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ABSTRACT

A variable waveguide short circuit with high average
power handling capabilities is described. The reactive ele-
ment consists of a rotatable length of short-circuited circular
waveguide which is bifurcated by a metallic vane. The short
circuit is intended to form the variable reactive element of a
tuning stub in an automated triple-stub tuner for microwave
heating systems operating at power levels as high as 30 kilo-

watts.
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A VARIABLE WAVEGUIDE SHORT CIRCUIT
FOR HIGH POWER MICROWAVE SYSTEMS

— A.L. VanKoughnett, J.G. Dunn, and W. Wyslouzil —

Introduction

Several microwave heating systems developed in the past and systems proposed
for future development at the National Research Council of Canada are resonant in
nature. Such microwave devices consist essentially of a microwave power source, a
tuning mechanism, and a cavity. The material to be treated is introduced into and
extracted from the cavity on a continuous basis. The resonant frequency and coup-
ling to the cavity are both functions of the properties of the material, such as
transport speed, etc., and consequently the tuner must be variable to compensate
for detuning of the system which occurs when these quantities change. In relatively
low Q@ systems with microwave power heads which deliver 5 kilowatts or less, conven-
tional slide-screw tuners have been found adequate. However, for high Q systems
delivering such quantities of power or for any system delivering larger quantities of
power, slide-screw tuners are inadequate owing to breakdown and leakage problems.
Most other types of tuner require the equivalent of a sliding short circuit in waveguide.
For this reason, the variable short circuit described herein was developed.

Several forms of variable short circuit in waveguide are possible. The most elementary
form of sliding short circuit consists of a metallic block edged in finger stock which is slide-
able in the waveguide. This approach is inappropriate for high Q systems because of heating
of the fingers and waveguide, and breakdown due to the relatively high losses in the short
circuit. A second possible form is the conventional noncontacting sliding short circuit.
Noncontacting shorts of the alternating high-impedance — low-impedance line type are
unsuitable owing to breakdown problems, but noncontacting sliding short circuits of the
choked variety are probably suitable in circular waveguide. Although the latter form seems
electrically appropriate, it is more desirable mechanically to vary the effective position of
the short by rotary rather than linear motion. Consequently, the form shown in Fig. 1 was
chosen.

Figure 1 depicts two sections of circular waveguide. The right hand section is electri-
cally coupled to the left by a choke joint and is rotatable. The right hand section is bifur-
cated by a metallic vane and terminated by a short circuit. When the metallic vane is per-
pendicular to the electric field in the waveguide, reflection of incident energy takes place
at the circular waveguide short circuit. When the metallic vane is aligned with the electric
field, incident energy is reflected from near the leading edge of the vane and, consequently,
the effective position of the short circuit can be varied continuously from near the edge of
the vane to the circular waveguide short circuit by rotating the bifurcated section.
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Figure 1 An illustration of the form of the variable short circuit

This configuration possesses two limitations. The structure clearly is frequency sensitive
but this limitation is acceptable since microwave heating systems must operate within narrow
allocated bands (2450 * 25 MHz in the present case). Secondly, as shown later, the total
movement of the effective position of the short circuit is restricted to less than one-half of a
guide wavelength. This limitation is more severe, but is acceptable for some types of tuners,
and in particular is acceptable for triple-stub tuners.

The following section analyzes the configuration shown in Fig. 1, the construction of the
device is then described, and in the final section experimental results are given and comparisons
of theory and experiment made.

Analysis

Consider the variable short circuit depicted in Fig. 2. A rectangular waveguide is coupled
to a circular waveguide by either a matched or unmatched transition. The circular waveguide
is terminated by the rotatable short-circuited circular waveguide with bifurcation shown in
Fig. 1. We seek to determine the effective position of the short circuit as a function of angle
of the rotatable section.
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Figure 2 Geometry of the variable short circuit

In Fig. 2 the angular position of the vane is denoted 6 and is measured with respect
to the direction of the electric field vector (§ = 90° as shown). Two reference planes are
defined in the circular waveguide. Reference plane 2 is slightly toward the short circuit
from the leading edge of the fin and represents the apparent position of the short circuit
for an incident wave which is polarized parallel to the fin. Inside the circular waveguide
there are two propagating modes. For one mode the electric vector is parallel to that in
the rectangular waveguide and, hence, this mode is coupled to the rectangular waveguide.
The second mode is polarized perpendicular to the electric vector in the rectangular wave-
guide and, hence, is not coupled to it. For this cross-polarized mode the transition and
rectangular waveguide appear as an open circuit at the reference plane denoted 1. The
distances ¢ and v are, respectively, the electrical distances between reference plane 2
and the short circuit and between reference planes | and 2. It is assumed that a wave a,
polarized parallel to the electric vector of the rectangular waveguide is incident on
reference plane 1 and we wish to find the phase of the reflected signal b, of like polariza-
tion.

The analysis consists of the following steps. The incident wave a, is resolved into
components of polarization parallel and perpendicular to the fin. The reflection of these
components by the fin and short circuit are treated separately and the reflected waves
are then resolved into components parallel and perpendicular to the electric vector in the
rectangular waveguide. Reflection of the cross-polarized component is accounted for and
self consistency is required to obtain the following result—

b,/a, = —exp(—j2y)R/R* (D
where * denotes complex conjugate and

R = cos(p + y) — jsingsin20e/Y (2)



Propagation of the form exp(—jkz + jwt) is assumed. In the extreme positions § =0
and 0 = 90°, b, / a, varies from —exp(—j2y) to —exp(—j2y — j2¢) as expected. At first
glance it would appear that any desired degree of phase shift can be obtained simply by choosing
¢ properly. More careful examination of equations (1) and (2) reveals that this is not the case.
In particular, it can be shown that the phase shift obtained by the short circuit cannot vary by
more than )\g/2. In addition, the apparent position of the short circuit can move either toward
the generator or toward the load as 0 is increased from 0° to 90° depending upon the choice of
7. For example, if ¢ = 60° and v = 60°, b, [ a, varies from —exp(—j120°) exp(—j360°) through
—exp(—7120°) exp(—j180°) to —exp(—j120°) exp(—j120°) as @ varies from 0° to 90°. In this
case, the apparent position of the short circuit moves toward the generator as 6 is increased and
the total phase shift is 240°. If ¢ = 60° and v = 120°, b, / a, varies from —exp(—j240°)
exp(—j360°) through —exp(—j240°) exp(—j420°) to —exp(—j240°) exp(—j480°) as 8 varies
from 0° to 90°. Here, the apparent position of the short circuit moves toward the load as 8 is
increased and the total phase shift is only 120°.

It is clear that the value of v is somewhat arbitrary but an optimum value can be established
on the basis of losses or frequency dependence for a given required phase shift. As indicated above,
cross polarized fields exist in the structure. The strength of these fields and hence the losses and
frequency dependence of the short circuit are functions of ¢ and 7. The magnitude of the cross-

polarized fields is inversely proportional to R and thus we choose < to make the minimum value

of |R| as large as possible. The minimum value of |R| occurs when

sinZ@ = —cos(¢ + v)siny
sing 3)
and has the value
IRl ;. = lcosycos(¢p + ) “4)

Equation (4) is differentiated with respect to vy and the result set to zero to find the value of
v which yields the maximum value of |R|_, This yields

tany = cos¢ % 1 (5)

sing



and the minimum value of R for this optimum valuc of 7 is

IRl ., = sin? ¢
2(1 % cosg) (6)
Equations (1), (2), and (5), thus determine the values of ¢ and v for a desired phase
shift. In the design example cited below, a total phase shift of 240° is desired. This can be
obtained by making ¢ = 120° and, from (5), ¥ = 120° or y = 300°.
¢= 60° and v = 60° or ¥y = 240° achieves the same result. In the interest of compactness,

¢ = v = 60° was chosen.
Construction

This section describes the construction of a variable short circuit designed on the basis
of the preceding analysis to give a total phase variation of approximately 240° (apparent
short circuit variation of Ag/ 3). The device is required to operate at a center frequency of
2450 MHz and have a WR340 waveguide input.

In place of the transition depicted in Fig. 2 a butt joint between the rectangular and
circular waveguides is used for mechanical simplification and the resulting discontinuity is

partially matched by a symmetrical inductive iris. The construction details are shown in Fig. 3.
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Figure 3 Details of the construction of a variable
short circuit for operation at 2450 + 25 MHz
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The position of reference planc | was established by sliding a short circuit in a circular
waveguide of the appropriate diameter which was butt joined to a rectangular WR340 wave-
guide. The resonance associated with the cross-polarized mode in the circular waveguide
was monitored and the sliding short circuit position adjusted until the resonance appeared
at the design frequency. It was then known that the length of the cavity formed for the
cross-polarized mode was n)\g/2, and hence the apparent position of the open circuit seen
by a cross-polarized mode propagating toward the rectangular waveguide could be inferred.
The apparent position of the short circuit seen by a wave polarized parallel to the fin was
established by noting the phase of the wave reflected by a fin, replacing the fin with a
sliding short circuit, and adjusting the position of the short circuit to realize the same phase.
The position of the sliding short circuit then determines the position of reference plane 2
with respect to the leading edge of the fin. The trailing edge of the fin is terminated approx-
imately 0.5 inch in front of the short circuit to avoid mechanical problems associated with

welding the fin to the short circuit.

The choke joint is conventional in operation but somewhat different mechanically to
facilitate mounting of the rotating member in a relatively small bearing. The groove shown
forms a radial waveguide which reflects an open circuit in the coaxial waveguide which
supports propagation in the gap between the rotating member and the outer tube. The
position of the groove is chosen to reflect a short circuit at the gap between the rotating and
fixed portions of the device. The electrical distance from the groove to the bearing is chosen
to transform the short circuit at the bearing to a short circuit at the groove and thus provide
a double choking action. The rotating member is constructed of silver plated aluminum and

all other parts are brass.

To partially match the rectangular/circular waveguide transition, an iris is included in
the location shown. The iris is of the symmetric inductive type and extends into the wave-

guide 0.5 inch from each side.
Performance

The theoretical performance of the variable short circuit differs from that predicted
by equation (1) since the rectangular/circular waveguide transition is not matched. However,
the performance of the device shown in Fig. 3 can be predicted if the properties of the iris
and the transition are known. The measured characteristic admittance of the circular wave-

guide relative to that of the rectangular waveguide is Y= 0.52. The rectangular/circular
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waveguide transition also exhibits a measured shunt susceptance of 0.126 relative to

the characteristic admittance of the rectangular waveguide. Given these data and equation
(1) the performance of the variable short circuit without the matching iris can be predicted
from transmission line theory. With the geometry of Fig. 3 but without the iris, the total
theoretical phase shift between 6 = 0° and 6 = 90° is 240° at reference plane 1 and 192°
in the rectangular waveguide. The total measured phase shift in the rectangular waveguide
was 198°. Consequently, approximately 45° of phase shift is lost by not matching the
transition. This loss can readily be regained by inserting the iris shown in F ig. 3. One
approach is simply to choose the dimensions and position of the iris to match the
transition, in which case a total phase shift of 240° would be expected. An alternate
approach yields somewhat greater flexibility. At a point approximately 1.27 inches toward
the generator from the transition, the input susceptance of the device varies approximately
from jO through j1 to jee as @ varies from 0°to 90°. If an iris of susceptance Bis inserted
at this point, the susceptance variation becomes j B to joo and thus the phase shift can be
increased (decreased) by inclusion of an iris of negative (positive) susceptance. In the
present case a symmetric inductive iris 1/8 inch thick extending 1/2 inch into the waveguide

on each side was used. The measured relative susceptance of the iris is —-j0.60.
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Figure 4 Apparent electrical length of the variable short
circuit as a function of angle of the bifurcating fin



Figure 4 shows the measured and predicted apparent electrical length of the device
of Fig. 3 referred to the plane of the rectangular waveguide flange. The total phase
variation is approximately 260° at the center frequency and 274° and 242° at the low
and high end of the 50-MHz band required. The agreement of theory and experiment
at the center frequency is well within the limits of experimental error.

Several attempts were made to measure the return loss of the short circuit as a
function of fin angle 9. Without precision equipment, the most promising approach
appeared to consist of constructing a resonant cavity by short-circuiting the rectangular
flange of Fig. 3 and coupling to the cavity with a probe. The variable short circuit was
then adjusted until the cavity resonated at 2450 MHz and the cavity Q = wL/R measured.
Fromthe data of Fig. 4 and knowledge of the length of waveguide added to the device of
Fig. 3 the equivalent wL can be inferred and hence the equivalent terminating resistance
R found. To infer losses for other fin positions, waveguide spacers were inserted, the cavity
retuned to resonance and the Q measured. Unfortunately, it was found that the largest
component of loss in the cavity was loss at flange connections and thus only one meaningful
point on the 6 vs. loss curve could be found. This point corresponded to the fin position
6 = 63° which yields a cavity which resonates at 2450 MHz when the device of Fig. 3
is terminated by a short circuit at the rectangular waveguide flange. For this value of 6
the cavity Q@ was 10,600 and the total circuit resistance was 0.0021 ohm . If the resistance
of the short circuit applied to the flange is neglected, this corresponds to a return loss of
0.036db from the variable short circuit when 8 = 63° All available evidence indicates that

the return loss is of this order of magnitude for all 6.
Plate I shows a photograph of a prototype of the device.
Conclusions

The device described herein appears suitable as a variable waveguide short circuit for
high power microwave systems. The prototype displays sufficient phase shift over the
2450 + 25 MHz band to be useful in microwave heating systems as the variable reactive

element of an automated triple stub tuner.



Plate | Prototype variable short circuit



