
700 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES SEPTEMBER

I I I I10 I I I I I I I I

26 27 28 29

FREQUENCY —GdS

(a)

“~

INSERTION LOSS I MEASURED]

DISSIPATION LOSS [ CALCULATED FROM @E

MEASURED SHORT CIRCUIT —VSWR)

MISMATCH LOSS ( CALCULATED FROM THE INPUT I

I —A—

1 A
—0

~~
I

27 28 29

FREQUENCY —Gc/S

(b)

Fig, 3. VSWR and insertion loss in the pass-band of the filter of Fig. 2.
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Fig. 4. Attenuation of the filter of Fig. 2 for the TEm mode.

row band close to 8 Gc/s where the attenua-
tion falls to about 27.5 dB. A tendency to a
narrow spurious pass band (23-dB minimum
attenuation ) at about the same frequency
was also found in the attenuation curve of
the TEu mode (not shown). The spurious
response at 8 Gc/s, and other spurious re-
sponses could be reduced substantially by
adding more side waveguides, with the sep-

tums placed in other positions than those
shown in Fig. 1. The stop band is generally
strong above this frequency for both the

TEIO and TEo1 modes and so confirms the

basic philosophy of this new filter configura-
tion. The measured reflection coefficient for
both the TE,o and TEQ1 modes tended to de-
crease with increasing frequency toward a
value less than 0.01 at 19 Gc/s. The filter
structure including the effects of input and
output tapers was found to be fairly well
matched throughout the stop band. Only in

the transition regiou at about 4 Gc/s where
the side waveguides do not yet propagate the

TE1o mode, and the filter impedance is mis-
matched (because of the reactive filter effect

in the periodic structure) to the waveguide

impedance, is there a reflection greater than
half the input power. Below 2.9 Gc/s the

measured reflection coefficient is below

about – 15 dB, in accordance with low

measured VSWR (see Fig. 4).
A high-power test was made on the ex-

perimental filter. The available peak power
was not enough to cause breakdown in the
filter and the full peak power capability of
this device is not known. However, it with-
stood 108 kW of peak pulse power with
2.6 ps pulse length and 0.002 duty cycle at
2856 Me/s, without any sign of arcing. It
should be emphasized that these tests were
made in air at atmospheric pressure.

CONCLUSION

Both the passband performance and

stopband performance of the filter conform

generally to what was predicted, but further

work would be required to achieve the opti-
mum results. Although the filter is low-pass

from 2 to 4 Gc/s and has a sharp cutoff due
to increasingly strong reactive effects at
4 Gc/s, the filter as constructed (Fig. 2 ) was
matched only from 2.7 to 2.9 Gc/s, and no

attempt was made to obtain a good match
out to 4 Gc/s. Of particular interest is the
fact that the attenuation in the stop band

tends to increase with frequency, unlike con-

ventional leaky-waveguide filters, which
tend to lose their attenuation at the higher
frequencies.
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Re-entrant Directional Coupler

Using Strip Transmission Line

This correspondence describes a printed-
circuit directional coupler design that is ap-
plicable to tight coupling (1 to 10 dB)

values; it is a strip transmission line equiva-
lent of the re-entrant coaxial coupler de-

Manuscript received April 19, 1965.
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scribed by Cohn. 1 Figure 1 (a) shows the

cross-sectional view of Cohn’s device; the

printed-circuit (strip transmission line)

equivalent is shown in Fig. 1 (b). The design
of the coaxial version is determined by char-

acteristic impedances ZOI (the impedance of

a bar of width w and height b, placed within

a ground plane spacing bl) and Zoz (the im-

pedance of the inner coaxial lines).

The printed-circuit version of the coupler
is fabricated from commercially available

copper-clad dielectric material and is de-
signed to produce the same Zu and ZOZ
values that are used in Fig. 1 (a). The ZO1 im-

pedance is determined from the impedance
of a metallic bar of width w~ and height bz
placed within a ground plane spacing .bI. The

ZoZ value is obtained from the impedance of
a strip of thickness t and width WI placed

within a ground plane spacing b~. The two

inner strips are assumed to be decoupled;

s/bz >0.5 satisfies this condition for a 3-dB
coupler.
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Fig. 1. Re-entrant cross sections.

A single-section 3-dB coupler using this
technique was designed for the 45o- to 850-
Mc/s range. The experimental results are
shown in Fig. 2. The coupling from ports 1 to
3 vs. frequency agrees with the theory
within 0.15 dB; the SWR and isolation
(insertion 10ss from ports 1 to 4) are com-
parable to values obtained with coaxial de-
signs. The insertion loss between ports 1 and
2 is 0.25 dB higher than the theoretical; this
is attributed to dissipation. These data were

obtained with no experimental adjustments
of the calculated parameters. This tends to

demonstrate that no dimensionally critical

spacings are required within the structure.

This technique has been used successfully at
frequencies as high as 4 Gc/s.

In summary, printed-circuit equivalents
of Cohn’s re-entrant coupler have been suc-

cessfully designed and constructed. The tol-

erances inherent in the etching process are
not serious in designs up to at least 4 Gc/s.
The printed circuit version should, there-
fore, be inexpensive to produce and practical

I S. B. Cohn, “Re-entrant cross-section and wide-
band 3-dB hybrid coupler, ” IEEE TYans. on M’icYo-
wime Theovy and Techniques, vol. MT T- 11, PP. 254–
258, July 1963.
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Fig. 2. Strip tmnsmission line 3-dB i-e-entrant coupler,

to design to performance specifications corn- , for stable operation. The filter asselnblv,
parabl~ to ~hat obtained” with coaxial re-
entrant couplers.
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Waffle-Iron Harmonic

Suppression Filter

Several papers were presented dealing
with the design and performance of waffle-
irou filters [1 ], [2 ]. Essentially, waffle-iron

filters are waveguide low-pass filters, with

wide stop bands above their pass bands.

The L-band waffle-iron filter discussed in

this correspondence was originally developed

at the Stanford Research Institute, Menlo
Park, Calif. Subsequent reports and modi-
fications have been presented by Young and
Schiffman [3].

This correspondence serves to supple-
ment the existing information on waffle-iron
filters, particularly as to their high power
characteristics and the modifications re-
quired to achieve the high power character-
istics.

An L-Band waffle-iron filter assembly

was fabricated utilizing the technique de-

scribed in [1]. The assembly (Fig. 1) con-

sisted of three waffle-iron filters in cascade,

matched to each other by means of quarter-

wave transformers. The cascaded filters
served to extend the stop band from the
second to the tenth harmonic, inclusive.

Test. confirmed the data of [1 ]. This data

is shown as the initial curves in Figs. 2 and 3.

High power tests were performed utiliz-

ing a magnetron with a 6. 2-ps pulse and a
300 pulse repetition rate. An isolator was in-
serted between the magnetron and the filter
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.,
which was pressurized with 50 psig of air,

experienced breakdown at 4.5-MW peak and
8. l-kW average. The threshold of break-
down for this unit was inaudible and could
only be detected when seen through a view-

ing bend. When disassembled, b UI-U n larks
were noted at the four corners of tee [th in
three center rows of waffle-iron 1.

At this point in the program, considera-

tion was given to a wafflle-iron filter which

utilized round teeth. This round tooth unit
was a later version of the scluare tooth model

[3] and was purported to improve the high
power capability by a factor of 1.3. One such
round tooth model of waffle I was fabricated

and tested to a breakdown level of 4. MW
peak and 7. l-kW average at 45 psig. This

approach was dropped after assurances that
breakdown was not due to extraneous
causes.

To increase the high pc,wer capability of

the square tooth filter, certain modifications

were required. These modif~catious included:

1) an increase in tooth spacing and 2) a se-

vere rounding of the teeth i n the three center
rows of waffle-iron 1. The increase in tooth

spacing of waffle-iron I resulted in a nar-
rower stop band since the cutoff frequency
of the filter was increased. The change of
tooth surface area in waffle-iron I resulted
in a capacitance reduction and a subsequent
VSWR increase at the lower end of the pass
band. No modifications were made to w,~ffle-
iron sections II and III.

Both of these modifications to w,Mle-
iron I were made in incremental steps and

each step was marked by an improvement in

the high power handling capability of the
filter assembly. This is shown in Fig. 2. It

can be seen that a level of 6.7-MW peak and

12 kW of average power was achieved at 50
psig. This capability sufficed for the particu-
lar application; therefore, no effort was Inade
to increase the power handling character-
istics beyond this level. From Fig. 2 it can
also be seen that waffle-iron section I limited
the high power capability of the assembly.
waffle-iron filters sections 11 and 111 were
capable of higher power levels of 50 psig.

Figure 3 indicates the T’SWR in the pass
band for various conditions. Final VSWR
data for the assembly, which included two


