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Design Data for Radial-Waveguide Circulators
Using Partial-Height Ferrite Resonators

JOSEPH HEILSZAJN, MEMBEE, IEEE, AND FRANCIS C. TAN

Abstract-—This paper derives the eigennetworks of radial-wave-
guide circulators using partial-height ferrite resonators with n=2
Chebyshev characteristics. To obtain a Chebyshev response with
such junctions it is necessary to establish the proper phase angles
and admittance levels of the three eigennetworks of the device.
This paper derives the phase angles for the eigennetworks but relies
on experiments to establish the admittance levels. The configurations
dealt with include the standard circulators using either half-wave-
long ferrite resonators open circuited (OC) at both ends or coupled
quarter-wave-long ferrite resonators OC at one end and short cir-
cuited (SC) at the other. It also includes the design of a new single
quarter-wave-long version, which is likely to replace the two more
conventional arrangements in common usage. It is observed that the
eigennetworks of any one of the geometries is sufficient to char-
acterize the other two.

INTRODUCTION

HE MOST USEFUL of the experimental H-plane

waveguide circulators with equal-ripple Chebyshev
characteristics uses partial-height ferrite geometries be-
tween metal transformer plates. Experimental construc-
tions reported so far include coupled quarter-wave-long
ferrite disks open circuited (OC) at one end and short
circuited (SC) at the other [17, single half-wave-long
geometries OC at both ends [2], and single cylinders
three or five quarter-wave-long OC at one end and SC
at the other [3], [4]. An equal-ripple Chebyshev charac-
teristic may be obtained with such configurations by estab-
lishing the proper phase angles and admittance levels of
the three eigennetworks of the junction. The theory of
these circulators is not yet fully understood but their mode
nomenclature has now been identified as axial ones asso-
ciated with the hybrid HEy; mode on a dielectric wave-
guide [4].

To adjust these and other cireulators requires a 120°
phase difference between the reflection coefficients of the
three different ways it is possible to simultaneously excite
the three rectangular waveguides which will give identical
reflection coefficients at each port. One of these excitations
corresponds to in-phase fields at the three ports, while the
other two require counter-rotating field patterns. These
latter field patterns propagate along the magnetized ferrite
section with different propagation constants. The former
field pattern does not couple to the circular waveguide but
is reflected at the junction of the device. Excitation of a
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single port establishes all three field patterns within the
junction. The purpose of this paper is to give the eigen-
networks for these three excitations for some partial-height
ferrite geometries.

The two standard configurations considered in this
paper are depicted in Fig. 1(a) and (b). The first consists
of a single ferrite cylinder in a circular radial cavity con-
nected to three rectangular waveguides at the characteris-
tic planes of the junction [5]. These planes have the
property of uniquely defining the input terminals of the
radial admittance transformer of the quarter-wave coupled
device. The second geometry is similar to the first except
that it uses two ferrite disks instead of one cylinder. It is
found that the two have identical eigennetworks so that
a single set of physical variables can be used to describe
either of them. This is done by relating the phase angles of
their eigennetworks through the method of images and
relying on experiment for the admittance levels. These
eigennetworks involve ideal transformers to represent the
coupling of the counter-rotating modes into the ferrite
disks. The method of images also leads to the new single-
disk geometry depicted in Fig. 1(e), which is described
by the same set of physical variables as the former two,
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Fig. 1. (a) Schematic of single-cylinder resonator radial waveguide
circulator: (b) Schematic of two open-ferrite-disk resonatar

radial waveguide circulators. (c) Schematic of single open-ferrite
resonator radial waveguide circulator.
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except that its junction susceptance slope parameter is
twice that of the other two geometries. This means that
a single set of physical variables may be used to charac-
terize all three partial-height ferrite geometries discussed
in this text and that measurements on any one of them is
sufficient to characterize the others. It is further observed
that it is possible to obtain essentially similar performance
with any one of them.

However, a shortcoming of the first two geometries is
that although it is not difficult to establish the phase
angles of the eigennetworks for an ideal circulator design,
it is less easy to obtain the admittance levels for the equal-
ripple Chebyshev one. This is due to the fact that the
spacing between the cylinder and the waveguide walls and
spacing between the two ferrite disks not only determine
the phase angle of the in-phase eigennetwork, but also the
turns ratio of the ideal transformers used to represent the
coupling of the counter-rotating modes into the ferrite
disks, and the admittance of the radial admittance trans-
former. This difficulty does not arise with the third geom-
etry in Fig. 1(¢) where each independent variable may
be established separately provided an additional inde-
pendent variable in the form of a thin metal post is intro-
duced through the center of the junction to adjust the
phase angle of the in-phase eigennetwork without perturb-
ing the ecounter-rotating ones.

The paper includes the design of single-disk and coupled-
disk circulators with similar overall frequency responses
using the approach derived in this text. However, the
single-disk geometry leads to a wider range.of charac-
teristics than is possible with other types where more
than one electrical variable is influenced by a single
physical one and is likely to replace them.

IMAGE PLANES OF PARTIAL-HEIGHT
FERRITE CIRCULATORS

Circulators using partial-height geometries are related
to the original turnstile junetion [27], [18]. Fig. 1(a) and
(b) illustrate the two standard commonly used geometries,
and Fig. 1(c) depiets a further one which is related to
the first two through the method of images. The frequencies
of all these circulators are determined by open dielectric
resonances of the dielectric waveguide mode for which
a mode chart is given later in the text.

The path lengths of the three geometries in Fig. 2(a)—
(e) may all be related to quarter-wave-long SC transmis-
sion lines by the method of images. This is done by intro-
ducing symmetry planes into the two configurations in
Fig. 2(a) and (b) and relating them to that in Fig. 2(c).
The signs of the field polarities of the two images can be
assigned by noting that the tangential electric field is zero
at the image plane (plane of symmetry). I't is immediately
observed that it is possible to introduce a conducting plane
at the plane of symmetry of the half-wave-long geometry
shown in Fig. 2(a), since the tangential electric field is zero
at that plane. The field polarities are illustrated in Fig. 2.
The symmetry plane and the field polarities in the case
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Fig. 2. Image relations between commercial waveguide circulators.

of the geometry in Fig. 1(b) are indicated in Fig. 2(b).
The fields are oppositely orientated in the two image disks
in Fig. 2(a) and (b) as required from the Faraday rota-
tion description, since propagation is otherwise in the
opposite direction along the two disks.

The in-phase mode is determined by the spacing between
the OC faces of the ferrite disks and the waveguide or
image walls of the junction. .

This result indicates that a single set of radial dimen-
sions can be used to describe all three geometries in Fig.
1(a)—(e) provided the spacing between the ferrite disk is
dimensioned with respect to the waveguide wall in Fig.
1(c) and with respect to the image planes in the cases of
Fig. 1(a) and (b). The equivalence between these geom-
etries also applies to the frequency shift of the open
dielectric resonator due to the proximity the waveguide
wall or the image plane, as the case may be.

The choice of any single geometry is therefore deter-
mined by historical development but the geometry illus-
trated in Fig. 1(c) appears to offer the most promise.

WAVEGUIDE CIRCULATOR BOUNDARY
CONDITIONS

The circulator boundary conditions in the case of the
waveguide circulator are best stated in terms of the
coefficient of the scattering matrix. These latter param-
eters are known once the cigenvalues of the S matrix are
obtained. The problem therefore reduces to that of finding
the eigenvalues of the S matrix in terms of the EM
problem. These may be obtained one at a time by making
use of the symmetry properties of the S matrix [137, [14].

The scattering matrix of the 3-port junction is given in
the usual way by

Sll SlZ Sl3

Su  Se (1)

S 13 Sll
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The entries of the S matrix are [6], [18]

38 = s + St1 + 8.1 (2)
381 = s + sy exp (5120) 4 syexp (—7120)  (3)
381 = o - 841 exp (—4120) + s_jexp (j120).  (4)

If the eigenvalues can be calculated or measured, the
amplitude and phase of the scattering elemernts can be
determined. One way in which the eigenvalues may be
obtained one at a time is to obtain the reflection coefficient
at any port with incident fields proportional to the three
eigenvectors of the junction.

The three eigennetworks for the junctions considered
here are shown in Fig. 3(a) and (b). The ones in Fig. 3(a)
apply to the first two geometries, and that in Fig. 3(b) to
the single-disk version. The n = 0 mode has a pole at the
origin while all other modes have zeros there. The equiva-
lent-circuit circuit for the n = 0 mode is therefore an
OC network and the ones for n = %1 are SC networks.
The ideal transformers represent the coupling of the
n == 1 modes into the ferrite disks.

Maximum power transfer through the reciprocal junc-
tion oceurs when si1 = s_y = s and sg = —s1. The object
of this paper is to establish this condition as a preliminary
to design.

MAXIMUM POWER TRANSFER IN A 3-PORT
JUNCTION WITH FERRITE DISKS

The maximum power-transfer condition in a 3-port
junction is obtained by forming the reflection coeflicient of
the device.

The reflection coefficient for a reciprocal junction is

2s

Si = ‘ﬂ—_l_ 5

- (5)
Maximum power transfer through the junction occurs
when

81 = —38op.

(6)

This requires the following relation between the angles of
the eigenvalues:

0 = 6 + 90°. (7)

The boundary condition for the counter-rotating modes
is sy = +1. This requires Hy = 0 at r = R which will be

shown to coincide with

(kR)y = 1.84. (8)

The boundary condition for the in-phase mode is
so = —1. This is obtained by setting E, = 0 at r = R.
This will be shown to coincide with

(kR)n = 2.405. 9)

The previous two conditions may be satisfied simulta-
neously by noting that the first boundary condition is
primarily determined by L and is essentially independent
of R. This means that I may be used as an independent
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Fig. 3. (a) Eigennetworks of coupled disks and single-cylinder

waveguide circulators. (b) Eigennetworks of single-disk waveguide
circulator.

variable to satisfy the first boundary condition and R,
and the filling factor L,/b; may be used to satisfy the second
one.

If the boundary conditions for maximum power transfer
are applied at the input terminals of a quarter-wave
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Fig. 4. Frequency response of magnetized and demagnetized junction.

coupled circulator, the phase angles of s, and s, at the
ferrite terminals are shifted by 180°. The new boundary
conditions at these terminals therefore become s; = 1 and
si = —linsteadof sy = —land s = 1.

The first boundary condition gives £, = 0 at ©r = R,
for which ‘

B1J1(koR0) + C1Y1(1COR0) = 0 (10)
The second boundary condition requires that Hs = 0 at
r = Ry, which gives

B()Jol(koRo) + CoYol(koRo) = O (11)

In a uniform transmission line these latter two condi-
tions can be established simultaneously with those given
by (8) and (9) which apply at the ferrite radius. However,
in a nonuniform line such as a radial one if the two equa-
tions for s; are satisfied at the two sets of terminals, it is
not possible to satisfy s, simultaneously at the same
terminals. The two boundary conditions for s, give lower
and upper bounds on L /b;.

An important property of 3-port junctions is that the
plane at which s; = —1 coincides with the definition of
characteristic planes in such junetions. This property will
" be used in this text to satisfy this boundary condition.
It 1s satisfied from (10) when

koRo = 3.45. (12)

The maximum power-transfer condition is the first
circulation adjustment. The second condition is obtained
by magnetizing the junction. It is assumed throughout this
paper that this condition is always readily obtained by the
application of a suitable direct magnetic field. In one
example studied in this text the experimental relation
between the frequency responses of the demagnetized and
magnetized junetions is shown in Fig. 4. It has a similar
relation to that encountered in the case of stripline de-
vices [127].

COUNTER-ROTATING JUNCTION MODES

It has recently been demonstrated that the waveguide-
junction configuration used here supports axially resonat-
ing modes associated with the hybrid HE,; unbounded
dielectric waveguide mode [37], [4]. This section shows
that the junction resonances are more precisely given by
that of open dielectrie resonators.

The result is given in Fig. 5 in the form of kR versus
R/L. It applies to the single cylinder of length 27 and
diameter 2R which is OC at both ends. It also applies to
the disk L long, OC at one end and SC at the other. The
boundary eonditions are satisfied by first forming the field
equations of the HE; unbounded dielectric waveguide.
Inside the dielectrie region the longitudinal components of
electric and magnetic fields are given by [19]

E, = a,J,.(kr) exp (jn8) (13)

H, = b, (kr) exp (jnd). (14)
Outside the dielectric region the fields are

E, = a,°"H,® (Ixr) exp (jnh) (15)

H, = b, H,® (k) exp (jnd) (16)

where J, and H, are Bessel’s functions of the first and
third kinds

1/2) 2 v 2

1= (2_'”;_\2_) _ <2>\_7T> (a7 -
0 g
2 2 2

G R

A factor of exp[j(wt — Bz)] is omitted in the field
equations.

The transverse components of the electric and magnetic
fields for the inside and outside of the unbounded dielectric
waveguide are given from Maxwell’s equations in the

usual way.



292

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, MARCH 1975

1-5
koR ref 4
ref 7
ref 8
ref 9
ref 10
1-0-] this paper
0-5
] T — T T ——
o 1 2 3 4 R/L 5

Fig. 5. Mode chart for open dielectric TM 11 resonator.

Inside the dielectric region the result is

Hy = [/ (kr)?]{ —jweeo (k) anS ) (kr)

+ npb.Ju(kr) } exp (jnb) (19)
By = [r/(kr)*]{nBan'T(kr)
+ Jouo(kr) bt (kr) } exp (jnf)  (20)
where
B = 2x/),. (21)

The boundary condition hereis s; = -1 which coincides
with

Hy = (3/67) (vEs) = 0. (22)
This condition is satisfied provided
kR = (&)~Y2.n (23)
by = J. (kR) =0 (24)
a.t = Ju(kR) = 0. (25)

The first solution gives the radius at which Hy = 0 for
the hybrid HE;; mode. The second and third equations
represent TM and TE solutions. Since the radius associated
with the hybrid solution is much smaller than that en-
countered in practice it is disregarded. For n = 1 the TM
mode is the dominant one and its solution is found to be
in good agreement with experiment. However, the TM
solution adopted here does not exclude the possibility of
operating partial-height ferrite eirculators with hybrid
HEy; mode for which Hy # 0.

The result is
J.J (kR) = 0. (26)

The solution is given by (kR)n,j where n,j denotes jth
root of the nth-order equation. For n = 1, the result is

1/2\ 2 271/2
(kR)11 = 1.84 = [(2”;’ /> - (2%)] R. (27)

For a quarter-wave dielectric resonator with an electric
wall at one face and a magnetic wall at the other

A = 4L. (28)

Combining the last two equations gives

1 ~R\? 1/2
(ko) = 7[(5—5) + <1.84>2] (20)
where
ko = 27/ X0 (30)

Fig. 5 gives the mode chart for such an open dielectric
resonator. It shows that the ferrite dimensions are not
unique in that there is a wide choice of possible solutions
which will establish the proper frequency with Hy = 0
at r = K. However, each shape will have its own @ factor.

Some experimental results obtained from the literature
and in this work are superimposed on the mode chart for
E plane, and both types of H-plane junctions suggest
that they all use a TMy; open dielectric resonator mode.

It is useful to note that for large R/L, the resonant
frequency of the ferrite disk is primarily dependent
upon L which is determined from the gradient of the
curve on the mode chart.

However, the introduction of the image plane or wave-
guide wall in the vicinity of the open dielectric resonator
perturbs its resonant frequency. A suitable correction
factor for the ferrite length is [167], [17]

AL = li;a,n—1 [2‘2 tanh (as)] — L (31)
B B
where o = (k? — ko?)¥2. The spacing s is measured from
the OC face of the ferrite to the image plane or waveguide
wall depending on the geometry used.
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CHARACTERISTIC PLANE OF
H-PLANE JUNCTION

The characteristic planes in a 3-port junction coincide
with those at which a short eircuit placed in one port
will cause a wave at the input port to be completely
reflected, none entering the third one. These planes need
not coincide with the terminals of the junction. Another
property of these planes is that when a wave incident on
the junction at one port, is totally reflected by the location
of a short circuit at a characteristic plane of a second port,
the electric field vanishes at all characteristic planes in
the other ones. This is the boundary condition used in
this paper to determine the characteristic plane in the
geometry considered here. A further property of charac-
teristic planes is that the values of the admittance in
each port extrapolated back to the characteristic plane in
each port are related in a standard way. These properties
are fully discussed in [5].

The purpose of this section is to give experimental and
theoretical results on the characteristic plane of a 3-port
symmetrical-waveguide junction loaded with a single or
a pair of open dielectrie resonators. This work shows that
the characteristic plane of the junction fixes the input
terminals of the radial impedance transformer.

The theory of the waveguide junction developed here
starts by adjusting the terminals of the junction to make
them coincide with those of the characteristic planes. It
is assumed that an OC boundary condition exists at the
surface of the ferrite region and that the n = 1 mode
exists in the intermediate region. The boundary conditions
used here transforn an OC boundary condition at the
terminals of the dielectric post to a SC one at the ter-
minals of the waveguide. This perturbation of the junction
is obtained when s; = —1atr = R,.

At r = R, the boundary condition is

for which

B1J1(k0Ro) + C1Y1(KORo) = 0 (33)

The former condition establishes the characteristic plane
of the junection.
At r = R the boundary condition is given by

Hy=0 (34)

for which

By (keR) 4+ CiY1 (koR) = 0. (35)

This condition coincides with an OC boundary condition
at the ferrite.
Combining these two equations gives

Y1I (koR) _ Y1 (]CoRo)
J1’(700R) Jl(koRO) '
This last equation defines the characteristic plane of the

H-plane symmetrical 3-port waveguide junction loaded
with a resonant pair of open dielectric resonators. Fig. 6

(36)
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Fig. 6. Characteristic plane of H-plane waveguide junction.

gives the radial wavenumber koRy versus kR for such an
arrangement. It shows, amongst other things, that the
radial wavenumber is not strongly dependent upon kR.

The physical arrangement used to establish the charae-
teristic plane of the waveguide junction is shown in Fig.
7(a). It consists of a 3-port waveguide junetion with one
port.terminated by a short ecircuit at a radius r from the
center of the junction. The characteristic plane is now
obtained by measuring the position of the VSWR mini-
mum at one of the ports with reference to the center of
the junction with the other one terminated in a matched
load. This is repeated for a number of different radi until
the position of the VSWR minimum from the center of
the device coincides with the radius of the junction. Fig.
7(b) gives a similar arrangement which applies to a
straight junction.

Fig. 8 compares the characteristic plane for which
s1 = —1 with the plane at which Sy = —1/3. It shows
that the characteristic plane may indeed be taken as the
input terminals of the radial transformer.

IN-PHASE JUNCTION MODE

Maximum power transfer through the junction is the
first circulation condition. It is met by adjusting the phase
of sy with respect to si. The boundary condition on the
TMo mode is s = —1 for which £, =0 at r = R, or
so = —+1for which Hy = Q0 at r = R,. The frequency varia-
tion of the in-phase mode has been measured by Owen
also. This section describes a quasi-static approximation
for it, which is consistent with these measurements.

In the quasi-static approximation employed here the
partial-height geometry is replaced by a full-height one
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Fig. 8. Experimental characteristic plane at maximum power-transfer frequency.

/

with an equivalent quasi-static dielectric constant. A com- _ € (41)
plete expansion for the fields inside and outside the - &— K(e, — 1)

bounded dielectric post for n = 0 is given in [137]. The -

agsymptotic value of the reflection coefficient for the pe =14 Klua —1) (42)
electric field using the asymptotic approximation for the: K =1L/b (43)
Bessel’s functions is therefore and pg is the demagnetized permeability.

(37) Fig. 9 gives the phase angle of the in-phase mode as
a function of kgr for parametric values of L/b;. This illus-

where tration allows L/b; to be determined at kR for which
By = (kor + 1 + o) (38) S0 =.——1 and. at kR for which s, = 1. Sin(.:e. the radial

line is nonuniform, these two boundary conditions cannot

and Yo is determined by equating the tangential com- e simultaneously satisfied with a unique value of L /by,

so = exp (—j2®y)

ponents of & and H field at r = R. but instead they set upper and lower bounds on it. To
2270 (kR) Yy (koR) — €271 (kR) Yo (koR investigate a suitable compromise a series of high-quality
tan ¢, = b o (el?) V(o) — e *1(kR) Yo (luFR) (39) devices were constructed at 6 GHz with a VSWR of 1.07

P) Y
e o(koR)J1 (ko) — wd/o(keR)J1(KoR) over the 5.925-6.425-GHz band.! These results are super-
where imposed on Fig. 9. This indicates that a suitable range

ke = ko(uefe) 12 (40) ! Ferranti Ltd., Dundee, Scotland.
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Fig. 10. Frequency response of reciprocal 3-port junctions.

for L/b; is 0.7-0.85 which in fact lies between the upper
and lower limits of L/b;: set by the boundary conditions.

EXPERIMENTAL SUSCEPTANCE-SLOPE
PARAMETER OF JUNCTION

To obtain a 3-port circulator with an n = 2 Chebyshev
frequency response it is necessary to establish the proper
susceptance-slope parameter of the junction, which is
determined by the turns ratio of the ideal transformers
depicted in Fig. 3(a) and (b). Since no theoretical value is
available, it must be obtained experimentally. The purpose
of this section is to measure it as a function of L/b; for
R/L = 1.94 and 1.67 for the geometries in Fig. 1(a)-(c).
However, L/b, is essentially constrained by the phase
angle of the in-phase eigenvalue to between 0.70-0.85,
although it can be used as an independent variable to
adjust the susceptance-slope parameter of the geometry
in Fig. 1(c), provided the in-phase eigenvalue is tuned by
a thin metal post.

One way the susceptance-slope parameters may be ob-
tained experimentally is by measuring the frequency
response of the demagnetized junction in the vieinity of
the maximum power-transfer condition. In the structure
studied each disk is mounted on a brass port which has

the same diameter as the ferrite. The physical variables
are the thickness of the disks and the spacing between
them for disks having a fixed diameter of 10 mm.

Fig. 10 gives the frequency responses for one geometry
studied in this paper. In Fig. 11 the mode charts of such
transmission filters are constructed. These are solely deter-
mined by the dimensions of a single ferrite disk and its
image plane in accordance with the transverse resonance
condition [167, [17].

The dependence of the susceptance-slope parameter b’
for the three junctions on the parameter L/b; is shown
separately in Fig. 12. It is obtained from

3L — 250 + 1) /2r 2

!
b 26

(44)

provided the radial transformation is neglected, where
r = VSWR and 26 = normalized bandwidth.

The turns ratio of the ideal transformers may be cal-
culated from the susceptance-slope parameter by assuming
plane-wave propagation along the ferrite resonator. The
result is

o = a*qme (e/ue)t™ (45)

Tt is observed from these data that the first two geometries
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have identical susceptance-slope parameters while that of
the third configuration is twice that of the other two. This
suggests that the eigennetworks illustrated in Fig. 3(a)
apply to the first two geometries while that depicted in
Fig. 3(b) applies to the single-disk version. Since it has
dlready been established by the method of images that the
phase angles for all three geometries are the same, this
further result suggests that provided all dimensions are
measured with respect to the image planes, a single set
of physical variables may be used to characterize all three
circulator geometries. Since the three sets of eigennetworks
are related, any one of them may be used to characterize
the other two.

COUPLED FERRITE-DISK RADIAL
WAVEGUIDE CIRCULATOR

The purpose of this section is to describe the experi-
mental eonstruction of a 3-port waveguide circulator with
an n = 2 Chebyshev characteristic, using the configura-
tion shown in Fig. 1(b). It consists of two ecircular ferrite

disks in a radial eavity connected to three H-plane wave-
guides. In the construction used here the three rectangular
waveguides are joined to the radial cavity at the charac-
teristic planes of the junction. Thislatter condition therefore
fixes the radius of the circular junction Ry The radius R
and the length I of the ferrite disks are determined by an
open dielectric resonating TM;j;; mode. The values used
in this text are kR = 0.93 and R/L = 1.94 [17]. For the
two-disk geometry the susceptance-slope parameter of the
junction, the phase angle of the in-phase eigennetwork,
and the impedance of the radial nonuniform impedance
transformer are all defined by L/b:;. The value of L/b
used here is determined from the section dealing with the
in-phase mode. The design deseribed is therefore defined
by the following normalized quantities:

ko2 = 0.93
R/L = 194
cho = 315
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Fig. 13. Frequency response of two-resonator radial waveguide circulator.

L/by = 0.77
2by/b = 0.59.

It should be noted that the radial wavenumber kR, is less
than that of the theoretical value beeause of the step dis-
continuity associated with the radial transformer. Using
3 TT390 Ferrite material, the previously given quantities
lead to the following linear dimensions for a junction at
9 GHz in the WR90 waveguide:

o = 33.3 mm

R = 50mm

L = 23mm (2.60 mm)
Ry = 16.7 mm
2b; = 6.0 mm

b = 10.16 mm.

Fig. 13 shows the experimental frequency response for
this device. :

SINGLE FERRITE-DISK RADIAL
WAVEGUIDE CIRCULATOR

This section describes the construction of the single
ferrite waveguide circulator with an n = 2 Chebyshev
characteristic. The configuration employed is shown in
Fig. 1(c). It is obtained by establishing a 1:1 correspond-
ence between the eigennetworks and the Q factors of the
two junctions. The design described is defined by the
following normalized quantities:

kR = 0.95
R/L = 1.92
koRo = 2.80
L/by = 0.427
by/b = 0.60.

The value of L/b; used here satisfies the equivalence
between the @ factors of the two junetions but does not

satisfy the phase angles of the in-phase eigennetworks.
Using a TT390 ferrite leads to the following linear
dimensions for the device at 9 GHz:

N = 33.3 mm
R = 50mm
L = 24mm (2.60 mm)
Ry = 14.00 mm
by = 4.72mm
b, = 6.096 mm
b = 10.16 mm.

Fig. 14 shows the frequency response of such a circulator.
This result was obtained with some additional fine tuning
in the form of a thinlmetall post through the center of the
junetion to compensate for the incorrect phase angle of
the in-phase eigennetwork. The ferrite shape used in this
section is that employed in the coupled resonator junction.

A similar frequency response has also been obtained
without the aid of a thin metal post with L/b; = 0.80.

CONCLUSIONS

This paper has studied three radial waveguide circulators
with » = 2 Chebyshev characteristics. The radial dimen-
sions of the devices were obtained theoretically by evaluat-
ing the phase angles of the junction eigennetworks, while
the admittance levels were established experimentally by
using the l-port approximation of the circulator. The
characteristic plane of such junctions was defined and
shown to coincide with the input terminals of the device.
The eigennetworks of all three circulators may be described
by a single set of physical variables.

It was also found that the new geometry® which relies
on a single disk leads to a wider range of characteristics
than is possible with the conventional coupled-disk version

2 U.8. and U.K. patents filed.
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where more than one electrical parameter is influenced by
a single physical variable.
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