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Design of Combline and Interdigital Filters with
Tapped-Line Input

SHIMON CASPI anD J. ADELMAN, MEMBER, IEEE

Abstract — Explicit design-equations for combline and interdigital filters
with tapped-line inputs are presented. The equations are based upon a new
equivalent circuit for a tapped-line input filter, derived from the open-
wire-line equivalent circuit given by Cristal [1]. Using the new equivalent
circuit, explicit expressions are given for all parameters of the circuit. The
derivation of the design equations from the equivalent circuit is similar to
that described by Matthaei ef al. [2]. The design equations are checked by
an analysis program. The results are compared to the data given by Dishal
{3] and Ciristal [1].

1. INTRODUCTION

Realizations of combline and interdigital filters with tapped-line
inputs have advantages over filters with the conventional trans-
former input [3]. Dishal 3] describes a method for tapped inter-
digital filter design over a narrow bandwidth. Cristal [1] provides
an exact open-wire-line equivalent circuit for the tapped-line
input stage. This circuit can be utilized to perform an exact
analysis of the filter. For synthesis, Cristal [1] establishes an
equivalence between the transformer input and tapped-line input
coupling circuits and utilizes this equivalence to apply standard
interdigital filter design techniques.

This method, however, has two shortcomings:

1) An exact equivalence between transformer and tapped-line
filters is not possible over a broad band of frequencies [1].

2) Graphs, rather than explicit analytical expressions, are pro-
vided. The method is therefore somewhat cumbersome from
a design point of view.

In this paper, the open-wire-line equivalent circuit suggested in
[1] is used as a basis for another equivalent circuit. This new
circnit permits the derivation of explicit expressions for the
tapped-line input parameters. The subsequent design procedure
is very similar to that used by Matthaei ef al. [2] in solving the
conventional problem. The validity of the design equations is
checked by using the exact equivalent circuit given in [1] in an
analysis program. Combline filters up to 15 percent bandwidth
and interdigital filters up to an octave bandwidth are synthesized
and analyzed with good agreement. These bandwidth limits are
the limits of the conventional filters’ design techniques. For
narrow bandwidths, the expression derived for the tapping loca-
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Fig. 1. Egivalent arcuit for tapped-line input combline filter. (a) Geometry
and parameters. (b) Equivalent circuit.

tion (¢ in Fig. 1) for the interdigital filter reduces to Dishal’s
expression.

II. METHOD
A. Combline Filter

The equivalent circuit suggested by Cristal [1] for the tapped-
line input combline filter is shown in Fig. 1(b). The admittance
inverter used to derive the equations for the combline filter [2]
consists of a pi configuration, i.c., a series-shorted stub of char-
acteristic admittance y;, and two shunt-shorted stubs of char-
acteristic admittance — y;,. Therefore y, is split into two parts,
with y, =(p? /y»,) added on the left to the input stage and
Y = — y;, forming the shunt stub of the admittance inverter
(J1»)- The input stage of the filter now consists of four elements,
as shown in Fig. 2. )

1Y New Egquivalent Circuit for Input Stage: The ABCD matrix
of the first two elements is

cos(Q)

[ 1 o” josin(Q)]={a B]
= jyreot(®) 1}] jyrsin(Q)

cos( Q) r &
, @
where
é electrical length of resonators,
® electrical length from ground to input line,
Q =0-0, '
zr(yr) impedance (admittance) of the first and second ele-

ments.
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Fig. 2. Circuit of tapped-line mput stage of combhne filter.

The equations for «, 8,T, 8 are then
a=cos(Q) (2)
B = jzrsin(Q) (3)
T = jyr{sin(Q) —cot(®@)cos(Q)} =~ jyrcos(8) /sin( D)
(4)
8 = cot( @) sin(Q) +cos(Q) = sin(8) /sin( @). 5)
Multiplying the above matrix by the ABCD matrix of the other

elements of the input stage (C3, y;), the ABCD matrix of the
input stage becomes

B
' &l{y 1 T'+6y &

y=jwC — jy.cot(8). (N

Looking at the following equivalence:

a+By B|_|(1/8 Off1 pB& 1 0 (8)
r+sy o | 0 &llo 1][[T/8+y 1
it is obvious that the first matrix represents a transformer, with a
1/8 turn ratio. The second matrix represents a series impedance

with an inductive reactance of 6/, and the third matrix repre-
sents a shunt resonator, with the following resonance condition:

T/8+y=0. )

The series induyctance must be compensated for by introducing
an additional shunt capacitance C; at the first resonator. This is
the capacitor that Cristal [1] found necessary to introduce when
comparing the tapped-input filter to the transformer input filter.
The newly obtained equivalent circuit is shown in Fig. 3. Y, is
the admittance of the shunt resonator.
2) Tapped-Line Circuit Parameters:
a) Slope parameter: The susceptance of the tapped reso-
nator is

JB=(T/8+y)=—j(yr+y.)cot(8)+ july
and the tapped resonator line admittance becomes

(6)

where

(10)

(1)
The susceptance slope parameter b of the tapped resonator is
w dB

7 dol-.,

Y:11=yT+yL = Y-

= (¥, /2)[ 6, /sin? (8,) +cot(8,)] (12)

which is the same expression as that given in [2] for a regular
combline resonator.
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Fig. 3. New equivalent circuit.

b) Tapped input electrical length (®): Gy, the impedance
looking back into the source impedance via the transformer, is
given by

Gy =Y, /(8%). (13)
From [2],
Gr=wb/(g8) (14)

where g,,g; are the low-pass prototype values, and w is the
fractional bandwidth, From (13) and (14),

Y, /8% =wb/(g081)- (15)
Using (5), (12), and (15), the desired equation for @ is obtained:
sin?’ (%) =Y, wlcos(8y)sin(6y) +6,]/2g02:Y,. (16)

¢) Lumped capacitance values: The lumped capacitance Cj
is composed of two elements: C; is the same as that for the
conventional combline filter and is given by

Ct =¥, -cot(8)) /- (17)

The additional compensating capacitance, C?, is chosen to reso-
nate the series inductive reactance B8/j. To first order, C; is
given by

C:=Y28/[(8%)jwp] .

Better broad-band compensation is achieved by including the
interaction (at resonance) of the input and output taps:

CE=YB/[(8° — 8B2Y}) jeoo]
Cir=Ci+Cs.

(18)
(19)

d) Distributed line capacitances: Y, , the resonator line ad-
mittance, is chosen by the designer to fix the admittance level
within the filter. From (11),

Ju= Yal' (20)
From the inverter circuit,

Jio = yp/tan(6,).
From the prototype [2],

1/2
Jio=wb/(g:8) /
Combining the above equations for J;,, y;, becomes

y12=wb-tan(00)/(g1g2)1/2. (21)
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The normalized capacitance per unit length of the first line to
ground is

C1/€=376.1/y¢,-(y11— »2)- (22)
The normalized mutual capacitance per unit length between lines
1and2is

Cro/e=376.7/y¢,y;5. (23)

A complete set of design equations for the tapped-line input
combline filter is given in the Appendix.

B. Interdigital Filter

The inverter admittance used to derive the equations for the
interdigital filter consists of a transmission line of characteristic
admittance y;, and two shunt-shorted stubs of characteristic
admittance — y;,. Thus the same reasoning used in the combline
for splitting y, is valid in the interdigital case. Repeating the
above procedure for an interdigital filter, the only change is that
C{ now equals zero.

a) Tapped input electrical length (®): Equating all internal
impedance levels of the prototype filter to # and using the
transformer to match the source as derived in [4], the transformer
must have a turn ratio of

N?=go81Y,/h. (24)

After frequency transformation [4] and using the scale factor of
0,, the internal impedance of the scaled prototype becomes
h-tan(6,), where 0, is the electrical length of the resonator at the
low edge of the frequency passband.

Equating the scaled prototype to the equivalent circuit (Fig. 3),
the following is obtained:

Y, =h-tan(6,) =h tan(7/2-(1—-w/2)) = h/tan(7/4-w)
(25)
N=1/8. (26)
Therefore (24) becomes
(1/8)" = go;: Y, /( Y., tan(n/4-w)).
The formula for ® becomes

sin® (@) = sin® () tan(7/4-w)Y, /8081 ¥4

(27)

(28)

The synthesis procedure for the interdigital filter, described in
[4], equates the prototype to the model at the low-frequency edge
of the passband. This is therefore the most accurate point of the
synthesis. Solving the equation at this point, the following is
obtained:

@, = sin”!{[sin? (6,) tan(m/4-w) Y, /(o2 ¥)] "} (29)

where @, is the electrical length at the low edge of the frequency
passband. For a narrow bandwidth, the following approxima-
tions are valid:

tan(w/4-w) = w/4-w
sin(4,) =sin(f,) =1.

Using these approximations, (29) reduces to
. 1/2
®, =sin" { [7/4-w-Y,, /go8,%,]"*}. (31)

This is the relation given by Dishal [3] for the narrow-band
interdigital filter.

b) Lumped capacitance value C;: The lumped capacitance
value C} is given by (18).

(30)
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TYPE u %(deg) | C% c, /& Ccy/E 2y 24
COMBLINE 0 05 7 81 2 114 4 02 0 254 76 20 -1563
COMBLINE 0 15 13 83 2 186| « 194 0.762 77 84 | -584.1
INTERDIGITAL 0 05 8 85 0 017 4 8 0 155 76 08 -2506
INTERDIGITAL 0 20 19 25 0 135 4 338 q 618 77 20 ~-096 0
INTERDIGITAL] 0 66 4“4 B84 0 86 2 98 1976 90 37 | -317 0
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Fig. 4. Computed return loss for 5 percent bandwidth combline filter.

¢) Distributed line capacitances: Y, , the resonator line ad-
mittance, is chosen by the designer to fix the admittance level
within the filter. From (11),

Ju= Y:q'

(32)
From the inverter circuit,

Jip = ypp/sin(0;).
From the low-pass prototype [4],

Ju=h/( g182)1/2-

Combining the above equations for Jj,, y;, becomes

yio=h-sin(8;)/(8:8:)"> =Y, cos(6,)/(g18:)"" (33)

The normalized capacitance per unit length of the first line to
ground is

C1/5=376~7/»/‘r'(y11 — 2)- (34)

The normalized mutual capacitance per unit length between lines
1and 2is

C, /€=376.7/y€, y1. (35)

A complete set of design equations for the tapped-line input
interdigital filter is given in the Appendix.

IIL

The design equations are verified by using the design proce-
dure above and then analyzing the filters obtained by using the
equivalent circuit given in [1]. All the examples are of filters with
0.1 dB ripple (16.4 dB return loss), five resonators, and an
internal impedance level of 76 Q. All the parameters of the filters
are computed using the equations given in the Appendix. The
parameters of the filters’ input stage are summarized in Table L.
Since the derivation of the design equations is based upon the
methods given in [2] and [4], the same bandwidth limitations are
expected. In order to compare the procedures for tapped input
and transformer input filters, responses for the two filters (with

RESULTS
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Fig. 5. Computed return loss for 15 percent bandwidth combline filter.
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Fig. 6 Computed return loss for 5 percent bandwidth interdigital filter.
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Fig 7. Computed return loss for 20 percent bandwidth interdigital filter.

the same specifications) are displayed on the same graph. Comb-
line filters of 5 percent and 15 percent have been designed using
the above procedure. The analyzed responses are plotted in Figs.
4 and 5. ‘

Similar plots are derived for interdigital filters with 5 percent
and 20 percent bandwidth, as shown in Figs. 6 and 7. The
specifications of the filters are the same as those used by Cristal
[1].

In Fig. 8 a design of an octave-band (66 percent) interdigital
filter is shown. In this example the value of the lumped capacitor
C? is achieved by slight optimization (0.86 instead of 0.79). From
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Fig. 8. Computed return loss for 66 percent bandwidth interdigital filter.

a practical point of view, it has little importance because this
capacitance is achieved by means of a tuning screw.

IV. DiscussioNn

Explicit equations are derived for tapped-line input filters. The
same approximations as in the transformer input filters are used,
and therefore similar responses are expected. As shown from the
results, the tapped-line filter responses are very similar to the
transformer filter. In the case of the octave bandwidth filter,
there is a slight deviation from the desired response. This is due
to the bandwidth limitation of compensation for the series im-
pedance of B8. In the case of the interdigital filter, good results
are achieved in comparison to previously published data. For a
20 percent bandwidth filter, the return loss of which was de-
signed to be 16.4 dB, a 145 dB return loss is obtained as
compared to a 12.5 dB return loss reported by Cristal [1]. For
wider bandwidths there are no published data. Using this method,
good results are achieved for up to an octave bandwidth.

APPENDIX
DESIGN PROCEDURE

Choose:

N  order of low-pass prototype filter,

g, low-pass prototype filter element values i =0 to N +1,

w  fractional bandwidth of filter,

Y, source and load admittance,

Y, ~ resonator line admittance (same for all resonators),

0, electrical length of resonator at center frequency, /2 for
interdigital.

Compute:
Combline
b= (¥, /2)-[6, /sin® () +cot ()]
Jf‘f“'j=1.N—1 = Wb/(gjgﬁl)l/z
)‘},/+1IJ=LNA1 =J, ,+1-tan(f,)
@ = sin™" {[Y, - w(cos b sinfy + 6,)/2g,, Y, ]/%)

Interdigital
0 =n/2-1—w/2)
h=Y, /tan(6,)
J/’J“/:l,N—l = h/(gjgj+1)1/2
Dol oy vy = ersin(d)
d, =gin~! {[h.sinZgl/goglyA]l/z V(1= w/2).
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Capacitance matrix for combline and interdigital:
q,ﬁ-l/‘b v 1=376.T/y€0), 1
C,/€=316.1/ye, (Y, = y12)
le/elj=2,Nfl = 376'7/\/‘r'(}21 V-1, y/‘1+1)
Cn/€=376.1/ye, (Yo, = ¥y 1.5)-
Lumped capacitance:
Ci =7, cot(6)/w

yr=Y,~ ¥ia/ Y,
C:=Y}zrsin(6, — CI>0)/{ [(sinOO/sinCDO)3
+(sinby /sin®, ) Y723 siv? (G, — B )] wo } -

Combline Interdigital

5 —_ A — 5 A 5 —_ A . 5
CiroraL = Cr toraL = G+ & (L rorar = Cx toraL = C-
Ay —_ 5
q I =2, N—-1 G
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On the Realizability of the Impedance Matrix for Lossy
Dielectric Posts in a Rectangular Waveguide
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Abstract —The equivalent T network for some lossy dielectric posts in a
rectangular waveguide is found to have a negative resistance in the parallel
arm although the realizability conditions for the impedance matrix are
strictly satisfied. Furthermore, the reactive part of the same impedance is
found to be a monotonically decreasing function of frequency. These
difficulties are overcome in the case of symmetrical post structures by
using lattice networks. A simplified lattice network of lumped elements is
developed to approximately realize the impedance matrix for resonant
lossy post structures in the bandwidth.
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I. INTRODUCTION

A method for the analysis of dielectric posts located in a
rectangular waveguide has been given in [1]. In the analysis, the
dielectric posts are assumed to be uniform along the narrow side
of the waveguide but are otherwise of arbitrary cross section.
Furthermore, the medium of the waveguide is assumed to be
linear, homogeneous, isotropic, and dissipation free. The dielec-
tric posts are likewise linear, homogeneous, isottopic, although
not necessarily free from losses. Only a few of the results for
circular posts free from losses and located in a rectangular
waveguide whose medium is the vacuura are reported in [1]. More
results for loss-free as well as lossy posts of different configura-
tions are given in [2}.

This paper addresses the question of realizability of lossy
dielectric posts in a rectangular waveguide in terms of two-port
networks. Of all such networks, the T network is most commonly
used. This is perhaps due to the fact that it readily realizes both
symmetrical and unsymmetrical impedance matrices in a very
simple and straightforward fashion. However, it is found that
although the realizability conditions for the impedance matrix
representation of the posts are strictly satisfied, the parallel arm
impedance of the corresponding T network can have a negative
real part. Furthermore, for some configurations of lossy posts,
the reactive part of the same impedance is found to be a
monotonically decreasing function of frequency. Such a behavior
is observed for some loss-free posts as well [1], [2]. This situation,
although not unlikely, does rule out any chance for obtaining a
lumped network representation of resonant posts valid in the
bandwidth. These lumped representations are particularly useful
in the design of microwave filters employing dielectric posts in a
rectangular waveguide. The purpose of this paper is therefore
twofold. First, it is shown that such an irregular behavior can be
avoided in the case of lossy symmetrical post structures by using
lattice networks. Second, it is demonstrated that a lumped lattice
network can be developed to approximately realize the imped-
ance matrix in the bandwidth. Although the latter is accom-
plished by means of a working example, the procedure estab-
lished is believed to be general.

1I. THE REALIZABILITY PROBLEM FOR LOSSY POSTS

The realizability, and symmetry whenever applicable, condi-
tions of the computed impedance matrix of the various config-
urations of lossy posts considered in [1| and [2] have always been
checked. In particular, the real part R =[R, ], {i,j} = {1,2}, of
the impedance matrix is found to satisfy the well-known realiz-
ability conditions [3, sec. 5-11}:

R, Rp>0
R, R,, ~ R}, > 0. (1

The equivalent condition that the matrix (U — SS), where U is
the identity matrix, § is the scattering matrix of the posts, and
the superscript H denotes matrix Hermitian, must be positive
definite for lossy passive microwave systems [4, sec. 3-3] is also
always found to be satisfied. However, in attempting to realize
the impedance matrix in the form of a T network, it is found
that, although the realizability conditions for the impedance
matrix are strictly satisfied, the resistive part of the parallel arm
impedance of the T network is negative for some post configura-
tions. Furthermore, the reactive part of the same impedance can
be a monotonically decreasing function of frequency. This situa-
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