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Resonant Cavity Type Mode Transducer

SADAKUNI SHIMADA, MEMBER, IEEE

Abstract—This paper describes the operating principle and the
properties of a resonant cavity type mode transducer which was
newly devised.

The theoretical equations necessary for designing the mode trans-
ducer from a TE;, mode of a rectangular waveguide to an arbitrary
mode of a circular waveguide have been derived, and a design
method using the coupling parameters is discussed.

The experiments were made for the rectangular TE;,-circular
TEn mode transformation in the 30 G¢ band. Showing an example
(N =1), the transfer loss, input SWR and mode purity were 1.34 dB,
1.13, and 95 percent (power contents), respectively, at the resonant
frequency of 50 Gc/s. The 3 dB bandwidth of the transfer loss was
83 Mc/s at the constant cavity length, but it can be made much
larger if the cavity length is adjusted according to the frequency

change.

This mode transducer is unique in that various modes can be
excited purely in the circular guide by merely varying the cavity
length.

INTRODUCTION

HREE TYPES of mode transducers, namely, a

taper type, a coupled wave type, and a resonant

slot type, have been used for transforming a domi-
nant (TEi) mode of a rectangular waveguide to a cer-
tain mode of a circular waveguide [1].

The taper type transducer [2], [3] consists of a ta-
pered waveguide whose cross section is changed from
rectangular to circular so that the field of the rectangu-
lar TE;; mode may be transformed gradually to thatof a
definite circular mode. It has broadband characteristics,
but the manufacturing techniques are very difficult.

The coupled wave type transducer [1], [4], [5] can be
designed easily, but the manufacturing techniquesare
rather difficult in the millimeter wave region. Therefore,
the electroforming method must be applied to it. Its
frequency characteristics are narrower than those of the
taper type, but broader than those of the following type.

The resonant slot type transducer [6], [7] has the
advantage of a small size, but it is niecessary to adjust
the size of the slots experimentally at the first designing.
These transducers are utilized frequently for the circular
TEyu mode exciters in millimeter wave long-distance
transmission lines.

The resonant cavity type mode transducer [8]-[12]
has been newly devised and has a differentoperating
principle from the above three transducers. Its charac-
teristics are fundamentally the same as those of the
common transmission type resonant cavity. It has the
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merit of small size, but the frequency characteristics are
very narrow.

Of the present three transducers, the resonant cavity
type is the one most similar to the resonant slot type.
The most significant difference between the two types is
that the operating frequency of the resonant slot type is
limited by the size of the slots, while that of the reso-
nant cavity type is variable over a rather broad band by
adjusting the cavity length.

Another merit of the resonant slot type is that it can
excite various modes in the circular waveguide only by
varying the cavity length.

In this paper, the operating principle and the theory
of the resonant cavity type mode transducer are dis-
cussed at first. Second, as an example, the properties of
the mode transformation from the rectangular TEi,
(TE1™)! to the circular TEq mode (TEx®)! are investi-
gated theoretically and experimentally.

General equations are given in the Appendix so that
the mode transducer from TE1," to the arbitrary TE,.,or
TM,,,° mode can be designed immediately. Moreover, a
simple design procedure using the coupling parameters
is suggested. This is also applicable to the common
transmission type resonant cavity.

OPERATING PRINCIPLE

Two fundamental structures of the resonant cavity
type mode transducer are shown in Fig. 1. A cylindrical
resonant cavity having a circular cross section is coupled
to a rectangular guide by coupling “1,” and to a circular
guide by coupling “2.” Figure 1(a) shows the slot cut
axially in the cylindrical cavity and coupling into the
end of the rectangular guide whose broad sides are paral-
lel to the axis of the cylindrical cavity. Figure 1(b) can
be obtained by rotating the rectangular guide and slot
by 90 degrees.

One mode (TE;™) can propagate in the rectangular
guide, while many modes can propagate in the circular
guide. For an example of a TE1,"-TEn° mode transducer,
the propagating modesareat least TE;;©, TM ,°, TEy°,
TEn®,and TMy®. In fact, several other modes can prop-
agate, because the diameter of the cavity must be en-
larged in order to make the heat losses at the cavity
walls smaller.

When the cavity length is chosen so that it may be
resonantin a certain desired mode, the same mode as the

! The rectangular and the circular modes are distinguished by the
superscripts [ ] and O, respectively.
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resonant one will be excited in the circular guide through
coupling “2.”

{{ the resonant mode was changed by adjusting the
cavity length, another mode would be excited in the
circular guide.

The varieties of the resonant modes in the cavity
depend on the structure of coupling “1.” In the case of
the H, coupling shown in Fig. 1(a), all TE® modes can
be coupled to the cavity, while all TE® modes except
TE..° and all TM© modes can be coupled in the case
of the H, coupling shown in Fig. 1(b).

The relation between the resonant mode and the
excited mode in the circular guide depends on the shape
and the distribution of the coupling holes cut inthe
coupling plate “2.” If the many small holes are uni-
formly distributed as shown in Fig. 1, the same mode as
the resonant one will be excited in the circular guide.

TEg

COUPLING 2

RECTANGULAR
GUIDE

COUPLING |

(b)

Fig. 1. Two fundamental structures of the resonant cavity type

mode transducers. (a) H, coupling. (b) Hy coupling.

TrrEorRY AND DESIGN PROCEDURE

Generally, the following properties are desired for the
mode transducer: 1) low transfer loss from TE"™ to the
desired mode of the circular guide, 2) small reflection
coefficients, 3) broadband frequency characteristics, and
4) high mode purity.

This section includes the theoretical expressions of the
half-power bandwidth and the transfer loss and input
standing-wave ratio at the resonant frequency, which
represent the characteristics of the resonant cavity type
mode transducer. Moreover, a simple design procedure
is discussed in order to obtain the ideal mode trans-
ducer.
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Q Factors of the Cavity

The properties of the resonant cavity type mode
transducer can be analyzed conveniently by the same
theory as that of the ordinary transmission type reso-
nant cavity, under the condition that the resonance of
the main mode is not affected by the adjacent and de-
generated modes in the cavity. This condition will be
satisfied if the difference AL between the resonant cavity
lengths of the main mode and the adjacent mode is
much smaller than L/Q;, (L =cavity length, Q;=loaded
Q factor of the cavity).

The loaded Q factor of the cylindrical cavity having
the circular cross section is given by

where Q, and Q, are caused by the heat losses at the
circumference and both end plates of the cavity, respec-
tively, while Q.1 and Q.2 are due to the coupling losses
through couplings “1” and “2,” respectively.

For an example of a TE{,"-TEx® mode transducer, the
resonant mode in the cavity must be the TE® mode.
Qu and Q. mean the coupling losses from TEy° of the
cavity to TE" of the input rectangular guide through
coupling “1” and from TE° of the cavity to TEx® of the
output circular guide through coupling “2,” respec-
tively.

Detailed expressions of the above {our Q factors are
given in the Appendix. It must be noticed that Q, is
independent of the cavity length L, but the latter three
Q’s are proportional to it.

Half-Power Bandwidth
The half-power bandwidth of the cavity is given by

Af = ()
Or
where f, is the resonant frequency.
When f, is constant, the resonant cavity length may
be written approximately by

Ag2

L=TIV (N=1,2,3,') (3)

where A,z is the guide wavelength of the resonant mode
in the cavity, and &V is the number of half-period varia-
tions of the field with respect to the cavity axis.

The relation between Af and 1/L (or 1/N) is linear,

and Af has the maximum value when N=1. As N grows
larger, Af becomes smaller, and approaches to fo/Qu.

Transfer Loss and Input Standing-Wave Ratio

The transfer loss from TE1," to a propagating mode of
the circular guide may be related to the coupling param-
eters by
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where 51 and B: are the coupling parameters of couplings
“1” and “2,” respectively, and Q, is equal to the un-
loaded Q factor of the cavity.

The input power reflection coefficient and standing-
wave ratio at the resonance are

1— 2\ 2
P=<__5_1+_5;> ©)
14+ 8.+ 8,
1

T ;Bz (when 1 + 85 > 6y)
SWR=— —~— =] "' G

=T b (when 1 4+ 8. < 8y)

L+ 8 P

Design Procedure

A design method using the coupling parameters will
be discussed here.

For three special cases of Bi=8: (equal coupling),
Bi=140: (no input reflection), and B.=1+4p, the
transfer loss 4 and input SWR at the resonance vs. the
coupling parameters are shown in Figs, 2 and 3. To
obtain a good transducer with a low transfer loss, we
must make the coupling parameters as large as possible.
However, when one parameter has the upper limit, the
other one must have a value larger than it by one in
order to obtain the minimum transfer loss. Figure 3
corresponds to these optimum conditions, but it is pre-
ferable to select the case of 81 =1-8,, because there is no
reflection at the input. To show a numerical example,
the transfer loss 4 is 0.46 dB and the input SWR is 1.00
when 81 =10 and B;=9.

Assuming that 8y, 82>>1, namely, Q¢>>Q4, On, we can
obtain from (1), (2), and (5)

Af'=.fo<—1~—|-i>.

8
Qel Qe2 ( )
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Fig. 3. Transfer loss and input SWR at the resonance vs. the

coupling parameters of 81=1-8: (no input reflection) or fz=1+81.

Hence small values of Q. and Q. will be desired in order
to obtain the large bandwidth.

However, their values must have the proper lower
limit, because it is feared that the mode purity may be-
come worse.

STRUCTURE OF THE EXPERIMENTAL MODEL

Figure 4 shows an overall view of the experimental
model in the 50 Gc/s band. Its detailed structure is
represented by the longitudinal cross section in Fig.
5 (a). In this model the rectangular guide consists of the
standard guide WR]J-500 (or WR 19), while the cavity
and the circular guide have inside diameters of 12.3 mm.

This experimental model was fabricated as a universal
type for the purpose of exciting some different modes in
the circular guide. If it is necessary to excite only one
mode, its structure can be made more simple.

Since the structure of coupling “1” corresponds to the
case of H, coupling shown in Fig. 1(a), TM4° which is
degenerated with TE® is not coupled to the cavity.

The coupling plate “2” consists of many circular holes
cut in the end plate of a circular pipe with 12.3 mm OD
and 11.7 mm ID. This pipe with one coupling plate was
fabricated by the electroforming method and can slide
smoothly in the circular guides.

As shown in Fig. 5 (a), the cavity length L is given by
the sum of X and Y which can be measured with 0.001
mm units by means of a microhead and a dial gauge,
respectively.

Finally, the sizes of each of the sections are arranged
in the following by the same notation as that in the
Appendix.

a=4.78, =239, R=6.15, R'=5.85
1=250, =080, #=050, 7=0.60, {,=0.30
A1=7.689 (50 Gc/s), Njo=7.457 (TEq, 50 Gc/s),

X =Ng2/4.

These dimensions are in millimeters.
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Fig. 4. Overall view of the experimental model in the

50 Ge/s band.

EXPERIMENTAL RESULTS

We have measured the properties of the mode trans-
formation from TE~ to TEnC in the previously de-
scribed experimental model and compared the experi-
mental results with the theoretical values.

TE1"-TEw® Transfer Loss, Input SWR, and Half-Power
Bandwidth

Figure 6 shows the relation between the reciprocal of
N and the half-power bandwidth Af (3-dB bandwidth).
Figure 7 represents the transfer loss from TE;o™ to TE ¢,
and the input standing-wave ratio at the resonant fre-
quency of 50 Ge/s vs, N=1-5. In these figures, the solid
and the dotted lines show the theoretical values when
0 =%04 and o =04, (0 =conductivity of the plated metal
on the cavity walls, osc=dc conductivity of silver,
6.17 X107 33/m), respectively. The measured values were
used as the transmission coefficients 73 and T for calcu-
lation.

Referring to Figs. 6 and 7, the measured points are
closer to the solid lines than the dotted lines. Therefore,
it is considered that the microwave conductivity of the
plated silver on the cavity walls of the experimental
model may be approximately equal to a quarter of oye.

The experimental values of the input SWR shown in
Fig. 7 do not represent the true values, because they
include the reflections from the bends and the wave-
guide switch which are inserted between the standing-
wave meter and the mode transducer under experiment.

The calculated values of the coupling parameters are
given in table I, where the measured values of 77 and T%
(see Table II) are used for calculation. It is apparent
from this table that the values of the coupling param-
eters have been selected improperly. If we wish to im-
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Fig. 5. (a) Longitudinal cross section of the experimental model.
(b) Distributions of the circular holes in the coupling plate “2.”
Dimensions are in millimeters.

prove the properties of this mode transducer without
largely changing the present structure, we may make
the coupling “1” tighter and then get the condition of
Bi=1-+p,. 1f B1=4.35 were obtained for N =1, it would
be expected that the transfer loss and the input SWR
would become 1.13 dB and 1.00, respectively. This
improvement will reduce the transfer loss about 0.2 dB,
but this difference is too small to confirm experimen-
tally.

Table I1I represents the theoretical and experimental
values of the resonant cavity lengths at 50 Gc/s. The
theoretical values are calculated by (3), where it is as-
sumed that the cavity is closed perfectly by the metal
walls; that is, there is no coupling hole in the cavity.

The difference between the theoretical and the experi-
mental value, which has an approximately constant
value of 0.1 mm, is due to the effective susceptances of
the coupling structures.?

Finally, the calculated values of all ( factors are
shown in Table IV. When o =104, Q. and {; become the
half values of those in Table IV, because (., and Q, are
proportional to +/g.

2 The discussion about this difference in the former paper [10]
must be corrected as described here.
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Frequency Characteristics of the Transfer Loss at the
Variable Cavity Length

The resonant cavity type mode transducer has essen-
tially the very narrow frequency characteristics at the
constant cavity length. However, if the cavity length is
adjusted so that the cavity may resonate constantly, the
broadband properties can be obtained. Figure 8 proves
this experimentally.

Though the measurements in Fig. 8 were made over
the oscillation range of Klystron 50V 10, this mode trans-
ducer will be useful in a broader frequency range.

Mode Purity

In the output circular waveguide of 12.3 mm ID,
twelve modes including TExC can propagate at 50 Ge/s.
Hence it is important to know the power contents of the
eleven unwanted modes.

The power difference between the main TE»° mode
and a certain unwanted mode was measured in dB units
by means of loosely coupled mode transducers with
coupling factors of —10 to —20 dB and the mode selec-
tivities over 20 dB which could pick up the power of
TEu® and that of a certain unwanted mode from the
circular waveguide individually. These transducers used
for the measurements belong to the coupled wave type
and have coupling distributions according to the raised
cosine function along the guide axis.
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Fig. 6. Half-power bandwidth of the transfer loss from TE; ;T to

TEO. The resonant frequency is 50 Ge/s.

TABLE I

THEORETICAL VALUES OF THE COUPLING PARAMETERS AT
50 G¢/s (o0 =104, MEASURED VALUES OF 71 AND T3)

N Bt B2

1 2.88 3.35
2 2.52 2.93
3 2.24 2.61
4 2.02 2.35
5 1.84 2.14
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The experimental results are shown in Table V. The
power levels of eight unwanted modes are given in dB
units, assuming that the power level of the TE° mode is
zero dB. The powers of the other three unwanted modes
(TM°, TMyx®, and TEx®) have not been measured,
because they will be extremely small.

Referring to TableV, the power of TEq® per all output
power in the circular guide was about 95 percent. If all
unwanted modes are absorbed by a proper mode filter,
the power loss will correspond to about 0.2 dB.

It is apparent from the above results that the reso-
nant cavity type mode transducer has a very good mode
purity as expected.

Excitation of Various Modes

It was previously described that the various modes
could be excited in the circular guide by merely changing
the cavity length. This was proved experimentally as
shown in Fig. 9. The varieties of the modes excited in the
circular guide could be distinguished by the resonant
cavity lengths and the field patterns.

The axial magnetic fields at the circumference of the
circular guide were measured by the rotary field de-
tector, which employed a small coupling hole cut in the
guide wall and could be rotated around the guide axis.
Its coupling coefficient is very small, so that the fields in
the guide are scarcely disturbed by the hole.
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Fig. 7. Transfer loss from TE;pd to TExO and input SWR at the
resonant frequency of 50 Ge/s.

TABLE 1II
CouPLING COEFFICIENTS OF COUPLINGS “1” AND “2” AT 50 G¢/s

‘ Theoretical values ‘

T —27.00dB
T —22.43

Experimental values

—21.87dB
—21.24
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TABLE III TABLE IV
REesoNANT CaviTy LENGTHS AT 50 Ge/s THEORETICAL VALUES OF Q Factors ar 50 Ge/s
N Theoretical values |Experimental values] Difference Quw 6.08 X 10¢
6=04.=06.17X107 ¢5/m
1 3.729 mm 3.621 mm 0.108 mm Q. 1.01 X 10N
2 7.457 7.340 0.117
3 11.186 11.090 0.096 Qa 1.50X 103N
4 14.914 14.810 0.104 measured values of T3 and T3
5 18.643 18.527 0.116 Qe 1.29 X 103N
TABLE V
MEeASURED Power LEVELS oF THE UNWANTED MobDEs AT 50 Ge/s
- AssUMING THAT THE PoweR LEVEL oF THE TEy MobEk 1s ZERO DB
g N
3 T ‘ | 1 2 3 4 5
£ T Mode
& 3 + N'=2i [
zZ IR B
g N TN - TEn —18dB —184B —184B —1748 —~18¢
g o2 <A ’d‘\ /”T T™My | —35 —37 —40 —28 33
A \TN'T S TEy —24 -24 —26 —28 26
" | L | TMy | —28 —29 ~24 —18 -2
39 TE 0 0 0 0
w47 48 49 50 51 52 TE:ll —15 —16 —16 —16 —16
FREQUENCY, G /s TMyy —37 —38 -39 —27 —34
) . TEq | —36 —35 —33 —37 —34
Fig. 8. Measured frequency characteristics of the transfer losses TE.s below below below below below
from TEO to TExO for N=1 and 2 when the cavity length is ad- —35 —35 —35 -35 ~35
justed so that the cavity may resonate constantly (X =2A;e/4).

(b)

Fig. 9. Circumferential distributions of the axial magnetic fields of the circular guide
wall at 50 Ge/s. [X =1.5 mm, L=2Npz/2 (N=1).] (a) L=3.131, 3.025 mm calculated,

measured. (b) L =3.408, 3.318 mm. (c) L=3.729, 3.608. (d) L=3.958, 3.857.




390

CONCLUSION

Resonant cavity type mode transducers can be de-
signed by using the theoretical equations and the design
method described in this paper.

However, it must be noticed that the conductivity of
the cavity walls in the millimeter wave region is usually
smaller than the dc conductivity, as is well known in
ordinary cavities and waveguides. In the experimental
model shown in this paper, it is considered that the
conductivity will be nearly equal to a quarter of o4 at
50 Ge/s.

Showing an example of the measured properties, the
transfer loss from TE; " to TE®, the input SWR, and
the mode purity were 1.34 dB, 1.13, and 95 percent
(power contents), respectively, at the resonant {requency
of 50 Gc/s for N=1.

On the other hand, the experimental results for the
coupled wave type mode transducers were 0.9 dB?
1.05, and 92 percent at 50 Ge/s [12].

Comparing the above results for two different types of
mode transducer, we find that their properties are not so
different. However, the frequency characteristics are
extremely dissimilar. For the former transducer the
3 dB bandwidth of the transfer loss was 83 Mc/s for
N=1, and for the latter one, 0.9-1.5 dB? over the fre-
quency range of 46-52 Gc/s [12]. Hence it is known that
the frequency characteristics of the resonant cavity type
transducer are very narrow, but if the cavity length is
adjusted so that the cavity may resonate constantly, it
will be made much broader, as shown in Fig. 8, where
the transfer losses are 1.05-2.73 dB for N=1 over the
frequency range of 47.5-52.2 Gg/s.

Finally, we will propose an improved model of the
resonant cavity type transducer from TE;," to TEx© as
shown in Fig. 10 to reduce the heat losses at both end
plates of the cylindrical cavity.

RESONANT
cCAVITY |

‘TEq CUT OFF

Fig. 10. An improved model of the resonant cavity type
TE1,O-TEx©O mode transducer.

3 The transfer losses quoted in (10) include a heat loss of about
0.5 dB in the helix waveguide (12.3 mm ID, 280 mm length) and the
rectanglar guide (about 200 mm length).
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Two circular guides in which the TEn® mode are
under cutoff are connected with both ends of the cavity.
In these smaller guides, the amplitude of the TE;° mode
is attenuated exponentially along the axis at the same
phase; hence, the coupling coefficient between the cavity
and the output circular guide can be varied by the length
S of the right side small guide in Fig. 10. Of course, it is
desirable for the left side one to be long enough so that
the TEx© mode may not be radiated in the free space.

APPENDIX

Q factors of TE..° and TM,.,° modes in the cylindri-
cal cavity are well known [13]:

s 2 (Ag2 >2
= =Tl
Qe = e C=1a\0n
27 [ A2 \ 2 27T<>\g2>2
o= (YN, Qu=—(Z)w 9
Qe1 T1< N ) Qes .\ x )

where

a=attenuation constants of the circular
waveguide constructing the circumferen-
tial wall of the cavity (Neper/m)

Zy=characteristic impedance (377 N;/\ for
TE, 377 \/A2 for TM)

® = characteristic resistance of the metal wall
of the cavity

A =f{ree space wavelength
N2 =guide wavelength in the cavity
N=2L/\s (L=cavity length)

77 and Ty:=power coupling coefficients of coupling
“177 and “2.)7

If the sizes of coupling holes are small enough in com-
parison with the wavelength, the power coupling coeffi-
cients can be easily obtained by means of Bethe's
theory. [14].

For the experimental model of the TE1,"-TEu° mode
transducer shown in Fig. 4, Tyand T, are given by

8 .’/\7012 )\gz . 27
e —sin®’{ — X } M*10-d;
in R4db )\g1 92

Ty =

Ty = {6Cs (p = 1.6 mm) + 12C; (p = 3.2 mm)
+ 18C; (p = 4.8 mm)}2

Ca(p) =

1 7
N P J1 (‘ xm)
]0“(:%1) RR \/)\gg)\gz R

p
-J1 (E QC(n) M ;107az2/2 (xm = 383171) (10)



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-14, NO. 8, AUGUST, 1966 39

where

\,1=guide wavelength of TE;,"

X =distance from the center of the slot to the end
plate of the cavity

xl®

M1= )

47
24 (Ioge —— 1)
w

2 / 21\*
ar = 2.728 — V1 - (;)
! A

[, w=length and width of the slot which has an ap-
proximately elliptic shape (I>>w)
ty=depth of the slot
a, b=inner dimensions of the rectangular guide
R =radius of the cavity

R’ =radius of the output circular guide which corre-
sponds to the inside radius of the slidable pipe
in Fig. 5(a)

Ao =guide wavelength in the output circular guide
g

4: Ifz o 27’ 2
My =—7 o= 3.200— 1 —11.706—
3 2r N

4

radius of the circular hole in coupling plate “2”
p=position of the circular hole [see Fig. 5(b)]
t,=depth of the circular hole.
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Dispersion Characteristics of an Atrray of
Parasitic Linear Elements

E. R. NAGELBERG, MEMBER, IEEE, AND J. SHEFER, SENIOR MEMBER, IEEE

Abstract—In this paper we study the properties of a transmission
line comsisting of an infinite array of conducting cylinders, placing
emphasis on the dispersion characteristics of the lowest order slow
wave mode. We present experimental results for the variation of
phase velocity with frequency, and then, using a method of parameter
estimation, determine the element current distribution which best
explains these observations. Assuming this distribution to be of

the form
L B
) = v [1 — <7 > ]
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Ine.,

we find that, for a given size of element, there is a value of v which
gives very good agreement for the variation of phase velocity over
the frequency range of interest.

I. INTRODUCTION

N THE FOLLOWING we study certain character-
I[ istics of an infinitely long, uniform array of conduct-

ing cylinders, as illustrated in Fig. 1. This structure
can support a guided wave which travels along the axis
with a phase velocity less than the velocity of light. The
propagation characteristics of this slow wave are of in-
terest for two reasons. First, the results may be applied
to analysis of the Yagi antenna, which can be thought of



