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Abstract—The application of multiple folded radiator to inde-
pendent frequency control of a compact tri-band planar inverted-F
antenna (PIFA) composed of three resonant frequencies, Global
System for Mobile communication (GSM900, 880-960 MHz)/Dig-
ital Communication System (DCS1800, 1710-1880 MHz)/Satellite
Digital Mobile Broadcasting (Satellite DMB, 2605-2655 MHz)
are treated with the optimized parameter values. The proposed
antenna has been designed and analyzed by using commercially
available softwares, CST MWS based on the finite-difference
time-domain algorithm, High Frequency Structure Simulator
(HFSS) based on the finite element method algorithm and a
simple resonant equation, respectively. It is also seen that good
isolation characteristics and independent frequency control can
be accomplished by using the separation of folded parts operating
at each different frequency. In addition, the return loss has been
measured and compared between measured and simulated data
under the criterion of VSWR less than 3. The radiation patterns
in each service are the same as the omnidirectional characteristics
and the maximum gains are 1.19, 2.93, and 1.48 dBi at 0.92, 1.8,
and 2.63 GHz, center frequencies of each service, respectively.

Index Terms—Parasitic elements, planar inverted-F antenna
(PIFA), tri-band.

1. INTRODUCTION

ITH THE HELP of the rapid development of wireless
Wcommunication systems and the increasing require-
ments for portable characteristics of electronic devices, a
compact and light-weighted antenna is continuously introduced
in many literatures [1]-[10]. Furthermore, in order to satisfy the
various demands for wireless services, multiband antenna is a
good candidate and planar inverted-F antenna (PIFA) concepts
is adopted for antenna design. As a disadvantage of microstrip
antenna, it has a narrow bandwidth. In order to overcome the
posed problem, PIFA, which is a modification of a vertically in-
stalled monopole antenna and has a very high spatial efficiency,
has been suggested by inserting shorting strip or shorting pin
[1]. However, one of many advantages of PIFA structure is that
it can be easily incorporated into the electronic equipments
due to the flexible structures and compactness. Thus many
researchers have studied the derivation of multiple resonances
and low-profile structure by using slit, slot [2]-[4], parasitic
elements [5], [6], and the modification of ground pattern [7].
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Two shorting strips and slits have been introduced to obtain the
three resonant frequency bands [2]. Main patch consisting of me-
ander-typed slit occupies the volume of antenna, 40 x 38 x 9 mm?3
showing a little larger dimension. On the other hand, it is shown
that the lower and upper frequencies of a conventional PIFA can
be controlled by using a U-shaped slot on the radiating element
[3]. In addition to that, to cover the multiband services, L-shaped
patch with two slant slits at the right edge is added [4]. As a
different approach to design multiband antenna, parasitic ele-
ments instead of slits and slots have been introduced to improve
impedance bandwidth. By properly arranging three parasitic ele-
ments, which result in three resonant frequencies at each service,
respectively, around main patch, multiresonance can be induced
and wide impedance bandwidth can be accomplished [5]. As a
similar technique, two coplanar parasitic patches are employed
tolower the low frequency of the upper frequency band enhancing
the impedance bandwidth [6]. In order to investigate the effects
of ground plane on the electrical performances of PIFA, a slotted
and meandered ground plane has been introduced to achieve the
size-reduction of overall antenna volume [7].

From the previous works and literatures related with the de-
sign of multiband antenna, it is observed that the main goal is
focused on the accomplishment of the easy control of each res-
onant frequency and the bandwidth of each band. Generally,
all of the parameters determining the electrical performances
of PIFA have a complex relationship each other, hence it is not
easy to control the service bands with multiband characteristics
independently. In other words, if a change of certain parameters
comprising the radiating structures could have an effect on the
other resonant frequencies, the design procedure of the antenna
would be very complicated and tedious.

In this paper, two basic meander and folded structures have
been applied to accomplish the novel and compact antenna.
Folding the meander structure vertically, which occupies 30 x
16 x 9 mm?® = 4320 mm?3, leads to a relative volume reduc-
tion of 50% by overcoming the problem of low-frequency res-
onance dependent on the large area of the radiator. This paper
deals with the physical insight into the PIFA design covering
GSM900 (880-960 MHz), DCS1800 (1710-1880 MHz), and
Satellite DMB (2605-2655 MHz). Each radiating part is inde-
pendently designed and electrically isolated such that the mu-
tual coupling effects can be minimized and the structural inde-
pendence can be maintained. As an advantage of the proposed
antenna, it is very easy to construct this antenna by properly in-
serting the slits on main radiating patch and introducing folded
parts on both side edges.

In Sections II and III, the entire structure of the proposed
antenna is described in detail and the simulated results with
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Fig. 1. Antenna geometry and photographs. (a) Perspective view. (b) Top view. (c) Side view. (d) Back view.

the evaluated parameter values are listed using two commer-
cially available softwares with antenna design procedure, re-
spectively. The accuracy of designed parameter values and ver-
ification of our design procedure are carried out with measure-
ments in Section I'V. Finally, conclusions are briefly shown in
Section V.

II. ANTENNA CONFIGURATION

Consider the planar inverted-F antenna having two meander-
folded structures installed on the upper and lower edge line
separately as shown in Fig. 1. As a description for the given
structure, Fig. 1(a) shows the entire structure with a perspec-
tive view and Fig. 1(b) depicts the radiating parts (folded parts
1 and 2) governing the resonant frequencies in detail with un-
folded layout. Particularly, the unfolded layout helps us under-
stand the connection status between top and lower folded layers.
Finally, Fig. 1(c) and (d) show side view and back view of the
proposed antenna, respectively. The heights, H1 and H2 of the
meandered structure are set to be 1 mm to satisfy the target fre-
quency and wide impedance bandwidth around the resonant fre-
quencies. The 50-2 cable-feeding structure has been adopted to
utilize the limited space effectively and avoid microstrip feed
line.

Two meander-folded structures (folded parts 1 and 2) have
been employed to induce multiple resonances at different fre-
quencies. The folded part 1 is related with GSM900 band while

the folded part 2 can control the Satellite DMB band. The reso-
nant frequency of DCS1800 is dependent on the total area of top
plate. The important parameters that determine the resonant fre-
quency of GSM900 are D1, S1, and Y1, which are used in both
top and lower folded layers as shown in Fig. 1(b). The optimized
parameter values have been obtained from iterative simulation
with initial data depending on the relationship between the res-
onant frequency and the path length of current distribution. In
a similar way, the resonant frequency of Satellite DMB can be
controlled by finely tuning the parameters, D2, S2, and Y2 with
additional parameter G2. At this time, tuning parameters D2, S2,
and Y2 are employed to both top and lower folded layers for
the better electrical performances. Therefore the total volume
through the optimized process amounts to 30 x 16 x 9 mm?>.

As controllable parameters related with impedance matching,
the position and width of shorting plate play an important role of
satisfying the required bandwidth. The designed and optimized
parameter values are listed in Table I.

III. ANTENNA DESIGN PROCEDURE

In this section, the design procedures for the proposed an-
tenna are described. The antenna characteristics are in general
affected by the complicated mechanism and the various param-
eters simultaneously. However it is suggested that the design
parameters affecting on each frequency band are located inde-
pendently and the design process is very easy due to the inde-
pendent frequency control of resonant target frequencies.
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Fig. 2. Return loss as a function of frequency according to the different radiating structures: (a) without the folded parts, (b) with the folded part 1 only, (c) with

the folded part 2 only, and (d) with both the folded parts 1 and 2.

TABLE I
DESIGNED PARAMETER VALUES OF THE PROPOSED ANTENNA

Parameter L w Gl G2 H H1 H2
Value (mm) | 16 30 2.1 5 9 1 1
D2 Sl S2 | SW | YI Y2
7.3 2 5 9 3.8

Parameter | DI
2.5 3

Value (mm)

By applying the basic resonant structure (only top plate) and
the structures involving folded parts 1 and 2 to the PIFA suc-
cessively, the independent and optimized parameters have been
obtained for satisfying the requirement of return loss.

A. The Effects of Main Top Patch

PIFA consists of a ground plane, a top plate, a feeding con-
nected between ground plane and top plate, and a shorting wire
or plate also connected between ground plane and top plate.
However, since the shorting plate is better than the shorting wire
to accomplish wide impedance bandwidth, shorting plate with
5 mm plate width through iterative simulation process has been
employed in this paper [8]. As a first step to design tri-band
antenna, this section describes that the resonant fundamental
mode can be designed by using formula relating the resonant
frequency with the total area of top plate [10]. In addition, the
fine tuning of the length, width, and the location of feeding and

=

(R
R34

(b)

Fig. 3. Current distributions flowing down the structure at GSM900 (f =

0.92 GHz) and Satellite DMB (f = 2.63 GHz): (a) on the folded part 1 and
(b) on the folded part 2.

shorting plate results in the final targeted frequencies, DCS1800
frequency band with top plate size, 30 x 16 x 9 mm?.

As a response according to the geometrical structures,
Fig. 2(a) shows that the total size of only top plate generates
single resonant frequency around 1800 MHz with a good
agreement between two simulation results.

B. The Effects of the Folded Part 1 Only

This section describes the design procedure to induce the
resonant frequency of the lowest frequency band, GSM900
(880-960 MHz) among three target frequencies. Adopting the
meander structure and additional folded part on the upper side
edge of the top plate leads the resonant frequency at GSM900
and increases the spatial efficiency. From the previous studies
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Fig. 4. Simulated results of return loss with variations of geometrical parameters (the folded part 1): (a) as a function of D1, (b) as a function of S1, and (c) as a

function of Y1.

listed in literatures, it is well known that the resonance occurs
at the quarter wavelength structure with current distributions.
However, in the case of folded meander structure with slits
inducing mutual cancellation of surface current flowing in re-
verse directions, it is necessary to design a little longer current
path than a quarter-wavelength. From a basic principle with the
folded part 1, the obtained parameter values for D1, HI, S1, and
Y1 are listed in Table I with fixed width of slit, 0.6 mm. At the
same time, the folded part 2 controlling Satellite DMB service
is removed and replaced with flat radiator. Fig. 2(b) depicts
that the only folded part 1 on top plate acts as a frequency
controller of GSM900 band from a good agreement between
two simulated results while the overall size of the top plate still
maintains the resonant frequency of DCS1800 band.

C. The Effects of the Folded Part 2 Only

In a similar manner as shown in Section III-B, Satellite
DMB (2605-2655 MHz) band can be resonated by employing
the folded part 2 at the left bottom edged-line. The total area
occupied by the folded part 2 is considerably smaller than that
of the folded part 1 since the target frequency of the folded
part 2 is higher than GSM900 frequency band. The geometrical
parameters, D2, H2, S2, and Y2 constructing the folded part 2,
are listed in Table I.

In a similar manner as shown in Section III-B, the dual-fre-
quency antenna resonating at DCS1800 and Satellite DMB fre-
quency bands can be designed by applying the meandered struc-

ture to the lower edge. From Fig. 2(c), it can be observed that
the folded part 2 can generate another resonant frequency inde-
pendently even though a little deviation between two analyses
exists at the resonant frequency of Satellite DMB service band.

D. The Effects of Both the Folded Parts 1 and 2

According to the design procedure listed above, it is easily
expected that three resonant frequencies covering GSM900,
DCS1800, and Satellite DMB can be generated by applying
both the folded parts 1 and 2 simultaneously and using inde-
pendently operating characteristics of the proposed structure.
Fig. 2(d) describes the return loss when both the folded parts
1 and 2 are employed simultaneously. It indicates that the
overall size of top plate, the folded parts 1 and 2 generate
the resonant frequencies at DCS1800, GSM900, and Satellite
DMB, respectively.

Fig. 3(a) represents the current distribution flowing down the
folded part 1 at the center frequency 0.92 GHz in GSM900 band.
In order to generate the resonance at low frequency, it is nec-
essary to achieve a long current path having a large area. This
basic rule can explain the concentration of current distribution
on the folded part 1. In a similar way, Fig. 3(b) depicts the cur-
rent distribution on the folded part 2 generating the resonance at
the center frequency 2.63 GHz of Satellite DMB band. At this
time, the magnitude of current distributed on the folded part 1
is very weak. Hence, it is seen that the current distributions at
different resonant frequencies are independently flowing down



1432

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 5, MAY 2008

S11(dB)

-20

-25

[| —=— D2=2mm

-30

—e— D2=3mm
[| —— D2=4mm

-35

0.5 1.0 1.5

20 25 3.0

Frequency (GHz)

(a)

Y I

$11(dB)

-20

-25

[|—=— S2=1mm
—e— S2=2mm
[|—— S2=3mm

1 I n

-30

-35
0.5

1.5 2.0 25 3.0

Frequency (GHz)

(b)

—=—Y2=3mm
—e— Y2=4mm
30 : L

0.5 1.0

1.5 20 25 3.0

Frequency (GHz)
©
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the structure with a negligible coupling and are independently
generated by perfectly different structures.

E. Variation of Design Parameters at the Folded Part 1

With the help of independently generating the resonant fre-
quencies, the tri-band PIFA can be easily constructed. In order
to check the frequency shift or bandwidth variation as a func-
tion of the design parameters, parametric studies at each control
part have been carried out. Fig. 4(a)—(c) show the variation of
the return losses according to the parameter changes.
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Fig. 7. Current distributions on the ground plane: (a) GSM900, (b) DCS1800,
and (c) Satellite DMB.
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Among them, Fig. 4(a) and (c) delineate that the resonant fre-
quency moves to the lower as the width, D1, becomes wider and
the length, Y1 gets longer. The reason is thought to be the in-
creased current path due to the increased total area of the folded
part 1. On the other hand, Fig. 4(b) indicates that the param-
eter, S1 affects both the resonant frequencies of GSM900, and
DCS1800 simultaneously. These phenomena listed above de-
pend on the variation of total slit size. D1 and Y1, leading to the
variation of the total area of the folded part 1, does not change
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the total slit size while the variation of S1, changing the sur-
face current path and including the frequency shift at GSM900
and DCS1800, does affect the total slit size. In addition to that,
the various values of the design parameters, D1 and Y1 can con-
trol the resonant frequency and bandwidth in GSM900 band, but
do not have an effect on the electrical performances in Satellite
DMB band. This means that the resonance behavior of Satellite
DMB is governed by not the higher-order mode of GSM900
band but the folded part 2.

As a result, an absolutely independent antenna not affecting
DCS1800 and Satellite DMB but controlling GSM900 band can
be easily constructed by choosing the length of S1 properly and
using the other parameters, D1 and Y1.

F. Variation of Design Parameters at the Folded Part 2

In a similar way to Section III-E, the folded part 2 governing
the resonant frequency of Satellite DMB band consists of the
geometrical parameters, D2, S2, and Y2. Fig.5 (a)-(c) shows
that controlling the parameters, D2, S2, and Y2 affects only the
frequency shift of Satellite DMB band independently in having
no relation with the movement of the other resonant frequencies.
Additionally, Fig. 5(a) describes that the proposed antenna can
be used for WLAN (2400-2483 MHz) band instead of Satellite
DMB based on the return loss characteristics according to the
appropriate variation of the given parameters.

G. The Effects of Ground Length

Usually the electrical characteristic of antenna such as
impedance bandwidth is dependent on the feeding structure,
the width and position of the shorting plate to a great extent.
However, not only the geometrical parameter of antenna but
also ground plane has an effect on the antenna performances.
The ground effects caused by applying the variation of width
and length of ground plane and inserting the slit and slot on
the ground play an important role in a low frequency band
especially. As a basic rule, the first maximum bandwidth can
be obtained at the length corresponding to 1/3 of the resonant
wavelength, A. According to the basic rule, a simple calcu-
lation shows that the length of ground plane to satisfy the
maximum bandwidth at GSM900 band can be represented as
110 4+ (160 x n) mm (n = 0,1,2,...) [9]. This formula can
be also applied for the proposed antenna. Fig. 6 represents the
effects of the length variation of ground plane on the impedance
bandwidth using commercially available software. As expected,
the bandwidth at GSM900 band is maximized when the length
of ground plane is 110 mm. On the contrary, the bandwidth at
DCS1800 band is minimized as a tradeoff relationship. How-
ever, in this paper the size of ground plane has been determined
as 30 x 105 mm? focused on the wide impedance bandwidth at
GSM band under the criterion of return loss less than —6 dB.

It can be also observed from Fig. 7 that the length of ground
plane affects the impedance bandwidth in a view of current dis-
tributions on ground plane. The current density on ground plane
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in Fig. 7(a) is more widely spread than those in Fig. 7(b) and (c)
representing high current densities on near the feeding structure.
In other words, it is necessary to ensure a little longer ground
plane to obtain the satisfactory bandwidth in GSM900 band.

IV. MEASUREMENTS AND VERIFICATION

The expected return loss characteristics can be verified by
measuring four cases consisting of only top plate, addition of
the folded part 1 only, addition of the folded part 2 only, both
addition of the folded parts 1 and 2. The employed material is a
copper plate of thickness, 0.2 mm and the measurement has been
carried out by using E5S071B Network Analyzer of Agilent.

A. Measurement of PIFA With Only Top Plate

The estimated bandwidths obtained from two EM simulation
tools are 282 MHz (1.715-1.997 GHz) and 370 MHz (1.63-2.0

GHz), respectively. From Fig. 8(a), itis clearly observed that the
measured bandwidth is approximately 257 MHz covering from
1.73 to 1.987 GHz under the criterion of S;; less than —6 dB
and the measured data is nearly the same as the predicted data.

B. Measurement of PIFA With Additional Folded Part 1

In this case, the parameters, D1, H1, S1, and Y1 constructing
folded part 1 are set to be 2.5, 1, 7.3, and 9 mm, respectively,
for optimized simulation and measurement. The expected first
and second resonant frequencies are 0.942-1.026 GHz (BW =
84 MHz) and 1.756-1.936 GHz (BW = 180 MHz) for CST
MW Studio and 0.93-1.01 GHz (BW = 80 MHz) and 1.7-1.95
GHz (BW = 250 MHz) for HFSS, respectively. The mea-
sured data shown in Fig. 8(b) indicate that the first and second
resonant frequencies are 0.897-0.957 GHz (BW = 60 MHz)
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TAble I
SIMULATED AND MEASURED MAXIMUM GAINS
Satellite
Frequency (GHz) GSM900 | DCS1800 DMB
=0.955 =1.807 =2.65
Simulated Max. Gain (dBi) A S/ A
2.0 3.4 3.1
=0.92 =1.8 =2.63
Measured Max. Gain (dBi) A L L
1.19 2.93 1.48

and 1.726-1.907 GHz (BW = 181 MHz), respectively, repre-
senting a good agreement with the expected data.

C. Measurement of PIFA With Additional Folded Part 2

The antenna configuration of this case is constructed by ap-
plying the folded part 2 only to the top plate without the folded
part 1. As estimated from Fig. 2(c), the simulated data for the
first and second resonant frequencies are 1.699-1.949 GHz
(BW = 250 MHz) and 2.582-2.657 GHz (BW = 75 MHz)
using CST MW Studio and 1.61-1.98 GHz (BW = 370 MHz)
and 2.52-2.56 GHz (BW = 40 MHz) using HFSS, respec-
tively. For the fabrication and measurement, the optimized
parameters, D2, H2, S2, and Y2 building-up the folded part
2 are determined as 3, 1, 2, and 3.8 mm, respectively. The
measured datum in Fig. 8(c) shows that the first and second
resonant frequencies are 1.726-1.967 GHz (BW = 241 MHz)
and 2.686-2.716 GHz (BW = 30 MHz), respectively. It is
seen that this configuration can generate dual-resonant frequen-
cies with a little narrower bandwidth rather than the expected
values.

D. Measurement of PIFA With Both the Folded Parts 1 and 2

As a final goal, the measurement of PIFA generating tri-band
resonant frequencies has been carried out under the criterion
of return loss less than —6 dB. Fig. 8(d) shows the reflec-
tion characteristics of tri-band PIFA covering the frequency
bands, GSM900 (878-957 MHz, BW = 79 MHz), DCS1800
(1700-1882 MHz, BW = 182 MHz) and Satellite DMB
(25602660 MHz, BW = 100 MHz). From the above results,
it is guaranteed that tri-band antenna working at each resonant
frequency with independent frequency-control structures can
be easily constructed according to the described design proce-
dures.

The measured and simulated radiation patterns at the center
frequencies 0.92, 1.8, and 2.63 GHz of three service bands
are plotted and compared according to the cutting plane in
Fig. 9(a)—(c). The radiation patterns in z — x plane are nearly
omnidirectional characteristics. Thus, it means that the pro-
posed antenna can be used in hand-held mobile systems. The
measured maximum gains are 1.19, 2.93, and 1.48 dBi at 0.92,
1.8, and 2.63 GHz, respectively, with the estimated gains, 2.0,
3.4, and 3.1 dBi at 0.995, 1.807, 2.65 GHz using EM simulation
tool as shown in Table II.

As another key performance in antenna design, consider the
total radiation efficiency concerned with input mismatching and
radiation loss. Fig. 10(a) plots the return loss characteristic and
total efficiency at the same time. It is seen that the total ef-
ficiencies are very high at the three resonant frequencies and
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Fig. 10. Simulated (a) total radiation efficiency as a function of frequency
when the optimized parameters for a tri-band PIFA are applied and (b) input
impedance.

amount to more than 80% (GSM900 and Satellite DMB) and
90% (DCS1800), respectively. From Fig. 10(b) showing the
input impedance of the proposed antenna at three different ser-
vice bands, it is confirmed that the input resistance and reactance
are approaching to 50-€2 and 0-(2, respectively, at each resonant
frequency.

V. CONCLUSION

A novel and useful design procedure for tri-band PIFA
covering GSM900, DCS1800, and Satellite DMB has been
illustrated. The resonant characteristics of the proposed an-
tenna having a total volume of 30 x 16 x 9 mm?® have been
predicted and verified by using not only Full EM simulation
tools, CST MW Studio and HFSS but also measurement of
four independent antenna structures. Under the criterion of
VSWR less than 3, it is found that the proposed antenna covers
three service bands with percentage bandwidth, 8.6% (878-957
MHz), 10.2% (1700-1882 MHz) and 3.8% (2560-2660 MHz).
In addition to that, it has been verified that the folded parts 1
and 2 on the top plate can independently control the resonant
frequencies at GSM900 and Satellite DMB bands, respectively,
while the DCS1800 band is under the control of the total size
of the top plate.

The measured data show that good radiation patterns in three
cutting planes are obtained with maximum gains, 1.19, 2.93,
and 1.48 dBi at 0.92, 1.8, and 2.63 GHz, respectively, with the
predicted total radiation efficiency more than 80%. Thus, the
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proposed antenna and design procedure can be used for hand-
held wireless systems.
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