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Abstract—In this paper, the interaction of a planar inverted-F
antennas array, mounted on a mobile handset, with a human hand-head
phantom is investigated in the 1.9 GHz band. The hybrid approach
involving the particle swarm optimization (PSO) and Nelder-Mead
(NM) algorithm is considered to optimize the complex excitations of
the adaptive array elements in a mutual coupling environment for
different beamforming synthesis. Firstly, the effect of the human hand-
head on the handset radiation characteristics is studied. Then, the
spatial-peak specific absorption rate (SAR) values of 2- and 4-element
PIFA arrays for mobile handset in the vicinity of a human hand-
head are evaluated numerically for different scenarios. The antenna
is analyzed completely using finite difference time domain (FDTD)
method while the interaction is performed using the CST Microwave
Studio software.

1. INTRODUCTION

Multiple input and multiple output (MIMO) antenna systems are
seen as one of the potential technologies for enhancing performance
and capacity of future wireless communication systems [1-5]. They
are based on utilizing multiple antennas for both transmission
and reception of signals and can allow performance and capacity
enhancement without the need for additional power or spectrum [1-
3]. Wireless communication devices have also become associated
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with possible health effects surrounding the exposure of humans
to electromagnetic radiation [6,7]. One of the most widely used
parameters for the evaluation of exposure is the specific absorption rate
(SAR). Therefore, some regulations and standards have been issued
to limit the radiation exposure from the mobile handsets not only to
decrease the SAR but also to increase the antenna systems efficiency.
The SAR quantifies the power absorbed per unit mass of tissue. This
quantity is defined as:

_ 92
SAR = 2p|Ez’ (1)

where E; is the max value of the electric field strength in the tissue in
V/m, o is the conductivity of body tissue in S/m, and p is the density
of body tissue in kg/m?®. The SAR limit specified in IEEE C95.1: 2005
has been updated to 2W /kg over any 10-g of tissue [8]. This new
SAR limit specified in IEEE C95.1: 2005 is comparable to the limit
specified in the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines [9]. In designing antennas for mobile
communications, it is important to investigate the SAR value produced
by the radiation from the mobile handsets.

Since the use of adaptive array antennas is one of the most
effective ways of increasing the spectral efficiency and improving the
communication quality in the mobile communication system, a great
deal of attention has turned to how to design antenna arrays on mobile
handsets to meet the needs of significantly higher bit-rates for the next-
generation wireless communications [10-12]. Many studies on the SAR
value of a single antenna for mobile handsets have been carried out in
different frequency bands [13-26]. In [27], an investigation of the SAR
caused by two-element antenna array at 1.9 GHz has been reported
and it was shown that the SAR value reaches a maximum when the
phase difference is near 180 degrees and a minimum when the phase
difference is approximately 0 degree. The effect of the human head on
the accuracy and depth of adaptive nulling for a linear dipole array at
5.0 GHz band is investigated in [28]. This effect is dependent on the
separation between the array and the head. A metallic plate is inserted
between the array and the head to suppress this effect. In [29], the peak
SAR value at 2 GHz and 5 GHz is evaluated numerically as a function
of the distance between the array antenna and a spherical head model
when the two elements of an antenna array are voltage-fed co-phase or
reverse-phase.

A study of how the SAR is affected by different shapes and
electrical properties of the human head exposed to a cellular phone
have been reported [30]. The results showed that the shape of the
human head plays a minor role in calculating the SAR induced in
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human head models. In [31], the effect of the human head heterogeneity
and shape on the radiation characteristics of dipole antennas has been
discussed at 5.0 GHz band. It was found that the input impedance
and the radiation pattern of the dipole antenna are not sensitive to
the heterogeneity and the shape of the head model.

In [32], the capability of a 5-element monopole array into a
handheld device for 4G communication systems in the 5.0 GHz band
for beamforming synthesis in a mutual coupling environment is
investigated. The interaction of the antenna array, mounted on a
mobile handset, with a human head phantom is studied. The spatial-
peak specific absorption rate (SAR) values of the smart handset in
the vicinity of a spherical phantom of a human head are evaluated
numerically as a function of the distance between the handset and the
head phantom. It is found that, the resulting SAR values for the smart
handset in different scenarios were under the limits set by IEEE C95.1:
2005 or ICNIRP standards.

In this paper, the handset is analyzed completely using CST
Microwave Studio, then the CST is linked with the PSO-NM algorithm,
Matlab-coded, to optimize the elements weight. Interchanging
information between CST Microwave studio and Matlab allows
the implementation of mathematical or optimization algorithms
and graphical possibilities not included in the Microwave studio
environment itself. The approach developed here is very flexible and
utilizes the inherent capability of Microwave studio to execute Visual
Basic for Applications (VBA) programs. The general idea of this
method is that Matlab and CST Microwave studio can interchange
information using external text files, which can be read and written
by both programs [33]. The PSO-NM algorithm is used to adjust
the relative phase shifts and the amplitudes of the excitations of the
array elements for beam synthesis in a mutual coupling environment.
In particular, we evaluate the potential of a 2- and 4- element PIFA
arrays incorporated into a handheld device for beamforming in the
1.9 GHz band. Also, the interaction of the antenna array, mounted on
a mobile handset, with a human hand-head phantom is investigated.
In addition, the spatial-peak SAR values of 2- and 4-element antenna
arrays for mobile handset in the vicinity of a human hand-head are
evaluated numerically for different scenarios. The total power delivered
to all antenna arrays for all cases is held constant (100 mW).

The organization of the present paper is as follows: In Section 2, a
brief introduction to the hybrid particle swarm optimization and nelder
mead (PSO-NM) algorithm is presented. In Section 3, handset design
and simulation results for two and four elements PIFA array mounted
on the mobile handset are discussed. The interaction between the
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handset and the human hand-head is investigated in Section 4. Finally,
Section 5 presents the conclusions.

2. PARTICLE SWARM OPTIMIZATION — NELDER
MEAD (PSO-NM) ALGORITHM

PSO is a population based optimization tool, where the system is
initialized with a population of random particles and the algorithm
searches for optima by updating generations [34]. Suppose that the
search space is D-dimensional. The current position of the i-th particle
can be represented by a D-dimensional vector X; = (1, %42, ...,%D)
and the velocity of this particle is V; = (v;1,vi2,...,vp). The
best previously visited position of the i-th particle is represented by
P, = (pi1, pi2, - - -, pip) and the global best position of the swarm found
so far is demoted by P, = (pg1,pg2;--.,Pgp). The fitness of each
particle can be evaluated through putting its position into a designated
objective function. The particle’s velocity and its new position are
updated as follows:

k
”idH = W”z"cd + Clrlf (pfd - xfd) + 027"15 (p?d - xfd) (2)
k k k+1
Tiy = iy + v AL (3)

where d € {1,2,...,D}, i € {1,2,...,N}, N is the population size,
the superscript k& denotes the iteration number, w is the inertia weight,
r1 and r9 are two random values in the range [0, 1], ¢; and c¢o are the
cognitive and social scaling parameters which are positive constants
(c1 = 2.8 and ¢p = 1.3). In this paper, the PSO algorithm is employed
with a population size of 20 and 50 iterations. For beamforming
synthesis, the amplitude was allowed to vary between 1.0 and 3.0 and
the phase was allowed to vary between —7 and 7.

A very simple objective function for the antenna array is used
for maximizing the output field toward the desired signal at 6; and
minimizing the total output field in the direction of the interfering
signals at 6;.

Objective-function = Zil a;|E(6;)| — Zjle b;i|E(0;)] (4)

where E(f) is the total electric field and the constants a; and b; are
the weights that control the contribution from each term to the overall
objective function. The constants N and M represent the number of
desired signals and interferers respectively. In our analysis, we take
the weights a; = 2 and b; = 1 to give some priority to maximizing
the output field toward the desired signal rather than minimizing the
output field in the direction of the interfering signals.
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Once the global optima using PSO algorithm is completed; the
Nelder-Mead (NM) local optimization technique is followed to fine
optimize the results. The NM method thus falls in the general class of
direct search methods. It is based on the comparison of the function
values at the (D + 1) vertices for D-dimensional decision variables.
Selection of these points can be prescribed, but random selection allows
the potential to fully investigate the merit space [35].

3. HANDSET DESIGN AND SIMULATION RESULTS

The geometry of the PIFAs and printed circuit board (PCB) layout
for our prototype are shown in Fig. 1. Fig. 1(a) shows the geometry of
the 2-PIFA antenna elements and Fig. 1(b) for the four elements PIFA
array. The dimensions of the PCB are (I = 110mm, w = 50 mm)
while the size of the PIFAs are P;, = 34 mm, P, = 10 mm with heights
of h = 6mm and PIFA separation, d = 20mm. The FDTD method
written with MATLAB software [36] is used to design a two and four
elements PIFA array and the results are compared with that obtained
using CST Microwave Studio. The parameters for FDTD computation
were set as follows for 2-PIFA array: the domain was 147 x 100 x 20
cells with a cell size of Ax = 0.75mm, Ay = 0.5mm, Az = 0.5 mm.
While for 4-PIFA elements, the domain was 147 x 100 x 40 cells with
the same cell sizes used for 2-PIFA elements. The FDTD lattice
needs to be terminated by perfectly matched layer (PML) on all sides;
a spatially varying conductivity should be used in order to avoid
numerical reflections at the interface of FDTD/PML regions. For two

TAmm

(a) 2-PIFA elements (b) 4-PIFA elements

Figure 1. Geometry of the two and four element PIFA array.
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antenna structures, the computational domain was terminated with
perfectly matched layer (PML) of 8 cells in all directions with a time
step of 1.452 ps. For the CST Microwave Studio simulator, which based
on the Finite Element Method (FEM), the following settings were
used for time domain simulations: the minimum mesh step = 0.535,
maximum mesh step = 12.637 and the mesh cells = 22.185 (Nz = 52,
Ny = 30, Nz = 16). The mesh line ratio limit was set to 50 with an
equilibrate mesh ratio of 1.19. Open add space boundary condition
is applied in all directions with thermal boundaries isothermal (7" =
constant).

The primary difference between the FDTD and the FEM method
is that, the FDTD discretize the problem into small rectangular
cells, these cells possible allocation of the six electric and magnetic
components are located at the edges and on the surfaces of the
cell [36]. While in the FEM, the problem space is discretized into
small shapes which results in a mesh with grid nodes, the solution can
be approximated with a simple function, the so-called shape function,
in each element, which acts as a contribution to the approximation of
the global solution.

Figures 2(a), (b), (c), (d) show the results comparison between
the FDTD method, the EM Simulator of CST Microwave Studio
software, and measurement results [27] for S parameters (S11, Si2,
Sa1, So2) for two elements PIFA array. In general, good agreement
is seen between the computed values and measurements up to the
readability of the figures in [27]. There are some differences between
the calculated results due to the different applied numerical techniques
(FDTD and FEM). Compared to the measured results, the FDTD
results are slightly more accurate than the CST MWS results. From
Fig. 2, it can be observed that both PIFA antennas achieve S1; and
S99 of less than —10dB around 1.9 GHz with a mutual coupling less
than —9dB. Although mutual coupling of —9dB is not insignificant
it is generally accepted that envelope signal correlations between
the antennas in realistic mobile environments only needs to be less
than 0.5 [2,4,5]. Using the bound p. < 25|S12|? (which is valid if the
magnitude of the S-parameters satisfy the condition |S11| 4 |Sa2| +
|S11]|S22] + [S12]]S21] < 0.25 and is also satisfied in our results) it
can be shown that p. < 0.39 indicating that sufficient diversity would
be achieved [2,4,5]. Figs. 3(a), (b), (c), (d) show the comparison
between the simulated results using the FDTD method and the CST
Microwave Studio software for S parameter (Sii, So1, S31, Si1) for
4-elements PIFA array. It is found that, the 4-PIFA antenna array has
a resonance frequency of 1.9 GHz with a return loss less than —11.5dB
with acceptable coupling between antenna elements.
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Figure 2. The comparison between simulated results using the FDTD
method, CST microwave studio software and measurement results for
S parameter (S11, Si2, So1, Sa22) for two elements PIFA array.

15 1B 17 18

The PSO-NM algorithm has been programmed in Matlab in
connection with the CST simulator for the calculation of the fitness
value of each particle. The process for communicating CST and Matlab
is as follows: First, using PSO-NM as it is described in Section 2,
the values for the parameters to be optimized are generated using
Matlab. These values are saved in a text file. A Visual Basic for
Applications macro (VBA) is the most straightforward way to run the
CST simulation from Matlab. Second, Matlab calls CST and a VBA
macro loads the data from the text file and stores the values in CST
variables. Then, a new macro is called for creating the structure of
the proposed device according to the values of the variables previously
loaded and starts the simulation. When the simulation finishes, the
results for radiation pattern will be saved in a new text file and CST
is closed. Finally, Matlab reads the radiation pattern results from the
file and the fitness function is calculated. This process is repeated for
each particle. Fig. 4 shows a flowchart diagram of the main steps to
link the Matlab with the CST simulator.
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Figure 3. The comparison between simulated with FDTD method,
CST Microwave Studio software for S parameter (S11, Sa1, S31, S41)
for four elements PIFA array.

Table 1. Descriptions of the environmental scenarios.

Scenario #1 Scenario #2
Desired Interference Desired Interference
0° 90° | 180° | 270° 30° 90° | 180° | 270°
Scenario #3 Scenario #4
Desired Interference Desired Interference
120° | 0° | 90° [270° [ 210° | 0° [ 90° [ 270°

As an example of adaptive beamforming, four scenarios were
considered as shown in Table 1. Fig. 5 shows the capability of the
2-element array geometry to direct the maximum field towards the
direction of Signal Of Interest (SOI) while placing deeper nulls towards
the angles of Signal Not Of Interest (SNOI) for different scenarios. The
required amplitude and phase excitations of each element to obtain
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Figure 4. Flowchart showing the main steps to link the Matlab with
the CST simulator.

the beam patterns in Fig. 5 are shown in Table 2. It is found that
an acceptable gain of 4.12, 3.85, 4.35, and 4.55dBi are obtained in
the direction of SOI for different scenarios 1, 2, 3, and 4 respectively.
Similarly, the same scenarios are applied to the 4-elements PIFA array
as shown in Fig. 6. The required amplitude and phase excitations of
each element to obtain the beam patterns in this figure are shown in
Table 3. The calculated gain for different scenarios (1, 2, 3, 4) are
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(---> SNOI directions = —> SOI directions)
(a) (b)

Figure 5. The radiation pattern |E| for the two element PIFA array.
( SNOI directions SOI directions).

(--->» SNOI directions —> SOI directions)

(a) (b)
Figure 6. The radiation pattern |E| for the four element PIFA array.
( SNOI directions SOI directions).

found to be 4.7, 4.81, 4.67, and 4.46 dBi respectively. It is found that
for a uniform feeding PIFA array (scenario # 0) where all elements
are excited with the same amplitude and phase (2, 0°), the gain of the
4-PIFA elements is slightly higher than that of the 2-PIFA elements by
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Table 2. The required amplitude and phase excitations of each
element for 2-element PIFA array for different scenarios with the
corresponding gain.

Flement No. S.cenarlo #1 Scenarlo #2
amplitude | phase amplitude phase
1 2.97 75.728° 2.61 —81.19°
2.55 47.33° 2.49 —116.71°
Flement No. S.Cenamo #3 Scenarlo #4
amplitude | phase amplitude phase
1 1.73 —73.25° 2.65 —97.44°
2 2.05 —11.13° 1.93 —129.94°

Table 3. The required amplitude and phase excitations of each
element for 4-element PIFA array for different scenarios with the
corresponding gain.

Scenario #1 Scenario #2
Element No. : -
amplitude phase amplitude phase
1 2.41 68.025° 2.98 94.096°
2 1.72 128.97° 1.97 145.456°
3 1.64 —135.77° 1.76 —139.96°
4 2.72 —8.974° 2.98 —10.981°
Element No. Scenario #3 Scenario #4
amplitude phase amplitude phase
1 2.76 —24.21° 1.72 —40.671°
2 2.44 —23.20° 1.46 —1.996°
3 1.64 5.272° 2.85 95.573°
4 1.23 —156.84° 1.04 —4.568°

0.32 dB. Generally, the obtained gain for different scenarios (1, 2, 3, 4)
is found to be higher than that of the uniform feeding case (scenario
# 0); due to directing the power to only one direction (Base Station).

4. INTERACTION BETWEEN HANDSET AND HUMAN
HAND-HEAD

In this section, the interaction between the mobile handset and the
human hand-head has been studied. The described antennas in
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Section 3 are now covered with a dielectric material (¢, = 2.1), having
external dimensions of 113.6 x 53.6 x 9.6mm for 2-PIFA antenna
elements and 113.6 x 53.6 x 15.6mm for 4-PIFA case. The SAM
phantom head and hand that provided by CST Microwave Studio is
used [37]; the tissue that it contained had a relative permittivity and
conductivity as shown in Table 4. These tissue-equivalent dielectric
parameters were chosen according to [38] for simulating brain tissue at
1.9 GHz. The head phantom was finely meshed to give voxels of 8 mm?,
corresponding to a sampling mesh of 2mm along each Cartesian axis.
The final number of mesh-cells sums up to be around 11 Million cells.
The relative position of the handset relative to human head model is
illustrated in Fig. 7. The interaction between the mobile handset and
the human hand-head is studied from two viewpoints, the effect of the
human hand-head on the handset radiation characteristics in different
scenarios and the impact of the handset on SAR.

Firstly, we will study the effect of the human hand-head on the
handset radiation characteristics. As shown in Fig. 7, the handset has

Table 4. The conductivity and relative dielectric constant at 1.9 GHz
for the head model.

Tissue Permittivity | Conductivity
Avg. Brain 43.374870 1.203850
Avg. Skull 15.465057 0.456124
Avg. Muscle 54.304787 1.447971

Palm (Skin) Dry 38.714 1.2245

(a) Front view (b) Side view

Figure 7. Human hand-head model and handset configuration.
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placed in parallel tendency according to the situation palm of the hand
to simulate the actual status of the handset user. The distance between
the nearest points for palm hand and the human head model is 5 mm.
Fig. 8 shows the handset radiation pattern in the presence of the SAM
phantom head and hand that provided by CST Microwave Studio for
both 2- and 4-PIFA handsets. It is noted that, the radiation pattern
is affected by the presence of the human hand-head. Therefore, the
beam patterns need to be re-optimized in the presence of the human
hand-head.

cenario# 2
—— Scenario# 1
Y.

(b) Four elements PIFA array mounted on the mobile handset

Figure 8. The radiation pattern |E| of the handset in the presence of
the human hand-head phantom (pre-optimized beam pattern).
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Figure 9 shows the re-optimized beam patterns of the handsets in
the presence of the SAM phantom human hand-head for scenarios 1,
2, 3 and 4. The figure shows the ability of the design to direct the
maximum field towards the direction of SOI while placing deeper nulls
towards the angles of SNOI in the presence of the human hand-head
for different scenarios. The required amplitude and phase excitations
of each element to obtain the beam patterns for two and four elements
PIFA array on a handset in this figure are shown in Tables 5 and 6,
respectively.

80 |———=Pp—tmmJe - - :, -

v

(Vim)

(b) Four elements PIFA array mounted on the mobile handset

Figure 9. The radiation pattern |F| of the handset in the presence of
the human head phantom (optimized beam pattern).
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Figure 10. The return loss results comparison of both handsets in
free space and in the presence of human head-hand model for different
scenarios.

Table 5. The required amplitude and phase excitations of each
element for the 2-element PIFA handset in the presence of the SAM
phantom human hand-head for different scenarios.

Element No. S§enarlo #1 Sernarlo #2
amplitude | phase | amplitude | phase
1 1.43 169.29° 1.02 102.02°
2.73 139.69° 2.27 47.383°

Element No. SF:enarlo #3 S§enar1o #4
amplitude | phase | amplitude | phase
1 1.56 67.32° 1.59 155.20°
2 2.49 103.93° 2.92 75.61°
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Figure 10 shows the comparison of the return loss results of both
handsets in free space and presence of human hand-head model for
different scenarios. It is found that for all scenarios the handsets
resonance frequency still around 1.9 GHz but with different values of
S11. The different values of Sy; from scenario to another are related
to the change in the feeding weights for each scenario.

Nowadays, all newly proposed handset antennas consider the SAR
as an important design specification that they must meet. Therefore,

nnnnn

uuuuu

(a) Scenario # 0

(d) Scenario # 3 (e) Scenario # 4

Figure 11. SAR in full human head phantom for different scenarios.
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Table 6. The required amplitude and phase excitations of each
element for the 4-element PIFA handset in the presence of the SAM
phantom human hand-head for different scenarios.

Element No. Scenario #1 Scenario #2
amplitude phase amplitude phase
1 2.96 —47.34° 1.97 —59.85°
2 2.17 —17.29° 2.97 —27.05°
3 2.38 63.87° 1.53 132.54°
4 1.03 —20.13° 1.14 —16.76°
Element No. Scenario #3 Scenario #4
amplitude phase amplitude phase
1 1.75 —2.108° 2.03 22.103°
2 1.37 134.29° 1.39 140.754°
3 2.01 —75.175° 1.48 —14.408°
4 2.18 10.045° 2.94 —101.61°

Table 7. Comparison between spatial-peak SAR over 10-g, gain and
S11 of two and four elements PIFA handset in the presence of human
hand-head for different scenarios.

SAR Gain (Sll)f=1.9 GHz
(W/ke) | (dBi)|  (dB)
Scenario # 0 | 1.087 3.31 —11.7
2-PIFA | Scenario # 1 | 1.167 3.98 —11.12
Handset | Scenario # 2 | 0.852 3.7 —12.14
Scenarios| Scenario # 3 | 0.0371 | 4.31 —10.95
Scenario # 4 | 0.0778 | 4.17 —11.87
Scenario # 0 1.21 4.53 —13.82
4-PIFA | Scenario # 1 1.63 5.21 —12.89
Handset | Scenario # 2 1.067 4.93 —17.53
Scenarios | Scenario # 3 | 0.338 4.86 —19.77
Scenario # 4 | 0.127 4.75 —15.11

in this section we will study the impact of the handset on SAR.
Fig. 11 shows the SAR human head phantom for 4-PIFA handset
in different scenarios including the uniform feeding case (scenario #
0). It is noted that, when the PIFA array elements are fed with
different voltage values to achieve certain scenario, the spatial-peak
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8.658
8.606
8.565
0.524
8.483
8.442
8.401

.36
8.319
0.277
0.236
0.195
0.154

1.47
1.36
1.27
1.17
1.08
8.989
0.897
0.885
8.713
8.621
8.529
8.437
0.345
8.253
8.161

0.113
0.0719

2.78e-086

(a) Horizontal cross section (b) Vertical cross section

Figure 12. Horizontal and vertical cross section in human head
phantom for scenario # 1 (worst SAR).

SAR is affected significantly. As shown in Fig. 11, the position
of the spatial-peak SAR over 10-g on the human head is changed
from scenario to another in addition to the effective field size. It
is found that the highest spatial-peak SAR over 10-g is for scenario
#1 (SAR = 1.63W/kg) but for other scenarios such as scenario #
4 the SAR is decreased to 0.127 W /kg compared to 1.21 W /kg for a
uniform feeding case (scenario # 0). Fig. 12 shows the horizontal and
vertical cross section human head phantom for scenario # 1 which
corresponding to the worst case to illustrate the penetration depth
of field inside the human head. It is found that, the highest SAR
value is obtained in the region of the skin near the handset. In
addition, some other issues should be noted as well, as suggested by
a comparison of the SARs induced in the realistic human-head model
for the homogeneous and the inhomogeneous cases [30]. It is found
that the constitutive parameters of a human head significantly affect
the result of the SAR induced in homogeneous or inhomogeneous head
models where the local maximum SAR induced in the homogeneous
human-head model is larger than that induced in the inhomogeneous
human head model. That means that the simulated SAR values in
this paper conservative estimate for the homogeneous human head
model, however, these values of SAR for the smart handsets in different
scenarios are under the limits set by IEEE C95.1: 2005 or ICNIRP
standards with acceptable gain values. Table 7 shows the spatial-peak
SAR over 10-g for two and four elements PIFA array on a handset in
addition to handset antenna gain and return loss for all scenarios in
the presence of human hand-head at 1.9 GHz.
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5. CONCLUSION

In this paper, we investigated the capability of a 2- and 4-elements
PIFA array into a handheld device for communication systems in
the 1.9 GHz band for beamforming synthesis in a mutual coupling
environment. The PSO-NM algorithm is used to optimize the complex
excitations of the adaptive arrays elements for beamforming. Also, the
interaction of the antenna array, mounted on a mobile handset, with
a human hand-head phantom is investigated. It is found that, the
radiation pattern is affected by the presence of the human hand-head.
Therefore the beam patterns should be optimized in the presence of the
human hand-head. The spatial-peak SAR values of the smart handset
in the vicinity of the SAM phantom head and hand is also considered
for different scenarios. The numerical simulation results demonstrated
that the smart handset can work under SAR guidelines limitations.
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