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Radiation Properties of Ring-Shaped Microstrip

Antenna Array
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SUMMARY In this paper, mutual coupling |S21| between R-
MSA (ring-shaped microstrip antenna) elements was estimated
by the EMF method based on the cavity model. Then, the va-
lidity of the proposed method was tested by experiments. The
experiments confirmed satisfactory agreement between the com-
puted and experimental data for |Sz;| in both E- and H-plane
arrangements. In addition, a circularly polarized planar array
composed of R-MSA elements was designed on the basis of the
data of |S21|. The experimental results of such a planar array
demonstrated high performance in radiation pattern as well as
axial ratio property. Furthermore, the active reflection coefficient
T} in the R-MSA array was also investigated in both equilateral
and square arrangements. The computed results of active reflec-
tion coefficient in the array demonstrated high performance in
both arrangements.

key words: R-MSA, mutual coupling, active reflection coefficient,
planar array, microstrip antenna

1. Introduction

A ring-shaped microstrip antenna (R-MSA) has been
extensively studied by many researchers for more than a
decade; this is because of its various advantages, namely,
it permits reduction of antenna size and insertion of
an MMIC-circuit module into the inner aperture of an
R-MSA element, and easily allows excitation of circu-
lar polarization[1]-[4]. However, none of them have
paid attention to mutual coupling effect [Sg;| and ac-
tive reflection coefficient |I'| in an R-MSA array. As
well known, in the designing of an array antenna, it
is important to estimate mutual coupling |S2;| as well
as active reflection coefficient |['|. For this reason, we
investigated both mutual coupling and active reflection
coefficient for R-MSA planar arrays.

In this paper, first, the expression for mutual cou-
pling between R-MSA elements is derived by means of
the EMF method based upon the cavity model. This
method has been used for the analysis of the mutual
coupling of a usual circular (holeless) MSA array and
is well known for its simplicity without sacrificing its
versatility [5]. Moreover, some experimental studies on
the mutual coupling of a two-element R-MSA array are
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carried out to test the validity of the computational re-
sults. The computed data of |S2;| were found to well
agree with the experimental ones. Furthermore, a cir-
cularly polarized (CP) planar array composed of CP
R-MSA elements was fabricated using the data of |Sy1|
obtained, and was tested at the C-band. The experi-
mental results of such a planar array demonstrated high
performance in radiation pattern as well as axial ratio
property. Finally, active reflection coefficient |I'| in R-
MSA arrays is calculated employing the cavity model.
High performance in both equilateral and square ar-
rangements was confirmed from the computed data of
active reflection coefficient. :

2. Analytical Method
2.1 Analysis of Mutual Coupling in R-MSA Array

The basic configuration of an isolated R-MSA ele-
ment is illustrated in Fig. 1. In this figure, the ring ratio
(B) of patch antenna is denoted as 8 = b/a, where a
and b are the radii of the outer and inner rings, respec-
tively. Additionally, the R-MSA element used in this
analysis is fed by a coaxial probe at distance p from
the center of R-MSA. Considering the field distribution
of the TM,,,0 mode excited in the cavity region of the
R-MSA element and using the coordinate system shown
in Fig.2 (a), two equivalent magnetic currents Jrna and
J,.5 can be expressed as follows [1],[2).[4].[5);

jmu = Ua(u)‘]'gzou COos m¢06(r - u)6(2)5¢0, (1)
VA
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Fig. 1  Basic configuration of ring-shaped microstrip antenna
(R-MSA).
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998 = Eo{ Jon (bons) - %Ym(kmnu)},
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U= d,l_)
+1, fori=a,
0q(i) = { _ 3)
—1, fori=4,

and magnetic currents .J,,; and fml—, are assumed to exist
only on the zy-plane to simplify the following estima-
tions. Moreover, J2O denotes the maximum value of
equivalent magnetic currents and Ey denotes the maxi-
mum amplitude in the z-component of electric field at
the outer ring edge of R-MSA element. Furthermore, @
and b shown in Eq.(3) are the effective outer and in-
ner ring radii that contain a fringing fields effect[8],
and 6(z) is the delta function, %4,0 is the circumference
unit vector of ¢p-direction in the polar coordinate sys-
tem, Jp,(z) and Y,,(z) denote Bessel’s and Neuman’s
functions, respectively, and the primes are the deriva-
tives with respect to x, Xy, is the eigenvalue of the
T Mpmno mode excited in the cavity region, and k,,, is
the wavenumber.
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Vector potential /fmu is utilized to obtain the mag-
netic field that is generated by equivalent magnetic cur-

rents Jy,,, and mathematically can be expressed by fol-
lowing[5],[8],[9], as

27 .
Emu = fg% /{JSw cos meg cos (¢ — ¢7)'Z¢
T
0

— J8,, cosmao sin (do — @i, }

e JkoRy p A
>< R
P ©
where,
R, = \/rg + u? — 2rgucos (¢o — @) + 22 (5)
JY,.. is the equivalent magnetic currents for which the

mutual coupling between J,,; and J,,; of the isolated
R-MSA element is taken into account. JO  is corre-
sponding to JJ,; and J®;, namely J9,; contains the ef-
fect of mutual coupling of inner magnetic current J, 5,
and JS;E contains the effect of mutual coupling of outer
magnetic current J,,s, R, denotes the distance between
the edge magnetic currents and the observation point
P, %qg and i, are the circumference and radial unit vec-
tor in cylindrical coordinate system, g is the permit-
tivity in free space and o,(u) is given as Eq.(3) with
u = a, b. Furthermore, the magnetic field at observation
point P (R,8, ¢) can be calculated using the following
well-known relation:

=YY A g, ©

JWEolto

It is illustrated in Fig.2 (b) that the element spac-
ing is d and the arrangement angle of the two elements
is 9. Next, considering the coordinate system shown in
Fig.2 (b) and using Eq. (6), magnetic field ﬁgv at point
@, can be derived analytically by the method given in
[5]. It corresponds to the magnetic field at the periphery
of the outer or inner ring region in the #2 R-MSA ele-
ment. This magnetic field ﬁg" can then be decomposed
into HZ% and H;’; components as follows:

1
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u=a,b(#1R — MSA) and v = &, b(#2R — MSA),

where po and kg are the permeability and the wavenum-
ber in free space, and w is the angular frequency. Fur-
thermore, ¢o, ¢1 and ¢ are corresponds to the angular
components shown in Fig. 2 (b).

Next, mutual admittance Y2; of this R-MSA array
can be calculated using the EMF method which is de-

scribed in Refs.[5] and [9]. The expression of Y2; can

be written as
Yaaz1 T + Yeao1 T
Jit
Vo210 + Yaror Joma
+ J#l
m

Yor =

(15)

where, J#! is the equivalent magnetic current of the #1
R-MSA considered the effect of magnetic currents at the
inner and outer ring edges, and

Py
0 O
Jmu X Jmu

(16)

Yiwor =

where

Py = —0,(v)

997
27 .
. / [Hg;dsm (¥ — 1) n ngdcos(lp —¢1) v ]
Tq, Tgy
x JO* cos mevdep, a7
with J2% is the complex conjugate of JO_ . Substitut-

ing Egs. (7) and (8) into Eq. (17), and then carrying out
numerical integration of Eq. (17), the values of mutual
admittance Ys1(= Yi3) can be obtained. Finally, mu-
tual coupling |Sa;| can be expressed in terms of mutual
admittance as follows:

—2Y1s

|S21] = |S12| = |———— (18)
(1+Y11)2 - Y5

where Y37 and 17'12 are the self and mutual admittances
normalized by self conductance (G11) of the isolated
R-MSA, respectively.

2.2 Active Reflection Coefficient [I'| of R-MSA Array

In this section, active reflection coefficient [I'| corre-
sponding to active impedance Z7 (0s,¢s), which may
have usefullness in the designing of a-phased array an-
tenna, is investigated. In general, the active reflection
coefficient |T'|(= |T'(9s,s)|) can be expressed as fol-
lows[6],[7]:

ZiT;L(gS) ¢S) — Zz?}n(o, 0)

IT(0s, ¢s) =

where, Z} (0s,¢s) is the active input impedance at
the nth element in the planar array with scan angle
s, $s.272(0,0) is complex conjugate of Z7 (0,0). Both
impedances Z7,(0s,¢s) and Z7,(0,0) of the array are
determined by using the values of mutual impedance
Zo1 or mutual admittance Ya;. In this study, in or-
der to compute the mutual admittance Y5; of the ar-
ray we use the EMF method instead of the moment
method given in Refs.[6] and [7]. Comparison of the
data between this method [5],[9],[10] and the moment
method is shown in Fig. A- 1 of Appendix, where both
computed results were obtained using a 7 x 7 element
square arrangement of planar array composed of rect-
angular MSA elements. As shown in the figure, both
methods are agreed well within a desirable range for
designing.

3. Consideration on Numerical and Experimental
Results

In this section, the numerical data of mutual coupling
|S21| for the dominant mode (I'My1o) are compared
with some experimental data. Subsequently, we describe
the experimental data of circularly polarized (CP) R-
MSA planar array as well as the computational data of
active reflection coefficient |I|.
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3.1 Mutual Coupling Effect in Two-Element R-MSA
Array

First, mutual coupling |Sz1| in 2-element array is cal-
culated using Eq. (18) as a function of element spacing
d/Xg in both E- and H-plane arrangements. The com-
puted results for the dominant mode (7'M;10), then, are
compared with the experimental data obtained from the
array which is composed of R-MSA elements with ring
ratio 8 = 0.27. The ring ratio 3 is set at 0.27 con-
sidering the condition of the impedance matching, size
reduction and bandwidth. It is shown that satisfactory
agreement was confirmed between the experimental data
and the calculated ones as plotted in Fig. 3.

Next, mutual coupling |Sa1| as a function of ar-
rangement angle 1, is calculated for various element
spacing d as illustrated in Fig. 4. It is of particular inter-
est that for d/\g = 0.68 and its vicinity, where Ay is free
space wavelength, the values of mutual coupling |S5|
are in uniformity at all arrangement angle ¢». The mu-
tual coupling value of less than —23 dB can be achieved
with element spacing of d/A¢ = 0.68. The uniformity of
mutual coupling is important to design circularly polar-
ized (CP) array antenna, because the mutual coupling
values in E- and H-planes should be the same in order
to achieve a good axial ratio.

The mutual coupling as a function of arrangement
angle v is also computed for various ring ratio 3, for
examples; some experiments are also carried out for a
radiating element having a ring ratio of § = 0 (usual
circular MSA), 8 = 0.27 or 8 = 0.49. In these ex-
periments, element spacing of the test antennas were
set at d/Ag = 0.5. Excellent agreement between com-
putational and experimental data can be achieved for
B = 0.27 as shown in Fig.5.

The test sample of R-MSA array used in this ex-
periments was fabricated on Teflon glass-fiber dielectric
substrate, where &, = 2.55, ¢ = 5.8 x 107 S/m and
tanéd = 0.0018, and thickness A = 0.020 A\g. The cal-
culated values of | S| agreed well with the experimen-
tal results, although the effect of the dielectric substrate
(Teflon glass-fiber) was not taken into account.
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3.2 Radiation Properties of R-MSA Planar Array

It is well known that application to many communica-
tion systems require a circularly polarized (CP) planar
array [5]. For this reason, a CP R-MSA planar array is
designed here using the previous results of |Szq|. Fig-
ure 6 (a) shows the basic configuration of a typical CP
R-MSA element. The perturbation segment (AS/2) is
set at the periphery of R-MSA element to excite the
circular polarization[5]. The basic configuration of a
4 x 4 element CP R-MSA planar array is illustrated in
Fig. 6 (b).

The element spacing d = 0.68 )y is selected for
the array, taking the previously discussed mutual cou-
pling effect into consideration. Moreover, the input
impedance (Z;,) of each R-MSA element is matched
to that of main feedline M of the subarray unit using
A/4 impedance transformers Ty, Tyo and T3, where
A is the wavelength in the feedline. After designing the
4 x 4 element planar array, the radiation properties were
measured at the C-band.

Figure 7 shows the return loss characteristic of this
array. As shown in the figure, —12 dB return loss and
about 3 % bandwidth of VSWR = 2 can be achieved in
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®)
Fig. 6  Basic arrangement of planar array antenna and its ele-
ment (d = 0.68 X\g, B = 0.27). (a) Configuration of CP R-MSA
element, (b) Basic configuration of 4 x 4 element CP R-MSA
array.
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Fig. 7 Return loss property of CP R-MSA array (fo =
5.08 [GHz2|, h = 0.02 Ag, d = 0.68 \g, 8 = 0.27, AS/S = 0.0176).

this antenna. Furthermore, the radiation pattern of this
CP R-MSA array was measured and plotted in Fig. 8.
As shown in the figure, an axial ratio of less than 0.5 dB
can be accomplished over the main beam region of the
radiation pattern for this array. In addition, the axial
ratio as well as the antenna gain as a function of fre-
quency are plotted in Fig. 9. It is also shown here that
a typical gain is about 18 dBi in this array.

3.3 Active Reflection Coefficient I'| of R-MSA Array

In order to estimate active reflection coefficient |I'| of
this type of phased array, two typical arrangements,
equilateral and square arrangements, are adopted in this
investigation, as shown in Fig. 10. As shown in Fig. 11
and Fig. 12, 6, is the scan angle, and ¢ is the angle to
the z-axis, where the zz-plane (¢ = 0) corresponds to E-
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Fig. 8 Radiation pattern of 4 x 4 element CP R-MSA ar-

ray (fo = 5.08[GHz], h = 0.02Xp, d = 0.68)g, 8 = 0.27,
AS/S = 0.0176).
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Axial Ratio [dB]

Fig. 9  Gain and axial ratio characteristics of CP R-MSA as a
function of frequency.

Ground plane

®)

Fig. 10 Basic configuration of planar array antenna. (a) Equi-
lateral arrangement, (b) Square arrangement.
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tion as a function of scan angle 8; (3 x 3 element, d/X\¢ = 0.5,
h/Xo = 0.04).

plane scanning and the yz-plane (¢ = 7/2) corresponds
to H-plane scanning.

It is well known that the subarrays shown in Fig. 10
can be expanded into a larger scale array by introduc-
ing symmetrical arrangement. In order to obtain some
useful designing data, two types of radiating element,
circular MSA (8 = 0) and R-MSA (8 = 0.27), are con-
sidered as elements for both equilateral and square ar-
rangements. For equilateral configurations, a 7-element
array with element spacing d/X\g = 1/+/3 is employed.
Active reflection coefficient |['| is then calculated using
Eq. (19) for the center element, and the result is plotted
in Fig. 11.

In a similar way to the equilateral one, a square
configuration is also considered using a 3 x 3 element
array with element spacing d/Ao = 0.5. The computa-
tional result of active reflection coefficient is then plotted
in Fig. 12 for the center element. An interesting result
is shown here; a lower reflection coefficient is achieved
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for the R-MSA element compared with a usual circular
MSA array for E, H and D-planes.

4. Conclusions

In this paper the mutual coupling |Sa;| in a 2 element
R-MSA array was investigated analytically as well as
experimentally. The EMF method based on the cavity
model was used in the analytical study. It is shown
that the computed values of the mutual coupling in the
2-element array agreed well with the experimental re-
sults in both E- and H-planes. Using the aforemen-
tioned results, a CP-wave planar array was fabricated
using R-MSA elements. The results confirmed excellent
properties of this planar array in both radiation pat-
tern and axial ratio characteristics. Furthermore, the
active reflection coefficient |I'| of this type of array was
also studied analytically. The results showed that lower
active reflection coeflicient |I'| was achieved for the ar-
ray composed of R-MSA elements in both equilateral
and square arrangements. The results of the experiments
also demonstrated that the R-MSA investigated here can
be considered to be applicable as an antenna element of
the planar array antenna system.
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Fig. A-1  Comparison of computational results in active reflec-
tion coefficient |TI'| using this method and the moment method in
Refs. [6],[7] (7 x 7 element square arrangement array composed
of rectangular microstrip antenna elements, and antennas size is
0.3 X0 X 0.3 Ao, d/Xg = 0.5, h/Ag = 0.04).

Appendix

In this paper, the EMF method based upon the cav-
ity model is proposed to compute active reflection co-
efficient |I'| shown in Sect.2. To check the validity of
the proposed method a comparison with the moment
method [6],[7] is taken as plotted in Fig. A-1. The
comparison of the two methods is given for the same
sample of array with a 7 x 7 element planar MSA array
composed of rectangular MSA elements with patch size
0.3 Ao X 0.3 Xg, and another parameters are e, = 2.55,
d/Xo = 0.5 and h/Ag = 0.04. It is demonstrated that the
method applied here is in satisfactory agreement with
the moment method, as shown in Fig. A- 1.
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