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_Abstract—in this paper, we report on YBa>Cuz O7_s (YBCO)  [3], [4]. However, one of the factors that have slowed down the
thin-film/SrTiO 5 (STO) thin-film K-band tunable bandpassfilters  jntegration of HTS thin films into microwave communication
on LaAlO; (LAO) dielectric substrates. The two-pole filter has a  jre jits is that, notwithstanding careful design and fabrication,

center frequency of 19 GHz and a 4% bandwidth. Tunability is | | tthe desired f ificati
achieved through the nonlinear dc electric-field dependence of the only rarely can one meet the desired performance specincations

relative dielectric constant of STO (e, sto). A large tunability ~ consistently. For filter applications, this limitation is compen-
(Af/fo = (fvmax — fo)/ fo. Where £, isthe center frequency of sated by tuning the filter either through mechanical means

the filter at no bias and fv max is the center frequency of the filter ~ (j.e., with tuning screws) or other coupling mechanisms. On
at the maximum applied bias) of greater than 10% was obtained o gther hand, if electronic tuning is incorporated into these

in YBCO/STO/LAO microstrip bandpass filters operating below filt ircuits. allowing their tuni broad-band i
77 K. A center frequency shift of 2.3 GHz (i.e., a tunability factor of e CIFCLILS, allowing telriuning over a broact-band range 1o

approximately 15%) was obtained at a 400-V bipolar dc bias, and Meet the desired specifications, this will greatly improve the
30 K, with minimal degradation in the insertion loss of the filter.  practical applicability of HTS circuits.

]Ilhis ngerdaddrgisg?‘ deSilgn, fabrrisiatf[?n, a?ﬁ teStin of tunabf|e Frequency and phase agility in microwave circuits can be

ilters based on erroelectric thin films. € periormance o ; i . Al H : ; _

the YBCO/STO/LAO filters is compared to that of gold/STO/LAO realized _usmg ferroelgctrlc (?r ferrl_te b?‘sefj thin films incor
porated into conventional microstrip circuits [5]-[8]. Novel

counterparts. _ - _
superconductor-ferrite phase shifters and circulators have been

demonstrated recently, with magnetic flux confinement [6].

However, usage of ferrite thin films requires external coils

and typically large currents for tunability. Ferroelectric thin

|. INTRODUCTION films are very attractive due to their electrical tunability of

}he relative dielectric constant. Ferroelectric thin films are fre-

LANAR microstrip high-temperature superconducto . . o
(HTS) filters are currently being tested by the wirelesguency agile due to the nonlinear dc electric-field dependence

rﬂf their relative dielectric constant. Strontium titanate (SghiO

Index Terms—¥K -band frequencies, microstrip filters, STO fer-
roelectric thin films, tunable filters, YBCO HTS thin films.

communications industry [e.g., cellular and personal co d bari . . Tio fth
munication system (PCS)] for low-loss high-performanc@n arium strontium “‘"?‘”a“? (g.srl_’” 103) are tWO oft N
receiver front ends [1], [2]. Initial applications of the HTgMost popular ferroelectric thin films cur_rently being studied.
thin-film microstrip filters have been successful, exhibitin { has been demonstrated that the StF&Xhereupon STO)

superior performance (e.g., lower insertion loss and stee glative dielectric constarfe, sro) could be reduced by more

- - factor of five under the influence of a dc electric field
out-of-band rejection) than their gold-based counterparts. an a
the satellite communications arena, more applications (,Blglov_v 7t7 KLSA]\.I A IBebcf;J3O7—]f (YIZ(?[O)/STI_OAgnthanlum
evolving at frequencies above the traditionally usgeéand a:r:?;:aasz f(ilter é%es ig?]:aeda fgrr 2re5ecr;rﬁ|z hoasaieen 3;?&1?:’;@ d
~4—7 GHz), in which the integration of HTS is attractive d e : ”
( 2), in whi integra ! V uegy Findikogluet al.[10]. A large tunability factor above 15%

to the high-quality epitaxial HTS thin films currently availabl - : L
gh-q yep y was demonstrated in these filters and the results indicated that
tuning resulted in improved filter characteristics.
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Fig. 1. Geometry of the multilayered microstrip structure. The thickness 5— % wh=0.7
the top conductor was 0.36m for HTS thin film and 2.Q.m for gold. @ | | | : | N
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Il. DESIGN OF THETUNABLE MICROSTRIPFILTER
¢ of STO

The two-pole bandpass filter was designed using microsti.
edge-coupled resonators. The filter was designed for a center (@
frequency of 19 GHz, with 4% bandwidth, and a passbard
ripple below 0.5 dB. The cross section of the multilayere

microstrip structure is shown in Fig. 1. The multilayere: 70- m At 20 GHz
microstrip structure consists of an LAO substrate (2%d- 2 60 B om

thick), a 300-nm-thick STO layer, a 0.36n-thick YBCO 5 A

thin film for the HTS microstrip, and 2:m-thick gold ground g 50 A a

plane. The gold/STO/LAO filter had a 2m gold thin film § 40 — g ﬁ b4

for the conductor with the other layers being the same as 1 § 30— B wihe 04

the HTS filter. The geometry of the multilayered microstrif E 20 - R x/h;0:3

was simulated using Sonnet's electromagnetic (em) simula ® @ wh=05

to obtain the relationships between the effective dielectr G 10~ $ wh=0.7

constante.) of the structure and the characteristic impedanc 0 ® | ' | | ]

(Z,) for the tunable range of,.sto. The tunable range of 0 500 1000 1500 2000 2500 3000
£,g70 Was chosen to be between 3000 at zero field to 300 e of STO

high field and 77 K, based on the data obtained from low-fre-

guency capacitance measurements on test structures [9], [13]. ®)
The extracted results provided the basis for the calculationmg. 2. Theoretical simulation results for: (a) the effective dielectric constant
tunability factor that can be obtained using this multilayereghd (b) the characteristic impedance of the multilayered microstrip structure
microstrp structure. The frequency-dependent and , (23 "elihe deecic onsan ol 10 el Te s
of the microstrip are plotted versus the tunable range of th@1. The tunable range of st was assumed to be between 300—-3000.
ersTo at a fixed frequency of 20 GHz in Fig. 2(a) and (b).
Large variations ot.; andZ, at 20 GHz are evident with the
electrically tunable range of.sro for w/h = 0.1 and0.3. I
The tunable range of,. st is only valid for the temperature
dependence of,.sTo. The bias-dependent. st is not easy
to model using Sonnet’s em because of the spatial variation
the dc biasg,. sTo varies as one moves farther away from the S

) L <+
microstrip line. The assumed values for tunable range §fo W LANY
nevertheless provide a meaningful calculation for the tunabilit m
factor in this multilayered microstrip structure. 4

The filters were designed using identical quarter-wavelengt
coupled microstrip resonator sections designed for250-
characteristic impedance. The coupling is achieved throug
the fringing fields of adjacent resonator sections. The couple
sections were designed using the 0.2-dB ripple Chebyshe
filter design procedure [14], [15]. To reduce the bandwidth, the
spacing between the input and output sections was increasedigys. oOptimized geometry of the ferroelectric tunable bandpass filter. The
the use of 4% angular coupled sections. For the dc biasing @fmensions arelV’ = 80 pm, L = 6.8 mm, S = 100 pm, 5> = 300 pm,
the filters, radial stubs were designed for each of the resonafor 12:° #M: # = 1.33 mm, andr = 200 ym.
sections. The radial stubs were designed for low insertion loss
over the bandwidth of interest [16]. The bias stubs providesing Sonnet's em analysis computer-aided engineering (CAE)
means for individually controlling the poles using the electripackage [17]. The geometry of the optimized filter circuit
field between the coupled lines. The design was optimizésl shown in Fig. 3. Sonnet's em simulation results for the
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YBCO multilayered microstrip bandpass filter are shown in

Fig. 4, for the cases of.sro equal to 300, 1650, and 3000.rig 5. Bias dependence 6%, andS,, for an HTS/STO/LAO filter at 77 K,

The loss tangenftan §) of the STO films was assumed tounder full bipolar bias configuration.

be 0.01. Since the, sto could be varied between 300-3000

at 77 K [9], the filter was designed for normal operation atections needed to be electrically biased. To apply the bias, gold
ersTo = 1650 (approximate midpoint value of.s1to) SO wire bonds were attached to the bias pads using an ultrasonic
that its passband can be electronically tuned to lower or higheire bonder. Tunability of the filter circuits were studied using
frequencies. However, one must note that while Sonnet’s drath unipolar and bipolar biasing schemes. For unipolar biasing
analysis assumes thatsto is the same across the samplescheme, nodes A and C were connected to positive bias, with
in reality, biasing the microstrip causes local changes modes B and D tied to zero bias or ground (see Fig. 3). For
ersto- As mentioned before, this limitation may introducévipolar biasing, nodes A and C were connected to the posi-
discrepancies between the modeled and experimental data bias, and nodes B and D were connected to a negative bias
under bias. The modeled data for the HTS filter's insertion loe§ the same magnitude. The magnitude of the dc bias was in-
at 77 K was below 0.7 dB in the worst case, and did not changesased from 0 to 400 V in steps of 50 V for the bipolar bi-
appreciably, as the,sro was changed from 300 to 3000.asing scheme. The bipolar bias tunes each pole uniformly with
The bandwidth of the filter was worse fer.sto = 3000, respectto ground while maintaining a large electric field across
compared tos,.sTo = 300. As shown in Fig. 4, the filter the gaps. This biasing scheme gave superior tuning and more
could be tuned between 17.5-20.5 GHz. The simulation of tegmmetric passbands. Since circuit geometries result in unequal
gold circuit yielded similar tunability, but the insertion loslectric fields in different portions of the circuit, the maximum
was approximately 2 dB in the passband, and did not chargeplied electric field becomes an important parameter. We de-
appreciably with thes,.sTo. The theoretical results indicatednote this as the peak electric fieldbga . In our filter circuit,

that the return loss in the passband was better than 20 dB tloe largest electric field due to the applied bias is experienced

both HTS and gold circuits. across the input and output coupling gaps. Although the bias
voltage is large, the peak electric field strengths do not exceed
[ll. EXPERIMENTAL 10° V/cm, remaining below the breakdown strength of STO

The YBCO/STO/LAO samples used in this study were 0674 x 10’ Viem) [18].

tained from Superconductor Core Technologies (SCT), Golden,
CO. Both the superconducting and ferroelectric films were de-
posited by laser ablation. The deposition and post annealingThe first set of HTS tunable filter circuits exhibited higher
techniques for the STO and YBCO thin films have been thoinrsertion losses compared to the theoretical simulation results.
oughly discussed elsewhere [9]. The YBCO microstrip band@he lowest passband insertion loss measured was approximately
pass filter circuit was fabricated at SCT using a dry chemical5 dB at 24 K, which is higher than the simulation results. These
etching technique [9]. A liftoff photolithography technique wasepresent nondeembedded data (i.e., it includes the losses due
used at the NASA Glenn Research Center, Cleveland, OH, forthe coaxial-to-microstrip transitions) and, therefore, the in-
the fabrication of the gold microstrip filter circuit. A2m gold trinsic insertion loss of the filter is expected to be lower. The
ground plane was deposited to complete the circuit fabricatidrias dependence ¢f; andS;; for one of the filters with bias

The circuits were packaged for testing of the filter's swept frstubs, denoted as sample 1, is shown in Fig. 5. The unbiased
quency S-parameters in a helium-gas closed-cycle cryogeniitter's passband at 77 K was centered at 17.4 GHz, with return
system. For studying the tunability of the circuits, the resonatlmsses better than 10 dB in the passband. The bandwidth of the

IV. RESULTS AND DISCUSSIONS



528 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 4, APRIL 2000

(=4

zoon NARA~A
Lﬁw\_\ -"“.‘&\*\{v\,\—\ I~ ;"' u

Magnitude of So1, dB

Magnitude of S1 and Sq4, dB

=77 $11, #4400V |

0 |
14 156 16 17 18 19 20 21
Frequency, GHz
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circuit was 7%, higher than the design bandwidth of 4% at 77 K. \
. . . . \
The passband ripple was also larger, with rounded edges instead -30 L L I D~
15 16 17 18 19 20 2

of sharper skirts. The point of minimum insertion loss was ap-
proximately 3.3 dB, at 77 K, for the unbiased filter. The field
dependence of the filter$,, andSy; at 77 K were measured rig. 8. Bias dependence of a gold/STO/LAO filter at 77 K. Note that the
at an input power level of-10 dBm. The center frequency ofinsertion loss of gold/STO/LAQ filter is higher than the HTS counterparts.

the circuit shifted from 17.4 GHz at no bias, to 19.1 GHz at

£500-V bias, a tunability of 9% at 77 K. Note that the passio bias to 18.8 GHz at the maximum applied biagd00 V, a
band insertion loss and the bandwidth improve with increasitignability factor greater than 12%. The filter's passband inser-
bipolar bias voltage. The same filter was tested at 24 K, near tiien loss remained relatively the same through the tuning range.
maximume,. sto of the STO thin film. Fig. 6 shows the bias de-Remarkably, all of the filters tested to date have shown large
pendence of the filter at 24 K. The filter at zero bias had a centenability factors £9%) at and below 77 K.

frequency close to 16.25 GHz and poor out-of-band rejectionFor comparison, gold/STO/LAO microstrip filter circuits
characteristics. At zero bias, the minimum passband insertimere tested for electrical tunability at temperatures below
loss was 4.4 dB. The return losses seem to be sensitive to Ti7eK. The center frequency of the circuit shifted from 18.1 to
temperature of operation, showing slight improvement at 77 ¥9.0 GHz, a tunability factor of approximately 4%, at 77 K,
(Fig. 5), while degrading at 24 K (Fig. 6) under the influence afnder unipolar biasing [11]. The tunability improved to 8% at
the applied bias. The greater frequency shift and losses at lowérK. Fig. 8 shows the electrical tunability of a gold/STO/LAO
temperatures are due to this temperature being closer to the maased using the bipolar biasing scheme. A tunability of
imum of £,.sTo andtan dsto, respectively. Unlike bulk STO, approximately 11% was obtained at 40 K and at a dc bias of
thin STO films exhibit a maximura,.sto andtan ésto within - 200 V. This tunability is comparable to that exhibited by the
the 20-50-K temperature range. Similar to the case at 77 K, MBCO/STO/LAOQ filters. The insertion loss exhibited by this
creasing the bipolar bias up #400 V resulted in a center fre- filter was approximately 6 dB, compared to less than 2 dB for
guency shift of 2.6 GHz. The tunability factor is greater thallTS counterparts.

14% at 24 K. The passband insertion loss at 24 K improvedThe center frequency shift is defined &y nax — o),

to 1.5 dB at a bipolar bias a£200 V. The passband insertionwhere fy ...« is the center frequency at maximum applied bias
loss, reflection loss, bandwidth, and filter's out-of-band rejeueltage, andf, is the center frequency at no bias. The center
tion characteristics improved at 24 K with increasing bipoldrequency shift versus the peak electric fi€llpg,x) for the
bias. For this filter, the largest change in center frequency and ITS/STO/LAO filters is shown in Fig. 9. The samples were
sertion loss per applied dc voltage occurs within the ftS0 V.  tuned using the bipolar biasing scheme. As seen in the figure,
Another HTS filter, denoted as sample 2, was tested at 30sdmple 1 at 24 K has the largest tunability. Fig. 10 shows the
and exhibited a bipolar bias tunability as shown in Fig. 7. Thaectric-field dependence of insertion loss for the same set of
filter's passband shifted from a center frequency of 16.5 GHzHETS/STO/LAOQ filters. Normally, it will be advantageous if the

Frequency, GHz
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3000 F * changes ire, s7o andtan é. Other factors such as the HTS
! d thin-film quality or higher than expectethné of STO may
T 2500 ol also contribute adversely to the measured insertion losses.
= : g The unloaded? of the HTS resonator sections in the filters
& 2000 e /,—”' was estimated to be approximately 200 based on the model
4 : o — " given in [14], which could possibly be improved by process
/5] * - y
b 1500 | '/ optimization. The major limiting factor for the unloadeg
§ ! . is the dielectric losses in the STO layer. Measurements of
2, 1000 |- / ,/ _ tan 6 values for laser-ablated STO thin films at cryogenic
o el ot -y temperatures and gigahertz frequencies range from 0.005 to
= % S lo#1@24K
500 k s:m::-zoaox 0.05 [1_3], [19]. _
The impact of these filters can be measured at the component
00 20 ! 4'0 — slo ST level as well as the subsystem level. At the component level, the
Maximum Epg,, kV/cm filter's frequency agility allows for adjusting for Doppler effects,

frequency hopping, and other communication applications re-
Fig. 9. Electric-field dependence of shift in center frequency for the same Qt””ng filter's PaSSba”d reconflguratlon._ In addition, using a
of HTS/STO/LAO filters. The largest electric field for any given bipolar biassingle tunable filter rather than the use of filter banks can greatly
voltage is experienced across the input and output coupling gaps, and is dengggdyce size and weight without sacrificing performance. Also,

asEreax. low cost, ease of fabrication, and planar geometry make this
filter technology very appealing for insertion into satellite re-
. ceiver front-ends. Note that, even for the insertion losses mea-
sured in this study, potential insertion of these filters in receiver
O Samplef1 77 K . ;
sk 2 8311;13;2 K front endg appears to be feasible at the expense of moderate
™ 24 K tradeoffs in the antenna's area. Of course, insertion of the cry-
9 30 K . _
<. ocooling technology introduces a hurdle. However, efforts are
a underway by commercial industry to reduce the size and power
S 3 consumption of the cryocoolers. Also, there is a great deal of
g work being performed to optimize other ferroelectric materials
% 2 (e.g.,BaSr_,TiO3) that can enable the realization of this tech-
o nology at room temperature.
L
V. CONCLUSION
0 1 1 i ]

|
0 20 60 80 100 In summary, a planar tunable microstrip bandpass filter with

40
Eppx (kV/cm) low insertion loss has been realized using a thin-film YBCO and
a nonlinear dielectric STO ferroelectric thin film. Experimental
Fig. 10. Electric-field dependence of the insertion loss for the same setf&sults indicated greater than 12% tunability at temperatures
_HTS/_STO/LA(_) filters. At_EpEAK values above 40 kV/cm, the change inpglow 77 K using the electric field dependence of thero.
insertion loss is very minimal. ]
The YBCO/STO/LAQ filters showed lower losses compared to
gold-based circuits. The experimental verification of these fil-
insertion loss does not vary much with the applied electric fielters demonstrates the feasibility of this technology for applica-
In sample 1, which offered the largest tunability, the insertidiions in K -band satellite communication subsystems such as a
loss varies by several decibels from zero field condition to thieceiver front-end.
Epgak value of 40 kV/cm. In contrast, sample 2, which is
less tunable compared to sample 1, offers low insertion-loss
variation with increasindpea k- It is evident that the insertion

loss does not change appreciably above Hig:ax value This work was performed at the NASA Glenn Research
of 40 kV/icm. The results presented in Figs. 9 and 10 aenter, Cleveland, OH. The authors thank SCT for the samples
significant, as one could compare different geometry tunahieed in this research.

filters for variation in tunability as well as insertion loss for the

range of applied electric-field strengths.

As mentioned earlier in this paper, the higher insertion
losses encountered in YBCO/STO/LAQ filters with respect to [t} R Keenan, “Superconductors improve base-station sensitvityiie-
. ess Syst. Desigduly . p. 32.
the modeled Value? are partially due to the nondeembed_deij] H. Moritz, “Filter brings coverage without interferencéVireless Busi-
nature of the experimental data. In addition, when comparing  ness Technalvol. 4, pp. 82-83, 1998.
the modeled and experimental data, one should realize thaf] R S. Kwok, S.J. Fiedziuszko, F. A. Miranda, G. V. Leén, M. S. Demo,

S t Ivsi to be th and D. Y. Bohman, “Miniaturized HTS/dielectric multilayer filters for
onnet's em analysis assumgsro 10 be the same across satellite communications|EEE Trans. Appl. Supercondugtol. 7, pp.

the sample, while in reality, biasing the microstrip causes local ~ 3706-3709, June 1997.
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