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Bandwidth, SAR,

and Efficiency of
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Abstract—This paper presents a thorough investigation into
the effects of several phone chassis-related parameters—length,
width, thickness, and distance between the head and phone—on
the bandwidth, efficiency, and specific absorption rate (SAR)
characteristics of internal mobile phone antennas. The studied
antenna-chassis combinations are located beside an anatomical
head model in a position of actual handset use. The effect of
the user’s hand is also studied with two different hand models.
The main part of the study is based on FDTD simulations, but
also experimental results, which support the computationally
obtained conclusions, are given. The presented analysis provides
novel and useful information for future design of mobile handset
antennas. The results show the general trends of bandwidth, SAR,
and efficiency with different chassis parameters. The results also
reveal a connection between these three performance parameters:
an increase in SARs and a decrease in radiation efficiency occur
compared to the general trend when the bandwidth reaches its
maximum. This happens when the resonant frequency of the
chassis equals that of the antenna.

Index Terms—Bandwidth, efficiency, handset antennas, mobile
communications, specific absorption rate (SAR).

I. INTRODUCTION

HE ELECTRICAL characteristics of a mobile handset an-

tenna depend strongly on the size of the ground plane of
the device on which the antenna is mounted (phone chassis,
which typically consists of the printed circuit board and the
RF shield) and the position of the antenna on it [1]-[4]. As the
combined behavior of antenna element and phone chassis deter-
mines the performance, the chassis dimensions are an essential
part of handset antenna design.

Previous research has focused on the effect of the length of
the metal chassis of a handset on bandwidth [1]—[8]. The results
indicate that the total radiation bandwidth of the antenna-chassis
combination is partly defined by the dipole-type radiation of the
chassis currents, whose level further depends on whether the
chassis is at resonance or not [4], [S]. If the chassis resonates at
the operating frequency of the antenna element, the bandwidth
of the antenna-chassis combination increases strongly. When
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the chassis resonance is farther from the operating frequency,
the bandwidth decreases due to the smaller contribution of the
chassis. In general, the contributions of the antenna element and
phone chassis to the radiation bandwidth depend on the design
and operating frequency of the structure.

Besides the bandwidth, another important consideration of
handset antenna design involves the interaction of electromag-
netic radiation with human body, which has been widely in-
vestigated, e.g., in [9], [10]. However, concerning the effect of
the phone chassis, the results are limited. Based on the band-
width studies, it nevertheless can be expected that the effect of
the chassis is significant also from the handset-user interaction
point of view. Only few investigations have been published re-
lating to this issue [8],[11]. These two studies present some re-
sults on the specific absorption rate (SAR) behavior of handset
antennas with different chassis dimensions positioned beside
simplified head models. However, a systematic characterization
and analysis of the chassis effect on antenna performance has
not previously been carried out. Furthermore, the topic has not
been studied with an anatomical head model so far; neither the
effect of the user’s hand with different chassis parameters has
been published. In addition, the behavior of radiation efficiency
as functions of chassis dimensions has not been investigated
before.

The purpose of this paper is first to demonstrate that it
is essential to identify the significance of different parts of
antenna-chassis combination on mobile-phone antenna per-
formance, and further to demonstrate the general trends of
bandwidth, SAR, and efficiency with different chassis parame-
ters. The paper presents a comprehensive study for two coarse
phone models, which comprise an internal patch antenna and
phone chassis, and are positioned beside an anatomical head
model. One of the phones is for 900 MHz and the other for
1800 MHz. The approach is based on the modal analysis [4]
with a basic idea that an antenna-chassis combination supports
two significant, fairly independent wavemodes: the compact
quasi-TEM wavemode of a self-resonant antenna element
and the single-wire waveguide-type wavemode of a chassis
resembling a thick dipole. The main part of the study is based
on simulations, but the applicability of the simulation models
is confirmed by a comparison with measured results. The
effect of the chassis length on the bandwidth, efficiency, and
SAR characteristics of handset antenna-chassis combinations
is presented and analyzed first, including an investigation with
two different hand models. This is followed by an analysis of
the effect of other chassis-related parameters: chassis width,
thickness, distance between the head and phone, and hand
position. The last part of the paper is devoted to a discussion on
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Fig. 1.
are given as numbers of FDTD cells.

the results and on their implications for mobile-phone antenna
design applications.

II. SIMULATION METHODS AND MODELS

A. General

A finite-difference time-domain (FDTD) based commercial
electromagnetic solver (XFDTD, Ver. 5.1 Bio-Pro) was used for
the most part of the study. Unless otherwise stated, the presented
results are based on FDTD simulations. The used cell size was
Ax = Ay = Az = 2.5 mm. The total size of the simulation
space, including head and hand models, was 195 x 150 x 168
cells (z X y x z). Second-order stabilized Liao boundaries were
used as absorbing boundary conditions. The antennas were ex-
cited with a gap voltage source with a 50-2 series source re-
sistance for decreasing the number of timesteps required for
convergence [12]. Transient excitation using a Gaussian deriva-
tive pulse was used in the bandwidth calculations. The SARs
and radiation efficiencies were calculated at 900 and 1800 MHz
using a sinusoidal excitation. The simulations were run for 4000
time steps with At = 4.815 ps to obtain the convergence or
steady-state condition. All presented SAR values are normal-
ized to 1 W of continuous wave (CW) input power. However, it
must be noted that the specified mean antenna input powers for
handsets e.g., in GSM900, GSM1800, and UMTS systems are
250, 125, and 250 mW, respectively. Both 1- and 10-g average
SARs are given owing to their use in different regulations.

Besides the FDTD method, a method-of-moments (MoM)
based commercial full-wave electromagnetic simulator (IE3D,
Ver. 5.2) was used to study the bandwidth performances of the
structures in free space. It was used for more accurate evalu-
ation of the bandwidths of the prototypes, because the simu-
lated impedance results obtained with the software have previ-
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Phone models with internal patch antennas for (a) 900 and (b) 1800 MHz. Dimensions outside parentheses are in millimeters and dimensions in parentheses

ously been shown to agree very well with the experimental ones
for similar antenna-chassis structures [13], and because such
detailed antenna modeling could not be done with the FDTD
method (see Section II-B).

B. Antenna and Phone Models

Two shorted patch antennas, one for 900 MHz and the other
for 1800 MHz, were designed for the study (Fig. 1). They rep-
resent typical modern internal mobile phone antennas. The an-
tennas were designed with the FDTD method, where the voxel
size of the head model (Az = Ay = Az = 2.5mm) re-
stricted the description accuracy of the antennas. When the di-
mensions were transformed from FDTD cells into millimeters
for the MoM simulations and prototyping, the effective radius
of a wire consisting of one metal FDTD cell edge was taken
into account using the value 0.21 Az based on [14], except in
the thickness of the antenna element plate and short circuit. Be-
cause of this, the dimensions of the structures are not multiples
of 2.5 mm. Furthermore, the feed probe (diameter 0.5 mm) was
modeled using the thin-wire approximation of XFDTD. The lo-
cation of the feed probe was kept constant for all the studied
configurations. A simple metal plate modeled the phone chassis
in the simulations. The chassis dimensions in the design phase
were roughly 101 mm X 41 mm x 3.6 mm (length x width X
thickness, /. X w, X t.), representing the typical dimensions of
a modern mobile handset chassis.

C. Head Model

An anatomical head model consisting of six tissue types was
selected for the simulation study for realistic human head mod-
eling. The used head model was an FDTD mesh with 2.5 mm
voxel resolution remeshed from a standard anatomical human
head and shoulders model (voxel size 3 mm), obtained from the
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TABLE 1
VALUES OF TISSUE PARAMETERS (RELATIVE PERMITTIVITY €,./,
EFFECTIVE CONDUCTIVITY o, DENSITY p)

900 MHz 1800 MHz
Tissue g | 0(S/m) g | o(S/m) | p (kg/m3)
Cartilage 42.65 | 0.782 40.21 1.287 1100
Muscle 5595 | 0.969 54.44 1.389 1050
Eye 55.27 1.167 53.57 1.602 1020
Brain 4580 | 0.766 43.54 1.153 1040
Dry skin 41.40 | 0.867 38.87 1.184 1090
Skull (Bone) | 16.62 | 0.242 15.56 0.432 1645

software provider. The values of the relative permittivity ¢,” and
effective conductivity o of the tissues were interpolated in fre-
quency-domain from the values given in [15]. The tissue den-
sities (p) were obtained from [16] and [17]. All the used tissue
parameters are given in Table I.

The phone models were positioned beside the head according
to the intended use position specified by CENELEC [18]. Rela-
tive to the head, the phone was tilted 74° from vertical and 10°
from the ear toward the cheek, as described in [19]. To avoid
staircasing errors in the phone, it was kept aligned with the orig-
inal axes of the coordinate system (Fig. 1) while the head was
rotated. In most cases a distance of d =~ 7 mm (3 cells) was
left between the head and the back side of the phone chassis, as
that is considered to represent the typical distance between the
user’s head and the metal chassis of a modern mobile handset.
Some simulations were also repeated with a smaller distance
d ~ 2 mm (1 cell), and the effect of the distance between the
head and phone was studied as well.

D. Hand Models

As a hand is always present in a typical operating situation of
a mobile phone, two different block models of the hand holding
the handset were included in the studies (Fig. 2). The first one
(hand1) was similar to a typical hand model used in the liter-
ature [10], [19]. The second model (hand2), developed in this
work, simulated a more realistic way in which a small handset
is held. Both models consisted of two tissues, bone surrounded
by muscle. Hand1 modeled mainly the palm, while the fingers
were very short [Fig. 2(a)]. The model was symmetric, i.e., the
short fingers wrapped both the chassis edges similarly, and the
shape of the model was identical in all zy cuts. Hand1 repre-
sented a worst case approximation, as it was detached from the
metal chassis by only 2 mm. The palm of hand2 was identical to
that of hand1 but here the fingers were clearly longer, thus de-
taching the palm from the chassis by 49.5 mm [Fig. 2(b)]. The
thumb held one edge of the chassis and the rest fingers the other
within a distance of 2 mm. The distance between the lower edge
of the antenna element and the upper edge of both hand models
was 9.5 mm. The locations of the hands were fixed with respect
to the antenna element regardless of the chassis dimensions.

III. MEASUREMENT METHODS
A. General

Impedance, SAR, and efficiency measurements were carried
out to validate the results obtained by simulations. Three proto-
types for both frequencies were constructed with chassis lengths

61,101, and 141 mm (chassis width w. = 41 mm, chassis thick-
ness t. = 3.6 mm). The prototypes were constructed by pho-
toetching the patch and contact pins (feed and short circuit) from
0.2 mm-thick sheet of tin bronze (96% copper and 4% tin). The
phone bodies were modeled by 3.6 mm-thick aluminum boxes.
Due to practical reasons, the measurements were performed
with homogeneous phantoms instead of the heterogeneous
phantom used in the simulations. However, it was first studied
with simulations that the general bandwidth, SAR, and effi-
ciency characteristics as a function of chassis length with a
homogeneous phantom are similar to those with the heteroge-
neous one. In these simulations, the shape of the head was the
same as that of the heterogeneous model (see Section II-C),
but the material parameters were replaced by those of the
tissue-simulating liquids used in the measurements.

B. SAR

The SAR distributions were determined by measuring the
electric fields inside a phantom filled with brain-simulating
liquid and calculating the corresponding SAR values according
to equation SAR = o - |E—|?/p. A computer-controlled
three-dimensional (3-D) stepper motor system was used for
positioning an isotropic F-field probe [ET3DV5R from Schmid
& Partner Engineering Ag (SPEAG)] inside the phantom. At
first, the probe scanned coarsely over a large volume inside
the phantom to localize the maximum SAR areas. Then, the
sampling was done with a finer grid around these maximum
values. The Generic Twin Phantom v3.0 from SPEAG was
used in the study, and the brain-simulating liquids were pre-
pared by following the recipes given in [20] (¢, = 42.5 and
o = 0.85 S/m at 900 MHz, ¢,” = 41 and 0 = 1.65 S/m at
1800 MHz). The nonmeasurable data near the phantom surface
was extrapolated by fitting a second order polynomial obtained
by using the least mean-square error method to the measured
data, as in [21]. More data points were interpolated between
the measured values using cubic spline interpolation algorithm.
The volume-averaged spatial peak SAR values were derived
by shifting a cube with side length of either 10 mm (1 g) or
21.5 mm (10 g) over the phantom region, and calculating the
SAR averaged over each cube.

C. Radiation Efficiency

The radiation efficiencies (1, = Praqa/Pn, do not include
losses due to mismatch) of the prototypes were measured with
the 3-D pattern integration method [22]. The used head model
was the Generic Head Phantom v3.5 from SPEAG.

IV. DEPENDENCE OF ANTENNA PERFORMANCE ON
CHASSIS LENGTH

A. Bandwidth

The effect of the chassis length on the impedance bandwidth
was studied for both models of Fig. 1. The chassis length was
increased so that the upper edge of the chassis and the antenna
element were fixed and the lower part of the chassis was ex-
tended starting from a plate with the length equal to that of the
antenna element (21 mm). The bandwidth simulations as well as
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Fig. 2. Hand models used in simulations (a) handl (b) hand2. Dimensions outside parentheses are in millimeters, and dimensions in parentheses are given as
numbers of FDTD cells. Tissue parameters for muscle and bone are given in Table 1.

measurements were performed when the phones were located in
free space and beside the head (d ~ 7 mm).

The bandwidth of a resonant antenna depends on the coupling
of the feed line to the antenna element, whereas the unloaded
quality factor (o) does not. Changing the chassis length has a
considerable effect on the coupling, and thus the bandwidths in
different cases were not directly comparable. In order to make
the cases with different chassis lengths comparable, effective
unloaded quality factors (Qg ) [4], which take into account
the effect of the chassis, were determined for each antenna-
chassis combination from their frequency responses of reflec-
tion coefficient. The relative impedance bandwidths (Lyetn >
6 dB) for critically coupled (perfectly matched at resonance) an-
tennas were then calculated from the effective unloaded quality
factors using equation B, = (S — 1)/(\/§ Qo1 )[23], where
S is the maximum allowed standing wave ratio (here S = 3).

Fig. 3 shows the simulated (MoM) impedance bandwidths
in free space for the 900- and 1800-MHz antenna models as
a function of the chassis length, when /.. increases from 21 to
181 mm (w. = 41 mm, ¢t. = 3.6 mm). The chassis lengths were
changed into wavelengths using o calculated either at 900 or
at 1800 MHz, although the resonant frequencies of the antennas
varied slightly as the chassis lengths were changed. Also, the
measured bandwidths are shown in Fig. 3. The bandwidths are
given in free space, as they are considered to represent well the
typical behavior. The results showed only small changes due to
the dielectric loading of the head. In addition, because of the dif-
ferent head models used in the simulations and measurements, it
was easiest to validate the performance of the simulation models
by measuring the bandwidths of the prototypes in free space.
As seen in Fig. 3, a good agreement between the simulated and
measured results is obtained.
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Fig. 3. Simulated (MoM) and measured impedance bandwidths (Lretn >
6 dB) of 900- and 1800-MHz antennas in free space as a function of chassis
length.

As shown in Fig. 3, the effect of the chassis length on
impedance bandwidth is significant. The chassis lengths at
which the bandwidth has its minimums can be assumed to
represent the cases, where the contribution of the chassis
radiation is small, and the bandwidth obtained is that given
by the antenna element alone [4]. The increase in bandwidth
is assumed to be due to the increased chassis radiation as
the chassis is approaching the resonant length. For both 900-
and 1800-MHz models, the bandwidth reaches its maximum
when the length of the phone chassis is approximately 0.4A¢.
Considering the open-end extensions of the chassis, it can be
assumed that the effective length at this point is approximately
leer = 0.5)g, which means that at this point the chassis is
resonant. This is supported by the fact that the first resonance
of a simple dipole antenna occurs also when its physical length
is <0.5Xp, and as the dipole thickness increases, it must be
further shortened to obtain resonance [24]. In addition, when
the length of the chassis has been increased from 0.4)\¢ by
0.5Ag to 0.9), there is another resonance at 1800 MHz. Such
a resonance could also be expected in the case of the 900 MHz
model if the chassis length was increased by the same amount in
wavelengths. These results and those in [4], [5], and [7] indicate
that the total bandwidth of the antenna-chassis combination is
largely defined by the dipole-type chassis wavemode. It is also
worth noting that the slopes of the curves of Fig. 3 are very
steep near the chassis resonances. Thus, even a small change in
the chassis length could affect the bandwidth significantly.

B. SAR and Radiation Efficiency

1) Without Hand: Fig. 4 shows the simulated SARs and ra-
diation efficiencies as a function of the chassis length (I, =
21-181 mm, w. = 41 mm, t. = 3.6 mm) at 900 and 1800 MHz
when the phones are located beside the anatomical heteroge-
neous head model. The results are for two distances between
the head and chassis (solid lines: d ~ 7 mm, and dashed lines
d ~ 2 mm).

The measured SARs and radiation efficiencies are given in
Table IT (d ~ 7 mm). The corresponding simulation results

with both heterogeneous and homogeneous head model are
also given for comparison. With both head models, the trend in
the SARs as a function of chassis length is the same, although
homogeneous head models typically overestimate the local
SAR values [25], [26], and thus higher SARs are obtained
with the homogeneous than with the heterogeneous model,
especially at 1800 MHz. Generally, the measured SARs are
slightly lower than the simulated ones (homogeneous head
model). The opposite differences in the maximum 10-g average
SARs at 1800 MHz are assumed to be due to the different
averaging schemes used in the simulations and measurements.
However, it can be observed that the simulated and measured
SAR values agree very well. Also the radiation efficiencies
measured when the prototypes were positioned beside the head
model follow well the simulated behavior.

As shown in Fig. 4, the general behavior of SARs and radi-
ation efficiencies is rather similar with both distances between
the head and phone. In general, the SARs in the head decrease
and the radiation efficiency increases as the distance from the
head to the chassis increases, as could be expected [10]. How-
ever, at 900 MHz the SARs are higher with d ~ 7 mm than with
d ~ 2 mm when the chassis length is close to resonant. This is
attributed to the decreased coupling to the chassis wavemode
when there is lossy material (head) within a very short distance.

At900 MHz, as the chassis length is increased with the phone
very near the head (d =~ 2 mm), the SARs decrease with a
slight local increase when the chassis is close to resonant length
(I = 0.36)(). When the distance between the head and chassis
is larger (d ~ 7 mm), the increase in SARs with the resonant
chassis length is more clearly seen, and the global SAR maxi-
mums are obtained with resonant chassis. The highest radiation
efficiencies are obtained with the shortest chassis lengths at both
distances between the head and chassis. Thus, high local SARs
do not necessarily mean low radiation efficiency, which is an ex-
ception to the general trend of the results. When increasing the
chassis length, the radiation efficiency decreases significantly
and reaches its minimum when the chassis is resonant. A further
increase in the chassis length increases the radiation efficiency
again. The differences between the maximum and minimum ra-
diation efficiencies are roughly 2 and 3 dB for d =~ 2 mm and
d =~ 7 mm, respectively.

At 1800 MHz, when the chassis length is increased, the
SARs decrease fairly rapidly until the chassis reaches the
first resonant length (I. =~ 0.36)¢). As the chassis length is
increased from that, the SAR curves have a decreasing trend
with local increases at higher order chassis resonances. The
proximity of the head tunes the second chassis resonance down
(from [. = 0.9X\g to l. =~ 0.72)¢) compared to the free space
situation. At 1800 MHz, the lowest radiation efficiencies are
obtained with the smallest chassis lengths. As the chassis length
is increased, the radiation efficiency increases slowly with
local drops at chassis resonances. Regardless of the chassis
length, the radiation efficiencies are roughly 1 dB higher with
d ~ 7 mm compared to the values with d &~ 2 mm.

The distribution profiles illustrating the z-axis locations of
the simulated maximum 10-g average SARs in the head are
shown in Fig. 5 (see the coordinate system in Fig. 1). For all
chassis lengths, the upper edge of the chassis was located at
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TABLE 1I
SIMULATED (SiM1: HETEROGENEOUS HEAD MODEL, SIM2: HOMOGENEOUS HEAD MODEL) AND MEASURED SARS AND

RADIATION EFFICIENCIES BESIDE PHANTOM HEADS (d ~

7Tmm). P, =1W

900 MHz
Chassis length (mm) 61 101 141
Siml | Sim2 | Meas | Siml | Sim2 | Meas | Siml | Sim2 | Meas
Max SAR (W/kg) 8.2 8.9 8.3 9.9 10.1 9.8 10.4 9.8 8.8
Max lg avg SAR (W/kg) 4.4 5.0 4.7 6.2 6.7 6.4 6.0 6.2 5.9
Max 10g avg SAR (W/kg) 3.2 3.3 3.0 4.3 4.5 4.4 3.7 4.3 3.6
7, (dB) -3.5 -3.4 -3.8 -5.2 -5.2 -5.0 -5.5 -5.4 -4.8
1800 MHz
Chassis length (mm) 61 101 141
Siml | Sim2 | Meas [ Siml | Sim2 | Meas | Siml | Sim2 | Meas
Max SAR (W/kg) 14.5 21.1 19.8 12.5 16.8 15.5 10.0 13.4 12.7
Max 1g avg SAR (W/kg) 10.2 13.9 10.3 6.1 7.9 7.3 6.1 7.2 6.0
Max 10g avg SAR (W/kg) 5.6 6.3 6.2 34 3.7 4.0 3.1 3.4 3.8
7, (dB) -33 -3.3 -2.9 2.7 2.7 -2.6 -2.7 2.7 -2.4

z = 0. For each chassis length, the maximum SAR value was
recorded in each zy-plane, while the z-coordinate was increased
from the lower edge of the chassis to 20 mm over the upper edge
of the chassis. Thus, Fig. 5 gives no information on the depth (z)
or sideward (y) locations of the SAR maximums. However, as is
obvious, the SAR maximums are located near the head surface
for all configurations. In the y-axis the locations fluctuate under
the chassis area. Generally, the locations of the maximum un-
averaged SARs, and maximum 1 g average SARs follow similar
trends. Also the trends in the measured distributions are alike
(Fig. 6).

At 900 MHz, the SAR maximums are generally located
near the vertical center of the chassis, excluding the shortest
chassis lengths (I. < 0.18)\g), where the maximum SARs are

located below the antenna element [Fig. 5(a)]. These results
suggest that with /. > 0.18)( the antenna element does not
have any significant effect on the SARs, but they are mainly
caused by the dipole-type resonant mode of the chassis. Also,
at 1800 MHz, the maximum SARs produced by the structures
with the smallest chassis lengths (I. < 0.24)g) are located
below the antenna element [Fig. 5(b)]. When the chassis length
is close to the first resonant length (I. = 0.36)\¢), the SAR
maximums are located near the vertically center part of the
chassis. For [. > 0.48)\g, two local SAR maximums can be
observed. The first maximum is located under the antenna ele-
ment, and the second one lower in the chassis area, indicating
that the chassis wavemode has a considerable contribution to
the SARs also in these cases.
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Fig. 6. Examples of the measured unaveraged SAR in watts per kilogram under the chassis area on the phantom surface at (a) 900 and (b) 1800 MHz. Chassis

length I, = 101 mm. Distance from head to phone d & 7mm. P,, = 1 W.

2) With Hand: The effect of the chassis length on the SARs
and radiation efficiency was studied in the presence of the hand
models as well (d =~ 7 mm). Similar general behavior in the
SARs in the head was observed with either one of the hand
models than without hand. Only the results with hand2 are il-
lustrated with figures (Fig. 7). As expected [19], lower SARs in
the head are obtained when a hand is present, because it absorbs
some of the power. Owing to the shape and location of hand1
close to the chassis [see Fig. 2(a)], the SARs in the head are
generally lower with hand1 than with hand2, and the average
SARs in hand1 are higher than in hand?2. The values of the 10-g
average SARs in hand2 are very low and nearly constant with
all chassis lengths (Fig. 7) due to their location in palm, which
is relatively far from the chassis. The high unaveraged SARs in
hand?2 at 1800 MHz are explained by their location in the fingers
near the chassis edge [see Fig. 2(b)].

Also, the trend in the radiation efficiency at 900 and at
1800 MHz, with either hand1 or hand2 included in the simula-
tion, is rather similar to that obtained without hand. Compared
to the radiation efficiencies without hand, at 900 MHz hand1

decreases the efficiency roughly by 2 to 4 dB when [ is in-
creased from 21 to 81 mm, and approximately 5 dB with longer
chassis. The decrease due to hand2 is approximately 3 dB for
l. < 61 mm and approximately 4 dB otherwise. At 1800 MHz,
the decreases due to handl and hand?2 are approximately 3 and
2 dB, respectively.

C. Performance Comparison With Different Antenna
Orientations

The effect of the antenna orientation with different chassis
lengths was investigated by studying the performances of the
antenna elements of Fig. 1 with different feed and short-cir-
cuit positions (Figs. 8-11). Locations marked with 1 (Locl)
are the configurations studied earlier in this section. The effect
of different resonant frequencies caused by different feed and
short-circuit positions and chassis lengths has not been removed
from the results.

At 900 MHz, the impedance bandwidths (Fig. 8), as well as
the SAR and radiation efficiency characteristics (see Figs. 4(a)
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Fig. 8. (a) Antenna configurations for the 900-MHz model with different feed and short-circuit positions. Details of the antenna element are given in Fig. 1(a).

(b) Simulated (MoM) impedance bandwidths (Letn > 6 dB) in free space as a function of chassis length.

and 5(a) for Locl), are quite similar with both antenna orien-
tations. The reason for this is apparent; owing to the shape of
the antenna element, there occur only relatively small changes
in the current distribution of the antenna-chassis combination
when turning the antenna element.

Fig. 9 shows that at 1800 MHz, larger bandwidth is obtained
when the short circuit of the patch is located on the top of the
chassis (Locl and Loc2) than in the opposite case where the ra-
diating edge is located on the top (Loc3 and Loc4), which is ex-

pected [4], [27]. Although the bandwidth behavior of antennas
with Locl and Loc2 is similar, the SAR features are not. Com-
paring Fig. 10(a) with Fig. 10(b), it is observed that the SARs
are clearly lower with Loc2 than with Locl. From the distri-
bution profiles [Fig. 11(a) and (b)], it is seen that this is due
to much lower SAR maximum near the antenna element with
Loc2. The reason for this can be assumed to be the location of
the loop formed by the feed and short circuit. For Locl, this loop
can excite currents flowing along the right edge of the chassis,
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a) Antenna configurations for the 1800-MHz model with different feed and short-circuit positions. Details of the antenna element are given in Fig. 1(b).

(b) Simulated (MoM) impedance bandwidths (L,., > 6 dB) in free space as a function of chassis length.

but as in the case of Loc2 the respective loop is located per-
pendicularly to the top edge of the chassis, this is not possible.
Basically, the SAR results with Loc3 follow those of Loc2 and
the SAR results with Loc4 follow those of Loc1 (Figs. 10 and
11). It is worth noting that with [. = 0.36)(, which gives the
maximum bandwidth, the SARs are nearly equal, independent
of the antenna orientation (Fig. 10). Thus, it can be expected
that the antenna element wavemode has only a minor effect on
the SARs in this case. It is also worth noting that lower in the
chassis area (z<—40 mm) the SARs are similar in all four cases
with all chassis lengths (Fig. 11). The radiation efficiency curves
(Fig. 10) have similar drops in all four cases, when the chassis
approaches the resonant length.

These results indicate that at 1800-MHz frequency range, it
is possible to some extent optimize both bandwidth and SAR
(or efficiency) by designing the antenna element so, that local
SAR maximums are avoided. At 900 MHz, the chassis is the
main source of radiation, and therefore, there does not seem to
be many possibilities to affect the SAR obtained with a certain
size of chassis.

V. DEPENDENCE OF ANTENNA PERFORMANCE ON OTHER
CHASSIS-RELATED PARAMETERS

In this section, a systematic study on the effects of the chassis
width and thickness on antenna performance is presented. Also,
the effect of the distance between the head and chassis is
studied with different chassis lengths. The two hand models of
Section II-D are included in these studies as well. In addition,
the effect of the position of the hand relative to the longitudinal
axis of the chassis is investigated.

The antenna geometries and dimensions provided in Fig. 1
apply to all the studied structures of this section. Based on
the good agreement between the computationally and experi-
mentally obtained results in Section IV, the simulation models

are considered valid, and this section is based on simulations
only. For the limited space, all results cannot be illustrated with
figures.

A. Chassis Width

The effect of the chassis width (w. = 3.6-81 mm) on
antenna performance was studied with two different chassis
lengths, [, = 61 mm and /. = 101 mm, to get results for both
longitudinally close to resonant and nonresonant chassis at
both frequencies (t. = 3.6 mm). The corner of the chassis,
which was nearest to the short circuit of the antenna element,
was fixed so that the antenna element was located in the corner
of the chassis for all chassis widths (see Fig. 1). The chassis
width was changed starting from a stick that was as wide as the
short circuit (3.6 mm), thus, with the smallest chassis widths
the antenna element was wider than the chassis. The distance
between the head and chassis d ~ 7 mm.

The bandwidth values were calculated similarly as in the
case of the chassis length. At both frequencies, the bandwidth
increases clearly when the antenna element extends over the
chassis edge, as the coupling between the antenna element and
the chassis increases strongly [4]. Bandwidth values up to 60%
are obtained, but in these cases the frequency response of the
reflection coefficient is clearly dual-resonant, and the obtained
bandwidth depends strongly on how well the dual-resonance
is optimized. When the chassis is wider than the antenna
element, the bandwidth remains roughly constant at 900 MHz
(Brg aB = 2-3% with [, = 61 mm, B, ¢ ap = 6%—8% with
l. = 101 mm). At 1800 MHz, the bandwidth increases when the
chassis approaches the lateral resonance (B, ¢ ap = 19-24%
with [. = 61 mm, B, ¢ ag ~ 13-32% with [. = 101 mm).

Atboth frequencies, when the width of the chassis is narrower
than that of the antenna element, and the bandwidth is increased
due to the large contribution of the chassis wavemode, the SARs
increase and the radiation efficiencies decrease strongly (see
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Fig. 12). Then, the SAR maximums are located near the ver-
tically center part of the chassis with the chassis near the res-
onant lengths, and their values are higher than those with the
nonresonant chassis lengths. For w. < 41 mm with the non-
resonant chassis lengths and for w, > 41 mm, the antenna el-
ement contributes more to the SARs, and the maximums are
generally located close to the antenna element. An exception is
the case with the chassis near the lateral resonance at 1800 MHz
(w. =~ 50-60 mm), when the maximum SARs are located in the
laterally center part of the chassis. The radiation efficiencies are

lower with the chassis near the resonant lengths than with the
nonresonant chassis lengths; for w. < 41 mm, the difference
is approximately 2 dB at 900 MHz and approximately 1 dB at
1800 MHz. With wider chassis, the differences get smaller at
both frequencies.

The effect of the chassis width (I, = 101 mm, ¢, = 3.6 mm)
was studied also in the presence of hand models. For w. =
3.6—41 mm, the hands were modeled as in Fig. 2, and the narrow
chassis were located just beside the fingers. For w, > 41 mm,
the palm (y dimension) was also widened as a function of w,,
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so that the fingers wrapped the chassis similarly with all chassis
widths.

At 900 and 1800 MHz, when w,. > 41 mm, the general trends
in the SARs in the head and in the radiation efficiencies, with
either hand1 or hand2 included in the model, are similar to those
obtained without hand (Fig. 12), including also the locations of
the SAR maximums. With a very narrow chassis at 1800 MHz
(w. < 41 mm), most of the power is absorbed by the hands, and
the SARSs in the head are nearly constant and clearly lower than
those without hand: the SARs obtained with hand1 and hand2
are approximately 20%—60% and 40%—75% of those without
hand, respectively. The SARs in the hands follow basically the
same behavior as the SARSs in the head, although the values are
higher than those in the head. At 900 MHz, the difference in
the radiation efficiency without hand and with hand1 is roughly
5 dB with all chassis widths. The decrease in the radiation effi-
ciency owing to hand?2 is roughly from 2 to 4 dB when w.. in-
creases from 3.6 to 41 mm and roughly 5 dB with wider chassis
widths. At 1800 MHz, the decrease due to handl is approxi-
mately 4 dB for w, < 41 mm and 3 dB otherwise, and the de-
crease due to hand2 is 3 and 2 dB, respectively.
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B. Chassis Thickness

The effect of the chassis thickness (£, = 1.1-11.1 mm) was
studied with the chassis of [, = 101 mm and w, = 41 mm. The
distance between the head and chassis was kept constant in all
cases (d = 7 mm), thus also the distance between the head and
antenna element increased as a function of chassis thickness.

The chassis thickness has only a minor effect on the
impedance bandwidth (one percent unit at maximum) at both
frequencies. The general trends in the SARs and radiation
efficiency are similar to those caused by changing the distance
between the head and chassis: due to the weaker near fields
the SARs in the head decrease and the radiation efficiencies
increase as the chassis thickness is increased (see Section V-C).
Thus, it is important to use a realistic chassis thickness, which
is typically a few millimeters in today’s handsets, as the SAR
and efficiency results for thicker chassis often used in the
literature (roughly 20 mm) are quite different from those for
the typical modern handset. Also, it is interesting to notice that
both at 900 and 1800 MHz, the SARs and radiation efficiencies
at equal distances between the head and antenna element, and
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Fig. 12.
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thus equal distances between the head and front side of the
chassis, are roughly equal regardless of the chassis thickness.

C. Distance Between the Head and Phone

The effect of the distance between the head and phone chassis
(d = 0-14.5 mm) on the SARs and radiation efficiency was
studied with two different chassis lengths, [. = 61 mmand/. =
101 mm, which were selected based on the chassis resonances
(w, = 41 mm, t. = 3.6 mm).

Predictably [10], the SARs decrease and the radiation
efficiencies increase as the distance from the head to chassis
increases (Fig. 13). However, the results of Fig. 13 give novel
information, as it is noted that when the chassis is close to
resonant, the SARs decrease slower as a function of distance
than when the chassis is nonresonant. An exception to the
trend is the situation when the metal chassis touches the head,
in which case the SARs are roughly equal with both chassis
lengths. The radiation efficiencies are roughly 1.5 dB lower at
900 MHz and 0.5 dB lower at 1800 MHz with chassis close
to resonant lengths than with nonresonant chassis lengths,
excluding the case when the chassis touches the head.

When the effect of distance was studied with hand models,
the location of the hand was fixed with respect to the chassis
(see Fig. 2), i.e., the hand was also moved as a function of dis-
tance between the head and phone. Generally, with either one of
the hand models, the behavior of the SARs in the head is similar
to the case without hand (Fig. 13). The farther the chassis and
hand are from the head, the more the SARs in the head are re-
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SARs and radiation efficiencies as a function of chassis width with two chassis lengths ({. = 101 mm and /. = 61 mm) at (a) 900 and (b) 1800 MHz.

duced compared to the values without hand. However, the SARs
in hands increase at the same time. At 900 MHz, when the dis-
tance increases from 2 to 14.5 mm, the SARs in the head with
hand1 are approximately 70%—60% and with hand2 90%-80%
of those without hand. Correspondingly, at 1800 MHz the SARs
in the head with hand1 are approximately 95%-50%, and with
hand2 90%—70% of the values without hand. Hand1 reduces the
radiation efficiency the most with the largest distances; the de-
crease is roughly 4-6 dB at 900 MHz and 2-3 dB at 1800 MHz
when d = 2-14.5 mm. The decrease due to hand2 is roughly
4 dB at 900 MHz and 2 dB at 1800 MHz.

D. Hand Position

The effect of the hand position relative to the longitudinal axis
of the chassis on the SARs and radiation efficiency was studied
for both hand models with I, = 121 mm (w. = 41 mm, ¢, =
3.6 mm). With that length, the contribution of the chassis wave-
mode is at its maximum at 900 and at its minimum at 1800 MHz
(see Fig. 3). Only the results with hand?2 are illustrated with fig-
ures. In Fig. 14, “0 mm” denotes the location of the upper edge
of the hand in the plane of the upper edge of the phone chassis,
and “120 mm” denotes the location of the upper edge of the hand
in the plane of the lower edge of the chassis, i.e., the hand has
slipped off the chassis.

With both hand models at 900 MHz, the hand position has
only a minor effect on the SARs in the head. Generally, the
SARs in both hands decrease and the radiation efficiency in-
creases slowly as the hand moves farther away from the antenna
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element. Fig. 14(a) shows an interesting result: when hand?2 is
moved from the top of the antenna element just below it (from
“0 mm” to “20 mm”), the radiation efficiency in fact decreases
by 1.5 dB. This is assumed to be the case because in this case (at
900 MHz with . = 121 mm), the chassis is actually the main ra-
diator, and the effect of the hand is larger when it covers the ver-
tically center part of the chassis than when it covers the antenna
element. At 1800 MHz, the SARs in the head increase slowly as
the hand is moved farther away from the antenna element, and
the SARSs in both hand models decrease. The radiation efficien-
cies with both hand models increase rapidly, roughly by 6 dB,
until the upper edge of the hand is 20 mm below the antenna el-
ement (hand position “40 mm”), but then the values are nearly
constant (around —3 dB with hand1 and —4 dB with hand?2).

The different behaviors of hand positions at 900 and
1800 MHz with a 121-mm-long chassis support the results
that at 900 MHz, the chassis is resonant and thus the main
radiator, and that at 1800 MHz, the contribution of the antenna
element wavemode is larger. Therefore, the hand location has a
significant effect on the radiation efficiency at 900 MHz, but at
1800 MHz the radiation efficiency does not change much when
the hand is located further away from the antenna element.

VI. DISCUSSION

One important but often less considered factor of handset an-
tenna design is the chassis on which the antenna element is
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mounted. The results of this paper indicate clearly that the band-
width, efficiency, and SAR characteristics of mobile phone an-
tennas are strongly affected by the chassis. The significance of
the chassis length on handset antenna performance was studied
first. It was shown that the impedance bandwidth of the studied
combinations of antenna and phone chassis depends strongly on
the effective length of the chassis (/. o), with the maximums
obtained when [, g is a multiple of approximately 0.5\ at the
operating frequency (l..g =~ 0.5\ corresponds to the phys-
ical chassis length [, = 0.4)¢). Thus, from the bandwidth point
of view, the ideal case is when the resonant frequency of the
chassis is close to that of the antenna element [4]. However,
it was noted that when the thick dipole-type chassis is at reso-
nance and the obtained bandwidth reaches its maximum, an in-
crease in SARs and a decrease in radiation efficiency occur com-
pared to the general trend. As an example, the performance of
the studied antenna elements on 61- and 121-mm-long chassis
(w. = 41 mm, t. = 3.6 mm) is compared based on Figs. 3
and 4 (d =~ 7 mm). These two chassis lengths were selected
due to the chassis resonances. The point /. = 61 mm is near
a bandwidth minimum at 900 MHz, suggesting that the chassis
is nonresonant, and near a bandwidth maximum at 1800 MHz,
suggesting that the chassis is resonant. The situation is just the
opposite when /. = 121 mm. At 900 MHz, when the chassis
length is changed from 61 to 121 mm (from 0.18Ag to 0.36\¢),
the impedance bandwidth increases by a factor of 11, the av-
erage SARs in the head increase by a factor of 1.5, whereas the
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radiation efficiency decreases by 2.2 dB. Correspondingly, at
1800 MHz, the impedance bandwidth is halved when the chassis
length is changed from 61 to 121 mm (from 0.36Ag to 0.72)).
At the same time the average SARs in the head decrease approx-
imately by a factor of 1.5, and the radiation efficiency improves
slightly (=~ 0.4 dB).

Hence, there seems to be an obvious connection between the
impedance bandwidths, SARs, and radiation efficiencies: higher
SAR values and lower radiation efficiency are obtained in cases
where the bandwidth increases due to the strong excitation of
the chassis wavemode. The contribution of the chassis wave-
mode is dominant when the chassis is resonant and emphasized
at lower frequencies. Also, the presented SAR distribution pro-
files support these findings. To confirm the analysis, the effect of
several other chassis-related parameters—width, thickness, and
distance between the head and phone—on handset antenna per-
formance was studied. Also, all these results support the conclu-
sions made above. Besides, the results obtained in this paper are
fully consistent with the results of [4], [5], where it was shown
that for moderate bandwidths (=~ 10%) the radiation of the small
antenna element of a typical mobile handset at 900 MHz repre-
sents only a small portion (~ 10%) of the total radiated power,
and that at 1800 MHz the antenna element is more significant
(= 50%). In addition, further studies of the SAR and efficiency
features of the internal multiband mobile phone antenna pre-
sented in [13] show that the presented characteristics could be
applied to dualband or multiband antenna elements as well, and
scaled to other frequency ranges, even though the study of this
paper is realized for 900 MHz and 1800 MHz antenna elements

separately. Thus, the results of this paper are considered to rep-
resent the typical characteristics of internal mobile phone an-
tennas and can be generalized to apply to any similar patch-type
antenna elements. Moreover, based on [4], the type of the an-
tenna—whether it is internal or external—is not significant for
the SAR or efficiency at 900 MHz, where the chassis wavemode
typically dominates.

As the antenna elements used in the study represent typical in-
ternal mobile phone antennas concerning the impedance band-
width, the electrical volume of the 1800 MHz element is four
times that of the 900 MHz element. Based on [4], it is assumed
that this is the main reason why the changes in various charac-
teristics caused by the chassis resonances are relatively smaller
for the 1800-MHz element. Decreasing the electrical size of the
1800-MHz element should bring the results closer to those of
the 900-MHz element, assuming that the bandwidth is kept con-
stant, which requires increasing the coupling between the an-
tenna element and chassis wavemodes.

Also the chassis models used in this study were selected re-
alistic; chassis dimensions and distances represent the typical
values of modern mobile handsets. The SAR values in the head
obtained with these models are in many cases around the speci-
fied maximum values 1.6 W/kg averaged over 1 g of tissue [28]
and 2.0 W/kg averaged over 10 g of tissue [18]. Thus, it is ob-
vious that attention has to be paid to the chassis design not to
exceed the specified limits. Although the measured SARs agree
well with the simulated values, it is still not reasonable to draw
any further conclusions about the absolute SAR values of this
paper compared to those of commercial mobile phones owing to
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several differences between the studied prototypes and commer-
cial products. However, values of the same order as in this paper
have been presented in [6] for similar prototype structures. This
study also demonstrates that the worst case SAR values in the
head are obtained without hand. The SAR values in the hand
models used in this work are clearly lower than the specified
maximum value 4.0 W/kg averaged over 10 g of tissue [18],
[28]. However, the study shows that concerning the efficiency
of the antenna-chassis combination, it is necessary to consider
also the effect of the hand, as the decrease in efficiency due to the
hand may be several decibels depending on the configuration.

The presented results also indicate that the type of the used
phantom is of major importance when considering the SAR
characteristics. The results seem not to be very sensitive to the
differences in anatomical head model type, as simulations with
the specific anthropomorphic mannequin (SAM ) head give sim-
ilar results to those presented in this paper. However, the shape
of the phantom is significant, as it was noted that the results
are not consistent with those obtained when using nonanatom-
ical, simplified phantoms (sphere, cube) [8], [11]. At 900 MHz,
instead of a maximum, a SAR minimum was reached at the
chassis resonance with the maximum bandwidth when using a
flat phantom [11]. At 1800 MHz, the maximum SARs increased
as a function of chassis length [11], whereas in this paper just
the opposite trend was found. The behavior of radiation effi-
ciency as a function of chassis parameters was not reported in
[8], [11]. A study on the radiation efficiency characteristics of
the antenna structures of this paper beside a homogeneous cubic
head model, which is similar to that used in [11], shows that at
chassis resonances there are similar drops in the radiation effi-
ciency as beside an anatomical head model.

VII. CONCLUSION

This paper has presented one key issue relating to the de-
sign of internal mobile phone antennas. In the paper, the effects
of several chassis-related parameters—length, width, thickness,
and the distance from head to phone—on the bandwidth, radi-
ation efficiency, and specific absorption rate characteristics of
microstrip-type handset antennas were analyzed. The antenna-
chassis combinations were in actual handset use position beside
an anatomical head model. The study also contained two dif-
ferent hand models.

The presented analysis increases the understanding of the
combined behavior of antenna and chassis and provides novel
and useful information for future design of mobile handset an-
tennas. The results show the general trends of bandwidth, SAR,
and efficiency with different chassis parameters. The results
lead to the conclusion that the conventional antenna element-
based approach is not adequate for objective evaluation of the
performance of mobile phone antennas, but the effect of the mo-
bile chassis should always be included in all considerations of
bandwidth, efficiency, or SAR characteristics. The results also
show that with the used models there is a clear connection be-
tween the general behavior of impedance bandwidth, SARs, and
radiation efficiency. In general, when the bandwidth reaches
its maximum due to the increased contribution of a resonant
chassis, an increase in SARs and a decrease in radiation effi-

ciency occur compared to the general trend. Thus, it can be con-
cluded that when reporting any SAR or efficiency values of mo-
bile phone antennas, it is essential to give information also on
the impedance bandwidth.
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