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Abstract

Modal interference in homogeneous planar multimode optical waveguides results
in a self-imaging property by which an input field is reproduced in single or muitiple
images at periodic intervals along the propagation direction of the guide. Using this
property, multimode interference (MMI) couplers can provide splitting and combining of
optical beams. MMI couplers have good attributes such as compact size, low loss, ease
of fabrication, relative insensitivity to polarization, and good fabrication tolerances.
There is a growing interest in using MMI couplers in complex photonic integrated circuits
such as wavelength multiplexers and optical switches.

Wavelength-division multiplexing (WDM) is an effective method of exploiting the
large bandwidth of optical fibers. In addition to increasing the transmission capacity of a
point-to-point link, WDM is also becoming important in optical networks for routing and
circuit switching. This thesis is mainly concerned with the design and development of
novel wavelength multiplexers using MMI couplers.

First, the underlying self-imaging principle in generalized MMI couplers is
reviewed. Analytical expressions describing the positions, intensities, and phases of the
self-images are given. Optical bandwidth and fabrication tolerances of the MMI couplers
are examined. The measured performance of several five-port MMI couplers, which
were fabricated in the course of the work, are reported. These measured values indicated
good agreement with the theoretical predictions. A silicon oxynitride rib waveguide

system was used for device fabrication throughout this thesis.



Next, the design of a new class of planar phased-array wavelength multiplexers
known as MMI-phasar multiplexers is considered. An MMI-phasar device consists of
two MMI couplers connected by an array of N monomode waveguides. The MMI
couplers function as power splitters/combiners and the waveguide array as a dispersive
clement. A general theoretical formulation for the MMI-phasar multiplexers is presented
and a simple procedure for finding an optimum set of lengths for the array guides is given.

It is shown that these devices can operate as N X N wavelength-selective interconnecting

components. Also, it is demonstrated that sidelobes in the multiplexer spectral response
can be suppressed by weighting the power samples in the array guides with an
appropriatte MMI nonuniform power splitter.  Furthermore, tunable wavelength
multiplexing and dynamic wavelength routing can be obtained by incorporating phase-
shifters on the array guides of the MMI-phasar devices. Two variations of a five-channel
multiplexer with 2-nm channel spacing at 1550-nm wavelength were designed and
fabricated. Both simulated and experimental results are presented.

Finally, a 980/1550-nm wavelength multiplexer useful for integration with rare-
earth doped waveguide amplifiers and lasers is discussed. This multiplexer has a simple
structure consisting of a central multimode waveguide and three access guides. The device
operation is based on wavelength-selective coupling in the multimode waveguide, where
one wavelength is in the cross-coupled state and the other is bar-coupled. The waveguide
parameters and, in particular, the coupler width, are chosen to optimize the device

performance. High performance with a compact device was achieved.
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1. Introduction

Telecommunications in the current information age is undergoing a large-scale
transformation. With the proliferation of Internet and multimedia services, there is an
ever increasing demand to transport large volumes of data. The widespread use of
personal computers and the desire to connect them together and to information resources
is intensifying the pressure to increase the capacity (bandwidth) available to the end-
users. Photonic applications in the telecommunication networks are playing an important
role in meeting this increasing bandwidth requirement. Today almost all high-capacity
long-distance transmission links are realized using optical fibers. This has been made
possible by the development of high-speed semiconductor lasers, photodetectors, low-
loss inexpensive single-mode glass fibers, efficient erbium-doped fiber amplifiers, and
various other photonic components. Single-mode optical fiber has a huge bandwidth,
however this capacity has been far under-utilized up to now. The challenge is to find the
most practical and cost-effective way of exploiting the inherent bandwidth of optical
fiber.

The transmission capacity of an optical link can be increased by time-division
multiplexing (TDM) or/and wavelength-division multiplexing (WDM). In TDM, several
signals are multiplexed in the time domain and the aggregate high-speed signal is
transmitted on a single optical carrier. Digital data in conventional optical communication
are represented by pulses of light, and TDM accommodates higher bit rate by using
narrower pulses. Currently the top-of-the-line commercially available system (OC-192)
offers a bit rate of 10 Gb/s. However, because of the dispersion and nonlinearities in
optical fiber and the limitations of electronics, it is getting very difficult to increase the
data rate much beyond this level with TDM.

The multiplexing operation in the WDM approach is done in the optical domain
where several independent optical carriers (wavelengths) are simultaneously transmitted
along the fiber. Each wavelength can carry a TDM signal, and the total data rate is then
directly proportional to the number of wavelengths used in the transmission system. A
WDM transmission link is schematically shown in Figure 1.1. Early WDM systems
were rather expensive because a separate optoelectronic regenerator was required for each



wavelength to compensate for fiber optic loss and signal degradations. Optoelectronic
regeneration is a process in which an optical signal is detected and converted into an
electronic signal, which in tum is amplified and used to drive a laser diode, which recreates
the original optical signal. Thus wavelength (de)multiplexers, multiple lasers, detectors,
and the related electronic circuitry are needed at each optoelectronic regenerating station.
But, the commercial significance of WDM transmission systems was fundamentally
improved after the development of practical erbium-doped fiber amplifiers (EDFA) in the
late 1980’s. EDFA’s provide a low noise and broadband gain in the 1.55-um wavelength
low-loss fiber band. An EDFA can amplify more than one wavelength at a time, thereby
replacing multiple optoelectronic regenerators and reducing the cost of WDM systems.
The optical bandwidth available in EDFA is approximately 30 nm or 3 THz, and the
easiest way to access this bandwidth is through WDM.

The initial objective of WDM was to increase the capacity of point-to-point
optical transmission links. However, it was soon realized that WDM can have network
applications as well. A key feature of WDM is that discrete wavelengths form an
orthogonal set of carriers which can be separated, routed, and switched without interfering
with each other. Wavelength can be introduced as an additional network dimension to
increase the flexibility and capacity of telecommunication networks. WDM technology
enables us to implement in the optical domain some of the functions that had previously
been done only in the electronic domain. Several applications of WDM in optical
networks and a number of related WDM architectures have been discussed in [1].

Ay, .. Ay : i

High-Bandwidth A
Optical Fiber

Figure 1.1 Schematic diagram of a WDM transmission link.



To realize the full potential of optical communications and to further extend the
deployment of fiber optic networks, it is essential to develop various photonic
components such as power splitters, space switches, modulators, and wavelength
demultiplexers. These components must be technically sufficient, reliable, and cost
effective. All these devices can be made as discrete components using bulk optics but the
trend in photonic technology is toward using integrated optics and planar lightwave
circuits to reduce the cost and add more functional complexity at the same time. This is
similar to what has happened in the electronic industry where microelectronics
technology has replaced discrete electrical components with integrated circuits. Photonics
integrated circuits use the same fabrication processes that have already been established
for years in the microelectronics industry. Optical devices that are based in planar
lightwave technology are expected to be superior to their bulk-type counterparts in terms
of reliability, compactness, and cost due to mass production.

Photonic integrated circuits consist mainly of optical waveguide structures.
Optical waveguides are dielectric conduits that can confine the propagating light and
transport it from one point to another. An optical guide is made up of a core material of
one refractive index surrounded by a medium of lower refractive index. The basic concept
of optical confinement in dielectric waveguides is total internal reflection, whereby light in
the core of the guide is totally reflected at the interface with the surrounding medium.
Light remains guided by undergoing multiple internal reflections as it travels along the
length of the waveguide.

Passive waveguide couplers are among the key components of photonic integrated
circuits since they can perform some important functions such as signal routing and
splitting/combining of multiple optical beams. An interesting class of waveguide couplers
known as multimode interference (MMI) couplers is rapidly gaining popularity for many
applications in integrated optics. The MMI coupler has a simple structure consisting of a
homogeneous planar multimode waveguide connected to a number of, usually single-
mode, access guides. MMI couplers possess good characteristics such as low loss,
compact size, and relaxed fabrication tolerances. In this thesis, various aspects of the
MMI couplers are examined both theoretically and experimentally, and novel wavelength
multiplexers are developed using these couplers. MMI couplers are briefly described in



the next section, and a more comprehensive treatment of the related theory will be given
in Chapter 2.

1.1 Multimode Interference Couplers

Optical couplers are essential components in photonic integrated circuits. The
various planar optical components that have been developed to realize coupling and
power splitting functions can be classified as diverging beam splitters, ¥-branch splitters,
inter-waveguide coupling devices (directional couplers), and multimode interference
couplers. Diverging beam splitters [2] have an inherent nonuniformity and they are
relatively large. Both Y-branch splitters [3] and directional couplers [4] suffer from poor
reproducibility, large dimensions, and wavelength sensitivity; in addition, multiport
couplers have to be formed as tree structures, which makes the device even longer.

Layout of a conventional or synchronous directional coupler is shown in Figure
1.2. Two single-mode waveguides are placed in sufficient proximity so that their
evanescent fields overlap, resulting in a coupled waveguide system. There are two
supermodes in this coupled system, a symmetric and an anti-symmetric one. The
operation of the directional coupler relies on the beating between these two supermodes,
which have different propagation constants. An input field to one of the guides excites
both supermodes, which pass in and out of phase as they propagate. The lateral
distribution of the total guided field changes as a function of the device length; the optical
power is transferred between the guides. By properly choosing the device length, a 3-dB,

z=0 zs'L,,/Z z-;L,,

Figure 1.2 Layout of a conventional directional coupler.



cross, or bar coupler can be obtained. As shown in Figure 1.2, cross coupling and 3-dB
coupling are achieved at device lengths of L. and L.[2, respectively, where the beat length
L. is defined as the propagation length over which the two supermodes acquire a phase
difference of n radians. The interaction between the guides in a synchronous directional
coupler is not strong and hence the beat length is very large, usually in the order of
millimeters or centimeters. Furthermore, synchronous directional couplers cannot be
implemented with deeply-etched rib waveguides since the guides have to be weakly
confining to allow the lateral evanescent fields of the two guides to overlap. Thus, we
cannot use large angles and tight bends for separating the access guides; a typical
separation angle between the access guides would be about one or two degrees. This
introduces extra coupling in the access guides, resulting in uncertainty in the actual length
of the directional coupler. Also, the fabrication tolerances of the synchronous directional
couplers are delicate since the waveguide dimensions have to be precisely controlled. All
of these limitations can be overcome using multimode interference couplers.

Multimode waveguides can be used to form multiple images of an input excitation
field. This self-imaging effect was first suggested by Bryngdahl [5] in 1973, and then was
demonstrated by Ulrich et al. [6], [7] in planar glass waveguides. Using ray optics, they
successfully described the formation of multiple images at certain device lengths. A few
years later, Soldano et al. [8] used a modal propagation analysis to illustrate self-imaging
or mode-beating in multimode guides. The modes of a multimode guide have different
amplitude distributions and travel with different speeds determined by their effective
refractive indices. The relation between the effective indices of the modes of a multimode
guide is such that the modes interfere constructively at certain lateral positions at periodic
intervals along the propagation direction. In other words, images of the field input to the
multimode waveguide are reproduced at those positions. An MMI coupler consists of a
multimode waveguide that is single-mode in the transverse direction and multimode on the
lateral direction, connected to a number of, usually single-mode, input/output access
guides. As an example, the layout of a general N x N MMI coupler is shown in Figure
1.3. A field distribution at any of the N inputs is reproduced at the output plane of the
coupler in the form of N self-images that have equal magnitudes and different phases. The
MMI coupler has a characteristic length L. that is simply determined by the waveguide
parameters and the coupler width, as will be described in Chapter 2.
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Figure 1.3 Layout of a general Nx N MMI coupler. Light from any of the input
ports is launched into the MMI section, propagated, and imaged into the output
ports of the coupler.

MMI couplers are almost always designed in highly confining waveguide
structures that prevent coupling between the access guides. This avoids uncertainty in
determining the actual coupler length, a problem common with conventional directional
couplers. Hence, MMI couplers are easy to design, and have small sizes and relaxed
fabrication tolerances. Also, MMI couplers have low losses because of efficient imaging
of the input field onto the output guides.

The uniformity or balance of MMI couplers is much better than that of the
conventional directional couplers. The uniformity of power splitters/combiners
employed in Mach-Zehnder switches and wavelength-division multiplexers translates
directly into crosstalk. For example, a 0.5-dB power imbalance would limit the crosstalk
to —25 dB. With respect to uniformity, MMI couplers operate fundamentally differently
from conventional directional couplers. The output powers of a conventional directional
coupler are proportional to cos’(n z [2L,) and sin’(tz [2L,), meaning that the sensitivity
of the transmission to length variations is maximum at the 3-dB point. As will be shown
later in Chapter 3, each self-image in an MMI coupler is at a local maximum with respect
to the coupler length, implying that the sensitivity is minimum at the optimum coupler
length of L., and that all output powers decrease similarly for deviations from the
optimum length. Consequently, a very good uniformity is maintained over a large range
of fabrication and operational variations.
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The theory, properties and several applications of the MMI couplers have been
covered in the literature. A general theoretical treatment of the self-imaging properties of
the MMI couplers has been provided in [9] and [10]. Optical bandwidth and the
fabrication tolerances of the MMI couplers have been considered in [11]. Reflection
properties of the MMI devices have been studied in [12]. MMI couplers have been
implemented in various materials and technologies. In addition to their use as single
couplers and power splitters [13]-{22], MMI devices have been applied to perform a
number of other more complex functions [23]. MMI couplers have been utilized for
polarization splitting [24]. They have been employed for combining the signal and the
local oscillator power in an optical coherent receiver front-end [25]. They have proven
successful outcoupling elements in waveguide ring lasers [26]. They have been used to
realize very compact optical switches in the form of the generalized Mach—Zehnder
structures [27}-{39]. MMI couplers can also allow for interesting new functionalities
such as mode filtering, mode splitting/combining, and mode converting [10], [30].

1.2 Wavelength Multiplexers

Wavelength (de)multiplexers are key components of WDM communication
systems. Wavelength (de)multiplexers have been demonstrated using various techniques
including reflection gratings [31]-{33], planar microlenses [34], multiple reflections in
glass plates [35], and cascaded Mach~Zehnder interferometers [36], [37]. A popular
device, which has witnessed rapid progress in recent years, is the arrayed-waveguide
grating (AWG) multiplexer. This device has been extensively covered in the literature
[38]-{46]. Due to the increasing importance of AWG in the current WDM systems, a
brief description of this device and its applications is given below.

Layout of an AWG multiplexer is displayed in Figure 1.4. The AWG consists of
N input ports, N output ports, and two free-space regions (slab waveguides) connected
by an arrayed-waveguide grating, all of which are integrated on the same substrate. The
input light is diffracted in the first slab and coupled into the array waveguides. The array
has sufficient number of waveguides to collect all the light power diffracted in the slab.
The waveguides in the array are arranged so that the lengths of adjacent guides differ by a
constant value. After traveling through the array, each component of light attains a
different phase delay proportional to the length of the array guide. This results in



wavelength-dependent wavefront tilting. The arrayed-waveguide operates like a concave
diffraction grating. The light from the array guides is focused in the vicinity of the output
ports by the second free-space region. The focal position depends on the wavelength
because of the wavelength-dependent phase shift in the array. Hence, the light is
separated as a function of wavelength, and each wavelength is coupled into its respective
output port. The AWG operates at high diffraction order and, consequently, it can
support a large number of narrowly-spaced wavelength channels.

Waveguide Grating

Input
Ports

Output

Free-Space Regions Ports

Figure 1.4 Schematic diagram of an arrayed-waveguide grating multiplexer.

The AWG has interesting wavelength-routing properties and can route WDM
channels on the basis of not only their wavelengths but their input ports as well. Each of
the N input ports can be used for WDM operation, but there is a cyclical relationship
between the input port number, the output port number, and the optical channel number.
That is, the same wavelengths are assigned to routes (i, k) and (i + b, k+ b), where i, k,
and b represent the input port number, the output port number, and an integer variable,
respectively. Therefore, in addition to basic wavelength (de)multiplexing operation, an
AWG can offer functions such as N x N WDM interconnection, and wavelength add-drop
multiplexing; see Figure 1.5. These functions are essential in WDM optical network
applications. There are N? unique paths in an N x N interconnection and it is well known
that the minimum number of wavelength channels required for an NxN WDM
interconnection is N. As shown in Figure 1.5(a), the AWG makes efficient use of a given
finite set of wavelengths to achieve the N x N interconnection, thereby replacing the N
demultiplexers, N multiplexers, and N fibers in an earlier reported WDM-based N x N



optical network [1] by a single device. The second function is add-drop multiplexing, in
which one or more wavelengths are dropped and inserted at a node in an optical network.
The add-drop function requires a demultiplexer and a multiplexer. The input signal is
demultiplexed and the drop-wavelengths are removed, then the remaining wavelengths and
the wavelengths to be added are combined by a multiplexer. Using the loop-back
configuration shown in Figure 1.5(b), a single AWG can perform the add-drop operation
by acting as both a demultiplexer and a multiplexer at the same time. The wavelength
channels are dropped and inserted by opening the respective loops.

N x N WDM Interconnection A's Add-Drop

V

l“l, l"z’ Aﬂ3 A-[, 1"2’ 1'3

Xy, Xy Xy A'ys Ay, A7

Ay Aoy A A, Ag, A3, Ay, As Ay Ap, Az, A4, Xs
(a) )

Figure 1.5 Operation of the AWG multiplexer as (a) Nx N WDM interconnect

and (b) add-drop wavelength multiplexer with loop-back configuration.

Al! AQ’ )'3

The AWG has been proposed for and/or applied in many other applications as
well [45}-{50]. Fast tunable filters, lasers, and receivers operating over a wide optical
frequency band can be realized by combining the passive AWG with active elements [45].
Low-cost passive optical networks based on AWG have been demonstrated [46]; these
optical distribution systems have been proposed as upgradable local loop architectures to
replace copper telephony. The AWG has been used as an intracavity filter in
multiwavelength lasers [47]-[50]. The wavelength-routing properties of the AWG has
made it a suitable choice for various WDM applications. The relevance of the AWG to
our work is that the wavelength multiplexers, which we develop in this thesis, possess
wavelength-routing characteristics and functionalities similar to those of the AWG.
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The main aim of this thesis is to investigate how MMI couplers can be used for
WDM functions. Towards this goal, we design and develop a new type of wavelength
multiplexer, which consists of two MMI couplers interconnected by an array of N single-
mode waveguides. The MMI couplers operate as power splitters/combiners, and the
waveguide array is the dispersive element. The array guides have different lengths, and
this induces relative phase delays proportional to the length difference between the
guides. For brevity we refer to these MMI-based phased-array devices as MMI-phasar
multiplexers. An MMI-phasar multiplexer operates on N equally spaced wavelength
channels. The design of the MMI-phasar multiplexer is complicated by the fact that,
unlike the AWG, the lengths of the array arms are not necessarily govemed by a simple
linear relationship. An important issue in the design of MMI-phasar multiplexer is
finding an optimum combination of the lengths of the array arms that results in a compact
device with the best spectral response. In Chapter 4, it is shown that MMI-phasar
multiplexers can operate as Nx N WDM interconnecting components and add-drop
wavelength multiplexers. A five channel MMI-phasar was fabricated in a SiO-SiON rib
waveguide system and its performance was measured. It is interesting to note that the
number of guides in the array of the MMI-phasar is much smaller than that of the AWG.
Consequently, it is possible to convert the MMI-phasar to a WDM cross-connect switch
by placing phase shifters on the array arms, while this is not practicable for the AWG. A
WDM cross-connect switch or dynamic wavelength router is highly desired in WDM
optical networks because it is capable of reconfiguring the wavelength-routing on demand.

The wavelength multiplexers, which we have been discussing up to now, are
known as dense wavelength multiplexers since their channel spacing is on the order of a
few nanometers or less. However, coarse wavelength multiplexers are also required for
some applications. For example, dual-channel coarse wavelength multiplexers are needed
for combining/separating the signal and pump light before/after erbium-doped optical
amplifiers. In erbium-doped optical amplifiers, the signal is in the 1550-nm band while
the pump light is either 1480 nm or 980 nm. In the final portion of this thesis, we
demonstrate a 980/1550-nm wavelength demultiplexer using MMI couplers and
implemented in a SiO,~SiON rib waveguide system. This device has a very simple
structure consisting of a central multimode waveguide and three access guides. An MMI
coupler can perform dual-channel wavelength demultiplexing when it is designed to be
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bar-coupled for one wavelength and cross-coupled for the other. Generally, the length of
MMI couplers used for dual-channel wavelength muitiplexing would be too long because
MMI couplers are relatively insensitive to wavelength variations, but if the two
wavelengths of interest are on the order of a few hundreds of nanometers apart, fairly
small-size devices can be designed. Our work reveals that good performance with a
compact multiplexer can be achieved. This multiplexer is a suitable candidate for
integration with erbium-doped waveguide amplifiers and waveguide ring lasers, as shown
in Figure 1.6.

Pump light Pump light

Signal light Signal light

Pump light =g
Signal light <=

Erbium-doped
Ring Waveguide

Figure 1.6 Layouts of (a) an erbium-doped waveguide amplifiers and (b) an
erbium-doped waveguide ring laser, which use wavelength-selective MMI couplers
for (de)multiplexing the pump and signal lights.

1.3 Thesis Qutline
This thesis can be separated into two main parts. The first part consisting of
Chapters 2 and 3 deals with the theory and properties of the MMI couplers and the
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fabrication issues involved in this work. The second part comprising of Chapters 4 and 5
presents the work on the MMI-phasar and the 980/1550-nm wavelength multiplexers.

In Chapter 2 some theoretical aspects of optical waveguides relevant to the
analysis of the MMI couplers are reviewed. Modal propagation analysis, which is used
to simulate the propagation characteristics of light in MMI couplers, is described.
Generalized self-imaging properties of the MMI couplers are derived. Overlapping-image
MMI couplers, which permit both uniform and nonuniform power splitting, are
discussed. Analytical expression that relate the coupler geometry to image intensities,
positions, and phases are presented.

In Chapter 3 the waveguide structure and the fabrication procedure adopted in this
work are explained. Optical bandwidth and fabrication tolerances of the MMI couplers
are examined. A 5 x 5 general MMI coupler and a 1 x § overlapping-image MMI coupler
are fabricated in a rib waveguide system and their transmissions are measured.

In Chapter 4 the design of the MMI-phasar multiplexers is considered. A general
theoretical formulation for an N-channel multiplexer is presented, and a simple procedure
for finding an optimum set of lengths for the array guides is provided. It is shown that
these multiplexers can function as N XN wavelength-selective interconnecting
components. Also, it is demonstrated that sidelobes in the multiplexer spectral response
can be suppressed by employing an appropriate MMI nonuniform power splitter to
suitably weight the power samples in the array guides. Two variations of a five-channel
device with 2-nm channel spacing at 1550 nm are fabricated, and their performance are
measured. Furthermore, the design of a 12-channel MMI-phasar multiplexer useful for
application with multiwavelength lasers is examined.

In Chapter S a compact 980/1550-nm wavelength multiplexer consisting of a
wavelength-selective MMI coupler and three access guides is demonstrated. This device
is useful for integration with rare-earth doped waveguide amplifiers and lasers. It is
shown that the device performance can be optimized with a right choice of the waveguide
parameters and the coupler width. The device is fabricated in a rib waveguide system,
and its experimental performance is compared with the simulated results.
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2. Theory of Multimode Interference Couplers

This chapter provides the underlying theory of the self-imaging effect in planar
multimode waveguides. The propagating light in a multimode waveguide can be
decomposed into a set of orthogonal fields known as modes. The relation between the
propagation constants of the modes of a homogeneous symmetric slab multimode
waveguide is such that the modes interfere constructively at periodic intervals along the
propagation direction. This mode-beating property results in the formation of images of
the input excitation field. Let us begin our discussion by considering dielectric slab

waveguides.

2.1 Slab Waveguides

Slab waveguides serve as useful approximate models for more complicated optical
waveguide structures and can be used to illustrate the general characteristics of waveguide
modes. As we shall see later, a comprehension of the modal characteristics of the
symmetric three-layer slab waveguide is required to develop the theory of the MMI
couplers. In their simplest forms, slab waveguides consist of a planar core layer with a
higher refractive index than the two surrounding cladding regions. When the two cladding
regions have the same refractive indices, the structure is called the symmetric slab
waveguide. Figure 2.1 shows a symmetric slab waveguide with a core thickness of #.
The light is confined in the x direction to the core region and propagates in the z direction.
The following analysis in this section deals mainly with the symmetric slab waveguide.

x n;
x=+W/2 4 x I—

Y z n
‘é-—* ny>n, —

x =-W/2 r—-
n n, n

Figure 2.1 The symmetric three-layer slab waveguide with the step-index profile
shown on the right.
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Like any other electromagnetic field, light is described by two related vector fields:
the electric field E(x, y, z, ¢) and the magnetic field H(x, y, z, ¢), where x, y, and z represent
the positions in space, and ¢ denotes the time. Each of these two vector functions
consists of three components, which are (E,, E,, E;) for the electric field and (H,, H,, H;)
for the magnetic field. The electric and the magnetic fields are related by Maxwell’s
equations. Assuming a linear, nondispersive, homogeneous, and isotropic medium with
no free electric charges or currents, it can be shown through Maxwell’s equations that
each of the six components of E and H satisfies the wave equation given by
n* 3*f
2
where fis a complex wave function, n is the refractive index of the medium, and c is the
speed of light in free space. Let us assume that dependency of fon ¢ and z can be fully
described by

vif= @.1)

S(x,y,2,6)=F(x, y)exp(jax ~ jf), (2.2)
where @ is the optical frequency, B is the propagation constant, and F is a real-valued
wave function called a mode. The modes form an orthogonal set of solutions of the wave
equation and they propagate through the guide with their amplitude distributions
unaltered. Slab waveguides are two-dimensional structures in the sense that the modal
field F has no variations with respect to y, i.e.,

oF [dy=0. 2.3)

Hence, for slab waveguides the field F is one-dimensional and is a function of x only.
Applying (2.2) and (2.3) to (2.1), the wave equation for each region of the slab becomes

3*F [ + (K n? - B*)F =0, 2.4

where n; is the refractive index of the I-th layer, K is the wave number in free space

(K =2m[2), and A is the wavelength in free space. The fields propagating in a waveguide

must satisfy certain boundary conditions and so the problem becomes an eigenvalue one.

This leads to a discrete set of solutions of (2.4) for the bound (or guided) modes. For the
slab structure in Figure 1.1, the propagation constants of the bound modes lie in the range

Kn, < B <Kn,. (2.5)

The fields of the bound modes are exponential in the cladding and sinusoidal in the core
layer. In addition to the bound modes there are other solutions with corresponding values
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of B smaller than Kn,. These are radiation modes, which are sinusoidal in all layers and
extend over all transverse space. Radiation modes have been ignored in this analysis since
they are not significant in the operation of the practical MMI couplers.

We need to know which components of E and H are involved in the solutions. It
can be shown that by applying condition (2.3) to Maxwell’s equations the six
components of E and H can be grouped into two independent and orthogonal sets. These
two sets of fields are {E,, H,, H,} and {H,, E., E,} known as transverse electric or TE
and transverse magnetic or TM, respectively. The components of each set are related,
and by determining only one component the other two in each set can be found, as well.
For example, the relations between H; and E,, and E; and H,, are

i OE
== pjw ?x!’ 2.6)
i OoH
o J
E,=- . ax’, 2.7

where /4, is the permeability and &, is the permittivity in free space. Usually, solutions of
E, and H, for TE and TM, respectively, are determined. Thus, the wave function F
represents either E, for the TE case or H), for the TM case.

The fields are subject to boundary conditions. It is known from the
electromagnetic theory that tangential components of £ and H must be continuous across
a dielectric discontinuity. For TE fields this implies that E, and H, must be continuous
across planar dielectric boundaries perpendicular to the x axis in Figure 2.1. Similarly, for
TM fields H, and E; must be continuous across dielectric boundaries. In view of
Equations (2.6) and (2.7) these conditions imply that

TE: E, and —a% continuous
T™™: H, and (-l-) oA, continuous
y ) ox

(2.8)

across dielectric discontinuities.
Now, let us examine the solutions of the wave equation (2.4). To simplify the

analysis, two mode parameters p and g, which have positive real values, are defined as
p*=K%n}-pB* for the core layer,

2 2 2 2 . 29)
q°=PB°-K*n; for the cladding layer.
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It should be realized that p and g are not completely unrelated parameters. Their
relationship can be clarified by eliminating B from (2.9) to get

pP+q =K’(nf-n§ ) (2.10)
For a symmetric slab waveguide it can be shown that solutions of (2.4) must be either

even or odd functions. Using the definitions of p and g, the solutions for the modal fields
derived from (2.4) can be written as

core (H - 4 A : Fe)= {cos(px) for even modes,
2) sm(px) for odd modes,
\

upper cladding (x > % : F(x)= Bexp(—qx) for all modes, (2.11)
/

lower cladding (x < ¥ :
2) -B exp(qx) for odd modes,

) Fe)= {B exp(qx) for even modes,
where B is a constant, which is determined by considering the boundary conditions stated
in (2.8). The value of B is given by
B =cos(pW/2) exp(g/2) for even modes,
B =sin(pW/2)exp(qW[2)  for odd modes,
Also, note that the field given by (2.11) goes to zero at infinity. Applying the conditions
of (2.8) to (2.11) at x = W [2 boundary results in the following constraint equations:

(2.12)

q(n,/ nz)w = ptan .P_;Z. for even modes, o3
N
a(m/ nz)” =—pcot %": for odd modes,

where 0=0 for TE and o=1 for TM. Expressions (2.13) and (2.10) define the
constraints on f, p, and q. Values of B, p, and g that satisfy these constraints determine
the bound modes that can propagate in the slab waveguide. By substituting for ¢ from
(2.13) in (2.10), we get

¢ \2]
1+ ) an2? =K2(nf—-n§) for even modes,
|\ A 2 ) ] @.14)
R s \21 )
1+ 2 cot 2 =K2(nf-—n§) for odd modes.
\"/) \ 2 )
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The value of p for each mode can be found from (2.14), and then the corresponding values
of B and q are obtained from (2.9). By substituting for the values of p and g in (2.11), the
amplitude distributions of the bound modes of the slab waveguide are found. As an
example, the amplitude distributions of the first six modes of a symmetric slab waveguide
are shown in Figure 2.2. The modes have been denoted by the mode number v. The v-th
order mode is distinguished by having v + 1 lobes. The mode corresponding to v =0 is
also referred to as the fundamental mode. The modal power is not totally confined to the
waveguide core since the exponential tails of the modes penetrate into the cladding. This
lateral penetration depends on the waveguide characteristics and the mode order. In
general, the modes can be assumed to be confined within an effective width W, which is
larger than the actual width ¥ of the guide. This effective width can be approximated by
the effective width of the fundamental mode [S1] and is given by

™ ;
w22 (2o
W,_W+(”Inl) (n2-n3) (2.15)

where =0 for TE and =1 for TM. The difference between W, and W gets smaller for

waveguides with higher contrast (i.e., larger difference between n, and n,).
The number of guided modes in a waveguide is always finite, and is dependent on
the guide width, wavelength, and core and cladding indices. In the case of a symmetric

0 744
<> ? <; D

i W, > > w

F4 ¢ <r <> <\ Y

v=20 1 2 3 4 5

Figure 2.2 Amplitude distributions of the bound modes of a symmetric slab
waveguide of width #. The first six modes are shown. The modes can be assumed
to be confined within an effective width of W..
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slab waveguide, the number of bound modes is limited by (2.5) and it can be shown [51]
that the total number of guided modes V for each polarization is given by

V = Cei -2% n? -ng), (2.16)

where Ceil(x) is the smallest integer that is greater than or equal to x. The number of
modes increases for larger waveguide thicknesses, larger differences of refractive indices,
and for smaller values of wavelength.

If the refractive indices of the upper and lower claddings of the slab in Figure 2.1
are different, the structure is called an asymmetric slab waveguide. The asymmetric three-
layer slab waveguide is treated similarly with a slight modification of the above
formulation. Also, the above analysis, in principle, can be extended to the more general
multi-layer (more than three layers) slab structures. The constants associated with the
fields in two adjacent layers are related by a set of two linear equations. Since the number
of constants and the number of linear equations grows by two for each additional interface
in a multi-layer slab structure, the analysis soon becomes cumbersome as the number of
layers increases. However, a method known as the transfer matrix approach [52] may be
used to simplify the problem by multiplying 2 X2 matrices relating the constants
associated with the field for each layer, thus eliminating all constants except the one
associated with the upper cladding and the one associated with the lower cladding. The
determinant of the coefficients of these two remaining constants is set to zero to obtain
the dispersion relation. Finally, the modes are found by solving the dispersion relation
for B.

Most practical waveguide structures in photonic integrated circuits confine the
optical field in both transverse dimensions (x and y directions). The field confinement in
the y directions is achieved by features such as rib/ridge, channel, and strip loading. This
two-dimensional transverse confinement can be used to direct the light to various
locations on a substrate merely by defining the waveguide path. The boundary value
problem for the two-dimensional modes in dielectric optical waveguides does not have a
closed-form solution. A variety of numerical approaches based on discretizing the
differential operators in the wave equation have been developed to find the modes in these
waveguides. The numerical methods are accurate, but often complicated and
computationally intensive. Moreover, they do not provide insight into the mechanism of
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the self-imaging effect in the MMI couplers. In addition to rigorous numerical techniques,
a number of simpler analytical methods exist that produce approximate results, which are
satisfactory for many cases. By far the simplest and the most popular of this group is
the effective index method [53]-{57]. In the effective index method a waveguide with a
two-dimensional profile is approximated as an equivalent slab waveguide. The relatively
straightforward theory of slab waveguides is applied in conjunction with the effective
index method to analyze the practical waveguides.

2.1.1 Effective Index Method

A ridge waveguide structure is schematically shown in Figure 2.3(a). The ridge is
formed by etching the core layer. Ridge waveguides are the most suitable structures for
designing MMI couplers and they have been employed in the device design and
fabrication in this thesis. The basic idea of the effective index method (EIM) is to replace
a rectangular structure such as a ridge waveguide by an equivalent slab with effective
refractive indices. For example, the ridge waveguide of Figure 2.3(a) is replaced by the
symmetric three-layer slab depicted in Figure 2.3(b). The thickness of the core layer of
the equivalent slab is the same as the width W of the ridge. The effective refractive
indices (g and n,)) are obtained by solving the equations of the slab waveguides defined
with index profiles as seen along each of the vertical dashed lines in Figure 2.4. It is
assumed that the ridge waveguide is single-mode in the y-direction. Also, without loss of
generality, it is assumed that the refractive indices of the layers of the ridge waveguide are
such that n, > n, 2 n.. The corresponding solution of the equivalent slab can be easily
obtained after finding the effective indices ng and n.;. The propagation constants of the
modes of the equivalent slab are approximately equal to those of the ridge waveguide.
However, it is necessary to restrict the set of modes to those with propagation constants
greater than Kn;, since only these solutions correspond to the bound modes of the ridge
waveguide. Other solutions of the equivalent slab are spurious and should be ignored.

The EIM is the favorite approach for finding the modes of the guides used in the
design of MMI couplers. It has been shown in the literature that the results of the EIM
can be reasonably accurate in the limit of strongly confining waveguides with large ridge
depths [57], [58]. Nevertheless, in general, the accuracy of the EIM varies with the
waveguide structure and the mode order. The most significant parameter of an MMI
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Figure 2.3 A ridge waveguide is modeled as an equivalent slab waveguide. (a)
Schematic diagram of a ridge waveguide, (b) the equivalent symmetric three-layer
slab waveguide with the effective step-index profile shown on the right.
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Figure 2.4 The effective refractive indices of the equivalent slab waveguide are
obtained by solving the equations of the slabs defined along the vertical dashed lines
on the ridge structure.
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coupler is the beat length, and so it is desirable that both the ridge waveguide and its
equivalent slab have the same beat lengths. The beat length L, depends on the
propagation constants of the first two modes and is defined as
(4

L= P B’ @.17)
where f and B, are the propagation constants of the fundamental and first order modes,
respectively. In our analysis, we first calculate the beat length of the ridge waveguide
directly using a vectorial finite-difference 2D mode solver called FWave, which is available
in the public domain [59]. Then the effective refractive index n; of the equivalent slab is
chosen so that its beat length is the same as that of the ridge waveguide. Selecting a
suitable value for n is in harmony with the fact that in many cases no explicit solution
for n, exists because the mode of the vertical slab defined at the region adjacent to the
ridge might be beyond cutoff.

It was seen previously that the modes of a slab waveguide can be conveniently
separated into orthogonal TE and TM polarizations. For non-slab waveguides such as
ridge structures, purely orthogonal polarization states do not exist and the modes are not
strictly TE or TM. In this case the modes are always hybrid, meaning that all three
components of both the electric and magnetic fields are non-zero. However, for most
practical waveguides, these six field components are not equally significant and some
components are much stronger than the others. This leads to quasi-polarized modes
referred to as quasi-TE and quasi-TM. It is assumed that the dominant field component
are E, and H, for quasi-TE, and H, and E, for quasi-TM. The effective index method
(EIM) can be used to solve for the modes of both polarizations. In the EIM, obviously
the wave polarization has to be kept consistent when applying the slab analysis in each
transverse direction. For example, in the case of quasi-TE, first the slab in the y-direction
is solved for TE and then equivalent slab in the x-direction is solved for TM modes.

2.2 Modal Propagation Analysis

The modes of an optical waveguide constitute an orthogonal set and can be used to
represent the propagating field in the waveguide. An MMI coupler consists of a central
multimode guide and several input/output access guides; the stable propagating field in
each of these sections can be expressed in terms of the local bound modes, having
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amplitudes determined by the transition relations at the junctions between the
corresponding sections. Such a characterization of light propagation in waveguides is
known as modal propagation analysis. Assuming an MMI coupler with its input plane at
z =0, an incoming field I(x, 0") to the coupler can be written as

T(x,07)= Y af;@), (2.18)

where I:f,(x) is a set of orthonormal functions obtained by appropriately normalizing the
modal fields F(x), i.e.,

hoy=—=Lt® (2.19)
JIEef e

and a, is a complex amplitude coefficient given by
+a0
a,= [E ©T(x,0)dx, (2.20)

where F’ (x) is the complex conjugate of £(x). It has been assumed that pre- and post-
transition waveguides are sufficiently similar that any reflected power at the transition
can be neglected. The number of guided modes is finite and some of the input power at
the transition may be lost through radiation. This explains the approximation sign used in
(2.18). For MMI couplers, the radiated power is not significant and is ignored in the
modal analysis. Modal propagation analysis is not suitable for applications where the
distribution of power radiated from a structure is important. Now, after determining the
amplitude coefficients a,, the field in the MMI coupler at any longitudinal point z can be
expressed as

T(x,2)= Y aF,(x)exp(-jB2), 221)

where B, is the propagation constant of the v-th mode. The transition at the output plane
of the MMI coupler is handled in a similar fashion to the input plane transition, and the
power coupled into the output access guides can be found.

Modal propagation analysis is simpler than various numerical beam propagation
methods (BPM). However, modal analysis is applicable only to structures (like MMI
couplers) that can be adequately represented by a few longitudinally invariant sections,
each supporting a relatively small number of guided modes, to keep the required
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computations at a practical level. Modal propagation analysis is probably the most
effective theoretical tool to describe the self-imaging effect in MMI couplers. It not only
supplies the basis for modeling and design, but it also provides insight into the operation
of MMI couplers.

2.3 General Self-Imaging Properties in NXN Multimode
Interference Couplers |

Self-imaging is a property of homogeneous multimode waveguides by which an
input field is reproduced in single or multiple images at periodic intervals along the
propagation direction of the guide. This property has been used to design MMI couplers
suitable for power splitting/combining applications. Several self-imaging mechanisms in
MMI couplers have been described in the literature. The most general type of MMI
coupler is the Nx N coupler. Other variations of MMI couplers, such as the 3-dB
coupler, cross coupler, and overlapping-image couplers can be considered as special cases
of N x N MMI couplers. A layout of a practical N x N MMI coupler designed in a ridge
waveguide system is shown in Figure 2.5. A field distribution at any of the N inputs is
reproduced at the output plane of the coupler in the form of N images that have equal
magnitudes and different phases. We are going to follow the general treatment of
Bachmann et al. [9] to theoretically derive the complete self-imaging properties, which
leads to compact expressions for the positions, intensities, and phases of the images. An
arbitrary input light distribution is decomposed into the guided modes of the MMI
section, which are propagated down the length of the coupler and superimposed at the
output. The resulting equation for the field at the output plane is analytically
transformed to describe the output field as a superposition of N images. In many
applications, like generalized Mach—Zehnder switches and MMI-phasar multiplexers, not
only the magnitudes but also the phases of the output images of the MMI couplers are
relevant. Derivation of closed-form expressions for the phases give us the tools to design
these relatively complex devices.

An Nx N MMI coupler generally has a length of L. =3L.M [N, where L, is the
beat length of the coupler and M is a positive integer such that M and N are without a
common divisor. M is just a multiple occurrence of the N images at different device
lengths. For practical applications, the device length has to be as short as possible; this is
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achieved by choosing M=1. Consequently, the length of the NxN MMI coupler
considered in this analysis is
L .=3L[N. 222)

The theory developed here is strictly correct only in the limit of strong guiding. This
should not be a problem since MMI couplers are normally implemented in ridge
waveguides, which are known to be “strongly guiding” or “strongly confining” as the large
ridge depth tends to strongly confine the modal field within the bounds of the ridge.
Using the effective index method described in Section 2.1.1, the three-dimensional coupler
of Figure 2.5 is reduced to two dimensions as shown in Figure 2.6. The MMI coupler has
an effective width W,, which is slightly larger than its actual width and takes into account
the lateral penetration depth of the modal fields. An expression for the effective width
was given before in (2.15). In a strongly confining structure, the field distribution of the
guided modes of the MMI coupler are well described by functions of the form

F,(x) = sin[n (v + Dx/W,], (2.23)
where v is the mode number. Note that, as illustrated in Figure 2.6, the x-axis has been
placed such that the effective width of the coupler extends from x=0 to x=W,. The
modes are almost completely confined so that their field distributions contain an integer

Figure 2.5 Schematic view of a practical Nx N MMI coupler implemented in a
ridge waveguide system (the case of N =5 is shown).
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Figure 2.6 Any input field to a general MMI coupler of length L, =3L./N is
recreated in the form of N images at the output plane of the coupler. These output
images have equal power and different phases.

number of half-periods within the waveguide. Now, by comparing (2.23) and (2.11), it is
seen that the mode parameter p, can be written as

A =r(v+)/W,. (2.24)
But we know from (2.9) that the corresponding propagation constants are given by
B} =K?*n}-p}, (2.25)

where n, is, as described in Section 2.1.1, the effective index of the core layer of the
equivalent slab, and X is the wave number in free space expressed by

K =2x/a, (2.26)
where A is the wavelength in free space. Using the paraxial approximation p,<<p, in
(2.25), B, can be approximated as

P,
=Kn, ~—. 227
B" g ZKng ( )
By substituting for K and p, from (2.26) and (2.24), respectively, in (2.27) we obtain
2m 2
g =8 BOLY 2.28)
A 4an W,

Using (2.28), the beat length L, defined previously in (2.17) can be written as
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2
x_ A 2.29)

Using (2.28) and (2.29) the propagation constant of the v-th mode B, can be expressed in
terms of the propagation constant of the fundamental mode S and the beat length as

follows:
_ v(iv+2)t
ﬂv=ﬂo-—(—32x-—- 2.30)

From (2.30) it is observed that the propagation constant is a quadratic function of the
mode number v; this dependence establishes a definite phase relationship among all the
modes of a homogeneous multimode waveguide and is the basis of resonant self-imaging.

Now, let us assume an arbitrary input field distribution at the entrance of the
coupler. Although the access guides usually carry only one single, symmetrical mode, the
analysis of this section applies to any arbitrary input field and can cover the situations
where curved access guides are used or when the access guides may carry more than one
mode. The input field is decomposed into the modes of the MMI coupler. For complete
decomposition, in general we need an infinite number of guided modes (limit of strong
guiding approximation). For the practical cases with a finite number of modes, the input
field is decomposed into these modes, and the remaining field components are lost
through radiation. However, the lost power is negligible for the strongly confining
structures. Figure 2.7 shows the input light distribution 7(x) and the modal fields F,(x) of
the coupler. For mathematical simplicity, the input field 7(x) defined in the real MMI
section 0 <x < W, has been extended to the virtual section -#,<x <0, forming the
antisymmetrical function N(x) — I(-x). This function is extended over the entire x-axis
with 2, periodicity and named T(x). Using a spatial Fourier decomposition, Tex(x)
can be rewritten as a superposition of the infinite number of modal fields:

T (%)= Y, @, F,(x), 2.31)
v=0
where @, is a complex amplitude coefficient given by
2 W,
@ =5 { F; (0)TGx)x. 2.32)

Note that the functions T(x) and T.(x) are identical in the actual MMI coupler between
0 <x < W,, where the real physical problem is defined. The excited modes propagate
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over the length L. of the MMI coupler and the output field Tou(x) at the end of the
coupler can be expressed as

Tou(¥) = 3@, F, (xexp(~jBL.). @)
Substituting for B, and L. from (2.30)‘::161 (2.22), respectively, in (2.33) we get
Tm(x)=§:oavPvF,(x), @34)
where the parameter P, is given by )
P, =exp.-jBoLc+-j§v(v+ )]. (2.35)

The parameter P, has a physical meaning as it accounts for the phase change of the v-th
mode. P, can be calculated recursively, which is needed for the derivation of the self-

imaging properties:

Py=exp(~jB,L.). B =P, exp|jn(2v+1)/N]. (2.36)
In the above analysis the output light distribution of the MMI coupler has been
represented as the superposition of the modal fields. The occurrence of multiple images

x=-W, x=0 x=W,

e —Pi >

' Virtual MMI section © Real MMI section *
Figure 2.7 MMI section with input light distribution I(x) and decomposition into
the bound modes Fi(x) of the structure. For theoretical purposes the functions
F,(x) and T(x) are antisymmetrically extended to the virtual MMI section and
periodically repeated on the whole x axis.
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is not obvious in this form. The positions, phases, and amplitudes of multiple images
cannot easily be extracted from Equation (2.34). We have to find a way of rewriting
(2.34) so as to see the multiple images of the input field in the equation. This will be
done next.

2.3.1 From Modal Representation to Self-Images

Let us first reformulate the parameter P,. A new parameter Q,, which will be
shown to be identical to P,, is introduced and defined as follows:

1 N-1 .
0, ==Y exp(jf2,; ), 237)
Cix
where C is a complex normalization constant defined as
. R - j ﬂb .
C =exp(JBoL.) X exp| =+ jo | (238)
b=0 e
and £2is a phase coefficient defined as
Q, =—1t(v+l);;-f-+¢pb, (2:39)
where x, and @, are
x, =(2b-N)W_/N, (2.40)
@, =N ~b)r/N. (2.41)

It will become clear later that x; and ¢, represent the positions and phases, respectively,
of the N images numbered by 5=0, 1, ..., N— 1. Note that the phase coefficient £2, , has

a periodicity of N with respect to b. Using (2.39) with (2.40) and (2.41), and comparing
gv—l,b and .Q,,,.[ we obtain

o N T +%‘l-(2v+1). (242)

Equation (2.42) is important in the derivation, although this is not yet very obvious.
Now, the term with index b in (2.37) is replaced by b — 1, and employing (2.42) and the N
periodicity of the Q, ;, the following relation between O, and Q,., is obtained:

0, = 0, exp| ja(2v+1)/N ] 243)
Given the fact that (2.43) is the same as that obtained for P, in (2.36), the identity
P, = Q, is proved if we show that P, = Q,. By substituting for v =0 and by appropriate
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insertions from (2.38) and (2.39) in (2.37), it is easily confirmed that Py = Qy. Thus, we
can conclude that P, = Q, or

P =—1-1v2le —jﬂ(v+l)‘£b'+j¢b . 2.44)
g~} W,

[ 4
It is easy to show that —mx s [W,=mx, [W.+2x from (2.40), and ¢ = @ — 27 from
(2.41). We now replace the summation index b with N—b in (2.44). Then using the N
periodicity, and by replacing —x_; and ¢_; with x; and @;, respectively, we obtain

=— Zex;{ jn:(v-i- 1)7’7-4- J®s ] . (2.45)

e
Equations (2.44) and (2.45) both yield expressions for P, that differ only in the sign of
the exponential terms. These new forms of P, are inserted into Equation (2.34). Let us
first examine the term P, F,(x). The explicit form of F,(x) given by (2.23) is replaced with
the exponential functions using the identity sin(x) = [exp(jx) — exp(-jx)] [(2)). We obtain

PF,(x)= zij{a, ext| (v +1)x/W. |- P,exs-jn(v+)x/w.]}.  (246)

The two occurrences of P, in (2.46) are inserted with Equations (2.44) and (2.45),
respectively. This permits the introduction of the shifted modal fields Fi(x-x;) and
results in a compact form:

PF(x)=13 -‘-{“p[’”(m (x=n )] ]}exv(ﬂpb), (2.47)

C 5202 |ex —_m(v+1)(x x,,) 4

N-1
PF,() =7 SFx-x;)extljos ). (2.48)
5=0

This compact form of P,F(x) is inserted into (2.34). After interchanging the two sums
we obtain
T @)= Z[Za F,(x~ xb)]exp(m) (2.49)
=0
The term inside the brackets of (2.49) is, by comparing to (2.31), the Fourier expansion of
Texe(x — x5). Therefore, we finally arrive at the desired form of the output function that is
a superposition of N images of the input field:
o...(x)-—zrm(x — x5 Jexp(jo, )- (2.50)

b—O
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Equation (2.50) shows that the input field is repeated N times at the output of the MMI
coupler. As we said before, x, and @; represent the positions and phases of the images.
Also, due to the principle of conservation of energy, we have [C] = VN.

An MMI coupler of length L. = 3L, [N produces N-fold images of the extended
input function T(x) at its output. As shown in Figure 2.8, the N-fold images of the
extended input function are numbered with 5. These images correspond to 2N images of
the real input function N(x) in the range —W, <x < W,. Half of the images are phase-
inverted. The real MMI section 0 <x < W, includes N images of I(x), again half are
phase-inverted. Remember that the physical problem is defined in the real MMI section
only, and the terms with contributions to this limited range must be taken into account for
the calculation of T(x). Also, note that the phases @ are not included in the simple
drawing of Figure 2.8. The possible positions of the images and their corresponding
orientations are found from Equation (2.40) and Figure 2.8.

Access guides, which are placed at the input/output of practical MMI couplers,
restrict the exciting and collecting light distributions to limited ranges. The NxN MMI
coupler is designed such that different images of the input field at the output do not
overlap. For properly positioned access guides, the self-images are smoothly coupled

seses In t b - N’l - 0

=1
\ q Output
\
) |
W, IN

x-:iVe x=0 x-:-We

Vitual MMIsection = Real MMI section

Figure 2.8 MMI section with length L.=3L,/N produces N images of the
extended input field T.(x). The real MMI section of effective width ¥, contains N
images of the real input T\(x) at the output of the MMI. Half of the images are
phase-inverted.
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Figure 2.9 Schematic diagram of a general Nx N MMI coupler. Input and output
positions have a free parameter a, which is limited to 0 <a < W, [N.

into the output guides with minimal loss. An N x N MMI coupler bas N input ports and
N output ports. Each input position corresponds to the same set of output image
positions but the images have different phases. A schematic diagram of the Nx N MMI
coupler is depicted in Figure 2.9. For a given effective width #, and a chosen number of
images N, we obtain an additional free parameter a for the input/output positions that is
limited to 0 <a < W, [N. As the value of the parameter a increases, the images shift along
the arrows shown in Figure 2.8. Normally it is desired that the access guides be equally
spaced. By setting a to a=W,[(2N), equal spacing between the access guides is
obtained. As shown in Figure 2.9, the input ports and the output ports of the coupler are
denoted with indices i and j, respectively. The numbering direction of the inputs is
bottom up while the numbering direction of the outputs is top down. Note that the index
j should not be confused with the imaginary unity j = V-1.

Other variations of MMI couplers like 3-dB couplers and cross couplers are just
special cases of the general NxN MMI coupler. For 3-dB couplers N=2 and
L.=3Lg[2, while for cross couplers N=1 and L.=3L, In cross couplers, the input
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field and its single image are placed at laterally opposite positions. This image is a
mirroring of the input field with respect to the longitudinal axis along the center of the
coupler. Also, it is easy to see that an MMI coupler with a length of 6L, produces a
direct image of the input field at its output (i.e., bar coupling) since it can be considered as
a concatenation of two cross couplers. Thus, MMI couplers have the interesting
property that they are in bar and cross-coupled states at lengths equal to even and odd
multiples of 3L,, respectively. This property will be used in the design of a 980/1550-nm
wavelength demultiplexing coupler in Chapter 5.

2.3.2 Derivation of the Phases

In an N x N MMI coupler an input field is reproduced at the output plane of the
coupler in the form of N discrete images of equal intensity and different phases. There is
a phase @;; associated with imaging input i to output j. This relative phase can now be
given in a compact form (remember the definition of the phase ¢ = a¥—Kz). To find the
phase @;;, we have to find the correct value of b in Equation (2.41). This is done by
comparing Figure 2.8 with Figure 2.9. Care must be taken to include the minus sign or an
additional phase 7 for inverted images, which occur for i +j even. To give an example, we
choose input i = 1. Then the corresponding values of b for the output ports j are:

b___{N-(j—l)/Z for j odd, @s1)
N-j/[2 for j even.

Now, let us look at the general input port i as shifted from input i=1by i—~1. The b
values stay the same if the outputs j are also shifted. Odd and even outputs shift in
opposite directions to each other. The correct shift of the outputs for general b is i —~ 1
for odd j, and 1 —i for evenj. Allowing for the correctly shifted versions of j in (2.51), we
obtain

; N-(j-i)f2 for j odd or i+ j even, 252
- N—(j+i-—l)/2 for j even or i+ j odd. '
The b values from (2.52) are inserted in (2.41) to get
T - -
_ ¢0+7r+27v-(1—zXZN—j+t) for i+j even,
Pi;= (2.53)

¢0+-£V—(j+i—lx2N—j-i+l) for i+j odd.
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Note the inclusion of the additional phase & for the case of i+j even. The phase
associated with the complex constant 1 /C in (2.50) has been taken into account in (2.53)

by ¢. Using the reciprocity law for generalized quadratic Gaussian sums [60], it can be
shown that the constant C given by (2.38) can be rewritten as

_ . Jjr _Jjn
C—\/Nexp[JﬂoLc+7+7(N—l)]. (2.54)
The phase constant ¢y is simply equal to the argument of 1 [C, i.e.,
3L, © =n
=B, 25 _Z _Z(N-1). 2.55
bo=~BoE~r 7V D) (2.59)

It should be noted that the relative values, and not the absolute terms, of the phases ¢;;
are of significance for applications in MMI-phasar multiplexers or generalized Mach—
Zehnder switches. Hence, the phase constant ¢y is simply ignored in our analysis in the
following chapters of this thesis.

The phase expression of (2.53) is in the same format presented in [9]. Let us try
to further simplify this phase expression. By expanding and regrouping its terms,
Equation (2.53) can be rewritten as

B0+ (j—i +2)———(j—i) for i+j even,
@i~ ' i( ) ::N ) (2.56)
b0 +-z(j+i-l)—m(i+i-l) for i+j odd.

By inspection we can easily see that, (2.56) is equivalent to the following single relation:

2
0. =¢o+-’2£[j+%+(-l)i+j(%-i)]-z%[ '-§+(—1)"*"G-i)] . @D

Figure 2.10 depicts an NXxXN MMI coupler, in which the output ports have been
numbered in the same way as the input ports. It will be seen in Chapter 4 that this
numbering convention will facilitate the analysis of MMI-phasar multiplexers. By
replacing j with N+ 1 —j the phase relation @;; can be modified to accommodate our
newly adopted numbering convention of Figure 2.10. By performing this replacement in
(2.57) and after some manipulations, we arrive at the final form of the phase relation:

9.; = -12'-(-1)"*"*” +£,-[i+j-i2 = A+ (Zij-i-f %)] (2.58)
where ¢ is a constant phase given by
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_ p3, 9% 3m
¢, =-B, N 8N+ 2 2.59)

Equation (2.58) will be used in the analysis of MMI-phasar multiplexers in Chapter 4. It
is easily confirmed from (2.58) that the symmetry relation ¢;;= ¢;; holds true for an
N x N MMI coupler. Also, another symmetry relation @;; = @n+1..n+1.7 €an be derived by
replacing iby N+ 1 —iandj by N+ 1 —j in (2.58) and utilizing the 27 periodicity of ¢;;.
These symmetry relations are useful in the analysis of MMI-phasar multiplexers.

The access guides in practical Nx N MMI couplers are placed at equally spaced
positions. In this case, as illustrated in Figure 2.10, the lateral positions of input and
output ports of the coupler are

x® =@i-DW,[2N, and x3* =(2j-DW_/2N. (2.60)
Inputs Outputs
BB e L= /N—y P

N W,/2N A W/2N N
— ]| w/N w/NI [
N-1 N-1

3 3
— ]l wuN w/N [
2 2
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Figure 2.10 An N x N MMI coupler with equally spaced access guides. The same
numbering direction has been used for both input and output guides.

2.4 Overlapping-Image Multimode Interference Couplers

As was mentioned in Section 2.3.1, the positions of the input/output ports of the
general MMI couplers have a free parameter a. Considering an MMI coupler of length
3L.[N", if we set a at one of its limits (i.e., a=0 or a= W, [N"), then N’ previously
distinct self-images merge in pairs and a reduced number of images is obtained. Each



35

output field is found by calculating the interference between two overlapped images, and
the output intensity distribution may be uniform or nonuniform depending on the
position of the input excitation. A thorough theoretical treatment of these MMI devices,
which are referred to as overlapping-image MMI couplers, has been presented in [10].
Some of the main aspects of these couplers are reviewed in this section.

In Figure 2.8 it was scen that shifting the input field 7(x) along the x-axis (or in
other words increasing the value of the parameter a) moves the upright images in the same
direction and the phase-inverted images in the opposite direction. Upright and phase-
inverted images cross when the parameter a is at one of its limits. Complete interference
occurs for either purely symmetric or purely antisymmetric input field distributions; both
of these cases have been dealt with in [10]. Here we concemn ourselves only with the
symmetrical input field distributions as this is often the case for practical MMI couplers
with single-mode access guides. Now, for two interfering images of equal intensity 1 /N”
and with known phases @, and @,, the magnitude r and the phase @ of the resulting image
are derived from the addition of the complex amplitudes:

rexp{j@) = —exp{joy) + T=exp{je2). @.61)

Rewriting (2.61):

rex;( j(b

The intensity »* of the resulting image is

cos[(cpl -0.)/2Jexd (e, +9.)/2] (2.62)

rt = —cos?[(p, ~9.)/2} 2.63)
and the phase ®is
oo (01 +90,)/2 for <:o{(¢pl +¢p2)/2]>0, .64
n+(p, +o,)2  for co{(cpl +¢,)/2|<0.

The general Equations (2.63) and (2.64) for interfering two equally intense images can be
applied to the interference taking place at the output of the overlapping-image MMI
couplers. In a manner similar to what was described in the previous section, the correct
value of b has to be inserted in Equation (2.41) to find the phases ¢, and @, as a function
of the input/output port numbers. Then Equations (2.63) and (2.64) can be expressed in
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terms of the input/output port numbers by substituting for ¢; and ¢,. Following this
procedure it can be shown [10] that the intensity 772, and the phase @; , of output j’

resulting from a symmetric field excitation at input i’ of the overlapping-image MMI
coupler depicted in Figure 2.11(a) can be expressed as

4 . ey T
r‘.','zj. =Fsm2[(N —J ){W]’ (2.65)
-+t DT for sin[(N "f')""z%]w’
Pirjr = (2.66)
o5 — ("2 +J'2)4_N,’ (J'+3)§ for Sin[(N =7 ')"'-2’:7]<0'

where i and j~ are any integer from 1 to N'~1, and i"+;" must be even. Again ¢; is a
constant phase given by

84 =-Fo s - - 2N -1). @67)

Note that image overlapping occurs only at outputs j° with even i"+; " while the
remaining outputs are of no significance since they carry no power. We can simplify
(2.66) and write it as a single-line expression:

¢;',j’ =¢0 __47(112 +Jr2)+_(,'+2)——sgn(sm((jv'—j ZN')) (2.68)

where sgn(x) is defined as
+1 if x>0

Let us reverse the numbering direction of the output ports so that they are numbered in
the same way as that of the input ports; see Figure 2.11(b). This modified numbering
convention can be accommodated by replacing j* with N in (2.65) and (2.68) to get

4 . %3
r,.’,i, =-AT,-sm (l’ 'J -Z—N—;), (2.70)

Pr . =0p + ﬂ:’ +7t--4—b;7(,'2 +]r2)__sgn( Iﬂ((l 2N'D .71)

whetei'andj'areanyintegetﬁ'om 1to N-1,and i"+j + N must be even. Interesting
symmetry relations ri. 7 -rj " and @} . =@’ are easily derived from (2.70) and (2.71),
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respectively. The positions of inputs and outputs of the MMI coupler of Figure 2.11(b)

are given by
xg =i'W[N", (2.72)
xP=jW,[N’, witheveni’+j +N’. (2.73)
Inputs <«——L.=3L /N—> Outputs
i J
IW,/N' A W,/N'I
N-1~ — — 1
J‘, i'+j even : I:
@ 3 LA C— 3
—__1lw/N w/N
2 ) N-2
—__]lw/N w/N I
1 N*-1
= 1|wW./N’ w/N I
Y
Inputs <«—— L.=3L /N—> Outputs
i J
IW/N' A W,/N'I
N-1~ — —— N~-1
: ) itj+N’ : :
: j even : :
(b) 3 We
—__J|woN° W./N°
2 2
—__]lw/N W./N’
1 1
- 1lw./N’ v W,./N°

Figure 2.11 Overlapping-image MMI coupler with a reduced number of images.
There is a pair of overlapped images at every other output position. (a) Outputs
have been numbered in the opposite direction to that of inputs. (b) The same
numbering direction has been used for both inputs and outputs.
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Our interest in the overlapping-image MMI couplers is mainly due to the fact that
we use these couplers as 1 x N nonuniform power splitters in the design of MMI-phasar
multiplexers, as will be explained in Chapter 4. A 1 x N MMI nonuniform power splitter
is an overlapping-image MMI coupler with one input port and a reduced number of

images N. The overlapping-image MMI coupler of Figure 2.11(b) can be directly
translated to the 1 x N MMI power splitter depicted in Figure 2.12 by introducing

parameters h; and h, where h; =i"and h, =j"—2(j — 1). Index j denotes the numbering of
outputs of the 1 x N MMI power splitter. The restrictions on the values of N, i*, and j~
can be rewritten in terms of parameters /&, and h, as follows:

h=1 .., N -]

h=12% @2.74)

N’=2N+h,2N + h, -1
and h; + h, + N" must be even. Parameters N, h;, and A, control the coupler length,
positions of access guides and, most importantly, output power distribution. The length
of the 1 X N power splitter is

=3 /N’, (2.75)

where L, is as defined before. Now, by replacing i” with 4, and j* with A, +2(j—1) in
Equations (2.70)<2.73), the corresponding expressions for intensities, phases, and
input/output positions of the 1 x N power splitter are obtained. Intensities and phases of
the resultant outputs in the 1 x N MMI power splitter can be written as

, 4 h .
ri = 2_ ~ —sin [(72 +j --l)hl N’]’ (2.76)

¢1——-[h' +hy +(-D? + (- 1)]--g{n{—+1 th,D, 277

where ¢, is a constant phase given by

T 5t

=T i/
=B N N s (2.78)
The input and output positions are
" =mW [N, (2.79)
X =(2j-2+h)W.[N", (2.80)

where A, is an integer given by (2.74), and A; is either 1 or 2.
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Outputs
<«——L;=3L /N—> t;)u
A — N
oW, /N’I C—
hy+hy+ N ) N-1
even : {_D :
] LA 3
— —_f W N[
— 2
hW,/N 2We/N' [ .
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Figure 2.12 Schematic diagram of a 1 x N MMI power splitter where parameters
h, and N have to be chosen from h, =1, 2 and N"=2N + hy, 2N + h; — 1 such that
the term h, + A, + N is even. Depending on the position of the input guide, both
equal and unequal power splitting is possible. All the values of A, except N'[2,
N’ [3, and 2N’ /3 result in nonuniform power distributions.

It is demonstrated in [10], and also it can be verified from (2.76), that output
power distribution of the 1 x N MMI power splitter is uniform only when 4, has one of
the three values of N°[2, N'[3, and 2N’ [3; power distribution is nonuniform for all the
other values of h;. In this thesis, we are not interested in the overlapping-image MMI
couplers with uniform output power distributions. However, for the sake of
completeness, a brief overview of these couplers is given next.

2.4.1 Uniform Power Splitters

The overlapping-image MMI couplers having uniform output power distributions
are referred to as restricted interference MMI couplers since the input guides of these
couplers are positioned such that only a restricted set of guided modes are excited. This
selective modal excitation allows new interference mechanisms with shorter device
lengths. These couplers have been divided into two groups: symmetric interference and
paired interference [23]. In the case of the symmetric interference MMI coupler, the
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input guide is positioned at ¥, [2. With this input position, only the even symmetric
modes of the coupler are excited. It can be shown [10] that the length of the symmetric
interference coupler producing N outputs with uniform intensities is then given by
L;=3L [(4N), (2.81)
which is four times shorter than the length of the N X N MMI coupler given by (2.22). In
the case of the paired interference MMI coupler, the input guide is positioned at either
W.[3 or 2W,[3. With these two input positions, the modes with the mode number
v=25,8, ... will not be excited. It can be shown [10] that the length of the paired
interference coupler producing N outputs with uniform intensities is given by
L.=L./N, (2.82)
which is three times shorter than the length of the Nx N MMI coupler given by (2.22).
Considering the fact that the restricted interference couplers are shorter than the NxX N
MMI couplers, in applications where 1 X N uniform power splitters are required it would
be advantageous to use the restricted interference couplers [15]. Table 2.1 summarizes
the different possible types of MMI couplers that produce N outputs with uniform

power.

Table 2.1 Summary of different multimode interference types that result in N
outputs with uniform power.

Conditi th
Multimode interference mechanism i Coupler length ondihions on tae

input position (x™%)
General interference 3L/N None
Restricted symmetric interference 3L./(4N) =W, [2

Restricted paired interference Le|N X =W,[3,2W.[3
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3. Performance of Multimode Interference Couplers

The theory of MMI couplers was described in the previous chapter, and the
required tools for modeling the light propagation in MMI couplers were provided. To
verify the theory, it is desired to fabricate a series of MMI couplers and compare their
theoretical and experimental performances. Towards this end, a number of general 5 x 5
MMI couplers and overlapping-image 1 x5 MMI nonuniform power splitters were
designed and fabricated in a SiO,—SiON deeply-etched rib waveguide system. In this
chapter, the fabrication and testing procedure of the MMI couplers is described. The
transmission of the couplers is examined. Also, fabrication tolerances and optical
bandwidth of the MMI couplers are studied. The device fabrication was performed at the
Alberta Microelectronic Centre (AMC), and the rest of the work, including the design and
the device testing, was carried out at TRLabs.

3.1 Waveguide Structure and Device Fabrication

MMI couplers have been implemented in various materials [23] including -V
semiconductors and glass-on-silicon waveguide structures. Glass-based structures are
generally cheaper and simpler to fabricate compared with structures based on II-V
semiconductors. Glass waveguides formed on silicon wafers are also used in hybrid
photonic integrated circuits. A glass layer structure, SiO,-SiON, was used in the
fabrication of our devices. These silica-based films were grown by the plasma enhanced
chemical vapour deposition (PECVD) method. Silicon oxynitride (SiON) is a suitable
material for passive optical components and has been used in a variety of applications
[61]{65]. The material SiO~SiON is compatible with the well-established silicon
technology and offers the possibility of hybrid integration with III-V optoelectronic
devices. The refractive index of SiON can be varied from that of SiO, (n = 1.46) to about
that of SisNs (n=~2.2) by changing the ammonia flow rate during the film growth.
Moreover, low loss optical SION waveguides made by PECVD have been reported in the
literature [62], [65].

The deeply-etched rib waveguide structure depicted in Figure 3.1 was employed
in the fabrication of the MMI devices discussed in this thesis. The PECVD SiO,-SiON
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films were deposited on a standard silicon wafer. A 1-gm-thick SiON layer was the
waveguide core, and a 5-um-thick silicon oxide (SiO,) film was used as a buffer layer
separating the core and the substrate. The optical parameters of the films were
determined by broadband (250-1700 nm) ellipsometry, and the refractive indices were
modeled using a six-term Cauchy relation [58]. The refractive indices of the SiON and the

SiO, films at the 1550-nm wavelength were 1.561 and 1.46, respectively. The indices of
the films had a typical variation of about $0.003 over a 4-inch wafer. The thickness

uniformity of the films was better than +50 nm over a 4-inch wafer. The device pattern
was transferred to the SiON film using a photoresist mask and CHF;—CF, reactive ion
etching (RIE) with an etch depth of 1 fan. As indicated by Equation (2.29), the optimal
length of an MMI coupler is highly sensitive to variations of the coupler width. Tight
control during photolithography was required to minimize the width variations. An
accuracy of 0.1 um in the width of the fabricated waveguides, with respect to the
dimensions of the photomask features, was repeatably achieved.

< w —
] (1.561)
1 §i0, Buffer Layer
> ‘i“‘ (1.46)
Si Silicon Substrate

Figure 3.1 Cross-section of the SiOy-SiON rib waveguide. The numbers inside the
brackets indicate the refractive index values at 1550-nm wavelength.

Let us now describe, in more detail, the various steps involved in producing the
SiO—SiON rib waveguides. These fabrication processes can be assembled into three
groups: PECVD, photolithography, and RIE.

i) PECVD: In this process, vapour-phase reactants are delivered to the surface of a
silicon substrate and react chemically to produce solid films of a desired composition. An
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RF glow discharge plasma provides energy to activate the reaction. The chamber
temperature and pressure, RF power, and gas flow rates can all affect the reaction and the
physical and chemical characteristics of the resulting film. The process for depositing the
SiON film used 29 Watts of RF power, and a chamber pressure and temperature of 1000
mTorr and 350 °C, respectively. The vapour constituents and their corresponding flow
rates were as follows: silane (SiH,) at 7.5 sccm, ammonia (NHj3) at 30 sccm, helium (He)
at 700 sccm, nitrogen (N,) at 100 sccm, nitrous oxide (N2O) at 120 sccm. The flow rate
parameter sccm refers to cubic centimeters per minute, at standard temperature and
pressure. The ammonia flow rate determines the fractional incorporation of nitrogen in
the SiON and, consequently, the refractive index of the films. Note that higher nitrogen
levels in SiON increase the refractive index. The deposition duration for the 1-gm thick
SiON layer was about 48 minutes. The SiO, film was produced with the following
parameters: 7 sccm silane, 600 sccm helium, 100 sccm nitrogen, 800 sccm nitrous oxide,
and the same RF power and temperature and pressure as those used in the SiON
deposition. After depositing the films, the parameters such as the thickness and the
refractive index of the films can be measured with an ellipsometer or a prism coupler.

ii) Photolithography: The basic steps involved in photolithography and RIE processes
are shown in Figure 3.2. Before coating the wafers with photoresist, the wafers were
primed with HMDS (hexamethylene disilazane) in an oven to improve the adhesion of the
photoresist to the films. A positive photoresist (Shipley #504) was spun on at 500 rpm
for 10 seconds followed by 6000 rpm for 30 seconds to obtain a photoresist layer with a
thickness of 1.1 gm. The coated wafers were softbaked for one minute at 110 °C on a
vacuum-applied hot plate. Then the wafers were placed in a mask aligner and were
exposed to UV light for 1.6 seconds. An electron-beam-written chrome-on-quartz
photomask was used. The exposed photoresist was developed with the Shipley 354
developer solution for 20 seconds. The expose time and the development duration were
the critical parameters in accurately transferring the mask features to the photoresist, and
it was required to fine tune these parameters to achieve the designed waveguide widths.
iif) Reactive Ion Etching (RIE): The remaining photoresist was hardened before etching
by hardbaking the developed wafers for one minute at 120 °C on a vacuum-applied hot
plate. The exposed film was etched down with an RIE process using 80% CHF3 and 20%
CF., at a total pressure of 40 mTorr and RF power of 100 Watts. The etch duration for
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the 1 zam SiON was about 27 minutes. The excess photoresist was removed using an
acetone ultrasonic bath or/and with an oxygen plasma.

After completing the above fabrication processes, the devices were prepared for
testing by cleaving the wafer at appropriate positions such that the access guides were
perpendicular to the cleaved planes. Figure 3.3 illustrates a SEM (scanning electron
microscope) picture showing the rib profile of the fabricated waveguide at a cleaved facet.
The access guides of the MMI couplers were chosen to have a width of 3 ym. The modal
calculations for the SiON-SiO, rib structure indicated that a 3-um-wide waveguide is
single-mode at 1550-nm wavelength. A scalar contour plot of the field distribution in the
single-mode rib waveguide is depicted in Figure 3.4. The contour plot was generated by
the, previously mentioned, 2-D mode solver FWave. The SiO, buffer layer is thick
enough to prevent the leaking of the field into the silicon substrate.

a) Expose the photoresist b) Develop the photoresist

b) Etch the core layer using RIE d) Strip the excess resist

Figure 3.2 Photolithography and RIE process steps involved in the fabrication of
the SiON-SiO, rib waveguide.
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Figure 3.3 A SEM picture illustrating the rib profile.

(@) E

Figure 3.4 Scalar contour plot of the field distribution in the single-mode rib
waveguide. The contours correspond to the intensity levels at 10% intervals from
10% to 90%.

3.2 Five-Port MMI Couplers
A general 5 x 5§ MMI coupler and a 1 X 5§ MMI nonuniform power splitter were
designed, fabricated, and tested. The design wavelength was 1.55 um. These five-port

couplers will be used as the basic components of the five-channel MMI-phasar
multiplexers in Chapter 4. The layouts of the 5 X 5§ coupler and the 1 X 5 power splitter
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are similar to those shown previously in Figures 2.10 and 2.12, respectively, with N=5.
The values of the design parameters of the five-port MMI couplers are listed in Table
3.1. The couplers have a width of 30 um, and the characteristic lengths of the 5 x 5
coupler and the 1 x § splitter are 708 um and 354 tam, respectively. The 3-gm-wide
access guides are placed at equally spaced positions, and the gap size between the
adjacent access guides at their joining line to the MMI coupler is about 3.06 rm.
Considering the tightly-bound characteristic of these waveguides, the coupling between
the access guides can be safely ignored; this has been verified using FWave.

Table 3.1 Various parameters of the five-port MMI couplers designed and
implemented in the SION-SiO; rib waveguide system.

Description Value
Width of the MMI couplers 30 tmm
Width of the access guides 3 um
Spacing of input/output positions of MMI couplers 6.06 tm
Number of guided modes in the MMI couplers 14
Beat length of the MMI couplers, L, 1180 tm
Length of the 5 x 5 MMI couplers, L. 708 pm
Length of the 1 x 5 MMI power splitter, L’ 354 ym
General parameters of the 1 x 5 MMI power splitter h=7,h=1,and N'=10

The modal propagation analysis described in Chapter 2 was used to simulate the
propagation characteristics of the MMI couplers. The light intensity pattern in the 5 x 5
coupler for excitation at two different input positions is illustrated in Figure 3.5.
Formation of five images at the output plane of the coupler is clearly visible. By
comparing the light intensity in each output port with the input power, the corresponding
transmission of the coupler was determined. The simulations predict average insertion
losses of 0.5 dB and 0.4 dB for the S X 5 coupler and the 1 x § splitter, respectively.

The couplers were implemented in the SiO,-SiON rib waveguide system using the
formerly-described fabrication procedure. Several versions of each device with varying
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coupler lengths were included on the mask to accommodate the fabrication tolerances. A
0.1-um variation in the width of the 5 xS coupler results in a 4.5 pm change of its
optimal length. Figures 3.6 and 3.7 show some of the SEM pictures of the 5 xS coupler
and the 1 x § splitter. Compact S-bends were used to provide a separation of 150 ym
between the adjacent access guides. The strongly guiding rib waveguide structure can be
sharply bent without suffering excessive radiation losses.

An actual demonstration of the light propagation through the 5 x5 coupler is
shown in Figure 3.8. Visible light at 670-nm wavelength was launched into one of the
input access guides. The light passes through the coupler and is divided between the five
output ports of the coupler. The picture was taken using a CCD camera. Due to the
limited resolution of the camera, the light intensity pattern in the MMI coupler is not
distinguishable in Figure 3.8. Also, note that the light intensity pattern at 670-nm
wavelength would be completely different from that at 1.55-um wavelength, for which
the coupler has been designed.

5 x5S MMI Coupler

Figure 3.5 Light intensity pattern in the 5x5 MMI coupler, showing the
excitation at input 3 (top) and input 1 (bottom).
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Figure 3.6 SEM picture of (a) the 5x5 MMI coupler fabricated in the rib

waveguide structure, and (b) the magnified view of the output junction of the
coupler.

Figure 3.7 SEM picture of the 1 x 5§ MMI power splitter.

48
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The transmission of the MMI couplers were measured using the experimental
arrangement shown in Figure 3.9. The 1550 nm light from a DFB laser was directed via a
single-mode optical fiber to a 10X collimating objective lens. The collimated beam was
focused into the samples using a 20X objective lens. A polarizing beam-splitter cube was
placed between the two lenses to provide TE polarized light. Also, by removing the
polarizing cube we could test the devices with light beams having mixed polarizations.
The samples were mounted on a three-axis micro-positioning stage. A butt-coupled
multimode fiber collected the output light from the samples, for measurement using a
photodetector and an optical power meter. The initial alignment of each sample was done
using the visible light from a He-Ne laser instead of the 1550 nm light. Reference single-
mode waveguides were placed alongside all devices, and the insertion loss of each device
was measured by comparing the transmission through the device with that of the

reference waveguide.

Figure 3.8 A picture showing the top view of actual light propagation in the 5 x §
MMI coupler and its access guides. The picture was taken by a CCD camera, and a
visible light wavelength of 670 nm was used.

Polarization
Beam-Splitter Sample

Cube Photodetector Optical
v e - — X1 [A] o' Dam s
o e . Meter

Objective Objective Pick-up

Lens Lens Fiber

Figure 3.9 Experimental set-up used for measuring the transmission of the MMI

couplers.
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About twenty sets of each device were fabricated and tested. Figure 3.10 shows a
typical measured transmission loss of the 5 x 5 coupler; it indicates that the coupler has
an average insertion loss of about 0.3 dB and a uniformity of better than 1 dB among its
outputs. The measured loss of the coupler is slightly lower than its modeled loss of 0.5
dB. This could be due to the fact that, as expected, the propagation loss caused by
surface roughness of the rib waveguide is relatively larger for narrow single-mode guides
than for wide multimode couplers. Another likely explanation is that the number of
guided modes in the MMI coupler could be actually higher than what we have included in
the modal propagation analysis.

The transmission loss of the 1 x S nonuniform power splitter is shown in Figure
3.11. Very good agreement between the measured and calculated results are observed.
The average measured insertion loss of the 1 x S splitter was almost 0.3 dB. The general
parameters of the 1 x 5 splitter, which were listed in Table 3.1, have been chosen for a
specific output power distribution. The significance of this 1 x5 nonuniform power
splitter will become clear in Chapter 4 when we discuss the design of MMI-phasar

multiplexers.
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Figure 3.10 Measured on-chip transmission loss of the 5 x5 MMI coupler at
1550-nm wavelength; the 7-dB inherent loss of the coupler is included. Each group
of bars relates to the five images of an input. The estimated error in the

measurements is 0.2 dB.
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Figure 3.11 On-chip transmission loss of the 1 x5 MMI nonuniform power
splitter at 1550-nm wavelength.

3.2.1 Waveguide Losses

The propagation losses of the SiO,—SiON rib waveguides are primarily due to two
effects: material absorption because of the incorporation of hydrogen (N-H and O-H
resonance absorptions) and scattering losses caused by surface roughness of the
waveguides. The nitrogen-containing gases, like ammonia (NH;), used in depositing the
PECVD SiON films result in an increased amount of hydrogen in the SiON layer with
resulting molecular resonance absorptions around 1.39 gam and 1.52 gam, which can be
attributed to O-H and N-H resonances, respectively. This effect was first reported in
[62] and it was shown that these absorption peaks can be largely removed by annealing
the films at high temperature in a nitrogen atmosphere. We are particularly concerned
with the N-H resonance absorption since our devices have been designed for operation at
1.55-pm wavelength. Using the cut-back method, we measured the propagation losses of
the 3-um-wide single-mode rib waveguides. The loss measurement was also performed
for a set of waveguides annealed for one hour at 1050 °C in a nitrogen atmosphere. The
waveguide propagation losses before and after annealing were approximately 4 dB/cm and
2 dB/cm, respectively. Thus it was verified, in agreement with [62], that annealing can
overcome the molecular resonance absorptions to a large extent. Note that annealing also
affects the film parameters and especially the refractive index. To completely
characterize the annealing process and to examine its effects on the film parameters, the
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refractive index and the thickness of the films would have to be measured before and after
annealing. Since our device design was done with the parameters of the unannealed films,
we did not use annealing in our device fabrication.

Although the propagation losses of our SiO~SiON rib waveguides are relatively
high, it should be said that most MMI couplers are very short (usually less than a
millimeter) and their losses due to the waveguide propagation would be small. The
empbhasis of this thesis has been mainly on the device design and not on optimizing the
fabrication process to minimize the waveguide propagation losses. Moreover, due to the
limitations on access to processing equipment we were not able to modify the fabrication
process. Several recommendations for further improvements in the fabrication process of
the waveguides will be given in Chapter 6.

3.3 Tolerances of MMI Couplers

The performance of MMI couplers will be adversely affected if the actual
parameters of the couplers vary from their design values. Relaxed tolerances for
fabrication and for operating conditions are desirable. Fabrication tolerances refer to the
variations in the device geometrical dimensions and the material parameters (such as
refractive index) during processing. Operational tolerances relate to the variables,
including wavelength, temperature, polarization, input field distribution etc., that affect
the device behaviour during operation.

Modal propagation analysis can be used to investigate the effects of variations of
the design parameters. Also, an analytical technique, which can predict the effect of
tolerances on the device performance, has been presented in [11]. It starts with
considering each image as a Gaussian beam focused at a self-imaging distance z=L.. The
loss penalty produced by a small finite shift 8L, in the z-position of the output
waveguides can then be evaluated by overlapping the defocused beam with the output
waveguide mode field. It can be shown [11] that the length shift, which produces a 0.5
dB loss penalty, is approximately equal to the so-called Rayleigh range:

™m (]
e 2
where n, was defined before in Section 2.1.1, and w, is the Gaussian beam waist diameter
and equals the full 1 /e amplitude width of the input field. Expression (3.1) can be

8L, =
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interpreted as an absolute length tolerance, which does not depend on the dimensions of
the MMI coupler. The tolerances corresponding to other fabrication parameters or the
wavelength can now be related to 3L, by differentiating Equation (2.29) appropriately
and normalizing the results of the differentiation:

%zzﬂglfﬂ:is&, (3.2)

In deriving (3.2), advantage is taken of the fact that the characteristic length L. of MMI
couplers is directly proportional to the beat length, as evident in Equation (2.22). A
conclusion of (3.2) is that the MMI coupler length L. must be as short as possible in
order to allow for relaxed tolerances to other parameters. The width of MMI couplers
has the tightest tolerance and is the most critical parameter to control during the
fabrication. The sensitivity of the performance of MMI couplers to the width is simply
due to the fact that, as expressed in (2.29), the beat length is directly proportional to the
square of the effective width #,.

Estimates of the tolerances for the width, wavelength, and index can be made
analytically using (3.1) and (3.2). We applied (3.1) and (3.2) to the five-port MMI
couplers described previously; the corresponding values of the fabrication tolerances and
the optical bandwidth of these couplers for 0.5 dB excess losses are listed in Table 3.2.
The analysis developed in [11] also indicates that for a given waveguide system the
fabrication tolerances are independent of the number N of the input/output ports, while
the optical bandwidth is inversely proportional to N. In the next two sections, the
fabrication tolerances and optical bandwidth of the five-port MMI couplers will be
examined using both the modal propagation analysis and the experimental measurements.

Table 3.2 Analytical estimates of the fabrication tolerances and optical bandwidth
of the five-port MMI couplers for 0.5 dB excess losses.

Lengthtol. ~ Widthtol. =~ Bandwidth  Index tol.
SL. (pm) 3W, (pam) 25A (nm) dng

The 5 x 5 coupler 8.8 +0.19 39 +0.0185
The 1 x 5 splitter 8.8 +0.38 78 +0.037
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3.3.1 Fabrication Tolerances

The average insertion loss of the 5 X 5 coupler was measured for several coupler
lengths. The measurements as well as the results of the modal propagation simulation are
shown in Figure 3.12. A coupler length with the lowest loss is considered to be optimum.
It is seen that the actual optimum length of the coupler is a few microns higher than its
calculated value of 708 pm. This is most likely due to the fact that the width of the
fabricated coupler is slightly larger than its designed value. The fabrication tolerances can
be evaluated using the curves shown in Figure 3.12. The simulated values of the
fabrication tolerances are close to those listed previously in Table 3.2. From the
experimental curve, fabrication tolerances of 8L, =16 um corresponding to §#, = +0.14
4 are achieved with a limit of 0.5 dB excess losses. Also, note that a 0.1-zm variation
of the width of the 5 x 5 coupler results in approximately 4.5-zam change of its optimal
length, and this increases the coupler loss by about 0.25 dB.

In addition to the average insertion loss of the coupler, the behaviour of the
individual outputs with respect to the fabrication variations is important for applications
such as MMI-phasar multiplexers and Mach~Zehnder switches. The transmission loss
and the phase response of all outputs of the 5§ x 5§ MMI coupler were calculated. Typical

* - Simulation
««@-« Experiment

A = 1550 nm

Insertion Loss (dB)
o

o
W
'y

0 W
695 700 705 710 715 720 725

Coupler Length (um)

Figure 3.12 Insertion loss of the 5 x5 MMI coupler as a function of the coupler
length. A wavelength of 1550 nm was used.
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normalized transmission of the outputs of the 5 X 5 coupler as a function of the coupler
length is depicted in Figure 3.13. It is seen that each output transmission is at a local
maximum around the optimum coupler length L.. All output transmissions decrease
similarly for deviations from the optimum length and, consequently, the sensitivity to the
tolerances is minimum at the optimum length. It can be concluded that MMI couplers are
capable of maintaining a very good output uniformity or balance over a large range of
fabrication and operational variations. As it was mentioned in Chapter 1, the uniformity
of the couplers translates directly into crosstalk in devices such as Mach~Zehnder
switches or MMI-phasar multiplexers. The MMI couplers have a clear advantage over
the conventional directional couplers in this regard.

Figure 3.14 shows the typical phase deviations of the outputs of the 5 X 5 coupler
as a function of the coupler length. The phase deviations were calculated by comparing
the results of the modal propagation simulation and the corresponding values from the
analytical phase relation (2.58). It can be observed that the phase changes of all outputs
are similar and follow each other closely over a certain range of tolerances. It can be
predicted from Figure 3.14 that the phase deviations are limited to within +5 degrees over
a coupler length variations of about £13 tm.

0.2

0.15+4

0.054

Normalized Output Power
/=)

0 B 2 L S B 4 B JEn Jae m ey L LA Sn a2 i SEn B En

690 695 700 705 710 715 720 725
Coupler Length (um)

Figure 3.13 Typical relative transmission of the outputs of the 5 X 5 coupler as a
function of the coupler length.
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Figure 3.14 Typical phase deviations of the outputs of the S x 5§ MMI coupler as
a function of the coupler length.

3.3.2 Optical Bandwidth

The optical bandwidth of MMI couplers is of significance in designing devices
such as MMI-phasar multiplexers, which have to operate over a range of wavelengths.
The wavelength sensitivity of MMI couplers can be inferred from other tolerances
through Equation (3.2). However, we investigated the wavelength dependence of the
MMI couplers directly by the experimental measurements and the modal calculations.

The optical bandwidth the MMI couplers was measured with the set-up shown in
Figure 3.15. The light from a external-grating tunable diode laser was directed through a
half-wave plate and a mechanical chopper, and was focused by a lens into a polarization-
maintaining single-mode fiber. The light was launched into the devices by butt-coupling
the other end of the single-mode fiber to the samples. The output light from the samples
was collected using a butt-coupled multimode fiber and directed to a photodetector. A
lock-in amplifier was used to enhance the signal and suppress the noise in the system.
The wavelength scanning of the tunable laser was done automatically via a micro-
computer. The samples were mounted on a three-axis micro-positioning stage.
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Figure 3.15 Experimental arrangement used for measuring the optical bandwidth of

the MMI couplers.
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Figure 3.16 Optical bandwidth of the 5 xS MMI coupler. The performance has
been considered at a coupler length of 715 pm.
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The average insertion losses of the 5 x 5 coupler and the 1 x 5 splitter are shown
in Figures (3.16) and (3.17), respectively. With a limit of 0.5 dB excess losses, measured
optical bandwidths of more than 30 nm and 50 nm were obtained for the 5 x § coupler
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and the 1 x 5 splitter, respectively. The corresponding simulated results are again close
to those listed previously in Table 3.2.

= Simulation
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-]
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Figure 3.17 Optical bandwidth of the 1 X S MMI nonuniform power splitter. The
performance has been considered at a coupler length of 355 .

3.3.3 Polarization Dependence

We know that beat length is the most significant parameter in the design of MMI
couplers. The beat length is related to the variables n, and W, through Equation (2.29).
Both n, and W, are polarization-dependent and generally, for an arbitrary waveguide
structure, the beat lengths corresponding to TE and TM polarizations are not equal [17].
Consequently, the optimum imaging lengths for the two polarizations are slightly
different. This polarization-dependent behaviour has even been employed to design an
MMI coupler with a polarization splitting function [24]. However, for most applications
it is desired that MMI couplers be polarization-insensitive. In principle, by designing the
coupler at an intermediate length, polarization-insensitive operation can be obtained at the
price of a small loss increase. Also, MMI couplers can be made polarization-independent
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by choosing the waveguide structure so that the beat lengths for the two polarizations are
equal. This is a less demanding requirement than having to make the absolute values of
the propagation constants of the TE and TM modes to be equal.

For the SiO-SiON rib waveguide structure used in our designs, the calculations
indicated a small difference between the beat lengths corresponding to the two
polarizations. For example, the TM optimum length of the 5 x5 MMI coupler was
calculated to be longer than its TE counterpart by about 7 zam. To examine this, the
transmission loss of the couplers were measured with the TM-polarized light. For a
5 x 5 coupler with the TE optimum length, an extra loss of about 0.4 dB was observed for
the TM polarization. The same measurements for the 1 X 5 power splitter revealed a
negligible polarization sensitivity. Note that the polarization sensitivity of the MMI
couplers increases with the length of the couplers. The 1 x § splitter is expected to be
less sensitive to polarization since it is only half as long as the 5 X § coupler.

The performance results of the five-port MMI couplers, which were presented in
this chapter, relate to the TE polarization. The corresponding TM results are only
slightly different allowing for the small discrepancy between the TE and TM optimum
lengths. In general, polarization insensitivity can be obtained with the couplers designed
at intermediate lengths.



60

4. Phased-Array Wavelength Multiplexers Using Multimode
Interference Couplers

The large optical bandwidth of existing fiber can be accessed through wavelength-
division multiplexing (WDM). In addition to increasing the transmission capacity of a
point-to-point system, WDM is also becoming increasingly important in optical network
applications such as wavelength-routing and circuit switching. The key components of a
WDM transmission system are wavelength (de)multiplexers. In this chapter, we
demonstrate planar phased-array wavelength multiplexers using MMI couplers.

The analytical derivation of phases of images in general Nx N MMI couplers [9]
has paved the way for designing optical components such as generalized Mach—Zehnder
switches [27], [28], and wavelength multiplexers based on Nx N MMI couplers [66]-
[70]). These wavelength multiplexers, which are referred to as MMI-phasar, consist of an
array of N monomode waveguides placed between two MMI couplers, and operate on N
equally spaced wavelength channels. The number of guides of the array of MMI-phasar
multiplexers is much smaller compared with that of the AWG multiplexers described in
Chapter 1. Moreover, unlike the AWG, the length difference between adjacent guides in
the array of an MMI-phasar device is not necessarily a constant value. We provide a
general methodology for designing MMI-phasar multiplexers, and present a simple
procedure for finding an optimum combination of the lengths of the array guides that
results in a small device size with improved performance. It is shown that the
wavelength-routing characteristics of the MMI-phasar devices enable them to operate
also as add-drop multiplexers and N X N interconnecting components in WDM-based
optical networks; these routing functions are similar to those offered by the AWG
multiplexers, as illustrated previously in Figure 1.5. The material of this chapter closely
follows our work offered in [68]-{70].

4.1 Basic Device Structures and the Operation Principle

General layouts of two variations of N-channel MMI-phasar multiplexers are

shown in Figure 4.1. An MMI-phasar device consists of three main elements: an N-way
MMI power splitter, an array of N monomode waveguides, and an Nx N MMI power



61

splitter/recombiner. Wavelength dispersion is provided by the waveguide array. The
MMI couplers are effectively insensitive to wavelength over the desired wavelength
range. An optical field at any of the input ports of an N x N MMI coupler is reproduced
at the coupler outputs in the form of N self-images with equal intensity and different
phases. Incoming light to the muitiplexer is therefore distributed by the first MMI
coupler to the array guides. The several paths through the array induce relative phase
delays proportional to the length differences between the array arms. The second MMI
coupler distributes the power incident at each of its inputs to all outputs (k) where
interference occurs between the relatively delayed optical fields. The lengths of the array
arms have to be chosen so that constructive interference occurs for different wavelengths
at different outputs of the combiner. To prevent cross coupling, waveguides of the array
must not cross each other.

As shown in Figure 4.1, the same numbering direction has been used for input
ports and output ports of the MMI couplers. The outputs of the splitter, inputs of the
combiner, and the array arms have been numbered in the same way and are all denoted by
indexj. This numbering convention facilitates our analysis in the next section by allowing
us to use the same numbering everywhere in the multiplexer structure. The device
depicted in Figure 4.1(b) is similar to that shown in Figure 4.1(a) except that the former
employs a 1 x N MMI nonuniform power splitter instead of an Nx N MMI coupler.
With equal power splitting, the sidelobe levels in the spectral transmission of an MMI-
phasar multiplexer cannot be lower than those of the sinc function. However, by using an
appropriate nonuniform power splitter, the power distribution across the array guides
can be properly shaped to improve the sidelobe suppression ratio [68).

Let the m-th guide of the array be its shortest arm; then in accordance with our
assumption that the array guides do not cross each other, the lengths of the array arms
(L;) must meet the following requirement:

L,>L; if (j;>ji2mor j, <j<m). “.1)
The relationship between the phases of the self images in MMI couplers was derived in
Chapter 2. The lengths of the array arms have to be chosen so that the relative phase
delays through the array in combination with the phase relations of the MMI couplers
bring about the required phase-match state at the outputs of the multiplexer. In an MMI-
phasar device, there are several possible combinations of the lengths of the arms that



62

satisfy the phase-match conditions. An important issue in the design of MMI-phasar
multiplexers is finding an optimum combination of the lengths of the array arms that
results in a small device with the best spectral response. In our search for an optimum

(@)
1 NxN NxN 1
MMI MMI
coupler coupler
b)

MMI
nonuniform
power splitter

MMI
coupler

Figure 4.1 General layouts of MMI-phasar multiplexers. Array guides do not
cross, and the shortest array guide can be any arm other than arm 1 or arm N (i.e,,
m % 1, N). (a) With an N x N MMI coupler as the power splitter, (b) with a 1 X N

MMI nonuniform power splitter.
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combination, we have to look at all possible values for m. For the geometric layouts
shown in Figure 4.1, the shortest array guide can be any arm other than arm 1 or arm N
(m=1,N). The symmetry of the device allows us to restrict the value of m to the
following range:

m=23, ..., Cei(N/Z); 4.2)
Ceil(x) is the smallest integer that is greater than or equal to x.

Waveguide bends are crucial elements in detennining the size of an integrated
planar photonic circuit. The radius of curvature of a waveguide bend has to be large
enough to avoid excessive radiation losses. If the shortest array guide of an MMI-phasar
multiplexer is chosen to be the first arm (m = 1), then a small device size can be obtained
with the layout shown in Figure 4.2. Array guides bend through 180° in this layout,
which is more compact overall than the layout presented in Figure 4.1(a), where array
arms must bend through a total of 360°. However, because the possible sets of lengths of

N i
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T 1]
1=/ NxN MMI

coupler

.......... Ly
k
1‘\
i X g
T e
N~ NxNmmI N
coupler

Figure 4.2 General layout of an MMI-phasar multiplexer that is similar to the
structure depicted in Figure 4.1(a) except that the shortest array guide in this case is
the first arm (m = 1).
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the array guides are more limited in the case of the structure depicted in Figure 4.2, as we
see in subsequent sections, this structure generally has a poorer spectral response
compared with that offered by the structure shown in Figure 4.1(a).

The lengths of the array arms of an MMI-phasar do not necessarily relate to the
array guide number j in a simple linear fashion. Therefore we introduce an integer
parameter dj called the array arm factor, and we show in the next section that the length L;
of an array guide is given by

L;-L,=d;AL forj=1, .., N, (4.3)
where L,, is the length of the shortest arm and AL is defined as the length that produces a
phase shift of 27z [ N between two adjacent wavelength channels. Exact values of L; might
be slightly different from those given in (4.3) in order to satisfy the phase-match
requirements at the outputs of the multiplexer. The approximation sign in (4.3) indicates
that the relative lengths L; ~ L,, have to be as close as possible to dAL. Relation (4.3)
implies that the condition on the lengths of the array arms as expressed by inequality
(4.1) can be carried over directly to the array arm factor dj; i.e.,
d;,>d; if (ja>/,2m or j,<j,<m). @44
The smallest array arm factor is d,, =0, and the largest one, d }""‘, is either dy or d; where
d;™ 2 N ~1. Now, a better understanding of an MMI-phasar device can be obtained by
considering the fact that the operation of an MMI-phasar multiplexer, for each route (i,
k), resembles that of an optical transversal filter having d;** +1 taps of which N taps
have nonzero weight and the remaining d;**+1—N taps have zero weight. It is

desirable to reduce the number of zero-weight taps in order to diminish the magnitude of
the unwanted spectral content in the transmission response of the device. An improved

spectral response together with a small device size can therefore be obtained by
minimizing d;™*. Design optimization of an MMI-phasar multiplexer involves finding a

set of values of the array arm factor with a 4;** as small as possible. Also, it should be

noted that the multiplexer of Figure 4.1(b) allows for a suitable weight distribution to
improve the sidelobe suppression ratio. The rejection of sidelobes can be increased by
selecting a properly shaped weight distribution. In such a distribution, tap weights
gradually increase with the tap number (or d; in this case) and then gradually decrease; the
taps with the highest weight values are located close to d;™* / 2.
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4.2 Theoretical Formulation and Device Design

An MMI-phasar multiplexer operates over N equally spaced wavelength channels.
Let us represent these N wavelengths as 4,, where the subscript s is an integer defined in

the following range:
N-1 . i{ N
= ~Ceill ——1}, ..., —|~1,

For example, the channels for cases N=4 and N =5 are denoted by {l_z,ﬂ-_plo,ll} and
{A2,4_1,44,A1,4,}, respectively. The wavelength increases with the subscript; that is,
As.1—A, = AL, where AA is the channel spacing. A is taken as the center wavelength.
The spectral response of the MMI-phasar multiplexer is taken to be periodic with a free
spectral range of NAA. This assumption of periodicity is valid in the range over which
the MMI couplers can be assumed to be wavelength insensitive.

Consider the device structures of Figures 4.1(a) and 4.2, which have multiple
input ports. These structure are symmetrical in the sense that input ports and output
ports can be used interchangeably. When an optical signal consisting of N wavelengths
{l,} is launched into input guide i, each wavelength is incident on one and only one of the

multiplexer outputs k. Each route (i, k) in the multiplexer corresponds to a wavelength
A,- Exploiting both the symmetry and the reciprocity of the device, we can write the
following useful relation:
Sep =i if (' =kand k'=i). (4.6)
Routes {i’, k") and (i, k) have similar spectral transmissions and are assigned to the same
wavelength channels when the condition stated in (4.6) is satisfied. For example, routes
(2, 5) and (5, 2) correspond to the same wavelength. The important consequence of (4.6)
is that the design of these multiplexers is independent of the input port. In other words,
the lengths of the array arms do not change if we alter the input port in our design. It is
therefore sufficient to consider the design of the multiplexer for only one of its inputs.
The wavelength selection by a given output of the MMI-phasar multiplexer is a
result of constructive interference (or phase match) between signal components arriving at
that output and phase mismatch for that wavelength at other outputs. A phase-match
state at an output of an MMI-phasar device is produced if the relative phase delays
through the array arms compensate for the phase relations of the MMI couplers. To
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design an MMI-phasar multiplexer, one has to find an appropriate set of lengths for the
array arms to bring about the phase-match state simultaneously at different outputs of
the multiplexer for different wavelength channels. We show that such a set of lengths
exists and provide a simple procedure for determining the lengths of the arms. As
described before, all the arms of an array are compared with the reference (shortest) arm,
which is denoted by m.

Let us first examine the multiplexer operation at the center wavelength A,. It is
always possible and trivial to find a set of lengths for the arms to establish a phase match
for only one wavelength channel of the multiplexer. It is assumed that the lengths of the
arms are chosen to achieve phase match at the multiplexer output k= m, that is, all the
signal components of wavelength 4, are in phase on arrival at the multiplexer output m.
However, such constructive interference does not occur for the center wavelength at other
outputs k # m; this phase mismatch is dictated only by the phase relations of the Nx N
MMI power combiner and does not depend on the power splitter. Note that, for a given
input port of the multiplexer, the paths through the MMI power splitter remain fixed for
all outputs of the multiplexer. At the multiplexer output &, the phase difference between
the signal component arriving from an arm j # m and the one amiving from the reference

arm m can be expressed as

A0 15 =(0 4 ~Oms)~(© 1m —Pmm): @4.7)
where the phase expression @ was given previously by (2.58). Ag; . is independent of the
MMI power splitter and the multiplexer input port i. The term inside the second set of
parentheses in (4.7) represents the phase difference between these signal components at
the input of the Nx N MMI power combiner if we assume phase match at the
multiplexer output k= m. Now, if the length difference between arms j and m is chosen
such that the relative phase delay through these arms at a given wavelength 4 # 4 offsets
the value of Ag;;, then wavelength A will be selected by output k. The significance of
expression (4.7) is the fact that it decides the required combination of lengths for the array
arms and determines the wavelength channel assignment of the multiplexer. By
substituting for @ from (2.58) into (4.7), we get
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Ap = ”(2;’"[((—1)""“0— Y2)-m-1/2) | D*" k- 12) - (m~ 1/2))]
4.8)
-"—(‘21{[1- P - O M.
The terms enclosed by the two brackets in (4.8) are both integer multiples of 4, and,
consequently, Agj; is always an integer multiple of 2z/N. This property of Ag;,:
confirms the validity of two of our earlier statements: that of equal channel spacing, and
relation (4.3) for the lengths of the array arms. Note that, according to relation (4.3), the
length difference between the array arms j and m results in a phase shift of an integer
multiple of 27t/ N between any two wavelength channels. To find the array arm factor d,
let us define a new parameter as follows:
N
Vik= ("2‘,;“ szJ mod N, 4.9
where mod indicates the modular arithmetic operation. Itis more convenient to deal with
W since its value is always an integer number and not a muitiple of 2z [N. The mod N
operation has been used to limit the value of y;,, which has a periodicity of N, to the
range 0, ..., N— 1. The phase term associated with travel through the array arms has to
be of opposite sign to the transfer phase of the N x N MMI coupler, and hence we have
the negative sign in (4.9). By substituting for Ag;, from (4.8) into (4.9), we obtain

vie=|-EX cym-by- - L) cormg-by- - by | moan . o
S /7T 2~ "2 - (419
The symmetry relation ;= y; is easily derived from (4.10). Also, it can be seen that,
as expected, values of v, and y;,, are always zero. The array arm factor is directly

related to y;x and can be expressed as

dij=y;, +B;N for j=1, ..,N; (4.11)
where B; is the smallest integer that satisfies the requirement expressed by (4.4) and k, is
the multiplexer output that selects the channel A, adjacent to the center wavelength. Note
that k; can represent any output other than output m, which has been assigned to the
center wavelength A,. A characteristic of y;; is that it does not necessarily increase
monotonically with j. Therefore, B; has been introduced in (4.11) to avoid waveguide

crossing in the array.
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The channel assignment of the multiplexer can also be inferred from y;,. Each
output of the multiplexer has to select a different channel. Assuming that output k=m
corresponds to the center wavelength 4, then the subscript s of a wavelength channel, as
defined in (4.5), is related to an output k£ by

smodN =y, for k=1, ..,N; 4.12)
where v, , =1fork as defined before and the mod N operation has been used to make
the range of defined values of s consistent with that of v

For each combination of m and &, one can obtain a distinct possible set of values

of d; using (4.11) and (4.10). The largest array arm factor d7* is not the same for all

sets. As explained in Section 4.1, the spectral response of an MMI-phasar multiplexer is
optimized if d*" is as small as possible. Therefore, after determining the value of d7*

for every possible combination of m and k;, one must pick a combination that results in
the smallest d7** for the multiplexer design. Output k; can be any integer from 1 to N
except that k; # m. The range of values of m is restricted to that given by (4.2); we have
also allowed the case of m = 1 to include the multiplexer structure of Figure 4.2.

To illustrate this straightforward procedure for finding an optimum set of values

of dj, let us look at the example of the five-channel multiplexer (N =5). After calculating
the value of d;’"‘ for all possible combinations of m and k;, we find that the smallest

value of d7* is achieved for the combination of m =2 and k; =5. Values of y;; for the

case of m =2 are shown in Table 4.1. One can obtain a different set of values of d; by
applying (4.11) to each row of Table 4.1; the last column of Table 4.1 shows the value of
dj* for each set. Since the shaded row has the smallest value of d7™, its associated set
of values for the array arm factor d; is optimum in terms of the spectral response of the
device. Also, to find the channel assignment of the multiplexer, we first need to find j;
such that ¥ ; , =1. By inspecting Table 4.1, it is seen that y3 s = 1, that is, j; =3. Then
one can infer the wavelength assignment of the multiplexer by applying (4.12) to the
column associated with j; this is the shaded column.

Using the procedure described above, we can easily find the optimum set of d;
values for an MMI-phasar multiplexer of any number of channels, N. Table 4.2 shows

the optimum sets of values of the array arm factor for the cases of N=3 as high as
N=12. In fact, the last number in each row gives the value of d7** for each case. We

already know that 472N —1 and that the spectral response of the multiplexer is



69

optimized if the value of d;**— N is as small as possible. However, it is seen from
Table 4.2 that the value of d;™* — N increases rapidly with N. It can therefore be said

that these WDM devices perform best for a moderate value of N.

Let us turn our attention to the device structures of Figures 4.1(a) and 4.2, in
which all input ports can be used for the demuitiplexing operation. The wavelength-
routing provided by each input is distinct from that of other inputs. A given output k£ is
addressed by different inputs i through different wavelengths; one can easily verify this
by exploiting the symmetry of the multiplexer structure and treating the multiplexer
outputs as its inputs. The wavelength-routing properties of these devices make them
potentially capable of functions such as NxN WDM interconnecting. To find the
complete wavelength assignment of the multiplexer, a relationship between the
wavelengths associated with different routes has to be derived. Using the fact that vy is

independent of the multiplexer input i, we can write

(5ex ~Sim) mOd N =(s,, 5 =S, ) mOd N . (4.13)
Replacing s;,, by sn; in (4.13) and after rearranging, we get
Six MOAN =(Sp; + Sy —Spy ) MOd N . (4.14)

Assuming that the center wavelength A, is assigned to route (m, m), then the wavelengths

Table 4.1 Values of y;, for the case of m =2 in a five-channel multiplexer. The
last column shows the value of d7'** for each possible set of values of d;. The

shaded row, which corresponds to the smallest d7*, is used to obtain an optimum
set of values of d;. Channel assignment of the multiplexer can be determined from
the shaded column.
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Table 4.2 Optimum set of values of the array arm factor d; for an N-channel
multiplexer. The cases of N =3 to as high as N = 12 are shown.

N Anayguidenumber(j)
123 4 S5 6 7 8 9 1011 12
3:0 1 2
4:1 0 2 3
§5:3 01 2 4
6:5 4 0 3 7 8
7:4 0 1 3 S5 6 9
8:6 3 1 0 4 5 7 10
9i14 7 3 0 1 2 8 13 15
10:16 9 3 2 0 5 7 8 14 21
11§23 17 7 0 2 S 8 10 14 15 20
12:15 10 8 5 1 0 6 7 11 14 16 21

corresponding to routes (m, k) are given by (4.12). Hence, all the terms inside the
parentheses in (4.14) are known, and the wavelength corresponding to any arbitrary route
(i, k) can be determined. As an example, the wavelength assignment of the five-channel
device, which was already discussed, is given in Table 4.3. The wavelengths in column
i =2 have been obtained by applying (4.12) directly to the shaded column in Table 4.1.
The other wavelengths in Table 4.3 were found using (4.14). A 5x5 WDM
interconnection operation is possible with only five wavelength channels. Also, note that
it is a general characteristic of MMI-phasar multiplexers that neighboring channels are not
necessarily selected by adjacent output guides; this fact is apparent in Table 4.3.

As the final step in our analysis, we need to derive expressions for the exact
lengths of the array guides. The lengths of the array guides have to be such that the
relative phase delays associated with traveling through the array compensate for the
corresponding phase relations of both the MMI power splitter and the MMI power
splitter/combiner. For the case of the multiplexer structures of Figures 4.1(a) and 4.2, the
phase-match state is established if the lengths L; of the array arms satisfy the following

relation:
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(Lf = m)ﬂ(‘lsu )"('Pt.f Ok —Pim “Pm.t) =4; .27, (4.15)
where B(A) is the propagation constant at wavelength A, m indicates the shortest
(reference) arm, A, " is the wavelength assigned to route (i, k), phase @ is given by (2.58),

and A;;; is an integer. Now for i, k=m, and s, » = 0, we can rewrite (4.15) as

| (Lf - M)'z_%o’-z(wn.j "¢u.n)=‘4m.j,n2’ts (4.16)

where n.q is the effective index value of the mode of an array guide at wavelength A,.
Note that the relation @p;~ @; has been used in deriving (4.16). By reamanging (4.16),

we arrive at

Pm.j = Pmm J Ay @i

v/ 4

L;-L, '—'(AMJ.M +

Reo
The arm length L; has to satisfy (4.17) while it has to be as close as possible to that given
by (4.3). Using this fact, an expression for A, can be obtained by combining (4.17) and
4.3):

Am.j.m = Rnd d#l“l_w , (4.18)

Ay T

where Rnd(x) is the closest integer to x. Now, let us find an expression for AL, which was
defined previously as the length that produces a phase shift of 2z /N between two

adjacent wavelength channels. If n, represents the effective index of the mode of an array
guide and n,, denotes the value of n, at the center wavelength Ao, then the effective index

Table 4.3 Wavelength assignment of a five-channel MMI-phasar multiplexer. A
5 x S WDM interconnection is possible.

Output (k) Input ()
1 2 3 4 5
1 Ay b A A A,
2 A A A A A
3 A A A A A
4 A Ao A A Ay
5 Ao A A Ay A
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dn,

value at the neighboring channel, 49 + A4, is given by n+A44 Tk An expression for AL
can be written as follows:
1 +44
M=Pi"= p—— —L—, 4.19)
e N p g+ ar %
7]
where p is a real number. By eliminating p from (4.19), AL can be rewritten as
Ao\Ao +AA
AL= ( ) (4.20)

NM(neo -2 %‘-J .

By substituting for AL from (4.20) into (4.18), we get

ding(Ag+41) @, —@.
Ay jm =Rad| —220 )- e | (4.21)

NM(”:O - A-o j’;f ®

Thus, one can determine the arm length L; by combining (4.17) and (4.21).
Similar expressions can be derived for the multiplexer structure of Figure 4.1(b).
For this structure, the value of an arm length L; is given by

Pt Pjm=Pm~Pmm | Aq
LI'LM=(AM+ : ]""2" MJ—

where ¢ and ¢’ are given by (2.58) and (2.77), respectively, and 4;, is an integer

o’ 4.22)

expressed as

d/'go(lo"’M) _¢}+¢j,m -¢IM —wm.m

A
dn bt 4

N. - 2.%%

M(n,o Aole

Jom

=Rnd

(4.23)

Now we have the means required for designing an MMI-phasar multiplexer with any
number of channels. In the following section, we examine the actual design and the
performance of a five-channel multiplexer. Before leaving this section, however, we
would like to point out another interesting property of MMI-phasar devices. It can be
seen from Equations (4.17)-(4.23) that the lengths of the array arms relate to the ratio
Ao [ne so that the lengths of the arms would not change as long as this ratio is kept
constant. An important consequence of this property is that the fabrication and the
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operational tolerances would not affect the spectral response of the MMI-phasar
multiplexers other than shifting the response.

4.3 Five-Channel Multiplexers

A five-channel MMI-phasar multiplexer with 2-nm channel spacing at 1.55-zm
wavelength was designed in the SiO~SiON rib waveguide described in Chapter 3. The
five wavelength channels used in the design have been placed from 1546 to 1554 nm. The
free spectral range of the multiplexer is 10 nm, which is well within the optical bandwidth
of the MMI couplers. The values of various design parameters are listed in Table 4.4.
Three device variations, associated with the three general multiplexer structures that have
been examined in this chapter, are considered. First, we need to know the optimum set of
values of the array amm factor d;. This set has been determined already for the five-
channel multiplexers with layouts similar to those of Figure 4.1 and is given in row N=§
of Table 4.2. Similarly, for the five-channel multiplexer with a layout similar to that of
Figure 4.2, an optimum set of d; values can be easily found by applying the procedure
described in the previous section to the case of m=1; the optimum set for this
multiplexer structure is {0, 2, 3, 4, 6} corresponding to {d, ..., ds}. It is seen that, in
this case, dj"~ =6, which is larger than d;"*=4 of the other two structures.
Consequently, we expect the spectral response of the more physically compact five-
channel multiplexer with m = 1 to be poorer than those of the other two multiplexers.

Table 4.4 Various parameters of the designed five-channel multiplexers.

Description Value
Number of channels, N 5
Channel spacing, A4 2nm
Center wavelength, Ay 1550 nm
Free spectral range 10 nm
AL, as given by (4.20) 158.87 m
Effective refractive index of the array Euid&s, no 1.4772
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Furthermore, we need to find a 1 x5 MMI nonuniform power splitter with a
suitable output power distribution. As discussed in Section 4.1, output power
distribution of the nonuniform power splitter should be such that the relative portion of
power distributed to an array guide gradually increases with the value of the array arm
factor d; and then gradually decreases. This reduces the sidelobe levels in the multiplexer
spectral response. We know, from the analysis in Chapter 2, that the power in the
output guides of a 1 x N MMI power splitter depends on the parameters h,, 4,, and N".
An appropriate set of values of these parameters, which are restricted by (2.74), have to
be determined. Using (2.76) and (2.74), all possible output power distributions ofa 1 x §
MMI power splitter were examined and the values of &, =7, A, =1, and N"=10 were
selected. The power distribution of this 1 x5 MMI power splitter, as calculated by
(2.76), is shown in Figure 4.3. It should be noted that the 5 x5 MMI coupler and the
1 x 5 nonuniform power splitter employed in the design of the five-channel multiplexers
are the same five-port MMI couplers that were studied in Chapter 3.

To simplify our design, the same bends were used in all the array guides, and the
length difference between the array arms was introduced only in the straight sections of
the arms. Figures 4.4(a) and 4.4(b) show the layouts of the five-channel multiplexers that

0
3 It
- 10 ?
T ] 58
2 E
T ]
g -15
4 ]
2082
0 1 2 3 4
Array Guide Factor (d)

Figure 4.3 Normalized output power distribution of a 1 x5 MMI nonuniform
power splitter versus the array guide factor (d)). The number next to each symbol
indicates the corresponding output ;.



(a)
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Figure 44 Layouts of the five-channel MMI-phasar multiplexers with the
optimized set of values d;: (a) witha 5 x5 MMI coupler as the power splitter, (b)
with a 1 x 5 MMI nonuniform power splitter.
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correspond to the general device structures of Figure 4.1. In both cases, the length
difference between the longest and the shortest arms is about 636 tam. With a bending
radius of 0.5 mm, which has a negligible bending loss, the total device size would be
around 4 X 2.6 mm. Figure 4.5 depicts the layout of the five-channel multiplexer that
corresponds to the general structure of Figure 4.2. The length difference between the
longest and the shortest arms of this multiplexer is about 954 . With a bending radius
of 0.5 mm, a total device size of approximately 2 x 1.1 mm is obtained.

< L—>

Figure 4.5 Layout of the five-channel MMI-phasar multiplexer in which the
shortest array guide is the first arm (m = 1).

The spectral response of each multiplexer was evaluated using modal propagation
simulation of the MMI couplers and introducing phase delays corresponding to the
relative lengths of the array arms. Also, the two multiplexers depicted in Figure 4.4 were
fabricated, and their spectral transmission was measured using the experimental
arrangement shown previously in Figure 3.15. The waveguide structure of our single-
mode array guides does not have zero birefringence and, consequently, the multiplexers
are expected to be polarization sensitive. The results are presented for the TE
polarization only.

The spectral response of the multiplexer of Figure 4.4(a) is shown in Figure 4.6,
where high uniformity among different channels is observed. The measured spectral
response of the multiplexer has shifted by about +1 nm from the modeled response. An
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insertion loss of 1.5 dB, and a worst-case crosstalk of —10 dB in a 0.5-nm-wide window
are achieved. The 1-dB full width is about 1.1 nm. The measured crosstalk is nearly 6 dB
worse than its simulated counterpart (16 dB). The surface roughness of the waveguides
and any defects along the guides result in residual phase errors in the array arms and
prevent the total constructive or destructive interference behavior of the device; this is the
main cause of the overall degradation of the measured spectral response as compared to
the simulated performance [71]. To verify the wavelength-routing properties of the
MMI-phasar multiplexer of Figure 4.4(a), the spectral response of all routes of the device
were examined and the wavelength assignment given already in Table 4.3 were observed.

The spectral response of the multiplexer of Figure 4.4(b) is illustrated in Figure
4.7. As expected, the sidelobe levels have decreased to a considerable extent. On average,
the sidelobes in the spectral response depicted in Figure 4.7 are more than 10 dB lower
than those of Figure 4.6. The measured insertion loss is around 2 dB. The mainlobe has
widened and this results in increased crosstalk from the nearest neighboring channel.

The simulated spectral transmission of the multiplexer of Figure 4.5 is shown in
Figure 4.8. Compared with that of Figure 4.6(a), a degradation of the spectral response is
clearly observed in this case, because the value of d7™ for this multiplexer structure is
larger than that for the structure of Figure 4.4(a).

By comparing Figures 4.6(a), 4.7(a), and 4.8, one can observe that the dips in the
spectral response of Figure 4.7(a) are located where the peaks of the lobes in the other
two responses occur. By cascading the spectral transmission of Figure 4.7(a) with one of
the other two spectral transmissions, we can expect a great improvement of the overall
performance. Figure 4.9 shows the simulated spectral response of a cascaded
configuration of the two multiplexers of Figures 4.4(b) and 4.5. The combined loss is
about 3 dB, and the sidelobes are down by more than 32 dB.

A number of steps can be taken to improve the measured performance of the
device and to narrow the gap between the experimental and the modeled spectral
transmissions. The surface roughness of the waveguides has to be reduced to limit the
propagation losses and, more importantly, to decrease the residual phase error in the
array amms. This can be done by modifying the etching process [17], and/or by using an
upper cladding in the waveguide structure. Also, the polarization sensitivity of these
multiplexers can be reduced by using a waveguide structure which has zero birefringence.
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Figure 4.6 Spectral response of the multiplexer of Figure 4.4(a). The response of
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all five routes associated with one input guide are shown only.
originating from other inputs have similar transmissions.
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Figure 4.7 Spectral response of the multiplexers of Figure 4.4(b); the transmission
at only one output guide is displayed. Other routes behave similarly. (a) Simulated

performance. (b) Measured response.
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Figure 4.8 Simulated spectral response of the multiplexer of Figure 4.5; the
response of only one route is displayed.
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Figure 4.9 Expected spectral response of a combined configuration of multiplexers
of Figures 4.4(b) and 4.5. Only one channel is shown.
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The effects of the fabrication tolerances on the performance of the five-channel
multiplexers were also investigated. A 15-um change in the optimal lengths of both
couplers increases the overall loss of the multiplexer by only 0.5 dB; otherwise, the
spectral response would be largely unaffected. Variation of the waveguide dimensions
and of the refractive-index values of the waveguide material alters the effective index value
of the mode of an array waveguide and, consequently, shifts the multiplexer spectral
response in wavelength. For example, a 0.01% change in the refractive index of the
waveguide core material (SiON) shifts the multiplexer spectral response by 0.12 nm,
without increasing the insertion loss.

The MMI-phasar devices possess functionalities that could make them suitable
for a number of interesting WDM-related applications. Two such applications will be
examined in the next two sections.

4.4 Application as Dynamic Wavelength Routers

Wavelength routers direct the optical signals with different wavelengths to
separate destinations and are key components for WDM optical networks. Wavelength
routers can be classified into two types: static routers having a fixed wavelength
permutation and dynamic routers that can reconfigure the wavelength permutation on
demand. The most well-known static wavelength router is the arrayed-waveguide grating
(AWG) multiplexer discussed in Chapter 1; wavelength tuning can be done with this
device by altering the temperature of the substrate but individual phase control and
independent routing change for each wavelength is not possible.

We showed that the wavelength-routing characteristics of the MMI-phasar
devices enable them to operate as N x N WDM interconnecting components. An MMI-
phasar device, which is basically a static wavelength router, can be converted to a
dynamic wavelength router by simply including phase shifters on the array arms, as
shown in Figure 4.10. Then any of the N wavelength channels can be routed from a given
input port to any output port. The number of the array anns of the MMI-phasar device
is small enough that allows the phase shifters placed on the arms to be independently
controlled; this fact gives a clear advantage to the MMI-phasar devices over the AWG
multiplexers for re-configurable wavelength-routing applications. The device of Figure
4.10 is a promising candidate for applications in wavelength add-drop multiplexing and
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WDM cross-connect switching. This device can also function as a tunable wavelength
demultiplexer.

i S k
N=~_ E or~N
: } { H :,’: §} R { :
1< NxN = NxN 1
MMI MMI
coupler coupler

Figure 4.10 Layout of an MMI-phasar WDM cross-connect switch.

4.5 MMI-phasar for Multiwavelength Laser Applications

Multiwavelength lasers that are based on the integration of wavelength-selective
filters and optical amplifiers are attractive components for wavelength-division
multiplexing systems. The AWG multiplexers have been employed as intra-cavity filters
in multiwavelength lasers [47]-[50). The possibility of using an MMI-phasar device
instead of the AWG multiplexer in multiwavelength lasers is intriguing. Here, the
application of MMI-phasar multiplexers in multiwavelength lasers is studied.

Figure 4.11 shows the schematic diagram of a multiwavelength laser incorporating
an MMI-phasar device. The N ports at one end of the multiplexer terminate in optical
amplifiers with cleaved mirror facets, and one port at the other end terminates in a
partially reflected mirror, or possibly an additional optical amplifier. Each of the N
resonant cavities supports a different wavelength due to the wavelength-routing
properties of the MMI-phasar device. These intracavity filters are precisely spaced with
respect to each other, resulting in an output consisting of N stable and accurately spaced

laser wavelengths.
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Figure 4.11 Schematic diagram of a multifrequency laser incorporating the MMI-
phasar multiplexer as an intra-cavity filter.

The design of multiwavelength lasers requires several trade-offs. First, one would
like to have the filter bandwidth of the intracavity filter as narrow as possible. A narrow
filter bandwidth guarantees that the laser locks on a single longitudinal Fabry-Perot mode,
regardless of how many longitudinal modes are contained within that filter bandwidth
[47]. On the other hand, the free spectral range (FSR) of the multiplexer should be large
so that the selectivity of the amplifier gain profile is sufficient to choose lasing in only
one order of the multiplexer. Since the spacing of Fabry-Perot modes is inversely
proportional to the device length, the multiplexer used in the multiwavelength laser
configuration should have a small size to secure single-mode stability. The MMI-phasar
devices are generally more compact than the AWG multiplexers and, therefore, they are
more advantageous in this regard than their AWG counterparts. The design of a 12-
channel MMI-phasar multiplexer [70] suitable for multiwavelength laser applications is
discussed next.

4.5.1 A Twelve-Channel Multiplexer

The layout of the 12-channel MMI-phasar multiplexer is shown in Figure 4.12.
As before, an optimum set of values of the array arm factor d; was found using the
procedure described in Section 4.3; this set is {15, 10, 8, 5, 1, 0, 6, 7, 11, 14, 16, 21}
corresponding to {d, ..., d)2}. This 12-channel multiplexer is of the same general family
of multiplexer structures shown in Figure 4.1(b). The MMI nonuniform power splitter
employed in the structure of the 12-channel multiplexer is intended to increase the
sidelobe rejection by providing a suitable weight distribution among the array guides. An
appropriate set of values of the parameters h,;, h;, and N” of the 1 x 12 MMI power
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splitter were determined after examining all possible output power distributions of the
MMI splitter using (2.76) and (2.74). The parameter values of N'=26, h; =22, and
h, =2 were selected.

The 12-channel multiplexer was designed, with 1-nm channel spacing at the center
wavelength of 1550 nm, in a deeply-etched InP/InGaAsP rib waveguide system. The
wavelength channels have been placed from 1545 to 1556 nm. The 12 x 12 MMI coupler
is 46 um wide and 1480 gm long. The 1 x 12 MMI splitter is 49.8 ym wide and 805 fm
long. The array guides and the input/output access guides are 2 pm wide, and AL is 61.3
pm. The same waveguide bends are used in the array arms; see Figure 4.12. Using a
bending radius of 200 zm, the total size of the muitiplexer would be approximately
2x3.2 mm.

The spectral transmission of the multiplexer was evaluated using the modal
propagation analysis of the MMI couplers and introducing phase delays corresponding to
the relative lengths of the array arms. Figure 4.13(a) shows the response of the center
channel of the multiplexer. The multiplexer has a periodic transmission with a free

Figure 4.12 Layout of the 12-channel MMI-phasar multiplexer. Parameters 4,
and N’ of the 1 x 12 MMI nonuniform power splitter are as described in the text.
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Figure 4.13 Simulated spectral response of the 12-channel MMI-phasar
multiplexer. The transmission of only the center channel is displayed. Other
channels have similar transmissions, except for appropriate wavelength shifts of
integer multiples of the channel spacing (1 nm). (a) With nonuniform power splitter
as depicted in Figure 4.12, (b) with equal power splitting.
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spectral range of 12 nm. The loss at the center wavelength is 1.7 dB, and the 1-dB full
width is about 0.32 nm. A transmission uniformity of better than 0.8 dB among all the
channels was observed. The sidelobes in Figure 4.13(a) are down by at least 9.5 dB. For
comparison purposes, the spectral transmission of an MMI-phasar multiplexer with
uniform power splitting is depicted in Figure 4.13(b); it is seen that the sidelobe levels in
this case are relatively high. The worst-case sidelobes in Figure 4.13(a) are about 2.8 dB
lower than the sidelobes in Figure 4.13(b).

To control the lasing wavelength in multiwavelength lasers, the multiplexer
response should be sufficiently suppressed at the undesired orders. As displayed in
Figure 4.13, the response at the adjacent order at 1538 nm is suppressed by nearly 3.2 dB
compared with that at the center wavelength. This is due to the limited operating
bandwidth of the 12-port MMI couplers. For wavelength channels, which are positioned
farther from the center wavelength of the multiplexer, the difference between the
multiplexer transmission at the passband wavelength and its neighboring order will be
smaller. Hence, absolute wavelength control can be expected only for channels located
close to the center wavelength. Notwithstanding, this shortcoming can be overcome by
chirping the lengths of the array guides, thereby destroying the periodicity of the
multiplexer spectral response [50].
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5. MMI Couplers for Broadly-Spaced Dual-Channel
Wavelength Demultiplexing

Integrated devices that achieve (de)multiplexing of two broadly-separated
wavelengths are needed for many applications. For example, as illustrated previously in
Figure 1.6, rare-carth doped waveguide amplifiers and lasers require the combination and
separation of pump and signal light [72]-{74]. Also, the transceivers in local-area optical
networks may use 1.3/1.55-um wavelength multiplexers. Several devices can perform this
multiplexing function [74}-{78]. Conventional directional couplers [74], and unbalanced
Mach-Zehnder interferometers [75] are generally characterized by relatively long devices.
Composite asymmetric Y-branches [76] employ asymmetry in the refractive index profile
and requirc a two-mask fabrication process. Two-mode interference couplers
implemented in diffused waveguides have been utilized to build dual-channel wavelength
multiplexers [77]. Also, a novel technique was recently demonstrated which uses two-
mode interference in a short bent coupler to achieve demultiplexing of two broadly
separated wavelengths [78].

MMI couplers can also perform dual-channel wavelength muitiplexing if one
wavelength is in the bar-coupled state and the other is cross coupled. This is possible
because the beat length of MMI couplers, as expressed by Equation (2.29), is wavelength
dependent. Generally, the length of the MMI couplers used for wavelength multiplexing
could be too long because the wavelength-sensitivity of MMI couplers is relatively low,
but if the wavelengths of interest are on the order of a few hundreds of nanometers apart,
fairly small size demultiplexing couplers can be designed.

It was described in Section 2.3.1 that MMI couplers have the property that they
are in bar and cross-coupled states at lengths equal to even and odd multiples of 3L,,
respectively. An MMI coupler can separate the two wavelengths A, and A, if it is a bar-
coupler for one wavelength and a cross-coupler for the other wavelength; the length (L,)
of the demultiplexing coupler has to satisfy the following relation:

L. =p(3Ly) 5.0)
=(p+9)GL2),
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where p is a positive integer, ¢ is an odd integer, and L% is the beat length at wavelength
A. The coupler length has to be minimized since a short coupler is desirable for the
purpose of integration and for reducing propagation losses. Moreover, as described in
Chapter 3, fabrication tolerances become more relaxed and polarization sensitivity
decreases as the coupler gets shorter. From (5.1), the ratio of the two beat lengths is
given by

Beat Length Ratio = I} /I = (p+¢)/p. (5.2
We know, from Equation (2.29), that the beat lengths of the two wavelengths and,
consequently, the beat length ratio depend on the coupler width, so we should choose a
coupler width that results in the beat length ratio being in the form of (p + g) [p with the
smallest possible coupler length.

Next, we demonstrate a compact 980/1550 nm (pump/signal) wavelength
(de)multiplexer useful for integration with rare-earth doped waveguide amplifiers and
lasers [79]-{81]. The device operates both as a multiplexer or a demultiplexer with the
direction of light propagation reversed from one configuration to the other. We
concentrate on the demultiplexing configuration here. It is shown that the device
performance can be optimized by careful selection of the waveguide parameters, and in
particular, the coupler width.

S.1 Compact 980/1550-nm Wavelength Demultiplexer

The 980/1550-nm wavelength demultiplexer was designed and implemented in the
SiO,—-SiON rib waveguide system described in Chapter 3. The refractive indices of SiO,
and SiON films were 1.465/1.46 and 1.565/1.561, respectively, at 980/1550-nm
wavelengths. This layer structure (SiO,-SiON) is compatible with several hybrid
integrated optical circuits in glass [82]. Also, SiON has been used in a number of rare-
earth doped waveguide amplifiers [83]-[85]. Spontaneous emission and transmitted
signal enhancement were reported in an amplifier made with a highly erbium-doped glass
sputtered film combined with a SiON strip-loading layer [83]. The photoluminescent
characteristics of deep high-dose erbium implantation in low-loss SION waveguides were
studied and it was predicted that SiON could be considered as a promising material for
integrated optical amplifiers and lasers [84], [85].
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Using the FWave 2D mode-solver, the beat lengths of the two wavelengths were
evaluated for several values of the coupler width. The ratio of TE beat lengths of the two
wavelengths as a function of the coupler width is plotted in Figure 5.1. The ratio is about
L5 at a coupler width of 6 zam; this beat length ratio corresponds to p=2 and g=1 in
Equation (5.2).

Beat Length Ratio

5 55 6 65 11 15 8 85
Coupler Width (um)

Figure 5.1 Calculated beat length ratio (L2°/[}%) as a function of the MMI
coupler width; TE polarization. A ratio of 1.5 (3 [2) is predicted at a width of
about 6 um.

The basic layout of the 980/1550 nm demultiplexing coupler is shown in Figure
5.2. The coupler is in bar and cross-coupled states at 980-nm and 1550-nm wavelengths,
respectively. The coupler length is L, =6Ly° =9L;®. The MMI coupler is 6-zm wide
and supports five and two modes at 980- and 1550-nm wavelength, respectively. The
widths of the input guide, bar-output guide (pump channel) and the cross-output guide
(signal channel) are 3,2.3 and 3 g, respectively. The input guide supports two modes
at 980 nm and is single-moded at 1550 nm. The gap size at the junction tip between the
output guides is 0.7 um. Figure 5.3 shows a SEM picture of the output junction of a
fabricated coupler.

Transmission characteristics of the device were found using the modal propagation
analysis. The light intensity pattern in the demultiplexer is depicted in Figure 5.4.
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Contrast and insertion loss are used as measures of performance of the device. Referring
to Figure 5.2, the contrast and insertion loss at 980-nm wavelength are defined as

Contrast = 10 Log (13’“/15’“) ,

5.3
Insertion Loss =-10 Log (B™/F{™) . ©3)

The expressions related to the 1550-nm wavelength are defined in a similar manner.
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Figure 5.2 Top view of the demultiplexing coupler. 980-nm wavelength is in bar-
coupled state and 1550 nm is cross-coupled. The widths of the multimode section,
input guide, top and bottom output guides are 6, 3, 2.3 and 3 um, respectively.

Figure 5.3 A SEM picture of the 0.7 um gap at the output junction of the MMI

demultiplexing coupler.
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Figure 54 Simulated light intensity pattern in the 980/1550 nm demultiplexing
coupler. The upper and lower pictures represent the 980- and 1550-nm

wavelength, respectively.

Assuming a symmetric input field excitation, the power in the first order mode of 980-nm
wavelength in the input guide is ignored. The simulated TE performance of the
demultiplexer as a function of the coupler length is shown in Figure 5.5. Insertion losses
below 1 dB at both wavelengths, and contrasts of 24 dB at 980 nm and 15 dB at 1550 nm
are predicted at an optimum coupler length of 467 ym.

The devices were fabricated with the coupler length varying in steps of 5 um
around its optimum value. A 0.1-pm variation in the width of our demultiplexing coupler
results in a change of 14 gm in its optimal length, so tight control during
photolithography was required to minimize the width variations. Compact S-bends were
used to provide a separation of 250 um between the output access guides. To measure
the insertion losses, reference waveguides were included alongside each device.

The experimental arrangement depicted in Figure 5.6, which is similar to that
shown formerly in Figure 3.9, was used to measure the performance of the 980/1550-nm
wavelength demultiplexer. Contrast of about 18 dB and insertion loss of 0.5 dB at both
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wavelengths were achieved with an optimum coupler length of 458 um; see Figure 5.7.
The device performance at 1550 nm is better than the theoretical evaluations; this can be
attributed to the contribution of leaky modes or a possible third mode in the multimode
interference section. The contrast at 980 nm is a few dB lower than that predicted
theoretically which could be because there is some power in the first order mode of 980
nm in the input waveguide. The optimum coupler length is lower by a few microns than
its calculated value; this can be expected if the actual coupler width is slightly smaller than
its nominal value of 6 pm.

TM beat lengths of the demultiplexing coupler were calculated to be larger than
their TE counterparts by 3 m and 5 yam at 980 nm and 1550 nm, respectively. This
means that optimum values of the coupler width and length are different for each of the
two polarizations, and our 6-um wide demultiplexing coupler has been optimized for TE
polarization only. In principle, as stated in Chapter 3, by setting the coupler width and
length at intermediate values, polarization-independent operation can be obtained at the
expense of a performance degradation. Furthermore, the waveguide structure can be
modified to make the coupler less polarization-sensitive. In the next section, we will
examine a polarization-insensitive 980/1550-nm wavelength demultiplexer [81].

25 —
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Figure 5.5 Simulated TE performance of the MMI demultiplexing coupler as a
function of the coupler length (L.). The multimode section is 6-ym wide.
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Figure 5.6 Schematic diagram of the experimental arrangement used for testing the
980/1550-nm wavelength demultiplexer.
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Figure 5.7 Measured TE performance of the fabricated devices with coupler length
(L.) varying in steps of S gm. The multimode section is 6-zmm wide. Thin lines are
quadratic curve fits and thick lines are fourth degree polynomial fits.
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5.2 Polarization-Insensitive 980/1550-nm Wavelength Demultiplexer

The SiO-SiON rib waveguide structure was modified to design a polarization-
insensitive 980/1550-nm wavelength demultiplexer. As shown Figure 5.8, the modified
rib structure consists of SiO, buffer and upper-cladding layers, and a partially-etched
SiON core. The refractive indices of the films are the same as before. It has been shown
in [64] that SiON is almost free from stress around the index value of 1.55. Hence, any
stress-induced birefringence can be safely ignored in the design.

1 Sio T
— 2 1.35 pm
SiON
1.2 ym . Y
Sio, (Buffer Layer)

Figure 5.8 Cross-section of the rib waveguide structure for the polarization-

insensitive MMI demultiplexing coupler.

The beat lengths of the two wavelengths for both polarizations were evaluated for
several values of the coupler width. It is assumed that the dominant component of
electric field for quasi-TE, and the dominant component of magnetic field for quasi-TM,
are along the x-axis as depicted in Figure 5.8. The ratio of TE beat lengths of the two
wavelengths as a function of the coupler width is plotted in Figure 5.9. Also, the beat
length difference of the two polarizations (Lxmm — L1g) is illustrated in Figure 5.9. It can
be seen that the polarization sensitivity is minimal for both wavelengths at a coupler
width of about 6 ym, while the beat length ratio is equal to 1.5 at a coupler width of 7
/m. As a compromise, an MMI coupler with a width of 6.5 um was selected. This
coupler supports four and three modes at 980- and 1550-nm wavelength, respectively.
The input/output access guides are 2.8-um wide; they are single-moded at 1550 nm and
support two modes at 980 nm.
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Figure 5.9 Beat length ratio as a function of the MMI coupler width (TE
polarization). Also, the beat length difference of the two polarizations (Lpmm—
Lyq1e) is shown for both wavelengths; thin solid line and thin dashed line relate to
980 nm and 1550 nm, respectively.
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Figure 5.10 Modeled performance of the polarization-insensitive 980/1550 nm
demultiplexing coupler as a function of the coupler length (). The MMI coupler
is 6.5-ym wide.
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The contrast of the demultiplexing coupler as a function of the coupler length is
shown in Figure 5.10. As expected, the shift between TE and TM curves is very small.
Contrasts of more than 25 dB at both wavelengths and for both polarizations are
predicted at a coupler length of 667 tan. The calculated insertion losses for all cases were
below 0.5 dB at the optimum coupler length.

Fabrication tolerances of the coupler were also investigated. With a limit of 15-dB
contrast, variations of up to £9 gm in the coupler length can be tolerated. A 0.1 tan
variation in the etch depth will result in a change of only 2.5 tam in the optimal length of
the coupler, while a 0.1 gm variation in the coupler width will shift its optimal length by
about 20 tm. Both of these fabrication variations have negligible effect on the device
performance as far as the insensitivity to polarization is concerned. The tolerance of the
width of the MMI coupler is much tighter in this case because the coupler is longer.
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6. Summary and Conclusion

This thesis has been mainly concemed with the design and development of WDM
devices using MMI couplers. A summary of the major parts of the work and the
corresponding results are presented in this section.

MMI couplers have emerged as a new class of optical components that can
provide multi-port coupling and splitting with a compact size, low loss, and high
uniformity. These features together with their ease of fabrication and their relaxed
tolerances, have led to the rapid incorporation of the MMI couplers in complex photonic
integrated circuits. Splitting and combining of multiple optical beams is an important
function in integrated optics, and MMI couplers can perform this function efficiently.
MMI couplers have a definite role to play in the future of integrated optics.

The full characteristics of MMI couplers have been well understood only during
last few years. In fact, the complete self-imaging characteristics of general N x N MMI
couplers, which are important components in the design of MMI-phasar multiplexers and
generalized Mach-Zehnder switches, were analytically described only recently [9], [10].
In this work, we have taken full advantage of the properties of MMI couplers in the
design of novel WDM components.

A modal propagation analysis was developed to simulate the light propagation in
MMI couplers. The self-imaging mechanism in general NXN MMI couplers is
completely described by this analysis. Simple analytical expressions that relate the
coupler geometry to image intensities, phases, and positions were derived. We saw that
different variations of MMI couplers such as 3-dB coupler, cross coupler, and
overlapping-image coupler can be simply considered as special cases of NxN MMI
couplers. Overlapping-image MMI couplers, which allow both uniform and nonuniform
power splitting, were examined and special attention was paid to the design of 1 XN
power splitters.

Our devices have been implemented in a PECVD SiO,-SiON rib waveguide
system on silicon substrates. Various steps involved in the fabrication procedure were
described. The most critical parameter to control during the fabrication is the width of
couplers since the optimal length of MMI couplers is highly sensitive to variations of the
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coupler width. By tight control during photolithography processing, an accuracy of +0.1
pm in the width of the fabricated waveguides, with respect to the dimensions of the
photomask features, was repeatably achieved.

To verify the theory of MMI couplers, a 5x5 MMI coupler and a 1 x5
nonuniform power splitter were designed and fabricated. The couplers were relatively
short; about 708 zm and 354 tam for the 5 x5 MMI coupler and the 1 X5 splitter,
respectively. The measured transmission loss of the 5 X5 coupler indicated that the
coupler had an average insertion loss of nearly 0.3 dB and a uniformity of better than 1
dB among its outputs. Also, the 1 x § splitter exhibited an average measured insertion
loss of about 0.3 dB. The transmission measurements of the couplers were in good
agreement with the simulation results.

The tolerances of MMI couplers were studied, and analytical expressions, which
can estimate the effect of tolerances on the device performance, were presented. The
fabrication tolerances and the optical bandwidth of the five-port MMI couplers were
measured. With a limit of 0.5 dB excess losses, fabrication tolerances of L. =16 um
corresponding to 8, = 10.14 um were obtained for the 5 x § coupler, while measured
optical bandwidths of more than 30 nm and 50 nm were achieved for the 5 x5 coupler
and the 1 x § splitter, respectively. It was demonstrated that MMI couplers have the
advantage of maintaining a very good output uniformity or balance over a large range of
fabrication and operational variations. The polarization dependence of MMI couplers
was also discussed, and ii was notcd that polarization-insensitive MMI couplers can be
designed by choosing a waveguide structure so that the beat lengths for the two
polarizations are equal. The five-port MMI couplers implemented in the SiO—SiON rib
waveguide exhibited a small polarization-dependent penalty loss.

We have demonstrated novel designs of phased-array wavelength multiplexers,
which incorporate two MMI couplers interconnected by an array of N monomode
waveguides. A general theoretical analysis of MMI-phasar multiplexers was presented,
and a simple procedure for finding an optimum set of lengths for the array guides was
given. With the design methodology we have presented, it is possible to optimize the
multiplexer spectral performance while at the same time organize the layout for
compactness and the avoidance of crossings and minimization of bends in the waveguide
array. It was shown that wavelength-routing properties of MMI-phasar multiplexers
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enabled them to operate as N X N wavelength-selective interconnecting components. It
was also demonstrated that, by using a 1 xN MMI nonuniform power splitter, tap
weight tapering in the multiplexer could be used to suppress the spectral sidelobes.

Two variations of a 5-channel multiplexer with 2-nm channel spacing at 1550-nm
wavelength were designed and fabricated. The spectral response of these multiplexers
revealed high uniformity among channels. An insertion loss of 1.5 dB and a worst-case
crosstalk of —10 dB in a 0.5-nm-wide spectral window were measured. The modeled
performance predicts a worst-case crosstalk of ~16 dB in the same spectral window.
Smoother waveguide sidewalls are expected to reduce the phase errors in the array arms
and to improve the performance of the multiplexers. It was shown that by cascading the
5x 5 multiplexer and a 1-to-5 device optimized for sidelobe rejection, integrated
multiplexers with low crosstalk could be built.

Application of the MMI-phasar in WDM cross-connect switches was discussed.
An MMI-phasar device can be converted to a dynamic wavelength router by simply
including phase shifters on the array arms. For this particular application, the MMI-
phasar has a definite advantage over the arrayed-waveguide grating multiplexer since the
number of array arms of the MMI-phasar is comparatively much smaller.

A 12-channel MMI-phasar multiplexer with potential applications in
multiwavelength lasers was proposed and analyzed. Calculated transmission of the
device designed in a InP/InGaAsP rib waveguide system indicated an insertion loss of 1.7
dB and a transmission uniformity of better than 0.8 dB among all channels. The
multiplexer has a length of only 3.2 mm. Using a suitable 1 x 12 MMI nonuniform
power splitter in the multiplexer structure, the sidelobe suppression ratio was improved
by about 2.8 dB.

A compact high performance 980/1550-nm wavelength multiplexer useful for
integration with rare-earth doped waveguide amplifiers and lasers was demonstrated. The
operation of this multiplexer is based on wavelength-selective coupling in MMI couplers.
It was shown that the device performance can be optimized with a right choice of the
coupler width. The experimental results of the multiplexer supported the theoretical

predictions. Contrast of about 18 dB and insertion loss of 0.5 dB at both wavelengths
were achieved with an optimum coupler length of only 458 pm. It was also demonstrated
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that a polarization-insensitive multiplexer can be obtained by choosing the waveguide
parameters appropriately.

6.1 Future Work

To continue the work performed in this thesis, further investigation in a number of
areas will be suggested. The experimental performance of our designed devices can be
improved by making some modifications in the waveguide structure and/or the fabrication
process.

In Chapter 4, the surface roughness of the waveguides was identified as the main
cause of the overall degradation of the measured spectral response of the MMI-phasar
multiplexers. The waveguide surface roughness results in residual phase errors in the
array arms, and also increases the propagation losses. The surface roughness of the
waveguides can be decreased by using a modified RIE process as described in [17]. The
effect of the waveguide surface roughness can be further reduced by adding an upper
cladding in the rib waveguide system.

Some work would be needed to address the polarization sensitivity of the devices.
The response of the MMI-phasar multiplexers is polarization-dependent mainly due to
the birefringence of the array arms. One way to reduce the polarization sensitivity of the
MMI-phasar multiplexers is to use a waveguide structure that has zero birefringence.
Also, it was observed in Chapter 5 that a polarization-insensitive 980/1550 nm
demultiplexing coupler can be obtained with a right choice of the waveguide structure so
that the beat lengths corresponding to the two polarizations are equal.

It was mentioned in Chapter 3 that PECVD SiON films suffer from high
absorption losses in the wavelength range 1.5-1.55 um caused by the N-H resonance
absorptions. These losses can be largely reduced by annealing the films at temperatures
around 1000 °C but in many application, annealing at such high temperatures is not
desirable from the integration viewpoint. Moreover, annealing causes some changes in the
film parameters, and increases the number of steps in the fabrication process. This
problem can be totally avoided if nitrogen-containing source materials are not used in the
PECVD deposition process. Then the films would contain no nitrogen and would be free
from losses associated with the N-H resonance absorptions. For example, a PECVD
process was recently reported [86] that used oxygen as an alternative to nitrous oxide as
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an oxidant, and fluorine as the refractive index-varying dopant. The propagation losses of
channel waveguides formed in these silica-based films were reported to be less than 0.2
dB/cm in the 1.5-1.55-um wavelength range. Further research in similar PECVD
processes for fabricating suitable low-loss films would definitely lead to devices with
very low insertion losses.

It was indicated that MMI-phasar multiplexers could be used in applications such
as multiwavelength lasers and dynamic wavelength routers. It is necessary to implement
and test some of these devices to verify the suitability of MMI-phasar multiplexers for
these applications. The wavelength-routing properties of MMI-phasar multiplexers
might make them suitable for applications that are not obvious at the present time but
may show up in the future. Also, it would be desirable to try to incorporate components
such as Bragg gratings in the design of MMI-phasar multiplexers to improve the spectral
response of the multiplexers [87]. This could be an engaging research area in the future.
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