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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 the n=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 =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.[”]
The strong concentration of energy given by these modes
has allowed us to build a power limiter using the TE;» mode
of a YIG sphere.[®
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A High-Power UHF Circulator

YOSHIHIRO KONISHI, SENIOR MEMBER, IEEE

Abstract—The insertion 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 technique
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 reso-
nance and is changed by a external field strength, whereas the nonlinearity
is not observed in a single crystal.

I. INTRODUCTION

HE ORDINARY Y-stripline circulator has been de-
Tveloped and studied by many authors.'~ However,
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
adequately 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 7@ 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 P,i;, are obtained by relating
the volume 7 and the filling factor k; (=the time average
magnetic energy W,./time average total magnetic energy
Wans) 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!”
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and is nearly satisfied for a stripline circulator as described
in Section III-B.

Second, it is assumed that tensor permeability takes the
positive and negative polarized permeability under positive
and negative rotational excitation, respectively.

Let w; and we be the angular eigenfrequencies at which
each of the terminals are at open impedance under positive
and negative excitations, and let & be the eigenfrequency cor-
responding to rotational excitation when the ferrite is
assumed to be an isotropic medium with a permeability of
(sFu)/2=1.

Since w; and ws are considered to be the perturbed values
of & caused by perturbation of permeability & to z; and 7,

we get
G [l

@ 2ﬂfffV|Hl2dv

By — pe
=k = k. ey
2p

The eigenvalues of admittance corresponding to a negative
and positive rotational excitation y, and y; should take
—j(1/+/3R) and +j(1/+/3R) when the reference plane is
defined so that the eigenvalue y; 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 w. and ws, they are
connected to the total reactive energy W, at & in the follow-
ing: (M

.2 ~ W2 T W3
6y=ya=—yz=1—3—5w-Wt=J 3 :
8 5= @
=)= w=wp =0 —w
T V3R : :
thus
VS
(w2 — wg) Wy = “R— : 3)
As the external Q, Q, takes the value of
oW .R
, = . 4
Q 3 4
From (1), (3), and (4)
2 s 1
ky . ®)

- \/ng Bt = - N V3Qa ‘

Since the voltage at each terminal for the positive rotational
excitation with a power of Pe, is 1/3+/RP,;;, the intensity
of an RF magnetic field at the center of the ferrite /., takes
the value of

hcrit = %'\/RPcrithmax
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thus
ghzcrit

Pcrit = M (6)

where Ay, is the RF magnetic field intensity for a unit volt-
age excitation. Considering the relation

i ~hzmax
ifffH*Hdu ~KTI=L @)
2 . 2

where K=1 in the case of a uniform field in ferrite, and from
(4) through (7), we get

1
Y Wk,

ghzcritK‘:’(#ﬁ- - M—) T
2v/3

Next, the bandwidth ratio w is obtained. The deviation of y,
and ys in amounts of 8y, and 8y; corresponding to the devia-
tion of frequency dw causes the leakage voltage | S| at the
isolated terminal, and is expressed by

Py = = khzcrit(IH- - ,u-)Tw. (8)

R
|8 =?\/]5Z/z]2+ [ sys|* — |oy=|- |oys].  (9)

Substituting into (9) the relation obtained from (2) and (4)
and approximating dy.= 6y® under ¢<1, we get

w = 23| 8" | k. (10)

Last, the insertion loss L (decibels) is expressed by the mag-
netic energy for rotational excitations and the corresponding
quality factors of ., Q., and a quality factor of the dielec-
tric constant of ferrite Q. as in (11). (See Appendix 1.)

peash(Lale D)2 E( L)
- 1 Q+ Q— Qc ' n Qeff Qc )

Equations (8), (10), and (11) show the relation between
P, w, L and 7, 9, Q. Equation (8) shows that a high P,
requires a large volume. It is also understood from (10) that
the bandwidth ratio w, which becomes narrower for a smaller
filling factor k; required for a high-power circulator men-
tioned later and for a smaller » under a stronger dc external
magnetic field, is not concerned with the volume 7. From
(11) it is also understood that insertion loss L depends only
on the Qy product of material and not on 7 and ;. Further,
an optimum dc magnetic field exists which satisfies the mini-
mum insertion loss under the maximum Qy value.

I11. PARTIALLY FILLED COAXIAL Y CIRCULATOR

Increasing volume 7 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 M inside a cavity resonator.

(BT*)vis + HM*)vis = 0 (12)

where () denotes the sum of the volume integral of scalar
product of the continuous region ¥ and the surface integral
on discontinuous surface S. The value of » obtained by solv-
ing (12) takes approximate values of the second-order
error.®- 181 Assuming that the ferrite is an isotropic medium
with a proper isotropic permeability, we can also obtain the
angular frequency «” by (12) using the same trial function.

Howeyver, it has been verified that w can be obtained by
o’ and the perturbational term (13). (See Appendix I1.)

ffﬁH-(y* — WH*dy
of [ [ Hairar |

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,
respectively,

¢1 = Cic0s kzi(h — Z){Jo(kop) + C;cos 3¢-J5(k.p)
+ Cs cos 66-Js(kap) ],
@s = Csc08 kz2Z{Jo(k,p) + C3cos 3¢-J3(kap)
+ Cy cos 6¢-J (k) }

w=w{l —

(13)

(14)
where
cos kzi(h — ¢
0, = ¢, 8kt = 9
cos kzqt

from the continuity on the ferrite surface.
Since we have the boundary condition on the periphery of
the center conductor

EZZO, ¢>=~3~m m=0,1,2,
" 0 0+27r cg< 0+27r( 1
= - - _ -— m
2= 0 grgms<e 2 3
m=20,1,2 (15)
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x Experimental Values
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Fig. 1. Values of x,.

the values of C; and C; may be selected to satisfy
27
EZ = 0 at ¢ = ?m,

and

" 0 ab 27r+27r
=0at¢ =— +—m.
P ¢ 5 3

However, since (14) satisfied Maxwell’s equation inside the
ferrite and the boundary condition on the broad surface of
the ferrite, trial electric currents J, and the magnetic current
M, may be considered only on the surface p=a. In this case,
J, 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

Cy? Cy?
JOJO'+—23- J3J3'+—§— Tl

.3
sin—48 .
2 sin 36
—2J¢4Cs ——1 J3+Cs< ——I)Js =0 (16)

3 30

— 0
2

where
Jn = Jalx.), Il =T (x).

The results of calculation of (16) are illustrated in Fig. 1. In
the case where 6<<1 and where ¢ contains the higher-order
terms, x, may instead be obtained from the infinite series
[see (14)] by an approximate integral method which results in

36

Jo(xa) -+ 2J1(:c,,) *Xa C; (E) = 0. (17)
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Equation (17) shows that x, approaches zero as 6 approaches
zero. However, the values obtained from (16) are almost
measurable because 4 is larger than 0.5 radian in practical
cases.

Next, from the continuity of the surface impedance the
following is obtained:

k k
‘—Z—l tan k21(h —_ t) + "Z—z tan kzzt =0

€1 €2

(18)

and where one can also obtain the relation between wave-
numbers
kPZ + k212 = k121

kp? + kzo® = ko? (19)

and
k212 - k222 = k12 - kgz k12 = wzmel, ]{)22 = w2,LL2€2. (20)

After obtaining kz; and k. from (18) and (20) and substitut-
ing them into (19) using x, indicated in Fig. 1 we can get o’.
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
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where
1
cos? kzgtf cos?kpi(h — Z)dZ
2u0 ¢
t= " ;
BETE o8t Baa(h — 1) f cos? kzsZdZ
0
,__2(1“'5') 1 - _N+“|‘l/t—_ll+s+#»—s
T a BT o 2

If pets is used instead of u 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 7*<<1.

o o f [ [ el el =l Pao
T fff et ] o

kzi(h — ),
7t 1
kot < 1. ©@1) o (25)
The results are 2 14%
/ 2{'+?f(1—t’)}
P Za €1s
T \/f MHis ’
ot {1+\/T+—F2} {'+—-(1—z'>}
Metf, s
€25 1/2
_ va -t {t’—{-——l-—t/}
2‘\/2 ( ) €1s ( ) hxa
V3 s R 1/2
v {t’+ 2 —t’)} {1t'+ (i —t’)}
Meff,s €25
€10 = p1g =1 (for air medium)
€ = €o€isy Meff = MoMeff s (22)

To obtain the compensating term of (13), we define the
vector

at =i, —jly, a =1,+ji, (23)
and express H,=i,H,}+1,H;) by
H, = a*tat 4 aa” (24)

where

ot = HP+jH¢ a- HP—jH¢

Therefore, (13) can be shown as (26) by using (22) and (25).

x4(8)
w _
av/ €afbetf

/ 2t + el = 1)}
' 1 .
1/ {t’ +-—0a- t’)} {1+ VI+F
HMett,s

7]2
g __*} :
{ 2(1+9
In an ordinary circulator (26) becomes (27) by substituting
=1

(26)

@7
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The approximate values of a total reactive energy for the
constant unit current same-phase excitation W, is obtained
from a trial function

. 675 WA/t
Wt=—~—<—+1—t'>

w  a?\eg

J12(za) @

where

I= 27rf aJoz(x)xdx-I-ﬂ-CJf aJaz(x)-xdx
1]

0
+ 'n'C'ezf aJsz(x)xdx.
0
The energy W/, as in the case of Fig. 6(b) described later,
takes on the values of
W = 4w, (29)

2) Negative and Positive Rotational Excitation: Assum-
ing isotropic permeabilities u_. and p by tensor quantity, the
potential function adopted for air and ferrite, respectively, is

Y1 = 01’ [de}3] k21(h - Z) -eij¢J1(kpp),

o2 = Cy' cos kzoZ -et %] 1(k,p). (30)
From the boundary condition H;=0 at p=a
Ji (@) =0
thus
z) = k,a = 1.841. (31)

The second term of (13) expressed by a* substituting
instead of u, results in

5o i(u+—u—)fffrlai[2dv

o[ et a

where a* can be calculated by (24) and (30). Therefore, the
approximate values of w; obtained from the above results
are

(32)

1.841

wy = —
av/eus

2{::' L2 - t’)}

€1s

4/ {t’+ﬂ“—(1—t’>}{1+\/ﬁﬁ}

MEs
(. _ 0.0639 l
1F
: N 1—¢ b (33)
O.787<1 +T> F 006y —— |
Hs
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The total reactive energy W' is also obtained as

2

W' = 0.0725 (34)

t/
whX (1 -+ —)

€95

The eigenvalues of admittance for negative and positive
phase excitations are obtained from (2) as

yr = jlo — w3) 3Ws

— j0.0484

, (35)
i (1 — v+ f_)

€25

where . 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=j2/+/3R)
when the eigenadmittance for a same-phase excitation is
infinite, we get from (35)

0/2
0.0484 n? =
4 @
A <1 — ¥+ ——)

€25

— - (36)

Substituting (33) into w: and considering the relation
pz = (1 F9) and the condition 7<«1, one obtains

t/ 1/2
(1 — ¥4 ﬁst')3/2(1 — ¢+ ~>
€25
n? = 1.63 — ’
a t'nits

@37)

which is a required transformer ratio.

2) Reactance To Be Inserted at Each Terminal: As dis-
cussed in Section III-A, x, takes different values depending
on ¢ whereas x,’ is independent. Therefore, a capacitive reac-
tance is required under the condition x.<x,’, which cor-
responds to §< 1.3 radians, although no reactance is needed
in the case of x,=x.".

3) Values of Peiy, w, and L: Denote the RF magnetic field
at center by A, for operation with a power P,

1 de zd
hy = Sy

kci = - ‘
e p dbo | 2a

However, C,' is obtained from the terminal voltage deter-
mined by P as

n'\/R Pcrit

1
1 - t’)} J1(zd)

02, =

3wuih {t' +
Mets
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Substituting (36) and (26) into # and o of the preceding
equations yields

L+ (pys — l)t’} :
Peoiy = 0716 S—————¢ hais? ~ p_). (38
b {1 T @— Dt sro(uy — po).  (38)

4) Bandwidth Ratio w: Equation (9) can also be expressed
by the frequency variation of eigenvalues of reflection coefli-
cient as

5] =g/ 2 Lasde = 5 Lo |55,

1#j

(39)

Since we have the relation of |38y =(4/3R)W|éw| and
| 68:| =(| 8| / Y)W ', substituting (28) into W, and (34)

into W5, we get
\2
(1 vy —) I
€2¢

PN
= 0.087<~>
i#1 a? J 12($a)

It is understood that the eigenvalue for the same-phase
excitation is very insensitive for a frequency variation other
than that of rotational excitation. So, putting 65;=0 we
get

oSy

oo < 1.
oS,

(40)

20|  6]87]
w = == — .
w ’I’L2COW1R

If the relation #%wW,= {w/(w_=w;)}(+/3/R) which is ob-
tained from (34) and (36), is substituted into above equation,
we get
6 S| i’
W = —— { [ e el 41)
V3{L+ (@ — D'}

On the other hand, the filling factor k; is calculated from a
trial function as
) W
T W

et

. 12
{1+ (@ — D} 42

Therefore,
w = 238" nk;

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

5) Insertion Loss: Under the consideration Wt1<<Wt¢, the
same results can be obtained as in (11).

6) Volume: From the relation r==ht'a® and (26), one

obtains
1 2
G I ey
2,2 €2 2(1+%)

v = o)
{1+(Neffs_l)t,}{1+\/l+ﬁv2} ( )
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7) Rising Temperature: The heat generated per unit vol-
ume is inversely proportional to 7, and the rising tempera-
ture 7" 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

{2 i ht’
T~—=—=— (44)
T a? a?

which shows 7' 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) pest, My, and u_ are determined to minimize the inser-
tion loss by (11);

b) 7, A, t/, and a are determined from P, of (38) and
T of (44) and (26);

¢) wis obtained from (41).

C. Consideration of the Wideband

Since the ' <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 8S.,; are essentially connected to k; by
the following equation derived from (39), (4), and (6):

b Sw 3Q. 8
5S¢1‘ =—Wi='*
88| Yy " Y GR

El[g

V3
ksm

Therefore by increasing reactive energy only for the same
phase of excitation it is most effective to make a wideband
until satisfying

1684 = 881] = - Walae] =12
2 17l — 1 “‘3-15 | 0wl = % te(y 5q)
thus

- 3R

Wt1='- 1 Wu (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 w.

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 cavity
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Equivalent network of
cavity for wideband

negative phase excitation

®)

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 eigenvalue. : center angular frequency of circulator; o’ #w; '/ #ew.

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 TEy; mode in the coaxial part inside
cavity couples to the quasi TMy mode in ferrite, the length
of coaxial part is chosen at a quarter of the TE{; 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 e;;=14 and under the
state of '=0.425 and §=0.6. The measured value of
pett,s 18 3.2; uy and p_ are calculated from pese .

The theoretical values of yy, ¥, 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 P, 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 polycrystal 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 P, 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 wy/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 ¢ =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 1

Showing the absolute values of eigenvalues of reflection
coefficients .Sy, Sz, and S; by e, =2, and e—3, and assum-
ing no energy in the same-phase excitation, the insertion
loss L (decibels) is

8.67 3
L=867In (1 - m) =S (46)
3 3
However,
Y — Yz 2Yy//
S@' =. (: —_ 1,':'1.', i”-
| 8] Y+ o, Y? 4 g/t Yi =gy +y
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——= Experimental values
—---» Theoretical values

Fig. 3. Comparison of the theoretical values of the eigenvalues with
experimental values on the normalized admittance Smith chart.
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Substitute
Y l4
Y = \/.3.! Yy = \/§ ;
3 yi”
c=1— 8] == 47
. [8:] =5 5 (47)
since
. 2 o T
Y. = .7':;)" ‘*’(Wea - Wma)
. 2 <me,. N wWe,) L2 (1 + 2) 1)
yi = — = —w mi\ -1
3 @ Q. 3 @ Q.
Substituting (47) and (48) into (46)
RS EE
= 2.9 Ry — T+ —+—>
\er T e- T e
Q2 = Q-—-: Qs = Q+- (49)
Since the relation
N 3 s 31
Wa =Y E V31
oR py—u- 26R g

is derived from (4) and (6), substituting this relation into
(49) under the approximation w= &, we get

L—2511<1+1+2> (50)
‘ n Q+ Q— Qc
APPENDIX 1T
We have the field relation
(EJ*)vss + HM*)pg =0 (61)

where E, and H, are correct fields.t! Maxwell’s equations
VXH — jwell =J, VXE+jouH = -~ M (52)

and boundary conditions
nX [Hy,—H=J, |E:—E]Xn=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
s, Maxwell’s equations should be changed to
VX H — jo'eE = J',
VXE+ joul = — M’

o = w+ dw (54)
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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),

(B V X H*)y — {H.-V X E*)y + jwelB: E*)p
+ Jo(H W H* )y + (B s*)s + (HMs*)s = 0
(Eer VX H*)y — (He'V X E*)y + jo'e(EE*)v
+ jo' {Ho w*H* )y + (Eod '*)s + (HMg"™*)s = 0. (56)

Subtracting (55) from (56) and taking account of Jg=Js’
and Mg=Mj' because of the same boundary condition

do  —(Hew*H*)y + (He-w*H*)v
o (Ee-eE*)y + (He.-w*H*)y

(55)

so that
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