Novel Design Conditions to Optimize Power Coupling
in Optical Grating-Assisted Directional Couplers
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Abstract: By defining a power distribution ratio (PDR)
and coupling efficiency (CE) amenable to the rigorous
analytical solutions of newly developed rigorous modal
transmission-line theory (MTLT), we explicitly analyze
the power coupling characteristics of TE modes
propagating in GADCs. The numerical results reveal that
the incident power is optimally coupled into the desired
guiding channel if the powers of rigorous modes excited at
the input boundary of grating-assisted coupler are equally
partitioned.

1. Introduction

Stratified directional couplers with a periodic corrugation
structure, which are called grating-assisted directional
couplers (GADCs), are increasingly used for many
applications in the area. of photonics, especially, such
optical power distribution devices as WDM and optical
switching to implement wavelength selectivity. These
couplers have so far been examined to explore the
coupling efficiency between two rigorous modes in the
context of a two-guide grating coupler [1], and proposed
to improve the wavelength filtering performance only in
the context of a three-guide grating coupler [2]. Although
many applicable examples have adopted these
configurations and have explored the modal
characteristics, to our best knowledge, the optimal design
characteristics of GADCs connecting their boundary
interfaces with different guiding structures have excluded.

In this paper, thus we propose a novel criterion, which
is called power distribution ratio (PDR), to search an
optimal power coupling condition in such GADCs’
geometry. As will be discussed in details later, we achieve
this condition in terms of equivalent transmission-line
network, composing nominally to couple incident power
into a desired guiding channel. Furthermore, to verify the
validity of our proposed criterion, we evaluate the power
coupling efficiency for GADCs with two or three-guiding
channels.

2. Equivalent Networks of GADCs
Typical grating-assisted configurations with two or three-
guiding channels applicable to our proposed approach are
illustrated in Fig. 1. As can see, the coupler has two or
three-guides so that only two or three propagating
rigorous modes have a significant meaning and dominate
the power coupling of GADCs. Then, we can consist of

f X z=z,
i n, {
P ny, 0.2 um
P
ng i A M ’ up 1.45 4m
LT ... | 0.0 um
Ny, \ 0.45 pm
n / 0.257 um
ns Ip dn Z
Input Region Directional Coupler i Output Region
(@
4
hx z=z
C - ;
0.5 um (> P, ng, 0.3 um
~ i A Al InGaAsP(4_=1.3 um)
————ty N ¢ | 2um
0‘1 ;"n LN ]
0.2 um n92
2um Ny, \
n 3 o
0.3 um 93 PPy Z
ns {
Input Region Directional Coupler QOutput Region

(b)
Fig. 1. Geometry of GADCs with (a) two-guiding
channels, and (b) three-guiding channels.

the rigorous modes as equivalent network with two or
three transmission-lines based on modal transmission-line
theory (MTLT) [1, 3], and evaluate all the modal
quantities of GADCs from those ones.

For two-dimensional situations and electromagnetic

fields with time dependence exp(—iwr), as will be
assumed throughout this paper, all we have to do is to
determine the unknown eigenvalue k. It is calculated
by applying transverse resonance condition of MTLT [3],
and once determined the quantity %,,, the propagation
constant k,, of arbitrary n-th space harmonic is given by

k

and the electric and magnetic fields of propagating waves
pertinent at a point (x, z) inside periodic interval
0<z<z, canbe precisely defined by modal descriptions

[3].

To explore the optimal conditions on power coupling

=k,0+37\—’5 with k,, = B +ia , (1)
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of GADCs with the field solutions determined, we now
assume that a wave is incident into upper guiding channel,
as shown in Fig. 1. Then, for TE modes propagating in
homogeneous stratified waveguides, the transverse
electric E, and magnetic H, fields at the input (z < 0)

and the output (z > z,) regions are expressed as [4]

E,(x,2) =V, (2)e;(x), H(x,2)=-1(2)h(x), (2)
where the modal voltage ¥, and current I, are related
by

Y@ _on

I(2) k,
with the propagation constant k,, designated £ = in or
out for the input or output region, respectively. Here,
€;(x) and h.(x) denote the electric and magnetic

modal functions in uniform stratified guides.

Consequently, the optical wave incident into z=0 from
upper guide generates rigorous modes, being guided along
longitudinal z-direction of GADCs and satisfying field
orthogonality conditions [1]. Then, the total field in
coupling region (0 < z < z5) can be written by a linear
superposition of propagating rigorous modes

E (x,2)= i{Vm (2) i e,(,'”)(x)e"(z"’”/\)z} B

where the modal voltage of m-th mode is
V,(2)=V,(0)"~* , for which k,, =2, +ia,
designates the propagation constant of two (M=2) or three

(M=3) lowest-order modes coupled within GADCs with
two or three-guiding channels, respectively. Also,

ef,’")(x) represents the spatial variation of n-th space

harmonic traveling along x-direction.

Then, applying continuity condition to the junction
interface between the input (homogeneous) and coupling
(inhomogeneous) regions, we have

M ®
Vu(0)e, (x) = Z{Vm 032 ei""(x)} . )
m=1 n=-o
Subsequently, performing cross-product in Eq. (5) with

3 2
Z kzr,mef'n)(x) for kzr,m = kzo,m +—‘1’:\£ >

and integrating over cross-section (cs), the modal voltage
of m-th rigorous mode satisfying field orthogonality
condition [1] for TE modes is given by

=50 e 3 kil

where C_, stands for the normalization constant

dependent on the power conservation of equivalent
network [1]. The power distribution ratio (PDR), referring
to the amount of incident power distributing to each
rigorous mode excited in input terminal of GADCs, is
then defined as
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Fig. 2. Variation of coupling efficiency along
propagation distance for the narrow-waist and equal
PDR conditions.
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As will be discussed in numerical analysis, it is a
significant modal factor that should be evaluated to search
an optimal power coupling condition at GADCs with
discontinuity interface.

Consequently, the orthogonal rigorous modes excited
at z=0 propagate along longitudinal z-direction, and
activate a modal voltage V, (z,) at an arbitrary

accessible terminal z = z;. Then, similarly to the boundary
condition occurred at input interface, the continuity
condition at output terminal z=z, yields

’Cm(zo)eom(X)Ei{Vm(Zo)ieﬁ'"’(x)ei‘z"”""”°} » (D)

and applying the field orthogonality condition [4] of
output modal function e, (x) to Egq. (8), we have

output modal voltage ¥, (z,) emitting through one
guiding channel desired such that

Vo (20) =f_§'m(0)Ame"’"°""’}, ®)

where the voltage transformation constant A,, at output

2

(6)

20,in

interface is defined as

4= I{e.,,,, ()3 e (@e }dx _

Consequently, using the modal mechanism of equivalent
network, we can define another convenient and powerful
formalism to search an optimal condition on power
coupling of TE modes, which is called coupling
efficiency (CE). The coupling efficiency is the ratio of the
output power (¥, I, ) to the input power (¥, 1, ), which
yields
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Fig. 3. (a) PDR for two-channel GADC with
discontinuity of strong type. (b) Variation of coupling
efficiency along propagation distance for the narrow-
waist and equal PDR conditions.

CE= Po"'—(Zo) =Re (_k_"_‘”i] Vour (20) ©)

Pin (0) kz,in Vl‘n (O)
in terms of Egs. (5) and (8), where %, and &, ,, are

the propagation constants at the input and output regions,
respectively. Although the modal characteristics of TM
modes are not mentioned here, their quantitative
properties may be a little bit different from TE modes in
many integrated-optical applications. The readers
interesting in the explicit formulation and physical
meaning for TM modes refer to Ref. [1].

3. Numerical Results and Discussions
Recently, the coupling efficiency of power transfer is
improved by adopting the narrowest gap of rigorous
leaky-wave modes instead of phase-matching condition of
surface-wave modes [1]. Of course, this criterion is true if
GADCs have coupling region of infinite length and does
not connect with any other outer devices such as planar
waveguides with different type or optical fibers. However,
if the boundary interfaces of GADCs connect with
different guiding structures, we cannot adopt anymore the
condition and need to develop a newly unified condition

called power distribution ratio (PDR) in this paper. The
novel criterion is that optimal condition on power
coupling of GADCs mainly depend on whether the
incident power is equally distributed into each power of
rigorous modes generated at the input boundary of
GADC:s or not.

To verify the validity of our proposed condition, we
evaluate optimal power coupling of GADC with two
guiding channels, which was originally analyzed by
Marcuse [5]. As shown in Fig. 1(a), GADC is made by
using different compositions of InGaAsP in different
layers, and the refractive indexes translated by band-edge
wavelength 4, are: n,=n, =n =3.18 (4, =093 um),
ng,=n,=3282 ( A, =llwm ), and n, =345
(A, =1.38 um). The operating wavelength is then held

fixedat A=1.55um.
First, when the dimensions of input guiding structure
are similar to those of GADC such as 1, =¢, and

., =ng, for the grating depth of 0.01 um, we analyze
the power coupling at condition addressing in published

papers and our proposed condition. For the equal PDR
condition A, =14.91um , the solid curve in Fig. 2

shows that the coupling efficiency (CE) from upper guide
to lower guide is almost 97% at coupling length
2z, =129 mm . On the contrary, the dashed curve for

conventional condition A, =A on =14.907 um  presents

that CE is only 94% at coupling length z, =13.5mm .

Thus, those results imply that the conventional regime
does not always yield optimal power coupling between
two grating-coupled guides.

On inspecting the power transfer of GADC connected
with different input geometry in which ¢, =0.05 um
and n, =3.45, we find that CE can be improved if an

equal PDR condition is chosen instead of the conventional
condition independent on outer guiding structures
connected. The solid curve of Fig. 3(b) shows that CE is
almost 91% at coupling length z,=129mm for a

grating period A, =14.9135 um, in which PDR of two

rigorous modes intersects each other as shown in Fig. 3(a).
However, the dashed curve for conventional condition
Apmin=A,;, =14.907 um’ shows that CE at coupling length

z,=13.6 mm is about 80% being 11% less value than

that for equal PDR condition. As a result, we know that
PDR of rigorous modes rather than modal characteristic of
propagation constants supplies a unified criterion to
determine optimal condition on power coupling of
GADCs, no matter what they connect.

Finally, we evaluate another applicable example to
announce our proposed optimal condition, that is, the
power coupling in three-guide GADCs with discontinuity
input interface as shown in Fig. 1(b). In general, an
interesting feature for this kind of optical device is
complete power transfer between outside guides. However,
unfortunately the dispersion curve of three rigorous modes
provides neither deterministic information nor an
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Fig. 4. (a) PDR for three-channel GADC given in Fig.
1(b). (b) Variation of coupling efficiency along
propagation distance at the intersection point of PDR,
~5%,and —-10% walk-off from the point.

excellent criterion to evaluate such power property of
three-guide GADCs considered here. Thus, an alternative
method has to be chosen, and this can be achieved by
PDR of 1%-order and 3™-order rigorous modes, which
dominate the power coupling of outside guides.

Such a behavior is illustrated in Fig. 4. Here the
refractive indexes of GADC structure composed by InP-
InGaAsP materials are chosen as 3.413 for InGaAsP
(A, =13pum), n =ny,=ny, =n =3.155 for InP, and
ng =ng, =n, =3282 forInGaAsP (4, =1.1um)at the
free-space optical wavelength A =1.55 um . As expected,
PDR of 1*-order and 3™-order modes intersects each other
at A, =22.96 um, and CE is almost 94% at coupling
length z, =717 um for the grating period.

Subsequently, we explore CE for the cases for which
the grating period is —5% and -10% off from its
optimum value A, =22.96 um. Figure 4(b) shows that
the CE between two outside guides becomes about 91% at
coupling length 2z, =525um for -5% walk-off.
Furthermore, the power coupling of about 83% occurs at

the coupling length 585 um for -10% walk-off. It
means that the 10% change from the value of optimal
grating period reduces the power coupling by 11%.
However, if the discontinuity between the input and
coupling regions is of a strong type rather than a weak
type as the application example considered here, the
reduction of power coupling along the increase of offset
value of optimal grating period will be remarkably
presented.

4, Conclusion

We have analyzed a unified optimal condition on power
coupling of grating-assisted direction couplers (GADCs)
with two or three-guiding channels, which serve as optical
power dividers with filtering property. Unlike such
conventional conditions as the phase-matching or narrow-
waist condition between rigorous modes, we have found
that the power coupling of GADCs connected with outer
devices of different type can be optimized by power
distribution ratio (PDR) of rigorous modes generated at
the interface of coupling region. '

In the case of GADC with two-guiding channels, the
coupling efficiency (CE) has dramatically enhanced when
an intersection point of PDR is chosen and the
discontinuity between the input and coupling regions is
strong type. Furthermore, the numerical results for three-
channel GADC have revealed that our proposed condition
can easily and generally take up into multi-channel
GADCs, no matter whether optical directional couplers
are periodic or non-periodic geometry.
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