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Novel Staggered Resonator Array Superconducting
2.3-GHz Bandpass Filter

George L Matthaei, Life Fellow, IEEE, and Gregory L. Hey-Shipton, Member, IEEE

Abstract—A novel stripline bandpass filter structure is pre-
sented which consists of a parallel array of equally spaced half-
wavelength resonators. Couplings are controlled by introduc-
ing a small amount of stagger in the positions of the resonators.
A very compact narrowband superconducting filter of this type
was fabricated with excellent results. The design theory, com-
puted and measured performance, and manner of construction
are discussed.

1. INTRODUCTION

HE novel stripline filter structure to be discussed has

compactness and simplicity that make it very attrac-
tive for high-temperature superconducting filter applica-
tions, but these same properties also make it attractive for
use in conventional filter applications. It gains its com-
pactness from the fact that even for narrowband filters, all
of its resonators can be closely packed together in a par-
allel array as shown in Fig. 1. It gains simplicity from the
fact that no short-circuit connections are required so the
structure is quite compatible with planar fabrication tech-
niques.

By using high-temperature superconducting (HTS) films
to construct this filter, very narrow bandwidths can be
achieved with very low loss in a quite compact size. Al-
though the design approach herein is also applicable to
" filters using normal conductors, the exceptionally high
quality factors achievable with HTS films make the fab-
rication of an HTS filter for narrow bandwidths especially
attractive. Such a filter has a performance that rivals that
of waveguide, but in a very small size. Traditional end-
coupled stripline filters have also been constructed using
HTS films [1], but they rely on an entirely different cou-
pling structure and result in relatively long filters. At the
2.3-GHz center frequency of the filter discussed herein,
the resonators would be quite long, and a traditional end-
coupled filter would be difficult to realize on a single HTS
wafer.

Manuscript received March 22, 1993, revised June 14, 1993.

G. L. Matthaer is with Superconductor Technologies Inc.. Santa Bar-
bara, CA, and the Department of Electrical and Computer Engineering,
University of California, Santa Barbara, CA 93106.

G. L. Hey-Shipton is with Superconductor Technologies Inc., Santa Bar-
bara, CA 93111-2310.

IEEE Log Number 9212997.

0.028" 0.020°"
—_  (— — |
A
1 3 5
[ ] — [ ] — [ ]
- L] 0.700"
2 4
L) |e o L
9| —i o
2‘ 4’
- Y

<— 0.300" —»>
Fig. 1. A 5-resonator array bandpass filter.

II. ELEcTRICAL DESIGN

The type of filter under discussion consists of a paral-
lel-array of half-wavelength resonators as shown in Fig.
1. The reader will note that the resonators are somewhat
staggered in their relationships to their neighbors. It can
be shown that if this type of filter is realized in stripline
(which has equal even- and odd-mode wave velocities for
coupled lines), and if these resonators are all positioned
so that their top and bottom ends all fall on straight lines,
this structure will have no passband at all, even if the
resonators are very closely spaced. However, as we stag-
ger each resonator with respect to its neighbors, coupling
between the resonators is introduced and the structure has
a passband. The more the resonators are staggered, the
more coupling will result. Our point of view for the de-
sign of the narrowband HTS filter under discussion was
to use quite closely spaced lines for compactness, with all
of the coupled lines of the same width, and all of the spac-
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ing between lines the same. Then the amount of stagger
between lines provided the degree of freedom for fixing
the resonator couplings.

The design point of view utilized is similar to that used
by Dishal [2]. The method can be understood using Fig.
2 which shows a bandpass prototype for the filter. The
prototype involves shunt resonators separated by admit-
tance inverters, the parameters of which can be obtained
from a low-pass prototype plus the desired bandwidth [3,
Sec. 8.02]. To examine the coupling coefficient between
two resonators, we can perform the experiment suggested
in Fig. 3. There, resonator k — 1 has been shorted, which
reflects an open circuit to the left side of resonator k, while
resonator k + 2 has also be shorted, which reflects an
open circuit to the right side of resonator X + 1. Then the
coupling between resonators k and k¥ + 1 can be examined
with the effects of all other resonators removed. In Fig.
1, node points analogous to the numbered nodes in Fig.
2 are marked. These are chosen at the ends of regions of
parallel coupling, and the nodal admittance at these points
looks like that of a shunt tuned circuit. Because of the
differences in amount of overlap between resonators, the
node locations for exploring coupling are, for example,
different on resonator 2 when considering coupling be-
tween resonators 1 and 2 than when considering coupling
between 2 and 3.

Fig. 4 illustrates how we apply the principles of Figs.
2 and 3 to an array of resonators as in Fig. 1. In Fig. 4,
the operation of resonators k and k + 1 can be examined
while resonators kK — 1 and & + 2 are shorted out. To
achieve this effect, the impedances Zoe' and Zoo' are the
even- and odd-mode impedances of lies k and k + 1 op-
erated in the presence of lines k — 1 and k + 2 at zero
potential. The calculation of these impedances will be
discussed later in this section. The dimensions of the un-
coupled line sections Z; and Z, . ; are slightly different
from those for the coupled part of the lines. We make
these uncoupled line sections have an impedance equal to
that of the coupled part of the line when both adjacent
lines are grounded. Relating the parameters in Fig. 4 to
those in Fig. 3, it can be shown that the resonator sus-
ceptances seen at nodes k and k + 1 are

— (Zoe' + Zoo') sin (20)

By =By, =
¢ K17 [(Zoe' + Zoo')? sin® 8 — 4Zoe' Zoo')

tan (a6)
+ *Zk

where § = wL/v is the electrical length of the parallel-
coupled region; v is the wave velocity in the stripline me-
dium; and a, Z,, and Z, .| are as defined in Fig. 4. In
order to achieve resonance at the specified midband fre-
quency w,, we enforce the relation

ey

1 . Z,(Zoe' + Zoo') sin (20,)
tan

0—0 [(Zoe' + Zoo')* sin* 0, — 4 Zoe' Zoo']
2

a =
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Fig. 2. Prototype for a resonator array bandpass filter.
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Fig. 3. Circuit arrangement for observing the coupling between resonators
kand k + 1.
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Fig. 4. A coupled-transmission line equivalent to the circuit in Fig. 3. The
definition of Zoe' and Zoo' is explained in the text.

where 0, = w,L/v. The admittance parameter J, ;. , for
the inverter between the resonators is found to be

2(Zoe' — Zoo') sin 6,
[(Zoe' + Zoo')? sin® 8, — 4Zoe' Zoo' ]|’

3)

To get the coupling coefficient k; ; ., between resona-
tors, we first compute the resonator slope parameters
6, dB

by = b4y =E%

Jk,k+1 =

“)

0="0,
which we compute numerically from (1) and (2). Then the
coupling coefficient is

‘Ik,k+1 (5)
A bkbk,k+ 1

kk.k+1 =
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Using the above information, the interior part of the filter
is designed by first determining the resonator coupling
coeflicients needed for the desired design [3], and then
computing some values of coupling coefficient versus re-
sonator overlap electrical length 6, from which the appro-
priate overlaps for the needed couplings can be deter-
mined.

The coupling between the end resonators and the ter-
minations is fixed by the tap locations in Fig. 1 which
control the external @’s of the end resonators. Fig. 5
shows how resonator 1 is modeled for this purpose, where
the impedance Z| is the impedance of resonator 1 in the
presence of resonator 2 grounded. The susceptance of this
resonator as seen at the tap connection point is given by

_ [tan ({1 — ¢} ¢) + tan (co)]
Zi

where ¢ fixes the tap point and ¢ is equal to = at reso-
nance. After determining the resonator susceptance slope
parameter b;, the external Q of the resonator is found to
be

B,

©)

_bh_72 261 -
(Qexh = Y, 22 [ = c)sec” {(1 — )7}
+ ¢ sec? (cm)]. @)

The tap position at the other end of the filter can be com-
puted in a similar manner although this will usually be
unnecessary because in most cases the desired design is
symmetrical.

Let us now consider means for computing the even- and
odd-mode impedances of two coupled lines embedded be-
tween two grounded lines, as is required for the imped-
ances Zoo' and Zoe' in Fig. 4 and the design procedure
described above. Using the capacitance decomposition
procedure described below, the necessary impedance val-
ues can be determined with the aid of any program that
can compute the characteristic impedance of a single
stripline and the even- and odd-mode impedances of a pair
of symmetrical coupled striplines. In order to simplify the
drawings for explaining the decomposition of the line ca-
" pacitances into components, the drawings will be made in
terms of hypothetical microstrip lines in a homogeneous
dielectric. The equations and concepts for analogous
stripline cases are the same. }

Since the dielectric in the structures in Fig. 6 is as-
sumed to be homogeneous, for TEM-mode propagation,
the characteristic impedance of the single line at (a) can
be computed by

1
" T vecy

®)

Here v is again the wave velocity and C; is half the ca-
pacitance per unit length between the line and the ground
plane. Here we use the subscript f because this line has
freely fringing fields at its sides. In Fig. 6(b) is shown the
case of two coupled lines each of which has the same

R=2Z,

Fig. 5. Equivalent circuit for computing tap location for end resonators.
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Fig. 6. Representation of the distributed capacitances associated with
transmission lines in terms of component capacitances.

width as the line at (a). In this case, the capacitance to
ground of the inner half of each line is somewhat sup-
pressed due to the presence of the adjacent line, and this
capacitance is labeled C;. In addition, there is coupling
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capacitance C, between the two lines. In terms of these
component capacitances, the even- and odd-mode imped-
ances, respectively, of the coupled lines can be seen to be

1

Zoe = ————— 9

TG + ¢ ®
1

v(C, + C; + 2C.)

Zoo = 10
Using these equations, if the impedances Zos, Zoe, and
Zoo are obtained for a single stripline and a corresponding
pair of lines spaced d apart, by use of any of several com-
mercial CAD programs, then Cy, C, and C, can be solved
for using the above equations.

Fig. 6(c) shows the transmission-line situation corre-
sponding to the problem in Fig. 3 where it is desired to
analyze the coupling between resonators k and k + 1, and
it is necessary to ground resonators k — 1 and £ + 2 in
order to eliminate them from the analysis. The reader will
note that the effect of adding the grounded lines on the far
left and far right in Fig. 6(c) is that the fringing capaci-
tances Cyin Fig. 6(b) are replaced by capacitances (C, +
C,) in Fig. 6(c). Therefore, in this case, the even- and
odd-mode impedances become

1

v(2C, + C,) (Db

Zoe' =

and

1
v(2C, + 3C,)’

These are the impedances needed for use in the design
equations (1)~(3). In the case of the coupling between an
end resonator and its nearest neighbor, there is free fring-
ing on the outer side of the end resonator, but the coupling
analysis calls for a grounded resonator on the inner side
of the adjacent resonator within the resonator array. To
treat this, we simply used a resonator overlap L which was
the average of the results obtained using the impedances
in (9) and (10), and the results using (11) and (12).

With regard to the impedances to be used for the sec-
tions of line al in Fig. 4 which are not coupled, note in
Fig. 3 that if you wished to analyze the performance of
resonator k by itself, you could do so by grounding the
adjacent resonators k — 1 and k + 1. From this, we con-
clude that the fundamental impedance associated with re-
sonator k is that of line k with the adjacent lines grounded.
This impedance is

Zoo' = (12)

1

Ze v(2C, + 2C.) (13)
Thus, it is desired for the uncoupled portions of the re-
sonators to also have this impedance. By use of a CAD
program, the necessary strip width to achieve this imped-
ance is readily determined. The uncoupled portion of each
strip will, as a result, be slightly wider than the coupled
portion. For the case of the end resonators as in Fig. 5,
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their impedance should be evaluated with the adjacent re-
sonator grounded. Therefore, the impedance Z| for the
resonator in Fig. 5 is given by

1
v(C. + C + Cp’

zi = (14)

III. A TriaL DESIGN FOR Usg wiTH HTS

Using the methods outlined above, an HTS, 5-resona-
tor filter was designed for a 2.62 percent bandwidth cen-
tered at 2.3 GHz with a 0.05-dB Chebyshev passband rip-
ple. The design was worked out as described above,
starting from a lumped-element low-pass prototype. The
theoretical response of this design was computed using
approximations (which are described in Section V) used
in the Touchstone™ CAD program. Initially, the response
showed a small amount of mistuning as evidenced by
gradually varying ripple amplitudes across the passband.
Increasing the lengths of the end resonators by 0.15 per-
cent, and reducing the lengths of the adjacent resonators
by 0.06 percent, gave near-perfect passband symmetry
will all ripples 0.05 dB or slightly less. The computed
passband width was 2.65 percent (as compared to the 2.62
percent design objective), and the center frequency was
correct. Thus, the computed response of the design was
highly accurate except for some small, resonator tuning
errors. These small tuning corrections in the resonator
lengths were incorporated into the final design along with
corrections for the fringing fields at the ends of the sirips.

The practical HTS realization of this filter required
dealing with complications which need not be involved
when this type of filter is used for more conventional ap-
plications. As in [1], the stripline structure was fabricated
using two substrates, the top substrate having the upper
ground plane on its top side, and the circuit pattern on its
lower side, and the lower substrate having the circuit pat-
tern on its top and a ground plane on the bottom, all
conductors being thallium-barium-calcium-copper-oxide
(TBCCO) HTS films. The circuit pattern was included on
both substrates in order to avoid possible problems with
a small air gap between substrates. The substrates used
were lanthanum aluminate (LaAlO,) and had a relative
dielectric constant of about 24 which, along with the in-
herent compactness of this kind of filter, made the filter
very small. The stripline filter was made from two 0.020-
in-thick substrates, resulting in a stripline ground plane
spacing of 0.040 in. The size of the upper substrate was
0.7 x 0.3 in, and the lower one 0.7 X 0.54 in. They were
enclosed in a metal housing as described below.

The major problems with packaging this kind of HTS
stripline circuit is due to the hard substrate material
(LaAlQO;) upon which the films are fabricated. These hard
substrates tend to create grounding and interface prob-
lems. Fig. 7 shows the technique adopted to solve the
grounding and interface problems. The 50 € connecting
line to the circuit pattern for the stripline filter on the lower
substrate was extended to the edge of the substrate but
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Fig. 7. Construction of the stripline filter.

Fig. 8. Photograph of the 2.3-GHz stripline filter.

with the upper dielectric removed. Then the width of the
line was increased to compensate for the air dielectric
above the line. This created a sort of microstrip transmis-
sion line at each end of the filter that facilitated the bond-
-ing of gold ribbons from the ohmic gold contacts depos-

ited on this line to thé connector pins. However, the upper

ground cover from the stripline section was extended over
the microstrip-like line in order to provide a path with
minimal discontinuities for the stripline ground currents
to the housing. Fig. 8 shows a picture of a disassembled
filter, with the smaller upper substrate on the inner cover
and the lower substrate in the housing (the circuit patterns
are difficult to see as the TBCCO HTS has a very dark
color). _

As stated eatlier, the circuit pattern for the filter was
included on both substrates due 1o the problems that arc
created by a possible small air gap between the two sub-
strates. Tests conducted on filters manufactured with just
single circuit patterns showed greatly deteriorated per-
formance. The circuit pattern on the upper and lower sub-
strates needs to be carefully aligned. This was accom-
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plished by the use of cross hair targets etched into the
circuit side of the upper substrate with a corresponding
negative image etched into the circuit side of the lower

substrate. These were located at all four corners of the =~

upper substrate for greatest accuracy, and in order to al-
low light to enter through the edges of the substrate,
thereby allowing alignment using standard laboratory mi-
croscopes and lighting.

IV. PERFORMANCE OF THE FILTER

- The solid line in Fig. 9 shows the measured insertion
loss of this filter when operated at 77K, while the dashed
line shows the computed response discussed in Section
I, which was obtained by means explained in Section V.
Although accurate measurement of very small attenuation
in a cryogenic environment is quite difficult, the measured
centerband insertion loss appeared to be around 0.1 dB

~ (the calibration was done using a coaxial barrel connector

which approximates the loss in the connectors). It is not
certain what resonator unloaded Q’s were realized with
this filter, but recent measurements made at 8.2 GHz with
a single test resonator, similar to those used in this filter,
showed an unloaded Q in excess of 20 000. The shape of
the measured passband is very symmetric, which indi-
cates that the resonant frequencies of the resonators are
all synchronous. The ripples in the measured passband
insertion loss were greater than the 0.05-dB design objec-
tive. This may have resulted from the fact that no attempt
was made in the design process to try to compensate for
the junction ¢ffects at the tap points on the resonators at
the ends. A small readjustment of the tap-point locations
could have compensated for this. It is seen that the meas-
ured response is somewhat wider than the design objec-
tive and centered a little high. This appears to be due to
some discrepancy between the actual physical parameters
(i.e., capacitances and wave velocity) and those used in
the theoretical model, since in terms of the parameters
used in the theoretical model, the response was computed
to be extremely accurate. However, for most practical
purposes the measured response in Fig. 9 is quite good.
The response was obtained without the use of any tuning.

V. DErIvATiON OF (1)-(3), AND COMPUTATION OF THE
CircuIiT RESPONSE

Equations (1)-(3) are used along with (4) and (5) to
calculate the coupling coefficient between pairs of reson-
ators as in Fig. 4 for a given amount of resonator overlap
L. In order to simplify the apalysis, we will first remove
the uncoupled sections al and deal with the simpler cir-
cuit in Fig. 10. Using methods such as those in [4], the
open-circuit impedances with reference to ports a and &
in Fig. 10 are seen to be :

Zaa = Zpp = —j(Zoe' + Zoo') cot (6)/2 (15)

and

2 = 2 = —j(Zoe' = Zoo') csc (6)/2. " (16)
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Fig. 9. The solid line shows the measured response, and the dashed line
shows the computed response of the 2.3-GHz stripline filter.
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Fig. 10. The circuit in Fig. 4 with the uncoupled line sections al removed.

Since the resonances exhibited at nodes k and k£ + 1 in
Fig. 4 will be of the shunt type as suggested in Fig. 3,
and since we will want to be adding the line sections Z,
and Z ;. in Fig. 4 in shunt at terminals a and b in Fig.
10, it will be most convenient to deal with the circuit in
Fig. 10 on the admittance basis. Inverting the open-cir-
cuit-impedance matrix gives the corresponding short-cir-
cuit admittances which are

—j(Zoe' + Zoo') sin (26)
[(Zoe' + Zoo') sin® (6) —4Zoo' Zoe']
an

Yaa = Yoo =

j2(Zoe' — Zoo') sin (0)
[(Zoe' + Zoo')* sin’® (6) —4Zoo' Zoe']’
(18)

Now the pie equivalent circuit in Fig. 11(a) for the circuit
in Fig. 10 can be obtained from the short-circuit admit-

Yab = Yba =
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Fig. 11. Some pi equivalent circuits for the circuit in Fig. 10.

tances by

JBA = You = Ya» JBp = — Y- 19)

The circuit in Fig. 11(b) is electrically the same as that in
Fig. 11(a), but it has been altered by adding positive and
negative shunt susceptances jB,. It can be seen from [3,
Sec. 8.03] that the pi network at the center of Fig. 11(b)
comprises an admittance inverter with an inverter param-
eter of

Ja = |Bg| (20

which gives (3). In order to obtain the total resonator sus-
ceptances, we must add the susceptances of the line sec-
tions of length aL in Fig. 4 to the terminals of the network
in Fig. 10. This gives

B = fBewr = B+ B+ P D
which is (1). To get (2), (1) is set equal to zero and solved
for a in order to establish the length that will give reso-
nance.

Most microwave CAD programs will require the use of
added approximations in order to analyze a circuit, such
as that in Fig. 1, since they are only set up to compute
the coupling between two parallel lines. We found that
the scheme shown in Fig. 12 works quite well for stripline
circuits where the coupling beyond nearest neighbors can
be neglected.' Each resonator line is split into two parallel
lines which are regarded as being totally independent up
to their ends where they are connected together. The cou-
pling between two lines separated by a coupling gap is
accounted for entirely by the coupling between the half
lines which are adjacent to that gap. In terms of the lines

'A reviewer of this paper called to the authors’ attention that a similar

approach was previously used in [5].
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kS

e

Fig. 12. The sketch above suggests how the circuit in Fig. 1. can be bro-
ken up in order to be analyzed with a conventional CAD program. The
curved arrows indicate the coupling between adjacent half lines.

and notation used in Section II, the even- and odd-mode
impedances for the coupled half lines are given by

1

Z n _
%" = 0(C, T 2C)

Zoe" = — (22)
In the case of the resonators at the ends of the array, the
outer half lines do not have any coupling, so have only

the single impedance
@3)

which includes the effect of the free-fringing fields at the
outer edges of the strips. (This technique of representing
a pair of coupled lines by two sets of halflines connected
at their ends, with the coupling included only between the
inner half lines, was first tested with a directional coupler
and was found to give very little error.) Additional cou-
pled and uncoupled half lines are needed to model the
cases such as nodes 2 and 2’, and 4 and 4’ in Fig. 1,
where the coupling lengths are different for the two half
lines of a given strip. However, the principles as dis-
cussed above still apply. We used these approximations
along with the Touchstone program for computing the fre-
quency response.

2351

Judging from how well the computed response agreed
with the design specifications, it appears that the model
using half lines in Fig. 12 is quite accurate if coupling
beyond nearest neighbors can be neglected (as is usually
true for stripline). In Fig. 12, each half-line section is
somewhat less than a quarter-wavelength long in the fre-
quency band of interest. We tried reducing the lengths of
the half lines by one-half and doubling the number of half
lines to see if this would changed the response. That had
a negligible effect.

VI. CoNCLUDING REMARKS

Stripline filter structures of the general form of that in
Fig. 1 are seen to provide a very practical means for de-
signing very compact filters, especially for narrowband
applications. This type of structure can also be fabricated
in microstrip, but that would not be desirable for high-Q
HTS applications because radiation would seriously de-
grade the very high Q’s of the resonators. However, for
more conventional microstrip applications, where the
small amount of radiation present is acceptable, micro-
strip structures of this type should be feasible for some
applications. But the difference between the even- and
odd-made velocities for the coupled microstrip lines in-
troduces ‘‘forward coupling,”” and. the design equations
must be modified to include that effect. Shortly before this
paper went to press, we generalized our design equations
for that situation and found that even with no stagger in
the resonators, there was far too much coupling for the
narrowband application we had in mind. However, such
microstrip structures might be useful for more wideband
filters. A possible complication is that with closely spaced
microstrip lines, it may be important to include coupling
beyond nearest neighbors if high accuracy is required.

The upper stopband of our trial filter was degraded by
waveguide mode activity within the filter housing. (The
attenuation level was reduced to around the 30-dB level
in regions where we would otherwise expect much more
attenuation.) Since for the application we had in mind,
this degradation was of no importance, we did not pursue
this matter, and assumed such mode activity could be sup-
pressed, if need be. As this paper goes to press, we had
occasion to consider this matter further, and believe the
degradation was due to weak coupling to a waveguide
mode propagating from left to right in Fig. 1. The cou-
pling to this mode is probably due to the structural asym-
metry in the vertical direction in the microstrip regions
next to the connectors (see Fig. 7). It may be that this
mode activity can be suppressed by adding lossy material
along the shorter sides of the housing (i.e., along the top
and bottom edges in Fig. 1). However, we have not had
an opportunity to try this.
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