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Resonant Modes of Circular Microstrip Patches
Over Ground Planes with Circular Apertures
In Multilayered Substrates Containing

Anisotropic and Ferrite Materials

Vicente Losada, Rafael R. BgiMember, IEEEand Manuel HornoMember, IEEE

Abstract—in this paper, the authors analyze how the resonant and antenna element [3]. Also, the radiation arising from the
modes of circular microstrip patch resonators are affected by the  feeding network cannot interfere with the main radiation pattern
presence of circular apertures in the ground plane located under generated by the antenna since the ground plane separates the

the patches. A rigorous full-wave analysis in the Hankel transform o - .
domain (HTD) is carried out in order to obtain the resonant fre- two radiation mechanisms [2]. It should be pointed out that the

quencies, quality factors, and radiation patterns of the circular mi-  Presence of apertures in the ground plane of microstrip patch
crostrip patch resonators over ground planes with circular aper- antennas unavoidably affects the resonant properties of the
tures. With the use of suitable Green’s functions in the HTD, the gntennas. This effect of ground-plane apertures on microstrip
analysis is performed for the case where the circular patches, as patches has been explicitly shown in [4] and [5], where the

well as the ground planes containing the apertures are embedded .
in a multilayered substrate consisting of isotropic dielectrics, uni- authors have demonstrated that apertures in the ground plane of

axial anisotropic dielectrics, and/or magnetized ferrites. The nu- rectangular microstrip patches can be used as a way to tune their
merical results obtained are compared with experimental results, resonant frequencies. Since ground-plane apertures can play a
and good agreement is found. The results show that the circular role in the design of microstrip patch antennas and microstrip
apertures significantly affect the resonant frequencies of circular patch circuit components, the computer codes developed for
microstrip patches. . ) L
_ _ _ _ _ the analysis of microstrip patch resonators should be able to
Index Terms—Microstrip patches with tuning slots, microwave account for the effect of possible apertures existing in the
planar circuits, resonators. ground plane of the resonators.
Setting aside the topic of microstrip patches over ground
I. INTRODUCTION planes with apertures, in the last few years, there is some
IRCULAR microstrip patch resonators can be used eithler}tereSt on studying h(.)W the _perf(_)rman_ce of microstrip pat<_:hes
. ) IS affected when anisotropic dielectrics and/or magnetized
as antennas or as components of oscillators and filters in

ferrites are used as substrates. Bearing in mind that some of

microwave integrated circuits [1]. Since the bandwidth of m he standard materials used as substrates of printed circuit and

crostrip patch resonators around their operating resonant fre-

guencies is very narrow [1], it is important to develop accuraf‘entennas e>§hibit d.ielecFric anisotropy [6], Pozar ha.s shown that
algorithms for the predictior,I of those resonant frequencies. Substrate dielectric anisotropy should be taken into account

When a microstrip patch resonator acts as an antenna, it (\é\éhnen designing microstrip patch antennas because if anisotropy

be fed by a microstrip line located below the ground plane V\fere ignored, the antennas might operate out of the expected

the antenna through an aperture in the ground plane [2], [gquency band [7]. A§|de frqm t_hat, magnetized ferntgs havg
i ) : : oven to have potential application as substrates of microstrip
This feeding configuration has been found very advantagedu

: . . . Stch antennas. For instance, measurements have shown that
for several reasons. For instance, it makes it possible to us
high dielectric-constant substrate for the feeding network a

¥ resonant frequencies of microstrip antennas printed on

a low dielectric-constant substrate for the antenna elemer(wa frite substrates can be varied over a wide frequency range by

which yields optimal performance for both the feeding network justing the bias magnetlc field [8]. Also, fernte sub;trate;
can be used for reducing the radar cross section of microstrip

antennas [9] and for achieving circularly polarized microstrip
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smz B0 Mo tromagnetic fields in the structure of Fig. 1 is assumed to be
Circular patch ~4 ", P(r,0,0") specified by a&’«* factor (wherev is complex to account for ra-
s Air : N\ x r’\/" > diation losses), which will be suppressed throughout. The layers
"h, \\4 Z'a“/\\ g, ,13 y of the substrat_e are assumed to be of infinite extent along the
iz X /} /I x- andy-coordinates, and these layers are also assumed to be
////// 'h, 7 /2b :/ 82, /// Td, made of any of the three following materials: lossless isotropic
i=1 A‘[ ”'7 , ~ A d, dielectrics, lossless uniaxial anisotropic dielectrics, and lossless
7 h :.L: g, I 77 ?‘/\ y=v magnetized ferrites with applied bias magnetic field. In case the
i=0 Air" o ith layer of the substratg = 1,2, 3) is an isotropic dielectric,
N = F\ P (1", 9”,<P”) G;g‘;’éd its permittivity will be taken agocl (i = 1,2,3) and its per-
aperture. =7 meability will be taken agio. In case theth layer(: = 1,2, 3)
is an uniaxial anisotropic dielectric, it will be assumed that its
optical axis is thex-axis [6]. For that case, the permeability of
v the anisotropic dielectric will be taken ag and the permittivity
tensor will be taken as [7]
Circular aperture / Zb., 6% 0 0
/ '”_:m!—; gi = €9 0 63 (2 . (1)
Circular patch bl“ 5 . 00 6Z, .
— 5 _ In case thgth I_ayer of the substratg = 12 2,3)isa magne-
j tized ferrite, it will be assumed that the bias magnetic field of
the ferrite is directed along theaxis. For that case, the permit-

tivity of the ferrite material will be taken as)c} (i=1,2,3)

(®) and the permeability tensor will be taken as [9]
pto R0
Fig. 1. (a) Side and (b) top views of a circular microstrip patch over a ground i = o —j/{i /ﬁ 0]. (2)
plane with a circular aperture in a multilayered substrate containing anisotropic 0 0 1

and ferrite materials.
Throughout this paper, ferrite materials will be assumed to be

well as the apertures, are embedded in a multilayered me haagnetlcally saturated. Under this assumption, the elements of

€ permeability tensor of (2), i.gz;, can be obtained in terms
which may contain uniaxial anisotropic dielectrics and/or ma  the avromaanetic ratie — 1.759. 101t C/Ka. the saturation
netized ferrites. As far as the authors know, the only published 9y 9 9 =210 9,

magnetization of the ferrite materiaf?, and the internal bias
results on the full-wave analysis of microstrip patch resonator i

asqnetlc fieldH¢, as explained in [11].
over ground planes with apertures refer to patches and apertur etis(p. ¢) = (0, )5+ ( d))(/) be the surface cur-
of rectangular geometry on isotropic dielectric substrates [41; €liip, J1,pAP D) + J1.6(p;

t density on the ground plane with a circular aperture and
[5]- Therefore, in this paper, focus is on results for patches a (0, ) (. )5 + ( ¢)¢ be the surface current
apertures of circular geometry on both isotropic and amsotro;geg;tp 7 on %énc/l)rcpljllarp atéa¢wf17en cylindrical coordinates are
substrates. In Section Il, the authors provide details of the a Y P y
gj ed & = pcos¢ andy = psin ). Also, letE.(p, ¢,z =
)=

plication of the Galerkin’s method in the HTD to the analysi
f I [ h (p ¢,z = dl)p—i-qu(p ¢,z = dl)(/)andEt(p ¢,z =
of circular microstrip resonators over ground planes with cir-/ — — Epib = da)p+ Eylp, o 7 = d2)d be the values of

cular apertures. In Section Ill, numerical results are presen
P b e transverse electric field [due jo(p, ¢) andjz(p, ¢)] at the

for a variety of circular microstrip resonators over circular aper- fth : d at the ol fh toh ivel
tures fabricated on different types of substrates. The numeri éﬁme ottne aperture and at the piane of the patch respectively
Fig. 1). Owing to the revolution symmetry of the multilay-

results obtained for resonators on isotropic dielectric substratgsc
P d medium of Fig. 1 around theaxis, when the Helmholtz

are compared with experimental results, and good agreemerft'i
found P P g g equatlonsforthe axial field componerts andH . are solvedin

cylindrical coordinates inside each of the layers of that medium,
it turns out that the dependenceff andH. on the¢ coordi-
nate is of the type’™¢ (m = ...,—2,-1,0,1,2,...) and, as

Fig. 1 shows the side and top views of a circular microstrig consequencg;(p, ¢) andE;(p, ¢,z = d;) (i = 1,2) can be
patch of radius: over a ground plane with a circular aperturgvritten as

Il. OUTLINE OF THE NUMERICAL PROCEDURE

of radiusb. The revolution axis of the aperture is assumed to i5(p, &) = (am( Yo+ ( )</>> ime i=1. 2
be coincident with that of the patch-@xis in Fig. 1). Both the JilP: P)=\Jip\PIPT i 0P ’ o
circular metallic patch and ground plane are assumed to be per- m=...,—-2,-1,0,1,2,... )

fect electric conductors (PECs) of neglectlng.thlckness. AlSOg, (p, ¢, z=d;) = (EZ;(p)ﬁJr Z;(p)d)) I, i=1,2

the patch and ground plane are embedded in a three-layered

substrate (although the method described in this section can be m=...,-2,-10,1,2,.... )
easily extended to deal with multilayered substrates containingBy virtue of (3) and (4), itis possible to follow a mathematical
any arbitrary number of layers). The time variation of the eleceasoning very similar to that shown in [12, eq. (1)—(14)] for
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obtaining a relation among (p, ¢), j2(p, ¢), E«(p, ¢,z = d1), of spherical coordinates defined in Fig. 1) by means of the
andE;(p, ¢, = = d) in the spectral domain given by stationary phase method (see [14, pp. 164-169]).
i o n ) The basis functions chosen in this paper for approximating
j{{m(k ) =H,,(k,) ~E1 rn(k )+ Hyp(k,) ~j£1’m(kp) (5) both the transverse .electrlc flelo on the circular aperture
-H - H . and the current density on the circular patch have different
Ej (ko) = Hy (k) - Ef' (k) + Hyp(ky) - 33 (k,)  (6)  expressions for axial-symmetrical resonant mogies = 0)
- and for nonaxial symmetrical resonant modes # 0). In the
wherej/", (k,) andE[" (k,) (i = 1,2) are vector functions case of axial- -symmetrical modes, the basis functions chosen
that have to be determined in terms of the+ Dthand(m — ¢ B 7/)( ), E? (o), J2,p( ), and;? .(p) [see (3) and (4)] are

)th Hankel transformso’j’ (p), JW( ), E’j’( ), andEZ’j’( ) given by
(1 = 1,2) as follows:
Toi_2(p/b) .
[ m m E} i =] b t=1,...,Ny+1
o = [ (52300 + 2372400 ) i ) Loile) = =g/ :
Ji,'rn(kp) = / 21 S, pdp’ (9)
o | (y,,’,(p) - in,gr(p)) Im—1(k,p) . .
Pm12im= 20002 @) Bedd) =UaaemVI= IR =N
10)
i [ (B (o) + 3E(0)) Ty () (
Effrn(k/’) :/ ( r;jb ) ’ pdp7 Jg,p,z(p) :UQi—l(p/a) 1_(p/a)2a 1= 1a---aN2
0 (E (p) JEmg(P)) Im—1(kpp) (11)

1=1 -7_27_17071727"" (8) TQi*?(p/a)

J2,6i(P) =1 (p/a),
Equations (5) and (6) stand for the HTD equivalent of [5, o V1= (p/a)?
eg. (5)]. The four 2x 2 matricesﬁij(k,,) (i,7 = 1,2) stand
for a set of dyadic Green's functions in the HTD. As explainegiherel/,;_, (8) andZ5;_»(e) stand for the Chebyshev polyno-
in [12] (see (9) and (14)), all these dyadic Green’s functiongjals of the second and first kinds, respectively.

can be obtained in a straightforward way in terms of their two- For nonaxial symmetrical modes, the basis functions chosen

dimensional Fourier transform (TDFT) version, which, in turrfor approximatinge;” ' (p), E ¢(p) 35, (p), and;z, (p) when
can be determined very efficiently by using an algorithm baseg -« ¢ [see (3) and (4)] are given byp ’

on the equivalent boundary method [13].
Once the algorithm for the computation of the matrices;m )= T3i—2(p/b) (p/b)|rn|—1

i=1,...,Na+1

(12)

~ H 1.p,%

H;; (k,) (i,j = 1,2) is available, the Galerkin’s method in the g 1= (p/b)?

HTD can be applied to (5) and (6) for obtaining the resonant m=...,-2,-1,1,2,..;i=1...,N +1
frequencies and quality factors of the resonant modes of the (13)

structure of Fig. 1. When applying the Galerkin’s method, both-m 7. — 3 |m|—2

the transverse electric field on the aperture and the current de%n{"‘b’i( )= Uaia(p/0) V1 = (0/0)*(p/0) ’

sity on the patch have to be approximated by known basis func- SRR
tions. After following a procedure analogous to that described (14)
in [10], a nonlinear eigenvalue equation for the complex anguIaJ"' J(p)=Usi 1(p/a)/1 — (p/a)Q(p/a)lml_Q,
frequencyw is obtained. If we letv,,,,, = 2x(f7" + 3f")

m=...,—2,—-1,1,2,...;¢t=1

m=...,—2,-1,1,2,...;i=1,...,Ny

(m=...,-2,-1,0,1,2,...;n = 1,2,3,...) be the set of 1
complex roots of the aforementioned nonlinear equation, the (15)
quantities/™ (m =...,-2,-1,0,1,2,...;n = 1,2,3,...) (p) = M( Ja)lmI—1

:‘?5:7/ P P} )
stand for the resonant frequencres of the circular mrcrostrrp 1—(p/a)
patch of Fig. 1 and the quantitie®,,, = fr*/2fm" m=...,-2,-1,1,2,...;i=1,...,Na+ 1.
(m =...,-2,-1,0,1,2,...;n = 1,2,3,...) stand for the (16)

quality factors [1].

Once f*™ and @, are known for a particular resonant The basis functions used for the approximation of the current
mode of the structure of Fig. 1, one can derive expressiodensity on the circular patch of Fig. 1 [see (11), (12), (15), and
for the vector functionsffm( ,) and Effm(k ) (¢ = 1,2) (16)] are very similar to those used in [12] for approximating
corresponding to that particular resonant mode [see (5) ahe current density on a circular patch over a ground plane
(6)]- All these functions can be used in conjunction with thesithout aperture. Also, the same basis functions have been used
equivalent boundary method [13] for deriving the TDFT ofor approximating the magnetic current density on the aperture
the transverse electric field at the upper and lower limitiny;(p,¢) = —z x E(p, ¢,z = dy) [see (9), (10), (13), and
planes of the multilayered structure in Fig. 1. The expressio(is4)] in accordance with the concept of complementary electro-
of these two TDFT can then be used for computing both tmeagnetic structures [15]. In [12], the authors demonstrated that
radiation electric fieldE(+, 6’, ¢’) in the air upper half-space the basis functions of the type shown in (9)—(16) are very appro-
of Fig. 1 and the radiation electric fiel(+",8"”,¢") in the priate for the HTD analysis of microstrip patches over ground
air lower half-space{t’, ¢’, ¢’} and{r", 8", 4"} are local sets planes without apertures in multilayered isotropic dielectric
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Fig. 2. Resonant frequencies of circular microstrip patches printed on an

isotropic dielectric (250-LX-0193-43-1%, = 0.49 mm, e2 = 2.43) over

ground planes with and without circular apertures. Numerical results (solf(:)‘g 3. Quallty factors of the resonant modes of the circular microstrip patches
Fig. 2

dashed, and dotted lines) are compared with experimehts (

substrates for three reasons: they ensure a quick convergenciigfouted to the fact that, as the radius of the apertures increases,
the Galerkin's method in the HTD with respect to the numbéhe feeding microstrip lines used in the experiments have more
of basis functions, their Hankel transforms can be obtained §ffect on the field configuration existing around the resonators,
closed form in terms of spherical Bessel functions (see [120d this effect is not taken into account in the numerical model.
Appendix B]), and they lead to HTD infinite integrals, whichNote that, in Fig. 2, only results for those resonant modes in
are amenable to asymptotic analytical integration techniqu&gichm > 0 are shown. This is due to the fact that, in those
(see [12, Sec. IV, Appendix C]). Fortunately, the authors ha¢@ses in which the substrate of Fig. 1 only contains isotropic di-
found that these advantages are all kept when the same bglgstrics and/or anisotropic dielectrics, all the resonant modes
functions are used in the HTD analysis of circular patch&§rify thatfi™" = f7™" andQp, = @—m.x» (i.e., all resonant

over ground planes with apertures in multilayered substraf@@des for whichm 7 0 can be grouped into pairs of degen-
containing anisotropic and ferrite materials. erate modes). However, this is no longer true when magnetized

ferrites are present in the substrate.

In Fig. 3, results are presented for the quality factors of the
first three resonant modes of the circular microstrip patches an-

Fig. 2 presents numerical and experimental results for the redyzed in Fig. 2. As seen in Figs. 2 and 3, the presence of the
onant frequencies of the first three resonant modes of circutgrerture has a stronger effect on the mede= 0,» = 1 than
microstrip patches over ground planes with and without circulan the modesn = 1,n» = 1 andm = 2,n = 1. Thus, the
apertures. Itis noticed that whereas for the modes 1,» = 1  differences between the results obtained for the quality factors
andm = 2,n = 1, the resonant frequencies of the patches ovethenb = 0 and those obtained wheén= 0.5a reach 7% for
ground planes without apertures are larger than those obtaitleel modem = 1,n = 1, 16% for the moden = 2,n = 1,
with apertures, the opposite occurs for the mode- 0,n = 1. and 56% for the mode: = 0,n» = 1. However, the differences
In fact, the results obtained for the resonant frequencies of thetween the results obtained for the quality factors when0
modem = 1,» = 1 whenb = 0 lie around 15% above thoseand those obtained whén= a are much larger and reach 85%
obtained wher = 0.5a¢ and around 23% above those obtainetbr the modem = 1,n = 1, 76% for the moden = 2,n = 1,
whenb = a. For the moden = 2,7 = 1, the results obtained and 96% for the mode: = 0,n = 1.
for the resonant frequencies when= 0 lie around 5% above Fig. 4 plots the radiation patterns of the fundamental reso-
those obtained wheb = 0.5a and around 13% above thosenant mode of a circular microstrip patch over ground planes with
obtained wherb = a. Finally, for the modern. = 0,» = 1, and without circular apertures in both the air half-space above
the results obtained for the resonant frequencies vshen0 the patch and the air half-space below the ground planes. Con-
lie around 50% below those obtained when bioth 0.5¢ and cerning the radiation above the patch, it is seen that whereas
b = a. In the experiments, the resonators have been fed the beamwidth of th& component of the far electric field in-
open-ended microstrip lines capacitively coupled to the circulereases when the radius of the aperture increases, the beamwidth
metallic patches and the resonant frequencies have been takef the £, component remains practically unaffected. As to the
be the minima in the magnitude of the reflection coefficients &vel of back radiation into the air below the ground planes,
the feeding lines (these reflection coefficients have been méais noted that this level increases as the radius of the aper-
sured by means of an automatic network analyzer HP8510B)re increases (which is in accordance with what should be ex-
Differences between numerical and experimental results arepicted). The magnitude of broadside electric field downwards is
most cases, below 1% whén= 0, below 3% wherb = 0.5¢, 45% the magnitude of the broadside electric field upwards when
and below 4% whei = «. It can be noticed that these differ-0/a = 0.5, and it is 77% wher/a = 1. Obviously, back-radi-
ences increase as the radius of the apertures increases. Thagids effects can always be suppressed by placing an additional

I1l. NUMERICAL AND EXPERIMENTAL RESULTS
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Fig.5. Resonant frequencies of a circular microstrip patch over ground planes
with and without apertures. The substrate consists of two isotropic dielectric
layers of the same permittivity = 1.5875mm,a/hs = 5,2 = € = 2.63)

and the upper layer thickness is allowed to change.

357 oy Ty porh
3 N el h
307 S - .
3 ~ sleg,u, B
253 \ ™ Cirur sperowe
§ E _\ ...... m=0, n=1
Fig. 4. Upper and lower radiation patterns of a circular microstrip patch over 5 20— e,
ground planes with and without apertures in the fundamental resonant mode ~ 3
(m = 1,n = 1). The substrate is an isotropic dielectrig,(= 1.5875 mm, .15
a/hs = 10,€2 = 2.63). 3
10—
H. 5_; — = b=a, =1
conductor plane below the ground plane containing the aperture. =i Hen TS m=1, n=1
0 T T T T T T T T T T T ]

Numerical experiments have shown that, in the cases analyzed
in Fig. 4, this additional conductor plane can be placed at a dis-

tance_ of t_he ground _planes contalnl_ng the_ apertures, W_hIChF’S. 6. Resonantfrequencies of circular microstrip patches over ground planes
only five times the thickness of the dielectric substrate withouith and without apertures. The substrate is made of an isotropic dielectric layer

substantially affecting the resonant properties of the microsti#p0-LX-0193-43-114, = 0.49 mm, e} = 2.43), which may be adjacentto a
patch second isotropic dielectric layer glued to the ground plane (AR1000L-024-11:

el =10,hy = 0.6096 mm_). Numerical results (solid, dashed, and dotted lines)
In Fig. 5, results are presented for the resonant frequenciegigfcompared with experimente)(
the fundamental mode of a circular microstrip patch over ground

planes with and without circular apgrtures_. The microstrip p_at%tches over ground planes with apertures in two different situ-
is assumed to be covered by a dielectric superstrate. Dielgginns. In the first situation, the air occupies the space below the
tric superstrates of this type (radomes) are placed on top of Msertyres and, in the second situation, there is a dielectric layer
crostrip patch antennas for protecting the antennas against §npigh permittivity below the apertures. This latter situation
vironmental hazards, such as rain, fog, and snow [16]. Figygs an interest for antenna applications since when microstrip
shows that the presence of the superstrate not only affects H&?ch antennas are fed by microstrip lines through apertures,
resonant frequency of the fundamental mode of the microst{if, feeding microstrip lines may be printed on high-permittivity
patch over ground plane without aperture, but it also affects thyectric substrates [2], [3]. It can be noticed that the results
resonant frequencies of the fundamental mode of the microstgigyained for the resonant frequencies of the patches with aper-
patch with apertures. Thus, Ag changes from zero @hs, f;*  tyresin contact with a high-permittivity dielectric layer not only
decreases 8% whén= 0, f;' decreases 8% whén= 0.5, substantially differ from the results without apertures, but they
and f;' decreases 12% whén= a. It turns out that the res- 554 appreciably differ from the results obtained with apertures
onant frequencies of the structures with superstrate are alwgysontact with air. Thus, in the case of the made= 1,7 = 1,
smaller than those without superstrate because the effective pg& results obtained for the resonant frequencies vihena
mittivity of the medium surrounding the patch is higher in th%nde}, — 10 are around 22% below those obtained whea a
former case than in the latter case. andel = 1. In the case of the mode = 2,n = 1, the results

In Fig. 6, the numerical and experimental results obtained fobtained for the resonant frequencies whea a ande! = 10
the resonant frequencies of the first three resonant modes of aire around 23% below those obtained whea a andel = 1.
cular microstrip patches over ground planes without aperturémally, in the case of the mode = 0,n = 1, the results ob-
are compared with the results obtained for the same microstrégined for the resonant frequencies wher a andek = 10

=]
N
—
o~
7
o)
o
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Fig. 7. Normalized resonant frequencies of circular microstrip patches

over ground planes with and without apertures. The substrate is takelg. 8. Resonant frequencies of a circular microstrip patch printed on a
to be either anisotropic Epsilam-1&« = 0.635 mm, e2 = 13, and magnetized ferritel(; = 1.27,a = 3.76 mm, 3 = 15, poM2 = 0.065 T)

€2 = 10.3) or isotropic Epsilam-10/{; = 0.635 mm, 2 = 10.3). over ground planes with and without apertures.

1l = 1.841/27a/eqe? g is the cavity model resonant frequency for the

Jem

patch without aperture.
versus the magnitude of the bias magnetic field. It can be no-

are, on average, 10% below those obtained whea a and ticed that these resonant frequencies can be tuned over a wide
¢! = 1. This clearly indicates that the placement of a dielectrféeduency range by the bias magnetic field not only when the
layer of high permittivity below the ground plane of a circulaPaich is placed over a ground plane without aperture [8], [9],
microstrip patch over ground plane with aperture may considdidt lso when the patch is placed over ground planes with aper-
ably change the resonant frequencies of the patch. Concerrfigs: In fact, whenu H is varied from 0 to 0.3 T, the reso-
the degree of discrepancy between the numerical and exp8Ant frequencies of the resonant mede= —1,» = 1 change
mental results shown in Fig. 6, it should be said that, where®@re than 50% in all the cases treated in Fig. 8 (when 0,
the differences between numerical and experimental results &ré 0-4a, andb = 0.8« above the magnetostatic mode region,
within 4% whenb = a ande! = 1, these differences are within@S well as below the magnetostatic mode region), and the res-
2% whenb = a ande! = 10. onant frequencies of the resonant mede= 1,n» = 1 change

In Fig. 7, results are presented for the resonant frequenciB8re than 25%. As in [17], the authors have found a cutoff fre-
of the fundamental mode of circular microstrip patches ov8HENCY regionovHg /2r < f < poy/HE(HE + M3)/2m
ground planes with and without circular apertures in the casWhich resonances are not allowed due to the propagation of
where the patches are printed on an anisotropic dielectric s@b-infinite number of magnetostatic volume-wave modes along
strate, i.e., Epsilam-10. In this figure, the results obtained € conductor-backed ferrite layer supporting the circular patch
the patches printed on anisotropic Epsilam-10 are Cc,mpeu[(;'La].Asaresult, the resongnt frequencies of all resonaptmodes
with the results that would be obtained if the anisotropy of EgPPear below the cutoff region and above the cutoff region [17].
silam-10 were neglected. Whén= 0 andb = 0.5a, the dif- Fi9- 8 shows that, for every va_llue phHE, t_he differences _be-
ferences between the results obtained considering anisotrdf§gen the resonant frequencies of the circular patch with and
and neglecting anisotropy slowly diminish from 3% to 1% awithout apertures are much more prgnounced in the case of the
a/hs varies in the range from 2 to 10. However, in the casé§Sonant mode: = —1,n = 1 than in the case of the mode
whereb = a, these differences remain fixed around 5% regaréf? = 1,7 = 1 above the magnetostatic mode region. How-
less of the variation of/h,. Therefore, the effect of dielectric V€T, the same differences are more pronounced in the case of
anisotropy is much more pronounced in the cases where; the resonant modes = 1,7 = 1 than in the case of the mode
than in the cases whebe= 0 andb = 0.54. This is attributed to 7 = —1,n = 1 below the magnetostatic mode region.
the fact that whel = «, the fringing electric field at the edge
of the patches is more appreciable than that existing Whei
andb = 0.5a and, therefore, wheh = « there is a larger por- V. CONCLUSIONS
tion of electric field that sees the permittivity in the directions
parallel to the plane of the patchege?—and a smaller portion  The Galerkin’s method in the HTD has been used for the nu-
of electric field that sees the permittivity in the direction pemerical calculation of the resonant frequencies, quality factors,

pendicular to the plane of the patchge?. and radiation patterns of the first resonant modes of circular mi-
Fig. 8 plots the results for the resonant frequencies of the ficgbstrip patch resonators over ground planes with circular aper-
two resonant modesi{ = 1,n = 1 andm = —1,n = 1) of a tures in the case in which the patches as well as the ground

circular microstrip patch over ground planes with and withoylanes containing the apertures are embedded in a multilay-
circular apertures when the substrate of the patch is a mageeed substrate that may contain uniaxial anisotropic dielectrics
tized ferrite. In this figure, the resonant frequencies are plottadd/or magnetized ferrites. In order to test the validity of the
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analysis, numerical results obtained for the resonant frequemt4] R. E. Collin, Antennas and Radiowave PropagatiorNew York: Mc-
cies have been compared with measurements, and good agree- Sraw-Hill, 1985.

ment has been found. The results show that the resonant fr[el—S]

B. D. Popovic and A. Nesic, “Some extensions of the concept of com-
plementary electromagnetic structureBybc. Inst. Elect. Eng.pt. H,

guencies of circular microstrip patches over ground planes with  vol. 132, no. 2, pp. 131-137, Feb. 1985.
circular apertures can be significantly different from the reso{16] A. Bhattacharayya and T. Tralman, “Effects of dielectric superstrate on

nant frequencies of the patches in the absence of apertures, esper

patch antennasElectron. Lett, vol. 24, no. 6, pp. 356-358, 1988.
V. Losada, R. R. Boix, and M. Horno, “Analysis of circular stripline res-

cially when the size of the apertures is comparable to that of the  onators on normally biased ferrite substrat¢SEE Microwave Guided
patches and/or there is a high-permittivity dielectric layer below  Wave Lett.vol. 8, pp. 226-228, June 1998.

the apertures. Also, the effect of the apertures has been found to

be more pronounced in axial-symmetrical resonant modes than

in nonaxial-symmetrical resonant modes. Dielectric anisotropy

effects have proven to be especially significant when the size of
the apertures is similar to that of the patches. Finally, nume
ical results obtained for circular patches with apertures print:
on ferrite substrates have shown that the resonant frequencie
these patches can be tuned by means of the bias magnetic fi
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