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Criteria for Designing High~Power Coupled

Wave Duplexers and Isolators*

L. R. WHICKER~, MEMBER, IRE, G. J. NEUMANN~ AND F. E. MUNYAKj

Summary—This paper presents criteria for designing nonrecipro-
cal coupled-wave devices which may be used as isolators, circulators

and duplexers. An experimental model of such a device was designed

and tested over a 6 per cent frequency band centered at 35 kMc, and

the obtained data are in good agreement with the theory. Such de-

vices should have numerous applications as they offer the capability
of operating under extremely high power levels, and are not re-
stricted to dominant mode operation.

INTRODUCTION

I

N CONVENTIONAL solid-state circulators which

utilize hybrid couplers, the ferromagnetic material is

subjected to a large percentage of the transmitted

power.l Another approach that employs coupled wave

theory allows the ferromagnetic material to be placed

in a secondary transmission line, which is somewhat

isolated from the transmitted power. A sketch of such

a circulator is given in Fig. 1.
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Fig. l—Typical structure for obtaining circulator action.

If the construction of the depicted device is such

that the coupling length and coupling coefficient per

unit length are properly chosen, circulator action may

be obtained by utilizing the nonreciprocal charac-

teristics of magnetically biased ferromagnetic material

placed in the secondary waveguide. Mention of this

type of structure can be found in the literature,~ but
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further exact design criteria are needed by the com-

ponent designer. The purposes of this paper are to

formulate relationships which can be directly applied

to component design, and to verify the design procedure

on a rather complex component. In particular, the pro-

cedure is used in the design of a duplexer operating in

the millimeter wavelength region.

THE DISTRIBUTED COUPLED TRANSMISSION LINE

Coupled wave transmission systems can be approxi-

mated by numerous configurations, some of which are

depicted in Fig. 2. For these types of systems, it has

been shown by Miller3 and other workers4,s that, if an

analysis is restricted to waves propagating in one direc-

tion, the space variations of the wave amplitudes are,

in Miller’s notation

dEl
—= – (r,+ K,I)EI + K21E2

dz
(1)

and

dE,
– K12E1 – (rz + KZ2)EZ,

x–
(2)

represents the reaction of the coupling

mechanisms on the primary and secondary

lines, respectively;

represent the effects of transfer coupling re-

action on the primary and secondary lines,

respectively;

are the propagation constants of the primary

and secondary lines when there is no cou-

pling;

are the complex-wave amplitudes on the

primary and secondary lines.

are also chosen such that I El I z and I Eal Z

represent the power in lines 1 and 2 at either end of the

coupling regions. For cases in which reciprocity holds

and for loose coupling per wavelength,

K = KM = KM = KII = K22. (3)

3S. E. Miller, “Coupled wave theory and waveguide applica-
tions, ” Bell Sys. Tech. J., vol. 33, pp. 661–719; May, 1954.

4 K. Tomiyasu and S. B. Cohn, “The transvar directional coupler, ”
PROC. IRE, VO1. 41, pp. 922-926; July, 19.53,

5 D. A. Watkins, “Topics in Electromagnetic Theory, ” John
Wiley & Sons, Inc., New York, N. Y.; pp. 66-82, 1958.
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Fig. 2—Configurations for approximating coupled wave transmission
systems. (a) Rectangular-to-rectangular wa,veguide. (b) Circular-
to-rectangular waveguide. (c) Two-wire-to-two. wire transmission
line.

It can also be shown that, on the basis of energy con-

servation, K is purely imaginary. That is,

K=jG

where c is a real number.3 If this substitution is made in

(1) and (2), and if 171 and I’z are repl,zced by their real

and imaginary parts al +j~l and az +J32, respectively,

then, after manipulation, the solutio~w to the equations

become

{

CXY cm-
E, =

Cxr CM
cosh — cos — + j sinh — sin ——

2 2 2 2

[

Cxr

– (u+ jv) sinh ~ cos ~ + j cc,sh -’~ sin -cc 1}
“exp{-+’+(c+~’+f+l}

{

Cx (al — C[2:I

}

o exp — ———- ,
2

(4)

(,

and

“ex’{-++’(c+”%?l}”ex’f ‘“15”
where

d[ 1‘ al — ~z + j(fll — /32) 2
y+j~= — –4 (6)

c

and

(7)

al — a?, + ~ (01 – /32)

G c
U+jv =

r+js

For brevity, (4) and (5) may lbe written as

E=~lexp{-~[~l+~(,+o’:B2)]} ‘8)

and

E2=A2exp{-x[a+j(. +BIJp 2)]} ~ (9)

The above analysis is nearly identical to that pre-

sented in MiHer’s paper. It is repeated in this particular

form because it provides a clear analysis of the problem

under discussion.

In order to determine the effects of loss exhibited by

ferromagnetic material in configurations similar to the

one shown in Fig. 1, families of curves of I A 1] vs cx

were calculated as function of

al — CY2
—— (10)

c

and

81 – B?
(11)

These curves are shown in Figs. 3–6; and, for conven-

ience, the relationships between (al —aJ /c, c, and a2 are

given in Fig. 7. Fig. 3 is essentially Miller’s Fig. 19 and

is included for comparison with cases in which

(al –cKJ/c# O. The curves in IFigs. 3-6 indicate that, if

cx =T/z and (~1 –~.J/G is varied, different values of

energy transfer between the primary and secondary

waveguide result. If (Pl —BJ /c = O, then nearly complete

energy transfer results, but if

(12)

and (@l —@J/c= ~ 3.5, less than eight per cent of power

in the primary waveguide is lost to the secondary wave-

guide.

DESIGN CONSIDERATIONS

The design of a device similar to that shown in Fig. 1

can be obtained more easily by considering the neces-

sary operating conditions for the two separate direc-

tions of propagation. The reverse direction of propaga-

tion (see Fig. 1) will be considered first,

The Reverse Direction of Propagation

For the reverse direction of propagation, nearly all

of the energy should be coupled from the primary wave-

guide into the secondary waveguide. The curves in
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Fig. 7—The relationship between (m —ta~)/c, c, and a!. &

Figs. 3-6 indicate that this will happen when t,he fol-

lowing conditions are satisfied:

PI – 132
. 0

G

al — a:

= minimum
c

(13)

(14)

Fcr a reciprocal device, (13) could be satisfied by

choosing equal mode cutoff frequencies for the two

waveguides. However, the nonreciprocal requirement

necessitates the inclusion of ferrimagmetic material in

the secondary waveguide.

“When a flat slab of ferromagnetic material is placed

in the plane of circular polarization of the secondary

w-aveguide, the phase constant 6.2 varies nonreciprocally

as a function of the biasing field; this effect is shown in

Fig. 8. Before a magnetic field is applied, a condition

for which ~z > fll is obtained. In order to satisfy (13),

/3z lmust be reduced from the value obtai led for zero

magnetic field. This can be accomplished by using either

ne~gative- or positive-wave phase characteristics.

If it is desired to use the negative-wave phase char-

act eristics for the reverse direction of propagation, (32

must be reduced until 62 =61. This COUICI be accom-

plished at some particular operating frequency by re-

ducing the width of the secondary wa.veguide. This ef-

fect would, however, be restricted to a relatively nar-

row band. This is analogous to the effect encountered

~,hen it is desired to fill any Waveguide \vith a medium

whose relative dielectric constant is greater than one,
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Fig. 8—Nonreciprocal variation of @jvs magnetic
field at a fixed frequency.
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Fig. 9—The effects of inserting a dielectric in a
un icrmdu ctor waveguide.

and at the same time, retain the original phase constant

by reducing the waveguide width. As is shown in Fig. 9,

the phase constants for the empty waveguide and the

reduced width waveguide cor~taining dielectric media

may be made equal only for one frequency. Thus, it

appears that negative-wave phase characteristics are

not well suited for use in the reverse direction of

propagation.

If positive-wave phase characteristics are utilized for

the reverse direction of propagation, then by operating

at magnetic field bias shown at point b in Fig. 8, the

secondary waveguide has approximately the same

characteristics as an empty waveguide. Thus, the ef-

fect depicted in Fig. 9 is eliminated, and the resultant

bandwidth is governed by the variation of ferromagnetic

characteristics and coupling w-ith frequency. It is be-

lieved that five to ten per cent bandwidths can be ob-

tained with reasonable insertion loss. From bandwidth

considerations, it appears that positive-wave phase

characteristics are desirable for use in the reverse direc-

tion of propagation.
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Fig. 10—The relationship between 161, –Dz [ and C.

The Forward Direction of Propagation

For the forward direction of propagation, it is desired

that little or none of the energy in the primary wave-

guide be coupled into the secondary waveguide. The

curves in Figs. 3–6 indicate that this may be accom-

plished if the following conditions are satisfied:

,81 – 132
= * 3.5

c

al — az
= minimum

G

T
~-=—.

2

(16)

(17)

(18)

These conditions are the same as for the reverse direc-

tion of propagation except for the condition stated in

(16). From previous considerations, it is deemed ad-

visable to utilize the negative-wave phase characteris-

tics and magnetic biasing field as shown at point b in

Fig. 8. From the negative-wave characteristics as de-

picted in Fig. 8, it is seen that it is possible to satisfy (16)

by a judicious choice of ferromagnetic-material charac-

teristics and geometry, and the coupling value per unit

length. For ease of design, the relationship between

BI –Pz and c in decibels is shown in Fig. 10.

DESIGN OF EXPERIMENTAL DUPLEXER

To demonstrate the feasibility of a coupled wave

duplexer, an experimental model was designed and

fabricated. The structure of the experimental duplexer

is depicted in Fig. 2(b), and it uses TEo1 mode circular

waveguide as the primary line and TEIo rectangular

waveguide as the secondary line. The operating center

frequency is 3.5 kMc.

In order to satisfy the necessary relationships for

circular action over a large bandwidth, a reciprocal
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Fig. 1l—Measured phase characteristics of a flat slab of magnesium-
manganese ferrite placed on the broadwall of the secondary wave-
guide.
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Fig. 14—Photographs of TEo1 mode circular waveg ride duplexers.
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Fig. 15—h’feasUred data for experimental device
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zero decibel coupler between TEO1 mode energy in

circular waveguide and TE1o mode in rectangular wave-

guide was built. After choosing a circular waveguide

inner diameter of 0.725 inch, the width of the rectangu.

lar waveguide and the size and number of coupling

apertures were varied until a minimum transfer loss be-

tween the two waveguides was obtained. The obtained

transfer was approximately 0.9 db at 35 kMc. This is in

general agreement with values reported previously in

the literature for similar devices.G

The phase shift and loss characteristics of several

ferromagnetic materials and geometries were investi-

gated, and a flat slab of magnesium-manganese ferrite,

with a 47rM, = 2200 gauss, was found to give satisfac-

tory phase shift characteristics with an ( –alaJ/c = – 0.15

for the coupling value of interest. Typical phase-shift

data are depicted in Fig. 11.

The ferromagnetic material was added to the experi-

mental structure as shown in Fig. 12, and its position

and the magnetic biasing fielcl were varied until opti-

mum duplexing characteristics were obtained. The ob-

tained data for the duplexer are shown in Fig. 13, and a

photograph of this experimental model is shown in

Fig. 14. From the data displayed in Fig. 13, it is seen

that a low transmitter-to-antenna loss is obtained over

most of the desired frequency band. A somewhat higher

antenna-to-receiver loss is obtained due to multimode

problems associated with the device. Also, it is seen

from the data that the duplexer has a minimum mode

purity of 11 db; however, with a small helical mode

absorber incorporated into the device, the mode purity

increases to values in excess of 20 db.

By changing the magnetic biasing field by a small

percentage, maximum isolation between antenna and

transmitter is obtained at 35 kMc. These data are de-

picted in Fig. 15. Thus it is seen that, by terminating

the outputs of secondary waveguide, the duplexer can

be used as an isolator.

CONCLUSIONS

Devices of the sort described in this paper offer con-

siderable promise for use as high-power duplexers, isola-

tors, circulators, and switches. Also, these devices can

be readily designed to operate in modes other than

the dominant; therefore, they are particularly well

suited for use at millimeter wavelength frequencies

where TEOI circular electric mode components are re-

ceiving much consideration.
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