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TITLE
HIGH POWER HIGH-TEMPERATURE SUPERCONDUCTIVE FILTERS
_ EIELD OF THE INVENTION

This invention reiatesito filters made of high¥
temperature superconductors designed to handle high
power and to the structures which effect the combination
of these filters. ' '

BACKGROUND OF THE INVENTION

Filters are an important microwave component with
widely spread applications in commercial and military
microwave systems, such as telecommunication, '
instruments, radar and electronic warfare systems, High
performance bandpass filters require narrow bandwidth
with sharp skirts, high rejection in the off-band, low
insertion loss in the passing band, high power handling
capability all in a compact and light package. The
conventional filters made of normal conductors, such as
copper, silver, gold, aluminum and the like, have
limited conductivity which cause unacceptable high
inband 1nsertion loss and are unable to satzsfy all the
requlrements for high performance.

The discovery of high temperature superconductors
(HTS) with a transition temperature, T., above the
liquid nitrogen temperature (77 K) provided the
opportunity to produce HTS filters with orders of
magnitude better performance in a compact package. In
the microwave frequency range, the Q-value of HTS thin
film matérials are 10 to 1,000 times higher than copper
under the same conditions, which directly translates
into extremely low iﬁsertion'loss in the passing band of
multi-pole bandpass filters. Many HTS filters have been
reported with unprecedented high performance. But
despite the success of HTS filters, the power handling
capability of known HTS filters is still far less than
desired. Unlike the common metals, the HTS materials
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show nonlinear behavior at relatively low power levels.
This has decreased their capability of handling high
power, therefor limiting the application of HTS filters.

- . According to the kno#n configurations, HTS filters
can be classified into three categories: the one
dimensional, the two dimensional and the three
dimensional. The conventional one dimensional filter is
made of a series of coupled half-wave-length '
transmission line resonators. The rf current
distribution in the resonator is in a standing-wave form
along its length with the maximum current density at the
center. Along the line width directibn, the current
also has an uneven distribution with maximum current
density at the two edges. The critical current density,
Je, is defined as the maximum current density for which
the HTS materials can carry without significant

degradation of its conductivity. When the power

increases in an HTS filter, the current density
increases accordingly until the maximum current density
exceeds the Jc, which determines the maximum power
handling capability of the HTS filter.

As an example, C. Walker et al., IEEE-Trans MIT.,
Vol. 39, 1462-1467 (1991) described a 5 GHz HTS half-
wave-length resonator. This resonator has a section of
HTS microstrip line. 1In this particular case, it is a
T1l2BazCaCuz0g microstrip line with 500 pum width deposited
on a 20-mil thick LaAlO3 substrate. At operating
temperature (77 K), the resonator has a loaded Q-value
of 7,000-8,000 at input power below 1 mW and it begins
to drop above 1 mW. At 32 mW of input power, the loaded
Q-value reduced to 6,000. If this resonator is a part
of HTS filter, which reqﬁires a minimum loaded Q-value
of 6,000, then it will not handle ihput power more than

. 32 mW without significant performance degradation.

Moreover, the 500-pm-wide HTS line on 20-mil LaalOj
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substrate is not a 50-ohm line. The 50-ohm microstrip
line on a 20-mil LaAlO3 substrate has a width of only
165 pum, which handles much lower power than the 500 um
line. Thus, the power handling capability of this
resonator is in the range of milliwatts and is limited
by narrow line width. It is desirable to have HTS
filters with a higher power handiing capability for many
applications. - |

The building block of the two dimensional HTS
filters is in two dimensional planar forms wherein the
dimensions along both directions are cdmparable'to the
wave length. The most commonly used form of two
dimensional filters is the "dual mode"™ cut-corner square
form, as described by A. Curtis et al. 1991 IEEE MTT-S

‘International Microwave Symposium Digest, Vol. 2,

PP. 443-446. Figure 6a shows a typical laybut'of an
8-pole (a pole represents a resonance) dual mode HTS
filter. The-building block of such a filter is an HTS
cut-corner square pattern deposited on a substrate.
Each cut-corner square represents two modes, therefore,
the four cut-corner squares in Figure 6a represent 8
poles instead of just four. The two dimensional HTS
filters handle more power than the one dimensional HTS
filters because the rf current is distributed over a
large area. However, the planar layout of known two
dimensional HTS filters, such as the one shown in
Figures 6a and 6b, have a problem of occupying too much
substrate area and require a very large package to house

"the filter circuit. This problem becomes severe as the

number of poles increases and the operating frequency
decreases. For example, for a filter operating at

0.5 GHz, the size of the HTS square needed would be
approximately 7 cm x 7 cm on a LaAlO3 substrate with a
dielectric constant, € = 24. The total area for a dual

mode 8-pole filter such as shown in Figure 6a would be
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at least 20 cm x 20 cm, which iscunacceptably large.

' Moreovpr,_spch large substrates require an even larger

enclosure which.creates'severe_cryogenic problems.
Referring the Figure 65, the basic building block
of such a filter is a cut-corner square HTS resonator -
S5la, 51b, 51c or 51d deposited on a substrate 54 with
HTS ground plane 55 on the back side. The HTS. square
can support two resonance modes as shown in
Figures 7a-7c. Referring to Figures 7a-7c, the TEjg
mode has a current flowing along the x direction, and
the'T301 mode has a current flowing along the y
direction. 1In figure 7¢c, both TEjp mode and TEp; mode
co-exist and are coupled to one another by the cut-
corner. The coupling can be adjusted by varying the
size of the cut-corner. Therefore, each cut-corner
square in Figure 6a represents two modes and the filter
has eight poles.‘ The inter-square coupling is provide

by HTS line sections 53a, 53b and 53c and the gaps

between cut-corner squares 5la, 51b, Slc, and 51d and
the HTS line sections 53a, 53b and 53c. The input and
output coupling are provided by HTS line section 52a and
52b and the gap between 52a and 5la and the gap between
52b and 51d. This two dimensional HTS filter can handle
more power than the one dimensional HTS filter. But a
problem ;émains in that the two dimensional HTS filter
requires a large substrate area, especially when the
number of poles is large and the frequency is low,
because the side of each square_is approximately equal
to a2 half wavelength. The two dimensional HTS filters
have moderate power handling capability in the low .
watts. | o _

For one dimensional HTS filters, the present
invention provides an unique method to make them in low
characteristic impedance with broader line width and to
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combine them to increase the power handling capability
significantly. ' '

For two dimensional HTS filtérs; the present
iﬁvention provides-a'structure which greatly reduces the
substrate size and makes its packagermore compact. This
structure is particularly suitable for low frequency,
multi-pole high power HTS filters.

ERIEF DESCRIPTION OF THE DRAWINGS

Figures la, 1b, 2a, 2b, 3a and 3b are schematic

~drawings of structures in accordance with this invention

of the HTS converted impedance junctions for combining
the HTS filters including the microstrip line version
shown in Figures la and 1lb, the strip line version shown
in Figures 2a and 2b and the coplanar line version shown
in Figure 3a and 3b. _

Figures 4a and 4b are a schematic dtawing of a
parallel low impedance HTS filter pair in the microstrip

‘line configuration in accordance with this invention

combined by two converted impedance junctions to handle
high power. |
Figures 5a and 5b are schematic drawings of a

.combined parallel low impedance HTS filter, i.e., 5a,

the single pair configuration; 5b, the multi-pair
configuration. : o

Figures 6a and 6b are a schematic drawing of a
layout of a planar HTS 8-pole dual mode bandpass filter.

Figures 7a-7c illustrate the rf (radio frequency)
current distributions in HTS planar resonators having a
square circuit pattern: 7a, TEjg9 mode; 7b, TEp1 mode;
7c, TE1p mode and TEg1 mode co-exist and arelcoupled to
each other by the cut-corner.

Figure 8 SChematically represents a structure in
accordance with this invention of a stacked
configuration 8-pole dual mode HTS bandpass filter and
its separated different parts.
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Figures 9a to.9f.depict.the_individual parts of the
stacked configuration 8-pole dual mode HTS bandpass
filter of Figure 8: 9a, an unpatterned HTS ground
plane; 9b, the layout of the input/output section with
coupling to a TE1g mode HTS cut-corne; dual mode square
resonator; 9¢, the layout of the-inpui/output-section |
with coupling to a TEg; mode HTS cut-corner dual mode
square resonator; 9d, the layout of the HTS ground plane
with a coupling slot for the TEbl'modes on both sides;
9e, the layout of the HTS ground plane with a coupling
slot for the TE10 modes on both sides; 9f, the layout of
a HTS dual mode sguare resonator with a cut-corner.

Figureé 10a-10c are schematic drawings of a
structure in accordance with this invention and the
mechanism of the E-field coupling for the dual mode:
filter: 1l0a, an HTS ground plane'with a rectangular
opening for the E-field coupling for the TEd1 mode; 10b,
aﬁ HTS g:dund‘plane with a rectangular opening-for the
E-field coupling for the TEj¢9 mode; 10c, a cross section
view of an HTS dual mode 4-pole bandpass filter with the
E-field coupling and the E-field distribution showing
the coupling mechanism. :

Figures lla and 11lb are a cross section view of an
assembled 4-pole HTS dual mode bandpass filter in | |
accordance with this invention with tuning rods for fine
tuning of the resonant frequencies of the resonators and
the grounding mechanism for connecting separate ground
planes. ' . o _ | o
| Figuies_12a—g are the parts for a stacked HTS dual
mode filter with round shape configuration according to
this invention. Figure 12a shows an HTS_ground-plahe
for use in a stacked round shape HTS dual mode filer.

Figures 12b and 12c show alternate circuit patterns
for use in the resonator components of the filters of
the present invention: 12b shows a round pattern with a
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rectangular notch eoupling mechanism. for coupling two
distinct modes: TEp: and TEjp. 1l2c shows a round
pattern with a rectangular stub coupling mechanism for
coupling two distinct modes: TEg; and TEjg.

Figure 12d shows the layout of a round HTS ground
plane with a coupling slot for the TE01 mode on both

" sides.

Figure 12e shows the layout of a round HTS ground
plane with a ceupling slot for coupling the TE;9 mode on
both sides. :

-Figure 12f shows an alternative round HTS ground
plane with an elliptical opening E-field coupling
mechanism for coupling the TEp; mode on both sides.

Figure 12g shows an alternative round HTS ground
plane with an elliptical opening E-field coupling

-mechanism for coupling the TE;g mode on both sides.

SUMMBRY OF THE INVENTION
The present invention comprises wvarious HTS filters
having increased power handllng capability which
include:
(a) new structures to combine HTS low
impedance filters in parallel to increase power handling

' capability by means of a converted impedance junction;

and

(b) new structures for stacked HTS dual mode
resonators to form a very compact filter with higher
power handling capability.

In particular the present invention comprises a
structure for combining filters in parallel comprising
1) at least two filters each comprising one or two
substrates each having a high temperature superconduetor
ground plane and a patterned high temperature
superconductor circuit, 2) an input splitting converted
impedance junction connecting said filters in branches
arranged symmetrically to an output combining converted
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impedance junction, and 3)'ihput and output lines which
are impedance matched with the high temperature
superconductor circuit.

The present invention further comprises a converted
impedance junction comprising a) a common port, b) two
branch ports connected to said common poft cbmbining or
splitting circuits in parallel, and c) a matching
impedance transformer at the common port. _

The present invention further comprises a dual mode
filter comprising a) alternating stacked ground planes
and dual mode resonators, b) a high temperature
superconducting transmission line connected to two of
said resonators, c¢) coupling means comprising a mode

.selective coupling mechanism on each internal ground
- plane oriented 45° with respect to a coupling mechanism

on each resonator adjacent to each internal ground
plane, d) tuning rods bétween'adjacent ground planes,
and e) grounding links connected to said ground planes.

In particular the ground planes and resonators in
the dual mode filter each comprise a substrate having a
high temperature superconducting film deposited thereon
and are arranged in a stacked formation comprising
a) two end ground planes, (b) two resonators, one
adjacent to each end ground plane and coupled to said
high temperature superconducting transmission line, and
c) additional internal alternating ground planes and
resonators each having a coupling mechanism.

The coupling means comprises

(a) a mode selective coupling mechanism on

each internal ground plane comprising an opening which

is oriented 45° with respect to

(b) a coupling mechanism on each resonator
adjacent to eaéh internal ground plane comprising a
discontinuity in the perimeter of the patterned high
temperature superconducting film of said resonator.
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The écupling mechanism on each ground plane
provides coupling between two like resonant modes, while
the coupling mechanism on each resonator provides'
coupling between two distinct resonant modes. The
required orientation of the coupling mechanisms provides
the mode selection function and permits coﬁpling to a
particular desired resonant mode at a particular
location within the filter.

DETAILED DESCRIPTION OF THE INVENTION

One way to increase the power handling of one
dimensional filters is to combine N, where N is an
integer, identical HTS filters in parallel which has N
times more power handling capability than the individual
one. A second way to increase the power handling
capability is to increase the line width of the HTS
lines in the filter which can carry more current and
much more power, since power is proportional to the
square of the current. It would be even better by using

'a combination of these two methods, i.e., to combine N

identical filters with wider line width in paraliel.

But a simple combination does not work, because these
two methods have contradictory requirements. On the one
hand, the input and output require 50-ohm matching which
translates into a N x 50 ohm characteristic impedance

for the filters in a parallel combination. On the other

hand, the increase of the line width in the filter
translates into a lower characteristic impedance.

‘The present invention provides a converted
impedance junction as shown in Figures la, 1lb, 2a, 2b,
3a and 3b to combine the wide line filters in parallel

~as shown in Figures 4a and 4b to solve the problem and

thereby to increase the power handling capability of the
one dimensional HTS filters significantly (10 to

25 times compared to a conventional single 50-ohm
filter). |
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_ ‘Another way to further increase the power handling
capability is to use two dimensional HTS filters. This
invention provides a compact structure for two
dimensional'dual mode HTS filters by stacking the
individual dual mode resonators as shown in Figures 8,
9a-9f, 10a-10c, and lla-11b. ' |

The piesent invention comprises three basic
elements. The first is a combination of a plurality of
one dimensional low impedance HTS filters with broader '
line width formed by using a converted impedance
junction. The second is the converted impedance
junction used to combine the one dimensional filters in
parallel. The third is an HTS two dimensional dual mode
filter formed by stacking a plurality of HTS coated
substratee with coupling means, tuning mechanism and
grounding connections.

Figures 1(a)-3(b) show three versions of the
converted impedance junction of the presehtginvention,
which is.used for combinihg HTS filters in accordance
with the structures of this invention. The converted
impedance junction comprisee a) a common or sum port,
b) two branch ports connected to said common port
combining or splitting circuits in parallel, and c¢) a
matching impedance transformer at the common port. 'The
converted impedance junction serves two purposes: one
is as a one-to-two splitter.or'a twc-to—one combiner for
microwave signals; the other is as an impedance
converter to convert the characteristic impedance Z. at
the sum port or common port to the characteristic
impedance Zc/2 at the two branch'portszand vice versa.

Figures 1la andhlb show the microstrip line version.

"It comprises a substrate 4, an HTS ground plane 5 on the

back side of 4 and a patterned HTS circuit on the front
side of 4. Figure la shows a top view of the HTS
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éircuit, HTS microstrip line 1 with a characteristic
impedance Z. serves as the sum port. The two branch HTS
microstrip lines 2 with a characteristic impedance of
Z:./2 serve as the branch pofts. HTS microstrip line 3
with a characteristic impedance Zo/2 and a length of
A/4, serves as an A/4 impedance converter where A
represents the guided wavelength at the center frequency
of the filters to be combined. -

A A/4 impedance converter having a characteristic
impedance Z3 matches two impedances Z; and %2 at its
input and output, respectively, when

Z3 = (27 Z2)1/2 | (1) -

In this case, Z1 = 2o, 23 = Zo/2, and 223 = 2,/4 due to
the parallei splitting, so (1) is satisfied. The curved
corners in the junction compensate for'the,
discontinuities introduced by the junction and to
optimize the matching. In essence, the impedance
converted junctions provide a way to combine the two low
impedance branch lines in parallel with the sum line and
maintains impedance matched at the sum port, which
satisfies the requirement for combining two low
impedance filters in parallel. '

Figures 2a and 2b show the strip line version. It
comprises a substrate 14, a superstrate 16, two HTS
ground pianes 15 on the back side of 14 and 16, and a
patterned HTS circuit 17 between the substrate 14 and
the superstrate 16. Figure 2a shows a top view of the

circuit 17. HTS strip line 11 with a characteristic
impedance 2. serves as the sum port. The two branch HTS
strip lines 12 with a characteristic impedance of 2./2

' serve as the branch ports. HTS strip line 13 with a

characteristic impedance 2./2 and a length of A/4, which
serves as an A/4 impedance converter. According to the

same principle described above for the microstrip line
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version, this arrangement serves the same purpose as the
microstrip -line version in a strip line configuration.
Figures 3a and 3b show the coplanar line version of
the converted impedance junction. It comprises a
substrate 34, and a patterned'HTS circuit 37 on the
front side of 34. Figure 3a shows a top view of the
circuit 37. The HTS-center line 31 with a
characteristic impedance Z, serves as the sum port. The
two branch HTS center lines 32 with a characteristic
impedance of Zo/2 serve as the branch ports. The HTS
center line 33 with a characteristic impedance 2./2 and
a 1ehgth of X/4, serves as an A/4 impedance converter.
The ground planes 35 are on the same side of the
substrate 34 as the center lines and are divided into
three pieces, as show in Figure 3a. Two air bridges 36
are used to link the three ground planes to suppress the
unwanted odd mode which is generated by the junctioh.
According to the same principle described-for-the
microstrip line version, this arrangement serves the
same purpose as the microstrip line version in a
coplanar line configuration.

Para = pmobineq one bimens

‘The present invention further comprises a structure
for combining filters in parallel comprising 1) at least
two.filters each comprising one or two substrates each
having a high temperature superconductor ground plane
and a patterned high temperature superconductor circﬁit,

. 2) an input splitting converted impedance junction

connecting said filters in branches arranged
Symmetrically to an output combining converted impedance
junction, and 3) input and output lines which are
impedance matched with the high teﬁpérature super- _
conductor circuit. The ground plane and the patterned
circuit can be on the same side of the substrate or on
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opposite sides of the substrate, or when two substrates
are present they can be on the same side in one and on
the opposite sides in another. The compositions of the
substrates when more than one is present can vary, but
preferably the cbmpositions of mﬁltiple substrates in
each filter aré the same. Likewise,lthe_high;
temperature superconductor compositions can vary, but
preferably are the same for a particular filter.

| Figures 4a and 4b show an example of two HTS low
impedance filters 6 and 6a combined by two converted
impedance junctions 7a and 7b at the inpnt and the
output in a microstrip line form. It comprises a
substrate 4 with HTS ground plane 5 on the back side and
patterned HTS circuit 8 on the front side. The two
identical 3-pole HTS filters 6 and 6a are combined by
two converted impedance-joihts 7a and 7b at the input
and output, respectively. 1In this particular case, the
input and output line i_has'a characteristic impedance
Zc = 50 ohm.. The other lines 2 and 3 have a '
characteristic impedance of 2o/2 = 25 ohm. According to
the principle described previously, this circuit is
impedance matched at both input and output.

For a conventional 50 ohm HTS microstrip line on
20-mil LaAlO3 substrate, the line width is only 165 umf
which limits the power handling capability of a filter |
made of such lines. On the other hand, the 25 ohm HTS
microstrip line has a line width of 830 pm on the same
substrate, which is 5 times widef than the 50 ohm line.
If the current distributibn does not change with line
width, the 830 um wide 25 ohm line can carry 5 times
more current than the 165 um wide 50 ohm line with the
same current density. 1In the traveling wave case, the
power P carried by a transmission line with
characteristic impedance Z. can be expressed as
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P =12 2, (2)

where ‘I is the total current carried by thé'line.
Therefore, the 25 ohm HTS line has 12.5 times higher
power handling than the 50 ohm HTS line. Since there
are two 25 ohm filters 6 and 6a in the circuit shown in
5 Figure 4a, comparable to a regulaf 50-ohm HTS filter,
this HTS circuit has 25 times higher power handling
capability, which is a signifiéant'improvement.
However, because the'currenﬁ ténds to concentrate at the
edges of the HTS lines, the'inctease in current carrying
10 capacity may not be proportional to the increase of the
line width. This factor reduces the power,handlihg-
capability advantage of the 25 ohm HTS filter compared
to the 50-ohm filter, i.e., the power handling
capability improvement may not be as high as 25 times.
15 Fortunately, a power test on HTS lines indicated that
the "current concentrated at edges" effect is eased at a
high power level. Therefore; compared to the regular
50-ohm HTS filter, the HTS fiite: circuit shown in
Figure 4a still has a significant improvement of power
20  handling capability ranging from about 10 to about 25
times. ' ' |
The two branches in the circuit shown in Figure 4a
are preferably identical, i.e., the upper half and the
lower half of the circuit are preferably in a mirror
" 25 image symmetry with respect to the center line.
Deviations from symmetry will result in a performance
degradation due to either the amplitude or the phase
difference between these two branches.
The same principle and configuration are not
3C restricted to the microstrip line version shown in
Figure 4a. The configuration can be in a strip line
version and a coplanar line version'by ﬁsing the
converted impedance junctions shown in Figufes 2a and 2b
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and Figures 3a and 3b, respectively, and-ébtain the same
advantages. A general form of the HTS filter
combination of the present invention is shown in
Figure 5a, in which 42 is any form of'one'dimensional
HTS filter with any number of poles, :and 41 is the
converted impedance junction as shown in Figures la and
lb, 2a and 2b or 3a and 3b. A more general
configuration of filters of the present invention is
shown in Figure 5b, in which the input splitting network
and the output combining network are constructéd by a
two-stage cascade of the converted impedance junctions,
which has four branches with a characteristic impedance
of Zo/4 = 12.5 ohm. In this case, the input power is
split equally into four channels with four HTS filters
in parallel, which increases the power handling'
capability. More importantly, the 12.5 chm line has a
much wider line width than the 25 ohm line which further
increases the power handling capability. Of course, the
cascade is not restricted to 2-stage. It can have
multiple stages to increase the number of filters in
parallel and to further increase the power handling
capability. However, there are two factors which limit
the number of filters in parallel. One factor is that
the required substrate area increases with the number of
filters, which is réstricted by the available substrate
wafer size. The other is that the characteristic
impedance of the branch lines decreases with the
increasing number of filters, which requires incieasing
line width. A line with an impedance which is too low
requires an unacceptably wide line width. In fact, by
definition, a one dimensional filter should not have a
line width as large as a half-wave length.

The HTS thin film materials useful in the practice
of this invention include superconductors with a T¢
greater than 77 K. Preferred materials include
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YBazCu307, TlBaCaCuO (2212, or 1223), (T1Pb)SrCaCuO
(1212, or 1223). The substrate.materials suitable for
use herein include any dielectric material with close
lattice match to the HTS thin film deposited on it énd
with a loss tangent of less than 0.0001. Preferred are
LaAlO3, MgO, LiNbO3, LiTaO3, sapphire, and quartz.
S xed 1 i l ) Dual Mode HTS Filter

The present invention further comprises a dual mode
filter comprising a) alternating stacked ground planes
and dual mode resonators, b) a high temperature

' superconducting transmission line connected to two of

said resonators,'c) coupling means comprising a mode
selectiﬁe coupling mechanism on each internal ground
plane oriented 45° with respect to a coupling mechanism
on each resonator adjacent to each internal ground
plane, d) tuning rods between adjacent ground planes,
and e) grounding links connected to said ground planes.
Each ground plahe comprises a substrate having a
high temperature superconducting film deposited thereon,
and each resonator comprises'a substrate having a
patterned high éemperature superconducting film
deposited thereon. The-substtate and film compositions
can vary, but preferébly in a particular filter the
substrates all have the same composition and preferablj
the films all have the same composition. The ground
planes_and dual mode resonators are arranged in a
stacked formation comprising a) two end ground planes,
b) two resonators, one adjacent to each end ground plane

‘and coupled to said high temperature superconducting

transmission line, and c) additional alternating
internal ground planes and resonators each having a

~coupling mechanism.

In particular thé.dua;,mode filter of the present
invention differs from conventional filters in having a
selective coupling means. The coupling means comprises
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a) a mode selective coupling mechanism on each internal

- ground plane comprising an opening which is oriented 45

degrees with respect to b) a coupling mechanism on each
resonator adjacent to each internal ground plane
cbmp:ising a discontinuity in the perimeter of the
patterned high temperature superconducting film of said
resonator. Preferably the coupling mechanism on the
ground plane comprises an opening located at the edge of
the ground plane or an opening in the form of a slot
located at the center of the ground plane, and the
coupling mechanism on the resonator comprises a
discontinuity in the perimeter of the high temperature
superconducting f£ilm in the form of a notch, cut corner
or stub. Each ground plane has two distinct modes on
each side thereof, e.g., TEjg and TEpi. The mode
selective coupling mechanism on the ground plane couples
two like resonance modes, such as TEgy and TEgi, or TEjyp
and TEjp, on either side of the ground plane. The
coupling mechanism of the resonator couples two_distinct
resonance modes, such as TEgy and TEjg. The required 45
degree orientation of the two coupling mechanisms
provides the mode selection function and permits
coupling to a particular desired resonant mode at a
particular location within the filter.

Figures 8 and 9a-9f show a stacked two dimensional
dual mode 8-pole HTS filtet and its parts. Figure 8
shows the subassembly. The HTS parts are shown in
Figures 9a, 9%, 9c, 9d, 9e, and 9f. The combination of
HTS filters shown in Figure 8 is not restricted to eight
poles. There can be any number of poles. Figure 8
shows the sub-assembly 67, in which 60 is an unpatterned
HTS film deposited on a substrate. There are two of
them used as two end ground planes. There are two in-
between HTS circuits 63 and two end HTS circuits 61
serving as the dual mode resonators to form the 8-pole
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filter. Although the circuits are shown as a square
pattern having a cut-corner coupling mechanism, other
patterns aré suitable as discussed hereinafter in
reference to.Figures 12a-12g. The rescnators 61 also

. include a section of HTS line coupled to the cut-corner

square as the input or output. HTS ground planes 62 and
62a each having a coupling slot are placed'between the
adjacent HTS resonators 63 and 61 to isolate them and to
provide the mode selective couplings. The slot 64 in
the HTS ground plane 62 as shown in Figure 9d cuts the
current of the TEp; mode shown in Figure 7b, which
provides the coupling of TEp; modes on both sides of the
ground plane 62. The slot 64a in the HTS ground plane
62a as shown in Figure 9e cuts the current of the TEjp
mode as shown in Figure 7a, which providés'the coupling
of TE1¢ modes on both sides of ground plane 62a. The
mode sequence in the sub-assembly shown in:Figure 8 is
TEj0- (by the cut-corner on the resonator 61)-TEgi1-(by the
slot 64 in ground plane 62)-TEp1-(by the cut-corner on
the resonator 63)~TEj1p-(by the slot 64a in ground plane
62a) -TE1¢9-(by the cut-corner on the resonator 63)-TEp1
(by the slot 64 in ground plane 62)~TEg1-(by the
cut—-corner on the resonator 61)-TEi1p. The slot coupling
is highly mode selective due to the fact that it cuts
only the current perpendicular to it of one mode and it
does not cut the current parallel to it of the other

mode. Thus, the same mode is maintained on both sides.

Use of the cut-corner coupling mechanism results in a
change of mode.

Figure 9a shows the unpatterned HTS film 60 used as '
a ground plane. Figure 9> shows an HTS pattern of an
HTS cut-corner square 61 serving as a dual mode
resonator and a section of HTS line coupled to the HTS
cut~corner square via a gap serving as the input or
output circuit for the TEjg9 mode. Figure 9c shows an
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HTS pattern of an HTS cut-corner square serving as a
dual mode rééonator and a section of'HTS line coupled to
the HTS cut-corner square via a gap serving as the input
or output circuit for the TEg; mode. FiQure 9d shows an
HTS ground plane with a horizontal slot 64, which'serves
as a coupling apparatus for the TEp ﬁodes on both sides
of the ground plane. The coupling mechanism is that the
slot cuts the current of the TEp; mode and provides the
current/H-field coupling for the TEg; mode on both sides
of the ground plane. Figure % shows an HTS ground
plane with a vertical slot 64a, which serves as a
cbupling apparatus for the TEj;¢ modes on both sides of
the ground plane. The coupling mechanism is that the
slot cuts the current of TEjg mode and provides the
current/H-field coupling for the TEjp mode on both sides
of the ground plane. Figure 9f shdws a cut—-corner
square serving as a dual modée resonator. The HTS
patterns in all the parts in Figure 9a-9f are deposited
on a lattice matched substrate comprising a dielectric
material having a loss tangent of less than 0.0001. _
Preferred substrates include LaAlO3, MgO, LiNbO3, LiTaOjs,
sapphire (@-Al203) quartz, and the like.

For example, if the eight-pole stacked dual mode
HTS filter has a center frequency of 0.5 GHz; the cut-
corner HTS square resonator would have a size of 6 cm x
6 cm deposited on a 8 cm x 8 cm square 20 mil thick
substrate with an & = 24, such as LaAlO3. The entire
subassembly shown in Figure 8 would have a size of 7 em
Xx 7 cm x 0.5 cm, which will fit in a slightly lafger
outer enclosure, say 8 cm x 8 cm x 2 cm, which is very
compact and easy for maintenance at cryogenic
temperature. Compared to the usual 20 cm x 20 cm
substrate in a conventional dual mode 8-pole filter as
shown in Figure 6a at the same frequency, the savings in
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the overall size for the stacked version in accordance
with this 1nvention is clear.

The stacked dual mode HTS filter in accordance with
this invention also has a higher power handling
capability than a conventional dual mode HTS filter.

The conventional filter shown in Figures 6a and 6b has
only one substrate and one ground plane. Due to the
high dielectric constant of the substrate, the
electromagnetic fields of the filter are primarily
located between the cut-corner squares 5la, 51b, 51c and
51d, and the grcund plane 55. The rf current is
primarily located on the inner side of the cut-corner
sqﬁare resonators and ground plane facing the substrate
54. On the other hand, the stacked dual mode HTS filter
of this invention, shown in Figure 8, has two ground
planes per each section and the electromagnetic fields
are spread on both_sides of the cut-corner square
resonators. The rf current is also spread between the
two sides of the cut-corner square resonators as well as
between the two ground planes. Therefore, for the same
input power, the current density.in the HTS films is
approximately reduced to one half for the stacked
version compared to the conventional version, which
translates into a 4Ftimes_higher power handling
capability under the same conditionms. _

Figures 10a-10c show another way in accordance with
this invention to provide the E-field coupling between
adjacent HTS resonators. Figure 10a shows a HTS ground
plane 65 with a rectangular cpening 66 located at the
maximum E-field of the TEg1 mode which lets the E-field
go through it, and which p;ovides coupling for the TEol
modes on both sides of the ground plane. Figﬁre 10b
shows a HTS ground.plane 65a with a rectangular opening
66a located at the maximum E-~field of the TEjp mode
which lets the E-field go through it, and which provides
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coupling for the TE10 modes on both sides of the gfdund
plane. Fiﬁﬁie 10c shows a 4-pole 'dual mode HTS filter
with E-field coupling as an example. It comprises two
end HTS ground planes 60, two dual mode HTS resonators
6la, and a ground plane 65a in betwegn the resonators
with an E-field coupling opening 66a. The dvual mode HTS
resonator 6la on top acts as an input and excites a TEp:
mode in the dual mode square. It is coupled to a TEjp '
mode via a cut-corner in 6la. The cross section E-field
distribution pattern is shown in Figure 10c. The
E-field on the right side goes through the coupling
opening 66a on ground plane 65a from the top section
into the bottom section to excite the TEjp mode with the
E-field as shown. The TEj¢ mode in the bottom section
excites the TEg; mode via the cut-corner coupling
mechanism'in dual mode HTS resonator 6la and provides
the output. The E-field coupling opening 66a on ground
plane 65a does not provide coupling for the TEg: mode,
because there is virtually no E-field of the TEp; mode
at the opening 66a. For the same reason, the opening 66
on 65 provides coupling for the TEg; mode only.
Therefore, this E-field couplings are also mode
selective because of the location of the openings.
Moreover, the.E-field coupling can handle more power
than a slot couplihg due to the fact that the opening is
large and is not located at the rf current peak, as the
slot is. |

Figures lla and 11b show a cross section view of an
assembled dual mode 4-pole HTS filter with the invented
stacked structure. The filter subassembly comprises two
end HTS ground planes 60, two cut-corner HTS square'
resonators with input and output couplings 61, and HTS
ground pléne 62 or 65 with coupling slot 64 (not shown)
or rectangulat opening 66 (not shown) depending upon the
coupling mechanism chpsen, All the HTS films are
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'_depositéd on four substrates as shown. The subassembly

is placed in and heid by a metal case or outer
enclosure, which includes a top cover 70a, a bottom
cover 70b and a case body or sidewalls 70. 71 and 71a
are the input and output connectors. ' '
Bandpass filters require the reéonant frequency for
each of the resonators in the filter to be accurate.

_ Since the resonant frequency of the HTS cut-corner

resonators is determined by many factors including the

shape, dimension of the HTS square and the cut-corner as
well as the dielectric constant of the substrate, it is
impractical to expect that the real resonant frequencies .
of the resonators will all meet the specificationms.
Therefore, tuning is a necessity for the filter to

- perform properly. Tuning rods 72 and 72a are used for

tuning as shown in Figure lla. Two tuning rods 72 are
used for tuning the two TEj¢9 modes: one in the top
section and the other on in the bottom section. The
other two tuning rods 72a are used for tuning the two
TEp; modes: also one in the top section and the other
one in the bottom section. The tuning rods are made of
dielectric materials with high dielectric constant and
low loss tangent such as sapphire, quartz, ceramic, and
the like. The dielectric constant of the tuning rod
material preferably is within 50% of the highest
dielectric constant of any substrate material employed
in a ground plane or resonator of the filter. The
tuning rod is placed at the maximum E-field of the mode
to be tuned. Since the maximum E-field of the TEp) mode

is located at the minimum E-field of the TE190 mode and

vice versa, the tuning can be done separately for each
mode without interference.

.There are three HTS ground planes in the filter
shown in Figures lla and 1lb: two end ground planes 60
and one in-between ground plane 62. These three ground -



WO 95/28746 . : o PCT/US95/04302

10 .

15

20

25

30

35

23

rlanes must be well connected elegtrically_for the
filter to pérform properly. This ¢an be achieved by the
metal (gold or silver) wrap arounds or contacts on the
edge of each ground plane ahd a gasket as shown in the
exploded view in Figure 11b, in which two metal
wraparound contacts 73 are deposited'on top of HTS
grounds 60, 62 and extended to the edges of the two
substrates. A gasket 74 is placed against the left side
wall of the case 70, which prqvides secure electrical
contacts between the case and the ground planeé as shown
in the exploded view.

The stacked dual mode multi-pole filter shown in
Figures 1lla and 11b is not restricted to four poles. It

can be as any number of poles. The HTS thin film
materials can include any superconductor with a T

greater than 77 K_and preferably is ¥YBazCu307, T1lBaCaCuO
(2212, or 1223), (T1Pb)SrCaCu0 (1212, or 1223). The
substrate materials can be any dielectric material with
close lattice match to the HTS thin film deposited on it
and with a loss tangent of less than 0.0001, and
preferably is LaAlQOj3, Mgo, LiNbO3, LiTaO3, sapphire, or
quartz. '

In the filters of the present invention such as
those of Figure 8, 10c or 1lla, the HTS ground planes aﬁd
the HTS dual mode resonators are not necessarily
confined to the square shape. In fact, since most
available substrates are round in shape, the round shape
configuration of the HTS ground planes'and the HTS dual
mode resonators is more favorable for taking advantage
of the largest physical area of the substrate.

Figures l2a-g show some examples. Figure_12a shows an
unpatterned round shaped HTS ground plane 86 deposited
on a substrate (not shown), which can be used as an end
plane of a stacked HTS'dual'mode filter, such as to
replace the end planes 60 in Figure 8. Figure 12b shows
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a round shaped circuit 80(a) having an HTS dual mode
resonator 85 (a) deposited on a substrate 84(a). The
dual mode resonator 85(a) supports two modes: TEg; and
TE19 similar to the square version with the current
distributions shown in Figure 7. A rectangular notch
Sl(a) provides the'coupling mechanisﬁ for these two
modes. Figure 12c show a round shaped circuit 80 (b)
having an HTS resonator 85(b) deposited on a substrate
84(b). The dual mode resonator 85(b) supports two
modes: TEo1'and TEj9 similar to the square version with
the current distributions shown in Figure 7. A
rectangular stub 81(b) provides the coupling méchanism
for these two modes. Both circuits 80(a) and 80(b) can
be used as the dual mode resonators in a stacked HTS
dual mode filter, such as to replace the dual mode
resonators 63 shown in Figure 8.

Figure 12d shows an HTS ground plane 87 (a) with a
horizontal coupling slot 82{a) providing coupling for
the TEq: modes on both sides of the ground plane.

" Ground plane 87(a) can be used as an internal-ground'

plane in a stacked HTS dual mode filter such as to
replace the ground plane 62 in Figure's. Figuré 12e
shows an HTS ground plane 87(b) with a vertical coupling
slot 82(b) providing coupling for the TEjp modes on both
sides of the ground plane. Ground plane 87(b) can be
used as an internal ground plane'in a stacked HTS dual
mode filter, such as to replace the ground plane 62a in
Figure 8.

Figure 12f shows an HTS ground plane 88 (a) with an

elliptical shaped opening 83(a) providing the E-field

coupling for the TEp; modes on both sides of the ground
piane. Figure 1l2g shows an HTS ground plane 88(b) with
an elliptical shaped opening 83(b) providing the E-field
coupling_for.the TE190 modes on both sides of the ground
plane. Ground plane 88(b) can be used as an internal
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ground plane in a stacked HTS dual mode filter, such as
to replace :the ground plane 65a if Figure 10c. |
All the filters of the present invention are useful
as frequency selectors in microwave components having
5 widespreéd appiications in commercial and military
microwave systems. Examples include.telecommuniéation,
instruments as well as radar and electronic systems.
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What is claimed is:

1. A structure for combining filters in parallel.
comprising _ '

_ 1) at least two filters each comprising one
or two substrates each having a high temperature
superconductor ground plane and a patterned'high
temperature supercohductor circuit, '

' 2) an input splitting converted impedance
junctzon connecting said filters in branches arranged
symmetrically to an output combining converted impedance
junction, and

3) input and output liﬁes which are
impedance matched with the high temperature
superconductor circuit.

2. The structure of Claim 1 wherein for said
filters | |

(a) the ground plane and the patterned
circuit are on the same side of the substrate,

{b) the ground plane and the patterned
circuit are on the opposite sides of a-substrate, or

{c) a combination of (a) and (b).

3. The structure of Claim 1 wherein for said
filters each high temperature superconducting film is
has a To of greater than 77 K. '

4. The structure of Claim 3 wherein each high
temperature superconducting film is independently
selected from the group consisting of YBazCu307,
T12BazCaCuz0g, T1lBazCazCu3Og, (T1Pb)SraCaCuz07 or
(T1Pb) Srz2CasCu30g.

5. The structure of Claim 3 wherein each film is
deposited on a substrate comprising a dielectric
material having a loss tangent of less than 0.0001.

6. The structure of Claim 5 wherein each film is
deposited on a substrate independently selected from the
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group consisting of LaAlO3, MgO, iiNbO3, LiTa0O3, sapphire
or quartz.;

7. The structure of Claim 1 wherein said filters
are in microstrip line form, strip line form or éoplanar
line form. _ .

8. The structure ofJClaim 1 fﬁrther comprising a
multistage cascade of input and output converted
impedance junctions. '

9. A converted impedance jﬁnction comprising

a) a common port, _
b) two branch ports connected to said common
port combining or splitting circuits in parallel, and
. c) a matching impedance transformer at the
common port.
10. A dual mode filter comprising
_ a) alternating stacked ground planes and
dual mode resonators,
b) a high temperature superconducting
transmission line connected to two of said resonators,
) coupling means comprising a mode

‘selective éoupling mechanism on each internal ground

plane oriented 45° with respect to a coupling mechanism
on each resonator adjacent to each internal ground
plane, _

d) tuning rods between adjacent ground
planes, and _ :
) grounding links connected to said ground
planes. _ : :

11. The filter of Claim 10 wherein each ground
plane comprises a substrate having a high temperature
superconducting film deposited thereon, and each
resonator comprises a substrate having a patterned high
temperature superconducting film deposited thereon.

! Hig SHEET HAS BEEN
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12, The filter of Claim 11 wherein said ground
planes and .dual mode resonators are arrangéd in a
stacked formation comprising -

a) two end ground planes,

5 b) two resonators, one adjacent to each end
ground plane and coupled to said high temperature
superconduct;ng transm1ssion ‘line, and"

c) additional alternating internal ground
planes and resonators each having a coupllng ‘mechanism.

10 13. The filter of Claim 10 wherein said coupling

. means comprises _ '

a) a mode selective coupling'méchanism on
each internal ground plane comprising an opening which
is oriented 45 degrees with respect to '

15 " b) a coupling mechanism on each resonator
adjacent to each internal ground plane comprising a
discontinuity in the perimeter of the patterned high
temperature superconducting f£film of said tesonator.

14. The filter of Claim 13 wherein the coupling

20 mechanism on the ground plane comprises an opening

- located at the edge of the ground plane or an opening in
the form of a slot located at the center of the ground '
plane. ' )

15. The filter of Claim 13 wherein the coﬁpling

25 mechanism on the resonator comprises a'discontinuity in
the perimeter of the high temperature superconducting
film in the form of a notch, cut corner or stub.

16. The filter of Claim 11 wherein each high
temperature supercondﬁcting film has a T; greater than

30 77 K. | - |

17. The filter of Claim 16 wherein each high
temperature superconducting film is independently
selected from the group consisting of YBazCu3O7;
T12BazCaCuz0g, T1BazCazCu3Og, (T1Pb)SrzCaCuz07, or

35 (T1Pb)SrzCazCu30g.
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18. The filter of Claim 16 wherein each high
temperature superconducting film has the same
composition. '

19. The filter of c1aim 11 wherein each substrate
is independently selected from the group consisting of
LaAl03, LiNbO3, LiTaO3, MgO, sapphirezor quartz.

20. The filter of Claim 19 wherein each substrate
has the same composition.

21. The filter of Claim 11 wherein said tuning rod
comprises a dielectric material, having a dielectric
constant within about 50% of the highest dielectric
constant of any substrate of the ground planes or the
resonators.

22. The filter of Claim 11 wherein said grounding
links comprise

a) a metallic contact on the edge of each
ground plane, and
b) a metallic gasket connected to each said

" metallic contact and to an outer enclosure containing

the filter.
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