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Novel Compact Elliptic-Function Narrow-Band
Bandpass Filters Using Microstrip Open-Loop
Resonators With Coupled and Crossing Lines

Cheng-Cheh YuMember, IEEE,Kai Chang,Fellow, IEEE

Abstract— Novel compact elliptic-function narrow-band may only be reduced by high-temperature superconducting
bandpass filters have been designed and fabricated. This newthin-film technology [9]-[11] or by combining with active
configuration consists of two ‘identical microstrip open-loop yayices to compensate them [12]. In [13], a new microstrip
resonators with coupled and crossing lines. A theoretical - - S h

elliptic-function narrow-band bandpass filter is proposed. This

investigation has confirmed that this novel configuration is - A ) ] e
capable of providing elliptic-function filtering. Furthermore, the ~ configuration is quite compact in size, yet a measured 3-dB

feasibility of this filter is verified experimentally. Centered at

2.039 GHz, the fabricated microstrip bandpass filter shows a
measured 3-dB bandwidth of 2% and two deep notches in its
stopband. In addition, the main circuit of this filter occupies

only 2.5 cm x 1.5 cm using a substrate with dielectric constant
of 10.5, making it very attractive for applications in the mobile

and personal communication systems (PCS’s).

Index Terms—Bandpass filters, elliptic-function filtering, mi-
crostrip resonator, narrow-band, personal communication sys-

bandwidth of 4% was reported for a four-pole filter.

In this paper, novel compact elliptic-function narrow-band
bandpass filters using microstrip open-loop resonators with
coupled and crossing lines have been developed. The 3-dB
bandwidth of this novel filter centered at 2.039 GHz is
measured about 2%, and its main circuit size occupies only
25cm x 1.5 cm. For convenience of subsequent under-
standing and comparison, the theoretical and experimental

tems. frequency responses of a two-section coupled ring filter is
given in Section Il. Then, a novel compact bandpass filter
using open-loop resonators and coupled lines, which showed
a narrower 3-dB bandwidth than the coupled ring filter,
IGHLY desirable for modern mobile and personajyas introduced and implemented in Section Ill. By adding
communication systems (PCS’s) are miniature highr crossing line to the preceding filter, both the simulated
performance narrow-band (1%-3%) bandpass filters havigeid measured performances in Section IV proved that another
low insertion loss and sharp selectivity in the passbangfew compact configuration of elliptic-function narrow-band
Planar filters are usually preferred whenever they are availabigndpass filter could thus be formed. All the aforementioned
and suitable because of their small sizes and low fabricatigpers were fabricated on an RT/Duroid 6010.5 substrate
cost. Design techniques for conventional microstrip filters hav@th a dielectric constant of 10.5, substrate thickness of 50
long been well established [1]-[3]. However, these filters oftefil, and conductor thickness of 1.4 mil. In addition, 50-
suffer from impracticality for passbands of less than 5%. ¢ lines of width W, = 1.145 mm were used for all the
Recently, a class of dual-mode microstrip filters usingonnecting lines constituting these filters. Finally, an HP

microstrip ring resonators was devised, which makes t8810B automatic network analyzer was used to accurately
realization of narrow-band elliptic-function designs in a plangheasure their transmission performances.

configuration [4]-[8] practical. Inspection of the end-coupled
dual-mode ring filters in [4] and [5] shows that the insertion
loss obtained is around 4 dB. In order to reduce the trans-
mission loss, tapped lines are used in [6]-[8] to enhance tRe
coupling strength at the input and output terminals. From th(ﬂ{'
measured results, the insertion loss has been improved to abo
2 dB. However, the measured 3-dB bandwidth has also beerft two-stage conventional microstrip bandpass filter that
increased to a value around 4%, as shown in their expef§es half-wave resonators is shown in Fig. 1, where single
mental results. Although the insertion loss due to insufficiefgsonator length= 30.5 mm, input/output coupling gap sizes
coupling strength can be improved by increasing the couplifg = 52 0.1 mm, and interstage coupling gap size
region, the attenuation due to conductor and dielectric losseg = 1.5 mm. On the other hand, Fig. 2 illustrates the
structure of a two-stage coupled square ring filter in which
Manuscript received May 27, 1997; revised April 7, 1998. _single ring circumference: 63.8 mm, input/output gap$; =
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. INTRODUCTION

Il. FREQUENCY RESPONSES OF ACOUPLED RING FILTER

A Two-Section Ring Filter End Coupled to
B%lt/Output Lines Directly
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Frequency ( GHz ) 0.4 mm, andS;, = 1.5 mm. Both the computer simulation

Fig. 3. Comparison of the theoretical frequency responses of the convéild measured results are provided in Fig. 5. The experimental
tional resonator filter in Fig. 1 (dashed line) and the coupled ring filter inesults are shown to be in reasonable agreement with the

Fig. 2 (solid line). theoretical frequency responses. Centered at 1.760 GHz, the
actual insertion loss and 3-dB bandwidth are measured as
Wr 2.3 dB and 3.7%, respectively. Additionally, there is a notch

L/p LE l ' in the upper stopband, which is not displayed in this figure

... 0/P . . A ;
since its position is beyond the given range.

S Stz Sp In view of Sections II-A and I1I-B, it is evident that the

: o _ring filter can offer a narrower passband bandwidth and
Fig. 4. Layout of a two-section ring filter edge coupled to tapped in- .. .
put/output lines. sharper stopband rejection than the conventional end-coupled
resonator filter, but strong coupling enhancement is usually
%eded to improve its insertion loss to an acceptable level.
n the following section, a novel bandpass filter using open-

two microstrip bandpass filters are given in Fig. 3. . . ;
As can be obviously seen in Fig. 3, the ring resonator fiItJe op resonators and coupled lines will be presented. It will be
' wn that this novel filter is relatively compact in size and

presents an attenuation notch in the upper stopband and PAS - .
steeper attenuation slopes, as compared to the conventio aple OT prowdmg a narrower bandwidth than the coupled
capacitively coupled half-wave resonator filter. This makes "9 filter just described.
clear that the ring filter is able to provide narrower bandwidth
in the passband and better rejection in the stopband. Although, 1ll. A N OVEL BANDPASS FILTER USING OPEN-LOOP
by changing the feed line positions and the coupling length RESONATORS AND COUPLED LINES
between the ring resonators adequately, another notch may be
created in the lower stopband to provide further improvemem, Coupling Enhancement by Edge-Coupled Lines
Insertion IOSS?S Of. up to 8 dB are quite typical for actual As demonstrated in Section Il, end-coupled filters usually
end-coupled ring filters [14], [15]. suffer insufficient coupling strength while edge-coupled struc-
) ) ) tures are able to give acceptable passband insertion loss. In

B. A Two-Section Ring Filter Edge Coupled to view of this observation, the new configuration, as shown in
Tapped Input/Output Lines Fig. 6, is devised. This novel compact bandpass filter consists

In order to improve the insertion loss of the coupled squacé two identical open-loop resonators and coupled lines, which
ring filter, the tapped input/output lines, shown in Fig. 4, arare adequately adjusted to obtain sufficient coupling gap
utilized to increase the coupling region. The parameters usedtapacitance. In order to have a reasonable estimation of the
this configuration are as follows: ring linewid#i,, = Wy = coupling gap capacitance between short sections of coupled
1.145 mm, mean loop periphent 63.8 mm, S; = S, = microstrip lines, it may be approximated by that between two

circuit analysis, both the theoretical frequency responses of
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symmetric coplanar strips (CPS’s) with infinite thick substrate T M
[16]. The capacitances contributed by the electric fields in the -5 N
air and dielectric regions, respectively, are given by 10 / \\
K'(m) -1 4 .
Cair =¢&0 K(m) (F/m) (1) %—20 /,/ .
K'(m) ~—-2 : S
Cdielectric =&0&r K(m) (F/m) (2) '&14_30 g / \
where K (m) and K’(m) are the complete elliptic integrals - =
of the first kind and its complement [17] with argument= - ; <
V/(CPS gap sizg)2 x CPS linewidth+ CPS gap size = -4 “ - >
V/S/(2 x Weps + S). For convenience of reference, these U TR 200 710 220 230
are explicitly given below: Frequency ( GHz )

Fig. 7. Theoretical (dashed line) and measured (solid line) frequency re-
(3) sponses of the novel compact filter, as depicted in Fig. 6.

/2 46
K(m):/ e
0 vV 1—msin“ @

K'(m) = K(1—m). @) 4 A shqrt auxiliary open-ended stub is used to edge couple
the signal between the two open-loop resonators. The
With the aids of (1)—(4), the total capacitan€g...; for a portions coupled along the ends of the resonators are
coupling lengthLcps becomes tuned to meet the bandwidth requirement.
() 5) The length of the preceding auxiliary coupling stub
Ciotal = €0(1 +6T)WLCPS(F)- (5) should be long enough to keep the sides of the two

_ _ open-loop resonators from being directly coupled to each
For evaluation of the gap capacitance between the end- other. On the other hand it is made as short as possible
coupled microstrip lines in Fig. 1 with linewidtiV, = in order to keep the circuit compact.
1.145 mm, gap size5 = 0.1 mm, ande,. = 10.5, the formulas
derived by Garg and Bahl [18] can be applied to calculate, Theoretical Result and Experimental Performance
microstrip gap capacitance or the structure in the vicinity Based on the above description, an experimental filter was
of the gap and may be viewed as a short CPS line WiF:Pesi ned and implemented pThe, arampeters designated in
Lers = Wy andWeps = 505 as long as the coupling gap isg; % are as fO||OV\[I)S' open-loo resolz]ator lengt7 61%nm
the main concern. Using (1)—(5), the total coupling capacitance™ - 0P P ngta 7. '
. =0.15mm,L.y =L.s, =290mm, L. = L.3=3.29mm,
was found to be 0.186 pF. Moreover, it has also been no
. . = Wf =1.145 mm,Lgl = ng = 3Wf, andLi, = 4Wf.
that no noticeable capacitance was observed whigns was As shown in Fig. 7, the measured transmission character
increased further fron%0S to 1005, trying to obtain better 9.7

L . _ istics are found to be in good agreement with the theoretical
approximation for the coupling gap between the end-coupl rctse_quency response obtained by EEsof software. Moreover, the

Iégﬁs'l egntr;r;lesn?it st]sei(r)nh?i?;:s t::]e Fcioug“r\;ﬁthgia etﬁévﬁen_ed(‘?ﬁsertion loss and 3-dB bandwidth centered at 2.056 GHz are
1 14% mm. aan sizeS = 0.15 mrg. counling len tth ~ measured as 3.1 dB and 1.8%, respectively. Compared to the
2'5 x W; ’a?]di _ 10g cén be W,eII apppro?(imagad k;y:hatperformance of the coupled ring filter, which shows a 3-dB

. , - = 10. . o ) g . !
of a CPS line withWeps = W, and Lops = L. After bandwidth of 3.7% in Section II-B, this new bandpass filter

substituting these parameters into the above equations, the tl aq?:l.?ctqt %'.Vee 2“222@;%21 31'dfmb22d(\:'\g$hérlen dag)d'tt;]c;n’
coupling capacitance between the two edge-coupled lines g |15u| m'zf rlth | d'rin fiter) and pn be further
calculated to be 0.372 pF, which is two times the capacitan X 1. cm for the couple g filter) and can be furthe

€ . NN , .
. . reduced if substrates with higher dielectric constants are used.
for the previous end-coupled lines.
From the aforementioned examples, it is clear that a sm

glilnce bandpass filters with less than 2% bandwidth are usually
section of edge-coupled lines can provide more coupli

eeded for the mobile and PCS'’s, this novel compact filter may
strength and adjustment flexibility than the end coupled on rve as a promising candidate.

‘Although 3.1-dB insertion loss is quite typical for laboratory
prototype filters, it can be further improved by adhering
dielectric overlays over the coupling gaps [19], [20]. Placing
The main considerations in the design of it are stated beloMyo 2 mm x 2 mm dielectric overlays with dielectric constant
1) The open-loop resonator length is set to approximately 10.5 and thickness- 50 mil on both the interstage coupling

a half wavelength at the frequency of interest. gaps, the measured frequency responses are shown in Fig. 8,
2) The two ends of each open-loop resonator are placediether with the results without the dielectric overlays. As can
sufficiently apart in order to prevent unnecessary sdie clearly seen, the insertion loss has been decreased from
end coupling. 3.1 to 2.5 dB. Although the 3-dB bandwidth has also been
3) For a given coupling gap size, the lengths of the inpiricreased from 1.8% centered at 2.056 GHz to 2.8% centered
and output coupled lines are adjusted to obtain enough2.026 GHz, it is still narrower than that of the coupled ring
coupling strength at the operating frequency. filter.

B. Design Considerations
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Fig. 8. Comparison of the measured frequency responses of the novel fifgg. 10. Simulated variation of the percentage 3-dB bandwidth with the
in Fig. 6 with (solid line) and without (dashed line) dielectric overlays ofnterstage coupling stub length; 2, as indicated in Fig. 6.
relative dielectric constant 10.5 and thickness: 50 mil placed on both the
interstage coupling gaps.
E. Comparison of a Hairpin-Line Filter and the

Open-Loop Structure Presented in this Section

1.0

08 At first sight, the proposed open-loop structure seems like a
06 hairpin-line filter [2]. However, a hairpin line is a folded open-
o ended resonator, which is quite similar to the shape of a wicket.
Since the two folded arms of a hairpin line are pretty close to
~~ 0.2 S . . . . . . .
2 ek each other, the hairpin line itself is more like a pair of edge-
0 I coupled lines with loop connection on one end and open ends
g7 R EEN) on the other. Besides, the hairpin lines used for filter design
04 e are usually oriented up and down interchangeably. Therefore,
-o.6 the open-loop resonator, shown in Fig. 6, is quite different
-0.8 than a hairpin structure. Moreover, the typical 3-dB bandwidth
R e e R S achieved by hairpin lines for narrow-band filter design is about
L12/Wf 5% [21], [22], which is relatively larger than the 2.8% 3-dB
Fig. 9. Simulated percentage center-frequency diff = [fo(L1s) — banQW|dth obtained using the open-loop filter proposed in this
fo(L12 = 4W§)]/ fo(L12 = 4W¢) x 100% versus the interstage coupling section. ) ) )
stub lengthL,,, as indicated in Fig. 6. The new bandpass filter in Fig. 6 has proven to be compact

and capable of providing very narrow bandwidth. However,

its attenuation slopes are not as steep as those in a dual-mode

elliptic-function ring resonator in which two dips outside the

passband help make the attenuation slopes sharper [4]-[12].
As mentioned previously, a short auxiliary open-ended sty Section IV, it will be shown that the filter configuration

is used to provide the interstage coupling and keep the opghesented in this section can be modified to fulfill this elliptic

loop resonators from being coupled to each other directly. flkering function while preserving the features of narrow 3-dB

is necessary to have a clear understanding about the influepgAdwidth and compact size.

of its noncoupled length upon the center frequency and 3-dB

bandwidth of the filter being considered. Letting the center |\ A New ELLIPTIC-FUNCTION NARROW-BAND

frequency fo with L,> = 4W; be the reference value, the  panppass FILTER USING OPEN-LOOP RESONATORS

center frequency drifA f is defined as WITH COUPLED AND CROSSING LINES

D. Effects of the Interstage Coupling Stub on
Center Frequency and Bandwidth

Af = [fo(L12) = fo(L12 = 4Wp)l/ fo(L12 = 4Wy) x 100%.  A. Formation of Two Deep Notches Outside the Passband

(6) It is well known that an elliptic function bandpass filter
which features two notches outside its passband offers steeper

Using EEsof software, the effects of the noncoupled sectioolling skirts and, hence, better stopband rejection. By simply
of the auxiliary coupling stubL,,, as indicated in Fig. 6, connecting an additional crossing line between the middle
have been investigated. Displayed in Fig. 9 is the simulatpdints of the two identical open-loop resonators in Fig. 6, a
percentage center-frequency driftf versus Li»/W;, and novel compact elliptic-function narrow-band bandpass filter
the simulated variations of the percentage 3-dB bandwidtan be created, and is shown in Fig. 11. In addition to
with Li2/W; are given in Fig. 10. According to the resultghe coupled line laid along the open ends of the open-loop
obtained, both the frequency drift and the bandwidth changesonators where the maximum electric field intensity exists,
are within 0.5% for practical interstage coupling stub lengththis crossing line is intended to provide another type of
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Fig. 12. Theoretical (dashed line) and measured (solid line) frequency ~ AN
responses of the novel compact filter, as depicted in Fig. 11. z“°~"°5 ST
-0.010 =
-0.015
perturbation at the current maxima in the resonators. Through -0.020
dual-path interaction of electromagnetic (EM) waves, it is R e e T e
shown in Section 1V-B that two deep notches in the stopband S Tweywe

can be produced accordingly. Fig. 14. Simulated percentage center-frequency diift = [fo(L12') —

Jo(L12" = 3Wp)]/ fo(L12" = 3W ) x 100% versus the interstage crossing
B. Simulated Performance and Measured Results stub lengthL.»', as indicated in Fig. 11.

For convenience of comparison, the fabricated filter uses the
same circuit parameters as those given in Section I11-B, excépt Effects of the Crossing Line on
for L1»" which is set equal t8W; for the reasons describedCenter Frequency and Bandwidth

later. As shown in Fig. 12, the computer simulation and gimilar to the auxiliary interstage coupling stub, the crossing
measurements show that two deep notches in the stopband gad i, Fig. 11 is used mainly to provide another coupling
be created with improved stopband characteristics. Inspectwh and should be kept as short as possible. The effects of
of Fig. 12 indicates that the 3-dB bandwidth centered gis jength on the central resonant frequency and the passband
2.039 GHz is just 1.96%, which obviously makes this structugg,nqwidth have been studied. Let the center frequgpayith

quite attractive for PCS applications. In addition, the circuiﬁmx = 3W; be the reference value, the center frequency drift
size is quite small (2.5< 1.5 cm). Af is defined as

Although the insertion loss is measured 3.7 dB, it can
easily be increased to 2.6 dB by just placing two 2 mm
2 mm dielectric overlays of the same substrate as the circtitf = [fo(L12")—fo(L1o" = 3W)]/ fo(L12" = 3W;)x 100%.
board over the interstage coupling gaps. The comparison of @)
the measured frequency responses of the new elliptic-functioms indicated in Fig. 11,L,»" is a segment of the cou-
narrow-band bandpass filter in Fig. 11, with and without thgling line that joins the current maximum of each open-loop
dielectric overlays, is shown in Fig. 13. The 3-dB bandwidth iesonator. It should be long enough to avoid possible edge
increased slightly from 1.96% to only 2.21% by the overlaysoupling between this crossing line and the resonators. On the
In general, this novel configuration for bandpass filtesther hand, it has to be made as short as possible to keep the
realization is able to provide a 2% 3-dB bandwidth in theircuit compact. Shown in Figs. 14 and 15 are the simulated
passband and sharper rolling skirts for stopband rejectiaenter frequency shift and 3-dB bandwidth variations with the
Since all the ring linewidths are set the same as those fEgmentL,,’ defined in Fig. 11. It is apparent that the effects
the input and output feeding lines, further improvement iaf this segment on the center frequency and bandwidth are
performance can be made by optimizing these widths. negligible as long as its length is less than three times the
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V. CONCLUSIONS

A new type of planar filters using open-loop resonators to-
gether with coupled and crossing lines is proposed. It has been
verified both theoretically and experimentally that this novel
configuration can give a 2% 3-dB bandwidth and elliptic-
function filter characteristics featuring two steep notches out-
side its passband. Moreover, the filter is very compact in size.
These characteristics make this narrow-band bandpass filter
quite useful for applications in today’s PCS'’s.

If the entire filter could be simplified to a cascade of building
blocks whose equivalent circuit models may be derived or
reasonably approximated, then the standard filter theory can
be applied for elliptic filter design with arbitrary positioning of
Hée reflection zeros in the passband and transmission zeros in
the stopband [2]. Otherwise, experimental design curves or EM
full-wave simulators would have to be resorted to [13]. Since
study on the equivalent circuit modeling for planar filters using
either standard dual-mode rings or parallel-coupled open-loop

Before concluding this subsection, it is worth mentionin§gSonators has not reached sufficient maturity, further research

development would need to be done on this subject.

one more point. Due to the addition of the interstage crossiﬁﬁd
line in the bandpass filter of Fig. 11, another open-end res-

onator that takes the longest path has actually been created.
From computer simulation, the first harmonic of this extra T
open end will appear in the upper stopband if the segmeing
L15', defined in Fig. 11, is made much longer than suggestg_?
In case it appears near the passband, the spurline bands

filters, which are space-saving and capable of offering 203})
bandwidth, can be utilized to eliminate this spurious response

[23].

(0]

D. Comparison of a Standard Dual-Mode Ring Structure (1]
and the Elliptic-Function Open-Loop Filter Described

in this Section 2]

Since the circumference of a standard ring is one wavelenggs,
and the open-loop resonator used in this paper is a half-wave
long, the area occupied by each open-loop resonator is ab
one-fourth that of a standard ring. In many applications where
the available space of usable substrates is quite limited, size
minimization of a filter structure is very important. Therefore,[5
the open-loop resonator serves a good candidate for miniature
filter design.

Usually a ring filter is directly coupled to the input and [6]
output feed lines and suffers from higher insertion loss due to
insufficient end gap coupling. Hence, novel excitation schemédl
would have to be utilized to enhance the coupling strength
[24]. However, the measured 3-dB bandwidth is also greatlys]
increased when interdigital structures, for example, are used
to bring down the impractically large insertion loss of a dual-g;
mode ring filter [25].

Although each dual-mode ring filter can produce two pol
in the passband, practical ring structures do suffer from
tradeoff between low insertion loss and narrow passband
bandwidth, unless active devices are incorporated for |o&d!
compensation [12]. As for the open-loop resonator depicted
in Fig. 11, it is coupled to the feed lines by means of edgé&?l
coupled line sections, which can be flexibly adjusted to meet
the specific insertion loss and bandwidth requirements.
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