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Abstract—In this paper we evaluate the potential of a 5-element
monopole array incorporated into a handheld device for beamforming
in the 5.0-GHz band. The geometry of the handset consists of a
5-element array: four elements located at the handset corners and
the ﬁfth-element located at the center. Also, the interaction of the
antenna array, mounted on a mobile handset, with a human head
phantom is investigated. Firstly, the spatial peak speciﬁc absorption
rate (SAR) values of 5-element array antennas for mobile handsets 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 for two diﬀerent scenarios. Next, the eﬀect of
the human head on the handset radiation pattern is studied. The
eﬀect of diﬀerent handset positions on the radiation pattern is also
considered. The particle swarm optimization (PSO) algorithm is
used to optimize the complex excitations of the adaptive arrays
elements in a mutual coupling environment for beamforming synthesis.
All numerical simulations are performed using the FEKO Suite 5.3
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software. To validate the numerical simulations, we ﬁrst perform
two validation tests and compare the numerical results with published
simulated and measurement results.

1. INTRODUCTION
The approaching 4G (fourth generation) mobile cellular systems are
projected to solve still-remaining problems of 3G (third generation)
systems and to provide a wide variety of new services, from high quality
voice to high deﬁnition video to high-data-rate wireless channels. The
most promising frequency band for these systems is the 4–5 GHz band
because of spectrum availability, wide-area coverage, mobility, and the
relatively low cost for the associated RF equipment [1].
Since antennas for mobile handsets are often used in the vicinity of
the human body, the electromagnetic wave radiated by the antennas
is partly absorbed by the human body. Regulations and standards
have been issued to limit the radiation exposure from the mobile
handsets. The exposure guideline employs a unit known as the Speciﬁc
Absorption Rate (SAR). The SAR quantiﬁes the power absorbed per
unit mass of tissue. This quantity is deﬁned as:
SAR =

σ
|Ei |2
2ρ

(1)

where Ei is the max value of the electric ﬁeld strength in the tissue in
V/m, σ is the conductivity of body tissue in S/m, and ρ is the density
of body tissue in kg/m3 . The SAR limit speciﬁed in IEEE C95.1: 2005
has been updated to 2 W/kg over any 10-g of tissue [2]. 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 [3]. It is important to investigate the
SAR value produced by the radiation from the mobile handsets in
designing antennas for mobile handsets.
Many studies on the SAR value of a single antenna for mobile
handsets have been carried out in diﬀerent frequency bands [4–
17]. 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 [18–21]. An investigation of
the SAR caused by antenna arrays at 1.9 GHz has been reported and
it was shown that the SAR value reaches a maximum when the phase
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diﬀerence is near 180 degrees and a minimum when the phase diﬀerence
is approximately 0 degree [21]. However, suﬃcient attention has not
yet been paid to antenna arrays for mobile handsets especially in the
5.0 GHz band. In addition, few papers considered the eﬀect on SAR
when smart antennas are introduced at the handset.
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 [22]. 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 [23] 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 cophase 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 has
been reported [24]. The results showed that the shape of the human
head plays a minor role in calculating the SAR induced in humanhead models. In [25], the eﬀect of the human head heterogeneity and
shape on the radiation characteristics of dipole antennas have 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. Therefore, in this
paper, a simpliﬁed homogeneous spherical head model is used.
In the array pattern synthesis, the objective function and the
constraints are often highly nonlinear and nondiﬀerentiable. Therefore,
analytical methods, such as the Taylor method and the Chebyshev
method, are not applicable any more. Rather, stochastic methods
are necessary to deal eﬃciently with large nonlinear search spaces.
Compared with other evolutionary algorithms such as the genetic
algorithm (GA), the particle swarm optimization (PSO) algorithm
is much easier to implement and requires minimum mathematical
processing. Therefore, in this paper the PSO 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 5-element monopole array
incorporated into a handheld device for beamforming in the 5.0-GHz
band. The geometry of the handset consists of a 5-element array: four
elements located at the handset corners and the ﬁfth-element located
at the center. Also, the interaction of the antenna array, mounted on a
mobile handset, with a human head phantom is investigated. First, the
spatial-peak speciﬁc absorption rate (SAR) values of 5-element array
antennas for mobile handsets in the vicinity of a spherical phantom of
a human head are evaluated numerically as a function of the distance
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between the handset and the head phantom for two diﬀerent scenarios.
In addition, the eﬀect of the human head on the handset radiation
pattern will be considered. Then the eﬀect of locating the handset in
diﬀerent positions on the radiation pattern is studied. The total power
delivered to all antenna arrays for all cases is held constant (100 mW).
All numerical simulations are performed using the FEKO Suite 5.3
software. The core of the FEKO programs is based on the method of
moments (MoM).
The organization of the present paper is as follows. In Section 2,
a brief introduction to the particle swarm optimization algorithm is
presented. In Section 3, the validation of the numerical simulations
is presented. Handset design and simulation results are discussed in
Section 4. The interaction between the handset and the human head is
investigated in Section 5. In Section 6, the eﬀect of moving the handset
position in diﬀerent directions is studied. Finally, Section 7 presents
the conclusions.
2. PARTICLE SWARM OPTIMIZATION (PSO)
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 [26]. Suppose that the
search space is D-dimensional. The current position of the i-th particle
can be represented by a D-dimensional vector Xi = (xi1 , xi2 , . . . , xiD )
and the velocity of this particle is Vi = (vi1 , vi2 , . . . , viD ). The
best previously visited position of the i-th particle is represented by
Pi = (pi1 , pi2 , . . . , piD ) and the global best position of the swarm found
so far is denoted by Pg = (pg1 , pg2 , . . . , pgD ). 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+1
k
= ωvid
+ c1 r1k pkid − xkid + c2 r2k pkgd − xkid
vid
k+1
xk+1
= xkid + vid
∆t
id



(2)
(3)

where d ∈ {1, 2, . . . , D}, i ∈ {1, 2, . . . , N }, N is the population size,
the superscript k denotes the iteration number, ω is the inertia weight,
r1 and r2 are two random values in the range [0, 1], c1 and c2 are the
cognitive and social scaling parameters which are positive constants
(c1 = 2.8 and c2 = 1.3). In this paper, the PSO algorithm is employed
with a population size of 20 and 500 iterations. For beamforming
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synthesis, the amplitude was allowed to vary between 1.0 and 3.0 and
the phase was allowed to vary between −π and π.
A very simple objective function for the antenna array is used
for maximizing the output ﬁeld toward the desired signal at ϕi and
minimizing the total output ﬁeld in the direction of the interfering
signals at ϕj .
Objective f unction =

N
i=1

ai |Eθ (ϕi )| −

M
j=1

bj |Eθ (ϕj )|

(4)

where Eθ is the vertical ﬁeld component and the constants ai and bj
are the weights that control the contribution from each term to the
overall objective function. The emphasis on Eθ is related to using
vertical monopole-elements in our design. The constants N and M
represent the number of desired signals and interferers respectively. In
our analysis, we take the weights ai = 2 and bj = 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.
3. VALIDATION OF NUMERICAL SIMULATIONS
To verify the numerical simulations we ﬁrst perform two validation
tests and compare their results with published computed and measured
results. The ﬁrst example is for handset modeling while the second
one is for the SAR simulation. In the ﬁrst validation example test,
the cellular phone was modeled as a metallic box (perfect conductor),
having external dimensions 1.31 × 5.25 × 15.1 cm. The monopole
antenna was modeled by a λ/4 metallic wire ﬁxed on top of the
metal box [4]. Figure 1 shows a comparison between the resulting
values of |S11 | employing the MoM-based Feko technique and the
results obtained via the FDTD technique and the measurements from
reference [4]. It can be seen that our numerical simulation results
are in good agreement with the published simulated and measured
results. In the second example, as shown in Figure 2, a spherical head
phantom is irradiated by a half-wave dipole antenna at 835 MHz in
the measurement setup [27]. The dipole length is 178 mm and it is
placed at several distances from the outer surface of the sphere. The
phantom consists of an outer glass shell and the head tissue-equivalent
material. The inner diameter and the thickness of the glass shell are
213 mm and 5 mm, respectively. Electrical properties of the glass shell
and the head tissue-equivalent material are shown in Table 1. Table 2
compares the measured and simulated peak 1-g SAR for three diﬀerent
distances d between the radiating dipole and the phantom [16, 27].
The SAR quantity reported in Table 2 is normalized to the output

174

Mahmoud et al.

power of 0.5 W. The output power is sum of the absorbed power in the
human body and the radiated power. As shown in Table 2, numerical
simulation results are in good agreement with the measured data.
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Figure 1. Comparison between the resulting values of |S11 | and
the results obtained via FDTD technique and the measurements in
reference [4] for the λ/4 monopole on a PEC handset model.
Table 1. Properties of the spherical head phantom used for validation
test [27]. (εr = relative permittivity and σ = conductivity.)
Frequency
835 MHz

Glass shell
εr
σ
4
0

Tissue-equivalent material
εr
σ
41.1
1.06

Table 2.
Comparison of measurement [27] and simulation
results [16, 27] for peak 1-g SAR in head equivalent liquid (Figure 1).
d (mm)

Peak 1-g SAR (W/kg)
measured [27]

Simulated [27]

Simulated [16]

our results

5

6.78

6.77

7.27

6.796

15

3.41

3.27

3.24

3.337

25

1.85

1.68

1.65

1.821
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Figure 2. Exposure of a spherical head phantom by a half-wave dipole
antenna.
4. HANDSET DESIGN AND SIMULATION RESULTS
In this paper, the handset has been modeled as a metallic box with the
dimensions 46.4 × 16.4 × 96.4 mm. These dimensions are large enough
to let us design the array with a λ/4 spacing without making the overall
size too large. The monopole antennas were modeled by λ/4 metallic
wires ﬁxed on top of the metal box and fed with voltage sources. The
geometry consists of a 5-element array of λ/4 monopoles; four elements
located at handset corners and the ﬁfth-element located at the center as
shown in Figure 3. The monopoles were chosen to be of radius 0.2 mm.
The metal box with the attached monopoles is covered with a dielectric
material (εr = 2.1), having external dimensions 50 × 20 × 114.7 mm.
The total power delivered to all antenna arrays for all cases is held
constant (100 mW).
As an example of adaptive beamforming, we considered two
scenarios as shown in Table 3. Figure 4 shows the capability of the
5-element array geometry to achieve both scenarios 1 and 2. The
required amplitude and phase excitations of each element to obtain
the beampatterns in Figure 4 are shown in Table 4.
Table 3. Descriptions of the environmental scenarios.
Scenario #1
Desired
Interference
◦
0
90◦ 180◦ 270◦

Scenario #2
Desired
Interference
◦
90
0◦ 180◦ 270◦
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(b)

(a)

(c)

Figure 3. Geometry of the ﬁve-element monopole array mounted on
the mobile handset. (a) Numerical model, (b) Elevation view, (c) Top
view.

(V/m)

Scenario #1
Scenario #2

Figure 4. The radiation pattern |Eθ | for the ﬁve-element monopole
array mounted on the mobile handset.
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Figure 5.
Homogeneous human head model and handset
conﬁguration. (a) Front view, (b) Side view.
Table 4. The required amplitude and phase excitations of each
element for 5-element monopole array on handset.
Element
No.
1
2
3
4
5

Scenario #1
amplitude
phase
2.87
−17.45◦
2.56
0.92◦
1.29
−70.74◦
1.41
99.88◦
1.96
−171.89◦

Scenario #2
amplitude
phase
1.23
22.91◦
1.95
−119.03◦
2.05
−125.33◦
1.28
25.61◦
2.91
−29.09◦

5. INTERACTION BETWEEN HANDSET AND HUMAN
HEAD
In this section, the interaction between the mobile handset and the
human head has been studied. A simpliﬁed homogeneous spherical
head model is used. The sphere had a radius of r = 10 cm and
the tissue that it contained had a relative permittivity of εr = 33.5
and conductivity σ = 2.8 S/m. These tissue-equivalent dielectric
parameters were chosen according to [28] for simulating brain tissue at
5 GHz. For the computation of SAR, the head tissue density is assumed
to be 1000 kg/m3 . The relative position of the handset relative to
human head model is illustrated in Figure 5. The interaction between
the mobile handset and the human head is studied from two viewpoints:
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the impact of the handset on SAR and the eﬀect of the human head
on the radiation pattern.
5.1. The Impact of the Handset on SAR
Now, all newly proposed handset antennas consider SAR an important
design speciﬁcation that they must meet. Therefore, in this section we
study the impact of the handset on SAR. Figures 6 shows the variation
of the spatial-peak SAR over 10-g of tissue with respect to the distance
dy between the handset and the outer surface of the homogeneous
human head phantom for dx = 10 cm and dz = 2 cm. The ﬁrst case is
for a single-monopole element modeled by a λ/4 metallic wire ﬁxed at
the center of the metal box. Case 2 is the 5-element monopole array
incorporated into the handheld device but all elements are excited
with the same amplitude and phase (2, 0◦ ). Cases 3 and 4 are the
same design as in Case 2 but the monopole elements are fed to achieve
scenarios 1 and 2, respectively, as in Section 4. It should be noted that
Case 4 is the worst case where the desired SOI is in the direction of
the human head (the human head is located between the handset and
the base station).
This ﬁgure underscores several points. A ﬁrst observation from
this plot is that dividing the delivered power in one antenna into
ﬁve antennas dose not signiﬁcantly increase the spatial-peak SAR
especially if these elements are excited with the same amplitude and
phase. But if these array elements are fed with diﬀerent voltage
values to achieve a certain scenario, the spatial-peak SAR is aﬀected
signiﬁcantly. The results obtained in Figure 6 indicate that, the
resulting SAR values for the smart handset in diﬀerent scenarios are
under the limits set by IEEE C95.1: 2005 or ICNIRP standards. 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 [24]. 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 estimates for the inhomogeneous human head
model.
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Figure 6. Variation of spatial-peak SAR over 10-g for diﬀerent
distances dy between handset and outer surface of the homogeneous
human head phantom. The handset delivered power is 100 mW.
5.2. The Eﬀect of the Human Head on the Radiation
Pattern
In this section we study the eﬀect of the human head on the radiation
pattern. Figure 7(a) shows the handset radiation pattern in the
presence of a homogeneous human head phantom for scenarios 1 and
2. The distances between the human head model and the handset
are ﬁxed to dy = 1 cm, dx = 10 cm and dz = 2 cm. It is noted that,
in the case of scenario #1, only a slight eﬀect is observed where the
handset is still able to direct most of the ﬁeld in the desired direction
and to minimize it in the interference directions. But for scenario #2,
where the maximum ﬁeld is directed towards the head, the radiation
pattern is greatly aﬀected by the presence of the human head, where
some power is already directed to the interference angles. Therefore,
we should re-optimize the beampattern in the presence of the head.
Figure 7(b) shows the re-optimized beampattern of the handset in
the presence of the homogeneous human head phantom for scenarios
1 and 2, at the same distances. The ﬁgure shows the ability of the
design to direct the maximum ﬁeld towards the direction of the SOI
while placing deeper nulls towards the angles of SNOIs in the presence
of the human head for diﬀerent scenarios. On the other hand, the
SAR is increased where the spatial-peak SAR over 10-g is increased
to 0.3775 W/kg and 1.131 W/kg for scenarios 1 and 2 respectively.
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Scenario #1
Scenario #2

(V/m)

(V/m)

Scenario #1
Scenario #2

(a)

(b)

Figure 7. The radiation pattern |Eθ | of the handset in the presence
of the homogeneous human head phantom at distances (dy = 1 cm,
dx = 10 cm and dz = 2 cm). (a) Pre-optimized beampattern, (b)
Optimized beampattern.
However, these values of SAR are still under the guideline limitations.
Table 5 shows the required amplitude and phase excitations of each
element for a 5-element monopole array on a handset to obtain the
beampatterns in Figure 7(b).
Table 5. The required amplitude and phase excitations of each
element for the 5-element monopole array on a handset in the presence
of the homogeneous human head model at distances dy = 1 cm,
dx = 10 cm and dz = 2 cm.
Element
No.
1
2
3
4
5

Scenario #1
amplitude
phase
2.69
78.58◦
1.07
169.33◦
1.65
94.19◦
1.89
−101.26◦
2.91
−110.43◦

Scenario #2
amplitude
phase
1.85
129.69◦
2.69
−23.16◦
1.58
−136.16◦
1.41
−9.79◦
1.58
76.13◦
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6. THE EFFECT OF CHANGING THE SMART
HANDSET POSITION
In this section we study how the radiation pattern is aﬀected by
changing the position of the handset either in the y-direction (forward
and back) or in the x-direction (right and left) or in z-direction (up and
down) relative to the human head. Also, we study the best way to reoptimize the beampattern in the new position. To illustrate this eﬀect
we take into account the worst case (scenario #2). The original case is
the optimized beampattern at the distances dy = 1 cm, dx = 10 cm and
dz = 2 cm shown in Figure 7(a). The required amplitude and phase
excitations are already shown in Table 5. This study is presented in
three subsections introducing the eﬀect of changing the distances dy ,
dx and dz .
6.1. The Eﬀect of Changing the Distance (dy )
In this part, we will study the eﬀect of changing the distance dy on
the optimized beampattern. Figure 8 shows the radiation patterns for
diﬀerent values of dy , 5 mm, 15 mm and 20 mm, respectively. It is found
that, for distances 5 mm and 15 mm, still acceptable beampatterns are
obtained. However, at a distance of dy = 20 mm, some of the power is
directed toward the nulls. Therefore, the handset should re-optimize
the feedings to obtain an acceptable beampattern. We will re-optimize
the beampattern using a lower number of iterations (k = 200).
Two cases are considered to re-optimize the beampattern. First,
we re-optimized the beampattern where the 5-element monopole array
is excited with the same amplitude and phase (2, 0◦ ) as an initial
iteration. In the other case, we will re-optimize the beampattern
using the previous amplitude and phase excitations shown in Table 5
as an initial iteration. The resultant radiation patterns for these
cases are shown in Figure 9. As a comparison between the obtained
beampatterns we note that, a slightly better result is obtained by using
the previous excitation values as an initial iteration. That means
we can use a smaller number of iterations for each handset position
change, which will save the required time to optimize the beampattern.
Therefore, this case (case #2) will be used in the following subsections
to re-optimize the beampatterns.
6.2. The Eﬀect of Changing the Distance (dx )
Now, we study the eﬀect of changing the distance dx on the optimized
beampattern. Figure 10 shows the radiation pattern of the handset
when it moved back and forward (y-direction) for diﬀerent distances.
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dy = 0.5 cm
dy = 1.5 cm
dy = 2 cm

(V/m)

Figure 8. The radiation pattern |Eθ | of the handset in the presence
of the human head for diﬀerent distances of dy where dx = 10 cm and
dz = 2 cm.

Case #1
Case #2

(V/m)

Figure 9. The optimized radiation pattern |Eθ | of the handset in the
presence of the human head at distances (dy = 2 cm, dx = 10 cm and
dz = 2 cm). Cases 1 and 2 are based on re-optimizing the beampattern
by exciting the elements with the same amplitude and phase (2, 0◦ ) or
exciting the elements with the previous [Table 5] amplitude and phase,
respectively, for the ﬁrst iteration.
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dx = 8 cm
dx = 9 cm
dx = 11 cm
dx = 12 cm

(V/m)

Figure 10. The radiation pattern |Eθ | of the handset in the presence
of the human head for diﬀerent distances of dx where dy = 1 cm and
dz = 2 cm.
It is found that if the handset is shifted by ±1 cm, acceptable
beampattern is still obtained. However, at the same distances (dy =
1 cm and dz = 2 cm), with deviating the handset by dx = ±2 cm we
note that some of the power is directed toward the nulls. Therefore,
the handset should re-optimize the feedings to obtain an acceptable
beampattern. Figure 11 shows the optimized beampattern at distances
dx = 8 cm and 12 cm.
6.3. The Eﬀect of Changing the Distance (dz )
Finally, we study the eﬀect of changing the distance dz on the optimized
beampattern. Figure 12 shows the radiation pattern of the handset
when it moved up and down (z-direction). Again, it is found that if
the handset is shifted by ±1 cm, an acceptable beampattern is still
obtained. However, shifting the handset by dz = 2 cm, some of the
power is directed toward the nulls as shown in Figure 12. Therefore,
the feedings were re-optimized to obtain an acceptable beampattern.
Figure 13 shows the re-optimized beampattern at dz = 4 cm.
It should be noted that better results can be obtained in the
previous studies if the number of iterations is increased but then the
required processing time will also increase. There are other trade-oﬀs
between the required processing time and the accuracy such as letting
the feeding excitation (amplitude and phase) to have discrete values.
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dx = 8 cm
dx = 12 cm

(V/m)

Figure 11. The optimized radiation pattern |Eθ | of the handset in the
presence of the human head at distances (dy = 1 cm and dz = 2 cm).

dz = 1 cm
dz = 3 cm
dz = 4 cm

(V/m)

Figure 12. The radiation pattern |Eθ | of the handset in the presence
of the human head for diﬀerent distances of dz where dy = 1 cm and
dx = 10 cm.
Also, the antenna array may be optimized using only discrete phaseshifters. Clearly if the quantized step size is increased, the required
convergence time will decrease; on the other hand, the accuracy will
decrease. In addition, a modiﬁed version of PSO can be used to get a
better convergence rate [29, 30].
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Pre-optimized
Optimized

(V/m)

Figure 13. The optimized radiation pattern |Eθ | of the handset in
the presence of the human head at distances (dy = 1 cm, dx = 10 cm
and dz = 4 cm).
7. CONCLUSIONS
In this paper we investigated 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. Also, the interaction of the antenna array, mounted on
a mobile handset, with a human head phantom is investigated. 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 for two diﬀerent scenarios. It is found that the smart
handset can work under SAR guidelines limitations. In addition, the
eﬀect of the human head on the handset radiation pattern is studied.
Also, the eﬀect of changing the handset position in diﬀerent directions
on the radiation pattern is considered. It is found that if the handset
is approximately shifted by ±1 cm in any direction, an acceptable
beampattern is still obtained without the need of re-optimization. The
PSO algorithm is used to optimize the complex excitations of the
adaptive arrays elements for beamforming. The numerical simulation
results demonstrated the feasibility of smart handset beamforming to
nullify the eﬀects of interfering sources in the presence of the human
head model.
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