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An Efficient Method to Analyze théZ-Plane
Waveguide Junction Circulator with
a Ferrite Sphere

Ru-Shan ChenMember IEEEand Edward Kai-Ning YungSenior Member IEEE

Abstract—This paper presents an approximate, but efficient Since the 1960'’s, various methods have been developed for
field treatment of ;he new easy-to-fabricate .ferrite-sphere-bas.ed analysis and design of the waveguilfejunction circulators
H-plane waveguide circulator for potentially low-cost mil- \yith fy||-height ferrite posts [3][7]. Even though they are gen-
limeter-wave communication systems. A new three-dimensional Lo : .
modeling strategy using a self-inconsistent mixed-coordi- _eral foran ar_bltranly shaped femtg post, th_ese analyses are lim-
nates-based mode-matching technique is developed, i.e., thdted to the circulators with full-height ferrite post. As for the
solutions of the Helmholtz wave equations in the ferrite sphere circulator designed with a partial-height ferrite post, Owen [8]
and in the surrounding areas are deduced in the form of infinite  demonstrated that it operates in a turnstile fashion with rotating
summation of spherical, cylindrical, and general Cartesian modes, modes guided along the ferrite axis, and it also has a wider

respectively. The point-matching method is then used on the - . -
interface between the ferrite sphere and air within the cylindrical bandwidth as compared to its full-height counterpart. Although

junction, as well as the interface between the junction and waveg- & humber of approximate formulas have been given for engi-
uides to numerically obtain the coefficients of different orders neering design [9]-[11], there is the lack of a rigorous theoret-

of basis functions of the field. Therefore, the field distributions, jcal model Considering the realistic boundary conditions. The
as well as the characteristics of the circulator, are numerically mode-matching analysis of a waveguide junction circulator with
calculated and good agreement is observed between the numerical . . -
results and measured data. a partial-height ferrite post was presented [12]-[14], but the re-
sults do not agree well with the experiment. On the basis of sim-
plified field expression [15], both volume and surface modes are
used as eigenmodes to obtair= 2 Chebyshev response related
characteristics [16], [17]. Nevertheless, the analyses are still re-
I. INTRODUCTION stricted to the case of a partial-height ferrite post.
In our case, the permeability tensor and spherical coordinate
ake itimpossible to find a closed-form analytical expression of
and communication systems, although with the developm dS. inside a magneti_zed ferrite sphere. Moreoyer, the self-in-
of the monolithic-microwave integrated-circuit (MMIC) pons!stent thr_ee coor_dlnat.es (rectanglular, _cyllndrlcalj and spher-
lr(r‘al) involved in anY”-junction waveguide circulator with a fer-

techniques, planar circulators have been utilized more a S . - : oo
more in the microwave devices and circuits, the Waveguigée sphere give rise to an additional difficulty in handling its

|
circulators still have their places in larger power cases. T gundary condition in the angly_3|s. AIthough a f[echnlque that
H-plane waveguide junction circulators with a ferrite po §based on the equivalent principle and cavity .ﬁeld expansion
of full or partial height have almost been studied thorough 8l, [1.9] was proposed'to mod.elthe WavegU|deJunct|on having
in theory and experiments. At millimeter-wave frequencie n ar_bltrarllyshapt_ad anlsotrqplc medium, hundreds ofexpande_d
however, the size of the ferrite post is too small to perfor nctpns are reqwred to gch|eve or_wly less than 3% error in t_helr
the fabrication and installation with precision, therefore, é'”'he'g_ht compc_)sne ferrite po_st cwculators_. n [2.]' the ferrite
novel waveguideY -junction circulator with a ferrite sphere Sphere Is e}pprommated by bod!es pf revolu'Flon with segmentgd
for millimeter waves application was proposed in [1] and [ZQOSS sections, whose .surface IS cireu mscribed by the spherical
However, the computer-aided design (CAD) [2] to model su rface._'l_’he whole region in tf}t_éjunctlon can be Tegarded asa

a circulator made of this kind of ferrite sphere becomes Ve%()mposmon of many annulus like [20] and [21], i.e., concentri-

Index Terms—Collocation method, eigenmode function, ferrite
device, junction circulator, millimeter wave.

AVEGUIDE Y-junction circulators have been widely
used in microwave and millimeter-wave transmissiol)

difficult because of a spherical topology that is not consiste @Ily cascaded conducting paraliel-plate cylindrical waveguides
with the rectangular waveguide coordinate oaded with multiple layers containing dielectric (air) and ferrite

medium in series. Matching tangential fields along every inter-
facial plane and applying the Galerkin technique lead to a set of
. . solvable linear equations. Nevertheless, the whole analysis pro-
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o

Ferrite sphere

technique is then jointly used to model thé-plane mil- b
limeter-wave Y -junction circulator with a ferrite sphere. In Waveguide wall
Section Il, the vector-scalar potential function is applied to
the Maxwell equation having a permeability tensor, and a new
divergence condition different from commonly used Coulomb’s
and Lorentz’s conditions is proposed to get a scalar Helmholtz
equation in spherical coordinates for spherical TE mode fields
(&, = 0). From the solutions of the equation, the presentations
of the electromagnetic fields in the ferrite with the dc-biased
magnetic field can be deduced. The surrounding area is divided
into two parts: one is the junction area in which the fields are
described in cylindrical coordinates, the other is the waveguide
area with the Cartesian coordinate descriptions of the fields.
The boundary between these two areas is an imaginary one,
which may be a cylinder with the same axis as the waveguide
junction. The presentations of the fields in the above three areas
are in the form of infinite summations of spherical, cylindrical,
and general Cartesian modes, respectively. Also, collocation
technique is then applied to get a series of solvable equations
for the magnitudes and phases of the electromagnetic-field
components within the presentations. Results are presented
in Section I, showing that the predicted insertion loss and
isolation are in a fairly good agreement with the measured
results since the ferrite loss is neglected in our model.

Il. THEORETICAL ANALYSIS

The configuration of anH-plane waveguide junction cir-
culator with a ferrite sphere of radius is sketched in Fig. 1.
If the circulator is, for example, designed for uses in the
4-mm-wave range, it is fed by three WR12 waveguides of
width 3.099 mm and of height 1.549 mm. TH#,, mode is
the only mode of propagation in the waveguide. Gyrotropic port2
Al-Ni—Zn ferrite spheres of relative permittivity,, = 13.5, (b)
of loss tangent: = 0.0005, and of saturated magnetization
4n M, = 4950 G are selected. The radius of the ferrite sphere imaginary
varies from 0.5 to 0.6 mm. It is fixed on top of a 0.2-mm-thick cylindreal
triangular impedance matching plate inside the waveguide wall
junction. With the thickness of epoxy glue included, the sphere
is approximately placed at the center of the waveguide junction.
For easy reference, the circulator is placed on:thg-plane. port 1
While Port 1 atp = 0 is designated as the input channel, Port
2 (p = 2n/3) and Port 3 ¢ = 47 /3) are output channels. The
sphere is located in the center of the junction and magnetized
in the z-direction by two electromagnets above and below the
junction. The system is assumed to be free of losses and the
output ports are perfectly matched, the exciting field is the
rectangular dominant modeE7,, and the time dependence of
the electromagnetic-field components is in the forna’sf. ©

port 3

the ferrite sphere
is located here

. .. . Fig. 1. (a) Section view on the center plane perpendicular to the wide side of
A. Field Presentation in the Ferrite Sphere the waveguide. (b) Section view on the bottom plane perpendicular to the narrow

The origin of the spherical coordinate is selected at poiﬂfceugtgﬁewvi‘;ﬁvae?;'ﬂ; g‘;)hifgf'gurat'on of &frplane waveguidé'-junction
(0, 0, R) according to Fig. 1(c). The Maxwell equations in a

nonconducting ferrite medium are as follows:
where [u4] is the relative permeability tensor. If the ferrite

5 = medium is magnetized in thedirection, [;1,] in the spherical
VX ? = TIwiho ['ﬁS]H @ coordinates can be obtained by the following transformation:
V x H = jwege s B (2)
V.-D=0 3)
V-B=0 4) [1s] = [T )T (5)
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where ferrite sphere for a millimeter-wave circulator, as if the latter
4o k0 were a d?electric spherg resonator. Also, the lowest mode in
L] =po | —jr u 0 the junction cwcglator is modé&'Eq;; becguse thel'E1o1
0 0 ) mode of the ferrite sphere does not provides-aependent
1% . . . . . .
wave. When a ferrite sphere is being magnetized in waveguide
andthe transformation matri{’] is junction, the field inside the ferrite sphere will undergo some
. . . changes. No major changes are expected because the boundary
sinfcosd sinfsing  cosf condition remains intact and the magnetization is weak for a
[I]= | cos fcos¢ cosfsing —sind high millimeter-wave band due to the limit of available ferrite
—sing cos ¢ 0 materials. Although a singl&E,,,,, mode could not satisfy
For easy referencéy,] is explicitly as follows: the tensor Maxwell's equations, a series BE,,,,, modes
approximately could. The innovation in [1] is to search for a
[14s] minimum combination of eigenmodes that could approximately

psin? @4y, cos?0  (pu—p.)sinfcos jrsind satisfy the tensor Helmholtz wave equations. In this paper, a

=po | (u—p.)sinfcos® pcos?f4p.sin’f jrcosf|. more accurate eigenmode function of a tensor wave equation is
—jrsind —jKkcosd I explored to improve the accuracy of solution obtained in [1].

(6) Here, the vector-scalar potential function is used and a new
divergence condition different from commonly used Coulomb’s

Itis interesting to note tha}:] is independent o, where and Lorentz’s conditions is proposed to get a scalar Helmholtz
WoWm equation in spherical coordinates for spherical TE mode fields
p=1+ w2 o2 (&, = 0). From the solutions of the equation, the presentations
wwn? of the electromagnetic fields in the ferrite biased by the dc
R=2_.2 () magnetic field can be deduced. Thus, from (8), we have
0
andwo = poyHo is the precession frequeney,, = poyM; A=7f(r, 0, $). (12)

is the characteristic parameter of the ferrite mediunis the
operating frequency of the circulatdf,, is the dc-bias magnetic
field, M, is the saturated magnetization of the ferrite materiaf,
andvy = 1.758796 x 10! rad/T- s is the gyromagnetic ratio. .
Sincez,; of commonly used ferrite material is constant, fromVe=—jwA—

Also, in order to get a scalar Helmholtz equation of the function
, we may then define the new divergence condition as follows:

[1s] 1 [V(V A+ <k;% + %) A’}

Jweoloeet

(3), we may have (13)
~ 1 -
E=- V x A (8) where
€0&rf
. A A A . 2 _ .2
In the free ferrite medium, if we substitute (8) into (2), we hav%J% = wleopoest W_—F (14)
V x (H + jwA) = 0. (9) p[pesg]
We can then assume pi1 cos? 0+ pusin® 0 p2 gin 6 cos ¢ —jrsind
. . = b2 sin 6 cos 8 pysin’ @+pcos®d —jrcosd
H=—jwA— V. (20) jrsind jrcost 7
(15)

If we substitute (8) and (10) into (1), we have

- . o where
VXV x A= —jweopoe ] (jwd + V). (1)

. : iy pr=p® —K? e =w— 7
Since[u;] is a tensor, the Coulomb’s and Lorentz’s conditions
commonly used in the vector-scalar potential method are néwe substitute (13) and (12) into (11), we can get
suitable here to get a scalar Helmholtz equation, and we have_p 5 5
find a new condition to stipulate the relation between the vect { + 290f + % <ﬂ + of ct99> +— 1 5 8_]2‘
potential A and the scalar potential. or ror oo r?sin” 6 9¢

As is well known, generally used ferrite materials are of +k}f =0 (16)
isotropic multicrystal. The electromagnetic fields inside such
a material sphere may be expressed in terms of TE and i
waves, relative to the radial direction. Also, no hybrid mode V2 12)f =
) : ) . . . +k%)f=0. a7
is needed in such an isotropic sphere surrounding by air
in spherical coordinates. However, the situation varies if #onsjdering the ferrite sphere includes the origin and the axis
magnetized and placed in a waveguide junction. It has beghe solution of (17) is
demonstrated in [1] that the center operating frequency is R
approximately equal to th&'E,;;-mode resonant one of a f = J,(k;r)P; (cos 9)(amn sin meo + by cosm</)) (18)
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in spherical coordinates where

Jo(u) = \/; Tng1/2(n)

which is the spherical Bessel’s function of the first kind ajd
is an associated Legendre polynomial.

(19)

From the solution of (8), (10), (13), (15), and (18), we can
deduce the field distributions in the ferrite sphere coordinates

E.=0 (20)
Eo=Y" _W% Jn(ksr) P (cos 0)
-m(r;mn cos m¢ — by, sin md)) (21)
'm(’;mn Sin m(/) ~+ by COS m</)) (22)

Ho=) —

{ n(n + 1) (1 cos? 6 + psin® 6)
”

T (kpr) P (cos 6)apn

+ |:LL2 sin f cos 90% [PTT(COS 9)] Amn

% [jn (kﬂ’)} sinme¢

n(n +1)(p1 cos® § + psin®6)
,

w(kygr) - P(cos )by,

+jmrP (cos 9)bmn} .

J,
. d
+ |:LL2 sin 8 cos 6 — [P,’,f’(cos 9)} b

dé
—jmr P (cos Q)amn}
dr-
- [Jn(kﬂ)} cos m</)} (23)
_ Jw
Hy = Z B pikr
1

. { [ n(n + 1)pasinf cos 9 I (et P (03 )

,
+ [ (1 sin® 6 + p cos 9) d [Pm(cos 9)} G
do L™ -

+jmrctgd P (cos ) - bmn}

drs .
E[Jn(kﬂ)u sinme
4 [n(n + Dposinfcosf -

T (k)P (cos 6)byy,

r

4 |:P:Ln(COS 9)} bnn

+ [(ul sin? @ + y cos? 6) 7

—jmrctgd P (cos Q)amn}

A [jn(W)H cos md)} (24)

931

_ Jw
Hy = Z _uk27
1
{{M (k) P (c0S 0) G
T

d 1223
+ |:JI€J oS 9@ [Pn (cos 9)} fr—

m 1122
~ e P (cos 9)bmn}

% [Jn(kfr)} } sinme

1
+ {M (k 7)Pnl(COS 9) brn,n

7
. d m
+ |:JI€J cos 9@ [Pn (cos 9)} by

+— L; P (cos G)amn}

A [Jn(kmu cosm¢} . (25)

Since the ferrite sphere is placed inside Hrplane mil-
limeter-wave waveguide junction and the incident wave coming
from the input rectangular waveguide is in ti&;, mode, the
field in the ferrite sphere around the center operating frequency
is mainly excited existing in the form ¢f'E,,,; modes. The
influence of theTM,,,,,; mode is neglected without bringing
large error in our analysis.

B. Field Presentations in Surrounding Areas

Junction Area: Since thez-axis and origin are included in the
region we want to considet,= 0 andz = 0 are electric walls,
we may have the following presentations of the electromagnetic
fields:

E,
= Z{{ [ TP)} pq"“% Jp(Tp)qu} sin p¢p
d Jwpoprp
- [kéd_p [JP(TP)} dpq + T Jp(TP)Cm}
- COS p(/)} sink,z (26)
Ey
417 . d .
= Z Jp(Tp)dpy + ]wliolird_p [Jp(Tp)]epq |sin pe
k.p : d
- [ L (L) — ot L)
- COS pd)} sink,z 27)
E,
= Z 12J,(Tp) [cm sin pgp + dj, cos pd)} cosk.z (28)
H,

_ Z{[ JweoErp J (Tp)dpq—i-/f d [ (Tp):|6pq:| sin p¢
Wepey d
+ [‘% Jp(T'p)cpg + kzd_p [Jp(Tp)} qu}

- COs p(/)} cosk.z (29)
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Hy

= Z{— [jweo&,dip [Jp(Tp))cpg + kipp Jo(Tp) fm} sin p¢p

prq

, d k.
 [wcoes g LTy — LT
- COS p(/)} cosk,z (30)
H.
= Z T2J,(Tp) [em sinpe + fpq cos pd)} sink,z (31)
Pa
where
k. = % T2 = w2eqpioenity — k2. (32)

where
. ST tmw
ky = _J\/kg‘i‘kg - WQEONOETNT ky = ; k.= ?
(44)

ands=0,1,2,...,t=0,1,2 3,... buts+¢t#0.

C. Matching Field on the Boundaries

We can use the tangential continuities of fields on the
boundaries to obtain the coefficients in (20)—(25), (26)—(31),
and (38)—(43). The first boundary is on the surface of the
ferrite sphere, and the second is an imaginary one, the interface

between the junction and the three waveguide arms.

Waveguide Area:Assuming the exciting field in waveguide Matching on the Surface of the Ferrite Spheréhe four

port 1 is the waveguide dominaibtt;, mode

E,=E,=H.=0 (33)
E. = —jwpoprky Cos(kyly)ejk“’” (34)
H, = —kzl Sin(kyly)ejk““’ (35)
H, = —jwhkgi k1 cos(kyiy)el*=® (36)
where
ky = \/w250u05,,u,, - kil ky = g. (37)

Due to the discontinuity of the junction and ferrite sphere, the

boundary conditions on the surface of the ferrite sphere are

Eqbsphere = Eqbcylinder
Eﬂsphere = Epcylinder cosf — Ezcylinder sin @

qusphere = qucylinder
H@sphere = Hpcylinder cosf — Hzcylinder sin 97

r=2R
p = Rsin6
z = R(1+ cos®).

when (45)

incident field above induces the scattered fields in three wave-

guide ports in (_jominant and higher order modes, among_whi%lking the orthogonal properties of the trigonometric functions,
all except dominarif’E,o mode are cut off. The scattered fields  p it te (20)—(25) and (26)—(31) into the right- and left-hand

in the ith waveguide can be written as

Eai=Y_ (k§ + kﬁ)gm sin [ky <y + g)

sin(k.z)e k-7

st

(38)
Eyi = Z _j (kwkygstz - wuourkzhsti)
st
- cos [ky <y + g) sin(k, z)e k=" (39)
Ezi = Z _j (kackzgsti + wuourkyhsti)
st
- sin [ky <y + g) cos(k.z)e k=T (40)
H, = Z (k,2 + k?)hm cos |k, | v+ a Cos(kzz)e_jk“””
- Yy z Yy 2
(41)
Hyi = Zj(krkyh#7 + WEOETkzgsti)
st
- sin [ky <y + g) cos(k.z)e k== (42)
sz — Zj(kxkzhstz - WEOETI{;ygsti)
st
- cos [ky <y + g) sin(k, z)e k=" (43)

sides of (45), respectively, we have

Ae
Z RO A2m,n(Ra e)am,n

_ mk., . , .
= zq: {R g Jn(TRsin0)dyg+A,TJ), (CRsin 9)cmq}
- sin [kZR(l +cos 9)}

AEO
A2rn,n ? mn
>R (R, 0)b

(46)

mk.,

= Z { Y I (TRsin 0)cpg

VA, T.J, (TRsin 6) fmq} sin [chR(l +cos 9)}

(47)
mAeo
A]-'rn,'n, 7 mn
Rsin @ (B, f)a
. mA
= { [—kZTJ,’n (T'Rsin0)cpg+ Fnuﬁ

q

S (T Rsin 9)fmq} sin [kZR(l +cos 9)} cos 6

—1? Jn(TRsin6)-c,pq cOS [kZR(l +cos 9)} sin 9}
(48)
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mAeo where
- Alrnn R7 9 brnn
— Rsin g ( )
1
: mAy, Al =
—Z{ |: If TJ TRSIHQ)qu—m 0 EOE‘rf
jw
Ao =— R
-Jm(TRsin 9)6,,14 sin [kZR(l +-cos 9)} cos @ HiTy
A. = jweoe,
-T2 Jn(TRsin ) -dpy,q cos |:/€ZR(1+COS 9)} sin 9} Ay = Jwpopy (54)
(49) p11(8) =iy cos® 6 + psin® 6
p12(6) = posiné cosé
Apo n(n+1) o
> 7 |~ r o H@)ALn (R, 6)—ps(0) pu3(f) = —jrsing
" p22(8) = iy sin? 6 + pcos? 6
'A4rnn (R7 9):| Amn — m_ﬁ; A3rnn(R7 e)bnln} N23(9) = j’{ Ccos 9 (55)
sin .
Ek A]-rn,n(R, 9) J (IffR) (COS 9)
. mez - d
Eq: { ~ AL (TR smO)emy = 2 A2pn(B, 0) = Jo(kR) = | P (cos )| (56)
d 7 m
Jm(TRsin 9)fmq} cos [kZR(l +cos 9)} (50) A3 (R, 6) = - [Jn(kfR):| P (cos0)
dr- d [ m
Al (R, 6) = = [Jn(kfR)} = [Pn (cos 9)} . (57)

7 p23(8)

Z Apo { [_n(n—i—l) i15(0) A (R, 6)—
Since the different coordinates are used in the two sides of the
boundary, complete mode matching cannot be achieved. Thus,
a numerical technique must be used to get the solution, and it
mhk. is available to obtain a unigue solution only when the above
Z { —ATJ}, (TRsin0)dpq+ Rsuie conditions are combined with those on other boundary.
1 Matching on the Imaginary BoundaryAs shown in
Fig. 1(c), a cylindrical wall of radiup = a/+/3, which has the
same axis as the junction, is selected as the imaginary boundary,
and the matching occurs on it. The boundary conditions on this
wall can be given as following for thah waveguide:

mi
'A4rnn R7 9 brnn A A3rnn R7 9 mn
( )} + sin 6 ( Ja }

Jo(TRsin Q)qu} cos [chR(l tcos 9)} (51)

> {[n(n}: 2 52(0) AL (R 0)132(6)

0 . — E.. .

.A47n,n,(R, 9):| Amn — m/%?fié ) Agrn,n(R, e)brnn} Ezcyhnder znvavegulde

o Eqbcylinder = Tz Sin(d)i) + Eyz COS(¢i)|Waveguide
Z {|: Rsin 9 rn (TR sin e)drnq +k T Hzcylinder = Ziwave.guide
! H¢Cylinder =—Hy Sln(d)i) + Hyi COS(¢1‘) |Waveguide,
-JI (T Rsin 9)6,,,,,1} cos |:/€ZR(1+COS 9)} cos 6 (p= a/\/_
T = cos ¢;
—T?J (T Rsin §)emgsin |:I€ZR(1+COS 9)} sin9} \/3
when (58)

(52) Y = % sin ¢;

Z A];:o{[n(nf—{l—l)

n

(2 — 1)%

H12 (Q)Alnln(Rv 9)+N22(9) L d)z = d) -

Obviously, for any port, the value @f; is in (—= /3, 7/3). As

Ad (R, 9)} b 280 4 R 9)amn}

sin ¢ previously treated in [4] and [5], we have
Z {[ Jn(TRsin 0)cpg+k.T
7 Rsin 5 Ta . d
zm: T Jm <%> [cmq sin m¢ + dyp,q cos md)}

Jr/n(TR sin 9) fmq:| COs |:sz(1 +cos 9):| cos

77 Jn(TRsinb) frgsin [kZR(l +cos 9)} sin 9}
(53)

= —8og01: A, ky1 cos(ky1y;)-edkere
- Z (jkmkzgsqi + Aukyhsqi)A5sq(¢i)’

¢=0,1,2, ... (59)
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Z 27, <3—§) [emq sinme + fnq cos mt/)}

= Z (jkxkzhsqi - Aakygsqi)AGSq(¢i)7
| g=1,2,3, ... (60)

Z { [ququ + Bnlue'rnq:| sinme

m

_ [qucmq — Bmufmq} cos md)}

== Z { (kQ + kQ gsquOSq(¢i) sin(¢;)
o+ (hokyGeai = Auk:hogi)

'A65q(¢i)COS(¢i)}, q=1,2,3,...
(61)
Z {_ [Bnlacrnq + qufmq} sin me

- [Bmgqu - quemq} cosm¢}

.y { (2 82 g g (0 sin()
o (dhakyhsg + Ackgoqi)
- A5, (i) COS((/%‘)}
_ 50(1511{ 2, sin (kylyz) sin(¢)

+ jkz1ky1 -cos (kylyz) cos(¢;) }cﬂ“rl’”f ,

¢q=0,1,2 ... (62)

where

Brn,q =

V3mk. J <Ta>
a m

V3
, (Ta
e
, (Ta
By = AT, ( ﬁ) (63)

ABgy(¢pi) = sin [ky (yz + g)} ¢ dkat
Abyq(¢i) = cos [lc (y + g)} eIk (64)

s = 0, thent # 0, and (46)—(53) and (59)—(62) will be a set of
homogeneous equations; the solution set (i.e., the values of co-
efficients in the presentations of fields) has only zero elements.
Thismeanss = 1, 2, .. ..

Now we have eight equations for eaghon the surface of
ferrite sphere and 12 equations for eaclon the imaginary
boundary. It must be noted that fgor= 0, there are only six
equations on the latter boundary. Alsp,= 0 must be had
in any matching cases for obtaining a unique set of nonzero
values of the coefficients. Since the number of the unknown
coefficients involved are infinite, getting a closed exact solu-
tion set is impossible, but, in principle, we can get any de-
gree accurate results by accounting for more than enough of
spherical, cylindrical, and waveguide modes. Let us congiger
spherical modegy.. cylindrical modes/,, waveguide modes
in each waveguide, an@/,. matching points on the surface
of the ferrite sphereN.,, points on the imaginary boundary
in each waveguide, the number of the total unknowns is then
2N, +4N_.+6N,,, and the number of the total equations is then
8(M —1)N;.+ (12Q 4+ 6) N.. The condition for obtaining the
unique solution is

2Ng + 4N+ 6N, = 8(M — 1)Ny. + (12Q + 6) New

(65)
where
N = M-DEN - M) m=23,...,M<N
= 2 n=23 ..., N
Ne=(M-1)(Q+1) s=1,2...,8
Ny =5(Q+1) q=0,1,...,
(66)

D. Performance of the Waveguide Junction Circulator

The input and output power density flow along the waveg-
uides can be written in the following form:

:/Rel
s 2

The input power density flow only exits in port 1 as follows:

E x ﬁ] -ds. (67)

ab
Py = _Z wuourkxlkzl (68)

where the minus sign denotes that the flow is opposite to the
z-direction.

The output power density flow occurs in three waveguides as
follows:

Pouti,

ab 2
= g 2{21 640 (k k. 20sqi — 1A;kahsqi)

5q
: (kxkyhsqi_jAekzgsqi) —(1=640)

: (kmkygsqi +jAukZhsqi)

We know thats and¢ (now equal tgy) are not permitted to be
zero at same time. However, from above matching procedure, if

 (Fokhos +jAEk-ygsqi)} (69)
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Fig. 3. Variation of the isolation of the circulator with frequency.
Fig. 2. Variation of the insertion loss of the circulator with frequency.

2
s MR=0.3
and the circulator characteristics (the power reflection coeffi- 3 15 ¢ e R 55558'8
cientn at port 1, the insertion lossat port 2, and the isolation & 1 AR :
. > + S *s
« at port 3) can then be given as follows: Z °~§ i F /\ *,, Degre¢
= L ot ) i o
(] N el =,
0.5 QN 60 44120 180 240 300 °+,360
n =10log Foun n%_ Ak '
Rnl A5 | e af
P 2
7 =10log <Lt2>
-Pinl @

12

a =10log <]]D§Ut3> . (70)

inl

I1l. NUMERICAL RESULTS AND DISCUSSIONS

The equations derived in the preceding section are now solved
for characterizing the ferrite-sphere-based junction circulator.
The choice of a finite number of matching points leads to a finite -12
number of coupled (simultaneous) inhomogeneous equations ®)
and, the infinite expanded series involved in the equations rep- ) ) ) o )
resenting sphere, waveguide, and cylindrical modes also havélfh + ) Normalzed radil pouer-densiy flow pofie 2t diferent
be truncated for numerical calculations. These two requirememts= «/./3. (b) Normalized radial power-density flow profilesé for an
should guarantee the results accuracy within the following ckif-diagonal element: of permeability tensor at radir = 0.9R in the
teria: 1) the output power coming out of the three ports, i.ee.(?uatonal plane of ferrite-sphere-badéeplaneY -junction R = a/+/3.
the reflected power from the input port and the output power
from the other two ports should equal the incident power. 2) A
rapid convergence of the finite expanded series should be sidered for calculation in [1]. However, reflection at the inter-
served. This can be done by first selecting a specific numidace between the waveguides and junction, as well as that on
of the matching points and then obtaining certain mode ampiire surface of the ferrite sphere, has been considered for cal-
tudes, then increasing the matching point number and observingation in our developed method. Variation of the isolation
the difference between the two consecutive calculations of thith respect taf is also sketched in Fig. 3. Although the shape
mode amplitudes. If the difference is negligible, the matchiraf the analytical curve obtained in [1] is close to that of the ex-
points are considered sufficient. perimental plot, the measured insertion loss is, on the average,

Variation of the insertion lossis plotted in Fig. 2 fol68 GHz  twice as high as that predicted by the formula. This discrepancy
< f < 70 GHz. Experimental and analytical results in [1] arés probably not only due to the omission of energy losses inside
also included in Fig. 2 for comparison. Within the frequencthe waveguide junction, matching plate, epoxy glue, and ferrite
band of interest, the insertion loss of our numerical techniggehere. It is mainly brought up due to neglecting the boundary
is more closely approaching to experiment. A deviation of ovepnditions on the ferrite sphere surface, as well as the inter-
0.5 dB between the analytical prediction of [1] and the me#ace between three rectangular input/output waveguides and the
surement is observed. This is expected because the reflectioigplane cylindrical junction. Therefore, considering these two
the interface between the waveguide and waveguide junctitmoundary conditions, our developed numerical approach in this
the reflection due to the impedance-matching patch, and the paper obtains closer results to the experiment. Nevertheless, as
flection on the surface of the ferrite sphere has not been cdhe first attempt [1] to derive a simple method to analyze this cir-

Power density flow
o bh o » o
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culator, the observed agreement of a center operating frequengy] M. E. El-Shandwily, A. A. Kamal, and E. A. F. Abdallah, “General

should be accepted as satisfactory. For more accurate knowledge field theory treatment off -plane waveguide junction circulator$EEE
. . . . . . . Trans. Microwave Theory Techvol. MTT-21, pp. 392—-403, June 1973.
of insertion loss and isolation, the rigorous numerical technlque[s] A. Khilla and I. Wolff, “Field theory treatment o -plane waveguide

developed in this paper should be adopted. junction with triangular ferrite post,JEEE Trans. Microwave Theory

To understand the circulating mechanism better, the cal- _ Tech, vol. MTT-26, pp. 279287, Apr. 1978. T
lati E d ity fl in th dial di . " [6] N. Okamoto, “Computer-aided design &f-plane waveguide junctions
culation ot a power density flow in the radial direction o with full-height ferrites of arbitrary shapefEEE Trans. Microwave

the Y-junction is desirable, which is defined simply by Theory Tech.vol. MTT-27, pp. 315-321, Apr. 1979.

B = (1/2)Re(E « ﬁ+) . 7. Wherefi is unit vector in the [71 M. Koshba and M. Suzuki, “Finite-element analysisitplane wave-
! ! guide junction with arbitrarily shaped ferrite postEEE Trans. Mi-

radia] directiop. Fig. '4(a) .plots the power density flow as @  ¢rowave Theory Techvol. MTT-34, pp. 103-109, Jan. 1986.
function of ¢ in the junction area. It denotes that, agR [8] B. Owen, “The identification of modal resonances in Ferrite loaded

approaches one in the isolated pagt £ 240°-360°) I_‘;’ is waveguideY -junction and their adjustment for circulatiorBell Syst.
T Tech. J.vol. 51, no. 3, pp. 595-627, 1972.

approximately zero. _The signal power injected i_mo t.he iNPUt (9] 3. Helszajnet al, “Design data for radial waveguide circulators using
port (¢ = 120°-240°) is almost completely transmitted into the partial height Ferrite resonator$EEE Trans. Microwave Theory Tech.

output port (¢ = 0°-120°), thereby achieving the circulatin vol. MTT-23, pp. 288-298, Mar. 1975.
putp (0 ) y 9 9 [10] J. Helszajnet al, “Resonant frequencies)-factor, and susceptance

funCt_ion' In_ {:\ddition_, th_e powe_r denSity_ﬂOWing into the inpUt slope parameter of waveguide circulators using weakly magnetized
port is positive, while it remains negative at the output port. open resonatorsJEEE Trans. Microwave Theory Teglvol. MTT-31,

This is normal in relation to the signal-flow orientation. The ___ Pp. 434-441, June 1983. .
J. Helszajn, “Design of waveguide circulators with Chebyshev charac-

. . . 11]
input anq output power derysny flow in a closed cycle at am} teristics using partial height Ferrite resonatotEEE Trans. Microwave
radius (air or ferrite region) is always balanced and conserved. Theory Tech.vol. MTT-32, pp. 908-917, Aug. 1984.

This fact is expected, as the ferrite is considered lossless in oli2] EL-Shandwilyetal, “General field theory treatment @ -plane wave-
guide junction circulator&’—Part I: Full-height Ferrite configuration,”

anaIySis and no power is dissipated inSideMnCtiqn area. IEEE Trans. Microwave Theory Techkol. MTT-25, pp. 784—793, Sept.
On the other hand, an adequate choice of an off-diagonal ele- 1977.

ment, as shown in Fig. 4(b), is also important for the circulatof13] EL-Shanclwilyetal, “General field theory treatment d&-plane wave-
guide junction circulator&v—Part Il: Two disk Ferrite configurations,”

operation that can be readlly optlmlzed. IEEE Trans. Microwave Theory Teckol. MTT-25, pp. 794-803, Sept.
1977.
[14] Y. Akaiwa, “A numerical analysis of waveguid@-planeY” junction cir-
IV. CONCLUSION culators with circular partial height Ferrite posTians. Inst. Electron.

. . . . . Inf. Commun. Eng. Evol. 61, no. 8, pp. 609-617, Aug. 1978.
A novel H-plane waveguid&’-junction circulator with @  [15] w. Hauth, “Analysis of circular waveguide cavities with partial height

ferrite sphere has been designed for use in the 4-mm-wave Ferrite insert,” inProc. European Microwave Confl981, pp. 383-388.

; ; H416] W.B. Douand S. F. Li, “On volume modes and surface modes in partial
range. A tiny ferrite sphere has been used to replace a fem{é height Ferrite circulators and their bandwidth expansion at millimeter

cylinder because the sphere can be easily manufactured as ave band,’Microwave Opt. Technol. Leftvol. 1, no. 6, pp. 200-208,
if it were a ball bearing. With an insertion loss of less Aug. 1988.

; ; ; [17] W. B. Don and Z. L. Sun, “Millimeter wave Ferrite circulators and ro-
than 1 dB and an isolation of more than 20 dB in the tators,” Int. J. Infrared Millim. Wavesvol. 17, no. 12, pp. 2034-2131,

frequency range of 68.7—70.1 GHz, the performance of this pec. 1996.
circulator has been comparable to the conventional circulatd#s8] Y. Y. Tsai and A. S. Omar, “Field theoretical treatment Bfplane

; ; ; ; ; ; ; ; waveguide junctions with anisotropic mediumlEEE Trans. Mi-
with a cylindrical ferrite. A simpler numerical simulation crowave Theory Techvol. 40, pp. 2164-2171, Dec. 1992,

strategy has been given to determine the characteristigg) —— “Field theoretical treatment df -plane waveguide junctions with
of ferrite-sphere-based waveguide circulator. Instead of anisotropic medium [EEE Trans. Microwave Theory Teghol. 41, pp.

. .. . . : 274-281, Feb. 1993.
discretizing the ferrite sphere into a lot of concentrically W. K. Hui and I. Wolff, “A multicomposite multilayered cylindrical di-

cascaded ferrite annulus adopted in [2], a faster and simpler ~ gjectric resonator for application in MMICJEEE Trans. Microwave
TE,... eigenmode expansion method has been developed to Theory Tech.vol. 42, pp. 415-423, Mar. 1994.

evaluate various properties of a millimeter-wave circulator[21] C. M. Krowne and R. E. Neidert, “Theory and numerical calculation
for radially inhomogeneous circuit Ferrite circulatorEE Trans. Mi-

with a ferrite sphere considering the ferrite sphere placed in  crowave Theory Techvol. 44, pp. 419-431, Mar. 1996.
the H-plane waveguide junction. Since more applications of

ferrite spheres in sub-millimeter waves or opto-electronics

are envisaged, considering making a tiny perfect sphere is

easier than producing a cylinder, the numerical technique

developed in this paper is profound.
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