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In this paper, we designed and developed a novel internal compact printed loop antenna for WWAN/WLAN/ISM/LTE smart-
phone applications. The proposed antenna is composed of a meander loop antenna and a capacitively coupled feeding line. It
has a planar structure, with an overall dimension of 120 × 60 mm2, the antenna portion occupying a size of 20 × 60 mm2,
which makes it suitable for practical smartphone applications. The results of our measurement reveal that the prototype
antenna can provide two wide frequency bands of 712–1078 and 1757–2930 MHz, which cover multi-band for GSM850/
GSM900/DCS1800/PCS1900/UMTS2100/IMT2000/WLAN2400/ISM2450/LTE700/LTE2300/ LTE2500. The antenna also
shows good radiation characteristics and gain peaks for frequencies over the desired operating bands. We also studied the
specific absorption rate (SAR) of the proposed antenna placed at the bottom of a mobile phone. The obtained SAR values
are all below the SAR limit of 1.6 W/kg for the 1 g head tissue and 2.0 W/kg for the 10 g head tissue. We used CST
Microwave Studio and Ansoft HFSS for the simulation and the design of the antenna and present in this paper the
details of the design considerations, as well as the results on the reflection coefficient, the surface current distributions, the
radiation characteristics, and the gain of the proposed antenna.

Keywords: Printed loop antenna, Capacitively coupled feeding, WWAN/WLAN/ISM/LTE, Smartphone, Specific absorption rate (SAR)

Received 21 February 2017; Revised 5 July 2017; Accepted 6 July 2017; first published online 8 August 2017

I . I N T R O D U C T I O N

Long-term evolution (LTE) is the fourth stage of the evolution
of mobile networks, and therefore is considered as the fourth
generation (4G). The LTE operation can provide better mobile
broad band and multimedia services than the existing GSM
and UMTS mobile networks and is expected to become
attractive for the mobile users [1]. There are various designs
used in internal mobile terminal applications, such as
monopoles [2], loop antennas [3], slot antennas [4],
inverted-F-shaped wire-form antennas (IFAs) [5], planar
inverted-F antennas (PIFAs) [6, 7], and balanced antennas
[8]. In addition, many antennas are capable of generating
two wide operating bandwidths to cover the most common
standards for mobile phone applications [9–20].

A multiband loop antenna is presented in [11]. Its loop
pattern has two symmetric meandered sections and a
central widened section, while the central widened section
has a size of 9 × 15 mm2, and the antenna portion occupies

a volume of 12 × 45 × 7 mm3. The antenna can provide
two wide operating bands to cover the desired frequency
ranges of 888–978 and 1670–2170 MHz, which includes the
GSM850/GSM900/DCS1800/PCS1900/UMTS 2100 bands
(824–896/880–960/1710–1880/1850–1990/1920–2170 MHz).
In [12], an internal hexa-band-folded antenna with four reso-
nances for mobile devices is investigated. This antenna,
formed by a single continuous loop element with two connec-
tions to the PCB through a feeding point and a grounding
point, takes a small volume of 50 × 13 × 5 mm3. The
antenna can generate two wide operating bands to cover the
frequency ranges of 698–960 and 1710–2170 MHz.

The authors in [15] propose a double planar inverted-E
(PIE) antenna. The design antenna is formed by an antenna
element, a feedline, a shorting line, two shunt capacitors,
and a ground plane and occupies a size of 60 × 10 ×
3 mm3. On the other hand, two wide operating bandwidths
covering 698–990 and 1700–2170 MHz are achieved. As
reported in [16], a compact folded loop-inverted F reconfigur-
able antenna is demonstrated. By using one PIN diode with a
simple bias circuit, both the loop and IFA modes are con-
trolled, and the antenna occupies a small volume of 60 ×
5 × 5 mm3 and can support only the GSM 850/GSM900/
GPS/DCS/PCS/UMTS/WLAN. Article [17] discusses a multi-
band loop antenna with a small volume of 68 × 5 × 3.3 mm3

for GSM850/GSM900/DCS/PCS/UMTS.
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In this paper, we propose a novel compact printed loop
antenna for smartphone applications. The proposed antenna
consists of meander loop antenna, which is connected to the
ground plane and a capacitively coupled feeding line. The
antenna shows a planar structure, with the overall dimension
of 120 × 60 mm2 and the antenna portion occupying a small
size of 20 × 60 mm2, which makes it suitable for practical
smartphone applications. In addition, the prototype antenna
can provide two wide lower and upper bands to respectively
cover the frequency range of 712–1078 and 1757–
2930 MHz, including the LTE700/GSM850/GSM900 and the
DCS1800/PCS1900/UMTS2100/IMT2000/LTE2300/LTE2500/
WLAN2400/ISM2450 operation. The obtained results show
good performance in terms of antenna gain and radiation pat-
terns. The configuration of the antenna, parametric studies, and
results of the constructed prototype are presented and dis-
cussed in the following sections. The specific absorption rate
(SAR) results of the proposed antenna placed at the bottom
of the mobile phone are also analyzed and calculated according
to the FCC standard (1.6 W/kg over 1 g tissue) and ICNIRP
standard (2 W/kg over 10 g tissue). Two human head models
have been implemented: an homogenous spherical head
model and a Specific Anthropomorphic Mannequin (SAM)
phantom head provided by CST MWS. We used Ansoft
HFSS software and CST MWS to run all simulations and to cal-
culate the SAR values.

I I . A N T E N N A C O N F I G U R A T I O N
A N D D E S I G N M E T H O D O L O G Y

A) Antenna design geometry
The configuration of the presented novel compact printed
loop antenna for WWAN/WLAN/ISM/LTE smartphone
applications is depicted in Fig. 1. The design of the antenna
is based on an inexpensive FR4 substrate, which has a relative
permittivity of 4.4, a loss tangent of 0.02 and a thickness of
1.6 mm and is used as the system circuit board. On the
front side of the substrate, a meander loop with a total
length of 372 mm and a width of 1 mm, and a system
ground plane with a length of 100 mm and a width of
60 mm are printed in the same face of the FR4 substrate.

The back side of the substrate consists of a capacitively
coupled feeding line, which is composed of three stubs
(stub1, stub2, and stub3) and connected to a 50 V microstrip
line located at the center of the ground plane with a width of
3 mm. The essential role of the three stubs is to obtain a better
impedance matching and to achieve a wide bandwidth in the
lower and upper bands. The effects of the lengths and loca-
tions of these three stubs on the antenna performance are ana-
lyzed in the next section. The overall dimensions of the
proposed antenna (120 × 60 mm2) and the antenna portion
(meander loop) (20 × 60 mm2) are suitable for the smart-
phone application. The detailed dimensions of the proposed
prototype antenna are optimized by using a full-wave electro-
magnetic simulator, Computer Simulation Technology
Microwave Studio CST MWS, which is based on Finite
Integration Technique (FIT).The different optimized para-
meters of the proposed antenna are given in Table 1.

B) Comparing the effect between the antenna
with direct feed and coupling feed
The simulated results are performed by using the CST
Microwave Studio. The proposed antenna was firstly designed
as a meandered loop antenna and subsequently step-by-step
developed into a capacitively coupled feed loop antenna. The
dimensions of the meander loop antenna shown in Fig. 2(b)
are the same as the ones given in Table 1. Figure 2(a) plots
the simulated reflection coefficient versus the frequency for
the proposed antenna by using the capacitive coupled feed
technique compared with the loop antenna excited by using a
50 V mini coaxial cable at the feeding point A as illustrated
in Fig. 2(b). As shown in Fig. 2(a), by using the direct feeding

Fig. 1. Geometry of the proposed internal compact printed loop antenna for WWAN/WLAN/ISM/LTE smartphone applications. (a) Front view. (b) Back view.
(c) Dimensions of the antenna in its planar structure.

Table 1. Optimized values for the geometric parameters of the proposed
antenna (unit in mm).

Parameter Value Parameter Value Parameter Value

L1 9 W1 23.5 d1 4.5
L2 7 W2 16.5 d2 4.5
L3 3 W3 19 L 20
L4 2 W4 25.5 Lg 100
L5 3 W5 25.5 W 60
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technique many peaks appear with a narrow bandwidth,
whereas, when changing the feeding method, we observe that
the proposed antenna can provide three wide frequency
bands, which covers multi-band for the GSM, DCS, PCS,
UMTS, IMT2000, WLAN, ISM2450, and LTE.

In order to evaluate the effects of the capacitively coupled
feed technique on generating the antenna’s lower and upper
bands, Figs 3(a) and 3(b) illustrate a comparison between
the simulated input impedance and the frequency of the pro-
posed antenna and the loop antenna with direct feeding. From
Fig. 3(b), we observe that the imaginary (Im) part of the
desired lower band impedance is very low, whereas, its real
part (Re) is much higher, in comparison with the proposed
antenna, which has a good impedance matching especially
at around 755 MHz, as shown in Fig. 3(a). For the desired
upper band, both the real (Re) and Im parts of the input
impedance for the proposed antenna are smaller than that
of the antenna with direct feeding. Moreover, they are both
closer to 50 and 0 V, respectively.

This comparison shows the importance of using the coup-
ling feed technique compared with the direct feed method in
order to achieve a good impedance matching in the lower and
upper bands and to enhance the bandwidth.

C) Parametric study of the proposed antenna
Several important design parameters of the proposed antenna
are analyzed in this section. In these studies, only one

parameter is varied while, the other dimensions are the
same as given in Table 1. The parametric study has been
carried out by using the commercial program CST
Microwave Studio.

1) effect of w
1
, w

2
, d

1
, and d

2
on the

performance of the proposed antenna

In the first section, we studied the effects of the lengths of the
two stubs (stub1 and stub2) on the reflection coefficient of the
presented antenna to see how it affects the impedance match-
ing and bandwidth of the proposed antenna. The effects of
varying the length W1 of the stub1 are investigated and
shown in Fig. 4(a). The other dimensions are the same as
the ones given in Table 1. Results for value W1 are presented
and vary from 7.5 to 23.5 mm. Large effects of the length W1

on the antenna’s lower bands are observed. When increasing
the length W1, the impedance matching of the upper band
is improved. Figure 4(b) demonstrates the simulated reflection
coefficient as a function of the length W2. Results for the
length W2 vary from 5.5 to 16.5 mm and are depicted in
Fig. 4(b). There are no variations in the impedance matching
of the lower band, and large effects on the impedance match-
ing of the antenna’s upper band are observed. The simulated
reflection coefficient versus the frequency curves with two dif-
ferent distances d1 and d2 vary from 4.5 to 6.5 mm and are
plotted in Figs 5(a) and 5(b), respectively. Notice that d1
and d2 are the distances from the ground plane edge to
stub1 and stub2, respectively, as illustrated in Fig. 1. Large

Fig. 3. Simulated input impedance for (a) the proposed antenna and (b) the loop antenna with direct feeding.

Fig. 2. (a) Simulated reflection coefficient of the proposed antenna and loop antenna with direct feeding technique. (b) Dimensions of the loop antenna with direct
feeding.
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effects on the lower and upper bands are seen by varying d1

and d2 from 4.5 to 6.5 mm.

2) effect of d
1
¼ d

2
and l

1
on the

performance of the proposed antenna

The effects of the distance d1 ¼ d2 are also studied in Fig. 6(a).
The results for d1 ¼ d2 vary from 4.5 to 6.5 mm and clearly
indicate that the antenna’s lower and upper bands can be
effectively controlled by adjusting the respective distance
d1 ¼ d2. Figure 6(b) plots the curves of the simulated reflec-
tion coefficient for the proposed antenna as a function of
the length L1 of stub3. We observe from Fig. 6(b) that chan-
ging the length L1 from 3 to 9 mm affects the impedance

matching of the lower band and the upper bandwidth
coverage.

3) effect of the length l
g

of the system

ground plane

The effects of the parameter Lg of the system ground plane on
the performances of the proposed antenna are depicted in
Fig. 7. The simulated reflection coefficient for the length Lg

varies from 70 to 100 mm. When the length Lg decreases, all
the resonant modes and impedance matching of the lower
and upper bands are affected. In this design antenna, the pre-
ferred length Lg is determined to be 100 mm from the
obtained results.

Fig. 4. Simulated reflection coefficient as a function of (a) the length W1 and (b) the length W2. Other dimensions are the same as given in Table 1.

Fig. 5. Simulated reflection coefficient as a function of (a) the distance d1 and (b) the distance d2. Other dimensions are the same as given in Table 1.

Fig. 6. Simulated reflection coefficient as a function of (a) the distance d1 ¼ d2 and (b) the length L1. Other dimensions are the same as given in Table 1.
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I I I . P R O T O T Y P E F A B R I C A T I O N A N D
M E A S U R E M E N T R E S U L T S

To evaluate the performance of the compact printed loop
antenna for WWAN/WLAN/ISM/LTE smartphone applica-
tions, a prototype was fabricated and measured. The
antenna was fabricated with the optimized geometric para-
meters listed in Table 1. The prototype antenna was
fabricated using an LPKF ProtoMat S63 machine at the
STRS Microwave Laboratory, National Institute of Posts and

Telecommunications-INPT. Figure 8 shows the photographs
of the fabricated printed loop antenna. The proposed proto-
type antenna is connected to a 50 V SMA connector for
signal transmission.

Based on the design dimensions illustrated in Table 1, the
proposed antenna was fabricated and tested. The measured
and simulated reflection coefficients versus the frequency for
the constructed prototype are depicted in Fig. 9. The simu-
lated results of the CST Microwave studio are compared

Fig. 7. Simulated reflection coefficient as a function of the length Lg of the
main ground plane. Other dimensions are the same as given in Table 1.

Fig. 8. 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.

Fig. 9. Measured and simulated reflection coefficient by using CST MWS and
Ansoft HFSS for the proposed antenna.
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with the Ansoft High Frequency Structure Simulator HFSS,
which is based on finite-element method (FEM), whereas
the measured results are tested by Anritsu Vector Network
Analyzer Master MS2028C.

A good agreement between the measurement data and
simulation is observed. The small difference between the
simulated and measured results can be due to manufacturing
tolerance and imperfect soldering effect of the SMA connector
.In all the results, the bandwidth is defined by a 3 : 1 VSWR
or a 26 dB reflection coefficient that is generally acceptable
for practical mobile phone antennas. From the measured
results, we observe that the antenna is capable of generating
two wide operating bands. The lower band shows a
wide bandwidth of 366 MHz (712–1078 MHz), whereas the
upper band has an even wider bandwidth of 1173 MHz
(1757–2930 MHz). The wide lower and upper bands
cover the LTE700/GSM850/GSM900 and DCS1800/PCS1900/

UMTS2100/IMT2000/LTE2300/LTE2500/WLAN2400/ISM2450
operation, respectively.

A) Current distribution
In order to evaluate the characteristics of the proposed
antenna in more details, the simulated surface current distri-
butions on the printed metal portion of the proposed antenna
at typical frequencies (755, 900, 1800, 1942, 2200, and
2420 MHz) are demonstrated in Fig. 10. The red area indicates
a strong surface current distribution whereas the green area
indicates a weak surface current. Strong excited surface
current distributions at 755 and 900 MHz are seen in the
meander loop and especially in stub1, compared to those at
higher frequencies. Also, at 2200 MHz the meander loop is
less excited, but large surface currents are observed in the
stub2. On the other hand, relatively strong surface current

Fig. 10. Simulated surface current distributions at 755, 900, 1800, 1942, 2200, and 2420 MHz.

Fig. 11. Gain radiation patterns in 3D at 755, 900, 1800, 1942, 2200, 2300, and 2420 MHz.
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distributions are seen in the meander loop and the two stubs at
2420 MHz compared to 2200 MHz.

B) Radiation characteristics
To further demonstrate the proposed antenna performances,
radiation gain patterns of the prototype antenna are investi-
gated. Figure 11 plots the three-dimensional (3D) gain radi-
ation patterns at typical frequencies (755, 900, 1800, 1942,
2200, and 2420 MHz) and shows a dipole-like radiation
pattern with omnidirectional radiation at 755 and 900 MHz,
while more variations in the radiation patterns are observed
at 1800, 1942, 2200, 2300, and 2420 MHz.

Figure 12 shows the two-dimensional (2D) radiation pat-
terns in three principal planes, namely, the (w ¼ 08), (w ¼
908), and (u ¼ 908) planes of the proposed printed loop
antenna, at the selected operating frequencies, including
755, 900, 1800, 2200, and 2420 MHz. We observe dipole-like
radiation patterns in the lower band, and an omnidirectional
radiation in the plane (w ¼ 08). The radiation patterns in the
higher band in planes (w ¼ 908 and u ¼ 908) display, more
variations and nulls. These characteristics are similar to
those observed for the conventional internal mobile phone
antenna.

C) Antenna peak gain
Figure 13 demonstrates the peak gains versus the frequency of
the prototype antenna in two wide bands. For the operating
band of 706–1100 MHz (in Fig. 13(a)), the peak gain varies
from about 1.3–2.4 dB, and the antenna exhibits stable and
suitable gain over the lower operating band. For the higher
operating band of 1775–2800 MHz (in Fig. 13(b)), the peak
gain varies from 1.42 to 4.3 dB. From the obtained results,
the proposed antenna has reasonable antenna gains over the
frequency bands of interest, which is acceptable for practical
mobile phone applications.

D) Proposed antenna with packaging
The proposed antenna, without a plastic housing is illustrated
in Fig. 1. The simulated results were also obtained with the
presence of the plastic housing of the antenna system.
Moreover, to simulate practical mobile phone casing, a
plastic casing 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 dis-
tance between the plastic casing and the system circuit
board, as shown in Fig. 14(a). The height of the plastic
housing is 12 mm, an attractive height for thin mobile
phones, and the proposed printed loop antenna is at the
center of the plastic housing. Figure 14(b) describes the reflec-
tion coefficient against frequency about the two cases (with or
without the presence of the plastic housing) for the presented
antenna. From the obtained results, the proposed antenna
covers all the desired operating bands in both cases.

E) Comparison with published work
To evaluate the performance of the fabricated prototype
antenna, Table 2 summarizes a comparison of the antenna
size, the area it occupies, and its bandwidth, with the existing
antennas ([7–15] and [18–20]). The table shows that the

proposed antenna has a low profile and a small size except
([18–20]). On the other hand, in terms of bandwidth the proto-
type antenna is capable of generating two wide operating
bands of 712–1078 and 1757–2930 MHz, including the
LTE700/GSM850/GSM900 and DCS1800/PCS1900/UMTS2100/
IMT2000/LTE2300/LTE2500/WLAN2400/ISM2450 operation.

I V . S A R A N A L Y S I S O F T H E
P R O P O S E D A N T E N N A

The SAR is a measure of power radiated and absorbed by the
human body over a specific volume of the head tissue and cal-
culated in terms of Watts/kilogram (W/kg) [21]. The SAR is
defined as:

SAR = s E| |2
2r

, (1)

where s is the tissue conductivity (S/m), E is the
root-mean-square (rms) electric field (V/m), and r is the
tissue density (kg/m3).

For mobile phone compliance, the SAR value must not
exceed the exposure guidelines [22, 23]. For example, the
SAR limit specified 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 [24].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 [25].

The simulated SAR values of the prototype antenna are
investigated using Ansoft HFSS and CST MWS. For this
research, we implemented two human head models. The
first model is a homogenous spherical head model with a
radius of 100 mm, consists of a glass shell with 5 mm thick-
ness and dielectric constant 1r ¼ 4.6, and a sphere with
95 mm radius as the head equivalent materials [26, 27].
Properties of the head tissue-equivalent dielectric and the
glass shell are presented in Table 3 [26–28]. The second
model is a SAM phantom head provided by CST MWS, com-
posed of two layers namely shell and fluid. 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 system circuit
board. The input power for testing the SAR is 24 dBm or
0.25 W for 859 and 900 MHz and 21 dBm or 0.125 W for
1800, 1900, 2000, 2300, and 2600 MHz.

We also researched the effect of the gap distance between
the proposed antenna and the homogenous spherical head
model on the SAR distribution. 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
prototype antenna and the homogenous spherical head
model at typical operating frequencies of 1800,1900, 2000,
and 2600 MHz is illustrated in Fig. 15. The figure shows
that the levels of the local and the average SAR increases
when the gap distance decreases. Moreover, when penetrating
the homogenous head, the SAR levels for 1800, 1900, 2000,
and 2600 MHz decrease rapidly.

The corresponding simulated 3D 1 g SAR (W/kg), at the
selected operating frequencies of 859, 900, 1800, and
1900 MHz, and 10 g SAR (W/kg) distributions, at the
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Fig. 12. Radiation patterns in 2D at (a) 755 MHz, (b) 900 MHz, (c) 1800 MHz, (d) 2200 MHz, and (e) 2420 MHz for the proposed antenna ( dB(EPhi),
dB(ETheta)).
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frequencies of 900, 2000, 2300, and 2600 MHz, inside the
SAM phantom head model are presented in Figs 16(a) and
16(b), respectively, and were, obtained by using CST MWS,
the gap distance being fixed to 5 mm.

Table 4 gives a summary of the simulated SAR values inside
the homogenous spherical head model and SAM phantom
head, at the aforementioned operating frequencies for 1 and
10 g head tissues obtained using CST MWS. As shown in

the table, the SAR values for 1 and 10 g head tissues decrease
when the gap distance increase from d ¼ 5 to d ¼ 20 mm.
When the gap distance is fixed to 5 mm, the SAR values for
1 and 10 g head tissues are all below 1.24 and 1.01 W/kg,
respectively, for the homogenous head. The peak 1 and 10 g
SARs are all below 1.38 and 1.13 W/kg, respectively, for the
SAM phantom head. For d ¼ 10 mm, the peak 1 g SAR
values for the SAM phantom, are 1.09, 1.14, 0.521, 0.414,

Fig. 13. Peak antenna gain across the operating bands for the proposed antenna, (a) low-frequency band and (b) high-frequency band.

Fig. 14. (a) Proposed antenna with packaging, (b) simulated reflection coefficient against frequency about the two cases (with or without the presence of the plastic
housing) for the proposed antenna.

Table 2. Comparison between the proposed antenna performance and other reported antennas.

Published literature/
proposed

Antenna size Volume/area occupied
by antenna

Bandwidth (MHz)
(lower band)

Bandwidth (MHz)
(upper band)

[7] 15 × 60 × 5 mm3 4500 mm3 (746–787)/41 ∗

[8] 15 × 48 × 9 mm3 6480 mm3 ∗ (1710–2485)/775
[9] 18 × 42 × 7.5 mm3 5670 mm3 (824–960)/136 (1710–2170)/460
[10] 10 × 60 × 8 mm3 4800 mm3 (819–1047)/228 (1679–2397)/718
[11] 12 × 45 × 7 mm3 3780 mm3 (888–978)/90 (1670–2170)/500
[12] 50 × 13 × 5 mm3 3250 mm3 (698–960)/262 (1710–2170)/470
[13] 10 × 47 × 5 mm3 2350 mm3 (840–965)/125 (1705–2175)/470
[14] 6 × 60 × 5.5 mm3 1980 mm3 (814–1102)/288 (1704–2108)/404
[15] 10 × 60 × 3 mm3 1800 mm3 (698–990)/292 (1700–2170)/470
[18] 15 × 60 mm2 900 mm2 (810–965)/155 (1675–2190)/515
[19] 15 × 60 mm2 900 mm2 (824–964)/140 (1680–2320)/640
[20] 18 × 61 mm2 1098 mm2 (868–995)/127 (1550–2490)/940
Proposed antenna 20 × 60 mm2 1200 mm2 (712–1078)/366 (1757–2930)/1173

∗Bandwidth does not exist.
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0.428, 0.562, and 0.551 W/kg, at 859, 900, 1800, 1900, 2000,
2300, and 2600 MHz, respectively. It can be illustrated that
the SAR in 1 g head tissue was always higher than SAR in
10 g head tissues. In addition, the obtained results show that
the peak 1 and 10 g SARs, for the homogenous head model
and SAM phantom head are close to each other.
Furthermore, in this study the obtained SAR values are all
well below the SAR limit of 1.6 W/kg for the 1 g head tissue
(according to FCC standard) and 2.0 W/kg for the 10 g head
tissue (according to ICNIRP standard), at all selected frequen-
cies. The results suggest that the presented antenna is very
promising for practical smartphone applications.

V . C O N C L U S I O N

In this paper, a novel compact printed loop antenna for
WWAN/WLAN/ISM/LTE smartphone applications has
been proposed and investigated. A prototype of the proposed

antenna has been successfully designed, fabricated and mea-
sured. The capacitively coupled feed technique is used for
improving the impedance matching and to enhance the band-
width. The antenna portion has a simple planar structure and
occupies a small area of only 20 × 60 mm2. The measured
data and simulated results are in excellent agreement. In add-
ition, the proposed antenna generates two wide operating
bands of 712–1078 and 1757–2930 MHz. On the other
hand, good radiation characteristics and antenna peak gain
for frequencies over the desired operating bands have been
observed. The calculated SAR values of the prototype
antenna placed at the bottom position of the mobile phone,
with the presence of the homogenous spherical head and
SAM phantom head, at the selected operating frequencies of
859, 900, 1800, 1900, 2000, 2300, and 2600 MHz have also
been analyzed. The results indicate that the obtained SAR
values are all well below the SAR 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 results, including reflection coefficient,

Table 3. Properties of the tissue-equivalent dielectric used for the spherical head model.

Frequency (MHz) Glass shell Tissue-equivalent material

Relative permittivity (er) Conductivity s (S/m) Relative permittivity (1r) Conductivity s (S/m) r (kg/m3)

859 4.6 0 41.5 0.9 1000
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
2600 4.6 0 39.0 1.96 1000

Fig. 15. Local SAR and average SAR variation in 1 and 10 g head tissues for the homogenous spherical head model, at different frequencies at various gap
distances.
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current distributions, radiation patterns, antenna peak gain,
and low SAR values, demonstrate that the proposed antenna
is promising for WWAN/WLAN/ISM/LTE smartphone
applications.
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