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Abstract— A class of open dielectric waveguides is discussed which is of
direct importance to the areas of integrated optics and millimeter-wave
integrated circuits. An accurate analysis of the properties of these wave-
guides reveals that interesting new physical phenomena, such as leakage
and sharp cancellation or resonance effects, may occur under appropriate
circumstances. The resulting leaky modes form a new class of such modes
since the leakage, in the form of an exiting surface wave, has a polarization
opposite to that which dominates in the bound portion of the leaky mode.
These new effects are caused by TE-TM mode coupling, which was
neglected in earlier approximate treatments. Part Il describes the new
physical effects and includes numerical results on various waveguiding
structures to illustrate the new effects quantitatively.
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I. INTRODUCTION

N THIS PART, we first describe and discuss certain

new physical effects that follow from taking into account
the coupling between TE and TM modes that occurs at the
sides of the open dielectric waveguides. Since such coupling
is ignored completely in the customary approximate treat-
ments, those treatments miss these physical effects entirely.
Later in the paper various numerical results are presented
for typical waveguiding structures which illustrate these
new physical effects quantitatively, as well as indicating for
which physical properties the approximate theories are
satisfactory and for which they are not.
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Part I of this paper presents in detail the general mode-
matching procedure which results in an accurate analysis
of the propagation behavior of these open dielectric wave-
guides. In that treatment, the approach and the point of
view are developed in detail; we will require them in our
physical discussions below, and we briefly review them in
the context of our summary in Section II of the “effective
dielectric constant” approximation. Following the summary
of that approximate method, we show in Section II-B the
physical consequences of improving that approximation by
including the TE-TM mode coupling at the sides of the
open dielectric waveguide. Most importantly, we thereby
obtain the new physical effects to be described, but we also
show how the hybrid nature of these guided modes is
altered. The mathematical consequences of accounting for
the TE-TM coupling, with the implied inclusion of higher
modes, are examined in detail in Part I.

The new physical effects to which we refer are the
presence of leakage and the appearance of sharp resonance,
or cancellation, effects. As mentioned earlier, the customary
approximate theories neglected the TE-TM coupling and
thus never predicted these physical effects. The effects
themselves are discussed in Section III. We present, in
Sections III-B and -C, physical explanations for the leakage
mechanism and the resonance effect. The leakage occurs in
the form of a surface wave which emerges from the guiding
structure at some angle to it. The exit angle of the leaking
surface wave is discussed in Section III-E.

The leakage to which we refer changes the guided mode
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from being purely bound to a leaky mode. It is not gener-
ally known that leaky modes can exist on a large class of
these open dielectric waveguides. In fact, as we show, some
treatments which include the higher modes, and therefore
the TE-TM coupling, have not recognized that leaky modes
are present under appropriate conditions. These leaky
modes also constitute a new class of leaky modes, in that
the leakage portion of the leaky mode has a polarization
opposite to that which dominates in the bound portion of
the leaky mode. For example, if the guided mode is TM-like,
meaning that the electric field of the mode is predomi-
nantly vertically polarized, the leaking surface wave portion
will be a TE surface wave, with its electric field horizontally
polarized. This interesting feature makes these leaky modes
different from the usual types of leaky mode.

It is important for two reasons to know whether or not
leakage is present. Since these dielectric waveguides are
usually intended for use in an integrated-circuit fashion,
unwanted leakage can cause crosstalk between neighboring
components and thus deteriorate the performance of the
circuit. On the other hand, novel components can be
designed which make deliberate use of the leakage present.
An example of such a component for integrated optics is a
novel leaky-wave directional coupler [1], which can also
serve as a mode stripper.

The class of open dielectric waveguides treated in this
two-part paper comprises many different types of wave-
guiding structure, some of which have been illustrated in
Fig. 1 of Part I, and others of which are shown in Figs. 3
and 4 below. The TE-TM coupling produced by the sides
of the waveguides occurs in all of these open waveguide
structures, with the result that all of them support hybrid
modes possessing all six field components. However, not
all these waveguides can support modes which leak; on
some of these waveguides, all the modes are always purely
bound, despite the TE-TM mode coupling. This statement
applies, of course, only when the waveguide is uniform
longitudinally and above cutoff (when the waveguide cross
section is tapered, or when the structure is periodically
loaded in an appropriate manner, leakage will result in
customary fashion). Section III-A describes which types of
waveguide can leak and which will never leak, and presents
the reason why, together with illustrative examples.

On those waveguides which can leak, some modes will
leak and some will not. In addition, of those modes which
leak, one can change the geometry to avoid the leakage or,
alternatively, alter the geometry to produce or enhance the
leakage. A detailed prescription as to when leakage will or
will not occur is contained in Section III-D. In general,
however, the dominant guided mode on these waveguides
will not leak, but the lowest mode of opposite polarization
usually will.

Numerical examples which illustrate these new physical
effects are presented in Section IV. The waveguides selected
for these numerical calculations are the rib waveguide for
integrated optics, and the dielectric ridge guide and the
inverted strip guide for millimeter-wave integrated circuits.
The complex propagation characteristics of these wave-
guides are obtained on use of the accurate mode-matching
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procedure described in detail in Part I; 15 modes of each
type (TE and TM) are employed in the transverse reso-
nance evaluations.

In Section II-A, comparisons are made between the
values of B, the real part of the propagation wavenumber,
obtained by using the approximate “effective dielectric
constant” method and those computed via the accurate
mode-matching method. It is shown that for most cases the
approximate method yields results for 8 which are suffi-
ciently accurate, but that sometimes noticeable differences
occur. This approximate method cannot be used at all for
determining the values of a (the leakage rate), however,
because it neglects entirely the TE-TM coupling which
gives rise to the leakage.

The new physical effects of leakage and resonance dis-
cussed in Section III are illustrated numerically in Section
IV-B, where the values presented are calculated using the
mode-matching procedure. The examples show that, de-
pending on the type of waveguide and on the specific
geometrical parameters, leakage may occur for any value of
strip width or only for narrow strip widths. In addition, the
rate of leakage may be large or small, and the exit angle of
the leaking surface wave may also be large or small.
Examples are presented which illustrate extremes as well as
typical behavior.

Lastly, in Section IV-C, we include experimental results
which demonstrate clearly that the variation of leakage
with strip width obtained from measurements agrees very
closely with theoretical predictions.

II. REVIEW OF APPROXIMATIONS

We first summarize some of the main features of the
approach and point of view so that the physical explana-
tions in Section III will be clear. Under Section II-A, we
also summarize, for two reasons, the main features of the
“effective dielectric constant” approximate procedure. The
first reason is that we recommend that the procedure be
used when approximate values, suitable for engineering
applications, are required of only the real part, 8, of the
guided-mode propagation wavenumber. The other reason
is that it is important to know the limitations of this
popular approximate method, and what physical conse-
quences follow from taking into account what is neglected
in this approximation. The most important neglected fea-
ture is that of TE-TM coupling at the sides of the dielec-
tric waveguide; the nature of this coupling, and its conse-
quences, are discussed under Section 1I-B.

A. The “Effective Dielectric Constant” Approximation

The “effective dielectric constant” (EDC) approximation
is a very simple and practical method for obtaining rea-
sonably accurate values of B, the real part of the propaga-
tion wavenumber, of most open dielectric waveguides. The
differences between values of 8 determined by this method
and those calculated by an accurate mode-matching proce-
dure are discussed in Section IV-A for several waveguiding
structures.

The EDC method is actually quite an old one, being
essentially the first step in a systematic transverse reso-
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Fig. 1. A dielectric strip waveguide for millimeter-wave integrated cir-
cuits selected as a typical example. Shown on the figure is the division
into constituent inside and outside regions, and one bounce of a

constituent surface wave, at angle @, as part of the guiding mechanism.

nance procedure. About a decade ago, it had already been
applied to open dielectric guiding structures in millimeter
waves [2], and even surface acoustic waves [3], [4]. More
recently, it has been applied successfully to various dielec-
tric waveguides for integrated optics and millimeter waves
[5]-[7], and even to thin-film semiconductor lasers [8]. A
somewhat similar approximate procedure, dubbed the “ef-
fective refractive index” method, was applied to dielectric
strip waveguide structures for integrated optics when the
refractive index of the strip is less than that of the film [9]
or greater than that of the film [10]. It is an extension of
the simple Marcatili approach [11], involving a patchwork
procedure. In applying the EDC method it is of course
unimportant whether the dielectric constant ¢ or the refrac-
tive index n(=v€) is employed; it is the procedure itself
which is important.

In the EDC procedure, one follows the simple basic -

approach common not only to the approximate methods
but also to the accurate mode-matching procedure. That
approach is illustrated in Fig. 1 with respect to a.dielectric
strip waveguide for millimeter waves; the waveguide is a
variant of the so-called “insular guide” [12], and consists of
a dielectric strip placed on a wide dlelectrlc film on a
conducting ground plane.

The first step is to divide the cross section into two

constituent regions, an “inside” region and “outside” re-
gions, the inside and outside regions corresponding respec-
tively to |x|<W/2 and |x|>W /2. Thus the inside region

contains the guiding strip of dielectric constant €, and

width W placed on the dielectric film on the ground plane, -

whereas the outside regions consist only of the dielectric
film of dielectric constant €, located on the ground plane.

Within the inside- (or central) region, comprised of the
strip on the film on the ground plane, we assume that a
surface wave can be supported. The customary viewpoint
with respect to the guiding mechanism for a wave in the
longitudinal (z) direction is that a pair of these surface
waves will then bounce back and forth horizontally in this
central region at an angle between the sides of the strip,
undergoing total internal reflection at each bounce. One
such bounce, at angle 6, is shown in Fig, 1.

In the EDC procedure, each of the two constituent
regions is viewed as a slice out of, or a portion of, a planar
waveguide of infinite width. Its guidance behavior is thus
considered to be identical to that for a planar guide of
infinite width. Each constituent region (treated as if it were
infinitely wide) is then subjected to a (simple) transverse
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Fig. 2. A pictorial summary of the “effective dielectric constant” (EDC)
approximate method. The constituent inside (i) and outside (o) regions
are expressed as equivalent uniform dielectric regions, shown in the
middle of the figure, characterized in terms of effective dielectric
constants; the transverse resonance is thus given by the simple equiva-
lent network shown at the bottom.

resonance analysis, taken in the vertical (y) direction, to
determine the dispersion properties of the propagating
surface wave modes in the respective regions. These disper-

_sion properties are expressed in terms of the effective

refractive index ng; or the effective dielectric constant
€.e(=n2;) for each of the regions. Thus, each of the
constituent (inside and outside) regions of Fig. 1 can be
viewed as an equivalent uniform dielectric region, and the
complete structure can be regarded as three uniform re-
gions contiguous to one another, as seen in Fig. 2, which
presents a pictorial summary of the EDC method.

In this approach, the geometrical discontinuities corre-
sponding to the sides of the strip have been avoided
altogether. If we were to set up a transverse equivalent
network to describe such a junction of equivalent uniform
dielectric regions, we would obtain the direct connection of
transmission lines shown at the bottom of Fig. 2. If the
geometrical discontinuities were not neglected, then addi-
tional lumped elements would have to”be placed at the
Jjunctions between the transmission lines. Furthermore, only
a single transmission line need be used for each constituent
region because it has been assumed all along that only one
surface wave is present in each region.’

To complete the derivation, one next performs a trans-
verse resonance in the horizontal (x) direction, assuming
that each constituent region is represented by an effective
uniform dielectric medium; finally, one relates the various
transverse wavenumbers to the desired longitudinal one by.
the customary sum-of-squares relations.

The mathematical steps corresponding to the descriptive
remarks made here are presented in Section II of Part 1.

Two basic assumptioris have been made in this analysis
(and also in other approximate analyses):

1) only a single surface wave is present in each of the
constituent regions; and

2) the geometrical discontinuities correspondlng to the
sides of the step are neglected altogether.

Under most circumstances, at least two surface waves,
one TE and one TM, are capable of being supported
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simultaneously. However, these two surface waves are inde-
pendent of each other in uniform regions, and they couple
to each other only at geometrical discontinuities. Thus, if
the assumptions above were not imposed, then both the TE
and the TM surface waves would need to be included in
the analysis, and these surface waves would be coupled at
the strip sides. In the next section we consider some of the
physical consequences of such coupling.

B. TE-TM Coupling

As we saw in the section above, the cross section of the
dielectric waveguide of Fig. 1 is considered to consist of
two constituent regions, the inner strip region and the
outer portions. We also noted that approximate theoretical
analyses for the propagation characteristics of strip wave-
guides assume the presence of only one mode type, TE or
TM, in each of the constituent regions comprising the cross
section of the strip waveguide. When the field behavior at
the strip sides is viewed more carefully, however, it is easy
to see that a TE or TM surface wave incident on a strip
side at an angle produces not only a reflected and a
transmitted wave of its own type, but also excites a re-
flected and a transmitted wave of the other type (polariza-
tion). Because of its geometrical discontinuity, the strip
side also excites a continuous spectrum, if the region is
completely open, or all the higher discrete modes, if the
structure is bounded far above by a conducting plate, as is
done in Part I to discretize the modal spectrum and make
it more amenable to a mode-matching analysis. In any
case, one can show by examining the wavenumbers that all
components of this continuous spectrum, or its discrete
equivalent, are purely nonradiative here.

To see why such cross-coupling between surface wave
modes must occur, consider first a TE surface wave propa-
gating along an infinitely-wide planar structure identical to
that in the strip region. If the wave is propagating in the z
direction, it has only the following field components: H,,
H,, and E_. If, however, the wave travels at a small angle
with respect to the z direction, additional small compo-
nents H, and E, arise. Similarly, a TM surface wave
traveling at a small angle in that configuration will possess
not only components E,, E, and H,, but also small
amounts of E, and H,. When such a TE wave bounces
back and forth in the actual strip region, it hits the strip
sides at a small angle with respect to the z direction; the
small H, and E, field components then excite a TM surface
wave at the strip sides. Similarly, the small E. and H,
components of an incident TM surface wave will excite a
TE surface wave there. Thus TE-TM surface-wave mode
coupling necessarily occurs at these strip sides.

It is shown in Section III that it is just this coupling that
gives rise to the new physical effects of leakage and reso-
nance under appropriate circumstances. We add here only
certain remarks on how the hybrid nature of the modes
guided along the strip structure of Fig. 1 (and correspond-
ingly for all open dielectric waveguides in this class) be-
come affected by this TE~TM coupling.

In the effective dielectric constant procedure, and in
other one-mode approximate procedures, the guided modes
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propagating in the longitudinal (z) direction are found to
be hybrid in that direction. The guided modes are hybrid
because the constituent TE or TM modes bounce against
the sides of the waveguide at an angle to the longitudinal
direction, thereby producing components of both the elec-
tric and magnetic fields in the longitudinal (z) direction.
However, those hybrid modes possess only 5 field compo-
nents, lacking a vertical (y) electric field component if a
TE mode bounces against the sides, or a vertical magnetic
field component if a TM mode does. Such hybrid modes
can therefore be characterized as LSE or LSM modes,
respectively, or as H-type or E-type, respectively, with
respect to the y direction, depending on one’s preference in
notation.

When the TE-TM coupling at the sides of the dielectric
waveguide is taken into account, the hybrid modes now
become more complex, possessing 6 field components in-
stead of 5. Although these modes can no longer be char-
acterized according to whether they possess, in the vertical
direction, only a magnetic field component or only an
electric field component, the amount of the other vertical
field component is usually small because the TE-TM
coupling itself is usually small. It becomes convenient then
to characterize these hybrid modes as TE-like or TM-like,
depending on which surface wave that bounces back and
forth between the sides has the predominant field energy.

For example, let us assume that the waveguide of Fig. 1
is excited by an incident wave possessing a vertical mag-
netic field. A wave with that field polarization will set up a
pair of TE surface waves in the central strip region which
bounce back and forth between the strip sides. At each
bounce, a small amount of mode conversion into a TM
surface wave takes place; this TM surface wave then also
bounces back and forth, producing TE mode conversion at
each bounce, continuing the process. The resulting guided
mode in the longitudinal (z) direction is then a hybrid
mode containing a combination of the TE and the TM
surface waves, but the mode energy resides predominantly
in the TE portion. The guided mode is therefore a TE-like
hybrid mode.

It should also be observed that the incident (exciting)
field will not in general exactly match the field of the
resulting TE-like hybrid mode. This mismatch will excite a
small amount of energy in a TM-like hybrid guided mode,
which is usually also above cutoff at the same time. Thus
the incident TE polarization will actually set up two lin-
early-independent guided modes, one which is TE-like and
one which is TM-like, with most of the power being in the
TE-like mode. The TE-like mode will possess a large
vertical magnetic field component and a small vertical
electric field component; the situation is reversed for the
TM-like mode. The proportion of energy in these two
guided modes will depend on the form of the exciting field.

1L

The new physical effects which result from TE-TM
coupling at the sides of the guiding structure are leakage,
which changes a guided mode into a leaky mode, and a
resonance or cancellation effect, which prevents leakage at

THE NEw PHYSICAL EFFECTS
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specific parameter values and which may also influence the
value of B of the guided mode.

This section first considers the classes of .open dielectric
waveguide which are of use (or potential use) in integrated
optics or millimeter-wave integrated circuits, and discusses
why some of these waveguides can leak and why some will
never leak. Next, it presents physical explanations for the
leakage effect and for the resonance effect. For those
waveguides which can leak, a discussion is presented next

on criteria as to which modes leak and which do not, -

making use of the dispersion curves for the planar surface
waves which are present in the inside and outside con-
stituent regions. The section then ends with a description
of how to determine simply the exit angle of the leaking
surface wave.

A. Which Waveguides Leak and Which Do Not

Open dielectric waveguides have become increasingly
important within the past few years, particularly in connec-

tion with the areas of integrated optics and millimeter-wave -

integrated circuits. The major types of waveguide being
investigated in these two areas are presented in Figs. 3 and
4. As seen, these waveguides are associated with either a
substrate or a ground plane; we are not concerned here
with fiber waveguides of circular cross section.

It is not generally known that most modes on most of
these waveguides can be leaky, instead of being purely
bound, as is customarily assumed. As mentioned above, the
widely-accepted tacit assumption that these modes are
completely bound is based largely on published theoretical
propagation characteristics, which are obtained from ap-
proximate analyses that neglect those features which lead
to the leakage effects.

In the waveguides shown in Figs. 3 and 4, some structure
is present in each case which is limited in extent in the
horizontal direction in order to confine the fields laterally
as well as vertically. These waveguides may be broadly
divided into two classes:

1) those which are essentially modifications of dielectric
rods of rectangular cross section; and ;

2) those which are formed by a dielectric strip that
perturbs a planar dielectric waveguide.

Waveguides (a) and (b) of Fig. 3 and the rectangular
image line of Fig. 4 fall into class 1, and the remaining
waveguides are seen to belong to class 2. These two classes
function differently physically, and, as will be seen, modes
on waveguides in class 1 are always purely bound, whereas
most modes on waveguides in class 2 can be leaky. The
distinction between these two classes is therefore 1mportant
- with respect to the leakage question.

" The two waveguides in class 1 which are shown in Fig,. 3
consist of a strip either deposited on top of a substrate or
diffused into it. In the latter case, the waveguide boundaries

may not be sharp but the mode guidance behavior is -

unchanged in a qualitative sense. In the absence of the
strip, no wave can be sustained because a normal dielectric
half-space cannot support a mode. The strip therefore is
itself the guiding vehicle, and the substrate serves only to
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Fig. 3. Examples of open dielectric waveguides for integrated optics,
where each waveguide is placed on a dielectric substrate. Waveguides
(a) and (b) fall into the class for which no leakage is possible; the rest
are members of the class for which some modes may leak.

€

)

RECTANGULAR IMAGE LINE

N

"INSULATED" IMAGE LINE

€, €> €,

e

INVERTED STRIP GUIDE

Fig. 4. Examples of open dielectric waveguides for millimeter-wave
integrated circuits, where each waveguide is placed on a metal ground
plane. Some modes on the “insulated” image line and the inverted strip
guide may leak, whereas all modes on the rectangular image line are
purely bound.

modify the modal behavior and field distribution. The
guidance behavior is thus that of a dielectric rod (or strip)
modified by the presence of the substrate. For the dielec-
tric image line of Fig. 4, it is clear that the structure is that
of a rectangular dielectric rod and that the guiding action
would vanish in its absence.

In those waveguides which fall into class 2, a wide planar
dielectric layer is present. Thus, if the strip were not
present, wave guidance would still occur because the di-
electric film or layer provides a planar waveguide. The
function of the strip is therefore to confine laterally the
already-existing planar (wide) surface wave. -

The advantage of such an arrangement for the wave-
guide of Fig. 3(c) was first pointed out by Furuta ez al. [9],
who observed that the modal properties of a strip on a’
substrate would be influenced strongly by the precise
geometry of the strip, and that at optical wavelengths it is
difficult to maintain geometrical uniformity on the strip.
They proposed the geometry of Fig. 3(c), where the refrac-
tive index of the strip would be Jess than that of the film.
Then, the strip would serve to pull in the field laterally but,
since most of the field would still be concentrated in the
film, the precise dimensions of the strip would be of lesser
importance. A similar argument was presented by Itoh [6]
for the inverted strip guide of Fig. 4.
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As we discussed earlier, the customary explanation for
the guidance mechanism in all of the waveguides in Figs. 3
and 4 proceeds by first dividing the waveguide cross sec-
tion into two constituent regions—an inside region corre-
sponding to the strip portion, and the outside regions,
where the strip is absent. Within the inside region, the strip
plus substrate or ground plane (in class 1) or the strip plus
film plus substrate or ground plane (in class 2) supports
one or more surface waves. If the excitation of the wave-
guide possesses a vertical electric field polarization, for
example, the surface wave is of the TM type. This surface
wave will then bounce back and forth horizontally in this
central region at an angle between the sides of the strip,
undergoing total internal reflection at each bounce.

In order to guarantee such total reflection, the inside, or
central, guiding region must have an effective refractive
index higher than that of the outside regions. There are, of
course, many ways to achieve this arrangement; the most
common ones are shown here. The waveguide in Fig. 3(e),
known as a rib waveguide, is a special case of the strip
waveguide in Fig. 3(c), where the strip and film materials
are the same. These rib waveguides have been studied by
and are being used by people at the Bell Laboratories [13],
[14]. The structure in Fig. 3(d) is an indiffused or ion-
implanted version [15], [16] of the rib waveguide, but where
the guide boundaries are not as clearly defined and where
the refractive index may vary within the guiding region. It
has the advantage, however, of a smooth top surface. The
slot waveguide in Fig. 3(f) consists of metal coatings on the
outside regions, whereas the inside region is left unmod-
ified. At optical frequencies, a metallic layer does not
behave like a short circuit, but like an overdense plasma;
that is, the dielectric constant of the metal is negative real.
Thus, the metal coatings lower the effective refractive index
of the outside regions, leaving the unmodified central re-
gion with a higher relative index. This type of waveguide
was first proposed [17] in analogy to slot waveguides for
surface acoustic waves, and later independently by others
[18]. It has also been studied in some detail [19]-[21]. The
geometry lends itself particularly readily to modulator ap-
plications, since a dc or RF field can be placed directly
between the metal coatings. On the other hand, all of these
guiding structures have been built and tested in the context
of directional couplers, modulators, or switches.

The “insulated” image line and the inverted strip guide
for millimeter-wave integrated circuits, shown in Fig. 4,
were proposed as structures to reduce the metal loss at
higher frequencies due to the metal ground plane in the
dielectric image line. Because the dielectric constant e, is
lower than e, the structure can be designed so that the
fields decay exponentially in the vertical direction in the
region of €,, and the currents in the ground plane become
greatly reduced.

It was stated in that when these waveguides leak the
leakage occurs in the form of a surface wave that travels
away from the waveguide at some angle. Each of the
waveguides in class 2 has dielectric wings, that is, a wide
dielectric planar layer that can guide a surface wave in the
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absence of the central strip which concentrates the field
laterally. The waveguides in class 2 therefore possess the
geometric configuration that could sustain a leaking surface
wave.

The waveguides in class 1, on the other hand, do not
have the dielectric outer structure that could support a
leaking surface wave. The guided modes for those wave-
guides are therefore purely bound. It is necessary, of course,
to determine whether or not leakage is possible from such
waveguides in the form of a constituent of the continuous
spectrum that is excited at the strip sides. An examination
of the relative wavenumber values, however, clearly rules
out any such possibility.

We may therefore assert that all modes on waveguides
belonging to class 1 are purely bound, but that it is
possible for some modes on waveguides belonging to class
2 to leak in the form of a surface wave which exits from the
waveguide at some angle and is supported by the wave-
guide’s dielectric wings.

B. Physical Explanation of the Leakage Effect

As a typical waveguide belonging to class 2, let us
consider the millimeter-wave dielectric strip waveguide ap-
pearing in Fig. 1, and discussed earlier in Section II-A, in
connection with the approximate EDC method. The wave-
guide is a form of the “insulated” image line shown in Fig.
4.

As described in Section 11-A, we divide the cross section
into inside and outside constituent regions, designated,
respectively, by i and o. If the exciting field produces a TE
mode primarily in the waveguide, then, in the EDC analy-
sis, the guiding process involves a TE surface wave bounc-
ing back and forth in the inside (strip) region at an angle to
the strip sides, undergoing total reflection at each bounce.
In the transverse equivalent network in Fig. 2, the TE, and
TE, transmission lines are above and below cutoff, respec-
tively.

The layer thickness, however, is usually such that a TM
surface wave can also be supported in each region. Then,
as discussed in Section II-B, the TE and the TM surface
waves become necessarily coupled to each other at the
sides of the strip because of the geometrical discontinuities
there. As a result, the simple EDC equivalent network
shown in Fig. 2 becomes replaced by the transverse equiva-
lent network appearing in Fig. 5, which takes into account
the aforementioned TE-TM coupling.

Actually, the network in Fig. 5 is almost rigorous, ne-
glecting only any higher mode interactions that may occur
between the two strips sides if the strip width is sufficiently
small. The boxes in the network represent the coupling
between the TE and TM modes, and also the modal
content of the continuous spectrum (or its discrete equiva-
lent) excited by the strip sides. These boxes are purely
reactive since the continuous spectrum is nonradiating
under the conditions of mode guidance, as may be readily
verified by an examination of the relative wavenumber
values.
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i

T™M,

Fig. 5. Transverse equivalent network for an open dielectric strip wave-
guide which takes into account the TE-TM mode coupling produced at
the sides of the strip. The symbols i and o represent, respectively, the
inside (strip plus layer) and outside (layer) constituent portions of the
waveguide cross section.

™, /'E

T™ (leaks)
TE (evanescent)

TE

Fig. 6. Pictorial ray representation of the TE-TM mode-coupling pro-
cess at one side of a dielectric strip waveguide. The coupling shown
here produces leakage of a TM surface wave in the outside region when
a TE surface wave is incident on the strip side from the inside region.

- In the -approximate EDC analysis discussed in. Section
II-A, the TE-TM coupling is neglected and only one
transmission line, the TE one, say, is considered. Con-
sistent with the total reflection viewpoint, the TE, transmis-
sion line is above cutoff whereas the TE, ones are below
cutoff, and the guided wave is purely bound in this ap-
proximate analysis. Since. the TM surface wave is the
lowest surface wave (possessing the highest €,;) in this
structure, it is shown in Section III-D below that, when the
TE—TM mode coupling is included, and the complete
network in Fig. 5 is'used, the TM transmission lines can be
above cutoff in both the inside and outside regions. If the

~TM,, transmission line in Fig. 5 is above cutoff, then
leakage of energy from the TE, surface wave into the TM,
surface wave will occur at each bounce at the strip sides,
and a leaky mode will result. This situation is pictorially
summarized in Fig. 6.

The leakage, when it occurs, is thus due to the coupling
between the constituent TE and TM waves produced at the
strip sides when these waves bounce back and forth in the
strip region, as part of the guiding process. In Fig. 6 (as in
Fig. 1), let us take the waveguide axial direction to be the z
direction, and the horizontal direction in the cross section
to be the x direction. Let us also choose the TE surface
wave to be the one which the incident field excites pri-
marily, so that leakage occurs in the TM surface wave
outside, if it occurs at all. These considerations are con-
sistent with the qualitative discussion above. The explicit
condition for leakage is then

2
(KT™)" >0.

out

(1)

The quantity (kI™),,, is the transverse wavenumber of the
TM surface wave in the outside region, and relation (1)
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states that the outer TM transmission line in the transverse
equivalent network in Fig. 5 is above cutoff (propagating).
-The resonances of the transverse equivalent network in

‘Fig. 5 then yield the wavenumbers of the hybrid modes

guided by the waveguide in the axial direction. These
wavenumbers are complex when leakage is present, and the
value of a of a leaky mode is the measure of its leakage
rate.

C. Physical Explanation of the Resonance Effect

Fig. 6 represents pictorially the results of TE-TM cou-
pling at a strip side. As shown, a TE surface wave incident
on the strip side mode converts.in part into a TM surface
wave outside and a TM surface wave inside.- If the TM
surface wave in the outside region is above cutoff, then, as
discussed in Section III-B, the TE-like guided mode be-
comes leaky, and leakage of TM surface wave energy
occurs.

We now consider the TM surface wave in the inside
region. This mode-converted surface wave is almost always
above cutoff, so that it also bounces back and forth be-
tween the strip sides as part of the guiding process.

One observes in the curves of the leakage rate o versus
the strip width W, for certain geometrical parameter com-
binations, that very sharp and steep dips occur for specific
values of W. A typical example is provided by Fig. 13. At
these values of W the leakage appears to be cancelled, and

“the behavior is akin to a resonance effect. This effect is due

to the mode-converted surface wave which is bouncing
back and forth above cutoff in the inside region. From a
simple calculation, we find from the curves that, to within
1 percent, the condition for the resonances is given by

(2)

if the mode-converted surface wave is TM, and correspond-
ingly for TE. The quantity (k!™),, is of course the trans-
verse wavenumber of the TM surface wave in the inside
(strip) region. ;

The equivalent networks presented in Part I to describe
in pictorial fashion the way in which the various transverse
modes couple together at the sides of the strip can be recast
in a form which sheds light on the resonance process. From
the recast network it can be shown-that the cancellation
effect is not complete, but almost so. When only one. TM
mode and one TE mode is included in each region, com-
plete cancellation occurs in accordance with condition (2),
but the presence of higher modes softens the completeness
of the cancellation. Nevertheless, it is seen from various
accurate numerical calculations that the resonance dips are
at least four orders of magnitude below the peaks in the
attenuation plots; for engineering purposes it is therefore
safe to regard the dips as equivalent to nulls even though
they are rigorously not so. The proof of these statements
will be presented elsewhere.

‘We have performed a similar analysis for a.slot wave-
guide [20] for integrated optics, and the numerical. results
show that the resonance effect dramatically reduces not

(KIM), W=2mm, m=12,"
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only any leakage produced, but also the attenuation due to
the presence of the metal.

D. Which Modes Leak and Which Do Not

Whether or not leakage will occur in a specific case can
be assessed by looking at the dispersion curves for the
planar surface waves in each of the constituent regions
comprising the cross section of the dielectric waveguide. As
an illustration of how to use these curves, let us here
consider the simpler case of the ridge waveguide for milli-
meter waves, obtained by making the strip and the film of
the same dielectric material in the dielectric strip wave-
guide of Fig. 1. The dispersion plots for the inside and
outside constituent regions are then the same, differing
only in the thickness of the dielectric layer.

The planar dispersion plots for the constituent regions of
the dielectric ridge structure are shown in Fig. 7. The
lowest surface wave mode is the TM,,, and the next one is
the TE,, as seen in Fig. 7. The vertical line ¢, corresponds
to the (thicker) strip region, and the line ¢, to the outside
(film) regions, as indicated in the inset in Fig. 7.

For complete guiding, all the surface waves bouncing
back and forth inside the strip region at an angle to the
strip sides must be propagating, and all the surface waves
present outside must be evanescent. Suppose that the wave-
guide is excited with the electric field oriented in the
horizontal (x) direction, so that the basic excitation is
“TE,” corresponding to point 1 shown in Fig. 7. As this TE
wave bounces back and forth inside the strip region, it
couples some TM energy at each reflection from the strip
sides. The TE wave outside is always evanescent trans-
versely, as required, but what can we determine about the
TM wave outside? We must examine the relative z . values
on the dispersion curves to see whether or not the TM,
surface wave is evanescent. From Fig. 7 one sees that the
value of n for the TM,, surface wave outside (at thickness
t,), identified as point 2, is even larger than the value of
ngy for the TE, surface wave inside (at thickness ¢,), at
point 1. The TM,, surface wave outside is thus seen to be
propagating rather than evanescent. Hence, the condition
for complete guiding is not satisfied, and the hybrid TE-like
mode is leaky, consistent with the picture in Fig. 6.

If the initial waveguide excitation were of the “TM”
type, a corresponding inquiry would indicate that the re-
sulting hybrid guided wave would be completely bound.
Thus the guided TM-like modes on this waveguide corre-
sponding to the excitation of the TM,, surface wave in the
inside region will not leak.

Depending on how close the dispersion curves in Fig. 7
are to each other, the TM,, wave outside may or may not
be evanescent, so that the resulting TE-like guided mode
may or may not be leaky. For the case shown here, the
mode will be leaky for any value of strip width W. For a
different set of geometrical parameters, the guided mode
may be leaky only for narrow strips but not for wide strips.
We have developed a simple criterion for leakage, employ-
ing these planar dispersion curves, which permits a sys-
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Fig. 7. Planar dispersion plots for the two lowest surface waves in each
of the constituent regions comprising the cross section of the dielectric
ridge waveguide shown in the inset. The vertical lines 7, and ¢,
correspond respectively to the inside and outside regions. The plots are
used to determine which modes leak and which do not.

tematic method for predicting when leakage will occur, but
it will be presented elsewhere [22]. However, we summarize
later some of the main results deduced from this procedure.

For any dielectric waveguide configuration, one must
first determine which surface wave will be the dominant
one in the inside constituent region. If it is a TM surface
wave, as in the waveguide of Fig. 1, then we can make the
set of statements given below; if the dominant surface
wave is TE, then the conclusions are valid when TE and
TM are interchanged.

We should also recall that each of the (hybrid) guided
modes of a dielectric strip waveguide is based on a particu-
lar surface wave mode which is excited in the central strip
region. For example, if the strip region is excited with the
electric field polarized vertically, the surface wave in the
strip region will be a TM surface wave, and the resulting
set of guided modes will be TM-like. There may be more
than one of these guided modes, depending on the strip
width. If the strip thickness is sufficiently large, then more
than one TM surface wave may be excited in the strip
region; in that case one set of hybrid TM-like guided
modes will exist for each of these surface waves. Now,
assuming that the dominant constituent surface wave is
TM, we may draw the following general conclusions.

a) TM-like (hybrid) guided modes of the dielectric strip
waveguide which are based on the lowest TM constituent
surface wave are always purely bound (never leaky).

b) TE-like or TM-like guided modes based on higher
order TE or TM constituent surface waves are always
leaky.

¢) TE-like guided modes based on the lowest TE con-
stituent surface wave may or may not be leaky, but usually
are. If the TE and TM constituent surface-wave dispersion
curves are not close to each other, the TE-like guided
modes will be leaky for all values of strip width. If these
dispersion curves lie very close to each other, the TE-like
guided modes will be leaky only for narrow strip widths.

In determining which surface wave is the lowest one in
the planar constituent regions, one must be careful because
for some few structures the choice of which surface wave is
dominant changes with dimensional parameter values. An
example of such a changeable structure is the inverted strip
guide (see Fig. 4) proposed by Itoh [6] for millimeter
waves; that versatile waveguide can be designed so that it
does not leak, or can leak a TE surface wave while guiding
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Fig. 8. Pictorial ray representation of the exit angle 8, of the leaking
surface wave. The region to the left corresponds to the inside region of
the waveguide.

a TM-like hybrid mode, or can leak a TM surface wave
while guiding a TE-like mode.

E. The Exit Angle of the Leaking Surface Wave

If the hybrid guided mode on the dielectric waveguide is
leaky, the above-discussed dispersion curves for the con-
stituent regions may be used to help determine the exit
angle of the leaking surface wave. Suppose the TE-like
hybrid guided mode on our dielectric ridge waveguide in
Fig. 7 is leaky, and we wish to determine the angle which
the leaking TM,, surface wave makes with the longitudinal
(z) axis of the waveguide. The situation is depicted in Fig.
8, where 6, is the angle we seek. Suppose also that a
solution for the real part 8, of the propagation wavenum-
ber of the guided mode has been obtained, for example, by
using the EDC method; such an approximate solution is
sufficient for this purpose, and is easy to compute. Then,
by inspection of Fig. 8, we see that

cos — le — (neff )gujde
. ( k;rMO )out ( nEfIE/IO )oul

where (kT™o)_ . is the wavenumber of the TM, surface
wave in the outside regions; upon division by the free-space
wavenumber k, the ratio involving the n; values is ob-
tained. The value (n13%),,, is found directly from the TM,,
dispersion curve in Fig. 7 at the abscissa value 7, /A; it is
in fact the value indicated as point 2.

The exit angle 6, may be very small, say a few degrees,
as occurs in some integrated optics waveguides, or it can be
quite large, like 45°, as is found in certain structures for
millimeter waves. To a good approximation, the n, value
for the TE-like hybrid guided mode is bracketed as fol-
lows:

(3)

(”Ef% )out< ( Pett )guide<(n’t1‘}% )in'

Therefore, the (nX),, may be only very slightly larger
than the (714 ),4e OF substantially larger than it, depend-
ing on circumstances. Again, the dispersion plots offer
insight. -

For narrow strip widths, the (7.4 )u4e lies closer to the
(nTE),, value. For this reason, the exit angle 6, will be
larger for narrow strip widths and will decrease if the strip
width is made to increase.
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It should also be noted that the exit angle 6, may be
either greater or smaller than the angle 6, in Fig. 8, where
6., is given by
(n eff )guide .

( TE, )m (4)

cosf,,=
P egr
When the waveguide is leaky for all values of the strip
width W, a situation that corresponds to that in Fig. 7,
6., >0.,. However, when the dispersion curves are arranged
so that leakage occurs only for narrow widths W, we find
that 6, <8,  when leakage is present.

1V. NuMEericAL EXAMPLES

The new propagation effects discussed under Section III
are illustrated numerically in this section with the help of
the accurate mode-matching procedure presented in detail
in Part I. For most of the examples, 15 modes of each type
(TM and TE) are employed in the transverse resonance
evaluations. Curves are presented for both the real part
and the imaginary part a of the propagation wavenumber
of the hybrid guided modes of a variety of dielectric strip
waveguides, with examples chosen from integrated optics
and millimeter-wave integrated circuits.

For the real part 8 of the hybrid guided modes, we
remarked in Section II-A that for most cases the approxi-
mate “effective dielectric constant” (EDC) method yields
results that are sufficiently accurate for engineering pur-
poses. We present in Section IV-A calculations of 8 for
four different structures, showing that the EDC method is
indeed very good in most instances, but that in others one
must be careful. Section IV-B is concerned with the leakage
and resonance effects, involving the attenuation constant «
of the hybrid guided modes. Examples are presented for
three different types of dielectric waveguide, illustrating a
variety of features. Lastly, in Section IV-C, we present the
results of an experiment, conducted recently in Japan, that
demonstrates that the variation of leakage with strip width
indeed follows the theoretical predictions very closely.

A. The Accuracy of Values of B Calculated via the EDC
Method

Highly accurate values for 8, the real part of the propa-
gation wavenumber of the hybrid guided modes, can of
course be obtained using the mode-matching procedure,
described in detail in Part 1. Since that procedure is quite
involved, it is important to know if values which are
sufficiently accurate for practical engineering purposes can
be computed by means of a relatively-simple approximate
procedure. The best such simple procedure is the “effective
dielectric constant,” or EDC, method, described in Section
II-A.

We present now comparative calculations of 8 for four
specific waveguides. The values of 8 found by means of the
accurate mode-matching procedure discussed in Part I are
represented by solid lines, while those obtained via the
EDC method are indicated by dashed lines. For all cases,
15 TE and 15 TM modes were employed in the mode-
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F1g 9. Dispersion curve, in the form of (Mee)g versus W/Ay, for the
lowest TE-like hybrid guided mode of the inverted strip guide shown in
the inset. (Dimension 1, in the inset is not drawn to scale.) For this
structure, “TE” eXcitation results in a leaking TM surface wave. In this
plot, the EDC and the accurate mode-matching calculations are indis-
tinguishable from each other.

matching procedure to insure accuracy; the EDC method,
which involves only one surface wave mode in each trans-
verse region, is less accurate but far simpler to use. It is
seen below that in almost all cases the EDC results are of
sufficient accuracy; sometimes they are indistinguishable
on the curves from the highly accurate values, but at other
times the differences between the accurate and approxi-
mate values are quite noticeable. One must therefore be
cautious and not assume indiscriminately that the EDC
results are always sufficiently accurate.

The first of the four waveguides is an inverted strip
guide, with a relatively thick upper layer, as shown in the
inset on Fig. 9. The géometry is so chosen that when the
guided modes are TE-like, a TM surface wave leaks for all
values of strip width. Right now we are concerned only
with the values of 8, however. Fig. 9 presents a dispersion
curve of (nyy), (=B, /ky), where the subscript g signifies
the hybrid TE-like guided mode, as a function of W /A,
where W is the strip width, for the lowest TE-like guided
mode. It is seen that for this case the EDC values are quite
indistinguishablé on the curve from the accurate mode-
matching results.

The second case also involves an inverted strip guide,
but with the geometry so arranged that when TM-like
guided modes are present a TE surface wave leaks for any
value of strip width. This polarization reversal was achieved
by changing only the value of z,. The values of (M),
Versus W/)x are shown in Fig. 10 and the geometry is
indicated in the inset. For this case, the EDC and the
accurate values are very close to each other, overlapping
for small W /A, and for larger W /A, but one can discern
that in the intermediate range the EDC values are very
slightly higher than the accurate ones. The agreement is
excellent, though, and the use of the EDC method here is
certainly recommended.

Such good agreement explains why the theoretical calcu-
lations made by Itoh in his original paper [6] on the
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Fig. 10. Dispersion curve for the lowest TM-like guided mode of the
inverted strip guide shown in the inset. (Dimension ¢, in the inset is not
drawn to scale.) This structure differs from that in Fig. 9 only in the
value of r;, but here a TE surface wave leaks. In this case, the EDC
results differ very slightly from the accurate mode-matching values.
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Fig. 11. Dispersion curve for the lowest TM-like guided mode on the rib

waveguide for integrated optics shown in the inset. (Dimensions # and
¢, are not drawn to scale.) Here, the EDC results are only slightly higher
than the accurate mode-matchmg results.

inverted strip guide, using the EDC method, agreed so well
with his measurements even though his structure functions
in the leakage range [23].

A recent paper by Mittra et al. [24] also presents accu-
rate mode-matching results for 8 for the inverted strip
guide, using 7 TE and 7 TM modes; and compares them at
certain specific points- with results obtained via the EDC
method. They also found excellent agreement between the
sets of values. Unfortunately, however, they did not look
for complex roots of their determinantal equation, and
they therefore computed only 8 and not a, thereby missing
entirely the new physical effects discussed in Section III.

Our third case relates to the integrated optics field and
consists of the rib waveguide, shown in the inset in Fig. 11.
The geometry permits a TE surface wave to leak when the
guided modes are TM-like. The dispersion curves of ( Rege)g
Versus W/?\ for the lowest TM-like guided mode, com-
puted using the EDC method (dashed curve) and the
mode-matching procedure (solid curve), are shown in Fig.
11. The difference between the approximate and the accu-
rate curves can now be noticed, but the difference is rather
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Fig. 12. Dispersion curve for the lowest TE-like guided mode on the
dielectric ridge waveguide shown in the inset. (Dimension # in the inset
is not drawn to scale.) In this case, the EDC values are noticeably
different from those computed from the accurate mode-matching pro-
cedure, but the differences are still small.

small, and the EDC results are acceptably accurate.

The last of the four cases, applicable to the millimeter-
wave field, involves the dielectric ridge waveguide (a variant
of the “insular” guide, with the strip and film dielectric
materials being the same), shown in the inset in Fig. 12.
The guided mode here is TE-like, and a TM surface wave
leaks. The curves in Fig. 12 again represent the variation of
(negr), With W /A for the lowest TE-like guided mode. For
this case, the difference between the approximate (EDC,
dashed line) and accurate (mode-matching, solid line)
curves is quite evident. At W /A near 0.5, for example, the
discrepancy between the two curves is about 1.4 percent.
This discrepancy may be unimportant for many applica-
tions, but its existence should be noted.

From the comparisons presented in Figs. 9 through 12,
we may make several observations. The approximate EDC
results are of sufficient accuracy for that method to be
recommended for the calculation of 8 for most dielectric
waveguide configurations. When are the EDC results less
reliable? It is noted that the transverse discontinuities at
the sides of the strips in the structures shown in the insets
in Figs. 9 through 12 become successively more pro-
nounced. In the inverted strip guides, most of the energy
resides in the upper layer, not in the strip, so that the strip
sides offer an electrically-small transverse discontinuity. In
the rib and ridge guides of Figs. 11 and 12, the strip plays a
stronger role, but the step in the rib guide of Fig. 11 is
clearly smaller than that in the ridge guide of Fig. 12. It is
also true that the amount of leakage in each case is related
to the importance of the step discontinuity at the strip
sides. We may, therefore, state that the EDC method may
be relied upon to produce accurate values for B (or (n.4),)
except when the leakage rate is large or, alternatively, the
sides of the strip represent an electrically-important step
discontinuity.

B. Examples of Leakage and Resonance Effects

Depending on the type of waveguide and on the specific
geometrical parameters, the rate of leakage may be large or
small, the exit angle 6, (see Fig. 8) of the surface wave
may be large or small, and the leakage may occur for any
value of strip width or only for narrow strip widths. The
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Fig. 13. Curves of attenuation constant e, due to leakage of the TE
surface wave, as a function of strip width W for the lowest TM-like
guided mode on a rib waveguide for integrated optics, for two different
film thicknesses. The numerical values neglect the effect of the continu-
ous spectrum (from reference [25]).

physical bases for these distinctions are discussed in Sec-
tion III; here we present four specific examples to indicate
these features numerically. The examples involve the rib
waveguide for integrated optics, where comparison is made
with calculations by others, the dielectric ridge waveguide
for millimeter waves, which exhibits an enormous leakage
rate, and two inverted strip waveguides, one of which leaks
a TE surface wave and the other a TM surface wave.

1) Rib Waveguide for Integrated Optics: The first set of
leakage calculations discussed here was made for the rib
waveguide, shown in Fig. 3(e), and also in the inset on Fig,
13, where specific dimensions and refractive indices are
given. Theoretical calculations were first performed taking
the TE-TM coupling into account correctly, assuming that
only the dominant surface waves of each type can propa-
gate in the constituent inside and outside regions (valid for
the film thicknesses chosen), but neglecting the higher
modes (or, alternatively, the continuous spectrum, if the
structure is truly open). Later, more accurate calculations
were made employing the mode-matching procedure dis-
cussed in Part I, taking 15 TE modes and 15 TM modes in
each constituent region.

The above-mentioned early calculations were published
in 1978 [25]. In that paper, dispersion curves in the form of
Re versus W/A,, where W is the strip width, were pre-
sented for two different film thicknesses, and curves of
attenuation due to leakage versus W /A, were also given.
The calculations were made for the two lowest TM-like
guided modes of the rib waveguide, where the lowest mode
is that for which the midplane is a magnetic wall, or open
circuit. It was found that the dispersion curves (for n)
differed very little from those computed by the EDC
method, which neglects the TE-TM coupling entirely, as
discussed in Section 1I-A.

The curve of attenuation versus W/A,, on the other
hand, is very interesting, and is reproduced here as Fig. 13.
It should first be recognized that if the TE-~TM coupling
did not occur there would be no atténuation, since we are
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neglecting material losses. Therefore, all the attenuation
shown is due to leakage.

The numerical values for a of the lowest TM-like guided
mode are of the order of the measured results, so that the
leakage effect is significant, though small. The leakage is
seen to be greater for greater rib height, as expected since
then a larger step discontinuity occurs at the strip side. The
leakage also decreases as the strip width W increases. This
occurs because, as W increases, the constituent surface
waves inside the strip region approach closer to glancing
incidence, and the coupled components decrease in ampli-
tude. For this choice of geometrical parameters, leakage
occurs for all values of strip width W, so that the curves
would continue further as W /A increased.

In addition, it is evident from Fig. 13 that a resonance
(or a cancellation) effect is occurring. It is due to the TE
surface wave inside, which is bouncing back and forth
above cutoff, as explained in Section III-C. For this case,
condition (2) for the resonance effect, namely,

(kTE) w=2n

for the first resonance, is within 1 percent; the second
resonance is within 1 percent of 4#, and so on.

Using our earlier work [25] as the starting point, Ogusu
et al. [26] improved the numerical values by emploving a
mode-matching procedure similar to the one described in
Part 1. They used 10 TE and 10 TM modes in their
calculations, but they did not directly obtain the complex
roots, as we do. Instead, they solved for the real part of the
roots, thereby obtaining the values of B, and then they
determined the values of « using a clever approximation
based on their computed values of B. Their published
results indicated that our earlier calculations [25] were too
low by nearly an order of magnitude, but those results
puzzled us as our later, accurate calculations showed that
our early calculations were too large rather than too small.
A few months later, however, they published a correction
[27]; they had neglected a factor of (1.67)%> =25 in their
results. The recomputed values for o then agreed rather
well numerically with our own more accurate results, as
shown in Fig. 14, except for the region around the reso-
nance or cancellation points. We believe that their inability
to achieve deeper cancellations is due to the approximation
they used to derive their values of a.

It should be noted that the accuracies achievable by
these theoretical calculations are excellent with respect to
any engineering needs, particularly since additional contri-
butions to the total attenuation arise due to material losses
and to scattering losses due to rough surfaces or material
inhomogeneities. The discrepancies at the minima (reso-
nances) appearing in Fig. 14 are important on theoretical
grounds, but of lesser importance from a practical stand-
point since the values there are at least two orders of
magnitude below the value at the maximum. Both theoreti-
cal methods for achieving the values of a should, therefore,
be viewed as very good ones.

The dispersion curve of (n.), versus W /A, for this
structure is presented in Section IV-A in the context of a
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Fig. 14. Leakage values for the rib waveguide of Fig. 13, where the
numerical values include the effect of the continuous spectrum and are
now accurate, and comparison with corresponding calculations taken
from [27]. The comparison is very good except in the vicinity of the
sharp resonance dips. Selected values of the leakage exit angle 6, are
presented on a second abscissa axis.

discussion relating to the accuracy of B (or n.) calcula-
tions made using the EDC method.

An additional quantity of importance is the leakage
angle 0, (see Fig. 8) of the leaking TE surface wave, which
is readily determined uvsing relation (3). Values of 8, for
several values of W /A are included on a second abscissa
scale in Fig. 14. It is seen that 8, is about 6.1° at the first
maximum in leakage attenuation, and about 3.5° at the
second maximum. The variation is in agreement with the
general behavior noted in Section III-E, namely, that the
angle becomes smaller as the strip width increases. For this
optical rib guide, the exit angle 6, of the leakage is
relatively small. In fact, we have found from several calcu-
lations of the guidance behavior of waveguides for
integrated optics that the leakage angle ., is generally
relatively small in the optical context.

2) Dielectric Ridge Waveguide for Millimeter Waves:
This second waveguiding structure is selected to illustrate
three important differences in leakage performance from
that just discussed above for the rib waveguide. In the
preceding calculations, we saw that leakage occurs for all
values of strip width; here we present a case for which
leakage occurs only for narrow strip widths. For the pre-
ceding case, the leakage rate was significant, but not large;
here, it is spectacularly large. Finally, for the rib waveguide
above, the angle of the leaking surface wave was relatively
small, whereas here it is quite large.

The plot of attenuation constant as a function of strip
width for this dielectric ridge waveguide is presented in
Fig. 15. The structure and its geometrical parameter values
are shown in the inset on that figure. Let us consider the
three features mentioned above.

a) One first notes in Fig. 15 that the attenuation, and
therefore the leakage, remains zero for strip widths W
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Fig. 15. Curve of attenuation constant a, due to leakage of the TM
surface wave, as a function of strip width W for the lowest TE-like
guided mode on the dielectric ridge guide shown in the inset. For these
.parameters, leakage occurs only for narrow strip widths, but the leakage
rate is enormous. Selected values of the leakage exit angle are presented
on a second abscissa axis.

greater than about 0.35 A,. This type of waveguide will not
leak for “TM” excitation, resulting in TM-like guided
modes which are purely bound, but can leak for “TE”
excitation, for which the TE-like guided modes may or may
not be leaky, depending on the guide’s dimensional param-
eters. For the choice of dimensions indicated in Fig. 15, the
waveguide will leak only when its width is relatively nar-
TOW.

b) The maximum value of the attenuation in this case is
-more than three orders of magnitude greater than that
shown in Fig. 14, being as large as 4 dB per wavelength!
Several optimizations have been combined deliberately here
in order to maximize the leakage achievable in this test
example. First of all, the material chosen is silicon, which
has a high value of dielectric constant (¢ =12.0), to enhance
the contrast between the n.; values of the inside and
outside regions. The second step taken to enhance that
contrast is to make the ratio of t, /¢,, the strip plus film
height to film height, equal to 2:1, rather than about
1.14:1, as in Fig. 14. These two steps serve to produce a
severe geometrical and electrical discontinuity at the strip
sides, thus greatly increasing the leakage produced. Al-
though such huge values of leakage rate will not usually be
achieved in practice, it is important to know that large
values are possible. It should also be remembered that one
can adjust the leakage rate to be large or small, or zero,
depending on the choice of dimensional parameters.

c) The exit angle 6, of the leaking TM surface wave,
computed using relation (3), is shown on a second abscissa
scale in Fig. 15 for three values of W /A,. It is seen that, at
the maximum of the leakage, the leakage angle is about
36°, a value much larger than that found in the rib guide
for integrated optics. It is also to be noted that 6., ap-
proaches zero at the edge of the leakage range.
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Fig. 16. Attenuation constant a, due to leakage of the TM surface wave,
as a function of strip width W for the lowest TE-like guided mode on
the inverted strip guide shown in the inset. Leakage occurs for all values
of strip width, but the amount is negligibly small. Leakage exit angles
are presented on a second abscissa axis.

3) Inverted Strip Waveguide for Millimeier Waves: For
the two waveguiding structures discussed in 1 and 2, the
hybrid guided modes based on the dominant, or lowest,
surface-wave mode in the constituent regions never leak.

. However, the guided modes based on the surface-wave

mode of opposite polarization may leak or not, depending
on the geometrical parameters. These features are discussed
in more detail in Section III-D.

The inverted strip waveguide (see Fig. 4) is customarily
excited in “TM” fashion, resulting in TM-like guided
modes. It is generally assumed that such modes are the
dominant modes on the structure. According to the rule
mentioned above, those modes should not leak. Those
modes sometimes do leak, however, as we show below,
because for those particular dimensions the “TM” inci-
dence does not actually excite the dominant surface wave
in the constituent regions. Therefore, the inverted strip
guide is an example of a versatile waveguiding structure for
which we may select either the TM-like or the TE-like
guided modes to be leaky, depending on the relative di-
mensions and dielectric constants. To illustrate this feature,
we present now an example of each case.

a) We first consider a structure for which the TE-like
guided modes will leak. The curve of (n.), versus W/\,
for this structure is presented in Fig. 9 of Section IV-A, as
an illustration of a case for which the EDC method of
calculating 8 (or n.) yields highly accurate results. The
inset on that figure shows that the structure has a thick
layer and a thin strip, although that is not always required
for leaky TE-like guided modes.

The attenuation versus W /A, behavior is indicated in
Fig. 16, where it is seen that leakage occurs for all values of
strip width. The value of a at the maximum is approxi-
mately 6X 107> dB per wavelength, which represents a
very small leakage rate for a millimeter-wave application.
This negligibly-small leakage rate occurs here because the
discontinuity due to the side of the strip is electrically very
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Fig. 17. Attenuation constant a, due to leakage of the TE surface wave,

as a function of strip width W for the lowest TM-like guided mode on

the inverted strip guide shown in the inset; the waveguide differs from

that in Fig. 16 only in the value of 7, but that modification is sufficient linear rather than logarithmic, as in Figs. 13 to 17.) The (larger)
to reverse the polarization of the leakage. Leakage occurs for all values

measured values include material and coupling losses, but the close
of strip width. Leakage exit angles are presented on a second abscissa correspondence in curve shapes verifies the theoretical analysis. (From
axis. reference [28]).

Fig. 18. Measured values of total attenuation for a rib waveguide with
no substrate, modeled at millimeter wavelengths, and comparison with
theoretical caiculations for leakage only. (Note that the ordinate scale is

small, both because the strip is thin compared to the layer The resonance dips are also pronounced here, and condi-
above, which carries most of the power, and because the tion (2) is again verified very closely, to within less than 0.5

dielectric constant €, (=2.2) placed outside of the central percent for the three nulls shown in Fig. 17. The exit angles
strip region is only slightly different from €, (=2.7) in the @, of the leaking TE surface wave, which are shown on a
strip itself. In the usual inverted strip guide, ¢,,=1.0, so

second abscissa in Fig. 17 for selected values of W /A, are
that the leakage rate is quite a bit larger. somewhat larger now; they vary from roughly 17° at the
An examination of the values of W corresponding to the first maximum to 10° at the third maximum.
resonance dips, which are very pronounced in Fig. 16,

verify condition (2) of Section III-C. The agreements were C. Experimental Confirmation
to within 0.5 percent for each of the dips. Very little experimental data are available so far, because
The exit angle of the leaking TM surface wave is found

the leakage effect is not yet widely known. An experiment
to be about 11° in this case. The exit angles 6, for selected by Ogusu and Tanaka [28] was performed recently in
values of W/A,, are also marked on a second abscissa on Japan, however, in order to verify the existence of the
the plot in Fig. 16.

b) In this second example, the thickness ¢, of the strip is

increased substantially and made approximately equal to The structure on which measurements were performed
that of the layer; the dielectric constants and all of the was a rib waveguide for which the substrate was taken to
other dimensions remain unchanged. This change in strip be air. The refractive index of the film and strip was equal
thickness is sufficient to reverse the dominant polarization, to 1.5 (polypropylene), and the values of ¢, and ¢, (see Fig.
so that now the TM-like guided modes become leaky. The 13) were 4.0 and 3.0 mm, with the frequency equal to 34.0
curve of (ny), versus W /A, appears as Fig. 10 of Section GHz. The insertion loss was measured for various lengths

IV-A, and the attenuation vs. W /A behavior is shown in  of the waveguide, and the attenuation was obtained from a
Fig. 17.

leakage. The experiment was conducted at millimeter wave-
lengths to improve the accuracy of the measurements.

plot of insertion loss versus length. Such measurements
One first sees from Fig. 17 that leakage occurs on this were made over a wide range of strip widths W.

structure for all values of strip width. The value of a at the Calculations of the leakage as a function of W were also
maximum is now approximately 3X 107> dB per wave- made by Ogusu and Tanaka using the method of [26]. A
length, still small but much larger than that in Fig. 16, and comparison between these theoretical values and the mea-
no longer negligible. Since the strip thickness is now greater, sured values [28] are shown in Fig. 18. (Let us note that the
the discontinuity at the strip side is more important here; if ordinate axis for these plots employs a linear scale rather
the €, were also changed to unity, the leakage rate would than the logarithmic one used in Figs. 13-17.) It is seen
increase further. The nonunity €., was chosen here to that the two curves are very similar in shape, with maxima
demonstrate in an easy way that a small change (in strip and minima in « occurring at the same values of W. The
thickness in this case) can produce the perhaps-surprising curve representing the measured values is substantially

switch in the polarization of the guided modes which can higher than the theoretical curve because the measurements
leak.

also include the material losses and losses occurring at the
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feed end and the termination of the waveguiding structure

being measured. The close correlation between the mea-

sured and calculated curves shows clearly that the principal
characteristics of the leakage produced are correctly de—
scribed by the theoretical analysis.
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