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Millimeter-Wave Four-Port Circulator Using

Distributed Coupling Effect
Jerzy Mazur and Michal Mrozowski

AZ@ract-The design and experimental results for a four port
circulator based on new concept using a distributed coupling

phenomenon are presented. The circulator consists of a E-H
junction cascaded with the section of two coupled lines contain-
ing ferrite magnetized in the propagation direction. The choice

of configuration and the design procedure are described, Isola-
tion 15 dB in the 26-30 GHz band is obtained confirming the
validity of the theory and design procedure.

I. INTRODUCTION

I N recent years, novel nonreciprocal devices, whose con-

struction was based on coupled guides with longitudinally

magnetized ferrite slab placed between them, have been

presented in literature [1], [2]. Since the operating principle

of these devices was not clear and the design procedures

were not known, we have proposed [4], [5] the mathematical

model of the phenomena occurring in two coupled guides

containing longitudinally magnetized ferrite and suggested

several new configurations. We also derived the conditions

for the nonreciprocity of the structure. In this letter, we use

the concepts presented in [4] to design a four port circulator.

II. OPERATINGPRINCIPLE

Before presenting the design of a four-port circulator, we

shall briefly recall the key points of the theory presented in

[3], [4]. Using the coupled mode method we have shown [4]

that the scattering matrix of section of coupled ferrite lines

(CFL) magnetized in the propagation direction is given by

with
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In these expressions, the choice of the sign for I C I depends

on the magnetization direction, superscripts e and o refer to

the even and odd mode supported by the basis guide (i.e., the

structure in which ferrite is replaced with an isotropic mate-

rial having identical perrnittivity), f? stands for the propaga-

tion constant and C is the coupling coefficient given by

where 0. is the cross-section of the ferrite slab, H is the

magnetic field in the basis guide, kO and qO is the wavenum-

ber and intrinsic impedance of the free space, respectively,

and pa stands for the off diagonal element of the permeability

tensor.

A section of CFL itself does not exhibit any nonreciprocity

other than a nonreciprocal phase shift. It can be shown [4],

however, that nonreciprocity is obtained in a cascade consist-

ing of a lossless reciprocal four port and a section of CFL.

Maximal nonreciprocity is achieved when the ferrite section

is excited either in phase or 1800 out of phase. One possible

configuration ensuring the proper excitation is a cascade of a

hybrid T-junction and a section of CFL. The scattering

matrix of the cascade is (factor e~~oz suppressed)
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Ideal nonreciprocal action requires

AB=O and Cz=~+~, (5)

where n is an integer. For AL? = O and CZ = x/4 it yields

rOOlOl
S=ooo–l

K 0100” (6)
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We have obtained the scattering matrix of an ideal four port

circulator with the transmission 1-4–2 -3-1. Reversing the

magnetization direction we get

[0 0011
(7)
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Fig. 1. Cross section of the coupled line section. Dimensions in millime-

ters are w =s = 3, hd = 2, hf = 1, a = 14.9, b = 3.55, d varies. The
permittivities are lateral guides .Eg= 4, ferrite slab ~f = 13.5, separating

bottom layer c, = 2.4.
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Fig. 2. Propagation constant difference for basis even and odd modes in the
basis guide obtained from the structure shown in Fig. 1.

III. DESIGN PROCEDURE

For the realization of the four-port circulation, we have

chosen the cascade of a hybrid T-junction and a section two

parallel dielectric image guides coupled by a ferrite slab.

Because the E-H junctions ensures the even and odd mode

excitation of the ferrite section, the goal in the design is to

compute the parameters of the image guide section that result

in the optimal operating conditions (5). Using the rigorous

IEEM method [5], [6] we have computed A (3 and C/pa for

the structure whose cross section is given in Fig. 1. The

results are shown in Figs. 2 and 3. We have noticed that by

separating the ferrite slab from waveguide broader wall with

the thin low-permittivity layer we may control both A@ and

C. The equalization of propagation constants for basis modes

occurred for d = 0.3 mm at ~ = 30.25 GHz. For the satu-

rated (Hi = O), LiZn ferrite witi saturation magnetization

kf~ = 340 kA/m, the coupling coefficient C at that fre-
quency is C = 0.13-0.15 rad/mm for d = 0.1-0.3 mm.

Assuming that n = 2 we obtain from (5) the length L of the

ferrite slab:

L = 30.2 mm, for C = 0.13 rad/mm,

L = 26.17 mm, for C = 0.15 rad/mm.
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Fig. 3. Normalized coupling coefficient for the structure of coupled ferrite
lines shown in Fig. 1.

Fig. 4. Plan view of the prototype circulator.
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Fig. 5. Transmission characteristics for the prototype four-port circulator

consisting of the cascaded hybrid T-junction and a section of CFL shown in

Fig. 1. Sign corresponds to the magnetization direction. (a) Excitation in
port 1. (b) Excitation in port 2.
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Fig. 6. Operation of an ideal four port circulator consisting of the cascaded
hybrid T-junction and a section of CFL as predicted in [3], [4] using the
Faraday rotation model.

IV. EXPERIMENT

Based on the calculations in this letter, we have con-

structed a prototype circulator shown in Fig. 4. A tapered

ferrite slab whh length L = 30 mm was positioned between

tapered dielectric image guides and separated from the wave-

guide broader” wall by a thin d = 0.2-mm teflon layer. The

longitudinal bias field was obtained with a selenoid.

Fig. 5 shows the transmission characteristics of the proto-

type. For comparison, Fig. 6 shows the operation of the ideal

circulator predicted using the Faraday rotation model ex-

plained in [3], [4]. By changing the excitation from port 1 to

port 2, we change the excitation of CFL from the even to the

odd one. The transmission to the same port is possible only if

the bias field is reversed. This property is clearly seen in the

measured characteristics where both excitation port and bias

direction were changed during the experiment.
The characteristics in Fig. 5 show that the prototype has

the isolation better than 15 dB (22 dB maximum) in 16%

band the insertion loss better than 3 dB. At this stage of our

work, no attempt was made to optimize the design. This is

because that the theory behind the operation was derived

under a few simplifying assumptions. For instance only two

basis modes were considered and the effect of waves travel-

ing in the reverse direction was neglected. The

proves however the validity of the theory presented

[4] and shows that further work is needed to allow

design optimal structures.
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