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Abstract

In this paper, a novel low-profile planar monopole internal antenna for GSM/DCS/PCS/ IMT/
UMTS/WLAN/ISM/LTE operation in the mobile phones is designed and developed. The pro-
posed antenna is composed of multi-branches, F-shaped slots in the system ground plane and
tapered feeding line which can improve the impedance matching at the feeding point. The
antenna occupying a small area of 18.5 x 46 mm® is placed on the top no-ground portion
of the system circuit board, which makes it suitable for practical mobile applications. A proto-
type of the proposed antenna is fabricated and tested. In addition, the planar monopole
antenna can provide two wide lower and upper bands to respectively cover the frequency
range of 848-1152 MHz, and 1736-3000 MHz, for the GSM850/GSM900/DCS1800/
PCS1900/IMT2000/UMTS2100/WLAN2400/ISM2450/LTE2300/LTE2500 operation in the
mobile phone. Good radiation patterns and antenna peak gain for frequencies over the oper-
ating bands have been observed. The antenna is simulated and designed by using Ansoft HFSS
and CST Microwave Studio. Details of the antenna design, results on the reflection coefficient,
radiation characteristics, directivity, antenna gain, realized gain, and efficiency of the antenna
are given and discussed. Finally, the specific absorption rate (SAR) of the proposed antenna
placed at the bottom of the mobile phone is also investigated. The obtained SAR values meet
the limit of 1.6 W/kg for the 1 g head tissue and 2.0 W/kg for the 10 g head tissue.

Introduction

Wireless communications and internet services have been penetrating into our society and
affecting our everyday life profoundly during the last decade far beyond any earlier expecta-
tions [1]. Several designs antennas used in internal mobile terminals applications with light-
weight, low profile, and ease of fabrication [2-20], such as monopoles [2, 3], loop antennas [7,
8], slot antennas [9], inverted-F shaped wire-form antennas (IFAs) [10], planar inverted-F
antennas (PIFAs) [11, 12].

An internal meandered loop antenna is proposed in [5], the designed antenna has a sym-
metric metal-strip loop pattern and occupies a size of 27 x 43 x 7 mm”. The antenna can pro-
vide two wide operating bands to cover the desired frequency ranges of 98 MHz (866
—964 MHz) and 480 MHz (1667-2147 MHz) for the GSM900, DCS1800, and PCS1900 oper-
ation. On the other hand, a folded loop antenna is discussed in [7], which is composed of a
folded loop strip, two tuning strip line, and a pair of rectangular tuning elements. The
designed antenna achieves the GSM850, GSM900, DCS, PCS, and UMTS (824-896, 880-
960, 1710-1880, 1850-1990, and 1920-2170 MHz) operation and occupies a volume of
10 x 60 x 8 mm>. Also, a compact PIFA having two meander folded structures is demonstrated
in the article [12]. The occupied volume of the antenna is 30 x 16 x 9 mm?> and is capable of
operating at GSM900, DCS1800, and Satellite DMB (2605-2655 MHz) bands.

In addition, by using two methods parasitic strips and sleeve feed a planar meander mono-
pole antenna with planar structure and area of 100 x 44 mm? is reported in [13]. The antenna
has a wide bandwidth covering 440—1350 MHz frequency ranges for the DVB-H, LTE,
GSM850, and GSM900 operation in the mobile phone. The authors in [15], introduced a
shorted folded planar monopole antenna for GSM (890-960 MHz) and DCS (1710-
1880 MHz) dual-band operations with a compact size of 5x 10 x 40 mm”’. Chia-Mei et al.,
in [17], studied a simple planar monopole antenna with an area of 5 x 40 x 6 mm”, and con-
sists of a metal-wire-cutting bended monopole antenna (BMA) fed by mini-coaxial cable
jointly with a thin printed ground-line. The antenna operates over the CDMA (824-
894 MHz), GSM (880-960 MHz), DCS (1710-1880 MHz), PCS (1850-1990 MHz), and
WCDMA (1920-2170 MHz).
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Fig. 1. Geometry of the proposed planar monopole internal antenna for GSM/DCS/
PCS/IMT/ UMTS/WLAN/ISM/LTE operation in the mobile phones. (a) Front view. (b)
Back view. (c) Dimensions of the metal pattern of the antenna.

A printed strip monopole embedded with a chip inductor is
discussed in [21]. The antenna comprises a chip-inductor-
embedded longer radiating strip and a shorter radiating strip.
The antenna occupies a size of 15x 60 mm” and can provide
two wide operating bands to cover the frequency ranges of
140 MHz (824-964 MHz) and 640 MHz (1680-2320 MHz)
which includes the GSM850, GSM900, DCS1800, PCS1900, and
UMTS. As reported in [22], an internal printed loop-type antenna
is investigated. The antenna is composed of a driven monopole and
a coupled strip. The antenna occupies a size of 20 x 45 mm®, yet
supports two wide operating bands to cover the desired frequency
ranges of 810-1180 MHz and 1540-2230 MHz for the GSM850,
GSM900, DCS, PCS, and UMTS bands. In [23], a multi-arm
coupled-fed monopole antenna is presented. The antenna consists
of a monopole patch with a 50 Q micro-strip feed-line and is
printed on the front side of the substrate. The patch antenna oper-
ates a resonant mode at 2.66 GHz. On the back side of the sub-
strate, a coupled-fed monopole with four arms and a ground
plane are printed. The designed antenna occupies a size of 60 x
15 mm® and can generate two wide operating bands to cover the
frequency ranges of 720-1150 MHz and 1450-2200 MHz for the
GSM850, GSM900, DCS1800, PCS1900, and UMTS applications.

The purpose of this paper is to design a low-profile planar
monopole internal antenna for mobile phone applications
which requires a small size of only 18.5 x 46 mm? on the top sur-
face of the FR4 substrate of area 46 x 88.5 mm”. As displayed in
Fig. 1, the presented antenna has a compact structure, consists
of multi-branches, tapered feeding line and two F-shaped slots
in the ground plane. A prototype of the proposed antenna is fab-
ricated and measured. In addition, the measured results demon-
strate that the proposed antenna can provide two wide
operating bands to cover the desired frequency ranges of
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Fig. 2. Simulated reflection coefficient for the proposed antenna, the corresponding
antenna with a simple rectangular patch and trapezoidal shape (Case 1), the corre-
sponding antenna with slots in the radiating element and branch 1(A-B) (Case 2), the
corresponding antenna with the addition of branch 2(C-D) (Case 3)and the corre-
sponding antenna with the addition of branch 3(E-F) and without F-shaped slots
in the ground plane (Case 4).

848-1152 MHz and 1736-3000 MHz. The obtained results show
good performance in terms of antenna gain and radiation charac-
teristics. Furthermore, the specific absorption rate (SAR) results of
the presented antenna, placed at the bottom of the mobile phone,
at the selected operating frequencies of 900, 1800, 1900, 2000,
2300, and 2450 MHz, are also evaluated and calculated according
to the FCC standard (1.6 W/kg over 1g tissue) and ICNIRP
standard (2 W/kg over 10 g tissue). Three human head models
have been implemented: a homogenous spherical head model,
Specific Anthropomorphic Mannequin (SAM) phantom head
and HUGO human head model provided by CST MWS. The con-
figuration of the proposed antenna, parametric analysis, and
results of the constructed prototype on the reflection coefficient,
radiation characteristics, directivity, peak antenna gain, realized
gain and efficiency are investigated and discussed in the following
sections. The whole work of this paper used Ansoft HFSS software
and CST Microwave studio to run all simulations and to calculate
the SAR values.

Antenna configuration and design methodology
Antenna design geometry

The geometry of the proposed low-profile planar monopole
internal antenna for GSM/DCS/PCS/IMT/UMTS/WLAN/ISM/
LTE operation in the mobile phones is illustrated in Fig. 1. In
this study, the design of the antenna is based on an FR4 substrate
of thickness 0.8 mm with a relative permittivity of 4.4, a loss tan-
gent of 0.02, a size of 46 x 88.5 mm”, and is used as the system
circuit board. The developed antenna is formed by multi-
branches (branch 1(A-B), branch 2(C-D) and branch 3(E-F)),
tapered feed line and occupies a small area ungrounded region
of only 18.5 x 46 mm?, and is printed on the top surface of the
substrate. On the other side of the substrate, a limited ground
plane with two F-shaped slots with an area of 46 x 70 mm? is
printed. The dimensions of the system circuit board and ground
plane are reasonable for practical applications in the modern
slim mobile phones.
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Table 1. Optimized values for the geometric parameters of the proposed antenna (unit in mm).
Parameter Value Parameter Value Parameter Value Parameter Value
L1 46 L8 4.5 L15 20 w 46
L2 135 L9 11 L16 20 W1 1.54
L3 5 L10 5.2 L17 16 w2 4
L4 21 L11 10 L18 16 W3 2
L5 515) L12 28.5 L19 10 L 70
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Fig. 3. Simulated reflection coefficient as a function of (a) the length L1 and (b) the
length CD. Other dimensions are the same as given in Table 1.

A 50 Q microstrip feed line with a width of 1.54 mm is used to
excite the proposed antenna in the simulation and is located along
the center of the ground plane. In order to achieve a better imped-
ance matching at the feeding point, a trapezoidal shape of 5 mm
length is used and connected between the microstrip line and
antenna. The width of the trapezoidal shape changes linearly
from 1.54 mm at the feeding point to 4 mm at the edge of the
patch antenna.

In principle, the lengths calculated from the feeding point to
the open end of each branch were chosen to approximately
equal a quarter of a wavelength at the resonance frequencies.
The total length from the feeding point to the open end of branch
1 is approximately 82.5 mm which is close to the one-quarter
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length L12. Other dimensions are the same as given in Table 1.

wavelength of the 900-MHz frequency in free space. Also, the
length from the feeding point to the open end of branch 2 is
selected to be about 123.5 mm, approximately one-quarter wave-
length of 800-MHz frequency. These two branches are used to
control the lower frequency band. In order to generate another
resonant mode in the higher band, an additional branch (branch
3) is added at a proper position, the calculated length from the
feeding point to the open end of the resonant branch (E-F) is
about 33.2 mm which is approximately a quarter wavelength at
2.26 GHz. In addition, the three resonant branches are not inde-
pendent but coupling with each other, so that they have to be
optimized jointly to achieve the multiband operation. The effects
of these branches on the generation of the resonant modes of the
antenna’s lower and upper bands are more clarified in Fig. 2 in
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Fig. 5. Simulated reflection coefficient as a function of (a) the length L17 =118 and
(b) the length L of the main ground. Other dimensions are the same as given in
Table 1.

the section “Design procedure of the proposed antenna”, and in
the section “Antenna configuration and design methodology”.
Notice that, the main role of the two F-shaped slots inserted in
the ground plane is to obtain a good impedance matching and a
wide bandwidth in the lower and upper bands, Fig. 2 illustrates
the effect of the two F-shaped slots, positioned symmetrically
with respect to the microstrip line on the performance of the pre-
sented antenna. Furthermore, the effects of several important
design parameters of the proposed antenna on generating the
antenna’s lower and upper bands will be analyzed in the section
“Parametric study of the proposed antenna”, and in the section
“Antenna configuration and design methodology”. The optimiza-
tion design was carried out with the help of numerous simulations.
Table 1 lists detailed of the optimized dimensions of the proposed
antenna design. The simulation results are obtained using the com-
mercial program Ansoft High Frequency Structure Simulator
(HFSS) which is based on Finite Element Method (FEM) that is
operated in the frequency domain for analyzing the behavior of
the proposed model and determining suitable values of parameters.

Design procedure of the proposed antenna

The aim of this work is to design a low-profile planar monopole
antenna for GSM/DCS/PCS/ IMT/UMTS/WLAN/ISM/LTE
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application. In order to analyze the design evolution of the pro-
posed antenna, several important case antennas are given as fol-
lows. Figure 2 depicted the simulated reflection coefficient
versus frequency of the proposed antenna and four cases anten-
nas, the case with a simple rectangular patch and trapezoidal
shape (Case 1), the case with slots in the radiating element and
branch 1(A-B) (Case 2), the case with the addition of branch 2
(C-D) (Case 3), and the case with the addition of branch 3
(E-F) and without F-shaped slots in the ground plane (Case 4).
Noted that these four cases (Case 1, Case 2, Case 3, and Case
4) are developed in order to obtain the optimized geometric of
the presented antenna. All the corresponding dimensions of the
four antennas analyzed in the figure are the same as those of
the proposed antenna. According to the simulation results, a
wide bandwidth of 1192 MHz (1120-2312 MHz) is obtained by
Case 1. The resonant frequency of the fundamental mode is gen-
erated at around 1171 MHz in the Case 2. From the comparison
of Case 3 and Case 2 in Fig. 2, the first resonant mode is shifted
from about 1171 to 950 MHz. On the other hand, by adjusting the
dimensions and position of branch 3, a third resonant mode is
appeared at around 2.258 in Case 4.

According to the simulation data depicted in Fig. 2, the imped-
ance matching and bandwidth of the antenna’s lower and upper
bands obtained in Case 4 (without slots in the ground plane)
are not sufficient to cover the desired lower and upper bands.
In order to achieve a good impedance matching and a wide band-
width in the lower and upper bands, two F-shaped slots, located
symmetrically with respect to the microstrip line, are inserted
into the ground plane as presented in Fig. 1(b). The simulation
results showed that by comparing the proposed antenna and
Case 4, better impedance matching is obtained in the antenna
lower and upper bands, and by carefully adjusting the dimensions
and locations of the F-shaped slots in the ground plane, the
desired lower and upper bands covering the frequency range of
850-1150 MHz and 1722-2850 MHz. respectively, are generated
using the proposed antenna. The wide lower and upper bands
cover the GSM850/GSM900 and DCS1800/PCS1900/IMT2000/
UMTS 2100/WLAN2400/ISM2450/LTE2300/LTE2500 operation,
respectively.

Parametric study of the proposed antenna

The parametric study is important because it provides some
understanding of the antenna characteristics and achieves the
optimum antenna performance. In this section, we use the
Ansoft HFSS software in order to analyze the effect of the import-
ant parameters on antenna performance such as impedance
matching and bandwidth of the antenna’s lower and upper
bands. Notice that, only one parameter is varied while, the
other dimensions are the same as given in Table 1.

Effect of the length L1, the length CD, L11 and the length L12
on the performance of the proposed antenna

The simulated reflection coefficient curves with different lengths
L1 varied from 37 to 46 mm are depicted in Fig. 3(a). From the
obtained results, the bandwidth of the lower band is not affected
by the parameter L1, but large effects on the upper band are
seen, when the length L1 fixed to 46 mm, better impedance
matching and wide bandwidth are obtained over the antenna’s
upper band. The effects of the lengths CD (branch 2) on the
performances of the proposed antenna are analyzed in Fig. 3
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(b)

Fig. 6. Photographs of the fabricated prototype of the proposed antenna in different views. (a) Front view of the fabricated antenna. (b) Back view of the fabricated

antenna. (c) Top side.

(b). The simulated reflection coefficient for the length CD varied
from 27 to 52 mm is demonstrated in Fig. 3(b). When the
length CD decreases all the resonant modes and impedance
matching of the lower and upper bands are affected. In this
study, the selected length CD is determined to be 52 mm
from the obtained results.

The simulated reflection coefficient for the proposed antenna
relative to the change in the lengths L11 varied from 0 to
20 mm is studied in Fig. 4(a). The bandwidth of the lower band
is not affected by the parameter L11, but large effects on the
upper band are seen, when the length L11 fixed to 10 mm a
new resonant mode appears at about 2.3 GHz with a good imped-
ance matching. The effects of the lengths L12 are investigated in
Fig. 4(b). The other dimensions are the same as the ones given
in Table 1. The results for L12 varied from 9.5 to 28.5 mm are pre-
sented. Large effects on the lower band are observed. When the
length L12 decreases, the obtained bandwidth of the antenna’s
lower band is quickly decreased and becomes unable to cover
the desired frequency bands. Also, for the upper band, a good
impedance matching is obtained when the length L12 equals to
28.5 mm.

https://doi.org/10.1017/51759078718001125 Published online by Cambridge University Press

Effect of the length L17 =118 and the length L of the system
ground plane on the performance of the proposed antenna

The simulated reflection coefficient curves with different lengths
L17 and L18 varied from 5 to 16 mm are plotted in Fig. 5(a).
The other dimensions are the same as given in Table 1. It is
found that the impedance matching of the lower band is worse
when L17 and L18 decrease, while some variations are observed
in the impedance matching and bandwidth of the upper band.
Effects of varying the length L of the system ground plane on the
performances of the proposed prototype antenna are also studied
in Fig. 5(b). Results of the simulated reflection coefficient for the
length L varied from 60 to 70 mm are presented. When the length
L decreases, all the resonant modes and impedance matching of the
lower band are affected. As can be seen in this design, the preferred
length L is determined to be 70 mm from the obtained results.

Prototype fabrication and measurement results

In order to investigate the performance of the proposed
low-profile planar monopole internal antenna for GSM/DCS/
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Fig. 7. (a) Simulated reflection coefficient by using Ansoft HFSS and CST MWS, and
(b) Measured and simulated reflection coefficient for the proposed antenna.

PCS/IMT/UMTS/WLAN/ISM/LTE operation in the mobile
phones, a prototype was fabricated and measured. The optimal
design parameters are given in Table 1. The prototype antenna
was fabricated using LPKF ProtoMat S63 machine at the STRS
Microwave Laboratory, National Institute of Posts and
Telecommunications-INPT. The photographs of the manufac-
tured planar monopole antenna are shown in Fig. 6. The 50 Q
microstrip feed line with a width of 1.54 mm is connected to
the SMA connector of 50 Q for the transmission signal.

The measured and simulated reflection coefficients versus fre-
quency for the constructed prototype antenna are illustrated in
Fig. 7. Figure 7(a) shows the comparison of the simulated reflection
coefficients for the proposed antenna by using the Ansoft HFSS and
the electromagnetic (EM) simulator software package, Computer
Simulation Technology Microwave Studio CST MWS which is
based on Finite Integration Technique (FIT) that is operated in
the time domain. From the obtained results, it is observed that the
simulated results by using Ansoft HFSS and CST MWS are in
good agreement. On the other hand, the measured data are tested
by Anritsu Vector Network Analyzer Master MS2028C. A good
agreement between the measured data and the simulated results
by using Ansoft HESS is seen in Fig. 7(b). The small difference
between the measured and simulated results can be due to manufac-
turing tolerance and imperfect soldering effect of the SMA con-
nector. Generally, a —6 dB reflection coefficient is acceptable for
the mobile phone applications. From the measured results, it can
be seen that two wide operating bands are generated for the pro-
posed antenna. The lower band shows a wide bandwidth of
304 MHz (848-1152 MHz), whereas the upper band has an even
wider bandwidth of 1264 MHz (1736-3000 MHz). The wide lower
and upper bands cover the GSM850/GSM900 and DCS1800/
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PCS1900/IMT2000/UMTS2100/WLAN2400/ISM2450/LTE2300/
LTE2500 operation, respectively.

Radiation characteristics

In order to study the performance of the proposed antenna in
more details, the simulated radiation characteristics of the con-
structed proposed prototype antenna are also investigated.
Figure 8 shows the three-dimensional (3D) gain radiation patterns
at the selected frequencies of 880, 920, 1800, and 2100 MHz. For
lower frequencies at 880 and 920 MHz, the radiation patterns are
close to those of the half-wavelength dipole antenna with good
omnidirectional radiation are observed, which indicates that stable
radiation characteristic is obtained over the antenna’s lower band.
For higher frequencies, at 1800 and 2100 MHz, relatively a few
variations in the radiation patterns are seen.

Due to the lack of some measuring devices and the anechoic
chamber, we present only the simulated radiation patterns of
the proposed antenna. The 2D radiation patterns at typical oper-
ating frequencies including 880, 1112, 1800, 1993, and 2328 MHz
in three principal planes, namely, the (¢ =0°), (¢ =90°) and (6=
90°) are plotted in Fig. 9. Dipole-like radiation patterns in the
lower band are present, and omnidirectional radiation in the
plane (¢ = 0°) is observed. For the radiation patterns in the higher
band at 1800, 1993, and 2328 MHz, an omnidirectional radiation
is obtained in the plane (¢ = 0°), while some variations or devia-
tions in the radiation patterns in the plane (6 = 90°) are observed.
From the obtained results it is found that the radiation character-
istics of the presented antenna are similar to those in internal
mobile phone antennas.

Simulated and measured peak gain

The simulated and measured peak gains versus frequency of the
proposed prototype antenna in two wide bands are plotted in
Fig. 10. It is found that the simulated peak gain varies from
about 1.42-2.05dB for the lower operating band of 860-
1158 MHz (in Fig. 10(a)). For the higher operating band of
1760-2892 MHz (in Fig. 10(b)), it can be seen that the antenna
gain varies from about 1.6-3.48 dB. Also, by using the Friis for-
mula, the measured peak gain can be calculated at the selected
operating frequencies. The measured gain for the lower frequen-
cies at 900, 950, 1000 MHz are 1.2, 1.4, and 0.9 dB, respectively,
while the peak gains for the higher frequencies at 1800, 1900,
2000, 2100, 2400, 2500, and 2600 MHz are 1.3, 2.6, 1.8, 2.5, 2.2,
3.1, and 2.8 dB, respectively. Good agreement between the mea-
sured data and the simulated results in the operation bands can
be seen in Fig. 10. Differences between the simulated and mea-
sured results are mainly caused by tolerances in the manufactur-
ing process and measurements, such as permittivity inaccuracy,
the imperfect soldering effect of the SMA connector, fabrication
imperfections, and measurement circumstance. The obtained
results demonstrate that the designed antenna has reasonable
antenna gains over the operating frequency bands, which is
acceptable for practical applications in the modern mobile
phones.

Directivity, gain, and realized gain

The simulated directivity, gain, and realized gain versus frequency
of the proposed antenna in two wide bands are also displayed in
Fig. 11. For frequencies over the low-frequency band, the
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Fig. 8. Gain radiation patterns in 3D at 880, 920, 1800, and 2100 MHz.

directivity is from 2 to 2.2 dB, the peak gain varies from 1.42 to
2.05dB and the realized gain is about —0.4-2.04 dB, as shown
in Fig. 11(a). Results in the upper band are given in Fig. 11(b),
where the directivity varies within a range of 1.93-4.27 dB, the
gain changes from 1.6 to 3.48 dB and the realized gain varies
from about 0.3 to 3.34 dB.

Radiation efficiency and total efficiency

Figure 12 illustrates the simulated radiation efficiency and total
efficiency of the proposed antenna. For the lower band shown
in Fig. 12(a), the radiation efficiency (total efficiency) varies
from 87.92% (68.1%) to 96.58% (96.49%). Meanwhile, for the
upper band shown in Fig. 12(b), the radiation efficiency (total
efficiency) varies from 81.57% (61.5%) to 94.94% (90.04%). The
radiation efficiency and the total efficiency are acceptable for
practical mobile phone applications.

Proposed antenna with packaging

The measured and simulated results depicted in Fig. 7 are without
the presence of the plastic housing of the antenna system.
Moreover, to simulate practical mobile phone casing, a plastic cas-
ing with a 1 mm thick plastic housing, a relative permittivity of
3.0, and a conductivity of 0.02 S/m, is used to enclose the system
circuit board with a gap of 2 mm in distance between the plastic
casing and the system circuit board. Notice that the height of the
plastic housing is 12 mm, an attractive height for thin mobile
phones, and the presented planar monopole antenna, is at the
center of the plastic housing, as demonstrated in Fig. 13(a).
Results of the simulated reflection coefficient against frequency
about the two cases (with or without the presence of the plastic
housing) for the proposed prototype antenna by using Ansoft
HESS and CST MWS are illustrated in Figs 13(b) and 13(c),
respectively. As can be seen from Figs 13(b) and 13(c), the pro-
posed antenna is capable of generating the lower and upper
bands in both cases.

Comparison with published work

A comprehensive comparison between the proposed prototype
antenna and the previous antenna based on the antenna size, the
area it occupies, and its bandwidth is given in Table 2. It is clearly
observed from the table below that the prototype antenna has a low
profile and occupies the smallest size compared with the other pub-
lished works. Furthermore, in terms of bandwidth, the proposed
antenna can provide two wide operating bands to cover the desired
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frequency ranges of 848-1152 MHz and 1736-3000 MHz, includ-
ing the GSM850/GSM900 and DCS1800/PCS1900/IMT2000/
UMTS 2100/WLAN2400/ISM2450/LTE2300/LTE2500 operation.

Sar analysis of the proposed antenna

The SAR is a measure of power radiated and absorbed by the
human body over the specific volume of the head tissue and cal-
culated in terms of Watts/kilogram (W/kg) [25]. The SAR is
defined as:

olE?
2p

SAR =

: (eY)

Where o is the tissue conductivity (S/m), E the root mean square
(rms) electric field (V/m), and p the tissue density (kg/m3).

For mobile phone compliance, the SAR value must not exceed
the exposure guidelines [26, 27]. For example, the SAR limit spe-
cified in IEEE C95.1: 1999 is 1.6 W/kg in a 1-g averaging mass
while that specified in ICNIRP guidelines is 2 W/kg in a 10-g
averaging mass [28]. The regulation in SAR has been harmonized
to 10-g with a limit of 2 W/kg specified in IEEE C95.1: 2005 with
the major difference discussed in detail in [29].

The SAR values of the proposed antenna are analyzed using
Ansoft HFSS and CST MWS. In this study, three human head
models have been used. The first model is a homogeneous
spherical head model with a diameter of 200 mm, composed
of a glass shell with 5 mm thickness and dielectric constant er
=4.6 and a sphere with 95 mm radius as the head equivalent
materials [30, 31]. Properties of the head tissue-equivalent
dielectric and the glass shell are given in Table 3 [30-33]. The
second model is a SAM phantom head model provided by
CST MWS, consists of two layers namely shell and fluid. The
third model is a HUGO human head model, also called
HUGO. The HUGO head model consists of fifteen types of tis-
sues, namely: Bones, Blood, Cartilages, Eye, Fat Tissue, Glands,
Gray Substance, Lens, Marrow, Mucous Membrane, Neuronal
Fabric, Nervus Opticus, Skin, Skeleton Muscle, White
Substance. The dielectric properties of the HUGO voxel model
are obtained from [34]. The HUGO head model is performed
at the resolution of 1 mm.

The gap distances between the antenna and the human head
model are 5, 10, and 20 mm. In the study, the mobile phone,
with the proposed antenna is positioned at the bottom of the sys-
tem circuit board. The input power for testing the SAR is 24 dBm
or 0.25 W for 900 MHz and 21 dBm or 0.125 W for 1800, 1900,
2000, 2300, and 2450 MHz.


https://doi.org/10.1017/S1759078718001125

60 L. Belrhiti et al.

Fig. 9. Radiation patterns in 2D at (a) 880 MHz, (b) 1112 MHz, (c) 1800 MHz, (d) 1993 MHz, and (e) 2328 MHz (=% dB(EPhi), —#= dB(ETheta)).
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Fig. 12. Simulated radiation efficiency and total efficiency of the proposed antenna versus frequency, (a) low-frequency band and (b) high-frequency band.

SAR distribution in homogenous spherical head model and in
the SAM phantom head model

Figure 14 describes the effect of the gap distance between the pro-
posed antenna and the homogenous spherical head model on the
SAR levels using the software Ansoft HFSS. The variation levels of
the local SAR and the SAR averaging over a mass of 1 and 10 g, at
various gap distances 5, 10, and 20 mm between the presented
prototype antenna and the homogenous spherical head, at differ-
ent frequencies of 900, 1900, 2000, and 2300 MHz is plotted in
Fig. 14. As can be seen from the obtained results, the levels of
the local and the average SAR decreases when the gap distance
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increases. Also, when penetrating the homogenous head, the
SAR levels for 900, 1900, 2000, and 2300 MHz decrease rapidly.

The simulated 3D 1 g SAR (W/Kg), at typical operating fre-
quencies of 900, 1800, 1900, and 2000 MHz, and 10 g SAR (W/
kg) distributions, at the 900, 1800, 2300, and 2450 MHz, within
the SAM phantom head model are illustrated in Figs 15(a) and
15(b), respectively, and were, obtained by using CST MWS, the
gap distance being fixed to 5 mm.

The simulated calculated SAR values within the homogenous
spherical head model and SAM phantom head, at the selected
operating frequencies of 900, 1800, 1900, 2000, 2300, and
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Fig. 13. (a) Proposed antenna with packaging, simulated reflection coefficient against frequency about the two cases (with or without the presence of the plastic
housing) for the proposed antenna, (b) using Ansoft HFSS and (c) using CST Microwave Studio.

Table 2. Performance comparison of the proposed antenna with other reported antennas.

Published Volume/Area
literature/ occupied Bandwidth (MHz) Bandwidth (MHz)
proposed Antenna size by antenna (Lower band) (Upper band)
[4] 15%60 x5 mm? 4500 mm?® (746-787)/41 =
(6] 18 x 42 x 7.5 mm?> 5670 mm® (824-960)/136 (1710-2170)/460
(7 10 x 60 x 8 mm® 4800 mm?> (819-1047)/228 (1679-2397)/718
[13] 100 x 44 mm? 4400 mm? (440-1350)/910 =
[14] 10 x 47 x5 mm? 2350 mm® (840-965)/125 (1705-2175)/470
[16] 6x60x5.5 mm> 1980 mm? (814-1102)/288 (1704 -2108)/404
[18] 18 x 61 mm? 1098 mm? (868-995)/127 (1550-2490)/940
[19] 21 x45 mm? 945 mm? (880-980)/100 (1685-2320)/635
[20] 15 x 60 mm? 900 mm? (810-965)/155 (1675-2190)/515
[24] 15.5 x 56.5 mm? 875.75 mm? (820-960)/140 (1710-2170)/460
1 15x 60 mm mm 4-964)/14 1680 - 4
[21] 60 mm? 900 mm? (824-964)/140 (1680 -2320)/640
[22] 20 x 45 mm? 900 mm? (810-1180)/370 (1540-2230)/690
15x 60 mm mm 720-1150)/4 1450- 75
[23] 60 mm? 900 mm? (720-1150)/430 (1450-2200)/750
Proposed antenna 18.5 x 46 mm? 851 mm? (848-1152)/304 (1736-3000)/1264
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Table 3. Properties of the tissue-equivalent dielectric used for the spherical head model.

Glass Shell Tissue-equivalent material
Frequency (MHz) Relative permittivity &, Conductivity o (S/m) Relative permittivity &, Conductivity o (S/m) p(kg/m?)
900 4.6 0 41.5 0.97 1000
1800 4.6 0 40.0 1.40 1000
1900 4.6 0 40.0 1.40 1000
2000 4.6 0 40.0 1.40 1000
2300 4.6 0 39.5 1.67 1000
2450 4.6 0 39.2 1.80 1000
24 - 1
== 500 MHz_d_10 mm_log == Average 1900 MHz d_10 mm_lg
. i : [+ @ 900 MH:z d_10 mm_lg o == Average_1900 MHz_d_20 mm_lg
3 W  Fpitied H 4 " o= 500 MHz_d_20 mm_l0g “- W Average 1900 MHz_d_5 mm_lg
= . : : == 900 MHz_d_20 mm_lg 0.8+ | i
i : : - = == Local_1900 MHz_d_20 mm
] — N == 000 MHz d 5 mm_lg == Local 1900 MHz d 5 mm

Average SAR(W/Kg)
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Normalized distance
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Fig. 14. Local SAR and average SAR variation in 1 and 10 g head tissues for the homogenous head model, at different frequencies, at various gap distances.

2450 MHz, for 1 and 10 g head tissues obtained using CST MWS
are listed in Table 4. It is found that the SAR values for 1 and 10 g
head tissues are decreased when the gap distance is increased from
d=5 to d=20 mm. From this table, when the gap distance is fixed
to 5 mm, it is noticed that the peak SAR values for 1 and 10 g head
tissues are all below 1.31 and 0.766 W/Kg, respectively, for the
homogenous head except 900 MHz, also the peak 1 and 10g
SARs are all below 1.49 and 1.03 W/Kg, respectively, for the
SAM phantom head except 900 MHz. Also, from the obtained
results the peak 1g SAR values for d=10 mm are 1.48, 0.94,
0.848, 0.775, 0.50, and 0.613 W/Kg, at 900, 1800, 1900, 2000,
2300, and 2450 MHz, respectively, for the SAM phantom head
model. For all selected frequencies the SAR values in 1 g head tissue
were always higher than SAR in 10 g head tissues. In addition, the
obtained results show that the peak 1 and 10 g SARSs, for the homo-
genous head model and SAM phantom head are close to each
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other. Moreover, the obtained SAR values are all below the SAR
limit of 1.6 W/kg for the 1 g head tissue (according to FCC stand-
ard) except f=900 MHz and 2.0 W/kg for the 10 g head tissue
(according to ICNIRP standard).

SAR distribution in the HUGO human head model

In this section, after the SAR validation using homogenous spher-
ical head model and SAM phantom head, we investigate the SAR
in the anatomically based head model, called HUGO human head
model. The SAR distributions inside the HUGO voxel model are
evaluated for two gap distances 5 and 10 mm, for the selected
operating frequencies, for the proposed antenna placed at the bot-
tom position of the mobile phone.

The 2D top cut plane view of 10 g SAR (W/kg) distributions,
at the frequencies of 900, 1800, 1900, and 2000 MHz, and 1 g SAR
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Fig. 15. Simulated 3D (a) 1 g SAR distributions (W/kg) ,at the frequencies of 900, 1800,1900, and 2000 MHz and (b) 10 g SAR distributions (W/kg) ,at the frequencies
of 900, 1800, 2300, and 2450 MHz, inside the SAM phantom head model, with 5 mm gap distance using CST MWS.

Table 4. Simulated SAR values for 1 and 10 g, inside the homogenous spherical head model and the SAM phantom head, for the antenna placed at the bottom of
the mobile phone; Three gap distances d=5, d =10, and d =20 mm between the antenna and the human head model are investigated.

Homogenous SAM phantom
Head
X d=5mm d=10 mm d=5mm d=10 mm d=20 mm
Distance
Input lg 10g lg 10g lg 10g lg 10g lg 10g
Frequency Power SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR
(MHz) (dBm) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg
900 24 2.20 1.50 1.40 0.945 2.24 1.48 1.48 0.957 0.731 0.508
1800 21 1.08 0.69 0.79 0.503 1.49 1.03 0.94 0.581 0.389 0.254
1900 21 1.02 0.661 0.705 0.401 137 0.955 0.848 0.517 0.354 0.231
2000 21 1.02 0.693 0.69 0.447 1.27 0.873 0.775 0.468 0.336 0.211
2300 21 0.801 0.503 0.463 0.279 0.903 0.574 0.50 0.286 0.196 0.115
2450 21 131 0.766 0.765 0.421 112 0.682 0.613 0.33 0.253 0.142

kg Wkg Wik
0.576 0.583 0.598
0513 0.519 0.533
0459 0885 0477
0.n05 0. 0.4z
0.351 0.355 0,368
0297 0.3m 0.308
u.283 r 0.246 0.252
0189 0191 0194
0.135 0.137 a.1s
n.081 o082 o 0841
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.13
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0554
0454
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0.0833
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Fig. 16. Simulated 2D (a) 10 g SAR distributions (W/kg), at the frequencies of 900, 1800, 1900, and 2000 MHz, and (b) 1 g SAR distributions (W/kg), at the frequencies
of 900, 1900, 2300, and 2450 MHz, inside the HUGO human head model, with 5 mm gap distance using CST MWS.
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Table 5. Simulated SAR values for 1 and 10 g, inside the HUGO human head model, for the antenna placed at the bottom of the mobile phone; Two gap distances d

=5 and d =10 mm between the antenna and the HUGO head model are investigated.

Frequency (MHz) 900 1800 1900 2000 2300 2450
Distance Input power (dBm) 24 21 21 21 21
d=5mm 1g SAR (W/kg) 157 1.09 1.08 1.09 0.308 141
d=5mm 10 g SAR (W/kg) 1.07 0.576 0.583 0.598 0.178 0.759
d=10 mm 1g SAR (W/kg) 1.29 0.853 0.842 0.855 0.205 1.01
d=10 mm 10 g SAR (W/kg) 0.871 0.462 0.462 0.47 0.125 0.554
(W/kg), at the selected operating frequencies of 900, 1900, 2300,  References

and 2450 MHz, inside the HUGO human head model are
depicted in Figs 16(a) and 16(b), respectively, and were obtained
by using CST MWS, the gap distance being fixed to 5 mm.

Table 5 gives a summary of the simulated peak 10 and 1 g
SARs, inside the HUGO human head, for the selected operating
frequencies. From the obtained results, it is clearly observed that
the averaged 10 and 1 g SARs results, are all well below the SAR
limits of 2.0 and 1.6 W/kg standards respectively, at all frequen-
cies, for the two gap distances. When the gap distance is fixed to
5 mm, the obtained maximum peak average SAR over 1 and 10 g
are 1.57 and 1.07 W/kg, respectively, at 900 MHz, whereas the
obtained minimum peak average SAR over 1 and 10 g are 0.308
and 0.178 W/kg, respectively, at 2300 MHz. Furthermore, from
the obtained results listed in Table 4 and Table 5, we conclude
that the proposed prototype antenna is very promising for prac-
tical mobile phone applications.

Conclusion

In this paper, a novel low-profile planar monopole internal
antenna for GSM/ DCS/PCS/IMT2000/UMTS2100/WLAN2400/
ISM2450/LTE operation in the mobile phones has been presented,
fabricated, and studied. The antenna is formed by multi-branches,
tapered feeding line and F-shaped slots in the ground plane and
occupies a small size of only 18.5 x 46 mm?. The very good agree-
ment is obtained between the simulated and experimental results.
Hence, the proposed prototype planar antenna has two wide
frequency bands which cover the lower frequency range of
848-1152 MHz for the GSM850/GSM900 and the higher
frequency range of 1736-3000 MHz for the DCS1800/PCS1900/
IMT2000/UMTS2100/WLAN2400/ISM2450/LTE2300 and LTE2500
bands. Good radiation characteristics and antenna peak gain
for frequencies over the desired operating bands have been
obtained. The SAR values of the proposed antenna placed at
the bottom position of the mobile phone have also been investi-
gated. Three human head models have been implemented, a
homogenous spherical head, SAM phantom head, and HUGO
human head model. The results demonstrate that the obtained
SAR values meet the limit of 1.6 W/kg for the 1 g head tissue
and 2.0 W/kg for the 10 g head tissue. Furthermore, the obtained
results, including reflection coefficient, directivity, antenna gain,
realized gain, efficiency, radiation patterns, and low SAR values,
reveal that this simple and low-cost design is especially suitable
for practical applications in the mobile phones as an internal
antenna.
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