of a probe-fed conducting plate suspended above the con-
ducting chassis. A short circuiting wire or strip is attached
to one end of the suspended plate—a configuration which
allows considerable reduction in the element resonant size.
The antenna can generally be matched to a 50 Q feeding
line through proper selection of the feed point, shorting pin
location, and antenna dimensions.

Fig. 8 illustrates the value of |S11] versus frequency
for one PIFA eclement with the second terminated in a
matched load for several handset/operator configurations.
The curves compare the results when no tissue is included
to those when the hand is placed at three vertically displaced
positions on the handset. Once again, no plastic casing
is included in order to allow comparison with measured
results. As can be seen from the plot, thc hand posi-
tion exercises a detuning effect on the antenna resonant
frequency and impedance. Most significant is the high
impedance mismatch which occurs when the hand begins
to mask the antenna. These results illustrate the importance
of minimizing antenna masking through proper antenna
placement. The dots in the figure indicate experimentally
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Table 2. Computed Normalized Power Absorption and Peak SAR (mW/g/W) in the Head and
Hand, Average SAR (mW/g/W) in the Head, and Radiation Efficiency for the Different
Handset/Body Configurations Shown in Fig. 13. All Data is Computed at 915 MHz

I)l\é'ild Phand
Zabs Zabs

Contigurai "B " SU SU e
Handset Rotated 60° wuth Respect to Head
Monopole 0.359 0.169 0.472 1.97 229 0.0875
Side Mounted PIFA 0.382 0.301 0.317 3.81 4.54 0.0931
Side Mounted PIFAY 0.212 0.318 0.470 3.14 5.42 0.1003
Back Mounted PIFA 0.260 0.222 0.518 1.32 358 0.0634
Handset Upright with Respect to Head

Monopole 0.351 0.184 0.465 2.06 243 0.0856
Side Mounted PIFA 0.332 0.324 0.344 2.07 491 0.0809
Back Mounted PIFA 0.258 0.225 0.517 0.90 3.53 0.0629

THomogeneous spherical head (¢, =58.5, o=1.21)

NO HAND WITH HAND
—— Nocase ---d=721cm
-—- Case --=-d=393cm
——d=2.62cm
o d =0.66 cm
0
a -10[>
Z
@ 20
230 .
0.7 0.8 0.9 1.0 1.1
frequency (GHz)

Fig. 11. Computed value of |.Sy | for the top-mounted BIFA on
the handset without the plastic casing, with the casing, and with
the casing and hand at four different locations.

measured data for the antenna with the hand absent and
present at d = 6.56 cm. This comparison shows good
correlation between the experimentally and computationally
obtained results.

The curves in Fig. 9 represent |S1;| when the head and
hand are present for two different head models. The curve
labeled “sphere’ corresponds to the case of a homogeneous
spherical ball of muscle (¢, =58.5, ¢ = 1.21 S/m) with
a radius of 9 cm. The second head is the inhomogeneous
model discussed in Section II-B. As can bc sccn, for this
particular configuration the choice of models exercises little
influence on the antenna input impedance. This insensitivity
occurs because the input impedance is a reasonably local
phenomenon which is influenced most significantly by
structures in the near vicinity of the antenna rather than
objects such as the head which are displaced somewhat

JENSEN AND RAHMAT-SAMIIL: EM INTERACTION OF HANDSET ANTENNAS

from the antenna feed point. Once again, the measured data
given in Fig. 9 shows that the FDTD accurately predicts the
effects of the human operator on the antenna performance.

Unlike the input impedance, the radiation characteristics
of the side-mounted PIFA are expected to show an increased
sensitivity to the presence of the head as well as the physical
model used. This expectation is confirmed in Fig. 10 which
shows the radiation patterns normalized to the antenna gain
at 915 MHz when the handset is encased in plastic and
rotated 60° with respect to the head. The three sets of
curves in Fig. 10 represent the patterns for the handset
alone, the handset near the spherical head, and the handset
near the detailed head (b = 1.97 cm). When either head
model is used, the hand is placed at d = 7.21 cm. As
anticipated, the antenna radiation pattern depends on the
tissue presence as well as the choice of head models.
Once again, the amount of power absorbed in the tissue is
quantified in Table 2. As can be seen, the inhomogeneous
head model results in somewhat higher absorption levels
as compared to the simpler spherical head model for this
configuration. This difference occurs because the sphere
is physically smaller and has a permittivity/conductivity
distribution which reduces the electromagnetic penetration
depth as compared to the inhomogeneous model.

C. Top-Mounted BIFA

As mentioned above, proper antenna placement is a
critically important issuc when designing antennas for hand-
held devices. The goal is to find an antenna location
to minimize radiation blockage by the hand. In general,
observation reveals that the typical user will not hold the
transceiver near the top. For this reason, the configuration
shown in Fig. 1(c) is investigated. The variation of |S1;|
with frequency is shown in Fig. 11. The different curves
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B Near Fietds and Specific Absorption Rute

Having investigated the effect of the body on the electro-
moagnetic chancienstics wf these antenon structures, we now
turn aur focus to the field distribution and power absorpion
characteristics within the tissue. Fig. 12 compares the field
variation around the plastic-covered handset, the head. and
the band at 915 MHz for the side-mounied PIFA with
the homogencous and spherical bead models and for the
monopole antenna. Fig. 13 presents the SAR distribution
for the same configurations. For cach computation, d = 7.21
coy, b= 197 om, and the head is upaght for simplicity in
dats preseatator. The data plane is {ocated af the centex
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to the ancona using the exprossion

SAR.

1 log )
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e theosugh the conter of the boud with
§ M The configuratons sre
wunted PIFA, the side-mounted PIFA with the sphevical head, the monopofe, and the

Table 2 provides a numencal comparison of the peak
SAR values ocenrring i the head and band for each of
the configurations s Fig. 12 asd 12 The two sets of
data correspond to the configurations where the bandset
is rowated 607 and the hardset & upoght wath respect to
the head. As can be seen; each of the antenna dmonges
results 30 very simdlar values of the peak SAR for both
handset oriemtations with the exception of the stde-mounted
PIFA. geometey. Jo this casel the eotated baodset places
the antenna nearly in contact with the ear tissue, resulting
woa dgher peak BAR as corapared (o the result for the
upright handser. For all of the configurations, the peuk




SAR in the head occurs either in the ear tissue or in
the skin/fat layer in the antenna vicinity. Table 2 also
provides the SAR averaged over the entire head, which
as expected is considerably lower than the peak SAR
levels. The numbers in Table 2 and plots in Figs. 12
and 13 show that while the spherical model is useful for
obtaining a first-order approximation to the effect of the
head, an inhomogeneous model is required to obtain the
detailed field variations in and around the tissue. It is
important that the numbers provided here are consistent
with previously reported measured and computed results
[71, I81, [18]. Comparisons such as these are very useful for
determining the suitability of different radiators for personal
communications applications.

E. Back-Mounted PIFA

In an effort to reduce the exposure to the head, a PIFA
element is mounted on the back of the handset, as shown in
Fig. 1(d). Since the conducting handset chassis lies between
the operator and the antenna, it is expected that the peak
SAR in the head will be reduced. The resulting field and
SAR plots are provided in Figs. 12 and 13, respectively.
These results, coupled with the numerical results in Table
2, serve to illustrate the substantial reduction in the peak
SAR resulting from judicious placement of the element.
Further refinement of similar antenna configurations may
be possible to reduce the peak SAR and power absorption
within the body.

The preceding results for radiation efficiency and peak
SAR in the head have all been provided for a given
separation between the head and the handset (b = 1.97 cm).
However, it is interesting to examine the effect of this
distance on these parameters. Fig. 14 presents the variation
of the antenna efficiency and peak SAR (I W delivered
power) in the head versus the distance b for the monopole
and the back-mounted PIFA configurations. As might be
expected, the radiation efficiency increases with distance,
while the peak SAR decreases in a nearly exponential
fashion. It is noteworthy that as b increases, the back-
mounted PIFA efficiency actually falls below that of the
monopole. This phenomenon occurs because at these larger
distances, the absorption in the hand becomes a more
significant percentage of the total absorption. Since the
power absorption in the hand induced by the PIFA is greater
than that caused by the monopole (see Table 2), the PIFA
efficiency is expected to fall below that of the monopole
for large distances.

IV. CONCLUSION

This paper has presented some key issues relating to
the electromagnetic interaction between handset-mounted
antennas and a human operator’s biological tissue. The
study has used the FDTD simulation technique in conjunc-
tion with detailed models of the antennas, handset, head,
and hand. The FDTD implementation summarized in the
paper has been made adequately flexible to accommodate
modeling of a wide variety of antenna and tissue topologies.
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Fig. 14. Radiation efficiency 1. (%) and peak SAR in the head
(Pge = 1 W) for the monopole and back-mounted PIFA versus the

distance b between the head and handset (d = 7.21 cm).

The simulations presented for representative handset/tissue
geometries have revealed that the tissue exercises a no-
ticeable effect on the antenna input impedance, radiation
patterns, and gain for both external and internal configu-
rations. Most particularly, masking of low-profilc antcnnas
by the hand can result in serious detuning of the antenna
impedance. In many cases, experimental results obtained
at very low powers have been presented which verify the
simulation accuracy and provide additional understanding
into the antenna behavior. The numerical simulations also
reveal that the SAR in the head has a peak between 2.0 and
3.8 mW/g and an average between 0.08 and 0.10 mW/g
for 1 W of delivered power, and that the tissues absorb
between 53 and 68% of the power delivered to the antenna
for a hcad-handsct scparation of 2 cm. It has been shown
that by placing an internal antenna (PIFA) on the back of
the handset away from the user, the peak and average SAR
in the head and the power absorption may be reduced to
0.9 mW/g, 0.06 mW/g, and 48%, respectively.
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