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Abstract—This paper presents a class of new easy-to-fabricate similar way for the circulator use. As the operating frequency
ferrite—sphere-based waveguide Y-junction circulators for po- goes up into millimeter-wave range, such a junction circulator

tentially low-cost millimeter-wave applications. A new three- oo meg proportionally small in size. Since the relative ferrite
dimensional modeling strategy using a self-inconsistent mixed-

coordinates-based modal field-matching procedure is developed per.m|tt|V|ty is usually high £10), the diameter c_’f a_ ferrite

to characterize electrical performance of the proposed circulator. Cylinder can be of the order of 1 mm, e.g., operating inithe

It is found that the circulating mechanism of the ferrite—sphere band. To enhance the manufacturing repeatability, a relatively
post is different from its full-height ferrite counterpart in that  |arge dimension is desired, and it can be achieved through the

the new structure operates in a tumnstile fashion with reso- <o o 4 higher order mode operation. However, it leads to
nant characteristics, while the conventional device operates on a

transmission cavity model. Extensive comparable studies between@n unfortunately higher ferrite loss. The miniaturization and
the new and conventional circulators are made to show that hardness of the ferrite post are expected to bring about an
the electrical behaviors of the new structure are also distinct expensive craftsmanship in mounting it into the equally tiny
and radial power-density profiles are not stationary, as in the \yaveguide junction.

case of the full-height ferrite post circulator for different geo- 14 5qqress the above-described challenging issues, an inno-
metrical parameters. Results obtained by the analysis technique ’

are compared with the available results for a full/partial-height Vative idea was contemplated [1]. In essence, it is to replace
ferrite circulator, showing an excellent agreement. Our calculated the ferrite cylinder simply by a ferrite sphere. This is because
and measured results are also presented folV-band circu- the ferrite sphere can be easily handled as if there were ball
lators with the proposed ferrite—sphere technique, indicating pearings. As miniaturized ball bearings of 1-mm diameter or

some interesting characteristics such as the frequency offset : : . :
behavior of the isolation and reflection curves. In addition, even less have been micromachined for decades, it can be said

radial power-density profiles are plotted inside and outside the that th.e. large-scale p_roduction techniques are quitg matured.
ferrite sphere to illustrate its intrinsic circulating mechanism, In addition, a sphere is always normal to the metallic floor of

as well as its difference, as compared to its full-height ferrite the waveguide junction, and the surface-mounting technique is

structure. much less involved. Nevertheless, the modeling and accurate
Index Terms—Ferrite device, junction circulator, millimeter-  analysis of a circulator made of this kind of ferrite sphere
wave, mode-matching technique. 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
|. INTRODUCTION first carried out by Davis [2], whose technique was later

HE H-plane wavequide Y-iunction circulator has beeﬁXtended to the modeling of a class of complicated structures
extensir\)/el used ingmicrow;ve and millimeter-wave s Ss_uch as a junction with a centrally pinned full-height ferrite
y Y$ost or a composite ferrite post. A number of techniques

tems. The most popular anisotropic building block used 5%’]_[7] were then proposed to model the waveguide-junction

guide signal waves in circulation is a ferrite cylindrical po ; . . ; .
. . : " circulators having a full-height ferrite post with arbitrary
of full or partial waveguide height. In addition, other forms 7
Shape. Even though they are general, these analyses are limited

€.g., triangular and hexagonal post, may also be designed I{(])athe circulators with a full-height ferrite post. As for the

circulator designed with a partial-height ferrite post, Owen
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by Shandwily [13] and forH-plane by Akaiwa [14] on the A
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 = 2 Chebyshev response related natural boundary
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- X
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, R

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-
nigues 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-
nigue 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 théZ-plane millimeter-wave Y-junction
circulator with a ferrite sphere.

In Section Il, the ferrite sphere is first approximated by
bodies of revolution with segmented cross sections [19], (b)
[20], whose surface is circumscribed by the spherical surfacg. 1. Schematic diagrams of d@#i-plane Y-junction waveguide circulator
The whole region in the Y-junction can be regarded as with the proposed ferrite sphere. (a) Top view of the Y-junction. (b) Side

.. . . view of the junction.

composition of many annulus, i.e., concentrically cascadéd
conducting parallel-plate cylindrical waveguides loaded with

multiple layers containing dielectric (air) and ferrite medium in

series. In each annulus (parallel-plate cylindrical waveguidéﬁe,SUItS and d|scu5_5|on |nd|ca'Fe the val_|o!|ty of our an_alys_|s and
field profiles of each region partially filled with different&iso that the ferrite sphere is an efficient alternative in the

medium can be expanded through eigenmodes. The contimﬂﬁfign of a quality circulator for millimeter-wave applications.
of tangential electric and magnetic fields at the interface of

two adjacent regions of the dielectric and ferrite is reinforced IIl. FIELD-BASED MODEL OF Y-JUNCTION

to obtain a solution for the radial propagation constant in the CIRCULATOR WITH A FERRITE SPHERE

two regions in question. Matching tangential fields along every As shown in Fig. 1, theéd-plane Y-junction circulator with
interfacial plane and applying the Galerkin technique lead toferrite sphere presents a symmetry at zhe 0 plane, and

a set of solvable linear equations. Results are presentectiia symmetric plane can be considered as an electric wall,
Section lll, showing that our analysis is in good agreememnihich allows us to model either side for the whole structure.
with the available results for the limiting case (full-heighThe junction can be divided into such regions as a series of
ferrite-post circulator). Our calculated center operating freoncentrically cascaded conducting parallel-plate cylindrical
guency is 3.81% lower than the experiments. The predictedveguides loaded with dielectric (air) and ferrite media. In
insertion loss and isolation are in fairly good agreement wittach loaded waveguide, the ferrite is denoted as region |, the
the measured results, considering the fact that the ferrite losslislectric as region 1l, and the dielectric (air) exists only for
neglected in the model. The radial power-density profile verstiee outermost region. With field expansion in each region, the
the orientation, as well as the complete power-density proffield-matching procedure is first made between different media
versus the position over the Y-junction, are also plotted goegions | and Il), defined in each concentrically cylindrical
that the operating mechanism of the ferrite sphere can be beltgrer, assuming the same radial propagation constant for the
understood as to its function of circulating signal waves. Thesgo regions. The similar field matching is then applied to
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neighboring concentrically cylindrical layers. In this way, a A similar equation can be also obtained f&fy. The
set of linear equations can be set up by matching tangentabpected solution can be obtained from roots of these char-
fields in each interfacial plane. Results are easily obtained frauteristic equations.

solving these linear equations. 1) Field Formulation in the Ferrite Regionit is now easy
to derive the related field formulation in the ferrite region from
A. Field Expression in the Y-Junction Regions the above basic equations as follows:
First of all, the circulator structures are supposed to be loss- 2 o 2 )
less and the ferrite sphere is homogeneously magnetized in theF=r = >, > Y Aingcos BizRpu(Ker)e™?
z-direction by an externally applied bias fieli. The biasing i=1 n=—00 I=1

range includes the partially magnetized and demagnetized state /3 N
(H¢ = 0), which is particularly useful for below-resonance H=F = Z Z Z gl iAing sin Bz B (Ker)el™?

circulators. The longitudinally magnetizéd) field equations i=ln=—eol=1
are formulated as follows: cﬁ
— — E(,,F - Z Z ZJAznl
Vx BE=—jwp,[u] H i=1 n=—o00 I=1
T > Ru(Ker)| . ine
VX H=jwe,es E . [%‘R;LI(KJ’) — R”I’(;M} sin 3 z¢im¢
_ ,
V-E=0 2 K.
V- B=0 1  Her= Z Z > e Aint
i=1 n=—occ [=1
in which
R _ R(Ker) L oing
w —jr 0 [PZRM(KJ) T Ko cos 3 z¢ (6)
W= |jx w O .
0 0 with

. . . T (Kor), K?2>0
if the magnetization is saturated wifh. = 1 and the tensor R (Ker) =97 (K.r) K2<0

elements are defined in a similar manner as in [1]. The

development of the above equations leads to (2) and (§P

shown at the bottom of this page, whetrp is the relative Rua(Kur) = { Yo (K.r), K2>0
permittivity of the ferrite sphere anf? = w?e,poes, fresr = " Kn(K.r), K2 <0
pe = (p? — K2 /). Now, through a S|mple variable separations well as

procedureH, = T(r,¢)Zu(z), E. = T(r,¢)Zr(z) under ol fi

a prescribed condition oV?7 + K*T' = 0, (2) can be Plo=Kjn—K; 2%

reformulated as 2 1/2
2 2 p0?Zp | weoesti 9Zp _ Kf(“ — ’“‘Z> + D KAK2. - K2
(Kpp—K)n+ =55+ = &5, =0 2 o I
O Zy  whokp, 0Zy P =K? Kf
(K — K27+ 278 7o (@ e
d H d ti = (weoeprif3i) /(K — Ko po — f37)

where K. is radial propagation constant in the ferrite medium. G = p.ti P
Such above equations can be easily arranged into a fourth- v = (K2 — K2 — B2) /(1K)
order homogeneous linear differential equation as follows: @ = \App ¢ v ¢

84ZE in which J,,, Y, 1., andX,, are thenth-order Bessel functions
2K2) — K2 1+ of the first and second kinds, as well as the modified first
0zt S i . . . X
: ) = and second kinds, respectively. The constants associated with
a: + 2 (K2, — K2) (K2p. — K2)Zp =0. (5) the second-kind Bessel functiod§, K, will be zero for the
922 Sl e AT e e inner layer.
2 . 02H, weoest OB,
ViH. + = = + KiHopi. + 5. =0
O’E, wiote OH,
ViE. + —— + KipenE, — =2 = 2
£z + 022 + K e By (2)
o2 OF.,
[8 + Kfu} E, —|—Jan7 X By, =V, Ep + jwpoz X ViH, + wpor Vi H.
a oE. .
{8 + Kfu} H, +J/in7 x Hy =V, 5, —Jwhed X ViE. (3)
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2) Field Formulation in the Dielectric RegionTo charac-
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B. Interfacial Matching of Tangential-Field Components

terize the dielectric region is to substitute the above relatedrnare are four distinct types of boundary interfaces. The
field equations by its characteristic dielectric elements suchfﬁgt is related to the interface of ferrite and dielectric media

k =0, ¢ = ¢q, andy = 1, shown in (7), at the bottom of
this page, with

N Jn(Kcr), K62>0
R (Ker) = { L(K.r), KZ?<0
Ay — Nn(KCf,))? K62 >0
Ra(Ker) = { K (K.r), K2<0
as well as

R (K.r) =Ry (K.r)/0r,
K? =w?eu, — K2
€ = €p¢€y.-

3) Field Formulation in the Cylindrical Parallel-Plate
Waveguide:As for the air-filled cylindrical parallel-plate

in each annulus, as indicated in Fig. 2. The radial propagation
constanti. 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/ — 1 interfaces ifJ 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, fftle annulus) and

the outer dielectric (air or a surrounding dielectric) region,
while the fourth type is in relation to the natural boundary

waveguide, which surrounds the ferrite and dielectric layers {n = 1/v/3, a is the width of rectangular waveguides) between
the junction, the field expressions are formulated as (8), shotie three rectangular waveguide arms and Y-junction region.

at the bottom of this page, with? = (mn/c)? — K32, K3 =
w?eotto, Yo = v/€o/lhor Bm = (mm/c), m =1,2,--- M.

The field matching related to this boundary has been discussed
in [3] and [4].

2 oo
E.p= Z Z B Ry(Ker)cos K (c — z)ej"“ﬁ
=1 n=—o0
2 o0 )
H.p= Z Z Bo Ry (Kor)sin K. (¢ — 2)e™?
=1 n=—o0
. = nKz Wihto oy . Jne
E.p=3j Z Z Blan—QTRnl(KcT) + Bont A i (Ker) psin Ko (e — 2)e
=1 n=—o00 ¢ ¢
- = we K.n ing
H,p=-j ; _z_: Blananl(KCT) 4+ Bony @Rnl(KJ’) cos K (c— z)e @)

+oo >
E::ir = Z {Clnan (KOT) + OQnan(KOT) + Z [OlnmIn(KaT) + Ogann(KaT)] COS ﬁmz}cjm’c
n=—oo m=1
. +Oo o .
Hzalr = Z Z {Dlnm-[n(KaT) + DannKn(KaT)} Sinﬁrnzejmrc
n=—oom=1
- = mm n Wito .
Ej;lr = Z {K—QC Z [Clnm-[n(KaT) + CQann(KaT)] + K [Dlmn-lrll(KaT) + D2an;L(KaT)]} sin ﬁrnzejmp
n=—oom=1 a @
. oo oo weo
Hglr = 1{_Y:) [Can']rll(KoT) + CQnoYé(KOT)] + Z K [Clnm]r/L(KaT) + CQan;L(KaT)]
n=—oo m=1 @
Jjmm n ) ) ine
- Kgc 7_ [DlnmIn(K(ﬂ)+D2ann(Ka7 )] }COS ﬁrnzej @

(8)
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7 FERRITE _AIR _ DIELECTRIC and

)
%’/ ’ Mpa(R) 1 [G12(Gar Hy — Gy Hy)
\N //4

T GpA

\\§“ y +G32(GriHy — Gar Hy))

%\ 1 with the following elements:
§§\§ N | = e o
\ G = —25 cos K.(c— h)

Fig. 2. Piecewise segmentation of a ferrite sphere loadéeplane

K
GQl = —67’2 COS /32h
> L ; e w
Y-junction in terms of a number of concentrically cascaded cylindrical Ho

parallel-plate waveguides loaded by ferrite and dielectric media. Gz = & cos K (c _ h)
- z
C
1) Field Matching of Ferrite and Dielectric Region in Gay = K sin K.(c— h)
1 H - z
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 constdts,
Bs,1 in terms of A1,; and As,;. The resulting equations
are arranged in such a way that ea8f) is characterized by K. ]
A,, and also a set of four homogeneous equations. Matching Hs = _Fpl sin 31 ().
the tangential fields at = h yields a complex coefficient /
transcendental equation, such that

K.
Hl = —Pl COSﬁlh
Wio

K.
Hy = ———r1cosfBi(h)
WHo

2) Field Matching of Two Adjacent AnnuliThis field

3 foweK . ing i i i 1 i

B152 tg fih ctg K.(c— h) (g1 — ¢2) matching is tg derive comple>_< amplitudes of the ]‘le!ds in the
Ky last annulus in terms of its first counterpart. This is simply
+ YﬁwuoKsz ctg BohtgK . (c — h) (11 — 72) done by the use of continuity conditions of the tangential-
Yy tg Buh g Soh(q K2 — W epiors) field components at the interface of two adjacent annuli

) ) gradually from outer to inner in sequential order. With these
+ Ypfa(wepors — KZg2) = 0 conditions, four equations are obtained over the cylindrical
in which the radial propagation constahf. is implicitly surfacer = Rpy; betweenTth and (7 + 1)th annuli (see
formulated in K, and 3; (: = 1,2). Hence, K. can be the Appendix for details). Thus, the complex field amplitudes
obtained by solving this nonlinear equation that is independetdfined in the last annulus waveguide are characterized by
of transverse coordinatgsands. Results indicate that there isthose of its first counterpart as follows:
a finite number of modes (volume modes) #6¢ > 0 and an
infinite number of modes (surface modes) f6¢ < 0. In our (A7 ]=
formulation, only the lowest volum& modes are obtained if
the infinite summation is truncated into a finite one. On the
other hand, the propagation constafifsand 3 in the ferrite,
as well asK. in the dielectric, can be simply calculated fro
each value ofi{,. Now, the constantsl,,,, Bi,,, and B,,, are
expressed in terms ofly,,, such as

Aoy =Moo (h)Aln

[C1]- - [Crll A ] (10)

3) Field Matching of the Last Ferrite Annulus and Outer Air
Region: Applying the continuity condition of the tangential

Mield components at the interface = R; between the
outermost concentrically cylindrical ferrite loaded waveguide
and the air region leads to the following equations:

B1, = Mpi(h)Ay, E’(R;) = E*™(Ry)
Byn = Mpa(h)A1n 9) H;Z(RJ) =H3"(Ry) (11a)
where El(Ry) = EZ*(Ry)
H — H. _ ir
Meao(h) = 1G32 = 3G12 H/(R;) = H*™(Ry). (11b)
Mgy (h) = M Since these boundary conditions are applicable in the range of
A @ from0r to 27, the n-related summation implicitly involved

A =GuGa — GraGs in (11) can be eliminated due to the orthgonality of the
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Fig. 3. Validation and comparison of our field theoretical model and its results against other available results. (a) Electrical characteriitibarican
H-plane Y-junction circulator with a full-height ferrite po& = 3.5 cm, (TT1-109), — our results; + + [3]. (b) Results of & a-band wide-band{ -plane
Y-junction circulator with partial-height ferrite post for insertion logg: = 2.08,¢; = 15.0, Ry /h = 1.57,h = 0.78 mm,l = 4.16 mm,c = 0.978 mm,
47 M, = 5000 G,H; = 200 Oe, — our modely ¢ o experimental results [16]. (c) Results offéu-band wide-bandd -plane Y-junction circulator with
partial-height ferrite post for isolation: [the same parameters as above (b)] — our madelexperimental results [16].

exponential functions. Multiplying (11a) byos 3,7, and here for the sake of brevity, and interested readers may refer
(11b) bysin 8,7, and then integrating them from = 0 to

z

¢ yield
CanJn(KORf) + CQnOYn(KoRJ)

2 2V
% Z Z Z ']nl(KcvRJ)

i=1 [=1 v=1

: [Ai{llv-[]-cinw(h.]) + Bi{llv-[2cirn'v(h.])]

CinoJ(KoRy) + ConoY, (K,Ry)

2 2V
= 0170 Z > > A sy (B Leimu (ha)

=1 =1 v=1

+ [Bi]nlvH33nlv (RJ) + Bé]nlvn34n'v (RJ)]Izcinvv (hJ)

(12)

to [3], [4], [15], and [16] for detalils.

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

RESULTS AND DISCUSSION

for m = 0 and (13), shown at the bottom of the followingthe analysis. A rapid convergence of the finite expanded

page, form > 1, andg,, = (mn/c), m = 1,2,---, M.
Based on the above six inhomogeneous equations,

CompleX amplitUdeﬁlnm C(21101 C(lmny CQnmy Dlnmu D2nm

J
Blnlv’

are given in terms ofA;

inlv?

and BY

2nlv*

Moreover,

they can also be formulated in terms 4t , while (9) and

(10) are applied. Once this field-matching process has beaeades. If the difference is negligible, the matching points are
accomplished, the fields must be matched between the thcemasidered sufficient.

rectangular waveguides and Y-junction region at the naturalTo begin with, an H-plane Y-junction having the
boundary of the Y-junction. However, we will not discuss thiull/partial-height ferrite post are modeled to validate our

series should be observed. This can be done by first se-
tbeting 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-
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analysis technique. Fig. 3(a) shows our frequency-dependent
results compared to th&-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 Ka-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 smalk/u, the simplified analysis is
effective, but the error should not be neglected for the case
of a large value inKa-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
10000, 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

Power density flo

Power density flow

|
IS

25
2
15
1
0.5
0

0.5 @
1B )
-15

-2

o N LA o AN w s
- ;

(@

—+—1/R=0.3
...... r/R=0.6
r/R=0.9

Degree

R
s

240 300 “h

(b)
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, S Lo B = '
simply by F. = 5 Re(E x H*) -7 where# is the unit vector rig 4. Normalized radial power-density flow profile in the= 0 plane
in the radial direction. Fig. 4(a) and (b) plots the powerfor the X-band H-plane Y-junction circulator with a full-height sample

density flow as a function ofp in full-height ferrite-post
and air regions, respectively. Fig. 4(b) denotes that a8
approaches 1 in the isolated pggt = 240° — 360°), P.is
approximately zero. The signal power injected into the input
port (¢ = 120° — 240°) is almost completely transmitted
into the output porty = 0° — 120°), thereby achieving the
circulating function. In addition, the power density flowin

(TT1-109): R = a/+/3, Ry = 3.5 cm, andfy = 10 GHz, The input port at
180°). (a) Inside of the ferrite post0 < r < Rg). (b) Outside of the ferrite
post (Ro <7 < R).

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

into the input port is positive, while it remains negative at Following the validity of our analysis technique with the
the output port. This is normal in relation to the signal-flov@Pove two structures (full- and partial-height ferrite posts),

orientation. The input and output power-density flow in &ur attention now focuses on the modeling and analysis of
closed cycle at any radius (air or ferrite region) is alwaya class of three-dimensional ferrite—sphere-based waveguide
balanced and conserved. This fact can be expected, as dineulators operating at millimeter-wave frequencies. Fig. 5(a)
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g 2. 2.V o B
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1=1v=1I=1

jmmT n
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-2

UI]-sirn'v(hJ) + Bfn1V1251V111(hJ)]

wWho
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[Dlnrn-[;,(KaRj)DQnrnK;;,(KaRJ)]

2 2 Vv
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o
ma n
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=1 l=1 v=1

(13)
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Fig. 5. Electrical characteristic of 8 -wave bandH -plane Y-junction circulator with a compound crystal Ni-Zn ferrite sphere: waveguide dimension
a X b= 254 x 1.27 mm?, sphere radiuRo = 0.4 mm £5%, ¢ = 0.635 mm, e; = 2.25, ep =13.5, R = a/+/3, permanent magnet®. > 1700 Oe,
4n M, = 5000 G, AH (loss)< 120 Oe. (a) Measured results. (b) Calculated results. (c) Central operating frequency versus the sphefg .radius
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Fig. 6. Normalized radial power-density flow profile in the = 0 plane of a ferrite—sphere-based WR-10 waveguileplane Y-junction:

a X b =254 x1.27 mn?, sphere radiu®Ry = 0.4 mm £5%, ¢ = 0.635 mm, ¢, = 2.25, ey = 13.5, fo = 90 GHz, permanent magnefd. > 1700 Oe,
47 M, = 5000 G, AH (loss)< 120 Oe. (The input port at 18). (a) Inside of the ferrite sphere for different radiiis< r < Ro). (b) Outside of the ferrite
sphere for different radiu6Ro < r < R). (c) At the position ofr = 0.9R for an off-diagonal element (of permeability tensor cases).
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Fig. 7. Complete picture of power-density flow profile in the= 0 plane of anX-band full-height ferrite post waveguid®€-plane Y-junction circulator:
a x b=2.286x 1.143 cm?, post radiusRy = 3.5 cm, R = a/+/3, fo = 10 GHz, (the input port at 180 the output at 69, the isolated port at 300. (a)
Demagnetized case # = 0.0(0 <r < R). (b) x = 0.37, inside of the ferrite postr < Ry). (c) = 0.37, outside of the ferrite postRy < r < R).

and (b) shows measured and calculated electrical charactgrestion as to whether it is possible to achieve the optimized
istics of new circulators versus frequency in terms of theharacteristics for all the targeted parameters. It is found that
insertion and reflection loss, as well as isolation ¥orband the calculated center frequencies are 3.81% lower than their
applications. The insertion loss obtained by our analysis nseasured counterparts, considering the difference between
better than our experimental results, which can be attributEdy. 5(a) and (b). This frequency shift is attributed to the

to the absence of a loss factor in the modeling. It is algwescribed4+5% fabrication tolerance of our ferrite—sphere

observed that the reflection and isolation are better theadius designed for our experiment, and Fig. 5(c) displays the
28 dB for W-band. However, the two frequency-responséependency of a center operating frequency with the sphere
curves are shifted from each other, indicating that a prescribedlius in the case that a bias external magnetic field is set to
electrical performance may be preferred as to which factorbe 200 Oe. Although the center frequency of our proposed
emphasized in the design. This also gives rise to a fundameriatulator is found to be sensitive to the ferrite—sphere radius,
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Fig. 8. Complete picture of power-density flow profile in the= 0 plane of al-band ferrite—sphere waveguidg-plane Y-junction circulator:
a xb=2.54x1.27 mmZ, sphere radiuf?g = 0.4 mm, R = a/+v/3, fo = 90 GHz, (the input port at 18Q the output at 69, the isolated port at 300. (a)
Demagnetized case # = 0.0 (0 < r < R). (b) k = 0.37, inside of the ferrite sphereRy < r < R). (c) x = 0.37, outside of the ferrite spherg: > Ry ).

a large-scale batch fabrication of small ferrite sphere withinimum) points of the positive and negative power-density
nearly identical radius can be easily obtained to meet tbarves, unlike the case of the full-height ferrite post circulator,
demand at a given frequency. Fig._6(a)—(c) gives calculatark shifted away from the input and output directions, as
profiles of the power-density flow?, in both the ferrite indicated in Fig. 6(a) and (b) for different radius. As the
and air regions as a function of the orientation angléor radius begins its decreasing franiy/3 to zero, the maximum
different radius defined in the first two figures and for differerpositive positions move from 180counterclockwise, while
off-diagonal elements< of the permeability tensor. Similar the maximum negative positions move from°6€lockwise.

to the two-dimensional case, the input and output powghis is quite different from the stationary behavior of the two-
flows are kept well balanced. Interestingly, the maximum (a@limensional case. This phenomenon suggests that the ferrite
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sphere operates in a different manner from the full height in IV. CONCLUSIONS

circulating the signal waves. On the other hand, an adequate\ q\y way of designingH-plane waveguide Y-junction
choice of an off-diagonal element, as shown in Fig. 6(C), {Srculator is proposed in this paper. Instead of the conventional
alsq important for the circulator operation that can readib.m of a ferrite post such as the cylinder ferrite post of
optimized. _ _ . full height, a ferrite—sphere topology is used in the circulator
To better illustrate the circulating mechanism of the progesign for potentially low-cost millimeter-wave applications.
posed ferrite sphere, a complete picture of the power-densiiye hroposed scheme presents advantageous features: namely,
flow vector profile in thez = 0 plane of the Y-junction gy to-fabricate with the well-matured micromachining tech-
is given in Fig. 8(a) forx = 0.0 and Fig. 8(b) and (c) for pigue, and east-to-assemble in view of the waveguide mount-
# = 0.1. To facilitate our discussion, the similar plots arg,q considering the fact that the proposed structure is three-
also shown in Fig. 7(a)-(c) for the full-height ferrite post. Itimensional in nature as compared with the two-dimensional
is well known that a full-height ferrite-post loaded Y-junction.neight post, the development of an efficient and accurate
is resonant with the&'M,;0 mode, which is easily excited by mogeling technique is a challenging issue. In addition, the
the TE,o mode of the rectangular waveguide. Sucli™..0  self-inconsistent three coordinates are simultaneously involved
mode presents a field pattern that can be generated by {igne analysis. To solve this troublesome problem, a modal
sum of a pair of similar contrarotating modes, and the Rfa|d-matching technique is developed to calculate field pro-
magnetic field inside the ferrite at the center of the cavifies of the structure as well as to characterize the proposed
is circularly polarized for each side (right- or left-hand sideyj;cylator. This technique is based on a segmentation of the
of rotation. With the demagnetized ferrite, both contrarotatirgjhericm geometry so that the mode-matching procedure can
modes become resonant at the same frequency and the ouglibffectively made in the mixed cylindrical and rectangular
ports will guide two signal waves of about equal magnitudgoordinates. Results are obtained and compared very well with
as shown in Fig. 7(a). If the standing-wave pattern is rotatggajlaple experiments for a full-height circulator to validate
through 30 as the ferrite post is suitably magnetized, ong,e modeling strategy.
output port is then situated at a voltage null of thel+110 A comprehensive comparable study between the new and
modes, and the fields at the other two ports are equal dBnventional circulators is made to show that the electrical
magnitude, as shown in Fig. 7(b) and (c). To some extent, thgnaviors of the new structure are distinct and radial power-
device behaves like a transmission cavity between the ian@nsity profiles are not stationary, as in the case of the
port and one output port, while the other port is isolated. fy|-height ferrite post circulator for different geometrical
However, the ferrite—sphere-junction circulator operates ghrameters. It is also found that the circulating mechanism of
a turnstile fashion, and its rotating modes propagate along #@ ferrite—sphere post is different from its full-height ferrite
ferrite—sphere axis coinciding with the direction of an applieghunterpart in that the new structure operates in a turnstile
external magnetic field,. The degenerate frequencies of thezshion with the nature of resonance. While the operating
counter-rotating modes are approximately equal to the resongchanism of the conventional device can be well explained
frequencies of the ferrite sphere as if the latter were treated 8§25 transmission cavity model. Our calculated and measured
dielectric resonator and the field is distributed symmetricalpasyits are also presented féF-band circulators with the
over the input port. In the ferrite—sphere-junction circulatoproposed ferrite—sphere technique, indicating some interesting
the lowest degenerate modeli&,1; although the real lowest characteristics such as the frequency-offset behavior of the
mode of operation in a dielectric spherei¥o; that, nev- jsplation and reflection curves. In addition, radial power-
ertheless, does not have the function op-alependent field density profiles are plotted inside and outside the ferrite sphere
for circulating electromagnetic wave. Magnetizing the ferritg, jjjustrate its intrinsic circulating mechanism, as well as its
sphere increases the propagation constant of one rotating mgfirence as compared to its full-height ferrite structure. It is
and decreases the other so that the resonant frequencieg @ested that an excellent circulating performance with the
such degenerate rotating modes are split off like the partighoposed ferrite sphere be achieved by adjusting the externally
height ferrite post in Y-junction circulator since these modegpplied magnetic field and adequately selecting the radius of
are circularly polarized in opposite orientations, experiencinge ferrite sphere at a given frequency.
different permeablllty As a result, the field prOfileS of the Our theoretical and experimenta| results as well as dis-
degenerate rotating modes turn with an angle alonggtii-  cyssion on parametric effects indicate that a field-theoretical
rection in opposite orientations. Through adjusting the appligghalysis is necessary for an accurate design of such a new
external magnetic field and adequately selecting the radiuscffculator, and also that ferrite—sphere scheme is an efficient

the ferrite sphere at a given frequency, the fields of the tviternative in the design of a quality circulator for millimeter-
split resonant modes may be null in the isolated port, whilgave applications.

adding up at the output port. The power injected from the

input port could completely be circulated into the output port APPENDIX

if the ports are well matched. It is observed from Fig. 8(b) The tangential fieldS E,, H,) are formulated for mode
and (c) that the ferrite—sphere circulator is not based on thfytching as follows:

transmission cavity model, but a resonant cavity model. The . -~

input power is not directly related to the output, but turned a B (Bpy1) =E; 7 (Rryt)

circle around the ferrite sphere toward the output port. H;F(RTH) :H§+1(RT+1) (A-1)
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HY Ry ) =H™ Y (Rry)) in the following equations. Multiplying (A-1) byos /3,,,# and
Eg(RTH) =ETY(Rpy) (A-2) (A-2) by sin 3,z and integrating them from = 0 tozr=c
leads to (A-3)—(A-6), shown at the bottom of this page, where

where Bm = (mn/c), v,m = 1,2,---,V as follows:
E:T (R ) 0< z<h Kcu anc(Kch)
FE = 2T - L iy (r) =Y, -PzR/ Ker) =1
i (RT+1) { EZTD(RT-I—I)v hT S z < C sinl (7) / K nl( 7) ! KC’UT ’
ET (RT+1) 0<z<hr i:1’2
E,‘ R — (,;F bl =
‘r( T+1) {EED(RT'f'l)’ hr <2<C Hzzny(r) = ;6 "/rll(KC’UT)
T (Rpy1) 0<z<h
HT(R _ ) H p(Rry1), < T K., n
» (Fre1) {EZD(RT+1)7 hy <z<C Uzamv(r) = K2 ;Rn(Kch)
HT (RT 1) 0< z<hy v
HT R = ek 15 - chﬁir anl(chT)
(’9( T+l) {HZ:D(RT-HL)? hr <2< C H4inl'v(7’) = KJQc qi '/nl(KC’UT) - -PZT ;
EzD (RT+1), hT_|_1 <z<(C K., n
T41 H43nl'v(7)) it > _)Rnl(Kch)
ETH(Ryyy) = E_ g (Rry1), 0< 2<hrir K2 v
. T+1) =
v EZ5 (Rry), hrir £2<0C My (r) = % ! (K eor)
HT+1(RT 1) 0< z<hry c;
HT—|—1 R — =1 +1/s — + ) - ]
@ (Rry1) Hg]'jl(RT-q-l), hryr <2< C Ilvm(z) = ; €08 (31,2 COS Bz dz
R 0<z<h ‘
HT+Y( R o (Bria), =~ T+1 12,0m(2) = cos K.,(c— z)cos B,z dz
- (s EXFY(Bry),  hrp <250 ) = =

Since the continuity condition of the tangential-field compo-
nents defined at interfaces is applicablegtan the range of ¢ )

0n—27, the summation related tp in the expressions of (6) 2givm(z) = / sin K (¢ = 2) sin Bz dz.

and (7) can be effectively eliminated due to the orthogonal -

properties of exponential function. With the consideration off the related terms in (12) are substituted, the unkno®¥ps,
existence of the lowest volume modes, they are all added iap(A-3)—(A-6) are formulated in terms od;,;, so thatd x V'

Mgy (2) = / sin 35,7 - sin Bz dz
0
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equations also contait x V unknownsAZ !

inlv *

By solving

1733

[19] W. K. Hui and I. Wolff, “A multicomposite, multilayered cylindrical

these equations the complex amplitudes can be determined in dielectric resonator for application in MMICJEEE Trans. Microwave

terms of AT

inlv

[L)avsav AT = [Rlay xav AL, (A-7)
Aiz;l-ltzl = [L] ZL% x4V [R] 4V x4V A’iz;llv
=[Cr]sv xav Ay (A-8)

. It can be written in a matrix form as follows:

Theory Tech.vol. 42, pp. 415423, Mar. 1994.

C. M. Krowne and R. E. Neidert, “Theory and numerical calculation
for radially inhomogeneous circuit ferrite circulatorslEEE Trans.
Microwave Theory Techvol. 44, pp. 419-431, Mar. 1996.

[20]

in which [L] and [R] are left- and right-hand-side coefficient

matrices of4V x 4V, respectively[Cr] is also a4V x 4V
matrix.
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