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A Modified Chebyshev Bandpass Filter with
Attenuation Poles in the Stopband

Jeong-Soo Lim and Dong Chul Pardember, IEEE

Abstract—This paper describes a design method of a modified ~ This paper describes in detail the design procedures of
Chebyshev bandpass filter with attenuation poles in the stop- modified Chebyshev bandpass filters with an equiripple trans-
band. The insertion of attenuation poles into resonators in the mission characteristic in the lower stopband, upper stopband,

authors’ bandpass-filter design is accomplished by connecting . o .
a lumped inductor or capacitor in series with a shunt-type and both stopbands, respectively. Emphasis is placed on in-

coaxial transmission-line resonator. The inserted poles which Serting and distributing attenuation poles in the stopband to
are distributed over the stopband can be chosen such that result in pseudoelliptic filter characteristics. In Section I, a

the insertion loss of the filter has equiripple characteristic and resonator structure having an attenuation pole is described. In

(';“fa;'tgr‘lz‘asgﬁnggggn 'Il'rl]‘lethemc?é(;‘?eb dangh\évtlyt)t]s;g?/ %;’ﬁgpggg‘tf’”eér Section IlI, a detailed design theory of a modified Chebyshev

designed by this method can be effectively used in diplexer design. bandpa_ss fllter_ with attem_Jat'on poles in the ST[Opbar_]d IS given.
Lastly, in Section IV, design examples and simulation results

Index Terms—Attenuation pole, bandpass filter. are presented.

I. INTRODUCTION Il. RESONATOR STRUCTURE HAVING ATTENUATION POLES

N ORDER to reduce the weight and the volume of a filter, To design a Chebyshev bandpass filter using only shunt-type

high-dielectric ceramic coaxial resonators with added attegesonators and admittance inverters, a determination of basic
uation poles have been used in bandpass-filter designs [1]-fdktors such as resonant frequency, bandwidth, susceptance
However, these filters have been designed by connectinglépe parameter of the resonator, and the element values of
capacitor in series with a short-circuited coaxial transmissi@é\wpass prototype filters are necessary [8]. If the desire is
line or a resonator. Thus, itis only possible to insert attenuatigf |ocate attenuation poles in the stopband, an inductor or
poles into the lower stopband. a capacitor should be connected in series with a shunt-type

Another way of inserting attenuation poles into a stopbangsonator. However, the introduction of an additional element
is to design the filter as elliptic or pseudoelliptic. The ellipti¢o the resonator for the purpose of locating attenuation poles
or pseudoelliptic filter is defined as having its finite frequencyhanges the susceptance slope parameter of the resonator. This
attenuation poles distributed freely throughout the stopbandeffect must be taken into account in order to design a modified
at a single frequency just outside the edge of the passbag@iebyshev bandpass filter.
However, both of these filters are quite difficult to construct
and tune [4]. A. Resonator Structure with Attenuation

In this paper, the authors propose a modified Chebyshg¥ies in the Lower Stopband

bandpass-filter design method by inserting attenuation poles | . le in the | band
into the lower or upper stopband and distributing them To locate an attenuation pole in the lower stopband, a

throughout the stopband in order to reduce the number GPacitor might be connected in series with a shunt-type

shunt-type transmission-line resonators and to give maxim@@@xial resonator as shown in Fig. 1(a). The susceptance

attenuation characteristic in the desired stopband [5], [ baracterlsnc of this type of resonator structure is shown in

This was essentially approached by connecting a lump 9. 1(b). T_he respnator strugture can pe used to construct a
inductor or capacitor in series with a resonator instead Ofbgndpass filter W'th attenuation poles in the '9W€r stopband
capacitor, as in [1]-[3]. The reduction in resonators Comggcause th? series resonant frequengy which is the pole
from the steep transition at the desired stopband due to {HRAUENCY, is lower than the parallel resonant frequengy
attenuation poles introduced. The maximum attenuation comddS structure is named RLP which stands feesonator
from pseudoelliptic filter characteristic due to the attenuatict ucture withLower stopband attenuatid?ole.

poles distributed to have equiripples in the stopband [7]. From the equivalent circuit of this RLP structure, the
susceptance can be expressed as

wClpy
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Fig. 1. (a) The equivalent circuit of the resonator structure with attenuatiéiig. 2. (a) The equivalent circuit of the resonator structure with attenuation
poles in the lower stopband (RLP structure). (b) The susceptance characteries in the upper stopband (RUP structure). (b) The susceptance characteristic
of (a). of (a).

attenuation pole frequency, one obtains from (1) e T
1 :..pr T "__. I'F'r
wp,=————— and o© (2
P CprZ 4 tant, T AL J-bmvericr -
Iru £y A LM

wheref,, is the electrical length of a resonator at the attenua-
tion pole frequency. Also, since the susceptance must be zero
at the resonant frequency, one obtains

- Fig. 3. The equivalent circuit of the resonator structure with attenuation
wo =0 and w<9r _ E7 3_7r7 ﬂ7 . ) 3) poles in both stopbands (RBP structure).
22 2
B. Resonator Structure with Attenuation the resonant frequency, one obtains
H =
Poles in the Upper Stopband wo = w<9,, _ 1’ 3_7r7 ﬂ7 - ) — (©)
To locate an attenuation pole in the upper stopband, an 22 2

inductor as opposed to a capacitor might be connected in series . )
with a shunt-type coaxial resonator as shown in Fig. 2(a). The Resonator Structure with Attenuation
susceptance characteristic of the resonant structure is shdvifies in Both Stopbands
in Fig. 2(b). In this case, the series resonant frequengy  To locate attenuation poles in both stopbands, RLP and RUP
is higher than the parallel resonant frequengy Therefore, structures might be connected in parallel with an admittance
this type of resonator structure can be used to construcingerter as shown in Fig. 3. This type of circuit structure can
bandpass filter with attenuation poles in the upper stopbafe. used to construct a bandpass filter with attenuation poles

This structure is named RUP, which stands Resonator in both stopbands. This structure is named RBP which stands

structure withUpper stopband attenuatid®ole. for Resonator structure witBoth stopbands attenuatid¢tole.
From the equivalent circuit of this RUP structure, the
susceptance can be expressed as [ll. DESIGN THEORY OF A MODIFIED CHEBYSHEV BANDPASS
-1 FILTER WITH ATTENUATION POLES IN THE STOPBAND
By = wLp. + Zatan6,’ (4) Attenuation poles might be inserted into all resonators of

) o ~a bandpass filter. The attenuation poles which are distributed
Since the susceptance must be infinite at the attenuation pl@r the stopband can be chosen such that the transmission

frequency, one obtains from (4) characteristic of the filter in the stopband where the poles
—Z.4tan 6, are located is equiripple. This equiripple transmission char-
wp =0 and . (5) acteristic gives the maximum attenuation in the stopband with

pr

the given number of attenuation poles. The frequencies of
whered,, is the electrical length of a resonator at attenuatiadhese attenuation poles can be found by iterative calculations
pole frequency. Also, since the susceptance must be zerdoagive equiripple stopband transmission characteristics. This
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from (7) as
: ' 1 L
{_"' i — I.."_ IE--TI"'\—-_ e Co = 1 (8)

= | =T P, Z 4 tan 6,
T *p | [ w pZigtanty,

Ga® | g I it Ga¥ | 0 I ] .

i 1 'J_ I Since the susceptance must be zero at the resonant fre-

. guency, the electrical length,. of the resonator can also be
obtained from (7) as

2Ly 1
Za\woCpr  woCr1, wo L t1

| T Cy 6, = tan~" T .
“.1'| 1] I i lu s B (9)

N = ’ The susceptance slope paraméteis also obtained from (7)
Fig. 4. The equivalent circuits with RLP and the adjacent admittance if\S
verters.
b — Wo dB,
o _ "2 dw w=wn
distribution of attenua_tlon poles allows one not _only to reduce 1 1+ woCpr Zaf, sec2 6,
the number of required resonators in the filter, but also = = |woCpr R
to provide the equiripple transmission characteristic in the 2 (1 = woCprZa tan b
1
stopband. + woCr_1 ., + 4} (10)
wOLr,r-l—l
A. Bandpass Filter with Attenuation Poles where
in the Lower Stopband
If all resonators are replaced in the generalized bandpass- S A L
, e . i e ; Crotp=—"1=— | —— (11)
filter circuit using admittance inverters described in [8] with ’ wo wo \ gr_19r
RLP structures, it is then possible to design a bandpass filter 1 1
. . . . _ _ grgr-i—l
with attenuation poles in the lower stopband. The equivalent L1 = = . (12)
wOJr,r-I—l wwo brbr-l—l

circuits with RLP and the adjacent admittance inverters can be

divided into seven categories as shown in Fig. 4, according JO.parameters are element values of the lowpass prototype

the type of inverters and the locations of RLP. As an interstagfer and w is the fractional bandwidth.

resonator structure of a bandpass filter, one can choose eithgf (8—(12) are solved simultaneously, one can get all circuit

RLP-1 or RLP-2. RLP-4, RLP-5, or RLP-6 can be used for thgy|yes necessary in the filter design.

first or last resonator structures. However, from the results of

various design simulations, the structures of RLP-3 and RLPB7 Bandpass Filter with Attenuation Poles

turn out to be inadequate for the filter-design purpose. . he Uppber Stooband
The susceptance slope parameters of these resonators With € Lpp P

series capacitors depend on the attenuation pole frequenclf all the resonators are replaced in the generalized

and the adjacent admittance inverters. To illustrate this, oRg@ndpass-filter circuit using admittance inverters described

arbitrarily chooses the structure RLP-2 and redraws the equi-[8] with RUP structures, it is possible to design a bandpass

alent circuit as shown in Fig. 5. Then, the susceptance of thiéer with attenuation poles in the upper stopband. The
resonator Structure can be expressed as equiVaIent CiI‘CUitS W|th RUP and the adjacent admittance
inverters can be divided into seven categories, as shown in

1 Fig. 6, according to the type of inverters and the locations of
)' ) RUP. As an interstage resonator structure of a bandpass filter,
one can choose either RUP-1 or RUP-2, while RUP-4, RUP-5,
Since the susceptance must be infinite at the attenuation pmleRUP-6 can be used for the first or last resonator structures.
frequency, the value of the series capacitor can be obtairtddwever, from the results of various design simulations, the

wClpy

B, =
1 —wCprZ4tanb,

Crlp— ——
+ <w 1, WLr,r+1
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i from (13) as

| 1 . IT - “H
EL EL 1] 1 1
pr pr 6, = tan — | ————— —wolp (15)
¥ r.|I i * beet il | " rI #rh Za <woL181 +woChz ’
+ - ; « . + where
Za
H i Lg Ly o1 = 16
rull. : é m iﬂ'" — 1T i, 0L wo tan | %| ( )
| 1 L
] M [ L -2
ey 2= L5, G -1
] 4 B ™ i L ‘ﬂ ~tan | | LokenCa) - (17)
4 1 4 L 2 1— (wO_LSl)
L Za
] : E I:II 1 1
ST : : {E : Cia = w @ (18)
|._ wo \ 9192

Fig. 6. The equivalent circuits with RUP and the adjacent admittan

inverters.

The coupling inductorLy; can be obtained from the fol-
lowing equations:

Za+ 2y
Ty 1Tu LOl:w t’m|ﬂ+@ (19)
IT":"-' 0 b 2 2
G *r' i ( z )2—1
a oy : i, ‘@ — tan~! LQ (20)
i = = 2 1- (GAWOL&)

Fhe susceptance slope parameter is given from the definition as

1 1 wOL 1 +ZA91 SeC2 91:|
by == | —— +wCi2 + —= (21
Ly by C o P2 LOL& P (WoLpt + Zatan6; )2 =)
i | | 2 As in the case of a bandpass filter with attenuation poles in
gt latd § “le - Co | €i the lower stopband, one can get all circuit values necessary in
: 3_|= e . T T T the filter design by solving (13)—(21) simultaneously.
i i
L]

Fig. 7. The equivalent circuit of RUP-5.

C. Bandpass Filter with Attenuation Poles in Both Stopbands

If all resonators are replaced in the generalized bandpass-
filter circuit using admittance inverters described in [8] with
RBP structures, one can design a bandpass filter with attenu-
ation poles in both stopbands. There are only four possible

for the filter-design purpose.

inserted in each stopband. If two attenuation poles are inserted

The susceptance slope parameters of these resonators witach stopband, there are twelve possible structures, as

series inductors depend on the attenuation pole frequency apgwn in Fig. 9. For the structure RBP-1-4, (22)—(37) can be
the adjacent inverters. To illustrate this, arbitrarily choose thgived following the same procedure mentioned in Section

structure RUP-5 and redraw the equivalent circuit as showqLA and 111-B. Again, (22)-(37) can be solved simultaneously
in Fig. 7. Then the susceptance of this resonator structure @8et all circuit values necessary in the filter design as
be expressed as

1 1 AL (22)
— Wpl
B = - Cio. 13
1 wlpi +Zatan€,  wlg; Tl (13) 1|1 1
91 = tan Z_A m bt woLpl (23)
Since the susceptance must be infinite at the attenuation pole woly )
frequency, the value of the series inductor can be obtained by = }{ 1 + woCg - woLp1 + Z 46 sec 91} (24)
from (13) as 2 lwoL§; (woLp1 + Z.4 tanb)?
where
—Z4tan8
Ly = % (14) Y
’ ‘@ = tan~! —(“L> . (25)
Also, since the susceptance must be zero at the resonant 2 1- (GAwoLgl)2

frequency, the electrical length of the resonator can be obtained
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oL — wo tan | | Fig. 9. The equivalent circuits of the twelve possible bandpass filters with
0 two attenuation poles in each stopband (RBP-II).
biby
Gz =1 g192 (29) 0 Bl
1 X /7 /] Al
B—
Cpo=—7—7. 30 AN
p2 wp2Z 4 tan By (30) L [T
— 521 /
=5 / 511
1 1 1 =0 N
B = tan™! {— < + )} (31) = \ / |
Za\woCpz  woCia +wpCss \UN
1 1+ woChaZ 465 sec? 6y oo
by = = |woC 2 + woCha + woCs oo
2 2 |: 0-p2 (1 - w()CPQZA tan92)2 012 023 ??
32 '
42 L B i 2
where Fig. 10. The simulated transmission and reflection characteristics of a mod-
B 5 ified third-order Chebyshev bandpass filter with three attenuation poles in the
woCS.Z4) — 1 lower stopband.
% =tan~! —( 023 A) (33)
—( GC= ) L. . .
L 1 (woCSS) coaxial transmission-line resonators @,., S,,)7;04 with a
r N2 dielectric constant 38 [9] used in these filter designs is 7.46
b . (“OG—BZS) -1 2, and the source and load conductances are 0.02 mho,
o= tan™ Z 32 (34) respectively. The designed filters are simulated with Hewlett-
1= 1/(Z4w0C5s) Packard MDS software.
- The resonators in these filter designs might be made of
C w [ bibe (35) shunt-type rectangular or circular coaxial ceramic transmission
12 = 9192 lines. Both the capacitors and inductors might be realized on
. | do , &3 a dielectric or ceramic substrate as interdigital capacitors and
Coz = — 12 (36) spiral-line or single-loop inductors.
wo(Z4 + Zo)
o tan |22 | (37) A. Design of a Modified Chebyshev Bandpass Filter
287 T ooZa with Attenuation Poles in the Lower Stopband
Fig. 10 shows the simulated responses of the designed
IV. DESIGN EXAMPLES AND SIMULATION RESULTS third-order bandpass filter with three attenuation poles in the

Bandpass filters were designed by basically following tHewer stopband (from 1850 to 1890 MHz). This modified
procedures described in the previous section with a Chebysltghebyshev bandpass filter has been designed at the center
passband ripple of 0.1 dB. The characteristic impedance fofquency of 1950 MHz with a fractional bandwidth of 0.0205.
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Fig. 11. The simulated transmission and reflection characteristics of a mod-
ified second-order Chebyshev bandpass filter with two attenuation poles in
the upper stopband.

TABLE |
VALUES OF THE EQUIVALENT CIRCUIT ELEMENTS OF THE DIPLEXER

component element value || component|element value
[=-R:d Bl
oo 7( Rl({electrical length) 91.04 deg. C2 0.28 pF
o0
\ \/ \ R2{electrical length) 91.3 deg. C3 0.39 pF
Al
/ ¥ 1\ / " R3(electrical length) 85.3 deg. C5 0.92 pF
—~— ——
—= £ .
- N R4 {electrical length) 86.0 deg. Cc7 0.52 pF
o] / 511 \/ = =
%% \ R5{electrical length) 86.3 deg. c8 0.37 pF
G2t L1 11.8 nH c9 0.21 pF
L4 9.18 nH C10 0.25 pF
[=le]
oo . L6 6.0 nH c11 0.64 pF
H - Lsl 5.82 nH c12 0.5 pF
6500 MHz freq 1.2 GHz A
6500 MHz freq 1.2 GHz B Csl 1.42 pF

Fig. 12. The simulated transmission and reflection characteristics of a modi-
fied second-order Chebyshev bandpass filter with one attenuation pole in each
stopband.

The pseudoelliptic transmission characteristic, which has"4{h three attenuation poles in the lower stopband and a
passband ripple of 0.1 dB and about 70-dB equiripple atteW—Od'f'ed_ second-grder Chebyshev bandpass fllter_V\_nth Fwo
uation response in the lower stopband, was achieved in @jtenuation poles in the upper stopband. The transmitting filter

simulation. is composed of two quarter-wavelength resonators (R1, R2),
two coupling capacitors (C2, C3), two coupling inductors

B. Design of Bandpass Filter with Two Attenuation (L1, L4), and one series inductor (Lsl), while the receiving

Poles in the Upper Stopband filter has three quarter-wavelength resonators (R3-R5), six

coupling capacitors (C7—C12) and one series capacitor (Csl).
Fig. 11 shows the simulated responses of the desig PIng capacl ( ) ! pacitor (Cs1)

nd-order band filter with two attenuation ool Ine capacitor C5 and the inductor L6 are used in order to
second-order bandpass fite _wo attenuation poles I§|0nstruct a branch circuit which connects both filters to the
the upper-stopband edge frequencies of 1930 and 1970 Mcémmon antenna port. The input impedance of each filter
respectively. This modified Chebyshev bandpass filter has been ' '

designed at the center frequency of 1870 MHz with afraction%fen by the other filter at the antenna port, should be infinite

) : its own center frequency so as to remove interference from
bandwidth of 0.0214. An attenuation level of more than 40 d g other filter. The capacitor C5 and inductor L6 provide this

in the upper stopband was achieved in the simulation, and gt ction. The values of the equivalent circuit elements of the
gets the passband ripple of 0.1 dB and attenuation poles atqg_\ : . q
iplexer are shown in Table 1.

two edge frequencies in the upper stopband. . . o :

¢ a PP P Every resonator in the equivalent circuit of the diplexer
shown in Fig. 13 has an attenuation pole which causes a
series resonance. The attenuation poles related to R1 and R2

i ] _ resonators are located in the upper stopband, and these poles
Fig. 12 shows the simulated responses of the designedyi from C3, Ls1, respectively. The attenuation poles related

second-order bandpass filter with one attenuation pole in e3glR3 R4, and R5 resonators are located in the lower stopband,
stopband, respectively. This modified Chebyshev bandpasgy these poles result from C9, Cs1, and C12, respectively.

filter has been designed at the center frequency of 900 MKz capacitors C3, C9, and C12 can be obtained afterA
with a fractional bandwidth of 0.0556. COnversion. T

Fig. 14 shows the simulated responses of the diplexer in
Fig. 13. The receiving bandpass filter of the diplexer shows
Fig. 13 shows the equivalent circuit of the diplexer congood isolation at the transmitting band as required. This type
structed by a modified third-order Chebyshev bandpass filtefrdiplexer can be used in a communication system where the

C. Design of Bandpass Filter with One
Attenuation Pole in Each Stopband

D. Application to Diplexer Design [6]
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©ma cl [2] T. Nishikawa, “RF front-end circuit components miniatured using di-
Zo.o 7 / electric resonators for cellular portable telephoné&JCE Trans, vol.
= N\ Vi, L/ — E74, no. 6, pp. 1556-1562, June 1991.

\ A v / M [3] H. Matsumoto and T. Nishigawa, “Design of miniaturized dielectric
~m | V 7 duplexer with attenuation poleslEICE Trans, vol. J76-C-1, no. 5, pp.
cacoy 52| | N / — 164-172, May 1993 (Japanese). _ ' _
o [4] R.Levyand S. B. Cohn, “A history of microwave filter research, design,
©oT [ 521 and development,[EEE Trans. Microwave Theory Teghvol. MTT-32,

N\ | ] pp. 1055-1067, Sept. 1984.

s 532 \ N\ [5] T.-G. Choi, J.-S. Lim, Y.-K. Nam, and D.-C. Park, “A method for
SSa V reducing the number of resonators in duplexer designJCi@S Conf.
i ' Proc,, Singapore, vol. 1, pp. 256—260, Nov. 1994.
v 1 [6] J.-S. Lim, Y.-K. Nam, D.-C. Park, and S.-J. Lee, “Attenuation pole

{-73 &z ﬁ;gg Gtz insertion in duplexer design,” in995 Asia-Pacific Microwave Conf.

1./5 GHz freg GHz ¢ Proc, vol. 1, Taejon, Korea, pp. 280-282.

[71 R. W. Daniels, Approximation Methods for Electronic Filter Design
Fig. 14. The simulated transmission characteristics of the diplexer. New York: McGraw-Hill, 1974, ch. 3.2.

[8] G. L. Matthaei, L. Young, and E. M. T. JoneMicrowave Filters,
Impedence-Matching Networks and Coupling Structurddew York:

i ; ; McGraw Hill, 1964.
center frequency of the receiving band is hlgher than that (15] T. Nishkawa, “Microwave ceramic dielectrics and their applications,” in

18th European Microwave Conf. Pro&tockholm, Sweden, Sept. 1988,
pp. 70-80.

the transmitting band.

V. CONCLUSION

A systematic design procedure for modified Chebyshg
bandpass filters with attenuation poles in the stopband
been developed successfully to fulfill the requirement fg
reducing the filter volume and providing maximum stopba
attenuation. The procedures given here lead to filters with ga
passband- and stopband-performance characteristics and
general, are quite simple to apply. These modified Chebys
bandpass filters might have potential applications in diplex
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more attenuation than the other.

system designs and antennas.

As mentioned before, the advantages of utilizing modified
Chebyshev bandpass filters is the reduction in the number

of resonators and also to have maximum attenuation in the
stopband. The main disadvantage expected is the diffic
in practically realizing the lumped elements at microwa

frequencies.

Lastly, it is speculated that the design procedure for mo
fied Chebyshev bandpass filters with attenuation poles in
stopband might be extended to designing modified Chebys

bandstop filters.
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