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Scattering Effects in the Dielectric Slab
Waveguide Caused by Electrically Dissipative

or Active Regions

Thomas G. Livernois, Dennis P. Nyquist,
and Michael J. Cloud

‘ Abstract —A polarization electric field integrai equation (EFIE) is

used to model conducting discontinuities in the dielectric slab wave-

guide. A complex refractive index accounts rigorausiy for effects of
conduction current in the dkcontinuity region. Both dissipative and

active cases are treate@ power balance, based on Poyntingk theorem! is
used to determine the fractional radiated power in each case. The

method of moments is invoked to soive the integral equation. The
accuracy of the analysis method is confirmed through comparison of
resuits for the air gap case with those of other recently published
methods. Numerical resuits illustrate application to a typicai GaAs

ternary system.

I. INTRODUCTION

Open dielectric waveguide components have become increas-
ingly important research topics. These structures are involved in

many crucial aspects of high-frequency integrated circuits.

Waveguide discontinuities resulting from these components of-
ten give rise to problems in performance [1]; therefore, precise
knowledge of discontinuity field behavior plays an importmt
role in component and system design. Several approaches have

been used for the analysis of open-boundary waveguide prob-
lems, including perturbation methods [2], spectral iterative tech-

niques [3], and finite- and boundary-element methods [4]. A

brief literature review may also be found in [4].

This paper treats phenomena associated with scattering from

electrically dissipative or active slice discontinuities in the di-

electric slab. The apparent absence of published work in this

area seems to indicate that the effects of conduction currents

within dielectric waveguide discontinuities have not been rigor-

ously studied.
The present work exploits the polarization electric field inte-

gral equation (EFIE) formulation described and developed in

[5]. The polarization EFIE is solved by the method of moments
(MoM), leading to relevant discrete-mode scattering coeffi-

cients, and fractional powers (with respect to incident power)

scattered, radiated, and dissipated/supplied (in the passive/ac-

tive case). This method has several advantages over other exist-

ing approaches, viz,, (1) it is conceptually exact, and (2) il. is

believed to be computationally less cumbersome than finite-ele-
ment and related methods.

II. THEORY

Fig. 1 shows the configuration of the discontinuity region

along an open-boundary dielectric slab waveguide. The refrac-
tive index profile of a uniform, unperturbed surface waveguide
is described by ng, while index n~ characterizes the unifcmm
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Fig. 1. Geometry of the problem.

surround medium. Surface waves incident upon the discontinu-

ity are scattered in a manner dependent upon these indices and

the physical geometry present. The waveguide system parame-

ters are chosen so that only the dominant TE surface-wave

mode exists.

The incident surface-wave mode, maintained by a remote
impressed source current J+’, illuminates the discontinuity. The
integral equation describing this system originates with the ~den-
tification of an equivalent polarization distribution P.fl =-.+
●0 t$nz(r)~ and its associated polarization current ~q = jtiPeq.
Here 8n2 = n? – n: is the refractive index contrast, which is

nonzero only in the discontinuity region. Th+e total field within

Vd is equal to the sum of the incident field E’ and the scattered

field &, where & is excited by ZQ. Expressing @ as the

integral of the inner product of (? and ~q over that region

where 8n2 # O,we may write

(1)

f? is the electric Green’s dyadic for the planar, layered environ-

ment and E’(7) = jEOeYo(x, y)exp( – j/30z) at points i’= Vd,
where eYo is the electric field profile of the principal TE mode

and @ is its propagation constant. Solutions to the EFIE (l),

for E excited in Vd, lead subsequently to the scattered (re-
flected, transmitted, and radiated) fields exterior to Vd.

Specializing (1) to the y-invariant geometry of Fig, 1 leads to

the following 2-D scalar integral equation:

Ey(x, z)– joeo8n2~z0 J* EY(x’, z’)GYY(x, z[x’, z’)dx’dz’
–z~ –t

= Eoeyo(x) exp ( – j~Oz) for all 1x1< t, 121<20 (2)

where the electric Green’s function

GYY(x, zIx’, z’) = – eYO(x)eYO(x’)exp( –jPOlZ – z’1)

‘~mey(x,A)ey(x’, A)exp(- jp(A)lz - z’l)dA (3)

with e$x, A) the appropriately normalized continuous spectrum
field, is detailed in [5]-[7].

Nonvanishing discontinuity region conductivity is incorpo-

rated into a complex refractive index describing that region,
This index is expressed as n~ = n, – jni, where ni is
negative/positive for the active/passive case. The real and
imagina~ parts of nd are related to the conductivity ad by the
equation

ni = u~ZoAo/4~n, (4)

where ZO = (KO /~0)1/2 is the free-space intrinsic impedance,
and AO is the free-space operating wavelength.

A power balance requirement forms the basis for calculating
power radiated from the discontinuity region. Incident surface-
wave power P,Nc, power PD1sc supplied/dissipated by the

0.10

Oo$1

-1

. . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Discontinuity Regicn Length (z,Jt)

Fig. 2. Comparison of scattering coet%cient magnitudes for air gap
with data from other methods.

discontinuity, and the reflected, transmitted and radiated pow-

ers P~~F~, PT~AN, and P~AD, respectively, are related by

PINC + PD15C= PREFL + P=RAN + PRAD

= IR012F’INC+ IT012P,NC+ PRAD. (5)

The power supplied/dissipated, by Poynting’s theorem, is

When Ud <0, then PD1sc = Psupp is power supplied, while

PDISC = – PDISS <0 rePresents dissipated power when Ud >0.
The power carried by the incident wave is

‘INC=(8/@~O)~mlEOey O(x)12&. (7)

Reflection coefficient R. and transmission coefficient To are

defined as the ratios of the back- and forward-scattered princi-

pal-mode surface waves, respectively, to the incident wave at
terminal planes located at the discontinuity extremities. Over-
lap-integral expressions for those principal mode scattering co-

efficients are given in [5].
In the following section we give numerical results for scatter-

ing coefficients and power quantities obtained for various cases

of Iossless, passive, and active discontinuity region parameters.

III. RESULTS

The MoM numerical solution of (5) is implemented by using
2-D pulse expansion functions, in a rectangular partitioning of

NX by Nz segments in the x and z directions, respectively. Pulse
functions are also used for testing (Galerkin’s method). Conver-
gence of the numerical solution is assessed by numerical experi-
mentation with the partition mesh sizes through NX and NZ.

Figs. 2 and 3 compare the EFIE’s performance with two other

methods [1], [4] for an air gap with n~ = 1, Here, scattering
coefficients R. and T(J are plotted versus normalized length of
the discontinuity region. Note that these figures are data for the
case having ng = 2.236, n~ = 1.0, and t/A. = (lOm)–l. Domi-

nant TE mode scattering coefficients show excellent agreement
for the magnitude of R. and a very good match for the magni-
tude of To (with a maximum difference of 3Yo). Fig. 3 shows
virtually exact agreement for the phases of R. and TfJ.
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Plot of reflection coefficient magnitude versus discontinuity
region length for various values of conductivity.
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Fig. 6. Fractional power versus discontinuity region length for dissipa-
tive case.
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Fig. 7. Fractional power versus discontinuity region length for active
case.

The remaining results have waveguide system parameters
chosen to approximately model a GaAs ternary system having
n = 3.6, n. = 3.3, t/Ao = 0.1, A. = 0.87 pm, and pot= 2.153,

iw ere /3tJ is the phase constant of the dominant TE mode. Figs.
4 and 5 exhibit the magnitudes of R(J and 1“{, versus discontinu-

ity region length for nd = 2.5 and for various values of discor~ti-

nuity region conductivity, Scattering coefficients for the discrete

mode are virtually identical for all three cases plotted here, Fig.

6 shows corresponding radiated and dissipated power values and

compares these with the lossless case. Fig. 7 displays radiated

and supplied power quantities versus discontinuity region length

and compares these with P~AD for the lossless case.
TO help explain why the radiation field is primarily affected

while the discrete field scattering coefficients are largely un-
changed, we offer spatial intensity distribution plots of the
electric field in the discontinuity in Figs. 8 through 11. Note that

Z[J/ t is fixed at 1.0 for these cases, and since the fields have
symmetry with x, only the field for O < x < t is depicted. Fig. 8
is the utmerturbed case, displaying the expected -transverse,

Discontinu~y Region Length (z&t)

Plot of transmission coefficient magnitude versus discontinuity
region length for various values of conductivity.
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Fig. 8. Spatial variation of unperturbed waveguide mode.

IEYI

x

b-”
\

IRJ = 0.09280 ITOI= 0.7796

Fig. 9. Spatial variation of

nd= 2.5 Od= 0.0

total discontinuity
case.

lEyl

x

\
nd= 2.5 ad= 5.0

\

Fig. 10. Spatial variation of total discontinuity region field: dissipative
case.
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Fig, 11, Spatial variation of total discontinuity region field: active case.

region field: lossless

slowly varying, weakly guided cosine distribution (i.e.. the inci-
dent mode). For this figure nd = ng = 3.6. Figs. 9 through 11
have nd = 2.5. Fig. 9 shows the total field in the zero-conductiv-
ity case; Fig. 10 has Ud = 5; Fig. 11 represents the active case

with ad = – 5. It is clear that the field distribution within the
discontinuity region is essentially the same for all three cases.
The coefficients RO and TO are calculated using overlap inte-

grals involving the incident modal field and the total field in the

discontinuity therefore, if the total field changes slightly, the
discrete-mode scattering coefficients differ only slightly, In sharp

contrast, Fig, 12 shows the field for n~ = 5.5 and ad = O; this
graph clearly illustrates the effect of discontinuity region field
variation on R. and To.

IV. DISCUSSION

This paper presents an analysis of scattering from electrically
active & ‘dis~ipative dielectri~-slab waveguid-e discontinuitie~.
This EFIE-based method is conceptually exact, and the accuracy
of its numerical solution is verified by comparison with pub-
lished air-gap discontinuity results, Other numerical results given

correspond approximately to a uniform discontinuity region in a
GaAs ternary system. Both passive and active conduction cur-
rents are considered in this analysis.

In a junction between two dielectric wavegttides, it appears

that radiation can be reduced by adding a dopant in the junction
vicinity (see Fig. 6); in this case the discrete mode remains
largely unaffected, It is hoped that future research will confirm

this hypothesis. It should be mentioned that to obtain an ampli-
fied discrete mode in a region where the conductivity crd is
representative of a realistic value for an internal laser gain [8]
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IEYI [8] B.S. Poh, “Refractive index to gain derivative ratio in GaAs/GaAfAs
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-z

Fig. 12. Spatial variation of total discontinuity region field for large
refractive index contrast.

one of the following becomes nec~ssary: distributed feedback, a
nonuniform gain profile according to the Bragg diffraction rule,

or use of a Fabry-Perot resonator. Moreover, the gain region

must be hundreds of wavelengths long, which is computationally

prohibitive for the MoM at present.
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Toward a Unified Efficient Algorithm for
Characterizing Planar Periodic Waveguides

and Their Applications to MIC
and MMIC Circuits

K6 Wu, Pierre Saguet, and Aridr6 Coumes

Abstract —An efficient new algorithm (modified three-dimensional
spectral-domain solution with “modal spectrum”) applied to a variety of
planar waveguides with periodically loaded stubs is achieved. In tlhis

paper, slow-wave propagation characteristics ,and their mechanism of
both symmetrically and asymmetrically loaded periodic structures with

Iossy dielectric layer such as finline and coplanar waveguides (CPW%)

are investigated. Using two sets of familiar basis functions, the conver-

gence behavior of the high-speed numerical computation is presented
toward a unified efficient algorithm. Many important features such as
passband and stopband phenomena related to cutoff and resormrrt

frequencies are discussed in detail based on numerical results, which
are compared with measured results obtained by transmission line

experimental procedures

I. INTRODUCTION

With increasing development of millimeter-wave transmission

line media and monolithic integrated circuit technologies, there

has been growing interest in the properties of hybrid (nonuni-

form) structures in the transverse section as well as the longitu-

dinal section to realize a more compact package, easier serial
implementation, and wider monomode operation. Many planar

or quasi-planar waveguides such as finlines and iuspended
striplines have been suggested and investigated in the frequency
range 10-150 GHz. Little or rather limited information about
the nonuniform longitudinal structures has been published, for
example, information relating to periodically loaded lines.

On the other hand, coplanar waveguide (CPW) and firdiine
MIS (metal–insulator–semiconductor) structures proposed and

analyzed recently by several authors [1]-[5] in an attempt to

realize the phase shifters, delay lines, and electronically variable

filters make it possible to reduce significantly the component

dimensions due to the slow-wave propagation with possible

smaller losses, However, the question concerning an efficient
slow-wave mode excitation and miniature interconnection of
circuits will need to be addressed.

One way to obtain a slow wave is to guide the wave in a
direction away from the desired axial direction and to use the
axial components. It should be pointed out that a main mecha-
nism of obtaining a slowing down (high Eeff = (A.ai, /Amide )2) of
propagation is to store the electric and magnetic energy sepa-
rately in space whether it is transversal or longitudinal. Exam-

ples of such structures include the MIS, helix, meander interdig-
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