IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Filters for Millimeter Waves and Higher Frequencies

[134] E. A. Marcatili, “A circular-electric hybrid junction and some
channel-dropping filters,” Bell Sys. Tech. J., vol. 40, pp. 185-
196, January 1961,

[135] E. A. Marcatili and D. A. Bisbee, “Band-splitting filter,” Bell
Sys. Tech. J., vol. 40, pp. 197-213, January 1961.

[136] E. A. Marcatili, “Mode-conversion filters,” Bell Sys. Tech. J.,
vol. 40, pp. 149-184, January 1961.

[137] The Millimeter and Submillimeter Conference Papers, IEEE
Tramns. on Miwcrowave Theory and Technigues, vol. MTT-11,
September 1963.

[138] R. W. Zimmerer, M. V. Anderson, G. L. Strine, and Y. Beers,
“Millimeter wavelength resonant structures,” IEEE Trans. on
Microwave Theory and Techniques, vol. MTT-11, pp. 142-149,
March 1963.

[139] P. D. Clark, “A self-consistent field analysis of spherical mirror
Fabry-Perot resonators,” Proc. IEEE, vol. 53, pp. 3641,
January 1965.

[140] J. J. Taub, H. J. Hindin, and G. P. Kurpis, “Quasi-optical
waveguide filters,” IEEE Trans. on Microwave Theory and
Techniques (Correspondence), vol. MTT-12, pp. 618-619,
November 1964.

{141] L. Young and P. W. Baumeister, “Microwave and optical in-
terference filters: Some similarities and differences,” NEREM
Record, vol. 5, pp. 8-9, November 1963.

{142] L. Young and E. G. Cristal, “Stacked dielectric low-pass and
high-pass filters,” Stanford Research Institute, Menlo Park,
Calif., Sec. IX, Final Rept., SRI Project 4657, Contract
AF 30(602)-3174, September 1964.

[143] W. L. Wolfe and S. S, Ballard, “Optical materials, films, and
filters for infrared instrumentation,” Proc. IRE, vol. 47, pp.
1540-1546, September 1959.

VOL. MTT-13, NO. 5 SEPTEMBER, 1965

Miscellaneous

{144] E. N. Torgow and P. D. Lubell, “Band-pass filters with steep
skirt selectivity,” IEEE Trans. on Microwave Theory und
Techniques (Correspondence), vol. MTT-13, pp. 124-126, Jan-
uary 1965.

[145] J. F. Lally and R. R. Ciechoski, “A wide stop band UHF
coaxial band-pass filter,” IEEE Trans. on Microwave Theory
and Techniques (Corvespondence), vol. MTT-11, p. 452,
September 1963.

[146] R. H. Duhamel and M. E. Armstrong, “Characteristics of log-
periodic transmission line circuits,” 1964 G-MTT Symposium
Digest, pp. 9-20.

[147] J. W. Duncan, “Characteristic impedances of multiconductor
strip transmission lines,” IEEE T'rans. on Microwave Theory
and Techniques, vol. MTT-13, pp. 107-118, January 1965.

[148] R. M. Bevensee, “Nonuniform TEM transmission line. Part
1: Lossless and log-periodic properties,” Proc. IEE (London),
vol. 112, pp. 644-654, April 1965.

[149] M. McDermott and R. Levy, “Very broadband coaxial dc
returns derived by microwave filter synthesis,” Microwave J.,
vol. 8, pp. 33-36, February 1965.

[150] L. Young, “Practical design of a wide-band quarter-wave
transformer in waveguide,” Microwave J., vol. 6, pp. 76-79,
October 1963

[151] L. Young, “Waveguide 0-db and 3-db directional couplers as
harmonic pads,” Microwave J., vol. 7, pp. 79-87, March 1964.

[152] B. M. Schiffman, “A new class of broad-band microwave 90-
degree phase shifters,” IRE Trans. on Microwave Theory and
Techniques, vol. M'TT-6, pp. 232-237, April 1958.

[153] E. L. Ginzton, Microwave Measurements. New York: McGraw-
Hill, 1957, pp. 417-424.

Band-Stop Filters for High-Power Applications

E. N. TORGOW, SENIOR MEMBER, IEEE, AND G. E. COLLINS

Abstract—There are several advantages to the use of band-stop
filters, rather than band-pass filters, in many systems. This is shown
to be particularly true when signals at high-power levels must be
transmitted or rejected.

A formula has been derived which expresses the external Q of
each resonator in a band-stop filter in terms of the element values
of the normalized low-pass prototype and the parameters of the fre-
quency transformation. The peak power capacity of iris-coupled
waveguide cavity filters and TEM filters using capacitively coupled
inductive stubs is then determined in terms of the external Q of the
first resonator and the dimensions of the resonator. Experimental
results given for a waveguide band-stop filter show good agreement
with theory.

I. INTRODUCTION

N THE recent literature a number of articles have
]:[ appeared expounding the virtues of band-stop

filters in lieu of band-pass filters for many applica-
tions [1], [2]. In cases where a high rejection loss is
required over a relatively narrow frequency band, and
where low insertion loss is needed at a frequency close
to this rejection band, the band-stop filter is the more
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efficient device. The band-stop filter can also be more
easily aligned to exhibit its prescribed response. Each
resonator can be independently adjusted so that the
coupling from the main transmission line to that reso-
nator yields the specified external (. This is accom-
plished by detuning all other resonators. When all of the
couplings are properly set, the band-stop filter is then
aligned by adjusting the individual cavity resonators in
turn until peak rejection is obtained. In practice, very
little additional trimming is required beyond this point.
In Section II of this paper, a simple expression is de-
rived which enables the design engineer to determine
the external Q of each resonator directly in terms of the
required performance and the element values of a nor-
malized low-pass prototype filter [3].

The band-stop filter offers advantages when con-
sidered as part of a diplexer or multiplexer. A combina-
tion of band-pass and band-stop filters can be designed
to approximate a true complementary pair, presenting
a matched input over a very wide band of frequencies
[4]. Band-stop filters can also be used in cascade con-
nection with other filters to provide more complex re-
jection characteristics [5]. This is a particular advan-
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tage in high-power systems since the high power gen-
erally is present only in narrow frequency bands. These
frequency ranges are normally known in advance.
Therefore, a band-stop filter offering high rejection to
this band and capable of withstanding the expected
levels of power can be used ahead of band-pass or other
filters designed to reject signals at more moderate
power levels.

For high-power systems, the band-stop filter offers
still other advantages. It will be shown that, when de-
signed to reject high-power signals, only the input
resonator of the band-stop filter need be capable of
withstanding the full applied power. When a high-
power signal is transmitted through a band-stop filter,
the peak power capacity of the filter is essentially that
of the input waveguide. Not only is the power-handling
capacity of such a filter only slightly reduced as a result
of the small perturbations which exist in the main wave-
guide, but also such filters generally have lower dissipa-
tive losses than comparable band-pass filters, so that
the heating problem is minimized. It was demonstrated
experimentally that the power-handling capacity of
band-stop filters is in close agreement with the break-
down potential derived from theory. It has been ob-
served by other investigators that the average power
breakdown is significantly lower than the peak power
breakdown in the same filter structure. Experimental
data have indicated that this decrease in power-han-
dling capacity, when high average powers are applied,
results primarily from the heating of the resonators.
With proper care and design, and adequate cooling, this
average power capability can be increased.

I1. EXTERNAL Q OF INDIVIDUAL RESONATORS

The design of band-stop filters exhibiting prescribed
insertion-loss characteristics has been described by
Matthaei, Young, and Jones [2] in terms of the ele-
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ments of a low-pass prototype filter. For a filter having
a narrow bandwidth, the external Q’s of the individual
resonators can be expressed directly in terms of the ele-
ments of the low-pass prototype filter and the parane-
ters of the frequency transformation. In the circuit of
Fig. 1(b), the low-pass prototype circuit is realized by
series resonant circuits shunting a transmission line at
intervals equal to an odd multiple of a quarter wave-
length. Figure 2 defines the frequency transformation
and its important parameters. Reference [2] defines a
reactance slope function
wp dXz

X = —- 1
2 dw |y, O

where X; is the susceptance of the ith resonator. For the
constant-impedance line structure of Fig. 1, it has also
been shown that

xX; 1
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At the 3-dB bandwidth points of an individual resona-
tor, the reactance in parallel with the line is equal to
—Zy/2 or +Z,/2, while at wy the reactance is zero.
Thus the change in X; is equal to Zy/2 when dw corre-
sponds to half of the 3-dB bandwidth. Then, from (1)

0 Zo 3
%, = Qes, — )
2
where Qo; =wo/2dw is the external Q of the ith reso-
nator. Then, substituting (3) into (2), one obtains
2
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An analysis of the case of parallel resonant circuits con-
nected in series with the line at odd quarter-wave-
length intervals yields the same result.
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Fig. 1.
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Band-stop filter. (a) Low-pass prototype. (b) Equivalent circuit.
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It is extremely useful for design purposes to be able
to express the external Q of each individual resonator in
a band-stop filter in terms of the parameters of the low-
pass prototype and the prescribed performance charac-
teristics. A simple experimental procedure for adjusting
the coupling of the individual resonators to achieve the
required Q,, value was suggested earlier. Furthermore,
the peak-power-handling capacity of the filter can
readily be determined from the external Q of the first
resonator.

III. HigE-POWER CHARACTERISTICS: REJECTION
MopEe OoF OPERATION

Only the first resonator of a band-stop filter, designed
to offer peak rejection to a high-power signal, is exposed
to the maximum power level of the incident signal. The
power incident upon all subsequent resonators is sub-
stantially reduced. This can easily be seen by examina-
tion of the circuit of Fig. 1(b). In the vicinity of its
resonant frequency, each resonator exhibits a short

w =
o
Am = RIPPLE AMPLITUDE IN db

Ideal filter characteristics.

SEPTEMBER

W) Wy w,

BAND STOP RESPONSES
Wo= W,
W

circuit across the transmission line. Since the length of
line between resonators is an odd quarter wavelength,
the first resonator appears as a short circuit shunted by
a high impedance. Both the voltage across the first
resonator and the current flowing into the line beyond
this resonator are extremely small. Therefore, very
little of the incident signal impinges upon any of the
subsequent resonators. A similar analysis of parallel
resonant circuits connected in series with the line at
quarter-wavelength intervals leads to the same con-
clusion.

Since the first resonator of the band-stop filter is
exposed to the full power incident upon the filter, this
resonator must be designed to be capable of operation
at high-power levels. In Section 11, the external Q of the
resonator was derived. This parameter can be obtained
with a variety of structures. The peak field within the
resonator is dependent upon both the external Q and the
structural realization of the resonator. Two of the more
commonly used types of resonators will now be con-
sidered.
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Waveguide Cavity Resonator

Consider a single resonant cavity coupled through an
iris to the side wall of a waveguide excited by a genera-
tor of voltage FE,. The generator and termination im-
pedances are equal to Z, [see Fig. 3(a)]. (It is assumed
that the characteristic impedance of the cavity resona-
tor is also Z,.) Looking back from the cavity toward the
coupling iris, a Thevenin equivalent generator can be
defined as shown in Fig. 3(b). The coupling reactance
can also be idealized by a transformer having a turns
ratio of 1:K {[see Fig. 3(c)]. The equivalent network of
Fig. 3(d) is then obtained when the source voltage and
impedance are referred to the secondary terminals.

In the case of a narrow-band resonator, the reactance
of the cavity is given, near resonance, by

X = jZy| tan (s + A6) | (5)

where 6, is the electrical length of the resonator at
center frequency. If 6 is a half wavelength and A9 is
small, this can be written approximately as

X = jZoA8. (6)

At the half-power points, the magnitude of X is equal
to the equivalent source impedance

ZyK?
| Xuan| = : )
Furthermore, in the narrow-band approximation
Abzar,  Awsap 1
St ®)
60 wo ZQe:c
Therefore,
ZyK? Z:8
ledb|=T=2—Q—e;' 9)
Thus the turns ratio K is found to be
K 4/// - (10)
ZQer
The resonator input current is
KE,/2 E
_®B/Y B i~
(K2Zy/2) KZg

The maximum voltage in the resonator occurs at the
mid-point of the cavity, or a quarter wavelength back
from the short-circuit termination. At this point, the
voltage is

E /2Q s
Emax = ZOIn = —‘f—: Q :

K E"V

While a single resonator has been considered, it can

readily be shown that this is also the expression for

peak voltage in the input resonator of a multiresonator

filter. The incident power in the main waveguide is
given by the expression

(12)

Pin - Eg2

=z (13)
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Fig. 3. Single-band reject resonator. (a) Single resonator coupled to

main line. (b) Thevenin equivalent generator exciting cavity.
(c) Equivalent circuit of Fig. 1(b). (d) Circuit of Fig. 1(c) referred
to secondary.

where E, is the peak (rather than the rms) generator
voltage. Furthermore, Z, is given approximately as

b /N,
a \A

where b is the waveguide height, and a is the waveguide
width. Upon substitution of (12) and (14) into (13), the
following formula is obtained:

re= e ()6 o)
3016 \o / \0\,/ \ 20,/

(14)

(15)
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The peak power at breakdown is thus determined when
FEomay is equal to the breakdown potential of air (75,000
X b volts at normal temperature and pressure; b is ex-
pressed in inches).

For the specified side-wall coupling, the electric field
is extremely low at the coupling aperture. Therefore,
the power-handling capacity will not be adversely af-
fected by the size of the aperture. However, high cur-
rents will be flowing in that region. Therefore, good
practice dictates that the usual design precautions be
observed [6], [7]; sharp edges should be avoided, and
all metal joints should be smooth and unbroken. All sur-
faces in high-current areas should be silver-plated to
reduce the power dissipation and thereby minimize local
heating. Since the breakdown potential is in approxi-
mately inverse proportion to the absolute temperature
[8], local “hot spots” can sharply reduce the power-
handling capacity of the filter. When high levels of CW
power are specified, it is advisable to provide the filter
with external cooling. Pressurization of the waveguide
will further increase the breakdown potential. To a first
approximation, the breakdown potential is proportional
to the absolute pressure of the waveguide [9].

Band-stop filters employing parallel resonant cavities,
iris-coupled to the top wall of a waveguide at quarter-
wavelength intervals, have also been analyzed. The
peak voltage in the resonator in this case is identical to
that of the side-wall coupled resonator (12). However,
the top-wall coupled resonator is effectively in series
with the main waveguide, so that a relatively high elec-
tric field exists across the coupling aperture. Therefore,
the design of the aperture must take these high fields
into account [7].

Capacitively Coupled Stubs in TEM Lines

The equivalent circuit of Fig. 1(b) can be realized, in
TEM lines, by indictive stubs capacitively coupled to
the line at quarter-wavelength intervals. As in the case
of capacitively end-loaded coaxial resonators, the max-
imum voltage in the resonator appears across the
capacitor. Since the capacitive gap spacing is generally
small, breakdown is most likely to occur across the
gap of the first resonator.

For a simple series resonant circuit, the reactance of
the resonator in the vicinity of resonance is given
approximately by

2Aw

‘Y =~ AY()

(16)

wo

where X is the magnitude of reactance of the capacitor
or inductor at resonance [10]. At the 3-dB points, the
reactance is equal to the total resistance shunting the
resonator. Thus, for a single resonator in parallel with
a matched generator and load [see Fig. 1(b)]

ZAwgdb ZO

‘X3db l = Xo=?- a7

wo
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Since 2Awsan/wy is equal to Q.,, the capacitive reactance
at resonance is

Zo
2Qez

Thus the peak voltage across the capacitor at resonance
is

’Xﬂc

(18)

E EyQes
Ec = ;g)(Oc = gQ‘
Zy 2

(19)

where E, is the peak generator voltage. The power in-
cident upon the line is

Pinc:E‘_g2

Eg?
- (20)
82y 2740’

The breakdown power level is then determined by the
potential at which the capacitor arcs over. If the capaci-
tive gap is filled with dielectric to increase the power-
handling capacity of the filter, the field in the inductive
portion of the resonator must be examined to determine
that breakdown will not occur there. Since (19) also
describes the voltage across the input to the inductive
network, which is generally realized as a short-circuited
stub line, the breakdown conditions in the stub can
easily be analyzed.

IV. HicH-PowER CHARACTERISTICS: TRANSMISSION
MODE OF OPERATION

A band-stop filter is capable of handling almost the
full power for which the input line is rated, when it is
operating in its pass band. The resonators are loosely
coupled to the main line so that very little power is
coupled from the line to the resonator. Since these
resonators are now operated away from resonance, the
peak field buildup considered earlier does not occur.
The disturbance to the main line introduced by the res-
onator coupling iris must be examined in the same way
as any discontinuity located in a high-power system.
Thus, the possibility of high fields across a gap, or high
current across a sharp edge or junction, should be in-
vestigated. The effects of discontinuities placed in the
waveguide to match the resonators should be scru-
tinized. When operating near the stop band, the pres-
ence of standing waves between the resonators should
also be analyzed. However, it is unlikely that any of the
aforementioned regions would seriously detract from
the power-handling capacity of the filter.

In general, band-stop filters are used to transmit high
power when there is a requirement for low-loss trans-
mission close to a sharply defined rejection region,
largely because band-stop filters exhibit lower pass-
band dissipation than band-pass filters with similar re-
jection slopes. The problem of heating due to power loss
is therefore not so severe as would be encountered in
the case of band-pass filters for similar operation. How-
ever, one must examine the total filtering system to es-
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tablish whether or not heating will be a problem. For
example, a band-stop filter, operating in its transmis-
sion mode at a power level well below the rating of the
input guide, may be far {rom breakdown. If the same
filter is required simultaneously to reject a high-power
signal at a different frequency, heating due to the trans-
mitted signal may reduce the breakdown potential for
the rejection frequency. Thus, where two different high-
power signals are introduced into the band-stop filter,
and one of the frequencies is to be rejected, the same
considerations described earlier with regard to tempera-
ture apply. While cooling might not be required in the
presence of either signal, it may be dictated when both
signals are present. This situation would become more
pronounced as the frequency separation between the
transmitted signal frequency and the rejection band is
reduced, since losses in the transmission mode increase
rapidly as the signal {requency approaches the cutoff
of the filter.

V. EXPERIMENTAL RESULTS

A band-stop filter was designed to transmit a 10-kW
CW signal in the band from 6300 to 6400 Mc while
simultaneously rejecting a 10-kW signal in a narrow
band around 6210 Mc. The design required an input
resonator exhibiting an external Q of 115. The cross-
sectional dimensions of the cavity were ¢ =1.872 inches
and 5=0.872 inch. From (15) the maximum rejection
power was determined to be 36.1 kW at room tempera-
ture and one atmosphere of pressure. The filter was
actually tested with an internal pressure of 2 psig,
which would increase the theoretical breakdown power
to 46.5 kW.

The filter was tested for breakdown under both pulse
and CW conditions. In the transmission mode of opera-
tion, the filter exhibited no breakdown when a pulse
power of 50 kW was applied. The filter also operated
without breakdown with a CW signal of 10 kW at
6300 Mec. Testing was not carried beyond this point
since the capability of the filter to handle the specified
power was adequately demonstrated.

In the rejection mode, the filter exhibited a pulse
power breakdown at approximately 50 kW when a
6210-Mc signal with a duty cycle of 0.001 was applied.
Under CW conditions at the same frequency, break-
down occurred at a power level of 11 kW. This break-
down occurred after RF power was applied for a period
of approximately 3 minutes, which corresponded closely
to the time required for the filter temperature to sta-
bilize. At breakdown, with water cocling, a temperature
rise of 100°C was measured on the outside wall of the
resonator farthest from the cooling tubes.

The peak power breakdown corresponded closely to
the capability predicted by (12). This theoretical limit
reduces to approximately 25 kW when a temperature
rise of 100°C is considered. Internal and localized heat-
ing within the resonator was probably significantly
greater than the temperature rise recorded on the out-
side walls would indicate. Therefore, it is not surprising
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that breakdown occurred under average power condi-
tions at a somewhat lower level.

V1. CoNcLUSIONS

The advantages realized by the use of band-stop
filters in high-power systems have been described.
Formulas have been derived which are capable of pre-
dicting the breakdown power levels for such filters. One
may consider breakdown under peak power conditions
solely in terms of the breakdown potential in air at
normal temperature and pressure. However, when a
filter is exposed to high levels of average power, other
problems are associated with the design.

In order that a filter be capable of withstanding high
incident peak power levels, a number of design rules
have been given which are applicable for both band-
pass and band-stop filters. In addition to the peak
fields within a resonator, sharp corners, projections, and
irregularities within the structure should also be
avoided. Such discontinuities can give rise to high,
localized, field intensities, sufficient to cause breakdown.
{n addition to these considerations, it is extremely im-
portant that filters subjected to high average powers
have no imperfections capable of causing high or lo-
calized dissipation—and, therefore, heating. It is neces-
sary to utilize external cooling when the total power
dissipation produces a significant temperature rise. In
addition, the power level at which breakdown occurs
can be significantly reduced if, despite external cooling,
“hot spots” occur within the resonator. Therefore, it is
important that the plating on cavity surfaces be uni-
form and free from blisters, tarnishing, etc. Soldered or
brazed joints should be continuous and free from ex-
ternal buildups. Particular care should also be exercised
if tuning screws are introduced through the walls of the
cavity.
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