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Abstract— We report our recent efforts in designs of several
RF and microwave devices using high temperature supercon-
ducting (HTS) thin film technology. Devices considered include
transmission lines, resonators, switches, and phase shifters in
microstrip, stripline and coplanar waveguide. The circuit design,
modeling, simulation, fabrication, packaging, and testing are
discussed. Using a two-dimensional (2-D) EM simulator, we
have optimized the geometry of the RF microstrip and stripline
resonators for frequencies near 900 MHz. An unloaded () is
obtained as high as 80,000, three orders of magnitude greater
than the traditional 2-D gold or copper resonators with identical
structures. On-wafer probe and bit-error rate measurements
show that the HTS transmission lines have an extremely small
insertion loss and dispersion; thus they are ideal candidates for
applications in multichip module interconnects and delay lines.
A sharp switching characteristic and an unusually strong RF
power hysteresis loop have been observed in the HTS lines. This
interesting behavior has been utilized for designs of new HTS
microwave phase shifters. The use of HTS lines can substantially
reduce the losses suffered by conventional PIN diode switches.

1. INTRODUCTION

PPLICATIONS of high-temperature superconductors
(HTS) on passive and active microwave circuits are
of interest because of the extremely low loss and dispersion.
HTS microwave components being used or that are under
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development include transmission lines, multichip module
interconnects, delay lines, Josephson Junction antennas,
resonators, and filters [1], [2]. Strong interest also lies in
hybrid and monolithic microwave integrated circuits (MMIC)
that integrate GaAs active devices [3]. To explore such
potential applications, it is essential to accurately characterize
the devices at low temperatures and high microwave power
[4]-[6]. Such investigations can be used to devise accurate
models for use in microwave design.

We are developing a variety of HTS microwave passive
and active devices on coplanar transmission lines, high-Q
resonators, superconducting switches, and low loss phase
shifters. This work outlines our activities in HTS thin film
characterization, passive and active device design, modeling,
simulation, fabrication, and testing. The scattering parameter
and bit-error rate measurements on patterned YBayCu30Oy
(YBCO) transmission lines demonstrate extremely small in-
sertion loss and dispersion. An interesting switching behavior
has been found from RF power measurements in the wireless
communication band. This behavior is exploited in the novel
design of an HTS phase shifter.

II. HiGH FREQUENCY SURFACE RESISTANCE

Microwave surface resistance R, is one of the most im-
portant parameters in identifying high quality materials for
device fabrication. We have developed an experimental system
for thin film R, measurement using a parallel-plate resonator
(PPR) technique as first introduced by Taber [7]. A schematic
of our setup is illustrated in Fig. 1. The PPR was constructed
using two identical unpatterned (1 cm x 1 cm) superconduct-
ing thin films grown on low loss dielectric wafers (typically
MgO or LaAlOg). A 12.5-um thick teflon dielectric spacer
(e = 2.04) was sandwiched between the superconducting
samples to form the resonator structure. The resonator was
then positioned at the center of a copper cavity to shield
the radiation loss. Two semirigid coaxial cables were used
to excite a resonant mode in the cavity. A thermal sensor and
an electric heater were mounted on the copper cavity. and
the setup was placed in a liquid helium dewar for cryogenic
measurements. The resonant frequency and () factor were
determined by a curve fitting to the S-parameters [8] measured
with a Hewlett Packard 8510 vector network analyzer. This
system allowed us to determine experimentally the complex
surface impedance, penetration depth, complex conductivity,
and quasi-particle scattering time [9].

0018-9480/96$05.00 © 1996 IEEE
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Fig. 1. Schematic of the parallel plate resonator (PPR) setup used for
microwave surface impedance measurements on superconducting thin films.
This system has a high sensitivity to resonant frequency shift and high surface
resistance resolution (10 p€).

Fig. 2 shows the typical surface impedance of the YBCO
films (T, = 90 K) used for device fabrications. The 10-
GHz loss is 450 p$2 at 77 K and ~150 pQ at T <« To.
Unlike ordinary metals, the HTS surface reactance X, > R.,
indicating that a superconductor is an inductive element in
microwave circuit.

III. CRYOGENIC MICROWAVE ON-WAFER
PROBE TECHNIQUES

In evaluating the performance of a planar circuit, extrinsic
factors introduced by parasitics [10] are excluded by taking on-
wafer probe measurements before the device is packaged. In
addition, an accurate network analyzer calibration is critical
to remove systematic errors caused by test port mismatch,
leakage, and frequency response. A line-reflect-match (LRM)
technique was used in the calibration of the network analyzer.
Calibration was performed at each temperature of interest to
account for temperature dependence in the electrical behavior
of probe elements and feed throughs.

Fig. 3 illustrates the cryogenic probe system for on-wafer S-
parameter measurements. The probes are aligned in a ground-
signal-ground configuration. Liquid helium or nitrogen can
be used as cryogen to vary the sample temperature between
20-300 K. The chamber was evacuated below 1 mTorr using a
turbo-molecular pump. A radiation shield was added to isolate
the cold station from thermal radiation of the chamber body,
and copper-tin braids were attached from the bottom of the
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Fig. 2. Theresistive (R;) and inductive (X ) parts of the surface impedance
measured with the PPR technique at 10 GHz for two YBCO thin films. These
films were grown epitaxially on 0.5-mm-thick LaAlO3 by in situ off-axis
sputtering at Conductus. The R is two order of magnitude smaller than X
(inductive response dominant) and is about 50 times smaller than the surface
resistance of copper.

cold stage to the top of the microwave probe to minimize the
thermal gradient when probes contacted the device under test
(DUT).

V. ATTENUATION, DISPERSION, AND
BIT ERROR RATE OF HTS LINES

Fig. 4 shows the coplanar meander structure of the ion-
milled, gold and YBCO lines which were patterned on 0.5-
mm-thick MgO (e = 9.8) wafers. The lines had a length of 6
cm, width of 8 um, and a strip to ground spacing of 4 pm.
Because of the direct coupling to the line, the magnitudes of
the RF fields (H,¢) and the current density (J,5) can be easily
estimated at a given input power. The calculated characteristic
impedance of our CPW transmission lines was 51 € [11].
Contact pads were added such that the scattering parameters
of the lines could be measured with 150 um pitch microwave .
probes {12]. The sample was mounted over the on-wafer probe
cold station shown in Fig. 3.

The two-port S-parameter data from CPW line measure-
ments can provide convincing evidence that HTS lines have
considerably smaller insertion loss than similar gold lines.
Fig. 5 demonstrates such comparison for a frequency range
of 0.1-10 GHz. The attenuation constant at 3 GHz was 0.28
Np/m for the HTS line and 14 Np/m for the gold line. Both
of these gold and YBCO lines were fabricated with a standard
photolithography process at the Superconductor Technologies
Incorporated (STI). The gold line was 0.7-pm thick and the
laser ablated YBCO was 0.9-pm thick. ‘

After on-wafer testing, both samples were packaged by gold
plated stainless steel fixtures and wire-bonded to microwave
connectors via two 5-mm-long gold microstrip lines. These
packaged lines were connected to the Hewlett Packard Bit
Error Rate (BER) tester and Tektronix 11 801A Digital Scope
by two flexible 30-cm coaxial cables. The tester consists of
an HP70841 pattern generator (0.1-3 Gbit/s), an HP70311

‘clock source (0.016-3.3 GHz), and an HP 70842 error detector

(0.1-3 Gbit/s). Eye-diagram and BER measurements present
an innovative approach to characterizing the transmission
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Fig. 4. Schematic layout of the 6-cm-long coplanar transmission line on a
0.5-mm-thick MgO substrate. Center conductor width is 8 zm and the spacing
between center line and ground is 4 pm, giving a characteristic impedance of
51 Q. The pad pitch is 150 gm for use with microwave probe measurement.

lines. The validity of using HTS lines in multichip modules can
be assessed by varying the data rate and the pseudo random bit
sequence (PRBS). Eye diagram analysis using an HP71604B
bit error rate tester indicates a superior performance of the
YBCO coplanar line, as demonstrated in Fig. 6. For compari-
son, a 30-cm flexible coaxial transmission line has been used
as a standard reference. In addition to its low attenuation and
dispersion, the rise time (150 ps) of the HTS line is faster
than that of the gold line (180 ps) and is very near the limit
of the measurement setup. The pulse width and height for the
HTS line were 270 ps and 350 mV compared to 225 ps and
100 mV for the gold line. In other words, the “eye area” of
the gold line is much less than the HTS line. Such eye area
is a visual indication of the probability of -error. When the
eye becomes closed, the probability of transmitting errant data
bits increases.
The bit error rate data illustrate severe penalties of us-
ing conventional lossy lines at microwave frequencies. The
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Cryogenic on-wafer-probe experimental system for microwave scattering parameter and insertion loss measurements.
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Fig. 5. Insertion loss obtained by on-wafer measurements for 6-cm-long
YBCO and gold coplanar transmission lines. The insertion loss of the HTS
line was —0.12 dB at a frequency of 3 GHz compared to —10.7 dB for the
gold line at 80 K.

packaged gold line at room temperature would be unable
to transmit data accurately above 2 Gbit/s since the BER
increases substantially at clock rates above 2 Gbit/s (Fig. 6).
The HTS line at 77 K has a bit error rate of less than 10711
at 3 Gbit/s.

V. HIGH POWER TRANSMISSION AND
SWITCHING EFreCT OF HTS LINES

Power measurements over the wireless communication band
(0.8-2 GHz) were carried out using an HP8350 synthe-
sized sweeper. The microwave signal was boosted by a PST-
ARB829 solid-state power amplifier to a maximum of 10 W
(see Fig. 7). A step attenuator was used to vary the incident
power at the device under test (DUT), and a low pass filter was
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Fig. 6. Eye-diagram of a standard flexible coaxial transmission line (30 cm)
at room temperature used as a reference (a), and packaged 6-cm gold (b)
and YBCO (c) coplanar transmission lines at 77 K. The clock frequency is
3 Gbit/s with a word length of 21°—1. The gating period was 100 s and the
threshold level was 1073, The YBCO line exhibits very little attenuation and
dispersion compared to the gold line.

inserted between the power amplifier and the DUT to eliminate
harmonics generated by the equipment system. The power
signal was injected into one end of the DUT (the packaged
transmission line), and the transmitted signal was monitored
using an HP8566 spectrum analyzer. Calibration was carefully
performed to obtain the power at the input and output of the
DUT. A 30-dB attenuator was used to prevent the RF power
from overdriving the spectrum analyzer. At high power level,
harmonics from the nonlinearity of the DUT can be detected
by the spectrum analyzer. The devices used for high power
measurements were packaged gold and YBCO lines. They
were the same samples as that used for other experiments
shown in Figs. 5 and 6.

Fig. 8 plots the transmitted power versus the input power
at 1 GHz for the gold line at both liquid nitrogen and room
temperatures. At low power levels, it exhibits a linear increase
(slope = 1), as expected. The insertion loss is 6 dB at 77
K and 17 dB at 300 K, due to increasing resistivity with
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Fig. 7. Schematic block diagram of the high RF power measurement system
used for testing two-port devices (transmission line, resonator, filter, or
amplifier) over a frequency range of 0.8-2 GHz.

W o

; 77K‘ e
--300K \\

Tt =TT

Pout (dBm)

-20 -10 0 10 20 30 40
Pin (dBm)

Fig. 8. Compression curve for a 6-cm coplanar gold transmission line at a
frequency of 1 GHz and ‘at temperatures of 77 and 300 K.

temperature. As the RF power increases, the curves tend to
saturate. However, there is no appreciable change of the 1-
dB-compression point (21 dBm) or the saturation point (28
dBm) as T is brought from 77 to 300 K. A rapid drop is seen
in P,,; for P;, >30 dBm (1 W). -

‘We now focus on the results of the HTS YBCO line (Fig. 9).
There are several characteristics that are distinct from those
of the gold line. First, in the linear regime (a—b), the HTS
sample suffers only 0.2 dB insertion loss. Second, the curve
(b—c) shows an abrupt drop by 37 dB in P,,. when the
driving power reaches a critical level of P, = 26 dBm = 398
mW at point b. Third, with P;, further increased (¢—d), the .
transmitted power P,,; increases again with a slope of only
0.62, deviating significantly from a linear increase. Unlike the
gold line, no saturation is observed up to P;, = 31.5 dBm
(1.52 W). Fourth, as P, is then reduced (e—f), -P,,: retraces
the previous curve only untit P;,, = F,. Finally, and most
interestingly, as P, is reduced further P,,; does not jump
back to point b but follows a new path down to point g where
P;, = 0.4P, = 22 dBm (158 mW), after which P,,; starts to
grow rapidly by ~28 dB and finally returns to the linear regime
for P;, < 0.18P, = 18.5 dBm (71 mW) as shown in curve
g-h—i. The curve is thus hysteretic. All features described
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Fig. 9. Microwave power dependence for a 6-cm coplanar YBapCuszOr
transmission line on MgO wafer at 1 GHz and 77 K, showing a pronounced
hysteresis loop. In the lincar regime (a—b), it has a negligible insertion loss
which is much smaller than that in the gold line shown in Fig. 8. The solid
curve (a—b—c—d) describes a process with increasing incident power (P;y,)
and the dashed curve (e-f-g—h-i) illustrates the process with decreasing
P;,,. Data are collected with P;,, varied in 0.5 dBm steps.

above are highly reproducible in repeated experiments. Such
a sharp drop in F,,; and strong hysteretic power dependence
are unique to- the pattered high-7,. superconducting line. The
gold line with an identical planar structure does not exhibit
any of these characteristics (see Fig. 8)..

The transmission line would remain in a superconducting
Meissner state at low RF driving power as long as the
magnetic field, H, ¢, is smaller than the lower critical field
of the superconductor. Because the Cooper pairs that carry the
supercurrent do not suffer from scattering, the HTS line has
a negligible insertion loss and all incident power is delivered
to the output load. Thus P,,; = F;, as represented by the
linear regime (a—b). At point b, a peak RF current of 126 mA
is generated along the center strip and the surface RF field
is H,.y = 97 Oe, on the same order of the dc lower critical
field, H.;. It is reasonable to introduce a critical RF field,
Ht, above which vortex creation and flux penetration become
possible and the surface resistance increases rapidly [4]. Due
to the screening effect, the current is primarily constrained
within a layer equal to the penetration depth A(T"), which is
~0.3 pm at 77 K for YBCO. The average RF current density at
point b would be J,; = 2.6 x 10° A/cm?, assuming uniform
current distribution over the width and the A(T) of the line.
In reality the current density is much larger near the edges
and is smaller near the center than this average value due to a
current crowding effect [13]. The J,.¢ value estimated above is
comparable to the dc critical current (J..) of YBCO reported in
literature. The sharp “switch-off” at point b has been attributed
[14] to overdriving the HTS line above its RF critical current
Jit, switching the material to a “normal state.”

Once the line becomes nonsuperconducting, the incident
power is dissipated almost entirely on the transmission line
due to a much larger Rs;. The thermal quenching by power
absorption maintains the film above 7,. The curve shows a
history dependence and, as P;, is reduced, it goes through
e—f—g—h—i instead of e—f-b—i. Therefore, the material must
experience a different process when P, is reversed. Unlike
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the process along a-b, in which the current is carried by
Cooper pairs and the sample essentially remains 77 K as P,
is increasing, the sample temperature in process f—g may be
above Tc. Although it could have J,; < j;f because the
current is carried by the normal electrons, the large amount of
incident power dissipated on the lossy line has to be reduced .
further until the liquid nitrogen can carry away the heat and
cool off the sample across T, to return to a superconducting
state. In summary, the sharp b—c drop is a phase transition
triggered by exceeding the threshold of JIf, whereas the
broad g-h transition is primarily a thermal cooling process
by reducing the RF power absorption [14].

The features found in this work can be utilized in designs of
HTS microwave power and current limiters. When the flowing
RF current exceeds a designated critical value, the HTS line
undergoes an abrupt transition and the current to a load will be
cut off or greatly reduced. The minimum I,.; needed to switch
the circuit off can be controlled by varying the linewidth, and
the switching speed can be enhanced using a shorter line or by
overstepping the critical current. The circuit can return normal
operation by reducing the driving power to point h. We will
outline our approaches in using this behavior for applications
of switches as replacement of conventional semiconductor P;,
diode switches that have larger forward-bias insertion loss.

VI. HiGH-Q HTS RF RESONATOR
DESIGN, SIMULATION, AND FABRICATION

Resonate elements are still of great interest, especially for
microstrip and stripline filters. High ¢ and compact resonators
are essential in wireless communication applications which
require very low loss and very narrow bandpass filters. HTS

Tesonators are attractive because of the extremely small atten-

vation and dispersion of the HTS lines as discussed above.
We report our efforts in design of planar A/2 HTS resonators
that potentially have an unloaded () above 80000 at ~1 GHz
when operating at liquid nitrogen temperature.

Computer aided design (CAD) software packages play an
important role in microwave circuit analysis and optimization.
The HP Momentum simulator,together with the HP Microwave
Design System (MDS), have been used to carry out the model-
ing and simulations for resonators in microstrip, stripline, and
coplanar waveguide structures. Momentum uses a numerical
procedure, based on the method of moments, to solve the
circuits in 2-D planar geometry. The structures are divided into
meshes (grid-like pattern of rectangles and triangles) described
by a mesh frequency f,..sn, and the planar solver calculates
the circuit response. The results are typically S-parameters and
the strength of the elctro-magnetic fields propagating through
the circuit layout can be visualized.

Fig. 10 illustrates the open-end linear and U-shape \/2
resonators studied using the HP- Momentum simulator. To
optimize resonator performance, we examined each of the
circuits by varying a set of the geometry parameters such as
the linewidth, curvature, coupling gap, and feedline length.
Fluctuation arising from other material-dependent parameters
such as conductor surface impedance, substrate dielectric
constant and loss tangent was also carefully investigated. The
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Fig. 10. Design layout of superconducting high-{) microstrip and stripline RF resonators.

TABLE 1
SIMULATION RESULTS OF THE OPTIMIZED DESIGNS OF SUPERCONDUCTING STRIPLINE RESONATORS
(SEE FIG. 10) OPERATING AT 850 MHz AND 77 K

[[850MHz STRPR: L = 35.71mm; W = 400um; Gap =400um; _ H=2 X 500 pm
Z5=(0.00338+72.19) mQ; GND=HTS; tan8=7.6X10'6
Jmesh =2 GHz
Layout fo(MHz) Qr.(103) Qu(103)

Straight line 850.05 43.8 814

U-shape(0° feedlines) R=2 mm 850.94 434 81.7

U-shape(90° feedlines) R=2mm 851.80 24.5 82.1

resonators designed were under coupled, and the intrinsic or Table 1 tabulates the simulation results for the

unloaded @ was extracted by either increasing the coupling
gaps or using the following equations [15]:

B, = 1- 81
YT S0+ Sag
ﬂ2_511+522’

Qu=Qr(1+ 1+ o)

where (7 and (2 are the coupling coefficients at port 1 and
port 2, respectively. S11, S92 are the magnitudes of the S-
parameters measured at the resonant frequency. Despite a
strong dependence of the loaded @ on the feedline or coupling
gap length, the (), obtained using the above equations essen-
tially remained constant. The loaded @ rapidly converged and
approached @), as the gaps were widened. After optimizing
the layout geometry, the (J,, of a A/2 stripline resonator (with
the center strip and ground planes being YBayCusO» films) at
T = 77 K near 1 GHz was found to be ~80 000. Identification
of the intrinsic () is essential for an eventual consideration of
band-pass filter design.

YBCO/LaAlO; stripline resonators operating at 850 MHz.
Here we have scaled the Z, values in Fig. 2 to 850 MHz
assuming B, « w?and X, o w. A typical loss tangent value
for LaAlOg3 [16] was used. Similar simulation results were also
obtained for microstrip and CPW structures, with the resonant
frequency increased to about 1.2 GHz due to a decreased
effective dielectric constant. For convenience of performing
ground-signal-ground on-wafer probe measurements, we
have also configured a U-shaped resonator with the feedlines
perpendicular to the strip (90° feedlines). The simulated results
clearly show that the HTS resonators exhibit considerably
superior performance to normal metal resonators at RF and
microwave frequencies. Our simulations of Au resonators
with identical structures at 77 K and 875 MHz only resulted
in a @, ~ 200, almost three orders of magnitude lower
than that of HTS resonators. At room temperature, the Q for
the gold resonator dropped to 28. We also found that HTS
materials must be used for the ground planes in order to keep
such superior performance. A dramatic decrease in () would
occur if metallic ground planes were used instead.
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After optimizing the circuit geometry with the 2-D simula-
tor, the lift-off (negative) and ion milling (positive) processes
were performed in device patterning. The YBCO and gold
resonators were patterned onto 0.5-mm thick, two-inch diam-
eter LaAlO3 wafers. For lift-off processing, the samples were
fabricated with photolithography to form the CPW resonator
structures. Briefly, the 2-inch LaAlOg wafer was cleaned with
hot TAM (Trichloroethylene, Acetone, Methanol) solutions (2
min each), rinsed with Isopropanol, and dried with nitrogen
gas. The wafer was then coated with Photoresist (PR) 1813
and spun for 30 s at 5000 rpm to give a uniform film of about
1 pm thick. After soft baking for 60 s at 120°C to improve
resist adhesion, the wafer was aligned to the “negative” mask
and the PR was exposed to ultraviolet light illumination of
11 mW/cm? for 18 s. The pattern was developed in solution
352 for 60 s to remove the exposed PR areas. A 1-um thick
gold film was evaporated onto the substrate and the PR. The
final pattern transfer was completed with a lift-off process.
The portions of the Au film on the resist were removed by
dissolving the PR layer in liquid etchant so that the overlying
gold film was lifted. Similarly, for ion milling processing, the
HTS or gold film was first evaporated onto a cleaned wafer.
PR was then coated, spun, baked, and afterward was covered
with a “positive” mask for exposure to light and developing.
The final pattern was obtained by removing the exposed part
of the film using an ion-milling (dry etching) process.

Fig. 11 plots the measured S-parameters for an ion-milled,
U-shaped (90° feedlines) gold CPW resonator from 1-2 GHz,
at room temperature. The resonant frequency is 1.17 GHz.
For LaAlO3, ¢ = 24. An approximate effective dielectric
constant for this CPW structure is €.y = (¢ +1)/2 = 12.5.
The estimated resonant frequency is f = c/(2L,/ecry) =
15/(3.5711/12.5) = 1.188 GHz, in excellent agreement with
the measured value. (In a stripline structure, the resonant
frequency would be ~850 MHz.) The upturn in Sp; at high
frequency is due to a second harmonic centered near 2.4 GHz.
The loaded () is only 14. Since conductor loss is dominant,
one expects that the loaded @) at liquid nitrogen temperature
would be about five times larger. The HTS resonators are
being processed for future testing. The @ should be greatly
enhanced since the conductor loss is much smaller than Au
at RF frequencies. ‘

VII. HTS SWITCH

We have fabricated an HTS switch, which is shown in
Fig. 12(a). This kind of HTS switch is actually a cross
structure, in which the HTS transmission line narrows down
to about 2 um as shown in Fig. 12(b). A thin, narrow gold
film lies on the top of HTS microbridge vertically with a
thin insulation layer in between. DC power will be added to
the gold film to increase the temperature locally on the cross

in order to reduce the local critical current of the HTS or -

even drive the cross to a nonsuperconducting state, if desired.
According to the power characteristics in the measurement of
Fig. 9, cutoff of a microwave signal will be expected along
the HTS line. The threshold power for the cutoff strongly
depends on the dimension of the cross. For the measurement
of Fig. 9, the data was obtained for a long transmission line (6
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Fig. 11. Measurement data for anion-milled gold coplanar waveguide
resonator on LaAlOs substrate at 300 K.

(b

Fig. 12. The pictures of an HTS switch for the microbridge (a) and a 1
pm-wide HTS coplanar line and (b) generated by ion milling process. :

cm long and 8 pm wide). However, for the HTS switch, the
microbridge length is just about 10 pm. So we can expect to
spend very small power to control the microwave signal going
through the line and shorten the switching time significantly.
Presently, these devices are being tested.

VIII. HTS PHASE SHIFTER

Conventional microwave phase shifters have limited use due
to large insertion loss from metal conductors and semiconduc-
tor P, diode switches. Recently, hybrid digital phase shifters
have been developed by replacing the metal conductors with
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0.C.

Bias current

A4

Signal Input Signal Output

M4

Bias current
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Fig. 13. Layout design of a microstrip HTS phase shifter fabricated with
YBCO on LaAlO3. Bias current indicates the dc bias inputs. S.C. denotes
a short-circuit to ground for the dc current return, and O.C. denotes an
open-circuit. The black squares represent the gold pads for ohmic contact.
The overall dimensions of the structure is ~2 mm X 4 mm.

HTS materials, reducing the conductor loss by 1.5-2 dB [17].
However, the P;,, diodes used still contribute significant losses
(typically 1.5 dB per diode) to the circuit. In this work, we
report our design of new phase shifters using all HTS material
for phase delay and switching based on the features illustrated
in Fig. 9. This is an attractive technology because the HTS
phase shifter can be realized in a monolithic geometry, and
can eliminate the large insertion losses contributed by both
the metal conductors and P, diode switches.

The physical layout of one type of phase shifter is depicted
in Fig. 13. The entire phase shifter is a microstrip transmission
line made of YBCO film. The width of the main signal line
is 160 pm. Points where the triangles meet are locations
of the micro-bridges with dimensions of 2 pym X 10 um.
These microbridges provide the switches needed to direct the
microwave signal to one of the two transmission paths.

The switches are controlled by the bias currents that can
be injected into the circuit through the midpoint of a A/2
open-circuited stub. The first A/4 wider stub transforms the
open-circuited load into a short circuit at the midpoint, and
the next A\/4 narrower stub transforms it so that the main
transmission line is not loaded. Two short-circuited high
impedance A/4 stubs provide a return path for the dc current
return. When a dc current is applied to the top-right pad, it
flows through the top signal line and there is no net current on
the bottom line due to cancellation. Because the microbridges
are much narrower than the rest of the conducting path, the
current density at the bridges is much larger. As the current
exceeds the superconducting critical current density at the
bridges, they switch to a lossy or resistive state, forcing the
microwave signal to propagate through the bottom line. The
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Fig. 14. Simulation results of the high-T, superconducting phase shifter in
a structure as shown in Fig. 13. The insertion loss is less than 1 dB and the
phase shift is 45° at 20 GHz.

top signal line can be activated similarly when current is
applied to the bottom-left pad. The bottom path is longer than
the top by a length to create the desired shift in phase, which
is 45° at 20 GHz in our design goal. Bias current needed to
switch is about 20 mA.

Fig. 14 shows that our HTS phase shifter has a simulated
insertion loss of less than 1 dB. This is a significant im-
provement over the conventional PIN diodes phase shifters
that have an insertion loss of 3 dB per pair of switches
plus additional conductor loss. The phase shift is 39° at
20 GHz. The simulation demonstrates that our HTS phase
shifters potentially have accurate flat phase and amplitude
response, low insertion loss, and low reflection, and low power
dissipation. The HTS phase shifters are being fabricated and
processed for performance testing.

IX. CONCLUSION

We have reviewed our recent activities in the design,
simulation, fabrication, and testing of microwave coplanar
transmission lines, resonators, switches and phase shifters
using high temperature superconducting thin film technology.
Our on-wafer probe and bit-error rate measurements show that
the HTS transmission lines have extremely small insertion
loss and dispersion. Two-dimensional HTS resonators with a
very high unloaded ) have been designed for future use in
cellular band stations. Power measurements on patterned HTS
transmission line reveal a sharp switching feature that can be
exploited for designs of analog switches as a replacement of
conventional semiconductor PIN diode switches. These HTS
switches can also be used in microwave phase shifters.
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