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Mode Discriminator Based on
Mode-Selective Coupling

Wenxiang Wang, Yubin Gong, Member, IEEE, Guofen Yu, Lingna Yue, and Jiahong Sun

Abstract—Mode discriminators based on mode-selective
coupling principle have a series of advantages. The designing
method of this type of discriminator is presented in this paper. The
emphasis is put on the mode-selective coupler with a multihole
and multigroup of coupling holes. All of the dimensions of the
discriminator are determined by this method. The calibration and
power measurement of the discriminator are also investigated.
Some design examples of discriminators for 35- and 70-GHz
gyrotrons, which can be applied to discriminate the TE11,TE01,
and TE02 modes and the TE01, TE02, and TE03 modes,
respectively, are given.

Index Terms—Gyrotron, mode discriminator, mode-selective
coupler, multigroup coupling.

I. INTRODUCTION

GYROTRONS usually operate in one high-order TE mode,
while vircators excite simultaneously several modes.

These types of microwave devices must employ overmoded
waveguide as an output circuit. Additionally, the high-power
microwave transmission systems of other relativistic devices
also need to employ overmoded waveguides to increase the
power capacity of the systems. The existence of several modes
is unavoidable in an overmoded system. Consequently, discrim-
inating and analyzing the modes in an overmoded waveguide
system is needed to know whether the output mode of a mi-
crowave source meets the requirement, whether some spurious
modes exist, and what the modes are. It is also necessary to
use a mode discriminator to appraise the conversion effect of
a mode converter. In practice, various mode discrimination
methods have been presented [1]–[15].

On the basis that the energy of the microwave field can
scorch a piece of paper [1] or change the color of thermosen-
sitive paper [2], or break down the gas in a low pressure cell
[3], or illumine a neon tube [4], or heat a dielectric target plate
to form an infrared picture [5], the image of an electric field
structure can be displayed directly. The advantages of this
imaging method are visual, simple, and independent of the
microwave frequency. However, a mode discriminator designed
according to the image-displaying method is only suitable for a
single-mode system. Mode discrimination can also be achieved
by comparing the measured pattern with the calculated pat-
tern of the radiated far field of the multimode microwave to
determine the mode composition [6]. However, the process
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of mode discriminating by the far-field analyzing method
is complicated, and it is difficult to precisely measure the
radiated far-field pattern. Another mode analysis method—the
wavenumber spectrometer—which can be applied to in situ
measurements, is presented by Kasparek and Müller [7] and
Barkley et al. [8]. A series of small holes as a leaky-wave
antenna are milled in the waveguide. The angle of the main
lobe of the radiation pattern of this antenna depends on the
ratio of the wavenumber of the mode in the waveguide to the
wavenumber in the free space. Thus, one detects the angle
by pivoting a parabolic reflector antenna with a rectangular
feed horn, the wavenumber spectrum, and then the mode
compositions are given. The main shortcoming of this method
is that it cannot get the mode composition instantaneously, i.e.,
cannot measure dynamically. There are some other methods for
mode discrimination, e.g., the beat pattern measuring method
[9], etc. However, these methods are less applicable and their
measuring processes are complicated.

The principle of mode-selective coupling discrimination
[10]–[15] is as follows: by coupling a small fraction of the
power of one specified mode by a probe or a small hole into
the measuring system, while all other modes are uncoupled,
one can discriminate the existence of the coupling mode in the
main microwave system and its relative intensity according
to the output of the coupling power. The advantages of this
method are in situ and dynamic characteristics, i.e., the mode
composition can be observed immediately and continuously,
while the microwave system is still connected to the load and is
in operation normally. Making use of a mode-selective coupler
for mode analysis is one of the most important ways of the
mode-selective coupling method. If several mode-selective
couplers designed for different desired modes are connected
to a microwave system, the mode composition in the system
will be determined according to the output of each coupler. In
this paper, we will comprehensively introduce the designing
method of the mode discriminator based on the mode-selective
coupler.

II. THEORETICAL BASIS OF THE MODE-SELECTIVE COUPLER

The design of the mode-selective coupler is based on the
small-hole coupling theory and the field vector-superposition
principle.

A. Small-Hole Coupling

Bethe presented the small-hole diffraction theory in 1944
[16], which is the theoretical basis of calculating small-hole
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coupling. Bethe’s work indicates that the coupling of a small
hole can be equivalent to an electric dipole and a magnetic
dipole. In the sub-arm of a coupler, the amplitude of the
traveling wave excited by a mode in the main arm of the
coupler is directly proportional to the polarizability of the
equivalent dipole, the normal component of the electric field,
and the tangential components of the magnetic field in the
main arm at the small-hole position. It is also proportional to
the corresponding field components of the excited mode in the
sub-arm at the same position [17].

Generally, the main arm of a mode-selective coupler is an
overmoded circular or rectangular waveguide. For measurement
convenience, the sub-arm of the coupler is usually a rectan-
gular waveguide working in the fundamental mode ( ). As-
suming that , called the coupling intensity of a single hole,
represents the relative amplitude of the mode excited in
the sub-waveguide by the mode in the main waveguide
through a single circular hole, and the upper sign of “ ” in
indicates the -direction and the lower indicates the -di-
rection. When the coupling occurs between two different types
of waveguide, the ratio of the power, rather than the amplitude
of the mode to the mode, which is presented in
[13], should be calculated to derive the . Thus, according to
Bethe’s theory [16], [17], expressions of can be achieved for
various coupling from the or modes in the cir-
cular or rectangular overmoded waveguide to the mode
in the sub-waveguide. When calculating , the large-hole fac-
tors and thickness factors of the electric and magnetic dipoles
should be taken into account [18].

B. Field Vector Superposition

All of the wave functions can be expressed as complex vec-
tors of their amplitudes and phases. The superposition of two or
more vectors depends not only on their amplitudes, but also on
their phase relation. This vector-superposition principle is also
one of the design fundamentals for any multielement coupler
[19], [20].

We assume that each coupling hole is so small that the cou-
pling through it will have no influence on the fields in the main
waveguide and the propagation constants in the sub-waveguide;
in other words, the amplitude of the incident wave will be unal-
tered in the whole coupling region.

Supposing there are or coupling
holes distributed symmetrically and the origin of the coordi-
nate system is at the symmetrical center [see Fig. 1 (a) and
(b)], the single hole coupling intensity for each pair of holes is

, respectively, the incident wave
propagates along the -direction in the main waveguide and
its phase constant is , and the phase constant of the excited
wave in the sub-waveguide is . The total relative amplitude
of the wave coupled into the sub-waveguide will then be

for

for (1)

(a)

(b)

Fig. 1. Multihole coupling. (a) The number of coupling holes N = 2n.
(b) The number of coupling holes N = 2n+ 1.

where

for

for

(2)

In order to obtain constructive interference, it should be satisfied
that

or alternatively (3)

Under this condition, the terms in (1) will be added up directly.
In order to obtain destructive interference, the most convenient
method is to make all terms in (1) equal to zero, i.e.,

(4)

1) Equal-Interval Coupling: If all the distances between ad-
jacent coupling holes are equal to for multihole coupling, i.e.,

for

for (5)

then

for

for (6)

and now

for

for (7)
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Comparing (6) with (3), it can be seen that constructive inter-
ference will occur under the condition

(8)

and the condition for destructive interference is

(9)

2) Equal-Intensity Coupling: If all the radii of the coupling
holes are equal, the coupling intensity will also be identical for
all the holes, i.e.,

(10)

Hence,

for

for (11)

and conditions (3) and (4) are also suitable for equal-intensity
coupling.

3) Equal-Interval and Equal-Intensity Coupling: Replacing
in (11) by that in (6), we obtain

(12)

III. DESIGN OF THE MODE-SELECTIVE COUPLER

In the following discussions, the mode, which needs to be
coupled to the sub-arm from the main arm, is called the coupled
mode (desired mode), and the modes that should not be cou-
pled are called the uncoupled modes (unwanted modes). The
task of designing the mode-selective coupler is to enhance the
coupling intensity of the coupled mode and counteract the cou-
pling of unwanted modes in the positive direction. If we design
several couplers for different modes (in practice, we only need
to set up several coupling arms on the same main waveguide), it
can be detected which modes exist in the main waveguide and
how much their relative intensities are. Obviously, this judgment
is independent of the backward wave in the sub-arm. Thus, the
backward wave, in other words, the directivity of the coupler,
must not to be taken into account when designing the mode-se-
lective coupler when a match load is connected to the backward
terminal of the sub-arm of each mode coupler. The design of
mode-selective couplers is simpler than that of the mode-selec-
tive directional couplers. The following discussion about the
mode discriminator will only involve forward waves, but the
principle and design method presented here is also suitable for
mode-selective directional couplers.

A. Determination of the Distance Between Holes

It can be seen from the above section that the in-phase con-
structive interference and out-of-phase destructive interference
of the mode-selective coupler depend on the phase shift of the
electromagnetic wave between holes. In other words, it depends
on the interval between holes for a given waveguide and mode.

All the parameters for the coupled mode are represented by
subscription “ ,” and for the unwanted modes expressed by
subscription “ .” The condition for in-phase constructive inter-
ference can be obtained from (3)

or alternatively

(13)

here, is the guide wavelength of the coupled mode in the
main waveguide and is that of the mode in the rect-
angular sub-waveguide.

Condition (4) for out-of-phase destructive interference must
be satisfied to suppress an unwanted mode, i.e.,

(14)

is the guide wavelength of the unwanted mode in the main
waveguide.

In the case of equal-interval coupling, the conditions of
in-phase constructive interference and out-of-phase destructive
interference can be written from (8) and (9), respectively, as
follows:

(15)

(16)

B. Installation of Multigroup Coupling Holes

Considering not only the enhancement of the amplitude of
the coupled mode, but also the suppression of the amplitude of
the unwanted modes, or must satisfy two equations si-
multaneously, such as (13) and (14) or (15) and (16). This is
very difficult for unequal interval coupling because all of the

must satisfy these two conditions. In ad-
dition, if two, three, or even more modes need to be suppressed,
the interval will be required to satisfy three, four, or even more
equations simultaneously, which is almost impossible. The in-
stallation of multigroup coupling holes can solve this problem.
At first, we design the interval or in the first group, which
satisfies one equation (the enhancing condition for the coupled
mode) or two equations (adding the suppressing condition for
one unwanted mode). Next, we set up the second group of cou-
pling holes with the same interval and radii, corresponding
one by one to the holes in the first group. However, there is a
displacement between the two groups, and the displacement
must satisfy the suppression condition (16) for one or two un-
wanted modes. Depending on how many unwanted modes need
to be suppressed, the third, the fourth group of holes, etc. may be
needed. For each new additional group, the number of coupling
holes should be equal to that of the total original groups, e.g.,
the holes of the third group should repeat the holes of the first
and the second groups with new displacement . The holes’



58 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 1, JANUARY 2003

Fig. 2. Hole distribution of a coupler with three-group coupling holes.

intervals and radii must also be identical with those of the cor-
responding holes in the original groups, but move wholly a new
displacement . Fig. 2 shows the hole distribution of
a three-group coupler. The total number of coupling holes ( )
will increase exponentially with the number of groups , i.e.,

(17)

where is the number of coupling holes in the first group. The
length of the coupling region is

(18)

should be derived according to (16) for each group. With
the installation of a new group of coupling holes, another one or
two unwanted mode can be suppressed. Thus, the total relative
amplitude for multigroup coupling holes is

for for (19)

Notice that in (19) should be calculated according to (2), and
, for the coupled mode and for

the unwanted mode in the expressions of and .
The number of the groups of coupling holes depends on the

number of unwanted modes that need to be suppressed in the
microwave system. Obviously, installing too many groups of
coupling holes is unrealistic because the multigroup installation
results in not only increasing exponentially the number of cou-
pling holes (so that the length of the coupler rises quickly), but
also causing unavoidably the overlap of the holes. Consequently,
the 2 4 groups of coupling holes should be employed, and the
following factors need to be considered.

1) When determining , the should be chosen carefully.
If possible, and should be adjusted to change
so that we can choose one value of suitable for sup-
pression conditions of two unwanted modes and reducing
the group number of coupling holes.

2) The unwanted modes should be taken into account in order
according to their magnitudes in the main waveguide and
the degree of their influence on the coupling of the coupled
mode. Usually, the closer the waveguide wavelength of one
mode is to that of the lowest mode excited in the system
or to that of the coupled mode, the easier this mode will
be excited and the more it will influence the coupling of the
coupled mode. Thus, these modes should be suppressed first
when designing the groups of coupling holes.

3) It is especially important to notice that the value of
should avoid being close to
because the forward coupling wave of the coupled mode will
be counteracted if is equal to . Under the
condition that the overlap of the holes will not occur, the
closer is to an integer multiple of , the better it is.

C. Determination of Waveguide Dimensions

The dimensions of the main waveguide of the mode-selective
coupler can be determined according to the power capacity and
propagating condition of the mode in the system. The propa-
gating condition can be written as follows for overmoded cir-
cular waveguides:

(20)

and for overmoded rectangular waveguides

(21)

where are the eigennumbers of the highest mode prop-
agating in the systems and is the largest guide wavelength
in the operating passband. is the th root of the first kind
of th-order Bessel function (TM mode) or its derivative (TE
mode). represents the radius of the circular main waveguide
and are the wide wall and narrow wall of the rectangular
main waveguide.

It should be noted that the increase of the main-waveguide
dimensions can lead to the increase of high-order modes, but
the proper increase of the dimension or will be good for
the extension of the passband of the coupler. The values of
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and should be readjusted according to requirements 1) and 2)
in Section III-B.

After the values of and have been determined, the broad
wall dimension of the sub-waveguide in the case of equal-
interval coupling can be decided according to both (15) and (16)
to enhance greatly the forward wave of the coupled mode and
suppress completely the forward wave of one unwanted mode.
Thus, from (15) and (16), we obtain

(22)

where the subscription “0” refers to the parameters at the center
operating frequency of the coupler. Thus, can be derived from

and should be fit for the propagating condition of only
mode

(23)

where is the minimal wavelength in the operating passband.
The narrow wall dimension of the sub-waveguide can usu-

ally be the size of a standard waveguide because is inde-
pendent of .

D. Calculation of the Radius of Coupling Hole

In the case of equal-intensity coupling, (19) can be written as

for for

(24)

Notice that, to calculate , must be derived first. For this
reason, we assume that the required coupling coefficient for the
coupled mode at the center operating frequency of the mode-
selective coupler is (in decibels). The coupling intensity of
the single hole at the center frequency for the forward wave is
then

for for

(25)

Starting with the above equation, according to the theory of
small-hole coupling (Section II-A), the radius of the coupling
hole can be derived for the case of equal-intensity coupling.
Therefore, the relative amplitude coupled into the sub-arm of
the mode-selective coupler at any frequency can be calculated
by (24) for both the forward and backward wave, including both
coupled and unwanted modes.

To calculate the radii of the coupling holes in the case of un-
equal intensity and the case of unequal-interval distribution, the

Fig. 3. Three-arm mode discriminator.

relation of the coupling intensity of each pair of holes may be
derived according to some coupling functions [21] such as the
cosine function, triangular function, and Chebyshev polynomial
or binomial distribution.

E. Parameters of a Mode-Selective Coupler

From the above discussions, the parameters of a mode-selec-
tive coupler for equal-intensity coupling can be derived. The
coupling coefficient of a coupled mode is

for for (26)

The suppression of the unwanted mode is

for for (27)

The coupling coefficient of the unwanted mode is

(28)

IV. CALIBRATION OF AND POWER MEASUREMENT BY

A MODE DISCRIMINATOR

The coupling arms designed for different coupled modes are
connected to the main waveguide of the mode discriminator. A
power meter or diode is connected to the forward output port of
each arm and a match load is required for each backward output
port. After calibrating the coupling coefficient of the coupled
mode and the suppression of the unwanted modes for each arm,
the mode composition and the power of each mode in the system
can be determined by measuring the forward output of each cou-
pling arm.
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TABLE I
CALCULATED RESULTS FOR THREE DESIGNING EXAMPLES

For calibrating the mode discriminator, it is necessary to ex-
cite each coupled and unwanted mode because the measurement
of the coupling coefficient and suppression must be done for an
individual mode. However, an individual exciter of each mode,
except for some simple lower order modes, is not available yet.
Thus, direct measurement of the coupling coefficient and sup-
pression are impossible. Making use of the exchangeability of
the mode discriminator as a linear component, we can approx-
imately solve this problem by employing two identical mode
discriminators. For simplicity, we take two identical discrim-
inators, and , which both have two coupling arms, as an
example to explain the calibrating principle of this method. As-
sume the coupled modes of the coupling arms are and ,
respectively. For the mode coupling arm, the coupling co-
efficient in the forward direction is , and the suppression to
the mode in the same direction is . For the mode
coupling arm, the coupling coefficient is , and the suppres-
sion to mode is . Obviously, according to the definition
of the discriminator’s parameters in Section III-E, the coupling
coefficient of the mode in the mode coupling arm is

, and that of the mode in the mode coupling
arm is .

The main waveguides of two identical discriminators are con-
nected to each other and terminated with match loads. The mode
discriminator acts as the exciting device and the discriminator

is the measured device. When the input power of
mode is injected into discriminator through the mode cou-
pling arm, the modes higher than will not be excited since
the main waveguide is cutoff for all of these modes. The excited
power of the mode and mode in the main waveguide,
respectively, are

(29)

These two modes propagate along the forward direction into
discriminator , and a part of the power will be coupled into
the and mode coupling arms of discriminator . The
output powers of the two coupling arms, respectively, are

(30)

When is injected into discriminator through the mode
coupling arm, similarly, the excited power in the main wave-
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(a) (b)

(c)

Fig. 4. Relations of coupling and suppression versus frequency for design example no. 1. (a)TE mode coupling arm. (b)TE mode coupling arm. (c)TE
mode coupling arm.

guide are

(31)

and the output powers from the and mode coupling arms
of discriminator , respectively, are

(32)

Thus, we obtain

(33)

Now, there are three independent equations for four unknowns
, , , and . We use iteration method to solve this

problem. As the first step, we assume , then the third
equation of (33) can be rewritten as

(34)

Replacing the third equation of (33) by (34), we now have
four independent equations. The parameters , ,

, and in these four equations can be deter-
mined by measurement. Thus, the first approximations for ,

, , and can be derived. Next, assuming the second
approximation , here, , the
unknown number will become three. Using the measured data
and (33) again, the second approximations for , , and

can be derived. Then, assuming the third approximation
, and , , , can be

obtained. Repeat this procedure until is a stable constant to
obtain final , , , and .

When , , , and are all known, the calibrated
discriminator can be employed for mode discrimination and
power measurement. Assuming the main waveguide of this dis-
criminator is connected to a microwave system, the propagating
power of and modes in this system are and , re-
spectively, and the measured power at the forward output ports
of the mode coupling arm and mode coupling arm of
this discriminator are and , respectively, we obtain

(35)

Hence, and can be determined from the measured data
and , and the total power propagating in the system is

.
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(a) (b)

(c)

Fig. 5. Relations of coupling and suppression versus frequency for design example no. 2. (a)TE mode coupling arm. (b)TE mode coupling arm. (c)TE
mode coupling arm.

When there are more modes in the system and more coupling
arms on the mode discriminator, the calibration and power mea-
surement can be done similarly.

V. DESIGN EXAMPLES

Following the above method, we have designed some dis-
criminators with equal-interval and equal-intensity coupling
for two gyrotrons. Fig. 3 gives the structure of the designed
three-arm discriminators.

Discriminator no. 1 can be used for measurements on a
35-GHz gyrotron. The required coupling coefficient is 30 dB,
and the radius of the circular main waveguide is 10 mm. Three
coupling arms are designed for the , , and
modes, respectively. The coupling holes are placed on the
common wall between the circular waveguide and the narrow
side of the rectangular waveguide. Notice that the TM modes in
the main waveguide cannot be coupled into the sub-waveguide
in this situation. Table I gives the dimensions and suppressions
of all of the unwanted TE modes at the center frequency. Fig. 4
shows the relations of the variations of the coupling coefficients
and suppressions with frequency.

For comparison with the wavenumber spectrometer designed
by Kasparek and Müller [7], the operating frequency of the
second discriminator we designed is 70 GHz for the ,

, and modes. The designing results are shown in
Table I and Fig. 5. It can be seen from Table I that, with the
same radius (13.9 mm) of the main waveguide, the length of

the coupling region is only 100 mm for discriminator no. 2,
but the length is 1200 mm for the wavenumber spectrometer.
The defect of the discriminator is that with the increase of the
number of the modes needed to be discriminated the number
of coupling arms must be increased. Even so, the whole size of
the discriminator is much smaller than that of the wavenumber
spectrometer.

In Table I, the suppressions to some unwanted modes are not
good enough. Since only three main modes were taken into ac-
count in our design, the suppressions to some other modes were
calculated, but not designed specifically. The suppression to any
mode can be improved by adding a group of coupling holes for
this mode. Obviously, this will lead to a quick increase of the
number of the coupling holes and the length of the discriminator.
On the other hand, the magnitudes of the unwanted modes ex-
cited in practical systems are much less than those of the three
main modes concerned in our design. (The modes concerned in
our design are selected according to the degree of the excitation
in the system.) At this point, the power of the unwanted modes
coupled into the sub-waveguide will be much smaller than that
calculated according to their suppressions. Therefore, the im-
perfection of suppression to some small-magnitude modes does
not affect the normal operation of the designed discriminator.

VI. SUMMARY

The design and calibration method of mode discriminators
based upon mode-selective coupling has been presented in
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this paper. The design examples for the case of equal-intensity
coupling show that this method is useful for designing discrim-
inators. Increasing the groups of coupling holes may suppress
more unwanted modes and improve the properties of the mode
discriminator. This type of discriminator can be used for mode
analysis and power measurement for overmoded microwave
systems.

It should be noted that, by making use of this method, the
operating frequency region of the designed mode discriminator
is narrow. Broadening the passband of the mode discriminator
requires unequal-intensity or unequal-interval coupling. This
problem will be discussed in a future paper.
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