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Full-Wave Analysis of Circular Microstrip Resonators
In Multilayered Media Containing Uniaxial
Anisotropic Dielectrics, Magnetized
Ferrites, and Chiral Materials

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

Abstract—in this paper, Galerkin’'s method in the Hankel such as rain, fog, and snow [3]. When a superstrate is placed on
transform domain is applied to the determination of the resonant top of a patch antenna, the resonant frequency of the antenna
frequencies, quality factors, and radiation pattems of circular s shitted and this shift may take the antenna out of its original
microstrip patch resonators. The metallic patches are assumed . .
to be embedded in a multilayered substrate, which may contain operatlng_ frequency band [3]. Therefqre, an a_lgorlth_m for the
uniaxial anisotropic dielectrics, magnetized ferrites, and/or chiral computation of the resonant frequencies of microstrip patches
materials. The numerical results obtained show that important should be able to account for multilayered substrate effects.
errors can be made in the computation of the resonant frequencies  Apart from multilayered media, in the last few years, some in-
of the resonators when substrate dielectric anisotropy, substrate terest has arisen on studying how the performance of MIC’s and
magnetic anisotropy and/or substrate chirality are ignored. Also, , . . .
it is shown that the resonant frequencies of circular microstrip PCAS_ is affected \_/vhen Co_mplex r_naterlals_—e.g., anisotropic di-
resonators on magnetized ferrites can be tuned over a wide fre- eleCtI‘ICS, magne“zed fer“tes, Ch|ra| matenals, etc.—are Used as
quency range by varying the applied bias magnetic field. Finally, substrates of those circuits and antennas. Thus, bearing in mind
the computed results show that the resonance and radiation that some of the standard materials used as substrates of printed
properties of a circular microstrip patch on a chiral material is — icrowave circuits and antennas exhibit dielectric anisotropy
very similar to those of a circular patch of the same size printed . . .
on a nonchiral material of lower permittivity. [4], Pozar has shpwn that substrate d|ele_zctr_|c amgotrop_y should

always be taken into account when designing microstrip patch
antennas because if anisotropy were ignored, the antennas might
operate out of the expected frequency band [5]. Magnetized fer-
rites belong to the class of complex materials that have proven to
|. INTRODUCTION have potential application as substrates of MIC’s and PCA's. For

IRCULAR microstrip patch resonators can be used eithg}stance, measurements have shown that the resonant frequen-

as antennas [1] or as components of oscillators and filter§S of microstr?p antennas printed on ferrjte ;ubstrate_s can be
in microwave integrated circuits (MIC’s) [2]. Since the band\_/ar!ed.over a wide frequency range by adjusting the bias mag-
width of microstrip patch resonators around their operating re@Qtlc f'e"?' [6]. Apart from that, fe_rnte sut.)strate.s can be used
onant frequencies is very narrow [2], it is important to develo}%r reducing the radar cross section of microstrip antennas [7],

accurate algorithms for the computation of those resonant fkél and for achieving circularly polarized microstrip antennas
with a single feed [9]. Also, it should be pointed out that when

uencies. . i X .
9 Multilayered media have proven to have an applicatiofr‘?mte mater!als are qsed as substr.ates of.mlcrostrlp phased_ ar-
as substrates of MIC’s and printed circuit antennas (PCA’é s, a considerable improvement in the “impedance-matching
[sus scan angle” performance is achieved [9], [10]. Very re-

For instance, concerning microstrip antennas, one SuPerSt%%ntly some attention has also been paid to the possibility of
radome) placed on top of a microstrip patch antenna can T .
( )P P bp ng chiral materials [11] as substrates of MIC’s and PCA's.

used for protecting that antenna against environmental hazaﬁﬂ, . .
P 9 g ozar [12] has stated that there are serious disadvantages to

using chiral materials as substrates of microstrip antennas be-
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radiation patterns of the resonant modes of circular microstrip z=z" € Mo
i i i i Air y )7 o

2?;02 r;iz?jréaetgrsinmmt:l(:_” :ase in whl_ch the_ metallic patchgs S,,//,.“P(r ,6%,0") v

yered media, which may contain N .
uniaxial anisotropic dielectrics, magnetized ferrites, and chiral \\‘ h \\ §N l_lw Kc\ 1
materials. Since there are abundant results for the behavior of , . ; Yy o
microstrip resonators of rectangular geometry on anisotropic 1 h C B ﬁn KNl
dielectrics [2], [17]-[20], in this paper, just a few original  ;n, 22X 1 7717
results will be presented for microstrip resonators of circular . d

. . . . . . Circular patch

geometry on anisotropic dielectrics. Concerning the topic of
microstrip resonators on magnetized ferrites, although this =M+l —K o
topic has already been treated by several researchers [20]-[22], o P hy,,, f\\,. Za :, fM/«;v u\Mﬂ’ K‘gm
these researchers have not considered phenomena such a =M /ﬂ // TTTTZTT7
the existence of a cutoff frequency region for the resonant 7 //,,ﬁ by 777 & Pap KE7 T
frequencies of microstrip resonators on magnetized ferrites, =M1 d
which will be addressed in detail in this paper. Aside from —— .
the effect of anisotropic materials on microstrip resonators, i=2 A
this paper will also show that microstrip resonators printed on b, &, [y KE T
chiral substrates tend to behave as microstrip resonators printed i~! }[ — N 5 4
on nonchiral substrates of lower permittivity. In Section Il, the o \, 5 €y Py K¢ ,,dll v 7
application of Galerkin’s method in the HTD to the analysis of ™ ”
the circular microstrip resonators is described. In Section lll, G’M@
results are presented for the resonant frequencies, quality
factors, and radiation patterns of circular microstrip resonators y
on substrates of the different types treated in this paper. Finally, Circular patch

conclusions are summarized in Section IV. |

Il. FORMULATION OF THE PROBLEM AND NUMERICAL METHOD

Fig. 1(a) and (b) shows the side and top views of a circular mi-
crostrip patch of radiug embedded in a multilayered medium.
The electromagnetic fields existing inside this resonant struc-

; . (b)
ture are assumed to show a time dependence of thecte
(wherew IS complex to account for radiation |OSSES) which WIIL 1. (a) Side and (b) top views of a circular microstrip patch embedded
be suppressed throughout. Both the circular metallic patch an@ multilayered medium that may contain uniaxial anisotropic dielectrics,
the ground plane of Fig. 1 are assumed to be perfect electriegnetized ferrites, and chiral materials.
conductors (PEC’s) of neglecting thickness. The layers of the
substrate are assumed to be of infinite extent alongsthead  Throughout this paper, ferrite materials will be assumed to be
y coordinates, and these layers are also assumed to be mada&jnetically saturated. Under this assumption, the elements of

any of the three following materials: the permeability tensor of (2)i;, can be obtained in terms of
1) uniaxial anisotropic dielectrics; the gyromagnetic ratie = 1.759 - 101! C/kg, the saturation
2) magnetized ferrites with applied bias magnetic field; magnetization of the ferrite materiaf?, the internal bias mag-
3) chiral materials. netic field H$, and the linewidt A H, as explained in [23].

In case theth layer of the multilayered substrgie= 1, - - -, N) Finally, in case theth layer of the substrate of Fig.( =

is a uniaxial anisotropic dielectric, its optical axis will be asl, -, V) is a chiral material, this material will be assumed to

sumed to be the-axis [4]. For that case, the permeability of thde bOth chiral and reciprocal (i.e., it will be a Pasteur medium
anisotropic dielectric will be taken as, and the permittivity according to [11]) with permittivityeoe;,, permeability oz,

tensor will be taken as [5] and dimensionless chiral parametér Inside this material, the
d 0 0 constitutive relations among the four vector quantiiiesB, E,
G=c| 0 € 0]. (1) andH will be given by [11]
0 0 & ) )
5 . D = epc.E — g5l / H 3
In case theith layer of the substratéi = 1,---,N) is a c0ce T e VO kO 3)
magnetized ferrite, it will be assumed that the bias magnetic
field of the_ f_errite is dire<_:ted alon_g thgaxis. For that case, B = popH + gr’ \/eopo E. (4)
the permittivity of the ferrite material will be taken as and
the permeability tensor will be takeh as [9] Under resonant conditions, 1§4/(p, #) = jwm ,(p,9)p +
NZ j’iz 0 j/\/[,¢(pa ¢)¢ and:E:‘t(pad)aZ = dl\/f) it Ep(pa d)az = dl\/f)p +
=0 | —jst pt 0. (2)  Eu(p, ¢,z = dar)¢ be the expressions of both the current den-

0 0 1 sity on the patch of Fig. 1 and the transverse electric field at the
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plane of the patch, respectively, when cylindrical coordinategcessary information for obtaining the resonant frequencies
are usedz = pcos¢ andy = psin¢). Owing to the revolu- and quality factors of the resonant modes of the structure
tion symmetry of the multilayered medium of Fig. 1 around thef Fig. 1. In fact, letw,,, = 2=(f7™™ + 3/") (m =
z-axis, when the Helmholtz equations for the axial field com--,—-2,-1,0,1,2,---;n = 1,2,3,---) be the set of complex
ponentst, andH , are solved in cylindrical coordinates insideroots of the aforementioned nonlinear equation. In that case, the
each of the layers of that medium, it turns out that the depeqantitiesf™” (m = ---,-1,0,1,---;n = 1,2,3,---) stand
dence ofE, and H, on the¢ coordinate is of the type’™® for the resonant frequencies of the circular microstrip patch
(m =-.-,-2,-1,0,1,2,---) and, as a consequence of thisnd the quantitie€,,,,, = f*" /2™ (m=---,-1,0,1,-;
fact, the dependence f; (p, ¢) andE;(p, ¢,z = dp;) onthe n =1,2,3,---) stand for the quality factors [2].
¢ coordinate is also of the typé™¢. This implies thaja (p, ¢) Once f*™ and @),,,, are known for a particular resonant
andE;(p, ¢, 2 = dps) can both be written as follows: mode of the structure of Fig. 1, one can derive expressions for
o the vector functiong;(p, ¢) andeHL (k) corresponding to
in(e, ¢) = (i1, (p )P+j17},¢(P)¢) me, that particular resonant mode. The vector functigh,, (%,)
m=---,—-2,-1,0,1,2,--- (5) can then be used for computing the radiation electric field
E(r,¢',¢") in the air upper half-space of Fig.({+/,6', ¢} is
a local set of spherical coordinates defined in Fig. 1) by means
Ay of the stationary phase method (see [26, pp. 164-169] and
Ei(p, ¢,z = du) = (Ex; (p)p+ Ex; 4 (p)$) ™, [24, egs. (23) and (24)]).
m=---,-2,-1,0,1,2,---. (6) The basis functions chosen in this paper for approximating
the current density on the circular patch of Fig. 1 [see (5)]
By virtue of (5) and (6), it is possible to follow a math-haye different expressions for axial-symmetric resonant modes
ematical reasoning completely parallel to that shown |(qn = 0) [14] and for nonaxial-symmetric resonant modes
[24, eqs. (1)~(14)] for obtaining a relation betwep(p,#) (m # 0) [15]. In the case of axial-symmetric modes, the basis

?”d Et(P( d)’);) = dy) in the spectral domain given by (se&unctions chosen fof3; ,(p) and;9, (o) are given by
24, eq. (13 ’

EJ\HL rn(k/’) :G]’(L ]\l(k/?) jJ\Hl, rn(k/’)v
m:"'7_27_17071727"' (7)

j%,p,f,(p) =Usi—1(p/a)\/1— (p/a)?, i=1,---,N
(10)

wherejtl | (k,) andEL, | (k,) are vector functions that have Tyra(o/a)
i i _ . 2i—2\p/ & .
to be determined in terms of tiie. 4 1)th and(m — 1)th Hankel 7% NOEY ; (p/a), i=1,---,N+1

transforms ofi 5y (o, 6), 47 4(ps #), E5s (), andER y(p)as % 1—(p/a)
follows: (12)

jJ’(l, rn(k/’) :/ |: (JZ%p(p) i jJZ% ¢(p)) m+1(k/7p):| P dp7 Wherel[?i—l(') (L =1 N) andTQi—Q(') (L =1, 7N+1)
0 (JM,p(p) — M ¢(p)) m—1(k,p) stand for Chebyshev polynomials of the second and first kinds,
m=--,-2,-1,0,1,2,- (8) respectively.
For nonaxial-symmetric modes, the basis functions chosen
for approximatingjyy; (o) andjy; ,(p) whenm # 0 (see (5))
EY (k) _/ [(Eﬂp P)+IEN] 4(p)) ]m-l-l(kpp)} pdp, 2regven by
0 (E]Wp p jEl\/I,qS(p))Jnl—l(kﬂp) o 3 || —2
~1,0,1,2, - ©)  Inipilp) =Usia(p/a) V1= (p/a)? (p/a)™ 7,
m=--,—2-1,1,2,--:4=1,--- N
In (7), GM v (k) stands for a 2« 2 matrix, which plays the (12)
role of a dyadlc Green'’s function in the HTD [24]. This dyadic
Green'’s function in the HTD can be obtained in a straightfor-

-2

7

ward way in terms of the two-dimensional Fourier transform Toi_s(p/a)

(TDFT) of the dyadic Green’s function of the multilayered j; , ;(p) =1 =22 (p/a)lmI=1,

medium of Fig. 1 (see [24, egs. (9) and (14)]), which, in turn, V1= {(p/a)?

can be determined by using a recurrent algorithm obtained via m=--,-2-1,1,2--;i=1,--- N+1
the equivalent boundary method [25]. (13)

Once (7) has been obtained, Galerkin’s method in the HTD
can be applied to that equation in order to determine theThe basis functions of (10)—(13) are very similar to the basis
resonant frequencies and quality factors of the resonant mofigsctions of [24, egs. (25)—(28)]. However, wherg‘%g 5(p) IS
of the circular microstrip patch of Fig. 1. After following takentobe zeroin[24]j,§{47¢(p) # 0inthis paper. In order to ex-
the process described in [24, eqgs. (15)—(22)], a nonlingalein this, it should be noted that when the multilayered medium
eigenvalue equation for the operating angular frequendy of Fig. 1 is made of isotropic (and/or anisotropic) dielectrics, the
obtained. The solutions of this nonlinear equation provide tl®minant axial-symmetric modes di&, (H. = 0) modes
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[14] and, as a consequence of this, the azimuthal component TABLE |

of the current density on the patch are zero for these mo gONVERGENCEPATTERN OF THE RESONANT FREQUENCIES ANDQUALITY
q‘-eACTORS OFSEVERAL RESONANT MODES OF ACIRCULAR MICROSTRIPPATCH

r.O _ . .
(JM,qb(p) = 0). However, when the multilayered medium con- oy DiFrFERENT SUBSTRATES WITHRESPECT TO THENUMBER OF BASIS
tains either ferrite layers or chiral layers, all axial-symmetri€UNCTIONS USED IN THE APPROXIMATION OF THECURRENT DENSITY. IN ALL

; _ TABLES ¢ = 5 mMmMAND h = 1.27 mm. SUBSTRATES (a) UNIAXIAL
modes are hybnd mOde(SHZ # 0 and £, 7 0) and, there ANISOTROPICDIELECTRIC (¢; = 5.12, €. = 3.4). (b) MAGNETIZED FERRITE

fore, the two components of the current density on the patch in' (¢, = 15, y, M, = 0.065 T, o Ho = 0.1°T, poAH = 0.004 T).
these modes turn out to be different from zéj@m # 0 and (c) CHIRAL MATERIAL (e, = 4, pt. = 1, k. = 1.5)
e 7 0)-

In [24], the authors demonstrated that the basis functions Cireular patch

. ol

the type shown in (10) and (13) are very appropriate for tt Are Ty

HTD analysis of microstrip patches embedded in multilayere /'j 7 B Ke

isotropic dielectric substrates. That is because they ensur ' -

quick convergence of Galerkin’'s method in the HTD with re _Mode m=1n=1 m=2n=1 m=0n=1

spect to the number of basis functions, their Hankel transforr 2¥+1 381 ig;iz) o i (G _du
can be obtained in closed form in terms of spherical Bessel fur 83403 |18.835| 13984 |19.253
tions (see [24, Appendix B]), and they lead to HTD infinite in 22383 ig:gg }gggi iggg}
tegrals, which are amenable to asymptotic analytical integrati : : : :
techniques (see [24, Sec. IV and Appendix C]). Fortunately, : (8)
these advantages are kept when the aforementioned basis func

16.548 | 7.1403
16.254 | 8.3574
16.251 8.3801

Mode
f;ﬁ (GHz) | Qn N 7' (GHz) Qo1
1
2
3
4 16.251 | 8.3802

O -y Ot W

. . . . . Mode m=1n=1 m=-1,n=1 m=0,n=1
tions are usgd in the H_TD anaIyS|§ of C|rcu_lar patches fat_)ncated NI G| Ou [T Ol | 0o [ /7 (Chr) [ Qnn
on anisotropic dielectrics, magnetized ferrites, and/or chiral ma- 3 13132 | 48.853 | 6.0700 |70.147| 9.1396 71.32(;

i i H 5 4.3368 48.317 6.0201 70.981 8.8473 93.69
terials (See Section Il for detalls). 7 4.3368 48.317 6.0197 70.999 8.8422 94,276
9 4.3368 48.317 6.0197 70.999 8.8422 94.278
ll. NUMERICAL RESULTS (b)

In order to check the validity of the method described in Sec- ~ Mede | _m=Ln=1 1 m=2n=1 L »-Sn -
tion Il, our results for the resonant frequencies, quality factors, f'w(,?féz) 11? 250 frlﬁ(,(g}OI;Z) 18;115 f'zo(msz) 629032
and radiation patterns of the first resonant modes of circular 10.763 | 11.809 || 16.971 |10.753 || 19.964 | 7.4206

. . . . . . 10.763 11.830 16.978 10.753 19.956 7.4874
microstrip patches on isotropic dielectric substrates have been 10764 | 11833 | 16981 | 10749 || 10050 | 7.4884
compared with previously published results [2], [14], [16] and
with measurements. Good agreement has been found in all case ©
(see [24, Figs. 3—6] for more details).

In Table I, the convergence of the numerical method d
scriped in Section Il is checked With_respect to the num_ber o = Q_,. . in the cases in which magnetized ferrites are
basis W”C“_O”S (of the type ShOW_” in (10)-(13)) used in thg, e 10 pe a part of the multilayered substrate, the authors
approximation of the current density. Results are presented A e found thaf™ £ =™ and Qo £ Q m n. This latter
several resonant modes of circular microstrip patches printedk? avior is attri7buted tZ) the nonreciprocal character of ferrite
different materials (one anisotropic dielectric, one magnetiz terials and it is predicted by the cavity model of a circular

ferrite, and one chiral material). It can be noticed that sev;)r& ch printed on a ferrite substrate [9], [23]

basis functions suffice to obtain the resonant frequencies n4n Fig. 2, results are presented for ,the résonant frequencies
quality factors within five significant figures when the substrate o . . . .
N . C : . . of the fundamental mode of circular microstrip patches printed
is either an anisotropic dielectric or a magnetized ferrite, and

L - i . N different anisotropic dielectric substrates and covered
within four significant figures when the substrate is a Chlreé%ganisotropic dielectric superstrates in such a way that the

material. Since a small number of basis functions provides ver terial of th trate al ncid ith that of the sub
accurate results for the resonant frequencies and quality fac erialotthe superstrate always coinciaes wi atofthe sub-

in all the cases studied in Table I, it seems that the basis fuféate- In this figure, the results obtained for every patch placed
tions of (10)—(13) are very appropriate for approximating thkéetween two anisotropic diele_ctric _Iayers are co_mpa_red with
surface current density on circular microstrip patches fabricatitf results that would be obtained if the dielectric anisotropy
on any kind of substrate. It should be pointed out that where@s the layers were neglected and the layers were assumed
the results shown in Table | for the resonant frequencies aiggbe isotropic. The differences between the results obtained
quality factors of the circular patches on anisotropic dielectr@nsidering dielectric anisotropy and the results obtained ne-
and chiral material are all for modes in whigh > 0, the glecting dielectric anisotropy reach 4.5% when the anisotropic
results for the circular patch on magnetized ferrite includéélectric is sapphire, 6% when the dielectric is Epsilam-10,
values of resonant frequencies and quality factors for the modled 10% when the dielectric is boron nitride. The authors have
m = —1. In order to explain this, it should be said that wherea&so obtained results (not plotted in the current paper) for the
in those cases in which the multilayered substrate of Fig.circular patches analyzed in Fig. 2 in the case in which the
only contains anisotropic dielectrics and/or chiral materialanisotropic dielectric superstrates are not present fize= 0

the resonant frequencies and quality factors of the resonanfig. 2). In this latter case, the differences existing between

2
O\lcﬂw_l_
fa

10des have been found to verify tht** = f=">™ and



LOSADA et al: FULL-WAVE ANALYSIS OF CIRCULAR MICROSTRIP RESONATORS IN MULTILAYERED MEDIA 1061

1.0
] Boron Nitride
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Fig. 2. Normalized resonant frequencies of the fundamental rede= 1,

n = 1) of circular microstrip patches printed on an anisotropic dielectric lay
with an anisotropic dielectric superstrate of the same fype= 0.635 mm, ot . p - y
h, = hy, sapphiree, = 9.4 ande. = 11.6, epsilam-10¢, = 13 and (= 1.2Tmm,a = 5mm, e, = 15, oM, = 0.065 T, poAH = 0 T).

e. = 10.3, boron nitride:e, = 5.12 ande. = 3.4). The normalization factor Galerkin’s metho_d results for the first two resonant mode_s (solid limes: 1',
fiL = 1.841/2ra /€€ fio is taken as the resonant frequency that would b :hl' dashed I'ges‘"é =-Ln f:hl) are_compgr?d Wl_th re;ult_s obtained
obtained in each case by means of the cavity model. The results obtained for the" es? two_mlo es by means of the cavity modeli(#:= 1, n = 1, x:
patches on anisotropic dielectrics (dashed lines) are compared with the restfits= ~—*+ " = )-

obtained for patches on isotropic dielectrics of permittivity. (solid lines).

é:rig. 3. Resonant frequencies of the first five resonant modes of a
circular microstrip patch on a magnetized ferrite versus bias magnetic field

the results obtained considering dielectric anisotropy and the ¢.5—
results obtained neglecting dielectric anisotropy reach 2% when
the anisotropic dielectric is sapphire, 3% when the dielectric is
Epsilam-10, and 5% when the dielectric is boron nitride. This
indicates that the errors made by ignoring dielectric anisotropy
in the computation of the resonant frequencies of a microstrip
patch printed on an anisotropic dielectric substrate [5] can be
actually doubled when the patch is covered by an anisotropic oytn
dielectric superstrate. 5.6

In Fig. 3, results are presented for the resonant frequencies 0 20 40 60 80 100
of the first five resonant modes of a circular microstrip patch Bk,
prlnteq on a magnetized ferrite. In thIS. figure, the re.sonant fl’l‘?'i_. 4. Normalized phase constants (solid lines) of the magnetostatic
quencies are plotted versus the magnitude of the bias magn%%&me-wave modes propagating along the conductor-backed ferrimagnetic
field. As in [6], [9], and [22], it is found that all resonant fre-slab that supports the circular microstrip patch of Fig.h3 £ 1.27 mm,
quencies can be tuned over a wide frequency range by means 1% #oHo = 0.2 T, pra M. = 0.065 T, po AH =0 T).
of the bias magnetic field (in fact, whem Hy is varied from
0 to 0.4 T in Fig. 3, the resonant frequency of the resonaagreement is found between both sets of results for the reso-
modem = —1, n = 1 changes more than 100% and the restant moden = —1, n = 1 (differences are always below 7%),
onant frequencies of the rest of the modes change more thpent of the results provided by the cavity model for the resonant
50% in most cases). Also, as in [10], convergent results for theodem = 1, n = 1 are completely wrong because they lie
resonant frequencies are not achieved in the frequency reginside the actual cutoff region. The numerical results plotted in
poyHo/2m < [ < poy/Ho(Ho+ M;)/2m owing to the Fig. 3 for the resonant frequencies of circular microstrip patch
propagation in that frequency region of an infinite number afn a ferrite substrate closely resemble the experimental results
magnetostatic volume-wave modes along the conductor-baclkbdwn in [22, Fig. 4] for the resonant frequencies of a rectan-
ferrite layer supporting the circular patch. As a consequencegiflar patch on a magnetized ferrite. These experimental results
the existence of this cutoff region, the resonant frequencies ofsdlem to show the existence of a cutoff region with resonances
resonant modes appear below and above the cutoff region. Battove and below that cutoff region in spite of the fact that the
the existence of a cutoff frequency region and the existencetb&oretical model used in [22] does not predict the existence of
resonances above and below the cutoff region are predictedthgt cutoff region. In Fig. 4, results are presented for the nor-
the cavity model (see [9, Fig. 5]). However, the cavity modehalized phase constants of magnetostatic volume-wave modes
fails to predict the correct limits of the cutoff region since thpropagating along the conductor-backed ferrite slab used as a
cavity model does not account for the propagation of magrg4bstrate for the circular microstrip resonator of Fig. 3. As men-
tostatic modes [27]. This is clearly shown in Fig. 3, in whiclioned above, an infinite number of magnetostatic volume-wave
comparison is carried out between the resonant frequencies wiedes are excited inside the ferrite layer in the frequency re-
tained for the modes: = 1,n = 1 andm = —1,n = 1via gQionwy/2r = puovHo/2r < [ < ywolwo+wm)/2r =
the method of Section I, and the resonant frequencies obtained \/Ho( Ho + M) /2%, which prevents resonances from oc-
for those two modes via the cavity model. Although very gooclrring inside the structure of Fig. 3 in that frequency region.

Frequency (GHz)
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Fig. 6. Resonant frequencies of the fundamental mede= 1, » = 1) of
circular microstrip patches printed on chiral materials with different values of
. . . . . K. (solid lines) and of circular microstrip patches printed on nonchiral materials
Fig. 5. Resonant frequencies of the first five resonant modes of a circul@hshed and dotted lineg) & 1.27 mm andu, = 1 in all cases). The resonant
microstrip patch printed on an isotropic dielectric layer with amagnetized ferri quencies of the patches on nonchiral materials with permittivities 1.949
superstratel(y = 1.27 mm,hy = 2y, a = 5 mm, e, = 2.5,¢; = 15, ande, = 1.032 coincide with those of the patches on chiral materials with
poM, = 0178 T, o AH = 0.0045 T). k. = 1.5 andk,. = 1.8, respectively, when/h = 5.

The phase constants of the magnetostatic volume-wave moggsiion in that region of an infinite number of magnetostatic
have been obtained by computing the zerof®f; ,,(k,)]™*  volume-wave modes along the double-layered dielectric-ferrite
[see (7)] in the real axis of the compléx-plane (these zeros supstrate giving support to the circular microstrip resonator an-
are the poles of the determinant@ﬁj m(k,)) [28]. Since the alyzed in Fig. 5.
results plotted in Fig. 3 have been obtained for a lossless ferdn Fig. 6, the authors plot three solid lines, which stand for the
rite (AH = 0), it may be thought that these results experiencesonant frequencies of the fundamental mode of circular mi-
strong changes when ferrite losses are considered (i.e., wieewstrip patches printed on chiral substrates (with= 1.5 and
AH # 0). However, the authors have obtained that whereas the= 1.8) and for the resonant frequencies of the same patches
ferrite linewidth value has a strong effect on the quality factogzinted on a nonchiral substrate of the same permittivity (for
of the resonant modes, its effect on the resonant frequencies/isch . = 0). It can be checked that the differences between
negligible. Thus, in the case of the structure analyzed in Fig.tBe set of results obtained for the patches on chiral substrates
the authors have numerically found that as the ferrite linewidénd the set of results obtained for the patches on the nonchiral
is varied fromugAH = 0 Tto oA H = 0.02T, the quality fac- substrate with,. = 4 reach 42% wher, = 1.5, and 93% when
tors of the first five resonant modes are reduced to values that are= 1.8. Since the resonant frequencies of the patches on chiral
at least 50% below the values in the lossless cag&f = 0 substrates are higher than those of the patches on a nonchiral
T), but the resonant frequencies of the same modes (i.e., thegbstrate with the same permittivity, it seems that the patches
plotted in Fig. 5) change less than 1%. on chiral substrates behave as patches printed on nonchiral sub-
In Fig. 5, results are presented for the resonant frequencatsates of lower permittivity. In order to check this statement,
of the first five resonant modes of a circular microstrip patcim Fig. 6, results are also plotted for the resonant frequencies
printed on a dielectric layer on top of which there is a ferritef circular microstrip patches on two nonchiral substrates of
superstrate. The figure shows that although the ferrite matetiaver permittivity (dotted and dashed lines) (the permittivity of
does not occupy the space between the circular metallic patbkse two substrates is computed in such a way that the reso-
and the ground plane, this material still has some effect on thant frequencies of the patches on chiral substrates and those
resonant frequencies of the circular patch. In fact, it can be sesrthe patches on nonchiral substrates with lower permittivity
that as the bias field of the ferrite is varied, the resonant frequerincide fora/h = 5). Comparison between the results ob-
cies of the patch can be tuned over a certain frequency ranggned for patches on chiral substrates and those obtained for
However, the width of the tuning frequency interval obtained ipatches on nonchiral substrates of lower permittivity indicate
this case is smaller than the width of the interval that would kikat concerning the calculation of the resonant frequencies of
obtained if the ferrite were placed between the circular patthe patches, chiral substrates are equivalent to nonchiral sub-
and ground plane (compare Figs. 3 and 5). Thus, wheif, strates of lower permittivity, this permittivity being slightly de-
is varied from 0 to 0.4 T in Fig. 5, the changes in the resonapéndent on the geometry of the patch. Also, the permittivity of
frequencies of most resonant modes are below 40%, and thémseequivalent nonchiral substrates decreases as the chiral pa-
changes in the resonant frequencies are much smaller than thaseeter of the chiral substrates increases. In Fig. 7, results are
observed in Fig. 3. As it happens with Fig. 3, in Fig. 5 there jgresented for the quality factors of the fundamental resonant
a cutoff frequency region in which resonances are forbiddemode of the circular microstrip patches analyzed in Fig. 6. It
and also the resonances of all resonant modes occur belowdae be noticed that given the value of both the radius of the
cutoff region as well as above the cutoff region. Once agaipatch and the thickness of the substrate, the quality factor of
the existence of the cutoff frequency region is based on the ¢ie patches on chiral substrates decreases as the chiral parameter
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the directivity of the pattern emitted by the patches on chiral
substrates increases as the chiral parameter increases, which is
in agreement with the results obtained in [13] for the directivity

of rectangular microstrip antennas on chiral substrates. Once
again, this can be justified by the fact that the directivity of mi-
crostrip antennas printed on nonchiral dielectric substrates in-
creases as the permittivity decreases [1].

IV. CONCLUSIONS

Galerkin’s method in the HTD has been used for the numer-
ical calculation of the resonant frequencies, quality factors, and
radiation patterns of the resonant modes of circular microstrip
patch resonators when the patches are embedded in a multilay-
ered substrate that may contain uniaxial anisotropic dielectrics,
magnetized ferrites, and/or chiral materials. The numerical

Fsults obtained have shown that important errors may arise in
the computation of the resonant frequencies of the resonators
when substrate dielectric anisotropy or substrate chirality
are ignored. Also, the numerical results obtained for circular
microstrip resonators on substrates containing ferrite layers
have shown that the resonant frequencies of these resonators
can be tuned by means of the bias magnetic field. However, it
has been demonstrated that there is a cutoff frequency region
for the resonant frequencies of these resonators on substrates
containing ferrites owing to the excitation of an infinite number

of magnetostatic volume-wave modes along the substrates of
the resonators in the cutoff frequency region. Finally, the res-
onance and radiation properties of circular microstrip patches
on chiral substrates have been explained by establishing an
equivalence between the behavior of these patches and that
of patches of the same size printed on nonchiral substrates of
lower permittivity. This equivalence is such that the permittivity

of the equivalent nonchiral substrates decreases as the chiral
parameter of the chiral substrates increases.
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