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Abstract—Characteristics of a single-layer, dual-frequency microstrip
patch antenna, which uses a T-strip loaded rectangular microstrip
patch, are studied. This antenna is easy to achieve good impedance
matching at both frequencies by tuning the feed position and other
design parameters. Another advantageous aspect is that it has high
polarization purity. A detailed parameter study is performed and
the theoretical analysis is based on the finite-difference time-domain
(FDTD) method. The FDTD programs are developed and validated
by measurement results. The effects of various antenna parameters
on two resonant frequencies, frequency ratio, and radiation pattern
characteristics of the antenna are analyzed and discussed. It is shown
that various frequency ratios (1.5-2.49) can be obtained by varying
the design parameters of this antenna. Similar radiation patterns with
same polarization are obtained at two resonant frequencies. Several
design curves are presented.
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1. INTRODUCTION

Due to their inherent advantages of low profile, light weight, low
cost, conformability, ease of fabrication and integration with RF
devices, microstrip patch antennas have been widely employed in many
practical applications for several decades [1-7]. Single-layer dual-
frequency microstrip antenna with a single feed is urgently required in
various radar and communications systems, such as synthetic aperture
radar system, dual-band GSM/DCS 1800 mobile communications
systems and Global Positioning System.

Generally, the dual-frequency microstrip antennas found in the
literature may be divided into two categories, namely, multi-resonator
antennas and reactive loading antennas. In the first kind of structures,
the dual-frequency operation is achieved by means of multiple
radiating elements, each supporting strong currents and radiation at
its resonance. This category includes the multi-layer stacked-patch
antennas using circular, annular, rectangular, and triangular patches
[8-10]. A multi-resonator antenna in coplanar structures can also
be fabricated by using aperture-coupled parallel microstrip dipoles
[11]. As these antenna structures usually involve multiple substrate
layers, they are of high cost. A large size is another drawback of the
multi-resonator antenna, which makes it difficult for the antenna to be
installed in hand-held terminals.
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The reactive-loading microstrip patch antenna consists of a single
radiating element in which the double resonant behavior is obtained by
connecting coaxial [12] or microstrip stubs [13] at the radiating edges
of a rectangular patch. This solution does not allow a frequency ratio
higher than 1.2. Higher values of frequency ratio can be obtained by
using two lumped capacitors connected from the patch to the ground
plane [14]. By using multiple shorting pins located symmetrically with
respect to the patch axes, dual-band operations can also be realized,
as shown in [15]. Another kind of reactive loading can be introduced
by etching slots on a patch. The slot loading allows to strongly modify
the resonant mode of a rectangular patch, particularly when the slots
cut the current lines of the unperturbed mode. In [16], it is shown that
the simultaneous use of slots and short- circuit vias allows to obtain a
frequency ratio from 1.3 to 3 depending on the number of vias. Dual-
frequency operation of the microstrip antenna with a spur-line filter
embedded in the patch has also been reported in [17] where a frequency
ratio of ~2.0 between the two operating frequencies is shown. In such a
dual-frequency scheme, the lower and higher operating frequencies are
designed, respectively, at the resonant frequencies of a new resonant
mode, generated by the perturbation of the embedded spur-line filter
in the patch, and the T'Mp; mode. Dual slot-loaded microstrip antenna
with dual-frequency operation has been reported in [18,19], where two
parallel narrow slots are etched in the rectangular patch close to its
radiating edges. The two slots are chosen to be close to the length
of the radiating edge. In the case, the radiating characteristics of
the antenna operating at the perturbed T'My; and T'My3 modes are
similar and have parallel polarization planes. Other dual-frequency
antennas with slot loading or shorting-pin loading are reported in [20—
22]. A single-layer, dual-frequency microstrip antenna is proposed
in [23], which uses the rectangular microstrip patch loaded with T-
shaped strips. A few experimental results are presented in [23]. This
antenna is easy to achieve good impedance matching at two resonant
frequencies using only a single probe feed. Experimental results of
radiation patterns also demonstrate low cross-polarization levels (less
than —20dB) at both resonant frequencies, thus it is very promising for
practical applications. For design purposes, more information about
this kind of antenna is required, and a parametric study based on the
full-wave method is still needed, which is the motivation of present
paper.

In this paper, characteristics of the dual-frequency antenna
proposed in [23] are studied in detail. The organization of this paper
is as follows: Section 2 describes the finite-difference time-domain
(FDTD) method used for numerical analysis and its validation by
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Figure 1. Configuration of the dual-frequency antenna.

comparisons between calculated and experimental results. Section 3
presents a numerical study illustrating the effects of various antenna
parameters on the resonant frequencies, the frequency ratio, and
radiation pattern characteristics of the antenna. The paper ends with
conclusions in Section 4.

2. ANTENNA CONFIGURATION AND ANALYSIS
METHOD

Figure 1 shows the configuration of the dual-frequency antenna. The
antenna consists of a microstrip patch, supported on a grounded
dielectric sheet of thickness h and dielectric constant e.. The
rectangular patch has a length of a and a width of b. Two T-shaped
strips are loaded at two radiating edges of the rectangular patch. The
T-shaped strip is defined by parameters [y, wy, lo and wo, as indicated
in the figure. The feed point is located at the central line of the patch,
with a distance of dy from the patch center.

2.1. Numerical Method of Analysis

In the numerical analysis of this antenna, we use the FDTD algorithm,
because it is simple to understand and can be used to analyze antennas
of complex structures. As the detailed theory on FDTD method is
available in [24-28], only a brief outline will be presented here. The
first step in designing an antenna with an FDTD code is to grid up
the object. A number of parameters must be considered in order for
the code to work successfully. The grid size must be small enough so
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that the fields are sampled sufficiently to ensure accuracy. Once the

grid size is chosen, the time step is determined such that numerical

instabilities are avoided, according to the courant stability condition.
A Gaussian pulse voltage with unit amplitude, given by

_ 2

V()= e T2 (1)

where T denotes the period and tg identifies the center time, is excited
in the probe feed. For the feed probe, we use a series resistor R
with the voltage generator to model the current in the feed probe
[21,27]. To truncate the infinite space, a combination of the Liao’s
third-order absorbing boundary conditions and the super-absorbing
technique is applied, as in [21,25-27]. After the final time-domain
results are obtained, the current and voltage are transformed to those
in the Fourier domain. The input impedance of the antenna is then
obtained from the

Zin =Y g ()

1(f)

The results of input impedance are then used to obtain the return
loss characteristics of the antenna. To get the radiation pattern
characteristics, a sinusoidal excitation at probe feed is used, which
is given by

V(t) = sin(27 fot) (3)

where fy denotes the resonant frequency of interest. The field
distributions are recorded at one instant of time after the steady state
has been reached. In our analysis, the total time for stability is more
than 6 cycles. After the field distribution has been obtained, the
radiation pattern can be readily calculated by using the near-field to
far-field transformation [21, 28].

2.2. Comparisons between Calculated Results and
Experimental Results

Based on the FDTD algorithm described previously, a software
program in Fortran 77 language has been developed by us. To verify
the FDTD code, we made a lot of simulations and comparisons are
made among many sets of theoretical results and measured results.
Here, due to the limited space, only one example is shown subsequently.

The experimental results in [23] are used here for validation of our
FDTD analysis. The antenna parameters are: ¢ = 36 mm, b = 40 mm,
lh, = 3mm, w; = 40mm, Iy = lmm, wy = 6mm, & = 4.26,
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Figure 2. Measured and calculated results of return loss. Measured
results: solid line; calculated results: dashed line.

h = 1.6mm. The measured results of return loss are presented in
Figure 2, together with the calculated results by using our FDTD
programs. The two Resonance are found at 1370 MHz and 2400 MHz,
respectively, as expected. The agreement between the measured and
calculated results is fairly well, which validates our FDTD programs.
Some of other comparisons are also available in [21,26]. Generally, we
observe a good agreement between these results. In the following, a
parameter study of the dual-frequency microstrip patch antenna will
be performed using the FDTD code.

The practical designs of this antenna will be based on full-wave
simulation tools, and need some cut and try. To start the design,
all suitable parameters are given as an initial condition to obtain the
input impedance locus in the Smith Chart. Once the individual locus
corresponding to its 1st and 3rd resonant frequencies in the Smith
Chart is known, a suitable feeding location can be achieved by applying
a general rule of tuning the input impedance of the patch antenna. As
we know, the T' M3y mode at 3rd resonant frequency is perturbed more
seriously than T'Mig mode at the 1st resonant frequency by T-strip
loading, the width can be adjusted so as to obtain better matching
for the 3rd resonant frequency. Finally, frequency is scaled to fit its
physical dimension.
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3. NUMERICAL RESULTS

3.1. Effects of &,

Based on the FDTD code, a lot of numerical simulations of the
T-strip loaded, rectangular patch antenna have been performed by
us. According to these results, Figure 3(a) shows the two resonant
frequencies of fo; and fo3 for the perturbed T'My; and T'Mp3 modes
against €,. In the calculation, other parameters of the T-strip loaded,
rectangular patch are fixed as: ¢ = 36 mm, b = 40mm, [y = 3mm,
wy; = 40mm, ls = 1mm, we = 6mm, h = 1.6mm. It is shown that
with the increase of e, the resonant frequencies at both the T My,
and T'Mjps modes decrease accordingly. When the value of €, equals
to 1.0, the frequencies fy1 and fys reach the maximum values of 2.61
and 4.53 GHz, respectively. The resonant frequencies fy; and fy3 reach
the values of 1.37 and 2.4 GHz, respectively, when the value of ¢, is
increased to 4.26.

The variation of frequency ratio between two resonant frequencies
with respect to e, is presented in Figure 3(b). In this calculation,
other parameters of the antenna are fixed as those in Fig. 3(a). The
frequency ratio shows only a very slight variation with the increase of
er. In the present case, the frequency ratio varies in the range between
1.76 and 1.78.

As there are a lot of design parameters for this antenna (the width
and length of patch, four design parameters of T-shaped strip, and
feed positions, etc), good impedance matching at both frequencies can
be obtained by tuning these parameters appropriately. To illustrate
this point, Figure 4 gives the return loss of three antennas with
different e, Good impedance matching is obtained at 1.37 GHz and
2.4 GHz, respectively in the case of ¢, equal to 4.26. When ¢, is
decreased to 2.33, again we observe good impedance matching at
1.83 GHz and 3.24 GHz, respectively. Furthermore, when ¢, is reduced
to 1.0, good impedance matching is achieved at 2.61 GHz and 4.53 GHz,
respectively. In the three cases, d; is fixed as 9mm. However, in
many cases, the feed position needs to be adjusted for good impedance
matching at both frequencies. We also observe a dip in between the
two resonance, which is due to the excitation of T'Mgy mode. The
excitation of other higher order modes is also observed for the cases of
er equal to 4.26 and 2.33, as shown in the figure.

The radiation patterns of three antenna with different €, at fy;
and fos3 are shown in Figures 5 and 6, respectively. Figure 5(a)
shows the comparisons of FE-plane radiation patterns among three
antennas resonant at the T'My; mode, where ¢, is 4.26, 2.33 and 1.0,
respectively Other antenna parameters are same as those in Figures 3.
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Figure 4. Return loss results for three antennas with different &,
g, = 4.26: solid line; ¢, = 2.33: dashed line; e, = 1.0: dotted line.

These patterns are calculated at 1.37 GHz, 1.83 GHz and 2.61 GHz,
respectively. It is seen that the E-plane radiation pattern at fgq is
broadened with the increase of ¢, . The H-plane patterns at fo; of the
antennas with different e, also show a tendency of slight broadening
with the increase of ¢, as shown in Figure 5(a). Figure 6 shows the
comparisons of radiation patterns among three antennas resonant at
the T'My3 mode. These patterns are calculated at 2.4 GHz, 3.24 GHz
and 4.53 GHz, respectively. It is seen that the radiation patterns
at both E plane and H plane are broadened significantly when e,
increases. It is to be noted that these patterns at fy1, and fy3 are of
same polarization.

3.2. Effects of w;

Figure 7(a) shows the frequencies fo1 and fo3 against g-. The variation
of frequency ratio against % is presented in Figure 7(b). It can be seen
that, with the increase in w1, two resonant frequencies decrease while
the frequency ratio increases. When %' increases from 0.7 to 2 (i.e.,
wy increases from 28 mm to 80mm in this case), the frequency foi
decreases from 2.12 GHz to 1.14 GHz and the frequency fos decreases
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Figure 5. Radiation patterns of three antennas at fo1, €, = 4.26:
solid line; €, = 2.33: dashed line; €, = 1.0: dotted line.
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from 3.72 GHz to 2.68 GHz. During this process, the frequency ratio
increases monotonically from 1.75 to 2.35. In the calculation, other
parameters are fixed as: ¢ = 36 mm, b = 40 mm, /; = 3mm, /o = 1 mm,
wo = 6mm, &, = 2.33, h = 1.6 mm.

The radiation patterns of three antenna with different %L at
frequencies fg1, and fps are also studied, but the figures are omitted
here for brevity. Similar radiation patterns with same polarization
are obtained at two resonant frequencies. It is observed that at the
T My, mode, the E-plane radiation patterns are broadened, while H-
plane patterns show little differences when w; is increased from 28 mm
to 40mm and then 80 mm, respectively. At the T'Mjy3 mode, the F-
plane radiation patterns are narrowed, while the H-plane patterns are
broadened when w; is increased. At first glance, it seems that further
tuning of the resonant frequencies or radiation patterns may be possible
if we decrease the value of wy further. However, from the calculated
results, we note that a deformation in the E-plane patterns at fo3 will
be resulted (i.e., a shift of the maximum radiation away from zero
degree), when %L is less than 0.7 in this case.

3.3. Effects of [;

The frequencies fyp; and fps versus [y are presented in Figure 8(a).
It is shown that, with the increase of [;, both the two resonant
frequencies decrease accordingly, and fys3 decreases much slower than
fo1- When the value of 1, equals to 1.0 mm, the frequencies fy; and
fos reach the maximum values of 2.18 and 3.28 GHz, respectively. The
resonant frequencies fp; and fy3 reach the values of 1.28 and 3.18 GHz,
respectively, when the value of [y, is increased to 10mm. In the
calculation, other parameters are fixed as: ¢ = 36 mm, b = 40 mm,
wy, = 40mm, [ = 1 mm, wy = 6 mm, ¢, = 2.33, h = 1.6 mm.

The variation of frequency ratio with respect to [y is presented in
Figure 8(b). In this calculation, other parameters of the antenna are
fixed as those in Fig. 8(a). The frequency ratio shows a trend of quick
increase with the increase in ;. When the value of /1 is increased from
1mm to 10 mm, the frequency ratio increases from 1.5 to 2.49.

The radiation patterns are also calculated. Similar radiation
patterns with same polarization are obtained at two resonant
frequencies. It is observed that at the TMy; mode, the E-plane
radiation patterns are slightly broadened, while H-plane patterns
show little differences when [y is increased from 1mm to 3mm and
then 10 mm, respectively. At the T'Mjys mode, the E-plane radiation
patterns are slightly broadened, while the H-plane patterns are slightly
narrowed with the increase of [j.
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3.4. Effects of wy

Figure 9(a) presents the frequencies fo; and fp3 versus ws. It is shown
that, with the increase of wo, the two resonant frequencies increase, too.
When the value of ¥2 equals to 0.025 (ie., we = 1 mm), the frequencies
fo1 and fo3 reach the values of 1.64 and 2.98 GHz, respectively. When
the value of %2 increases to 0.3 (i.e., wo = 12mm), the frequencies
fo1 and fo3 reach the values of 1.98 and 3.6 GHz, respectively. In the
calculation, other parameters are fixed as: ¢ = 36 mm, b = 40 mm,
[y =3mm, wi =40mm, /o = 1mm, ¢, = 2.33, h = 1.6 mm.

The variation of frequency ratio with respect to weo is presented
in Figure 9(b). In this calculation, other parameters of the antenna
are fixed as those in Fig. 9(a). The frequency ratio shows only a slight
variation between 1.77 and 1.82 with the value of %2 changing from
0.025 to 0.3.

From the calculated results of radiation patterns, we observe that
at the T'My; mode, both the E-plane and H-plane radiation patterns
shows little variation, when ws is increased from 1mm to 6 mm and
then 12 mm, respectively. At the T'My3 mode, the E-plane radiation
patterns are broadened, while the H-plane patterns are narrowed when
ws 18 increased. It is to be noted that wy cannot be increased too much.
From the calculated results, we observe that a deformation in the FE-
plane patterns at fo3 will be resulted, when %2 is larger than 0.3 in
this case.

3.5. Effects of [

The frequencies fy; and fos versus lo are presented in Figure 10(a).
It is shown that with the increase of ls, the two resonant frequencies
decrease. When the value of s equals to 1 mm, the frequencies fy; and
fos reach the values of 1.83 and 3.24 GHz, respectively. When the value
of Iy increases to 10 mm, the frequencies fp1 and fos reach the values
of 1.34 and 2.9 GHz, respectively. In the calculation, other parameters
of the antenna are fixed as: ¢ = 36 mm, b = 40mm, [; = 3mm,
wy = 40mm, we = 6 mm, &, = 2.33, h = 1.6 mm.

The variation of frequency ratio with respect to lo is presented in
Figure 10(b). In this calculation, other parameters of the antenna are
fixed as those in Fig. 10(a). The frequency ratio increases from 1.77
to 2.165 with the value of lo changing from 1mm to 10 mm.

According to the results of radiation patterns, we observe that at
the T'My; mode, the E-plane radiation patterns are slightly broadened,
while H-plane patterns show little differences when Is is increased from
1mm to 5 mm and then 10 mm, respectively. At the T'Mps mode, both
the E-plane patterns and the H-plane patterns are slightly broadened
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with the increase of [s.

3.6. Effects of a

In Figure 11(a), the frequencies fo; and fp3 versus a are presented.
It is shown that, with the increase of a, the two resonant frequencies
decrease quickly. When the value of a equals to 30 mm, the frequencies
fo1r and fo3 reach the values of 1.98 and 3.6 GHz, respectively. When
the value of a increases to 48 mm, the frequencies fy1 and fps reach
the values of 1.6 and 2.84 GHz, respectively. In the calculation, other
parameters are fixed as: b = 40mm, /1 = 3mm, w; = 40mm,
lo = 1mm, wg = 6mm, ¢, = 2.33 h = 1.6 mm.

The variation of frequency ratio with respect to a is presented
in Figure 11(b). In this calculation, other parameters of the antenna
are fixed as those in Fig. 10(a). The frequency ratio shows a slight
variation between 1.77 and 1.82, with the value of a changing from
28.8mm to 50.4 mm.

As to the radiation patterns, it is shown that at the T'My; mode,
both the E-plane and H-plane radiation patterns show little variation,
when a is increased from 28.8 mm to 50.4 mm. At the T'My3 mode, both
the FE-plane radiation patterns and the H-plane patterns are slightly
broadened, when a is increased.

3.7. Effects of h

Figure 12 shows the two resonant frequencies and the frequency
ratio versus h. It is observed that, with the increase of h, both
the frequencies fp; and fy3 increase slightly, and the frequency ratio
increases slightly, too. When h is 0.8 mm, a frequency ratio of 1.768 is
obtained and the fo; and fo3 are 1.81 GHz and 3.2 GHz, respectively.
The frequency ratio is increased to 1.772 and the frequencies fy; and
fos are 1.84 GHz and 3.26 GHz, respectively, when h is 4.8 mm. In
the calculation, other parameters of the T-strip loaded, rectangular
patch are fixed as: ¢ = 36 mm, b = 40mm, [; = 3mm, w; = 40 mm,
lo = 1mm, wy = 6mm, &, = 2.33.

The radiation patterns are also calculated. Similar radiation
patterns with same polarization are observed at two resonant
frequencies. It is shown that at both the T'My; and the T Mys mode,
all the radiation patterns are slightly narrowed, when h is increased
from 0.8 mm to 5 mm.

According to the above results, the frequency ratio can be trimmed
by tuning w1, I, and l3. The behaviors in Figures 8 provide the present
dual-frequency design with a tunable frequency-ratio range of 1.5-2.49.
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4. CONCLUSIONS

Based on the FDTD method, characteristics of a single-layer, dual-
frequency microstrip antenna are studied in this paper. The FDTD
code is developed and has been verified by measurement results.
The variations of two resonant frequencies, the frequency ratio and
radiation pattern characteristics with respect to several important
antenna parameters, i.e., &, (substrate permittivity), a, Iy, w, lo,
we and h are illustrated and discussed. It is shown that this dual-
frequency antenna can obtain a frequency ratio in the range of 1.5 to
2.49. The frequency ratio can be trimmed by tuning wi, I; and Is.
Similar radiation patterns with same polarization are obtained at two
resonant frequencies. Both the E-plane radiation pattern and H-plane
patterns at fo; and fy3 are broadened with the increase of €,.. Detailed
numerical results are presented, which are helpful for practical antenna
designs. These results are useful for understanding the behavior
of the antenna when changing these design parameters. Compared
with other techniques of realizing compact antenna, i.e., using high
dielectric constant material or shorting-pin loading, the T-strip loaded,
rectangular patch antenna has advantages of easy fabrication, low cost,
high polarization purity and easiness of achieving good impedance
matching at both frequencies by tuning the design parameters. This
dual-frequency microstrip antenna is promising for many applications.
By loading RF MEMS switches between the T strip and the rectangular
patch, re-configurable dual-frequency antenna could be realized. The
bandwidth could be broadened by using foam substrate.
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