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A novel PIFA model with multiple shorting pins is proposed for multiband, low profile wireless applications, which has the ability
to work in adverse conditions. The proposed model has a planar radiating sheet, a ground plane, and sides covered with PEC
boundaries. The substrate inside the antenna box is tempered in order to improve the bandwidth and gain. The enhancements
applied to the proposed PIFA model show improved characteristics for this PIFA model and make it a versatile candidate for
handheld, low profile, and multiband resonant communication devices. Pertinent communication devices are those that work with
GSM 850/900, UMTS 850/900/1700/1900/2100, LTE 2300/2500, and ISM 2400 bands used for Bluetooth and WLAN.

1. Introduction

Antennas (electromagnetic waves guiding devices) radiate
signals to unbounded mediums. They are frequency depen-
dent devices and are designed to operate at specific frequen-
cies known as the antenna’s operating bands.Other than these
specific frequency bands, an antenna rejects any signal that
is fed to it. Antennas are known for their various properties
including gain, directivity, radiation pattern, specific absorp-
tion rate (SAR), and Voltage Standing Wave Ratio (VSWR).

In [1–3] modified planar inverted-F antenna (PIFA)
models were proposed with compact size, multiple resonant
bands, and enhanced bandwidth by changing the width
of the shorting and feed pins, adding a parasitic element
parallel to the shorting pin at an optimized distance and a
planar rectangularmonopole top loadedwith two rectangular
patches with one of them grounded, respectively. In an
ordinary PIFA model, when a shorting pin is applied near
the feeding point, it allows the design to be reduced in size
but narrows the bandwidth at the same time. By applying
different schemes and techniques to an ordinary PIFAmodel,
we can enhance not only its bandwidth but also its gain and
efficiency as well.

In recent years, the antenna industry has shown a rapid
demand for multiband resonant, low profile, and ultrawide

bandwidth antennas [4]. The fact that PIFA has a flexible
design and can providemultiband resonant operationsmakes
it a favorable candidate for the antenna industry. Introducing
slots in the radiating patch may allow designers to achieve
resonant frequencies that are not possible for a conventional
PIFA with small dimensions to resonate on. Moreover, with
slots in the ground plane of a PIFA model, it is reported
in the literature as a bandwidth enhancement method [5].
SuchPIFAmodels, commonly known as ameandered ground
plane or meandered radiating patch, have diversified PIFAs
for the low profile design industry. Plenty of modified PIFA
models have been designed for multiband operations; slotted
PIFA, meandered ground plane PIFA, and multiple shorting
pins PIFA have been successful among others. In [6, 7],
the limitations of electrically small antennas in terms of the
gain, bandwidth, and their capacity to produce the desired
number of resonant bands along with guidelines to design
such antennas based on the parametric analysis of electrically
small antennas are discussed.

Antennas are designed and tested in almost ideal environ-
ments, but when they are exposed to conducting materials
in their surroundings, they do not just shift their reso-
nant frequency but the bandwidth and gain are changed
as well. The performance of any conventional antenna is
affected severely, in terms of its resonant frequency, gain,
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Figure 1: Proposed PIFA model antenna box and PEC case, with
PEC boundaries around it.

and bandwidth, in the presence of conducting bodies around
the antenna. It is considered a loophole for communication
devices working with such antennas. In [8, 9], the impact
of metallic surfaces and user’s hand on the performance of
different antennas are discussed.The efficiency of the antenna
is reported to drop from 91% (without the hand’s effect) to
41% (with the hand’s effect), which might not be acceptable
for communication devices which require higher efficiency.
Therefore, an exquisite antenna design is needed for today’s
industry which can cope with such undesired situations and
maintain its efficiency even in the worst conditions. Our
proposed model has the ability to maintain its performance
in such critical conditions. Details of our proposed antenna
design are given in the following section.

2. Antenna Design Procedure

The proposed antenna model is shown in Figure 1. It consists
of a dielectricmaterial FR-4,which has a dielectric constant of
𝜀
𝑟
= 4.4 and a thickness of 7mm, antenna box, and PEC case.

The dielectric material is sandwiched between the radiating
patch (top sheet of the antenna box) and the ground plane
of the PEC case. The dimensions of the proposed model are
65 × 135 × 7mm3. For simplicity the model is divided in two
main sections: firstly, the PEC case and second the antenna
box. The dimensions of the antenna box are 30 × 15 × 7mm3.
The top sheet of antenna box acts as a radiating patch which
contains slots around its boundary tomaintain the separation
between the antenna elements and the PEC case. In Figures
2 and 3, a 3D view of the proposed model is shown with
special emphasis on the antenna box and its components,
that is, the radiating patch, parasitic patch, feeding position,
and shorting pins. A parametric description for the radiation
patch is presented in Figure 4, with detail of the parameters
in Table 1. Slots in the radiating patch are used to increase the
electrical length of the radiating patch in order to achieve the
resonant band at lower frequencies. The sides of the antenna
box are acting as parasitic patch elements. A prototype of the
proposed model is designed and shown in Figure 8.

The proposed model contains three shorting pins, shown
in Figure 3, that are connecting the radiating patch to the
ground plane at different point. The width of each shorting

Table 1: Length of the slots inserted in the radiating patch.

Slot name Length (mm)
𝐿A 30
𝐿B 30
𝑊A 15
𝑊B 15
𝐿
1

6.5
𝐿
2

15
𝐿
3

18
𝐿
4

25
𝐿
5

13
𝐿
6

5
𝐿
7

8
𝐿
8

10

pin is 1mm and the height is 7mm. Thickness of the model
is 7mm.The width of the lumped port feeding sheet is 2mm
and the direction of integration line for the modes excitation
is along the 𝑧-axis.Thedistance between consecutive shorting
pins can be changed to shift the resonant bands if desired.
Multiple shorting pins and a shortening pin are used to
add stability to this model and to obtain multiple resonant
bands [10, 11]. Because the boundaries are PEC and the PIFA
antenna models are known for their narrow band operations,
we used the two sides of the antenna box as a parasitic
patch. In [12, 13], the parasitic patch for microstrip antennas
was introduced and a bandwidth enhancement of 25.5% was
reported. It was established thatmultiple parasitic patches can
be used for bandwidth enhancement purposes, both in the
vertical and horizontal positions. In our model, the parasitic
patch is perpendicular to the driving patch and is connected
to the ground plane through the shortening pin.

2.1. Slots in the Radiating Patch. Slots are inserted in the
radiating patch to increase the electrical length of the radi-
ating patch. The width of the slots in the radiating patch is
0.5mm and is denoted by 𝑠; the slot lengths were different
and are given in Table 1. The slots around the boundary
of radiating patch, that is, 𝐿A, 𝐿B, 𝑊A, and 𝑊B, are used
to maintain a separation between the antenna elements of
the antenna box and PEC case; their width is fixed to 1mm.
Although the width and length of the slots help us to change
the resonant frequency bands, the interslot coupling effect
cannot be neglected either. Both the distance between the
slots and their width allow us to tune our model to a suitable
coupling effect for desired S11 results.

It is known that the small size of a radiating patch has
a limit for producing resonant bands at lower frequencies; a
well-tuned slottedmodel can achieve resonant bands at lower
frequencies and may improve the performance of the model
[14]. Using the fact that inserting a slot in the radiating patch
may result in a new resonant frequency, the position and
length of the slot to be inserted in the radiating patch for a
desired resonant frequency can be approximately predicted
[15].
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Figure 2: A 3D view of the model, parasitic patch, radiating patch,
slots, and shortening pin.

2.2. Multiple Shorting Pins. In [16], a dual shorting pin
PIFA model was proposed and designed for the dual band
operations ofmobile handsets.Multiple shorting pins provide
different paths and lengths to the antenna for radiating
multiple frequencies. Shorting pins provide multiple paths
to currents and allow the antenna to radiate at multiple
frequencies. In PIFA, the resonant frequency bands depend
on both the position and width of the shorting pins used in
the model [10]. Multiple shorting pins add stability to the
antenna model by allowing it to maintain its performance
in adverse situations. Shorting pins, when applied near the
feed position, allow designers to reduce the size of the
model. In our model, the positions of the shorting pins were
chosen carefully to enhance the performance of the antenna
at the desired frequency bands and to suppress undesired
frequencies.

2.3. Parasitic Patch. A parasitic patch is used to control the
directivity and is useful in many ways specially designing
low profile antennas. The parasitic patch has a dual effect on
S11, when used with the PEC and PMC boundaries. The two
sides of the antenna box shown in Figure 3 are being used
as a parasitic patch to improve the S11 result of our design.
Parasitic patches are widely being used in antennas to change
the radiating field patterns, steer the beam, and increase the
bandwidth [12]. The parasitic patch in our model is used
with PEC boundary. Parasitic patch with the PMC boundary
may act like a high impedance surface (HIS) [17]. HIS based
antennas are extensively being used in vehicular antennas.

2.4. Tempering the Substrate. Dielectric materials like FR-4
are used in antenna designs for many reasons. One aspect is
that because it allows miniaturization of the antenna model,
and at the same time it is very cheap. However, the problem
with using a bulk of dielectric material in communication
devices is that it effects the performance of the antenna in
terms of efficiency. Because of antenna size limitations (as
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Figure 3: A 3D view of the antenna box, radiating patch, parasitic
patch, feeding, and shorting pins.
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Figure 4: Parametric description of the slots in the radiation patch.

we cannot go on increasing the height of our model), it
becomes an energy storing device which may be referred to
as a lossy device. To deal with this situation, as shown in
Figure 5, four vacuum gaps are inserted in the substrate at
different positions and the width has been swept for multiple
values to ultimately make the proposed model radiate the
maximum energy with improved efficiency [18].The purpose
of an antenna is to radiate a signal that is fed to it and not to
store it and increase the antenna losses. In [19], substrates are
discussed, which can be used in antenna designs. Moreover,
the effects of different substrates on the performance of
antennas are also highlighted to control the antenna losses.

In our model, we have inserted vacuum gaps inside
the FR-4 dielectric material (which we refer to as substrate
tempering), for which both the position and width of the
vacuum gap affect the S11 results of our model. Moreover, the
results show that tempering the substrate material may also
improve the gain in the resonant bands of the antenna [20–
25].

Because the proposed antenna model is a kind of cavity,
the cavity perturbation method can be applied to it. Any
increment or decrement in 𝜀 or 𝜇 at any point in the cavity
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Figure 5: Substrate tempering by inserting vacuum gaps in FR-4.
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Figure 6: (a) Shorting pins position effect on S11. (b) Effect of slot length on S11. (c) Effect of slot width on S11. (d) Effect of varying the width
of vacuum gaps inserted in FR-4 substrate on S11.
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may decrease or increase the resonant frequency of the cavity.
Moreover, change in resonant frequency can also be related to
the stored electric and magnetic energies inside the cavity as
well. We choose the orientation and position for the vacuum
gapusing parametric sweep option in 3D simulation tool used
for designing this model. Considering that the fields inside
the cavity are approximately the same before and after the
substrate tempering or perturbation, we may conclude that
the resonant frequency of the cavity may increase or decrease
after tempering the substrate depending upon the position of
tempering or perturbation inside the cavity [26, 27].

3. Results and Discussion

The proposed model is simulated with the High Frequency
Structural Simulator (HFSSv13.0) and a prototype for the
proposed model is also designed. The comparison of the
simulated and measured S11 results is shown in Figure 7.
Section 3.1 deals with the benefits of the enhancements we
applied to the model. In Section 3.2, S11 and the magnitude
of the E-field at the corresponding resonant frequencies are
elaborated. Section 3.3 covers the details of the bandwidths
and the gains at corresponding resonant frequencies.
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Figure 9: (a) Gain at the resonant frequency 875MHz. (b) Gain at the resonant frequency 1.735GHz. (c) Gain at the resonant frequency
2.035GHz. (d) Gain at the resonant frequency 2.35GHz.

3.1. Effects of the Enhancements. The enhancements that we
have applied to the proposedmodel have resulted in allowing
us to obtain the wide bandwidths at the resonant frequencies.
The enhancements are inserting slots in the radiating patch,
a parasitic patch with the PEC boundary, multiple shorting
pins, and substrate tempering by inserting vacuum gaps
inside the FR-4 substrate. The effects of these enhancements
on the S11 curve are clear in Figure 6.

In Figure 6(a), the shift in the resonant frequency bands is
shown when shorting pins are swept along region A, region
B, and region C as mentioned in Figure 4. The S11 result in
Figure 6(a) clearly shows that the PIFA model provides a
narrow bandwidth when the shorting pins are close to the
feeding pin. Because the electric length between regionA and
the feed point is the shortest compared to regions B and C,
the bandwidth is narrow. When shorting pins are applied in
region C, the bandwidth is wider. To increase the bandwidth
of our proposed model, the shorting pins can be swept along
regions A, B, and C, respectively.

In Figures 6(b) and 6(c), the effects of varying the slot
length and slot width on the S11 curve are shown. Figure 6(b)
shows the effect of changing the length of slot 𝐿

4
(shown in

Figure 4). The simulated S11 results for three different values
of the slot length are evident that changing the length of
slot 𝐿

4
(𝐿
4
= 20mm, 𝐿

4
= 22mm, and 𝐿

4
= 24mm) effects

the extreme resonant bands by and large. The effect on the
lower resonant band is minor but the higher resonant band is
almost shifted completely, which is favorable in cases where
higher resonant bands need a shift. On the other hand, the
middle resonant band has remained fixed. In Figure 6(c), the
S11 results show that changing the slot width also affects the
S11 curve. It is clear that another way to shift the resonant
bands could be just by varying the slot width. The S11 results
are presented for three different values of slot width, that is,
𝑠=0.25mm, 𝑠=0.5mm, and 𝑠=0.75mm.The resonant bands
at higher frequencies shift their positions in the simulated S11
curve and the lowest band remains unchanged.

Furthermore, to improve the efficiency and gain another
enhancement we used was to insert the vacuum gaps inside
the dielectric material which we denote as substrate tem-
pering. The width and position of the vacuum gaps affect
the S11 curve which is shown in Figure 6(d). For three
different values of vacuum gap widths, that is, 𝑤

𝑔
= 1mm,

𝑤
𝑔
= 1.5mm, and 𝑤

𝑔
= 2mm, the S11 results show that
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Figure 10: (a) Magnitude of the E-field at resonant frequency 875MHz. (b) Magnitude of the E-field at resonant frequency 1.735GHz. (c)
Magnitude of the E-field at resonant frequency 2.035GHz. (d) Magnitude of the E-field at resonant frequency 2.35GHz.

changing the width of the vacuum gaps affect the higher
resonant band of frequencies because it shifts them further
towards the higher frequency regions which is in agreement
with our previous discussion that dielectric materials help
to miniaturize antenna models. Tempering the substrate can
help in twoways; oneway is to shift the resonant band and the
other way is to increase the efficiency of the antenna design.
In our proposed model, tempering helped in both ways.
Shifting of the higher resonant bandwith substrate tempering
is realized in Figure 6(d). In Section 3.2 along with the
multiband resonant S11 curve, the magnitude of the E-field
at corresponding resonant frequencies and improvement in
gain due to substrate tempering are presented and discussed.

3.2. Characteristics of the Proposed Model. The properties of
our proposed PIFA in terms of the S11 curve, the magnitude
of the E-field at corresponding resonant frequencies, and
the gain at the center of each resonant frequency bands are
presented in this section. The optimized S11 result for the
proposed model simulated with the HFSSv13.0 is shown in
Figure 7, which has multiple resonant bands. The simulated
S11 result is compared with the measured S11 and is close to

agreement with each other. All the resonant bands are shifted
a little towards right. It might be because of the fabrication
tolerance. The resonant frequency bands mentioned in Fig-
ure 7 (1st, 2nd, 3rd, and 4th) are used inmost communication
devices for GSM,UMTS, Bluetooth, andWLAN.The gain for
the corresponding resonant frequencies is shown in Figure 9,
and it is in agreement with the requirements.

The gain for the corresponding resonant frequencies
is shown in Figure 9 and meets the requirements. The
gains at resonant frequencies are greater than the minimum
value required by the communication devices that work
on these frequency ranges. At 875MHz in Figure 9(a), the
gain is approximately −0.414 dB and its shape is just like a
dipole field. Dipole like shape of the radiating field at lower
resonant frequency is because PEC case and radiating patch
both act like a dipole connected to the feed. For all the
other resonant bands the field is being radiated in all the
directions. Therefore, radiation pattern is like a monopole
because radiating patch radiates field. The radiation pattern
at higher resonant frequencies is roughly omnidirectional.
At 1.735GHz in Figure 9(b), the gain is −1.22 dB, and its
shape is amorphous, but the directivity is such that it
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Figure 11: (a) Bandwidth comparison for the simulated substrate tempering at a resonant frequency band centered at 875MHz. (b) Gain
comparison with and without substrate tempering for the resonant frequency band centered at 875MHz.

can offer a minimum SAR. In Figures 9(c) and 9(d), the
gain at 2.035GHz and 2.35GHz is 0.024 dB and −0.75 dB,
respectively. The directivity of the proposed model at higher
frequencies has a roughly omnidirectional shape which is
essential formany handheld communication devices working
in this frequency range.

In Figure 10, the magnitude of the E-field at the corre-
sponding resonant frequencies is shown. From these figures,
we can determine the path followed by the current for
every resonant frequency band. Different paths followed by
the current on the radiating sheet are evident of the fact
that inserting slots in the radiating patch provides multiple
paths for the current to flow and therefore gives rise to
multiple resonant frequencies. Furthermore, these resonant
frequencies and corresponding bandwidths can be enhanced
with shorting pins, parasitic patch, and other techniques.

3.3. Bandwidths andCorrespondingGains. In this section, the
bandwidths, resonant frequencies, and gain for those corre-
sponding bands of frequencies (1st, 2nd, 3rd, and 4th resonant
bands) are discussed. The results show a wide bandwidth at
the resonant frequencies. These are the optimized results of
all the enhancements that we have applied to the proposed
model which are discussed in Section 2 in detail.

In Figures 11(a) and 11(b), a comparison of the bandwidths
and corresponding gains is presented. The optimized result
for the proposed model at the 1st resonant band (lowest
resonant band) shows a difference in the bandwidth and
gain with and without tempering of the substrate. It is clear
that inserting the vacuum gaps in the substrate, in order
to exploit the impedance bandwidth 𝑄, not only provides a
wide bandwidth but also helps to improve the gain. In our

proposed model, the simulated results show an increment in
the bandwidth from 34MHz to 52MHz and gain is increased
and stabilized. One should choose the position and width for
the vacuum gap wisely (as already mentioned in Section 2.4,
position is important because it defines whether the resonant
frequency of the cavity is increased or decreased).

The gain is nearly flat and stable for all these resonant
band of frequencies shown in Figure 12 and is preferred by
most communications devices that work in this range of
frequencies.

4. Conclusion

In this paper, a new design for a low profile PIFA model
is presented. In general, applications may include com-
munication devices that work for GSM 850/900, UMTS
850/900/1700/1900/2100, LTE 2300/2500, and ISM 2400
bands used for Bluetooth and WLAN. The design is unique
and simple. In contrast to a traditional PIFA model, this
design is covered with PEC boundaries from all sides. By
introducing a few slots in the radiating patch, applying a
parasitic patch, tempering the substrate, and using multiple
shorting pins in the model, four resonant bands centered at
875MHz, 1735MHz, 2035MHz, and 2350MHz have been
achieved with bandwidths of 52MHz, 60MHz, 73MHz,
and 319MHz, respectively. The gain for the corresponding
resonant bands is relatively flat.Multiple aspects of this design
were studied which we have presented in this paper, and it
is evident that this model has the ability to maintain its per-
formance even in adverse and unfriendly environments. The
proposed design methodology can be useful in low profile
multiband resonant communication devices, in particular, in
the design of antennas for mobile handsets.
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