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Magnetic Tuning of Cylindrical H018-Mode
Dielectric Resonators

JERZY KRUPKA

Abstract — The theory of magnetic tmring of cylindrical Hola dielectric

resonators is developed. It is based on rigorous solutions to the dielectric

resonator systems containing microwave ferrites. It isshown that the most

effective magnetic tuning of H016 dielectric resonators cau be accom-

plished by iuserting a thin ferrite rod through an axiaf hole in the

resonator. This kind of tuning utilizes the dependence of tbe parallel

permeability tensor’compouent p, ou the magnetic field applied. Experi-

merits have been performed whieb show that a4 percent tuning range can

beattainedwitba Qfactor of theresonant system of theorderof2000at

X-band. Using an appropriate dc magnetic field circuit,’ a 120 MHz tuning

bandwidth has been obtained with a consumption of tuniug power of about

75 ‘mW.

I. INTRODUCTION

T HE RESONANT frequencies of dielectric resonators

are determined by the resonator material permittivit y,

resonator dimensions, and the shielding conditions [1], [2].

The resonant frequency can be magnetically tuned by

attaching a microwave ferrite to the resonator and apply-

ing a magnetic field to it. The magnetic field controls the

permeability of the ferrite and hence the resonant fre-

quency of the resonant system. Tuning bandwidths of the

order of 1 percent [3] and 2 percent [4] have been reported.

The authors of the above-mentioned papers chose ferrites

in the form of disks attached above ‘the dielectric res-

onator. Such configurations were chosen rather intuitively

since a theory of tuning has not been developed to date.

This paper presents systematic studies of ferrite tuning of

cylindrical H018-mode dielectric resonators. The theory is

based on rigorous Rayleigh–Ritz solutions to the resonant

systems containing ferrites. The geometries under study

are illustrated schematically in Fig. 1. It is assumed that

the external magnetic field is uniform and directed along

the z axis of the ‘cylindrical coordinate system; so the

permeability tensor of the ferrite medium is characterized

by the following expression:

[1
P –j~ O

/Y=jKpo (1)

o 0 p=

where p = p’ — j’p”, K = K’ — J“K”, and p, = p; — J“p~. The

relative permittivities of the ferrite medium and of the

dielectric resonator are assumed to be scalars, denoted by

~f = c; – jc~ and ( = d – j~”, respectively.
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Fig. 1. Structures of Shielded magnetically tunable dielectric resonators.
(a) Cylindrical dielect~ic ring resonators with a gyromagnetic rod. (b)
Cylindrical dielectric resonator with a gyromagnetic disk.

II. THEORY

The resonant frequencies of the resonant system shown

in Fig. 1 can be found as the solutions to the following

eigenvalue problem:

Ld=juM6 (2)

ii>< E-=O 011 S

where

‘=[J!ICYII ‘=
cot(r) o

0 – /JoF(r)

Rigorous solutions to the problem given by (2) have been

obtained by means o:F the Rayleigh–Ritz method [5], [6]

using empty cavity functions as a basis [7]. The resonant

frequencies have been found for the Iossless system. The Q

factors of the resonant system can be computed using

perturbaticm theory [8], [2]. We shall remark, however, that

for 10SV-1OSSsystenis this theory leads to exact results.

Following this theory, the Q factor of the resonant system

with a perfectly conducting shield is computed as follows:

where PX = 21d~, /dx lx/~r is the electric or magnetic en-

ergy filling factor; x stands fOr c’, c;, p’, K’, or pi

respectively; and f, is the resonant frequency.

All the differentials required for 2X factor calculations

can be computed numerically with the aid of the program

used for the resonant frequency computations.
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Fig 2. Permeability tensor components versus internal dc magnetic
field apphed for the hthium-titauium ferrite used in experiments.
Measurements were performed at a frequency of about 9300 MHz.
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Fig. 3. Configurations of the resonant systems for the Raylelgh–Ritz

analysls. (a) Shielded quasi-HOll-mode dielectric ring resonator with a
ferrite rod, R< =16 mm, a = 4 mm, ~ =1.5 mm, h = L=8 mm,
c’= c;= 15. (b) Shielded quasi-HOlj-mode dielectric ring resonator with

a ferrite rod. R< =16 mm. a = 4 mm, ry =1.5 mm, h =8 mm, L=12
mm, c’= cj =15. (c) Shielded quasi-HOl$-mode dielectric resonator

with a ferrite disk. R< =16 mm, a = 4 mm, h = 6.5 mm, Irf ‘1.5 mm,
L = 8 mm, c’= c~ =15. (d) Shielded quasi-HOlt-mode dielectric res-

onator with a ferrite disk. R< =16 mm, a = 4 mm, h = 6.5 mm,
h, =1.5 mm, L=12 mm, ~’=fj=15.

The tuning characteristics of a resonant system contain-

ing ferrites depend on ferrite properties. Since low tuning

power is usually desirable, properties of partially magne-

tized ferrites are needed. In Fig. 2 are shown permeability

tensor components versus the dc magnetic field intensity

for the lithium-titanium ferrite (made by Polfer, Poland)

used in our experiments. The characteristics shown in Fig.

2 are valid if the curves start from the completely demag-

netized state of the ferrite. It will be shown in the experi-

mental part of this paper that hysteresis effects exert an

important influence on the tuning curves of the resonant

system.

Now we consider the possibilities of tuning the different

quasi-H018-mode resonant systems shown in Fig. 3. The

parameters of the systems were chosen so as to be similar

to those used in our experiments. Computations have been

performed using basis functions sketched schematically in

Fig. 4. The meaning of particular basis functions is fully

explained in [7]. The electric type basis functions must be

included since generally K # O, so E, # O (this explains the

designation quasi-Hola mode, since for the HOla mode

Ez = O). The results of the computations of the quasi-

H018-mode resonant frequencies, the electric and the mag-

netic energy filling factors, are presented in Table I. One
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Fig. 4. Subscripts of basis functions used for computations of the

resonant frequencies and the electrlc and magnetic energy filhng fac-
tors of the resonant systems shown m Fig. 3. (a) Rotatlonaf electric
type basis functions. (b) Rotational magnetic type basis functions and
potential electrlc type basis functions, (c) Potential magnetic type basis
functions.

TABLE I
QUASI-HOII-MODE RESONANT FREQUENCIES AND THE ELECTRIC

AND MAGNETIC ENERGY FILLING FACTORS FOR THE

RESONANT SYSTEMS SHOWN IN FIG. 3
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can see that for the resonant systems with thin ferrite rods

(Fig. 3(a) and (b)), situated centrally in the dielectric

resonator, the resonant frequency shift is predominantly

connected with the change in the parallel component pj of

the permeability tensor (for these systems, py and pK <<

pP: ). This is clear since for the H018-mode resonators the
H= component of the magnetic field has its maximum value

at the dielectric resonator axis, while the remaining field

components ( Hp, E@) have minima there. For the resonant

systems with ferrite disks, the influence of particular tensor

components on the resonant frequencies is different for

different disk positions. For the resonant system shown in

Fig. 3(d) the parallel p; component has a dominant influ-

ence on the resonant frequency values but that of p’ is also

significant. For the resonant system shown in Fig. 3(c) the

influence of the p’ component is dominant but the influ-

ences of K‘ and p: are nevertheless significant. The maxi-

mum tuning bandwidth which can be obtained for a par-

ticular resonant system and ferrite material depends on the
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TABLE II
MAXIMUM TUNING BANDWIDTHS AND Q, FACTORS OF

RSSONANT SYSTEMS SHOWN IN FIG, 3

Case 4 f~x /fp ~f
in Fiq3 [%1 4 QJ, Q{

a 4.13 4290 20020 3530
b 4.36 4018 20390 3356

‘1.99 !2200 27900 8490

: 1.82 8300 5260 3220

p’=p: = 0.7: K’=o.
tani$,, =15X10-4; tan?lP~ =10-3.
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Fig. 5. Theoretical normalized tuning characteristics for the resonant

quasi-HOla-mode systems shown in Fig. 3(a) (solid line) and in Fig.
3(b) (dotted line), Dependence of permeability tensor components on

the dc magnetic field is taken to be the same as in Fig. 2,

admissible Q factor degradation of the resonant system

due to ferrite losses. Let us define the Qf factor depending

on ferrite losses only as follows:

Q; ’= Q:’+ Q;’ (4)

where

and

Q;l = PPP’’/lJ’ + P#’/K’ + PpzP:/P;.

For a ferrite in the completely demagnetized state K“ == O

and p; = p“ = P; tan 8P., where P; and tan dv. denote the
scalar permeability and the magnetic loss tangent of de-

magnetized ferrite respectively. Also c; = C; tan 8,,, where

c; and tan 8<, denote the permittivity and the electric loss

tangent of the ferrite. Table II gives results of computa-
tions of the maximum tuning bandwidths and Qf factors

(for demagnetized ferrites only), and Figs. 5 and 6 present

tuning characteristics of the resonant systems shown in

Fig. 3. It was assumed that the real parts of the ferrite

permeability tensor components change as in Fig. 2 and

that tan 8,, =15 x 10-4 and tan tl~~=10 -3 (these values

were given by the manufacturer of the lithium-titanium

ferrite). One can see that for the resonant systems shown

in Fig. 3(a)–(c) the product of the tuning bandwidth and
the Qf factor is approximately the same, while for the

resonant system shown in Fig. 3(d) it is about three times

smaller. The reason for this is that in the last case dielec-

tric losses constitute a large part of the total losses in

ferrite medium, since the ferrite disk is situated at the
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Fig. 6. Theoretical normalized tuning characteristics for the resonant

quasi-HOl$-mode systems shown in Fig. 3(c) (solid line) and in Fig 3(d)

(dotted hne). Dependence of permeability tensor components on the dc
magnetic fi,sld M taken to be the same as m Fig. 2.

position where the electric field has significant magnitude.

Hence SUChl ferrite position is not recommended for tuning

of the resonant system. The remaining systems are equiva-

lent from tlhis point of view. However they are not equiva-

lent if one considers efficiency of tuning defined as

~1= AfQf/fL (5)

where Af is the tuning bandwidth, and H~..t is the external

magnetic dc field required for obtaining such a bandwidth.

For a thin ferrite rod the internal magnetic dc field in it

H, = Hext since the clemagnetizing factor NZ = O. For a flat

ferrite disk N== 1 so H, = IfeXt /p~C, where p~C denotes the

relative static permeability of the ferrite. Hence the reso-

nant system with a ferlite in the form of a thin rod makes

it possible to obtain higher tuning efficiency. It will be

shown in the next part of this paper that it is possible to

build a close dc magnetic circuit which includes a mi-

crowave fe~rrite rod in order to obtain an extremely high

tuning efficiency. We shall remark that it is also possible

to reduce demagnetizing effects for resonant systems with

ferrite disks by applying the dc magnetic field perpendicu-

larly to the z axis, as was done in [4]. In this case, however,

the electromagnet system must have a larger air gap since

the transverse dimensions of the resonant system shield are

usually larger than those along the z axis. Since in this case

the electromagnetic field distribution in the resonant sys-

tem loses tlhe axial symmetry, it was not possible to ana-

lyze this case carefully with the aid of our computer

program.

III. EXPERIMENTS

In our experiments the ring dielectric resonator used is

made of dielectric with ~’= 14.95 and tan S, =1.6 x 10 – 4

(made by F’olfer of material with the catalog symbol HF-

D-15). The resonator has an external diameter of 8.00 mm,

an internal diameter of 3.50 mm, and a height of 8.00 mm.

Lithium-tilanium ferrite rods (2.96 mm in diameter) with

c; = 16.2, tan&, <15x 10–4, and tanb~~ < 10–3 were used

for tuning (made by Polfer of material with catalog symbol

HF-L-260). The resc,nant frequencies and the unloaded Q

factors of the resonant systems were measured using a

swept-frequency Q factor meter made at the Institute of
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Fig. 7. Parallel-plate quasi-HOll-mode resonant configurations used in

experiments. (a) The system with short ferrite rod ( jf = ~). (b) The
system with long ferrite rod (h, = 25 mm).
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Fig. 8. Measured quasi-HOll-mode resonant frequencies and unloaded
Q factors versus external dc magnetic field intensity for the resonant
system shown in Fig. 7(b). h = L = 8.00 mm, a = 400 mm, internal

diameter of the rmg resonator d, = 3.50 mm, q =1.48 mm, hf =25
mm, (} = 16.2, d =14.95 (virgin curve is marked with dotted line).

Microelectronics and Optoelectronics, Warsaw University

of Technology. The first group of experiments was per-

formed using a large electromagnet system with a 50 mm

air gap between electromagnet poles having a 250 mm

diameter. The maximum magnetic induction to be ob-

tained in the air gap was 0.7 T. In this first group of

experiments, two parallel-plate dielectric resonator sys-

tems, sketched in Fig. 7, were used with coaxial cables

terminated by small loops used for coupling.

The results of measurements of the quasi-Hell-rnode

resonant frequencies and unloaded Q factors for these

systems, without and with ferrite rods, in the completely

demagnetized state and with 0.7 T dc magnetic field ap-

plied, are presented in Table III. It should be pointed out

that high magnetic field intensities, exceeding 0.6 T, are

required to reduce the magnetic losses to a very small

value. One can observe that experimental results (Table

III) agree quite well with theoretical ones (Table I). Small

differences between them are mainly due to differences

between the actual parameters of the resonant system and

those assumed for the theoretical computations. For exam-

ple, the internal dimension of the ring resonator was

assumed to be 3.00 mm in the theoretical computations

but it was 3.50 mm in the experiments. Since no essential

differences in the Q factor values and tuning characteris-

tics between systems with short and with long (25 mm)

ferrite rods were observed and the system with the long

ferrite exhibits slightly larger tuning bandwidth, further

results will be presented for this system only. Fig. 8 gives

Coil

TABLE III

MEASURED VALUES OF THE QUASI-HOI l-MODE RESONANT

FREQUENCIES AND UNLOADED Q FACTORS FOR THE

PARALLEL-PLATE RESONANT SYSTEMS

SHOWN IN FIG. 7

[xterrml maqnetic
DCf@id apphed Resonator falling fr (MHz) Q

Anq Without ferrite 1012’8 4570

Short ferrite rod
Completely demaq- hf=L=@ mm 10332 2670
netti ferrdes
wdh n:~ld appli- Lonq ferrite rod

hf=25 mm 10348 2655

Short ferrite md
0.7 T maqnetic h+=L=800mm

9906 4330

field applied ~:;~;”: rod 9914 4270
1 1 , ,

k = L = 8.00 mm; internal diameter of the ring

resonator d, = 3.50 mm; ~ =1.48 mm; (; =16.2; c’=

1495; tan8< =1.6 x10-4.

Coil 2 tlicrowave tirrite
——

1
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Fig. 9. Shielded quasi-H013-mode magnetically tuned resonant system

with dc magnetic field circuit whrch aflows very efficient magnetic
tuning,

results of the quasi-HOll-mode resonant frequency and the

unloaded Q factor measurements versus dc external mag-

netic induction values for the resonant system shown in

Fig. 7(b). One can observe that the tuning characteristics

exhibit hysteresis effects. The maximum tuning range, de-

fined as the difference between the resonant frequency

value with ferrite in the completely demagnetized state and

its” value with 0.075 T dc magnetic field applied, is equal to

405 MHz ( = 4 percent) and the minimum Q factor of the

resonant system is higher than 2000 in the whole tuning

range.

The results of experiments presented here confirm the

validity of the theory presented in the first part of this

paper. It has been proved that the tuning efficiency for the

resonant system presented here is higher than that for the

systems investigated in [3] and [4]. However, as mentioned

earlier, the main advantage of this system is the possibility

of constructing a close dc magnetic field circuit that in-

cludes the microwave ferrite as a part. An example of such

a circuit is shown in Fig. 9. A very similar magnetic circuit

was constructed using a typical core made of RF ferrite.

The main arm of the core was cut and the holes were

drilled appropriately by the manufacturer (Polfer). For the

sake of comparison we used the same parallel-plate dielec-

tric resonator used in the first part of our experiments

(Fig. 7(b)) instead of the microstrip configuration depicted
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Fig. 10. Measured static tuning characteristics of the quasi-HO1l-mode
resonant system shown in Fig. 7(b) with thedcmagnetic field circuit as
in Fig. 9. Parameters of the resonant system are the same as in Fig. 8
(virgin curve is marked with dotted line).

in Fig. 9. The width of the silver-plated copper plates
short-circuiting the dielectric resonator was limited to 38

mm. By the internal dimensions of the core, however, as

one would expect, we did not observe the Q factor degra-

dation of the resonant system due to radiation. The results

of the experiments are presented in Fig. 10. It is seen that

a tuning power of only 75 mW is required to obtain a 120

MHz tuning bandwidth. Despite the hysteresis effects the

tuning characteristics are almost linear for wide ranges of

tuning current values. Each of the two curves shown in

Fig. 10 was found independently beginning with the com-

pletely demagnetized state of the ferrite. It is not easy to

reach the completely demagnetized state of the ferrite with

a direct current source. If instead of the direct current

source a 50 Hz alternating current source was applied, it

was always easy to reach this state by gradually decreasing

the magnitude of the tuning current. We expect, in further

applications of this system of tuning, to obtain high tuning

speeds since a ferrite material will be used as the core.

IV. CONCLUSIONS

As presented in this paper, the rigorous theory of mag-

netic tuning of the Ho16-mode dielectric resonators allows

the design of various ferrite-tuned resonant systems having

axial symmetry, with a very high accuracy. It has been
proved that the most effective tuning of such resonant

systems can be accomplished by inserting a thin ferrite rod

747

through the hole in a cylindrical ring resonator and its

shield. The ferrite material used for tuning should possess

small magnetic losses and a small pj value. To get the

lowest consumption of tuning power, a close dc magnetic

field circuit should be built including the microwave ferrite

as a part. Applications of such systems are expected to

include the construction of very high Q, electronically

controlled (dielectric resonator oscillators.
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