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Loaded with High-Dielectric-Constant
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Abstract —A partially dielectric-filled stepped impedance resonator

(PDSIR) is introduced as a class of a miniaturized coaxial resonator. The

length of this resonator is less than that of a fufly dielectric-filled

quarter-wavelength resonator.

The conditions for obtaining resonance with a high dielectric constant of

c, =35 or 85, sensitivity analysis, and temperature drift of the resonant

frequency, are desenbed. The spurious response, in wbieh the characteris-

tics are better than for a conventional quarter-wavelength resonator, is sdso

analyzed.

I. INTRODUCTION

T HE RF CIRCUIT is a significant factor in achieving

size reduction in radio-comsnunication equipment. The

Q-factors of resonant circuits in the RF circuit usually

show degradation with size reduction. Many filters or

oscillators require compact resonators with high Q-factor.

Waveguide components are too large for UHF and TEM

structures are too lossy. Surface acoustic wave (SAW)

resonators can be used for reducing the dimensions but

their insertion loss and power handling are also limited at

present. The dielectric resonators in the TE mode using

high-dielectric-constant materials are compact and have

high Q, but they are still too large in the UHF band [1].

The diameters of a cylindrical dielectric resonator with

TEO1a mode in free space at 900 MHz, for an example, can

be greater than 40 mm for c,= 35 and 30 mm for c,= 85.

The filters of fully dielectric-loaded resonators in TEM

mode or TM mode have been developed using high-dielec-

tric ceramics [3], [4].

This paper describes a compact TEM-mode coaxial reso-

nator partially loaded with high-dielectric-constant

ceramics to reduce resonator size as well as to improve

spurious response. As a means of reducing size, the authors

reported on a compact resonator of stepped impedance

construction [6], [7], [8]. From the results reported, it has

been shown that the most effective method of reducing the

dimensions is to use small impedance ratio K. This imped-

ance ratio K can be minimized by using material with a

high dielectric constant in the resonator.

Fig. 1 shows various resonators: (a) a conventional

quarter-wavelength resonator, (b) a capacitor-loaded reso-

nator, and (c) a stepped impedance resonator (SIR), which
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Fig. 1. Coaxial resonator. (a) A quarter-wavelength type. (b) A capaci-
tor-loaded type. (c) A stepped impedance resonator. (d) A partially

dielectric-loaded stepped impedance resonator.

has already been reported in [5]. SIR is useful for reducing

size with low Q-degradation. To reduce the size further, a

partially dielectric-filled SIR (PDSIR) is introduced, as

shown in Fig. l(d).

As the Q-factor analysis and experiments are reported in

another paper [8], the design, sensitivity analysis, and the

study of temperature drift, are described here. The spuri-

ous response of the resonator is also analyzed and com-

pared with the experimental results.

II. CONDITION OF RESONANCE OF THE PDSIR

Fig. 2 shows the basic structure of the PDSIR. The

conditions of resonance of the resonator are calculated

using the parameters shown in Fig. 2. The admittance from

the open-end Yi can be described as

Yi = jY2”
Y2tane1. tane2-Y1 ,

Yztan 01 + Y1tan 02

tan 131-tan Oz– K
= jYz.

tan 01+ Ktan 02
(1)

where K = Y1/Y2 = Z2 /Z1.

The condition of resonance can be given by

tanO1. tan02– K=0 (2)

where 01 = ~11, Oz= /3&12, and ~ are the phase constants

in free space at resonance.

Values for 11 and 12, normalized by a quarter-wave-

length, are introduced as follows:

L1 = 11/(A/4) = 11/(w/2~)

L,= 12/(A/4) = 1,/(7r/2/3)

L,= 1,/(A/4) = 1,/(7r/2~) (3)
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Fig. 2. Cross section of a resonator under analysis.
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Fig. 3. Resonant condition of a resonator loaded with dielectric con-

stant c, = 35 ceramic. Length is normalized by quarter-wave-length.

where A is the free-space wavelength and lr = 11+ Iz. Equa-

tion (2) can be rewritten using (3) as

tan(77L1/2)”tan (7r&(L, – Ll)/2) = K. (4)

The resonator length Lf can be obtained from (4)

L,= (2/7r. &)o {tan-’ (17/(1- K))+ (nL1/2)(~ -l)}

(5)

where H = tan (7rL1/2)+ K/tan (~Ll/2).

This resonance curve is calculated for a dielectric con-

stant of c, = 35 and 85, which is also used in the experi-

ments. The results are shown in Figs. 3 and 4.

The following characteristics of the PDSIR are revealed

by these results.

a) The resonator length depends on the impedance ratio
K and becomes small with a small K.
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Fig. 4. Resonant condition of a resonator loaded with dielectric con-

stant c,= 85 ceramic.

b) In the region of K <I/&, the resonator becomes

smaller than a fully dielectric-filled quarter-wavelength res-

onator and there is a point at which the length is the

minimum for each K value.

c) When K z I/&, the resonator is reduced to the

minimum when L1 = O, which is the same as a fully dielec-

tric-filled quarter-wavelength resonator.

III. MINIMUM RESONATOR LENGTH

The conditions of resonance are modified using the

normalized resonator length from (4) as follows:

K+tan(mL1/2).tan( n&/2.Ll~
tan (m& Lz/2) =

tan(rL1/2)– K.tan(m&/2. L1) “

(6)

The resonator is at its minimum length when

tan ( W&Lt /2) is minimum. Thus the minimum condition
can be obtained by differentiating (6) with respect to L1

and equating it to zero. Thus

The L1 ~ corresponding to L1 ~ is given from (7) as

follows:

L , ~n = (2/r) .tan-1

{(K”(E~KK))”21

O~K<l/&

Ll tin= O, K=l/fi. (8)

This resonator length L1 tin at the minimum resonator
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Fig. 5. Normalized resonator length Z,, as a function of K at a minimum
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Fig. 6. Minimum normalized resonator length Lt as a function of Kin
dielectric constant of c, = 35 and 85.

length -L, ~ is shown in Fig. 5 as a function of K. The

minimum resonator length Lt ~ can be obtained by sub-

stituting (8) in (6). The calculated result is shown in Fig. 6.

In actual design, the minimum K is limited by the dimen-

sions of the resonators. K is given by (1) using dimensional

parameters as follows:

ln(b/a2)

‘= ‘2’21= ~.ln(b/a,) “
(9)

Fig. 7.

0.20

K = 0.2

0.15 -

A4

0.10

0.05 -

o 0.05 0.10 0.15 0.20

L1

Several resonator mam on different normalized lengths. Each
resonat& number is circled.

TABLE I
DIMENSIONS OF SEVSRAL RESONATORS USED IN ANALYSIS

No. K ~, (Uilll) It (Irmr) Lt

1 0.04 8.5 10.0 0.12

2 0.04 3.9 8.5 0.10

3 0.04 2.4 10.0 0.12

4 0.1 7.8 12.3 0.15

5 0.2 9.6 75.4 0.19

6 0.2 5.0 21.7 0.26

IV. SENSITIVITY ANALYSIS OF Som RESONATORS

There are three parameters in designing the PDSIR.

These are L,, L1 or L2, and K. For sensitivity analysis of

these parameters, the resonators were designed at 900

MHz. The temperature dependence of the resonant

frequency is also calculated in the next section. Several

resonators were designed using (5), and Table I shows the

dimensions of these resonators. They have the same reso-

nator length Lf with a different K value and the same K

with different values for Lt. Fig. 7 shows the design map of

each resonator and the circled number corresponds to the

resonators listed in Table I.

A. Sensitivity of the Frequency to the Thickness L2 of the

Dielectric Ceramics

The resonant frequency f. is calculated from the follow-

ing:

where c is the velocity of light.
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The numerical analysis, shown in Fig. 8(a), was carried

out with a varying value for LI, but with K constant. This

shows that there is both positive and negative frequency

dependence on the design parameters. This dependence is

at the minimum for minimum resonator length. The sec-

tion to the left of the minimum length point in Fig. 7

shows positive frequency dependence and the section to the

right shows negative dependence. A design in the region of

the minimum Lf at a given K is the most desirable for

minimum frequency sensitivity, in relation to variation in

the thickness of the dielectric material.

B. Sensitivity of the Frequency to Variation in the Dielectric

Constant

The sensitivity of the frequency to the dielectric constant

of the ceramic can be obtained from the following:

The numerical result is shown in Fig. 8(b). The sensitiv-

ity of the frequency to the dielectric constant is nearly the

same for all resonators and a – 0.5-percent deviation of the

frequency for a l-percent increment in c, is obtained.

C. Sensitivity of the Frequency to the Resonator Length L,

This is obtained from the following:

‘an(%”zl)”tan{*(l, -lJ)-K=O. (12)

The numerical result is shown in Fig. 8(c). This is carried

out at constant c, and L2. All resonators have negative

dependence on L,. The variation in the frequency sensitiv-

ity of many resonators is concentrated around a – 0.6-per-

cent deviation of frequency for a l-percent increment in Lt.

D. Sensitivity of the Frequency to the Impedance Ratio K

Deviation of the dielectric constant ~, and the inner or

outer conductor radius cause the variation in K. The

analysis can be obtained using (9) or (12) with constant Ll,

L2, or L, values and a varying K-value.

The numerical result is given in Fig. 8(d), which shows

that all resonators have positive frequency sensitivity with

an increase in K.

V. TEMPERATURE STABILITY

The temperature stability of resonant frequency is an

important factor in actual oscillator and filter applications.
The relationship between Tk and ~- was determined to be [9]

7k=–2(q+a J (13)

where rf is the temperature coefficient of resonant

frequency, r~ is the temperature coefficient of dielectric

constant, and a, is the thermal-expansion coefficient of the

dielectric resonator. The thermal coefficient of metal al as

well as ~~ must be considered in the PDSIR. As the

temperature coefficient of the dielectric constant r~ can be

modified or changed by varying the composition of the
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Fig. 8. Sensitivity analysis of resonant frequency of each resonator. (a)
Normalized resonator length L2 with constant total length. (b) Dielec-

tric constant. (c) Total length. (d) Impedance ratio. Each designed
resonator in Fig. 7 is circled.
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Fig. 9. Temperature stability of resonant frequency on Tk. Each de-

signed resonator in Fig. 7 is circled.

materials, the resonant-frequency stability in temperature

is controlled by the factor ~k.

The temperature dependence for each parameter is ex-

pressed as follows:

ll=llo{l+a,(To– T)}

12=120 {l+ac(To– T)}

(14)cr=6ro{l+Tk(To– T)}

where T is the ambient temperature and TOis the reference

temperature.

Thus the resonant frequency dependent on the parame-

ters in (14) can be obtained by solving the following:

The numerical result is shown in Fig. 9. The parameter

a, is taken as al= 16.5 ppm/ 0C of copper and the a, =11

ppm/ 0C when C.= 35. Material with the latter parame-

ter is dense ceramic of the system xBa(Zn1,3Nb2,g )03 –

(1 – x)Ba(znl/3Ta2,3 )03, and rk varies according to the
composition x [10].

It becomes clear from the result shown in Fig. 9 that a

resonator with high temperature stability can be obtained

by choosing a certain negative value for ~~ of the above

dielectric ceramic material.

VI. SPURIOUS RESPONSE

The spurious response of the resonator is also one of the

important factors in designing actual oscillators or filters.

In particular, for filters used in transmitting, the higher

mode response, such as the third- or fifth-order response,

must be suppressed to prevent spurious frequency trans-

mission. Conventional quarter-wavelength resonators have

a higher mode response in odd-number multiples of the

order of three, five, seven, etc. times the fundamental

JIJ/~/,,,~111,
(b) “

Fig. 10. The field configurations of TEII mode in a coaxial waveguide.

(a) Cross-sectional view. (b) Longitudinal view. Solid lines indicate
electric field, broken lines rnagneti; field. [After N. Marcuvitz.]

I a ,

4 6 8“

a2 (mm)

Fig. 11. Cutoff frequency in a coaxial waveguide for various TE~n

modes as a function of inner conductor radius al with constant outer
radius b.

frequency. In a coaxial resonator, the dominant mode is

the TEM mode but the waveguide mode must also be

considered.

The TE1l mode has the longest cutoff wavelength among

coaxial waveguide modes [11]. This mode is shown in Fig.

10. For c,= 35 and b =10 mm, the corresponding cutoff

frequency is calculated as a function of the inner conductor

radius a2, which is shown in Fig. 11. For TEM mode, the

higher mode response in bandpass filter applications can
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Fig. 12. Normalized frequency numbers of TEM mode as a function of
K for each resonator length L,.

be obtained by putting the input admittance of (1) equal to

zero.

The frequency ratio number N is introduced and this can

be obtained by solving the following equation from (1) at

given values for L1, Lz, and K

tan (mLIN/2) tan (n&LzN/2) – K
= O (16)

tan (wLIN/2) + K. tan (m& L2N/2)

where N = f$ /fo, f. is the fundamental frequency and f, is

the next resonant frequency.

The result for several resonators is shown in Fig. 12 as a

function of K. The result shows that a higher order spuri-

ous response can be achieved with low values for K and Lt.

However, with a high value for K and L,, N becomes

almost three. This is the same as the third response which

usually appears in quarter-wavelength resonators.

VII. EXPERIMENTAL RESULTS

As previously described, experiments on temperature

drift and spurious response were carried out for typical

resonators with t, = 35 and 85. The materials used for

experiments were newly developed low-loss microwave

ceramics which are as follows [10], [12]:

a) BZNT: xBa(Zn1,3Taz/3) – (1 – x)Ba(Znl/s

Nbz,3)03, tand =1 X10-4 at 10 GHz, C,= 35–40;

b) TNBS: Sm203TiOz – Be20, tana = 2 X 10-4 at 2

GHz, c,= 85.

For obtaining designed resonant frequency, it is neces-

sary to leave no gaps between ceramic and metal wall in

I (a) K= O.16, ~t=14.0~, &=40

(b) K=O. 16, &=24.0m, &r=35
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Fig. 13. Temperature drift of resonant frequency as a function of Tk

radial direction of the resonators. The temperature drift of

the resonant frequency with different Tk ceramics is shown

in Fig. 13. The resonator frequency is 900 MHz and the

dimensions are also shown. These resonators have a diam-

eter of 10 mm and the unloaded Q of 800 at 900 MHz was

obtained [8]. More on Q-factor of the PDSIR will be

reported in another paper [8].

For the spurious response, three typical resonators with

~, = 35 and 85 were designed at 900 MHz and the experi-

mental results given as harmonic numbers obtained from

(16) are listed in Table II along with their theoretical

values. These agree well with theoretical analysis for both

TE~~ mode and TEM modes.

VIII. CONCLUSIONS

A partially loaded high-dielectric-constant-ceramic coax-

ial resonator is proposed to obtain miniaturized resonators

in the UHF band. The high-dielectric ceramics are newly

developed with c,= 35 and 85. The loss tangent of the

materials is 1 X 10–4 at 10 GHz for C, = 35 and 2 X 10–4 at

2 GHz for C,= 85. Resonators loaded with these materials

were analyzed in reference to the resonance, sensitivity,

temperature stability, and spurious response. The following

results were produced.

a) The resonator length has a minimum value when

K <l/~ and this is less than conventional fully dielec-

tric-loaded quarter-wavelength resonators.

b) The resonant frequency has negative dependency on

the parameter Lt or c,, but positive dependency on K, and

shows negative or positive dependency on Lz. The resonant

frequency of the resonators designed at minimum resona-

tor length becomes insensitive to the variation in the thick-

ness Lz of dielectric ceramics.

c) For the TEM mode, the spurious response of the

resonator can be controlled by the impedance ratio K and

the third harmonics mode can be suppressed by designing

with low K value. For small outer conductor radius to

inner conductor radius ratio, the dominant higher spurious
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TABLE II

H.4miorwc SPuruOus RESPONSE OF llmsE msONATORs

(The Frequency Ratio Numbers for the Higher Modes

of the Fundamentrd TEM Mode. Fundamental

Resonator

i) E,=35

K =0.16

Lt=O.24

>) sr=35

K =0.06

Lt=O.16

c) G .85

K =0.04

Lt=O.09

Frequency is 900 MHz.)

Experiment

N = 4.9

7.4

7.8

9.7

10.8

N = 4.1

6.4

8.8

9.7

12.0

N = 2.7

4.4

6.4

7.7

9.8

10.2

Theory

TEM nwde

7.9

9.7

8.0

TEmn nrode

4.93 (TE21),

6.9 (TE$l)

7.2 (TEo I)

8.2 (TEIz)

4.2 (TE21)

5.9 (TE31)

13.2 (TEO1)

2.7 (TEZI)

4.0 (TE81)

8.3 (TEOI)

8.4 (TE12)

I
I

response mode is the TE~, mode and the cutoff frequency—..
depends upon the dimensions.

d) Resonators with high-temperature stability can be

designed by choosing the imposition of newly develop-

ed ceramics of c, = 35, because the temperature coefficient

of the materird T’ depends on the parameter x of

xBa(Zn1,3Ta2,3 ) – (1 – x)Ba(Zn1,3Nb2,3 )03.

e) Using the dielectric ceraniic of ‘c, = 35, a compact

resonator at 900 MHz is obt@ed. The volume of the

resonator is 2 cm3 and the udoaded Q is 800 with outer

diameter of 10 mm.
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