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I. Abstract

This thesis describes and validates the design of an optical switch that
uses a vertically-integrated active/passive waveguide in an InP-based
heterostructure. The goal was to design a monolithically integrated
proof-of-concept 2x2 switch for use in a reconfigurable optical add-drop
module (ROADM). The 1x2 building-block used for this switch consists
of a passive 3dB power splitter with two semiconductor optical amplifiers
(SOAs) incorporated into each of the output arms. The major
contributions are an integrated 3dB power splitter design derived from a
validated general design procedure based on a reductionist approach,
active waveguide modeling based on evanescent coupling to a weakly-
confined SOA region for the switch function, and preliminary layout
designs of 2x2 and 4x4 switch fabrics. The performance of the switch
was determined through finite-element analysis using FEMLAB, based on
material simulations performed using OptiHS, employing post-processing
in MATLAB, and validated with beam-propagation analysis using
OptiBPM.
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1. Introduction

1.1. Technology application and approach

A recent market study has shown that the sales of reconfigurable optical
add-drop module (ROADM) enabled equipment in 2004 totaled $100
million, and that revenue is expected to further increase by 81% in 2005
[1]. There are now dozens of companies involved in ROADM manufacture,
from established corporations such as JDS Uniphase and DuPont to
startups such as Metconnex and MetroPhotonics. Why has the demand
for ROADMs grown so substantially? To understand the answer it is
necessary to first explain the fundamental operation of ROADMs, and the

significant improvement they offer over previous technology.

Dense wavelength division multiplexing (DWDM) allows the complete
bandwidth of an optical fiber to be exploited by carrying multiple signals at
different wavelengths that do not interfere with each other as they
propagate down the optical fiber. The use of DWDM has greatly increased
the carrying capacity of optical fiber. Figure 1 shows the architecture of a
typical DWDM fixed optical add-drop network node. First, a signal coming
from the west is demultiplexed, in this case into four wavelength channels.
Two wavelengths are sent directly through the node and the other two
wavelengths are dropped. These wavelengths may be regenerated using
optical-electrical-optical (OEO) conversion, or they may be sent directly to
subscribers. The two added channels, consisting of either a new or a
regenerated signal, are multiplexed with the two through channels and

sent to the output.

The key weakness of this design is a lack of flexibility. If there is a
break in this point-to-point link, or if it is desired to send information to a

different destination (for instance, if the A3 channel no longer needed to be



dropped at this node), then it would be difficult to reroute a wavelength
channel using this architecture. Rerouting would require labor-intensive
manual reprovisioning that at best would be costly, and at worst could

interrupt service.

Al

>
Through channels
b A2
Input 5 r o
—> E A3 A3
A1,42,13,24 a | > Al,A2,43,14
[ A4 A4

Drop channels Add channels

Figure 1 Fixed optical add-drop multiplexer network node

configuration

With networks incorporating ROADM devices, it is possible to add or
drop wavelength channels individually and dynamically at each network
node. Each input channel can be added, dropped, or passed through the
network node entirely in the optical domain, without costly OEO
conversion. This flexibility will allow network operators to add or reduce
capacity wherever it is required, in effect dynamically provisioning
channels to ensure maximum network efficiency. It is no longer necessary
to maintain a fixed link between two points if there is only an intermittent
flow of information between them, or to have a fixed link with insufficient
bandwidth.

It is easy to see the improvement in efficiency that is possible by
using a ROADM architecture. However, it is only recently that ROADMs

have begun to be deployed in significant numbers. One of the reasons for
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this is the complicated nature of the ROADM itself. Figure 2 shows the
functionality of a possible ROADM network node architecture. The
incoming optical signal is first demultiplexed into its constituent
wavelengths. These channels are then sent to an optical cross-connect,
consisting of a series of optical switches. Finally, the output wavelengths

are multiplexed and sent out to the next node of the optical network.

1 » il
d A2

w 2T ‘

Input % A3 > A3 § Output
21,02,13,34 a 1x2 | 2xl 11,32,13,34
a4 - 24
1x2 2x1

YYVY
Al A2 A3 x4 Al A2 X334

Dropchannels  Add channels

Figure 2 Reconfigurable optical add-drop module (ROADM) network

node configuration

It can be seen from Figure 2 that optical switches are an integral
part of a ROADM design. These switches must allow any input port to
connect to any unused output port, regardless of whatever connections
may have already been made. This is known as a nonblocking condition
and will be discussed further in Section 5 of this thesis. A reliable, low-
loss, and easily manufacturable method of switching optical signals is

crucial for any modern ROADM design.

The goal of this research was to develop an integrated optical switch
using a single-mode vertically-integrated (SMVI) active/passive layer

structure that could potentially be used in a ROADM device. Initially a

3



1x2 switch was developed. Using this building block, 2x2 and 4x4
nonblocking switching fabrics can be created, and there is potential to

create switches with an even higher number of ports (i.e., 2n x 2n).

An important trend in optical components is towards increasing
integration. Many systems and devices that in the past would have been
implemented using separate bulky optical components connected by lossy
optical cables can now be manufactured on a single wafer. The
advantages of this approach are obvious, as is evident from the success of
electronic integrated circuitry. Integrated devices are much smaller, more

easily manufactured, and cheaper when compared to discrete components.

There are two main types of integration: hybrid and monolithic. In
hybrid integration, components are made on separate wafers and then
combined into a single packaged device. In monolithic integration, all the
optical components required are combined on a single wafer and fabricated
at once. Hybrid integration tends to be more useful for complex custom
devices. Each component of the hybrid-integrated system can be tested
and optimized separately before they are combined together. It is easier to
implement a complex system in such a piecewise fashion, and the savings
in packaging costs can be considerable. However, hybrid integration still
requires the labor-intensive step of combining each separate component
together with fiber. This increases the cost and time to market of hybrid
devices. In contrast, monolithically integrated devices have all
interconnects included by design. It is also much easier to do large-
volume, low-cost manufacturing of standard, simple devices without the
need to perform numerous fiber interconnections. However, as systems
become more complex, with a higher number of functions, it becomes
increasingly difficult to achieve a reasonable manufacturing yield using the
current immature monolithic integration technologies, and it again

becomes advantageous to be able to separately test and optimize

4



components. It is probable that hybrid and monolithic integration will
continue to coexist for the foreseeable future, and the choice between them
will depend upon the application being considered. Since our switch
design is relatively simple, there is a clear advantage in implementing it
using monolithic integration, and this is in fact the approach we will take

in this thesis.

1.2. Thesis Outline

This thesis begins in Section 2 with an overview of integrated optical
switching. General optical waveguide properties are described, and the
specifications required for our switch are given. Next is a comprehensive
review of the current state-of-the-art in integrated optical switching
geometries. The switch technologies are compared, and the SOA-based
design is found to be the one most suitable for this application. Section 3
deals with the design of the integrated 3 dB power splitter. The Y-branch
design is chosen from among the current integrated splitter technologies,
including the MMI and directional coupler. A modal overlap design
method is used to realize this splitter design, after first being validated
with a simple silica buried-core waveguide material system. In Section 4,
the active waveguide used for the SOA region of the switch is modeled.
Through heterostructure analysis using OptiHS [2] and finite-element
analysis using FEMLAB [3], the gain or absorption of a length of this
section at various injected carrier densities is determined. Section 5
describes potential layouts for nonblocking 2x2 and 4x4 optical switches.
Finally, the switch performance is evaluated and directions for possible

future work are discussed in Section 6.



1.3. Summary of Contributions-

This thesis provides contributions to the field of integrated optical

switching and device design. More specifically, there are four main

contributions:

¢ A comprehensive review of current state-of-the-art integrated switching

technologies. This review stimulated our development of an efficient
design method that was capable of generating a cost-effective and
manufacturable switch architecture that satisfied our technical
specifications.

A new integrated optical switch design incorporating the vertical
integration of active and passive components. The fact that the switch
is monolithically integrated means that it can be combined with other
devices on a single multi-functional chip to perform more complex
processes, yet is still simple to manufacture. The design also features a
minimal loss and a high extinction ratio, primarily due to the high
absorption of the SOA waveguides when reverse-biased.

The description of the Modal Overlap Method, a method capable of
designing optimal and easily manufactured Y-branch power splitters
with minimal computational resources. This method was successfully
applied to the complex multilayer ridge waveguide used in the
vertically-integrated system to design a low-loss power splitter.
Modeling of the SOA regions of the switch using a combination of
heterostructure material analysis using OptiHS and finite-element

analysis using FEMLAB.



2. Integrated Optical Switching Overview

2.1. Introduction to Optical Waveguiding

An optical waveguide is used to confine light and direct it along a desired
path of propagation. In this thesis it is assumed that propagation occurs
along the z-axis, while the x-axis and y-axis are in the transverse direction.
A common example of a waveguide is a fibre-optic cable. A typical optical
fibre cross-section has a central core region surrounded by a lower-index
cladding region. For a sufficiently large refractive index difference between
the core and the cladding, total internal reflection will occur and the light
will be confined in the core region. As long as there are no sharp bends in

the fibre the light will continue to propagate along its length.

In integrated photonic devices, it is more difficult to fabricate optical
waveguides that possess the circular symmetry of fibre-optic cables. The
epitaxial manufacturing processes used in integrated devices lend
themselves instead to planar optical waveguides. A buried-core waveguide
(shown in Figure 3) is analogous to fiber-optic waveguides, and consists of
a high-index (n2) rectangular core surrounded by a lower-index (ni)
cladding region. The refractive index contrast of the buried core waveguide

is quantified by the dielectric contrast, A, given by:

2 2
n, —n,

A=
on? i

The larger the delta value, the greater the index contrast between the core
and cladding. A higher index contrast means a greater confinement of the

optical mode in the waveguide.
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102
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Figure 3 Rectangular buried-core waveguide

As the frequency of the light entering a waveguide is increased,
additional optical modes will appear. This is a common feature of all
optical waveguides, and it is useful to describe this in general terms,
independent of any specific waveguide structure. What is needed is a
metric for this property that allows different waveguides to be compared
with each other. The normalized frequency, V, defined for a buried-core
rectangular waveguide of height, h, and a free-space wavelength of 4, is the

first general metric:

TTh
V="\n -n’

A

(2]

The second is the normalized propagation constant, b. Each optical mode
supported by a waveguide has an eigenvalue associated with it, known as
the propagation constant, 8, that describes how the mode propagates in
the z-direction. The effective index of an optical mode is given by neg=8/k,
where k=2n/A is the free-space wave number. The effective index is the
refractive index that would be experienced by a plane wave propagating in
the waveguide along the z-direction at the free-space wavelength. Since

the propagating optical mode of a rectangular waveguide must be confined



by the core region in a buried-core waveguide, the condition n; £ neg < n2
must be satisfied. The frequency where the lower boundary of this
condition occurs is known as the cutoff frequency of the mode. If the
optical frequency is lower than the cutoff frequency of a particular mode,
then it will be a radiation mode, and hence will not propagate in the
waveguide. The normalized propagation constant is related to the effective
index, neg, the core index, n2, and the cladding index, n;, by the equation
[4]:

2 2
== 3]
n, —n,

Using the normalized propagation constant, the cutoff condition occurs

when b=0, and guided modes occur when O < b < 1.

Using these two parameters, V and b, it is possible to construct a
dispersion curve that shows at what frequencies modes occur in an optical
waveguide, permitting direct comparison among different waveguide
geometries. Using a finite-element approach that will be described in more
detail in Section 3, a dispersion curve for a buried-core silica waveguide
with a height, h, of 6um is shown in Figure 4. This curve is identical to
the one found in [4], thus validating our finite-element mode-solving

technique.



Normalized propagation constant, b

Normalized frequency, V

Figure 4 Dispersion curves of a buried-core silica/silicon

waveguide, for n;=1.445, n2=1.455

Another common planar optical waveguide geometry is the ridge
waveguide. In a ridge waveguide, shown in Figure 5, the majority of the
fundamental optical mode is vertically confined in the high-index core
layer, located just underneath the ridge. The horizontal confinement of the
mode is provided by the ridge, which in turn has a higher refractive index
than the surrounding upper cladding. In Figure 5, the lower cladding and
ridge are shown as having the same refractive index (ni), but this need not
be the case in general. All that is required is that the ridge and lower
cladding (or substrate) refractive index be lower than the core refractive
index, and that the upper cladding refractive index (ng) be lower than both.

Often the upper cladding is simply air, with a refractive index of 1. Since

10



the propagation modes of a ridge waveguide are almost entirely in the

ridge,

no

Upper
Cladding

Lower ' .
cladding ' nl

Figure 5 Ridge/Rib waveguide geometry
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Normalized propagation constant, b

Normalized frequency, V

Figure 6 Dispersion curves for a silica/silicon ridge waveguide, with

no=1, n;=1.445, n»>=1.455, and a ridge width=2 pm

core, and lower cladding regions, the range of the effective indices of
propagating modes is roughly n; < ney < nz, with the lower cutoff being
slightly smaller than n;. A plot of the dispersion curves of a standard

silica-on-silicon ridge waveguide in air are shown in Figure 6.

In the rib waveguide, the same geometry as shown in Figure 5 is
used, except now the refractive index of the rib layer is larger than the
lower cladding and cladding, and larger or equal to the refractive index of

the core layer. This has the effect of confining the mode within the rib.
Finally, the diffuse waveguide, as the name suggests, is a diffuse
region of higher index that acts as a waveguide. It is created through

methods such as ion-implantation.

12



2.2. Optical Modeling Basics

Our assessment of optical transport in the planar lightwave circuitry
discussed in this thesis derives from two numerical modeling approaches —
finite-element modal analysis and the beam-propagation method, which

will be described in more detail in this section.

2.2.1. Finite-Element Analysis

Finite-element analysis is a general method that can be applied to the

problem of determining the modal fields of complex waveguide structures.

To apply finite-element analysis to waveguide geometries, we begin
with the source-free, homogeneous vector Helmholtz equation for the

magnetic field, H:
2 2 _
VH+k;e H=0, 4]

where and k,=w/c is the free-space wave number (with » the angular

frequency and c the vacuum speed of light), and ¢, =n’ is the spatially-

dependent relative permittivity (which may be complex).

To solve this problem using a finite-element analysis, the problem is
first expressed using variational formulation. In the variational method,
the solutions to an equation are not solved directly, but instead by finding
the solutions that cause a related functional, F(yp), to become stationary.

The stationary condition is given by:

d
&;F(w+gn =0 -

£-0
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where y is the true solution of the functional (and therefore also of the
original equation) and n is an arbitrary function. There are a number of
functionals that can be applied to the vector Helmholtz equation with
equal success [5-7], however, they are very complex expressions that will

not be discussed in detail here.

A simpler example is the functional of the scalar Helmholtz equation.
In the scalar equation, only one of the components of the magnetic or
electric fields along the axes is determined. For the electric field, if a
spatial dependence of E(r,r)=E(x,y)exp(-ifk) is assumed, the scalar
Helmholtz equation will be

Vg +|k2n*(x,y) - B2 lp =0 -

where ¢ represents either the x or y component of the electric field. The

functional for this equation can then be given by [4]:

I[¢]=—;—11 (_B_QJ + g—f —(koznz(x,y)—,ﬁz);/)2 dxdy.

[7]

For a complex problem such as finding the modal solutions of a rib
waveguide, it is unlikely that a single, tractable analytical function can be
found to satisfy the stationary condition for this functional. To simplify
the problem, the finite-element method divides the computational domain
into a set of contiguous triangles, or finite elements. In each triangle, a
trial function (which in our case was linear, but could be of higher order) is
defined with unknown coefficients. These coefficients are determined by
iterating until the stationary condition, such as the one in Equation 7, is

satisfied over the entire computational domain.
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The variational formulation, if the functional is properly chosen,
ensures that the solutions not only satisfy the Helmholtz equation, but
also the boundary conditions specified for the problem. For the case of a
buried-core waveguide (see Figure 3), it can be assumed either that the
cladding is infinite in extent, or that it is embedded in another material
(e.g. air) that is infinite in extent. A computational boundary that goes to
infinity is obviously not practical for a numerical solution. For our
simulations, the computational domain was bounded by a perfect electric

conductor, such that at the external boundaries, the relation:

nxE=0, 8]
was satisfied. In this equation, n is the unit vector normal to the
boundary. To ensure that the boundaries were not affecting the modal
solution, we progressively increased the size of the computational domain
until there was no change in the eigenvalue of the solution for larger
domain sizes. The same process was used to optimize the number of finite

elements used, as described in more detail for the rib waveguides of
Section 3.3.2.

The great advantage of the finite-element method is its speed, and it
is very accurate for simple two-dimensional problems. However, the finite-
element method cannot easily be used to directly model waveguides where
there are large variations in the dielectric profile in the z-direction. As will

be seen in Section 3, this restriction can be alleviated in certain cases.

2.2.2, Beam Propagation Method

The beam propagation method (BPM) is one of the most commonly used
techniques for modeling integrated optical devices [8-11]. The BPM is a
relatively simple method that can be readily adapted to include most

effects of interest (e.g. polarization, nonlinearities). It gives a fully three-

15



dimensional model of the propagation of an optical field through a device
by assuming that the transverse components of the optical field vary

slowly along the direction of propagation of the device.

To derive the BPM for the electric field, E, we begin with the time-

harmonic wave equation:
Vx(u'VXE)-kZ2n*E =0 -

where it is assumed that n is a function of the spatial coordinates (x,y,z).
Since in optical materials it is usually only the permittivity (e=Vn) that
differs from vacuum level, with the permeability unchanged, we set pr=1.

We then apply the vector identity VxVx=V(V-)-V?, to obtain:
2 2 2p
V’E+kin*E=V(V-E). (10]

Since we will be assuming that the transverse components of the optical
field change slowly compared to the longitudinal components along the
direction of propagation, it makes sense to divide Equation 10 into
separate transverse and longitudinal components. In this model we will
assume, as is typically the case, that the z-axis is the direction of
propagation and that the x- and y- axes are the transverse directions.

Thus, we rewrite the two vectors, E and V as:

E=E, +zE,
V=V, +2% . 11

where z is the unit vector in the z-direction, E: is the transverse
component of the electric field, E. is the component of the electric field

along the z-direction and V, is the del operator applied to the transverse

components. These terms can be substituted into Equation 10, with only

the transverse terms considered:

16



oE,
0z

V’E, +k;n’E, =V,|V, -E, + 2]

Assuming that no electric charge is present in the material gives the

divergence equation:

V-(n’E)=0, [13]

Equation 13 can then be divided into transverse and longitudinal

components:

vV, -(ant)+—an—2EZ +n’ oF
0z

2 =0
az . [14]

If we make the assumption that n, the refractive index, is slowly varying in
the z-direction, then the second term in Equation 14 can be neglected.
The divergence equation can then be substituted into the final term of

Equation 12:

VzEt +k5n2Et = V,[V, -E, _n_2vt : (ant)J- (15]

Using the chain rule, the right-hand side of Equation 15 can be simplified,
and the first term can be divided into transverse and longitudinal
components:
2
0°E

2
<

VE, + St 4+ k2n’E, =V, [n(V,n?) E,|

[16]

We now apply the slowly-varying envelope approximation to Equation 16,
by dividing E: into two terms [8]:

E (x,y,2) = @(x,y,2)e”™" (17]
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The first term, ¢(x,y,2), is an envelope-term that only varies slowly along
the direction of propagation (z). The second exponential term (where no is
known as the reference refractive index) is more rapidly varying along the
direction of propagation. Substituting Equation 17 into Equation 16, and
eliminating the exponential term from both sides gives the paraxial vector

wave equation:
. a(p w2 2,2 2 1 2
21kn05Z——V Q+k*(n" —n")o+V ;{(V” )"P . 18]

This equation is solved separately for the x and y components of the

electric field:

ia(p" =A @ +A_@
07
a(p [19]
8z = Ayyqa +Ayx¢

where the differential operators are given by:

Al = 2n1k0 {;x [nlz aax(nzqax ):l ¥ aazy(”zx ¥ (n2 ~7o )kg%
Anty = 2n(1,k0 <aay _n12 aay o, ): i ae:? + - kio,
Aoy = 2n1k0 {51 :n12 aay e, ) } ch(;)y)
A = 2n(1)k0 ;aay :nlz ai 2 )] ) ?9;3);

[20]
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Equations 19 and 20 represent a fully-vectorial BPM approach,
where the two transverse components of the electric field are coupled and
the propagating wave is hybrid. However, this coupling is usually very
weak and can be neglected in many cases [8]. In this approximation,
known as semi-vectorial BPM, Equations 19 and 20 are still used, except
now the coupling terms are set to Agy=Ayx=0. For our simulations, we
performed initial tests on our waveguides using both the fully-vectorial and
semi-vectorial formulation and found negligible difference between them.
Since the semi-vectorial approach is significantly less computationally

intensive, it was used for our BPM simulations.

To implement Equation 19, the finite-difference technique can be
used to approximate all the differential operators. The continuous space is
replaced by a rectangular lattice structure in the x,y, and z-directions. The
initial field is found using a mode-solver for the waveguide structure, and
Equation 19 and the finite-difference technique is used to find the electric
field at each transverse plane (located at each point in the z lattice} along

the waveguide.

BPM is capable of simulating three-dimensional waveguides with
considerable variation along the direction of propagation. However, this
thesis used finite-element analysis for the majority of the device
simulations. The reason for this is that finite-element analysis is
considerably less computationally intensive, and therefore faster, than
BPM. The modal overlap design process that was used to design the
integrated power splitter (described in detail in Section 3.2) relied solely on
finite-element simulations, and was validated using BPM for a buried-core
waveguide structure. This structure was used for rigorous verification
since it was considerably less time-consuming to calculate BPM
simulations of buried-core waveguide structures than the more

complicated multilayer ridge waveguide (see Figure 7) used in the actual
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design. However, the layout for the final design was also confirmed using
BPM.

2.3. Waveguide & Material System - This work

The waveguide that was used in the design of the optical switch is a
multilayer variant of the simple ridge waveguide. The layer structure of
this waveguide is listed in Table 1, and shown in Figure 7. The upper
cladding is assumed to be an epoxy material with a refractive index of 1.5.
The additional layers are necessary to implement the vertically-integrated
active/passive functionality. For example, layer 4, which is between the
core region and the ridge, is n-doped, since in the active regions it will sit
directly underneath the lateral n-contacts. The majority of the mode is

confined underneath the passive ridge, in the core layer.

Number Layer Material | Refractive | Thickness
Index (pm)

5 N contact InP 3.143948 0.6
I1/ridge
N-contact I InP 3.143948 0.25
Upper cladding InP 3.173067 0.15
Device InGaAsP | 3.23101 0.5
waveguide core
Lower cladding InP 3.173067 1

0 Substrate InP 3.173067 n/a

Table 1. Single-mode vertically-integrated passive waveguide layer
structure
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Figure 7 Passive waveguide geometry of the SMVI material system

One major advantage of this material system is that it requires only
a single epitaxial step to fabricate. Figure 8 illustrates the basic steps of
fabricating this type of vertically-integrated active/passive structure. All
layers, active and passive, are first grown on an InP wafer. The lower
layers are used for passive waveguiding and consist of an InP upper and
lower cladding, a waveguide core layer of InGaAsP with a higher refractive
index, and n-doped InP n-contact and ridge layers. The upper layers are
used for active waveguiding, and consist of an InGaAsP active layer, and p-

contact layers of varying levels of p-doping.
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Figure 8 Fabrication of passive and active waveguides in the SMVI

material system

Once the layers have been grown, they can be etched away according
to what is required. For the passive regions of a chip, all of the upper
active layers are first etched away. Then, a mask is used to lithographically
define the geometry of the passive waveguide, and a ridge is formed in the
n-contact layer to provide confinement of the optical mode. For active
regions, the upper layers remain intact, and an active ridge is

lithographically defined out of them as well as the n-contact layer in the
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passive layer stack. The result, for the active region, is a p-i-n region
formed by the upper p-doped layers, the active layer, and the n-doped
layers that form the passive waveguide. Finally, metal contacts are added
on either side of the ridge to form lateral n-contacts, and on top of the

active ridge to form the p-contact.

In what we term the active waveguide, the mode is evanescently
coupled to the active layers (see Figure 9), with most of the optical energy
remaining within the passive layers. There is approximately 0.5-2%
optical confinement in the active layer itself (see Figure 47). This low
confinement in the active region means that the passive and active
waveguides have very similar guiding properties, allowing light to
propagate through the abrupt junction between the two waveguides with
almost no coupling loss and back reflection, as will be confirmed later in
Section 4.4. Under zero-bias, the active waveguide is absorbing. However,
when carriers are injected through the metal contacts, the complex
refractive index of the active layer is changed, which in turn affects the
complex effective refractive index of the propagating mode. With a
sufficiently high concentration of carriers, the imaginary portion of the
effective refractive index goes to zero and the propagating mode
experiences no loss traveling down the waveguide. This is known as the
transparency point. If more carriers are injected, the mode will experience
a gain. This carrier injection also affects the real portion of the refractive
index. The effect of carrier concentration on the gain or loss of the active

waveguide will be modeled in more detail in Section 4.
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Figure 9 [Evanescent coupling of the optical mode into the active
layer in a vertically-integrated waveguide (adapted from
[12], courtesy of Valery Tolstikhin)

The active region can be used not only as a gain region but also as a
variable attenuator or photodetector. This multifunctionality can be
exploited to create very wuseful monolithically integrated photonic
subsystems. For example, an echelle grating multiplexer implemented
using the passive waveguide can be combined with photodetectors and
variable attenuators implemented with the active waveguide. In this
design, a DWDM optical signal can be demultiplexed, have the optical
power of each individual channel monitored and adjusted to ensure power
equalization, and then multiplexed again into a single output signal [12].
This type of dynamic channel equalizer could be realized with a single

compact design and be manufactured in a single epitaxial growth step.
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2.4.

Optical Switch Requirements for ROADM applications

The requirements for this optical switch, shown in Table 2, are based on
the demands placed on network ROADMs and the SMVI InP/InGaAsP

material system chosen [13].

Parameter Specification

Excess Loss <1dB

Crosstalk <-30dB

Polarization dependent loss <1dB

Wavelength range C-band (1530nm - 1565nm)

Table 2.  Desired specifications for the integrated optical switch

Excess loss refers to the optical loss experienced by light propagating
through the entire length of the device, neglecting coupling losses
due to fibre-waveguide mode mismatch. In an optical switch with
multiple nodes there may be numerous distinct paths that light can
travel from the input to the output. In this case the loss
specification refers to the maximum loss that can be experienced for
all paths between the input and the output.

Insertion loss is the excess loss plus the coupling losses.

Crosstalk is due to the undesirable coupling of a signal from one
lightpath into another, and is an important measure of switch
performance. The majority of system-level crosstalk is a result of
poor switch extinction ratios. The extinction ratio of a switch is given
by r=P;/P2, usually expressed in decibels, where P; is the optical
power measured in a switch output when it is “off’, and P2 is the
optical power measured in a switch output when it is “on”. Another
source of crosstalk is backreflections since it is possible for multiple
reflections to be added to an output signal. If the crosstalk signal is

of the same nominal frequency and coherent with the desired signal,
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it is termed homodyne crosstalk,.if it is of the same frequency but
phase-incoherent, it is termed homologous crosstalk. Crosstalk that
is uncorrelated in both frequency and phase to the desired signal is
called non-homologous crosstalk. Our initial crosstalk goal is -30dB
for this proof-of-concept design. Later designs using superior
fabrication techniques will aim for values of crosstalk of less than
-40 dB.

Polarization dependent loss (PDL) occurs when different polarization
states experience different losses (or gains) when propagating
through a device. It is the difference between the highest and lowest
insertion losses over all respective polarization states. In the passive
regions it can be compensated for by reducing the birefringence of
the optical waveguide. In active regions, strain is often deliberately
added to the layers to reduce polarization dependence.

The wavelength range of the device is the telecommunications
window in which it would operate. In this case, the C-band
(conventional-band) is chosen since it is a  popular
telecommunications band that encompasses the lowest loss

wavelength of silica optical fibers at 1550nm [14].

2.5. Review of PLC-based Optical Switch Architectures

This section will describe the different types of integrated optical switches

that have been developed, and rate their effectiveness for the current

design problem. There are other switch architectures available, for

instance, the micro-electromechanical switch (MEMS), but we will confine

our discussion strictly to designs that can be implemented using our

integrated semiconductor waveguide technology.
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2.5.1. Mach-Zehnder Interferometric Switch

The Mach-Zehnder switch is based on the classic configuration of the
Mach-Zehnder interferometer. In the interferometer configuration, a beam
of light is split into two different paths. The light in each path travels a
different optical path length, and is then recombined. The light in each
path will have a different phase at the point when they are recombined,
and an interference pattern will result. This interference pattern has been
used, for example, to measure small variations in the length of two arms in

an interferometer.

This geometry can be easily adapted for use as an integrated switch,
as seen in Figure 10. An input waveguide is split into two paths using a
2x2 3 dB splitter. In one path the light passes through a regular
waveguide of minimal attenuation. In the other path the light passes
through a region of different refractive index, resulting in an optical path
length difference of Anegl between the two arms, assuming the length of
both arms is L and the effective refractive index difference is Aneg. If the
difference in optical path length, and hence phase-shift - controlled
through varying the refractive index in one sample arm - is chosen
correctly, there will be constructive interference at the desired output port
and destructive interference at the blocked output port, and the proper
switching operation will be achieved. To switch to the other port, the
refractive index of one of the paths is changed such that the constructive
and destructive interference now occur at the opposite ports. The change
in phase, A®, due to a change in effective refractive index, Aney in a

waveguide of length L, at a vacuum wavelength 4, is given by:

A¢=27”Aneﬁp

(21]
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It can be seen from Equation 21 that the phase-shift in the variable
refractive index arm, and hence the optical path length change required to
achieve low-crosstalk switching, is wavelength dependent. This limits the
efficaciousness of the Mach-Zehnder switch to a small band of frequencies,

ideally to channel-specific designs.

V ariable refractive
index region

\

3dB

3B
Input splitter splittey Output

N/
J

Figure 10 Mach-Zehnder interferometric switch

In 2003 Prasanth et. al. described a multiple quantum well phase-
shifting region employing strain-balancing to effectively eliminate
polarization sensitivity [15]. The quantum-confined Stark effect and
carrier depletion effects were used to produce the refractive index change
required to induce switching. Their investigation was purely theoretical,
but simulations indicated that a cross-talk of -25dB, and polarization-

insensitive operation was possible.

A version of the Mach-Zehnder switch by Maat et. al., and published
in 2002, incorporated two phase-shifting regions, one to perform the
standard phase-shift, and the other to correct for small deviations in this
phase caused mainly by variations in doping levels and layer thickness

[16]. This design was able to achieve cross-talk values of ~-20 dB, an

28



insertion loss of 4 dB, and low polarization sensitivity within the pass

region.

A state-of-the-art integrated Mach-Zehnder switch design has also
been commercialized by Lynx Photonic Networks. These silica-on-silicon
devices use thermo-optic effects to change the refractive index of the
waveguide. They are capable of being used as power splitters, VOAs, and
switches. These switches have been combined into 2x2, 4x4, and 8x8
cross-connects. The 4x4 nonblocking switch has an insertion loss of <
4dB, crosstalk of <-40dB, polarization dependent loss of <0.4dB, and a
switching time of 2ms over either the L- or C-band [17]. However, the non-
blocking 4x4 cross-connect now available has a large power consumption
of 7W. Including the drive circuit, the total power consumption becomes
10W.

The Mach-Zehnder design is capable of offering low cross-talk and
insertion loss, particularly in doped-glass PLC. It is exceeding challenging,
however, to monolithically integrate active functionality in such a material
system and therefore a hybrid approach is usually pursued. It is much
more challenging to achieve the crosstalk and insertion loss specifications
in active semiconductor material systems. It does, however, require
considerably greater design sophistication, both in materials and
geometry, to address polarization sensitivities, and to limit the wavelength-
dependence to the purely interferometric. Since we desire broadband
operation, and have a layer structure [12] constrained by additional
integration requirements, the Mach-Zehnder switch geometry is not

suitable for our purposes.
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2.5.2. SOA-based Switch

An SOA-based switch (see Figure 11) splits the input waveguide into two
outgoing paths using a 3 dB power splitter. In each of these two paths
there is a semiconductor optical amplifier (SOA). In the waveguide to be
blocked, the SOA is reverse-biased so as to attenuate. In the waveguide
where the signal is to be passed, the SOA is adjusted for transparency, or
possibly amplification, to offset the 3 dB loss from the splitter. The
extinction ratio of such a device, and hence effectively its contribution to
crosstalk, is directly controlled by the SOA attenuation, which is a
function of the reverse-bias voltage and the length of the attenuating

region. Detailed calculations of this can be found later, in Section 4.

S0OA [——>
/_ Output 1
—>» 1 3dB
Inp ut x
Output 2

Figure 11 A simple 1x2 SOA-based switch

One example of a 2x2 SOA switch is the design of Burton et al. from
1993 [18]. This nonblocking 2x2 switch was constructed using 1x2
building blocks similar to the geometry that will be shown in Figure 48 of
Section 5. The design was made more compact by using total internal
reflection mirrors (TIR) designed to deflect light 90 degrees at various

points within the device, and using right-angle waveguide crossings. This
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design was implemented with amplifiers capable of generating 24 dB of
gain when turmed on, and absorption of 20 dB when turned off. = This
device had an overall insertion loss of 1 dB, however, mainly due to the low
quality of the mirror facets. The mirrors also contributed to a polarization
dependent loss of 1 dB, since the TM mode experienced a higher loss
during reflection. This was slightly compensated by the fact that the TM
mode experienced a higher gain in the amplifying SOA than the TE mode.
The gain regions of this chip provided excellent amplification, and the
losses of this design could be mitigated through higher-quality mirror
facets. However, the monolithic integration used in this design required
three separate growth steps, which is too unreliable and expensive to be

commercially viable.

Further expansion of the SOA switch architecture was demonstrated
by van Berlo et al. [19] in a nonblocking 4x4 switch, in which any one of
the four input ports could be switched to any one of the four output ports,
using the same geometry as shown in Figure 49 of Section 5. To obtain
polarization independence, a high gain in the SOA regions and low
active/passive coupling losses, the aétive regions are butt-joint integrated
with regrown passive waveguides. This requires a complex, multiple-
regrowth fabrication process that, similar to the Burton design mentioned
above, is prohibitively expensive and low-yield. The gate switch matrix was
designed to meet specifications of PDL < 1dB, insertion loss < 2dB, and
crosstalk of < -40 dB. However, irregular regrowth during the complex
fabrication process likely caused only 12 of the 16 possible optical paths to
meet these specifications. The crosstalk varied widely, from -45dB to -
17dB, depending on the lightpath measured, and not all possible optical

paths were measured.

Saini et al. introduced a simple on-off switch based on their passive

active resonant coupler (PARC) platform [20]. This requires mode
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evolution from a purely passive waveguide to a wholly active waveguide,
where the mode becomes strongly confined to the active region. This was
subsequently integrated as a 1x2 switch [21] and then a 2x2 switch [22].
Due to the strong modal confinement, for an active length of 300pm, a
maximum gain of about 22dB was achieved in forward-bias, and in
reverse-bias a modulation contrast of 30dB for the cross state and 27.5dB
for the bar state was attained. The SOA gain region, however, consisted of
compressively-strained quantum wells that are highly polarization-
dependent, and the device was only tested with TE polarization. The
polarization dependent loss of the standard SOA-based design depends
mainly on the operation of the SOAs themselves, and is challenging to

resolve.

One drawback of this switch implementation is the increased
spontaneous emission noise with SOA gain. This can degrade the input
signal, especially if the signal passes through more than one cascaded
SOA in a larger switch matrix. In contrast to the approach of Saini et. al.,
the SOAs in our vertically-integrated active waveguide were designed to be
polarization independent (at transparency, for this proof-of-concept
design), insensitive to spontaneous emission noise, and highly integrable

with other active functions.

2.5.3. Total Internal Reflection Switch

Total internal reflection (TIR) occurs when light is reflected at the interface
between materials with a large refractive index difference. It is used to
provide light containment in optical fibers, and can also be exploited to
create an optical switch, as shown in Figure 12. Light that enters the
lower arm of the device will normally pass to the upper arm (outputl). To

cause switching to occur, the refractive index of the middle region of the
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device is increased until total internal reflection of the input light occurs,

directing the light to the lower arm of the output (output2).

V ariable refractive
. index area —

Outputl
—> / ~ —>

Input Output2

Figure 12 A 2x2 total internal reflection switch

TIR switches have been manufactured as far back as 1986, when
Ishida et al. fabricated a polarization-insensitive device that had an
insertion loss of < 2dB and -20dB of cross-talk, requiring 90mA of current
[23]. To keep the refractive index change required low, it is desirable to
increase the width of the waveguide and thus lower the modal confinement
[24]. This results in undesirably high crosstalk values. In the recent
design by Jiang et. al., a photon-induced carrier effect was used to vary the
refractive index at the center of an asymmetric Y-branch waveguide. The
extinction ratio was measured to be 18dB in the cross state (e.g. when
light is switched from the Input as shown in Figure 12 to Outputl), and
only 8dB in the bar state (e.g. when light is switched from the Input as
shown in Figure 12 to Output2). In the low injection current design of Oh
et. al. of 1994, while only 20mA of current was required, the crosstalk was
-9.7dB [25].

The specific reason that such TIR switches are unsuitable for this
particular application is the low (0.5-2%) confinement of the optical mode
in the active layer of the active waveguide. This active layer is the only

layer that experiences a significant change in refractive index with carrier
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injection. This means that the index change required in this layer would
have to be even larger than in typical TIR designs to cause total internal
reflection of the input light. The large amount of index change required
would be especially power-intensive and could potentially cause
undesirable thermal and non-linear effects. For these reasons, the TIR

geometry is not a suitable choice for this switch design.

2.5.4. Digital Optical Switch

The digital optical switch (DOS) is a promising architecture that has the
potential for polarization and wavelength independent operation. The DOS
has a Y-branch type of geometry with a variable refractive index region in
the vicinity of the branching region (see Figure 13). When the variable
index regions are unbiased, the switch acts as a power splitter, with the
input mode propagating adiabatically down the waveguide structure and
splitting into the two output regions. A refractive index change along
either the top or bottom output waveguide in the modal evolution region
(which begins when the output waveguides begin to separate) perturbs the
mode such that light will then propagate into a single output waveguide
[26].
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Figure 13 A 1x2 digital optical switch

The DOS of Sneh et al. is a typical example of this type of switch.
Two straight output waveguides act as the variable index regions, using
the electro-optic effect. The switch was implemented on an InP material
system and required a 7V reverse bias to induce the refractive index
change required using the quantum-confined Stark effect and the
electrooptic effect. With this simple design, a cross-talk of -20dB was

measured with a wide wavelength range of 45nm [27].

A more recent design minimizes the electrical current requirements
of the design [28]. The biasing electrodes were shaped to follow the curved
edges of the waveguides in the mode evolution region to more effectively
guide light into each output arm. Using a 20mA switching current, a
maximum switching contrast of 12dB was achieved with only TE

polarization being tested.
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The DOS requires adiabatic modal evolution, and, as can be seen in
Figure 13, this requires an infinitely small separation between the output
waveguides at the beginning of the mode evolution region. There will in
practice be a finite minimum separation between the waveguides, creating
a discontinuity. This will lead to potential mode mismatch excess loss

since the mode is no longer adiabatically evolving at this junction.

As with TIR switches, another difficulty with this design is the
refractive index change required to attain reasonably low optical power in
the off-state lightpath (isolation) that can adversely affect the crosstalk.
The necessary refractive index change is fairly high in designs where the
mode is strongly confined in the index change region, but in the active
waveguide we are using where there is only 0.5-2% confinement in the
active layer, the amount of index change required is prohibitive, making

this device unsuitable for our design.

2.5.5. Directional Coupler Switch

If two waveguides are placed close enough to one another so that their
fields overlap, then light will be coupled between them. In optical switches
or demultiplexers, this can lead to undesirable crosstalk between
waveguides. However, like many phenomena that initially seem to be

problematic, it is possible to exploit this effect to create useful devices.

In a directional coupler switch (Figure 14), two waveguides are
intentionally brought near enough to each other for evanescent coupling to
occur. The first symmetric and antisymmetric supermodes interfere either
constructively or destructively depending on which waveguide is desired as
the output. The interference is changed by varying the optical path length
over which the interference occurs (the coupling length). This is done by
inserting a variable refractive index region in one or both of the optical

waveguides in this region.
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Figure 14 A 2x2 directional coupler switch

The coupling length, the length over which light is switched into

either the upper or lower waveguide, is given by:

/4

b ,Bo - ﬁl ' (22]

where the propagation constants f and f; are for the symmetric and
antisymmetric supermodes. These correspond to the propagation
constants of the TEO and TE1 modes shown in the dispersion curves of
Figure 6 for the case of a ridge waveguide (or also the equivalent TM
modes). As can also be seen from Figure 6, the values of the propagation
constants, o and f;, are highly wavelength dependent. Another difficulty
is that the coupling length can be prohibitively long for effective directional

coupler switching.

Crosstalk has typically been in the range of -15 to -30dB in

directional coupler switches [29]. An early example of a polarization-
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insensitive directional coupler switch -design by Alferness, for example,
achieved -23dB of crosstalk in both switching states [30]. An example of a
more sophisticated directional coupler switch is the design of Mak et. al.
from 1994. In this design, two additional coupling regions and four
electrical contacts in the waveguide bends were added to improve the
extinction ratio. This design was capable of a 36dB extinction ratio for
both bar and cross states with a switching current of 50mA. It required a

large length, however, of 16mm [29].

The directional coupler design can be used in more polarization- and
wavelength-insensitive structures by cascading two couplers [31] to form a
geometry similar to the Mach-Zehnder interferometer. The second coupler
is used to cancel out any deviations caused by the first coupler. This, of
course, only increases the already long length of a directional coupler
device by a factor of two. In common with the TIR and Mach-Zehnder
switch geometries, the variable refractive index region required makes it
difficult to implement using the evanescently coupled active region in our

SMVI material system.

2.5.6. Multimode Interference Coupler Switch

The multimode interference (MMI) coupler design uses the self-imaging
principle to produce multiple images of an input optical field at the output.
The self-imaging principle, as stated by Soldano et. al. is the “property of
multimode waveguides by which an input field profile is reproduced in
single or multiple images at periodic intervals along the propagation

direction of the waveguide.” [32]

The length scale over which the multimode interference occurs is

known as the beat length of the MMI region. For a multimode region of
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effective width We, and ridge effective index n,, and a free-space wavelength

of Ao, the beat length, Lz, can be approximated by [32}:
2
__ T 4n W,

L ~
" ﬂl—ﬂO 3}”0 ’ 23]

where B; and Bo are the propagation constants of the TEO and TE1 mode
(or TMO and TM1 mode), the same as in Equation 22.

To illustrate the self-imaging principle behind MMI, assume a two-
dimensional multimode waveguide capable of supporting m lateral modes
experiences an input field, ¥(y,0). The input field can be decomposed into
a summation of the guided modes, assuming the input field is too narrow

to excite radiation modes:

m-—1
¥(y.00=> c,0,() 24]
v=0

In Equation 24, ¢,is the field excitation coefficient and ¢v is the field profile

of the vth mode.
This input will produce a field profile at a distance z, ¥(y,z), that

can be expressed as a superposition of all of the guided mode field

distributions:

?(y,z)=20v¢v(y)exp[i(ﬁo -B)z] [25]
v=0
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where B, is the propagation constant of the v mode. The general mode

spacing can be approximated from the beat length L, to be

B, - B, = %2—)@ Substituting this expression into Equation 25 gives:
m-1 '
viv+2)xr
‘I'(yaz) _chwv(y)exp 3L Z . [26]
v=0 T

It can be seen that the original input can be completely reproduced (self-

imaged) when epr:M

4

zJ =1. This condition is satisfied when z=p(3L,),

where p is any integer. When p is even, the image will be a direct one,

when p is odd, the image will be mirrored. This effect is illustrated in

Figure 15.
A
1 —>
y=0 z
?@,0)> > > >
z= z=053L) z=3L, z=1.5GL) z=2(L,)

Figure 15 The self-imaging principle producing a mirrored single
image at z=3L,, direct image at z=2(3L,) and mirrored
images at half-integer multiples of 3Lx.

The self-imaging principle can be directly exploited for use as an

optical switch. If the MMI region initially produces a mirrored image of the
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input field in an output waveguide located at a distance z=3L., outputl,
then if the refractive index of the MMI region is changed such that the
input signal experiences an optical length of 6L,, the output will instead be
a direct image, and can be captured by an output waveguide, output2,
that is on the opposite side of the y-axis (see Figure 16) compared to
outputl. It will also be demonstrated in Section 3.1.3 that MMI devices

can operate as power splitters.

Input!l Outputl

Multimode
region

Input2 Qutput2

Figure 16 A 2x2 multimode interference geometry

Rajarajan et. al. [33] performed a comparison between MMI devices
and directional couplers, and demonstrated that MMI devices are less
polarization-dependent, less wavelength-dependent, and more robust to
manufacturing process variations. The MMI devices also had a shorter

length than directional couplers for the same crosstalk limit.

The MMI geometry has a wavelength dependence that can be seen in
the equation for L,. However, it is the refractive index change that is once
again the main difficulty in this design. For the reasons outlined in the
sections above, it is not possible to achieve a significant effective modal
index change with the active waveguide geometry we are using. The MMI
design will be considered briefly again, however, in the context of passive

optical power splitting.
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2.5.7. Microring/Microdisk Resonator Switch

Microring/disk resonator switches use a ring or disk structure between
two parallel waveguides. They work in a manner similar to directional
coupler switches, except with a more sophisticated design in the coupling
region. The ring or disk is calculated to achieve resonance at a particular
wavelength. At this resonance wavelength, light passes from the input
waveguide, through the ring, and to out to the parallel output waveguide
(see Figure 17). To switch to the other port, the refractive index of the ring
or disk structure is changed, so that the light is no longer at the resonance

wavelength and now passes directly through to the output.
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Figure 17 Microring resonator with input light at A) a non-resonant

wavelength, and B) a resonant wavelength

This geometry is by design particularly wavelength-sensitive. The carrier-
injection microring design of Ibrahim et. al. was found to have a negligible
PDL. However, the device was useful only over a narrow wavelength range
centered on 1543.5nm, with a 3dB bandwidth of only 1.2nm. The
crosstalk of this switch was also quite poor, with a measured value of -7dB
[34].

Once again, a major difficulty is that the refractive index change

required makes this design difficult to implement in the vertically-
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integrated platform. This design also requires a strong optical confinement
so that light can be guided through the ring structures with minimal loss.
As can be seen from Section 2.3, the multilayer ridge waveguide we are
using is only weakly confining. This structure is also very sensitive to

process variations, making it difficult to exploit commercially.

2.6. Switch Architecture - This work

The vertically-integrated waveguide described in Section 2.3 is a critical
factor in our choice of an SOA-based switch architecture for this design.
In this variant of the SOA-based design, the passive 3 dB splitter portion of
the switch and the SOA regions are monolithically integrated as shown in
Figure 9. This is done with a vertically-integrated active/passive
waveguide prepared by lithography and etching of a single-growth epitaxial
multilayer stack on an InP substrate. In the passive regions of the switch,
a multilayer ridge structure provides simple waveguiding. In the active
regions, the propagating mode is still concentrated in the passive
waveguide core layer, but now it is also has an evanescent tail coupled to

the active layer of the active waveguide that can provide gain.

In the active regions, the passive propagating mode is perturbed by
the presence of the gain layer (see Figure 9). There is only a small change
in the propagating mode between the active and passive regions. This
helps ensure low backreflection and coupling losses at the junction of the
active and passive waveguides, but it makes it difficult to guide the
propagating mode based on changes in the refractive index of the active
layer. This makes switching technologies that rely on refractive index
variations to change the direction of light propagation impractical for this

material system.
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For this reason, and also because this design also has the potential
of being insensitive to polarization and wavelength, having low loss, a high
extinction ratio, and being robust to process variations, it was decided to
use the SOA-based switch geometry for this design. It has been shown
that SOAs can be integrated into the vertically-integrated active/passive
platform [35], making this geometry easily adaptable for use in SMVI
technology.

3. Design of an Integrated 3dB Power Splitter

The first portion of the SOA-based switch that must be designed is the

passive optical splitter. There are several requirements for this splitter:

e It must be designed using active/passive optical waveguide geometry
described in [12].

e The excess loss should be minimal.

e The power in both output waveguides should be equal, with half of the
input optical power (3 dB) exiting into each of the output waveguides.

e It should be polarization insensitive.

e It should have a broadband frequency response.

e It should be a robust design that is able to function within the stated
requirements despite small changes in dimensions and index arising

from fabrication process variation.

3.1. Overview of Integrated Power Splitter Geometries

There are many different integrated optical power splitter geometries that
have been designed, but they are mainly variations of three types:

directional couplers, Y-branch, and multimode interference couplers.
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3.1.1. Directional Couplers

Power splitting using directional coupler structures exploits the fact that
when two waveguides are sufficiently close to be evanescently coupled to
each other, power will transferred back and forth between them. Figure 18
illustrates a simple 2x2 directional coupler power splitter. The metric used
to determine how the power is transferred between the two waveguides is
the coupling coefficient, «:

IBO _ﬂl

K= 5 [27]

where Sy and f, are the propagation constants of the first symmetric and
antisymmetric supermode, respectively, the same as in Equation 22. The

coupling coefficient is related to the coupling length of Equation 22
byL = %K. Along the length of the coupling region, power is periodically
transferred between outputl and output2 (as denoted on Figure 18). If an
input signal of optical power Ps is input in the upper waveguide as shown
in the figure, the power seen at outputl, Po;, and the power seen at
output2, Poy, is given by:
2
P, = P,cos”(kz)

P,, = P,sin’(k) 28]

The power splitting ratio for a 3 dB splitter can now be calculated from

Equation 28:

[29]

Through simple substitution into Equation 28, it can be seen that to have

3 dB power splitting, the condition &z = % must be satisfied.
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Figure 18 Schematic diagram of a 2x2 directional coupler power

splitter

The coupling coefficient, x, as shown in Equation 27, is dependent
upon the propagation constants of the symmetric and anti-symmetric
supermodes. As the dispersion curves in Section 2.1 demonstrate, the
propagation constants are highly wavelength dependent. Depending upon
the birefringence of the waveguide used, they can also be polarization
dependent. Another difficulty is the sensitivity to design variations. A
sensitivity analysis of the output power to the coupling length, L,, (that is,

finding oF, % L ) shows that the directional coupler actually has maximum

sensitivity to coupling length variations when it is operated at the 3 dB

point [32].

A number of approaches have been used to address the wavelength
dependencies of the directional coupler design, for instance, using
asymmetric couplers, with the waveguides possessing different parameters
such as index and width [36], using tapered couplers where the

propagation constant difference (and hence x) changes along the
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propagation axis [37], cascading couplers in a Mach-Zehnder type of
configuration [31], and using dispersive materials in the waveguides to

counteract the wavelength dependencies [38].

3.1.2. Y-branch

The Y-branch design is a deceptively simple power-splitting geometry, with
a rich and varied history [39-43]. While the geometry itself is not
complicated (see Figure 19) Y-branch designs have typically been

optimized using computationally-intensive numerical methods such as
BPM.

"”'/VOutputl

Input

Output2

Figure 19 A traditional Y-branch power splitter design

A 3 dB Y-branch power splitter has two output waveguides that
separate symmetrically at an angle 8 from a single input waveguide.
According to an investigation performed by Tsao and Lu, the Y-branch
design is less sensitive to wavelength and more tolerant to process
variations than the directional coupler, which has a frequency dependence

as described in Section 3.1.1 [44].
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There are a number of difficulties with the classic Y-branch design,
such as the sharp vertex that is impossible to fabricate with perfect
precision, and the abruptly tilting waveguides that introduce phase
distortion. These will be described in greater detail in Section 3.3, where it

will be seen that they can be overcome.

3.1.3. Multimode Interference Splitter

The MMI design described in Section 2.5.6 can be easily adapted for use as
a 3 dB power splitter. Recall that Equation 25 described the field profile at
a distance z in a multimode waveguide. If instead of integer multiples of

the 3L, (where L, the beat length, is given by Equation 23), we now
consider half-integer multiples, where z= % (3L,), then Equation 25

becomes, according to [32]:

m-1
Par oy - d
Y3530 = e ()exp zv<v+2>p(5) . 1301

The summation in Equation 30 can be separated into even- and odd-

numbered modes, assuming mode-field symmetry:

(3, 23L) = X 0,00+ 2 (D e, p,(7)

even odd
1+ (=)
2

[31]

(0(_};’0) |

1-(=0)”
@(y,0) + —

Equation 31 shows that for half-integer multiples of 3L, two images of the
input field, ¥(y,0), in quadrature and with amplitudes of 2-1/2, are
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produced. This property of MMIs can be exploited to produce power
splitting if output waveguides are placed at this half-integer length.

As with directional couplers, the MMI has a frequency dependence,
but it is still reasonably broadband [45]. The excess loss will also worsen
with deviations from the design frequency in a more balanced manner.
Also, in contrast to the directional coupler, the sensitivity to length
variations is actually a minimum at optimal values for a 3 dB power
splitter, and decreases in a balanced manner away from the design length
[32]. MMI designs will also be more compact than comparable directional

coupler designs.

A brief literature comparison that was performed by Soldano et. al.
between an MMI and a single Y-junction splitter showed lower loss in MMI
designs, but a lower polarization penalty and a larger bandwidth for Y-
junction devices [32]. However, the comparisons of MMI and Y-junction
devices that have so far been performed are not up-to-date, since they
assume a standard Y-junction design with a sharp vertex, which is a
serious limitation for fabrication of traditional Y-junction devices. In the
next section a new design and optimization technique for Y-junction

devices that addresses this issue is developed.

3.2. Modal Overlap Method for Y-junction Design

3.2.1. Design Considerations

The traditional Y-branch design, as described in Section 3.1.2 and shown
in Figure 19, is based on a fixed splitting angle subtending a sharp vertex
that demarcates the input single-waveguiding region from the dual output

waveguiding region. There are three primary difficulties with this design:
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e The sudden discontinuity at the junction between the single
waveguide and the two output waveguides results in significant
radiation loss for all but the smallest of splitting angles.

e The abruptly tilting output waveguides cause phase distortion of the
input wave front, which worsens with increased angle.

e The sharp vertex of the design is not possible to faithfully fabricate,
and the truncation of this point results in additional loss and
polarization sensitivity, or ad-hoc design variants requiring

considerable computational complexity to validate.

There have been many different approaches taken to minimize these
losses. In some cases, such as the radiation loss study of Y-branch
structures by Kuznetsov [39], these losses are reduced by keeping the
branching angle of the output waveguides very small, typically less than
one degree. He was able to demonstrate that in the limiting case as the
angle approached zero, the loss was minimized. Hanaizumi et al. used a
higher refractive index in the branching region to bend the input wavefront
towards the tilted output waveguides [40], while Safavi-Naeini et al. used
output waveguides of differing refractive index tilted at Brewster’s angle to
reduce the phase-front distortion [41]. More recently, microprisms in the
branching section [42] and employing wavelength skipping in custom
designed structures have been used [43]. Clearly, these design variants
require full beam propagation modeling treatments to extract excess loss
information, and their optimization by such a modeling process is

exceedingly tedious.

The approach to Y-branch design taken in this thesis is to break
down the power splitter into its most elemental functional blocks, with a
focus on the critical fabrication parameter(s) as the key tolerancing

variable(s). We take a fully reductionist approach, where power splitting is
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effectively decoupled from spatially redirecting power flows. That is, our
input and output waveguides are collinear at the junction (a “zero splitting
angle”, which eliminates phase distortion), with a gap between the output
waveguides, g, (see Figure 20) set by the minimum gap width, which we
will see is the critical fabrication parameter. If the waveguides used in the
Y-branch are all adiabatically tapering and separating, and the dual
output waveguides are initially parallel to the input waveguide, then the
discontinuity between these two regions is the dominant source of loss in
the device, there being no phase-front distortion. In this case it is possible
to reduce the design problem to finding the optimal dimensions of the
single-core and dual-core waveguides immediately before and after this
central discontinuity. Surprisingly, this appears to be a novel design

approach, there being no published reports in the literature to date.

Figure 20 a) Full Y-branch power splitter layout, b) single to dual

waveguide junction

The approach described above dramatically simplifies the optical
modeling, since the key optimization is restricted to establishing the
waveguide parameters at the discontinuous junction. This is akin to
waveguide coupling problems, and may be treated using modesolvers

rather than beam propagation techniques. BPM techniques are only
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required to ensure the adiabaticity of tapered or bending waveguides, and

for validation of our approach.

The modal overlap design method focuses on the discontinuity
between the single waveguide and dual output waveguides. It is a first-
order approximation to the generalized scattering matrix and mode
matching technique modal decomposition method [46] that can be applied
to different material systems and waveguide geometries. This method is
capable of designing optimal, robust and easily manufactured Y-branch
power splitters with minimal computational resources. In this thesis, it
has been applied to the case of buried-core silicon waveguides and the
complex passive ridge structure of the vertically-integrated waveguide we

are using in the final design.

3.2.2. Theory

To simplify the problem, the input waveguide is assumed to be a single-
mode waveguide that has been adiabatically expanded or reduced in size
before the junction (see Figure 20). It is also desired to have maximal
coupling into a single guided mode of the dual-core output waveguide.
These conditions mean that multiple modes in the input and output

waveguide do not need to be considered.
The time-independent electric and magnetic fields in waveguides I
(single-core input waveguide) and II (dual-core output waveguide) are

denoted as Ex® and Hm, respectively, with n,m=LIl and i=TE,TM.

Using this simplified eigenfunction expansion method, the coupling

efficiency is given by the normalized overlap integral:
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The inner product <, > is given by the time-average flow of optical power:

(E,H) = H_lz-i)t[(ExH*)-éz]dS, 33)

where a: is a unit vector along the waveguide axis, S is the interface, and *

represents the complex conjugate.

To implement these equations, the modal fields (E,H) were first determined
by finite-element analysis using the FEMLAB software package from
COMSOL Inc [3]. The modal overlap calculation was then performed in a
MATLAB post-processing environment from COMSOL Inc [47]. Figure 21
shows an example of a modal solution for the single- and dual-core

waveguides.

¥y
y (m)

X (m) x10° x (m) x10°

Figure 21 Mode profiles of the single and double core waveguides
(calculated using FEMLAB)
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3.2.3. Application to Buried-Core Silica Waveguide Geometry
The Modal Overlap Method (MOM) for designing Y-branch power splitters

was first applied to the simple case of a lossless buried-core silica
waveguide. Silicon-on-insulator photonic integrated circuits show great
promise for the development of future optoelectronic devices [48]. A
computational area of 70pm x 40pm was used, with an adaptive mesh as
small as 0.25um in the core/gap region. Using these dimensions
convergence to five significant figures of the coupling efficiency was
obtained. The details of the mode-solving technique using FEMLAB will
not be discussed in detail for the simple buried-core geometry, since the
complex multilayer ridge structure studied in Section 3.3 provides a better

illustration of this method.

The refractive index of the cladding was set at ns=1.445 and the
dielectric contrast, A, given by Equation 1 of Section 2.1, was varied from
0.685% to 4.685% in five uniform increments by varying the refractive
index of the core. These are typical values for the doped-glass process
space from the low-contrast regime, where waveguides are near mode-
matched with single-mode optical fiber, to the high contrast regime of

active planar waveguiding.

To ensure single-mode operation throughout the device, the waveguide
core height, h, (as shown in Figure 3) was chosen so that the normalized
frequency of a single-core square waveguide at a free-space wavelength

Ap=1.55pm would be V=2.07094.

As can be seen from the dispersion curves for the dual-core buried silicon
waveguide seen in Figure 22 (calculated using FEMLAB), and the
dispersion curves for a single-core buried silicon -waveguide shown in

Figure 4, this normalized frequency falls within single-mode operation.
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Figure 22 Dispersion curves for a dual-core buried silicon waveguide

The excess loss (the logarithmic form of the coupling efficiency given
by Equation 32) vs. single-core width for the lowest contrast TE case is
shown in Figure 23. For these results, square dual-core waveguides with
varying gaps of 1, 2, and 3pm were simulated at a wavelength of 1.55pm.
The solid, dashed, and dot-dashed curves each represent 30 simulation
points obtained using the Modal Overlap Method and the markers indicate

results obtained using BPM modeling [49].

As these curves show, there is clearly an optimal value of the single-
core width for the particular dual-core waveguide geometry chosen. As the
shallowness of the curves show, this optimal value is insensitive to small
changes in gap or single-core width. As the gap between the two output

waveguides is reduced, the coupling efficiency increases. This is to be
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expected since the smaller the gap between the two dual-core waveguides,

the more closely it approximates a single-core waveguide.

04+

ss loss (dB)

)
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Figure 23 TE Excess loss vs. single-core width for the lowest index
contrast and fixed, square 6pm dual-core waveguides for
Gap 1 = 1pm, Gap 2 = 2pm and Gap 3 = 3pm. The solid,
dashed and dot-dashed curves represent finite-element
analysis results, the markers from confirmatory beam

propagation simulations

To confirm the modal overlap calculations for this contrast and
polarization, the beam propagation method was used. The beam
propagation calculations were performed using OptiBPM 6.1 [50]

waveguide optics modeling system software [51]. A three-dimensional,
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semi-vectorial approach was used on the full Y-branch design including
the adiabatic input taper and adiabatically separating output waveguides.
To obtain convergence to two decimal places, a grid spacing as low as 10
points/pm in the x-direction was used. All waveguides were assumed to
be lossless. To determine the excess loss, the total power in the two
output waveguides (normalized to the input power) was calculated, and
then added together. The excess loss is the logarithmic value of this

combined power.

The BPM results, as seen in Figure 23, are in excellent agreement
with those obtained using the Modal Overlap Method. This validates the
use of MOM to optimize this Y-branch design. Figure 24 shows an image
of one of these BPM simulations for a single-core waveguide width (w1 in
Figure 20) of 24pm and two 6pm square dual-core waveguides (w2 in
Figure 20) separated by a gap g=2pm. Figure 24 shows very little forward
scattered radiation components. While there is scattering at the interface,
it is at an angle of more than +60 degrees from the direction of propagation

and so would have a minimal affect on the separating output waveguides.
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Figure 24 Optical field amplitude for the full Y-branch design

It has been determined that for a particular fixed dual-core geometry
there is an optimal value of the single-core waveguide width. The next step
was to look at optimal values for the dual-core width. For each different
value of the dual-core width, the value of the single-core width was varied
and curves similar to Figure 23 were produced. The excess loss for the
optimal value of the single-core width for each of these curves was then
used as the minimum loss for each individual dual-core width. The result
of these calculations is shown in Figure 25 for A=0.685% and both
polarizations. The index contrast, A, is calculated using Equation 1. The
vertical dotted line shows the optimal values of the dual-core waveguide
width for three different gap widths. For all gap widths, the optimal dual-
core width was one-half of the core height. Once again, as the dual-core
gap decreases, the excess loss decreases. This implies that the loss can be
reduced with improved process control and fabrication. The sharp drop at
lower dual-core widths past the optimal width is due to the optical mode

becoming progressively less confined.
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Figure 25 Excess loss vs. dual-core width (using the optimal single-
core width value) for the lowest contrast and gaps of Gap 1
= 1pm, Gap 2 = 2pm, and Gap 3 = 3pm. The open symbols
represent TE mode values, the closed symbols TM values,

while the dotted vertical line represents optimal values

The effect of varying index contrast can be seen in Figure 26. Here
the excess loss vs. dual-core width data is obtained in a similar manner to
that in Figure 25, except now using different index contrasts and a fixed
lum dual-core gap. Figure 26a shows the three lowest index contrasts,
Figure 26b shows the two highest index contrasts. Once again an optimal

value for the dual-core width is found to be one-half the height. As the
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index contrast increases, the loss and the sensitivity also increase. There

are also what appear to be slightly anomalous values for the thinnest dual-

cores at the highest index contrasts, shown in the dashed area of Figure

26b. These secondary peaks represent an inversion of the design shown in

Figure 20, where the single-core width is actually smaller than the sum of

the dual-core widths and the gap. This is represented in a revised design

In this design, the dual-core widths are sufficiently

shown in Figure 27.
small so that most of the mode is confined between the two cores rather

than within them.
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Figure 26 Excess loss vs. dual-core width (using optimal single-core

value) for a 1pm gap and a) the index contrasts 1=0.685%,

I1=1.685%, III=2.685%, b) the index contrasts IV=3.685%

and V=4.685%; the open markers represent TE mode

values and the closed symbols TM mode values
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Figure 27 Inverted optimal design for thin dual-core waveguides at

high index contrasts

The polarization dependence of this design was determined using the
same data illustrated in Figure 26. For each of the points in Figure 26, the
PDL was calculated by subtracting the TE and TM mode excess loss. The
result is shown in Figure 28, which shows very low polarization
dependence for this design of less than 0.02 dB for the lowest index

contrasts and a maximum 0.15 dB for the highest index contrasts.
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Table 3 below, along with the corresponding excess loss.
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Contrast (%) | Core index Gap (pm) | Single-core Excess
width (pm) loss (dB)

I 0.685 1.455 1 8.95 0.036
1 0.685 1.455 2 11.45 0.11

I 0.685 1.455 3 13.95 0.22
I1 1.685 1.47 1 6.48 0.084
1 1.685 1.47 2 9.98 0.24
I 1.685 1.47 3 11.3 0.47
I 2.685 1.4854 1 5.88 0.12
111 2.685 1.4854 2 8.38 0.37
1 2.685 1.4854 3 10.88 0.71
v 3.685 1.5014 1 5.31 0.16
v 3.685 1.5014 2 7.81 0.48
v 3.685 1.5014 3 10.31 0.91
\Y% 4.685 1.5179 1 4.98 0.21
\" 4.685 1.5179 2 7.48 0.59
A% 4.685 1.5179 3 9.68 1.1

Table 3 Optimal silica-on-silicon buried-core Y-branch layout

parameters [49]

3.2.4. Summary of Advantages and Disadvantages

The Y-branch power splitter design method described in Section 3.2.3 has

four significant advantages:

Design Speed - Since only the junction of the dual- and single-core
waveguides are considered in this method, it requires significantly
less computational resources to evaluate a particular geometry than
performing a full BPM simulation. This in turn gives more freedom

to explore the entire design space of the device.
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e Low Loss - With a more complete exploration of the design space
allowed due to the speed of this method, it is easier to find the
optimal, lowest loss geometry.

e Low PDL - The low PDL of this device demonstrated in Figure 28 is
an obvious advantage in the overall switch design

e Easy to manufacture - This design features no sharp vertex that
would be truncated during manufacture. Instead it incorporates a
gap between the output waveguides into the optimization procedure.
The shallowness of the optimal curves shown in Figure 23 also
indicates that this is a robust design that is not sensitive to minor

process variations.

There is one drawback of the design that should be mentioned. The
adiabatic tapering and separation of waveguides required for this design
could make the device length prohibitive. While this is not a difficulty for
the lossless waveguides described in this previous section, in reality, a
longer device means higher waveguide losses. For waveguides with
sufficiently high absorption coefficients, the benefits of this design could
be outweighed by the losses. Also, less compact designs mean fewer

devices per wafer, and therefore a higher cost.

In general, however, the Modal Overlap Method applied to the design of
a Y-branch power splitter has produced promising results. The main
difficulties of traditional Y-branch designs, the sharp vertex and tilting
waveguides, have been overcome, and the strengths, such as low
polarization dependence and loss, have been retained. It also is applicable
to different materials and geometries, such as the vertically-integrated

passive waveguide we are using.
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3.3. Application of the Modal Overlap Method to the
Vertically-Integrated Waveguide Geometry

3.3.1. Design Statement

Given the advantages outlined in Section 3.2.4, we decided to apply the
Modal Overlap Method to the design of the 3 dB power splitter based on
the InP material platform and the vertically-integrated waveguide
geometry. In so doing, only the passive layers of the heterostructure are
retained since the active layers are removed by etching for passive optical

devices such as the power splitter.

There are three factors that make this Y-branch design using the
vertically-integrated passive waveguide more difficult than with the simple
buried-core silicon waveguides described in Section 3.2.3. The first is that
vertically-integrated material system uses a multilayer ridge waveguide
geometry for passive structures. The second complication is that the
approximation of a lossless waveguide no longer applies, as the materials
used are absorbing. The third factor regards the imposition of
manufacturing constraints specific to the foundry and fabrication process

chosen for our design. We discuss these in more detail below.

FEMLAB is capable of easily handling multilayer ridge waveguide
structures but additional computational time is required due to an
increase in the number of mesh elements. More mesh elements are
required to accurately address the greater spatial complexity, in particular
the increase in the number of layers and consequent refractive index
discontinuities. This geometry also requires approximately twice as much
time to simulate using BPM, so this complex structure is even more suited

to the less computationally intensive Modal Overlap Method.
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Treatment of material absorptiont can be addressed in the modeling
by including imaginary terms in the refractive indices of lossy layers when
specifying the design in FEMLAB or OptiBPM. With a lossy waveguide, the
losses of the full design obtained by BPM simulations will be larger than
the junction loss calculated using the Modal Overlap Method. A trade-off
between adiabaticity and loss in the waveguide could be required, where
the waveguide is shorter than required to achieve the adiabaticity

condition in order to offset the losses of a long waveguide.

There are now additional constraints on the optimal design imposed
by the manufacturing process used. Since this power splitter design was
intended to be manufactured as part of a larger proof-of-concept integrated
design including the vertically-integrated active SOA structures, the
feature sizes and tolerances were relatively large. The smallest feature size
available was 1.5pm with a tolerance of +/- 0.5pum, and no aggressive
trenching options were considered. These considerations are more typical
of real-world waveguides than the more ideal lossless waveguides of
Section 3.2.2. The application of the Modal Overlap Method to the
vertically-integrated passive waveguide structure will demonstrate the

suitability of this method for practical power splitter designs.

3.3.2. FEMLAB Finite-Element Simulation Results

The first step in applying the Modal Overlap Method is to calculate the
modal fields of the 2D passive waveguide structures. The layers of this
waveguide are described by layers 0-4 in Table 1 of Section 2.1. The
single-ridge geometry is simply the multilayer ridge shown in Figure 7 of
Section 2.3. The dual-ridge geometry consists of two ridges of the same
width separated by a gap. The gap is a critical fabrication parameter of the

Y-branch power splitter device.
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The computational area, chosen to provide convergence of the
eigenvalue of the modal solution, was 25um x 6um. To reduce
computational time, the layers were divided into sections of different mesh
sizes, with higher mesh densities in the core of the waveguide underneath
the ridge where the mode is almost entirely confined. These regions of
different mesh density within a layer are shown outlined in red in Figures
29 and 30. The mesh size was progressively decreased until the value of
the eigenvalue of the modal solution converged to four decimal places. This

resulted in a maximum mesh size in the core area of 0.1um.
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Figure 29 Adaptive mesh wused for the vertically-integrated

multilayer ridge passive waveguide geometry

It should be noted that the high mesh density in the layer directly
underneath the ridge is required to resolve a 0.005um etch stop layer that
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is not visible in Figure 29. This is a consequence of the adaptive mesh
capability of FEMLAB which ensures that every layer has a sufficient

number of mesh elements to be fully modeled.

Next the mode for the double-ridge waveguide was solved. As with
the single-ridge waveguide, the layers were divided into sections of varying
mesh densities. Once again, the smallest mesh sizes are found in the
areas underneath the ridge sections where the majority of the mode is
confined. This adaptive mesh, with a maximum mesh size of 0.1pm in the

core region underneath the ridges, is shown in Figure 30.
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Figure 30 Adaptive mesh of the dual-core vertically-integrated

passive waveguides

The TM mode solutions for the single- and dual-ridge vertically-

integrated waveguides are shown on a logarithmic scale in Figures 31 and
32.

69



1 1 1

-1 08 06 -04 -0.2 0 0.2 0.4 0.6 08

x (m) x10°
Figure 31 Logarithmic electric-field profile (TM mode) of the single-
ridge vertically-integrated passive waveguide (5 dB
contours)
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Figure 32 Logarithmic electric-field profile (TM mode) of the dual-

ridge vertically-integrated passive waveguide (5 dB
contours)
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For the single-ridge waveguide shown :in Figure 31 with a ridge width of
4um, the effective modal index is ney/™ = 3.1822 + i4.9 x 104, For the
dual-ridge waveguide of Figure 32, with a dual-ridge width of 2pm and a
gap width of 1um, the effective modal index is negs™ = 3.1825 + i4.9 x
103,

Once FEMILAB had calculated these modal fields, overlap
calculations could be performed in MATLAB using the same code used in
Section 3.2.2. To remain within the manufacturing constraints, a fixed
gap of 2um was used. It has been shown in Section 3.2.3 that the smaller
the gap, the lower the junction loss, and 2pm is the smallest gap allowed
within the tolerance and feature size constraints. The single-ridge width
was varied between 2pm and 10pm, and for each single-ridge waveguide
an overlap calculation was performed with a dual-ridge waveguide width of
2um, 2.5pm and 2.9pm. The results of this calculation are shown in

Figure 33 (excluding the 2.9um results that were noticeably non-optimal).

Using initial results, it was decided to use 8pum as the single-ridge
width value. It can be seen from Figure 33 that 8um is not the optimal
value for the single-ridge width. However, our initial calculations past
8um were complicated by the presence of additional lateral modes. These
lateral modes were erroneously used in the modal overlap calculations,
giving poor results. This difficulty was not resolved until the optimization
of the power splitter using the single-ridge width of 8ym had already
begun. There are other considerations, however, that make 8um a
desirable single-ridge width. It is still within a region of relative stability of
the excess loss with respect to single-ridge width. Since an 8pm wide
waveguide requires a shorter taper than the optimal value at ~10.5um, the
smaller overall length and correspondingly lower absorption loss could

compensate for this not being the optimal (minimum junction loss) single-
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ridge value. This is in fact the case for this particular waveguide geometry,

as will be seen in Section 3.3.3.

At a width of 8pm, the TE mode had minimum loss with a dual-
ridge width of 2.5pm, and the TM mode had minimum loss at a dual-ridge
width of 2um. As a compromise between these two dual-ridge values, a
value of 2.25um was chosen for the dual-ridge waveguide. This balanced

the junction loss between the TE and TM mode, reducing the PDL.
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Figure 33 Excess loss vs. single-ridge width for dual-ridge widths of
2pm and 2.5pm

The result of the overlap calculations for these geometrical parameters is
an excess loss of 0.244 dB for the TE mode and 0.236 dB for the TM, a

nearly polarization insensitive result.
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Later modal overlap calculations were performed that more
comprehensively explored the single-ridge and dual-ridge values. These
calculations showed that the minimum loss for the TE mode was 0.16 dB
at a single-ridge width of 10.5pm and a dual-ridge width of 2.3pm, and the
minimum loss for the TM mode was 0.13 dB at a single-ridge width of
11.5pm and a dual-ridge width of 2.5pm. It was decided to also perform
BPM simulations on a more optimal value of the single-ridge width of
10.5pum and a dual-ridge width of 2.25pum, since these values provided a
compromise between low loss and polarization dependence. For this
junction geometry, the excess TE loss is 0.16dB and the excess TM loss is
0.14dB.

3.3.3. OptiBPM Beam Propagation Method Simulation Results

For the reasons outlined in Section 3.3.1, it is more difficult to optimize
the tapers and bends of this device than the buried-core lossless
waveguide device in Section 3.2. It is important to balance the long
waveguides required to approach adiabaticity with the resultant larger

absorption losses.

All waveguides were analyzed using a 3D semi-vectorial (TE)
isotropic simulation, with 40 pts/pum in the x-direction and 45 pts/pm in
the y-direction, using the commercial software package OptiBPM 6.1 [50].

The mesh values were determined using a convergence analysis.

To construct the tapers and bends of the device, it was necessary to
consider waveguide layout issues. It is well-known that that in curved
waveguides the fundamental mode is shifted to the outside edge of the
curve [52]. This causes a mode field mismatch between a straight and
curved waveguide, creating excess losses [53]. This mismatch is

commonly reduced by offsetting the two waveguides at the junction and
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possibly increasing the width of the straight waveguide [52]. We use a
fourth-order polynomial to parameterize waveguide bends (and tapers):
14

3
y=|=t*~t
2 [34]

where t=x/L, for a waveguide of length L. This equation only describes
half of a full curve. The full curve, of length 2L and height h, is obtained

by a reflection of this equation.

The specific parameterization is determined under the constraint
that there should be no discontinuity in the radius of curvature at the
junction with the straight waveguide. Thus, we define the curve such that
the radius of curvature is infinite at the ends, where the curve joins the
straight waveguide. The radius of curvature, R, is given by:

[x’2+ y'? 2
x'y't

where X is the first derivative of x with respect to t, and y’ and y” are the

R=

[35]

first and second derivatives of y with respect to t. When applied to this

waveguide, the radius of curvature is found to be:

. 2 n2r -3} )"
~ Lnler*-61) 136]

It can be seen that in the limit as t—0, and t—1, R—x, and there is an

infinite radius of curvature at the end points.
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The complete curve is described in a piecewise fashion, from 0 < x <
L and L < x < 2L, and the origin is assumed to be in the upper left corner.
The first equation is essentially the same as defined in Equation 34 except
with a small vertical offset. The second equation is the same except
mirrored in the line x=L and y=-h/2-hl, where h=h2-hl. The exact

equations for this curve are:

1{ x ) X ’ 0
Wl Z| =2 [=n1 <x<L
2\ L L

1(—x+2L\" (- ?
_pl LfzxH2Ly (zx+2L)
o\ L L L<x<2L|

[37]

This curve is shown applied to the output curve of the waveguide splitter

in Figure 34. To apply it to a taper, the lower boundary can be defined
with Equation 37, and the upper boundary can be defined as the mirror

image along the propagation axis of the lower boundary curve.

Figure 34 Fourth-order polynomial waveguide
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Due to the computational intensity of the BPM calculations, the
bends and tapers were optimized in a piecewise fashion. Each bend or
taper was created using the fourth-order polynomial described above, and
then the length was varied until an optimal (lowest loss) value was

achieved, including absorption loss.

The first geometry to be optimized was for a junction with an 8um
wide single-ridge width, a 2pum gap, and 2.25pm dual-ridge widths. Since
the 2.25pm wide dual-ridge waveguides at the junction needed to be
tapered out to a width of 4pm as well as be separated, it was initially
decided to taper and separate the waveguides simultaneously. However,
the 2.25pm waveguide ridge was not wide enough to effectively guide the
mode around any waveguide bend without large bending losses. Instead,
the design was modified so that the 2.25pum waveguides at the junction
would taper out to 4pm waveguides before separating. The gap between
them would remain fixed at 2pm throughout this taper section. Figure 35
illustrates this dual-ridge taper. When using this taper with output
waveguides of 1.5mm length (which had not as yet been optimized for
minimal bend loss), the excess loss dropped from 2.7 dB to 1.5 dB,
demonstrating the necessity of maximizing optical confinement in the bend
region to minimize excess loss. In a series of BPM simulations, this taper
length was optimized to 250pm, and the length of the separating output
waveguides was optimized to 2750pm. These optimizations were
performed by progressively increasing the length of the tapers and bends

until a lowest loss value was obtained.
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Figure 35 Dual-ridge taper from 2.25pm to 4pm maintaining a

constant gap of 2pm

The input taper that increases the width of the single-ridge width
from the standard value of 4um to 8um was found to have an optimal
length of 2501m, giving a loss of 0.05 dB. A complete BPM simulation of
the splitter, including all tapers and bends, shows that the total loss is
1.16 dB. A Fresnel calculation of the reflectivity can give a quick
approximation of the worst-case amount of reflection at the waveguide
boundary:

2

R Ryt — Nopr

= . 38
Mgt TR 138]

The effective index of the single-ridge waveguide at the boundary is
ne1=3.1832 and the effective index of the dual-ridge waveguide at the
boundary is negn=3.1817, where the imaginary portion of the index has
been neglected for this calculation. These indices result in a Fresnel
reflectivity of -72 dB, which shows that the backreflection at this interface
will be negligible. With 0.24 dB of the total loss of the device due to the
junction loss, this means that the majority of loss in this device (~0.92 dB)

is due to absorption in the passive waveguides.

Next, the geometry that gave the optimal junction loss was
simulated. This geometry had a single-ridge width of 10.5um, a gap of
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2um, and dual-ridge widths of 2.25pm. For this geometry, the only
difference was the single-ridge width chosen, meaning that the only
portion of the power splitter that needed to be optimized differently was the
input taper. For this geometry, the optimal input taper length was found
to be 450pum, nearly double the previous taper length for the 8um single-
ridge width. The cost of having a larger single-ridge width is that a longer

taper is required, and this results in a larger absorption loss.

The overall length of the design using a 10.5pm single-ridge width
was 3.45mm, an increase of 200pm. A BPM simulation of this design
determined that the total loss was 1.21dB, an increase of 0.05dB
compared to the previous design using a single-ridge width of 8pm. This
underscores the importance of considering global constraints (in this case,
the absorption loss) when optimizing a system locally. The additional
absorption loss was greater than the power saved at the modal overlap
junction. This additional loss could be mitigated by either decreasing the
absorption coefficient of the passive waveguide, or by increasing the
confinement of the passive waveguide so that shorter bends and tapers

would be required (assuming the absorption coefficient remains constant).

3.4. Overall Design of Power Splitter

The overall design of the low-loss power splitter is shown in Figure 36.
The 4um input ridge waveguide (the standard ridge width) is expanded to a
width of 8um over a length of 250um. The input taper consists of two
fourth-order polynomial curves. After this input taper, two ridges, each
2.25um in width and separated by 2pm, continue parallel to the input
waveguide. The outer edges of these ridges are tapered (again using the
fourth-order polynomial curve) over a length of 250pm while the gap
between them remains constant, until they are once again at the standard

ridge waveguide width of 4um. Then the two waveguides are separated
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from each other using the waveguide shown in Figure 34 over a length of
2750um. At the output of the device the two waveguides are separated by
50pum. The total design has a length of 3.25mm and the total loss, as
calculated by OptiBPM [50], is 1.16 dB. The BPM simulation result is

shown in Figure 37.
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Figure 37 Optical field (in dB) of the complete 3dB power splitter
calculated using BPM
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4. Modeling the Active Region

To achieve optical switching, the outputs of the 3dB power splitter
described in Section 3.4 are amplified or absorbed by straight SOA regions.
Figure 38 shows the complete layout of the 1x2 SOA-based switch. If, for
example, it is necessary to switch the signal into the upper output
waveguide (output 1), the SOAs would be set so that the upper waveguide
is amplifying (or transparent) and the lower output waveguide (output 2) is
absorbing. Lateral n-contacts and a p-contact on top of the active ridge
are connected to a voltage source which provides carrier injection. In this
section, the affect of this carrier injection on the SOA regions of the switch

are examined in more detail.

|

- Qutput 2

Power splitter SOA Region

Figure 38 Layout of the completelx2 SOA-based integrated optical

switch
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4.1. Carrier Injection in Semiconductor Materials

The goal of carrier injection in this design is to create a modest gain in the
active region of the switch. However, when carriers are injected into a
semiconductor material, other competing effects will occur. In this
section, the various effects and interactions related to carrier injection are

described.

4.1.1. Gain Mechanisms

To achieve light amplification in a direct-gap semiconductor medium (such
as InGaAsP), it is necessary to have a higher proportion of excited
electrons in the conduction band compared to the valence band. This
condition, known as population inversion, can occur when excess
electrons are injected into the semiconductor material. When it is
satisfied, the mechanism of light amplification, stimulated emission,

becomes predominant.

Stimulated emission occurs when incident radiation induces an
electron in the conduction band to fall to a lower energy level in the
valence band (or more generally, a particle in an upper energy level falls to
lower energy level), releasing the excess energy in the form of a photon of
the same frequency and phase as the photon that induced the transition
and preserving the original photon. The rate of stimulated emission for a

given population of excited particles, N, is:

oN
S-=-Bup)N.

[39]

where Bgi is a constant of proportionality known as the Einstein B

coefficient (the subscript 21 indicates a transition from a higher energy
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state E2 to a lower energy state Ej), and p(v) is the radiation density of
photons of frequency v. This simple differential equation, of the form of

Newton’s Law of Cooling, can be solved to yield:

N = N(Q)e %" [40]

where N(O) is the excited particle population at time 0. As can be seen
from Equation 40, stimulated emission causes an exponential decay in the
population of excited particles. Therefore it is necessary to have
continuous pumping of the gain medium (either through an external laser

source or by carrier injection) to maintain population inversion.

Another photon-producing mechanism is known as spontaneous
emission. Spontaneous emission, like stimulated emission, also occurs
when a particle in an excited state drops to a lower energy level, releasing
the excess energy in the form of a photon. Unlike stimulated emission,
however, spontaneous emission is not induced by incident radiation, but
occurs naturally as a system of excited states radiatively relaxes to a lower
energy level. The photons produced by spontaneous emission have
variable phases and propagation directions (and are in practice of broader
bandwidth), and hence do not contribute to signal amplification but rather

act to reduce the signal-to-noise ratio.

The rate of spontaneous emission, for a population of N particles in

an excited state (e.g. electrons in the conduction band), is:

%ﬂ =—-A, N
/ ,

[41]
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where Az;, known as the Einstein. A coefficient, is a constant of
proportionality, similar to the Einstein B coefficient. As with the equation
for stimulated emission, this differential equation can be solved to yield:

t

N(t)=NO)e ™ 2]

where 12; = Az;7! is the lifetime of the spontaneous decay. As can be seen,
the number of excited particles, N, decreases exponentially due to
spontaneous emission, reducing the number of excited particles available
for stimulated emission. Some of the photons produced by spontaneous
emission can couple into the desired amplified optical mode, inducing
further stimulated emission reactions and generating noise. This effect is
known as amplified spontaneous emission (ASE), and can be calculated by

the following derivation from [54].

For a gain medium, the intensity of light increases exponentially over

distance:

1(z)=1(0)e”"* 43]

It can be shown that the gain constant, y(v), for a given lineshape function

g(v), index of refraction n, and frequency, v, is given by:

C
yv)=No 7 —8W), 144)

T21

To calculate the effect of amplified spontaneous emission noise,
consider a gain medium of length L and area A, with a population density
of Nz in the upper state and N; in the lower state. A beam with power P is

input and a photodetector is placed at the output. For an element dz
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within the gain medium, the amount of spontaneously emitted power, Py,

at a particular frequency, v, is:

_ N,hvAdz
TZI

By [45]

where h is the Planck's constant, h=6.626 x 10-34 Joule-seconds. However,
only a portion of this optical power contributes to the noise. The noise
power emitted by an elemental volume (Adz) must fall within the optical

spectrum Av and solid angle d&:

B l N,hvg(V)AVA dQ

dP
Y2 T,, 4r

dz

[46]

In Equation 46 the one-half term comes from the assumption that half of
the spontaneous emission noise is filtered out due to polarizers in front of
the photodetector. The smallest solid angle that can be used is the solid

angle per mode:

I’l2A . [47]

If this is substituted into Equation 46, and the gain constant given in
Equation 44 is also used, the spontaneous emission power generated by

an elemental gain medium volume becomes:

_ N,mv
dPN—_N2—N1AV- (48]
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To obtain the total power seen at the photodetector, the power of the

amplified signal and the power of the spontaneous emission noise is
added:

P(z) = Pe” + uhvAv(e® -1) . (49]

Here u=N2/(N2-N1), and is known as the population inversion factor. The
second factor in Equation 49 represents the spontaneous emission noise.
It can be seen that the larger the pumping (represented by p) and the
larger the frequency, the larger the spontaneous emission noise. The noise

is also proportional to the gain, G=exp(yz).

4.1.2. Absorption

Light absorption in a semiconductor occurs when a carrier (electron or
hole) interacts with an incident photon and is raised to a higher energy
level. This often involves a transition between the valence and conduction
band of the semiconductor material, since at thermal equilibrium there are
an equal proportion of carriers above and below the Fermi level in the
bandgap. However, photon-absorbing intraband carrier transitions are

also possible.

There are three major phenomena that affect the absorption of
photons in a carrier-injected semiconductor material: bandfilling,

bandgap shrinkage, and free-carrier absorption [55].

Bandfilling occurs when there is a high concentration of electrons in
the conduction band, as in the case of a large population inversion. When
this occurs, the lowest energy levels of the band are filled and photons will

require a higher energy (and therefore frequency) to be absorbed. The
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effect of bandfilling is to restrict absorption of higher wavelength photons.
Bandfilling also occurs for an excess amount of holes in the valence band,
but it primarily describes an excess concentration of electrons since there

is a lower density of states in the conduction band.

Bandgap shrinkage has the opposite effect of bandfilling - it allows
photons with an energy below the bandgap to be absorbed. Shrinkage of
the bandgap occurs when a large concentration of electrons (or holes) in
the conduction (or valence) band have overlapping wavefunctions.
Coulomb effects and the Pauli exclusion principle cause the electrons (or
holes) to repel each other, effectively decreasing the energy gap. With a
decreased energy gap, lower energy photons are able to be absorbed. For
high carrier concentrations, the bandgap shrinkage is inversely
proportional to the cube of the carrier concentration. For lower carrier
concentrations (for InP, ~101¢ cm3), the bandgap shrinkage is often
approximated to be zero, or determined empirically as a percentage of the
bandfilling effect.

Free-carrier absorption, or the plasma effect, is due to intraband
absorption of photons as opposed to the interband absorption that is
affected by bandfilling and bandgap shrinkage. This effect occurs when
free carriers, i.e. electrons in the conduction band or holes in the valence
band, absorb a photon and move to a higher energy level within the same
band. The absorption change is directly proportional to the concentration
of free carriers. The plasma effect is typically smaller than the effect of

bandfilling and bandgap shrinkage.

The changes in the absorption of a semiconductor material caused
by carrier injection also cause changes in refractive index. This fact has
been exploited to design variable refractive index regions for the switch

geometries outlined in Section 2.5. The relation between a change in
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absorption, Aa , and a change in refractive index, An, for a particular

radian frequency, @, is governed by the Kramers-Kronig relation:

he T Aal@) | .
Al’l(a))z 7 P(Jhw'Z_hmz dw . (50]

Here the P represents the principal value of the integral and o’ is a

dummy variable used for integration.

4.2, Active Waveguide Structure

The SOA region of the switch is created by adding layers to the passive
waveguide (described in Table 1) to create a p-i-n region. Carriers injected
through a p-contact and two lateral n-contacts into the active layer cause
this layer to change from an absorbing material at zero-bias, to an
amplifying material. @ When the amplification within this layer is
sufficiently high, there is an overall modal gain. Table 4 lists the active

layers that are used.

Number Layer Material | Refractive
Index
9 P-cap InGaAs | 3.516088
8 P-contact II InP 3.170258
7 P-contact 1 InP 3.172363
6 Active InGaAsP | Variable
Table 4 Single-mode vertically-integrated active waveguide layer
structure

The active layer of the vertically-integrated structure consists of an

InGaAsP material chosen to provide a small amount of strain when
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embedded in the surrounding InP layers. This strain helps to reduce
polarization sensitivity. InGaAsP has a bandgap of 1.55pm, which is a
useful wavelength for telecommunications purposes since it is the
wavelength of minimum absorption for standard optical fibers. Both InP
and InGaAsP are direct-gap semiconductor materials. In these materials,
an electron can move directly from the valence band to the conduction
band without a phonon (quantum of vibrational lattice energy) to facilitate
the transition, making this transition much more likely. Figure 39 shows

the layer stack for the vertically-integrated active region.
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Figure 39 Active waveguide geometry of the SMVI material system
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4.3. OptiHS Material Simulation Results

To obtain the overall gain of this active region, it was necessary to first
determine the material properties of the active layer. The geometry of the
active region was designed so that this active layer experienced the
greatest change in refractive index with carrier injection. By determining
the effects of carrier injection on this material, it will be possible to

estimate the overall modal gain or loss.

The active layer is composed of tensile-strained bulk InGaAsP. The
tensile strain reduces the polarization dependence of the gain/loss. To
determine the dependence of the complex refractive index (and material
gain) on carrier concentration and wavelength, simulations were performed
using OptiHS [56].

OptiHS is a heterostructure modeling program that is capable of
calculating the effect of carrier injection in a semiconductor material on
the complex refractive index. Given the material properties of the active
layer, OptiHS first determines the band structure using the Kane and
Kohn-Littinger models. The band structure includes a non-parabolic
conduction band with two side X- and L-valleys, and three parabolic
valence bands, the light, heavy and split-off. The bandgap shrinkage and
quasi-Fermi levels of the carriers are then calculated self-consistently,
while many-body effects (such as free-carrier screening of the Coulomb
interaction) are incorporated phenomenologically. Based on this
distribution of carriers the rate of direct transitions (spontaneous and
stimulated emission) and indirect transitions (phonon-or trap-assisted) is
found. These rates can then be used to determine the imaginary portion of
the permittivity, and thus the imaginary portion of the refractive index.
The real portion of the refractive index is calculated from the imaginary

portion using the Kramers-Kronig relation of Equation 50.
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Figures 40 and 41 show the dependence of the real and imaginary
components of the refractive index on wavelength and -carrier
concentration. It can be seen that the real part of the refractive index
decreases with increasing wavelength and carrier concentration. The
imaginary part of the refractive index also decreases with increasing
carrier concentration, and converges to nearly zero for all carrier
concentrations when the wavelength is sufficiently large. The active
material is absorbing when the imaginary part of the refractive index is
positive, and provides gain when the imaginary part of the refractive index

is negative.
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Figure 40 Dependence of the real refractive index on wavelength for
carrier concentrations of C=[0,10,20,30,40] x 10!7 cm in

the InGaAsP layer
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Figure 41 Dependence of imaginary refractive index on wavelength
for carrier concentrations of C=[0,10,20,30,40] x 1017 cm™3

in the InGaAsP layer

The operating wavelength that was assumed for this device was
1550nm, so it is useful to see how the material behaves at this wavelength.
Figures 42 and 43 show how the real and imaginary portions of the
refractive index change depending on carrier concentration at a wavelength
of 1550nm.
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Figure 42 Dependence of the real refractive index on carrier
concentration of the InGaAsP active layer at a wavelength
of 1550nm
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Figure 43 Dependence of the imaginary refractive index on carrier
concentration of the InGaAsP layer at a wavelength of
1550nm

At the lowest carrier concentration (approaching zero), the real index (and
therefore the modal confinement) and the absorption are the highest. As
the electron concentration increases, the real index becomes smaller, and
the imaginary index goes from positive to negative values. The point where
the imaginary index is zero is the transparency point, where there is no
amplification or absorption. This occurs at a carrier concentration of ~12

x 1017 ecm-3.

4.4. FEMLAB Finite-Element Simulation Results

The data shown in Section 4.3 were now applied to finite-element analysis
of the active layer structure using FEMLAB. The complex refractive index

of the active material for all electron concentrations of interest (from 10 x
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1017 to 25 x 10!7 cm3) was used in a finite-element modal analysis of the

active waveguide.

The layer structure was divided into separate regions of varying
mesh density, with the densest mesh (with a maximum element size of
0.1um) in the centre region under the ridge where the majority of the mode
is concentrated. @ Once again, the number of mesh elements was
progressively increased until the eigenvalue of the modal solution
converged to five decimal places. Figure 44 shows the adaptive mesh used

to model the active structure.

The active layer (Layer 6 in Table 3} is the first layer on top of the
passive ridge layer. It has a complex refractive index that will vary with
the electron concentration in that layer. The change in index of the active
layer was determined using OptiHS (see Figures 42 and 43). For each
value of the active layer complex refractive index corresponding to a
different electron concentration, the mode of the active geometry was
solved in FEMLAB. The imaginary portion of the propagation constant, S,
of each mode was used to find the gain or loss, G, of a straight section of

that refractive index profile of length z, according to the relation:

G= 1010g(e'23(ﬁ)2). [51]

An example of a 2D FEMLAB modal solution for the active layer geometry

is shown in Figure 45.
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The effect of carrier concentration on the gain or loss of the active
region as determined by these calculations is shown in Figure 46. Using
linear interpolation, the point of transparency is determined to occur at a
carrier concentration of 14.68 x 10!7 cm3 for the TM mode and 15.34 x
10'7 cm3 for the TE mode. Thus the transparency point is reasonably
polarization insensitive. The carrier concentrations required to reach
transparency are higher than for the active layer in isolation (12 x 107 cm-
3, from Section 4.3), because in this geometry the active layer is now

embedded in lossy layers.
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Figure 46 Active region gain vs. carrier concentration for the TE and
TM modes

While this graph shows the gain increasing continually up to carrier
concentrations of 50 x 10!7 cm3 (where the TM gain is ~2 dB), in reality
phenomena such as thermal effects that become prominent at high carrier

concentrations would lower these gain values considerably. This FEMLAB
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simulation gives valuable insight into the performance of the active region
at lower carrier concentrations, particularly when transparency occurs.
However, to properly simulate this active region, a more sophisticated

model that includes these effects would be required.

These FEMLAB simulations can also provide information on the
confinement of the mode in the active layer. By taking the ratio of the
optical power found only in the active layer over the total power of the
mode, the active layer confinement, T', can be found. Figure 47 shows the
confinement for the TE and TM polarizations. It can be seen that the TM
polarization has a greater confinement in the active layer, which explains
the higher gain and loss for the TM mode, and why the TM mode requires

a smaller carrier concentration to reach transparency.
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Figure 47 Active layer confinement vs. carrier concentration for the

TE and TM modes
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It was stated in Section 2.6 that the low confinement of the mode in
the active layer resulted in low backreflection and coupling loss at the
junction between the active and passive regions. This assertion can now
be confirmed by performing a modal overlap calculation using Equation 32
and performing a Fresnel calculation using Equation 38 with the modal
solutions of the active and passive waveguide. For a carrier concentration
of 15 x 1017 em3, which is the approximate transparency point for the
active waveguide, the excess loss at the junction between the active and
passive waveguide was found to be 0.20 dB for the TE polarization and
0.28 dB for the TM polarization. The backreflection for both the TE and
TM polarizations was found to be -77 dB. These numbers confirm that the
coupling loss and backreflection at the passive/active waveguide interface

will not severely affect the performance of the overall device.

5. Increasing Switch Port Count

5.1. Nonblocking 2x2 Switch Architecture

The 1x2 switch that has been designed can now be used as a building
block for larger switching matrices. The first that will be examined is the
2x2 switch.

A nonblocking switching architecture allows a connection to be
made between any two ports, regardless of what connections have already
been established. Nonblocking switches provide the flexibility required for
the most recent agile photonic networks. To create a nonblocking 2x2
switch architecture using 1x2 switches, the geometry shown in Figure 48

can be used.

98



Port 2

Port 4

Figure 48 Nonblocking 2x2 switch architecture using 1x2 switch

elements

Light entering any of the four ports shown in Figure 48 is split using
a Y-branch power splitter and then either attenuated or amplified by the
SOAs in the common paths before reaching an output port. While this
configuration provides nonblocking operation, the SOAs would need to be
set carefully to avoid imbalanced power at the output ports, since either
one or two SOAs could be in the connection path. In this configuration,
any two ports could be used as inputs and any two ports could be used as

outputs.

The large angles implied in Figure 48 of 45 degrees for each of the Y-
branches would be impractical to realize with the weakly-guiding
waveguide structure being used (see Figure 31). For the Y-branch power

splitter designed in Section 3.3, the angle of the output waveguides is only
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~0.5 degrees, with a total splitter length of 3.25mm. To extend these
waveguides to a 45 degree angle and maintain a minimal bending loss
would require waveguides on the order of centimeters in size. To
compensate for this, etched mirrors could be used to create the compact
45 degree bending angle required. These mirrors could be placed at the
end of the output Y-branch waveguides once the two output modes have

been isolated from each other. This configuration is shown in Figure 49.

Port 2
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SOR Mimor Mirvor SOA

Port 1 Port 3
H3

SOA Mirror Mirvor SOA

A

L1 L2 -
H2

H1

A

Port 4
A JL
Ltot i

Figure 49 Implementation of a 2x2 switch with SMVI waveguides

The length, L1, of the east/west splitters (ports 1 and 3) is the
standard 1x2 power splitter length determined in Section 3.3, and would
depend on the length of the straight SOA sections. However, the height of
the north/south splitters need not be the same length. Since there are no
SOAs required at the end of these power splitters, the separation of the
output waveguides is not determined by the size of electrical contacts
required, but by the separation required to achieve optical isolation, which

would likely be less than 50 pm.
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5.2. Nonblocking 4x4 Switch Architecture

A nonblocking 4x4 switch can be realized using either 1x2 or 2x2 switches
as building blocks. Figure 50 illustrates how 1x2 switches can be

combined to create a nonblocking 4x4 switching fabric.
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Figure 50 Nonblocking 4x4 switch composed of 1x2 elements

Examination of Figure 50 shows that this implementation of the 4x4
switch requires 24 3dB power splitters and 32 SOAs. This assumes that
each connection between 1x2 switches in the middle of the diagram uses

one SOA, not two SOAs, one for each individual switch.
While this configuration provides nonblocking operation, with an
explicit connection between every input and output port, it is not the

optimal design. A nonblocking configuration composed of 2x2 switch
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elements can be constructed that requires fewer SOAs. This is done using
a 4x4 instantiation of the generalized topology known as the Clos network
[57]. This configuration, shown in Figure 51, requires six 2x2 nonblocking
switching elements. Since each 2x2 element, as shown in Section 5.1,
requires four power splitters and four SOAs, this 4x4 switch would require
a total of 24 power splitters and 24 SOAs, a savings of eight SOAs

compared to the first design.

in1 Out1
2x2 2x2 2x2

In2 >< >< Out2

in3____| Out3
2x2 2x2 22

ind Outd

Figure 51 Nonblocking 4x4 switch using Clos network topology

Once again, due to the relatively sharp angles involved, mirrors would be

required to make this design practical.

6. Conclusions

This thesis has described the design and final geometry of a monolithically
integrated 1x2 optical switch. A new method for designing Y-branch type
integrated power splitters has been developed, the Modal Overlap Method,
and applied to a simple silica buried-core material system as well as a
complex vertically-integrated active/passive waveguide system. The 1x2
switch configuration has been simulated using finite-element and BPM
techniques. Possible layouts for a 2x2 and 4x4 nonblocking optical switch

using the 1x2 switch as a building block were also explored.

6.1. Switch Performance

The 1x2 switch has not yet been manufactured, but some indications of its

performance can be determined from the simulations that have been
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performed during its design. The input signal will experience ~4.2 dB of
excess loss while propagating through the power splitter portion of the
switch. This includes 3 dB of splitter losses and 1.2 dB of excess losses,
as measured by BPM simulations. As Figure 46 shows, the SOA regions of
the switch are at most capable of providing ~2dB of gain with an
active/passive junction loss of 0.3 dB, for a total excess loss of 2.5-3.5 dB.
This is higher than the desired value of 1 dB for the excess loss, and not
considering additional coupling loss that would occur. It should also be
noted that the SOA gain is dependent on the input power, and saturation
of the output power could occur for a large input signal. This has not been
modeled in Section 4. However, assuming no saturation, these values
indicate that the reverse-biased SOA region would require at least 34dB of
absorption to achieve an extinction ratio of -30dB. Backreflections should
have minimal impact on the crosstalk of this device since they were
estimated, using a Fresnel calculation, to be -77 dB at the active/passive

interface and -72 dB at the single-rib/dual-rib power splitter interface.

As the FEMLAB simulations indicated, the power splitter section has
a very low PDL. If the SOA regions are biased to operate at the
transparency point, the PDL will be very low (see Figure 46), and there
should be no difficulty in achieving the PDL target of < 1dB. Operating at
the transparency point will also ensure that the amplified spontaneous

emission noise will be minimized, according to Equation 49.

Finally, this switch was designed to operate at a wavelength of 1.55
um, in the middle of the C-band. More complete material dispersion data
is required to simulate the wavelength dependencies. However, testing of
the completed device will show how deviation from this design wavelength

affects the performance of the switch.
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6.2. Future Work

This switch is currently in the process of fabrication. Once it has been
manufactured, it will be tested to see how it performs compared to the
specifications laid out in Table 2. These data can be used to further refine
this proof-of-concept 1x2 switch design. More simulations are also
required to understand how the SOA regions perform when reverse-biased,
and to determine how the switch will perform at different optical

frequencies.

Next, the 2x2 and 4x4 switches described in Section 5 could be
fabricated. To keep the layouts of these switches within a reasonable size,
mirrors would have to be developed for the passive waveguiding material
system. These mirrors could also perhaps be used for the 3dB power

splitter to create a lower loss and compact design.

The performance of the power splitter (and therefore the switch) could
be improved by either of two improvements in the passive waveguide
material system:

e Lower absorption coefficient — The majority of the excess loss in the

power splitter is a result of absorption loss in the passive waveguide.
Since the device is relatively long (~3mm) any reduction in the loss
coefficient of the passive waveguide would cause an appreciable
decrease in the total loss of the device.

e Greater mode confinement — Since the zero-order mode of the passive
waveguide is weakly confined (see Figure 31) the adiabatic tapers
and bends are required to be very long. If the mode is more strongly
confined, the size of the overall device could be shortened, resulting

in a lower absorption loss.
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It may also be possible to reduce the size and loss of the 3dB power
splitter by using an MMI design, and this is a worthwhile improvement to

investigate.

In the SOA region, greater modal confinement in the active layer of
the device could improve the switch performance by increasing the overall
modal gain or absorption. However, this could come at the cost of greater
coupling loss and backreflections at the active/passive waveguide

interface.

In conclusion, this thesis describes the design of a monolithically
integrated 1x2 optical switch for use in ROADM devices. The vertically-
integrated active/passive material system has been successfully used in
this application, and it has been demonstrated that this proof-of-concept
switch is worth developing and further optimizing. @ The pending
fabrication and testing of this switch will provide valuable feedback on how

to best improve upon this design.
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