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Mode-Specific Reflectometry in a Multimode
Waveguide

' DAVID S. STONE, MEMBER, IEEE, KEVIN L. FELCH, AND STEPHEN T. SPANG, MEMBER, IEEE

Abstract —A technique for measuring the voltage-standing-wave ratio
(VSWR) created by a mismatch for a specific mode in a multimode
waveguide is described. A heavily loaded resonant cavity is used to launch
the mode of interest and the variation in the cavity loaded Q is noted as the
phase separation of the cavity and the mismatch is varied. The bandwidth
of this technique is generally about 0.03 percent and VSWR as low as
1.05:1 may be measured accurately. Mode-specific VSWR measurements
are of particular interest in anmalyzing the performance of multimode
waveguide components, and in optimizing multimode networks. The mea-
surement technique may be used, for example, in the design and optimiza-
tion of transmission lines for electron cyclotron resonance heating systems
in magnetic fusion devices.

I. INTRODUCTION

ECENT ADVANCES in high average power millime-
.ter-wave devices, such as the gyrotron [1], [2], have
aroused interest in the use of multimode waveguides for
handling power levels which would produce excessive power
densities in single-mode systems. Millimeter-wave sources

of this type are susceptible to mode competition [3], which .

is aggravated by reflections of either the principal mode of
interest or of the competing modes. It is, therefore, particu-
larly important to be able to characterize a multimode
waveguide system by measuring the voltage-standing-wave
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Fig. 1. Schematic diagram of three VSWR measurement techniques in
multimode waveguide.

ratio (VSWR) for several specific modes of interest in the
system. \

Conventional reflection measurements in waveguides are
made using commercially available transducers to launch
the waveguide mode of interest (see Fig. 1). Standard
millimeter-wave test equipment is designed for the TET,
(fundamental rectangular) mode, whereas overmoded
transmission lines, as employed in long-distance telephone
links [4], or gyrotron collector structures [5], are typically
cylindrical. Thus transducers designed to produce mode
transformations of the type TEy, « TES, and TE( &
TMS,, are required. Only the simplest of these waveguide
components, the TET, « TES, transducer is available with
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good broad-band performance ( ~ 30-percent bandwidth),
The transformation TE}, <> TEJ; can be achieved with
Marie-type transducers [6] (min VSWR 1.2 across 20-per-
cent bandwidth) or slot-coupled transducers (min VSWR
1.1 across 2-percent bandwidth). Higher order modes may
be launched with phase velocity couplers of the type used
by Miller [7] and more recently by Moeller [8], but these
are expensive and cumbersome to use. Zone plate trans-
ducers may also be employed [9], but at the quasi-optical
frequencies of interest here, these launch unacceptable
levels of spurious modes. Shimada [10] has described a
high-Q cavity transducer which, while mechanically tun-
able over a 10-percent bandwidth, suffers from high trans-
fer loss (1-3 dB) and input VSWR (up to 1.8:1) and,
therefore, is only suitable for measurement of large VSWR’s
( > 3:1). Thus no suitable means of launching pure higher
order circular electric modes is available for use with
standard test equipment. This circumstance has led us to
the development of a technique for measuring the VSWR
of a multimode waveguide mismatch for any particular
higher order mode. \

A heavily loaded resonant cavity is used to launch the
mode of interest into the waveguide system. The variation
in the loaded Q of the cavity is then noted as the phase
separation of the mismatch and the cavity is changed. It is
shown that the mode-specific VSWR may be determined
directly from the ratio of the maximurm and minimum
values of the signal received at the detector port of the
launcher. The technique is the multimode waveguide ana-
log of the standing-wave indicator technique commonly
used with single-mode waveguide systems. A pick-up stub
in a slotted line senses the standing-wave pattern in the
latter case, while the multimode cavity acts as the probing
element in the former case. Movement of the probing
element along the guide through the standing-wave max-
ima and minima is accomplished in the conventional mea-
surements by physically moving the pick-up stub in the
slotted line. Similarly, in the present technique, the reso-
nant mode launcher may be moved physically to observe
the standing-wave ratio. In addition, if the physical separa-
tion of the cavity and the mismatch is large enough, it is
equivalent to electronically vary the phase separation of
the cavity and the mismatch.

In the following section, we analyze the behavior of the
resonant cavity with a mismatch in the output waveguide,
using an equivalent circuit analysis. In Section III we
elaborate on the details and limitations of applying this’
VSWR measurement procedure for both short and long
multimode transmission lines. Finally, in Section IV we
measure the mode-specific VSWR for various mismatches.

1L

The mode-specific VSWR measurement technique con-
sists of varying the phase separation of the launcher and
the mismatch through « radians or until Z; the load
impedance appears entirely resistive at the right-hand end
of the cavity. This phase change may be accomplished by
physically varying the distance L separating the cavity
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Fig. 2. (a) Equivalent circuit of cavity launcher coupled to an unknown
mismatch. (b) Equivalent circuit transferred into the cavity.

launcher and the mismatch, or by varying the generator
frequency as we will discuss in more detail in the next
section. ,

The equivalent circuit for the cavity launcher and un-
known load mismatch is shown in Fig. 2(a). A source with
impedance R, is coupled to the cavity through a
transformer with a turns ratio of 1: n,. ‘

A detector with an impedance R, is also coupled to the
cavity using the same transformer. The resonant circuit of
the cavity is represented by R,,, L, and C. The unknown
mismatch, Z; and the matched load R, are coupled to the
output of the cavity through a second transformer with a
turns ratio of n,:1. '

The two purely resistive load impedances found by
varying the phase through « radians, which we call R; ..
and R;..., may be related to the VSWR through the
following relationship:

RLmax Ro
—Lmax _ 9 —VSWR.
Ro RLmin

M

In Fig. 2(b) we show all of the loads as seen transformed
into the cavity. The loaded Q of the cavity, Q; is now
easily calculated

w,L
niRs+niR,+ R, +niR, +niR,

@

where w,=1/VLC.

We now make the assumption that the cavity is very
lightly coupled to the generator and detector (n7 << 1) and
that the loaded Q is much less than the ohmic Q of the
cavity (denoted Q,), so that

Qo>>QL
R,>R

(3)

cav*
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With these assumptions, (2) may be written

w,!

= o 4
Or "%(1"'&) “)
where
— L — RL
l:R_o aner— Ro.

The ratio of the maximum loaded Q to the minimum
loaded Q is given by

QLmax — 1+ erax
Qrmn 11 7mm

Using (1), we see that

)

gimax = I max (6)

The power as seen by the detector P, may be written
Pp=niRpI’ ()
where the current, I, may be calculated by looking at Fig. 2
mE

=VSWR.

I= .
1

niR;+niR,+ R, +niR, +n3R, + j(wL - ;E)

(8)
Here, E is the RF electric field of the generator signal.
Now, assuming that we are on a resonant frequency of the
cavity, w = w,=1/VLC, and using (2), we may solve for /
in terms of Q;

o mE

==L 1=

w,L

©)

Finally, if we combine (6), (7), and (9), we obtain

PDmax 'Imaxlz ( QLmax )2 2
= = = [ VSWR|". 10
PDm.'m |Imm|2 Qme [ ] ( )

This expression indicates that the ratio of the maximum
and minimum power levels measured by the detector, as we
vary the phase separation of the cavity launcher and the
unknown load, yields a direct measurement of the VSWR
of the mismatch. :

III. VSWR MEASUREMENT PROCEDURE

A. Apparatus

The experimental equipment employed in making
mode-specific VSWR measurements in a multimode wave-
guide consists of a resonant cavity launcher, a gradual
taper connecting the launcher to the multimode waveguide,
and the unknown mismatch placed at the end of the
multimode waveguide. A schematic diagram of the experi-
mental setup is shown in Fig. 3.

The cavity launcher is a low @ (=100-2000) open
resonant cavity similar to those used in gyrotrons [11]. For
example, to measure the VSWR of an unknown mismatch
at 60 GHz for the TE,, circular waveguide mode, a cavity
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launcher resonant in the TE,, cavity mode at 60 GHz is
employed. In Fig. 4 we show the resonance characteristics
of such a cavity launcher. The launcher is excited by means
of a TEY, waveguide feeding one of several small coupling
holes in the walls of the cavity equispaced about the axis of
symmetry. A crystal detector is coupled to a separate, but
identical, coupling hole in the same manner as the signal
source, to measure the transmission resonance signal.

A gradual taper (1-10°) couples the power out of the
cavity in such a way that mode conversion is avoided in
connecting the launcher to the multimode waveguide. Out-
put mode purity has been checked for these cavities using a
technique described by Stone [5]. This method of coupling
power to the unknown mismatch mounted in the multi-
mode waveguide heavily loads the cavity launcher, easily
satisfying our assumption that the ohmic (unloaded) Q is
much greater than the loaded Q, as required by (3) in the
previous section.

To perform the measurement, two methods may be
employed to vary the phase separation of the mismatch
and the cavity launcher. If the multimode transmission line
is “short” the physical length of the line must be varied. If
the line is “long” the phase separation of the cavity and
the mismatch may be changed by varying the physical
length of the line or by varying the generator frequency.

B. Short Line Technique (L < cQ; /f)

If a “short” multimode line is used, for which L <
¢Q; /f, where ¢ is the speed of light in vacuum and fis the
signal frequency, the VSWR must be measured by physi-
cally varying the separation L of the mismatch and the
launcher. Since the round-trip phase separation is 2kL,
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Fig. 5. Detected cavity resonance signal for a mismatch and a matched
load separated from the cavity launcher by a “long” line.

where k is the wavenumber of the signal in the multimode
guide, a phase variation of # rad, may be achieved by
varying L through a distance AL = A /4. When a square-law
detector is used for observing the launcher response, the
VSWR of the mismatch may be determined by applying
(10). Alternatively, if the detector output is not a known
function of received power, we may use

VSWR = antilog [0.05{ P"*(dB)— P&2(dB)}]. (11)

C. Long Line Technique (L > ¢Q; /f)

For a “long” line, with L > ¢Q; /f, we can employ the
short line technique or we can change the optical path
length sufficiently to observe the maxima and minima in
launcher response by sweeping the generator frequency
over a bandwidth Af=c/4L. To satisfy the long line
criterion we require that Af << Q; /f. An example of one
such measurement is shown in Fig. 5. In this case, the
VSWR of the mismatch is again given by (10) (a square-law
detector was employed here), but now we simply use the
minimum and maximum signals occurring at the resonance
peak. The frequency difference A f was measured to be 6.6
MHz, in good agreement with the predicted value of Af =
c¢/4L =70 MHz for the length of line L used in the
measurement. Had a shorter line been employed, we would
have been forced to use minimum and maximum signals
occurring off the resonance peak, thus invalidating our
assumption made in Section II that w = w,. Conversely, a
longer line separating the cavity launcher and the mis-
match would have allowed measurement even closer to the
resonance peak. The numerical error encountered in taking
measurements off of the resonance peak will be discussed
in the next section.

D. Limitations and Assumptions

One must consider, however, various experimental limi-
tations on the accuracy of a measurement using the “short”
or the “long” line techniques. In this section we discuss the
ramifications of the simplifying assumptions made in our
analysis in Section I, and the limitations specific to either
the short or long line method.

1) Launched-Mode Purity: In developing our analysis of
the mode-specific VSWR measurement technique, we have
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assumed that the launched signal consists of a single prede-
termined waveguide mode and that the reflected signal
reaching the cavity launcher also consists of the same pure
mode. Alteration of the mode of the reflected signal in-
volves the question of mode conversion which we will
address in the next section. There are two important fac-
tors that affect the purity of the launched mode: the
orientation of the feed waveguide, and discontinuities in
the cavity.

Careful orientation of the rectangular TEY, generator
feed with respect to the launcher axis will ensure excitation
of the desired transverse orientation. That is, for transverse
electric (magnetic) modes, the electric field of the feed
waveguide is aligned perpendicular (parallel) to the launcher
axis. Of course, the waveguide probe coupling the detector
crystal to the cavity launcher must be oriented in a like
manner. Since several transverse electric modes are degen-
erate with certain transverse magnetic modes (i.e., TEG,,
and TMS,)), special care must be taken in these cases to
ensure the correct transverse excitation.

Examples of discontinuities which might affect the
launched signal include machining defects in the cavity,
misalignment of the cavity launcher with the output taper,
and improper choice of the size and number of the cou-
pling holes in the cavity launcher. Any such defect can
impose an unwanted asymmetry in the cavity thus exciting
spurious modes. Machining and alignment errors become
more and more critical for higher frequencies and higher
order modes. We have studied the effect of the coupling
hole diameter on cavity properties and have concluded that
hole diameters of the order of or less than A /4 may be
tolerated.

The number N of coupling holes, which are equispaced
about the axis of symmetry, is also critical [11]. The value
of N must be chosen to impose an N-fold symmetry which
does not allow coupling of the cavity fields to any propa-
gating waveguide modes. For example, when designing a
launcher for the TE,,, cavity mode, we require N =3n
because the TE,,; waveguide mode is cut off for all n.

2) Cavity Coupling: We have required that the generator
and detector be lightly coupled to the cavity launcher
(n? <1 in Fig. 2). This assumption must be verified ex-
perimentally by varying the size of the coupling holes until
the point where the loaded Q, Q;, of the cavity launcher,
remains unaffected by the presence of the holes. As men-
tioned above in discussing the purity of the launched
mode, a hole diameter, d < A /4, has been found to be
acceptable. We have also described the proper choice of the
number N of coupling holes.

Finally, we have required the ohmic Q to be much
greater than the loaded Q as stated in (3). For copper
cavities, the ohmic Q, @, is generally in the range, 10,000
< @, < 20,000, whereas the loaded Q, @;, of the cavity
launcher is normally in the range, 100 < @, <2000 [11].
When the mismatch is added to the circuit, one must
ensure that Q, . is still much less than Q. For example,
if Q, =500 for a matched load, a severe mismatch with
VSWR =10 would yield a value of O, .. =909, still far
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less than Q,. Thus the assumption Q; < Q, is satisfied
under most circumstances.

3) Mode Conversion of the Reflected Wave: The topic of
mode conversion in multimode waveguide has been dis-
cussed in several references [S], [12], [13]. Here, we are
interested in the conversion into modes which upon reflec-
tion would enter the cavity launcher, thereby changing the
observed cavity Q and introducing error into the mode-
specific VSWR measurement. Morgan has shown [13] that
any waveguide discontinuity of characteristic axial length /
will partially convert an incident TE,,, wave into forward
and backscattered TE, ., waves. The converted wave elec-
tric field amplitudes E,,,. are proportional to the spatial
Fourier transform of the waveguide discontinuity. That is,
in a cylindrical waveguide with a radial discontinuity de-
scribed by the function d(¢, z) we have

EZ, f [d(9,z)em K mmmimzemime gz gy (12)

Here K * is the beat wavenumber for the forward (+) and
backscattered (—) waves beating with the incident wave.
The beat wavenumbers are

KE*(m,n,m',n')=k,, F k.

(13)

The exponential terms in the integrand in (12) extract the
characteristic axial length and azimuthal periodicity of the
waveguide: discontinuity from d(¢,z) in terms of beat
wavenumbers and azimuthal mode numbers.

In the case where / > A, using (12) it is easy to show
that appreciable mode conversion occurs only into those
forward modes which satisfy / ~ (k,,, — k,,,») " '. The beat
wavelength of the backscattered wave with the incident
wave 2x/(k,,+ k) is so short compared to / that
energy cannot be coupled effectively into the backward
wave. We conclude that for mismatches in multimode
waveguide with discontinuities of length / > A , including
such waveguide components as waterloads, miter bends
and gradual tapers, that the backscattered converted wave
does not affect the accuracy of the VSWR measurements.

Now consider the case of a “short” discontinuity in
multimode waveguide, with / <A . The Fourier transform
(12) now selects wavenumbers for the converted modes
which satisfy 2#/(k,,, ¥ k,w)=A,. This criterion is
satisfied by modes near cutoff with k., = 0. Therefore, for
mismatches with / <A, such as mode filters and wave-
guide gaps, the backscattered converted wave is not neces-
sarily of negligible amplitude, but is close to cutoff in the
multimode waveguide. However, as this reflected wave
encounters the down-taper which connects the cavity
launcher to the multimode waveguide, it is cut off and
reflected entirely. Thus the launcher does not “see” the
backscattered converted wave and again only the reflected
incident wave will be measured in the cavity launcher.
Consequently the mode-specific VSWR measurement tech-
nique is not affected by mode conversion due to “short”
discontinuities.

4) “Short” Line: Effect of Waveguide Gap: Recalling that
the “short” line VSWR measurement procedure required
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Fig. 6. Mode-specific VSWR for various modes at 60 GHz for a narrow
gap in 2.5-in ID circular waveguide.

an axial displacement of the mismatch with respect to the
cavity launcher in order to vary the phase of the reflected
signal, we must concern ourselves with the specific effects
of the small gap ( ~ A /4) created in the multimode wave-
guide with such a displacement. In light of the arguments
in the preceding section, it is obvious that converted modes
backscattered from the gap are near cutoff in the multi-
mode waveguide and will not be detected at the cavity
launcher. Calculations by Morita [12] for circular electric
modes (TE,,) indicate that the VSWR of the small gap
itself is negligible. However, to avoid erroneous measure-
ments, the VSWR of the gap should be measured before
observing the VSWR of the mismatch in question. For a
gap VSWR =1+¢, with € <1, the relative error intro-
duced in the measurement of the load VSWR will be
approximately equal to e.

We have measured the mode-specific VSWR of a narrow
circumferential gap in 2.5-in ID circular waveguide for
various different modes at 60 GHz. The results of these
measurements are shown in Fig. 6. We note that, as
expected, higher order modes (possessing higher wall cur-
rents) are more affected by a gap than are lower order
modes. For a YVSWR measurement of an unknown mis-
match using the short line technique, we are interested only
in gaps with / <A /2 so that for all of the modes except the
TE; mode, measurements on mismatches with VSWR >
1.05 should be quite accurate. For the TE,; mode, more
care must be taken in measuring mismatches with a VSWR
below 1.10.

5) “Long” Line: Off-Resonance Correction: In the equiva-
lent circuit analysis in Section II, we made the assumption
that all measurements were performed at the resonant
frequency of the cavity launcher w,=1/yLC. However,
for the “long” line technique where the phase is varied by
sweeping the frequency, it is necessary to stray somewhat
from the resonant frequency, depending on the length of
the line, to locate the minimum and maximum Q; in the



STONE ef al.: MODE-SPECIFIC REFLECTOMETRY IN A MULTIMODE WAVEGUIDE

TABLE I
EFFECT OF PERFORMING VSWR MEASUREMENTS FOR & # g
fo = fmax = 59.500 GHz

Af =

foun fmax = fmin (PDmax) 1/2 % Difference

(GHz) MH2)  [\Ppmin from VSWR = 1.5
59.430 {3 dB point) 70 1.97 31%
59.450 50 1.75 17%
59.470 30 1.60 7%
59.490 10 1.51 0.7%
59.495 5 1.50 ~0%
59.499 1 1.50 ~0%

presence of the unknown mismatch (see Fig. 5). We may
predict the error involved in performing a “long” line
measurement for which our criteria, L > c¢Q; /f, is only
marginally satisfied or the error in a “short” or “long” line
measurement performed off the cavity launcher resonance
peak, by returning to (8). Removing the restriction that the
measurement be performed at the cavity launcher reso-
nance, (@ # w,), (9) becomes

Q,mE

fonlz7]

(14)

As the phase is varied, the maximum to minimum signal
ratio detected by the crystal coupled to the cavity is now
written, (compare with (10))

Lmin -
PDmax — [ QLmax ? o Drmin (15)
Ppmin | QLmin A A b
1+ QLmax W - W

Recalling (6), we see that the VSWR is no longer given by
the square root of the ratio of maximum to minimum
powers seen by the detector crystal. To estimate the error
involved in performing measurements where w # w,, we
have tabulated the results given by (15) for a typical case
where ‘

Qrmax =VSWR =15,
QLmin

o = 450,

5 =59.5 GHz,
fmax = fo’

Snin = to be varied.

These circumstances would occur in a “long” line measure-
ment if one were to try different line lengths in order to
vary Af = f, .« — fmin- To simplify the exercise we have
specified that £, , = f, for all of the different cases so that
only f, .. is affected by the change in line length. The
results of these calculations are shown in Table 1.
Examination of the data shown in Table I indicates that
less than 1-percent errors are encountered in using (10) in
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Fig. 7. Relationship of the radial electric-field dependence of the TE,,
TE,,, and TE; circular waveguide modes to circular rings incorpo-
rated in two of the test mismatches.

TABLE 11

“LONG” AND “SHORT” LINE VSWR COMPARISON
Type of Short Line Long Line
Mismatch
(See Figure 7) VSWR VSWR Af

Predicted Value
= 7.0 MHz

0.003"” Mylar Alone 1.17 £ 0.01 1.23 £ 0.03 6.8 MHz
0.003" Mylar With 1.68 = 0.03 1.44 = 0.06 6.6 MHz
Small Ring
0.003" Mylar With 1.20 £ 003 1.24 +£.0.02 6.4 MHz
Large Ring

this typical measurement, for Af ~10 MHz, implying a
bandwidth for this technique of a few hundredths of a
percent. We note that in general, corrections included in
(15) must be estimated for the particular mismatch of
interest since Pj,../Ppmmn, 10 general, depends on Q,,
and w as well as the VSWR of the mismatch.

®pnins 'max *

IV. MODE-SPECIFIC VSWR MEASUREMENTS

A. Comparison: Short Line versus Long Line VSWR
Measurements

The VSWR’s of various unknown mismatches were
analyzed using both the “short” and “long” line measure-
ment procedures. Both methods employed a TE, cavity
launcher resonant at 59.5 GHz and a smooth 2° taper
section connecting the launcher to 2.5-in ID Cu circular
waveguide. Two of the mismatches consisted of 0.003-in
mylar sheets, each with a different diameter copper ring
attached to the mylar and centered in the waveguide, and a
third mismatch was comprised of only the 0.003-in mylar
sheet. The relation between the positions of the rings and
the field patterns of the TE,, TE,, and TE,; modes is
shown in Fig. 7. Sections of 2.5-in ID waveguide 20.8 and
382.0-in in length separated the 2° taper and the mismatch
for the “short” and “long” line cases, respectively.

Results of these measurements are shown in Table II.
“Long” line VSWR results were found by averaging the
VSWR results for the four minimum-maximum pairs
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TABLE III
MODE DEPENDENT MISMATCH MEASUREMENTS

Mismatch Launched Mode VSWR
0 003" Mylar Sheet TEgq 1.19 £ 0.02
TEg2 1.17 + 0.01
TEg3 1.18 = 0.04
0.003"" Mylar Sheet TEgq 1.81 = 0.04
plus large Cu ring TEgn 1.20 + 0.03
(situated at the TEgy TEp3 1.73 + 0.13
radial null)
0.003" Mylar Sheet TEgq 1.46 + 0.03
plus small Cu ring TEgo 1.58 = 0.03
(situated at the first TEg3 1.26 = 0.07
TEqg radial null)

closest to the resonance peak since it was difficult to
choose exactly which pair was at resonance (sce Fig. 5).
The values of VSWR as measured by the two procedures
are in rough agreement and estimations of Af for the long
line measurements agree quite well with the predicted value
of 7.0 MHz (which includes the dispersive effects of the
taper on the phase of the TE,, waveguide mode). Both
techniques gave low VSWR values for the large ring and
high values for the small ring showing that the small ring
was located near a radial maximum of the RF electric field
and the large ring was located on a radial null of the RF
electric field of the TE;, mode.

B. Mode-Dependent Mismatches

To emphasize the mode-specific quality of the cavity
launcher VSWR measurement technique, we have per-
formed a series of measurements on the mismatches de-
scribed above for cavities resonant at the same frequency
(60 GHz), but in different modes (different sized cavity
launchers). Cavity launchers were constructed which
launched TE,, TE,, and TE; circular waveguide modes.

Results of these measurements are shown in Table III. .

As one would expect in examining the relation between the
radial dependence of the various modes and the positions
of the rings, the small ring mismatch presented a large
VSWR to the TE;; and TE;, modes while the VSWR for
the TE,; mode was about the same as that for the mylar
sheet alone. In a like manner, the large ring mismatch
yielded a large VSWR in the presence of TE, and TE,,
modes,while for the TE,, mode, the VSWR was almost
identical to that with the mylar sheet alone. This demon-
stration confirms the ability of the cavity launcher tech-
nique to perform mode-specific VSWR measurements.

C. Comparison with Conventional Techniques

As discussed in the introduction, conventional VSWR
measurements in multimode waveguide are limited by

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MIT-31, NO. 9, SEPTEMBER 1983

250 — = TEgq. TEgy, TE g3, CALCULATED VSWR
~—&— TE°(; RESONANT LAUNCHER
—O— TE°(, RESONANT LAUNCHER
e TE 3 RESONANT LAUNCHER
—{=— TE°g; TRANSDUCER (RETURN LOSS) <
~—t— TE%); TRANSDUCER (SLOTTED
200 LINE} /
s 7

’

VSWR

1.00] Il ]
] 0.005 0.010

MYLAR THICKNESS {INCHES}

Fig. 8. VSWR of different thicknesses of mylar measured in 2.5-in ID
circular waveguide by conventional “return loss” and “slotted line”
techniques and the cavity launcher method. Calculated VSWR versus
mylar thickness is shown for comparison.
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transducers available between the TEYT, mode and the
desired circular waveguide mode. The two most common
techniques employing such transducers are the “return
loss” and “slotted line” methods shown schematically in
Fig. 1. The return loss procedure relies on a measurement
of the reflection loss of the mismatch measured using a
directional coupler with a given directivity as referenced to
a perfect short, while for the “slotted line” method the
minimum and maximum amplitudes of the standing wave
are measured by probing a slotted rectangular waveguide.

To compare these techniques with the cavity launcher
method we have performed a series of VSWR measure-
ments for mismatches consisting of mylar sheets of differ-
ent thicknesses. The two conventional techniques employed
TER, < TES, transducers. All of the measurements were
performed at 60 GHz with the mylar sheet placed in 2.5-in
ID circular waveguide. Gradual tapers were used to con-
nect either the transducers or cavity launchers for the TEg,,
TEg,, and TE; modes to the 2.5-in waveguide. The length
of the taper and waveguide separating the cavity launcher
and mismatch was such that only the “short” line method
could be used, L <cQ; /f. The results of all these mea-
surements are shown in Fig. 8. In addition, we have plotted
the calculated VSWR in 2.5-in ID waveguide for different
mylar sheet thicknesses.

First, we observe that the “slotted line” and “return
loss” measurement yield VSWR values which are signifi-
cantly lower than predicted values for thicker mylar sheets.
The discrepancy between the conventional VSWR mea-
surements and theory may be due in part to mode conver-
sion in the TEY, « TE, transducer. The “slotted line”
curves fall below the “return loss™ curves because insertion
loss in the transducer introduces additional error in the
former measurement. Second, we note that the cavity
launcher curves coincide quite well with the calculated
curve for all mylar thicknesses measured. Not only do
these results confirm the accuracy of the cavity launcher
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TABLE IV
VSWR FOR MULTIMODE WAVEGUIDE COMPONENTS (TEJ, MODE,
59.5 GHz, 2.5” ID WAVEGUIDE)

Component VSWR

90° Miter Bend 1.06 + 0.02
Waterload 1.11 £ 0.02
Mode Filter 1.04 + 0.02
Single-disc Window 1.30 £ 0.02
Double-disc Barrier Window 1.22 £ 0.02

technique, they also highlight the pitfalls in using conven-
tional techniques for multimode VSWR measurements at
millimeter wavelengths.

D. Multimode Waveguide Components

Using a 59.5 GHz— TE, cavity launcher, we have mea-
sured the VSWR of several multimode waveguide compo-
nents for use in 2.5-in ID circular waveguide. The results of
these measurements are listed in Table IV. Such compo-
nents are employed in systems handling the high-power
microwave output from gyrotron oscillators. We observe
that most of the components have a low VSWR, and in the
case of the mode filter, the VSWR is low enough that the
waveguide gap introduced in using the “short” line-tech-
nique may affect the accuracy of the measurement as
discussed in Section III. All measurements are performed
with gaps less than A /2 (see Fig. 6) so that errors of the
order of 0.02 are present in these measurements. It should
be noted that for the single-disc and double-disc barrier
windows evaluated here, the VSWR is critically dependent
on frequency. In this case, the windows were designed for
operation near the cavity launcher resonance, but much

higher values of VSWR are measured when the frequency

is varied from the design value.

V. CONCLUSION

The measurement procedure we have described was de-
veloped in order to characterize mismatches used in multi-
mode waveguide systems employing high-power gyrotrons.
The technique is limited by the VSWR of the waveguide
gap (typically less than 1.05:1) when using a short trans-
mission line and the bandwidth of a given cavity launcher
is quite narrow ( ~ 0.03 percent) for both long and short
transmission lines, However, the technique is simple to
employ and provides accurate measurements for a wide
range of multimode waveguide applications. Ultimately,
the technique could be used to characterize the load ob-
served by the gyrotron in a magnetic confinement fusion
reactor: the multimode waveguide transmission line lead-
ing to the reactor vessel and the thermonuclear. plasma
itself. Such a measurement, if performed in today’s experi-
mental magnetic confinement devices, would provide vital
information for the design and operation of gyrotrons for

- use in heating fusion plasmas.
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On the Problem of Applying Mode-Matching
Techniques in Analyzing Conical
‘Waveguide Discontinuities

GRAEME L. JAMES

Abstract —Mode-matching techniques in the past have been successfully
" used to analyze rectangular and circular waveguide problems involving
transverse discontinuities. The extension of this method to conical wave-
guide discontinuities is shown to exhibit difficulties of convergence caused
by the behavior of the cutoff conical modes. To illustrate the problem, the
junction of a smooth-walled cylindrical waveguide with a corrugated conical
horn is discussed in some detail.

I. INTRODUCTION

HE SOLUTION to a transverse discontinuity in a
rectangular or circular waveguide using mode-match-

ing techniques has been shown to provide an accurate
means of determining the properties created by the discon-
tinuity [1]-[3]. With the properties of the single step estab-
lished, it is then possible to obtain a solution for any
circular or rectangular waveguide which can be considered
as a number of transverse discontinuities separated by
. short lengths of waveguide. This is demonstrated in [4] for

Manuscript received October 19, 1982; revised May 3, 1983.
The author is with the Division of Radiophysics, CSIRO, Sydney,
Australia, RPP2660.

the junction between a cylindrical smooth-walled wave-
guide and a corrugated cylindrical waveguide.

A natural extension of this approach is to analyze trans-
verse discontinuities in conical waveguides. However, in
doing so, a numiber of difficulties arise. This will be dem-
onstrated here by considering the example of the junction
between a smooth-walled cylindrical waveguide and a cor-
rugated conical horn. To begin, we review the technique as
applied to a small-angle horn where the analysis can be
carried out in terms of cylindrical waveguide modes.

II. JUNCTION BETWEEN CYLINDRICAL GUIDE AND
SMALL-ANGLE CORRUGATED CONICAL HORN

The radiation pattern of corrugated conical horns are
characterized by low sidelobe and low cross-polarization
levels. As a result, they are used extensively as feeds in
high-performance low-noise reflector antenna systems. To

- maintain these desirable features, careful design of the

throat region of the horn (i.e., the circular-to-conical wave-
guide junction) is crucial. If the horn semi-angle 6, is small

0018-9480,/83,/0900-0718%01.00 ©1983 1EEE



