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Computation of Resonant Frequencies

of Cylindrical Ferrite Resonators . P
Using GIBC's —
Myung Jin Kong and Benjamin Beker g1l | |,

h

Abstract—A computational approach for resonant frequencies of cylin- N
drical substrate-mounted resonators is presented in this paper. The h____/ h &0 Ho p
resonator is made of ferrite material, which is magnetically anisotropic
and characterized by a Hermitian tensor. It is mounted on top of a
grounded dielectric substrate, and the entire assembly is covered with
a tuning plate, leaving the sidewalls open. The generalized impedance
boundary conditions (GIBC's) are derived for the ferrite material and 2z
are used to formulate the approximate solution to the boundary-value
problem. The resulting transcendental equations are solved numerically,
and variations of the resonant frequency with respect to bias field,

Fig. 1. Geometry of the substrate-mounted ferrite resonator.

ratit : ) AR T A s s s S
magnetization, and dimensions of the structure are reported. a
Index Terms—Cylindrical resonators, ferrites, GIBC's. 7
GIBC planes d
&, [1]
. INTRODUCTION — — —
Early microwave communication systems made wide use of metal- k P

lic waveguides as filter elements. With the advent of microwave ] o
integrated circuit (MIC) technology, bulky waveguide filters Werg;gélzBC’Geometry of the equivalent boundary-value problem after application
replaced with smaller microstrip-type circuit elements. Microwave s

characteristics of numerous microstrip-line integrated circuits (IC’s)

were studied extensively, even though they suffer from relativefgrrite resonator as a function of applied biasing field, magnetization,
low efficiency. Unlike MIC-type filters, dielectric resonators arexnd structural dimensions.

commonly used to realize bandpass or band-reject filters at microwave

frequencies with fairly high efficiency [1]. They are easy to manufac-

ture, light weight, fairly small in size, and have highs. All these Il. FORMULATION OF THE BOUNDARY-VALUE PROBLEM
properties make them popular in microwave applications, Consider a cylindrical resonator (shown in Fig. 1), which is

_Typlc_al materials that are usec_i to make many re_so_nators_, are hhqgunted on a grounded dielectric substrate and is covered with
dielectric-constant ceramics, which can exhibit uniaxial amSOtro_pX'metallic tuning plate. The resonator is composed of ferrite, which

The gnalygs .Of |splated |sqtrop|c resonaFors or those placed Ns%haracterized by a Hermitian permeability tendpt) and a scalar
practical circuit environment is fairly extensive, ranging from analyt'ﬁielectric constants, ). The biasing field is assumed to balirected

to general numerical methods [2]-[8]. On the other hand, only ich leads to the presence o~y off-diagonal elements ify].

limited amount of work on anisotropic resonators has been reporte ough this structure is highly symmetric and conforms well to
date [9], thpugh the flnlte-d|fferen_ce tlme-domam (FDTD) approacyl cylindrical coordinate system, exact analytical solution of this
presented in [8] can also be applied to electrically and magnetic Yoblem is very difficult. The difficulties stem from the need to

blaxu_al materials. . . N enforce the boundary conditions at= h andh + d in the radial
This paper describes the analysis of cylindrical resonators that iShe of the geometry

made of ferrites, Wh'.Ch are cha_racte_rlzed by Hermitian permea_b_lll Yif well-defined boundary conditions at these two planes were
tensors [10]. It exploits generalized impedance boundary condlt:?

. . . own (e.g., for a resonating post placed between two metallic
(G".BC S) that were o_rlglnally propos_ed in [11] arjd later |mplemen_te lanes), then the analytical solution to this problem would become
for isotropic dielectric resonators in [7]. GIBC's are used to si

straightf d. Th f GIBC’ it ducti f I
plify the boundary-value problem, making it possible to derive 3 ralghtiorwar cuseo S PErmIts a reduiction ot a complex

i dental tion for th ial d d f the field roblem (shown in Fig. 1) to a simpler problem (shown in Fig. 2).
ranscendental equation for the axial dependence of the Melds. iy e.g provide for the boundary conditionsat= » andh+d, which

analysis IS rgstrlcted o the appromm_ate dommam quag-TE MOLke into account the presence of the grounded substrate and tuning
of the cylindrical resonator, though this approach is valid for oth llate. Note that the boundary conditions are only needed for the axial
modes as well. The radiation modes are neglected, since the struc %rr%ponents of the field§E., H.) since the transverse components

is partially shielded and, hence, their contributions are small [ an be expressed in terms”EL handH As it is well known that a

The proposed apprpach IS valldate_d for the same appro>_<n_nate U8 minant mode of operation for the circular resonator is of the quasi-
TE modes of a ferrite post sandwiched between two infinitely lar type (E. ~ 0) [12], all subsequent analyses will be restricted to

perfectly conducting planes. Numerical data are provided ShOW'BﬂI this field distribution. In addition, unlike the work on GIBC's for

the dependence of the resonant frequency of the substrate-mouriggﬁopic dielectrics presented in [7], the procedure for deriving them

i ) ) for ferrites is presently unavailable and, hence, will be presented
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expanding the tangential components of fitdield at the surface of The terms in parentheses can be replaced with the axial components of

the metal in Taylor series and relating themHqg at = = 2~ and the fields, as they are proportional to th&eomponents of Faraday’s

z = (h+d)*. As shown in [7],E, andE,, which are zero at =0 and Ampere’s laws, yielding

andz = (h+d +t), can be expanded in terms of Taylor series. The

odd and even derivatives in this expansion are kept separately since 0H. o [OH.

the procedure for obtaining them is not the same. { 0z }h, T { 0z }H
The boundary condition for the odd derivatives Bf at = = h

can be obtained from the- andy-components of Faraday’s law aswhere, once againE. = 0 was taken into account. It is important

@)

follows: to add that the same result cannot be obtained by differentiating the
boundary condition o3 at = = h. The reason for this being that
<6E,,/ — aEy) :—jw{ (“OH%)’L* } (1) B- andnot B./9z is continuous at the boundary. It should be

9y 9z {’ﬁ} (nHo + jrty)n emphasized that the relationship stated in (7) was derived from the

9E 9E (oH.) tangential components of th&-field and contains information on
< 5 z _ T) { . } =—jw { Moty )n= } (2) their behavior (by way of the Taylor-series expansion) at the surface
z or v

AR of the metallic ground plane.
The corresponding boundary conditions between even derivatives
In the above equations, the permeability tengdrhas the following of H. (with respect toz) at = = h can be derived with the help of

ht

form: the vector-wave equation fdt andV-D =0, keeping in mind that
uo jk 0 under the quasi-TE mode assumptidn, = 0. As a result, within
W= |-jx p O (3) the ferrite resonator, the coupled-wave equationsfprand £, are
[ 0 0 ,uJ given by
whose elements and a way to measure them are given in [10] an%QE 9°E 52E
[13], respectively. { vy ny MR T ey
The next step is to express thederivatives of £, and F, just du? Iy? fe  9z*

within the substratgz = %) in terms of fields just within the n (= H)jrpe OBy
resonator z = h™*). This is accomplished by taking into account the fe 0z2
fact that for the quasi-TE modE. = 0, and thatH, and H, must

be continuous at = % (or = = /™). With this information, (1) and \hereu. = ;% — 2. On the other hand, inside the isotropic dielectric

+ ngy} =0 (8)

ht

(2) can be rearranged, leading to substrate, the wave equations fBr. and E, are not coupled and
9E. 9E. have the following simple forms:
* - + WK'HT,
{a‘jﬁ } ~ {an } : “) O°E,,  O0°E,,  O°E
'y H y e T,y =,y z,Yy 2 _
) LtwrH, ) { R +k0u7~3E1,y}hi =0. (9)

Note that the above expressions are only approximate equalities due ) o )

to the assumed quasi-TE modal field distribution. However, for the At this point, the derivatives of. and E, with respect tar and

sake of clarity, they will be replaced with equalities in a subsequeftca@n be eliminated from (8) and (9) by recognizing that at 7,

discussion. both E, and E, are continuous, as are their transverse derivatives.
To complete the derivation of the relationship between the odtP @ result, the explicit relationships between theerivatives ofE.

derivatives ofH. at the substrate-resonator boundary, the followingd £ at the boundary can be found in (10), shown at the bottom

combination of derivative operations must be performed: of this page. . o .
Next, the same set of operations as given in (5) [but with (4)

9 (4a) — 9 (4b) ®) replaced with (10)] are repeated to obtain (11), shown at the bottom
Oy ‘ Oz of this page. However, sinc&. = 0, the second term (more
) ) ] o specifically, its derivative with respect tg on the right-hand side
which, after changes in the order of differentiation, leads to of (11) vanishes. The remaining terms in the parentheses should be
recognized as being proportional 6., which allows for rewriting
{3 <8E1 _ 8Ey>} (11) as
dz \ Oy Ox e
po [ & (OE. OE, (9H. 0H, 9°H. _ fppo *H. 5
o {E < oy ~ Ou ) en < oy o« )}}ﬁ. © {W}h— _{ pe 022 Folers = e }h+. (12)

- k(z)(:rs - SV‘)EI,y} (10)

ht

PLay )| _ [0 PEoy | (= A)jrmo O°Eys
022 |, _ pe 022 e 0z2

ppo 02 <0Er _ aEy> _ JEpao o? (OE, 8Ey>

9* [OFE, _ Ok, _ ) pe 922\ Oy Ox fe 022\ Ox Oy
22\ oy  or ), e o) <8EI ~ OEy>

(11)

T By oz
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TABLE |
VALIDATION DATA FOR THREE DIFFERENT RESONATORS
(*N UMBERS IN PARENTHESES CORRESPOND TOGIBC APPROACH

Equations (7) and (12) can now be used to determine the higher
order odd and even-derivatives ofH ., which can be written as

o' H. @ | fo@ | f @
Vi a (mm) | d(Mm) | 565 0e | 1000 Oe | 2000 Oe
9z2n S n- Casel| 7.9 7.48 6.15 6.50 6.77

(6.16)* (6.51) (6.78)

— ( 1)71 27\1/]{,2(; _ ) t{to 2 O0H: (13) 560 Py -
= (— ‘o\Ers — Epr ) — YD) VA . . . .
0 w02\ ¥ . Case2 | 7.00 6.95 (6.61) (6.98) 727

When these expressions are added together, they represent the, o 3 3.85 3.41 12.63 13.45 14.07
boundary conditions o, and E, at = = 0 “translated” by way (12.64) | (13.46) | (14.08)
of Taylor-series expansions to= h. Through the use of Maxwell’'s
equations, this information was used to determine the appropriate
boundary conditions (or GIBC's) fofl. at the substrate—resonatorfo" (G.4), h must also be replaced with Finally, the complete
interface. It should be pointed out that odd and even derivatives §iPression for the determinant of the above matrix system can be
(13) sum up to closed-form expressions of sine and cosine functiok4ltten as

leading to the following final form of GIBC's foid .: 2 .
{COS &1 cos by — /1,522‘, M} sin 3d

T
20 - pop 07 otz
cos | b ([ki(ers —&r) — e 9 +/il t cos &1 sin b n h cos b2 sin 6; cosBd =0 (19)
Ho 52 61
2
5 sin <h \/k(z](&s —&r) — l:j# §2> where
poo c |

_n = = {H.}, =0. o o

po 9 | pop 0 ) h [ (ere = 20) + B8 2
hfR(ers =) = D25 o <§1> - pe . (20)

.« 0 2 t\/kg(l—e,»)+mﬂ2

(14) He

Note that when the same procedure is repeated for the interfacé\t this point, the resonant frequencies of the structure shown in
between the air-gap and top end-cap of the resonator, an identfc- 1 (or its field equivalent, shown in Fig. 2) can be determined by
form of the GIBC will be obtained, except thatande,. will be Simultaneously solving (17) and (19).
replaced witht and 1, respectively.

Now that the GIBC’s for H. along the axial direction have . NUMERICAL RESULTS

been determined, the boundary condition along the radial directionT . . .
. ) . . The resonant properties of three different resonators, whose dimen-
is required to complete the solution of the problem. The radial

slons are listed in Table I, were investigated in this paper.

deper!dence OH" |'nS|de the resonator can be determined from the The dielectric constants of the substrate and resonator were taken
following equation:

to bes,;, = 2.54 ands, = 15, respectively, with the saturation
O*H. n 1 0H: 4 (32e Mo g2\g _ o (15) magnetization of the ferrite beingmM, = 500 G. The resonant
9p2  p Op o ’ T frequencies were computed first for the quai%i.c mode of a

i i tiB(z—h) ) .~ circular ferrite post, which is an approximation to tH&®;; mode
It is assumed that the-dependence is:™” » the field is  of 4 ferrite rod [14]. The post is sandwiched between two infinitely
azimuthally symmetric and corresponds to the q&Sio mode |arge perfectly conducting plates (as in Fig. 2, with GIBC planes
(E. =~ 0). The solution to (15) inside and outside the resonat@gplaced by perfect electric conductor (PEC) planes). These results
is given by were compared to those calculated with the help of GIBC's for the
Hap)\ _ { Jolvp) A (IBGh) 4 B, JHiB(=h) re_sonant structure shown in Fig. 1, when botland h are 1pum.
H.o(p) ] ~ \Kolap) I B, /* Since f, for the post, whose end-caps are touching the metal plates,
(16) the resonant frequencies can be computed analytically, it serves as
a validation example for the computations made with the use of
where v = (kie, — po?pn) and o = (8% — k7). When the GIBC's.
continuity of H. and E, at p = a is enforced (noting that for this  As can be seen from Table |, the agreement between the GIBC for-
mode E, ~ 0 and H, = 0), the following transcendental equationmulation and solution to the “shorted” post boundary-value problem
for the radial dependence of the field is obtained: (as a function of the applied bias field) is very good. The differences
Th(~a) K}(aa) were typigally in the third decimal place, and were rounded off _for
A o (aa) =0 (17) presentation. In general, the GIBC-based approach leads to higher
yolya) — aklo(aa values forf,, which can likely be attributed to the fact that both the
The second transcendental equation is found by applying GIBQiming plate and ground plane were locatedri from the resonator.
to H. atz = h andh + d using the field expressions in (16). This To illustrate the resonant behavior of ferrite substrate-mounted

leads to the following set of linear equations: resonators, the resonant frequencies were calculated and plotted in
+ (GT ) n 0 Figs. 3-5 for all three resonators (cases 1-3 witlt = 0.7, 0.72,
ot ij_h,,,gd G+ ijl‘],/.;,,)*) {Bﬂ = {0} (18) 0.7, 1.25, and0.254, 5.0 mm, respectively) as functions of the bias
Tserd " Tserd

field for different values of the saturation magnetizatiar\/;. Note
whose determinant must vanish to avoid a trivial solution. Thibat the most rapid variation in the resonant frequency occurs at low
(G'L.,) term is obtained from (14) by replacidyy 9= with j 3, while  values of the biasing field, gradually approaching asymptotic values
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Fig. 3. Resonant frequency of the first resonator (case 1) as a functiontéd- 6. Resonant frequency of the first resonator as a function of aspect ratio.
applied bias field.
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Fig. 4. Resonant frequency of the second resonator (case 2) as a funchilsh 7- Resonant frequency for the third resonator as a function of tuning
of applied bias field. plate location.

12.4

0.7 and 0.72 mm, respectively. As can be seen, the resonant frequency
is more sensitive to the changes in the geometry at lower bias field
values and, in generaf,, decreases as eithéfa or a/d increase.

It is interesting to note that the biasing field affects the change in
frequency(A f,) differently at high and low values of the/d and

d/a ratios (see pointst and B in Fig. 6).

Finally, the effect of the tuning plate on the resonator was con-
sidered. This time, the resonant frequencies of the ferrite post with
smallest dimensions (case 3) were calculated as a function of the
applied bias field, while the tuning plate was gradually moved
further away from the resonator. The results are summarized in
Fig. 7, showing that, as expected, most of the interaction between the
‘ ‘ resonator and tuning plate occurs while both are in close proximity. In
0 500 1000 1500 2000 2500 3000 addition, it is also evident that the greatest variatioffi.ifis associated

Bias field in Oe with low values of the biasing field.

Fig. 5. Resonant frequency for the third resonator (case 3) as a function of
applied bias field.
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IV. CONCLUSION

A semianalytical approach was presented for the analysis of
with the increasing field. In addition, the highest resonant frequenciegbstrate-mounted cylindrical ferrite resonators. The use of GIBC'’s
are associated with the lowest valuesdafid. was utilized in problems involving magnetically anisotropic media.

Next, a study was performed to assess what happens as the aspeet approach was validated for a special geometry, having an
ratio of radius-to-resonator height/d) changes. Fig. 6 shows theapproximate analytical solution. Numerous data were presented for
variation of the resonant frequency for the first resonator (case 1), ferrite resonators as function of the applied biasing field, changing
which the substrate thickness and displacement of the tuning plate geemetrical dimensions, and location of the tuning plate.
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