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Mode Transitions Between Bound and
Leaky Regimes in Lossy Dielectric
Waveguides: A Numerical Investigation
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Abstract—This letter presents a novel numerical study of mode 7z w & =]
transitions between bound and leaky regimes in a lossy-substrate I X 0
dielectric rib waveguide. An entire-domain basis Galerkin's ¥ I Erg I ¢
method is employed to determine the wavenumbers of the Erf= Erg =2.8224 tn |1
transmission line modes. The obtained results show that as the s =2.1904(1.-jtand)

loss tangent gradually increases from zero to infinity, the plots

of the attenuation constants alter between regions of constant _. . . . - . .
d linear variation. In the progress of this behavior the modes Fig. 1.‘ Cross-secthnal view of the dielectric rib waveguide consid-

an ’ - > ered in the analysisf = 30 GHz, A\¢ = 10 mm, t; = 0.8)\g,

evolve from leaky to bound state, or the inverse, and their ; —~— 75, w = 2\g,e,; = ey = 2.8224 and e,, = 2.1904

corresponding poles in the spectral plane cross the real axis. (1 —j tand). :

Index Terms—Guided waves, leaky waves, lossy dielectric

waveguides. that leaky modes may disappear in highly lossy dielectric
configurations, such as those consisting of semiconductors.
I. INTRODUCTION
VER the past several years considerable attention has Il. THEORY

been devoted to the study of leaky modes supportedrFig. 1 depicts the cross section of the dielectric rib trans-
by integrated microwave and optical circuits [1]-[6]. Thenission line to be analyzed. The semi-infinite bottom layer is
physical mechanisms [1] and the mathematical conditions [@sumed to be lossy and it is characterized by the loss tangent
describing the excitation of leaky waves are already welin6. Consequently, a waveguide mode with«*—7%) time
established in the literature. However, most of the numericahd longitudinal dependence propagates along,tagis with
investigations conducted so far have dealt with ideal losslesscomplex propagation wavenumbgr where 3 = 3, —
structures [3]-[5]. ja, B, a> 0 and « stands for the attenuation constant.

The first thorough study of leakage phenomena in anThe transmission line modes are sought by means of the
anisotropic substrate microstrip line that takes dielectric lossgigctric field integral equation method [3], [4] in conjunction
into account has recently been reported [6]. The interestingth Galerkin’s technique. A set of entire-domain plane wave
new behavior discussed there is that, as the frequengysis functions, which has been developed in [7], is then
increases, a leaky mode reverts to a guided one. A differgmiplemented. The analysis leads to the formulation of an
approach has also been attempted by the authors in a previepmogeneous linear system of equations and the propagation
work [7], where the modal solutions in a dielectric strip lingonstant is numerically computed (Muller’s algorithm) by
are computed as a function of losses. requiring the determinant of the system matrix to vanish. The

In this letter, we further examine the impact of materiatlements of the matrix have the following general form [7]:
losses on the excitation of leaky waves. This is accomplished
by considering the transition from a dielectric rib waveguide / P(k,,-p3) dk,. Q)
to a strip dielectric guide as the loss tangent of the substrate ¢
changes from zero to infinity. Close inspection of the behavior The integration path” in the spectralk,-plane is criti-
of the propagation constants and the migration paths of tbally affected by the pole singularities [2] of the integrand
poles in the complex spectral plane reveals how a guided-waRk¢k,., —3), which are associated with the TE and TM substrate
mode evolves into a leaky one and vice versa. waves [3]. Letk, denote the wavenumber of the dominant

The numerical research presented here supplements {Re(k,) is maximum) substrate mode. The corresponding pair
main conclusions of [6] and addresses the important aspetipoles in the complex,-plane is given by [3]

k2, =k? - ? = kL = +k,, where
Manuscript received July 3, 1997. kzs = v kg - Re(k“) >0. (2)

The authors are with the Department of Electrical and Computer Engineer- 2 . .
ing, National Technical University of Athens, Athens, Greece. Assume now thaRe(k;,) > 0. Depending on the material
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Fig. 2. Normalized real propagation constais(3)/k, of the modes Fig. 3. Normalized a}ttenuation constahig(a/ko) of the modes supported
supported by the structure of Fig. 1, verdag(tan é). The marks on the PY the structure of Fig. 1, versusg(tan ).
right-hand vertical axis correspond to the casa 6 — oc.

right-hand vertical axes in Figs. 2 and 3. Note that when
pole k., in the first or the fourth quadrant, respectively. Theané = 0 (tané — oo) the Ef; (Ef;) mode is leaky.
former (latter) case corresponds to exponentially increasiBgtween these extreme cases there exist two regions in Fig. 2,
(decreasing) fields in the transversalirection [3], which is where the real parts of the propagation constants remain almost
the main characteristic of leaky (bound) modes. References ggnstant. In the firstlog(tan§) < —1, the wavenumbers are
and [5] thoroughly clarify that the integration path has to practically the same as in the lossless case and the modes
run above the polé,, and below its symmetrica-k,,. As appear in the following orde®¥,, TE, E7,, and TM. In the
a concluding remark, a transmission line mode leaks into teecondlog(tan 6) > 3, the order of the modes i}, TM,
fundamental substrate mode if the following conditions holde’f; and TE, and the propagation constants approach their final
values obtained folog(tan §) — oc.
Re(kz,)>0 and Im(k;,)>0 ) In the intermediategr(egi0F21 < log(tan é) < 3 the Ef; and
TE modes continuously decrease between their limiting values,
while the £, and TM modes seem to drop above i and

Referring to the transmission line of Fig. 1, the followingTE modes. The authors lost track of th&, and TM modes
operating conditions are considerefl: = 30 GHz (Ao = in this region. A similar problem has also been observed in
2r/ko = 10 mm), ¢; = 0.8Xg,t;r = 0.7h,w = 2Xg, e,y = [5], in a somewhat different configuration. This behavior may
erg = 2.8224, ande,, = 2.1904(1 — j tané). ko stands for be attributed to the fact that as the substrate transforms to a
the free-space wavenumber. We investigate the evolutionroétal, the field is pushed out of it and the TM-like modes are
the transmission line modes as the loss tangent> varies affected more strongly than the TE-like modes.
from zero to10'%, that is, when the dielectric bottom layer We next study the attenuation constants in Fig. 3. For
gradually changes to metallic state. Note that a typical valtens = 0, the Ef; mode leaks into the TE substrate mode
of the loss tangent for metals [8] at microwave frequenciesd log(«/ko) = —4.42. This value does not depend on
is 10°. the loss tangent as far deg(tané) < —4. Whentané in-

Fig. 2 plots the normalized real padfs:(/5)/ko and Fig. 3 creases further, the attenuation constant begins to increase
the attenuation constanteg(«/ko) of the various modes proportional, indicating that material losses dominate over
supported by the structure of Fig. 1, verdug(tané). Ref- leakage. Hence, in the region3 < log(tan é) < —1 the Ef;
erence [5] presents a similar study of th&, mode, when mode turns from leaky to bound state. Since a similar case
log(tan 6) < 8. For comparison, these results are indicated imas been examined in [7], we will place more emphasis on
Figs. 2 and 3 by small circles. In this letter, we extend thée discussion of the inverse transition, presented in the next
study to theEs, transmission line mode and the first TEparagraph. Finally, folog(tan ¢) > 3 the attenuation constant
and TM substrate modes. Additionally, the valuetefié is «/ky decreases proportional wittan § and for tané — oo
increased beyond £Qup to 107, so that leakage phenomendt becomes zero.
will come into light. The attenuation constant of t#&’;, mode presents a differ-

The cases of a lossless rib waveguilené = 0 or ent behavior. In the lossless case it is zero, since the mode is
log(tané) — —oc) and a strip dielectric guide mounted orguided. As losses increase7 < log(tan 6) < —1) itincreases
a ground plan€log(tan§) — o) have also been examinedinearly, reaches a maximum abg(tané) = 0 and then
and the corresponding results are marked on the left- adelcreases monotonically &sz(tan é) increases further up to

I1l. RESULTS AND DISCUSSION
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Fig. 4. Imaginary part of the pole,, = "‘f,m — (32 of the Ef; mode
as function oflog(tan ) and transition from bound to leaky regime.

8. At this point, leakage effects have not yet turned on and the
researchers in [5] came to the conclusion that in the extremél

i

¥ mode

casetané — oo, the attenuation constant of t
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An interesting remark that can be inferred from the above
discussion is that in order to describe a metallic material in
terms of dielectric parameters one has to assume sufficiently
large values of the loss tangent, otherwise leakage phenomena
may be overlooked.

IV. CONCLUSION

A novel numerical investigation of mode transitions be-
tween bound and leaky states has been presented. It was shown
that in a rib waveguide a leaky mode may become bound when
a highly lossy substrate, such as a semiconductor, is used. On
the other hand, a leaky mode in a strip dielectric guide may
evolve into a guided one if the ground plane exhibits ohmic
losses as in the case of higher microwave and millimeter-wave
frequencies.
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