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Short Papers

Design Equations for a Class of

Wide-Band Bandpass Filters

EDWARD G. CRISTAL

i4bsfracf-Design equations and experimental data for a class of
bandpass filters having up to two attenuation poles at finite frequen-
cies in the stopband are presented. The new designs are obtained
by a relatively simple modification of only the end sections of con-
ventions interdigitsl and half-wave parallel coupled-line filters.
Practicaf realizability constraints generally limit the design technique
to wide-band flters.

DESIGN EQUATIONS AND EQUIVALENT CIRCUITS

The form for the half-wave parallel-coupled-line filter described in
this short paper is shown in Fig. 1. This filter has been designated as
type CR1670-1. Its exact equivalent circuit is presented in Fig. 2.

Theoretically, the choice of attenuation pole frequencies Q=, and Q,,

(see Fig. 2) are arbitrary. However, in practice as the poles approach

bandedge frequencies, there is increased difficulty in realizing the

impedance of the end stubs. on the other hand, in the limit as the
poles approach dc, the filter degenerates to a conventional half-wave
parallel-coupled-line filter having three attenuation poles at dc.

Stripline filters of this type may be designed utilizing Table I

and the approximate equations of Table II. The steps are straight-
forward.

1) From a required set of specifications, select the fractional
passband bandwidth, pole frequencies jfll and ~P,, and number of
resonators (coupled-line quarter-wave sections). Let the number of

coupled-line quarter-wave sections be N— 1.
2) Obtain the gi parameters from a suitable lumped element low-

pass prototype filter of order N. (See [1 ].)
3) Choose values for the parameters H and d in Table I and

compute the parameters QI, !&,, and Q*, in Table 1.

4) Compute the parameters in Table II to obtain the even-

and odd-mode impedances for the coupled-line sections and the
characteristic impedances of the uncoupled stubs.

5) Utilizing Cohn’s [2] or Shelton’s [3] data, obtain the dimen-
sional parameters for the filter.

The theoretical performance of the filter may be computed
utilizing the preceding computed parameter values from Table II,

the equivalent circuit of Fig. 2, and the relationships given in
Table II 1.

An interdigital form for filters of this class is shown in Fig. 3,
and its exact equivalent circuit is presented in Fig. 4. This filter
form has been designated as t ype CR1670-2. For a given value of N,

its electrical characteristics are exactly dual to the type CR1670-1
filter. This filter may be designed utilizing Tables I and IV. The

steps are analogous to those previously described, except that the
filter dimensional parameters are to be obtained using the data of
Getsinger [4] or Cristal [5]. The theoretical performance of the
type CR1670-2 filter can be computed using the parameter values
computed from Table IV, the exact equivalent circuit of Fig. 4, and
the relationships given in Table V.

The approximate design equations given in Tables I, II, and IV
were developed using a method of Matthaei [6]. For the end sections
it was required that the normalized reactance of the filters at the

lower bandedge equaled the negative of the corresponding normalized
reactance of the prototype at its bandedge. This, together with the
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Fig. 2, Exact equivalent circuit for filter type CR1670-1.

TABLE I

PARAMETER DEFINITIONS

N
go,gl . . . glf+j

@l

order of low-pass prototype filter
parameters of the low-pass prototype filter
radian cutoff frequency of the low-pass prototype
filter

d

L,, d’

{,,fkt
~t Parameters:

N=

N=

lower cutoff frequency
upper cutoff frequency
= center frequency= 1/2 (fI +fz)
= fractional bandwidth= (fz –-fJ/~o
pole (1) frequency
pole (2) frequency
= ~/2 (I — (w/2)), Onl = ~/2 (fpl/fo), ep2= w/2 (fpJf o)
= tan I%, flPl = tan 8Pl, Q=z= tan .9Pt

dimensionless parameter usually <1 chosen by the
designer to scale the impedance level within the
filter
dimensionless parameter between O and 1, usually
set equal to 0.5
velocity of propagation
unnormalized self- or mutual inductance per unit
length of.the.hth coupled-line section
termmatmg Impedances
= ~L,, ‘k) IZ.4

N>6
d--

2dg,
J2= —

d

2dg2ga
J.-, = —

g3 gn-zgn+l

2dg,
J~ = ~,

%/AWi+l
i=3,4, . . ..3—3
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specification of the attenuation pole frequencies, completely defined
the parameters of the end sections.

Representative data for minimum stopband attenuation and se-

lectivity are presented in Figs. 5 and 6, respectively. These data, for
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TABLE II

TYPE CR1670- 1 FILTER DESIGN EQUATIONS

Coupled-Line Section 1

J,,(U =
(1 + %:)fll

m’gogl[w — flplq

112(1) =@J1l(l)

[
lzJ1) =H w{~ 1(1–d)fh +Hll,(’)

go

CoupIed-LheS ectioni V– 1

~ll(d’-l) = (1 + Q,;)fh

Cos’g.g.+l[fh’ – Q.;]

Coupled-Line Sectionsi= 2,3, . . . ,(N–2)

ClIR(d)=~Ji
go

Uncoupled Stubs

.@/.zA ‘~P,ztll(l) ZS(N-l)/ZA = fip,211,(N-1)

For Symmetrical End Sections, Choose

111(1)
H=

111(1)+ @l’ :(1 – d)%

Even- and Odd-Mode Impedances for Section i Normalized to ZA

(z= z/zA)

Sections;= land N– 1 Sections i = 2, 3, . . ., (N – 2)

~oea(i) = Jll(o + 112(0 Zoe(o = .lll(i) + ~,2(i)

~0=~(i) s J22(.’)+ J12(0 ~00(~) = JII(O — 112(0

~000(0 = Jll(i) — ~12(0

zOO~(i) s 122(0 — J12(0

TABLE III

PARAMETER RELATIONSHIPS BETWEEN THE EQUIVALENT
CIRCUIT OF FIG. 2 AND TABLE 11

& = ltj (zAu-’)

Sections i = 1 and (N - 1)

N = L,,(l)/L#)

M = L1j(N–1)/L22(N–1)

Sections i = 2 to (N – 2)

.Z1(*) = Z2@) = VILII(Q – L12@)] ohms

Zlj(iJ = W51z(i) ohms

Source and Load Impedances = ZA ohms

END STUB Y,(l)
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Fiz. 3. Schematic representation of filter type CR1670-2.
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Fig. 4. Exact equivalent circuit for filter type CR1670-2.

TABLE IV

TYPE CR1670-2 FILTER DESIGN EQUATIONS
—.—

[:

611 -C19 o 0 . . . 0

Capacitance Matrix —cl% Cl* - C22 o . . . 0

Normalized to YAO–l = O — 692 ca3 — ca4

. .~ 1

Lo
C/i unnormalized self-capacitance per unit length of conductor i

C/,i+l unnorrnalized mutual capacitance per unit length of con-
duct ors i and i+ 1

v velo,:ity of propagation
Y~ terminating admittances
Cij vcij/ YA
lij parameters defined in Table II

Self-Capacitance Parameters Normalized to Y~v-l

cl] = Jll(l)

Q:! = 1*2(1) + 111(2)

Ci, = 111(*–2) + 111(*–1), ;=3,4, . . .. (2)2)

CN-l,N_:, = .lZZ@’-l) + Z1lCM–Z)

cN~ = hl(N-l)

Mutpal Capacitance Parameters Normalized to V,4V-1
I

~i,i+l = 112(/), i=l,2, c.. ,(N—l)

Uncoupled fStubs

yS(l)/ yA = ~fl,2G11 y,.#N)/ yA = fh,zcNN

To convert normalized capacitance matrix parameters cij into
C’tj/~, multiply all entries by 376.7 ( YA)/~, where c, is the relative
dielectric constant and c is the permittivity of the medium.

fractional bandwidths of 0.40 and 0.80 and O.10-dB passband ripple,
were prepared by analyzing the equivalent circuit of Fig. 2. The
data are exact for the cases considered, but not optimum since the

design equations are approximate. Also, the data are for the the
particular, but usual, case of identical stopband pole frequencies.
The abscissas of Figs. 5 and 6 are the ratio of 01 to Op. The ordinates

in Fig. 6 are the ratio of O. to 01. These parameters are defined in
Fig. 7.

EXPERIMENTAL RESULTS

A trial half-wave parallel-coupled-line filter was constructed and

measured. 1ts nominal design specifications called for six resonators,
40-percent bandwidth, and O.1-dB passband ripple. Its center fre-
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Fig. 5. Minimum stopband attenuation versus lJI/8p for fractional bandwidths
0.40 and 0.80 and passband ripple of 0.10 dB.
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Fw.8. Photograph of trizd type CR1670-1 filter.

3.0
‘II I

2.5 —
I

I

; 2.0
I

> I
1.5

1.0
1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2,4 25

FREQUENCY — GHz

(a)

70 -
/

60 —

%
50

I

1

~ 40
1=
$ 30
5
~ 20 —

10 —

o I I
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2,6 2.8 3,0

FREQUENCY — (+Iz

(b)

Fig. 9. (a) Measured and computed VSWRS for trial type CR1670-1 filter.
(b) Measured andcomputed attenuation responses for the trial type CR1670-1
filter.

TABLE V

PARAMETER RELATIONSHIPS BETWEEN THE EQUIVALENT
CIRCUIT OF FIG. 4 AND TABLE IV

Cij = C,j ( YAV-1)

N = C12/C1l

M = CN.LN/CNN

(Vcll)’ ~hos
Y, =

VC1l+ Y’s(l)

[L1]-l = ?JCnY.s(1)
mhos

2CH + V8(1)

[LN]-l E
ZICNN Ys@’)

mhos
~CiVN+ YS<NJ

yN =
(ZJCNN)’ mhos

zICm+ Ys@)

C11(C22– C23) -c122mho~
Y,=rl

C22

yN_l=2 CNN(CN-I,N-,– cN-z,N_,)- CN_,,N2
— mhos

CN_I,N-I

Yi =~(Cii– Ci_l,i — Ci,i+J mhos, for; =3to(N–2)

I’i,i+I =vCi,i+lmhos, fOr; =2to(N–2)

Source and Load Admittances= Y~mhos
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Fig. IO. Photograph of trial type CR1670.2 filter.
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Fig. 11. Measured VSWR of trial type CR1670-2 filter.
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Fig. 12. Measured attenuation of trial type CR1670-2 filter.

quency was set at 2.0 GHz and both poles of attenuation were set to
1.2 GHz. A photograph of the constructed tilteris shown in Fig. 8.

Its calculated and measured VSWR and attenuation responses are
shown in Figs. 9(a) and (b), respectively. The measured VSWR was

found somewhat high, particularly near midband. This was deter-

mined to be the result of insufficient coupling of the input and output
resonators. A slight increase in the coupling of the first and last pairs
of coupled lines would have improved the response. The calculated

and measured attenuation responses agreed very well after account-
ing for the slight shift in center frequency.

A photograph of aninterdigital realization for this class of filter
is shown in Fig. 10. The specifications for this trial design were the
same as in the previous case. The dimensions f,or the coupled-line

array were realized with the data of Cristal [5]. The ground plane
spacing was 0.350 in, Theuncoupled stubs were constructed of dielec-
tric loaded coaxial lines that were short circuited at their ends with
an adjustable tuning slug. The measured VSWR after tuning is
shown in Fig. 11. Although the tuning was not optimum (2 points

of match are suppressed), the peak VSWR was only 1,38 compared

to the theoretical value of 1.36. The measured attenuation response
is shown in Fig. 12. In this case the bandwidth measured about 37

percent compared tothedesign value of 40 percent. But in general
the experimental results compared favorably with the theory.

The filter geometries are believed to be new. However, their
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electrical circuits (or duals) are equivalent to the electrical circuit

of a filter presented by Matthaei [6] for the particular case of com-
mensurate iength lines.

CONCLUSIONS

A new class of microwave wide-band bandpass filters, their

design equations, and equivalent circuits, has been presented. The
construction of two trial filters demonstrated the practicality of
designs for printed circuit and interdigital air line. The experimental
data adequately confirmed the design theory.
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An Approximate Analysis of Dielectric-Ridge

Loaded Waveguide

R. M. ARNOLD AND F. J. ROSENBAUM

Abstract-The dielectric-ridge loaded waveguide is analyzed ap-

proximately in terms of coupled empty waveguide modes. Using this
technique the propagation constant can be easily computed, thus
allowing the prediction of the properties of a type of dielectric phase

shifter.
Experimental evidence is presented which indicates that a two-

mode approximation yields reasonable accuracy if the dielectric ridlge
is on center, is relatively thin compared to the width of the waveguide,

and has a 1ow dielectric constant relative to that of free space CO.

INTRODUCTION

A common type of variable waveguide attenuator or phase shifter

consists of a vane of dielectric material extending into the waveguide

through a slot in the broad wall. This type of structure tends to

couple many of the normal modes of the waveguide and is conse-
quently difficult to analyze exactly. It is the purpose of this short

paper to outline a simple analytical approach to this problem, ccm-
sidering the coupling of only two modes, and compare the results

with experiment.

ANALYSIS

Herd and Rosenbaum [1] have described the application of

Schelkunoff’s generalized telegraphists’ equations [2 ] to isotropic
lossless waveguides. This technique involves the expansion of the

fields in a loaded waveguide in terms of the normal modes of the

empty waveguide. The coefficients of the terms in the linear expan-

sion are determined by the coupling of the empty waveguide mudes

by the loading. In principle, an infinite number of modes yields an

exact solution, but useful approximations can be obtained by con-
sidering only the coupling of the most important modes. These
most strongly coupled modes are a function of the geometry of the
loading. Since the result of the analysis is a polynomial expression in

the propagation constant, of order 2N, where N is the number of
modes considered, the fewer important modes coupled, the simpler

the analytical problem becomes.

MODE COUPLING

The geometry under consideration is shown in Fig. 1. Assume that
q describes a loss free medium with el > e~. The concentration o of
fields in t“le x dimension, in general, gives rise to a transverse vari-

ation proportional to ~.~1 sin rs2rx/a, where n is odd for center
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