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Abstract —Coplanar waveguide is a convenient structure for
microwave circuits using high-critical-temperature supercon-
ductor thin films. The design of a coplanar waveguide low-pass
filter made of YBazCu307 _ ~ (YBCO) on an LaA103 substrate
is described. Measurements were incorporated into simple mod-

els for microwave CAD analysis to develop a final design. The

patterned and packaged coplanar waveguide low-pass filter of
YBCO, with dimensions suited for integrated circuits, exhibited

measured insertion losses when cooled in liquid nitrogen supe-

rior to those of a similarly cooled thin-film copper filter

throughout the O to 9.5 GHz passband, Coplanar waveguide

models for use with thin-film normal metal (with thickness

either greater or less than the skin depth) and YBCO are
discussed and used to compare the losses of the measured
YBCO and copper circuits.

I. INTRODUCTION

L OW-LOSS thin-film microwave circuits are a direct

and immediate application of high-tempe~ature (high

TC) superconductors, which can be fabricated as high-

quality aligned films on suitable substrates. Coplanar

waveguide (CPW) [1] is a particularly convenient thin-film

structure, requiring the coating of only one side of a

substrate with superconductor and thereby allowing the

other side to be thermally anchored during deposition

and in situ annealing of the superconductor. CPW res-

onators made of YBazCu30T.8 (YBCO) have shown

losses superior to those of copper at 77 K [2], [3]. We have

made CPW low-pass microwave filters of YBCO on

LaA103 substrates which exhibit losses lower than those

of comparable copper or silver filters at 77 K [4].

The filter structure consisted of sections of CPW trans-

mission lines having dimensions suitable for integrated

circuits. The filter design is shown in Fig. 1. The filter

included tapered microstrip-to-CPW transitions at the

input and output, 50 0 CPW transmission lines near the

input and output, and nine alternating low- and high-
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impedance CPW transmission line sections. The substrate

was 10 mm x 10 mm x 0.5 mm LaA103. The line width of

the central conductor in the narrow high-impedance sec-

tions was 5–10 pm, a practical line width for integrated

circuit applications. The spacing of the coplanar grounds

(center line wiidth PIUS two gap widths) was 250 ~m, a
spacing compi~tible with standard wafer probes. The

widths of the center conductors in the low-impedance and

500 sections were 200 ~m and 50 ~m, respectively. This

low-pass filter was designed for a O to 9.5 GHz passband.

Further structure and fabrication details are given in [4].

The narrow line widths and large area used for the filter,

which could be typical in integrated circuit applications,

provided a stringent test of the usefulness and practicality

of currently available YBCO. Similar segments of trans-

mission lines made of thin-film superconductors can be

used to make a broad range of microwave circuits, as well

as low-loss and low-dispersion interconnections for mono-

lithic microwave integrated circuits (MMIC’S) or high-

speed digital integrated circuits. The complete filter gives

a true idea of the advantages and difficulties of replacing

thin-film metal with high-temperature superconductor in

a fully patterned and packaged practical circuit. While

this circuit does not provide material parameters as di-

rectly as simpler test structures, approximate conductivity

or loss values (can be found by fitting measured data with

calculated filter responses using models for the supercon-

ductor and normal-metal coplanar waveguide lines.

II. DESIGN

When the design began, various values for the permit-

tivity of LaA103 had been published [5]–[7]. Models for

CPW discontinuities and losses were lacking in the avail-

able commercial microwave circuit computer-aided design

(CAD) software. A set of CPW test structures (Fig. 2)

having the 250 pm ground plane spacing and 10, 50, and

200 ~m center line widths intended for the filter designs

was fabricated in 1-I-Lm-thick silver film on LaA103. These

test structures had the step discontinuities between the

different line widths to be used and different lengths of

transmission line sections. The S parameters of these test

structures were measured using a standard commercial
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Fig. 1. Top surface of coplanar waveguide filter. Gold areas have

YBCO underneath. Bond wires connect ground conductors at pads near

steps.
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Fig. 2. CPW test structures for normal metal

wafer probe and a microwave network analyzer, with “full

two-port” calibration using the impedance standards on a

Cascade Microtech impedance standard substrate [8].

The test structures were modeled, using the commer-

cial microwave CAD software EEsof Touchstone, as cas-

caded lengths of transmission line. A step discontinuity

was simply modeled as a variable extra length of the

wider line (for the fringing capacitance of the step) with

an equal lessened length of the narrower line at each kind

of step. Another variable was the effective permittivity.

Using the software to optimize the fit of the measured

data to the model by adjusting the variables gave approxi-

mate extra effective lengths of 17pm for the 200 pm lines

at junctions with 50 pm lines and lengths of 18 ~m for

the 200 pm lines at junctions with 10 ~m lines, together

with an effective relative permittivity of 12.8 for the CPW
lines (or a relative permittivity of approximately 25 for

LaA103.) The substrate was thick enough for the bottom

surface metallization to have only a minor effect on the

CPW characteristics [9]. Modal dispersion effects were

expected to be small below 11 GHz [10] and were not
included to simplify the modeling. More complex models

could be used for the step junctions, but simpler models

are more reliable when fitting limited data. The effective

permittivity calculated for ideal CPW does not vary much

with the line dimensions used, so a single value was used

for modeling. The effective lengths and effective permit-

tivity can be calculated directly from the resonance fre-

quencies of such test structures [11], but modeling using

optimization in the CAD software allowed a weighted

average “best fit” using all the swept frequency data

measured. A general transmission line element was used

instead of a coplanar waveguide element in the Touch-

stone model to allow the use of different models for

transmission line attenuation. Since the usual ~ 1/2 fre-

quency dependence of the attenuation constant, a., for a

normal-metal transmission line assumes shallow field pen-

etration and becomes inapplicable at low frequencies, an

empirical expression was substituted:

an = ~no( f/.fo) 1’2+an~ (1)

where f. is a reference frequency, and ano and a~l are

adjustable parameters. The a,,’s for each line width are

different, and were chosen to have the same ratios as

predicted using formulas for shallow field penetration.

Because the effect of attenuation in the narrow (10 ~m

wide) lines dominated the effects of attenuation in the

wider lines, more exact values were not required for the

design. Further analysis discussed later gives approximate

results for all the lines in a consistent way.

After determining the step model and the permittivity,

a CPW filter was designed, assuming no loss, by using

Touchstone to optimize the design line lengths for the

desired low-pass response. Both silver and YBCO ver-

sions were fabricated and mounted in test fixtures on

copper blocks. (The YBCO filter went through essentially

the same processing procedure as the final filters de-

scribed later, except for the final bakeout and package

welding.) Their S parameters were measured with the

network analyzer. Thru-reflect-line calibration [12] fix-

tures on copper blocks were used to calibrate out the

losses up to the input and output of the structure on the

LaA103 substrate. Direct immersion in liquid nitrogen

would change the measured effective permittivity com-

pared with measurement in vacuum; also, measured losses

were higher in the liquid nitrogen. So, instead, only the

copper blocks were immersed in the liquid nitrogen, with

the filter surface above the liquid. A temperature sensor

was mounted near the filter substrate to check that the

fixture was at 77 K.

The silver film filter showed performance consistent

with the model. The YBCO film filter was expected to

show a frequency shift caused by kinetic inductance in the
superconductor [13] but the magnitude of the effect var-

ied among samples. A YBCO filter made from a film

chosen for high dc critical current and high T= showed an

acceptable frequency shift, as well as a loss less than that

of the silver filter. (A variation of less than 1 GHz as

temperature varied from 70 to 80 K was needed for this

application; this YBCO filter cutoff varied by about 0.5

GHz from 70 to 80 K.)

A circuit model for the YBCO filter consisted of sec-

tions of general transmission line like the circuit model

for the silver filter, except for a different empirical loss

model and a factor to model the effect of the increased
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Fig. 3. Differential length (dz) of general transmission line model. R
usually represents conductor losses and GL usually represents dielectric
losses.

inductance. The increased inductance affects the phase

velocity, u, as well as the impedances of the transmission

line sections. For a general transmission line (Fig. 3) with

an inductance/length L, a capacitance/length C, and

low losses (low series resistance/length R and low shunt

conductance/length G~), the characteristic impedance,

Z, and the phase velocity, u, are [14]

‘“m- ‘[o] ‘2)
v = I/m. (3)

Thus, the increased inductance was modeled as a factor

which decreased the phase velocity and increased the

characteristic impedance of each section of transmission

line:

u = l/(K~) (4)

(5)

where

K2=L/Le. (6)

L is the total inductance/length, and L. is the “external”

inductance/length of the transmission line excluding con-

tributions from within the conductor. (The effective per-

mittivity of the general transmission line element was

used to control the phase velocity on the transmission line

in the CAD software.) Further analysis discussed later

indicates that the increased inductance effect was concen-

trated in the narrow line sections, but the minor design

change necessary to get the desired passband was made

by assuming an average wave-slowing factor for the entire

filter. The superconductor attenuation was assumed to

increase with the square of the frequency:

o! Sc = %0(f/flJ2 “ (7)

where a,Co is an adjustable parameter and ~. is the

reference frequency. Approximate values of 1.03 for aver-

age K and values of 13, 18, and 44 dB/m for aSCo for

nominal 50-, 200-, and 10-~m-wide lines at a reference

frequency ~.= 9 GHz were found by optimizing the fit of

the model to the measured S parameters for the YBCO

filter. These values were then used to obtain the final

filter design (Fig. 1) with the section lengths in Table I.

III. RESULTS

The final filters, using in situ annealed films deposited

by laser ablation, were patterned by argon ion milling, as

described in [4]. No postannealing was done after pattern-

TABLE I

SECTIONDIMENSIONSOFFIILTERDESIGN(GROUNDPLANESEPARATION
OF 0.250 MM)

Length Width Characteristic

Section (mm) (mm) Impedance (Q)

1,9 0.721’ 0.200 23
2,8 0.997 0.010 78

3>7 1.370 0.200 23

4,6 0.761 0.010 78

5 ‘1.918 0.200 23

P

r

1 ‘N/-- l.,;nTapped mounting holes

Fig. 4, Packaged filter before lid is attached.

ing. The patterned line widths were narrowed by approxi-

mately 4 Km from the design widths listed above, with the

line narrowed more at the top surface of the YBCO film

than at the YBCO-substrate interface. The average

YBCO film thickness was 0.5 ~m. Critical current and Tc

measurements were made on the patterned filters to

select those suitable for assembly. (Good filters had zero-

resistance Tc >83 K and critical current density JC>4 X

105 A/cm2 at ’77 K, the best had Tc = 87.8 K and Jc =

8.1 x 105 A/cmz.) Wire bonds made by thermosonic bond-

ing of 0.0007 in. gold wire on gold pads deposited on the

YBCO passed wire bond pull tests at 2 grams. The filters

were assembled and sealed in Kovar packages by welding

in vacuum. The packaged filter before welding on the lid

is shown in Fig, 4.

The performance of the YBCO filters was measured in

liquid nitrogen after completion of processing, patterning,

soldering at 162’C in air, silver epoxy curing for 3 h at

130”C in air, wire-bonding at 13(YC, 1O(YC bakeout in

vacuum for 20 h before hermetic sealing, and electron-

beam welding of the package in vacuum. Measured trans-

mission (1$1 1) is shown in Fig. 5 for four YBCO filters,

along with that for a filter made using copper, all at 77 K.

For comparison, the transmission of the copper filter at

297 K is also shown. The copper filter was made with

niobium–copper–gold films on both sides of an LaA103

substrate using the deposition process described in [4] for

the back-side metallization on the YBCO filter. The cop-

per film was approximately 1 pm thick. The YBCO CPW

filter responses showed lower loss in the passbands of the

filters than those of the cooled copper filter (by as much

as 1.7 dB at 9.5 GHz).
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Fig. 5. Measured transmission of four YBCO filters and copper filter
at 77 K, and copper filter at 297 K.

Comparisons between YBCO and copper thin films are

sometimes questioned because the quality of copper thin

films can vary. The analysis presented below indicates

that the copper film filter used had a room-temperature

conductivity of about 63% of ideal bulk copper [15], a

good value for practical circuits. In any case, the esti-

mated loss/length in the best YBCO filter, which in-

cludes any losses which may be present in addition to the

conductor losses, is less throughout the passband than the

conductor loss alone calculated for an ideal copper filter

using these dimensions at 77 K. The superiority of YBCO

over copper would be greater at lower temperatures.

The cutoff frequency of the passband varied in the

superconductor filters. This was attributed to increased

internal (including kinetic) inductance in the YBCO

transmission lines at 77 K, which is near the critical

temperature for the superconducting transition (zero-

resistance TC being 83 to 88 K in these filters after

patterning). The internal inductance becomes significant

as the penetration depth becomes comparable to or
greater than the superconductor thickness. The penetra-

tion depth increases rapidly with increasing temperature

near TC; previous workers [13] found agreement with the

Gorter-Casimir temperature dependence [16]:

A(T) =AO. [1-( T/ TC)4]-”2 for T<TC (8)

where A is the penetration depth and AO is the penetra-

tion depth at T = O K. Since T=, Ao, and thickness vary

among samples, the amount of internal inductance varies

as well, causing the cutoff frequency to vary.

IV. ANALYSIS

In this work, and in many cases involving thin-film

high-TC superconductors near TC, the skin depths and

penetration depths are comparable to the conductor

thicknesses. Simple analysis assuming shallow penetration

may be inadequate. In order to roughly compare the

quality of the YBCO with copper and with other pub-

lished results, we use the phenomenological loss equiva-

lence method (PEM) of Lee and Itoh [17] rather than the

purely empirical formulas used to model attenuation in

the original design. In this model, in addition to the usual

(external) impedance calculated from fields around per-
fect conductors, an internal impedance/length Z, from

fields penetrating into the conductor is included [17]:

Z,= R,+ jtiL, = Z,G coth [Gwt~m] (9)

where R, is the real part of ZZ, L, is the internal

inductance/length, ~ is the radian frequency, w is the

permeability (4m- X 10’7 H/m for all calculations here), o

is the complex conductivity of the conductor, coth is the

hyperbolic cotangent, w is the width of the center conduc-

tor in CPW, and t is the thickness of the conductor. Z, is

the characteristic surface impedance of the conductor,

defined by

z,= 4= [Q/square] (lo)

and G is a geometric factor, defined by

(11)

where dLt /~n is the derivative of the external induc-

tance/length L. with respect to the incremental reces-

sion of the conductor wall m.

For an ideal transmission line with perfect conductors,

Le=Z/V=(K/qO)Z& [H/m] (12)

where Z is the characteristic impedance of the CPW

transmission line, q. is the characteristic impedance of

free space (377 fl), and E.ff is the effective relative

permittivity for the CPW transmission line. Then G can

be approximated by

GG

[)

~_

~o

. [Zo(w, t,g)-Zo(w -2 A,t-2A, g+2A)] ~13)

A

where g is the width of the gaps in the CPW line, and A

is an incremental distance with A << w, t. ZO(W, t, g) is the

“external” impedance, which is the usual impedance cal-

culated for CPW, but includes the effect of a thick perfect

conductor. Zo(w, t, g) was obtained using formulas given

by Gupta et al. [18], which have been tested for use in the

PEM formula by Kong et al. [19]. The same analysis can

be used if better formulas for conductor thickness effects

on impedance become available.

Once R, and j~Ll in (9) are found, the general trans-

mission line model (Fig. 3) can be used with

R=RZ and L= L,+L, (14)

(C is assumed the same as the usual “external” value)
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giving the usual transmission line result [14]:

8.686Ri
a!~~ = 8.686a =

24-
(15)

where a is the attenuation in nepers/length, and a~~ is

the attenuation in dB/length. The wave-slowing factor,

K, in (4), which also increases the impedance in (5), is

K=~l+(L, /L,j. (16)

Using (9) to get (15) and (16) produced values for the

attenuation and changes in wave velocity and impedance

in the transmission line sections of the CAD model for

the YBCO and copper filters.

The filter circuit models were fit to the data with only

mcU and the real and imagina~ parts of mY~co being

freely adjustable parameters. The normal-metal conduc-
tivity, acu, was assumed to be a constant with respect to

frequency, while the superconductor conductivity was as-

sumed to have the form

crY~co = UI + jffOfO /f (17)

where ml and UO are constants with respect to frequency,

and fO is a reference frequency. The conductivity in the

usual two-fluid model for superconductors has the same

frequency dependence and is commonly used when ana-

lyzing YBCO films [16]:

o super
=an(T/Tc)4– j[l–(T/TC)4] /(@~A~)

for T < TC (18)

where m. is the normal conductivity, T is the absolute

temperature, and A~ is the zero-temperature penetration

depth. The frequency dependence could be different when

the grain boundary impedance has a significant effect.

[20]. If the grain boundary impedance alone dominates, it

can also be modeled as a parallel inductivity and resistiv-

ity, with the form of (17). The data on these filters

probably do not provide a sufficient test of the precise

frequency dependence to choose among possible forms,

so the simple form of (17) was used without attempting to

use (18) to relate the estimated conductivity values to

intrinsic material parameters. An example of the fit (using

Touchstone) between the fitted model using PEM expres-

sions and a YBCO filter is shown in Fig. 6. The designed
response (using the previous empirical model before the

filter was made) is also shown; its similarity to the mea-

sured response shows that even approximate models can

be adequate for practical designs.

Fitting the PEM-based model to the data for the cop-

per filter by adjusting the value for mcU produced the

estimates

crcu =3.6x107 Q-l m-l at297K

mcU=l.2X10s 0-1 m-l at77K.

Fitting the PEM-based model to the data for the best-

packaged YBCO filter by adjusting the values for ml and

o—
G
m

c—lo“[7ADesign
o.—
8
“~ –z-j PEM model fit

Q Measured

: –300 —
4 8 12 16

n
o

Frequency (Gtiz)

(a)

Frequen;y (GHz)
(b)

Fig. 6. Comparison of design using empirical model, measured YBCO

filter transmission, and fit to measurement using PEM-based model.

(a) 1S21[in dB. (b) Phase of S21. D denotes design, M measured
response, and P fit to measurement using PEM-based model.

U. in (17) produced the estimate

‘YBCO =5.6 X106 –j6.2X107(f0/f) Q-l m-l at77K

where f. = 9 GHz. The characteristic surface impedance
defined by (10), then gives

z ,,cU = 0.031+ jO.031 Q at 9 GHz at 297 K

z ~,cU= 0.017+ jO.017 f2 at 9 GHz at 77 K

z ~,yBco = 0.002+ j0.034 Q at 9 GHz and at 77 K.

Because (10) would give measured impedance/square

values only when the penetration or skin depth is much

less than the fillm thicknesses and when the anomalous

skin effect is negligible [15], Z. given by (10) represents a

figure of merit rather than what may be measured in a

thin film. This allows a rough comparison with other

published surface resistance values. For example, ideal

room-temperature cooper with u = 5.8x 107 0– lm– 1 has

surface impedance Z, = 0.025+ jO.025 O at 9 GHz. The

quality factor formula [11]

Q= 7T/(~Ag) = (g.6g6~)/(%B&) (19)

where Ag is the wavelength in the transmission line, gives

the estimated values (Table II) for the best-packaged

YBCO filter.
The values for a and Z, found by the analysis above

are an average over the area of the CPW lines and are

approximate. The actual conductivity probably varies for

different sections of CPW, both because different line

widths are likely to have different amounts of degradation

caused by processing and because the deposited film
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TABLE II

ESTIMATED ATTENUATION COEFFICIENTS AND Q VAUJES

Width of Center adB [dB/m] Q

Conductor of
9 GHz, 77K 9 GHz, 77K

CPW Cu YBCO Cu YBCO

5-6 ~m 90 20 30 100
46 pm 30 6 90 500

196 ~m 50 5 60 600

properties may not be uniform over the entire area. Also,

other possible sources of loss have not been included,

such as loss in input and output imperfections and bond

wires. Dielectric losses are expected to be small for loss

tangents of 0.0001 or smaller using the usual formulas for

CPW and microstrip [181 and were not included. Thus,

the estimates found above for the YBCO may be conser-

vative.

The PEM formulas can be used for design as well as

analysis, with the advantages of fewer adjustable parame-

ters which must be determined than the empirical formu-

las used for the original filter design; only the complex

conductivity is adjustable.

V. CONCLUSION

The design of coplanar waveguide filters using

YBazCu30T_a on LaA103 has been described. Complete
packaged CPW filters of YBCO using transmission lines

having dimensions expected to be useful in integrated

circuits have been made which exhibit losses superior to

those of a corresponding copper filter throughout the O to

9.5 GHz passband. The PEM model of Lee and Itoh [17]

for films of thickness comparable to the skin depth or

penetration depth can be used with commercial mi-

crowave CAD software and was employed here to com-

pare the surface impedances of the YBCO and copper

filters. The models, while using approximate formulas,

can be used for design. As more extensive data, verified

closed-form formulas for CPW, and improved films be-

come available, CPW components of YBCO should be-

come standard elements in design and use.
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