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Abstract—First, two aperture antennas designated asP -type
andC-type antennas are analyzed using the finite-difference time-
domain (FDTD) method. Each antenna is made of a triplate
transmission line (TTL). A square aperture is cut out of the
top plate of the TTL for both antennas to allow radiation. The
bottom of the TTL is a planar plate for the P -type antenna
and a plate with a hollow cavity for the C-type antenna. The
power flow is expressed using Poynting vectors. It is revealed
that parallel-plate mode power in the TTL is lower in the C-
type antenna, compared with that in theP -type antenna. Second,
an array antenna composed of twoC-type elements is analyzed.
The Poynting vector distribution in the aperture is found to
remain almost unchanged when the element spacing is varied.
The input impedance of the array antenna converges at an
element spacing of approximately 0.9 wavelength. The theoretical
radiation patterns are in good agreement with measured data.

Index Terms— Aperture antenna, FDTD analysis, triplate
transmission line.

I. INTRODUCTION

A conventional aperture antenna is a flat radiation element
made of a triplate transmission line (TTL), as shown in

Fig. 1(a) [1]. The input power is converted to radiated power
through the aperture cut in the top plate of the TTL. Usually,
the conversion efficiency of input power to radiated power is
not high due to generation of parallel-plate mode power, which
propagates between the top and bottom plates of the TTL.

When designing aperture antennas based on the TTL struc-
ture, it is essential to suppress or reduce the parallel-plate mode
power. One method of suppressing this power is found in [2],
where shorting pins are used around a narrow aperture (slot)
cut in the TTL. This technique is also applied to conductor-
backed transmission lines [3].

This paper presents a novel aperture antenna with a cavity
[ -type antenna shown in Fig. 1(b)] to reduce parallel-plate
mode power. The structure of the-type antenna is differ-
ent from the waveguide aperture antenna with a suspended
stripline (WA-SS) [4] and it is simpler and lighter than the
WA-SS.

The -type antenna is analyzed using the finite-difference
time domain (FDTD) method [5]. The radiation characteris-
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(a)

(b)

(c)

Fig. 1. Configuration of aperture antennas. (a)P -type antenna. (b)C-type
antenna. (c) Top view (common toP - andC-type antennas).

tics, including the input impedance, radiation pattern, radia-
tion efficiency, and gain, are calculated. For comparison, the
FDTD solutions to the conventional aperture antenna shown
in Fig. 1(a) are also presented. It is revealed that the cavity
shown in Fig. 1(b) is useful in reducing the effects of the
parallel-plate mode power on the radiation characteristics.

Further investigation is performed for an array antenna
composed of two -type elements. The effects of the element
spacing on the Poynting vector distributions in the apertures
are investigated. The input impedance as a function of element
spacing is also investigated. Some measured data are presented
for checking the validity of the FDTD solutions.

II. CONFIGURATION

We investigate conventional and newly proposed aperture
antennas whose cross-sectional views in the- plane are
shown in Fig. 1(a) and (b), respectively. The antennas in
Fig. 1(a) and (b) are designated as- and -type antennas,
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respectively. The top view of these antennas is illustrated in
Fig. 1(c).

Each antenna, made of a TTL, has a square aperture cut
in the top conducting plate. The aperture of side length
is excited by a microstrip line probe located at .
This microstrip line probe (length , width , and
thickness ) is embedded in a dielectric material of relative
permittivity .

The bottom of the TTL at is made of aplanar
conducting plate for the -type antenna, while the bottom
for the -type antenna is made of a conducting plate backed
by a hollow cavity with depth . The side length of the
cavity is the same as that of the aperture in the top plate:

.
The following configuration parameters are held constant

throughout this paper: mm ,
mm , mm, , mm

, and mm , where is the
free-space wavelength at a test frequency of GHz

. Only the probe length is changed subject to the
objectives of analysis.

The hollow cavity is regarded as a square waveguide
terminated with a conducting plate. Note that the waveguide
in this paper works at a frequency above the cutoff frequency
of the TE mode. Discussions on the antenna characteristics
below the cutoff frequency are found in [6].

III. A NALYSIS METHOD AND RESULTS

The FDTD method is adopted for analyzing the two aperture
antennas shown in Fig. 1, where Yee’s algorithm [7] is used
with Liao’s second-order absorbing boundary condition [8].
Each antenna configuration is symmetrical with respect to the

- plane. Therefore, the analysis space can be reduced to one-
half of the full analysis space using a magnetic wall condition
in the - plane (magnetic fields and in the

- plane) [9].
The Poynting vector is calculated from

, where and are,
respectively, the electric and magnetic fields at an observation
point specified by a position vector . The asterisk
designates a complex conjugate. The and are
evaluated from time-domain fields and ,
respectively [10].

The radiation field expressed in the
spherical coordinates with unit vectors is
calculated using the equivalence principle [11], [12]. The
equivalent magnetic current density over the aper-
ture in the top plate specified by a position vector is
calculated from , where is the electric
field at the aperture and is an outward unit vector normal to
the aperture. The and are [12]

(1)

(2)

(a)

(b)

Fig. 2. Poynting vectors observed in a plane parallel to thex-y plane at
z = �B + �z=2, where�z = 0:5 mm = 0:02�0. (a) P -type antenna.
(b) C-type antenna.

where is the phase constant in free-space and

(3)

The radiation efficiency is defined as the ratio of the power
radiated from the aperture into free-space to the power input
to the aperture

(4)

A. Poynting Vectors and Radiation Pattern

We investigate the behavior of the parallel-plate mode power
distributed between the top and bottom (
plates. For this, the probe length is chosen to be one-half of the
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(a)

(b)

Fig. 3. Poynting vectors in thex-z plane. (a)P -type antenna. (b)C-type
antenna.

aperture side length: mm .
Other configuration parameters are kept constant, as described
in Section II.

Fig. 2 shows the Poynting vectors observed in a plane
parallel to the - plane at , where

mm . This plane is very close to the plane
in which the feed probe is located. Note that the Poynting
vectors whose amplitude is less than25 dB are removed
for simplicity. It is found that the parallel-plate mode power
observed in the conventional -type antenna is reduced in
the newly proposed -type antenna. The input power for the

-type antenna is concentrated in the aperture region.
The Poynting vectors in the- plane are shown in Fig. 3.

A comparison of Fig. 3(a) with (b) reveals that the cavity
contributes to suppressing the generation of parallel-plate
mode power between the top and bottom plates. For further
information, the Poynting vectors in the- plane are shown
in Fig. 4. An asymmetrical power flow with respect to the-
axis is observed in free-space for the-type antenna. On the
other hand, an almost symmetrical power flow is observed for
the -type antenna.

The far-field radiation patterns resulting from the abovemen-
tioned power flow are shown in Fig. 5, where the measured
radiation patterns are also presented. In this measurement,
a large TTL (dimensions of the top and bottom plates are

(a)

(b)

Fig. 4. Poynting vectors in they-z plane. (a)P -type antenna. (b)C-type
antenna.

(a)

(b)

Fig. 5. Radiation patterns in the� = 0
� and90� planes. (a)P -type antenna.

(b) C-type antenna.

mm mm ) is used to
approximate the analysis model i.e., the TTL having top and
bottom plates of infinite extent. In addition, absorbing material
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(a) (b)

Fig. 6. Electric field componentsEx andEy on thex-axis at the aperture.
(a) P -type antenna. (b)C-type antenna.

is attached to the inside of the vertical walls surrounding the
TTL. It is seen that the measured radiation patterns agree
with the calculated results except for angles near .
This disagreement can be attributed to the finite size of the
measured antenna.

The copolarization component and cross-polarization
component in the - plane ( plane) are generated
from the electric field components and at the aperture,
respectively. Fig. 6(a) shows the amplitude values of
and on the axis at the aperture of the-type antenna
and Fig. 6(b) shows those of the-type antenna. The -type
antenna has a wider region of that satisfies
than the -type antenna. This implies that the effect of the
component on the radiation pattern is smaller for the-type
antenna, as compared with that for the-type antenna. In other
words, the -type antenna has a smaller cross polarization
component than the -type antenna, as shown in Fig. 5.

B. Input Impedance and Radiation Efficiency
as a Function of Probe Length

The probe length is kept constant in the above dis-
cussions: . In this subsection, the radiation
characteristics when the probe length is changed are
investigated.

Fig. 7 shows the input impedance
as a function of relative probe length . The input
impedance is observed at the aperture edge . The
variation of for the -type antenna is not as large as that

(a)

(b)

Fig. 7. Input impedanceZin = Rin + jXin as a function of relative probe
lengthLpro=Lap. (a) P -type antenna. (b)C-type antenna.

Fig. 8. Radiation efficiency� as a function of relative probe length
Lpro=Lap.

for the -type antenna. The -type antenna has pure resistance
values of approximately 65 and 210 ohms at two probe lengths.
The reactance values are very small over the range between
these two probe lengths. The behavior of these resistance and
reactance values simplifies the design for matching the feed
line to the aperture.

The deterioration of radiation efficiency is due to the dis-
tribution of parallel-plate mode power in the TTL, which is
a function of the probe length. Fig. 8 shows the radiation
efficiency as a function of relative probe length . It
is found that the -type antenna has higher radiation efficiency
than the -type antenna, as expected from comparison of the
Poynting vectors shown in Figs. 2–4. At , the
radiation efficiency is % for the -type antenna and

% for the -type antenna. It can be said that the
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Fig. 9. Gain as a function of relative probe lengthLpro=Lap.

Fig. 10. Two-element array antenna.

-type antenna significantly improves the radiation efficiency
by virtue of reducing the parallel-plate mode power.

High radiation efficiency is essential for realizing high
antenna gain with being directivity . Fig. 9 shows
the gain when the probe length is changed. It is
clear that the -type antenna has higher gain than the-
type antenna. It is also revealed that the gain of the-type
antenna is less sensitive to probe length, compared with that
of the -type antenna.

IV. FUNDAMENTAL TWO-ELEMENT ARRAY ANTENNA

It has been revealed that the newly proposed-type antenna
has better antenna characteristics than the conventional-

Fig. 11. Poynting vectors calculated for the aperture located on the+x side
(element spacingd = 0:8�0).

Fig. 12. Input impedanceZin of the two-element array antenna as a function
of element spacingd.

type antenna. Further investigation, therefore, is focused on
an application using the -type antennas.

Fig. 10 shows a two-element array antenna, where the ele-
ment spacing is designated as. The configuration parameters

, , , , , and for the array elements are
the same as those described in Section II. The probe length is
chosen to be .

The effects of the element spacingon the Poynting vectors
in the aperture are small. A representative Poynting vector
distribution is shown in Fig. 11. The Poynting vectors are
calculated for the aperture located on the side. Due to the
cavity effects, the Poynting vector distribution remains almost
symmetrical with respect to the axis (the feed line axis)
for and is almost the same as that observed for a
single isolated -type antenna. This characteristic is used in
the design of a much larger array antenna [6].

The input impedance of the array antenna as a function
of element spacing is presented in Fig. 12. The dots on the
right side in this figure are the input impedance of a single
isolated -type antenna. It is seen that the variation in the
input impedance with element spacingis not large over this
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Fig. 13. Radiation patterns of the two-element array antenna in the� = 0
�

and 90� planes (element spacingd = 0:8�0).

analysis range. The input impedance for is almost
the same as that for the single isolated-type antenna.

Fig. 13 shows the theoretical radiation patterns together
with measured data when the gain shows a maximum value
of approximately 10 dB at . The theoretical and
measured radiation patterns are in good agreement except for
angles near . The discrepancy near is due to
the fact that the measurement is carried out using a TTL of
finite extent, as in Fig. 5.

V. CONCLUSION

Conventional - and newly proposed -type aperture an-
tennas have been analyzed using the FDTD method. Each
antenna is constructed using a TTL. The bottom of the-
type antenna is made of a planar conducting plate, while that
of the -type antenna is made of a conducting plate backed
by a hollow cavity.

The Poynting vectors have been obtained for the two
antennas. The undesirable parallel-plate mode power observed
in the -type antenna is lower in the -type antenna. This
means that the cavity is useful in reducing the parallel-plate
mode power.

Investigation of the radiation pattern reveals that the-
type antenna has a smaller cross polarization component than
the -type antenna. This is interpreted from the electric field
distribution over the aperture. It is also revealed that the input
impedance for the -type antenna is less sensitive to probe
length than that for the -type antenna. This simplifies the
design for matching the feed line to the aperture. Further
investigation shows that the-type antenna has much higher

radiation efficiency (more than 80%) and gain than the-type
antenna due to reduction of the parallel-plate mode power.

Based on the above investigations, an analysis of the radia-
tion characteristics of a fundamental array antenna composed
of two -type elements has been performed. The Poynting
vector distributions in the apertures remain almost unchanged
when the element spacing is varied. It is also found that
the input impedance converges at an element spacing of
approximately . The calculated radiation patterns agree
with measured results.
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