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Equivalent Circuit Representation for the
E-Plane Circulator

KLAUS SOLBACH, MEMBER, IEEE

Abstract —The resonator structure employed in an E-plane circulator

may be described by a series-resonant circuit as opposed to a parallel

circuit in the case of comparable H-plane devices. This is shown to result

in a change of the direction of circulation at the edges of the circulator

passband. Employing the equivalent circuit representation methods to

increase the bandwidth of the E-plane circulator are discussed.

I. INTRODUCTION

D URING THE last years, millimeter-wave E-plane

(fin-line) circuits have been developed to a high degree

of sophistication. Today, completely integrated RF front

ends are available in fin-line technique. Since fin-line is

basically an E-plane waveguide, where only E-plane junc-

tions may be easily realized, circulators compatible with

E-plane geometry are needed for more complex systems.

This leads to new efforts in the investigation of E-plane

circulators.

Up until now, E-plane circulators have been used mainly

in high-power applications [ 1]–[3]. Other workers employ
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E-plane devices in an effort towards miniaturization and

compactness [4], [5]. Neither in these papers nor in the only

published field theoretical analysis of E-plane circulators

[6], [7] has there been an analysis of the type of resonant

structure employed in the junction circulators. Equally,

there is no discussion of the differences in the behavior of

the E-plane circulator as compared to the H-plane circula-

tor.

In this paper the basic behavior of an E-plane Y-junc-

tion circulator with an unsymmetric ferrite insert employ-

ing the lowest order resonant mode is contrasted to the

behavior of the commonly used H-plane devices, and an
equivalent circuit representation for the E-plane circulator

is presented which differs from that of the H-plane circula-

tor.

11. THE l@ONANT STRUCTURE (LOWEST ORDER

MODE)

The basic structure in Y-junction circulators is the reso-

nator containing the anisotropic material (ferrite). In the

following, the ferrite resonator is assumed to be a purely

dielectric structure (zero magnetic bias field).
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Fig. 1. Sketch of the electric and magnetic field of the lowest order
resonant mode of a flat dielectric disk on a conducting ground plane.

The type of dielectric resonator to be discussed here is

sketched in Fig. 1. The lowest resonant mode of the flat

dielectric disk, as shown in Fig. 1, is a hybrid EH-mode

with half-cycle variations of the fields in x- and y-direction

and with exponentially decaying fields in the z-direction.

This resonant mode is related to the A /2-resonance of the

fundamental EH1 ,-mode on a rectangular dielectric image

line, where the standing wave pattern is in the y-direction

between the two open-circuited ends of the dielectric line.

It has been found that this assumption leads to good

first order approximations of the resonance frequency if

both the width of the equivalent dielectric image line and

the length is chosen as 2W = 1= fiR. Thus, using pubiished

data for the phase constants ~ of the waves guided by

dielectric image lines, e.g., [8], the resonance frequency can

be calculated from the condition 1= X/2 = w/~.

It is interesting to note here that this resonance mode of

the ferrite disk is similar to that employed in many partial-

height H-plane junction circulators. Only the ratio of R/h
is different: In H-plane structures the ratio will be small

(h> R), while in E-plane devices, as discussed here, the

ratio will be large (h< R ]. The reason for this fact is the

different mode of excitation in both cases: In H-plane

junctions the waveguide TEIO-mode electric field couples

mainly through the electric E=-field of the resonator (tight

coupling), while in the E-plane junction the coupling is

through the EY-field of the resonator (loose coupling).

This coupling of the waveguide fields to the resonator

fields is indicated in Fig. 2, where the resonator is mounted

on the narrow wall of the waveguide. It can be seen here

that the transverse electric field and the longitudinal rhag-

netic field of the waveguide mode couple to the resonator

fields.

Due to this mode of coupling, the equivalent circuit

representation for the resonator-loaded waveguide is a

series resonant circuit shunted across the waveguide (Fig.

2). In accordance with this, experimentally it is found that

the resonator acts as a stopband filter.

On the other hand, the resonator placed on the broad

metal
wovegu,de
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~
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92,
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Fig. 2. Sketch of the fields of the disk resonator and the waveguide
TEO1-mode with the corresponding equivalent circuit.

wall of the waveguide (as in H-plane-junction or stripline

circulators) yields a parallel resonant circuit instead [9],

[10]. This difference in the equivalent circuits will be shown

to be most important for the understanding of the behavior

of the E-plane circulator.

III. E-PLANE CIRCULATOR

The resonator disk placed in the center of an E-plane

Y-junction is converted. from a stopband filter (series reso-

nant circuit) to a circulator by applying direct magnetic

field in the Z-direction of the disk. The physical mecha-

nism employed in the circulator action can bti desc~bed by

a model analog to that used by Bosma [9] and Fay and

Comstock [10].

The field distribution as sketched in Fig. 1 can be

decomposed into two counter-rotating field patterns of the

same configuration. Due to the direct magnetic field ap-

plied to the ferrite the two modes split in their resonant

frequencies, u+ for the positive circulating pattern and O-

for the negative circulating pattern:

The same considerations as given’ in [9] and [10] lead to

an equivalent circuit representation for the circulator con-

sisting of two resonant circuits for the + and the – mode,

Fig. 3. The two circuits must be connected in series to

account for the change of the original stopband into a pure

passband when direct magnetic field is applied [14].

Perfect circulation is supposed to occur if the resonant

circuits have phase angles of & 30°. The operating

frequency is approximately midway between the + and –

mode frequencies.

In Fig. 4 the mode impedances are plotted for several

frequencies. It can be seen that for frequencies far below

Fig. 4(a) and far above the two resonant frequencies Fig.

4(e) the phase of the + mode leads the phase of the –

mode, while the — mode leads the + mode between the

resonant frequencies (Fig. 4(b) – 4(d)).
From this it can be concluded that the direction of

circulation for frequencies between the + and – reso-

nances may differ from the direction of circulation for

frequencies far below and far above the resonances, even

though perfect circulation may only occur at one unique

frequency (Fig. 4(c)), where the magnitudes of both imped-
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w+ m“

Fig. 3. The eauivafent circuit re~resentation of the E-rJane Y-nrnction
circulator (lo’west order mode).
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Fig. 4. The Z+ and Z- impedances as defined in Fig. 3 plotted for
various frequencies.

antes are equal and their phases are 60° apart.

This result was observed originally in an experimental

circulator, sketched in Fig. 5. The ferrite disk of radius

2R = 3.5 mm, height h = 0.95 mm, and M,= 330 kA/m

(AEG-Telefunken Ferrite RF 9) was centered in a Ku-band

(26.4-40 GHz) standard waveguide E-plane, Y-junction.

With zero direct magnetic field, stopband resonan ;e was

found at 31 GHz. With increasing magnetic field, tirst the

stopband transforms into a passband and eventually circu-
lation properties are observed. With a direct magnetic field

of 79 M/m (1000 G) optimum circulation occurred at 30.7

GHz (Fig. 5).

It can be seen from Fig. 5 that above and below the

center frequency there is a change in the direction of

circulation, although this effect occurs only at the edges of

the circulator passband, as may be defined with respect to

the input reflection coefficient s,,.

Now, from the equivalent circuit representation of the

circulator (Fig. 3), it is clear that in order to increase the

bandwidth of the circulator, either the line impedances Z~
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Fig. 5. The measured scattering coefficients of a single ferrite disk
E-plane circulator.

of the waveguide arms must be increased or the impedance

slope parameters of the resonant circuits must be de-

creased. This is in contrast to the H-plane case, where the

quality factor decreases and the bandwidth increases with

decreasing line impedance and increasing resonant circuit

impedance.

One way to increase the line impedances is to decrease

the width of the waveguides, that means to decrease the

height of E-plane junction. This technique is used in several

practical circulator designs [5], [1 1].

The impedance slope parameters of the resonant circuits

on the other hand can be decreased by increasing the

coupling of waveguide and resonator fields, e.g., by em-

ploying a lower height disk (with a larger diameter to keep

;he-resonant frequency constant), by adding dielectric disks

on the ferrite [2], [3], or by employing two identical disks

on either wall of the junction. This latter alternative has

been used in most published designs, but it has been found

extremely difficult to achieve the high degree of symmetry

that is required for undisturbed circulation characteristics

of the device [ 1], especially in the millimeter-wave frequency

range. The basic properties, however, are the same in the

single disk and double disk circulator.

Of course, quarter-wave transformation may be utilized

for broad-banding E-type circulators in the same way as

for other types [12], [13].

IV. CONCLUSIONS

It has been shown that the behavior of the described

-E-plane circulator is different from that of H-plane de-

vices. The employed resonant structure may be described

by a series resonant circuit as opposed to a parallel circuit

in the case of the El-plane device. This results in a change

of the direction of circulation at the edges of the circulator

passband. Ways to increase the bandwidth of the E-plane

circulator can be derived from the equivalent circuit repre-

sentation of the circulator and include height-reduction of

the junction and the use of a dielectric “transformer” disk

on top of the ferrite.
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Higher Order Mode Interaction in
Nonreciprocal Periodic Structures

T. A. ENEGREN AND M. M. Z. KHARADLY

A bsfract —This paper is an extension of previous work on nonreciprocal

perirxKc structures where only dominant mode interaction was considered.

Higher order mode interaction is taken into account by using multimode

wave matrix analysis. Numerical results for the propagation coefficient

characteristics are given for a specific example of a twin-slab ferrite-loaded
rectangular wavegnide, periodically loaded with thin metaflic diaphragms.

These characteristics show similar trends to those observed in a previous

experimental investigation.

I. INTRODUCTION

I N A RECENT paper, wave matrix analysis has been

used to study nonreciprocal periodic structures [1].

The analysis presented in [1] enabled determination of the

propagation constants of the forward and backward travel-

ing Bloch waves, based on single dominant mode interac-

tion between the discontinuities. Comparison between the-

oretical prediction and measurement for a ferrite loaded

waveguide periodically loaded by thin inductive di-

aphragms showed that the single dominant-mode theory

gave good results only when higher order mode interaction

between the diaphragms could be neglected [1]. When the

spacing between the loading elements became small, there

were significant discrepancies between measurement and

prediction. This paper shows that these discrepancies can

be att~buted to the effects of higher order mode interac-

tion between the discontinuities.
Manuscript received April 22, 1981; revised November 24, 1981. The numerical analysis presented in [2] for the “scattering
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