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An HTS Narrow Bandwidth Coplanar Shunt
Inductively Coupled Microwave
Bandpass Filter on LaAl©

Andreas Vogt and Wilhelm Jutz&enior Member, IEEE

Abstract—Coplanar waveguide bandpass filters with shunt 13 mm
inductively coupled resonators using high-temperature supercon- =L
ductors (HTS's) on LaAlO; substrates were developed for high
packing density, narrow bandwidth, and low power applications. 2
The computer-aided design and measurements on resonators to 0.9 mm

test weak end-coupling are described in this paper. A coplanar

three-pole Chebychev bandpass filter with 1.8% 3-dB bandwidth

at 10 GHz and 1.3-dB insertion loss at 77 K was fabricated and _/’

measured. The maximum superconducting current density of the ,l"

filter is evaluated. 3.6 mm
L]

Index Terms—Superconducting filters. Sy —

Fig. 1. Layout of two three-pole Chebychev bandpass filters of 1.8% 3-dB
|. INTRODUCTION bandwidth at 10 GHz on LaAlQ, s = 23.8, implemented as (top) shunt
. . . . inductively coupled coplanar waveguide (filter area 230.9 mn? = 11.7
IGH-PERFORMANCE planar microwave filter circuitSmm?) and (bottom) microstrip (9.& 3.6 mn? = 34.6 mn?).

are feasible with high-temperature superconductors

(HTS’s) thin films. The surface resis_tance of the Cerami‘éther large. Moreover, coupling beyond the adjacent res-
superconductor YB&w07-g (YBCO) is about a hundred ;4015 sections must be taken into account and hamper a

times lower at microwave frequencies than the best normajighiforward design. Variations of the substrate thickness
conducting copper material. Therefore, the conductor arﬁ%y also limit the performance of microstrip filters.
of filter circuits with these materials could be miniaturized 50w bandwidth with inductively end-coupled coplanar
by this factor for qompa_rable perfprmance. Small-size Io"Vésonators can be implemented within a smaller area than
loss superconducting microstrip lines can be mounted Qa, capacitively coupled microstrip lines. The resonators
the c_oldflnger of a readily available glosed-cycle St'r“n_gnust have high quality factors. For example, a nine-pole
machme_[l],_ for example. Superconductmg filters for Sate""éhebychev bandpass filter of 0.2% 3-dB bandwidth with
communication [2] and cellular base-stations [3] have been insertion loss of 0.8 dB requires an unloaded quality
proposed.. . i ) factor (2, = 10000. Moderate-bandwidth filters with ca-
F|Iter§ W|th capacitively coupled parallel microstrips [4] aacitively end-coupled coplanar waveguides have been in-
shown in Fig. 1(bottom) are often used to get a bandpagsyiigated in [6]. Coplanar waveguides (CPW) with normal
characteristic. Broadband filter performance can be designeg,q,cors where the resonators were coupled via inductive
with commercial programs. However, filters with theo des;reghunts were investigated in [7]. A strong miniaturization of
low insertion loss €1 dB) and narrow ba_ndW|th (0.5%-3 /‘_’)coplanar stripline filters with low insertion loss and narrow
on substrates for HTS’s with a large dielectric constant like, |4 vidth is possible with superconductors. An HTS in-
LaAlOs (e, = 23.8) are difficult to synthesize with existing y,,ctively end-coupled CPW bandpass filter with a moderate
computer programs and require a precision implementatiolyqigth of 7.5% at 35 GHz and lateral offsets between
Electromagnetic-field simulations are needed [5]. For a 3-qRe regonators is described in [8]. It is difficult to realize

bandwidth of 1.8% the separation between the parallel-Stdficiently small shunt inductances at 35 GHz and sufficiently
quarter-wavelength sections is about four times the substriaépge inductances at 10 GHz.

thickness. Capacitively end-coupled microstrip filters on large The layout of a shunt inductively coupled coplanar wave-
dielectric constant substrates require large separations to Eﬂide three-pole Chebychev bandpass filter on LaAt® a
plement small capac_it_ive coupling for_ a small_bandwidtr_}t_g% 3-dB bandwidth at 10 GHz is shown in Fig. 1(top).
Therefore, the capacitively coupled microstrip filter area Bhe three resonators are shorted by four symmetric shunt
_ _ _ inductances. A small inductance value implemented with a
Manuscript received August 12, 1996; revised December 9, 1996. ~  proad strip between inner and outer connectors yields a weak
The authors are with the Institutif Elektrotechnische Grundlagen dercoupling between neighboring resonators. Large inductances
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Fig. 2. Shunt inductancé as a function of the widtho and (a) length and (b) of Nb test structures calculated with #raprogram of ®NNEeT (-[1-) , the
analytical formula (-), and measured results with Nk»{}. Layout and the calculated current density distribution for a minimum discretizatioa= 40 um
(gray shadedp; = 0 dBm, A\;, = 365 nm) of a test resonator with = 600-nm thick YBCO films on a 0.5-mm LaAl® substrate, (c) weakly coupled
I, = 4.14 mm, w, = 140pm, w = 500um, s = I = 246 um, (d) strongly coupled, = 4.14 mm, w, = 140um, s = 246 um, w = 500 um,

I = 455 um, w, = 440pum. The circles represent the geometries (c) and (d).

conductors were implemented for the two outer shorts in Fithe coupling between the next coplanar resonator section may
1(top). The length of the shorts between the resonators is sniel neglected, the CPW design is simpler. Coplanar structures
compared with the wavelength. The dimensions of the coplaraae very well suited to integration of complex filters and
shorts are considerably smaller than the separation of #&miconductor circuits at reasonable cost. The dimensions
edge-coupled microstrip resonators in Fig. 1(bottom). Sincé short-circuited inductively end-coupled microstrip filters
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Fig. 3. Layout and calculated current density distribution for a minimum discretization= 40 um (gray shadedj.. = 96 kA/cm? for p; = 0 dBm,
T = 77K, A, = 365 nm) of a 3-dBBW/f, = 1.8% three-pole Chebychev coplanar waveguide bandpass filtgs at 10.06 GHz. The total length
is 2(wo1 + 1 + wi2) + I-o = 12.7 mm, the orthogonal dimension of the shorts is 0.9 mm.

could be of the same order as the CPW solution. Sin2¢c) and (d). Since the minimum discretizatidn= 35 zm has

superconducting vias between the microstrip and the groubeen chosen much larger than the London penetration depth
plane through LaAl@ are very difficult to implement with to reduce the requirement of computer memory and time, the
the present technology, these types of filters are no longerrent densities are expected to be an order of magnitude too

considered in this paper. small; however, the calculated inductances seem to match the
measured results. The results of #ma program mentioned in
Il. FILTER DESIGN the following are used to compare different structures with the

The filter parameters have been determined via a transfop'c mentioned minimum discretization and input power. If

mation of a low-pass prototype in a bandpass betwégs: one d_lm_ensmn is smaller than 3Bn as the widthw in F|g._
. . ) i ' 2r(a), it is approximatedv = A. The peak current densities
50 terminals [9]. The inductively end-coupled bandpass filté .

i . . occur at the rectangular corner of the shunt inductances and
comprises half-wave resonators, symmetric shunt |nduct0{sé inner conductor of the coplanar waveguide in Fig. 2(c)
and about\/4 impedance transformers at output and input1 )

" 4 2 _ 4
[7]. The resonator characteristic impedances were chosertg Jmax = 450 kajem* for A, = 365 nm (YBCO, 77 K) at

_ . R L -dBm input power corresponding to a loaded quality factor
E)(j ﬁ;)é e_qua(;io;'oog' The coupling inductancé. is given Qr = 2760. In Fig. 2(d) the maximum is within the shunt

strip and has the value 60 kA/émat 0 dBm. The quality
Zo _Zo K (1) factor Q. = 33 is much smaller than in Fig. 2(c) owing to
2rfoL K  Z, larger coupling inductances and, hence, stronger loading via

wheref, andK are the filter center frequency and the couplin§'€ 2042 input and output lines. As expected, the maximum

coefficient of the impedancek) inverter. In a first approach current density is larger for larger quality factors. In Fig. 2(d)

for ideal conductors the inductance length of a single strff€ shunt inductor length is larger than the gaps in order to
between two coplanar conducting half-planes with the leng@t @ larger inductance at a minimum linewidth,;,, of the

[ and the widthw has been approximated [7]: inner shunt conductor. - o
To verify the calculations by measurements Niobium test

Ly~ Hol [ln <2_7rl> -1+ E} (2) resonators on LaAl@ substrates were fabricated first. Two
2m w wl hundred-nm-thick sputtered Nb was deposited on one side of

The corresponding calculated inductance of two such strips-@AlOs substrate. The inner conductor width was =
in parallel between the inner conductor and the ground &#0 #m. the gap widths = 246 ;m and the resonator length
the coplanar waveguide versus and ! are represented in ir = 4.14 mm, with a characteristic impedancg, = 502
Fig. 2(a) and (b), respectively, as a dash—dotted line. We@Rd @ center frequency, = 10 GHz. Aluminum bridges ,
coupling, K/Z, = 0.03 for narrow-bandwidth is obtained equidistantly bor_1ded between the two ground conductors
for w/l = 1. In order to check the approximation formmasuppressed slotline modes. The_ce_nter freq_u_ency, the loaded
Nb-resonators have been simulated with the electromagnéit@lity factor@r, and the transmission coefficieftt,, | near
full-wave analysis progranem SONNET [10] and plotted as Jo &7 = 4.2 K'in helium gas were measured with a vector
a dashed line in Fig. 2(a). The properties of the 200-nrR€twork analyzer. The normalized coupling coefficients were
thick Nb films on 0.5-nm thick LaAlQ substrates have beenc@lculated with [9]
specified by the surface resistance at 10 GHz and a constant K 7150
(dc) surfacekineticinductanceu, Az, where)y, is the London 7 A\ 7 EJ .
penetration depth. The measured effective coupling inductance ° L
as obtained by the loaded quality factor and center frequentliye measured unloaded quality factors of these resonators
of the simulatedS-parameter response, is represented in Figith s = [ = 246 um reached?, > 10000 for the weakest
2(a) by a continuous line. couplings v = 1 mm, K/Z, = 0.004). The dielectric losses
The layout of a weakly and strongly coupled resonator witftan § = 8 - 10~% at 77 K [11]) of LaAlO; and conductor
600-nm-thick YBCO films on 0.5-nm-thick LaAlQand the losses R; = 20uf), 10 GHz, 4.2 K [12]) of Niobium
corresponding current density distribution at resonance frghould be almost negligible. The unloaded quality factor of
guency, calculated with them program, are displayed in Fig.the shorted resonator is mainly limited by radiation losses,

(3)
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TABLE | Sp1 log MAG 10 9B/ REF 0 dB
FILTER SPECIFICATION. THREE-POLE CHEBYCHEV wa | ] 5T

center frequency 10.0 GHz
ripple 0.2dB
3-dB bandwidth 120 MHz
insertion loss < 0.1dB

which can be further decreased by reducing the gap widj
s of the coplanar waveguide. Note, that an open resonatpr
would have more than two times higher radiation losses. b j
The measured shunt inductances have been within 80% of 1 !

the calculated values according to (2) for strong couplings /
(17 pm< w < 100 pm) and within 67% of theem-simulation. j
The disagreement between teetrsimulation and the mea- | ... L

surement of the inductances is not yet fully understood. The
influence of SMA-coplanar transitions, box and slotline mode .
on strongly coupled resonators must be further investigate
For weakly coupled structuresu(> 100 pm) the agreement |‘ [ [ ‘ [
between the results ofmsimulation with A/w <« 1 and 1 1 |
measurement improves, where the approximation (2) yield$*"™ -39 000 000 &hz STOP 20.000 000 000 GHz
bad results. Fortunately enough, the required inductances gite 4. Measured|S,,|-parameter as a function of frequency of a

in the ranges, where the agreement is rather Satisfactory (g‘@@-pole Chebychev YBCO coplanar waveguide bandpass filter with a
CirCleS) 3 dB B‘V/fo = 1.8% at f, = 10 GHz on LaAlQ; and atT = 77 K

. . according to Fig. 3.
The measured coupling coefficients have been used as

guidelines to start the design of narrow-bandwidth filter in
the X-band, shown in Table I.

The corresponding coupling coefficient§y; /Z, = 0.11 C-axis-oriented thin films of the high-temperature supercon-
and K12/Z%, = 0.013 [7] yield the inductanced.o; = 91 pH ductor YBgCuwO7 — é have been grown by off-axis sputter-
and L, = 11 pH. Lo; and L;> were implemented with the ing from a stoichiometric target on polished LaAl@ubstrates
geometric parametersy; = wmin = 40 um, lo; = 407um > [14]. The critical temperature and critical current density of
s = 246 pm, w, = 440 pm andwi 2 = 314 pm, l1o = 246 um  superconductivity has been measurefas 89 K, 5.(77 K)=
= s, respectively. The measurements of the inductances in Fig10® A/cm?2. A 50-nm gold layer was thermically evaporated
2(a) and (b) were done partly after the final filter design, so tloe the 600-nm thick YBCO film in certain areas for low-
extrapolated geometridg; = 407 um andwio = 314 um for  ohmic-resistive contacts for aluminum bond bridges between
Ly and L1 were used. According to Fig. 2(a) and (b), thesthe coplanar grounds, at coplanar to coaxial connectors and for
structures yield too high inductancés, = 110 pH andLi> = trimming of the shunts. The gold film partly covered the shunt
19 pH. However, the filter was realized with this geometnjinductors in order to trim the filter properties by piecewise
Sufficiently small shunt inductances can be achieved. Smaltemoving of the normal conducting layer.
characteristic impedances of the resonator sections than 50he structures were patterned by argon ion-beam etching.
 and offset transmission lines [8] are not needed herEhe filter was mounted in a gold-plated brass housing with
Moreover, smaller resonator characteristic impedances &mser dimensions 1% 5 x 6 mm?® and SMA connectors.
avoided as they lead to higher current densities. No absorbing sheets are introduced to attenuate unwanted box

At 10 GHz a surface resistance of 600-nm-thick YBC@esonances. The coplanar ground contacts with the housing
films R, (77 K) = 375 p£2 has been assumed and a wavelengthere reinforced with indium-wires and silver paste.
on the YBCO line (London penetration depth(77 K) = 365 The S-parameter measurements have been performed with a
nm) with a LaAlO; substrate £.(77K = 23.8) A = 828 vector network analyzer. The filter package was placed inside
mm has been calculated. The kinetic inductance decreaaemld helium-gas cryostat via flexible cable and stainless-steel
the propagation velocity and wavelength of this YBCO lineemirigid cable with an overall length of 7 m. &t= 77 K an
compared to ideal conductors with 5%. The correspondimgsertion loss calibration comprising a SDsuperconducting
layout and theemcalculated current density distribution (graycoplanar waveguide of the overall filter length and SMA
scaled) are shown in Fig. 3. The input power level 0 dBm wasnnectors and a short-circuit reflection calibration at the
chosen to easily compare the results with a common standadd of the input SMA connector without CPW have been

A SPICE simulation with lumped shunifs;, and distributed performed.
lossy transmission lines with., = .3 = 3974um, [, = The measure{lS,, |-parameter as a function of frequency up
4105 um and R’ = 0.012R,/pm= 4.5uQ/pm, L' = 604 to 20 GHz of the three-pole CPW bandpass filteffat= 10
fH/pm, ¢’ = 242 aFjum [13] neglecting radiation coupling GHz andT = 77 K on LaAlO; is plotted in Fig. 4. In
yields a good agreement with the design goals of 120-MHize whole frequency area the filter performance is disturbed
3-dB bandwidth. The simulated insertion loss wids = 0.2 neither by slotline modes nor box resonances. No couplings
dB. between the next resonator section seems to occur. The filter

>
———
.._——"'—'———-——’_

Ill. FILTER FABRICATION AND MEASUREMENT
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0 =0 TABLE I
em-calculation measurement
-5 -10 center frequency 10.1 GHz 10.06 GHz
ripple 0.5dB 1.0dB
@ -10 -20 m fractional
~ N 3 dB bandwidth 1.9% 1.8%
2 15 -30 3 ; ;
- = insertion loss < 0.1dB 1.3dB
E i g return loss > 6dB > 7 dB
g -20 t -40 —
8 g
£ 2
153 ©
£ 25 CPW 50 = 0
‘ en
-30 -60 -10
9.75 10 10.25
fir /GHz ~— ™
equency f z . 20 CPW
@ =
= -30
géi log MAG 5 dB/ REF 0 dB 1 0 das E 40 microstrip
@ ol coo oo odo GHz £ |
Max ANREF=1 é -50
BW: . 162 B85 97 GHz &=
gent: M0.059934642 GHz 80
a: 614.951 .
: L 4 lpes: +1.2632 d? ) 95 9.75 frequency}? GHz 1O'LJO'5
\’,—' ~k o~ e NG \/{ K-\/q 'N_._/\/ . . .
2 2 A Fig. 6. The emcalculation of |S|-parameters in the passband of 3-dB
\ N BW/ fo = 1.9% three-pole Chebychev YBCO microstrip and CPW bandpass
\ P ) filters on LaAIG;.
/ \ /.' \/ \
\] for YBCO films (R;(77 K, 10 GHz) = 375u8, t > Ar).
f The above measurement was calibrated with &5@splanar
/ waveguide having the same cross-sectional geometry and the
same male and female SMA connectors as the filter. This
/ coplanar waveguide yieldetd. = 1 dB as calibrated with only
- female and male SMA connectors. So the measured insertion
/ loss seems to be quite sensitive to the adjustment of the
CENTER 10.000 000 000 GHz SPAN .500 000 000 GHz

coaxial SMA-CPW transition. The return loss measurement
(b) of §,, is plotted in Fig. 5(a) and (b) as a dash-dotted
E;gé g-d B(g)‘;/h]?eTCfg:;Iiﬂ?gebyolﬁeNgiTe%f Icihle%grggiri ilr;l ;f; misébiriléiline. It has been me_asured by a timg-domain ga_te, filtering
bandpass filtel af, — 10,06 G on LaAIZ)g, and (b) the o g <the connector reflections of the long interconnection cables,
atT = 77 K. therefore, the frequency resolution was reduced. The measured
center frequencyf, = 10.06 GHz and the 3-dB bandwidth

1.8%- f, has been in good agreement with #a-calculation,

roll-offs are nearly symmetric to .the cgnte.r frequency. Thz%though the discretization gridz = 40 m was rather rough
frequency slope of the left and right side is 16 MHz/3 dBgmnared with the stripline cross section. For a narrower
ar_ld 15 MHz/3 dB, respectively, which is in good agreemegh qwidth the width of the two inner shunt inductors must
with 12 MHz/3 dB, the value of the design tables [9]. Thgq increased according to Fig. 2(a).

maximum output power of the network analyzer = —10 The surface current density distribution of the filter cal-
dBm has been increased with an external amplifier by 25 dg;jateq forAy = 35um at 10.06 GHz in Fig. 3 increases

no degradation of the filter bandwidth and passband ﬂatn%s@ﬁ)ngw near the stripline borders and at the shunts. The

has been observed. highest calculated values are found on the inner conductor
The em-calculation of the filter layout in Fig. 3 exhibitedof the coplanar waveguide at the rectangular corners of the

a 3-dB bandwidthBW = 190 MHz, which is larger than inner resonator with the weakest coupling, but with wide

the mentioned 120 MHz of SPICE simulation with inductivenductor widths. The maximum current density in the passband
shunts and lossy transmission lines. The measured results gng, .. > 96 kA/cm? for p; = 0 dBm input power and

the em-calculation of the|.S|-parameters as a function of the)\L(77 K) = 365 nm. In comparison, a three-pole microstrip
frequency in the passband at 10 GHz are compared in Higandpass filter has been designed and simulated witerthe
5(a) and (b), and shown in Table II: program. The thickness of the LaAlGubstrate waé = 0.5

After trimming the input inductors by removing gold ormm, the strip widthw = 160 um. A layout according to Fig.
adding dots of indium, a flat filter passband was achievetibottom) has been used. The simulated insertion loss versus
The measured insertion lodd, = 1.3 dB was higher than the frequency is plotted in Fig. 6. The passband ripple has not
IL < 0.1 dB, the calculated value with themprogram vyet been optimized. The calculated maximum current density
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with a minimum discretizatiomA = 40 um for p; = 0 dBm high-temperature superconducting microwave filtetsf. J. Microwave
is Jmax < 88 kA/cm? at the inner YBCO resonator and onIy and Millimeter-Wave Comput.-Aided Engol. 5, pp. 331-343, 1995.

. . 6] D. F. Williams and S. E. Schwarz, “Design and performance of coplanar
about 9% smaller than that of a CPW filter having comparablé waveguide bandpass filterdEEE Trans. Microwave Theory Techvol.

bandpass characteristics. The calculated maximum current MTT-31, no. 7, pp. 558-566, July 1983.

density ratio at the chosen cross sections of microstrip and! - KA. Everad and K. K. M. Cheng, "High performance direct coupled
bandpass filters on coplanar waveguid&EE Trans. Microwave Theory

CPW stays essentially constant if the minimum discretization  tech, vol. 41, pp. 1568-1573, Sept. 1993.

is reduced below the London penetration depth. [8] D.G. Swanson, Jr. and R. J. Forse, “An HTS end-coupled CPW filter at
35 GHz,” in IEEE Microwave Theory and Tech. Symp. Diday 1994,
vol. 1, pp. 199-202.
[9] G. L. Matthaei, L. Young, and E. M. T. JoneMlicrowave Filters,
IV. CONCLUSION Impedance-Matching Networks and Coupling Structuresew York:

. . McGraw-Hill, 1964.

Des_lgn ar_]d measurement of CompaCt_ narrow'band\’\_”%] emUser’s Manual andkgeom User's Manua] Liverpool, NY: Sonnet

shunt inductively coupled coplanar waveguide bandpass filters Software, Inc., 1994.

with Y1Ba,Cu;O7 — § films on LaAlO; substrates at 77 K [11] J. Krupka, R. G. Geyer, M. Kuhn, and J. Hinken, “Dielectric properties

has been described. The filter design has been aided by an °FSndle crystals of Al0s, LaAlOs. NdGa0;, SrTio; and MO at

CHDECE I g I )Y @N ¢ryogenics temperatures|EEE Trans. Microwave Theory Teghvol.

electromagnetic wave analysis program. SONNET calculations 42, pp. 1886-1890, Oct. 1994.

and measurements have been in good agreement. A three-ptfleA. Vogt, R. Herwig, P. Marienhoff, M. Neuhaus, T. Scherer, and
. . . W. Jutzi, “Microwave surface resonances with partially untwinned

Chebychev bandpass f!lter at 10.06-G_Hz 1._3-dB insertion 10SS, yBCO films near 10 GHz,1EEE Trans. Appl. Superconductol. 3,

and 1.8% 3-dB bandwidth for a receiver filterbank has been pp. 1715-1718, Mar. 1993.

achieved. For comparable bandpass characteristi§2(50e [13] R. K. Hoffmann, Integierte Mikrowellen Schaltungen Berlin, Ger-

o b many: Springer-Verlag, 1983.

bandwidth, roll-off, center frequency) the coplanar waveguid@a] T. Scherer, R. Herwig, P. Marienhoff, M. Neuhaus, A. Vogt, and

structure requires less than half the surface area at the expenseW. Jutzi, “Offiévﬂf Sputte;edY;BazNCus(lh_is films on NdGaO3,”

of only 9% larger maximum current density than the microstrip ~ ¢Yegenics vol- 31, pp. 975-978, Nov. 1991.

structure. The design and trimming of CPW filters is simplified

as radiation coupling between resonators is very small. The

measured insertion losses can probably be decreased wit

improved coaxial to coplanar waveguide transition.
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