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Abstract—First, two aperture antennas designated asP-type
and C-type antennas are analyzed using the finite-difference time-
domain (FDTD) method. Each antenna is made of a triplate ZBI;.;_
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 the P-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

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 cpnversmn efﬁuengy of input power to radiated power. ﬁg. 1. Configuration of aperture antennas. {&fype antenna. (b{'-type
not high due to generation of parallel-plate mode power, whightenna. (c) Top view (common 8- and C-type antennas).
propagates between the top and bottom plates of the TTL.

When designing aperture antennas based on the TTL stryjgs, including the input impedance, radiation pattern, radia-
ture, it is essential to suppress or reduce the parallel-plate mg@@ efficiency, and gain, are calculated. For comparison, the
power. One method of suppressing this power is found in [ZDTD solutions to the conventional aperture antenna shown
where shorting pins are used around a narrow aperture (slat)rig. 1(a) are also presented. It is revealed that the cavity
cut in the TTL. This technique is also applied to conductoshown in Fig. 1(b) is useful in reducing the effects of the
backed transmission lines [3]. parallel-plate mode power on the radiation characteristics.

This paper presents a novel aperture antenna with a cavity-yrther investigation is performed for an array antenna
[C-type antenna shown in Fig. 1(b)] to reduce parallel-plagymposed of twa’-type elements. The effects of the element
mode power. The structure of th€-type antenna is differ- spacing on the Poynting vector distributions in the apertures
ent from the waveguide aperture antenna with a suspendgd investigated. The input impedance as a function of element
stripline (WA-SS) [4] and it is simpler and lighter than thepacing is also investigated. Some measured data are presented

WA-SS. _ _ S for checking the validity of the FDTD solutions.
The C-type antenna is analyzed using the finite-difference
time domain (FDTD) method [5]. The radiation characteris- II. CONFIGURATION
_ _ We investigate conventional and newly proposed aperture
Manuscript received May 14, 1998. o antennas whose cross-sectional views in #he plane are
The authors are with the Nakano Laboratory, College of Engineering, Hos% . . d (b ivelv. Th .
University, Koganei, Tokyo, 184-8584 Japan. shown in Fig. 1(a) an ( ), respectively. e antennas in
Publisher Item Identifier S 0018-926X(99)05805-6. Fig. 1(a) and (b) are designated Bs and C-type antennas,
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respectively. The top view of these antennas is illustrated in  rr—— T T 20mm
Fig. 1(c). E ]
Each antenna, made of a TTL, has a square aperture cut - =+ =« v
in the top conducting plate. The aperture of side lenbih oo
is excited by a microstrip line probe located at= —B. F e
This microstrip line probe (lengtiL;.,, width W.,, and E s erododod 4
thicknessl},.) is embedded in a dielectric material of relative T S : l’
permittivity «,.. A
The bottom of the TTL ak = —2B is made of aplanar SRR
conducting plate for theP-type antenna, while the bottom o !
for the C-type antenna is made of a conducting plate backed [~~~ = "Ll

.__by

by a hollow cavity with depth D.,,. The side length of the [ Ce e
cavity L.,, is the same as that of the aperture in the top plate: T
Leay = Lap- e e
The following configuration parameters are held constant [ - =« :
throughout this paperL,, = 13 mm = 0.514Xg, Wpro = PR RN
2 mm = 0.079g, Tpro = 0 MM, &, = 1.2, B = 2mm = -20mm l +20mm
0.079Ag, and D.,, = 6.3 mm = 0.249)q, where ); is the M
free-space wavelength at a test frequencyf ef 11.85 GHz
= fo. Only the probe length.,,., is changed subject to the
Objectives of ana|ysis_ A RS R ey R s e e s e B AR
The hollow cavity is regarded as a square waveguide | :
terminated with a conducting plate. Note that the waveguide [ 7
in this paper works at a frequency above the cutoff frequency
of the Tk, mode. Discussions on the antenna characteristics [ 7]
below the cutoff frequency are found in [6]. . PP

1 -20mm

lIl. ANALYSIS METHOD AND RESULTS o 3>y
Lo e . ~ ]

The FDTD method is adopted for analyzing the two aperture | A .
antennas shown in Fig. 1, where Yee’s algorithm [7] is used T ]
with Liao’s second-order absorbing boundary condition [8].
Each antenna configuration is symmetrical with respect to the | :
y-z plane. Therefore, the analysis space can be reduced to one- [ 7
half of the full analysis space using a magnetic wall condition ]
in the y-~ plane (magnetic field¢f, = 0 and Z, = 0 in the 20mm l +20mm

X

y-z plane) [9].

The Poynting vector is calculated fronP(R) =
$ Real[E(R) x H(R)*], where E(R) and H(R) are, ()
res_pectlvel)_/,_ the electric and magnetic fields at an qbservatllga. 2. Poynting vectors observed in a plane parallel to:the plane at
point specified by a position vectoR. The asterisk(*) . = —B 1+ Az/2, whereAz = 0.5 mm = 0.02X. (a) P-type antenna.
designates a complex conjugate. TRéR) and H(R) are (b) C-type antenna.
evaluated from time-domain field&(R,¢) and H(R,1?),
respectively [10].

The radiation fieldE;,, = Egé + E¢¢3 expressed in the i
spherical coordinate§R, 6, ¢) with unit vectors(R, 6, ¢) is L :/ M., (R )/ R gs, (3)
calculated using the equivalence principle [11], [12]. The o aperture _ _
equivalent magnetic current densisf,,.,(R’) over the aper- Thg radiation efficiency; is Qeflned as the ratio of the power
ture in the top plate specified by a position vec®f is radiated from the aperture into free-space to the power input

calculated fromE,,(R’) x 7, whereE,,(R’) is the electric 10 the apertureP,

wherekq (=27/Xo) is the phase constant in free-space and

field at the aperture an@l is an outward unit vector normal to faperture P(R') - ndS’
the aperture. The&&y and E,, are [12] n= P.. . (4)
_jko e—ikoR( L </3) 1) A. Poynting Vectors and Radiation Pattern
M R We investigate the behavior of the parallel-plate mode power
_ Jho e Ikl L. 4) ) distributed between the tofz = 0) and bottom £ = —2B)
" 4r R plates. For this, the probe length is chosen to be one-half of the
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Fig. 3. Poynting vectors in the-z plane. (a)P-type antenna. (b{'-type Fig. 4. Poynting vectors in thg-= plane. (a)P-type antenna. (bi’-type
antenna. antenna.
aperture side lengthL ., = L.p/2 (=6.5 mm = 0.257X). ZT B g cal. Zr
Other configuration parameters are kept constant, as described o B Eo g cal o 0
in Section II. 307 ooy 30" o {575 ffeas. 300
Fig. 2 shows the Poynting vectors observed in a plane ., “ .
60 60 60 60
parallel to thexz-y plane at> = —B + Az/2, where Az =
0.5 mm = 0.02X\q. This plane is very close to the plane A 1
. . . .G [+ =47 — 2l
in which the feed probe is located. Note that the Poyntindo 10 20 (5] 0 0 20 (dB) Y
vectors whose amplitude is less thar25 dB are removed $=0" plane ¢ =90" plane
for simplicity. It is found that the parallel-plate mode power @)

observed in the conventiondP-type antenna is reduced in

the newly proposed’-type antenna. The input power for the ZT Eo{rs Sl f
X . X ?9 * » meas. ?9

C-type antenna is concentrated in the aperture region. .o Eo{i 7 Sy 1 oul .

The Poynting vectors in the-z plane are shown in Fig. 3. “w x '\
A comparison of Fig. 3(a) with (b) reveals that the cavity - % o (,o° 60»
contributes to suppressing the generation of parallel-plate X7
mode power between the top and bottom plates. For further R \’ —y
information, the Poynting vectors in thez plane are shown 0 -10 -20 1dB] 0 10 20 [dB]
in Fig. 4. An asymmetrical power flow with respect to the ¢$=0" plane $=90" plane
axis is observed in free-space for thetype antenna. On the (b)
other hand, an almost symmetrical power flow is observed fag. 5. Radiation patterns in the= 0° and90° planes. (a)P-type antenna.
the C-type antenna. (b) C-type antenna.

The far-field radiation patterns resulting from the abovemen-
tioned power flow are shown in Fig. 5, where the measuredx y = 110 mm x 110 mm = 4.3A¢ X 4.3)¢) is used to
radiation patterns are also presented. In this measuremampiproximate the analysis model i.e., the TTL having top and
a large TTL (dimensions of the top and bottom plates al®ttom plates of infinite extent. In addition, absorbing material
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Fig. 6. Electric field component®.. and E, on thex-axis at the aperture. 00
(a) P-type antenna. (b{'-type antenna. < !

n (%

80
is attached to the inside of the vertical walls surrounding thec:f g /_\

TTL. It is seen that the measured radiation patterns agre¢ 0 r
with the calculated results except for angles néar 90°.
This disagreement can be attributed to the finite size of th
measured antenna.

The copolarization component,, and cross-polarization
componentEy, in the z-z plane ¢ = 0° plane) are generated . . .
from the electric field components, and £, at the aperture, 0.0 0.25 0.5 0.75 1.0
respectively. Fig. 6(a) shows the amplitude values|®Bf| Lpro / Lap
and|E,| on thex axis at the aperture of thB-type antenna
and Fig. 6(b) shows those of tifé-type antenna. Thé-type Fig. 8. Radiation efficiencyn as a function of relative probe length
antenna has a wider region pf,| that satisfie§£,| > | £, | Lo/ Lap-
than theP-type antenna. This implies that the effect of g
component on the radiation pattern is smaller for €h¢ype for the P-type antenna. Th€-type antenna has pure resistance
antenna, as compared with that for theype antenna. In other values of approximately 65 and 210 ohms at two probe lengths.
words, theC-type antenna has a smaller cross polarizatiorhe reactance values are very small over the range between
component than thé-type antenna, as shown in Fig. 5. these two probe lengths. The behavior of these resistance and

reactance values simplifies the design for matching the feed
B. Input Impedance and Radiation Efficiency line to the aperture.
as a Function of Probe Length The deterioration of radiation efficiency is due to the dis-

The probe |engtthrO is kept constant in the above dis_tribution of parallel-plate mode power in the TTL, which is
cussions: Lo = Lap/2. In this subsection, the radiation@ function of the probe length. Fig. 8 shows the radiation
characteristics when the probe lengih,, is changed are efficiencyn as a function of relative probe length.c/Lap. It
investigated. is found that the”-type antenna has higher radiation efficiency

Fig. 7 shows the input impedancs;,, = R;, + jX;x than theP-type antenna, as expected from comparison of the
as a function of relative probe length,../La.,. The input Poynting vectors shown in Figs. 2-4. At,., = L.;/2, the
impedance is observed at the aperture gdge L.,/2). The radiation efficiency isy = 47% for the P-type antenna and
variation of Z;,, for the C-type antenna is not as large as that = 82% for the C-type antenna. It can be said that the

40 -

radiatiofPeffi

20
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Fig. 11. Poynting vectors calculated for the aperture located or-theide
(element spacing = 0.8)\g).
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Fig. 12. Inputimpedancg;, of the two-element array antenna as a function
of element spacingl.

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

Fig. 10 shows a two-element array antenna, where the ele-
ment spacing is designated @sThe configuration parameters
Lap, Wiro, Lpre, €, B, and D, for the array elements are
Fig. 10. Two-element array antenna. the same as those described in Section Il. The probe length is
chosen to bel,.. = La,/2.

C-type antenna significantly improves the radiation efficiency ' " €ffects of the element spacidgn the Poynting vectors
by virtue of reducing the parallel-plate mode power. in the a.pert'ure are srjnall.. A representatlve.Poyntmg vector
High radiation efficiencyy is essential for realizing high distribution is shown in Fig. 11. The Poyntmg vectors are

antenna gait (=nD with D being directivity. Fig. 9 shows calc_ulated for the aperture located on t_h.e ;lde. Due to the
the gain G when the probe lengtiL ., is changed. It is cavity eff_ects, t_he Poynting vector dl_str|but|0n remains al_most
clear that theC-type antenna has higher gain than the symmetrical with rgspect to thg/ axis (the feed line axis)
type antenna. It is also revealed that the gain of ¢hgype [OF @ = 0-8A0 and is almost the same as that observed for a
antenna is less sensitive to probe length, compared with tfit9le isolatedC-type antenna. This characteristic is used in
of the P-type antenna. the deslgn o_f 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
It has been revealed that the newly propoSetype antenna isolated C-type antenna. It is seen that the variation in the
has better antenna characteristics than the conventiBnal input impedance with element spacidds not large over this

IV. FUNDAMENTAL TWO-ELEMENT ARRAY ANTENNA
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radiation efficiency (more than 80%) and gain than theype
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 C-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

cal.
meas.
cal

Ef{s

Eo¢ {ov meas.

0 -10 -20 [dB]
b =0° plane

(1]

0 -10 -20 [dB]
¢ =90° plane

(2]

(3]

Fig. 13. Radiation patterns of the two-element array antenna i the)®
and 90° planes (element spacing = 0.8Ap).

[4]
analysis range. The input impedance P 0.9\ is almost
the same as that for the single isolat@etype antenna.

Fig. 13 shows the theoretical radiation patterns togethdp!
with measured data when the gain shows a maximum valyg,
of approximately 10 dB atl = 0.8)\y. The theoretical and
measured radiation patterns are in good agreement except
angles neaf = 90°. The discrepancy ned& = 90° is due to
the fact that the measurement is carried out using a TTL dfl
finite extent, as in Fig. 5.

[9]
V. CONCLUSION [10]

ConventionalP- 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

: . . 12]
type antenna is made of a planar conducting plate, while tHAt
of the C-type antenna is made of a conducting plate backed
by a hollow cavity.

The Poynting vectors have been obtained for the tw~
antennas. The undesirable parallel-plate mode power obser
in the P-type antenna is lower in thé€'-type antenna. This
means that the cavity is useful in reducing the parallel-pla
mode power.

Investigation of the radiation pattern reveals that tfe
type antenna has a smaller cross polarization component t|

the P-type antenna. This is interpreted from the electric fiellh

Dr

approximately0.9)y. The calculated radiation patterns agree
with measured results.
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