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I. Summary

This report describes in detail the work performed on ferrite loaded planar
waveguiding structures over the past two years, under sponsorship, in part, by
the National Science Foundation through grant ENG 74-14187 and by the Office of
Naval Research under contract N000l4-75-C-0750.

The primary motivation for this research rested on the desire and need to
understand clearly electromagnetic field displacement effects in inhomogeneously
ferrite loaded planar waveguiding structures. An example of such a structure
would be the microstrip line on a ferrite substrate or a ferrite loaded stripline.

(2,4,5,14)

M. E. Hines pioneered a stripline isolator which used an 'edge-

guided' mode and exhibited unusual broadband behavior. Much effort was also ex-

(6-13,15-22) to improve such devices

pended by workers in Italy, Japan, and France
particularly with regard to their insertion loss over the total operating band.
Indifferent success met these efforts.

It became clear that a much stronger theoretical basis was needed before
further progress could be made. This need provided the primary impetus for our
work.

We examine and describe here the various canonical geometries for which exact
solutions were obtained and which, recently, have led us to reject the 'edge-
guided' mode, also known as the peripheral mode, as the primary agent in the
device operation since the bandwidth of this magnetostatic mode does not, under
any circumstances approach the bandwidth observed for devices using the field dis-
placement effect. Instead, it now has become clear (refs. 23-25) that the nor-
mal quasi-TEM 'waveguide' mode is modified in the region where the effective
permeability is negative (and even beyond this region) so as to take on a quasi-

surface or edge-guided mode structure. Interestingly enough, however, the energy

cleonic o ik,




concentration occurs at the interface opposite to the one supporting the

edge-guided magnetostatic mode. It appears therefore that devices may con-
currently support both modes which would lead to an increased insertion loss
over that which would be expected if only one mode were excited.

In the following chapters we describe in essentially chronological order
our work which has led to these conclusions. We start with the simplest model

and develop our work so as to approach the final geometry of interest, the

shielded microstrip line.

bt sléana




W R T

II: The Peripheral or Edge-Guided Mode

II (a) Introduction

The early debate concerning the use of the edge-guided mode in isolator
phase shifter, and circulator component geometries centered on the nature of
the mode. The precise nature of the mode and its relationship to other modes
which may exist on the planar geometries employed in these devices was not
clearly understood. For substantial advances to be made in the electrical
performance of these devices it was felt necessary that a more complete and
exact analysis be initiated. Such an analysis was felt to be particularly im-
portant because the initial broad band performance was sufficiently promising
that considerable excitement was generated concerning the potential utility
and application of these devices. However, the performance of the components
that was achieved though yielding useful results, has not matched the very fine
performance of the much narrower band isolators and circulators, for example.

The challenge was, and is, therefore to reach a sufficient understanding
of the edge-guided modal system so that device performance can be substantially
improved or, if uot, that the inherent limitations are thoroughly understood.

To this end a study of several canonical geometries was initiated. The
first, to be described here, is a geometry which, consisting of a single inter-
face, can only support a surface type mode.

The direction of propagation is parallel to the dielectric-ferrite inter-
face and the z-axis. (Fig. 1(a) and (b)).

To estabiish the nature of the surface modes which may exist on ferrite-
dielectric interfaces with the d.c. magnetic biasing field tangential to the
interfaces we consider the peometry of Fig. 1(a). To establish the relation-

ship, if any, to the peripheral or edge-guided mode which exists on such
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(a)

(b)

(c)

Figure 1 - Stripline geometries a) surface mode structure, b) ferrite
loaded stripline geometry, c) canonical stripline geometry.
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S
1. geometries as the ferrite loaded symmetric stripline of Fig. 1(b) we next
- consider the canonical geometry of Fig. 1(c) where the electric wall for y = d
- x < 0 is replaced by a magnetic wall (nxh=0). Itis assumed that the strip-

line is sufficiently wide so that the effect of the far edge is totally negligible.




II (b) Theory:
Contrary to the situation which pertains in isotropic media, where the

transverse field components are most readily expressed in terms of the components
of the field in the direction of propagation, in anisotropic media the components
in the direction of the anisotropy axis turn out to be the most convenient

for expressing the other field components.

From the Maxwellian equations the following general results are obtained

for ferrite media

20
A = _40 NrY '
e 6 YlAtey + jx's §y xvtey

2 2
1 ! ’ ’ 1]
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i.e., the y-components of the field are coupled, and the permeability matrix for

the ferrite medium is taken to be (29)
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with
fer= YHd.c. Y = YMrMs’
Hd 2 being the d.c. magnetizing field magnitude and unMs the saturation magnetiza-

tion of the medium. The factor ej(mt'sz)

will be suppressed throughout.
The above forms are obtained when we consider the case where the field
components have the following dependency on the coordinate y.
ey, hx’ hz ~ cos 8y hy’ e s W sin 8y
We also have
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Following Van Trier (28) the coupled wave equations may be uncoupled

and the components ey, hy expressed in terms of the pair of scalar potentials

which satisfy

where

2 1 -2 2 1 2 2572 2
= —_— + - & 181
gi=tz vyl [5 (n ¥o)1" % Ce61) ]
For the y components of the field we obtain solutions of the form |

uix'
e nVve cos 8y

: aix'
jh_~ Ci e sin 8y

where
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By replacing €e by éd, say, and setting k = x = 0 the expressions for an

T

isotropic dielectric medium are recovered.
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i For an isotropic region the y-components decouple and take the form
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The other field components in the fervite region may now be written in the

form (x =2 0).

) nx' a, x'
L] L] 2
e, b (an el,n e + bne2,n ) sin 8y
) nx' a, nx'
. ’ s’
]hx ﬁ (an¢l,ne + bn¢2,ne ) cos &y
%! a, x'
5 l,n 2,n :
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@y nx' a, nx'
s ] )
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Solutions are

sought in which the ai n are positive., If a? o were to become

L] s

negative or complex this would indicate that the fields no longer adhere either

to an interface or to an edge at x' = 0.

The above expressions may be adapted to the particular regions which occur

in the geometries of figure 1. In every case a solution is obtained by insisting

on the continuity of the field components which lie in the plane x'

= 0 for O<y<d.
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The above expressions simplify

where the single eigenfunctions suf

considerable for the simple case of Fig. 1(a)

fice to yield the surface mode.

For the lowest order mode, we have no y-dependence whereas the higher order

modes have a y dependency {s;n} 8y,
cos
modes which adhere to the interface

the form e ®i,n|X|, with @, > 0.
9’

§ = nn/d. We further restrict ourselves to

and therefore have a transverse behavior of

Applying the appropriate boundary condition yields a transcendental ex-

pression which relates the propagat

geometric parameters.

ion constant 8 to the various electric and

For the surface modes we obtain

| +1 0 -1 -1
: U tin S
= 0, n=0,1,2...
) 2
. @ p (1 . @ (B
(80 e QY= (2) (2)
pn ed/ef Ta ed/ef n "o

where the superscript (1) and (2) refer to the dielectric and ferrite regions,

respectively. The resulting expression simplifies considerably for the lowest

order (n=0) mode.

We then obtain:

ae + K
Ye
where
Hf=
a2 =
d
a2 =
f

Some further algebra generates the

(1+x) - x2/(1+x)
) 2
B” - w Mofq

82 - w2 €
Mof eV

field components.
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The theoretical treatment for the edge structure of Fig. 1l(c) follows
essentially the same pattern as that for the surface mode. However, in this
case the modal structure must be modelled using an infinite series of eigen-
functions. The resulting algebra is considerably more cumbersome and leads
to a dispersion relation which is an infinite determinant where the individual
terms are themselves series. We must therefore determine at what point to termi-
nate the series and when to truncate the determinant concurrently so as to
avoid the usual numerical problems associated with this approach.

The expressions for the dispersion relation and the field components
are cumbersome and will not be given in detail except to say that they follow

the previous format.
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II (c) Results:

Computer programs were written to yield, for both the surface mode and
the edge-guided mode, the dispersion curves as well as the field components
and the modal 'impedance' for the lowest order mode (n=0) only. The modal
impedances were calculated three different ways, i.e., on voltage-current, power-
current squared and voltage squared - power bases.

Figure 2 displays the three effective permeabilities which occur spon-
taneously within the theoretical treatment. The dominant one is shown by a
solid line. The most significant region occurs for that range of frequencies
for which the effective permeability becomes negative, for it is only in this
range that surface modes occur in the geometry of Fig. 1l(a).

Figure 3 shows the dispersion curve for the lowest order surface mode as
a function of the permittivity of the dielectric region while Figure 4 shows
the effect of changing the d.c. magnetic biasing field. These calculations
for a lossless system shows clearly that the lower band of the mode lies at
f = /;:?;;:_;;3 and that the system becomes highly dispersive well before we
reach the limit of f = f° + fm. Figure 5 shows some results for the higher
order modes, i.e., n=1l and 2, and illustrate their quite dispersive nature.
Figure 6 and 7 give the dispersion curve and the impedance curves for a parti-
cular ferrite material and with the dielectric region having the same permittivi-
ty as the ferrite. The rapidly varying impedance over the surface mode band-
width is clearly illustrated.

Figures 8 and 9 give the impedance as a function of frequency for the cases
for which the dispersion curves are shown in Figures 3 and 4.

In Figure 10, we show the structure of the lowest order surface mode. Note

that since the effective u of the ferrite is negative the continuity of the

|
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Figure 3

Dispersion characteristics for the lowest order surface mode
as a function of the permittivity of the dielectric region.
Parameters are: unMs = 4250 G., Hd & = 1400 Oer., ef = 12.3, N=0.
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Figure 4 - Dispersion characteristics for the lowest order surface mode

as a function of the d.c. biasing field. Parameters are WM
4250 G., €. = €4 = 12.3, N=0. *




Figure 5
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2 4 6 8 10

Dispersion characteristics for the higher order surface modes as
a function of the d.c. biasing field, (n=1 and 2). The parameters
are: ust = 4250 G., ef =12.3, ¢, =1l.,d = "6 mm.

n=l, - « ="= - -n=2, gaterial resonance frequencies

(F:JFO(F°+Fm)
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Figure 6 - Dispersion curves for the surface modes as a function of frequency.
lan = 1780 Gauss, €e = €y = 14.5.
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The characteristic impedance of the surface mode as a function of
frequency. Parameters as for Figure 6.
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Figure 8 - The characteristic impedance of the surface mode as a function of
frequency and permittivity. Parameters as for Figure 3.
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Figure 9 - The characteristic impedance of the surface mode as a function of
frequency and d.c. magnetizing field. Parameters as for Fig. 4.
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normal B component of the flux density (gn) requires that the corresponding
components of the magnetic field intensity are oppositely directed at the
interface!

We now pass to the edge-guided modes and will present some results per-
taining to the geometry of Figure 1(c). It was necessary first to determine
the required size of the truncated determinant as well as the order to which the
coefficient series had to be summed to achieve convergence and meet a required
accuracy. Tests were run where the size of the truncated determinant was
varied from 8 x 8 to 32 x 32 while the determinental coefficients were in-
dividually summed to up to 60 terms. For the worst case encountered an error of 5%
resulted from using eight expansion coefficients in each series representation
for the field and where the determinant entries were summed to twenty terms.
Going to a (12/30) system reduced the error to about one percent while a (12/50)
system resulted in an error of less than .1%. For generating much of the data
for the following figures, a 5% accuracy was found to be adequate and was used
out of economic considerations. For detailed studies, when necessary, a (12/50)
search was employed. It should be indicated that using twelve terms in the field
expansions leads to a (24 x 24) determinant since the fields in the ferrite
require a two series representation, i.e., for al,n and a2,n!

In Figure 11 we show the lowest order edge-guided mode as a function of
the permittivity of the dielectric region. We note that the effect of increasing
the permittivity is to decrease the bandwidth of this mode. Figure 12 demon-
strates the effect of changes in the d.c. magnetic biasing field. We note that
reasonably broad band operation is available when materials with high saturation
magnetization are employed and where the effective internal d.c. biasing field

can be kept to low values. The bandwidth is therefore limited by the onset of




LOWEST ORDER (N=0) SURFACE MODE

XA l 1 :

FERRITE

DIELECTRIC

Figure 10 - Structure of the lowest order surface mode.




Figure 11

12

10

12

B 16
- ST Fm
|
l B rads/mm
L | | 1 -
0 | 2 3 4 5

The dispersion characteristics for the e'ge-guided mode for
the geometry of Figure 1l(c) as a function of the permittivity
of the dielectrically loaded region. The parameters are:
usM_ = 4250 G., Hy = 1400 Oer., € = 12.3, d = .6 wn.
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4250 G., €g = 12.3, €q = 2.5, d = .6um.
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Figure 12 -~ The dispersion characteristics of the edge-guided mode as a
function of the d.c. biasing field. Parameters are: lhrMs =




low field losses at one end and the onset of high dispersion at the upper
end.

We next compare the edge-guided and surface modes. Figure 13 shows a sample
of the superposition of the edge-guided and surface mode dispersion curves
for the three lowest order modes. The surface modes are shown by the broken
lines, the edge-guided mode by the solid line. Note that n=1 for the edge-
guided mode corresponds to N=0 for the surface mode, and n=2 + N=1, etc.

It is clear that qualitatively there is substantial agreement between
the two models even though quantitatively there are substantial differences,
particularly for the lowest order mode. It is evident that the edge-guided
or peripheral mode and the surface mode are intimately related. That this is
so is further confirmed by Figures 14 and 15, where we show a set of dispersion
curves for the edge-guided mode and the corresponding impedance characteristics.
Comparison with Figures 4 and 9 is invited.

The structure of the edge-guided mode is further illustrated by Figures
16 and 17 where we show the magnitude of the Poynting vector as a function of
position and the surface current density in the conducting surfaces. The re-
sults are shown in perspective plots where the y=0 plane lies on the conducting
ground sheet and the central strip conductor is located at y=.6mm x > 0, while
for x < 0 we have the magnetic wall. It is observed that there is substantial
concentration of power particularly for the lower frequency case, at the strip
edge where also, of course, the longitudinal component of the current is singular.
It is also seen that, as expected, locally within the ferrite the Poynting vector
is negatively directed due to the local effective permeability being negative.

The next sequence of figures (18 through 21) gives very similar data for

a material with lower saturation magnetization, i.e., 1780 Gauss versus 4250
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Figure 13 - Comparison of the dispersion characteristics of the surface and
the edge guided modes. The parameters are: unMs = 4250 G.,
Hd o 1400 Oer., € = 12.3, €4 = 1.0, d = .6mm,
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Figure 14 - Dispersion characteristics for the edge-guided mode as a function
of the d.c. magnetizing field for unMs = 4250 G., € T €4 = 12.3

d = .6mm.
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Figure 15 - Characteristic impedance of the edge-guided modes as a function
of frequency and d.c. magnetizing field. Parameters are for

Figure 14.
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Figure 16 -~ The poynting vector axial component as a function of position

in the edge-guide transverse section and the axial components

l of the surface currents induced on the conducting planes for
f = 3 GHz. (see Fig. 14)
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Figure 17
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- See Figure 16 but for a frequency of 9 GHz.
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Figure 18 - The dispersion and impedance characteristics for the edge-guided

mode when “an = 1780 G., H°= 220¢, e Teyg = 14.5 and 4 = .6mm.
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Figure 19 - See Figure 16 but for the parameters of Figure 18 and f = 3 GHz.
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Figure 20 -  See Figure 16 and f = 2.5 GHz.
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Figure 21 ~ See Figure 16 and f = 2.0 GHz.
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Gauss. We observe that the previous remarks apply equally.

To complete this section of the report we present some results obtained
for the model field component structure both to justify further the sufficiency
of the approximate numerical approach in the determinant truncation and in
comparing the surface and edge-guided modal structure.

Figures 22 through 24 show the field components at the ferrite-dielectric
interface. The dashed lines denote the components evaluated at x =0% while the
solid lines give the components for x = 0-. All three figures are for the case
where we used eight coefficients in the series expansions i.e., eight TE and
eight TM 'modes' on the dielectric side of the boundary and eight terms in
each of the two series required to represent the fields on the ferrite side
(see page ), thus yielding a sixteen by sixteen trunhated determinant. Each
of the entries in the determinant was summed to twenty terms which yielded, as
was mentioned earlier, a worst accuracy of 5% in the propagation factor.

Figure 22 presents, for.a typical case, the four tangential components

which should be continuous across the interface. Agreement is more than ade-
quate when we realize that the primary field components with which we work are
ey and by and that the e, and hz components are obtained in terms of ey and hy'
Figures 23 and 24 give further sample results but for a material having high
saturation magnetization. Also, in these latter cases, all six field compo-
nents are given for a low frequency as well as high frequency situation, i.e.,
3 and 9 GHz, respectively. Figures 25 and 26 give some further results on the
structure of the higher order edge-guided moies. These data pertain to Fig. 13

where we showed the higher order edge-guided and surface modes. Figure 25

gives the fields on both sides of the ferrite-dielectric interface while for #

the first higher order mode, the dashed curves indicate the structure of the

corresponding surface mode. Figure 26 gives the behavior of the field transverse
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4mMg =1780G H =220¢ €;=€4=14.5 d=6mm
F=2.50GHz fB:=2.5214 r/mm

T Ymm

Field structure of the lowest order edge-guided mode. Components
of the field tangential to the ferrite-dielectric interface shown
on the interface for 4gM_ = 1780 G, Ho = 220¢, € T €4 T 14.5,

= .6mm, £ = 2.5 GHz.

Figure 22




4TMg =4250G Hy=0¢ € =€4=12.3 d=.6mm
F=300GHz [B=13017 r/mm

Figure 23 - Field structure of the lowest order edge guided on the ferrite
dielectric interface. Parameters as for Figure 14, frequency =
3 GHz, H_ =0 .
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L Figure 24 - See Figure 23 but with £ = 9 GHz, "o = 1500 .
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Field structure of the three lowest order edge-guided modes on
the ferrite-dielectric interface x = 0, y = 0+d. Parameters are:
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to the dielectric-ferrite interface where the ferrite occupies the x>0 region.
The final figure for this section compares in a little more detail the lowest
order surface and edge-guided modes. In perspective we show in Figure 27 the
ey and hy components corresponding to the lowest order mode of Figure 25 to-
gether with the ey component of the two lowest order surface modes. This
figure clearly indicates the close bond between the lowest order suface and
edge~guided or peripheral mode. It should be noted however, that whereas the
lowest order surface mode is a pure TE mode having only the ey, hx’ and hz

components, the lowest order edge-guided mode is a hybrid mode which requires

the presence of all six components of the field, where e e, and hy are

(except for ez) far from negligible in strength.

— — = 1
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II (d) Conclusions:

Results have been presented which were obtained from rigorous solutions
of waveguiding geometries which exhibit surface wave and edge-guided wave
phenomena. These results clearly establish the unidirectional nonreciprocal
nature of the modes. With the groundplane of the guiding structure located

at the y = 0 surface and the ferrite slab occupying the x > 0 region we observe

that these modes adhere to the dielectric-ferrite interface and the edge only
for propagation in the positive z direction for the d.c. magnetic field biasing
in the positive y direction, i.e., we have a field displacement to the left
when viewed in the direction of propagation. Secondly, the modes only exist
for that range of frequencies for which the effective permeability is negative.

The resultant band limited bahavior is further limited drastically by the

higher dispersive behavior of these modes as the frequency increases. For
l example, for a saturation magnetization of 4250 Gauss and a d.c. magnetizing
field of 500 Oersteds the effective permeability is negative over the range
l 4.3 + 13.3 GHz. However, the actual bandwidth of the edge-guided mode (Fig. 1u4)
is only of the order of 2 GHz and does not nearly match the 9 GHz negative
permeability range. Thirdly, it was concluded that there is a direct relation-
ship between the surface modes and the edge-guided modes for the model structures
investigated here. This was established on the basis of similarity in the dis-
persion characteristics (w-B diagrams) and the basic modal field structures.
The final conclusion reached was that it was unlikely that devices purpor-
tedly using the edge-guided mode in fact did so.
This conclusion led to the next part of the study which considers a more
general geometry and one which more nearly models the ferrite width stripline

| geometries employed in isolators and phase shifters.

———

l
|




III The Stripline Modal Spectrum

III (a) Introduction
Our earlier studies describea in part II of this report and also discussed
(27,30,34,35)
at several conferences » investigated the edge-guided or peripheral mode
and established the bandwidth to be expected if device operation was restricted

to utilization of these modes. In addition, the relationship between the sur-

face modes and the edge-guided modes on appropriate canonical structures was

investigated. It was concluded that the edge-guided mode is a perturbed surface

mode, and exists only in that range of frequencies where the effective permea-
bility is negative. Furthermore, the edge-guided mode adheres rather tightly

: to the edge of the stripline and tends to be highly dispersive.

(16,21) (23) (19)

; From experimental work by deSantis » Rosenbaum and Courtois

on the edge-guided mode in fact continued to operate beyond those frequencies

where the edge-guided mode could exist.

It therefore became necessary to extend the analysis to structures which more

3 and other workers it has become evident that devices which were presumed to depend
‘ closely model the ferrite loaded stripline. The geometries of Fig. 28 were

E therefore considered. Fig. 28(c) shows the transverse section of the shielded
microstrip line which is one of the objectives of our study. A slight modi-
fication to this figure gives the equally important homogeneously or inhomogeneous-
ly ferrite loaded stripline. The extensive and difficult analysis which will be
required for a rigorous investigation of the full modalcharacteristics of such
transmission lines forces us to consider the somewhat simpler alternative of

Figure 28(b), the inhomogeneously ferrite loaded stripline. What is required

here is an extension of the analysis applied to the geometry of Fig. 1(c). The

finite width of the ferrite and conductor presents us with a three region problem.
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Having seen earlier that the semi-infinite ferrite slab between parallel,
perfectly conducting planes gave a good qualitative if not very accurate quanti-
tative indication of the modal behavior we also have restricted our first con-

sideration to the geometry of Fig. 28(a).

(19) at an earlier date.

This geometry had been investigated by Courtois
It was decided to re-examine this structure since deSantis observed that con-
tinuous device operation can be, and is, obtained as the frequency is increased
starting from the material resonance frequency w = [mo(wo + mm)]!5 A
0, =3Hdc,
and where we obtain the onset of the edge-guided modes. Courtois in his results

w = yust, where the effective permeability first becomes negative

appeared to show that a definite band gap existed between the edge-guided

('magnetostatique’) mode and the waveguide ('dynamique') mode.




III (b) Theory:

The theoretical approach taken parallels that of section II(b) for the
two region problem. The following restrictions were observed. First, the
ferrite and dielectric media were presumed lossless and no conductor losses
were taken into account. Secondly, only the lowest order modes were considered,
i.e., no variation w.r.t the y-coordinate (3/3y = 0). The only mode types allowed
were those which were restricted to the vicinity of the ferrite strip. Thus
the transverse dependence for x positive was taken of the form exp(-|a|x) for
x>0 and exp(+|a|x) for x < 0. Completing the expressions for the various field
components and meeting the required boundary conditions yields a transcendental

form for our dispersion relation,

-2a .0
tank afb' = d £
8'2(u + —L—) -1 - v2u
f 1+x f
where

r = /ed/ef

20, D 4
o2 = %) -1

f

2

Me = (1+x) - x“/(1+x)

] -

B B/kf
kf = N/lzefeo = wVef/co

b' = kb

and b is the width of the ferrite strip.

SR 1! Bt it




The expressions for the field components in the three regions are cumbersome
and will not be given here.
Note that op is not restricted to being real but can, and does, become

purely imaginary thus leading to a trigonometric rather than exponential

transverse field dependence within the ferrite.
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III (c) Results
The first results obtained are shown in Figure 29. Calculated were the

dispersion curves for a ferrite strip of width 5 mm. The ferrite saturation

the permittivity of the ferrite was 15 and the regions exterior to the ferrite

were taken to be free space. The horizontal broken lines initiate the region

over which the effective permeability of the ferrite is negative while the

' ragnetization was taken to be 1760 Gauss, the d.c. magnetic bias was 200 Oersted,
dashed curves give the lowest and first higher order mode for the equivalent

isotropic case.

We observe that for frequencies below the material resonance we obtain the

volume modes which were also obtained by Courtois(lg). Within the region where

the permeability is negative we obtain the surface mode which was described in
detail in section II of this report. Restricted to the sector which is con-

| tained between lines whose slopes are the velocity of plane waves in the dielec-

tric medium and in a dielectric medium with the same permittivity as the ferrite
and free space permeability, are the zero cut-off quasi-TEM mode as well
as the next two higher order mode. We note the perturbation of the two lowest
order modes from their isotropic counterparts. Also shown are the transverse
distributions of the ey component of the field. It was of considerable interest
to observe that the broad band zero-cut off quasi-TEM mode displays a strong field
displacement effect over a range of frequencies which substantially exceeded the
region where Me is negative.

A more detailed investigation was then made for the case where the ferrite
strip width was increased to 10. mm. (The results are shown in Fig. 30.) Here we
show the two lowest order isotropic modes in light solid line while the various

limits of the regions where different modes may occur are shown in dashed lines.
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The dot-dashed curves show the limits of the region within which the transverse
field dependence in the ferrite is exponential while exterior to (below and above)
this region we have the trigonometric form for the field components.

The transverse field structure of these various TE modes was investigated
in some detail. Figure 31 gives the results obtained for the transverse be-

havior of the e, component. The letters attached to each entry correspond to ’

y
the similarly labelled points on the dispersion curves of Fig. 30. E and F show (
the transverse structure of the volume modes which show no discernable displace-

ment effect and where the dominant part of the energy is transported centrally ‘

within the ferrite region. M and N show the transverse behavior of the first

'
| S —

higher order mode which is subject to cut-off. The transverse behavior of the

isotropic and anisotropic cases show close correspondence. Figure 30(L) shows

D

the typical surface mode which suffers strong displacement to the left. In the 1

. A

sequence A,B,C, and D we show, for various frequencies, the isotropic quasi-TEM

mode while the sequence G through K gives the behavior of the corresponding

anisotropic mode. It is observed that this mode is subject to a strong dis-
placement effect which causes most of the transported energy to reside within
the vicinity of the right hand ferrite-dielectric interface and thus assume a
quasi-surface mode structure. In fact, this mode does not begin to approach
the isotropic mode until we are considerably above the region where Me is

i negative. Not coincidentally, the behavior begins the transition to the iso-
tropic symmetric distribution at point J which lies just above the boundary
where we move from an exponential to a trigonometric transverse dependence.

We observe that for this case we have that by far the greater part of the

energy is transported in the vicinity of the right hand interface over a fre-

quency range from about 2 to 8 GHz, i.e., a two octave bandwidth. The bandwidth
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is, in fact, restricted by the onset of the next higher order mode at about
7 GHz and, at the low end, by the existence of the surface mode.

Although we have only shown the w-B diagram for B > 0, since the structure
is symmetric a mirror image response is obtained for B < 0 but with the opposing
interfaces supporting the surface and dynamic modes. This means that unless the
next higher order mode can be suppressed as well as the surface mode, the useful
bandwidth is limited to the 3 GHz to 7 GHz, interval, i.e., about one and a
third octave as against two octaves.

An isolator using the dynamic mode would suffer from the fact that reversing
the direction of propagation for a structure, where we clad the left interface
with an absorbing medium, would mean that in the reverse direction a surface
mode would be supported by the loss free interface. The differential isola-
tion would then be limited by the degree to which we can limit the excitation
of the surface mode as we couple into the component.

The lossy film would suppress the surface mode in the forward direction
and also would suppress the waveguide or dynamic mode in the reverse direction
while also heavily attenuating the higher order modes (see Fig. 31N). The major
limitation to full bandwidth utilization is therefore the reverse surface mode.
For this reason a more detailed look was taken at the complete modal structure
of the surface and waveguide mode in the region where both may coexist.

Figures 32 and 33 give the transverse structure of the field components

ey, hx’ and hz to scale. The significant features would be the relative intensities

of the electric and magnetic fields and the relative strengths of the components
of the magnetic field intensity. At the low end of the band (2 GHz) we note that
for the surface mode hx is dominant by an order of magnitude (this originally was

the reason for the name 'magnetostatic' mode) over both the hz component as well

lF'-"'-!F"-'--!"F"'!"-"'--'l"'-'-""F-'“.'.."llllll-lll'-"!l.'
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as ey,noting the normalization factor N, The dynamic mode at this same
frequency displays similar magnitude ratios and structure. Increasing the fre-
quency to the upper end of the surface mode band does not substantially change
this picture.

Data was also generated for the case where the permittivity of the dielec-
tric regions which bound the ferrite region was increased to 4. The pertinent
dispersion curves are shown in Fig. 34. Although small differences in the field
structure resulted as shown in Figs. 35 and 36, these differences, if any, are not
encouraging that we can effectively discriminate against the surface mode.
However, since the model is rather simple, a definite conclusion must await the

analysis and results of a better model such as the one shown in Fig. 28(b).
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| I IIN(d) Conclusions
We have obtained the full modal spectrum of the lowest order modes (TE,n=0)
l for a simple model of the ferrite loaded stripline. Although quantitatively the
l results cannot be expected to be in good agreement with experimental results .
Nevertheless, qualitatively the results should reflect accurately the behavior
! of such a waveguiding system.
It has become clear that components purportedly using an edge-guided (i.e.,
quasi-surface) mode in fact employ the field displaced quasi-TEM waveguide (or

dynamic) mode. This latter mode, for even moderately wide ferrite slabs (line

widths) will assume a surface mode-like structure.

Even from the limited sample calculations it appears that operation over
two octaves may well become possible. However, further studies on a better
model which also considers the effect of material and conductor losses must be
completed before definitive conclusions can be reached.

It appears currently that the greatest difficulty will lie in suppressing
unwanted surface modes while higher order modes will be quite readily suppressed

using lossy films on the appropriate ferrite-dielectric interface or guide edge.

\
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