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EXPERIMENTAL CHECKING

These modes have been experimentally studied using a

setup as shown in Fig. 17 at X and Ku bands.

Placing the sample in a waveguide removes the spherical

degeneracy, the result being that each mode appears under

the form of a set of three lines. However, for a good sym-

metrical position of the sample in the waveguide two of the

three modes can be totally decoupled. For then= 1 modes,

however, only a single line can never be decoupled.

Figs, 18 and 19 show the results obtained with a sphere

3.9 mm in diameter where c= 86 at X and Ku bands. Verifica-

tion is therefore excellent. These modes lend themselves to

interesting applications such as measurement of small di-

electric losses in material with a large dielectric constant. [r]

The strong concentration of energy given by these modes

has allowed us to build a power limiter using the TE1oI mode

of a YIG sphere. [S1
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A High-Power UHF Circulator

YOSHIHIRO KONISHI, SENIOR MEMBER, IEEE

Absfracf—The inse~lon loss, the bandwidth ratio, and the nonlinearity

of a high-power UHF circulator are discussed generally with regard to the

characteristics, volume, and filling factor of the ferrite. Theory and ex-

periment are made on the high-power circulator with ferrite, where either

surface of the ferrite comes into contact with air. A wideband techniqne

in improving the narrowband that is essentially the result of the filling

factor of ferrite is also described.

To avoid the center conductor heating effect, a circulator without a

center conductor is described.

Experiments have proven that, for ferrite nonlinearity, the threshold

power by spinwave occurs in a polycrystal for CW power even above rmo-

mnce and is changed by a external field strength, whereas the nonlinearity

is not observed in a single crystal.

L INTRODUCTION

T

HE ORDINARY Y-stripline circulator has been de-

veloped and studied by many authors. [11–[51However,

in the case of a high-power CW circulator important

factors for practical use such as temperature rise, ferrite

nonlinearity, bandwidth, and insertion loss have not been

adequate] y explained. As an example, nonlinearity occurs in

a polycrystal at a comparatively low-power CW even under

an above resonance operation, although such a phenomenon

is not observed in a single crystal.

First, the general relation between several electrical char-

acteristics of a circulator is studied in Section II. As a result,

it becomes clear that the ferrite of the volume necessary for
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linearity should come into contact with as wide a surface as

possible for good heat conductivity. It is also clarified that

insertion loss depends only on q Q values of the ferrite ma-

terial reaching a minimum value at the optimum external

field, and further, that the bandwidth ratio is related to the

filling factor of the ferrite.

Second, to satisfy the general requirements already men-

tioned, analysis is made for the circulator in which either

surface of a ferrite plate comes into contact with a small di-

electric constant and permeability, such as air, to create a

wide surface and volume of ferrite. Wideband techniques to

improve the narrowband, essentially caused by the filling

factor of the ferrite, are described. For practical use, con-

struction that offsets rising temperature as a result of the cen-

ter conductor is also considered.

Finally, several experiments confirming both theory and

practical use are described.

II. GENERAL CONSIDERATIONS

The approximate values of the characteristics of a circu-

lator such as insertion loss L (decibels), bandwidth ratio w,

and available maximum power PC.it, are obtained by relating

the volume ~ and the filling factor kf (= the time average

magnetic energy JVJtime average total magnetic energy

~~,) of the ferrite contained in a symmetrical 3 port under

the following assumptions:

First, it is assumed that there exists no magnetic energy

inside the ferrite under the same-phase excitation. This as-

sumption is satisfied for the lumped element Y circulator [T]
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and is nearly satisfied for a stripline circulator as described thus

in Section III-B.

Second, it is assumed that tensor permeability takes the
9h2crit

P~pi~ = — (6)
positive and negative polarized permeability under positive

Rh2max

and negative rotational excitation, respectively.

Let 0J3and UZ be the angular eigenfrequencies at which

each of the terminals are at open impedance under positive

and negative excitations, and let ti be the eigenfrequency cor-

responding to rotational excitation when the ferrite is

assumed to be an isotropic medium with a permeability of

@++lJ-)/2 = F
Since us and WZare considered to be the perturbed values

of ti caused by perturbation of permeability P to p+ and p.,

we get

(v+ - d J-J-J’IH l’~~
az — @3 T

.

where lz~,x is the RF magnetic field intensity for a unit volt-

age excitation, Considering the relation

; Wtlc.f= $‘sssH*Hdv = K ‘~ T (7)
r

where K= 1 in the case of a uniform field in ferrite, and from

(4) through (7), we get

Next, the bandwidth ratio w is obtained, The deviation of y~

and ys in amounts of 6y2 and 8yz corresponding to the devia-

tion of frequency h causes the leakage voltage ] S’” I at the

isolated terminal, and is expressed by

The eigenvalues of admittance corresponding to a negative

and positive rotational excitation y2 and ys should take

–j(l/<~R) and +j(l/<ZR) when the reference plane is

defined so that the eigenvalue yl corresponding to a same-

phase excitation is infinite, where R is the characteristic im-

pedance of the junctions. Since y, and y~ are the frequency

variations from the center frequency & to m and w, they are

connected to the total reactive energy ~~ at Q in the follow-
ing:[71

Substituting into (9) the relation obtained from (2) and (4)

and approximating ~yz% 6y3 under c<< 1, we get

~ = ,v~l s“ Ib% (lo)

Last, the insertion loss L (decibels) is expressed by the mag-

netic energy for rotational excitations and the corresponding

quality factors of W, Q,, and a quality factor of the dielec-

tric constant of ferrite Q,asin(11). (See Appendix L)

As the external Q, Q. takes the value of

(4)

From (l), (3), and (4)

Since the voltage at each terminal for the positive rotational
excitation with a power of PCrit is l/3<RPCrit, the intensity

of an RF magnetic field at the center of the ferrite hCrifitakes

the value of

Equations (8), (10), and (11) show the relation between

POrit, w, L and ~, q, Q. Equation (8) shows that a high PO,it

requires a large volume. It is also understood from (10) that

the bandwidth ratio w, which becomes narrower for a smaller

filling factor kf required for a high-power circulator men-

tioned later and for a smaller n under a stronger dc external

magnetic field, is not concerned with the volume ~. From

(11) it is also understood that insertion loss L depends only

on the QT product of material and not on ~ ancl kf. Further,

an optimum dc magnetic field exists which satisfies the mini-

mum insertion loss under the maximum Qq value.

III. PARTIALLY FILLED COAXIAL Y CIRCULATOR

Increasing volume ~ and surface of the ferrite required for

a high-power circulator is possible by making either surface

of the ferrite come into contact with an air medium. In this
Section the approximate values of eigenvalues are theo-

retically obtained as a function of the ratio of the width of

ferrite to that of an air medium, and to the diameter of the

ferrite. Based upon these results, the design considerations
for this type of circulator are presented.
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A. Analysis

The TM mode exists in a direction perpendicular to the

surface of the ferrite where the tangential component of

electrical field changes in sinusoidal and exponential varia-

tion inside the ferrite and air region, respectively, that is, if

the ferrite is assumed to be an isotropic medium.

Using the potential function of the TM mode for a trial

function, the eigenfrequencies corresponding to eigenvectors

are calculated by the variational technique, and the eigen-

values are obtained by the calculated values of the energies

together with corresponding eigenfrequencies,

However, there are variations of (12) corresponding to a

trial electric field E, magnetic field H, electric current J, and

magnetic current A4 inside a cavity resonator.

{EJ*)v+~ + {Hil!f”)v+s = O (12)

where ( ) denotes the sum of the volume integral of scalar

product of the continuous region V and the surface integral

on discontinuous surface S. The value of ~ obtained by solv-

ing (12) takes approximate values of the second-order

error. [G],[81Assuming that the ferrite is an isotropic medium

with a proper isotropic permeability, we can also obtain the

angular frequency o’ by (12) using the same trial function.

However, it has been verified that u can be obtained by

w’ and the perturbational term (13). (See Appendix II.)

( /-(=(- )

1m H. (u* – ~)H*dv
T

~=@~l—

1“

(13)

2SssH .@H*dv
v

1) Same-Phase Excitation: The eigenfrequency satisfying

the zero impedance at each terminal under a same-phase

excitation with unit current is obtained. The trial poten-

tial function assumed in (14) corresponds to the first three

terms of the infinite series solution and is for air and ferrite,

respective] y,

~1 = CI Cos ~Zl(~ – Z) {Jo(~,P) + C3 COS 3@”J3(k,p)

+ C6 COS 6@”J,(kP~) } ,

ff~ = C2 Cos ~zzZ{Jo(~PP) + C3 COS 34 “J3(&P)

+ Ce Cos 6@”J6(kpp) ] (14)

where

C2 = c1
Cos kzl (h. – t)

Cos kz2t

from the continuity on the ferrite surface.

Since we have the boundary condition on

the center conductor

EZ = O, + .Z:m m= 0,1,2,

m

the periphery of

(m+ 1)

= o, 1,2 (15)

Fig. 1. Values of x..

the values of Cs and C6 maybe selected to satisfy

Ez=Oat$=2~m,

and

However, since (14) satisfied Maxwell’s equation inside the

ferrite and the boundary condition on the broad surface of

the ferrite, trial electric currents .18and the magnetic current

Al, may be considered only on the surface P= a. In this case,

.7, flows toward the Z direction to satisfy (15) and M. flows

toward the @direction to connect the mode of (14) with the

dominant stripline mode of the feeders. Therefore, substitut-

ing the calculated values of J. and M, into (12), we get

[1:
3

sin — 9
2

( )1

sin 36’
– 2J{ C3 ——–1 JS+C6 —–I JG =0 (16)

+0
30

where

J. = Jn(za) , J.’ = Jn’(xa) .

The results of calculation of (16) are illustrated in Fig. 1. In

the case where 0<<1 and where 4 contains the higher-order

terms, x. may instead be obtained from the infinite series

[see (14)] by an approximate integral method which results in

30

()
Jo(x.) + 2J1($.) ‘Xac Ci ~ = O. (17)
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Equation (17) shows that x. approaches zero as 0 approaches

zero. However, the values obtained from (16) are almost

measurable because 0 is larger than 0.5 radian in practical

cases.

Next, from the continuity of the surface impedance the

following is obtained:

~ tan kzl(h – t) + ~ tan kzd = O (18)
~1 f32

and where one can also obtain the relation between wave-

numbers
kp~ + k.zl~ = ?@,

lepz + k.z# = ?@ (19)
and

kzlz – I’c.zzz= lclz – kzz i%lz = @’Llq, k22 = @.L2e2. (20)

After obtaining kzl and kzg from (18) and (20) and substitut-

ing them into (19) using x. indicated in Fig. 1 we can get u’.

The calculation is further simplified by taking the first two

terms of Fourier expansion of the tangent which is sufficient

for good approximation in a practical case because

kzl(h – t),

k.zzt <1, (21)
The results are

/

/

To obtain the compensating

vector

a+ = i~ — jib,

and express Ht = iPHP+ioHo)

where
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where

sh

COS2k.nt
2/.Lil

COS2kzl(h – Z)dZ
t

z=
5

/J+ + P– J
t

COS2Iczl(h – t) COS2 kz2ZdZ
o

~ 2(1 – t’) 1 p+ i- P– N+s + /.-9
n z. = =— —..

t’ E 2po 2“

If ~,ff is used instead of ~ in (13) and (24) is substituted into

the second term of(13) we get (25) which is a good approxi-

mation in the case where V2<<1.

—.

W2 1——
‘2 1+$

(25)

—

{ }

1/2

t’(1
242

–t’) t’ +%1-t’)
~ls hx.

F== —— ——

43

{ 1{ }
1/2 ~

t’+ ~ (1 – t’) 2tt+(l_t’)

/Jeff ,s E2S

618 = /.41s = 1 (for air medium)

6j = fo~~sj #eff = POIJeff,s.
(2”)

—.— .

term of (13), we define the Therefore, (13) can be shown as (26) by using (22) and (25).

x.(e)
*._

a– = ip + ji+ (23) a~ezp.~ f

/

2{t’ + %(1 – t’)} -
bv .——

.

Ht = a~a~ + a–a– (24) ‘4{ t’ + ~ (1 - t’)}{ 1 + <“1 -t- F’]
I&ff ,8

{

T2
1

(%)
“ 1–2(l+g) “

H,+w$ _= H, – jHb
a+ z

2’a
In an ordinary circulator (26) becomes (27) by sUbStitLlting

2 t’=1

H,=; a;, H4=–~. ~=
.:& ‘1 - “’)”

(27)
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The approximate values of a total reactive energy for the

constant unit current same-phase excitation ~~ is obtained

from a trial function

“=+%-+’-’’).7 ’28)
where

S% sz.

I=27r JO’(x)txh + 7rc32 J32(Z) . Xdx
o 0

S%+K’,’ J,2(z)dz.
o

The energy ~~, as in the case of Fig. 6(b) described later,

takes on the values of

w; = 4@,. (29)

2) Negative and Positive Rotational Excitation: Assum-

ing isotropic permeabilities p_ and p+ by tensor quantity, the

potential function adopted for air and ferrite, respectively, is

PI = (71’cos kzI(h – Z) .et~*.J1(k,p),

ip2 = C2’ cos kz2Z. e+ ~@Jl(kPP). (30)

From the boundary condition H+= Oat p= a

J1’(&’) = o

thus

x.’ = k,a = 1.841. (31)

The second term of (13) expressed by af substituting p~

instead of p, results in

(32)

where af can be calculated by (24) and (30). Therefore, the

approximate values of o+ obtained from the above results

are

/ +’+:,+
/

The total reactive energy ~,~’ is also obtained as

The eigenvalues of admittance for negative and positive

phase excitations are obtained from (2) as

~
CJ-c+c

= jO.0484

“(l-a’ +-)

(35)
t’ mt

E2.

where 07 takes the values of (33).

B. Design Consideration for the Circulator

1) Determination of a Transformer Ratio: A circulator

realized by inserting a proper parallel reactance and ideal

transformer at each terminal is considered. As the difference

of admittance eigenvalues y~ should be y+–y =j(2/<2R)

when the eigenadmittance for a same-phase excitation is

infinite, we get from (35)

(d– — LO+

0.0484

“(’-”1’+-)

;R “ ‘3’)
~2=_

t’ u

~28

Substituting (33) into UF and considering the relation

w % E(1 T TJ)and the condition n<<l, one obtains

h “-t’+ FSt’)3’2(1-t’+;)’2 ,37)
tiz = 1.63 —

a t’?,Jp*

which is a required transformer ratio.

2) Reactance To Be Inserted at Each Terminal: As dis-

cussed in Section III-A, Xa takes different values depending

on Owhereas Xaf is independent. Therefore, a capacitive reac-

tance is required under the condition XG< x.’, which cor-

responds to 0<1.3 radians, although no reactance is needed

in the case of X.= xC’.

3) Values of PCrit, w, and L: Denote the RF magnetic field

at center by hCrit for operation with a power Parit

However, C,’ is obtained from the terminal voltage deter-

mined by P., it as

@R Porit

c,’ =

{ }
,wp+h t’ + ~ (1 – t’) J,(x.’)

P+,
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Substituting (36) and (26) into n and a of the preceding

equations yields

{

1 + (p+. – l)t’ 2
.PCrit = 0.716

1 + (p, – l)t’ }
hmit%(~+ – P-). (38)

4) Bandwidth Ratio w: Equation (9) can also be expressed

by the frequency variation of eigenvalues of reflection coeffi-

cient as

]s’[ =+/5 [8s,1’- x[ast [-[as,/. (39)
%=1 ~+j

Since we have the relation of 13S1I = (4/3R)~t1 I ~~ I and

I &S;l =( I h] /Y)~,~’, substituting (28) into ~,, and (34)

into tit~, we get

8s1 hh 2
—

()
= 0.087 ;

6ASii#l

It is understood that the

(l-”+Y ,40)
<<1.

J,’($,a)

eigenvalue for the same-phase

excitation is very insensitive for a frequency variation other

than that of rotational excitation. So, putting MSl= O we

get

218WI 61S”1
w. .—

u n2u~iR

If the relation nzw~, = ~u/(t.o- = w+) } (v’~/R) which is ob-

tained from (34) and (36), is substituted into above equation,

we get

(41)

On the other hand, the filling factor kf is calculated from a

trial function as

(42)

Therefore,

w = 243 [ s“ [ T/+f

which is the same relation as (10) obtained by general con-

sideration.

5) Insertion Loss: Under the consideration w,l<<~,~, the

same results can be obtained as in (11).

6) Volume: From the relation ~= mlt’az and (26), one

obtains

,:$.2 ~A2{l-(1-:)’’}’’2(:;,,},,} ,43,—— .
27r {l+(M.ff,,-l)t’} {l+vl+F’}

705

7) Rising Temperature: The heat gerierated per unit vol-

ume is inversely proportional to r, and the rising tempera-

ture T is highest on the boundary surface between air and

ferrite and is proportional to the square of the ferrite width if

heat escapes only through the surface contacting the metal

plate. Therefore we get the relation

t2 ~ ht’
T N—.—. — (44)

T ~z ~z

which shows T is proportional to a width and inversely

proportional to a surface.

8) One Design Procedure: Considering the several condi-

tions previously mentioned one example of design procedure

can be shown as follows:

a)

b)

c)

~eff> w, and I–L are determined to minimizethe inser-
tion loss by (1 1);

~, h, t’, and a are determined from F’Crit of (38) and

T of (44) and (26);

w is obtained from (41).

C. consideration of the Wideband

Since the t’<1 required for high power makes the band-

width narrower from (41), it is preferable to use the wide-

band technique. However, the frequency variation for same-

phase excitation is more insensitive than that of the rota-

tional excitation as shown in (40) and results in the narrow

bandwidth. On the other hand, the frequency variations of

rotational excitation Ni’i,8 are essentially connected to k, by

the following equation derived from (39), (4), and (6):

—

18S~[i#l=~l?’<i=~~=~~-

Therefore by increasing reactive energy only for the same

phase of excitation it is most effective to make a wideband

until satisfying

thus

3R,
Ftl = ~ m,,. (45)

One example of the techniques of coupling only to a

same-phase excitation is illustrated in Fig. 2(a). The equiva-

lent networks of each excitation are shown in Fig. 2(b)
where L.’ C.’ and L.’’ C,” can be neglected in a practical

case because their resonant frequencies differ greatly from a.

Next, the most important factor is the rising temperature

on the center conductor; this heats the ferrite surface. ‘This

matter could be improved by using the reentrant calvity
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ferrite
‘d.

cavity for wideb and

\ I

slit for I
coup ling ~
to sane metal plate
phase
.Xmtatim /

I

A ‘i’ plane

Equivalent network of
.arlty f.. widebar.d

p; Ccm % ~&S5153

. c. -J-
O L,

sane phase exmtation

o 1 I

P.s:t.ve phase excitation

~’
n.gative phase excitation

(a) (b)

Fig. 2. Wideband technique and the equivalent network. (a) An example of coupling cavity for the wideband to the same-phase excitation.
(b) Equivalent network of each elgenvalue. m: center angular frequency of circulator; a’ #~; ~“ #W

coupled with the coaxial junction as shown in Fig. 6(b) where

ferrite is inserted at the narrow space. Since, for the rota-

tional excitation, the TEII mode in the coaxial part inside

cavity couples to the quasi TM1l mode in ferrite, the length

of coaxial part is chosen at a quarter of the TE1l mode wave-
length. This contributes to an open boundary condition at

the periphery of the ferrite disk which is same as an ordinary

circulator. For a same-phase excitation, the cavities are

nonresonant, and this contributes to maintaining its eigen-

value at a zero impedance which is the same as that of the

aforementioned stripline circulator.

IV, EXPERIMENTS

A. Confirmation of the Theoretical Eigenvalues

The experiment was made with a ferrite disk of 150 mm

in diameter, 7 mm in width, where cZ,= 14 and under the

state of t‘= 0.425 and 0=0.6. The measured value of

~,ff,. is 3.2; v+ and p– are calculated from w,,.
The theoretical values of yl, y,, and y~ calculated from

the above data are plotted by a dotted line on Smith chart

of Fig. 3; the experimental values are also indicated by

lines, which show good coincidence with theoretical values.

B. Nonlinearity of Ferrite

The experiment was made with a lumped element circu-

lator operated at above resonance to use small samples of

polycrystals and single crystals of YIG. As indicated in

Fig. 4(a), the threshold power Porit occurs at comparably

small CW power for polycrystal and it becomes higher for a

stronger dc magnetic field. This threshold power was not

observed in the single crystal and nonlinearity takes place

immediately after power is applied, as the temperature of

the ferrite cannot be raised. For pulsed power, the non-

linearity did not appear in the experiment below 2 kW for
both polycrystil and single crystal as shown in Fig. 4(b).

This phenomenon is supposed to be caused by local heating

owing to spinwave generation around pore regions of poly -

crystals where the internal dc field is below resonance be-

cause of the demagnetizing and anisotropic field in their

vicinities; and local heating increases in CW power. The

increase of Perit for a stronger dc field should be caused by

the statistical diminish of the amount of such a grain, From

the above reasons, it is preferable to use materials with

small values of ~M/AH, although an excessive value of AH

of polycrystal should be avoided to keep the insertion loss

small.

C. Performance of the Circulator

1) Wideband Characteristics: The characteristics of a trial
circulator at 670 MHz with t’=0.4 is 25 MHz in bandwidth

and 0.2 dB in insertion loss. This becomes wideband, as

shown in Fig. 5 by the construction of Fig. 2(a).

2) High-Power Operation: The circulator [Fig. 6(b)] with

ferrite of 150 mm in diameter and 5 mm in width was tested

by 15 kW CW operation at 670 MHz. The rising tempera-

ture of the ferrite surface was 10 degrees higher than the

cavity which was cooled by water, The nonlinearity did not

occur.

APPENDIX I

Showing the absolute values of eigenvalues of reflection

coefficients S1, S2, and S3 by e–al, e–”2, and e–”z, and assum-

ing no energy in the same-phase excitation, the insertion

loss L (decibels) is

(L=8.671n l–
ffz + CY3

)

= 8.67 3

3
y g ~~. (46)

*

However,
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Fig. 3. Comparison of the theoretical values of the eigenvalues with
experimental values on the normalized admittance Smith chart.
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Fig. 4. Measured values of linearity of circulator with single crystal and polycrystal. P, is the output power from the circulator. (a) Linearity
for CW power. (b) Linearity for pulsed power. Pulsewidth: 3 ps; repetition frequency: 300 Hz.
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Fig. 5. Wideband characteristics of high-power UHF circulator.
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Fig. 6. Example of high-power circulator.
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Substitute

Substituting (47) and (48) into (46)

-( )~+~+~~L=2“9aw’kfRQi- Q- Q.

Qz= Q-, Q3 = Q+.

Since the relation

(47)

(48)

(49)

is derived from (4) and (6), substituting this relation into

(49) under the approximation co% &, we get

( )L=2.51~ ~+;+; . (50)
T Q+ c

APPENDIX II

We have the field relation

(ECJ*)V+S + (H.ll!!”)v+. = o (51)

where Ec and H. are correct fields. (61Maxwell’s equations

VXH–~weE=J, VXll+@.@= –M (52)

and boundary conditions

nx[H2– H]]=J, [27, - -EI] X n = M (53)

should be satisfied between trial field and current inside the

medium with the tensor permeability ~. If the same trial

fields are used inside the medium with a scalar permeability

p, Maxwell’s equations should be changed to

V X H – j_JeE = J’,

VXE+jLJPH= –M’ co’ = @ + au (54)

whereas boundary conditions are the same on discontinuous

surfaces because of the same fields. Substituting the trial cur-

rent obtained from (52) and (54) into (51),

(E.. v X H*)v – (H.. V X E*)v + jM(E..E*),

+ @(HC .V*H*)V + (EJ~*)~ + (HcM~*)~ = O

(EC V X H*)v – {Ho. V X E*)v + jb’e(E@*)v

+ ~w’{Hc .~*H*)v + (Eels’*)s + {H.Ms’*)s =

Subtracting (55) from (56) and taking account of.

(55)

O. (56)

Js= Js’

and Ms = Ms! because of the same boundary condition

13w –(He.~*H*)v + (HC.V*H*)V
—.
co’

so that

(Ec. CE*)V + (HC.~*H*)v

SssH. (v* – p)H*dv

(- 2Jjf
1

. (57)

H. p*H*dv
v
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