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ABSTRACT OF THE DISCILOSURE

The invention relates to tunable microwave devices
comprising a substrate of a dielectric material which has a
variable dielectric constant. At least one superconducting
film is arranged on at least parts of the dielectric
substrate. The dielectric substrate comprises a non-linear
dielectric bulk material.
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Title:
TUNABLE MICROWAVE DEVICES

FILED OF THE INVENTION

number of other fields of application.

STATE OF THE ART

These resonators fulfil +the requirements as to cellular

dielectric substrates at these frequencies (e.g. 1-2 GHz) are large
and moreover the devices are expensive to fabricate. Furthermore
they can only be mechanically tuned which in turn makes the devices
(e.g. filters) bulky and introduce complex problems in connection
with vibrations or microphonics. WO 94/13028 shows integrated
devices of ferroelectric and HTS films. Thin epitaxial

microwave losses are high. Furthermore there is a highly non-linear
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current density in thin HTS film coplanar waveguides and
microstrips. This results from the high current density at the
edges of the strips, D.M. Sheen et al,. IEEE Trans. on Appl. Superc.
1991, Vol. 1, No. 2, PP. 108-115. fThe applicability of these
integrated HTS/ferroelectric thin film devices is therefore limited

and they are not suitable as for example low-loss narrow-band
tuneable filters.

Generally = tuneable filters are important. components within

capabilities are highly desirable. They are also very attractive
for future broad band cellular systems. Today mechanically tuned
filters are used. They.have dielectrically loaded volume resonators
having dielectric constants of about 30-40. Even if these devices

could be improved if materials were found having still higher
dielectric constants and lower losses, they would still be too

of the cavity is made of Superconducting material are shown. Volume

tuneable microwave devices incorporating high temperature
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"l GHz tunable resonator on bulk single crystal SrTiO plated with -
YBaCuO films." by 0.G. Vendik et al, Electronics Letters, Vol. 31,
No. 8, April 1995 shows a tunable resonator on bulk single crystal
SrTiO, plated with YBCO films. This device however suffers the

-drawbacks of not being usable above T. (the critical temperature

for superconductivity). This means for example that no signals
could pass if the temperature would be above T. which may have

Serious consequences in some cases. These devices cannot be used
unless in a superconducting state.

SUMMARY OF THE INVENTION

Thus tuneable microwave devices are needed which can be kept small,
are fast and which do not involve high losses. Dévices are also
needed which can be tuned over a- wide range and which do not

frequency bands. Still further devices are needed which can operate
in superconducting as well as in non-superconducting states.
Devices are also needed wherein the superconducting films are less
exposed. Particularly devices are needed which can be electrically
tuned and reduced in size at a high level of microwave power.
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one superconducting film is arranged on parts of the dielectric
substrate which comprises a non-linear dielectric bulk material.
The substrate comprises a single crystal bulk material and the
superconducting film or films comprise high temperature
superconducting films. A normal conducting layer is arranged on the one

or each side of the superconducting film(s) which is/are opposite
to the dielectric substrate. The tuning is provided through
producing a change in the dielectric constant of the dielectric
material and this may particularly be carried out via external
means and particularly the electrical dependence of the dielectric
constant used for example for voltage control or but also the
temperature dependence of the dielectric constant can be used for
controlling purposes. Particularly an external DC bias voltage can
be applied to the superconducting film. Alternatively a current can
be fed to the films but it is also possible to use  a heating
arrangement connected to the superconducting film or films and in
this way change the electric constant of the dielectric material.
Bulk single crystal dielectrics particularly bulk ferroelectric
crystals, have a high dielectric constant which' can be above for
example 2000 at : temperatures below 100 K, in the case of high
temperature superconducting films below T_., which is the transition
temperature below which the material is superconducting. Krupka et
al in IEEE MTT, 1994, Vol. 42, No. 10, p. 1886 states that bulk
single crystal ferroelectrics such as SrTiO, have small dielectric
losses such as 2,6x10™* at 77 K and 2 GHz and very high dielectric
constants at cryogenic temperatures. |

However, according to WO 94/13028 and "A High Temperature
Superconducting Phase Shifter"™ by C.M. Jacobson et. al in Microwave
Journal Vol. S5, No 4, Dec. 1992 pp 72-78 states that electrical
variation to change the dielectric constant of bulk material is
small and thus far from satisfactory. Moreover, microwave

integrated circuit devices are exclusively made by thin film

dielectrica which according to the known documents is necessary.

The dimensions of the devices according to the invention can be
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very small, such as for example smaller than one centimetre at
frequencies of about 1-2 GHz and still the total losses are low.

This however merely relates to examp}les and the invention is of
course not limited thereto.

Particularly the Superconducting film arrangement and the
dielectric substrate are arranged so that a resonator is formed and
the superconducting film(s) may be arranged on at least two
surfaces of the dielectric substrate. According to different
embodiments the Superconducting films may be arranged directly on
the dielectric substrate or a thin buffer layer may be arranged
between the superconducting films and the dielectric substrate.

resonator disc. More particularly at least one superconducting film
(and normal conducting film ‘arranged thereon) may  have an area
which is smaller e.gq. particularly somewhat smaller, than the

tuneable passband filter (or a multi-pole tuneable filter). Means
may be provided for controlling the coupling between the two or
more degenerate modes.

According to still another aspectiof the invention it is aimed at
providing a tuneable cavity. One or more resonators are then

Superconducting material. In the case of non-superconducting
material, it may particularly be covered on the inside with a thin
superconducting film. The cavity still more particularly comprises
a below cut-off frequency waveguide. The device comprises coupling
means for coupling micro-wave signals in and out of the device.
These can be of different kinds as will be further described in the
detailed description of the invention.
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Moreover, in a particular embodiment of the invention second tuning
means may be provided for fine-tuning or calibrating of the
resonance frequency of the dielectric substrate of the resonator.
These means may comprise a mechanically adjustable arrangement and

it can for example also comprise thermal adjusting means etcC.

In a particular embodiment a cavity as referred to above may
comprise two or more separate cavities each comprising at least one
resonator. These resonators are connected to each other via
interconnecting means and form a dual mode or a multi-mode

resonator.

One example on a dielectric substrate is a material comprising
SrTi0, and the superconducting films may be so called YBCO-films
(YBaCu). The invention is applicable to a number of different
devices such as tunable microwave resonators, filters, cavities
etc. Particular embodiments relate to tunable passband filters,
two- three- or four-pole tunable filters etc. Other devices are
phase shifters, delay lines, oscillators, antennas, matching

networks etc.

Tunable microwave integrated circuits are described 1in
Applicant’s copending Canadian patent application “Arrangement
and method relating to tunable devices” and having serial no.

2,224,665,

BRIEF DESCRIPTION OF THE DRAWINGS
The invention will in the following be further described 1n a non-

limiting way under reference to the accompanying drawings i1n which:

FIG la illustrates an electrically tuneable parallel plate

resonator having a cylindrical form,

FIG 1b illustrates an electrically <tuneable parallel plate

resonator having a rectangular form,
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FIG

FIG
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FIG

FIG

FIG

FIG

FIG

7a

7b

8a

8b
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shows an experimentally determined plot of the
temperature dependence of the dielectric constant of the

single crystal bulk material for two different voltages,

schematically illustrates +the dependence of the
dielectric constant of SrTiO, on applied DC tuning
voltage for a number of different temperatures,

i1llustrates how the ratio of dielectric constants for two

different voltages varies with temperature,

i1llustrates how the resonant frequency depends on applied
DC tuning voltage for the circular resonator of Fig 1la,
with YBCO and Cu electrodes,

illustrates the experimentally determined dependence of
the loaded (Q-factor of a circular resonator as
illustrated in Fig 5 on the applied DC tuning voltages,

illustrates a circular dual mode parallel plate bulk
resonator,

lllustrates a rectangular dual mode parallel plate bulk
resonator,

lllustrates a cross-sectional view of a parallel plate
resonator enclosed in a cavity forming a below cut-off
frequency waveguide with probe couplers,

i1llustrates a cross-sectional view of a parallel plate
resonator enclosed in a cavity forming a below cut-off
frequency waveguide with loop couplers,

illustrates a cross-sectional view of a reduced-size
cavity with a parallel plate resonator,
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FIG 10a illustrates a Cross-sectional view of a parallel plate
resonator in a cavity with a frequency adjustment screw,

FIG 10b l1llustrates an embodiment similar to that of Fig 10a but -

FIG 10c illustrates an embodiment similar to that of Figs 10a and

FIG lla lllustrates a cross sectional side view of a four-pole
electrically tuneable adjustable filter in a
Superconducting cavity housing,

FIG 11b illustrates a top view of the filter of fig 1lla and

FIG 12 illustrates a cross sectional view of a three-pole

by two sUperconducting films 102, 102. The low loss nonlinear
dielectric substrate 101 and the two Superconducting films 102,
102, (below their critical temperatures) comprise a microwave

an advantageous embodiment the Superconducting films 102, 102
comprise high temperature ‘Superconducting films HTS. These HTS
films are covered by non-superconducting high-conductivity films
Or normally conducting films 103, 103 such as for example gold,
silver or similar. These protective films 103, 103 ‘serve among
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voltage source is provided for the application of a'tuning'voltage
bias to the films. The voltage is supplied via a lead or conducting

wires 4 and when a biasing voltage is applied, the dielectric
constant of the nonlinear dielectric substrate 101 is changed. 1In
this way a change in the resonant frequency (and the Q-factor) of
the resonator is obtained. In Fig. la a circular resonator 10A is
l1llustrated. In Fig. 1b a rectangular resonator 10B is illustrated.
These are the two simplest forms of resonators and for them the
analysis of the performance is quite simple and the resonant
frequencies can be predicted in a precise way. The rectangular and
the circular shapes have different modes and modal field .

microwave devices such as filters etc. 1s substantially given by
the modal field distribution.

The dielectric substrate 101 for example comprises bulk single
Crystal strontiumtitanateoxide SrTiO,. The Superconducting films
102 may comprise thin superconducting films and the protective

- layer 103 may comprise a normal metal film as referred to above.

The reference numeral 4 illustrates the leads for the DC biasing
voltage current; this reference numeral remains the same throughout
the drawings even if it can be arranged in different manners which

In the embodiments of Figs. la and 1b an external DC bias voltage
is supplied. It is however also possible to make use of a
temperature dependence of the dielectric constant of the nonlinear
dielectric bulk material instead Of the voltage dependence. In

Oof a dielectric resonator disc of a cylindrical or a rectangular
shape. However as referred to above, the shapes can be chosen in
an arbitrary way and the thin films are deposited on at least two

Oof the surfaces. Generally the low total loss Of the device is due
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example ferroelectric Crystals and the 1low losses in the
superconducting films, particularly high temperature
Superconducting films. In further embodiments which will be

ferroelectric resonator. This prevents charge injection into the
ferroelectrics and thus also the "electrete effect" along with

films. Otherwise the HTS-films (e.q. YBCO) would only act as poor
conductors above T.. Through the use of the films 103 however the
devices still operate as resonators also above T.. This means that
the device operates both in a Superconducting and in a non-
supefconducting state. Advantageously Tthe  thickness of the HTS-
films each exceed the London penetration depth, which is the depth
where current and magnetic fields can penetrate. In advantageous
embodiment the HTS-film thickness may be about 0,3 pym. This is of
course merely given as an example and the invention is not limited
thereto. If the Superconducting film thickness exceeds the London
penetration depth A,, the field Of the superconductor does not
reach or penetrate the normal conductor which would lead to
increased microwave losses. When the temperature exceeds T, A, does
not exist. The normal conductor plates then act as resonator
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The thickness of the normal metal plate, e.g. Au, Ag advantageously
exceeds the skin depth. Furthermore, through the normal conductor
Plates good ohmic contact is provided when a DC-bias is applied.
This reduces prevents Joule heat generation which would have given
degraded superconducting properties of the HTS-material. The normal
conductors also serve as contacts for the voltage or current DC-
bias and as protection layers. The normal metal may for example be
Au or Ag or any other convenient metal. A further advantage of
these protective films is that even in case of e.g. a failure in
the cooling system used to maintain a sufficiently low temperature,
the losses are kept at a low level and the device still'operates.

In an advantageous embodiment, not lllustrated in the figures, it
is possible to arrange thin buffer layers between the

Superconducting films and the dielectric substrate, for example a
ferroelectric substrate, in order tO improve the quality of the

reactions (e.g. exchange of OxXygen) between the superconducting
films and -the dielectric substrate. Advantageously the thickness

of the superconducting film 1s- higher than the London penetration
depth as referred to above. Furthermore the thickness of the

Superconducting film as discussed above. Although the non-
superconducting films 103 are not explicitly illustrated in e.g.
the embodiments relating to Fig. 7a-12, they are advantageously
provided also in these embodiments.

Fig 2 illustrates an experimentally determined temperature
dependence of the dielectric constant Of a single crystal bulk

-material, in this case SrTiO, the frequency is here 1 KHz and the

thickness of the bulk material is 0,5 mm. Two curves are
l1llustrated, for 0 V and 500 v respectively. For the same resonator
(for example the one illustrated in Fig. 1la) and with the same
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of the resonant frequency and the loadedQ-factor'respectively'for
a clrcular resonator as shown in Fig. la on the applied DC tuning

voltage. The upper curves indicate the 1losses where only

In Fig. 7a the resonator 20A 1s circular whereas in Fig. 7b the
resonator 20B is rectangular. Since the dimensions of the.
superconducting films, particularly high temperature
Superconducting films, are reduced, the radiative losses are
reduced. Since the Superconducting films are smaller than the
dielgctrica, dual mode operation of the bulk parallel plate
dielectric resonator is enabled in that coupling between at least
two degenerate modes is possible. The coupling between the two
degenerate modes of the resonators 20A, 20B can be controlled via

that a piece 705b of the Superconducting film is cut-off in one of
the corners. In and out refer +o coupling in and coupling out
respectively of microwaves. If the coupling means 705a, 705b are
provided, two-pole tuneable pPassband filters are obtained.

Advantageously non-superconducting layers are arranged on the
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superconducting films as discussed above under reference to the
embodiments of Figs la, 1b. The coupling means 705a, 705b may also
be formed, either alone or in combihation with superconducting
material with the normal conductor plate denoted 103 in Figs. 1la
and lb. (not shown in Figs. 7a, 7/b). Moreover thin buffer layers
between the superconducting films and the dielectric substrate can
be provided or not.

In order to provide a multimode device a number of alternating

layers of dielectrical and superconducting films respectively,
advantageously with non-superconducting films on the

one or more resonators are enclosed in a cavity. Particularly they
are enclosed in a below cut-off frequency cavity waveguide. Such
@ cavity can be made of bulk superconducting r'nate:r;ial or of a
normal metal covered by superconducting films, particularly high
temperature superconducting films, on the inside to reduce its
microwave losses and to reduce its dimensions. Inductive  or

cavity. If a DC voltage is used for the tuning (as referred to
above also, temperature tuning can be applied), the tuning voltage
is applied by a thin wire 4 through an insulated hole 9 in the wall
of the cavity. In Fig. 8a the tuning voltage is applied by the wire
4 through the insulated hole 9 in a wall of the cavity housing
806a. The resonator comprises a dielectric substrate 801 which on
at least two sides is covered by superconducting films 802. Non-
superconducting conducting plates may be arranged thereon as
discussed above. Connectors 807a, 808a are provided for the input
and output respectively of microwave signals. Probes 10 are
provided for coupling the microwave signals in and out of the
resonator. This embodiment thus shows an example on coupling.
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In Fig. 8b the resonator 30A 1s denoted with the same reference

insulated hole 9 which €.g. may comprise a dielectric. The
résonator 41 is arranged within the cavity 906 and comprises a
dielectric substrate 901 and two sides covered by thin
Superconducting films 902, 902 wherein the size or the area of the.
Superconducting film 902 (and advantageously conducting plates)

calibration of the resonant frequency €.g. i1n order to compensate
for the spread in material and the device parameters. The reference
numerals correspond to the ones of Fig. 9. In the devices 50A, SOB
of Figs. 10a and 10b Irespectively a dielectric or metal screw 12
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of the cavity whereas in Fig. 10b the screw 15 is arranged at the
bottom of the cavity. In Fig. 10c the resonant frequency is

be arranged in a different manner etc., Fig. 10c merely being an
example of how the thermal adjusting means 13 can be arranged. Of
course also the screws of Figs. 10a and 10b can be arranged in

appropriate means can be used and.they'can be arranged in a number
of different ways. In an alternate embodiment (not shown) one of
the cavity walls or portion of 3 wall, or a separate wall, is
movable to enable fine tuning or calibration.

However, via the screw 12 of Fig. 10a fihé tuning of the resonant
frequency is possible whereas via the ‘screw 15 of Fig. 10b larger
mechanical adjustments of the resonator cavity to achieve for

example a change of its centre frequency, a channel reconfiguration
etCc. can be obtained.

passband filters. Fig lla shows a Cross sectional side view of a
four-pole electrically tuneable and adjustable filter 60, in a

of Fig. lla. Two dual mode resonators 1llla, 1l1l1lb are arranged in
@ superconducting cavity 111. The dual mode resonators may e.g.
take the form of the resonators as illustrated in Figs. 7a, 7b. A
DC bias voltage is supplied via the leads 4, as in the foregoing
described embodiments via insulated holes 9 in the cavity.
Connectors 117, 118 are provided for the input and output of
microwave signals and the connectors are provided with pins 114 for
Ccapacitive coupling of the microwave signals. The two resonators
llla, 111b are coupled via a coupling pin 16 via an opening in an

internal cavity wall.
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Fig. 12 is a cross-sectional view of an electrically tuneable
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Claims

1. A tunable microwave device comprising a substrate of a

dielectric material having a variable dielectric constant and
at least one superconducting film on at least a portion of the
dielectric substrate, the dielectric substate being a non-
linear dielectric single crystal bulk material, wherein

the at least one superconducting film is deposited directly on
the dielectric substrate and arranged there on such that a
number of parallel plate resonators are formed and a
conducting layer is arranged on the at least one
superconducting film on the side thereof opposite to the

dielectric substrate.

2. A device according to claim 1, wherein the
superconducting film arrangement comprises a high temperature

superconducting (HTS) material.

3. A device according to claim 2, wherein the dielectric
material has low and high dielectric constants at cryogenic

Ctemperatures.

4 . A device according to any one of the claims 1-3, whereiln
at the superconducting films are arranged on at least two

surfaces of the dielectric substrate.

5. A device according to any one of the claims 1-4, whereiln
a thin buffer layer is arranged between superconducting film

and the dielectric substrate.
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6 . A device according to any one of the claims 1-5, wherein

the non-superconducting layer (s) comprise(s) normal conducting

metal.

7 . A device according to any one of the claims 1-6, wherein

the thickness of the superconducting film exceeds the London

penetration depth (Ag).

8 . A device according to any one of the claims, 1-7, being

electrically tunable.

O. A device according to claim 8, wherein the dielectric
constant of the dielectric material is varied by appication of

a voltage to the superconducting film(s) .

10. A device according to any one of the claims 1-7, beilng
thermally tunable wherein the dielectric constant 1is changed

when the temperature is changed to thereby control the

temperature.

11. A device according to any one of the claims 1-10, wherein
the dielectric substrate comprises a resonant plate having a

cylindrical, rectangular or similar shape.

12. A device according to any one of the claims 1-11, whereiln
at least one superconducting f£ilm has an area at least

slightly smaller than the corresponding area of the dielectric
substrate on which it is arranged to provide coupling between

degenerate modes resulting in a dual mode operation resonator.
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13. A device according to any one of the claims 1-12, having
at least two dielectric substrates with superconducting films
on opposite outer surfaces and having a superconducting film

such that coupling is provided between the resonators formed

thereby to provide a multimode resonator.

14. A device according to claims 12 or 13, comprising means
for controlling the coupling between at least two degenerate

modes forming at least a two-pole tunable passband filter.

15. A Device according to any one of the claims 1-14, being

enclosed 1n a cavity.

16. A device according to claim 15, being a below cut-off

frequency waveguilde.

17. A device according to claim 15 or 16, wherein the cavity

is superconducting either comprising bulk superconducting

material or normal material covered by a superconducting film,

particularly a HTS material.

18. A device according to claim 17, wherein coupling means

are provided for coupling in and out micro-wave signals.

19. A device according to claim 17 or 18, wherein second
means separate from a first tuning means are provided for

fine-tuning or calibrating the resonant frequency of the

resonator.

20. A device according to claim 19, wherein said second means

comprises a mechanically adjustable arrangement.
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21. A device according to claim 19 wherein said second means

comprises a thermally adjusting means.

22. A device according to any one of the claims 15-21,
wherein the cavity comprises two sub-cavities in the form of
one of a separate cavities and a divided cavity with each at
least one resonator connected to each other via

interconnecting means forming a multipole filter.

23. A device according to any one of the claims 1-22, wherein
the dielectric substrate comprises SrTiO3 and in that the

superconducting films(s) comprises YBCO.

24 . A tunable microwave resonator comprising at least one
dielectric substrate and superconducting films arranged on at
least two sides of the substrate, first tuning means
connecting to at least one of the superconducting films, the
dielectric substrate comprising a non-linear bulk material,
wherein the superconducting films are deposited directly on
the dielectric substrate, that the resonator comprising a
parallel plate resonator and on those sides of the
superconducting films that are opposite to the substrate,

normal conducting layers (103) are arranged, e.g. of Au or Ag.

25. A tunable microwave resonator according to claim 23,
wherein second tuning means are provided for fine tuning or

adjusting the resonant frequency of the resonator.

26. A tunable microwave resonator according to any one of

claims 27-28, comprising at least two modes to form at least a

dual mode resonator.
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27. A tunable microwave filter comprising at least two
resonators arranged 1n a cavity arrangement each resonator
comprising a dielectric substrate on at least two surfaces of
which a superconducting film arrangement 1s provided and first
tuning means connection to at least part of the

superconducting arrangement for changing the dielectric

constant (g) of the dielectric subsrate, wherein the
superconducting films are deposited directly on the dielectric
substrates, the resonators comprising parallel-plate
resonators, conducting layers being arranged on the
superconducting films on the sides thereof opposite to the
dielectric substrate, that the dielectric subsrates are formed
by a non-linear bulk material and i1n that coupling means are

provided between at least two resonators.
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