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TABLB I

—

Sid~;~gth Characteristic SideR$t:;gth
Chamc-

Impedance
teristlc

Impedance
..— — ———— —————— ————

5:4 10,993 7:2 69 687
3:2 20.637 4:1 77.63rr
5:3 26.441 9;2
2.1

84.704
36.771 5:1

5:2
90.981

49.754 11:2 96.718
3:1 60.528 6:1 101.852

TABLE 11

TABULATION OF CHARACTERISTIC IMPEDANCE or SQI,ALLE COAXIAL LINE

z“ s z“ s z“ s z“ s z, s Zo s
——

0.

::

3.

::
6.
7
x
9
10.
11.
12.
13
14.
15.
16.

1 000
1 021
1.043
1.065
1,087
1. lrr9
1.132
1.155
1.178
1.202
1 ,?2.5
1.250
1.279
1 306
1 .33.2
1.357
1,382

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27
28
29.
30
31.
32
33.

1.407
1.432
1 .4.s7
1.483
J 510
1,537
1.565
1 .59.s
1 624
1.653
1 684
1 714
1.746
1.777
1 8f)9
1 841
1 874

34.
35.

;$’ :
38.
39.
40.
41.
42.

:::
45.
46.
47,
48.
49.
50.

1 907
1.940
1.974
2,008
2,043
2.078
2,114
2,151
2,188
2,226
2,265
2,30.!
2,344
2,3X4
2.426
2,468
2,511

51.
52.
53.
.54.
5.5.
56.
57
58.
59.
60.
61.
62.
63
64
65
66.
67.

2.554
2.598
2.641
2.688
2,734
2 780
2 827
2 875
2.924
j.g~~

3.024
3.075
3 127
3.180
3 ?34
3 289
3 345

68.
69.
70,
71,
7.?
73.
74.
75.
76.
77.
78.
79
80.
81
82.
83.
84.

3.402
3.460
3 519
3 578
3.639
3.701
3 764
3 828
3 892
3.958
4.025
4 092
4 161
.4 231
4 302
+.374
4. 44s

85.
86.
87.
88
89.
90.
91.
92.
93.
94.
9.5.
96,
97.
98.
99.

100
101

4,522
4.599
4.676
4.755
4,836
4.91s
5,002
5.086
5 172
5,259
5.347
5.436
5.525
5 616
5 709
5,805
5.907

T
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Fig. 2—Development of a square cornered rectangular
coaxial line from square section line.

This is presented as Table II. While this

introduces the possibility of generating addi-
tional errors there is sufficient initial data to

suggest that these should remain small. Near
the actual data points the basic accuracy of

the original work will be preserved. It is

pIeasing to note the (fortuitous) closeness

of theimportant practical cases of 50, 70 and

75 ohm impedances to basic data points.

tVhen the line is to be filled \vith a mate-
rial of dielectric constant A-, the tables
shouId be entered at an impedance of Zo ti~-,,
where ZO is the required characteristic im-

pedance.

The special case of a rectangular line
(Fig. 2) having square corner regions is also

covered apprcmimately by this work. Such a
line may be considered as the paralleled

combination of two half square coaxial lines
with a sandwich (parallel plate) line. The

accuracy of the approximation will depend
on howlittle the introduction of the parallel
plate line disturbs the field at the corners and
on what proportion of the rapacity these
ends contribute, h-o generalization is there-
fore possible.

Finally for ss 2.0 it has been found that
the data of Table I is fitted with au error

not exceeding 0.5 per cent by the empirical

relation

Z(L= 136.710g,00.9259s (2)
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Waffle-Iron Filters*
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on

tf:affle-iron filters arc wavegrride “low-

pass” filters, that is, they have a wide stop
band above their pass band. They are useful

for both low-power an c1high-power applica-

tions. A brief history of the development

of this filter at Stanford Research Institute

isgiven by Young aud Schiffman [1]. Anew

design principle which umkes it possible to
extend thepassbandfrorn, (typically) about

10 percent to about 40 per cent is also de-
scribed [1]; the pass band c,f that filter cov-

ers almost the whole of the recommended

waveguide band, whileitss topb andextends
from the second to the fourth harmonic,
inclusive,

The waffle-iron filter described by Sharp
[2] consists of three tvaftie-iron tilters in cas-

cade, to extend the stop band up to the tenth
harmonic, inclusive. However, the individual

fi Iters had relati~-el~ narrcw pass bands, and
had to rematched to each other by means

of quarter-wave transformers.
The purpose of thiscc~l~ln[lllic:ttiorl is to

show how the wide pass baud feature of the

one filter [1] was combi]led with the wide
stop band feature of the other filter [.2]. At

the same time, as the pass baud of the orig-
inal filter [2] was more than doubled, the

over-alllength of the filter wasshortelledby
almost one half, resulting in an electrically

improved as well as a mechanically- more
compact filter.

The principal design modification made
on the original filter [2], was to convert the
half -capacitwrce end sections [?] to half-

inductance end sections [1]. This chmge is
simple to make mechanically, but is far-
-reaching electrically, silnce the image im-
pedance of the filter now ~-aries with fre-
quency very nearly like the characteristic
impedauce of the connecting waveguide.
This makes it possible tc, achieve a good
match over a very ~vide PMS band. (For a

detailed explanation, the reader is referred
to Young and Schiffmau [I]. )

DESIGN PROCEDURE

The original filter consisted of three sepa-
rate waffle-iron filters designed for separate

and slightly overlapping stop bands. They
were cascaded, with quarter-wave trans-
formers placed between them to match their

different image impedances. The over-all
length of the original filter (shown in Fig. 1
of Sharp [2]) wasabcart 30inches, which was
reduced to about 18 inches in the modified
filter.

Two design modifications were under-
taken:

1) A half section was removed at each
end of the Lhree separate filters [2],
thus turuing the half-capacitance end
sections into half-inductance end sec-
tions [1], iu order to broadband the
pass band of each falter.

* Received June 17, 1963; revised manuscript re-
ceived August 7, 1963. This work was supported by

the Rome Air Development Center under Contract
AF 30 (602) -2734.
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The dimensions of the teeth were then

adjusted to make the image imped-
ances of the three separate filters

equal to one another, so that no
matching transformers would be re-

quired between them when they were
cascaded.

Since it was proposed to measure the
VSWR over a large frequency band, includ-

ing the whole of L band, it was decided at
the outset to design a vel-y good quarter-
wave transformer from wa~-eguide height
0.400 inch (the approximate image imped-
ance of the filter [1]) to waveguide height
3.250 inches (WR-650 waveguide). This

transformer is described in detail by Young
[3]. It was designed for a VSSL’R of better

than 1.01 from 1060 to 1800 Mc (the L-band
frequency limits are 1120–I 700 Mc), 1

NEW DIMENSIONS AND PASS-BAND

PERFORMANCE OF TEE THREE

FILTERS SEPARATELY

Fig. 1 shows the cross sections of Waffle-

Iron Filter I after a half section was removed
from each end, thus reducing the filter from

ten to nine sections in length, and (more

importantly) changing the ends from half-
capacitances [2] to half-inductances [1].

Waffle-Iron Filters II and III are similar in
cross section. The final dimensions are given

in Table 1. The pass band VSWR character-
istics of the three separate filters are shown

in Fig. 2. The VSWR was measured using
the two seven-section quarter-wave trans-
formers to match the input and output from

0.400-inch high to 3.250-inches high (WR-
650) waveguide. (The measured VSWR in-
cludes the small mismatch of the transform-

ers. Since the seven-section transformer
VSWR is less than 1.01, the VSWR of the
filters plotted in Fig. 2 and the succeeding

figures is essentially the VSWR of each filter

between the 6,500 by 0.400 inch wave-
guides. ) The region of most interest is

around 1300 Mc, and so Ik’affle-Iron Filter
II requires the most improvement as can be
seen from Fig. 2. At this point, instead of
changing the tooth dimensions the effective
image impedance was changed by adding
four posts, as shown in Fig. 3. The posts were

0.156 inch in diameter and were placed be-
tween opposing teeth of the two interior

rows, close to the waveguide wall (Fig. 3).

PASS-BAND PERFORMANCE OF WAFFLE-

IRON FILTERS IN CASCADE

The VSWR of Waffle-Iron Filters I and
II in cascade is shown in Fig. 4, both with

and without the matching posts in Waffle-
Iron Filter II. (The stop band of ~Vaffle-
Iron Filters I and II in cascade extends from
2.1 to 9.6 Gc [2 ].) Finally, all three waffle-
iron filters were cascaded. A photograph of
the composite filter is shown in Fig. 5. The
VSWR of this composite filter is shown in

Fig. 6. This includes two capacitive bars
placed symmetrically in the transformer sec-

I This transformer is essentially a piece of labora-
tory test equipment and a shorter transformer of five
sections (instead of seven) would give an adequate
match over the pass-band region, For Waffle-Iron
Filters I, II,, and 111 in cascade, the Pass band was
later determmed to be 1190 to 1560 Mc for a VSWR
0[ Iess than 1. 1.S; or the whole of L band may be con.
mdered the pass band with a VSWR of less than 1.4.

tion that connects to Waffle-Iron Filter 111.
The reason for the bars is that the image

impedance of Waffle-Iron Filter I I I corre-
sponds to a waveguide height of less than

0.400 inch, as can be seen from Fig. 2; how-
ever, instead of modifying Waffle-Iron Filter
III any further, or redesigning the trans-
former, it was quicker to adjust a shunt

capacitance to improve the over-all VSWR.
The dimensions and position are shown in
Fig. 7. It is seen from Fig. 6 that the three
waffle-iron filters, cascaded as shown in Fig.
5, then have a \’Si17R of less than 1.15 from
1190 to 1560 Nfc, and remain below 1.4 over

the whole of L band (1 120–1700 Me). W’ith
a little more etfort, modifying the filters

and eliminating the posts and bars, the

VSWR could probably be improved further,
or the pass band extended, or both. Even
as it is, however, the performance compares

TECHNIQUES November

~~

;JL4-?J SECTION A-A

(a)

0500,

(b)

Fig. I—Cross-sectIons of a waffle-iron filter.
(a) Longitudinal. (b) Transverse.

TABLE I

FINAL DIMENSIONS OF WAFFLE-IRON FILTERS

D1mensmns Number of
Waffle (inches) Sections

Iron
Length

Filter
(inches)

~,, b 1 2’ Wfith Le?gth
—— —

1 0.210 1.625 0.560 0.740 5 9
0.210 0.986

11.700
0.231

I;!
0,360 11 6

0.210 0.740
3.546

0.230 0.176 16 8 3.248

R&;; ~of

Edges
(inches)

——

0.063
0.063
0.045

favorably with the earlier filter [2], whose

VSWR is also shown in Fig. 6 for compari-
son, and which had a VSWR of less than 1.15
from 1260 to 1380 Mc only (and remained

below 1.4 from 1225 to 1525 MC only), cor-
responding to a bandwidth of less than one-
half that of the modified filter.

The three filters are shown assembled in

Fig. 5. The over-all length of the filter is
18.494 inches compared with a little over 30
inches for the earlier filter (a reduction of 9.5

inches is due to the intermediate transform-
ers, and about 2 inches is due to the removal

of one section per filter).

STOP BAND PERFORMANCE OF TEE

COMPOSITE FILrER

The attenuation in the stop band was
measured as before [1 ], [2]. Drillrods were

set in the filter M described hy Young and
Schitfman [1], to avoid any possible TEOl-

mode resonance (or, more generally, TE~I-
mode resonance). These can be seen in Fig. 5
as lines running from the upper left to the
lower ri~ht in the lower half of the photo-

graph. The diameter of the drill rods was

1/16 inch in \17affle-Iron Filters I and II,
and 3/64 inch in Waffle-Iron Filter III.
(Without the drill rods there are about a
dozen sharp spikes where the attenuation
falls to between 35 and 45 db. ) The attenua-
tion measurements were made as described
before [1], [2], and were limited by the
sensitivity of the equipment. One would ex-

pect the modified filter to have less attenua-
tion than the original filter for two reasons:
First, the number of sections has been re-

duced by one in each of the three component
filters (e.g., from ten to nine in Waffle-Iron
Filter I). Second, the change in dimensions
(compare Table I with Table I of Sharp [2])
is in such a direction as to slightly increase
the cutoff frequency of Filters I and III.

Experimentally, no deterioration in the
stop band was observed compared with the

Fig. 2—VSWR of three waffle-iron filters between two
6.500-inch by 0.400-inch waveguides.

0063 RADIUS

+$

o ,*7 a,,

L 0156

Fig. 3—Waffle- Iron Filter II, showing
matching post dimensions.

previously published curves [2]. The at-

tenuation was at least 60 db from 2.1 to

13.8 Gc, except in two regions: the sensitiv-
ityy fell from 60 db to 55 db between 6.8 to

7.5 Gc, so that it is not known for certain
whether it exceeded 60 db in this region; and
the attenuation dropped measurably, but
remained better than 55 db in the region
from 9.7 to 10.3 Gc. IJ’ith these exceptions,
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Fig, 4—VSWR of Waffle-Iron Filters I and II in cascade

between two 6.500 .inch by 0.400 .inch waveguides.

Fig. S—Exploded view of three waffle-iron
filters in cascade.
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Fig. 6—VSWR of Waffle-Iron Filters, 1, II, and III in
cascade between two 6,500-inch by 0.400-inch
waveguides, with capactive bars near Waffle-Iron
Filter III. (The VSWR of the original design [2]
is also shown.)
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Fig. 7—Dimensions and positions of capacitive
bars near Waffle-Iron Fi2ter III.

the attenuation remained above 60 db from
the second to the tenth harmonic of 1.3 Gc.
It fell below 60 db above 13.8 Gc, but re-

mained above 45 db to 14.5 Gc, after which
the attenuation fell off rapidly. These results
are consistent with Fig. 13 of Sharp [2]. To
ensure 60 db of stop band attenuation, the
number of sections in Waffle-Iron Filter II

Correspondence

should probably be increased from 6 to 7 or

8. The wide stop band of the waffle-iron
filter makes it useful in suppressing harmonic

and other spurious frequencies, whether
from laboratory signal generators or high-

power transmitters [4].
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The Effect of Increased Design

Bandwidth Upon Direct-Coupled-

Resonator Filters*

INTRODUCTION

The Cohn synthesis is generally pre-
ferred as a convenient design technique for

direct-coupled waveguide filters covering a

moderate bandwidth. Approximations in-
herent iu the theory result iu considerable

deviations from the theoretical pass band

response as the design baudwidth increases.
The maguitude of the deviations is difficult

to predict and proves troublesome in designs

requiring a low pass band VSWR.

Some idea. of the deviations likely to oc-
cur in practice has been obtained with the
aid of a computer for the particular case of a

7-cavity filter. The method employed was to
use the Cohn synthesis to calculate the filter

parameters necessary to satisfy a particular
specification. The resultant filter structure
of shunt inductance elemeuts, separated by
lengths of transmission liue, can be repre-

sented conveniently by matrices of rank two.
In this representation the frequency re-

sponse of such a structure cau be swiftly
evaluated with the aid of a conventional

digital computer.
Thus the exact response of the synthe-

sized filter structure can be found and the
deviation from the theoretical curve deter-
mined.

E\TAL,UA’pIOE PROCEDURE

In practice the susceptance of a post or

* Received August 12, 1963.
I S. B. Cohn, “Direct-coupled-resonator filters, ”

PROC. IRE, vol. 45, PP. 187-196; February, 1957.
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iris in waveguide is given by a complicated

function of guide wavelength, which is diffi-

cult to fit ;uto a compl~ter program. To

avoid uarrowiug the scop(~ of the analysis a
simple proportionality relationship was as-

sumed between the susceptance and guide

wavelength. The other approximation in the

analysis was the neglect of absorption in the

waveguide. This assumption was justified

forthe bandwidths of interest in this inves-

tigation. Pass band responses were restricted
to the equal-ripple Chebyshev type, and

were computed for a range of bandwidths
from 1 per ceut to 20 per cent, centered at

9.5kMc, iuwg 16.
Results for specified pass band VSWR

ripples of 1.05, 1.1 aud 1.25 are shown iu
Figs. 1–3, respectively. For convenience all
design bandwidths have been norrualize din

width on a frequency scale, so that the de-
sign equal-ripple points on the slopes of the

characteristic coincide. The change in pass

band response with increase in bandwidth,
or reduction of the specified pass band
VSWR, isthusmade readily apparent. Two

main effects can be observed from the curves,

1) For the responses in Figs. 1 and 2
large peaks ~ccur near ea~h end of the

pass band. These peaks grow in am-
plitude with increasein design baud-
width, the upper peak shifting to-

wards the center of the pass band,
There is no sign of such peaks in

Fig. 3.

2) A shift down in frequency of the up-

per skirt of the filter response occurs
in all cases. This shift increases with
increase in design bandwidth. There

is a much smaller shift upwards in
frequency of the lower skkt.

The difference in efkct upon the upper
and lower slopes of the response and the
shift in the upper frequency VSWR peak is
consistent with the symmetry of the design

pass band response on :Z guide wavelength
scale. This results in the design center fre-

quency shiftiug towards i:he low-frequency
end of the pass band. Thus any approxima-
tions in the synthesis which are dependent

upon frequency will be more evident at the

high-frequency end of the pass band.
Computations were made with higher

values for the specified pass band VSWR.
The results obtained were similar to those
shown in Fig. 3. In general there is a slight
decrease in the amplitude of the VSWR
ripples, as the design baudwidth increases,

accompanied by comparable shift in the at-
tenuation slopes of the response.

ERROR IN COMPIJTED CURVES

An attempt was mzde to estimate the

error in the computed curves resulting from
the approximate relation assumed for the

guide wavelength. f3ecauseof apracticalre-
quirement measurement ts were made upon a
9-cavity wg 16 filter. ‘The filter was man-

ufactured using singIe posts of circular cross
section for the inductive susceptances. Di-

mensions and positions for the posts were

obtained from computations based upon
formulas determined by Lewin.z These

2 L. Lewin, “Advanced Tlheory of Waveguidee, ”
Iliffe and Sons, Ltd., London, England, P. 35; 1951.


