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good impedance match has been achieved for a
narrow slot, and an impedance bandwidth of
approximately 20 percent has been obtained.6
As the width of the slot is increased, the radia-
tion resistance of the slot antenna increases
proportionately as does the microstrip feed
line. This, in turn, reduces the impedance
bandwidth of the antenna even though the size
of the slot is larger.7 Shum, et al.,8 have shown
the possibility of increasing the bandwidth of
the wide slot antenna by terminating the open
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Microstrip antennas offer the advan-
tages of thin profile, light weight, low
cost, conformability to a shaped sur-

face and compatibility with integrated circuit-
ry. The slot antenna has been investigated
since at least the 1940s,1 and is treated in
many electromagnetic text books.2,3 However,
the major drawback of a microstrip antenna in
its basic form is its inherently narrow band-
width, which restricts its wide applications. 

In the conventional microstrip-line fed slot
antenna, a narrow rectangular slot is cut in the
ground plane, and the slot is excited by a mi-
crostrip feed line either with a short4 or open5

termination. With this feed configuration, a

CHARACTERISTICS
OF A LARGE BANDWIDTH
RECTANGULAR
MICROSTRIP-FED INSERTED
TRIANGULAR PATCH IN A
CIRCULAR SLOT ANTENNA
The characteristics of a rectangular microstrip-fed triangular patch in a circular
slot antenna have been analyzed using the finite-difference time domain (FDTD)
method. The impedance and bandwidth of the proposed antenna greatly depend
on the design parameters. The normalized radiation resistance values of a
triangular patch in a circular slot antenna varies less in the usable frequency
band than for a square, or a circular patch. It means that the antenna shows a
wider bandwidth than the other types, and although the use of a high relative
permittivity (εr = 4.3) substrate usually restricts the operating bandwidth, the
radiation resistance also has a low value. The measured bandwidth is
approximately 96.3 percent for a SWR ≤ 2.0.
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end of the feedline within the width of
the slot, but a substantial bandwidth
improvement has not been achieved. 

For the conventional ring slot an-
tenna, a circular patch is inserted in
the circular slot.9,10 In this article, a tri-
angular patch inserted in a circular slot
antenna is proposed, which has a simi-
lar radiation pattern but with a wider
bandwidth than a ring slot9,10 or other
patch antennas.11,12 The normalized
radiation resistance values of a triangu-
lar patch in a circular slot antenna
varies less in the usable frequency
band than for a square, or a circular
patch. It means that the antenna shows
a wider bandwidth than for the other
types. The SWR of a triangular patch
in a circular slot antenna exhibits three
resonances, in contrast to the ring slot
or other patches. The multi-resonance
is the cause of the broadbanding of the
antenna. The feedline structure has a
rectangular stub below the patch for
broadband operation. The characteris-
tics of a triangular patch in a circular
slot antenna with a microstrip feed
have been analyzed using FDTD. The
proposed antenna shows a good im-
pedance match over a wide frequency
band. The SWR and input impedance
were calculated by transforming the
time domain results to the frequency

domain. The optimal feed position for
good impedance matching was deter-
mined through a full-wave analysis us-
ing the FDTD method. The proposed
antenna was fabricated and measured
using the optimized parameters.

FDTD FORMULATIONS
The FDTD method is formulated

by discretizing Maxwell’s curl equa-
tions over a finite volume and approx-
imating the derivatives with central
difference approximations. These fi-
nite-difference, time domain approxi-
mate equations contain a second-or-
der error in both space and time
steps. According to Yee’s notation,13

in the FDTD cell, the space point is
(i∆x, j∆y, k∆z), the time increment is
n∆t and the arbitrary function is rep-
resented by F(i∆x, j∆y, k∆z, n∆t). In
the analysis of the microstrip slot an-
tenna design, Mur’s absorbing bound-
ary condition14 is applied. The calcu-
lated values obtained in the time do-
main by an FDTD method14–16 are
then Fourier-transformed to obtain
values in the frequency domain. 

In order to calculate the input S-
parameters for the antenna, a stan-
dard technique of time gating on the
microstrip line to separate the inci-
dent and reflected waveforms is used.

The ratios of the Fourier transforms
of these waveforms give the S-para-
meters required. Since the microstrip
feed line is an open stub, the mi-
crostrip antenna is a one-port circuit.
Thus, the reflection coefficient S11 of
the microstrip antenna is 

where

V1
ref(t) = reflected voltage

V1
inc(t)= incident voltage

F = Fourier transform notation

From the calculated reflection coeffi-
cient, the SWR as a function of fre-
quency can be calculated as

The bandwidth of the antenna was
determined from the impedance
data. Here, the term bandwidth will
refer to the percent bandwidth unless
otherwise specified. It is defined as

where

fr = resonance frequency

fr1 and fr2 are the frequencies at the
edges of the bandwidth where the
magnitude of the reflection coeffi-
cient is less than or equal to 1/3
(which corresponds to an SWR ≤ 2).
The electric field in the far-field do-
main can be calculated as

where

k = propagation constant
Em = electric field at the slot
W = slot width
L = slot length

ANTENNA STRUCTURE 
AND SIMULATION RESULTS

Figure 1 shows the antenna struc-
ture which consists of the circular slot,
the triangular patch radiator and a rec-
tangular feed line, where Htp1, Htp2 are
the lengths of the sides of the patch
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▲ Fig. 1  Structure and design parameters of the patch antenna. 
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and Wtp is its width, Rcs is the radius of
the circular slot, Lrf is the length of the
rectangular feed line, Wrf is its width,
Gsf is the distance between the slot
center and the center of the rectangu-
lar feed line in the y direction and Wf is
the width of the microstrip feed line.
To analyze the antenna correctly, ∆x
and ∆y are chosen so that an integral
number of nodes fit within the feed
line and the slot exactly. ∆z is chosen so
that an integral number of nodes fit the
thickness h of the substrate exactly. The
sizes of the space cells are ∆x = 0.333
mm, ∆y = 0.25 mm, ∆z = 0.333 mm.
The total analysis space is composed of
360 × 360 × 43 cells in the x, y and z di-

rections, respectively. The dimensions
of the antenna are set to Lrf = 64∆y, Wrf
= 36∆x, Gsf = 40 ∆y, Wf = 6∆x. The sim-
ulation is allowed to continue until the
energy traveling back toward the
source from the resonant cavity has
subsided to a negligible level. Stopping
the run early results in ripples in the
calculated S-parameters. The perfor-
mance of the antenna is sensitive to its
design parameters (Htp1, Htp2, Wtp,
Rcs, Lrf, Wrf, Gsf, Wf). 

Figure 2 shows the normalized
impedance results when the width
Wrf is varied from 8 to 16 mm and all
the other parameters are fixed: Rcs =
26 mm, Lrf = 16 mm, Gsf = 10 mm
and Wf = 1.94 mm. When Wrf is 12
mm, the normalized radiation resis-
tance and reactance are about 1.0 and
zero, respectively, at the center fre-
quency of 3 GHz. It means that this
antenna shows good impedance

matching for Wrf = 12 mm at the cen-
ter frequency = 3 GHz.

Figure 3 shows the normalized
impedance when Gsf is varied be-
tween 6 and 12 mm while all the oth-
er parameters are fixed: Rcs = 26 mm,
Lrf = 16 mm, Wrf = 12 mm and Wf =
1.94 mm. When Gsf is 8 mm, the nor-
malized radiation resistance is about
1.7 at 3 GHz. But when Gsf is 10 mm,
the normalized radiation resistance
and reactance are about 1.0 and zero,
respectively, at the center frequency.
It means that the antenna is matched
at 3 GHz when Gsf = 10 mm. 

Figure 4 shows the calculated
SWR of the antenna as a function of
Gsf, while all the other parameters
are set to their fundamental values.
When Gsf is equal to 6 mm, the band-
width is approximately 0.15 GHz,
when Gsf is 8 mm, the bandwidth is
approximately 0.8 GHz, when Gsf is
10 mm, the bandwidth is approxi-
mately 2.8 GHz, and when Gsf is 12
mm, the bandwidth is approximately
0.9 GHz. 

Figure 5 shows a comparison of
the normalized impedance of a
square, triangular and circular patch
in a circular slot, with the following
dimensions:

Square patch: Lsp = Wsp = 20 mm,
Rcs = 26 mm, Lrf = 12 mm, Wrf = 16
mm, Gsf = 11 mm, Wf = 1.94 mm

Triangular patch: Htp1 = Htp2 = 26.5
mm, Rcs = 26 mm, Lrf = 12 mm, Wrf
= 16 mm, Gsf = 10 mm, Wf = 1.94
mm

Circular patch: Rcp = 13 mm, Rcs =
26 mm, Lrf = 12 mm, Wrf = 16 mm,
Gsf = 11 mm, Wf = 1.94 mm

The normalized radiation resis-
tance values for a triangular patch an-
tenna change less in the usable fre-
quency band than for a square, or a
circular patch. It means that the tri-
angular patch antenna offers a wider
bandwidth than the other types. Fig-
ure 6 shows a comparison of the cal-
culated SWR for a square, a triangu-
lar and a circular patch. The antenna
design parameters are the same as
before. The SWR of a triangular
patch antenna in a circular slot is ex-
hibiting the three-resonance charac-
teristic, which can be contrasted with
the ring slot or other patches. In this
case, the multi-resonance is the cause
of the antenna’s broadband width.
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▲ Fig. 2  Normalized input impedance 
as a function of the feed line width; 
(a) resistance and (b) reactance.
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Fig. 5  Comparison of the normalized
impedance for a square, triangular 
and circular patch antenna’s (a) radiation
resistance and (b) radiation reactance. ▼



EXPERIMENTAL RESULTS
The antenna was fabricated using

an FR-4 substrate (εr = 4.3, h = 1.0
mm) and the ground plane size of a
two-element microstrip slot array an-
tenna is 120 × 120 mm. The measure-
ments were made on a HP8510 net-
work analyzer.

Although the use of a high relative
permittivity (εr = 4.3) substrate usual-
ly restricts the operating bandwidth,
the experimental bandwidth is ap-
proximately 96.3 percent (1.811 to
4.702 GHz) for a SWR less than 2.0.
The SWR as a function of frequency
is shown in Figure 7. The rectangu-
lar microstripline incorporated within
the circular slot introduces a capaci-
tance suppressing some of the induc-
tance caused by the feed line, due to
the thick substrate, and a dual reso-
nance, near the resonance of the cir-
cular slot antenna, is created. 

After calibration using a horn an-
tenna, the far-field radiation pattern
at 3.0 GHz was measured. Figure 8
shows the pattern in the x-z plane
and Figure 9 in the y-z plane. The
half-power beamwidth at 3.0 GHz in
the x-z plane was 100° and 68° in the
y-z plane. 

The measured antenna gain vs. fre-
quency is shown in Figure 10. The

gain is relatively high over most of the
band, and is probably due to the ef-
fect of the finite size of the antenna
substrate, that is, the power in the
surface wave is not confined to the
substrate but diffracted by the sub-
strate edge, an effect which was not
taken into account in the analysis. The
measured gain is 2.5 dBi over the en-
tire band, but drops off rapidly past
the band edges. This is due to imped-
ance mismatch and pattern degrada-
tion, as the back radiation level in-
creases rapidly at these frequencies.

CONCLUSION
The characteristics of a rectangu-

lar microstrip-fed triangular patch in
a circular slot antenna were analyzed
using the FDTD method. It was

found that the bandwidth of the an-
tenna greatly depends on the design
parameters. The proposed antenna
showed a low radiation resistance and
a wide bandwidth of approximately
96.3 percent for SWR ≤ 2.0. This an-
tenna should be useful as a broad-
band array antenna.  ■
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