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Abstract—This paper presents a class of new easy-to-fabricate
ferrite–sphere-based waveguide Y-junction circulators for po-
tentially low-cost millimeter-wave applications. A new three-
dimensional modeling strategy using a self-inconsistent mixed-
coordinates-based modal field-matching procedure is developed
to characterize electrical performance of the proposed circulator.
It is found that the circulating mechanism of the ferrite–sphere
post is different from its full-height ferrite counterpart in that
the new structure operates in a turnstile fashion with reso-
nant characteristics, while the conventional device operates on a
transmission cavity model. Extensive comparable studies between
the new and conventional circulators are made to show that
the electrical behaviors of the new structure are also distinct
and radial power-density profiles are not stationary, as in the
case of the full-height ferrite post circulator for different geo-
metrical parameters. Results obtained by the analysis technique
are compared with the available results for a full/partial-height
ferrite circulator, showing an excellent agreement. Our calculated
and measured results are also presented forW -band circu-
lators with the proposed ferrite–sphere technique, indicating
some interesting characteristics such as the frequency offset
behavior of the isolation and reflection curves. In addition,
radial power-density profiles are plotted inside and outside the
ferrite sphere to illustrate its intrinsic circulating mechanism,
as well as its difference, as compared to its full-height ferrite
structure.

Index Terms—Ferrite device, junction circulator, millimeter-
wave, mode-matching technique.

I. INTRODUCTION

T HE -plane waveguide Y-junction circulator has been
extensively used in microwave and millimeter-wave sys-

tems. The most popular anisotropic building block used to
guide signal waves in circulation is a ferrite cylindrical post
of full or partial waveguide height. In addition, other forms,
e.g., triangular and hexagonal post, may also be designed in a
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similar way for the circulator use. As the operating frequency
goes up into millimeter-wave range, such a junction circulator
becomes proportionally small in size. Since the relative ferrite
permittivity is usually high ( 10), the diameter of a ferrite
cylinder can be of the order of 1 mm, e.g., operating in the-
band. To enhance the manufacturing repeatability, a relatively
large dimension is desired, and it can be achieved through the
use of a higher order mode operation. However, it leads to
an unfortunately higher ferrite loss. The miniaturization and
hardness of the ferrite post are expected to bring about an
expensive craftsmanship in mounting it into the equally tiny
waveguide junction.

To address the above-described challenging issues, an inno-
vative idea was contemplated [1]. In essence, it is to replace
the ferrite cylinder simply by a ferrite sphere. This is because
the ferrite sphere can be easily handled as if there were ball
bearings. As miniaturized ball bearings of 1-mm diameter or
even less have been micromachined for decades, it can be said
that the large-scale production techniques are quite matured.
In addition, a sphere is always normal to the metallic floor of
the waveguide junction, and the surface-mounting technique is
much less involved. Nevertheless, the modeling and accurate
analysis of a circulator made of this kind of ferrite sphere
becomes very difficult because of a spherical topology that is
not consistent with the waveguide coordinate.

The analysis of a waveguide Y-junction circulator was
first carried out by Davis [2], whose technique was later
extended to the modeling of a class of complicated structures
such as a junction with a centrally pinned full-height ferrite
post or a composite ferrite post. A number of techniques
[3]–[7] were then proposed to model the waveguide-junction
circulators having a full-height ferrite post with arbitrary
shape. Even though they are general, these analyses are limited
to the circulators with a full-height ferrite post. As for the
circulator designed with a partial-height ferrite post, Owen
[8] demonstrated that it operates in a turnstile fashion with
rotating modes guided along the ferrite axis. It also has a
wider bandwidth, as compared to its full-height counterpart.
Although a number of approximate formulas have been given
for engineering design [9]–[11], there is the lack of a rigorous
theoretical model considering the realistic boundary conditions
[12]–[18]. The analysis of a waveguide-junction circulator
with a partial-height ferrite post was presented for-plane
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by Shandwily [13] and for -plane by Akaiwa [14] on the
basis of simplified field expressions proposed by Hauth [12].
Both volume and surface modes were used as eigenmodes
to expand electromagnetic fields in a ferrite post by Dou [15],
[16]. His analysis indicated Chebyshev response related
characteristics, as observed in his experiments. Nevertheless,
the analyses are still restricted to the case of a partial-height
ferrite post.

In our case, the permeability tensor and spherical coor-
dinate make it impossible to find a closed-form analytical
expression of fields inside a magnetized ferrite sphere. The
self-inconsistent three coordinates (rectangular, cylindrical,
and spherical) involved in a Y-junction waveguide circulator
with a ferrite sphere give rise to an additional difficulty in
handling its boundary condition in the analysis. Although
a technique that is based on the equivalent principle and
cavity field expansion [17], [18] was proposed to model a
waveguide junction having an arbitrarily shaped anisotropic
medium, hundreds of expanded functions are required to
achieve only less than 3% error in their full-height composite
ferrite-post circulators. Complete discrete-domain-based tech-
niques such as finite-difference and finite-element methods
[6] are usually computationally deficient because of the three
involved different coordinates-related boundary conditions, as
well as the anisotropic medium. Therefore, an outlook into
the development of a new technique is motivated. This tech-
nique should effectively combine the advantageous features
of both analytical and numerical algorithms. In this paper,
the mode-matching technique and the method of moments are
jointly used to model the -plane millimeter-wave Y-junction
circulator with a ferrite sphere.

In Section II, the ferrite sphere is first approximated by
bodies of revolution with segmented cross sections [19],
[20], whose surface is circumscribed by the spherical surface.
The whole region in the Y-junction can be regarded as a
composition of many annulus, i.e., concentrically cascaded
conducting parallel-plate cylindrical waveguides loaded with
multiple layers containing dielectric (air) and ferrite medium in
series. In each annulus (parallel-plate cylindrical waveguide),
field profiles of each region partially filled with different
medium can be expanded through eigenmodes. The continuity
of tangential electric and magnetic fields at the interface of
two adjacent regions of the dielectric and ferrite is reinforced
to obtain a solution for the radial propagation constant in the
two regions in question. Matching tangential fields along every
interfacial plane and applying the Galerkin technique lead to
a set of solvable linear equations. Results are presented in
Section III, showing that our analysis is in good agreement
with the available results for the limiting case (full-height
ferrite-post circulator). Our calculated center operating fre-
quency is 3.81% lower than the experiments. The predicted
insertion loss and isolation are in fairly good agreement with
the measured results, considering the fact that the ferrite loss is
neglected in the model. The radial power-density profile versus
the orientation, as well as the complete power-density profile
versus the position over the Y-junction, are also plotted so
that the operating mechanism of the ferrite sphere can be better
understood as to its function of circulating signal waves. These

(a)

(b)

Fig. 1. Schematic diagrams of anH-plane Y-junction waveguide circulator
with the proposed ferrite sphere. (a) Top view of the Y-junction. (b) Side
view of the junction.

results and discussion indicate the validity of our analysis and
also that the ferrite sphere is an efficient alternative in the
design of a quality circulator for millimeter-wave applications.

II. FIELD-BASED MODEL OF Y-JUNCTION

CIRCULATOR WITH A FERRITE SPHERE

As shown in Fig. 1, the -plane Y-junction circulator with
a ferrite sphere presents a symmetry at the plane, and
the symmetric plane can be considered as an electric wall,
which allows us to model either side for the whole structure.
The junction can be divided into such regions as a series of
concentrically cascaded conducting parallel-plate cylindrical
waveguides loaded with dielectric (air) and ferrite media. In
each loaded waveguide, the ferrite is denoted as region I, the
dielectric as region II, and the dielectric (air) exists only for
the outermost region. With field expansion in each region, the
field-matching procedure is first made between different media
(regions I and II), defined in each concentrically cylindrical
layer, assuming the same radial propagation constant for the
two regions. The similar field matching is then applied to
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neighboring concentrically cylindrical layers. In this way, a
set of linear equations can be set up by matching tangential
fields in each interfacial plane. Results are easily obtained from
solving these linear equations.

A. Field Expression in the Y-Junction Regions

First of all, the circulator structures are supposed to be loss-
less and the ferrite sphere is homogeneously magnetized in the
-direction by an externally applied bias field . The biasing

range includes the partially magnetized and demagnetized state
, which is particularly useful for below-resonance

circulators. The longitudinally magnetized field equations
are formulated as follows:

(1)

in which

if the magnetization is saturated with and the tensor
elements are defined in a similar manner as in [1]. The
development of the above equations leads to (2) and (3),
shown at the bottom of this page, where is the relative
permittivity of the ferrite sphere and ,

. Now, through a simple variable separation
procedure , under
a prescribed condition of , (2) can be
reformulated as

(4)

where is radial propagation constant in the ferrite medium.
Such above equations can be easily arranged into a fourth-

order homogeneous linear differential equation as follows:

(5)

A similar equation can be also obtained for . The
expected solution can be obtained from roots of these char-
acteristic equations.

1) Field Formulation in the Ferrite Region:It is now easy
to derive the related field formulation in the ferrite region from
the above basic equations as follows:

(6)

with

and

as well as

in which , , , and are the th-order Bessel functions
of the first and second kinds, as well as the modified first
and second kinds, respectively. The constants associated with
the second-kind Bessel functions , will be zero for the
inner layer.

(2)

(3)
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2) Field Formulation in the Dielectric Region:To charac-
terize the dielectric region is to substitute the above related
field equations by its characteristic dielectric elements such as

, , and , shown in (7), at the bottom of
this page, with

as well as

3) Field Formulation in the Cylindrical Parallel-Plate
Waveguide:As for the air-filled cylindrical parallel-plate
waveguide, which surrounds the ferrite and dielectric layers in
the junction, the field expressions are formulated as (8), shown
at the bottom of this page, with ,

, , , .

B. Interfacial Matching of Tangential-Field Components

There are four distinct types of boundary interfaces. The
first is related to the interface of ferrite and dielectric media
in each annulus, as indicated in Fig. 2. The radial propagation
constant can be obtained as long as this matching procedure
is completed. In addition, fields of the dielectric region in
each annulus can also be calculated by the fields in the ferrite
region. The second type is the interface between two adjacent
annuli. There will be exactly interfaces if annuli are
considered. The tangential-field matching leads to the fields
of an interface that can be calculated from its subsequent (or
neighboring) one. In this way, the same matching procedure
is repeated until fields of the last annulus are calculated from
the fields of the first one. The third type is concerned with the
interface between the last annulus (say, theth annulus) and
the outer dielectric (air or a surrounding dielectric) region,
while the fourth type is in relation to the natural boundary
( , is the width of rectangular waveguides) between
the three rectangular waveguide arms and Y-junction region.
The field matching related to this boundary has been discussed
in [3] and [4].

(7)

(8)



YUNG et al.: MILLIMETER-WAVE WAVEGUIDE-JUNCTION CIRCULATOR WITH FERRITE SPHERE 1725

Fig. 2. Piecewise segmentation of a ferrite sphere loadedH-plane
Y-junction in terms of a number of concentrically cascaded cylindrical
parallel-plate waveguides loaded by ferrite and dielectric media.

1) Field Matching of Ferrite and Dielectric Region in
Each Annulus:Now that the tangential-field components are
matched at the interface of the dielectric and ferrite layer
with the continuity condition, it is used to obtain the radial
propagation constant and also derive the constants ,

in terms of and . The resulting equations
are arranged in such a way that each is characterized by

and also a set of four homogeneous equations. Matching
the tangential fields at yields a complex coefficient
transcendental equation, such that

in which the radial propagation constant is implicitly
formulated in and Hence, can be
obtained by solving this nonlinear equation that is independent
of transverse coordinatesand . Results indicate that there is
a finite number of modes (volume modes) for and an
infinite number of modes (surface modes) for . In our
formulation, only the lowest volume modes are obtained if
the infinite summation is truncated into a finite one. On the
other hand, the propagation constantsand in the ferrite,
as well as in the dielectric, can be simply calculated from
each value of . Now, the constants , , and are
expressed in terms of , such as

(9)

where

and

with the following elements:

2) Field Matching of Two Adjacent Annuli:This field
matching is to derive complex amplitudes of the fields in the
last annulus in terms of its first counterpart. This is simply
done by the use of continuity conditions of the tangential-
field components at the interface of two adjacent annuli
gradually from outer to inner in sequential order. With these
conditions, four equations are obtained over the cylindrical
surface between th and th annuli (see
the Appendix for details). Thus, the complex field amplitudes
defined in the last annulus waveguide are characterized by
those of its first counterpart as follows:

(10)

3) Field Matching of the Last Ferrite Annulus and Outer Air
Region: Applying the continuity condition of the tangential
field components at the interface between the
outermost concentrically cylindrical ferrite loaded waveguide
and the air region leads to the following equations:

(11a)

(11b)

Since these boundary conditions are applicable in the range of
from to , the -related summation implicitly involved

in (11) can be eliminated due to the orthgonality of the
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(a) (b)

(c)

Fig. 3. Validation and comparison of our field theoretical model and its results against other available results. (a) Electrical characteristic of anX-band
H-plane Y-junction circulator with a full-height ferrite postR0 = 3.5 cm, (TT1-109), — our results,+++ [3]. (b) Results of aKa-band wide-bandH-plane
Y-junction circulator with partial-height ferrite post for insertion loss:�d = 2.08, �f = 15.0,R0=h = 1.57,h = 0.78 mm,l = 4.16 mm,c = 0.978 mm,
4�Ms = 5000 G,Hi = 200 Oe, — our model,� � � experimental results [16]. (c) Results of aKa-band wide-bandH-plane Y-junction circulator with
partial-height ferrite post for isolation: [the same parameters as above (b)] — our model,� � � experimental results [16].

exponential functions. Multiplying (11a) by and
(11b) by , and then integrating them from to

yield

(12)

for and (13), shown at the bottom of the following
page, for , and , .

Based on the above six inhomogeneous equations, the
complex amplitudes , , , , ,
are given in terms of , , and . Moreover,
they can also be formulated in terms of while (9) and
(10) are applied. Once this field-matching process has been
accomplished, the fields must be matched between the three
rectangular waveguides and Y-junction region at the natural
boundary of the Y-junction. However, we will not discuss this

here for the sake of brevity, and interested readers may refer
to [3], [4], [15], and [16] for details.

III. RESULTS AND DISCUSSION

The equations derived in the above section are now solved
for characterizing the ferrite–sphere-based Y-junction circu-
lator. The choice of a finite number of matching points
leads to a finite number of coupled (simultaneous) inho-
mogeneous equations, and the infinite expanded series in-
volved in the equations representing waveguide and cylindrical
modes also have to be truncated for numerical calculations.
These two requirements should guarantee the result accuracy
within the following criteria: the output power coming out
of the three ports, i.e., the reflected power from the input
port and the output power from the other two ports, should
equal the incident power. This can be easily examined in
the analysis. A rapid convergence of the finite expanded
series should be observed. This can be done by first se-
lecting a specific number of the matching points and then
obtaining certain mode amplitudes, and then increasing the
matching point number and observing the difference be-
tween the two consecutive calculations of the mode ampli-
tudes. If the difference is negligible, the matching points are
considered sufficient.

To begin with, an -plane Y-junction having the
full/partial-height ferrite post are modeled to validate our
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analysis technique. Fig. 3(a) shows our frequency-dependent
results compared to the -band theoretical results reported in
[3] for the full-height case, indicating an excellent agreement.
Fig. 3(b) and (c) give our theoretical results compared
with -band experimental results reported in [16] for a
partial-height case. It can be found that our theoretical results
of insertion loss agree well with the experiments, although
the difference is large for the isolation curve. This may be
caused by simplified field expressions [12], [15] adopted in
our eigenmode expansion, as well as the metal step action
in the Y-junction. For small , the simplified analysis is
effective, but the error should not be neglected for the case
of a large value in -band. A ferrite post with operating
frequencies lower than 50 GHz usually requires a saturated
magnetization to achieve a larger bandwidth. Nevertheless, a
wanted magnetization for saturation at 90 GHz may exceed
10 000, leading to unrealistic situation with the state-of-the art
materials. Therefore, our simplified expression in connection
with the eigenmode expansion should be effective to generate
accurate results. To understand the circulating mechanism
better, the calculation of a power-density flow in the radial
direction of the Y-junction is desirable, which is defined
simply by where is the unit vector
in the radial direction. Fig. 4(a) and (b) plots the power-
density flow as a function of in full-height ferrite-post
and air regions, respectively. Fig. 4(b) denotes that as
approaches 1 in the isolated port , is
approximately zero. The signal power injected into the input
port is almost completely transmitted
into the output port , thereby achieving the
circulating function. In addition, the power density flowing
into the input port is positive, while it remains negative at
the output port. This is normal in relation to the signal-flow
orientation. The input and output power-density flow in a
closed cycle at any radius (air or ferrite region) is always
balanced and conserved. This fact can be expected, as the

(a)

(b)

Fig. 4. Normalized radial power-density flow profile in thez = 0 plane
for the X-band H-plane Y-junction circulator with a full-height sample
(TT1-109):R = a=

p
3, R0 = 3.5 cm, andf0 = 10 GHz, The input port at

180�). (a) Inside of the ferrite post(0<r<R0). (b) Outside of the ferrite
post (R0<r<R).

ferrite is considered lossless in our analysis and no power is
dissipated inside the Y-junction area.

Following the validity of our analysis technique with the
above two structures (full- and partial-height ferrite posts),
our attention now focuses on the modeling and analysis of
a class of three-dimensional ferrite–sphere-based waveguide
circulators operating at millimeter-wave frequencies. Fig. 5(a)

(13)
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(a) (b)

(c)

Fig. 5. Electrical characteristic of aW -wave bandH-plane Y-junction circulator with a compound crystal Ni–Zn ferrite sphere: waveguide dimension
a � b = 2:54� 1:27 mm2, sphere radiusR0 = 0:4 mm �5%, c = 0:635 mm, �d = 2:25, �f = 13:5, R = a=

p
3, permanent magnetsHe> 1700 Oe,

4�Ms = 5000 G, �H (loss)< 120 Oe. (a) Measured results. (b) Calculated results. (c) Central operating frequency versus the sphere radiusR0.

(a) (b)

(c)

Fig. 6. Normalized radial power-density flow profile in thez = 0 plane of a ferrite–sphere-based WR-10 waveguideH-plane Y-junction:
a� b = 2:54� 1:27 mm2, sphere radiusR0 = 0:4 mm�5%, c = 0:635 mm, �d = 2:25, �f = 13:5, f0 = 90 GHz, permanent magnetsHe> 1700 Oe,
4�Ms = 5000 G, �H (loss)< 120 Oe. (The input port at 180�). (a) Inside of the ferrite sphere for different radius(0<r<R0). (b) Outside of the ferrite
sphere for different radius(R0<r<R). (c) At the position ofr = 0:9R for an off-diagonal element (of permeability tensor cases).
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(a) (b)

(c)

Fig. 7. Complete picture of power-density flow profile in thez = 0 plane of anX-band full-height ferrite post waveguideH-plane Y-junction circulator:
a� b = 2:286� 1:143 cm2, post radiusR0 = 3:5 cm,R = a=

p
3; f0 = 10 GHz, (the input port at 180�, the output at 60�, the isolated port at 300�). (a)

Demagnetized case if� = 0:0(0<r<R). (b) � = 0:37; inside of the ferrite post(r <R0). (c) � = 0:37; outside of the ferrite post(R0<r<R).

and (b) shows measured and calculated electrical character-
istics of new circulators versus frequency in terms of the
insertion and reflection loss, as well as isolation for-band
applications. The insertion loss obtained by our analysis is
better than our experimental results, which can be attributed
to the absence of a loss factor in the modeling. It is also
observed that the reflection and isolation are better than
28 dB for -band. However, the two frequency-response
curves are shifted from each other, indicating that a prescribed
electrical performance may be preferred as to which factor is
emphasized in the design. This also gives rise to a fundamental

question as to whether it is possible to achieve the optimized
characteristics for all the targeted parameters. It is found that
the calculated center frequencies are 3.81% lower than their
measured counterparts, considering the difference between
Fig. 5(a) and (b). This frequency shift is attributed to the
prescribed 5% fabrication tolerance of our ferrite–sphere
radius designed for our experiment, and Fig. 5(c) displays the
dependency of a center operating frequency with the sphere
radius in the case that a bias external magnetic field is set to
be 200 Oe. Although the center frequency of our proposed
circulator is found to be sensitive to the ferrite–sphere radius,
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(a) (b)

(c)

Fig. 8. Complete picture of power-density flow profile in thez = 0 plane of aW -band ferrite–sphere waveguideH-plane Y-junction circulator:
a� b = 2:54� 1:27 mm2, sphere radiusR0 = 0:4 mm,R = a=

p
3, f0 = 90 GHz, (the input port at 180�, the output at 60�, the isolated port at 300�). (a)

Demagnetized case if� = 0:0 (0<r<R). (b) � = 0:37; inside of the ferrite sphere(R0<r<R). (c) � = 0:37; outside of the ferrite sphere(r >R0).

a large-scale batch fabrication of small ferrite sphere with
nearly identical radius can be easily obtained to meet the
demand at a given frequency. Fig. 6(a)–(c) gives calculated

profiles of the power-density flow in both the ferrite
and air regions as a function of the orientation anglefor
different radius defined in the first two figures and for different
off-diagonal element of the permeability tensor. Similar
to the two-dimensional case, the input and output power
flows are kept well balanced. Interestingly, the maximum (or

minimum) points of the positive and negative power-density
curves, unlike the case of the full-height ferrite post circulator,
are shifted away from the input and output directions, as
indicated in Fig. 6(a) and (b) for different radius. As the
radius begins its decreasing from to zero, the maximum
positive positions move from 180counterclockwise, while
the maximum negative positions move from 60clockwise.
This is quite different from the stationary behavior of the two-
dimensional case. This phenomenon suggests that the ferrite
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sphere operates in a different manner from the full height in
circulating the signal waves. On the other hand, an adequate
choice of an off-diagonal element, as shown in Fig. 6(c), is
also important for the circulator operation that can readily
optimized.

To better illustrate the circulating mechanism of the pro-
posed ferrite sphere, a complete picture of the power-density
flow vector profile in the plane of the Y-junction
is given in Fig. 8(a) for and Fig. 8(b) and (c) for

. To facilitate our discussion, the similar plots are
also shown in Fig. 7(a)–(c) for the full-height ferrite post. It
is well known that a full-height ferrite-post loaded Y-junction
is resonant with the mode, which is easily excited by
the mode of the rectangular waveguide. Such a
mode presents a field pattern that can be generated by the
sum of a pair of similar contrarotating modes, and the RF
magnetic field inside the ferrite at the center of the cavity
is circularly polarized for each side (right- or left-hand side)
of rotation. With the demagnetized ferrite, both contrarotating
modes become resonant at the same frequency and the output
ports will guide two signal waves of about equal magnitude,
as shown in Fig. 7(a). If the standing-wave pattern is rotated
through 30 as the ferrite post is suitably magnetized, one
output port is then situated at a voltage null of the
modes, and the fields at the other two ports are equal in
magnitude, as shown in Fig. 7(b) and (c). To some extent, the
device behaves like a transmission cavity between the input
port and one output port, while the other port is isolated.

However, the ferrite–sphere-junction circulator operates in
a turnstile fashion, and its rotating modes propagate along the
ferrite–sphere axis coinciding with the direction of an applied
external magnetic field . The degenerate frequencies of the
counter-rotating modes are approximately equal to the resonant
frequencies of the ferrite sphere as if the latter were treated as a
dielectric resonator and the field is distributed symmetrically
over the input port. In the ferrite–sphere-junction circulator,
the lowest degenerate mode is although the real lowest
mode of operation in a dielectric sphere is that, nev-
ertheless, does not have the function of a-dependent field
for circulating electromagnetic wave. Magnetizing the ferrite
sphere increases the propagation constant of one rotating mode
and decreases the other so that the resonant frequencies of
such degenerate rotating modes are split off like the partial-
height ferrite post in Y-junction circulator since these modes
are circularly polarized in opposite orientations, experiencing
different permeability. As a result, the field profiles of the
degenerate rotating modes turn with an angle along thedi-
rection in opposite orientations. Through adjusting the applied
external magnetic field and adequately selecting the radius of
the ferrite sphere at a given frequency, the fields of the two
split resonant modes may be null in the isolated port, while
adding up at the output port. The power injected from the
input port could completely be circulated into the output port
if the ports are well matched. It is observed from Fig. 8(b)
and (c) that the ferrite–sphere circulator is not based on the
transmission cavity model, but a resonant cavity model. The
input power is not directly related to the output, but turned a
circle around the ferrite sphere toward the output port.

IV. CONCLUSIONS

A new way of designing -plane waveguide Y-junction
circulator is proposed in this paper. Instead of the conventional
form of a ferrite post such as the cylinder ferrite post of
full height, a ferrite–sphere topology is used in the circulator
design for potentially low-cost millimeter-wave applications.
The proposed scheme presents advantageous features: namely,
easy-to-fabricate with the well-matured micromachining tech-
nique, and east-to-assemble in view of the waveguide mount-
ing. Considering the fact that the proposed structure is three-
dimensional in nature as compared with the two-dimensional
full-height post, the development of an efficient and accurate
modeling technique is a challenging issue. In addition, the
self-inconsistent three coordinates are simultaneously involved
in the analysis. To solve this troublesome problem, a modal
field-matching technique is developed to calculate field pro-
files of the structure as well as to characterize the proposed
circulator. This technique is based on a segmentation of the
spherical geometry so that the mode-matching procedure can
be effectively made in the mixed cylindrical and rectangular
coordinates. Results are obtained and compared very well with
available experiments for a full-height circulator to validate
the modeling strategy.

A comprehensive comparable study between the new and
conventional circulators is made to show that the electrical
behaviors of the new structure are distinct and radial power-
density profiles are not stationary, as in the case of the
full-height ferrite post circulator for different geometrical
parameters. It is also found that the circulating mechanism of
the ferrite–sphere post is different from its full-height ferrite
counterpart in that the new structure operates in a turnstile
fashion with the nature of resonance. While the operating
mechanism of the conventional device can be well explained
by a transmission cavity model. Our calculated and measured
results are also presented for -band circulators with the
proposed ferrite–sphere technique, indicating some interesting
characteristics such as the frequency-offset behavior of the
isolation and reflection curves. In addition, radial power-
density profiles are plotted inside and outside the ferrite sphere
to illustrate its intrinsic circulating mechanism, as well as its
difference as compared to its full-height ferrite structure. It is
suggested that an excellent circulating performance with the
proposed ferrite sphere be achieved by adjusting the externally
applied magnetic field and adequately selecting the radius of
the ferrite sphere at a given frequency.

Our theoretical and experimental results as well as dis-
cussion on parametric effects indicate that a field-theoretical
analysis is necessary for an accurate design of such a new
circulator, and also that ferrite–sphere scheme is an efficient
alternative in the design of a quality circulator for millimeter-
wave applications.

APPENDIX

The tangential fields are formulated for mode
matching as follows:

(A-1)
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(A-2)

where

Since the continuity condition of the tangential-field compo-
nents defined at interfaces is applicable toin the range of

– , the summation related to in the expressions of (6)
and (7) can be effectively eliminated due to the orthogonal
properties of exponential function. With the consideration of
existence of the lowest volume modes, they are all added up

in the following equations. Multiplying (A-1) by and
(A-2) by and integrating them from to
leads to (A-3)–(A-6), shown at the bottom of this page, where

, as follows:

If the related terms in (12) are substituted, the unknowns
in (A-3)–(A-6) are formulated in terms of so that

(A-3)

(A-4)

(A-5)

(A-6)
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equations also contain unknowns . By solving
these equations, the complex amplitudes can be determined in
terms of . It can be written in a matrix form as follows:

(A-7)

(A-8)

in which and are left- and right-hand-side coefficient
matrices of , respectively. is also a
matrix.
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