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Effect of Transition Waveguides
on Dielectric Waveguide
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Abstract —The coupting of energy between two curved dielectric wave-

guides is investigated by the staircase approximation method, which com-

bines the building block approach of multimode network theory with a

rigorous mode-matching procedure. Particular attention is directed toward

two major effects of transition waveguides on the performance of direc-

tional couplers composed of dielectric waveguides one is the change in the

coupling length, the other is the radiation 10SS. The coupling problem is

anafyzed in terms of the scattering of an incident guided mode by the

coupler structure as a whole. Numericaf results are given to illustrate the

coupling characteristics of various structures and to establish useful gnide-

Iines for the design of directional couplers.

I. INTRODUCTION

T HE PROBLEM of energy coupling between two par-

allel uniform dielectric waveguides with transition re-

gions has been investigated in the literature. Because of the

open nature of dielectric waveguides, a directional coupler

requires that the input\output waveguides be kept at a

distance to be isolated from each other, while a region of

relatively strong coupling is provided with two waveguides

sufficiently close to each other. Thus, it is necessary to

introduce transition waveguides to connect the input/out-

put waveguides with the coupling region [1]. The main

purpose of the transition region is to provide a smooth

flow of energy from the input/output waveguide region

into the coupling region, or vice versa. Intuitively, it is

expected that the transition regions should be as gradual as

possible, so that the scattering losses can be reduced. On

the other hand, the length of the transition regions may be

limited in an integrated circuit environment, and it is

necessary to determine the effect of the transition on the

general scattering characteristics of the system. Also, the

transition regions may provide additional coupling and it

is important to assess their effect in order to establish an

effective coupling length of the directional coupler as a
whole.

Because of the mathematical difficulties involved in an

analysis of a curved waveguide, particularly of the open
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type, the effect of the transition waveguides has been

considered under restrictive conditions. In the past, it has

been commonly assumed that the transition length is suffi-

ciently large. so that the radiation and scattering effect

caused by the curved structures can be neglected; certain

analyses did not even consider the end effect or the reflec-

tion and directivity caused by coupling in the curved

sections.

We present an analysis of the effect of the transition

waveguides from the viewpoint of guided mode scattering

by a nonuniform coupler structure. Such a method has

been shown to be particularly powerful for determining

the effect of the transition profile. In this analysis. two

approximations are introduced. One is the staircase ap-

proximation of the continuous transition profile; this is a

discretization in geometry. Evidently, in the limit of van-

ishing step size the piecewise-constant profile will ap-

proach the continuous one. Another approximation is an

enclosure of the whole structure inside an oversize

parallel-plate waveguide, so that the modal spectrum is

discretized to facilitate the analysis. With such approxima-

tions, the mathematical analysis and the physical interpre-

tation of wave phenomena associated with nonuniform

dielectric waveguides can be kept simple and clear. It

should be stressed that although the discretization of modes

does introduce some degree of approximation, as far as the

surface waves are concerned, the presence of an oversize

parallel-plate waveguide does not change the physics of the

problem.

With the piecewise-constant profile the structure can be

viewed as consisting of uniform waveguides and junctions.

The fields can be represented by the complete set of

waveguide modes for each uniform region and are then

required to satisfy the boundary conditions at each junc-

tion. The method of mode matching is then employed to

solve the scattering problem including not only the funda-

mental mode of interest but also the effect of all the higher

order modes.

Since the variation of the scattered power of the funda-

mental mode, including the reflected and transmitted

power, means the conversion of power into the higher

order modes, this is interpreted as radiation into the con-

tinuous spectrum in the case of an open structure. There-

fore. in the present approach the radiated power is given
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Fig. 1. Structure configuration of parallel dielectric waveguide direc-

tional coupler.

by the total power of the higher order modes of the

partially filled parallel-plate waveguide. Because the struc-

ture under consideration is lossless, the total power must

be conserved, and such a conservation condition is used as

a gad.tge of our numerical accuracy.

Finally, numerical results are presented to quantify the

two major effects of the transition waveguides: the radia-

tion loss due to the curvature of the waveguides and the

change in the coupling length of the structure as a whole.

On the basis of these numerical results, useful guidelines

are developed for the design of directional couplers com-

posed of dielectric waveguide.

II. METHOD OF ANALYSIS

Fig. 1 shows the geometrical configuration of the dielec-

tric waveguide directional coupler under investigation. It

consists of one uniform coupling region which is connected

to uniform input/output waveguides by curved transition

sections. In the present study, we assume that the center

line of the transition profile is characterized by a hyper-

bolic tangent function, as was previously done [3]-[5]. The

structure is symmetric with respect to both the x and the y

axis. In this paper, only this special geometry is considered

for simplicity; other geometries can be handled in similar

fashion, although the computations will be more compli-

cated. Utilizing the symmetry property, we may bisect the

structure in both x and y directions and consider only a

quarter of the structure with appropriate boundary condi-

tions, as shown in Fig. 2. The stepped structure can be

viewed as consisting of a series of uniform, partially filled

parallel-plate waveguides connected by junctions. A basic

equwalent network has been developed for a junction

between two uniform dielectric waveguides [3]. The basic

equivalent network for all the junctions can be put in

cascade through transmission line sections to form an

over-all network for the entire stepped dielectric structure.
The scattering of the guided mode by the staircase struc-

ture can be analyzed in terms of the reflection characteris-

tics by each basic unit.

Fig. 3 depicts the ith basic unit that consists of the ith

step discontinuity between two uniform waveguides at the

point x = xi and the uniform waveguide of length Ii be-

Perfect EIectric Conductor

Fig. 2. Bisected structure with boundary conditions
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Fig, 3. The i th basic unit of the stepped structure.

tween the points xi and xi_ ~. The analysis proceciure of

the reflection characteristic for the basic unit is outlined

below.

Since the terminal plane of the stepped structure at

x = O is known to be either a perfect electric wall or a

perfect magnetic wall, the input impedance matrix Z(XF )

at the x = x,+ plane looking to the right can be determined

by the impedance transform technique. Therefore, Z(X: )

is considered as a known matrix for the i th basic unit. It is

well known [6] that the electromagnetic fields in each

uniform waveguide section can be represented by ii com-

plete set of mode functions; for a TE polarized mode in

the region with the dielectric layer of thickness t,+, we have

the tangential field components represented by

n

(1)

(2)
n

where Q.( t ,+, y) is the n th mode function and V. ( t,+, x)

and Z. ( t,+, x) are the voltage and the current of the n th
mode. It is noted that throughout this paper, the summa-

tion over n extends from 1 to m. By matching the tangen-
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tial field components at the i th discontinuity, the wave-

guide problem is reduced to the analysis of an equivalent

network for the modal voltages and currents which are on

the two sides of the i th step and are related by

V~(t,-, x,-) = Z(Q,)~nV.(~.7,X,+) (3)

I~(t,-, x,-) =~(Q, )~n~. (t;)~; ) (4)
n

where (Q, ) ~. is the coefficient of coupling between the

m th mode on the left and the n th mode on the right of the

i th step discontinuity and is defined by the scalar product

(Q,)mn=(@m(r,-.Y)l@n(~T,.Y))

=~H@m(t;$Y)@n(t:.Y)dY (5)

where ~~ and ~n are, respectively, the mode functions in

the uniform dielectric waveguides. They are the solutions

of the Sturm–Liouville eigenvalue problem [6].

Equations (3) and (4) may be written in matrix form as

V(xl- ) = QZV(X; ) (6)

l(x1- ) =QZ1(x~ ) (7)

where V( x,- ) and 1(x,-) are column vectors with the

transmission line voltage and current of the TE mode on

the left of the i th step, and V( x,+ ) and 1(x,+ ) are column

voltage and current vectors of the TE mode on the right of

the i th step. Since the voltage and current are related as

V(xt-) = Z(x,- )~(x,- ) (8)

v(x:)=z(x~)I(x:) (9)

(6) and (7) may be expressed by

Z(.x,- ) =Q,Z(x~ )Q,-l. (lo)

We assume that the dielectric materials forming the

waveguide in Fig. 1 are lossless. The Sturm–Liouville

eigenvalue problem of the multilayer planar dielectric

structure is Hermitian, because of the perfectly electric or

magnetic conducting bounding plates at y = O and – H.

Therefore, all eigenvalues are real and all eigenmode func-

tions can be chosen to be real, and we have Q,- 1= Q,t.

Then (10) can be written as

Z(x,- ) = Q,Z(Xy )Qu (11)

where t stands for the transpose, and Q, is the coupling

coefficient matrix of the i th step whose elements are

determined by (5).
From (11), the reflection coefficient matrix r(x,- ), at

the x = x,- plane looking to the right, can easily be ob-

tained as

r(xl-) = [Z(xl-) +zo,]-l[z(x,- )-zo,]. (12)

Then, the input impedance matrix at the x = x,: ~ plane

looking to the right is determined by the impedance trans-

form technique as

z(x~-J= %,[I+H,r(x,- )H1][I- H1r(x~)HL]-’

(13)

where ZOZ and H, are, respectively, the characteristic

impedance and the phase matrices of the i th step disconti-

nuity. They are all diagonal matrices, and their elements

are

( -%) m. = S#y,./tiCOeez.

(H,)~~ = b~,exp(- jKX,nl,)

where 8~a stands for the Kronecker delta,

propagation wavenumber in the x direction

mode in the dielectric waveguide of the i th

(14)

(15)

K ~1~ is the

for the n th

section, and

c,1~ is the effective dielectn~ constant of the n th mode.

Thus, the reflection coefficient matrix of any step junction

can be determined by using (5) and (11)–(15).
With the bisections in both the x and the y direction,

there are four different combinations of boundary condi-

tions. For an incident guided mode from waveguide 1, we

analyze the four separate substructures, as depicted by Fig.

2, with appropriate boundary conditions. In each case, the

energy is totally reflected. and the reflection coefficient

matrices, accounting for the coupling to higher order

modes, are denoted by R,,, R,a, Ra,. and Raa for the

four cases. The subscripts s and a stand for the symmetric

and antisymmetric bisections, respectively; the first sub-

script represents the symmetry property with respect to the

x axis and the second with respect to the y axis. The

scattering coefficient matrices of the overall structure are

found to be given by

Gl= (R$, + R,a+ Ra~+ Raa)/4.0 (16)

T2= (R,, –R,a+Ra, – Roa)/4.0 (17)

Tj= (R,, +R,=– Raf– Raa)/4.0 (18)

T,= (R,, –RSU– Ra, + Raa)/4.0. (19)

Here GI is the reflection coefficient matrix of waveguide 1,

and Tz, Tz, and Td are the transmission coefficient matr-

ices from waveguide 1 to waveguides 2, 3, and 4, respec-

tively. The scattering of an incident guided mode is then

simply determined for the coupling structure by (16)–(19).

III. NUMERICAL RESULTS

Referring to Fig. 1, we assume that each individual

waveguide supports only the fundamental guided mode. A

fundamental guided mode of unit power is incident from

the left into waveguide 1. We are interested in the effect of

the transition sections on the reflection of the fundamental

mode in waveguide 1 and the transmission of the same

mode into all other waveguides. While the individual wave-
guides support only a single mode, the coupled waveguide

system is designed to support two surface wave modes, one

symmetric and the other antisymrnetric. The two modes

propagate with different phase velocities; consequently,

they interfere with each other constructively or destruc-

tively. This results in the transfer of energy back and forth

between the two coupled waveguides.

Fig. 4 shows the effect of the transition length on the

scattered powers of the fundamental mode in each wave-

guide and the total radiated power from the entire nonuni-

form dielectric structure, which represents the coupling to
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Fig. 4. Dependence of scattered powers on transition length.

the higher order modes. The length of the uniform cou-

pling region is fixed at L = 2.2A, where A is the free-space

wavelength. It is noted that the scale for the reflected

power Pl, and reverse-coupled power Pq, is exaggerated, as

shown on the right-hand side of the figure. They are quite

small and can be neglected as long as the transitions are

not too short. For a fixed length of the coupling region L,

the transition regions have two major effects: one is the

radiation loss and the other is the change in the effective

coupling length. For the case analyzed, the radiation loss

exceeds 80 percent of the incident power for a transition

length of less than one wavelength. When the transition

length is increased, the radiation loss decreases rapidly and

the division of the transmitted power between waveguides

2 and 4 varies continually. For the length of the uniform

coupling region, L = 2.2A, it is expected that a very long

transition length will be required to realize a coupling close

to 100 percent to either waveguide 2 or 4. For a reasonable

transition length, it is expected that we may adjust the

length of the uniform coupling region to achieve any

desired ratio of the powers between waveguides 2 and 4, as

discussed next.

Fig. 5 shows the transmission characteristics of the

coupler, with the structure parameters depicted in the

inset. The coupling length over which a complete power

transfer takes place is determined by

L,ff = A/4.01 ne–nOl (20)

where n ~ and n ~ are effective indices of the first even and

the first odd mode of the uniform dielectric waveguide,

respectively. For a 3 dB coupling, the coupling length is
one half of the vahte of Leff given above. For the case

shown, the coupling length is observed to be about 2.9A,

and the 3 dB coupling length is about 1.45A. Evidently,

100 percent coupling is possible and any ratio of powers

between waveguides 2 and 4 can be achieved.

——— s—-—.

1.0

0.8 –

. 0.6 –

$~
0.4 –

0.2 -

0 ~
o 1.0 2.0 3.0 4.0 5.0 6.0

L/A

Fig. 5. Dependence of transmitted power on the length on the uniform
coupling region.
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Fig. 6. Effect of the transition length on the radiated power for the

parallel dielectric waveguide coupler.

From Figs. 4 and 6, we observe that the radiation loss is

the main problem for the dielectric waveguide directional

coupler with curved transition sections if the transition

length is small. It is expected intuitively that when the

transition length or the radius of curvature of the bend is

sufficiently large, the radiation loss will become small. The

question is how large a transition length is needed to make

the radiation loss negligible or tolerable. This is what we

intend to illustrate. Fig. 6 shows the effect of the transition

length on the radiated power, Pra~, for four values of the

separation distance h. It is found that as long as the

transition length w > 5A, the radiated power can be kept

below 2 percent of the incident power, and it becomes
insensitive to the separation distance k and the transition

length w. Fig. 6 also shows that, for small w, the larger the

separation distance h, the stronger the radiation. ‘This is

because of the stronger fields near the discontinuities for

larger h. These facts establish a quantitative basis for the
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with a rigorous mode-matching procedure. Extensive nu-

merical data have been obtained to quantify the propaga-

~–—?—–— tion and scattering characteristics of the coupling struc-
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,.3

k ture. The power-of the fundamental mode ~ each

input/output waveguide is carefully examined for the par-
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allel dielectric waveguide coupler. It is found that the

reflection, reverse coupling, and radiation decrease rapidly

as the transition length is increased; they are practically
! =0.3A negligible for a transition length greater than five wave-

}=1).4A lengths. For a long transition region, it is shown that the

coupling length has to be adjusted to account for the

additional coupling of the transition regions. Based on
1=0.5A these results, some useful guidelines for the design of the

coupling structures are thereby suggested.
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Fig. 7. Effect of the transition length on the coupling length for the

paraflel dielectric waveguide coupler.

design of dielectric waveguide directional couplers, as far

as the undesirable radiation is concerned. -

The curves iri Fig. 7 show the effect of the transition

length on the effective coupling length of a 3 dB coupler

for several values of the separation distance h. As depicted

in the inset, the effective coupling length includes the

effect of the ct,trved section, in addition to the uniform

coupling region. In other words, we may define a correc-

tion length as the difference between the effective coupling

length and the actual length, of the uniform coupling

region. Here, we observe that the longer the transition

length w, the larger the correction length (L~ff – L). Fur-

thermore, for the same transition length, the correction

length becomes smaller when the separation of input/out-

put waveguides increases. The reason for this is that the

larger the separation, the steeper the curved sections and

the weaker the coupling in the transition region. From the
curves in Fig. 7, we found that the correction to the

coupling length becomes quite significant when the transi-

tion length is large. Therefore, while increasing the transi-

tion length to reduce the scattering losses, it is important
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