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Eight-Stub Filter
10logiy Ks k1 ke ks ks
37.11 0.1 0.480 1.050 1.455
53.35 0.2 0.860 1.735 2.305
73.35 0.4 1.543 2.881 3.691
98.06 0.8 2.802 4.885 6.080
107.14 1.0 3.409 5.829 7.199
128.19 1.6 5.18 8.562 10.433
1392.08 2.0 6.359 10.340 12 545
Nine-Stub Filter
10log Ky ki ks k3 ks ks
50.68 0.1 0.4974 1.138 1.689 1.898
69.02 0.2 0.8838 1.852 2.613 2.890
91.56 0.4 1.577 3.043 4.112 4.491
119.39 0.8 2.851 5.121 6.688 7.237
129.6 1.0 3.436 6.098 7.894 8.251
153.3 1.6 5.266 8.928 11.377 12.231
176.0 2.4 7.624 12,592 15.879 17.022
Ten-Stub Filter
10 log K19 %1 ke k3 R ks
65.24 0.1 0.510 1.203 1.866 2.245
85.66 0.2 0.901 1.938 2.842 3.340
110.753 0.4 1.601 3.161 4.423 5.102
141.69 0.8 2.887 5.292 7.138 8.117
153.07 1.0 3.506 6.294 8.408 9.257
179.39 1.6 5.322 9.195 12.076 13.596
204.651 2.4 7.699 12,949 16.815 18.851
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A Simple Design Procedure for
Small Percentage Bandwidth
Round-Rod Interdigital Filters

The continued correspondence concern-
ing interdigital filter [1] prompted me to
submit this correspoundence. The concepts
and design procedures to be described have
been found to be practically useful for de-
termining the geometry of the coupled-rod
structure, and because these procedures are
apparently much simpler than those pres-
ently available, publication of the subject
matter may be helpful to others. It will be
apparent that some of this material is tutor-
ial in nature—it is included to clarify the
other information being presented.

I. CoNCERNING THE OVERALL DEVICE

However else the device may be de-
scribed, when used to produce small per-
centage, i.e., less than 10 per cent, pass
bands, the first-order phenomenon involved
in a so-called interdigital filter is identical to
that occurring in direct coupled-resonator
filters with groundings arranged so that the
magnetic field coupling is in phase with the
electric field coupling; i.e., the so-called

- “capacity aiding” connection in the n=2 IF
interstages of old. Thus, the concepts and
quantitative procedures described in (2] are
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directly applicable to the design, adjust-
ment, and alignment of these filters. Specifi-
cally the device is adequately designed if,
with all other resonances short-circuited,
one correctly adjusts the coefficients-of-
couplings between adjacent resonances; the
singly loaded Q of the input and output reso-
nances; and the resonant frequency of each
resonance.

If the foregoing is true, the following
helpful questions arise:

1) Why should one bother using different
diameter rods (or different width rectangu-
lar bars) in the filter?

2) Why should one waste the space to
put in rods #0 and #(#-+1) the only purpose
of which is to properly couple the resistive
generator and resistive load to the input and
output resonances, respectively?

The answer to the first question is ap-
parently that different diameter rods and
different width bars are used because the
presently available designs call for them.
Actually there are an infinite number of
correct diameter and spacing combinations,
and there is no need to use different di-
ameter rods (or different width bars) if the
filter is correctly designed and adjusted for
uniform diameter rods (or uniform width
bars). Section I1l gives the simple design
procedure involved.

The answer to the second question also
is that apparently rods #0 and #(n--1) are
used because the presently available designs
call for them. Actually in the bandwidth
regions considered in this correspondence
these rods are not required. In the less than
one percent bandwidth region, probe or loop
coupling of the generator to resonator #1,
and the load to resonator #n is practical;
and in the greater than one percent band-
width region, tapping of the generator onto
rod #1, and tapping of the load onto rod #n,
is a practical way of producing the required
singly loaded Q for the input and output
resonators. Section IV gives the simple
design procedure involved when tapping is
used.

I1. Tur CoEFFICIENT-OF-COUPLING
BETWEEN ADJACENT UNIFORM
DIAMETER RoDs

The definition of coefficient-of-coupling
(K) applicable to all small percentage band-
width coupled-resonator filters is given in
Section IV of [2]; also given there is a
straightforward experimental procedure for
accurately measuring and/or adjusting K.
This procedure applied to an actual filter
for which d/h=0.5 resulted in the three
cross-marked points on the graph of Fig. 1.
The K measured was that between two adja-~
cent rods which also had equally spaced
rods on their other sides; thus, equal far-
side coupling was involved.

Within their applicable ranges, either
Honey's closed-form equations for Z,, and
Zy [3), or Cristal’s graphs for Cp/¢ and
C/e [4] can be used to calculate the coeffi-
cient-of-coupling resulting from a given
geometry d/h and ¢/k. 1t should be noted
that the small percentage coupling case
herein considered is very forgiving of a
multitude of approximation sins, and per-
haps a proof of this is the fact that for the
less than 10 percent coupling case consid-
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ered herein, and for normalized rod di-
ameters less than d/2=0.5, both procedures
give “exactly,” i.e., within about 2 per cent,
the same numerical answers. If Honey's
approximation is used, (1) gives the K be-
tween a pair of rods

T ¢

o (%
n co 37

. W

—
In coth z —~>
ik

If Cristal's graphs are used, (2) is used
to obtain the A between a pair of rods

The graph of Fig. 1, giving the coeffi-
clent-of-coupling between two adjacent rods
as a function of normalized center to center
rod spacing ¢/k, and normalized rod di-
ameter d/k, results from an application of
either (1) or (2). The very excellent agree-
ment on Fig. 1 between the three experi-
mentally determined cross-marked points,
and the line for d/k=0.3, is gratifying.

As Fig. 1 indicates, in this region of in-
terest, the log of the coefficient-of-coupling
is almost a linear function of both the nor-
malized center to center spacing (¢/k#) and
the normalized rod diameter (d/k). A linear
equation approximating the straight, al-
most equally-spaced lines of Fig. 1 is given
in (3).

¢
logK = %«—1.37 (—)
og p

+0.91 (%) - 0048; G

1

As presented, the equations and graph of
Fig. 1 apply exactly only to the case of equal
(Cn/C) on each side of every equal diameter
rod. In a “modern network-theory filter”
this is, of course, not the case; however, for
small percentage couplings the foregoing
simple equations and graph can still be used
to design such an unequal G, filter, using
equal diameter rods, because of the following
fundamental fact: Fringing phenomenon is
such that, when the spacing between rods is
changed, the Y, of any one line with all other
lines short-circuited, e.g. (¥o,,+ Y.+ Yo,,),
changes negligibly; e.g., even with spacing
changes such that the resultant coefficient
of coupling changes from zero up to 10 per-
cent, there is less than 3 percent change in
this V%, even for d/h as large as 0.5. The
value of this essentially constant Y, is very
closely that for a single rod between parallel
gr(])und planes given by (4) (page 592 of
[51).

47
¥, = 1/138 log (— i) @)
x d

Thus, up to 10 percent couplings, the
factor (Cy/e 2C,/¢) in the denominator of
(2) is essentially independent of changes in
rod spacing; and to a first-order the numeri-
cal value for the corresponding numerator of
(2), ie. (Cn/e), is still obtainable from
Cristal’s Fig. 2 [4], even for unequally spaced
rods on each side of a given pair.

It should be noted that a graph similar
to Fig. 1 but differing by the factor 4/, has
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Fig. 1.

already been presented in [3], but its pos-
sible application to an insertion loss type of
filter design was not presented.

ITI. ErreCcT OoF END WALL SPACING ¢/h

Because of the method of generator and
load coupling to be described in a later sec-
tion, the end walls can be placed immedi-
ately adjacent to the first and last resona-
tors.

With closely spaced end walls the zo of
the first and last rods with all other rods
grounded is given closely by later presented
(9).

To obtain the required ci2/k, substitu-
tion in the basic coefficient of coupling de-
finition gives (5)

Yo

Km“ = K ?OL (5>
where K,,,, is the K of Fig. 1, and K» is the
value called for by the synthesis procedure,
and Yo and Vo are given by (4) and (9). It
is worth noting that so long as e/k is less
than 0.7, the effect of the square root factor
is well less than 2 percent for all values of
d/h up to 0.5.

IV. APPLICATION OF Fi1G. 1 To A
DrsiGN EXAMPLE

All design procedures require that a pre-
viously accomplished synthesis give the re-

Coefficient-of -coupling between adjacent resonant rods.

quired normalized coefficients-of-coupling,
or their equivalents. In Chapter 7 of [5],
and in [6], tables of these required, nor-
malized-K’s (k) are given for Butterworth,
Chebyshev, maximally linear-phase, and
Gaussian-amplitude responses; and in Dis-
hal [7] closed-form design equations are
given for the normalized-K's required for
any # to produce the Butterworth and
Chebyshev responses with “lossless” reso-
nators. It is important to realize that in the
above three references, the required nor-
malized-K's (k) are normalized to the 3-dB
down fractional bandwidth, and to obtain
the required actual K from them they are
multiplied by (BWsas/fo), i.e.,

K=t (BV;?“LB). ©)

Once one knows the various K’s required
for a filter, the graph of Fig. 1 [or (1) or,
less exactly, (3)] is all that is needed to de-
sign the center to center rod spacings in most
interdigital filters.

It is apparently standard operating pro-
cedure to present a design example for
Matthaei’s 6 resonator, 10 percent band-
width, 0.1-dB Chebyshev response shape
[81, [4], [1], and we will follow this pro-
cedure.

First, let us realize that the 10 percent
bandwidth referred to in [8], [4], and [1],
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is not the 3-dB down-bandwidth, but is the
so-called “ripple-bandwidth,” which, as
Curve § on Fig. 9 in Chapter 7 of [5] shows,
is 0.914 times'the 3-dB down-bandwidth.
Thus, the filter involved is to have a 3-dB
down percentage bandwidth of 10.95 per-
cent. Next, Fig. 29 in Chapter 7 of [5] shows
that for the 0.1-dB ripple response shape,
the required 3-dB down normalized-K’s are
k12=0.716, k2 =0.539, and k. =0.518.

The part of the design which is the sub-
ject of this section, is then accomplished by
the three steps given in the following Table I.

If, the exact K values produced by this
design are calculated, we find that the fore-
going extremely simple procedure has re-
sulted in errors in Ky; and Ky of less than
one percent, errors which are completely
tolerable in practice.

Because in Cristal’s example only rods 2
and 3 end up with very closely the same
diameter, the normalized center-to-center
rod spacings (c2s/k) and (cu/h) are the ones
which should be compared—his values are
1.114 and 1.125, respectively.

V. CorrEcCT LOADING OF THE FirST
AND [LAST RESONATORS
BY “TAPrING”

As indicated in- [2] and [7], all coupled-
resonator ladder filters of the type consid-
ered here require that the first resonator and
the last resonator be resistively loaded so
that their singly loaded-Q’s are set at a value
specified by the network synthesis part of
the overall design procedure. Along with the
required values for the normalized-K’s, [2],
{51171 give the normalized required values
for these singly loaded end Q’s. The values
given, (¢g) are normalized to the 3-dB down
“fractional mid-frequency” (fo/BW; gp), and
to obtain the actual required Q (7) is used

Joo N
0=y (me)' @

For tap points which are located on the
bottom 20 percent of a X/4 transmission
line, (8) gives the relationship between the
tap point and the resulting singly loaded Q
(page 576 of [5])

0= {- (21%) ;l/sin2 (% }Z:> 2 (8)

For convenience this equation is graphed on
Fig. 2.

It is thus necessary to know the Z; of
resonator #1 and #x with all other resonators
short-circuited. With small percentage cou-
plings the effect of short-circuited rod #2,
and short-circuited rod #(n—1) on this Z,
is, practically speaking, negligible. Thus,
with the surface of the end walls a normal-
ized distance e/k from the center of the end
rods, (9) can be used to approximate these
Zy's (page 530 of [5]).

Zo, = 138 log %—i— <—dh—> tanh (g) % ()

1 Because of the lack of divisions on these figures,
three significant figures cannot be read—the exact
value was obtained from (15b) of [9] which shows
that the relationship between these two bandwidths is

BWis
BWﬁ

1 ]
= cosh g— cosht 1/[(Vp/V2)* — 1a.
n i
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TABLE 1

Required K’'s

Based upon max unloaded—Q,
or availability, or ete., pick
a normalized rod diameter

From Fig. 1

Ki2 = 0.716 X 0.1095 = 0.0784 = K¢

Kz = 0.539 X 0.1095 — 0.0589 = Ky

Ky = 0.518 X 0.1095 = 0.0566

(d/h): To compare with
Cristal we will pick 0.350.
Fick a normalized end
wall spacing e/h: we will
pick 0.6; therefore from
(5) (Km/K)1=1.02

().

¢
— =112
h/a

e ==t =

1T

ftad

=

0.05 .06 .07 .08 09 .1o A

Fig. 2.

Examination of this equation shows that
even with d/k as large as 0.5, the end walls
also have negligible practical effect, i.e., less
than 2 percent, on Zo, so long as the e/h
used in Table I is greater than 0.75. Within
this limit the Zp equation simplifies to that
given on Fig. 2; if appreciably closer end-
wall spacings are used, the full (9) is used.
For most practical filter requirements, cor-
rection terms for (9) are not required.

Continuing with the #=6 design ex-
ample: the synthesis information on Fig. 29
in Chapter 7 of [5] shows that for the 0.1-dB
ripple shape, the 3-dB down singly loaded
normalized end-Q’s must be gi=g¢s=1.27;
therefore, Q1=Qs=1.27X9.13=11.6. Sub-

.12

NES 4 a5 46 a7 18 19

Singly loaded resonator Q produced by “tapping.”

stitution of the normalized rod diameter used
in our example, i.e., d/h=0.350, in the Z,
equation on Fig. 2, or in (9), gives Z,=176
ohms. If the usual 50-ohm generator is to
drive the filter then Qi/(R:i/Zy)=17.7; and
Fig. 2, or (8), shows that the tap point
should be located at 0.136L. Use of the
known load resistance in the step just out-
lined will then give the required tap point
on rod #6.

VI. CorrECT TUNING OF EACH RESONATOR

The final design parameter which must
be correctly adjusted is the resonant fre-
quency of each rod (with all other rods short
circuited). For good performance each
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resonance should not differ from the correct
frequency by more than 10 percent {(ap-
proximately) of the 3-dB bandwidth. For
small percentage bandwidth filters this is
certainly the most important and most criti-
cal of the three parameters which must be
adjusted. The tuning procedure given in [2]
is, of course, directly applicable to inter-
digital filters. If it is undesirable to mount
a loosely coupled alignment probe near the
input resonator, it is worth pointing out the
perhaps obvious fact that an exactly equi-
valent alignment procedure is as follows:

1) Feed the fo signal to the filter through
a slotted line.

2) Short-circuit all rods by means of fine

tuning screws.

Set the probe of the slotted line very

accurately at the location of a zero

on the slotted line, and lock the car-

riage in this position.

4) Tune the first rod for maximum out-
put from the slotted line probe.

5) Tune the second rod for minimum
output from the slotted line probe.

6) Third rod for maximum output.
Fourth rod for minimum output,
ete., etc.

3

=

If an interdigital filter having no fine
tuning adjustments is desired, then in the
engineering model the line lengths must be
adjusted so that the preceding phenomenon
occurs when the fine tuning screws are just
flush with the inner surface of the wall on
which they are mounted.

In conclusion I should add (with tongue
in cheek?) that one can start, with no geom-
etry calculations whatsoever, and success-
fully and exactly adjust each K and Q: and
Qn by the procedures described in Dishal
[2]. In fact, if the pass band performance
of the completed filter is not satisfactory, the
experimental procedures of [2], or their
equivalent, must be used to experimentally
check each K and Q: and Q.; this will at
least guarantee that the physical filter is
truly supplying the element values called
for by the synthesis part of the overall de-
sign procedure.

M. DisuaL
ITT Federal Labs.
Nutley, N. J.
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