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Transverse Bragg-Resonant Enhancement of
Modulation and Switching

Wei Liang, Yong Xu, John M. Choi, Amnon Yariv, and Willie Ng

Abstract—We demonstrate theoretically that the electrooptic
phase retardation, hence, modulation, can be enhanced very sub-
stantially in transverse Bragg resonance (TBR) waveguides. This
enhancement is due fundamentally to the strong dependence of
the dispersion of the TBR waveguide on the Bragg condition. Both
theoretical and numerical analysis show that this enhancement
can be used to improve the performance of directional coupler
switches and electroabsorption modulators, leading potentially to
major reductions in the device size or the switching voltage/cur-
rent.

Index Terms—Electrooptic modulation, electrooptic switches,
optical directional couplers, waveguides.

I. INTRODUCTION

KEY COMPONENTS in optical communication tech-
nology depend on electrically induced changes in either:

1) the index of refraction, such as electrooptic amplitude/phase
modulators and directional coupler switches [1], [2] or 2) the
absorption coefficient, such as in electroabsorption modulators
[3]. Improvements of such devices in terms of requisite modu-
lation voltage or length of modulator, have been achieved either
by using improved materials or by using slow-wave structures
[4], [5]. While the aforementioned slow-wave structure “slows”
light due to the weak coupling between two neighboring cav-
ities [6], [7], in this letter, we analyze the transverse Bragg
resonance (TBR) waveguide, in which the light is slowed due
to the folded optical path, as shown in Fig. 1 [8], [9]. We
demonstrate theoretically that the electrooptic effect can be
enhanced significantly in the TBR waveguide due to its unique
dispersion characteristics [9], [10]. Particularly, we propose
and analyze directional coupler switches and electroabsorption
modulators based on TBR waveguides.

II. THEORETICAL ANALYSIS

A single TBR waveguide, as shown in Fig. 1, is composed
of a guiding channel (with dielectric constant and width

) bordered by two Bragg reflectors, which alternate between
a high index layer with dielectric constant and layer thick-
ness , and a low index layer with dielectric constant and
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Fig. 1. Schematic of light propagation in a TBR waveguide.

layer thickness . From a coupled-mode theory, it was demon-
strated that low-loss guiding in TBR waveguides only occurs
under the condition of TBR [9], [10]. We first consider the trans-
verse electric (TE) mode, which can be expressed as

and satisfies the scalar wave equation
[11]

(1)

where is the vacuum-wave vector, is the dielec-
tric constant, and is a complex number, where

represents the propagation constant and accounts for the
modal loss. Typically, is much smaller than . We notice
that (1) is formally the same as the one-dimensional (1-D)
Schrodinger equation. As a result, for a given electrooptically
induced dielectric constant change , we can use the
standard quantum perturbation theory to find the corresponding
change of the eigenvalue as [12]

(2)

where we assume takes a constant value
of within the th layer in Fig. 1, and

is the field con-
finement factor of the th layer. If we assume is the same
for all the layers, i.e., , then (2) can be simplified to

(3)

In the case of small index perturbation, i.e., ,
a simple dispersion relation can be derived for a guided TBR

1041-1135/04$20.00 © 2004 IEEE



LIANG et al.: TRANSVERSE BRAGG-RESONANT ENHANCEMENT OF MODULATION AND SWITCHING 2237

Fig. 2. Configuration of a TBR directional coupler switch.

mode [9], [10], where and
are, respectively, the average dielectric constant and the period-
icity of the cladding layers. Therefore, can be engineered by
choosing and we immediately note that in (3), if we choose

, even a relatively small can result in a large ,
which effectively enhances the electrooptic effect. To charac-
terize this enhancement, consider a conventional low-contrast
slab waveguide, whose core refractive index is very close to that
of the cladding material (i.e., ). In this case,
we have and . Thus, the electrooptic
effect in the TBR waveguide is enhanced by a factor

(4)

Intuitively, this is because the effective optical length (or
length of interaction with the material) in a TBR waveguide is
increased by a factor of , as illustrated by the “zigzag”
line in Fig. 1. Using these results, we consider directional
coupler switches and electroabsorption modulators based on
the TBR waveguide and analyze how this folded-path effect can
be used to enhance the electrooptic or electroabsorption effects.
In our formalism, these two cases can be treated equivalently,
except that the dielectric constant change is real in the first
case and imaginary in the second one.

We first consider a TBR directional coupler switch as shown
in Fig. 2. When unbiased, the propagation constants of the two
arms of the TBR coupler in Fig. 2 match each other. If we choose
the coupling strength between the two coupler arms and the
coupler length , such that , the optical signals
that enter into the input port should emerge from the cross port
(see Fig. 2) [11]. Then, we apply a voltage on arm and
change the real part of the dielectric constant by an amount of

. If the resultant change in the propagation constant
of arm satisfies , the input signal is switched
from the cross port to the bar port. Although the operation prin-
ciple of a TBR directional coupler switch is the same as that of
a directional coupler switch based on conventional slab waveg-
uides, with the same change of dielectric constant, the change
of propagation constant of a TBR waveguide is enhanced by a
factor of , reducing either the switching voltage or
the device length by the same factor.

As for the elctroabsorption modulator based on the TBR
waveguide, the operation principle is also similar to a typical
electroabsorption modulator, i.e., the optical modulation is

Fig. 3. (a) Relation between the electrooptically induced propagation constant
change of a TBR waveguide �� and that of a low-index contrast slab
waveguide �� . (b) Relation between the electrooptically induced modal
loss of a TBR waveguide � and that of a low index contrast slab waveguide
� . In both (a) and (b), the three lines are obtained using b = 0.3, 0.24, and
0.23 �m, respectively, which lead to different enhancement factors.

achieved by altering the absorption spectra of multiple quantum
wells with external electrical signals [3]. To account for the
absorption, we introduce an imaginary part to the
material dielectric constant, and use to describe the at-
tenuation of the optical signal. The perturbation analysis shows
again that for the same external electrical signals, the signal
attenuation coefficient in a TBR waveguide is enhanced
by a factor of as compared to a conventional
low-contrast slab waveguide, which means the length of the
TBR device can be significantly reduced.

III. NUMERICAL RESULTS

In this section, we numerically calculate the complex prop-
agation constant of the TE mode in a TBR waveguide and
verify the above analytical predictions. The electric field in each
layer of the TBR waveguide shown in Fig. 1 can be written as

(5)

where and are constant coefficients in the th layer and
is the transverse wavevector in the th

layer. For the fundamental even TE mode, we choose the coef-
ficients in the core area (see Fig. 1) to be normalized

. The coefficients and at the edge of the
Bragg reflector can be calculated using a transfer matrix method
as described in [13]. Since a physical solution should have no
incoming wave outside the Bragg reflector , by min-
imizing , we can find the complex propagation constant
numerically.

In our calculations, we choose m,
3.37 , (corresponding to a GaAs-based device),

, , and the number of cladding
layers 100. As shown in Fig. 3, we use three values
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of for the Bragg reflector cladding, which leads to three dif-
ferent values of and enhancement factor . In the case of the
TBR directional coupler switch, we calculate the change of the
propagation constant of the TBR waveguide by as-
suming that the external electric field changes the refractive in-
dices of both the core and the cladding by the same amount .
The corresponding propagation constant change in a low-index
contrast slab waveguide is . In Fig. 3(a), we
plot as a function of , where the linear slope
should give us the enhancement factor . In the case of the elec-
troabsorption modulator, we introduce a small imaginary part

into the core and cladding dielectric constants, and
obtain the modal loss of the TBR waveguide from the
imaginary part of the complex propagation constant,

. For low index contrast slab waveguides, the corresponding
modal loss is ). The relation is
plotted in Fig. 3(b), together with the linear slope, which again
gives us the enhancement factor . In both cases, this factor can
also be calculated directly using (4) and the dispersion relation

, in which we simply use
and , for the values of chosen, 0.3, 0.24, and 0.23 m,
we find is equal to 1.526, 3.033, and 5.824, respectively.
These results are in reasonable agreement with those obtained
from the slopes shown in Fig. 3. The difference between the two
approaches can be attributed to the relatively large index con-
trast of the TBR waveguides .

In conclusion, we propose that TBR waveguides can be used
to improve the performance of directional coupler switches and
electroabsorption modulators by reducing the device length.
Both analytical and numerical analysis show that the elec-
trooptic effects can be enhanced by a factor in
TBR waveguides. In our design examples, this factor was found
to be as large as five.
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