2924 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 12, DECEMBER 2002

Ultra-Selective 22-Pole 10-Transmission Zero
Superconducting Bandpass Filter Surpasses
50-Pole Chebyshev Filter

Genichi TsuzukiSenior Member, IEEEShen Ye Member, IEEEand Stuart Berkowitz

Abstract—An ultra-selective filter for third-generation (3G) | |
and fourth-generation wireless application is presented. The |
demonstrated filter consists of 22 resonators and five cross cou-
plings that produce ten transmission zeros. The filter was designed | |

at 1950-MHz center frequency with a 20-MHz bandwidth to meet |
existing 3G wireless applications. The measured filter data shows _ )
excellent selectivity, better than 30-dB/100-kHz skirt slopes, and Fig: 1. Topology of the proposed clip-form resonator. It resonates at
90 dB of rejection at 350 kHz from the band edge. This filter 1950 MHz as ahalf-wavelength resonator. A size of the resonator is 2.15 mm

width x 9.6 mm length and its linewidth is 0.3 mm.

performance surpasses the performance of a 50-pole Chebyshev
filter. In order to fit a large number of resonators into a limited
wafer area, a new compact resonator was developed. The filter I mm =3 M T3
was fabricated using a YBCO thin film on a 2-in MgO wafer.

Index Terms—Bandpass filter, cross-coupling, group delay, e o o
high-temperature superconductor, transmission zero.

. INTRODUCTION

IGH-TEMPERATURE superconductor (HTS) filter sys-

tems have been tested in third-generation (3G) wireless
base stations. Significant improvements, such as increased cov-
erage area and reduced dropped-call rates, have been reportec
[1] by a cellular operator. However, higher selectivity filters are
still required, due to the tightness of frequency resources and the
problem of interference from out-of-band signals. These sharper o — —
skirt filters are especially in higher data-rate communications, (b)

such as in commercial 3G and in the future fourth-generati®iy. 2. Resonators’ alignment for two kinds of resonators. (a) Clip resonator.
(4G) wireless applications (b) Hairpin resonator. Resonators in each topology are aligned in the same

. _separation unit: 3.0 mm for the clip resonator and 4.6 mm for the hairpin
Several papers have reported progress on higher selectiyébnator. Both topological resonators have the same value of coupling

HTS filters. A highly selective 32-pole Chebyshev HTS filteroefficient between adjacent resonators when they aligned in the unit
has been demonstrated using a 3-in HTS wafer [2]. A cross-cSgearation-
pling technique to produce transmission zeros at the band edge

for realizing very sharp rejection slopes has been reported [3], < Q Q
[4]. This technique has been applied to HTS microstrip filters NN
(@) (b)

(5], [6]-
In this paper, we will demonstrate an ultra-sharp skirt filter
that has 22 poles and ten transmission zeros. The performance of
the filter is able to surpass the performance of a 50-pole Cheby-
shev filter, as discussed in Section IIl. To realize this filter, a © (d)

quadruplet cross-coupling technigue was introduced to produgg 3. Several kinds of cross-coupling structures. (a) Canonical structure.
(b) Trisection structure. (c) Quadruplet structure. (d) Canonical asymmetric
structure. Solid lines denote the main path of coupling and dashed lines denotes
cross-coupling.
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Fig. 4. Diagram of coupling structure of the 22-pole with ten transmission-zero filters. Solid lines denotes the main path and dashed line siecotgsiog
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Il. FILTER DESIGN s

3 Jag

To realize a 22-pole filter in a compact size with low inser-
tion loss, the resonator has to be small and also it has to have a 2
high-Q factor. For that purpose, we used a half-wavelength dis- ) o )
tributed resonator to achieve a high@rfactor, but the line was ;Ig. 5. Equivalent circuit of one of the quadruplet cross-coupling of the
folded as a meander to reduce its size.

Fig. 1 shows a new “clip resonator.” The resonator has a small i
loop at the middle of the line, the lines continue down straight f- CouPling Structure
parallel and close each other, and then the lines are folded outSeveral kinds of cross-coupling structures have been studied
ward. By aligning the lines of the hairpin in parallel and clost® produce the transmission zeros near the band edge. Fig. 3
to each other, radiation from one resonator to the others cand@ws some typical structures. Cross-coupling structures called
reduced because the electric current at any two symmetrical panonical structures, as shown in Fig. 3(a), can produce the re-
sitions, with regard to the center of the resonator, flows in oppquired transmission zeros, but this approach is too complicated
site directions. Therefore, the electromagnetic field is reducéat the design and tuning of such high-order filters. A trisection
by the opposite current flow in the parallel lines, hence, the restructure, as shown in Fig. 3(b), has the advantage that each cor-
onators can be placed close to each other. responding cross-coupling can control each transmission zero

To fit 22 resonators on a 2-in wafer, not only the resonattwcation independently. The quadruplet structure in Fig. 3(c) can
itself has to be small, but also the distance between resonafmeduce two transmission zeros at both band edges symmetri-
has to be small. Fig. 2(a) and (b) shows alignments of tvaally. The locations are adjustable by changing the cross-cou-
different kinds of resonators, i.e., for the clip resonator and fpfing value. A quadruplet structure can make more transmis-
a conventional hairpin resonator, respectively. Both resonatsien zeros using fewer resonators than the trisection structure. A
have the same linewidth (0.3 mm) and the same resonatooss-coupling structure called canonical asymmetric block, as
width (2.15 mm). The clip resonator is only 9.6 mm long, whilshown in Fig. 3(d), had been proposed [7] to produce transmis-
the conventional hairpin is 15 mm. The distance between twmn zeros more effectively. This structure also provides inde-
adjacent resonators (center to center) requires 3 mm for fiendent adjustment of zero locations, but filter tuning becomes
clip resonator, as opposed to 4.2 mm for the hairpin resonatomre complicated. The end resonators on each cascaded unit
in order to realize a typical coupling value of approximatelfrom Fig. 3(b)—(d) can be duplicated to build up higher order
5 x 10~ for a 20-MHz bandwidth design in the 3G bandfilters.

The clip resonator needs only a 28.8%39.6) mn? area per We chose a quadruplet cross-coupling structure for the
one resonator unit, while the conventional hairpin resonatd2-pole filter in this study. We used this structure to maximize
uses a 63 (4.% 15) mn¥ area per one resonator unit. Hencehe number of transmission zeros, while keeping a simple
the clip resonator can reduce the filter size by 54% from tleoss-coupling structure to design and tune. For this 22-pole
conventional hairpin layout. filter, the tolerance for each cross-coupling is tight. Since zero

It is also very important to reduce the parasitic coupling béacations are very close to the edge, the impact on the filter
tween nonadjacent resonators to maintain good return loss aaspbonse from a variation of the cross-coupling value is more
rejection slope symmetry. In some cases, this parasitic couplisgrious. The balance between the main coupling, which is the
produces a transmission zero at its band edge [2], which aasupling between adjacent resonators, and the cross-coupling
occur on either side of the filter. Although this effect makeis very sensitive for this filter.
the filter slope steeper, the location of the transmission zero isThe 22-pole filter was designed to meet one of the existing
not controllable. We tried to reduce this unwanted parasitic coBG wireless bands; a 1950-MHz center frequency and a
pling in order to place the intended transmission zeros at desi@MHz bandwidth. Fig. 4 shows the coupling structure for this
locations. The intensity of the major parasitic coupling causditter. Five cross-coupling paths were added between the second
by next-adjacent resonators was calculated to be approximatety fifth, sixth and ninth, tenth and thirteenth, fourteenth
2% of the main coupling between adjacent resonators for thed seventeenth, and eighteenth and twenty-first resonators.
clip-resonator case, while the ratio was approximately 5% f&ig. 5 shows the equivalent circuit of the first quadruplet
the as compared to the hairpin resonator. cross-coupling block of the 22-pole filter. As shown in Fig. 5,

A. Resonator /
H

2-pole filter.
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Fig. 6. Comparison of calculated performance between the 22-pole filter and an ideal 50-pole Chebyshev filter. (a) Rejection curves at higbdgideband
(b) Insertion loss curves. (c) Group-delay curves.

the cross-coupling between the second and fifth resonatorghe region from the band edge to around the 40-dB rejec-
were made through a transmission line and physical gagien level. Beyond the 40-dB rejection region, the 22-pole filter
between the transmission line and resonators. The couplimgintains the same or even a steeper slope to the 90-dB level be-
intensity was controlled by, and/or.J,. Each cross-coupling cause of the five transmission zeros, while the Chebyshev slope
produces a pair of transmission zeros at both band edgesbscomes more gradual. The frequency points where the rejec-
that the filter has five transmission zeros at each side of tisn achieves 90 dB are at 1960.325 kHz for the 22-pole filter
passband. Five cross couplings were designed to produce zemdat 1960.460 MHz for the Chebyshev filter. The 22-pole filter
located at a distance of 230, 300, 450, 800, and 1600 kHz fraurpasses the 50-pole Chebyshev filter in rejection. The resultis
both band edges. the same on the low sideband edge because both responses are
symmetrical. For both of designs, the return loss was designed
to be the same value.

Simulated insertion loss curves for the two filters are shown

Fig. 6 shows a comparison of the simulated filter performanae Fig. 6(b). At the band center, the insertion loss is 0.15 dB
for a 22-pole resonator with ten transmission-zero design anéba the 22-pole filter and 0.45 dB for the Chebyshev design.
50-pole Chebyshev design. Although the 3G sub-bands havéle curves round off rapidly at the shoulder of the band edges
20-MHz bandwidth, we designed the filter to have a 20.2-MHr both cases. The insertion loss at the band edge (1940 and
bandwidth. We introduced the 0.2-MHz margin for the band-960 MHz) is 1.6 dB for the 22-pole and 2.3 dB for the Cheby-
width into the design because the sharp rolloff of the filter lead$ev, respectively. In this calculation, thefactor of the res-
to a rapid degradation of the insertion loss at the band edge.onator was assumed to be 100 000. The 22-pole filter also sur-

In Fig. 6(a), simulated rejection curves at the high sidebapésses a 50-pole Chebyshev filter with regards to insertion-loss
edge for two filters are compared. The designed band edge of feeformance.
filter is at 1960.1 MHz (because of 0.2-MHz margin of band- Fig. 6(c) shows simulated group-delay curves. The 22-pole
width). The two curves decrease rapidly with the same slofiker has a wider region where the curve is almost flat near the

[ll. COMPARISONWITH CHEBYSHEV RESPONSE
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Fig. 7. Measured response of the 22-pole filter at 70 K. Fig. 8. Measured rejection slope at higher band edge of the 22-pole filter at

70 K.

center of the passband, roughly 2 MHz inside from both band

edges, as compared to the Chebyshev filter design. This is be- 5000
cause the 22-pole quasi-elliptic filter has most of the poles dis-

tributed around the band edges. Since the group delay increases _ 400 |- ]
with pole density, the group delay is low and flat in the middle of
the band and high around the edges. The 22-pole filter has ten &
poles between 1942-1958 MHz, but 12 poles are located out- &
side of the central 16-MHz region. More than half of the poles 3
are located at the band-edge region. On the other hand, 30 poles % 2000 ]
out of 50 are in the central 16-MHz region for the Chebyshev ¢
filter. The rest of the 20 poles, which are 40% of all poles, are lo- 1000 l ]

Sec

3000 1

cated atthe band-edge region. This is the reason why the 22-pole
filter achieves a flatter curve at the center and becomes sharper
atthe edge, while the Chebyshev filter has a more rounded curve 10935 1940 1945 1950 1955 1960 1965
in the entire passband. The group-delay deviation between the Frequency [MHz]
center (1950 MHz) and the peak at the band edge (1960 MHz) is
3000 ns for the 22-pole filter and 5000 ns for the 50-pole Chebyig. 9. Measured group delay of the 22-pole filter at 70 K.
shev filter. The 22-pole filter still surpasses a 50-pole Chebyshev
filter with regards to group-delay performance.
Finally, this 22-pole filter also has the advantage of compa

hown in Fig. 6. Five transmission zeros also appeared clearly at

ness as compared with a 50-pole Chebyshev filter becaus ﬁlow side and the slope was quite symmetrical. The rejection

| han half th f hi pts of 90 dB were at 1939.650 MHz (350 kHz from_the lower
ggffgfmzsnscte an half the number of resonators to achieve bqlfeh, edge) and 1960.300 MHz (300 kHz from the higher band

edge). A rejection slope of over 30 dB/100 kHz was achieved.

These numbers agree well with the calculated rejection points
IV. MEASUREMENT of 90 dB at 325 kHz from both band edges. Overall, the mea-

The filter was fabricated on a 2-in YBCO thin-film-coatedsurement is in very good agreement with the design.

MgO wafer. Fig. 7 shows the measured filter response at 70 K.Fig. 9 shows the measured group-delay curve for the filter.
Nice brick wall selectivity and return loss was achieved. The it the center of the band, the delay was 210 ns, while the peak
sertion loss at the band center was approximately 0.2 dB. TVadues at the band edge were 2890 ns at 1940 MHz and 3350 ns
ultimate rejection level exceeded 120 dB, but its real value coudtl 1960 MHz. The high-side peak was slightly bigger because
not be measured because of the limitations of the network atfae higher band edge had less bandwidth margin. This result
lyzer's dynamic range. Fig. 8 shows the measured rejection pamas consistent with the results of the 90-dB rejection points.
formance at the high sideband edge. The input power for thifis slightimbalance can be adjusted by changing the operating
measurements shown in Figs. 7 and 8 was set16 dBm to temperature of the cryocooler. This filter has a center frequency
make the transmission zeros and bounce back visible. As ashift of approximately 100 kHz/1 K around the 70-K operating
sult, the insertion loss is more rounded at the shoulder than whemperature. The measured group-delay deviation of approxi-
measured below 0-dBm input power, where there is no impangtely 2900 ns for this ultra-selective filter was consistent with
on the shoulder. Five transmission zeros can be clearly seen,the-simulated value shown in Fig. 6. The measured value of the
cause thé) factor of the resonator exceeded 100 000. The rejegroup delay at the band center was also consistent with the sim-
tion slope and bounce back agrees well with the simulated cudated value of 210 ns.
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40 . . . . —— slope filter was achieved on a 2-in wafer area. The measured
20l /// | filter's performance surpassed a 50-pole Chebyshev filter,
_ e and it has exceeded every rejection performance previously
5 of e - ] reported, to the authors’ knowledge.
% 20| - i On the other hand, the demonstrated 22-pole filter has quite
g &7 a large group-delay deviation between its peak at the band edge
g 401 . 1 and its bottom at the band center. This is unavoidable since a
3 6ol /’/ ] steeper slope rejection results in a larger group-delay devia-
g Q/’ tion. Although the demonstrated filter would result in quality
8or . Fundamental | improvements in high data-rate cellular systems by an extreme
-100 | o o 3rd IMP . reduction of the out-of-band signal noise, its large group delay
might impact the quality of demodulation. This issue will be
'12920 _1'0 (; 1 '0 2'0 3'0 40 considered in future study.
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The distortion characteristics of the third-order intermodula-
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Fig. 10 shows the IMP at 1955 MHz generated by in-bary
two-tone fundamental signals, i.e., 1945 and 1950 MHz. T
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intercept point (IP3) was approximately36 dBm at 70 K.
The frequency dependence of the IMP is plotted in Fig. 1/
The two-tone fundamental signals were separated 30 k wave and spin density wave in low-dimensional
away each other. The IMP peak signal level in the band-ed ™ V-7 crystal structure.
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