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Abstract—integration of a high-temperature superconductor that are useful for the communication industry are high-
with a nonlinear dielectric ferroelectric such as strontium titanate, planar microstrip resonators, filters, phase shifters, and highly

.e., SITiO; (STO), has created a new class of electrically tunable giractive antennas. For example, microstrip ring resonators are
low-loss microwave components. We have designed and fabricated idel di . lectroni both h teri

frequency and phase agile components using a conductor/fer- wi _ey used in mlcrowav_g electronics, bo . as_ a characteri-
roelectric/dielectric two-layered microstrip configuration. Some ~Zation tool as well as critical components in high-frequency

examples of these components are: microstrip ring resonators, communication systems. Ring-resonator-based filters and
local oscillators, edge coupled filters, and phase-shifter circuits. stabilizing ring resonator elements in local oscillators (LO’s)
These structures have been fabricated using YB&Zu3;O7_s or are two common applications of ring resonators [5], [6].

gold conductor-based microstrip lines fabricated on lanthanum . S .
aluminate (LaAIO 5) or magnesium oxide (MgO) substrates coated Another important HTS circuit with potential advantageous

with an STO thin film. Frequency and phase agility are achieved applications in the wireless and satellite communication
using the nonlinear dc electric-field dependence of the relative industry is the pre-select filter in receiver front-ends [3], [4].

dielectric constant of STO ferroelectric thin film (e.sto). Inthis  |njtial applications of the HTS thin-film microstrip filters have
paper, we will present an assessment of the progress that our pean gyccessful, exhibiting superior performance (e.g., lower
group has achieved thus far toward integration of this technology . . L .
into wireless and satellite communication systems. mserﬂpn loss and steeper out'—qf-band rejection) than' their
metallic counterparts. However, it is known that for most filters
and other resonant structures, attainment of optimal perfor-
mance requires some level of additional tuning either through
mechanical means (i.e., with tuning screws) or other coupling
. INTRODUCTION mechanisms. Therefore, if electronic tuning is incorporated

LANAR microstrip high-temperature superconductoimo HTS components without degrading performance, the
P(HTS) circuits are attractive for communication appncatesult will be low-loss microwave components that could be
tions due to their lower conductor losses compared to norn{#}é tuned for optimal performance or, alternatively, could be
conducting circuits at cryogenic temperatures. A variety $gnable over a broad-band frequency range. This approach will
HTS circuits have been demonstrated in the past decade, s@tgtly improve the utility of HTS circuits.
as resonators, filters, and phase-shifting circuits aimed af-requency and phase agility in microwave circuits can be re-
high-performance (i.e., selectivity, low noise, and low-insertiodlized using ferroelectric- or ferrite-based thin films incorpo-
loss) communication systems [1], [2]. The demand for higr@ted into convenfcional micros.trip circuits [7]—[10]. No_vel Su-
bandwidth continues to grow due to the latest deve|opme,ﬂgrconductor—fernte phase shifters and circulators with mag-
in internet and wireless communication technology. Evdftic confinement have been demonstrated [8]. However, usage
more applications such as remote sensing and broad-band flferrite thin films requires external coils and typically large
Earth orbit (LEO) satellite systems are evolving at frequenci€grrents for tunability. Ferroelectric thin films are suitable for
above the traditionally used-band ¢4-8 GHz) in which the frequency-agile microwave components due to the nonlinear dc
integration of HTS is attractive due to the low-loss HTS thiglectric-field dependence of their relative dielectric constant.

films currently available [3], [4]. Among the HTS componentd he _tunapi”t)’(f) of such a film is given by Fhe change of the
relative dielectric constant of the ferroelectric under an external

. ) ) ) dc field (¢,.g) with respect to that at no fiel¢k,q), divided by
Manuscript received April 17, 1999; revised January 13, 2000. The work of . = fil defi f
G. Subramanyam was supported by NASA/OAI under 1997, 1998, and 19097 = (frE___ €0)/€ro). FOr @ liter, one can define a fre-

Summer Faculty Fellowships. The work of F. W. Van Keuls and C. H. Muelleguency tunability factofr) as the ratio of the change in center

was supported by the National Research Council under a fellowship. An earﬁeéquency to the original center frequency i, = Af/fo —

version of this paper was presented at the 1998 and 1999 IEEE MTT-S Interna- .
tional Microwave Symposia. (v max — fo)/ fo, Wheref, is the center frequency of the fre-

F. A. Miranda, F. W. Van Keuls, R. R. Romanofsky, J. D. Warner, and C. Hjuency agile component at no bias afyd,,.. is the center fre-
Mueller are with the NASA Glenn Research Center, Cleveland, OH 44135 US(Tuency of the component at the maximum applied bias.

Index Terms—Ferroelectric, high-temperature supercon-
ducting, K-band, Kwu-band, microwave, tunable.

G. Subramanyam is with the Department of Electrical and Computer Eng . . . . .
neering, University of Dayton, Dayton, OH 45469-0226 USA. Strontium titanate (STO) and barium strontium fitanate
Publisher Item Identifier S 0018-9480(00)05540-X. (Ba,Sr,_, TiO3), henceforth referred to as BSTO, are two

0018-9480/00$10.00 © 2000 IEEE



1182 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 7, JULY 2000

of the most popular ferroelectric thin films currently being Lt W o]

studied for frequency-agile components and circuits. It has AG 5560 Fm
been demonstrated that the STO’s relative dielectric con- T BSTO 350 nm:
stant (e,.sTo) could be reduced by over a factor of five f
under the influence of a dc electric field below 77 K [11]. H MgO 300 pm
A YBa;Cuz;0;_s(YBCO)/STO/LaAIO; (LAO) coplanar

bandpass filter designed for 2.5 GHz has been demonstrated by A : 2060 T

Findikogluet al.[12]. A large tunability factor above 15% was
demonstrated in these filters and the results indicated that tuning

resulted in improved filter characteristics. Concomitantly, ouig- 1. Cross section of the two-layered microstrip structure used in various
ponents. The modified microstrip structure consists of a dielectric substrate

group has demonStrate_d frequency tunability in resonat(ﬁfgo or MgO typically 254-508:=m thick), a ferroelectric thin-film layer
and bandpass filters using the YBCO/STO/LAO two-layereghickness t” varying from 300 to 2000 nm for various applications), a gold or

microstrip structure atKwu- and K-band frequencies [13], HTS thin film (2-.m thick or 350-nm thick, respectively) for the top conductor,
[14]. We have also demonstratdthu-band YBCO/STO/LAQ 2nd @ #m-thick gold ground plane.
coupled microstripline phase shifters (CMPS’s) with over
360 of contiguous phase shift with 5-dB nominal loss. Thes&lso, as the value of the. of the ferroelectric film increases,
components allow development of a new class of electrically increases. This increase is a consequence of mismatches
tunable circuits for communication systems. Attributes such gssulting from the decrease &, and the increase ing with
small size, light weight, and low loss make these componergreasinge,., and the unavoidable correlation betwesrand
very attractive not only for NASA's communication systems;an §. For all ferroelectric tunable devices, the mismatch and
but also for applications in the commercial communicatioimsertion losses vary as the dc tuning voltage is varied. For some
industry at large. Our paper addresses a variety of aspects revices, the insertion loss due to the ferroelectric can be less
vant to optimal performance of ferroelectric tunable microstrifhan the conductor loss. However, in general, greater tunability
components such as design, dc biasing, and performaiegds to greater maximum loss found within the tuning range.
analysis. In this paper, we will present an assessment of théhe fabrication and testing of the tunable microwave devices
progress that our group has achieved thus far toward integratfeve been discussed elsewhere [5], [6], [11], [13], [14]. Briefly,
of this technology into wireless and satellite communicatiohe ferroelectric films considered here have been deposited by
systems. pulsed laser deposition (PLD) on LAO and MgO substrates and
have thicknesses within the 0.3—2.f1 range. The YBCO HTS
thin films were deposited by PLD as well. The gold (Au) met-
allization was done using electron-beam evaporation. The mi-
The cross section of the two-layered microstrip structuggowave testing of the devices was performed under a vacuum
used in various components is shown in Fig. 1. The modifigd less than 1 mtorr, with the samples mounted on the cold finger
microstrip structure consists of a dielectric substrate (LAOf ahelium gas closed-cycle refrigerator via a custom-made test
or MgO, typically 254pm thick), a ferroelectric thin-film fixture. The microwave characterization was performed using
layer (thickness¢” varying from 300 to 2000 nm for various an HP-8510-C Automatic Network Analyzer to measure the re-
applications), a gold or YBCO thin film 2m thick or 350-nm flection and transmission scattering parametéts @nd.Ss1,
thick, respectively) for the top conductor, and au.®-thick respectively). When necessary in the tunable filters, application
gold ground plane. The dielectric properties of the ferroelectr@d large dc voltages to the microstrip transmission lines was
thin film and the thickness of the ferroelectric film play achieved through the SMA launchers using custom-made bias
fundamental role on the frequency or phase tunability arées designed to withstand the application of up to 700 V dc at
the overall insertion loss of the circuit. We have studie& -band frequencies [17].
the geometry of the multilayered microstrip by performing
electromagnetic simulations with Sonnet em and the Zeland'’s IIl. RESULTS AND DISCUSSIONS
IE3D software to obtain the relationships between parameters )
such as the characteristic impedariég), effective dielectric A Tunable Ring Resonators
constant e.z), and attenuatiofr) as a function of frequency, At the NASA Glenn Research Center, Cleveland, OH,
temperature, linewidth-to-substrate’s height ratio (W/Hwe have investigated ring resonator configurations using
ferroelectric film thickness(t), and the relative dielectric Au/STO/LAO and YBCO/STO/LAO conductor/ferroelec-
constant and loss tangent of the ferroelectric thin fikm and tric/dielectric (CFD) structures dt«- and K -band frequencies
tan 6, respectively). These simulations have been found to feee Fig. 1). Microstrip side-coupled ring resonators were used
in reasonable agreement with modeling using a quasi-TEN our study, as shown in Fig. 2. Two ring resonators with
variational analysis [15]. The results of the modeled microstrigharacteristic impedances of 50 and 25vere designed for
structure have been presented elsewhere [16]. Important resthlisl-order resonance at 20 GHz (with no ferroelectric layer) to
are summarized in this paper. For a given valueaafé, o be- avoid moding problems. Under appropriate biasing schemes,
comes larger at higher frequencies, and for a given frequencihiese “band-stop” resonators exhibit sharp resonances with
becomes larger as the valuetafi § increases. Also, for a given unloaded@ (f,/Afsqp) as high as 15000. The resonant
frequency andian é value, « increases with film thickness. frequency has been tuned beyond 1 GHz (e.g., 16.6 GHz at

Il. DESIGN AND EXPERIMENT
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Fig. 2. Microstripline side-coupled 28-ring resonatoriV = 406 pum, w = 89 um,r = 1694 pm, andg = 25 um. (b) shows the condition when the

ferroelectric in the circuit is limited only to the areas underneath the ring. (c) shows the various biasing schemes employed in our study.

zero bias to nearly 17.8 GHz at a dc voltage of 400 V) withotite coupling of the ring to the line, allowing one to tune the
degrading the sharpness of the resonance (see Fig. 3). Té@nator from over coupled, through critical, to under coupled.
effect of the applied dc electric field on the parameters such siximum coupling to the ring was obtained using the biasing
the insertion loss, center frequency, return loss, and unlo@dedcheme AVr — Vi, = 0), which resulted in higher frequency
of the microstrip resonators have been studied experimentaliyability, but over-coupled resonances having @wralues.

[5]. In the resonators, by choosing the right biasing scheme aBidsing scheme B allows one to tune for a critical coupling and
adjusting two independent dc voltages, one can optimize thesharp resonance, but only in a narrow range of frequency.
coupling and sharpen the resonance while maintaining larBg adjusting bothVr and V;, simultaneously (bias scheme
tunabilities, as shown in Fig. 3. The various biasing schem&3, one can optimize the coupling and sharpen the third-order
studied are also shown in Fig. 2. Changing the dc voltagesonance while maintaining large frequency tunability. The
on the ringVx mainly changes the.; of the ring and its magnitude ofS,; for this differential biasing scheme is shown
resonant frequency. The voltage differerigg — V7, controls in Fig. 3. The data shown in Fig. 3 exhibit sharp band-stop
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Fig. 4. Data from a second tunable ring resonator of the same design using a
! YBCO (0.35:¢m)/STO (1pem)/LAO (254 :m) circuit at 77 K. The ring and line
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|
-56 e
VR
-53 Vg V,
13.2 18.8 3 otz ] °
Frequency, GHz z0 5 S z
’ 0 f 3 {’ i E )
Fig. 3. Effect of dc bias on th&\ ring resonant frequency ar@ of the Au l 1mm
(2 #pm)/STO (2:m)/LAO (254 ;:m) ring resonator at 77 K and for theringand  (a) T

line dc voltage valuesi(z andV’;,, respectively) shown in this figure.

characteristics with unloaded values as high as 15 000. Fig. 4
shows data from a ring resonator of the same dimensions using
a YBCO/STO/LAO structure. The resonators of Figs. 3 and 4
also differ in that the Au resonator had the STO etched in the
region beyond 2 mm from the ring [see Fig. 2(b)], while for the
YBCO resonator, the STO was not etched.

These results must be discussed in the context of the perfor-
mance of dielectric-resonator oscillators (DRQ’s), which repre-
sent current state-of-the-art at high frequencies. Reported values
for DRO'’s unloaded quality factor (Qo) have been as high as
50000 at 10 GHz [18]. However, their manufacturing cost, lack
of electronic tunability, and nonplanar geometry limits their ver-
satility for insertion in frequency agile communication systems
such as tunable LO’s, broad-band band-stop filters, and “notcﬂé 5
filters for wireless communications [19]. |

(a) Layout of the complete VCO showing the ring resonator portion as
well as the pHEMT portion. As discussed, the pHEMT portion is fabricated on
an alumina substrate. (b) Actual circuit.

B. Tunable LO’s

A key parameter of modern digital communication systenakicive to the fast and high volume production of the optimized
is the phase noise. Phase noise is introduced into a system greuit. As a viable alternative, we have fabricated a tunable LO
marily by the LO used in a receiver. Currently, there are severaing a 0.25:m gate-length pseudomorphic high electron-mo-
ways to achieve stabilization of an LO. However, all of these aptility transistor (p0HEMT) (ATF-35076) as the active compo-
proaches have intrinsic limitations. Crystal stabilized oscillatoreent and a novel ferroelectric tunable microwave ring resonator
represent the state-of-the-art at low frequencies. However, theigh a center frequency of 16.7 GHz at zero bias as the passive
are generally restricted to frequencies below several gigahedamponent (see Fig. 5). To the best of our knowledge, our pro-
DRO'’s are commercially available up to at least 20 GHz, but dotype represents the first time that a tunable oscillator based
not lend themselves to electronic tuning or frequency lockingn thin-film ferroelectric structures has been demonstrated at
Further, their fabrication must be done independently of the aaich a high frequency. The circuit consists of a{2Bng res-
cillator circuit, and its three-dimensional geometry is not corenator side coupled using a microstrip feed line, and the pHEMT
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(Avantek/HP 0.25 um ATF-35076) portion of the voltage-con
trolled oscillator (VCO) with appropriate impedance-matchin

tric tunable ring resonator is similar to the ones discussed
the previous section. The pHEMT was characterized at 77
using an on-wafer coplanar waveguide probe, before designi
the VCO. The pHEMT was unconditionally stable at 77 K witHj#
a gain of approximately 7 dB at 16.7 GHz. An inductor wag
inserted between the source and ground to make the device &
stable, by using a section of a SD-microstrip line 1.08-mm
long. An iterative computer routine was used for choosing t
source impedancéZ() to maximize the negative resistance of
the pHEMT while preserving the loop gain. Witt¥a of 35 2,

a stability factor( K') of —0.499 was obtained. More details of
the design are published elsewhere [6]. During operation, t
ring was dc biased at a bias in the range from 0 to 250 V wi
the bias on the microstrip kept at 0 V. With this biasing scheme
the gate and ring could be decoupled. An operating temperat
of 43 K was chosen to maximize the electric-field induced turyg I
ability of STO. Both the ring resonator and pHEMT circuit wercj s
packaged on a brass fixture with conductive epoxy for testi
inside an He-gas closed-cycle cryogenic system. By applyirsssss
38-V dc to the ring, the oscillator frequency was tunable b
about 100 MHz around the center frequency (see Fig. 6). Tl
figure shows the broad-band and narrow-band measureme
done at 43 K with the drain bias at 2.1 V and the gate big
of —0.2 V. By increasing the ring voltage to 250 V, the tuning
range was extended over 500 MHz. The merits of this VCO a
its high-performance potential, small size, simplicity of imple
mentation, and its potential for low-cost and high-volume prd
duction.

C. Tunable Filters for Cryogenic Applications

Another important component that can benefit from th'éi_g- 6. ) VCO signgls as measured on an HP 8566B Spectrum Analyzer at 43 K
f lectric thin-film technol is th lect filter in th with: V; = 2.1V, V, = —0.2V, I, = 13.9 mA, andV,;,, = 38 V. The scale
erroelectric thin-fiim technology I1s the pre-select niter in g, (a) is 2-22 GHz. (b) 500-MHz span with oscillation frequency at 16.696

receiver front-end. We have designed, fabricated, and testaat.

YBCO/STO HTS/ferroelectric thin-film-baseld-band tunable

microstrip band pass filters on LAO dielectric substrates [13].

The layout of the filter is shown in Fig. 7. The two-pole

filter was designed for a center frequency of 19 GHz and . , !
4% bandwidth, using the parallel coupled half-wavelengt! b 2
resonators. The design of the filters is discussed elsewhe
[13], [14]. In these ferroelectric tunable filters, one can reduc
the insertion loss of the passband or maintain the passbe
relatively unchanged over a tunable frequency range, depend
on the biasing scheme employed. The following three biasir
schemes have been studied to date:

1) unipolar bias (UPB), where alternate nodes were bias:
positive and ground;

2) partial bipolar bias (PBB), where input and output line:
were grounded, and the resonator sections biased posit
and negative alternatively;

3) full bipolar bias (FBB), where alternate sections (in-
cluding the input and output lines) were biased positiv

and negative.
. . . . Fig. 7. Schematic of a tunable bandpass filter circuit. The dimensions are:
It is important to note that the effective dielectric constant Qf”_ g 25 um, I = 6.8 mm, S, = 100 xm, S» = 300 pm, H = 1.33 mm,

the microstrip structure depends upon the electric field between= 12.5 um, andr = 200 pm.
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- the bipolar biasing scheme. A tunability of approximately 11%
was obtained at 40 K and at a dc bias6200 V. This tun-
ability is comparable to that exhibited by the YBCO/STO/LAO
filters. The insertion loss exhibited by this filter was approxi-
mately 6 dB, compared to less than 2 dB for HTS counterparts.
The unloaded) of the HTS resonator sections in the filters was
estimated to be approximately 200 based on the model given in
[20], which could possibly be improved by process optimiza-
tion. The major limiting factor for the unloadégl is the dielec-
tric losses in the STO layer. Measurementsanf é values for
4 15 16 17 18 19 20 21 laser-ablated STQ thin films at cryogenic temperatures an(_JI gi-
Frequency, GHz gahertz frequencies range from 0.005 to 0.05 [21], [22]. An im-
portant finding was that the percentage tunability remained es-
Fig. 8. \oltage dependence of the magnitude $f, and S., for Sentially the same for a specific applied electric field, irrespec-
YBCO/STO/LAO bandpass filter at 30 K showing the relatively unchangeive of the biasing scheme employed [23]. This finding created
passband throughout the tuning range. two new parameters called the sensitivity paramgfeand loss
paramete(L). The sensitivity parameter is defined as the slope

Magnitude of So¢ and Sy1, dB

or s oV of the frequency shift versus peak dc electric field.
——So £100 V Higher sensitivity parameter and lower loss parameter indi-
m —5F i o Sa #200V cates larger frequency tunability combined with lower insertion
o N N
- J NN loss for the filters. These parameters are very useful for evalu-
oy 10 ".\ ating the material quality, as one could compare geometrically
“ \ different tunable components for both sensitivity and loss pa-
-15 \ rameters.
[}
'g \ ‘\_ The impact of these filters can be evaluated at the component
?é -20 \\ ‘.\ level, as well as the subsystem level. At the component level,
& v the filter's frequency agility allows for adjusting for Doppler
= 25 \\ ‘-\‘ effects, frequency hopping, and other communication applica-
\\ ‘m.\ tions requiring the filter’'s passband reconfiguration. In addi-
_zo L 1 1 | | AV | tion, using a single tunable filter instead of fixed frequency filter
15 16 17 18 19 20 21

banks can add system flexibility. Also, low cost, ease of fabrica-
tion, and planar geometry make this filter technology very ap-
pealing for insertion into satellite receiver front-ends. The added

Fig. 9. \oltage dependence of the magnitude %f; and S;; for a ihili ; ; ; ;
AU/STO/LAO bandpass filter at 40 K. The insertion loss of the filter isﬂeXIb"Ity may warrant the slightly increased insertion loss for

approximately 6 dB compared to less than 3 dB for the HTS counterparts. SOMe applications.

Frequency, GHz

the coupled microstrip lines as well as the perpendicular fiety Coupled CMPS’s
between the top conductor and ground plane. In general, theAnother area of application of the ferroelectric thin-film
FBB configuration gives the largest frequency tunability due technology is the fabrication of compact low-loss phase
higher electric fields that can be applied in this configuratioshifters. In general, phase-shifting elements can be realized
and the PBB gave the lowest insertion loss in the passbandhnough the use of ferrite materials, monolithic microwave
the ferroelectric tunable microstrip filters. Large tunability doemtegrated circuits (MMIC’s), and diodes (e.g., switched line,
not necessarily give the lowest insertion loss for the filters. Peflection, and loaded line). Typically, diode or MESFET-based
large frequency tunability of greater than 10% was obtained jihase shifters are digital with phase bits of 12,2%2.5,
YBCO/STO/LAO microstrip bandpass filters operating below5’, 9¢°, and 180. Losses increase with the number of bits
77 K. The dc electric-field dependence of one of the filters testéd 2 dB/bit) and the discrete phase shift steps sometimes result
is shown in Fig. 8. A center frequency shift of 2.3 GHz wam scanning granularity. Unfortunately, MMIC technology has
obtained at a 400-V bipolar dc bias and 30 K with minimahot yet met the expectations of lower cost for phased-array
degradation in the insertion loss of the filter. The filter's passpplications. Despite their high cost and poor efficiency of
band shifted from a center frequency of 16.5 GHz at no biaspower amplifiers £15%), MMIC’s remain the technology of
18.8 GHz at the maximum applied biasb#00 V, a tunability choice fork- and Ka-band phased arrays. We have developed
factor greater than 12%. The filter's passband insertion loss eenew class of low-cost and reliable phase shifters based on
mained relatively the same through the tuning range. Remaf&rroelectric thin-film technology. Due to the configuration of
ably, all of the filters tested to date have shown large tunabilitis main phase-shifting element, we refer to this phase shifter
factors (9%) at and below 77 K. as the CMPS. Fig. 10 shows the schematic of an eight-element
For comparison, Au/STO/LAO microstrip filter circuits wereK-band CMPS fabricated with an YBCO (0.38n thick)/STO
tested for electrical tunability at temperatures below 77 K. Fig.(2-um thick)/LAO (2544u:m thick) two-layered microstrip
shows the electrical tunability of an Au/STO/LAO biased usingtructure. A coupled microstrip line, which can be excited
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Fig. 11. Eight-element YBCO (350 nm)/STO (L.n)/LAO CMPS. Data
were taken at: (a) 40 K and (b) 77 K at a frequency of 16 GHz.

provide more phase shift per unit length (at a specific dc bias)
compared to a simple microstrip. However, a CMPS circuit
requires careful design as each coupled section is basically a
one-pole bandpass filter. The phase shifters were optimized for
low insertion loss and maximum relative phase shift. Further
information on the phase shifting and passband performance
of CMPS circuits has been previously published [24]. Fig. 11
shows the magnitude and phase shif§ef for this circuit using

a 1.um-thick STO film, tested at 40 and 77 K. The phase shift
at 40 K is greater because of the large dielectric tunability of
STO at this temperature. Between the bias ranges of 75-375V,
a differential phase shift of 290wvas observed at 16 GHz,
while maintaining the insertion loss below 4.5 dB. This early
YBCO prototype device achieved 50thsertion phase shift
with 6 dB of loss or a figure-of-merit of about 8dB. After
much effort, this figure-of-merit has been nearly matched in
room-temperature devices employing Au/Ba _, TiO3/MgO
CMPS devices [25]. It is worth noting that the relative phase
shifts increase in direct proportion to the thickness of the
ferroelectric thin film. Also, the use of the YBCO electrode
instead of gold resulted in higher phase shift for the same
thickness of the ferroelectric. This is possibly due to a residual
low ¢ layer formed by the oxidized titanium adhesion layer
used in the gold-electrode-based circuit. The CMPS discussed
here could enable the development of a low-cost easy to fabri-
cate phase-shifter technology with continuous phase-shifting
capabilities from 0 to over 360. Phased-array antennas,
particularly reflect arrays, will benefit from this phase-shifter
technology.

IV. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated a new class of low-
temperature tunable microwave components based on a CFD
two-layered microstrip configuration. The tunable compo-
nents and circuits we have demonstrated include ring res-
onators, VCQO's, preselect filters, and phase shifters. Tunable
AU/STO/LAO ring resonators with unloade@ as high as
15000 and frequency tunability factor of over 12% have
been demonstrated at 77 K. An Au/STO/LAO-based tunable
ring resonator was successfully used as a stabilizing element
in a pHEMT-based VCO circuit. The VCO exhibited fre-
quency tunability of over 100 MHz with the ring resonator
dc biased at 38 V. Several tunable bandpass filters were
demonstrated with tunability factors greater than 9% at or
below 77 K, with nondeembedded insertion loss as low as
1.5 dB at K-band frequencies using the YBCO/STO/LAO
two-layered microstrip configuration. Also, we have success-
fully demonstrated continuous differential phase shifts of

in the odd mode of the RF electric field, is the fundamentalver 360 at or below 77 K and Ku-band frequencies using
building block for the CMPS. Eight such sections are cascadedupled microstrip phase shifters. These prototype demon-
to obtain the desired phase shift. A biasing network is alstrations have equaled or exceeded the performance of con-
shown in the figure to apply bias voltages to each section. Bgntional HTS-based microstrip circuits. The attributes of
applying a differential dc bias between the coupled lines, otigese components such as small size, light weight, and low
can reach fairly large electric fields between the lines (4v/ loss, as well as their demonstrated performance suggest that
in Fig. 11) to effectively tune the relative dielectric constarthey can be used advantageously in satellite communication
of the ferroelectric thin film. Thus, the coupled microstripsystems forKu- and K-band operations.
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