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Superconducting Filter for IMT-2000 Band

Genichi TsuzukiMember, IEEEMasanobu Suzuki, and Nobuyoshi Sakakibara

Abstract—n this paper, a new design of microstrip-line super- /

conducting filters for IMT-2000 band application is presented. The
design features high selectivity by means of creating transmission %{1
zeros and using many resonators. As a demonstration, a 16- and ——

32-pole filter were fabricated using YBCO films on a half-area and ‘ | 6 5
on the full area of 3-in-diameter MgO wafers, respectively. Excel- T B

lent attenuation of more than 30 dB, 420 kHz from the lower band |
edge, and 400 kHz from the upper band edge for the 32-pole filter \ ao op
was achieved. The filters were tuned not with mechanical tuning

screws, but with a dielectric film. The tuning was carried out based iBa
on a novel method of measurement. These techniques are also de-
scribed.
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Index Terms—Cross-coupling, filter, superconductor, tuning.

Fig. 1. Layout of coupling J-shaped hairpin resonators and its equivalent
circuit.

. INTRODUCTION

E PREVIOUSLY presented a superconducting filter folransmission zeros at both band edges and to pack more res-
the IMT-2000 band, having a 5-MHz bandwidth [1]. Theonators into the limited wafer area. By introducing J-shaped
filter featured the narrow bandwidth because superconductingirpin resonators and the circular arrangement, the filter could
filters are advantageous over conventional filters for narro@ecommodate 16 resonators on a half-area or 32 resonators on a
bandwidth applications due to their high unloadgdactor. full area of a 3-in-diameter wafer and exhibited excellent steep
The filter consisted of ring resonators that were arranged irskirt cutoff performance.
circle. The ring resonator filter realized both narrow bandwidth Filter tuning is also presented. The tuning process is carried
and compact size through the form of the resonator and the amt by a novel method of measurement of design parameters
rangement. As the next goal, we present basestation receiverdfla filter such as resonant frequency. A dielectric thin film was
ters for the IMT-2000 band, having a 20-MHz bandwidth and @eposited on each resonator to shift its resonant frequency based
1930-MHz center frequency. We focused on a 20-MHz bandn the information obtained from the measurement. As a result
width because it is considered as the widest bandwidth ofohthis permanent tuning, the filters need no mechanical tuning
channel in the IMT-2000 system. Furthermore, it is more dikcrews.
ficult to obtain a steep skirt slope for a 20-MHz bandwidth than
for a narrower bandwidth, such as 5 MHz, because the degree Il. FILTER DESIGN
of the skirt slope decreases in proportion to bandwidth. RF fil-
ters are required to have steep skirt responses to cut off sig
of neighboring channels or of other systems. If the RF filters A cross-coupling technique to create transmission zeros
cannot sufficiently cut off such out-band signals, a low-noideas been developed [2], [3] for the realization of steep skirt
amplifier and/or other nonlinear devices may cause distorti@nd-edge slope. The technique has also been applied to several
signals of higher order intermodulation into its own channédmped-element planar high-temperature supercondutor (HTS)
by the out-band signals. The distortion signals will badly affediters [4], [5]. In those studies, transmission zeros were created
communication quality, which will be a major problem for theat the desired frequencies by intentionally introducing cross
IMT-2000 system. couplings into the circuit and adjusting them. However, it is not
Prompted by the above situation, we developed two kinds 89 easy to control only the intentional cross couplings using
filters. One features both a steep skirt cutoff response and #xe distributed element planar configuration because unwanted
cellent low insertion loss achieved by using 16 resonators. TB®SS couplings are unavoidable in the configuration. In other
other features outstanding even steeper skirt cutoff performaméerds, coupling itself between distant resonators is intrinsic in
through the use of 32 resonators. These filters were designed o propagation of electromagnetic energy in this configuration.
lowing the idea of the resonator’s arrangement of the ring res-We take another approach to realize transmission zeros for
onator filter, but by improving the shape of the ring resonator. Ristributed element filters. By this approach, transmission zeros
this paper, a J-shaped hairpin resonator was proposed to crééleappear at both band edges through the effect of all cross
couplings, not by only some intentional cross couplings. We
, , , propose a J-shaped hairpin resonator and an arrangement of
Manuscript received March 1, 2000; revised August 23, 2000. . . .
The authors are with Cryodevice Inc., Aichi 470-0111, Japan. the resonators. Fig. 1 shows the configuration of the J-shaped
Publisher Item Identifier S 0018-9480(00)10783-5. hairpin resonator and the arrangement. The J-shaped resonator
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Fig. 2. Several kinds of J-shaped resonator’s forms and their coupling coefficients’ dependence on center angle. Solid line denotes positilasbig lare
denotes negative sign of coupling.

consists of an arc and two lines. Each resonator is arranged on @he coupling coefficienk, s between two ports: and 3 in
circle to accommodate as many resonators as possible in a lan-equivalent circuit in Fig. 1 is defined and given as [6]
ited wafer area. Coupling intensity between J-shaped resonators
is controlled by adjusting the center angleetween them and by — Jop

. . , af = —r——
the ratio of two lines’ length of the resonator. ’ Vbabgs
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where .J,z is the admittance inverter parameter dnds the
resonator slope parameter at the resonant frequéndgfined i :' L ;g:gz:z
as i ; ' 1
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The resonator susceptangB; and the admittance inverter pa- ;
rameter/, s are related to th& -matrix elements between ports
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The coupling coefficient’s dependence on the center angle was
examined for several configurations illustrated in Fig. 2. The
coefficient was calculated at 1930 MHz, which was the centeig. 3. Simulated results for the 16-pole filter plotted by dashed line and for
frequency of the filters presented in this paper, using a comm@e 32-pole filter plotted by solid line.

cial two-dimensional (2-D) electromagnetic (EM) simulator.
The ratio of the lengths of two lines differs in Fig. 2(a)—(e).
The configuration in Fig. 2(a) has a positive sign of coupling
independent of its center angle, while the configuration in
Fig. 2(e) has a negative sign independent of its center angle. Ir
the cases of configurations from Fig. 2(b)—(d), each coupling
changes its sign at the center angle. This indicates that both the
sign and magnitude of coupling are controllable by adjusting
the ratio of the two line’s lengths of the J-shaped resonator. In
this paper, we adopted the configuration in Fig. 2(c) to realize
filters having a steep skirt cutoff response in a limited wafer
area.

Frequency [MHz]

B. J-Shaped Hairpin Resonator Filters

Two kinds of Chebyshev response filters were designed as ex-
amples of the J-shaped hairpin resonator filters. They consistec
of 16 resonators and 32 resonators. The design specification:
were a 1.09% bandwidth and a 0.02-dB passband ripple for the
16-pole filter, and a 1.06% bandwidth and a 0.005-dB passbanc
ripple for the 32-pole filter. The bandwidth for the 16-pole filter
was designed to be slightly wider than that for the 32-pole filter
because the design of the 16-pole filter was aimed at achieving
not only a steep skirt, but also low insertion loss and low group
delay deviation by expanding the bandwidth.

As shown in Fig. 2(c), the coupling changes its sign from (b)
negative to positive at the poift = 20.8 degree. With this _ ) i
change of the sign, transmission zeros appear at both band edfed (@) 16-polefilter. (b) 32-pole filter.
for the two filters, making the skirt slope steeper. Fig. 3 shows
simulated results for the two filters. The results were calculatér
using an equivalent-circuit model. The model consisted of re-
onators, couplings between terminal resonators and input/output
load, couplings between adjacent resonators and cross couplings
between nonadjacent resonators. All cross coupling paths wer&he 16- and 32-pole filters were fabricated using YBCO films
taken into account for the 16-pole filter. For the 32-pole filtelgn a half-area and on the full area of 3-in-diameter MgO wafers,
cross coupling paths shorter than 16 intervals of resonators wegspectively. Fig. 4 shows their photographs. For the 32-pole
considered. For example, coupling between the first resonafitter, a keyhole shape was cut out of the wafer, in which to set
and the seventeenth resonator was taken into account, but au£EM shield in the filter case, as shown in Fig. 4(b), using
pling between the first resonator and the eighteenth resonaaoYAG laser cutting machine. The shield, which consists of a
was not. Couplings between farther resonators farther apart titatumn and partition, obstructed unwanted shortcut cross cou-
17 intervals were ignored because the EM shield describedpimg among far resonators, in particular, direct coupling be-
the following section obstructed them. The simulation predictéeleen input and output resonators. This idea was carried over
that transmission zeros would appear at both band edges. Sfuem our previous paper [1].

nsmission zeros would be the results of the change of the sign
coupling mentioned above.

I1l. FABRICATION AND MEASUREMENT
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PERFORMANCE OF16- AND 32-POLE FILTERS AT 70 K
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Fig. 6. Measurement of IM3 for the 16-pole filter at 70 K. The solid circle
Frequency [MHz] denotes IM3 at 1930 MHz caused by in-band fundamental signals. The open
(b) circle denotes IM3 at 1930 MHz caused by out-band fundamental signals.

Fig. 5. Measured responses at 70 K for: (a) the 16- and (b) the 32-pole filters. ) ]
45 dBm. Another intercept point of IM3 caused by two out-band

: ) fRndamentaI signals, which were 1945 and 1960 MHz, was at
Fig. 5 shows measured responses for the two filters at 70 K. ithouah di ion for th le filter h
In both results, a transmission zero appeared at the upper bgh?%nd 60 dBm. At. oug distortion for the 32-p0_ € 't?r as

’ een measured, itis expected that the 32-pole filter will show

dge. Th It d with the prediction of the simulati}y
reesguelt.s sheovrvens?n Sgree Wi € prediction of 'he simufa '%@ﬂost the same-order IM3 as the result of the 16-pole filter be-
g. 3. A transmission zero at the lower ban . .

. ause these two filters were designed to have almost the same
edge for both filters and another one at the upper band eqc%endwidth
for the 32-pole filter, which were predicted by the simulation, '
could not be distinguished because of the influence of the back-
ground noise of around-90 dB. However, the measured re-
sponses showed consistent agreement with the simulation reFilter tuning presented in this paper is based on the measure-
sults regarding the bandwidth and skirt slope. ment of three fundamental design parameters of a filter: reso-

Table | shows the performance of the two filters. The 16-poleant frequencies of resonators, coupling coefficients between
filter achieved an excellent insertion loss of less than 0.4 die resonators, and loadéglbetween the terminal resonators
while it attenuated out-band signals of 30 dB, 1280 kHz from thend external load. These have been measured by a novel method,
lower band edge, and 1150 kHz from the higher band edge. TWwkich does not cause damage to the filter, such as cutting its sub-
return loss was better than 15 dB and group delay deviation vwssate.
about 300 ns. The 32-pole filter exhibited outstanding selectivity The tuning procedure is as follows. First, every resonant fre-
performance. The filter attenuated out-band signals of 30 d@jency of resonators that compose the filter is measured. From
420 kHz from the lower band edge, and 400 kHz from the hightirese results, we can identify which resonators should be tuned
band edge. The filter also exhibited a good insertion loss of lemsd how much frequency should be shifted. Second, a dielectric
than 1.2 dB in spite of a lot of pole numbers. This result wd#m is deposited on the resonators to shift resonant frequency to
achieved due to the high unloadédfactor of the resonators of the desired values. In principle, a dielectric film is unable to shift
around 120000 at 70 K. resonant frequency up so resonant frequencies should be de-

Fig. 6 shows the measurement of distortion of third-order isigned to be initially higher than their desired values. The shifts
termodulation (IM3) at 70 K for the 16-pole filter. The input in-are adjusted through the thickness of and area covered by the
tercept point of IM3 at 1930 MHz caused by two in-band fundatielectric film on each resonator. The purpose of this step in the
mental signals, which were 1933 and 1936 MHz, was as hightasing process is to equalize passband ripple. Therefore, after

IV. FILTER TUNING



TSUZUKI et al: SUPERCONDUCTING FILTER FOR IMT-2000 BAND 2523

CH1 Sp4 log MAG 10 dB/ REF -30 dB 1; -50.844 dB

&3 1.931 177 792 GH2|
2)-52.8 B

4 a
3.7167 GHZ|

eor IMARKER |1

1[.93{777F52 [GHz

\\ i

START 1.000 000 000 GH2 STOP 4,000 000 000 GHz

Fig. 8. Measured result of resonant frequency. The resonant frequency is
Fig. 7. Layout of resonant frequency measurement, except for thwdicated byMARKER 1. One of doubly shifted resonant peaks of the other
two-terminal resonators. Pieces of strip conductive tape were put on wdbonators is indicated byARKER 2.
resonators, except for the measured resonator.

19325 ———m—————
this step, passband ripple is tuned but tuning of center frequer -

is not yet completed. Finally, a dielectric film is deposited uni _ - "o

formly over the entire surface of the filter. The center frequencz
is shifted to the proper position without the degradation of pa& 19329 ¢ |
band ripple.

A. Method of Measurement

nt Frequency (M

The idea of the method of resonant frequency measuremi g 19315 ¢ . 1
is simple. Two semirigid probes, which were connected wit &
a network analyzer, were set beside each end of a reson:
of which the resonant frequency was to be measured. Tt
is similar to the well-known method of resonant frequenc 19310 ———
measurement of a single resonator. In this case, however, 1234567 8910111213 141516
other resonators affect the measurement because they h Resonator Number
almost the same resonant frequencies and couple with the
measured resonator. The interference of the other resonafdfs”
must be avoided in the measurement. For that purpose, we
developed the following technique. Pieces of strip conductiveas set beside one end of the resonator. The filter connector
tape were put on the gaps between the two lines of the otheas connected to the feed line that was tapped onto the ter-
J-shaped resonators to form them into closed-loop resonatoninal resonator. A photograph of the layout is shown in Fig. 10.
A photograph of the layout is shown in Fig. 7. By this techboaded¢) of the terminal resonators also can be measured by
nique, resonant frequencies of closed-loop resonators doulileid measurement and is calculated from
because they resonated as one-wavelength resonators, while
the target resonator remained a half-wavelength resonator. As Qr = fo
a result, interference of the other resonators was removed, as A
shown in Fig. 8. The resonant frequency of the target resonajghere f, is the resonant frequency anxis the bandwidth at
was measured at 1931.778 MHaARKER 1). Doubly shifted 3 4B attenuated from the top.
resonant frequencies of the reset resonators were measured @pupling coefficients between two resonators can be mea-
around 3.7 GHzMARKER 2). Double peaks at around 1.7 GHzgyred in a similar way as the resonant frequency measurement.
appeared as cavity modes of the instrument shown in Fig. Fieces of strip conductive tape were put on all resonators, except
These peaks also appeared at 300 K where superconducting#@stwo coupling resonators of which the coupling coefficient
onators were not able to resonate. By changing the resonaiggs measured. Two semirigid probes were set beside each end
to be measured one after the other, the resonant frequencypfhe two resonators. Original resonance of two resonators is
every resonator is obtained, except for the two input and outRyfiit into two peaks by the effect of coupling between them, as
terminal resonators. Example of measured resonant frequengiggwn in Fig. 11. The coupling coefficiehtis calculated from

is shown in Fig. 9. _ the measured two values of peafksand f, as
Resonant frequencies for the two-terminal resonators were
|f1 — fal

measured by connecting one of two ports of the network ana- b —
lyzerto a probe and the other port to a filter connector. The probe T (i f))2

Example of measured result of resonant frequencies for a 16-pole filter.
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Fig. 13. Tuned 16-pole filter substrate. CeGilm was deposited on
Fig. 11. Measured result of coupling resonators. Original resonance of twesonators. Deposition area and its position were different for each resonator.
resonators is split into two peakg, and f. by the effect of coupling between
them. . i

of this, 20 types of photomasks were prepared corresponding to

tlge 20 digitized differences. Dielectric film was deposited by the

Both IoadedQ and coupling goeff|C|ent can be measured, blﬁ toff technigue on the substrate patterned by the photomasks.
cannot be adjusted after fabrication. Therefore, the measyre

ment should be carried out on an experimental stage before tﬁ% 13 shoyvs an_exgmple of a tuned 16-pole filter substrate.
final fabrication in order to examine the difference between EM > the dielectric film material, Cefwas used for the fol-
simulation and real devices. Fig. 12 shows the results of the len?yvmg r.easons. . i

ference between EM simulation and measurement. Once the dif-) tis well matched with the YBCO film and MgO substrate
ference has been determined, the results are introduced in the SINCe itis used as the buffer layer for YBCO film deposi-
next design process toward final fabrication. Consequently, the  ton-

filters need no tuning regarding loadédand coupling coeffi- 2) Stable deposition is easy because it is composed of only
cient. two chemical elements.

3) It has a relatively high dielectric constant of about 26 so
B. Method of Resonant Frequency Shift that it easily shifts resonant frequency.

In this paper, every resonator was tuned such that the reso-
nant frequency was shifted to be equal to the lowest one among
all resonators. To carry out deposition processes of dielectricSeveral lumped-element planar HTS filters have been re-
film simultaneously for all resonators, the differences in the reorted [4], [5]. They have realized steep skirt band-edge slope
quired shifts were converted to the deposition area of the filas a result of achieving transmission zeros. The zeros were
and its position on each resonator. The differences were digieated and controlled by some cross couplings. In this paper,
tized into 20 for convenience with satisfactory accuracy. Thee approached this subject by adopting a distributed element
contribution of deposited position to the frequency shift at treructure. The J-shaped hairpin resonator was introduced to
end of a resonator is more effective than that at the center ledfectively create the transmission zeros. We selected the
cause the electric property is capacitive there. By taking accoulitributed element structure because it had the advantages of

V. CONCLUSION
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lower insertion loss and lower IM3 over the lumped-element [6] G. L. Matthaei, L. Young, and E. M. T. JoneMicrowave Filters,
structure. In general, a distributed element structure has a !mpedance-Matching Networks, and Coupling Structurdsorwood,
. . . . MA: Artech House, 1987.
higher @ factor and higher power-handling capability than a
lumped-element structure because of the difference between
their linewidths.
A novel method of filter tuning has been presented. A col
ventional mechanical screw is difficult to tune if filters consis
of many resonators, such as the 16- or 32-pole filters. We [ =4
lieve that the method of measurement and tuning presentec £
this paper will be applicable to lumped-element filters or plani )
filters with more complicated layouts. This method also cor ™ \ et s Eo g o o 1000, T s Attt
tributes to miniaturization of the filter's package by removini Advanced Mobile Telecommunication Technology

the need for tuning screws, and to high reliability owing to per- Inc. (AMTEL), where he was a Technical Staff
manent tuning. Member. During these years, he designed and developed several HTS filters for
wireless application. In 1999, he joined Cryodevice Inc., Aichi, Japan, where
he is currently in charge of development of HTS filter subsystems for wireless
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