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Abstract

The traditional tapered-to-a-point coupler for dielectric rod waveguide, and
even the new cusp-like end termination for a single-mode optical fiber, fail when
the dielectric constant of the dielectric waveguide is large. This paper presents a
new way to design alow-loss coupler for high- or low-dielectric constant,

dielectric waveguide for optical or millimeter/submillimeter waves.
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Introduction

A recent discovery that high-dielectric constant, low-loss, solid dielectric
material, such as Ti0 (e 1/€0 = 100, tan § = 0.00025) or Rexolite (€1/€0 = 2,55,
tan 6 = 0.001), can be made into a ribbon-like waveguide structure to yield an
attenuation constant of less than 20 dB/km for single-mode guidance of
millimeter/submillimeter waves, 1 provides the impetus to perfect a practical low-
loss guided transmission system for these short wavelengths.2 One of the crucial
components which must be invented in order to guarantee the low-loss
characteristics of this dielectric waveguide guiding system is the excitation
coupler. One conventional way to minimize the coupling loss of an excitation
coupler is by tapering the coupling end of a dielectric waveguide to a very narrow,
sharp apex. 3 However, this method fails when the relative dielectric constant of
the dielectric waveguide is much greater than unity, the free-space value. Another
way is to shape the coupling end of an optical fiber waveguide into a cusp-like
form."This design, which is based on the direct application of geometrical optics
to minimize reflection is applicable to guided wave structures whose cross-
sectional dimensions are many free-space wavelengths. In the optical fiber case,
the proximity of the dielectric constants of the core and cladding material enables
the core diameter of a single-mode fiber to be as large as 20 free-space
wavelengths, while that of a multi-mode fiber can be larger than 50 free-space

wavelengths.

Neither of the above two techniques are applicable to the case of a dielectric
waveguide with large dielectric constant difference between the core and cladding
material and with a guide dimension less than the free-space wavelength, such as
the ultra-low-loss millimeter/submillimeter dielectric ribbon waveguide.! This

paper will describe a new low-loss coupler for this case.




Impedance Matching Approach

It is possible to define a wave impedance for a given propagating mode
along a dielectric waveguide of a given cross-sections The wave impedance may
be viewed as the characteristic impedance of atransmission line (i.e., the
dielectric waveguide). Thus, a tapered (tapered in the direction of propagation of
the guided wave, the z-direction) dielectric waveguide is then viewed as an
inhomogeneous transmission line with z-dependent characteristic impedance.
The problem of designing a transition between a dielectric waveguide and free
space becomes one of impedance matching the characteristic impedance of a
given dielectric waveguide mode to the characteristic impedance (377 ohms) of
free space, It is known that, between two transmission lines with different
characteristic impedances, best matching can be achieved over a broadband of
frequencies with a tapered section of transmission line.”:8 For this reason, in
practice, transitions between dielectric waveguide and free space, are generaly of
the tapered transmission line type. The shape of the taper is based upon one that

produces the minimum mismatch losses over the frequency band of interest.

In principle, this tapering approach to a narrowed thin apex is workable for
any dielectric waveguide with any dielectric constant. In practice, however, this
approach is only workable for dielectric waveguide with arelative dielectric
constant near unity. Thisis because when the core dielectric constant is large, to
achieve good matching with free space, the tapered section must be very, very
long and the cross-sectional dimension of the taper must be very small, making
the tapered section extremely difficult to handle and align. The stability of the
modal field to adhere to the tapered guiding section also becomes questionable.

In other words, it is difficult to excite a guided wave aong this type of tapered




section for a high dielectric constant guide, even though good impedance
matching is present. It appears that the surface area for this high dielectric
constant tapered section is too small to capture the incident wave and to transform

it to a guided wave.’

Ribbon Transtion Approach

The remedy appears to be quite clear. For a high-dielectric constant guide,
instead of tapering the guide to a very small cross-sectional area, the guide should
be flattened to a large surface area and very thin thickness; 1i.e., the transition
region should be tapered to a thin, flat, but wide ribbon as shown in Fig. 1. To
provide further improvements in matching, the end of the transition region can be
further extended with a comb-like structure as shown in Fig. 2. Because of the
large surface area of this structure, it can be easily supported mechanically
without causing noticeable interference to the electromagnetic field. The large
surface area also enables the guided surface wave to better attach to the guiding

structure, thus improving the launching efficiency. !

It can be seen from Fig. 2 that this ribbon transition region is very different
than the conventional tapered-to-a-point transition region used by all earlier
investigators to obtain a better match between the free-space region and dielectric

waveguide region.

Metallic Rectangular Waveguide to Ribbon Dielectric Waveguide Transition
The ribbon transition is tailor-made for the ultra-low-loss ribbon dielectric

waveguide for millimeter/submillimeter wavelengths. Figure 3 shows the

transition region between a metallic rectangular waveguide supporting the

dominant TEp1 mode and a dielectric ribbon waveguide supporting the dominant



eHE11 mode. 1 A flared metallic horn is used to provide the wide width for the

ribbon transition region.

Microstripline-to-Ribbon Dielectric Waveguide Transition

Another important, practical transition is between microstripline® and the
ribbon dielectric waveguide. Figure 4 is a sketch of such atransition. In order to
minimize Fresnel-type reflection losses and to accommodate the wide width of the
ribbon transition, an additional transition section is added as shown. In the added
transition region, it is necessary to taper the microstripline dielectric filling to a
vanishingly thin wedge while the upper conducting strip is flared to a wide width.
It is seen that the field concentrated under the narrow upper conducting strip of
the microstripline is spread out through the added transition region to cover the

wider width of the ribbon transition.

Transition for a Round Dielectric Waveguide or Fiber

If it is desired to excite propagating fields on around (circular) dielectric
waveguide or fiber, the transition region, as shown in Fig. 5, can be designed.
Here, the circular core is flared in one transverse direction and compressed in the
other transverse direction into a flat ribbon and then tapered to a very narrow
wedge. Again, the idea is to retain the largest possible surface area to capture the
guided fields, Thus an incident plane wave can easily be captured smoothly by

the thin-wide-wedge-shaped dielectric transition.

The same scheme can be used to couple strip-laser!0.11 to an optical fiber

through the thin-wide-wedge transition as shown above.




Analytical Foundation

Let us now provide some theoretical foundation12.13 behind the above
heuristic approach in our design of low-loss, efficient transitions to dielectric
waveguides. The canonical problem is the study of the propagation
characteristics of guided wave on a dielectric slab of thickness d, enclosed by two
conducting plates as follows (see Fig. 6). Referring to Fig. 6, it is of interest to
learn how a guided wave is detached from the conducting planes as “a’ (the
separation of the two conducting plates) is increased. We wish to know how the
guided field and its wave impedance of a parallel plate guide are affected by the

presence of a very thin high-dielectric constant slab.

The guided mode of interest is the one whose electric field is polarized in
the x-direction and whose electric field distribution is even in X. A propagation
factor and a time-dependent factor of e7Fz+j@t where B is the propagation
constant and w is the frequency of the wave, isimplied and suppressed for all

field components. In region (1), the field components for the mode of interest are

ED = asinykf - B2 x (1)

E;(rl) = J—l——%?cos-\/kz -B% x 2

H(l) O & 2‘003\//(1 ﬁ2 (3)
N

where A1is an arbitrary constant and &{ = w2u0 El. In region (0), the field

components are




E = Aosin[ K - B (x - -‘25) for 8 < ky @
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where Ag IS an arbitrary constant and kg = w2u0 €p. Matching the boundary

conditions at x = d/2 and solving for the non-trivial solution yields the dispersion

relation

[Z_g2
-2% ,____’;% _22 tan[mg] = tan[\/kg - B2 (—‘21 - -;—)] for (B < k). (10)

12 _ g2
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It isseen that, if d << a and if B < kg, the fields inside the conducting plates are
basically those of a paralel plate conducting waveguide whose propagation

constant is given by

with a phase velocity, w/B, faster than the speed of light in vacuum. As kpa
becomes large and 3 > kg, the fields are basically governed by the fields on a slab
dielectric waveguide with a phase velocity slower than the speed of light in
vacuum. A sketch of the transformation (or launching) of the transverse electric
field for the dominant mode from an enclosed waveguide to a dielectric ribbon
guide through a wedge dielectric-flared-horn transition region (which slows down
the phase velocity of the wave) is shown in Fig. 7. It isseen that TM1modein a
conducting parallel plane waveguide can be launched, smoothly, onto aflat ribbon
waveguide as the dominant TM ¢y mode if the transition region contains a gradually
tapered section of the dielectric ribbon and a gradually flared conducting plates
region. Due to the thinness and wideness of the tapered dielectric ribbon, this
type of transition remains effective even when the dielectric constant of the ribbon
isvery large.

Let us consider this transition from the impedance matching point of view.

The wave impedance of TM1 mode in the parallel plane waveguide is14

(1My)

Z e 13
Pl e (13)




(TM

where the subscript “ p” means parallel plate guide, and 8" represents the

propagation constant of TM1 mode, expressed as

. 2
ﬁ(?Ml) - \/wzu EO _ (277[) ) (14)

Using the same definition for wave impedance as the conducting guide, for a

dielectric slab guide, one has

_E)(CO),(I) : [;(T‘Mo)
H§0).(1) weg;

where the subscript “d” means dielectric slab (ribbon) waveguide and subscript
"TM" means the dominant mode on the dielectric slab guide, Ex and Hy are,
respectively, the transverse electric field and the transverse magnetic field of the
TM mode, and the superscript (0) or (1) refers to the region outside the dielectric
slab (the cladding region) or the region inside the dielectric slab (the core region).
Unlike the case for an empty conducting waveguide, the wave impedance for a
dielectric slab guide, defined as the ratio of transverse electric field and transverse
magnetic field, depends on the region in which it applies as shown by Eq. (15), In

fact,

This perhaps highlights the reason why the usual tapering technique, i.e., conical

tapering to athin apex technique, does not work well for high-dielectric constant,




dielectric waveguides. The same can be said for the tapered ribbon guide, but,
because the surface area for the surface wave to “cling-to” does not decrease, the
surface wave can still be attached to the ribbon structure, even when the thickness
of the ribbon is very small and when the dielectric constant of the ribbon is high.
Another way to look at this problem is that, since most of the guided energy of a
thin ribbon electric waveguide is outside the dielectric material, the wave
impedance of the dielectric ribbon can be approximately represented by the
“outside” wave impedance, i.e., dz’%{;o-_g(mo) | @ eg, Which is very close to
the wave impedance of the empty parallel plate waveguide, i.e.,

pZTM, " BIM) ;. <o, implying good impedance matching or good launching
of TM 1 wave from the parallel plate guide to the TMy mode of the thin-ribbon

dielectric waveguide.

Conclusions

A semi-heuristic way to design low-loss excitation coupler for high
dielectric constant, dielectric waveguide is presented. Unlike the traditional
tapered-to-a-point transition region, a tapered-to-a-thin-sheet transition region is
proposed. It is found that the thin sheet gives better stability for the surface wave
in the transition region; thus improving the launching efficiency for wave onto a

dielectric waveguide.
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Figure 1. Tapered Section for High-Dielectric Constant Waveguide
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