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1. INTRODUCTION
Many applications in communications and radar systems often require
the antennas with dual-frequency capabilities. The dual-frequency operations include two diﬀerent cases, which are antennas working in dual
bands but with orthogonal polarizations and that with same polarizations. Both cases are very useful for diﬀerent applications.
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The dual-frequency operation with same polarizations can be obtained by using stacked geometry or coplanar parasitic structures [1–4].
It can also be obtained by loading the antenna with reactive lumped
or distributed elements [5–9]. Another kind of reactive loading can be
introduced by etching slots on a patch [10, 11]. The antenna proposed
in [10] is a rectangular patch with two very narrow slots etched close
and parallel to the radiating edges. A combination of slots loading and
short circuits is presented in [12].
Designs of the dual-frequency antennas with orthogonal polarizations are reported recently [13–15]. In these designs, the two operating frequencies are the resonant frequencies of the TM01 and TM10 ,
modes of the rectangular microstrip patch, which are of orthogonal
polarization planes, and can be excited using a single probe feed or
an inclined-slot-coupling feed. An experimental study is presented in
[15], where a square slot is proposed to be cut in the center of the
rectangular patch to realize dual- frequency antenna with an antennasize reduction of ∼17% . However, with this antenna, no further size
reductions are possible due to the poor impedance matching characteristics at both bands, as stated in [15]. To realize greater antenna-size
reduction, a 45◦ -rotated square slot is also proposed in [15]. However,
no signiﬁcant improvement is observed.
In this paper, the rectangular slot is proposed to be cut in the center
of the rectangular patch instead of the square slot. To get full-wave
results, the FDTD method is developed to analyze the characteristics
of the rectangular patch antenna with a rectangular slot cut in the
center. A simple and accurate model is proposed for the probe feed. A
simple method of calculating the radiation patterns is also presented.
The electric current distributions on the rectangular patch for both the
rectangular slot loaded case and the case without slot are presented,
together with the radiation patterns. It is shown that by cutting a
rectangular slot in the center and proper location of the feed point,
large reduction of the patch size with good impedance matching characteristics at both bands could be realized easily by tuning the length
and width of the slot and patch. The example presented in this paper
achieves an antenna-size reduction of ∼33% .
In section 2, the FDTD method used in present analysis is described,
with emphasis on the feed model and the method of calculating the radiation patterns. The numerical results of the dual-frequency antennas
are presented in section 3, together with discussions. The comparisons
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Figure 1. Geometry of rectangular microstrip antenna with a rectangular slot.
with experimental results are also presented. Conclusions are drawn
in section 4.
2. FDTD METHOD
2.1 Outline of FDTD Method
Figure 1 shows the rectangular patch antenna loaded with a rectangular slot in the center. For the rectangular patch, the length and
width are denoted by a and b respectively. The length and width of
the rectangular slot are denoted by l and w respectively. (Xs , Ys ) is
the coordinate of the probe feed.
The FDTD (ﬁnite diﬀerence time domain) method has been widely
applied to analyze the electromagnetic performance of antennas and
microwave devices. With transient excitation, it provides impedance
and scattering parameters over a wide frequency band with one calculation and application of the fast Fourier transformation (FFT).
The basic principles of the FDTD method have been well documented
in [16–20]. Here, only the main procedures used in this paper are
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presented. The emphasis here is on the feed model and the calculation
of radiation patterns.
A Gaussian pulse with unit amplitude, given by
V (t) = e−

(t−t0 )2
T2

(1)

is excited in the probe feed. The dimensions of the FDTD unit cell,
∆x , ∆y , ∆z , are chosen such that integral number of nodes can ﬁt
exactly all the dimensions of the patch antenna. To accurately model
the spatial variation of ﬁeld in the slot, the unit cell dimensions are
also constrained to a fraction of the slot length and width under consideration. We ﬁnd it necessary to maintain at least 20 spatial steps
per wavelength for accurate results. The maximum time step is chosen
according to Courant stability criterion. The metal conductors are assumed to be perfect conductors with zero thickness, modeled by setting
the tangential electric ﬁeld components on this plane to be zero. At the
air-dielectric interface, the average of the two dielectric constants εr2+1
is used. After the excitation is launched, the ﬁelds are computed at
successive time steps until all of the ﬁeld intensities in the domain decay to a negligible steady-state value. To truncate the inﬁnite space,
the absorbing boundary conditions used are the combination of the
third order Liao’s ABC’s and the super absorbing techniques [21, 22].
2.2 Probe Feed Model
The accurate modeling of the source feed excitation is very important for the FDTD analysis of microstrip antennas. It is more diﬃcult
to model the probe feed than the microstrip line-fed case. A number of
papers have been reported on the probe-feed model. The model in [18,
23] is an ideal voltage generator connected to the source resistor and
the input impedance of the antenna. In [24], a portion of the coaxial
probe terminated in an absorbing boundary is included in the FDTD
calculation. The absorbing boundary helps dissipate energy reﬂected
back to the source. A more complicated model is proposed in [25],
where the curved boundary of the inner and outer conductors of a
coaxial line is approximated by staircasing, and the tangential electric
ﬁeld components are forced to be zero at the conductor surface. This
model takes into account of the contributions from the higher order
modes at the junction between the probe and the antenna. However,
it is more cumbersome than the simple gap-feed model.
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In this paper, a simple extension to the gap-feed model proposed in
[18, 23, 30] is presented. The feed model is shown in Figure 2. Note in
this case the substrate height is equal to 3∆z and the series resistor
Rs is assumed to be 50Q . By applying Ampere’s circuital law, the
current on the feed probe is obtained by taking the line integral of
magnetic ﬁeld around the electric ﬁeld source location, which is given
as


n− 12
n− 12
n− 12
= Hx (is , js − 1, ks + 1) − Hx (is , js , ks + 1) ∆x
I


n− 12
n− 12
+ Hy (is , js , ks + 1) − Hy (is − 1, js , ks + 1) ∆y (2)
By applying Ohm’s law to the circuit of Figure 2(a), the electric source
ﬁeld is obtained as
1

V (n∆t) + I n− 2 Rs
E (is , js , kz ) =
3∆z
n

(3)

where kz = ks , ks + 1, ks + 2 . Finally, the current and voltage
are transformed to the Fourier domain. The input impedance of the
antenna is obtained from
Zin =

V (f )
− Rs
I(f )

(4)

2.3 Calculation of Electric Current Distributions on the Patch
To get the electric current distributions on the patch, a sinusoidal
excitation at probe feed is used, which is given by
V (t) = sin 2πf0 t

(5)

where f0 is the resonant frequency of interest. The feed model is
same as before. The ﬁeld distributions on the patch are recorded at
one instant of time after steady state has been reached. In our analysis,
the total time for stability is more than 8 cycles. The electric current
distributions on the patch are given by
Jx (i, j, ks + 2) = − [Hy (i, j, ks + 3) − Hy (i, j, ks + 2)]
Jy (i, j, ks + 2) = Hx (i, j, ks + 3) − Hx (i, j, ks + 2)

(6)
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(a)

(b)
Figure 2. The probe feed model.
2.4 Calculation of the Radiation Patterns
In [18, 23, 26], methods have been proposed to obtain the far-ﬁeld
radiation patterns from the FDTD simulation. According to these
methods, ﬁrstly, a surface has to be deﬁned which surrounds the antenna in three dimensions. A sinusoidal excitation near the resonant
frequency is used, and the electric and magnetic ﬁelds on the enclosing surface are recorded at one instant of time after the ﬁelds reach
steady state. A set of equivalent electric and magnetic currents can
be deduced from the magnetic ﬁelds and electric ﬁelds respectively.
The Hertz potentials are derived from the equivalent currents and the
radiation patterns are obtained by using the radiation equation [27].
A simpler method is proposed here, which combines the time domain
computations and the methods in the frequency domain [28]. Only the
electric current distributions on the patch are needed, which are easily
obtained from (6). The expressions for far ﬁelds are
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 EJ , G
 EJ , G
 EJ , G
 EJ
where kx = k0 sin θ cos φ and ky = k0 sin θ sin φ . G
xx
xy
yx
yy
are dyadic Green’s functions in spectral domain, which are available
in [28].
3. NUMERICAL RESULTS
3.1 Comparisons with Experimental Results
To verify the FDTD programs developed here, a lot of comparisons
are made between available experimental results of slot-loaded antennas and FDTD simulation. Good agreement is observed in all cases
and only two examples are presented here. Figure 3 shows the comparisons between experimental results of the rectangular ring antenna in
[29] and our results. The comparisons between experimental results in
[15] nd FDTD results are shown in Figure 4. The theoretical and experimental results are very close. These comparisons give us conﬁdence
in our FDTD programs.
3.2 Numerical Results and Discussions
Figure 5 shows the input return loss of the rectangular patch antenna loaded with a rectangular slot in the center. The feed point is
at (1.05 cm, 1.25 cm). The two resonant frequencies of the antenna
are 1.54 GHz and 2.50 GHz respectively. The two resonant frequencies of the simple antenna without slot are 2.115 GHz and 2.698 GHz.
It is seen that the two frequencies are lowered by ∼27% and ∼9%
respectively. This corresponds to an antenna-size reduction of ∼33%
for a ﬁxed dual-frequency operation using the present proposed design instead of using the simple-patch design in [13]. The square-slot
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(a)

(b)
Figure 3. Comparisons with experimental results in [29]. a = 6.9 cm,
h = 5.5 cm, l = 1.8 cm, W = 2.6 cm, h = 0.159 cm, εr = 2.5
Measured: ———–; Theory: - - - - - -.
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(a)

(b)
Figure 4. Comparisons with experimental results in [15].
(a) a = 2.55 cm, h = 3.32 cm, l = w = 0.9 cm, h = 0.16 cm, εr = 4.4
(b) a = 2.55 cm, h = 3.32 cm, l = w = 0.0 cm, h = 0.16 cm, εr = 4.4
Measured: ———–; Theory: - - - - - -.
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Figure 5. Return loss against frequency for the rectangular slot loaded
patch. a = 2.55 cm, b = 3.32 cm, l = 1.875 cm, w = 0.9 cm,
h = 0.16 cm, εr = 4.4 .
loaded antenna in [15] achieves a size reduction of ∼17% and further
reductions are impossible due to poor impedance matching characteristics at both bands, as stated in [15]. To realize greater antenna-size
reduction, a 45◦ -rotated square slot is also proposed in [15]. However, no signiﬁcant improvement is observed. In present case, good
impedance matching characteristics are achieved at both bands and a
much larger antenna-size reduction is achieved. This shows the advantages of present antenna. It is due to more freedoms of tuning when a
rectangular slot is used instead of a square slot. In fact, through loading of a rectangular slot in the center and proper location of the feed
point, antenna-size reduction larger than ∼33% with good impedance
characteristics at both bands are also possible by further tuning the
length and width of the slot and patch suitably.
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From the FDTD simulation, it is found that the resonant frequency
for TM10 , mode decreases with increasing slot length. The change of
slot width aﬀects the resonant frequency for TM10 , mode very little,
but the input impedance changes with the slot width. Similarly, the
resonant frequency for TM01 mode is decreased with the increase of
slot width, but the change of slot length has few eﬀects on it. To understand more about the characteristics of the slot-loaded antenna, it
would be very helpful if the electric current distributions on the microstrip patch could be given. For comparisons, both the slot-loaded
patch and the simple patch without slot are studied. Figure 6 shows
the electric current distributions on the simple patch without slot at
2.115 GHz. Both the Jx and Jy are shown. Figure 7 shows the electric
current distributions on the simple patch without slot at 2.698 GHz.
For clear illustration, the maximum amplitude of the dominant current is normalized to 1. These current distributions clearly show the
resonant conditions at TM10 and TM01 modes respectively.
Figure 8 shows the electric current distributions on the slot-loaded
patch at 1.54 GHz. Compared with Figure 6, it is seen that the electric distributions Jx and Jy are strongly modiﬁed by the slot loading.
This modiﬁed electric current distributions lead to the decrease of the
resonant frequency. Figure 9 shows the electric current distributions
on the slot-loaded patch at 2.50 GHz. It is also seen that the electric distributions are quite diﬀerent from the distributions shown in
Figure 7.
Because of the diﬀerent electric current distributions on the slotloaded patch and the simple patch without slot, their radiation patterns are expected to be diﬀerent. These are shown in Figure 10.
Figure 10(a) shows the E-plane radiation patterns for the slot-loaded
antenna at 1.54 GHz and the simple patch at 2.115 GHz. Figure 10(b)
shows the H-plane radiation patterns for the slot-loaded antenna at
1.54 GHz and the simple patch at 2.115 GHz respectively. It is seen
that with slot loading, the radiation patterns are broadened at both
planes. The extent of broadening is larger in the E plane than that
in the H plane. Similar conclusions are drawn from the comparisons
between the slot-loaded antenna at 2.50 GHz and the simple antenna
at 2.698 GHz. Their patterns are omitted for brevity.
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(a)

(b)
Figure 6. Electric current distributions for simple patch. Parameters
same as that in Figure 4(b), f = 2.115 GHz. (a) Jx ; (b) Jy .
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(a)

(b)
Figure 7. Electric current distribution for simple patch. Parameters
same as that in Figure 4(b), f = 2.698 GHz. (a) Jx ; (b) Jy .
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(a)

(b)
Figure 8. Electric current distribution for the rectangular slot loaded
patch. Parameters same as that in Figure 5, f = 1.54 GHz. (a) Jx ;
(b) Jy .
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(a)

(b)
Figure 9. Electric current distribution for the rectangular-slot loaded
patch. Parameters same as that in Figure 5, f = 2.50 GHz. (a) Jx ;
(b) Jy .
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(a)

(b)
Figure 10. Comparisons between the radiation patterns.
(a) E-plane patterns for the rectangular-slot loaded antenna at
1.54 GHz and the simple patch at 2.115 GHz.
(b) H-plane patterns for the rectangular-slot loaded antenna at
1.54 GHz and the simple patch at 2.115 GHz.
Slot loaded patch (parameters as that in Figure 5: - - - - - Simple patch (parameters as that in Figure 4(b): ———–
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4. CONCLUSIONS
In this paper, a new size-reduced, dual-frequency antenna is studied,
which is single probe-fed, rectangular microstrip patch with a rectangular slot cut in the center. The FDTD method is developed for the
full-wave analysis of the antenna. A simple and accurate feed model is
proposed, together with a simple method of calculating the radiation
patterns. It is shown that through loading of the rectangular slot and
proper location of the feed point, dual-frequency operations can be
realized with an antenna- size reduction of ∼33% . Good impedance
matching characteristics at both bands are also shown to be achieved.
Further antenna-size reductions are possible by tuning the length and
width of the slot and the patch. Electric current distributions on the
rectangular patch for both the slot-loaded case and the case without
slot are given, together with their radiation patterns. It is seen that the
electric current distributions are strongly modiﬁed by the slot. The radiation patterns are broadened with slot loading. Theoretical analysis
is veriﬁed by experimental results.
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