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Abstract

This paper presents the latest results of a
theoretical investigation into the full modal spec~
trum of those ferrite-loaded planar waveguiding struc-
tures which represent the device geometries employed
in broad-band stripline isolators and circulators.

Introduction

The promise of broad-band isolators and circu-
lators in the S through K band, using the edge-
guided or peripheral modes, having performance char-
acteristies throughout the band which compare with
or exceed those obtained from more conventional com-
ponents, has not been realized despite rather exten-
sive developmental work in the U.S., Europe and
Japan. (1-8)

It has been evident that an inadequate theoreti-
cal basis existed against which to correlate experi-
mental data and with which sufficient insight into
the device operation could be developed.

Our earlier studies (9-10) investigated the edge-
guided or peripheral mode and established the band-
width to be expected if device operation was restric-
ted to the utilization of such modes. In addition, we
investigated the relationship between the surface
modes on appropriate canonical structures and the
edge-guided mode. It was concluded that the edge-
guided mode is a perturbed surface mode, and exists
only in that range of freguencies where the effective
permeability [1 + x - x%/(1 + x)] is negative.
Furthermore, the mode adheres rather 'tightly' to
the edge of the stripline and is highly dispersive.

From experimental work by deSantis (5,6) and
Rosenbaum (7) it became evident that devices which
were presumed to depend on the edge-guided mode in
fact continued to operate beyond those frequencies
where the edge-guided mode could exist. The
earlier work concentrated on the geometry shown in
Figure 1(a), i.e., the ferrite dielectric interface
between two parallel conducting plates supporting
the surface mode, and Figure 1(c), the ferrite-di-
electric interface with the conducting half-plane
which supports the edge-guided mode. This latter
structure is the canonical geometry for the symmetric
stripline [Figure 1(b)], where we assume no interac-
tion between the stripline edges thus leading us to
the semi-infinite plate representation for the cen-
tral conductor. Figure 2 shows presentative results
obtained for the three lowest order unidirectional
surface modes of geometry 1l(a), and also the corres-
sponding unidirectional edge-guided modes for geo-
metry 1(c). No other modes are to be found for these
restricted model structures.

To investigate the broad-band behavior of these
planar devices, the analysis had to be extended to
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geometries with finite width which then represented
more closely the actual device structures. We there-
fore considered the geometries of Figure 3. Our ul-
timate objective is the shielded microstrip struc-
ture shown in Figure 3{(c), where we must include both
ferrite and conductor losses. However, we restrict
ourselves first to the stripline of Figure 3(b), which
leads to the canonical structure shown in 3(a), The
latter structure should related to the more realistic
model of 3(b) in the same manner that the results for
the geometry in Figure 1(a) related to the results for
Figure 1(c). Qualitatively, they compare readily
though qualitatively there exist significant departures.

The geometry of Figure 3(a) has been investigated
by Courtois [Ref. (3)] at an earlier date. It was de-
cided to re-examine this structure in view of the fact
that deSantis observed that continuous device opera-
tion can be, and is, obtained as one increases the

frequency starting from £ = /fo(fo+ fn), £ = THy o

and fm = yust, where the effective permeability first

becomes negative and where we obtain the onset of the
edge-guided mode, Courtois in his results appears to
show that a definite band gap exists between the edge-
guided [ 'magnetostatique'] mode, and the '"waveguide"

[ 'dynamique'] modes. As mentioned, deSantis has not
observed such a stop band.

Results and Discussion

Figure 4 and 5 illustrate the nature of our re-
sults obtained for the lowest order TE mode (n=0) and
for a typical ferrite material employed in the canoni-
cal stripline geometry of Figure 3(a). These results
differ significantly from those obtained by Courtois.
First, the waveguide modes are shown to overlap with
the edge-guided mode regime. Secondly, the 'volume'
modes which occur below the frequency band where the
effective permeability is negative show a much more
gradual cut-off than was obtained in Courtois' study.
(Note that for this geometry, the modes are not uni-
directional and the w-B diagram is symmetric about
8=0.)

It is interesting to observe the nature of the
transverse field distribution for these lowest order
modes (3/3y = 0). Below the surface mode band

(ueffec < 0) we observe volume modes which do not

exist in the isotropic case and thus, are due entire-
ly to the particular anisotropic nature of the ferr-
ite; secondly, the surface mode displays the well-
known adherence to the ferrite-dielectric interface,
which results from the same field displacement ef-
fect observed in the transversely magnetized ferrite
slab loaded rectangular waveguided and again, does
not occur for a dielectric/free space interface,
thirdly, the 'waveguide' modes which, for suffi-
ciently high frequencies, show the same behavior

and field distribution as would be the case for



an isotropic dielectric slab, while in the region
where we have negative effective u and transverse
hyperbolic functional dependence exists we see a modi-
fied distribution with, by far, the greater field in-
tensity at the opposite face of the ferrite slab to
the one which supports the surface mode.

In Figure 4, we also show the higher order 'wave-
guide' modes and the transverse distribution of the
electric field intensity for these modes only. The
broken line curves show the lowest two modes for the
corresponding isotropic case. It is evident that the
bandwidth of the surface mode is limited. In this
particular case, for a material with u4aM_ = 1760 Gauss
the maximum useful band extends from 1.8 BHz to about
2.8 GHz, i.e., about 50%. It appears, therefore, that
devices which exhibited measured bandwidth of two to
three octaves, say 2 to 8 GHz, may in fact have been
using the waveguide mode in that region where the
transverse field distribution is akin to that of a
surface mode.

We observe that for a slab width of 5 mm. the
electric field intensity at x = b is approximately
three times that at x = 0. Increasing the width of
the ferrite slab to 10 mm. enhances the quasi-surface
nature of the lowest order (zero cut-off) 'waveguide'
mode. Figure 5 shows the dispersion characteristics
for this wider case, while Figure 6 shows some repre-
sentative transverse electric field intensity distri-
butions. The horizontal broken lines indicate the
limits of the region where the effective permeability
is negative, i.e., 1.8 £ F £ 5.5 GHz. The dash-dot
curves indicate the limits of the region where the
functional behavior of the fields changes from expo-
nential to trigonometric form, i.e., in the region
between these curve the transverse behavior of the
field components is hyperbolic.

The lighter solid line gives the results for
the case where the ferrite magnetization has been re-
duced to zero, thus yielding the corresponding re-
sults for the isotropic case. Only the two lowest
order modes are shown. TFigure 6 gives the transverse
fields distribution at points A through D for this
case, and allows comparison with the perturbed struc-
ture obtained for the anisotropic ferrite case. The
transverse field distributions obtained for points
G through K indicate the substantial departure from
the isotropic distributions and show a pronounced
quasi-surface wave character with ratios of the elec-
tric field strengths in excess of ten to one at the
opposing faces of the ferrite slab over a frequency
range from about 2 to 8 GHz. 1In fact, we do not be-
gin to approach the symmetric distribution character-
istic of the isotropic 'waveguide' modal form until
the neighborhood of 10 GHz is reached and we are well
into the region where the field expressions becomes
of trigonometric form. We also show the next higher
order isotropic and anisotropic modes and examples
of their transverse field behavior at points M and N,
We again show the two lowest order volume modes and
their transverse distributions at points E and F.
Particularly pertinent is the fact that the waveguide
mode approached the asymptote w=8 s much more rapidly

than is the case for the isotropic mode as we reduce
the frequency. Ivﬁ surface mode approached the limit
f= [fo(fo+ fm)] and is cut-off before merging with

the co asymptote.

Computational difficulty prevents the tracing of
the zero order 'waveguide' mode along the ¢ asymptote
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in the region where the surface mode approaches and
the volume modes join this asymptote.

Conclusions

It is apparent that the quasi-surface mode be-
havior and structure of the basic stripline (waveguide)
mode may have led to its being confused with the sur-
face or 'edge-guided' mode. We have seen that the
maximum bandwidth of the edge-guided or surface mode
does not begin to approach the ‘experimentally observed
bandwidth of devices which, in fact, must operate by
using the quasi-surface modal structure assumed by
the basic stripline mode. For low loss broad-band
operation, it becomes important then that not only do
we not use the surface mode, but we must suppress it,
since it is guided on the face opposite to the one
which supports the broad-band mode. Any energy fed into
the surface mode will only increase the isolator
forward loss and substantially impair isolation in
the reverse direction. For the parameters selected
here this means that the effective bandwidth is re-
duced by about 1 GHz and is restricted to the approxi-
mate range of 3 to 8 GHz.

Current efforts are directed towards introducing
ferrite loss into our computations and to extending our
treatment to the more representative geometry of Fig-
ure 3(b).
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Stripline Geometries a) surface mode structure, b) fer-
rite loaded stripline geometry, c) canonical stripline
geometry.
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FIGURE 3

(a) Canonical ferrite-loaded stripline structure,
(b) the symmetric stripline geometry
(c) shielded microstripline.
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