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Abstract

A simple but accurate equivalent circuit of an aperture-coupled cavity—fed microstrip patch antenna is developed. It

consists of ideal transformers, admittance elements, and transmission lines, and the related circuit element values are
computed by applying the reciprocity theorem and complex power concept with the spectral-domain immittance approach.
After validating by the published design example, a dual-band antenna was designed with the help of a hybrid
optimization method. For this purpose, the Genetic Algorithm is applied with the Nelder-Mead simplex method. The
obtained good results show that this approach turned out to be a very efficient tool for the design of aperture-coupled

cavity—fed microstrip patch antenna having various structural design parameters.

Keywords :
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I. INTRODUCTION

Recently, a thick ground plane was added to the
aperture-coupled microstrip patch antenna especially
for active phased array antenna applications to serve
as a heat sink for active TR modules and to provide
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structural support for thin substrates™?

the coupling to the patch decreases rapidly with

. However,

increasing ground plane thickness since the thick slot
behaves as a waveguide below cuto: 2 The coupling
can be restored by increasing the aperture length
(above cut-off), but this in turn increases unwanted
back radiation. In order to solve this problem, an
aperture—coupled cavity—fed microstrip patch antenna
was proposed”. The cavity can be made to be

operated above cutoff to provide good coupling
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efficiency while maintaining a small slot in feed side
for minimal back radiation.

The numerical method of moments has been used
to determine the input impedance of the antennas®
Even the customized numerical code is efficient
compared to the commercially available numerical EM
solvers, there is a limit in optimized design
applications,

where large number of

design
parameters are invoked. In this paper, a much more
efficient optimized design scheme, which is based on
a simple but accurate equivalent circuit model, is
presented. After validating the equivalent circuit with
the published design example, a dual-band antenna is
designed with the hybrid optimization method, where
the genetic algorithm (GA) is applied with the
Nelder-Mead (NM) simplex method.

II. ANALYSIS AND EQUIVALENT CIRCUIT

Fig 1 shows a structure of an aperture-coupled
cavity—fed microstrip patch antenna. A rectangular

ground plane  aperture2 microstrip patch antenna
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Geometry of an aperture-coupled cavity—fed
microstrip patch antenna.

microstrip patch antenna is located on the top plane
of the upper substrate with a dielectric constant &,
and a thickness h,. W, and L, are the width and the
length of the antenna. A microstrip feed line is placed
on the bottom plane of the lower substrate with a
dielectric constant erf and a thickness A W is a
width of feed line and Lews is the stub length of
microstrip line. Slot 1 is located on the ground plane
of the feed with the width of W and the length of
L. Slot 2 is placed on the ground plane of the patch
antenna with the width of Wy and the length of L.
And g and b are the width d the height of the
cross—section of a rectangular waveguide with the
length t. &y is dielectric constants of dielectric
materials in the waveguide cavity.

In order to accommodate the effects of aperture
radiation and a thick ground plane accurately, the
equivalent network model for an aperture—coupled
microstrip patch antenna with a zero thickness
ground plane™” should be modified. For this purpose,
the effects of the complex power flow into the lower
and upper half spaces from apertures 1 and 2 are
represented by admittances Y; and Y, respectively.
Since a cavity with two apertures is a two—port

network, it can be modeled by an equivalent

Y ——
Ye ] cavity with
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Fig. 2. equivalent circuit of an  aperture—coupled
cavity—fed microstrip patch antenna.
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-network. Therefore the equivalent circuit of the
antenna shown in Fig. .2 is obtained, and the
remaining work is to find the related circuit
parameters,

It is well known .that coupling between the
microstripline and aperture in the ground plane can
be modeled by an ideal transformer, and turns ratio ny
can be calculated efficiently” with the following
assumed aperture electric field:

. cos (mz/L,;)
! W\/(M1/2)2-y2

Since a complex power can be calculated from an
equivalent magnetic current™, the admittance looking
into the lower half space from the aperture 1, ¥ is
expressed as

M

_—1

Y, = ———— f i f - G a1 dk, dk
= R @

where  GZMgenotes the spectral-domain Green's
function of magnetic field A due to the equivalent
magnetic current density m,, and M, is the Fourier

of With the spectral-domain
immittance approachm and the Fourier transform

relation, G and M, are obtained as

transform m..

S R2Y e+ k.Y g
Tz 9 9 (3)
B+ K
~  2g cos(k,Ly/2) (W;llkyi) °
T Ly (/L P82 2 )

where Yrr and Y1y are the input wave admittances
for the TE, and TM, modes, respectively, and Jo(.)
denotes the zero order Bessel function of the first
kind. Applying the rectangular-to-polar coordinate
transformation and the symmetry property of E’f;M
and |M_]*, ¥; can be numerically evaluated without
difficulty with the help of the singularity extraction
and the asymptotic extraction techniques. n, and Y,
for patch side can be calculated similarly.

The rectangular cavity with two apertures in the

2 ol0|3ZRAEY QIELF MH)

(@75)

38 4

two aperture—
to-waveguide back-to-back
configuration. Considering the behavior of magnetic
field in the waveguide fu, the Fourier series is

antenrma can be regarded as

sections in  a

chosen as

flzy) = 21 é £, sink,,, (c+a/2) cosk,, (y+b/2)
(5)

where keiem/a, ky=n/b, and F. s the Fourier
coefficient of fix,v). With this choice and applying
Parseval’s theorem and some algebraic manipulations,
Y,, the input admittance looking into the waveguide
from the aperture, is expressed as

Y,= 3 D {EPYvE+ DY) ©)
m=1n=0
where
~ K
7y . Gb 2 Sem

(nmn Zen'( z)mn' kim+kin (7)
— %, on eos(k L, /Dsin(k,,0f2) ( Wﬂiky{) ( _k_y_g)

<Mz)mn ﬂTJ;—La—l (W/La1)2__ki J 2 €08 2
8

and the expression of (n1¥)?

(nTE)? with K and ky interchanged. n=1 for n=0
and n=2 for n=0. Because n'? and n’¥ can be

considered as the tums ratios of the corresponding
modes of the transformer, characteristics of each

is the same that of

Fol@el g7tz
Fig. 3. Equivalent circuit of a cavily with two apertures.
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Fig. 4. Concept of dual-band impedance matching with
stub design.
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Fig. 5. Multi-section stepped impedance line.
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mode of a waveguide can be modeled by the
corresponding equivalent transmission line. Since the
opposite section can be modeled similarly, the
equivalent circuit of a cavity with two apertures
shown in Fig. 2 is obtained.

The characteristics of the circuit with transformers
and transmission lines in the box shown in Fig. 3
can be analyzed using the ABCD matrix formulation.
From the obtained ABCD matrix, the admittance

parameters of the equivalent —network shown in Fig.
3 are obtained by the network parameter conversion
M After applying this procedure to the other
transmission line sections, all the parallel-connected =
-networks obtained can be represented by one =
-network. Therefore the equivalent circuit of the
antenna shown in Fig. 2 is obtained. The related
circuit parameter values can be found from the
network analysis'’.

As a first step for the simple impedance matching
of antenna, series impedance 73 (= Ry + jX1) is
calculated, and the related structure dimensions are
adjusted appropriately such that R, = 50 2. Then the
remaining X1 is canceled by reactance of feed-line
stub X by adjusting its length as shown in Fig. 4.
Especially on matching conditions at dual band
frequencies, for design flexibility, multi-section
stepped impedance line is good candidate. (Fig. 5)

II. OPTIMIZED DESIGN METHOD

Many structural parameters are involved in the
design of the aperture-coupled cavity-fed microstrip
patch antenna.

The genetic algorithm[e] is well-known to be one
of the powerful global optimization tools for the
electromagnetic design works. Since it is based on
the statistical search, it can provide not an optimal
solution, but a close one. On the other hand, the NM
method[gl, a geometrical search method of minimax, is
efficient in finding a local minimum of function of
variables with the given initial values. Therefore the
hybrid method  combining  these
algorithms as depicted in Fig. 6 is considered to be
much efficlent for the optimized design of the

optimization

aperture—coupled cavity-fed microstrip patch antenna.

This algorithm starts with an initial set of
randomly generated population, which consists of
chromosomes whose elements are genes, that is, the
population values to be optimized Next, fitness
values, which will be properly defined with the cost
function, are computed for population. In this paper,
these are defined as
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If the best fitness value does not meet the
termination condition, the population is generated
with crossover and mutation for the next generation
in the conventional GA. Due to the statistical
property of the conventional GA, a lot of generations
are generally needed to meet the termination
condition. In order to solve this kind of problem, the
NM method is invoked for the efficient finding of the
solution with the endorsed chromosomes with fitness
value larger than the NM threshold as shown in the
flow-chart (Fig. 5).

IV. Results and Discussion

To check the validity of the theory, the antenna
treated in the published paper”™ was considered. The
rectangular cavity is filled with a dielectric material
with &, = 10.2. The other parameters of the antenna
are L, = 3250 mm, W, = 2750 mm, A, = 1.60 mm, &

o
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Fig. 8. Characteristics of the dual-band aperture-coupled

cavity-fed microstrip patch antenna.

w = & = 22, Lg= 1200 mm, Lp = 2000 mm, Wy =
Wa = b =127 mm, a = 37.00 mm, ¢ = 1480 mm, W}
= 247 mm, A = 0.79 mm, and Ly = 1740 mm. After
the circuit parameters calculated, the input impedance
was computed. The result is shown in Fig. 7 along
with the published measured and calculated data™.
Good agreements are observed.

Now with the above mentioned optimized design
scheme, dual-band antenna was designed at 2.8 and
3.2 GHz. Substrate parameters are & = 31 mils, &, =
22, b, = 250 mils, and &y = 22. The fixed and
obtained design parameter values are shown in Table
I. Fig. 8 shows the measured return loss of the
designed antenna along with the calculated by the

network - model. A was

reasonable agreement
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Table 1. Antenna parameters.
Fixed parameter [rmm)] | Design parameter [mm]
Wi 240 L, =W,) 2780
Wyt 1.00 t 18.60
Lsp(:a) 28.20
Ly 17.80
b 25.00
L 6.90
L 10.30
I3 12.90
L 6.90
Wi 0.70
W 400
Wi 2.00
W, 6.00

observed, ant it shows the validity and efficiency of
the proposed theory, equivalent circuit, and optimized
design scheme.

V. Conclusions

With the developed equivalent circuit, an efficient
and optimized design scheme of aperture-coupled
cavity—fed microstrip patch antenna was proposed.
For the verification of the equivalent circuit, the
published design example was considered. The
computed antenna input impedance from the proposed
theory was compared with the measured, and good
agreements were observed. For the further validation,
a dual-band antenna was designed with the hybrid
genetic algorithm, and the measured results agreed
well with the given specifications. All the obtained
results from the design examples show the accuracy
and efficiency of the presented equivalent circuit and
optimized design scheme.
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