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Abstract—Tunable dielectric resonators with dielectric tuning Ya
disks in cylindrical and rectangular enclosures are modeled by d )
mode matching method. Tuning properties of TE,; mode such
as tuning ranges, spurious mode separation, unloaded quality
factors, couplings, etc., are investigated for both rod- and ring-type €rNy1 €rNy2 ‘e €rNyN,
dielectric resonators. Wide tuning ranges are obtained while other :
properties of resonators are maintained over the tuning ranges.

Index Terms—Dielectric resonators.

. INTRODUCTION

. . . € € o . €roN
IELECTRIC resonators are widely used in microwave r2l r2 refe

components such as filters and oscillators. In some appli-

cations, tunability of resonant frequency is required. Metallic
tuning screws might be employed, but their tuning ranges are
limited. This is intuitive since in dielectric resonators, most 0
electromagnetic fields are confined in the resonators of high
dielectric constants. Metallic tuning screws are more appro- @)
priate for fine tuning. Wide tuning ranges could be achievec T4
by using metallic tuning disks. However, this will deteriorate
unloaded quality factors of resonators. Dielectric tuning disks ol p
can provide wide tuning ranges, and meanwhile avoid the T~
degradation of unloaded quality factors. S b

In [1] and [2], tunable dielectric resonators with metallic \\
tuning screws or disks are investigated using finite-elemen
method. Tunable dielectric resonators composed of two ider
tical dielectric resonators are investigated in [3]-[5]. However, WG1 DR WG2
the tuning ranges of th8'E,; mode of the resonators are
limited by the approach of spuriol&:y, mode, which will be
discussed later. (b)

m thIS_ papgr, t“”_ab"? dielectric resonators with dIeIeCtrEi . 1. (a) A generalized dielectric resonator in a cylindrical enclosure. (b) A
tuning disks in cylindrical and rectangular enclosures ag@neralized dielectric resonator loaded waveguide.
modeled by mode matching method. Tuning properties of

TEo; mode such as tuning ranges, spurious mode separatigipucture directly, which eliminates the need of formulation and

unloaded quality factors, couplings, etc., are investigated f@éding for each specified resonator configuration.
both rod- and ring-type dielectric resonators. Wide tuning

ranges are obtained while other properties of resonators areCylindrical Enclosure Case
maintained over the tuning ranges.

€r11 €r12 S €r1N,

Y

N Y

For the generalized dielectric resonator placed in a cylindrical
enclosure, shown in Fig. 1(a), the modeling approach is detailed
Il. MODELING in [6] and will be outlined here briefly as follows.

Generalized dielectric resonators placed in cylindrical and The structure is modeled in a cylindrical coordinate system
rectangular enclosures are modeled by mode matching metHgti®: )- Itis divided intoV,, radial regions according to its dis-
The motivation of modeling the generalized structure is that vaontinuity along the-axis, and each radial region hai layers

rieties of dielectric resonators can be dealt with by using tﬁgcordmg to 'FS discontinuity along tfmams._Each rad_lal re-
gion can be viewed as a parallel-plate multilayer radial wave-

guide. Fields (specifically, thg-directed axial dependence; see
Manuscript received March 6, 2000; revised August 22, 2000. the Appendix) in each layer of the parallel-plate multilayer ra-
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Fig.2. Comparison between measured and computed tuning frequencies of (a) a dielectric resonator placed in a cylindrical enclosure and¢bpaatielect
placed in a rectangular enclosure. Dimensions shown are given in inches. In (a), the enclosure diameter is 3.85 in, and the dielectric conesotsatirthad
tuning plug (solid-lined), the support (dotted), and the tuning-plug rod (dash-lined) are 45, 2, and 2.5, respectively.
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Fig. 3. Percentage tuning ranges of two dielectric resonators. (a) Rod-type resonator. (b) Ring-type resonator. Dielectric resonators racyIpidcied!i
enclosures. Dimensions shown are given in inches.

layers successively and dispersion relations. From the charactenereC andD are the outgoing and ingoing wave coefficient
istic equation, the eigenmode expressions of the parallel-platztors, respectively, of the outmost cylindrical dielectric res-
multilayer radial waveguide can be determined. The above apator region an® - andM , are the cascaded inner product
proach is detailed in the Appendix. matrices related witlC andD, respectively.

Fields in each radial region are expressed in terms of theEnforcing boundary conditions of the side enclosure yields
eigenmodes of the corresponding parallel-plate multilayer ra-
dial waveguide. Enforcing field continuity conditions at the in- D=TC ()
terface and taking proper inner products lead to field coeffi- . . . . .
cientrelation equations between two neighboring radial regioH%hereT IS the d|agqngl boundary-condition mgtnx. SUb.St"

ng (2) into (1) to eliminatd or C, the characteristic matrix

Cascading these field coefficient relation equations successiv%i ) : ,
of the structure is obtained. Searching for the zeroes of the

from the innermost region to the outmost region leads to ) o= )
determinant of the characteristic matrix gives the resonant
frequencies. The corresponding field distributions are then

C
Mc Mp] [D} =0 @ obtained by solving the characteristic equation and the field
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Fig. 4. Mode charts of two dielectric resonators placed in cylindrical enclosures. (a) Dimensions and (b) mode charts of the rod-type resansnsi¢c)sD
and (d) mode charts of the ring-type resonator. Also plotted are resonant frequentles, off Eq», andHE;; modes for the square enclosure case. Dimensions
shown are given in inches.

coefficient relation equations. From the field distributionsyaveguide regions are expressed in terms of the eigenmodes
the unloaded quality factors and the couplings between twbthe rectangular waveguide. Enforcing field continuity condi-
identical dielectric resonators can be calculated. In the couplitigns at the interface between the dielectric resonator region and
calculation, the improved large-aperture coupling theory withe waveguide regions and taking proper inner products lead to
the aperture thickness correction factor taken into account [#je following field coefficient relation equation [10]:
[8] is used. The coupling theory gives quite accurate coupling B

1

values [9]. {g} =[M.a1 Mao] [ij +[Mp1 Mpo] [BJ )

B. Rectangular Enclosure Case whereA; andB; are the incident and reflected wave coefficient
For the generalized dielectric resonator placed in a rectarectors, respectively, of the first waveguide region WQ@AL,

gular enclosure, a generalized dielectric resonator loaded rentd B, are the incident and reflected wave coefficient vectors,

angular waveguide shown in Fig. 1(b) is first modeled. It is direspectively, of the second waveguide region WG2, lshg ,

vided into three regions: the cylindrical dielectric resonator ré 42, M g1, and Mg, are the inner product matrices related

gion DR and the rectangular waveguide regions WG1 and WG#ith the corresponding wave coefficient vectors. Since different

The modeling of the dielectric resonator region is the same esordinate systems are involved in the computation of the inner

described above for the cylindrical enclosure case. Fields in theduct matrices, Bessel-Fourier series are used such that all the
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inner product integrals can be evaluated analytically [10]. This TABLE |

can improve the efficiency and accuracy of computation QUALITY FACTORS OF THETWO DIELECTRIC RESONATORS OFFIG. 4 RLACED
) IN CYLINDRICAL ENCLOSURES G REPRESENTS THESPACING BETWEEN

Substituting (3) into (1) to eliminat€ andD, the generalized Tuning Disk AND RESONATOR .., Qu, AND (). REPRESENT THEUNLOADED
scattering matrix of the generalized dielectric resonator load&@raL QUALITY FACTOR, THE QUALITY FACTOR DUE TO DIELECTRIC LOSSES

; H H Fras ND THE QUALITY FACTOR DUE TO (ENCLOSURE) CONDUCTOR LOSSE
rectangular waveguide is obtained. Shifting the reference planéESPECTISELY. IN COMPUTATION. A EossTANGE%T oF1 % 104 ANDi

position of the generalized scattering matrix and short-circuiting CONDUCTIVITY OF 15.67x 10° Sfin ARE ASSUMED
it lead to the characteristic equation for the corresponding di-
electric resonator in a rectangular enclosure. From the charac- rod-type resonator
teristic equation, the resonant frequencies, field distributions, G (inch) Qu Q4 Q.
unloaded quality factors, etc., can be obtained. The couplings (.04 9833 10255 238684
between two dielectric resonators in rectangular enclosures can (.12 9820 10300 210858
also be calculated accurately using the approach described in (.20 9780 10324 185550
[9]. 0.28 9719 10333 163661
Fig. 2 shows the comparison between computed and mea- 0.36 9669 10330 150602
sured tuning frequencies @f; mode of two tunable dielectric 0.44 9681 10319 156675
resonators: one placed in a cylindrical enclosure and the other 0.52 9773 10305 189322
placed in a rectangular enclosure. The computed results are in ring-type resonator
good agreement with the measured results for both enclosure @ (inch) Qu Qa Q.
cases. For the ring-type resonator shown in Fig. 2(a), a dielec- ~5.g4 0485 10249 127223
tric tuning plug is used. 0.16 9491 10318 118362
0.28 9484 10344 114033
0.40 9472 10340 112777
I1l. RESULTS AND DISCUSSION 0.52 9473 10323 114932
0.64 9497 10307 120863
Fig. 3 shows the percentage tuning range¥'Bf; mode of 0.76 9533 10298 128279

rod- and ring-type dielectric resonators. The tuning range in-
creases as the tuning disk becomes thick compared with the
height of resonator. For a fixed height ratio of tuning disk aneitent and then rises away from tH&y; mode. Therefore,
resonator, the tuning range increases with an increased asgecid spurious mode separation is maintained over the whole
ratio of resonator (the ratio of diameter to height of resonator.) foning range.
addition, for the ring-type resonator, the tuning range increasedt is also seen from Fig. 4 that the difference of resonant
with an increased inner diameter of resonator. Intuitively, as thequencies ofTEq;, TEq2, and HE;; modes between the
volume of the tuning disk becomes large compared with thglindrical and square enclosures is larger for the ring-type
volume of the resonator, the electromagnetic fields are confingiglectric resonator than for the rod-type dielectric resonator
in the resonator to a less extent and are easier to disturb by ghkthough for both types of resonators, as mentioned above,
tuning disk. The results shown in Fig. 3 are obtained for thgenerally speaking the difference of resonant frequencies
cylindrical enclosure case. For the square enclosure case, ibésween the two kinds of enclosures is small.) For the res-
found that the results are almost the same as those for the cybnant frequencies offEy, mode of the rod-type resonator,
drical enclosure case. Generally speaking, the difference of rise difference between the two kinds of enclosures is nearly
onant frequencies between the cylindrical and rectangular émdistinguishable. This is due to the fact that for the rod-type
closures is small for the resonators of high dielectric constantesonator, the size ratio of enclosure to resonator is larger and
Fig. 4 shows the mode charts with respect to the spacing liieerefore the enclosure has less effect on the resonance.
tween tuning disk to resonator of rod- and ring-type dielectric Table | gives the quality factors dfEy; mode of the two
resonators placed in cylindrical enclosures. Also plotted are ttielectric resonators of Fig. 4 placed in cylindrical enclosures.
resonant frequencies @fEq;, TEq2, andHE;; modes for the Over the whole tuning range&y, (the quality factor due to
square enclosure case. Good spurious mode separation fromdiglectric losses) is almost unchanged, whtle (the quality
eratingT'Ey; mode is observed over the whole tuning ranges. Aactor due to conductor losses) is kept one order greater than
mentioned above, for the tunable resonator composed of t@)g. Therefore, hight),, (the unloaded total quality factor) is
identical dielectric resonators [5], the tuning rangesldf,; maintained over the whole tuning ranges. On the contrary, for
mode are limited. As the spacing between two resonators the metallic tuning disks, it is imaginable that as the tuning disk
creases, the resonant frequencie$Bf,; andTE, (denoted as approaches the dielectric resonatgr, decreases steadily to be
TEH,; andTEE,, respectively, in [5]) modes approach eachn the same order as or even less than and therefore),, is
other (which means the coupling between the two resonataieteriorated.
becomes weak.) If dielectric disks are used as tuning elementsrigs. 5 and 6 show the couplings (through rectangular win-
their height can be adjusted to avoid the problem. As showllows between two identical resonators) of the two dielectric res-
in Fig. 4, as the spacing between tuning disk and resonator amators of Fig. 4 placed in cylindrical and square enclosures,
creases, the resonant frequency of operdlillg; mode rises, respectively. Itis seen that the couplings are mainly determined
while the resonant frequency @fg, mode falls first to some by the slot dimensions and maintained well over the most tuning
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Fig. 5. Couplings of the two dielectric resonators of Fig. 4 placed in cylindrical enclosures. (a) Rod-type resonator. (b) Ring-type resonasam®shewn
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Fig. 6. Couplings of the two dielectric resonators of Fig. 4 placed in square enclosures. (a) Rod-type resonator. (b) Ring-type resonators Bhoemsara
given in inches.

ranges. Therefore, filters composed of these resonators can be APPENDIX
tuned without touching coupling screws. PARALLEL -PLATE MULTILAYER RADIAL WAVEGUIDES

The parallel-plate multilayer radial waveguide is shown in
Fig. 7. It is composed of arbitrar¥ layers of dielectric con-

Tunable dielectric resonators with dielectric tuning disks istant ofe,.; and heighti; (i = 1,2, ..., N). The eigenmodes of
cylindrical and rectangular enclosures are modeled by motie radial waveguide can be categorized into TE and TM modes
matching method. Tuning properties @%,; mode such as with respect to the-axis. For TE modest, = 0, and the re-
tuning ranges, spurious mode separation, unloaded quality feaining field components can be derived from the axial mag-
tors, couplings, etc., are investigated for both rod- and ring-typetic field # ., while for TM modes H. = 0, and the remaining
dielectric resonators. Dielectric tuning disks can be used to pfeld components can be derived from the axial electric field
vide wide tuning ranges while other properties of resonators ak. The solution of the scalaH, for TE modes oiE, for TM
maintained over the tuning ranges. modes) wave equation in cylindrical coordinates is a product of

IV. SUMMARY
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three terms: the radial dependen&g), the azimuthal depen-
dence®)(¢), and the layer-related axial dependet&éz).

The radial and azimuthal dependencies that apply for all t
layers are of the form

R(p) = Crdn(&p) + DnYn(ép) (4)
and
oo = { )} ©)

respectively, wherd,, andY;, are Bessel functions of first and
second kind, respectively, and of order¢ is the radial p-di-
rected) wavenumber; and, andD,, are the field coefficients.

The axial dependendg;(z) of theith layer is
; Slnh[fyl (Z Zl)] (6)

Vi

whereA,; andB; are the unknown field coefficients to be deter
mined later andy; is the axial ¢-directed) wave number of the
ith layer. For TE modesi3; and By vanish, whereasl; and
Ap vanish for TM modes.

The axial wave numbey; of the ith layer are related with
each other through the dispersion relation

&=kl +v} )

wherek? = k3e,.; is the wavenumber of thih layer { is the
free-space wavenumber) and, as mentioned aljos¢he radial
wave number that applies for all the layers.

Enforcing field continuity conditions [6] at the interface£

Zi(z)=A + B; cosh[y;(z — z)]

z;) between two neighboring layers successively yields the re-

cursive relations of the field coefficient4; and B; of the ith
layer with each other

|:gi+l:| — M,(d)) |:§z:| ’
i1 i
i=1,2.....N—2 (8)
A; A;
Mans(=dian) | 57 | =) | .
i=N-—1 9)

ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

where
cosh(v;d;) %2 M
Mi(di) = | o i (10)
sinh(vidi) cosh(v;d;)
Vi

for TE modes, while TM modes have the saiwg(d;) ex-
cept that the second-row entries are multiplied by a factor of
67,i/€7,(i+1) .

Cascading the above field coefficient relations from the first
layer to the last layer successively, and noting tBatand
By vanish for TE modes, wherea, and Ay vanish for TM
modes, lead to the characteristic equation. For TE modes, the
characteristic equation is

left column of

left column of N_1

My(—dy) [] Mi(dy)

=1

= 0. (11)

~

~
2X2 determinant

tf%e characteristic equation for TM modes is the same as
that above except that the right columnsMy(—dy) and
[T.2;" Mi(d;) constitute the 2« 2 determinant. Searching for
the zeroes of the characteristic equation gives the axial wave
number~;s.
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