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Application of Dielectric Resonators in
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Invited Paper

A Mruct- Dielectric resonators are being used in microwave filters and
oscillators now that high-dielectric-constant, high-Q, temperature-stable
ceramics have been developed. This paper reviews dielectric resonators
with emphasis on applications, contains tutorial material, describes new 2-,
4-, and 6-GHr bandpass filters, and presents several examples of oscillator

applications. A complete bibliography to English language publications on

dielectric resonators is included.

I. INTRODUCTION

I N 1939, R. D. Richtmyer [1] showed that unmetallized

dielectric objects can function as electrical resonators

which he called dielectric resonators. Following this initial

work, the first exploratory activities on dielectric resona-

tors occurred in the 1960’s with the analysis of resonant

frequency and modes, studies of dielectric resonator design

and circuit properties, and other related topics [2]–[19]. At

that time, dielectric resonators had been used in para-

magnetic spin resonance experiments [4], but the lack of

suitable materials precluded practical applications in mi-

crowave components. These early studies, however, helped

in the understanding of dielectric resonators and stimu-

lated efforts to develop suitable resonator materials. Con-

siderable interest has developed more recently in analyses

of resonant frequency which offer improved accuracy and

analyses which account for more realistic circuit environ-

ments such as the proximity of conducting walls to a

resonator [20]–[45].

The advantages of dielectric resonators result from the

combination of properties that they possess. They offer

low-cost, high-quality resonators which are small and which

approximate lumped resonant elements for use in in-

tegrated microwave circuits. They fill a gap between wave-

guide and stripline technologies by providing Q‘s and

temperature stabilities approaching those of Invar cavity
resonators along with an integrability approaching that of

stripline resonators. They offer versatility y and are adapt-

able to various microwave structures and coupling config-

urations. They can replace conventional copper and Invar

waveguide filters in almost all applications.

Dielectric materials for resonator applications will first

be reviewed, followed by a discussion of filter and oscilla-

tor applications. New dielectric resonator filter designs at
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2, 4, and 6 GHz will also be presented. Since this paper is

applications oriented, the many excellent theoretical

analyses of dielectric resonators found in the literature are

included in the references for completeness but will not be

reviewed. The references are listed in chronological order

for each topic.

II. DIELECTRIC MATERIALS [46]-[66]

The dielectric properties of most importance for dielec-

tric resonator applications are a) the Q factor which is

approximately equal to the inverse of the loss tangent,

tan ti; b) the temperature coefficient of resonant frequency,

~f, which includes the combined effects of the temperature
coefficient of dielectric constant, ~,, and the thermal expan-

sion of the dielectric; and c) the dielectric constant, c.

While the required Q, rf, and c values will differ for various

applications, desirable properties can, in general, be de-

termined from competing technologies. Dielectric resona-

tors will fill the performance gap between waveguide and

stripline resonators or provide performance comparable to

TE,0 mode waveguide filters if the following values are

available: Q w 8000 at 4 GHz, and ~f -20 ppm/°C or

T- -1 – 2 ppm\°C to compete with copper or Invar, respec-

tively. Although a wide range of c values may be usable, a

high value of c (c> 35) is desirable since the resulting

resonators are small and have good energy confinement

within the resonator thereby reducing extraneous circuit

effects.

Until several years ago, the lack of suitable materials

possessing Q, 7,, and t all of acceptable values severly

limited dielectric resonator applications. Materials such as

TiOz (rutile phase) which has Q- 10000 at 4 GHz and

c- 100 were most often used, for exploratory work. But

Ti02 has a ~ value of 400 ppm\°C which is more than an

order of magnitude too high for practical applications. For

example, an ambient temperature change of 50”C will shift

a 4-GHz TiOz resonator by 80 MHz which is more than

the bandwidth required for many filters.

A number of material systems have been explored in

attempts to develop suitable dielectric materials. These

include ceramic mixtures containing TiOz [46], various

titanates and zirconates [46], [48]–[5 1], [53] and glass-

ceramic systems [47]. Temperature-compensated composite

structure resonators using ferrites [73] and ferroelectrics

[52] have also been reported.
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TABLE I
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Ba2T,90~~ [54, 55,56, 61] 8000-10000 40 +2

(2,, s.) TIOq [61,86] 80Q0- 10000
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3500 38-46
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@9GHz -70
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Fig. 1. Q versus frequeney for BazTig020 ceramic and comparison with
copper TE,0 waveguide resonators (Plourde et al. [56]).

At present, several ceramic compositions have been de-

veloped which offer excellent dielectric properties [46], [51 ],

[54], [56], [58], [61], [62], [86], [97] as shown in Table I. It is

not clear at this time if any of the dielectric compositions

shown in Table I have overall superiority over the others

since many factors enter such as ease of ceramic processing

and ability to hold tolerances on dielectric properties. The

Ba2Ti@20, (Zr, Sn) TiOd, and modified BaTi409 offer Q‘s
as high as 10000 at 4 GHz along with temperature com-

pensation. The Q‘s of the (Sr, Ca) [(Li,Nb), Ti]OJ and

(Ca, Sr) (Ba, Zr)O~ are somewhat lower than those of the

first three compositions after corrections for the higher

frequency at which the Q‘s are reported. Also the (Ca, Sr)

(Ba,Zr)03 has a lower dielectric constant than the other

compositions. The performance limitations, if any, result-

ing from this lower dielectric constant and also other

compositions with c= 20 [60] remain to be determined

since most component work reported thus far has used

dielectric resonators possessing c in the 38 to 100 range.

Some degradation of the Q‘s presented in Table I is

usually incurred in component applications. Losses due to

housing walls, dielectrics and adhesives used to support the

resonators, and other effects typically reduce Q by 10
percentas described later. Circuit effects dso shift ~f by a

few parts per million depending upon the circuit configura-

tion. An initial resonator ~f of + 1 to + 3 ppm/°C often

results in complete temperature compensation when these

effects are included [88], [100]. Thus the limit to achievable
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Fig. 2. Dielectric resonator characterization. (a) Reflectometer for Q
and Tf measurement. (b) Sample holder rmd equations for Q and ~
(Plourde et al. [56]).

temperature compensation results from ceramic tolerances,

the usual need for frequency tuning which introduces tem-

perature effects and any quadratic component of ~f which

may exist [56].

Q typically varies with frequency as shown in Fig. 1 for a

Ba2Ti ~OzOresonator [56]. Thus the materials presented in
Table I offer Q‘s comparable to waveguide for frequencies

below 6 GHz but possess somewhat lower Q‘s above 6

GHz. -

Q and ~f values are conveniently measured using a

reflectometer system with the dielectric resonator located

in a waveguide sample holder as shown in Fig. 2 [8], [56].
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Fig. 3. Dielectric post resonator. ~o(kcla) and~l(kcla) are the Bessel
functions of the first kind of orders zero and one, KO(kCza) and
K1(kC2a) are the modified Bessel functions of the second kind of
orders zero and one, AOis the free space resonant wavelength, and Kis
the relative dielectric constant (Plourde et al. [56]).

Thedielectric post resonator technique asshown in Fig. 3

[56], [63]- [66] is convenient for measuring ~<and c since an

exact analysis relating the dielectric constant to resonant

frequency is available, the sample does not require metalli-
z&ion, and the TEO1, mode is relatively easy to identify

among the various modes. Corrections for wall losses are

required when the dielectric post resonator method is used

for Q measurements. The waveguide method, where the

walls are well removed from the sample, avoids this prob-

lem.

111. FILTER APPLICATIONS [67]-[92]

In the past four decades, tremendous advances in micro-

wave filter technology have been made. There are filter

types for almost every usage [67], [70]: waveguide filters for

low-loss characteristics, transmission-line filters for com-

pactness, ferromagnetic resonators for filters that can be

magnetically tuned, and many other filter types for special

purposes. In spite of all these advances, there are still
applications requiring newer filter types. For example, in

1- 2-GHz radio systems, waveguide filters are physically

too cumbersome to use, and transmission-line filters are

too Iossy for narrow-band applications. Also, low-loss and

integrable filters are needed to replace the integrable but

lossy transmission-line filters at higher frequencies. Dielec-

tric resonators hold promise to fulfill these demands. In

fact, dielectric resonator filters have already been designed

and used in radio systems ranging from 1.7 to 7 GHz, and

their applications are expected to grow rapidly in the
future.

In this section, filter design principles, practical design

considerations, design data, and new 2-, 4-, and 6-GHz

filter examples are presented. Other filter developments

will be briefly reviewed.

A, Bandpass Filters

Okaya and Barash showed that a high unloaded Q can

be obtained with materials having high dielectric constant

such as TiOz, and that the resulting dielectric resonator is

very small compared to a waveguide cavity [4], [6], [7].

Compact bandpass filters containing dielectric resonators

oE
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m
Fig. 4. Cylindrical dielectric resonator with TE018 mode
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Fig. 5. Transverse and coaxiaf coupling of dielectric resonators for
bandpass filters.

have been reported by Cohn, starting in 1963 [71], [72],

[75]. Designs of bandpass filters using primarily TiOz have

also been reported by others for waveguide as well as for

transmission-line applications [73], [74], [77]-[8 1], [83] -[85].

However, the design information contained in these reports

do not necessarily apply to filters using temperature-

compensated dielectric resonators with c values less than 40

percent that of TiOz. In 1972, Masse and Pucel [82] pub-

lished the design of a microstrip bandpass filter using

dielectric resonators made of BaTia09, which yielded Q-

1300 and ~ -5 ppm/°C at 9.6 GHz. Since then, with the

availability of high-Q temperature-compensated dielectric

resonators and the advances in design technology, practical

dielectric resonator bandpass filters have become a reality

[83], [86], [88], [89], [91], [92].

1) Filter Configurations: For ease of fabrication, dielec-

tric resonators are usually used in a circular cylindrical

shape. The ceramic can be pressed and fired into cylinders

and no ceramic grinding is required. The principle resonant

mode is the TEO1a [71], Fig. 4, and to minimize the inter-

ference of spurious modes, the aspect ratio of the resona-

tor, H/D, is in the 0.3 to 0.5 range [39], [71], where H and

D are the resonator height and diameter.

The bandpass-filter configurations can be generally de-

fined as a section of evanescent-mode waveguide (wave-

guide in cutoff) in which the dielectric resonators are

housed, Fig. 5. Theoretically, no metal walls would be

required, but the evanescent-mode waveguide is necessary

to prevent radiation loss [8]. The orientation of dielectric

resonators can either be coaxial or transverse [72], as

shown in Fig. 5. Transverse orientation is preferred in

practical design because the dielectric resonators in trans-

verse orientation can be tuned with screws concentric with

resonators so as to avoid spurious-mode excitations. The
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Fig. 6. Direct-coupled bandpass-filter configurations with waveguide
and coaxial ports.

end resonators are either coupled to propagating wave-

guide ports (Fig. 6(a)), coaxial transmission-line ports (Fig.

6(b)), or a combination of the two (Fig. 6(c)).

In Fig. 6(a), the axial magnetic fields of the two end

resonators (TE016 mode) are coupled to the “transverse

magnetic fields of TE IOmode of the rectangular waveguide

ports. Couplings to the longitudinal magnetic fields of the

waveguide TE ~0 mode is also possible along the narrow

wall of the rectangular waveguide, but the coupling config-

uration of Fig. 6(a) is physically more convenient to use. a

and b are dimensions of the waveguide propagating only

the dominant mode, while a’ and b’ are the dimensions of

the evanescent-mode waveguide where all waveguide modes

are below cutoff. For optimum loss performance, the di-

electric resonators must be placed in the center of the

evanescent-mode waveguide. However, the cross section of

the evanescent-mode waveguide may not necessarily be

centered with that of the propagating waveguide, depend-

ing upon the bandwidth requirement and the method of

fabrication.

The dimensions of the evanescent-mode waveguide must

be small enough for all waveguide mode to be below
cutoff. A ratio of approximately two [75] between the

smaller dimension of the evanescent-mode waveguide and

the larger dimension of the resonator is normally used in

practice because both intrinsic Q and temperature stability

would deteriorate rapidly if the ratio were reduced further.

To support the dielectric resonators, low-loss mounting

fixtures of low dielectric constant are required. The fixture

‘KK’’’WR’’’’R
CENT MODE
10E

CTRIC - CONSTANT
FIXTURE

(b)

Fig. 7. Mounting schemes of dielectric resonators for stripline and
waveguide.

can be mounted directly on the stripline substrate as in

Fig. 7(a), or can be mounted directly onto the wall of the

evanescent-mode waveguide, Fig. 7(b). While rexolite, 1

quartz, and other materials can be used with good results,

for economical reasons, plastic molding compound is pre-

ferred because of its ability to be molded and to be

assembled with precision. However, the loss tangent of

available plastics is at least one order of magnitude larger

than that of either rexolite or quartz, resulting in a mini-
mum of 10 percent lower Q.

2) Filter Design: The dielectric resonator filters shown in

Fig. 6 are direct-coupled bandpass filters with the equiva-

lent circuits shown in Fig. 8 [70]. Following well-established

‘Atlantic Laminates, Franklin, N.H.
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Fig. 8. Design parameters of dielectric resonator bandpass filters (Mat-
thaei, Young, and Jones [70]).

design theory [70], the external Qe’s ((Q,)~ or (Q,)~ in Fig.

8) and the coupling coefficients, ~,,,+, ‘s, are computed

according to filter specifications. With Q, and k,,,+ ~ com-

puted, design data are required to relate these values to the

physical dimensions of the filter.

Q, represents the coupling between the resonator and

the input or output port, which, in the case of dielectric

resonator filters with waveguide ports, is a function of the

spacing between the end resonator and the waveguide

junction. In the case of dielectric resonator filters with

coaxial transmission -line ports, Q. is a function of the

coupling probe and the relative position between the probe

and the end resonator. k,,, +,, which represents the cou-

pling between ith and i+ 1th resonators, is a function of

the spacing between the two adjacent resonators. In addi-

tion, Q= and k,, i+, are also dependent functions of the

dimensions and the dielectric constant of the resonators,

the evanescent-mode waveguide, and the mounting fixture.

Design data have been calculated for certain filter config-

urations [35], [36], [75], [79], but computation of design
data for filters involving particular physical structures and

mounting fixtures is quite difficult and often lacking in

required precision. Design data can be easily obtained by

measurement.

A two-resonator measurement technique [70] can be

used to determine Q= and k,,, + ~ simultaneously from a

symmetrical pair of overcoupled dielectric resonators, in

the same environment as the filter.

Fig. 9(a) and (b) shows the measured Q, and k,,,+, as
functions of the physical parameters of the bandpass filter

with waveguide ports at 6 GHz. Q. approaches its lowest

achievable value when the dielectric resonator is located at

the waveguide junction of the evanescent mode and the

propagating mode, Fig. 9(a).

3) Design Example: Dielectric resonator filters with both

waveguide ports and coaxial ports have been designed for

microwave radio systems operating from 1.7 to 7 GHz. The

designed filters have 2 to 7 dielectric resonators and 0.06-

percent to 2-percent 3-dB bandwidth. Representing these

designs are four fabricated filters for 2-, 4-, and 6-GHz

radio systems, shown in Fig. 10.

All four bandpass filters are of Butterworth designs, and

a typical measured response is shown in Fig. 11. The

measured performance agrees well with the theoretical

designs: all filters have measured return losses of 30 dB or

greater across the band, and the measured 3-dB band-

widths agree well with the design values. The intrinsic Q of

the dielectric resonators, computed from measured mini-

mum passband insertion loss of the filter, are 8500, 7000,

and 5500 for the 2-, 4-, and 6-GHz filters, respectively.

These values of computed Q include the degradation due
to the mounting fixture and the surrounding walls of the

evanescent-mode waveguide. The filters may be tuned over

a wide frequency range with metal tuning screws (over 100

MHz at 4 GHz), but excessive tuning will bring the surface

of the tuning screws close to the resonator thereby increas-

ing both the filter’s loss and temperature sensitivity y. There-

fore, only a moderate tuning range should be provided in

filter designs. For example, a tuning range of 25 MHz for

the 4-GHz filter will introduce only a moderate change in

temperature sensitivity, changing it from 2 ppm\°C to 3

ppm/°C, and the loss increase is negligible. These figures
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Fig. 10. 2-,4-, and 6-GHz direct-coupled bandpass filters with 4, 6, and
5 resonators, respectively.

may vary for different filters, however, depending upon

their ph~sical designs. Because of the neces~ity of jir&ed

tuning range, the dielectric resonators of a filter must be

frequency selected before assembling. As a result, the natu-

ral resonant frequencies of all dielectric resonators in a

filter are close together, and thus the filter can be tuned

directly on a swept-frequency test set. A modification of

Dishal’s method [69] may also be used.

4) Spurious Modes: The problem of spurious modes in

dielectric resonator filters is potentially serious [18], [75],

[79], [86]. The resonant frequency of the principal mode as

well as spurious modes are determined by the physical

dimensions and the dielectric constant of the resonator.

Many undesirable spurious modes may be excited by any

physical imperfections in the fabricated filter. Under cer-

tain tuning conditions, the resonant frequencies of some of

these spurious modes may be very close to or even at the

exact resonant frequency of the principal mode of the

filter, thereby interfering with the filter’s performance.

The spurious modes whose resonant frequencies are ad-

jacent to the natural resonant frequency of the principal

mode are either TM018, HE1 ,8, or HEJ1a modes [12], [29],

[39]. Cohn was the first to have dealt with spurious modes

[71], [75]. He proposed that the aspect ratio of dielectric

resonators can be used as a design parameter to place the

resonance of spurious modes outside the operating

frequency band of the principal TE018 mode, thus eliminat-

ing the interference. Modifications of the shape of the

dielectric resonator other than the aspect ratio were later

reported by others for spurious-mode suppression [18],
[86]. But practical design work showed that this can be

accomplished only if the filter requires little or no frequency

tuning, because TM018 modes and HE~H8 modes are far

more sensitive to frequency-tuning screws than the prin-

cipal mode [22]. For example, the same amount of tuning,

which tunes the principal mode of a 6-GHz filter by 25

MHz, can move the resonant frequency of the TMOla or

HE~~a in the opposite direction across the entire 500-MHz

radio band. Therefore, the frequency tuning must be limited

to avoid a significant reduction of mode separation which

can bring spurious responses into the frequency band of

interest.

B. Bandstop Filters

Okaya and Barash proposed the first bandstop filter

employing dielectric resonators by placing rutile crystals

inside a waveguide [4], and later Cohn reported several

design configurations of waveguide bandstop filters using

TiOz resonators [72]. Later, Plourde [88] explored a new

design of stripline bandstop filter utilizing BazTigOzO reso-

nators with optimized coupling to the stripline and reduced

interresonator coupling for better filter performance. This

filter yielded spurious-response-free performance which ap-

proached that of copper waveguide filters while offering an

order-of-magnitude improvement in temperature stability.

Ren [89] proposed a waveguide filter configuration for

dielectric-resonator bandstop filters which provides isola-

tion for individual Ba2Ti90z0 resonators and reduces their

perturbation of the waveguide, which results in a good

filter response for the stopband as well as the passband.

1) Design Example: A design example of the waveguide

bandstop filter type [89] is shown in Fig. 12. Many of the

design considerations discussed for bandpass filters apply

here also. The resonators are isolated in their own metal

enclosure and coupled to the main waveguide through

small apertures on the waveguide walls. Fig. 12 shows two

such bandstop-filter configurations. The dielectric resona-

tor in Fig. 12(a) is coupled to the transverse magnetic field

of the dominant mode in the rectangular waveguide, Hx,

while the dielectric resonator in Fig. 12(b) is coupled to the

longitudinal magnetic field, H=. The dimensions of the

housing should be the same as the evanescent-mode wave-

guide of bandpass filters, and the aperture in the wave-

guide wall must be kept small to provide isolation between

the dielectric resonators. A tunable inductive element in

the propagating waveguide is used to compensate for the

coupling and to obtain good return loss for the passband.

Following standard design steps for bandstop filters, the

couplings of each resonator to the waveguide are computed

in terms of external Q, Qe, which are functions of penetra-
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tion, t,of the dielectric resonators in the waveguide, Fig. the remainder of the common carrier band from 3.7 to 4.2

12. Using the measured design data of Fig. 13(a), the GHz.

required values of tare then determined from Q,.

The measured performance of a two-resonator bandstop c“ other ‘ilter ‘ypes

filter is shown in Fig. 13(b). The filter was designed to have In addition to bandpass and bandstop filters, dielectric

a stopband centered at 4.175 GHz and to pass all signals in resonators can also be used for directional filters, using
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Fig. 14. Dielectric resonator complimentary filters. (a) Waveguide ports.
(b) Coaxial ports (Ren [89]).

either single or multiresonators or dual-mode resonators

[72]. The following filter applications are some of the

recent developments reported in the literature.

1) Complementa~ Filters: With practical knowledge

gained from the design of bandpass and bandstop filters, a

dielectric resonator complementary filter with either coaxial

or waveguide ports can be readily designed, as shown in

Fig. 14 [89]. Any port of either Fig. 14(a) or Fig. 14(b) can

also be of the other type.

2) TEM-Coaxial Dielectric Resonators for L- or S-Band

Applications: At 1 GHz, Ba ~Ti9020 dielectric resonators

have an intrinsic Q greater than 20000 for TE018 mode

operation, but they have diameters greater than 2 in. The

physical dimensions of a multiresonator filter using these

cylindrical dielectric resonators can still be too large for

certain applications. Wakino et al. [91], [92] have recently

developed a dielectric TEM coaxial resonator (Fig. 15) for

miniaturization at these low frequencies, with the sacrifice

of degraded intrinsic Q (1700). Bandpass filters using half-

wave TEM coaxial resonators (Fig. 15) and multiplexer

using quarter-wave TEM coaxial resonators have been

reported [91 ], [92] for operation below 1 GHz with im-

proved spurious response.

3) Bandpass Filters Using TMOIO Dielectric Rod Resona-

tors: To eliminate the interference of spurious modes by

widening mode separation, Kobayashi and Yoshida [90]

used TMOIO dielectric rod resonators for their bandpass-

filter design. A 6-GHz three-resonator bandpass filter with

6-percent bandwidth was designed, and the measured re-

sponse shows that the spurious mode is one octave away

from the passband. However, the intrinsic Q of the filter is

only 2800, and the temperature stability is 10 ppm/°C.

The effect of frequency tuning of the filter characteristics

was not reported.

IV. OSCILLATOR APPLICATIONS [93]-[1 12]

Dielectric resonators allow the design of compact,

frequency-stable, high-Q oscillators having low noise. The

applications of dielectric resonator stabilized oscillators

(DRO’S) include local oscillators for communication sys-

tems, the largest application of which may be in direct TV

by satellite [112]. These oscillators generally fall into the

category of free-running cavity (dielectric resonator) stabi-
lized oscillators, although they can also be phase locked

[102], [104], [106], or the dielectric resonator maybe used

in a discriminator circuit [22]. In comparison with other

oscillator technologies, they can offer one or more of the

advantages of small size, simple structures, low cost, in-

sensitivity y to mechanical vibrations, insensitivity to electri-

cal power transients, tone-free output, low noise, or direct

operation between 1 and 12 GHz without frequency multi-

plication.
DROS with frequency stabilities of 5 ppm/year have

been achieved using bipolar transistors [100]. But at

present frequency stabilities beyond this level must be

derived from higher Q resonators such as piezoelectric

(e.g., quartz) resonators. Other limitations include re-

stricted frequency tuning and frequency of operation.

Frequency tuning is usually obtained with a metallic screw

or plate located near the resonator which also can affect

the Q, Tf, mode separation, and resonator coupling as

described earlier. Therefore, tuning is usually limited to

approximately 1 percent or less for applications prohibiting

a significant degradation of resonator performance. The

tuning range can be extended and some of the undesirable

effects on Q and r, can be reduced at the expense of greater

mechanical complexity by using a dielectric tuning screw

penetrating into a hole located at a high-field strength

position in the resonator [107]. With presently available

materials, DRO’S are most attractive for 1- to 12-GHz

applications. Below 1 GHz, the resonator size is large

(>2-in diameter for c-40) negating some of the ad-

vantages of dielectric resonators, while the upper frequency

limit is established by the minimum Q which can be

tolerated, since the intrinsic resonator Q falls off with

increasing frequency as described earlier.

For DRO applications, the resonator must be mounted

in a stable manner to prevent frequency variations with

temperature or time. For filter applications plastic can be

used, but for stable oscillators, rigid low-loss dielectric

supports of quartz [100], [103], [10a], beryllia [106], for-

sterite [102], or other materials are used to support the

resonator away from the ground planes.

The small resonator size (e.g., diameter- 1.3 cm at 4

GHz when c - 40) allows the DRO to be easily mounted in

an oven for reduced temperature effects where desired and

also permits many circuit configurations to be used. For

example, with a diode or transistor acting as a negative
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resistance device, the resonator can be positioned near a

section of stripline or microstrip. to provide coupling to

only one part of the circuit, thus forming a transmission-,

reaction-, or reflection-type oscillator. Alternately, the res-

onator can be simultaneously coupled to two sections of

the circuit to provide a feedback loop.

For descriptive purposes, the transistor oscillators have

been classified as feedback, reflection, transmission, and

reaction types according to the physical configuration of

the resonator in the circuit, although they are all similar in

that they can be reduced to either the Y-oscillator- or

Z-oscillator-type embedding of the three-terminal transis-

tor.

A. Diode Oscillators

Dielectric resonators have been used with diode oscilla-

tors to reduce frequency variations caused by temperature

or bias changes and to lower noise. Day [93] demonstrated

improved temperature performance in both transmission

and reaction resonator-stabilized oscillators by coupling a

resonator to an oscillator with the opposite temperature

coefficient. In 1974, Satoh [94] improved the temperature

stability of a K-band reflection resonator-type Gunn oscil-

lator by a factor of 7 and reduced the pushing by a factor

of 10 to 15. More recently, Makino [105], Fig. 16, used a

reaction-type circuit to obtain a frequency stability of &17

ppm over – 20 to + 60”C by positioning the resonator A/4

from the diode and adjusting the coupling to balance the

+5.5 ppm/°C resonator temperature coefficient against

the – 4000 ppm/°C diode reactance change. The tempera-

ture compensation was obtained at the expense of a 3-dB

output power reduction. Fig. 16 shows many design fea-

tures already described in Section III: the resonator is

located in a shielded enclosure, it is positioned for mag-

netic coupling to the TEO1d mode, and a conducting screw

is located above the resonator for frequency tuning. Note

that positioning the resonator directly on the substrate

simplifies the resonator mounting when Q degradation due

to the proximity of the ground plane to the resonator is

acceptable.

B. Feedback-Type Oscillator

A frequency stability of 5 ppm/year over a 60”C range

was obtained by Plourde et al. [100] with a free-running

oven-stabilized feedback-type oscillator operating at 4 GHz.

This stability satisfies the stringent requirements of long-

haul FM radio, The resonator was positioned to complete a

feedback path between the collector and emitter circuits of

a common-base bipolar transistor as shown in Fig. 17. This

configuration demonstrates some of the design flexibility

afforded by dielectric resonators and is especially advanta-

geous for transistors which will not oscillate without exter-

nal feedback. It is also useful for transistors which have the

common terminal grounded to the package stud or flange

such that the addition of a series feedback reactance to the

common terminal is difficult.

As a design example, this circuit [100] will be described

in more detail. A linear analysis was used to establish the

open-loop feedback condition, Szl, required for oscillation

as shown in Fig. 18. The resonator position controls the

open-loop phase, and the height of the quartz spacer on

which the resonator is mounted controls the resonator
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Fig. 17. Feedback type DRO using bipolar transistor (Plourde
[100]).

+90”

180”

et al.

-90”

Fig. 18. Linear analysis of feedback oscillator showing open-loop gain,
Szl. Circuit stability is examined via S1, looking into emitter terminals
with resonator removed.

coupling. A preliminary circuit was then constructed and,

under large signal conditions, both the output-load match-

ing and feedback were adjusted to optimize the output

power while providing an external Q factor of 4000. The

linear analysis is also useful for examining the final circuit

for spurious oscillations as also shown in Fig. 18 where S1~

is the S-parameter seen looking into the emitter terminals

with the resonator removed from the circuit. A region of

potential instability is observed between 2.4 and 3.5 GHz

where 11/S1, I<1. If spurious oscillations occurred between

2.4 and 3.5 GHz, the linear analysis could be used to

modify the circuit for stability. Typical aging behavior for

several oscillators is shown in Fig. 19 where A f/f is ob-

served to vary linearly versus log (time). Table II sum-

marizes the contributions of the various effects to the

overall frequency stability of 5 ppm [100] where it is

observed that various effects were reduced to trivial values
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Fig. 19. Aging for two typical feedback oscillators for one year (Plourde
et al. [100]).

TABLE II

FREQUENCY STABILITY ALLOCATION FOR 4-GHz BIPOLAR

OSCILLATOR WITH Q,, -4000

EFFECT-” TOLERANCE __ CONTROL _ SENSITIVITY ___ STABILITY

PuSHING *O i vOLT FOWER SUPPLY 5 PPM/VOLT *o5 PPM

STABIL lZATION

pULL ING PIMc/PouT “-40~B ISOLATION ANO Y=&(%? ‘25P’”
LOAD MATCH

HUMIDITY Ape 2mm Ha O-RING SEAL O 8 PPM/mmtlQ * 1 PPM

WITH DESICCANT @60 OC

TEMP. THERMAL GAIN OVEN < 0 7 PPM/% t05PPM

.50 @ 65°C

4 -60”C

AGING TRANSISTOR i43PPM

(1ST YEAR) STABILITY

RMS ToTAL , ALL EFFECTS OVER I YEAR *5 PPM

WHERE: 9,. IS THE ExTERNAL Q FOR THE OSCILLATOR

PINC IS THE INCREMENTAL CHANGE IN REFLECTED POWER AT THE OSCILLATOR PORT

AP 1S THE INCREMENTAL CHANGE IN PARTIAL PRESSURE OF H20 VAPOR.

allowing most of the overall frequency stability to be

allocated to aging.

Lesartre et al. [103] reported an 11-GHz GaAs FET

oscillator developed for use in a satellite TV receiver front

end. The dielectric resonator formed a feedback path be-

tween the drain and gate circuits, and a damping resistor

was connected to the gate to suppress spurious oscillations.

An efficiency of 18 percent was obtained at an output

power of 22 mW with an external Q factor of 1200. Saito et

al. [107] have also described a 6-GHz GaAs FET oscillator

with a dielectric-resonator feedback path between drain

and gate. The oscillator features a tuning mechanism con-

sisting of a dielectric rod inserted into a hole in the

resonator to obtain a tuning range of 1 percent without

degrading the resonator Q or temperature stability. A

frequency stability of &10 ppm over O to 50°C, output

power of 24 mW, and efficiency of 15.5 percent were

obtained. Recently, Mori et al. [109] and Ishihara et al.

[1 10], [1 11] have reported several 9- 14-GHz GaAs FET

oscillators with dielectric resonator feedback bet ween drain

and gate, and damping resistors to suppress hysteresis

phenomena. The various circuits use either source or drain

output configurations, and in one case a second dielectric

resonator in addition to the feedback resonator was added

as a bandstop filter in the output to reduce power and

frequency variations with temperature and to increase the

external oscillator Q. No design information is given, but

Ishihara [111] includes a Rieke diagram and much perfor-
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mance data for frequency and power versus temperature

and bias voltages, frequency versus tuning, and noise data.

C. Reflection-, Transmission-, and Reaction-Type

Oscillators

The performance of a 6-GHz GaAs FET oscillator was

improved by Abe et al. [97]– [99] by coupling a bandstop

resonator to the output drain terminal. The ~f, pushing,

pulling, stabilization bandwidth, and output power are all

strongly controlled by the coupling coefficient between the

resonator and the oscillator. The gate bias voltage sensitiv-

ity was reduced by a factor of 70 to yield a pushing figure

of 3 MHz/V, a noise reduction of 30 dB was obtained, and

the resulting frequency stability was 2.3/ppm°C. The de-

sign proceeded by first forming an unstabilized oscillator

by connecting a feedback network consisting of a series

connection of microstrip and a chip capacitor from the

drain-to-gate terminals. An output matching circuit was

connected to the drain terminal and the feedback circuit

was optimized for maximum output power. The bandstop

resonator was then located Ag/2 from the drain terminal

and the resonator coupling coefficient was adjusted by ‘the

lateral position of the resonator with respect to the output

microstrip.

The advantage that the small dielectric resonator size

offers for microwave integration was demonstrated by

Tatsuguchi et al. [108] who reported on a 4.5-GHz bipolar

oscillator integrated with a 4.5-GHz isolator, frequency

doubler with associated filters, and a 9-GHz isolator all

contained on a common teflon– fiberglass circuit board.

The circuit when combined with an IF preamp and mixer

formed an integrated 18-GHz receiver front end (Fig. 20)

for a digital radio system application. The oscillator yielded

a total frequency variation of &50 ppm over – 20 to

+ 70°c.
Transmission-type oscillators have been described using

both GaAs FET and bipolar transistors [102], [106], [104]

and have an advantage of yielding lower noise for frequen-

cies beyond the resonator passband. Shinozahi et al. [102]

presented four GaAs FET and SET oscillators operating in

the 6– 12-GHz range, including a 6-GHz phase-locked

oscillator. The transistors operate as two-terminal negative

resistance devices, and the circuits were designed by estab-

lishing oscillation conditions between the negative resis-

tance transistor characteristics and the output bandpass

resonator.

An ultra-low-noise microwave synthesizer using a 1-GHz

transmission-type bipolar oscillator was developed by

Alley and Wang [106]. It yielded an FM noise less than

0.0003 Hz in any l-Hz band greater than 1 kHz from the

carrier, Fig. 21. By increasing the external Q from 7500 to
14000 a further 5-dB reduction in noise was obtained. The

1-GHz operating frequency was chosen to take advantage

of the availability y of 1-GHz transistors with low 1/f noise

and the high intrinsic resonator Q of 23000 which occurs

at lower frequencies. In order to maintain a long-term

stability of one part in 107 per year, the oscillator was

phased locked with a loop bandwidth of less than 1 Hz to a

Fig. 20. Integrated receiver front end for 18-GHz radio receiver. DRO
operates at 4.5 GHz (Tatsuguchi et al. [108]).
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stable low-frequency reference signal with the use of a

high-speed prescalar-programmable divider chain and dig-

ital phase-frequency detector [106].

Watanabe et al. [104] have described a technique to

frequency modulate a dielectric resonator by varying the

frequency of the resonator. A ferrite was attached to the

resonator and a modulating magnetic field was applied.

For applications where a high-Q oscillator is required to

minimize noise or for other reasons, this method allows the

frequency of a high-Q oscillator to be varied. For example,

the application of a 500-G field allowed the frequency of a

4-GHz oscillator with a Q of 2200 to be varied 25 MHz.

V. SUMMARY AND CONCLUSIONS

With suitable ceramics for dielectric resonators now

available, dielectric resonators are being used in filters and

oscillators for microwave radio systems. Several tempera-

ture-compensated ceramic compositions are available with

dielectric constants between 35 and 40 and Q‘s between

8000 and 10000 at 4 GHz. An important feature of dielec-

tric resonators is the design variety that they offer because

they are small and are easily coupled to microstrip or

stripline, coaxial probes, or waveguicfe. The 2-, 4-, and

6-GHz bandpass filters presented in Section III illustrate

the use of dielectric resonators to form discrete compo-
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nents whereas the oscillator applications described in Sec-

tion IV illustrate microwave integrated-circuit-type

applications.

Improvements in ceramic resonator materials and ad-

vances in circuit techniques for applying dielectric resona-

tors can be expected since this technology is relatively new.

Below 1 GHz, TEOla mode dielectric resonators become

rather large (diameter> 2 in). Materials with higher dielec-

tric constants, or the use of other geometries such as TEM

mode resonators or dielectric post resonators, may offer

advantages for applications under 1 GHz. Above 11 GHz,

materials with c-35 to 40 offer increasingly lower Q‘s

than waveguide resonators. Lower dielectric constant

materials (e- 20) may offer higher Q‘s above 11 GHz, but

the use of such materials in circuits requires study.
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A Reflection Coefficient Approach to the
Design of One-Port Negative Impedance

Oscillators

DANIEL J. ESDALE AND MICHAEL J. HOWES

A bstract— A technique for analyzing microwave oscillators is presented readily applied in practice. A graphical interpretation is presented which

which utilizes readily available device and circuit reflection coefficient emphasizes the ease of application of the method proposed.

information to predict oscillation conditions, stability, and noise perfor-

mance. The flowgraph approach used yields simple equations which maybe
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