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A Reactive Fourth-Harmonic Filter Operating
at 400-kW CW

HANS J. MOHR, MEMBER, IEEE

Abstract—A reactive fourth-harmonic filter operating at a fundamental
power level of 400-kW CW is described. The filter, used in the NASA
Deep Space Instrumentation Facilities, operates in an S-band (WR-430)
waveguide run and it effectively attenuates the fourth harmonic of the
fundamental transmit frequency near 2.1 GHz by a minimum of 40 dB.
The design approach including power handling capability considerations is
presented. Also included are some details of mechanical construction,
tuning procedures, and results achieved.

I. INTRODUCTION

’I‘ HE NASA Deep Space Instrumentation Facilities
employ a number of different transmitter-receiver
combinations for performing various functions. A descrip-
tion of these systems is given by Hartop and Bathker [1].
One of the 400-kW CW transmitters operates in the 2.10-
to 2.12-GHz frequency range. The receiver for an accom-
panying X-band system operates in 8.40- to 8.50-GHz
frequency range. Thus the potential for S-band fourth
harmonic interference with the X-band receiver is present.

The S-band transmitter employs an absorptive
harmonic filter which attenuates the 2nd through 5th
harmonics. This filter provides a minimum of 40-dB
attenuation in the 8.40- to 8.48-GHz fourth-harmonic
frequency range. Testing at Goldstone, however, indicated
that this level of fourth-harmonic attenuation was insuf-
ficient, as indicated by excessive noise levels in the X-
band receiver during S-band transmitter operation.

To solve this problem, Varian in 1972, was contracted
by the Jet Propulsion Laboratory to design and fabricate
a filter which would provide an additional 40 dB of
fourth-harmonic attenuation, thereby providing a total
system fourth harmonic attenuation in excess of 80 dB.
The important electrical and mechanical specifications
established for the filter were as follows.

Passband frequency range 2.10 to 2.12 GHz.

Passband insertion loss 0.05 dB max.
Passband VSWR 1.05: 1 max.
Passband power capacity 500-kW CW.
Stopband frequency range 8.40 to 8.48 GHz.
Stopband attenuation (all modes) 40 dB min.

Size 61 cm (24 in) long
X 61 cm (24 in)
highx35.5 cm (14

in) wide max.

Manuscript received May 16, 1977; revised September 14, 1977.
The author is with Varian Associates, Inc., Palo Alto, CA 94303.

Cooling: (H,O at 60°C max.) 11.41/min. (3 gpm)

at 0.35 kgm /cm?
(5 psi) max.

0.02 kgm /cm? (0.3
psig).

Waveguide pressure: (nitrogen)

II. DESIGN APPROACH

An important consideration in the design of any wave-
guide harmonic filter is careful examination of the possi-
ble modes of propagation in the stopband frequency
range. Fig. 1 shows a normalized mode chart for WR-430
(10.92X5.46 cm (4.30x2.15 in)) waveguide. The chart is
normalized to the cutoff frequency of the TE,, dominant
mode. Included are the fundamental, second, third,
fourth, and fifth harmonic frequency ranges correspond-
ing to the 2.10- to 2.12-GHz fundamental frequency
range. The mode chart shows that WR-430 waveguide will
support 29 possible modes of propagation in the fourth-
harmonic frequency range. To design an effective filter
one should first reduce the number of possible modes by
restricting waveguide cross-section and then employ filter-
ing geometries which will efficiently attenuate the remain-
ing modes.

Since there was no requirement for the filter to be
absorptive, the number of possible propagating modes can
be very significantly reduced by reducing the waveguide
cross-sectional dimensions. For example, if the waveguide
height is reduced sufficiently all TE,, and TM,,, modes
having n>0 will be rejected. This is accomplished by
choosing the narrow dimension of the waveguide such
that the TE,;, mode cutoff is slightly higher then the
stopband frequency range, say 8.50 GHz. This results in a
waveguide height of 1.75 cm (0.69 in). The result of this
choice is to eliminate 23 of the possible 29 propagating
modes leaving only the TE,,, TE,,, TE,,, TE,,, TEs, and
TEq, modes. These 6 remaining modes can be further
reduced to 4 by restricting the waveguide width (broad
dimension) to 8.76 ¢cm (3.45 in). Thus by choosing wave-
guide dimensions of 8.76 c¢cm (3.45 in) X 1.75 cm (0.69 in)
only 4 modes can exist in the stopband frequency range.
The problem of designing a filter to suppress 4 possible
modes of propagation is greatly simplified as compared to
suppressing 29 possible modes. Further reduction of the
broad dimension to further reduce the number of possible
modes was considered unwise since the dominant mode
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Fig. 1. Rectangular waveguide mode chart; 2:1 aspect ratio normal-
ized to TE,; mode cutoff.

cutoff frequency would be moved too close to the operat-
ing frequency range. It is noted that the 8.76-cm broad
dimension is approximately equal to the value for
WR-340 waveguide which has a recommended lower op-
erating frequency of 2.20 GHz. In view of the foregoing
discussion, the problem has been reduced to designing a
reactive fourth harmonic filter capable of rejecting TE,,,
TE,,, TE,,, and TE,, modes.

The type of filter structure chosen utilized suitably
spaced arrays of shorted stubs on the broadwalls, This
type of filter, originally described by Rizzi [2], presented a
means of achieving a reactive low-pass characteristic in a
waveguide operating in the dominant mode. Rizzi’s ap-
proach was extended to harmonic filters by Gerlack [3].
The basic approach is to provide arrays of shorted stubs
on the broadwalls of the filter which are sensitive to all
possible modes of propagation. A sketch of the filter
geometry is shown in Fig. 2, which shows inclusion of
metallic transverse septum plate along with the two broad-
wall stub arrays, thus providing two parallel waveguides
having dimensions 1.75 cm (0.69 in) high by 8.76 cm (3.45
in) wide. Note that the stub arrays, dimensioned to react
to the fourth-harmonic frequency range, are arranged in a
4 across pattern so as to be sensitive to the 4 possible
modes of propagation.

Important considerations in the design of this type of
filtering array are the transverse stub dimensions, the
longitudinal stub spacing and the height of the stub array
above the septum plate. Stub dimensions were chosen so
that the stub cutoff frequency occurred just below the
fourth-harmonic frequency range. Adequate metal was
allowed between stubs to allow ‘sufficiently large radii at
the stub openings for insuring an adequate margin in
power handling capability.

The longitudinal spacing of the stubs is normally cho-
sen as a quarter guide wavelength at the reject band
frequency. Because of mechanical spacing limits, however,
Ag/4 spacing was not practical and a spacing of 3A\g/4
was chosen, where Ag is the average value for the TE,,

mode and the TE,, mode at 8.4 GHz. It was reasoned that
stubs tuned to reject the TE,, mode should also be effec-
tive for the TE;, mode. Similarly, stubs tuned to reject the
TE,, mode should be effective for the TE,, mode.

The choice of spacing between the stub array and the
septum plate was found empirically to be important in
obtaining good filter performance. The originally chosen
dimension was found to be unsuitable in that stub tuning
was ineffective. By reducing the spacing sufficiently, effec-
tive coupling to the stub arrays was obtained and the final
design incorporated 56 stub waveguides 10.1 cm (4 in)
long arranged in a 4 across pattern on each broadwall.

III. Powgr HANDLING CAPABILITY

Perhaps the most important consideration in this filter
design is that of power handling capability. The applica-
tion required that the filter handle 500-kW CW. In addi-
tion to having adequate theoretical power handling capa-
bility, consideration must be given to geometrical config-
uration, operating temperature, waveguide atmosphere,
altitude, and load VSWR. The theoretical waveguide
breakdown power as given by Gould [4] can be calculated
from

P=133(107)ab(\/A\)EL, W (1)

where 4=876 om (345 in); b—=1.75 om (0.69 in);

A/)\g=\/1 —(A/2a)® =0.596 at f=2.10 GHz; and E,_ =
29.000/V2 V/em for air at standard conditions. There-
fore, the theoretical breakdown of the 8.76 X 1.75-cm filter
waveguide is 5.11 MW.

An important power handling reduction factor is due to
the radius at the stub opening. The final chosen radius
was 0.24 cm (0.093 in) while the width w of the opening
was 0.79 cm (0.312 in). Referring to Cohn’s [5] Fig. 11, the
r/w value used here (0.298) results in an electric-field
enhancement factor of 1.6, so that the power handling
capability is reduced by 2.56.
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Fig. 2. Schematic layout—F430FAl filter.

An additional conservative power reduction factor,
used at Varian, to account for roughness on radii, has the
empirically determined value of 1.7. The presence of
nitrogen as waveguide gas contributes another power re-
duction factor of 1.7. A maximum load VSWR of 1.25:1
was assumed which yields a power reduction factor of
1.22. An altitude of 1000 m is assumed yielding a further
power reduction factor of 1.18. Since the coolant tempera-
ture can reach 60°C, a final power reduction factor of
1.28 is required.

The net result of applying all of the above power
reduction factors to the value of theoretical breakdown
power calculated from (1) is that the 8.76-cm X 1.75-cm
waveguide should breakdown at 375 kW. Since there are
effectively two waveguides in parallel the filter will
breakdown, under worst conditions, at 750 kW, yielding a
50-percent safety factor over the required 500-kW level.

An additional consideration is of importance in main-
taining this safety margin in power handling capability.
The radii at the ends of the septum plate must be
sufficiently large so that breakdown will not occur due to
electric field enhancement at the ends of the septum plate.
Since the septum plate extends beyond the slotted portion
on each end, as shown in Fig. 2, the slot reduction factor
is not present. Thus it is only necessary to use a septum
plate radius large enough so that the electric field en-
hancement factor does not exceed 1.6, the value due to
the slots in the central portion of the filter, From Cohn’s
[5] Fig. 9, an electric field enhancement factor of 1.6 is
obtained for r/b=0.35. Since b=1.75 cm, it follows that
r>0.613 cm.

IV. MECHANICAL CONSTRUCTION

The filter was fabricated entirely of OFHC copper and
series 300 stainless steel. Hydrogen atmosphere furnace
brazing techniques employing precious metal brazing
alloys were used in fabrication, to insure clean flux-free

braze joints. A first braze assembly consisted of assembly
of the two broadwall stub arrays including mounting
brackets. These stub arrays were joined to the side walls,
flanges and septum plate in a second braze. A third braze
was required to join the covers for the coolant channels
and the passband matching obstacles. The coolant chan-
nels were designed to be integral with the filter narrow
walls thus insuring efficient cooling of the filter body.

Following adjustment of the stub lengths to optimize
the stopband rejection, cover plates were welded to the
tops of the stub arrays, using tungsten inert arc welding
techniques. This operation completes the pressure integ-
rity of the unit. A photograph of the completed filter,
designated model F430FALl, is shown in Fig. 3.

V. TUNING PROCEDURES

Since standard WR-430 waveguide was mated abruptly,
without transformer sections, to the 4.14 cmXx 8.76 cm
reduced cross section waveguide significant mismatches
were introduced. The rather thick septum plate contrib-
uted further mismatches. An experimental program de-
termined that the effects of both mismatches could be
cancelled by using a single capacitive matching bar on
each end of the filter. The matching obstacle can be seen
in the sketch of Fig. 2 and in the photograph of Fig. 3.

A systematic tuning procedure was devised for optimiz-
ing the stopband performance of the filter. The design of
the internal short circuits for tuning the stub lengths was
such that each stub could be individually adjusted. The
design incorporated a means of securely locking the short
circuit in place following final adjustment.

In tuning the filter, attenuation as a function of
frequency over the stopband frequency range was dis-
played on a network analyser oscilloscope. One half of the
filter (one side of the septum plate) was terminated.
Stopband energy was launched and detected in the TE,
mode and the 1st half of the stubs on the nonterminated



344

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-26, NO. 5, MAY 1978

Fig. 3. Photograph of F430FA1 filter.
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Fig. 4. F430FAl filter; S/N 002 stopband attenuation.

side were adjusted for maximum attenuation. Next, en-
ergy was launched and detected in the TE,, mode and the
remaining stubs were adjusted for maximum attenuation.
The process was repeated for the other side of the filter by
interchanging the termination. Finally the termination
was removed entirely and some final trimming of stub
lengths was done. to optimize performance for the TE,,
and TE,, modes. Following this procedure the individual
short circuits were securely locked in place and the uni-
form cover plates were welded onto the top of the stub
arrays.

VI. RESULTS ACHIEVED

A total of four filters was built and very similar perfor-
mance was obtained on all units. Passband VSWR over
the 2.10-2.12-GHz frequency range was less than 1.03: 1
and passband insertion loss was less than 0.03 dB. As an
example of the stopband attenuation achieved, data on
one unit is presented in Fig. 4, which is a composite of
swept frequency recordings of stopband attenuation for
the TE,y, TE,,, and TE, modes. TE, mode stopband
attenuation was measured (evén though the mode cannot
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exist in the filter ) to insure that there was no conversion
to any of the existing modes. Measurements in the TE;,
and TE,, modes were not performed because of lack of
suitable transitions for launching and detecting these
modes.

The filters have been operated by NASA at passband
power levels up to 400-kW CW without exhibiting arcing.
Furthermore, the effectiveness of the filters has been
demonstrated in that the improvements in X-band re-
ceiver noise levels is almost exactly the level indicated by
the attenuation curves of Fig. 4 [6]. Thus a truly multi-
mode fourth-harmonic filter operating at 400-kW CW has
been demonstrated.
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X-Band High-Power Multipactor
Receiver Protector

THOMAS P. CARLISLE

Abstract—High vacuum devices incorporating the secondary electron
resonance phenomenon have been used for several years in receiver
protection circuits for high-power high-pulse repetition frequency (PRF)
radars. These are known as multipactor devices. Recent technological
developments have increased the peak-power handling capability and band-
width of airborne-qualified devices to 50 kW and 12.5 percent, respec-
tively. Life tests on multipactor devices have demonstrated 2500 h of
failure free operation.

I. MULTIPACTOR PHENOMENON

MULTIPACTOR DISCHARGE, or secondary elec-
\ tron resonance, is an electron phenomenon which can
occur in a vacuum environment in the presence of micro-
wave power. When the internal device dimensions and the
RF voltages are such that electrons can be accelerated
from one electrode to another in one half RF cycle, and
the electrode surfaces have a secondary emission
coefficient greater than unity, the density of electrons
between the electrodes is multiplied.

An RF signal with electric field proportional to sin 27ft
applied across the gap between two electrodes can accel-
erale an electron in the gap to a velocity sufficient to
cause § secondary electrons to be emitted upon collision
with one of the electrodes where § is the coefficient of

Manuscript received May 13, 1977; revised August 23, 1977. This
work was supported by the Air Force Materials Laboratory (LTE), Air
Force Systems Command, Wright-Patterson AFB, Ohio under Air Force
Contract F33615-74-C-5102.

The author is with Hughes Aircraft Company, Electron Dynamics
Division, Torrance, CA 90509.

secondary emission of the electrode surfaces. If the ampli-
tude of the electric field is such that the transit time across
the gap is 1/(2f), i.e., one half RF cycle, and an initial
electron is at one electrode at the beginning of an RF
cycle, the electron will arrive at the other electrode and
secondary electrons will be emitted at the same point in
time as the RF voltage is changing sign. These secondary
electrons are then accelerated back toward the original
electrode. At the end of a full RF cycle, 1/f,  electrons
arrive at the original electrode and 82 secondaries are
emitted. This simple example leads to the result that the
number of electrons in the gap increases by a factor of §
after each half RF cycle. The number of electrons in the
gap is given by

N=N,8eP (D
where N equals the number of electrons at time ¢ and N,
equals the number of electrons at =0 [1}.

Electron multiplication according to (1) continues until
space charge forces become sufficient to limit the density.
The saturated electron volume density has been measured
to be 3% 10'0 electrons/cm® [1]. Since the volume of a
typical 10-GHz multipactor resonator is 1072 cm® and if
8=>5 and N,=1 are assumed, (1) shows that the multipac-
tor discharge is fully saturated in 0.6 ns.

Once the electron discharge is established, a significant
portion of the RF energy is converted into electron kinetic
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