EBAKFEZFEMERE VRS U
HOSEI UNIVERSITY REPOSITORY

PDF issue: 2025-07-15

A Cavity-Backed Rectangular Aperture
Antenna With Application to a Tilted Fan
Beam Array Antenna

IWATSUKI, M. / YAMAUCHI, J. / SAKURAI, M. / NAKANO, H.

IEEE Transactions on Antennas and Propagation / IEEE Transactions on
Antennas and Propagation

4

712

718

2003-04



712 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 4, APRIL 2003
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Hisamatsu Nakand-ellow, IEEE Masatoshi lwatsuki, Masanori Sakurai, and Junji Yamaudeimber, IEEE

Abstract—A rectangular aperture of A, x Ay, cutinthe top radiation efficiency, while still obtaining a tilted beam. Note that
conducting plate of a triplate transmission line and backed by the rectangular aperture in this paper is designed to be a linear
a cavity, radiates a tilted beam off the direction normal to the array antenna element (arrayed in the x-direction), and, there-

aperture. The mechanism of the radiation is explained using the f the ide| tH is all dtoh lativelv |
Poynting vector distribution above the aperture and the phase '0'®: th€longsiaeiengtd, Isallowed to have arelatively large

distribution of the electric field over the aperture. The tilt angle Value (4, is chosen to be approximately 0.75 wavelength, as
is calculated as a function of side length4, for a representative seen later).

value of Ay, = 18 mm = 0.747A;z.45, Where Ayz.45 is the Analysis of the rectangular aperture antenna is performed
wavelength at a test frequency of 12.45 GHz. A tilted beam of using the finite-difference time-domain (FDTD) method

approximately 27° is realized at A, /A, = 8/9 with a gain of .
approximately 8 dB. Using this value ijw /A, an array antenna [5]-{7]. Based on the fact that the antenna structure is symmet-

composed of rectangular cavity-backed aperture elements is fical with respect to one plane (y-z plane), the computation
investigated. The array forms a tilted fan beam without phase space for the FDTD method is reduced to one-half of the full
shifters. The frequency responses of the gain and input impedance computation space. The smaller computation space reduces the
are discussed. computation time for the FDTD method.

Index Terms—Aperture antenna, finite-difference time-domain First, the analysis results at a test frequency of 12.45 GHz,
(FDTD) method analysis, tilted beam formation, triplate transmis- including the input impedance, gain, and beam direction
sion line antenna. as a function of aperture aspect ratib,/A,, are summa-

rized (Note: an aperture antenna with a fixed aspect ratio of
I. INTRODUCTION A, /A, = 1(ranging fromA, = 0.25 wavelengths to 0.75
Wavelengths) is discussed in [3]). The mechanism for tilted

HEN a square aperture is cut in the top conducting plate - : . o o
o atrpate ransmision ine (TTL) and e by aprope = 8o 3 xplaned v he sectic feld gt
this structure acts as a radiation element [1], [2]. This radiation 9 P ) d y P

. radiation characteristics are also summarized and discussed.
element is referred to assguare aperture antenndhe probe

exciting the square aperture is the extension of a feed line Ic)_Second, the abovementioned results are used to construct an

cated between the top and bottom plates of the TTL. An adva &Y antenna, whery r_ectangular aperf[ure elements are lin-
tage of the square aperture antenna s that the feed line, by vir‘ﬁ%ly arrayed to form a tilted fan beam without phase shifters. A

of the closed structure of the TTL, does not affect the radiatiéﬁpresemaﬂve tited fan beam ata test frequency of 12.45 GHz is
' presented. In addition, the frequency responses of the gain and

pa.tl_tﬁ;néquare aperture in [2], whose side length is appro)ipi_put impedance for the N-rectangular aperture array antenna
mately one-half wavelength, radiates an axial beam, i.e., fe revealed over a frequency range of.10.65 to 14.25 GHz.
maximum radiation is in the direction normal to the aperture hroughout_thls paper, some experimental results are pre-
plane. For mobile communications, a tilted beam is often rggnted to confirm the theoretical results.

quired in addition to an axial beam. Recent investigation shows

that the beam radiated from the square aperture antenna can [I. CONFIGURATION

be tilted from the direction normal to the aperture plane by in- Fig. 1 shows the configuration and coordinate system of a

creasing the size of the aperture [3]. However, an increase in . .
L . : cavity-backed rectangular aperture antenna constructed using a
aperture size is undesirable when constructing an array ante

? ﬁ"ﬁ The TTL has identical apertures of areadf x A, in the
composed of square aperture elements, because the distance be- )
‘top and bottom conducting plates. These top and bottom aper-

tween the array elements must also be increased, which giyes ! ;
rise to undesired grating lobes ures are located symmetrically with respect to a p!ane parallel
: to the x—y plane at = — B. The bottom aperture is used to

This paper presents mptangulargperture antenna which onstruct a rectangular cavity of depth.,. The space inside
overcomes the aforementioned grating lobe problem, where ﬁjle

rectangular aperture of short side lengthand long side length € cavity is filled with air.

) . A . The inner strip conductor of the TTL at= — B is embedded
Ay is backed by a cavity [4]. The cavity is used to improve thﬁl a dielectric material of relative permittivity, and forms a

feed line. A strip line probe of length ., and width W,

Manuscript received August 14, 2001, revised January 5, 2002. which is an extension of the feed line, excites the top aperture.
The authors are with the College of Engineering, Hosei University, Toky?_, . he ol B llel h |

184-8584 Japan (e-mail: nakano@k.hosei.ac.jp). For convenience, the planeat — B, parallel to the x-y plane,
Digital Object Identifier 10.1109/TAP.2003.811085 is called thefeed line plandghroughout this paper.
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I1l. ANTENNA 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 spaégAz x
N,Ayx N,Az can be reduced @V, /2) Az x NyAyx N, Az,
whereN,, N,, andV, are integers for specifying the full anal-
ysis space, and\z, Ay, and Az 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
A, = 16 mm = 0.664)\ 545, Which leads to an as-
pect ratio of A, /A, = 8/9 = 0.89. Fig. 2(a) shows the
Poynting vectors in a plane parallel to the x-y plane at
z=—-B+ (AZ/2) = =2mm+ (05 mm/2): —0.0726\12 45,
which is very close to the feed line plane located at —B.

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 plang & 0° 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
tited from the z axis. The radiation pattern, Fig. 3(b), clearly
shows this fact. The experimental radiation patterns are also
presentedin Fig. 3, showing good agreementwith the theoretical

aperture results except for angles nefae= 90°. This disagreement can
be attributed to the finite size of the experimental antenna
S e (note: to approximate the theoretical TTL structure of infinite
e L s extent, the dimensions of the top and bottom plates of the
- ) D experimental antenna are chosen to be large with side lengths
. air cav of 130 mm = 5.39\1245 in the x- and y-directions, and
cavity

(©

absorbing material is attached to the inside of the vertical
walls surrounding the TTL).

Fig. 1. Configuration of a rectangular aperture antenna backed by a cavity. T he tilted radiation pattern of Fig. 3 (b) is related to the phase

(a) Perspective view. (b) Top view. (c) Cross-sectional view.

of the electric field componert, over the aperture. As shown
in Fig. 4, the phase of, for A, /A, = 8/9 is delayed in the

A frequency off, = 12.45 GHz is chosen as a test (designhegative y-region, compared with that in the positive y-region.

frequency. The following parameters are arbitrarily chosen abdie to the phase delay, the maximum radiation from the aper-
fixed: A, = 18 mm = 0.747X12.45, B = 2mm = 0.083)\;245, ture exists in the negative y-z plane. That is, the beam is tilted,
Ep = 12, Lpro = Ay/2 =9mm = 0.373)\12_45, Wpro = as shown in F|g 3 (b)
2 mm = 0.083\12.45, andD.,, = 6 mm = 0.25\12 45, Where The side lengthd,, affects the phase distribution &, over
A12.45(= 24.1 mm) is the free-space wavelength at the test frehe aperture, and changes the tilt angle of the radiation beam
quencyfy = 12.45 GHz. from the z axis. The solid line (labeled “with a cavity”) in Fig. 5
To simplify the following discussions, only theshows the tilt angl®, as a function of aspect ratid,. /A,. It
x-side length of the aperturel, (or an aspect ratio of should be noted that the radiation beam in the y-z plane has a
A, /A, = A;/0.747 12 45) is changed subject to the objectivesvide half-power beam width (HPBW), as shown in Fig. 3 (b),
of the analysis. and hencef; is evaluated as the average of two angles that de-
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Fig. 2. Poynting vectors. (a) In a plane parallel to the x—y plane-at—B + (Az/2) = —0.0726 12 .45. (b) In the y—z plane.

scribe the edges of the HPBW. It is found that the tilt angline narrowed HPBW of the radiation pattern in the x—z plane
g, increases ad, /A, increases. A tilt angle of approximatelycompensates for a gain decrease resulting from the widened
g, = 27° is obtained at4,/A, = 0.89 (=8/9 with A, = HPBW of the tilted beam pattern in the y—z plane.
0.664 )15 45). For comparison, the tilt angle, gain in the beam direction,
The inputimpedance (the impedance evaluated at the apertame radiation efficiency of a corresponding antenna without a
edge(y = A4,/2)), Zin = Rin+jX,,, as a function of aspect cavity [a flat bottom structure (FBS) with.,, = 0] are also
ratio A, /A, (=0.44 to 1.33) is presented in [4]. Note thatalculated in the same range fra#y. /A, = 0.44 to 1.33. As
the variation in the resistanck;, is relatively small in the seen from the dashed line (labeled “without a cavity”) in Fig. 5,
vicinity of A,/A, = 0.89. The gain in the beam directionthe beam for the FBS is tilted in the positive y-z plane. The
(# = 6, shown in Fig. 5,6 = 270°) and radiation efficiency gain in the beam direction for the FBS is approximately 6 dB
as a function of aspect ratid, /A, are also shown in [4]. A atA,/A, = 0.89 (2 dB lower than that of the cavity-backed
gain of approximately 8 dB with a high radiation efficiency otructure), with a radiation efficiency of 66% (21% lower than
approximatelyn..qa = 87% is obtained atd, /A, = 0.89. An that of the cavity-backed structure).
interesting fact is that there is no significant decrease in theSo far, the antenna characteristics at a test frequency of
gain asA, /A, increases (and correspondingly the tilt anglé2.45 GHz have been summarized. Next, the frequency re-
increases). This is due to fact that a gain increase resulting freponses are revealed for a representative cavity-backed rectan-
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gular aperture antenna with an aspect ratiolpf A, = 8/9 =
0.89. Fig. 6 shows the frequency response of tilt arjleAs
the frequency increases, the phase delagpin the negative Fig. 7. Inputimpedanc&, = Ri. + jX,. as a function of frequency.
y-region of the aperture increases, resulting in an increase in

the tilt angled;. The tilt angle in this analysis range varies -
by 18 (from 6, — 14° at 10.65 GHz to 32 at 14.25 GHz). note that the frequency response of the computed gain in the

) ) . maximum beam directiord(= 6; in Fig. 6) is close to that in
The theoretical results are confirmed by experimental resultﬁie fixed direction. The gain difference between these two cases

Figs. 7 and 8 show the input impedankg = Ri, + j X;, .
and the gain (computed in the fixed directigh£ 27°, ¢ = Is less than 0.5 dB.
270°)) as a function of frequency, respectively. It is found that,
as the frequency increase®;, decreases, whil&;, remains
relatively constant. Note that the fixed directioh & 27°, A wide beam tilted in the E plane (y-z plane) is obtained in
¢ = 270°) is the beam direction at a frequency of 12.45 GHZection lll. In this section, an array antenna composed of
The gain variation is relatively smal1 dB from 8 dB). Also, rectangular aperture elements realizes a tilted fan beam without

frequency [GHz]

IV. ANTENNA ARRAYS FOR AFAN BEAM
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frequency. I !
phase shifters: a sharpened radiation pattern in the H plane (: %(b
plane) and a tilted, wide radiation pattern in the E plane (y-

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) i
the y—z plane. Note that the fan beam is usually scanned m ?T
!
|

@

chanically in the x—y plane.

Fig. 9 shows an array antenna composedofectangular
aperture elements located along the x axis, whgmenotes the
array distance between the neighboring aperture elements (
the neighboring probes (from center to center)). Throughout thi

Or =
[\ ]
—

section, an aperture antenna with an aspect ratid,gf4, = y ! - | e
0.89 is chosen as an array element, with an array distance « P !
d, = 0.79)12.45. Other configuration parameters are as definec e / ‘ﬂd—-{
in Section Il. Note that the chosen array element has a tilte *  aperture 2
beam ofd; = 27° and a gain of approximately 8 dB, as revealed
in Section III. ®)
As the number of array elemeni$ increases, the radiation
pattern in the x—z plane becomes narrower due to array effect aperture i 0
while the tilted, wide radiation pattern in the y—z plane remains yl\
unchanged. Thus, the array forms a tilted fan beam with an ir 7t = i ~x
?\;eis?f gain. Fig. 10 shows representative radiation patterns i H |—| PP H HIDH -\ ’—
Fig. 11 shows the gains fa¥ = 2, 4, and 6 as a function cavit{ probe

of frequency. These gains are evaluated in the fixed direction
(# = 27°, ¢ = 270°). Note that each gain is affected by three
factors: the mutual coupling among the array elements, the I(%%
due to generation of parallel-plate mode power, which propa-
gates between the top and bottom plates of the TTL[2],[11],and _. . . T . .

the loss due to the dielectric and conducting materials used IH{ZIgilallméiessgﬁg\t/:/?srlhlZt(g;i%tz(:rgové?er%;hn?{ r'\gg”;:%if?ﬁggg'me
the TTL [10]. The second and third factors obviously decrea§e y Y

the gain. The theoretical gain in this paper includes the eﬁe@gquency response of the input impedaritg as the single

of the mutual coupling and the loss due to parallel-plate mo golated) aperture antenna discussed in Section Il (see Fig. 7).
power under the condition that the dielectric and conducting ma-
terials are lossless. In the experiment, a foam material, which
has a low permittivity(e,, = 1.2) with an extremely small loss A rectangular aperture antenna based on the TTL structure is
tangent (on the order dbin 6 = 0.001) is used to approxi- analyzed by using the FDTD method. The aperture cut in the
mate the assumption of the lossless dielectric, by which the feteg) plate of the TTL, which has x-side length, and y-side
lines of copper (the length from the generator to the edge of tlemgth A, is excited with a probe that is an extension of the
aperture is not long (approximate®p mm = 3.53\12.45)) are inner conductor of the TTL. The bottom plate of the TTL has a
supported. cavity to obtain a tilted beam with high radiation efficiency.

©

9. Configuration of an array antenna composedNbfrectangular
rtures. (a) Perspective view. (b) Top view. (c) Cross-sectional view.

V. CONCLUSION
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Fig. 10. Radiation patterns of a four-element array antenna. (a) In the x—z[G]

plane. (b) In the y—z plane.

20 T T T T T T T
—_ =
as)
'.% w g =4
2
v ° N=2
[*lf 10 a
5
! N ....21
e L 4
&) theo.
exp. ooo
0 - 1 L I 1 L
10.65 11.55 12.45 13.35 14.25
frequency [GHz]
Fig. 11. Gain in the fixed directiord(= 27°, ¢ = 270°) as a function of

frequency; the number of array elementvis= 2, 4, and 6.

The Poynting vector distribution above the aperture shm&'gg

717

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