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Abstract—In this article, a compact planar inverted-F antenna with a wide frequency band for
WLAN, Bluetooth, HiperLAN, LTE2500, and WiMAX applications in mobile handsets is proposed.
The designed PIFA provides two operating bands at 2.5 GHz with a bandwidth of 300 MHz (13%)
and at 5.2 GHz with a bandwidth of 5700 MHz (76%). The dual-band performance and the improved
bandwidths are realized by two techniques: the integration of a T-shaped slot in the radiating patch of
the antenna and the addition of two elements in the side of the PIFA. The two operating bands of the
antenna are controlled by adjusting the size of slot and the size of elements 1 and 2. The distribution
of the specific absorption rate (SAR) of 1-g and 10-g in the head of human tissues for two positions of
the antenna at 2.5 GHz and 5.2 GHz is also studied. The results of simulation and measurement of the
proposed antenna are presented and discussed.

1. INTRODUCTION

During the last decade, the growing and increasing trend in demand of the use of wireless communication
technologies has led to a widespread use of the frequency bands of 2.4 GHz and 5.2 GHz for the wireless
local area network. This growth requires an increase of miniaturized components for mobile phones
handsets [1]. However, the design of new compact antennas with small size, multi-band and wideband
characteristics for mobile phones limited in an enclosed space for antennas has become a necessity [2].
Planar inverted-F antennas (PIFA) are widely used as internal antennas for mobile devices such as
phones, smart phones, tablets and tablet computers because they are reasonably compact, having a low
profile with good electrical performance, and compatible with RF circuits. They have omnidirectional
radiation pattern and good Specific Absorption Rate (SAR) characteristics as well [3–5].

Numerous models of PIFA were studied to show their ultra wideband characteristic. Some
researchers have worked on the improvement of the bandwidth of the PIFA antenna by using different
techniques, such as the increase in width of the feeding plate and short-circuit plate [6, 7], adding
parasitic elements [8, 9], integrating slots in the ground plane [10–12], using cut-etched ground plane [13],
and integrating a V-shaped slot in a triangular isosceles radiating patch [14].

The objective of this article is to demonstrate a highly effective method to obtain a wide band by
integrating a T-shaped slot in the radiating patch and by adding elements 1 and 2 to the feeding plate
and short-circuit plate, respectively. Therefore, the new proposed PIFA can operate in two frequency
bands 2.5 GHz and 5.2 GHz with a bandwidth of 13% and 76%, respectively. For good optimization
of the antenna, the effects of different critical parameters on the reflection coefficient of the new PIFA
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Table 1. Comparisons of the proposed PIFA to the previous PIFA.

Structure Lower band Upper band antenna size (mm3) Gain (dBi)

[15] 2.25–2.86 GHz (613 MHz) 4.81–6.21 GHz (1400 MHz) 19.8 × 19.8 × 4.5
3.8 at 2.4 GHz;

7.2 at 5 GHz

[16] 2.4–2.5 GHz (100 MHz) 4.5–6.25 GHz (1750 MHz) 32 × 19 × 8
1.4 at 2.4 GHz;

4.3 at 5.4 GHz

[17] 2.38–2.61 GHz (230 MHz) 4.6–5.77 GHz (1170 MHz) 17 × 17 × 5 —

proposed 2.39–2.69 GHz (300 MHz) 4.71–10.45 GHz (5740 MHz) 23 × 10 × 3
4 at 2.4 GHz;

7 at 5.4 GHz

are studied and discussed. Table 1 presents a detailed comparison between PIFAs’ dual-band WLAN
(Wireless Local Area Network) for mobile phones, in terms of antenna size, bandwidth, and average
peak gains. The antenna geometry and parametric studies are presented in Section 2, while the results
of the reflection coefficient, current distributions, radiation pattern and SAR distribution at different
resonant frequencies are presented in Section 3.

2. ANTENNA CONFIGURATION

2.1. The Antenna Geometry

Planar inverted-F antenna is a development of the monopole antenna (λ/4) and the microstrip patch
antenna. PIFA in its basic configuration is composed of a planar patch placed in parallel with a ground
plane, a short circuit that connects the radiating patch to the ground plane, and an antenna feeding
mechanism. The fundamental mode resonant frequency for PIFA can be determined approximately by
the equation:

f0 =
c

4(Wp + Lp)
(1)

where f0 is the resonance frequency at desired band; Lp and Wp are the length and the width of the
radiating patch respectively; c is the speed of light.

Figure 1(b) shows the three-dimensional geometry of the proposed PIFA with detailed dimensions
shown in Table 2 for WLAN (Wireless Local Area Network), Bluetooth, HiperLAN (HIgh PERformance
Radio Local Area Network), LTE (Long Term Evolution) and WIMAX (Worldwide Interoperability for
Microwave Access) operations. The proposed antenna is composed of five parts: a rectangular radiating
patch with T-shaped slot (Fig. 1(d)) printed on an FR4 substrate (relative permittivity epsilon εr = 4.4,
loss tangent tan δ = 0.02 and thickness hs = 1.6mm), a short circuit plate, a ground plane, two elements
1 and 2, and feeding antenna in the form of SMA connector. The two elements 1 and 2 are added to
the feeding plate and the short circuit plate (Fig. 1(c)), respectively. To evaluate the effectiveness of
integrated slots, curve (i) and curve (ii) in Fig. 2 show the simulated reflection coefficient without and
with slot respectively. We observe that the slot forces the antenna to operate in another broadband.
To improve the bandwidth, the two elements (1 and 2) were added to the front face of the antenna
(Fig. 1(c)). Curve (iii) in Fig. 2 shows the reflection coefficient of the proposed antenna. A comparison
of this coefficient between the base antenna and that proposed shows an enlargement of bandwidth by
40.5%.

2.2. Parametric Study of the Reflection Coefficient

The PIFA has the advantage to offer several degrees of liberty to make adjustments. Indeed, the
variations of the parameters shown in Table 2 allow us to adjust the behavior of the proposed antenna.
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Table 2. Detailed dimensions of the proposed PIFA.

Parameter Dimension (mm)

Lg 125

Wg 60

Lp 10

Wp 23

Lpa 4

Wsh 3.5

e 3

fp 2

ha 3.2

hs 1.57

Wt 21

Lt 7

In this section, parametric studies were performed and discussed to understand the effects of different
dimensional parameters. This allowed us, thereafter, to achieve optimal size of the antenna and maintain
a good impedance matching in the desired frequency bands. The parametric study is realized by the
CST microwave studio software.

2.2.1. The Influence of the T-Shaped Slot’s Size

Current applications require smaller antennas with multi-band and UWB operations. The integrated
T-shaped slot in the upper radiating patch of the proposed antenna (Fig. 1(d)) plays a very important
role in the dual-band and ultra-wideband operations. The effects of changing the size of the T-shaped
slot on the reflection coefficient are studied and discussed in this section.

Figure 3 shows the reflection coefficient as a function of the frequency with the variation in the
width (Wt in Fig. 1(d)) and the length (Lt in Fig. 1(d)) of the T-shaped slot while the other antenna
parameters are kept constant. As observed, the reflection coefficient is very sensitive to the size of the
T-shaped slot. However, we observe that with increasing the size of the slot, the resonant frequency
2.5 GHz shifts toward the lower frequency, and bandwidth at 5.2 GHz has widened from 1.9 GHz for

(a) (b)

(c) (d)

Figure 1. Geometry of the proposed PIFA: (a) fabricated prototype, (b) 3D view, (c) front view, and
(d) top view.
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Figure 2. The effect of the T-shaped slot and the two elements on the reflection coefficient of the
proposed PIFA.

Wt = 18 mm and Lt = 5 mm up to 5.7 GHz for Wt = 21 mm and Lt = 8mm.
The study of the variation of parameter e (Fig. 1(d)) is realized to characterize the effects on the

reflection coefficient. Fig. 4 shows the reflection coefficient as a function of frequency for different values
of parameter e (e = 2, 3, 4, 5 mm), while the other antenna parameters are fixed. From this figure, we
can notice that the change in parameter e does not affect the first band (2.5 GHz), while the width of
the 2nd band (5.2 GHz) increases by increasing the value of e.

Figure 3. Simulated reflection coefficients with the variation of the width and the lenght of the T-
shaped slot.

Figure 4. Simulated reflection coefficients with the variation of the parameter e.

2.2.2. The Influence of the Width of Elements 1 and 2 (Lpa in Fig. 1(c))

To analyze the behavior of elements 1 and 2 (Fig. 1(c)), a parametric study of the variation of the width
of these two elements is realized in this section. Fig. 5 shows the reflection coefficient as a function
of the frequency for four different values of parameter Lpa (Lpa = 2, 3, 4, 5 mm). As observed, the
first resonance frequency ranges from 2.35 GHz for Lpa = 2 mm to 2.8 GHz for Lpa = 4.5 mm, and by
increasing parameter Lpa, the width of the 2nd band increases. In addition, the best bandwidth to the
two modes of resonance is obtained when Lpa is bigger.
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Figure 5. Simulated reflection coefficients with the variation of the width of the two elements.

2.2.3. The Influence of the Width of the Short-Circuit Plate (Wsh in Fig. 1(c))

The width of the short circuit plate strongly affects the performance of the proposed PIFA. Fig. 6 shows
the effects of parameter Wsh on the reflection coefficient. Two observations were made:

- For the lower band (2.4–2.7 GHz), the resonance frequency increases by increasing Wsh.
- For the upper band (5–10 GHz), the impedance bandwidth increases by increasing Wsh.

So, this width also has an important impact on the upper impedance bandwidth.

Figure 6. Simulated reflection coefficients with the variation of the width of the short-circuit plate.

3. ANALYSIS OF RESULTS AND DISCUSSION

3.1. The Reflection Coefficient

To validate the simulation results, the proposed antenna is fabricated on an FR-4 substrate with the
same parameters in Table 2. A prototype of the fabricated antenna is shown in Fig. 1(a). Fig. 7 shows
the simulated reflection coefficient by CST microwave studio and the measured reflection coefficient
by the Vector Network Analyzer. This figure also shows a reasonable agreement between the results

Figure 7. Measured and simulated reflection coefficient of the proposed PIFA.
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of simulation and measurement although there is a shift in the upper frequency band justified by
manufacturing errors of this small antenna. Two operating bands are obtained: the first bandwidth
(VSWR ≤ 2) from 2.39 GHz to 2.69 GHz with a width of 300 MHz (13%) and the second band ultra-
wide (VSWR ≤ 2) from 4.71 GHz to 10.45 GHz with a width of 5740 MHz (76%). The two bands
obtained cover Wireless Local Area Network (2.4, 5.2 and 5.8 GHz), Long Term Evolution (LTE2.5 GHz),
Bluetooth (2.4 GHz), Worldwide Interoperability for Microwave Access (5.5 GHz), High Performance
radio Local Area Network (5.2, 5.6 GHz) bands and an additional band from 5.9 to 10.45 GHz.

3.2. Current Distribution

A better comprehension of the antenna behavior can be observed from surface current distribution. The
current distributions at 2.5 GHz, 5.2 GHz and 9.7 GHz are shown in Fig. 8(a), Fig. 8(b) and Fig. 8(c),
respectively. For 2.5 GHz frequency (Fig. 8(a)), the surface currents that circulate around the integrated
slot are symmetrical and share the same electrical length. At the 5.2 GHz frequency (Fig. 8(b)), the
surface currents flow on three sides of the antenna with a maximum density on the two elements, 1 and
2. For the 9.7 GHz frequency (Fig. 8(c)), the current distributions are concentrated in six parts of the
antenna.

(a) (b) (c)

Figure 8. Surface current distribution of the proposed PIFA: (a) at 2.5 GHz, (b) at 5.2 GHz, and (c)
9.7 GHz.

3.3. Radiation Pattern and Gain

The radiation characteristics of the proposed PIFA have also been studied. Fig. 9, Fig. 10 and Fig. 11
plot the radiation patterns for the proposed PIFA at 2.5 GHz, 5.2 GHz and 9.7 GHz, respectively.
The radiation patterns represent Eϕ and Eθ components respectively. For both frequencies, good
omnidirectional radiation in the elevation plane (y-z plane) and azimuthal plane (x-z plane) is seen.
The simulated gain as a function of frequency of the proposed PIFA in the broadside direction is shown
in Fig. 12. A stable gain can be obtained throughout the lower band from 3.66 dBi to 4.17 dBi. The
antenna gain varies from 1.5 dBi to 7.4 dBi over the upper band. The gain drops deeply to −8.1 dBi
from 3GHz to 5GHz.

(a) (b) (c)

Figure 9. Radiation patterns of the proposed PIFA at 2.5 GHz: (a) x-y plane (θ = 90), (b) x-z plane
(ϕ = 0), and y-z plane (ϕ = 90).
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(a) (b) (c)

Figure 10. Radiation patterns of the proposed PIFA at 5.2 GHz: (a) x-y plane (θ = 90), (b) x-z plane
(ϕ = 0), and y-z plane (ϕ = 90).

(a) (b) (c)

Figure 11. Radiation patterns of the proposed PIFA at 9.7 GHz: (a) x-y plane (θ = 90), (b) x-z plane
(ϕ = 0), and y-z plane (ϕ = 90).

Figure 12. Gain of the proposed PIFA.

3.4. Specific Absorption Rate

With the increasing use of mobile phones, some researches have been carried out on electromagnetic
interactions between the human body, in particular, the head and the antenna of the mobile phone and
the risk of electromagnetic fields radiated by the handset on health [18, 19]. SAR is a fundamental
parameter in the risk analysis to the health of absorbing electromagnetic energy in the human
body [20, 21]. It assesses the amount of power absorbed per unit mass of tissue during the use of
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mobile phone. This parameter can be calculated by the following equation:

SAR =
σ | E |2

2ρ
(2)

where ρ (kg/m3) and σ (S/m) are the body tissue density and conductivity, respectively. E (V/m)
is the root-mean-square (rms) value of the electric field strength in the tissue. The SAR analysis was
done by the CST microwave studio software. Specific Anthropomorphic Mannequin (SAM) is used as a
phantom human head model to calculate SAR. To receive results close to reality, the parameters used
for the model of the human head are shown in Table 3. Fig. 13 presents two PIFA positions at the
top and bottom ground planes. The distance between the antenna and the human head is 2 mm. The
reference power is set to 0.5 W. The results of simulated SAR are given in Fig. 14 (at 2.5 GHz) and
Fig. 15 (at 5.2 GHz) in both standards on an average of 1 g tissue in Europe and on an average of 10 g
tissue in USA.

Table 3. The parameters used for the human head model.

SAM Phantom Materiel Relative permittivity (εr) Conductivity (σ( S
m

)) Density (ρ(Kg
m3 ))

SAM liquid 42 0.99 1000

SAM shell 5 0.0125173 0

position 1 (antenna at top) position 2 (antenna at bottom)

Figure 13. SAR simulation model and antenna positions: antenna at top, and antenna at bottom.

Average SAR over 10-g

Average SAR over 1-g
(a) (b)

Figure 14. SAR distributions at 2.5 GHz for
two antenna positions ((a) top position, and (b)
bottom position.

Average SAR over 10-g

Average SAR over 1-g
(a) (b)

Figure 15. SAR distributions at 5.2 GHz for
two antenna positions ((a) top position, and (b)
bottom position.

The obtained SAR results are shown in Table 4. From Table 4, we can see that the SAR values for
the proposed antenna are below the limit specified by the two standards. By comparing the results in
the two positions (1 and 2), we notice that position 2 is better than position 1 because the SAR results
in position 2 are lower than their counterparts in position 1.

Figures 16(a) and 16(b) show the variation of SAR with the distance between the antenna and
the human head at 2.5 GHz and 5.2 GHz, respectively. We notice from these figures that SAR values
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Table 4. The maximum SAR values of the proposed PIFA at 2.5 GHz and 5.2 GHz.

Frequency SARmax 10g (position 1) SARmax1g (position 1) SARmax 10g (position 2) SARmax 1g (position 2)

fr = 2.5 GHz 1.5( W
Kg

) 2.2( W
Kg

) 0.62( W
Kg

) 0.858( W
Kg

)

fr = 5.2 GHz 1.56( W
Kg

) 2.62( W
Kg

) 0.386( W
Kg

) 0.571( W
Kg

)

(a) (b)

Figure 16. Variation of SAR in terms of the distance from the head: (a) at 2.5 GHz, and (b) at
5.2 GHz.

decrease by increasing the distance. This is simply because the RF power decreases with the increase
in distance between the antenna and the human head, which agrees with [19–21].

4. CONCLUSION

A new compact dual-band PIFA for mobile handsets has been proposed. The proposed antenna has
been designed to operate in the WLAN (2.4, 5.2, and 5.8 GHz), Bluetooth (2.4 GHz), HiperLAN2 (5.2
and 5.6 GHz), LTE2500 (2.5 GHz) and WIMAX (5.5 GHz) bands. The integration of T-shaped slot in
the radiating patch and the addition of two elements in the side of PIFA are two techniques that have
been used to improve the bandwidth of the proposed antenna. Good radiation characteristics are at
all resonant frequencies, with peak average gain around 4 dBi at 2.4 GHz and 7 dBi at 5.4 GHz. The
results of the simulation and measurement for the proposed antenna show a good agreement in terms of
S11. Acceptable SAR values at different operating frequencies are achieved. SAR results indicate that
by placing the proposed PIFA from the top position to the bottom position of the mobile phone, it is
possible to get acceptable SAR values. The structure of the proposed antenna is easy to manufacture
and modified for various mobile purposes.
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