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Abstract—A rectangular aperture of , cut in the top
conducting plate of a triplate transmission line and backed by
a cavity, radiates a tilted beam off the direction normal to the
aperture. The mechanism of the radiation is explained using the
Poynting vector distribution above the aperture and the phase
distribution of the electric field over the aperture. The tilt angle
is calculated as a function of side length for a representative
value of = 18 mm = 0 747 12 45, where 12 45 is the
wavelength at a test frequency of 12.45 GHz. A tilted beam of
approximately 27 is realized at = 8 9 with a gain of
approximately 8 dB. Using this value of , an array antenna
composed of rectangular cavity-backed aperture elements is
investigated. The array forms a tilted fan beam without phase
shifters. The frequency responses of the gain and input impedance
are discussed.

Index Terms—Aperture antenna, finite-difference time-domain
(FDTD) method analysis, tilted beam formation, triplate transmis-
sion line antenna.

I. INTRODUCTION

WHEN a square aperture is cut in the top conducting plate
of a triplate transmission line (TTL) and fed by a probe,

this structure acts as a radiation element [1], [2]. This radiation
element is referred to as asquare aperture antenna. The probe
exciting the square aperture is the extension of a feed line lo-
cated between the top and bottom plates of the TTL. An advan-
tage of the square aperture antenna is that the feed line, by virtue
of the closed structure of the TTL, does not affect the radiation
pattern.

The square aperture in [2], whose side length is approxi-
mately one-half wavelength, radiates an axial beam, i.e., the
maximum radiation is in the direction normal to the aperture
plane. For mobile communications, a tilted beam is often re-
quired in addition to an axial beam. Recent investigation shows
that the beam radiated from the square aperture antenna can
be tilted from the direction normal to the aperture plane by in-
creasing the size of the aperture [3]. However, an increase in
aperture size is undesirable when constructing an array antenna
composed of square aperture elements, because the distance be-
tween the array elements must also be increased, which gives
rise to undesired grating lobes.

This paper presents arectangular aperture antenna which
overcomes the aforementioned grating lobe problem, where the
rectangular aperture of short side lengthand long side length

is backed by a cavity [4]. The cavity is used to improve the
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radiation efficiency, while still obtaining a tilted beam. Note that
the rectangular aperture in this paper is designed to be a linear
array antenna element (arrayed in the x-direction), and, there-
fore, the long side length is allowed to have a relatively large
value ( is chosen to be approximately 0.75 wavelength, as
seen later).

Analysis of the rectangular aperture antenna is performed
using the finite-difference time-domain (FDTD) method
[5]–[7]. Based on the fact that the antenna structure is symmet-
rical with respect to one plane (y–z plane), the computation
space for the FDTD method is reduced to one-half of the full
computation space. The smaller computation space reduces the
computation time for the FDTD method.

First, the analysis results at a test frequency of 12.45 GHz,
including the input impedance, gain, and beam direction
as a function of aperture aspect ratio , are summa-
rized (Note: an aperture antenna with a fixed aspect ratio of

(ranging from wavelengths to 0.75
wavelengths) is discussed in [3]). The mechanism for tilted
beam formation is explained using the electric field distribution
over the rectangular aperture. Frequency responses of the
radiation characteristics are also summarized and discussed.

Second, the abovementioned results are used to construct an
array antenna, where rectangular aperture elements are lin-
early arrayed to form a tilted fan beam without phase shifters. A
representative tilted fan beam at a test frequency of 12.45 GHz is
presented. In addition, the frequency responses of the gain and
input impedance for the N-rectangular aperture array antenna
are revealed over a frequency range of 10.65 to 14.25 GHz.

Throughout this paper, some experimental results are pre-
sented to confirm the theoretical results.

II. CONFIGURATION

Fig. 1 shows the configuration and coordinate system of a
cavity-backed rectangular aperture antenna constructed using a
TTL. The TTL has identical apertures of area of in the
top and bottom conducting plates. These top and bottom aper-
tures are located symmetrically with respect to a plane parallel
to the x–y plane at . The bottom aperture is used to
construct a rectangular cavity of depth . The space inside
the cavity is filled with air.

The inner strip conductor of the TTL at is embedded
in a dielectric material of relative permittivity and forms a
feed line. A strip line probe of length and width ,
which is an extension of the feed line, excites the top aperture.
For convenience, the plane at , parallel to the x–y plane,
is called thefeed line planethroughout this paper.

0018-926X/03$17.00 © 2003 IEEE
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(a)

(b)

(c)

Fig. 1. Configuration of a rectangular aperture antenna backed by a cavity.
(a) Perspective view. (b) Top view. (c) Cross-sectional view.

A frequency of GHz is chosen as a test (design)
frequency. The following parameters are arbitrarily chosen and
fixed: mm , mm ,

, mm ,
mm , and mm , where

mm is the free-space wavelength at the test fre-
quency GHz.

To simplify the following discussions, only the
x-side length of the aperture (or an aspect ratio of

) is changed subject to the objectives
of the analysis.

III. A NTENNA CHARACTERISTICS

The following assumptions are used: 1) the TTL is of infinite
extent, i.e., the top and bottom plates are of infinite extent; 2) the
conductor and dielectric materials for the TTL are perfectly con-
ducting and lossless, respectively; and 3) the top, bottom, and
inner plates of the TTL are infinitesimally thin. Based on these
assumptions, the FDTD method [5], [6] with rectangular cells
(Yee mesh) is used for the analysis of the aperture antenna. Yee’s
algorithm is programmed with Liao’s second order absorbing
condition [7].

The antenna is symmetrical with respect to the y-z plane, as
shown in Fig. 1. Therefore, the full analysis space

can be reduced to ,
where , , and are integers for specifying the full anal-
ysis space, and , , and are, respectively, Yee mesh
lengths in the x, y, and z directions.

First, the antenna characteristics at a test frequency
of 12.45 GHz are presented in Figs. 2–5. Fig. 2 vi-
sualizes the power flow by using Poynting vectors,
where the x-side length of the aperture is chosen to be

mm , which leads to an as-
pect ratio of . Fig. 2(a) shows the
Poynting vectors in a plane parallel to the x–y plane at

mm mm ,
which is very close to the feed line plane located at .
The Poynting vectors are distributed symmetrically with respect
to the y axis due to the structural symmetry, and hence the
radiation pattern in the x–z plane ( plane) is symmetrical
with respect to the z axis, as shown in Fig. 3(a).

Fig. 2(b) shows the Poynting vectors in the y–z plane. The
Poynting vectors above the aperture are not symmetrical with
respect to the z axis. This means that the radiation beam is
tilted from the z axis. The radiation pattern, Fig. 3(b), clearly
shows this fact. The experimental radiation patterns are also
presented in Fig. 3, showing good agreement with the theoretical
results except for angles near . This disagreement can
be attributed to the finite size of the experimental antenna
(note: to approximate the theoretical TTL structure of infinite
extent, the dimensions of the top and bottom plates of the
experimental antenna are chosen to be large with side lengths
of mm in the x- and y-directions, and
absorbing material is attached to the inside of the vertical
walls surrounding the TTL).

The tilted radiation pattern of Fig. 3 (b) is related to the phase
of the electric field component over the aperture. As shown
in Fig. 4, the phase of for is delayed in the
negative y-region, compared with that in the positive y-region.
Due to the phase delay, the maximum radiation from the aper-
ture exists in the negative y–z plane. That is, the beam is tilted,
as shown in Fig. 3 (b).

The side length affects the phase distribution of over
the aperture, and changes the tilt angle of the radiation beam
from the z axis. The solid line (labeled “with a cavity”) in Fig. 5
shows the tilt angle as a function of aspect ratio . It
should be noted that the radiation beam in the y-z plane has a
wide half-power beam width (HPBW), as shown in Fig. 3 (b),
and hence, is evaluated as the average of two angles that de-
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(a)

(b)

Fig. 2. Poynting vectors. (a) In a plane parallel to the x–y plane atz = �B + (�z=2) = �0:0726� . (b) In the y–z plane.

scribe the edges of the HPBW. It is found that the tilt angle
increases as increases. A tilt angle of approximately

is obtained at (=8/9 with
).

The input impedance (the impedance evaluated at the aperture
edge ), , as a function of aspect
ratio (=0.44 to 1.33) is presented in [4]. Note that
the variation in the resistance is relatively small in the
vicinity of . The gain in the beam direction
( shown in Fig. 5, ) and radiation efficiency
as a function of aspect ratio are also shown in [4]. A
gain of approximately 8 dB with a high radiation efficiency of
approximately is obtained at . An
interesting fact is that there is no significant decrease in the
gain as increases (and correspondingly the tilt angle
increases). This is due to fact that a gain increase resulting from

the narrowed HPBW of the radiation pattern in the x–z plane
compensates for a gain decrease resulting from the widened
HPBW of the tilted beam pattern in the y–z plane.

For comparison, the tilt angle, gain in the beam direction,
and radiation efficiency of a corresponding antenna without a
cavity [a flat bottom structure (FBS) with ] are also
calculated in the same range from to 1.33. As
seen from the dashed line (labeled “without a cavity”) in Fig. 5,
the beam for the FBS is tilted in the positive y-z plane. The
gain in the beam direction for the FBS is approximately 6 dB
at (2 dB lower than that of the cavity-backed
structure), with a radiation efficiency of 66% (21% lower than
that of the cavity-backed structure).

So far, the antenna characteristics at a test frequency of
12.45 GHz have been summarized. Next, the frequency re-
sponses are revealed for a representative cavity-backed rectan-
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(a)

(b)

Fig. 3. Radiation patterns. (a) In the x–z plane. (b) In the y–z plane.

Fig. 4. Phase distribution of electric fieldE .

gular aperture antenna with an aspect ratio of
. Fig. 6 shows the frequency response of tilt angle. As

the frequency increases, the phase delay ofin the negative
y-region of the aperture increases, resulting in an increase in
the tilt angle . The tilt angle in this analysis range varies
by 18 (from at 10.65 GHz to 32 at 14.25 GHz).
The theoretical results are confirmed by experimental results.

Figs. 7 and 8 show the input impedance
and the gain (computed in the fixed direction ( ,

)) as a function of frequency, respectively. It is found that,
as the frequency increases, decreases, while remains
relatively constant. Note that the fixed direction ( ,

) is the beam direction at a frequency of 12.45 GHz.
The gain variation is relatively small (1 dB from 8 dB). Also,

Fig. 5. Tilt angle� as a function ofA =A . The solid line shows� for an
aperture with a cavity and the dashed line shows� for an aperture without a
cavity.

Fig. 6. Tilt angle� as a function of frequency.

Fig. 7. Input impedanceZ = R + jX as a function of frequency.

note that the frequency response of the computed gain in the
maximum beam direction ( in Fig. 6) is close to that in
the fixed direction. The gain difference between these two cases
is less than 0.5 dB.

IV. A NTENNA ARRAYS FOR AFAN BEAM

A wide beam tilted in the E plane (y-z plane) is obtained in
Section III. In this section, an array antenna composed of
rectangular aperture elements realizes a tilted fan beam without
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Fig. 8. Gain in the fixed direction (� = 27 , � = 270 ) as a function of
frequency.

phase shifters: a sharpened radiation pattern in the H plane (x–z
plane) and a tilted, wide radiation pattern in the E plane (y–z
plane). This tilted fan beam is useful for mobile-satellite com-
munications in that the beam can avoid communication disrup-
tions caused by movement (of automobile, ship, and so on) in
the y–z plane. Note that the fan beam is usually scanned me-
chanically in the x–y plane.

Fig. 9 shows an array antenna composed ofrectangular
aperture elements located along the x axis, wheredenotes the
array distance between the neighboring aperture elements (or
the neighboring probes (from center to center)). Throughout this
section, an aperture antenna with an aspect ratio of

is chosen as an array element, with an array distance of
. Other configuration parameters are as defined

in Section II. Note that the chosen array element has a tilted
beam of and a gain of approximately 8 dB, as revealed
in Section III.

As the number of array elements increases, the radiation
pattern in the x–z plane becomes narrower due to array effects,
while the tilted, wide radiation pattern in the y–z plane remains
unchanged. Thus, the array forms a tilted fan beam with an in-
creased gain. Fig. 10 shows representative radiation patterns for

.
Fig. 11 shows the gains for 2, 4, and 6 as a function

of frequency. These gains are evaluated in the fixed direction
( , ). Note that each gain is affected by three
factors: the mutual coupling among the array elements, the loss
due to generation of parallel-plate mode power, which propa-
gates between the top and bottom plates of the TTL [2], [11], and
the loss due to the dielectric and conducting materials used for
the TTL [10]. The second and third factors obviously decrease
the gain. The theoretical gain in this paper includes the effects
of the mutual coupling and the loss due to parallel-plate mode
power under the condition that the dielectric and conducting ma-
terials are lossless. In the experiment, a foam material, which
has a low permittivity with an extremely small loss
tangent (on the order of ) is used to approxi-
mate the assumption of the lossless dielectric, by which the feed
lines of copper (the length from the generator to the edge of the
aperture is not long (approximately mm )) are
supported.

(a)

(b)

(c)

Fig. 9. Configuration of an array antenna composed ofN rectangular
apertures. (a) Perspective view. (b) Top view. (c) Cross-sectional view.

Final investigation is directed toward the input impedance.
The analysis shows that each array element has almost the same
frequency response of the input impedance as the single
(isolated) aperture antenna discussed in Section III (see Fig. 7).

V. CONCLUSION

A rectangular aperture antenna based on the TTL structure is
analyzed by using the FDTD method. The aperture cut in the
top plate of the TTL, which has x-side length and y-side
length , is excited with a probe that is an extension of the
inner conductor of the TTL. The bottom plate of the TTL has a
cavity to obtain a tilted beam with high radiation efficiency.
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(a)

(b)

Fig. 10. Radiation patterns of a four-element array antenna. (a) In the x–z
plane. (b) In the y–z plane.

Fig. 11. Gain in the fixed direction (� = 27 , � = 270 ) as a function of
frequency; the number of array elements isN = 2, 4, and 6.

The Poynting vector distribution above the aperture shows
that the antenna forms a tilted radiation beam. As the aspect
ratio increases, the tilt angle increases. A tilt angle of
approximately 27 is obtained for . The
radiation efficiency for a tilt angle of is calcu-
lated to be 87%, which is higher than the radiation efficiency of
an aperture antenna without a cavity (a FBS) by approximately
21%. The gain in the beam direction ( , ) for
the cavity-backed aperture antenna with is ap-
proximately 8 dB.

An aperture array antenna is also investigated, where aperture
elements, each having an aspect ratio of , are ar-
rayed in the x-direction with an array distance of
wavelength. The array realizes a tilted fan beam with an in-
creased gain. It is found that each array element has almost

the same frequency response of the input impedanceas the
single (isolated) aperture antenna.
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