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caution. If in Fig. 1 the radius of the circle centered at the to be somewhat remote from the projected applications.

origin is increased such that it is nominally tangent to the Further study of this topic is in progress ana will be

line between WI and Wz, it then appears that two possible reported in due time.

minima for F will exist, especially if Uq is large, These

correspond approximately to the points of intersection of

the circles centered at WI and Wz. Alternatively, if the 111

radius of the circle centered at the origin and us are both

very small, and if the circles centered at WI and Wz ~21

intersect at the origin, then the origin may actually corre-

spond to a (local) maximum ,of F, while if one traverses

the perimeter of the circle centered at the origin one will ‘3]

alternately encounter a series of four minima and four

saddle points. (These correspond to the set of nine possi-

ble roots for a pair of simultaneous cubic equations.) [4]

Fortunately, however, considerations of these types tend
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INTRODUCTION

R ECENT EXPERIMENTS with a gyrotron traveling-

wave amplifier operating in the TEO1 circular wave-

guide mode [1] have spurred interest in developing cir-

cular-electric mode components. The recently reported

amplifier experiments [1], which operate at 35 GHz, at-

tained 30-dB gain in a single stage with 10-kW output.

The useful small-signal bandwidth was on the order of 1
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Fig. 1. Mareatili 4-port hybrid coupler.

GHz. The input coupler in this amplifier consisted of a

TEO1 coaxial mode to TEO1 circular mode junction. The

TEO1 coaxial mode was produced from TE,0 rectangular

waveguide by a coaxial sector waveguide taper. A taper

study is described in the companion paper [2]. The work

has expanded beyond the original coupler development

and has resulted in devices potentially useful in circular-

electric mode amplifiers and oscillators or designs with

circular-electric outputs [3], [4], [8].

BACKGROUND

The initial design for the 2-port input coupler was

derived from the Marcatili 4-port circular hybrid junction

[5], [6]. The 4-port hybrid is shown in Fig. 1. An input at
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Fig. 3. Reflection measurementof the input coupler of Fig. 2 as seen
from the TE~l output port with an absorbed load in the T@, input
port.

port A excites TE& and TE~2 propagating modes at z= O

in the gap region. The outer guide radius R ~ is small

enough to be cut off to circular-electric modes above TE~2

and therefore the excited TE~3 and above modes are
evanescent. R, is placed at the TE~2 electric field null.

when 1 is adjusted such that

(%-az=”n+ (1)

where Agol and Agoz are the waveguide wavelengths and n

is an integer, then the TE~l and TE~2 modes are in the

phase relationship to couple most of the energy to port B

in the TE~l mode. When

(277 2%’

)A – &.02 l=’nrgol
(2)

then most of the energy is coupled to port C in TE~l.

Equations (1) and (2) do not take into account the small

phase shifts introduced by evanescent fields and the exact

adjustment of 1 is easily accomplished by a sliding-tube

arrangement. Power division can be accomplished by in-

between adjustments of the gap length 1. This hybrid has

good bandwidth (> 20 percent) and a transmission loss at

the center frequency of -0.3 dB [5]. The device, as is,

would make an effective sever for traveling-wave ampli-

fiers. Marcatili made no further improvement [5] in the

hybrid. We now show that the ratio of the wall radii

Ri /R. can be adjusted to obtain certain advantages. We
extend the concepts to other uses and a more advanced

coupling scheme using three modes.
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The input coupler used in the 35-GHz gyrotron travel-

ing-wave amplifier [1] was made by placing a plane reflec-

tor at z = 1/2 to make a 2-port junction between port A in

TE~l and port D in TE~l. A sectorial waveguide taper

from TEIO rectangular waveguide produced a TEOI coaxial

input. A small hole in the reflector allowed entrance of the

electron beam for interaction with the TE~l mode in the

central circular guide. The input coupler is shown in Fig.

2 and its measured reflection properties in Fig. 3. The

sharp rise in reflection at 34.3 GHz corresponds to the

cutoff frequency of the 0.533 radius output waveguide.

The experimental gyro-TWA [1] in which it was used is

shown in Fig. 4.
The devices thus far described utilize two propagating

modes and will be referred to as 2-mode devices. Calcula-

tions and experiments show that 3-mode coupling is possi-

ble and such 3-mode devices have advantages over 2-mode

devices in certain applications.

COUPLING THEORY

The coupling coefficients can be found by solving for

the mode voltages of the modes, given the boundary

conditions and transverse electric field (or an approximate

field) in the waveguide at the junction [7]. In this case:

E, =Zi(e~~ +e~~rn) (3)

where Et is the transverse electric field at the junction (for

instance, the TE~l mode at z = O in Fig. 1), elf are the TE

mode vectors, e,rn are the TM mode vectors, and ~e and

~m are TE and TM mode voltages, respectively. By the
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orthogonality of the mode vectors then

JJ
E,”efds=~

s

1/
Et. e~ds=~m. (4)

s

In this circular symmetrical geometry with TEO. excita-

tion TM modes will not be excited. The superscript e will

then be dropped with the understanding that TE modes

are being represented. If the mode vectors are normalized

in their respective regions

JJ
el”eldr=l (5)

s

then

(6)

defines the voltage coupling coefficient for excitation of ei

by ej where ej is the exciting mode and ei the output mode

at the junction. Note that C;= C~.

The mode vectors are given by

e=dzXVt4 (7)

where for the circular electric modes

(8)

+8 ~ {NI(kPRi)Jo(k#) –J4(k,A)f%(k,~)}e “k”” (9)

where kp is the first root of

J~(kPRi)N~(kP~o) –~~(kP~i)Ji(kp~ .)=o. (10)

Using the above expressions, we find that the coupling

coefficients to the first few TE~. modes at z =0 When

excited by a TE& input at port A in Fig. 1 are

2 R ~R’J1(%)J’(:’’)pdp’11)C;l=J;(x&)Ri ~

coy =

2 JR’J@’)JH’d’J2(x&)J2(x&2)RiRo o

(12)

qy = 2 JR’J,(*P)@’))PdP.
J2(x&)J2(x&3)RiRo o

(13)

At Ri /RO = X&l /x&, (9) reduces to

(14)

and coupling equations similar to ( 11)– ( 13) are obtained.

Since the rest of this paper will be concerned only with

coupling coefficients to TE& exciting modes then the

subscripts will be dropped, i.e., C&’ will be represented by

Co’, C&2 by C02, etc.
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Fig. 5. Coupling coefficients from the TE& input to port ,4 of the
TE& modes in the gap as a function of the ratio of the waveguide
radii.
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Fig. 6. Power transmission from port A to port C for 2-mode coupling
and 3-mode coupling as a function of the ratio of the waveguide radii.

Fig. 5 shows plots of the coupling coefficients to the

first six TE~. modes in the gap region as functions of

Ri /RO as excited by a TE~. input at port A. Suppose the

gap 1 is adjusted for (2). Then the voltage coupling from

port A to the output, port C, for 2-mode propagation can

readily be calculated by

cAc=(co’)2+(c~)2. (15)

Calculating the coupling from a coaxial port to the modes

and adjusting 1 for (1) the coupling from port A to port B

can be obtained.
Fig. 6 shows the power transmission from port A to port

C for 2-mode coupling as a function of Ri /RO. Three-

mode coupling is accomplished by making the radius of

the gap region above TE& cutoff. However, 3-mode cou-

pling is successful only for specific values of RO in order



ISEE TRANSACTIONS ON MICROWAVE TH60RY AND TSCHNIQUSS, VOL. MTT-28,NO.12, DECSMSER 19801480

to obtain the proper relative phasing

vectors.

The proper phasing occurs when

Ak = ~ or a multiple of ~

between the mode 34 Ghz 36Ghz

35 $ihz

(16)

for all modes where Ak is the difference between each of

the propagation constants i.e., kol – km, ko2 – ko3, kol –

k 03 “

The set of equations (16) gives

(1”3’’’-(1-$)”2
‘m[H’’’-21’21’17)

where to. is the cutoff frequency of the TE& modes in

the gap region and m is an integer. Equation (17) can be

used to find frequencies satisfying (16) as the radius R ~ is

held constant (and hence the cutoff frequencies). Then an

1 is found as by

*_ 2m

kol –km
(18)

when n is any integer. Once a design is chosen (note that

there is no unique solution) then the dimensions are

scaled to the proper operating frequency. The 3-mode

coupling shown in Fig. 6 is for m =2 and the smafiest

solution for RO (still cutoff to TE~). Note that the 3-mode

coupler transmission is more efficient than the 2-mode

coupling, especially for Ri /R. < 0.6. At Ri /RO =0.69 the

coupling loss of both is the same, 0.07 dB. At this point,

the coupling to the TE~3 mode goes to zero. Not only is

the 3-mode coupler generally more efficient, but it is

physically much larger than the 2-mode coupler. In the

35-GHz experimental couplers to be described, RO = 1.181

cm for the 2-mode and RO = 1.687 cm for the 3-mode

solution given above. The gap length increased from 2.76

cm for the 2-mode to 6.71 cm for the 3-mode case. The

increase in size is an advantage for using the outer wall as

a beam collector or for a beam–RF separator which

requires room for the beam to exit out of port B as guided

by magnetic field lines. In this application, we would also
want Ri /RO to be small and still maintain efficient COU-

pling to port C. The 3-mode coupling is more efficient at

the smaller ratios. Also, one could set Ri /RO = 0.69 and

utilize the TEL mode as the third mode making the

overall size even larger. Possibly even larger sizes could be

made since coupling to the TE& and higher modes is – 26

dB or less and may not seriously impair performance.

We have performed experiments measuring the 2-mode

coupling just described. Reflection- and transmission-loss

measurements were made by conventional directional

couplers and power sensors in standard Ku-band rectan-

gular waveguide and using Hitachi Denshi, Ltd. tapered

mode transitions, model R64 14, together with TE& mode

filters, model R9308, to convert from TEE to TE~l. Coni-

cal sections were used to taper from the mode transitions

-15 dB— I

1

Fig. 7. Reflection measurementfrom port -.4of the 3-mode coupler of
Fig. 6 with absorber loads in the other ports.

diameter, 1.60 cm, to the required input or output diame-

ter of the experiment. The reflection measurements pre-

sented, therefore, include all reflections from the mode

transitions and conical tapers as well as the experiments.

The transmission loss of each mode transition with one

mode filter was 0.5 dB. The transmission loss through the

experiment was measured by comparing the power trans-

mitted with the appropriate gap length to the transmitted

power with the gap length set to zero.

In both couplers Ri /RO = x~l /x& = 0.546. The mid-

band measured loss at 35 to 36 GHz for the 2-mode

coupler is 0.2 to 0.4 dB. The transmission bandwidth

edges for l-dB loss were -34.0 to 40.0 GHz. The reflec-

tion coefficient from port A was - – 15 dB from 34.5 to

40.0 GHz and much lower at midband. Fig. 7 shows the

measured reflection coefficient of the 3-mode coupler.

The 3-mode coupler has an almost rectangular window

about 2 GHz wide centered at 35 GHz with a reflection

coefficient of – 23 dB or less at the band edges arid going

down to – 30 dB or less at midband. The measured

transmission loss was on the order of 0.05 dB over the

2-GHz band. The 2-mode coupler could be tuned to

optimum performance at other center frequencies by vary-

ing the gap length 1. As expected, the 3-mode coupler

could not be tuned and only worked well near its designed

frequency of 35 GHz.
Some discrepancy is observed between calculations and

experiments. The calculation of coupling for the 2-mode

hybrid coupler of Fig. 6 at Ri /RO = 0.546 indicates about

l-dB loss should occur. Experiments by both Marcatili [5]

and for this paper indicate an -0.3-dB or less transmis-

sion loss occurs. The coupling coefficients predicted in

this paper were calculated on the basis that all the modes

with significant coupling were below cutoff. The 2-mode

coupling of Fig. 6 was then calculated as if the TE03 and

higher mode energy was being wasted, when in reality, the

existence of coupling to evanescent modes results in mod-

ified coupling to the propagating modes and output power

is coupled to all the ports instead of the desired one port.

Fig. 6 is then most accurate when coupling to evanescent

modes is small, i.e., when Ri /RO zO.64 in the 2-mode

coupler and Ri /RO >0.48 in the 3-mode coupling, etc. A

fuller theory is in progress.

One interesting application for a beam– RF separator

would be to start with large RO (well above TE~3 cutoff
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Fig. 8. A suggestedbeam–RF separator.
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Fig. 9. Schematic of the proposed output waveguide system for the

NRL hybrid inverted coaxial magnetron.

but below TE~ cutoff) at z =0 for Ri/RO = 0.69 and taper

down to below TE& cutoff at z= 1. The TE& is not

excited at Ri /RO =0.69 and hence no loss of match will

occur. The electron beam could, therefore, travel straight

through the device into a large collector. Fig. 8 shows a

possible design (untested as yet) for operation at 35 GHz.

The taper must not introduce significant mode conver-

sion. Tuning could be accomplished with a sliding tube

arrangement in the straight sections.

Other uses of these couplers are being planned at NRL

for the 3.2-GHz gigawatt level hybrid inverted coaxial

magnetron [8] which has a TE& output. The 4-port cou-

pler is readily insulated to high voltage between the input

and output ports and this will be used for isolation of the

600-kV anode pulse from the output waveguide. Variable

power division is possible as well. At present, an inductive

helical winding isolates the 55-ns anode pulse and passes

the TE& output, but longer pulse lengths are desired. The

magnetron will be used for RF breakdown studies and the

breakdown chamber is planned to be a version of the

3-mode coupler without the output waveguide. Break-

down should take place near z= 1 since the field pattern at

that point is essentially an image of the TE~l mode at the

input waveguide. The window will be placed at a low-field

point. A simplified tentative schematic of the system is

shown in Fig. 9. The TE~l output waveguide labeled in

Fig. 9 is the output waveguide of the magnetron. The

arrows only symbolically represent the flow of microwave

energy. Detailed field patterns can be found from (3).

CONCLUSION

We conclude by noting that, by the analysis and experi-

ments performed wide-band and efficient circular-electric

mode coupling schemes can be used for several applica-

tions which utilize circular TE modes. In this summary we

have only introduced a few possible applications but we

anticipate that others will become apparent as research

continues.
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