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Analysis of Attenuation Poles using Closed-form Solutions for Bandpass Filters
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Abstract

Very convenient equivalent circuits for the design of bandpass filters with an attenuation pole in the lower or upper stopband are
provided together with necessary closed-form solutions. The proposed approach gives us much flexibility and simplifies the design of

inserting attenuation poles.
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I. Introduction

The bandpass filters with attenuation poles using a capacitor
connected in series with a short-circuited coaxial transmission
line have been introduced in [1]~[3]. In the paperm, the authors
propose a modified Chebyshev bandpass filter design method by
inserting attenuation poles into the upper or lower stopband
using a lumped inductor or a capacitor in series with a
resonator. However, several coupled equations must be solved
simultaneously and iteratively in order to obtain all circuit
values necessary for the filter design. In a new approach
proposed in [5], it is suggested that in order to obtain the
required filter response from the distorted response, the values
of inverter elements on both sides of the resonator with an
attenuation pole can be optimized using the linearity of the
inverter element values of the conventional bandpass filter. This
is an approximated approach. In this paper, we propose a quite
clear and simple procedure of minimizing the distortion of trans-
mission characteristics of the bandpass filter due to an attenua-
tion pole in the lower or upper stopband, providing closed-form
solutions. To show feasibility of the proposed method and cor-
rectness of the presented closed-form solutions, a design exam-
ple is presented at the end of this paper.

I. Analysis
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Fig. 1. Badpass filter network using admittance inverters.
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The lowpass prototype filters can be transformed to the
bandpass filters that use arbitrary parallel tuned resonators
consisting of L' s and C,' s (r=I, 2, ..., N), input resistance Ro
and lo[a]d resistance R;, using admittance inverters as shown in
Fig. 11917

2-1 Resonator with Attenuation Pole in Lower Stopband

If an attenuation pole in the lower stopband is required, the
rth resonator section in Fig. 1 needs to be replaced by the circuit
as shown in Fig. 2(a). All the symbols used in Fig. 2 are
relevant only in part 2-1 of section I and 3-1 of section II.
The susceptance Br,(w) is given by

oC,(1-&’L,C,)

B LG,y 0

The resonant frequency w, and attenuation pole frequency w,
of the circuit in Fig. 2(a) are 1/ VvL/C, (and 0) and
1/ VLG +Cp) (and o), respectively. The susceptance slope

parameter b7, of Br (w) turns out to be that of the resonator
consisting of only L, and C, shown in Fig. 1 and is given by

C
= }—’ =w,C,. 2
W= L, ’ @

The circuit in Fig. 2(b) is equivalent to that in Fig. 2(a) for
any k>0, since the susceptance Br,(w) can be expressed as

_ @, dBr(w)

br,
2 dw

k*aC,(1-&*L,C,)
1-a’L,(C, +C,)

Br,(w) = = k*Br,(w). 3)

For the J-inverters on both sides of the resonant circuit, we
can use a m network as shown in Fig. 2(c). For most of
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practical filter designs, we need to absorb the negative
capacitances of the adjacent inverters. In this case, we usually
add positive capacitances in parallel with the resonator with an
attenuation pole as shown in Fig. 2(c). Now, the susceptance
Bry(w) in Fig. 2(c) can be expressed as

aC,'(1-@°L,'C,")
1-&’L,'(C,'+C,")

Bry(w) = +kaC, )

c=C +C

r-1, r r, r+1°

If we can find the perturbed values of L,”, C,” and C,’
such that Br,(w) = Br;(w), equivalence of the circuits in Fig.
2(b) and 2(c) are proved. By equating Br,(w) with Bry(w),
we obtain the following closed-form solutions for L,’, C,” and
C,  after somewhat lengthy algebraic manipulations.

2
2kC ( C
L'=L [ |k*-=—"S4| = 5)
4 o (CP]
2
2C, +C)kC
C, = szr _(__’_:L_i)___,_ C, + CP)(E] (6)
CP CP
C, =k’C,-kC 7

We have many sets of solutions for L,”, C,” and C,” as %
changes as a parameter. Actually, for any # unless any value of
L,,C, and C,” turns out to be negative, the circuit in Fig.
2(c) is equivalent to that in Fig. 2(b), and thus to that in Fig.
2(a). The equivalent circuit in Fig. 2(c), together with the
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Fig. 2. Equivalent resonant circuits with an attenuation pole
in the lower stopband (a) Basic circuit (b) Equiva-
lent circuit (c) Equivalent circuit to absorb the nega-
tive capacitances.

closed-form solutions given by (5)~(7), needs only to be
substituted into the rth resonator section in Fig. 1 for realization
of an attenuation pole in the lower stopband. Furthermore, we
can choose a convenient %k value without affecting the overall
filter performance.

2-2 Resonator with Attenuation Pole in Upper Stopband

If an attenuation pole in the upper stopband is required, the
rth resonator section in Fig. 1 needs to be replaced by the circuit
as shown in Fig. 3(a). All the symbols used in Fig. 3 are
relevant only in part 2-2 of section [I and 3-2 of section II.
The susceptance Br|(w) is given by

1-w’L,C,

Br(@) =—— :
r(w) a)[w LerCr_(Lr+Lp)] (8)

The resonant frequency w, and attenuation pole frequency w,
of the circuit in Fig. 3(a) are 1/JL.C,

\/(L’+LP )/LerCr (and o), respectively. The susceptance
slope parameter &», of Bri(w) turns out to be that of the
resonator consisting of only 1., and C, shown in Fig. 1 and is
given by

(and 0) and

9

r

@, dBr(w)
_ % 43n(@) Srwc.
2 dw L~ %tr ®)

W=y

bn,

r

The circuit in Fig. 3(b) is equivalent to that in Fig. 3(a) for
any k>0, since the susceptance Br,(w) can be expressed as

K(1-w’L,C,)
f@’L,L,C, —(L, +L,)]

Br,(v) = = k’Br(). (10)

For the J-inverters on both sides of the resonant circuit, we
can use a r network as shown in Fig. 3(c). For most of
practical filter designs, we need to absorb the negative
capacitances of the adjacent inverters. In this case, we usually
add positive capacitances in parallel with the resonator with an
aftenuation pole as shown in Fig. 3(c). Now, the susceptance
Bry(w) in Fig. 3(c) is given by

1-&’L,'C,’ “k
’L,'L,'C,’ - (L, + L,")]
Cc=C,, ,+C

Bry(w) =

C, an

r, r+l

and the susceptance slope parameter bry is given by

_Y, dBr;(w)
T2 dw ' (12)

w=a)p

br,
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Fig. 3. Equivalent resonant circuits with an attenuation pole
in the upper stopband (a) Basic circuit (b) Equiva-
lent circuit (¢) Equivalent circuit to absorb the
negative capacitances.

For the equivalence of the circuits in Fig. 3(b) and 3(c) under
narrowband conditions, we require that Br;(w,)—0,Bri(w,)
— o, and bry = k*br, = K 0,C,. After somewhat lengthy
algebraic manipulations, we obtain the closed-form solutions for
L,,L,,and C, given by

1
L, =
PRC (0, - w,))+ kCQw, - w,’) (13)
w2 w?
L'=L, 2 - o
k (w -w 2)+kCa/04Lr kz((up - 2)+kC(uoz(2w z—wo )L’
(14)
, L/+L)
P
o L'L, (1s)

We have many sets of solutions for L,”, L,”, and C,” as %
changes as a parameter. Actually, for any k unless any value of
L,, L, ,and C,’” turns out to be negative, the circuit in Fig.
3{c) is practically equivalent to that in Fig. 3(b), and thus to that
in Fig. 3(a). The equivalent circuit in Fig. 3(c), together with the
closed-form solutions given by (13)~(15), needs only to be
substituted into the rth resonator section in Fig. 1 for realization
of an attenuation pole in the upper stopband. Furthermore, we
can choose a convenient % value without affecting the overall
filter performance.

[I. Design Examples

3-1 Design of Bandpass Filter with an Aftenuation Pole in
the Lower Stopband
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Table 1. Specifications for a design example (attenuation
pole in lower stopband).

Description Specifications

Passband 2,110~2,170 MHz (Rx)
Passband ripple 0.1 dB

Attenuation pole frequency 1,980 MHz

Number of resonators (N) 3

Tabie 2. Values of filter element without attenuation pole
(attenuation pole in lower stopband).

Jor, Jas 0.0066 mho Lr(r=1, 2, 3) 0.9416 nH

I, Jas 0.0021 mho Cr(r=l, 2, 3) 5.8751 pF

To show feasibility of the proposed method, we design a
Chebyshev bandpass filter of which specifications are given in
Table 1. To see the degree of distortion of the bandpass filter
having an attenuation pole in the lower stopband, we plotted
insertion losses (Sx' S) for four cases in Fig. 4 based on simulations
using Ansoft Serenade V8.5. Case 1 is the one without an
attenuation pole. The element values for Case 1 are summarized in
Table 2. Case 2, Case 3 and Case 4 are according to Fig. 2(c) with
(#=0.5, L,"=25.2772nH, C,"=0.1604pF, C, =0.0952pF), ( #=1,
L,’=1.9607nH, C,'=2.6117pF, C,"=0.6837pF), and (=10, L,’
=0.0100nH, C,” =549.0534pF, C,’=95.6235pF), respectively. The
Sy, s for the cases from 2 to 4 are shown to be exactly the same,
having a resonant frequency at 2,140 MHz and an attenuation pole
frequency at 1,980 MHz. Off the resonant frequency of 2,140 MHz,
they deviate somewhat from the insertion loss for Case 1 due
to the effect of the inserted attenuation pole in the lower
stopband.

3-2 Design of Bandpass Filter with an Attenuation Pole in
the Upper Stopband

To show feasibility of the proposed method, we design a
Chebyshev bandpass filter of which specifications are given in
Table 3. In Fig. 5, we plotted insertion losses (S2'S) for four
cases.

Table 3. Specifications for a design example (attenuation
pole in upper stopband).

Description Specifications
Passband 1,920~1,980 MHz (Tx)
Passband ripple 0.1 dB
Attenuation pole frequency 2,110 MHz
Number of resonators (N) 3
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Table 4. Values of filter element without attenuation pole
(attenuation pole in upper stopband)

g
Joi, 54 0.0072 mho | L, (r=1. 2, 3)| 0.9416 nH &
Jia, I 0.0025mho |C, (=1, 2, 3)| 7.0760 pF g
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Fig. 4. Insertion losses (Sx'S) for case 1 to 4.

Case 1: without attenuation pole Cuyy Cryy
''''' Case 2: with attenuation pole (k=0.5) Tx € Rx
O Case 3: with attenuation pole (k=1) L c
A Case 4: with attenuation pole (k=10) v L
Case S is the one without an attenuation pole. The element Fig. 6. Equivalent circuit of duplexer.

values for Case 5 are summarized in Table 4. Case 6, Case 7
and Case 8 are according to Fig. 3(c) with ( &=05, L, =
1.2989nH, C," =4.7804 pF, L,” =14.2190nH),( &1, L," = o]
0.5240nH, ¢," = 12.1745pF, L,” = 43194 nH), and (4=10,

=
L'»=0.0088 nH, C,” = 751.1656 pF, L,” = 0.0536 pH), respec- =0
tively. The Su's for the cases from 6 to 8 are shown to be é Ot
exactly the same, having a resonant frequency at 1,950 MHz and 5‘ ’ ) I
an attenuation pole frequency at 2,110 MHz. Off the resonant § \
o6

frequency of 1,950 MHz, they deviate somewhat from the inser-
tion loss for Case 1 due to the effect of the inserted attenuation Attenuation Pole
pole in the upper stopband. e ' »

1800 2000 2200 2400

Frequency [MHz]

3-3 Design of Duplexer Fig. 7. Insertion losses (S»'S) for case 9 to 12.

. ) L. . Case 9: without attenuation pole
Fig. 6 shows the equivalent circuit of a duplexer with an ... Case 10: with attenuation pole (k=0.5)

attenuation pole in the lower and upper stopband. We design a Case 11: with attenuation pole (k=1)
duplexer using Table 1 and Table 3. In Fig. 6, the subscript U A\ Case 12: with attenuation pole (k=10)
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and L denote upper and lower stopbands.

In Fig. 7, we plotted insertion losses for Case 9 through 12.
Case 9 is the one without attenuation poles. The element values
for Case 9 are summarized in Table 2 and Table 4. (Case 10,
11, 12) are the ones combining (Case 2, 3, 4) in design example
A and (Case 6, 7, 8) in design example B, respectively. The
insertion losses for the Cases from 10 to 11 are shown to be
exactly the same, having a Tx resonant frequency at 1950MHz
and Rx resonant frequency at 2,140 MHz and a Tx attenuation
pole frequency at 2,110 MHz and a Rx attenuation pole fre-
quency at 1980MHz. Off the Tx resonant frequency of 1,950
MHz andRx resonant frequency of 2,140 MHz, they deviate
somewhat from the insertion loss for Case 1 due to the effect
of the inserted attenuation pole in the lower and upper
stopbands.

IV. Conclusion

Very convenient equivalent circuits together with closed-form
solutions are provided as a solution to the problem of perturbed
resonant circuits with an attenuation pole in the lower or upper
stopband. The presented design examples for a Chebyshev
bandpass filter verified the correctness of the solutions and
showed the usefulness of the approach.
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