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Abstract—The vertical folded loop antenna, modeled as wire
and printed radiating element mounted on a conducting box,
simulating a cellular telephone with and without dielectric coat-
ing, is analyzed. Finite-difference time-domain (FDTD) method
is used to calculate radiation patterns and input impedance. The
results are compared with measurements and with NEC data.
Very good agreement is obtained in all cases. Parasitic loading
is used to enhance the bandwidth of the printed element. The
antenna meets design requirements for existing and future mobile
communication systems.

Index Terms—Loop antennas, mobile antennas, portable radio
communication.

I. INTRODUCTION

W IRELESS communications, specifically cellular com-
munications, is currently the fastest growing segment

in the telecommunications industry and promises to become
the preferred medium of telecommunications in the future. In
recent years, there has been tremendous worldwide activity
aimed to develop mobile communication systems. Currently,
the most widely adopted systems are the Global System
for Mobile (GSM) Communications [1] developed primarily
in Europe and Asia and Interim Standard-54 (IS-54) [2],
developed in North America (United States and Canada). The
communication between the mobile station (MS) and base
station (BS) is implemented through two links; uplink (MS
to BS) and downlink (BS to MS). The frequency bands for
GSM are 890–915 MHz and 935–960 MHz for the uplink and
downlink, respectively, while for IS-54 they are 869–894 MHz
for the uplink and 824–849 MHz for the downlink. The new
generation of personal communication systems (PCS) (such as
the DCS 1800) has frequency bands of 1.710–1.785 GHz and
1.805–1.880 GHz for the uplink and downlink, respectively.

Antennas used in mobile communications have been recog-
nized as critical elements that can either enhance or constrain
system performance. The effective design of mobile radiation
elements mounted on hand-held units should meet specific re-
quirements such as small size, light weight, low cost, attractive
appearance and ease of construction. The antenna dimensions
should be sufficiently small to be mounted on the limited
space provided on the surface of the equipment. Radiation
characteristics of such antenna systems usually differ from
those of antenna elements radiating in free space. The radiation
pattern varies depending on the size and composition of the
unit, and the location of the antenna element. The desired
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radiation pattern of the antenna on the hand-held device should
be primarily omnidirectional in the horizontal plane. The gain
should be as large as possible and the resonant frequency
should be within the operating band.

In recent years, simulation tools have been developed for
analyzing radiation elements that would have desired charac-
teristics. The monopole mounted on a hand-held unit, which
was analyzed in [3] and [4], is the most widely used antenna
element for mobile communications. However, since it can
be easily broken it is not considered rigid. Other candidate
antennas, like the conformal planar inverted F antenna (PIFA),
have been proposed [4], [5]. Since the PIFA element is
mounted on the side of the telephone, the hand position
(holding the cellular phone) detunes the antenna resonant
frequency and input impedance.

In this paper, the vertical folded loop antenna, designed
both as wire and as printed radiation element on a dielec-
tric substrate, is mounted on a conducting box with and
without a dielectric coating. It is analyzed using the finite-
difference time-domain (FDTD) method. The Berenger’s per-
fectly matched layer (PML) [6] is used to truncate the FDTD
computational domain. Past contributions in this area have
demonstrated the effectiveness of the PML [7]–[9].

Results are given for a dielectric-covered conducting box
to simulate a portable telephone with a plastic case sur-
rounding the metal chassis. The radiation patterns and the
input impedance for the folded loop antenna attached on
the conducting box (with and without dielectric coating) are
given. The FDTD results are compared with measurements
and with predictions based on the numerical electromagnetics
code (NEC) [10].

II. A PPROACH

FDTD [11] is a popular technique that converts Maxwell’s
time-dependent curl equations into difference equations, which
are then solved in a time-marching sequence by alternately
calculating the electric and magnetic fields in an interlaced
spatial grid. This was used successfully in the past for a variety
of antenna configurations [12]–[14].

The solution of radiation problems requires the use of
absorbing boundary conditions (ABC) to accurately termi-
nate the computational domain, allow the propagation of
electromagnetic waves out of the computational space, and
reduce the reflections within the region of interest. Recently, a
new ABC—the PML—has been introduced by Berenger [6].
The PML uses nonphysical absorbing material for the grid
truncation, which matches the impedance of the medium to that
of free-space for all angles of incidence and all frequencies.
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Fig. 1. Wire folded loop antenna mounted on a conducting box.

The conventional PML region requires that the FDTD field
components be split into two orthogonal components.

The structure in the FDTD region should be enclosed by a
near-to-far field transform surface. The electric and magnetic
fields on this surface are used to implement a near-field to
far-field transformation by utilizing the equivalence principle
[15]. This is particularly useful when the radiation patterns in
the far-field region of the antenna are examined.

The time-step�t of the FDTD algorithm must be bounded
by the space increments�x, �y, and�z to avoid numerical
instabilities. A typical time-step choice of�t for �x = �y =

�z is�t = �x
2c

[16], wherec is the speed of light in free-space
and�x is the size of the cubic grid used.

The geometry of the first antenna to be analyzed is shown
in Fig. 1. It is a conducting box with the loop element
mounted on its top, and it simulates a small hand-held portable
telephone. A second model that is analyzed is the conducting
box coated with a dielectric material to simulate a portable
telephone with a plastic case surrounding the metal chassis.
The plastic layer is modeled as a lossless dielectric layer im-
mediately adjacent to the conducting chassis with permittivity
�r = 2:6.

The finite-difference form of Maxwell’s curl equations
are derived based on a homogeneous region. Therefore, the
air–dielectric interface points require special treatment. The
field components which lie on the air–dielectric interface for
the front box surface are the tangential components of~E (Ey

andEz) and the normal component of~H (Hx). In calculating
Hx, the standard FDTD equations can still be used because the
value of� does not change across the boundary. To calculate
Ey andEz, however, a new finite-difference formulation must
be derived from the field continuity conditions across the
boundary. The tangential electric fields in cells that contain
the dielectric must be modified.

A typical contourC1 used to evaluate the tangential electric
fields at the air–dielectric interface is shown in Fig. 2(a). It

(a)

(b)

Fig. 2. Dielectric–air interface of the front box surface and edges within the
FDTD computational domain.

is the top view of the air–dielectric interface of the front
surface of the box. The dielectric coating of permittivity�
is represented by the shaded region and the air region with
permittivity �o is shown beneath. By applying Ampere’s Law
in the air–dielectric interface of the front surface of the box,
we can writeI

Hdl =
@

@t

Z
S

�E ds = �
@

@t
(�aveEz ds) (1)

where �ave represents the average dielectric permittivity
[�ave = (�o + �)=2] between the two media in the contour.

The edges of the box also require special treatment. In
Fig. 2(b), the top view of the air–dielectric interfaces of one
of the front edges of the box is illustrated. In this case, the
contourC1 encloses three cells with air of permittivity�o and
one cell with dielectric material of permittivity�. Ampere’s
law can be utilized again along the contourC1 to update
the tangential electric fields along the air–dielectric interface.
Because at the edge3=4 of the cell is air and1=4 is dielectric,
the average dielectric permittivity is now�ave = 3�o+�

4 . The
same approach is used to evaluate the tangential electric fields
on the air–dielectric interface for the remaining faces of the
box.

The feed of the wire folded loop antenna was modeled
using an equivalent magnetic-frill model [3], [17]. This was
accomplished by defining the four electric field components
on the top surface of the conducting box extending radially
from the wire antenna axis. The source of excitation is a
Rayleigh pulse, which is the derivative with respect to time of
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a Gaussian pulse. Because of its smooth shaped spectrum, it
provides information from dc to the desired frequency simply
by adjusting the width of the pulse and allows wideband input
impedance prediction with one computational run.

The input impedance of the antenna is defined as

Zin(!) =
Vin(!)

Iin(!)
(2)

whereVin(!) is the frequency response of the input voltage
waveform andIin(!) is the frequency response of the input
current. The input current is determined by calculating the line
integral of the circulating magnetic fields, which by the FDTD
method are computed at one-half cell above the antenna feed.

A sinusoidal excitation is used to calculate the far-field radi-
ation patterns. To obtain the absolute antenna partial directivity
patterns, the following expressions are used [18]:

D�(�;�) = 4�

jE�(�;�)j
2

2�o

Pinput
(3)

D�(�; �) = 4�

jE�(�;�)j
2

2�o

Pinput
(4)

whereE� andE� are the far-zone fields and�o = 120� is
the free-space intrinsic impedance. The antenna input power
is calculated from the magnitude and phase of the current and
the voltage at the feed and is given by

Pinput =
1

2
V I� (5)

where� denotes complex conjugate.

III. RESULTS

A. Wire Folded Loop Antenna Mounted on a Conducting Box

The geometry of the antenna under consideration is shown
in Fig. 1. It is the vertical wire folded loop antenna mounted
on a conducting box. The antenna element is centered on the
handset in thex andy directions. It is fed on the left side by a
coaxial cable and is short-circuited to the box on the right side.
Since loop antennas are more immune to noise [18], it makes
them more attractive in an interfering and fading environment,
like that of mobile communications. The box dimensions are
3 � 6 � 10 cm in thex; y; z directions, respectively. These
dimensions are representative of a small hand-held cellular
phone. The height of the antenna is 2 cm and its length is
4 cm.

The radiation patterns at 900 MHz, and the input impedance
over a band of frequencies up to 5 GHz were calculated.
The box dimensions in terms of wavelength at 900 MHz are
approximately 0.09�� 0.18�� 0.3�. The FDTD cubical cell
size is chosen to be�x = �=66 = 0:5 cm at 900 MHz and
was maintained at that value for all calculations. The required
problem space is 26� 32� 44 using four PML cells and the
time step is�t = 0:84 � 10�11 s. The computational time is
about 4 min for the radiation patterns in three major planes
(1� increments) for bothE� andE�, and 12 min for the input
impedance calculation. All computations were performed on
a IBM RS6000/580 workstation.

Fig. 3. Input impedance of wire folded loop antenna mounted on a conduct-
ing box.

Fig. 3 presents the predicted input impedanceZin = Rin +
jXin whereRin is the input resistance andXin is the input
reactance versus frequency. The calculated results are com-
pared with measurements and the agreement is very good in
the entire frequency band. The first resonant frequency is at
945 MHz and it is of the parallel type (usually referred to
as antiresonance) and it exhibits large values of resistance
and reactance at resonance. The second resonance is at nearly
2150 MHz, and it is of the series type with smaller values
of resistance and reactance. This type of resonance is more
practical to match to conventional transmission lines, and
it would be more appropriate for the new generation of
PCS.

The absolute gain far-field radiation pattern for the co-polar
E� component on the azimuth(x-y) plane is illustrated in
Fig. 4, while the elevation plane patterns(x-z and y-z) are
exhibited in Fig. 5. On thexy plane the pattern is almost
omnidirectional, as is desirable for mobile communication
system coverage. The patterns on thexz plane are symmetric,
as expected, since the structure is also symmetric in this plane.
The left lobe seems to be the dominant on theyz plane, and
it is on the same side as the antenna feed. There is a null at
30� since the antenna is fed offset (1 cm left from the center).
These results are in excellent agreement with measurements
and those obtained using the NEC [10]. The measurements
were performed in the ASU electromagnetic anechoic chamber
(EMAC).
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Fig. 4. Azimuth plane patterns onxy-plane of wire folded loop antenna
mounted on a conducting box.

The type of resonances, and the order of occurence, exhib-
ited in Fig. 3 are for a loop radiating element which is fed at
one end and grounded to the box at the other end. The order
of the resonances of Fig. 3 can be reversed by ungrounding
(opening) the shorted (to the box) end of the loop. Doing this,
the first resonance will be of the series type, while the second
will be of the parallel type [19]. The values of the resonant
frequencies remain essentially the same as those of Fig. 3.
The first resonance of such a configuration would be more
appropriate for the first generation (GSM or IS-54) of PCS.
Thus, by grounding and ungrounding the loop at one end to
the box, the same element can be used to accommodate both
frequency bands, those of the existing and new generations
of PCS.

B. Wire Folded Loop on a Dielectric-Coated Conducting Box

To simulate a portable telephone with a plastic case sur-
rounding the metal chassis, the conducting box was coated
with a dielectric layer with no gap between the dielectric
cover and the conducting surface of the box. The dielectric
permittivity of the dielectric coating is�r = 2:6 and the
thickness is 2.5 mm.

The dimensions of the box, the position of the element, and
its dimensions were maintained the same as for the conducting
case. The magnetic frill model on the top conducting surface
of the box is used to model the feed of the antenna. The
dielectric cover of the box was modeled using an FDTD cell
of �x = �=134 = 2:5 mm, which is equal to the thickness
of the dielectric cover, and the required grid size using eight
PML cells is 40� 52 � 76 in the x, y, and z directions,
respectively. To satisfy the Courant stability criterion, the time
step�t = 0:42087�10�11 s was used. The computational time
is about 10 min for the radiation patterns (2680 time steps)
and about 45 min for the input impedance (16 348 time steps).
More time steps were used for the impedance computations
than for the patterns because the impedances were computed

(a)

(b)

Fig. 5. Elevation plane patterns of wire folded loop antenna mounted on a
conducting box. (a)xz plane. (b)yz plane.

using a pulse excitation (and the number of time steps were
based on the highest frequency of its spectrum) while the
patterns were computed at single frequencies.

Fig. 6 illustrates the variation of input impedance versus
frequency. The predicted and measured data both indicate
that the dielectric cover of the box primarily lowers the first
resonant frequency (parallel type) from the original 945 MHz
for the conducting box to 825 MHz for the coated box,
while the second resonance (series type) is reduced from
approximately 2150 to 1900 MHz. The same measurements
were repeated while the box was held by a hand (referred to as
held in handin Fig. 6) and the values were not different from
those when the box was radiating in free space, as shown in
Fig. 6. This is in contrast to the detuning by the hand observed
for PIFA elements [20]. The resonant frequency of the antenna
can be changed by adjusting the lengthL of the folded loop.
In both cases, with and without dielectric coating, the resonant
frequency decreases as the length of the loop increases for the
same loop height.
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Fig. 6. Input impedance of wire folded loop antenna mounted on a dielectric
covered box.

Although not presented here due to space limitations, the
radiation patterns in all three planes are virtually identical
between the conducting and dielectric-coated boxes. This
demonstrates that the dielectric coating has very little effect on
the radiation patterns of the antenna element. This is expected
since the coating is relatively thin.

C. Printed Folded Loop Antenna Mounted
on a Dielectric-Covered Box

The radiating element examined previously is narrowband
and it is not mechanically rigid. On the other hand, pla-
nar printed elements exhibit desirable features including low
cost, low weight, low profile, conformability with existing
structures, and ease of fabrication and integration with active
devices. The printed antenna is also attractive from a manu-
facturing point of view, especially for mass production using
printed-circuit technology.

Because of all these attributes, the wire folded loop antenna
was implemented and analyzed as a printed antenna mounted
on a dielectric covered box, as shown in the inset of Fig. 7.
The dielectric layer had a dielectric constant of�r = 2:6 and a
thickness of 2.5 mm. The antenna was printed on an isotropic,
homogeneous, and lossless dielectric substrate without any
groundplane on the back. The same material was used for
the box cover and antenna substrate. The dimensions of the
element substrate are 4� 6 cm. The loop’s length remains 4
cm, the height 2.125 cm, and the strip width is 2.5 mm.

Fig. 7. Input impedance versus frequency of printed “sandwich” folded loop
antenna mounted on a dielectric-covered box.

Fig. 8. Input impedance versus frequency of printed folded loop antenna
mounted on a dielectric-covered box with single substrate and “sandwich”
configurations.
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Fig. 9. Return loss versus frequency of printed folded loop antenna mounted on a dielectric-covered box with and without parasitic loading.

As shown in Fig. 7, the predicted first resonant frequency is
682 MHz and it is much smaller than that of the wire element,
even though the loop dimensions are the same. The calculated
results are in good agreement with the measurements since the
first measured resonant frequency is 662 MHz. By decreasing
the length of the antenna, the resonant frequency can be
increased. To illustrate this, the antenna length was decreased
to 2.75 cm. The response of such a design is also depicted in
Fig. 7 where the FDTD predicted resonant frequency is now
905 MHz. The antenna bandwidth is still narrow.

Recently, extensive research has been devoted to the band-
width problem and considerable progress has been made. The
problem of increasing the bandwidth of printed antenna ele-
ments has received some attention in the literature [21]–[24],
and it appears that parasitic elements play an important role.
This approach was also used to increase the bandwidth of the
printed folded loop antenna, as illustrated in the inset of Fig. 8.
The parasitic elements used in this case are two small strips
with dimensions 2.5� 5.0 mm inside the folded loop and
a long strip with dimensions 0.5� 5.5 cm outside the loop.
The separation between the antenna and the upper parasitic
element is 2.5 mm. The size of the dielectric substrate is still
4 � 6 cm.

The antenna element with and without parasitics is covered
with a dielectric layer of the same dimensions as the substrate
with permittivity �r = 2:6 and2:5 mm thickness. The entire
antenna structure takes the form of asandwich. This surface
works as superstrate loading and causes a shift in resonant fre-
quency as shown in Fig. 8, where the input impedance versus
frequency for a single substrate and a sandwich configuration
are plotted. The radiation patterns of the printed loop, with and
without parasitics and with and without the superstrate cover,
maintain their desirable characteristics, and they have basically
the same shape as those of the wire loop shown in Figs. 4 and
5. They also compare favorably with measurements. However,
because of space limitations, they are not included here, but
can be found in [17]. In addition to the frequency tuning,
the double dielectric cover protects the printed antenna from

environmental conditions (corrosion) and gives the antenna an
attractive appearance.

The FDTD cell-size requirement in this case is�x =
�=268 = 1:25 mm at 900 MHz and the number of FDTD cells
along thex; y andz directions are 52� 76� 162, respectively.
The Courant stability criterion is used to select the time-step
�t = 0:207296 � 10�11 s to insure numerical stability. The
antenna is fed on the left side by a coaxial cable, which is
simulated by the magnetic-frill model on the top conducting
surface of the box. The CPU time is 42 min (5360 time steps)
for the radiation patterns and about 135 min for the input
impedance (16 384 time steps).

To examine the effects of the strip width on the resonant
frequency and the bandwidth, the return loss versus frequency
was computed and is displayed in Fig. 9. This figure shows
that for a 2 : 1 VSWR, the bandwidth without parasitics is
5.75% and with parasitic loading the bandwidth is 8.55%, an
increase of about 3%. Industry specifications for voice and data
transmission require a bandwidth of about 7%. The amplitude
radiation patterns in all planes are essentially unaffected by
the strip width or parasitic loading.

IV. CONCLUSION

A vertical folded loop antenna for existing mobile com-
munications systems has been introduced and analyzed. The
antenna is mounted on a conducting box, with and without
dielectric coating, to simulate a cellular telephone. The FDTD
method was used to analyze the radiation characteristics (input
impedance, radiation patterns on principal planes) of this an-
tenna. PML absorbing boundary conditions were implemented
to truncate the computational domain for a practical three-
dimensional antenna.

The folded loop was implemented both as a wire and as a
printed antenna to exploit the advantages of the printed-circuit
technology. It has been shown that the FDTD method is a
very powerful tool for analyzing both antenna configurations.
The printed element exhibits much lower input impedance,
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especially at resonance, than those of the wire elements. Para-
sitic loading was used to enhance the bandwidth of the printed
antenna, and the design parameters of this configuration were
analyzed. The same element can be used to accommodate both
frequency bands of the existing and new generation of PCS by
grounding and ungrounding the loop at one end. The calculated
results were compared with measurements and those obtained
from the NEC and all were in very good agreement. These
results meet all the design requirements for existing and future
mobile communication systems.
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