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Ferromagnetic Tridisk-Coupled Resonator and
Magnetically Tunable Stripline Y Circulator

Tsukasa Nagao, Senior Member, IEEE, and Zengo Tanaka

Abs&act-A ferromagnetic tridisk-coupled (TDC) resonator

was constructed by placing three YIG ferrite disks mutually

attached on the circular center conductor. The EM fields in one

of three disks is described in terms of expanded circular har-

monics with an approximated transformation of derivative, and

the ENI fields in a TDC resonator is synthesized from the re-
spective constituent EM fields of three disks, by sum-transfor-

mation, regarding three eigen junctures of the TDC resonator.

The synthetic EM fields include coefficients A, B and D which

are described as functions of radisu ratio r./ r and azimuthal

angle O. In this paper, a special case that A = D = Ois treated.

It is remarked that the resonant mode curves having a lowered

eigenvalue is bounded by the ferrite anisotropic splitting factor

~o(K/&), BO being a function of rO/r2 and @ = 0. Calculation of

two conditional equations of perfect Y circulation is carried out.

Theoretical analysis of the magnetically tunable operation is

made on the first conditional curves which are drawn super-

imposed on the resonant mode curves, and subsequently on the

second conditional curves of ZJ,~ the equivalent input imped-

ance of the stripline Y junction. The latter gives the graphical

way of impedance matching of the devise.

Finally the magnetically tunable operation is examined ex-

perimentally with the theoretical analysis.

Keywords—Tridisk-coupled (TDC) resonator, expanded cir-

cular harmonics, eigen juncture, sum-transformation, syn-

thetic electromagnetic (EM) fields, resonant mode, circulating

mode, impedance adjustment, magnet ically tunable operation.

I. INTRODUCTION

AS IS well known, most of stripline Y circulators have
ever been made of single ferrite disk resonators, and

a number of resonant modes existing in the resonator nat-
urally takes part in circulator operation [1]–[3]. So it was
thought that if a circulator was made of TDC resonators,
since it was made of three ferrite disks joined together, at
least three times more resonant modes than those in a sin-
gle disk resonator might be excited and perhaps deterio-
rate stable operation as they interfere with each other. Ex-
periments which we carried out, however, demonstrated
that a stripline Y junction with TDC resonators achieved
such a magnetically tunble operation in the above-reso-
nance region [4].

As far as the authors are aware, no paper has been given
to such TDC resonator and its applied circulator, but an
analogy of a TDC resonator, if one consciously sees an
optical fiber with multiple cores in its transverse section,

ManuscriptreceivedMarch4, 1991,revisedFebrua~ 19, 1992.
TheauthorsarewiththeDepartmentof ElectricalEn@neermg,National

DefenseAcademy,Hashirimizu,Yokosuka. Kanagawa, 239 Japan,
IEEE Log Number 9201721.

may be found in literatures [5] and [6]. Their treatments
of guiding wave modes are commonly designated as ap-
plying the continuity condition of EM fields to boundary
surfaces of constituent fiber cores. They are considered
directly unapplicable to analysis of TDC resonator, be-
cause in a TDC resonator EM fields outside the ferrite
disks do not appreciably contribute to coupled modes of
the resonator.

This paper aims, first. to analyze approximately cou-
pled EM modes in the TDC resonator and, next, to ex-
plain the experimental results of a stripline Y circulator
with TDC resonators which were recently reported else-
where [4]. The method used is primarily based on an ap-
proximate transformation of variables in order to obtain
the EM fields in constituent ferrite disks in terms of ex-
panded circular harmonics. The EM fields in a TDC res-
onator are synthesized by joining the respective EM field
components of three disks. The resonant modes are as-
sumed to be determined by the boundary condition of the
magnetically short circuited edge that applies to a circular
periphery of the TDC resonator, the radius of which is
adjusted, in the end, to the experimental value,

The synthesized magnetic fields and resonant modal
characteristic equations include structural coefficients A,
B and D which are functions of inverse radius ratio rO/ r
and azimuthal angle @, but in this paper only a special
case that A = D = O is taken in II. To theoretically ana-
lyze the magnetically tunable operation in III, computed
results of two conditional equations of perfect Y circula-
tion with TDC resonators are utilized. With emphasis on
impedance matching as circulation adjustment, the sec-
ond circulation condition is contrived to get more under-
standable expression as input impedance of stripline Y
junction. Experiments and discussions are presented in
Iv.

11. THEORETICAL ANALYSIS OF TDC RESONATOR

A. Circular Harmonic Expansion of The EM Fields

A TDC resonator is made of three ferrite disks mutually
attached. Each ferrite disk is paced at an eccentric posi-
tion of rotational symmetry allocated by 2T /3 in circular
center conductor as shown in Fig. 1. The biasing mag-
netic field is applied parallel to the common axis z. The
dimensions of the resonator are such that the diameter of
each constituent disk is 2a, its thickness t,the distance of
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Fig. 1. (a) The strlphne Yjunction with TDC resonators, and (b) a geo-
metrical configuration of the TDC resonator.

eccentricity r-. which equals the distance OQ, and the ra-
dius of the center conductor r~ (= (1 -t 2/&) a).

As previously noted, the EM fields in a TDC resonator
can be synthesized from those for three constituent ferrite
disks which are positioned mutually attached symmetri-
cally. Derivation of the EM fields in an eccentrically po-
sitioned disk resonator can be worked out, first, in con-
verting the well known EM fields in a ferrite disk resonator
into those harmonic components of an eccentrically po-
sitioned disk resonator, by help of addition theorem of
Bessel functions (see Appendix A). Next, we sum up the
respective EM fields of three eccentrically positioned disk
resonators to get the EM fields in the TDC resonator.

Now we introduce a circular cylindrical coordinate sys-
tem (r, 0, z) that applies to an eccentrically positioned
ferrite disk centered at Q (ro, O, z), and the other coordi-
nates (p, O, z) which only applies to a ferrite disk as shown
in Fig. 2(a). With regard to a triangle AOPQ, it holds

P2 = r2 + r~– 2rro COS 6, (1)

19=cj-ty, (2)

pcos$=r–rocos~, psin$=rosin$. (3)

If we adopt new variables

w = kp, Z = kr, Z. ==kro, (4)

then (1) and (3) become

d = z’ + z; ‘– 2ZZ0 Cos 4> (5)

wcos~=Z– Zocos4, wsirti=Zo sin@, (6)

and thereby we have two new coordinate systems (w, 8,
z) and (Z, 4, z) instead of (P, 0, z) and (r, 4, z).

The EM fields in a circular ferrite disk resonator which
is magnetized in the z direction are described in the cir-

H

/
‘e

4

0

(o=+)
(b)

Fig. 2. (a) Relationship of radial and azimuthal components of the mag-
netic field m two coordinate systems (p, f?)and (r, c$),and (b) geometrical
location of the TDC resonator.

cular cylindrical coordinates (p, O, z) as follows [1],
m

E,(P, 0) = ~ aUJV(kp)e-jUO,p < a, (7)
“=—m

where k = u=, Pe = p(~ – ~2), ~ = K/#l, i~nd
specific permittivity and permeability of the magnetized
ferrite are denoted by ~. and “

()
v, jK, o

~= –jK, p, o ,

0, 0, 1

respectively.
After we change a variable p for w, the electric field

given by (7) is formulated in circular harmonic expansion
as

E,+ (Z, +) = ~ aV ~ J,+ ~(Z )Jn(Zo)e-j(” +‘)0, (lo)
vm

by using (2) and (Al). Z,, and Em, respectively, denote
Z;. -~ and E;. _~.
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Meanwhile, the magnetic field which decomposes into tact point. It gives, therefore,
H, and Ho can be transformed from HP and Ho as shown
in Fig. 2(a), according to the relations

[ [

“k’:) ‘Ez’1k17 -:)z’ ‘krO/27
H, = Ho cos + – HOsin *,

(12)
H@= HP sin # + HOcos ~.

“’k’:) ‘E’” @ -:)> ’17)

In calculation of the magnetic field components, we uti-
lize the following approximate relations of derivatives, (E:,l(zl;) =Ezl@-;)>

[-

[slap = k a/aw, where suffices I, II and III denote three disks positioned

a dZ a d+ a at r = ro/2 with 6 = O, 2z/3 and 4x/3, respectively.

z= dw~+~%’
(13) Algebraic manipulation of (17), after substitution of (10)

or (11), leads to the equality of those amplitudes

(.a d~aa—— .—
z= do ad ad’

aI = d~ = UIII. (18)

In calculation of the EM fields in a TDC resonator, (18)
the latter two equations of which are derived from (5) and affirms to take equal amplitudes of constituent EM fields
(2). Using (13) and substituting (8) and (9) into (12), we of three disks, but it does not tell whether an amplitude
can obtain of each field contains a phase term of multiple of 2T /3

[

or not.

H,=j~ A1~+$$
C. Synthesis of 7ke EM Fields in a Tridisk Juncture

e

[

8EZ A4 8EZ

11
The synthetic electric field of the zero phase juncture,

.— in which each disk is assumed to take mutually the same
‘J’ ‘Sz+zm ‘

(14)
phase among the three disks, is formulated by zero-phase-

[

. 1 aEz A4 i3EZ
summation transformation of the constituent E fields as

‘+=–J< ‘ZE+TG ./3:0)= ; [EZ1(@)+ E,II(@’) + EZIII(@”)], (19)

[

aEz Az i3EZ

11
where –T/3 s ~ < x/3, b’ = b – 21r/3, and ~“ =

‘jz “z+Em ‘
(15) @ – 47r/3. Substituting (10) and other relevant E fields

converted for d’ and @” into (19), we obtain

where

f{. = ~POIJe/~O~e3t = zo/z, x = Cos ~,

1
l–tx

y=sino, Al=&, Az=t+
l–2tx +?’

l–tx
A3=l, Aq=—– Q

0 1 –2tx+t2”

(16)

Thus we can derive the EM fields of the first disk posi-
tioned at O = O from (10), (14), and (15). Further, if we
take, in place of@ in (10), (14), (15) and (16), ~’ = @
– 2T/3 for the second disk, and 4“ = 4 – 47r/3 for the
third disk, we can also obtain the respective EM fields in
the disks positioned at @ = 2m/3 and 4m/3.

1“{l+ 2cos(v+m)p}, (20)

where @ = 2T/3. If an integer (v + m) satisfies the re-
lation

l+2cos(v+ln)fl

=3, forv+-m =31, 1=0, tl, -&2,””. ,

=0, forv+m #31, (21)

only 31th order terms survive and others vanish. Accord-
ingly, using the relation [7]

~ J~(Zo) = 1, (22)
m

and collecting all of 3-th order terms, we can get for the
B. Continuity Condition of The E Field in a TDC synthetic E fi~ld of orders 31 = O, +3, +6, o ~ o
Resonator

A TDC resonator is actually a juncture of three circular
disks, and they contact with each other at the distance of

Similarly, we can derive another expression,
r = rO/2 and at the angles of ~ = T/3, T and 5K/3 as
indicated by T1, T2 and T3 in Fig. 2(b). We assume that E~!? = ~ aqlJ31(Z)e-J314.
when the juncture makes totally a unique resonator, then 31

the E field may satisfy the continuity relation at each con- We calculate the synthetic magnetic field,

,

(23)

using (11),

(24)

next. If we
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substitute (10) into (12), the radial and azimuthal com-
ponents of the synthetic H field are formulated in the same
way as (19). We have consequently

(25)

(26)

where

(27)

A;, A!, A;, A; and others in (27) indicate the quantities
of Al, A2 and others all of which are replaced by ~’ = @
– (1and ~“ = @ – 2P, respectively.

As to all the integers v + m, if (21) satisfies, we can
prove that

where

[

A=
t3 sin 34

4–3t2+t3cos3~’

{

1 – t3 Cos 34
B=t+—

1 –2t3cos3@ +tc’

[

D=l–tcos3f$ t3 sin 34

tsin3~–– 1 –2t3cos3~ +t6”

(29)

Subsequently, applying (22), we find the magnetic field
components for modes of orders 31 = O, +3, +6, “ o “ ,

—

[ 11jk AJ~~(Z ) – j ~ BJ31(Z) e-j3id. (31)

The synthetic EM fields in both cases of positive and
negative phase junctures are calculated in Appendix B.
The results obtained for both cases are the same as those
for the above case of the zero-phase juncture.

D. The EM$elds in The TDC Resonator

Deducing the synthetic EM field expressions for tlhe
above three cases, we can present the EM fields for all
modes n=31–l,31and31+l(l =0,1, 2,0” s)as

E, = ~ anJ.(Z )e-~no, (32)
n

H@=–j~~a.
[
J~(Z ) – j ~ DJ.(Z )

en

{ )1
– j~ AJ;(.z) – j ~BJ,t(z) e-Jn@. (34)

The synthetic magnetic field components H, and H+ in-
clude A, B and D, which are shown in Fig. 3. All of A,
B and D have a periodicity of 2X /3 in @, and in particu-
lar, A and D vanish at @ = O and a multiple of 2tr/3.
Contrarily, B lmay have a larger value than unity. From
the practical point of view, the input port to the resonator
is ordinarily attached at @ = O or a multiple of 2m/3 (cm
the periphery of a disk in a TDC resonator, and conse-
quently we choose such particular angles that A and D
vanish.

E. Eigenvalues of Resonant Modes

Assume that the TDC resonator is devised with the re-
quirement for A = D ==O. Resonant modes of the TDC
resonator are defined to satisfy the magnetically short-cir-
cuited edge at an assumed periphery of radius r2, and
therefore the equation, Ho(rj) = O, gives the character-
istic equations of resonant modes. As for the modes of
+nth orders, we have from (34)

J;(Z2) =Fi? ; J.(z) = O, (35)

22 = kr2 = ka(l + A),

F’ = EBO. (36)

aA is the increment of radius that is adjusted to the ex-
perimental result. The anisotropic splitting factor of the
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Fig. 3. Graphs of A(a), B(b) and D(c) as functlonsoft(= rO/r)atrd@.

juncture ii’ is devised to describe the bound region of F.
Determination of 1 + A and BO is made as follows.

With the experimental mode chart as shown in Fig. 7, we
can find out degenerate resonant frequencies of the disk
and TDC V3SOIIatO13 at ~dgdl,k = 1.81 GHZ and .&TDc =
1.17 GHz, respectively, which can be read regarding pair
modal curves v = ~ 1 and n = ~ 1, by exterpolation, at
the extremity of biasing magnetic field. The degenerate
eigenvahte of the disk that is given by ~ I(ka) = Ois (ka)d,,k
= 1.84, and also that of the TDC resonator [ka]TD~(l +
A) = 1.84. As we can suppose a linear dependence of
eigenvalue on frequency, we formulate the relationship
between the degenerate resonant frequencies and eigen-

t , !\\

,~
o 0.2 0.4 0.6 0.8 1.0

ANISOTROPICSPLITTING FACTOR ~ (= K/11)

Fig. 4. Comparison of the first cmculation conditional curves of the mono-
disk and TDC Y junctions superimposed on the respectwe resonant mode
curves. Broken and solid lines, respectively, denote the related curves of
the monodisk and TDC resonators and their applied Y junctions. M 1 and
MIA denote mode 1 and mode 1A among circulating modes. The ordinate
ka is commonly utilized. ~ is half the stripline coupling angle.

values as

(Ib)d,sk &&sk = 1.81 GHZ = ~ + ~— .—
I~a]TDC &TDC 1 17 ‘Hz

(37)

Then we have, for the case of a disk scraped by 1 mm,

1 + A = 1.547, [ka]TDc = 1.189, r. = 10.4 mm,

rz = u(1 + A) = 15.47 mm, t = i-o/r2 = 0.67,

and we find from the graph of B in Fig. 3(b)

BO = 2.22 and 2~aX= 0,45 (= l/Be).

Consequently the resonant mode curves of n = ~ 1 are
shifted downwards to [ka] = 1.19,and bound in the re-
gion from ii = Oto F~aX= 0.45. The resonant mode curves
of n = i 1 in addition to v = f 1 will be shown in Fig.
4.

III. Two CONDITIONAL CURVES OF PERFECT Y

CIRCULATION AND CIRCULATION ADJUSTMENTS

We introduce two conditional equations of perfect Y
circulation which are given in Appendix C. Numerical
computation of the first and second conditional equations,
(Al 1) and (A12), is carried out. Regarding the second
conditional equation, the ever-made computed results
which were disclosed elsewhere [3] were obviously diffi-
cult to understand. Solutions of the second conditional
equation should, as a matter of course, give necessary and
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understandable base of knowledge to get circulation ad-
justments. In this paper we choose a graphical method
more feasible for understanding the way of impedance
matching. We rewrite (A 12) as for the coupled stripline
characteristic impedance zd

Zd = Zyeq, (38)

where

,eq = &!! ~e 2~@2 - ~o(% + /22)z
(h, – /’ZJ ‘

(39)
T

()W+D
Z.=: log — W = 2*rz,

W+t ‘
(40)

~e is the intrinsic wave impedance of the ferrite, W the
center conductor width of stripline, t its thickness, D the
spacing between two earthed conductor, and 4 half the
coupling angle of stripline. (38) means that zd the coupled
stripline impedance should match ZY,~the equivalent in-
put impedance of the stripline Y junction. The stripline
characteristic impedance outside the ferrite which is re-
quired for impedance matching is approximately given by

()Zd=jf log w’+~
4 W’+t ‘

(41)

where ~dis Jvo/6@dthe intrinsic wave impedance of the
dielectric used, W‘ its width, and both D and t are the
same as those said above.

The computed results of the first and second conditional
equations are shown in Figs. 4 and 5, both being super-
imposed for the TDC and monodisk resonators and the
respective Y junctions. In Fig. 4, resonant mode curves
of the two resonators are drawn to distinguish circulating
mode curves of the lowest orders, with several loci of
constant internal magnetic field intensity Hi additionally
drawn upon along with the common ordinate ka. The re-
lationship of resonant mode curves against circulating
mode curves of the TDC Y junction (solid lines) is ap-
parently similar to that of the monodisk Y junction (bro-
ken lines). Though the modal curves of two kinds of the
TDC Y junction lie in the region of lower ka and less k
values, correspondences of the relationships of resonant
and circulating modes between the two Y junctions are
clearly discerned if one compares A, C, E and 1 with A‘,
C’, E’and Z’.

Fig. 5 shows the relationship of the equivalent input
impedance ZY.~versus F for the lowest order modes of the
TDC and monodisk Y junctions. Mode 1 has the bottom
flatness of ZY.~at about 20 !2 for both Y junctions.

To examine more presicely the two conditional curves
in Figs. 4 and 5, we choose some operating points on a
circulating mode curve that may be definitely fixed by in-
tersections with loci of given values of Hi. With Hi step-
wise increasing from Hi = 200 Oe, we can fix operating

I

!

‘1

$=0.8
*=4

I
0.6 0.6/j

!
Ml

J ~Ml

r $ =0:6 $= .6\ ~ (=K/P)

t
Zd (Q)

t

L
120 - t/D

0.02

*

D

80
0.04

,0 ~=l.;

o

1817

0 1.0 2.0 3.0 4.0

Wf/D

Fig. 5. Comparison of the second circulation conditional curves of the
monodisk (broken lines) and TDC (solid lines) Y junctions. Mode nnmbers
M 1 and M 1A correspond to those usages in Fig. 4. (20 tl) denotes a pos-
sible region of 20 Q in circulation adjustment for the series operation of
mode 1. Indented is the Zd versus W‘ /D relationship of stripline.

10

0 I 1 I I I I

o 0.1 o,~ 0.3 0.4 0.5

ANISOTROPIC SPRITTING FACTOR : (=K/!J)

Fig. 6. Illustration of the graphical method of circulation adjustments, for
the series operation of mode 1 in the bottom flatness of ZYe~.

points PI. P2, s s ‘ on the mode 1 curve of 4 = 0.8 of the
monodisk Y junction, and likewise, Q1, Q2, . c “ on the
mode 1 curve of the TDC Y junction. We can transfelr all
of these operating points in Fig. 4 onto impedance points
of Zyeq on the corresponding mode curves in Fig. 5. ‘The
latter points are distinguished with primes on letters as
Pi, P.$and so on.
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We can find out that Pi, “ “ “P; and Q;, “ . “ Q; are on
the flatness in the vicinity of ZY,~= 200. These are op-
erating points of mode 1 circulation that is magnetically
tunable.

Circulation at each operating point on the mode 1 curve
is possible to satisfy the second condition to get perfect
operation if its operating value of ZY.~on such bottom
flatness matches a coupled stripline impedance Zd. This is
graphically exemplified in Fig. 6. We must choose the
most probable value of Zd (thick broken line), in order to
coincide sufficiently with the average value of ZYc~from
P, to PO, which is shown surrounded by a broken line.
Stripline impedance Zd is practically adjusted by choosing
stripline width W‘ and other parameters, which is shown
indented in Fig. 5.

IV. EXPERIMENTSAND DISCUSSIONS

In the experiments, the TDC resonator used had such
specifications that the diameter of a disk was 20 mm, its
thickness 2.5 mm, scraped depth 1.0 mm, the diameter of
the center conductor for the resonator 42 mm, the satu-
ration magnetization of the ferrite 4mA4, = 950 Gauss,
and its permittivity e. = 14.5, and the Y junction had
such dimensions that the center-conductor of coupled
stripline was 18 mm in width, its thickness 0.2 mm, and
the spacing D = 5.5 mm. Stripline tapers were used.

To examine experimentally the resonant modes in the
TDC resonator, a mode chart was obtained on which
measured resonant frequencies were plotted against bias-
ing magnetic field intensity as shown in Fig. 7. There are
two mode charts superimposed so as to compare between
mondisk and TDC resonators. It is recognized that the
lowest resonant modes of n = ~ 1 in the TDC resonator
appeared far below those of v = + 1 in the monodisk
resonator.

An example of the magnetically tunable operation is
shown in Fig. 8. As the biasing magnetic field intensified,
an incessant constituent operation having a narrow fre-
quency band of less than 100 MHz moved toward higher
frequencies. It covered an operating frequency band from
0.4 to 1.1 GHz. The constituent operation had insertion
losses of less than 1.5 dB, gradually decreasing to 0.3 dB
in higher frequencies, and isolation of more than 25 dB.

Granting that an operating point of a circulator agrees
experimentally to a frequency of maximum isolation in a
given biasing magnetic field intensity, operating points of
the magnetically tunable operation can be measured.
Measured operating frequencies are plotted in the mode
chart as shown in Fig. 7. We find out that all the operating
points lie between two resonant mode curves of n = + 1
and —1. This proves that mode 1 circulation plays an es-
sential role in this operation.

The impedance matching as circulation adjustment of
the Y junction at several operating points were examined
by measuring VSWR at the input port, with other ports
being matched. The measured VSWR versus frequency

v=+? /

/

I I I I

1000 150(1 2000
Bias. magnetic field (Gauss)

Fig, 7. Comparison of resonan modes of TDC resonator (solid hnes) and
mondisk resonator (broken hnes). Small x’s indicate operating points of
the magnetically tunable operation.

dB

20

%

.

ok’ I I I

0.4 0.6 0s 10 GHz

Frequency

Fig. 8. Example of the magnetically tunable operation of the stripline Y

junction with the TDC resonators.

relationship is shown in Fig. 9. The VSWR minima at 0,5
and 0.9 GHz are considered to correspond to better cir-
culation adjustments which are mentioned above with re-
spect to the intersection between the .zd level line and the
bottom flatness of ZY.qas shown in Fig. 6, and a hump in
the intermediate may be caused to the slight mismatching
in the middle region.

Throughout the present experiment, ferrite disks which
were partially scraped to tightly couple with each other
were utilized. The role that they played has not been men-
tioned. It is, however, worthwhile to add to say that the
insertion losses of the circulator were appreciably de-
creased with such scraping.
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FREQUENCY(GHz)

Fig. 9. Measured VSWRversus frequency characteristics of the magneti-
tally tunable operation. Both maximum isolation and minimum insertion
loss characteristics are drawn for comparison.

V,, CONCLUSION

In this paper we dealt with a TDC resonator and its
applied stripline Y circulator, and we demonstrated the-
oretically and experimentally that the magnetically tuna-
ble operation was performed with the mode 1 operation
of perfect Y circulation.

In theoretical analysis, we discussed that (1) the EM
fields in the TDC resonator were synthesized from the re-
spective EM fields of constituent monodisk resonators lo-
cated at @ = O, 27r/3 and 4m/ 3 and they included struc-
tural coefficients A, B and D; and only a special case that
A = D = O was adopted; (2) the resonant modes of the
TDC resonator was effectuated by Bo(K/u) the anisotropic
splitting factor, and the resonant modes existed in the re-
gion of lower ka and less K/U values in comparison with
those of a monodisk resonator; (3) the circulating mode
curves of the first and second conditions were examined
with respect to the mode 1 circulation, with emphasis on
circulation adjustments, and the mode 1 circulation had
advantage in achieving circulation adjustments since its
input junction impedance ZY.~took a bottom flatness near
20 Q.

In the experiments, we demonstrated that (1) resonant
modes of the TDC resonator existed in the lower fre-
quency region; (2) the magnetically tunable operation was
identified as the mode 1 circulation; (3) the VSWR versus
frequency characteristics showed the general feature of
the well achieved impedance matching over the bottom
flatness of Zy.q.

Consistent theory of the TDC resonator will appear in
near future.

Finally the authors express their thanks to graduates
Tadashi Arai and Kimiyoshi Motogi for their endeavors.

APPENDIX

A. Addition Theorem of Bessel Functions [7]

e“j$.l,(w) = ~ =~~ J. +~(Z )J~(Zo)e’W@,

e ‘“j*J,(w) = ~ ~~~ JU, ~(Z )J~(ZO)e-jm4. (A])

B. Calculation of The EM Fields in The Cases of The
Positive and Negative Junctures

The synthetic E field in the positive phase juncture is
formulated as

E:+) = :[%(d) + -%I(d’)@ + J%II(@’’)e-j26]. (AZ)

Substituting (10) and other relevant fields converted for
~’ and 0“ into (A2), applying the following requirement
for integers (v + m – 1)

I+2COS(V+ M-1)(3

= 3, forv+nt=31+l

(= . . . –2, 1,4, 7, “ “ “),

. 0, otherwise, (A3)

and using (22), we find for the E field of modes of orders
31+1

E[’”) = ~1~1as~+ lJY+1(Z)e–j(31+l)o. (A4)

The radial and azimuthal components of the synthetic
H field, H:) and H~), are formulated in the same way
as (25) and (26), following (A2), and the four structural
coefficients are described, following

A::)
= ~[Al(0) + A~(~’)ej@+rn-1)8

+ Af(@’’)ej2(”+~- 1)8]. (As)

If (A3) satisfies as to all integers (v + m – 1) = 31, we
can prove that

A:~) = A, B\~) = B, C~) = 1, D:j) = D. (,46)

Consequently, as to the modes of orders v + m = 31 +
1, we also get the same expressions of the magnetic field
as we have in (30) and (31).

As for the negative phase juncture, the synthetic E tie]d
is formulated as

jp + Ezlll(@”)e1Z8]. (A7)E:-) = \ [Ezl(@) + E,II($’)e

If for integers (v + m + 1) it satisfies the relation

l+2c0s(v+m+l)~

= 3, forv+m= 31–1(=. .-–l,2, 5.”””),

= o, otherwise, (A8)

as we have shown above, the radial and azimuthal com-
ponents of the synthetic magnetic field, H!-) and H $-),
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are calculated for all modes of orders v + m = 31 + 1, and foralln = 3i – 1, 3i, 3i + 1,
and all coefficients A$;), 11~~),C\~), and D$~) are also de-
scribed, following A = ~;(Z2)/7n(Z2)> g,, = (K/~) ~/.z2,

Jr. = (.L + f-n)/2, ./L = (.L - f-n)/2,

~ is half the stripline coupling angle, Z= and Z~ are wave
+ A~(@’’)ej2(u+m+1)8]. (A9) impedances of coupled striplines inside and outside the

They are also proved to be ferrite resonator, respectively.

A$) = A, B$~) = B, C:;) = 1, D:;) = D. (A1O)
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