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ABSTRACT

This thesis presents an introduction to the design and simulation of a novel class of integrated
photonic phased array switch elements. The main objective is to use nano-electromechanical
(NEMS) based phase shifters of cascaded under-etched slot nanowires that are compact in size and
require a small amount of power to operate them. The structure of the switch elements is organized
such that it brings the phase shifting elements to the exterior sides of the photonic circuits. The
transition slot couplers, used to interconnect the phase shifters, are designed to enable biasing one of
the silicon beams of each phase shifter from an electrode located at the side of the phase shifter. The
other silicon beam of each phase shifter is biased through the rest of the silicon structure of the
switch element, which is taken as a ground. Phased array switch elements ranging from 2x2 up to
8x8 multiple-inputs/multiple-outputs (MIMO) are conveniently designed within reasonable

footprints native to the current fabrication technologies.

Chapter one presents the general layout of the various designs of the switch elements and
demonstrates their novel features. This demonstration will show how waveguide disturbances in the
interconnecting network from conventional switch elements can be avoided by adopting an
innovative design. Some possible applications for the designed switch elements of different sizes and
topologies are indicated throughout the chapter. Chapter two presents the design of the multimode
interference (MMI) couplers used in the switch elements as splitters, combiners and waveguide
crossovers. Simulation data and design methodologies for the multimode couplers of interest are
detailed in this chapter. Chapter three presents the design and analysis of the NEMS-operated phase
shifters. Both simulations and numerical analysis are utilized in the design of a 0°-180° capable
NEMS-operated phase shifter. Additionally, the response of some of the designed photonic phased
array switch elements is demonstrated in this chapter. An executive summary and conclusions

sections are also included in the thesis.
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EXECUTIVE SUMMARY

In this research, novel silicon-on-insulator (SOI) integrated photonic phased array switch (IPPAS)
elements are proposed, designed and simulated. Fabrication of prototypes IPPAS designs, using the
CMC Microsystem’s NanoSOI nanomachining manufacturing process, is progressing. Prototype

chips will be tested using the facilities in the Photonic Technology Laboratory (PTLab).

The IPPAS architecture may be considered as a generalization to NxN-ports of the traditional 2x2
Mach-Zehnder interferometer (MZI) switch element. The MZI traditionally has two photonic inputs
and two photonic outputs. It comprises two 2x2 couplers that may be implemented as 2x2 MMI
(multimode interference) couplers, one to act as a splitter (the input MMI coupler) and the other one
to act as a combiner (the output MMI coupler). The two outputs of the splitter MMI coupler are
connected to the two inputs of the combiner MMI coupler through electrically-controlled photonic
phase shifters. The operation of these phase shifters is traditionally based on the thermo-optic effect,
the carrier dispersion effect or the electro-optic effect. Each of these phase shifting techniques has its
merits and demerits, but in general they all result in bulky elements placing a limit on the ambition

to create complex photonic integrated circuits (PICs).

In general, an IPPAS consists of an input NxL MMI coupler, an output LxM MMI coupler, possibly
a number of intermediate MMI couplers as needed and L interconnecting waveguide arms
containing an electrically-controlled phase shifters. In this research, the phase shifters are
implemented as nano electromechanical systems (NEMS) employing suspended slot waveguides
with electrostatically controlled variable slot width. NEMS-operated phase shifters have a much
smaller footprint compared to the orthodox thermo-optic or electro-optic phase shifting methods, and
they do not require doping of the silicon saving both design area and manufacturing expense. The
length of the NEMS-operated slot waveguide phase shift element designed in this work is 349 um,
whereas the length of an orthodox phase shift element in silicon length is in the millimeter range.
The NEMS-operated phase shift elements offer a small capacitive load to the drive circuitry

requiring little energy to operate. Innovative straight transition slot couplers, having a constant slot
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width of 100 nm, are designed in this work to couple the NEMS-operated phase shifters to the
interconnecting nanowire waveguides. The designed transition slot couplers are efficient; having
optical mode coupling efficiency of around 97% based on simulation, and they provide the
capability to bias the voltage-controlled phase shifter from one side resulting in compact size and
neatness of the switch element. Additionally, all the MMI couplers of all sizes are designed such that
the pitch size between the centers of their adjacent ports is the same (fixed to 2 um). This permits the
alignment of the phase shifter elements and their waveguide interconnections with the ports of the
input/output (I/O) MMI couplers, which eliminates the need to use waveguide bends and the
impairments of excess footprint, excess bend loss, and the relative phase error impairments they
introduce. Phased array switch elements consisting of a NEMS-operated phase shift element array
between compatibly dimensioned MMI couplers have not previously been described in the literature.
In this work, they have been proposed and enable the construction of large-scale, ultra-compact size
and ultra-small power consumption switch elements. IPPAS elements are a potentially suitable
technology in a number of vital applications including signal routing, modulation, detection, signal

processing and wavelength division multiplexing (WDM).

Integrated SOI-IPPAS circuits of different sizes including 2x2, 2x4, 4x4, 4x8 and 8x8 have been
designed in full. Three core chapters are included in this thesis. Chapter (1) provides an introduction
to IPPAS elements. Schematic diagrams for IPPAS elements ranging from 2x2 to 8x8 are outlined
illustrating strategies to bring the active phase shift elements to either side of the circuit to facilitate
electrical contacting. Typical design dimensions are indicated on these diagrams. Near vertical
grating couplers are assumed in the presented schematic diagrams of the designed IPPAS elements
to couple the light in and out of each switch element. However, edge coupled circuits have also been
designed but not included in this particular chapter. Chapter (2) deals with the design and simulation
of the MMI couplers used in IPPAS elements. A -3dB 2x2, crossover 2x2, -6dB 4x4, -3dB 4x4 and
-9dB 8x8 couplers are designed to typical performance parameters. MMI couplers rely on producing
self-images at the output ports. Both minimum excess losses and minimum imbalances are desired.
The MMI couplers are optimized for a minimum cost that combines and can trade-off excess loss
and imbalance. Chapter (3) presents the design and simulation of the NEMS-operated cascaded slot

waveguide phase shifters. The transmission-phase response of some of the designed IPPAS elements
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to some defined phase synthesis modes applied to the NEMS-operated phase shifters is also included
in this chapter. Testing strategies, results of laboratory verification, targeted applications of the

IPPAS fabrics and prototyping of some design variations is underway.

The tool used to verify the design of the IPPAS components is FIMMPROP from the Photon Design
suite of simulation tools. The simulations made use of the complex finite difference mode (FDM)
three-dimensional (3D) full vectorial (FV) eigenmode solvers of FIMMPROP. Accurate simulation
data is obtained using these solvers. A combination of custom numerical analysis code and
simulation tools has been used to design the NEMS slot-waveguide phase shift elements. The
scattering parameters of the different fabric components obtained from simulation are used to predict
the transmission-phase response of the studied IPPAS elements. Testing plans have been established
and the proposed methods are being verified. The testing is mainly targeting estimating losses and
imbalances, verifying the phase differences achieved by the NEMS phase shift elements and
qualifying the output states of the circuits. Testing strategies based on both the interferometry
inherent in the structure and methods based on spectral interferograms produced by the intentional

introduction of path imbalance are being investigated.
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CHAPTER 1
INTRODUCTION TO PHOTONIC PHASED ARRAY SWITCHES

1.1 Abstract

This chapter introduces the concept of the photonic phased array switch elements. The chapter starts
with an overview of the IPPAS elements addressing the components used in building this type of
PICs and indicating their novel features. The principle of operation of the NEMS-operated phase
shifter of cascaded under-etched slot waveguides is indicated revealing its advantage compared to
other alternate phase shifting methods. An explanation of the SOI integration platform utilized in
building the IPPAS testing structures is briefly included. Then, the schematic diagrams of the
designed IPPAS elements of different sizes ranging from 2x2 to 8x8 are presented with detailed
dimensions indicated on them. The IPPAS elements presented in this chapter assume broadband
responses where the waveguide paths of the network interconnecting the splitter/combiner MMI
couplers have all the same length for any particular IPPAS element. In consequence, no waveguide
bends are needed in the network part between the splitter/combiner MMI couplers. Some possible

applications of the IPPAS elements are associated in this chapter.

1.2 Overview of Photonic Phased Array Switches

Photonic phased array switch elements integrated on silicon on insulator material platform (SOI-
IPPAS) are versatile photonic integrated circuits (PICs) with a multiple-input multiple-output
(MIMO) structure that create amplitude-phase relations between their ports parameterized by the
phase shifts induced by external voltage applied to a phase shift element array. IPPAS may be
considered to be a generalization of the traditional MZI modulator. The traditional MZI modulator
has two photonic inputs and two photonic outputs with a structure consisting of two 2x2 couplers

interconnected by a dual phase modulator. IPPAS elements in contrast employ a NxL multimode
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interference (MMI) coupler at the input and a LxM MMI coupler at the output interconnected with
an array of L phase shift elements. Usually N = L = M but this is not a necessary condition and there

are advantages to structures with L > M.

Thermo-optic, carrier dispersion effect or electro-optic effects have been deployed to implement the
phase shifting elements in traditional MZI modulators described in the literature. The thermo-optic
phase shifting effect is effective but slow and dissipates a large amount of electrical power. The
carrier dispersion effect is fast but is weak and introduces excess losses. The electro-optic effect is
fast but weak and only available in certain material platforms. The focus of this work is on silicon
which possesses no linear electro-optic effect. These traditional phase shifting elements have large
foot prints (~mm?) consuming an excessive proportion of the available chip area. They usually
require electrical contacts (electrodes) on both sides of each phase shifter forcing the placement of
the phase shifters in a photonic phased array away from each other, usually in one column, such that
waveguide bends have to be used to accommodate the resulted structure enticing additional loss,
exacerbating the chip area consumed and entailing greater difficulty controlling the path lengths of
the interconnections between the input/output (I/O) MMI couplers. Waveguide crossovers might also
be needed to realign the electrodes on the sides of the fabric at the expense of increased insertion
loss and cross-talk. This in consequence puts a cap on the objective of constructing large photonic
phased array switch fabrics that can be implemented using existing fabrication technologies such as

the silicon photonics processes.

In this research, the phase-shift elements are implemented as nano electromechanical systems as an
alternative to the traditional approaches. The NEMS phase shift elements use suspended slotted
photonic waveguides with an electrostatically controlled variable slot width. The slotted photonic
wire in essence consists of two nanoscale silicon beams with sub-micron separation (100 nm) that
are rendered free to move laterally relative to each other by using an under-etch step in the
fabrication process to remove the oxide layer underneath the silicon beams. Applying a voltage to
the freestanding beams changes the slot width between the silicon beams which in its turn results in
a strong variation of the effective index of the slot waveguide. By utilizing a sufficient number of

NEMS-operated slot waveguide sections in cascade, a micro-size phase shift element with 15
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cascaded slot waveguide sections has been designed in this work that is capable of 0°-to-180° at
about 0-to-15 V of applied voltage; a fundamental resonant frequency of the nano-mechanical
structure of about 50 MHz; and a pull-in voltage of about 17.7 V. The NEMS-operated phase shift
element requires significantly less chip area, only 349 pum in length, and uses much less power, in
the micro Watt range, compared to other phase shifting approaches. The only current needed to
modulate the gap width between the freestanding silicon beams is due to the charging of the
capacitance effect between them, which is estimated in the femto Farad range. The design of the
NEMS-operated slot waveguide phase shifter is based on the numerical approach presented by
Acoleyen et al. [1] and the simulation of the effective index of the slot wire using FIMMPROP.
Acoleyen designed, fabricated and tested a NEMS-operated phase shifting line of three cascade slot
waveguides. Acoleyen’s phase shifting line achieved up to about 40°. Acoleyen’s experimental
measurements showed that the electromechanical behavior of the NEMS-operated slot nanowire is
located (about midway) between fixed and hinged boundary conditions of the freestanding silicon

beams.

One novel aspect of this research is the incorporation of the NEMS-operated phase shift element into
practical phased-array switch PICs. A second novel aspect is a highly efficient straight transition slot
nanowire coupler that has not been previously described in the literature that has been designed to
couple the I/O single mode nano waveguides to the NEMS-operated phase shifter of cascaded slot
waveguides. The distinguishing feature of this transition slot nano waveguide coupler is that it
enables direct electrical connection to one of the silicon beams of the NEMS-operated phase shifter
through the rest of the silicon system components to the common ground electrode, whereas the
other silicon beam of the slotted wire phase shift element is excited through a separate electrode.
Therefore, one separate electrode is needed per NEMS-operated phase shifter used in IPPAS fabrics
compared to two using other approaches. Simulation using FIMMPROP showed that the designed
transition slot coupler has optical mode coupling efficiency of about 97%. In addition, all the MMI
couplers used in the proposed photonic phased array switches are designed so that the centers of
their I/O access ports have the same pitch. This eliminates the need to use waveguide bends between
the /O MMI couplers, eliminating a source of excess footprint and relative path-length imbalance.

Finally, a special arrangements, proposed for the first time, brings the internal waveguides
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interconnecting the I/O MMI couplers to the exterior to connect to their phase shift element and
enables all the NEMS-operated phase shifter elements to be placed only at the exterior sides of the
structures which facilitates electrical contacting. These novel arrangements help to reduce the total
loss of the system, better organize the components within the circuit, and facilitates the design and

fabrication of larger scale systems.

IPPAS fabrics are candidate solutions for many applications including: direct routing of photonic
signals; photonic modulators and detectors; processing of photonic signals; RoF (radio-over-fiber)
applications; filtering of photonic signals and processing of electronic signals using PICs. IPPAS
elements can provide both amplitude and phase modulation to the input photonic signals. The
versatility of the I/O amplitude-phase relations depends on the complexity of the photonic switch
element. In this work 2x2 (the basic MZI configuration), 2x4, 4x4, 4x8 and 8x8 switch elements
have been designed. The photonic switch element consists of MMI couplers (usually an input and
output MMI couplers and possible intermediate MMI couplers); a number of NEMS-operated phase
shifters of cascaded slot waveguides depending on the number of interconnecting waveguide
branches between the I/O MMI couplers; interconnecting single mode nano waveguides and tapers
to adapt the width of the single mode waveguides to the width of the access ports of the MMI
couplers. Additionally, near vertical coupling grating couplers or edge couplers are usually
incorporated in the technology to enable input and output of the light. All system components
including the MMI couplers, the NEMS-operated phase shifters, the single mode nano waveguides

and the tapers have been designed to typical specifications.

The complex FDM-3D-FV solver of the FIMMPROP software is used in simulation which means
high accuracy in achieving design parameters. Accurate procedures have been utilized in design
details. Taking an example, the -6dB 4x4 MMI coupler designed in this work is smaller than that
designed by Voigt [2] in a recent research for comparable excess loss and imbalance. The -3dB 2x2
MMI coupler designed in this work exhibit small excess loss of 0.11 dB and minimal imbalance of
0.053 dB. A variety MMI couplers are designed to typical performance parameters and utilized in
the IPPAS fabrics including a -3dB 2x2, -6dB 4x4, -9dB 8x8, crossover 2x2 and -3dB 4x4. Up to
the author’s knowledge, 8x8 MMI couplers are rarely deployed in practical photonic systems. All
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parameters including imbalance, excess loss, scattering parameters and optical power distribution
have been simulated for the different designed components. Simulations of the NEMS-operated
phase shift element consisting of 15 cascaded slot waveguides together with the transition slot
waveguide couplers show a typical total excess loss of about 1.1 dB. Each additional cascade slot
waveguide is estimated to cost about 0.055 dB of excess loss based on simulation results. The
simulated scattering parameters of the designed components are used to predict the I/O amplitude-

phase relations of the different IPPAS circuits and to trial different applications.

The proposed IPPAS elements presented here have been designed to the smallest details. CMC
Microsystems have granted us access to their NanoSOI nanomachining fabrication process to
prototype some IPPAS elements design variants on a SOI wafer with a silicon thickness of 300 nm
and minimum feature size of 100 nm. Testing of the designed IPPAS chips is planned to be
conducted in our PTLab. The designs may be adapted as needed in future, simply and in a
reasonably short time, to other fabrication processes such as the IMEC process , which uses a 220
nm of silicon thickness, or even the 145 nm of silicon thickness option a of the NanoSOI
nanomachining manufacturing process of CMC Microsystems. The MZI inherent in the designed
structures enables the evaluation of the phase shift difference achieved by the NEMS-operated phase
shifter of cascaded slot waveguides and the study of the transmission characteristic of the IPPAS
circuits. Development of the test plan based on both the MZI interferometry and spectral
interferometry is being investigated. Testing of the designed nanophotonic components and systems
is of great importance to evaluate their performance and to close the gap of uncertainty due to the
approximations involved in numerical procedures and manufacturing tolerances of nanostructures

and it is vital to design prototypes to facilitate the test procedures (i.e. design-for-test).

1.3 Nanophotonic Silicon-on-Insulator Platforms

The SOI photonic integration platform offers very tight light confinement due to the high contrast
between the refractive index of the silicon core layer and the refractive index of the surrounding

cladding. The SOI platform has therefore become the first choice for designers seeking passive

20



components and circuits with small footprints. The possibility of etching the buried oxide layer
under the silicon nanowires provides an opportunity to extend the applications of SOI platforms to
include active devices based on the NEMS-operated slotted waveguides. Active SOI platforms are
promising in many applications including switching, modulation, detection and photonic signal
processing. Additionally, active SOI platforms can result in compact ultra-low power consumption

PICs manufactured in low price technology.

Figure 1.1 illustrates the layers of an SOI platform. The light is confined in the silicon core layer
which typically has a refractive index of about 3.45. The silicon core layer is sandwiched between
the oxide layer underneath it and usually air on top of it. The oxide layer has a typical refractive
index of about 1.44 and the air layer has a refractive index of 1. The thickness of the oxide layer is
usually in the range of 1 pm to 2 pm. The thickness of the silicon core layer, on the other hand, has
been standardized to a small number of fixed values suited to the fabrication technology. The Inter-
university Micro-Electronics Centre (IMEC) SOI nanophotonic platform conveniently uses a typical
silicon layer thickness of 220 nm. The CMC Microsystems NanoSOI nanomachining manufacturing
process has two convenient SOI platforms with two different silicon core thicknesses of 145 nm and
300 nm. Changing the thickness of the silicon core implies different dimensions for overall structure

of components and requires redesigning and the running of new simulations.

In this research, the silicon base layer thickness of 300 nm of the CMC Microsystems Soitech
platform is adopted for the designs. Checking of the performance changes based on the other
aforementioned available platforms is left for future work. The silicon core layer is supposed to be
fully etched to form the boundaries of the designed photonic structures. Shallow etching (e.g. about
70 nm deep for IMEC) can also be employed to construct the near vertical grating couplers used to
externally access the on-chip fabrics. Another important parameter in designing SOI structures is the
minimum feature size, which refers to the smallest design detail that can be manufactured. The
minimum feature size for the aforementioned manufacturing technologies is typically 100 nm or

less. The slot width of the NEMS-operated slot nanowires is 100 nm matching this limitation.
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Figure 1.1 Silicon-on-insulator technology.

1.4 Layout of Ordinary Photonic Phased Array Switches

Figure 1.2 shows a schematic diagram for an ordinary layout of a 4x4 IPPAS switch element. Two
4x4 MMI couplers are used in this switch element. Each branch connecting one of the outputs of the
MMI coupler splitter to one of the inputs of the MMI coupler combiner has a traditional electro-optic
or thermo-optic phase shift element in its path. The single mode waveguide paths interconnecting the
I/O MMI couplers and the phase shifters are routed so that the lengths of the four different paths
between the I/O MMI couplers are all the same. This ensures each path provides the same phase shift

when the phase shifters are biased at zero.

Each traditional phase shift element is bulky. The electrodes required on either side of the device for
bias present particular layout difficulties. Waveguide crossovers in a multistage circuit might be used
to bring interior electrodes to the exterior of the circuit but at the cost of increased layout
complexity. The electrodes are required to be spaced well away from each other to physically
facilitate accessing them and also to control the gradient in the electric field potential developed

between the electrodes at micrometer range distances.
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Waveguide bends are needed to accommodate the disparity in footprint between the MMI couplers

and the phase shift elements. These introduce additional losses; consume footprint and are a

potential source of path length imbalance resulting in more difficulties to implement large dimension

switches. The location of the electrodes create difficulties for test procedures as they are located in

the midst of the structure between the input and output coupling ports and require more difficult

multilayer wiring arrangements (not a plane single layer layout). The near vertical grating couplers

are needed to couple the light between the probing fibers and the IPPAS switch. Tapers are used to

adapt the width of the interconnecting single mode waveguides to the width of the MMI coupler
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Figure 1.2 Layout of an ordinary 4x4 IPPAS element.

1.5 Outline of a 2x2 Photonic Phased Array Switch Element

Although, a 2x2 IPPAS element shares the characteristic of a traditional MZI modulator, it inherits

the distinct novel features of the IPPAS class of switch elements. Figure 1.3 shows the schematic

diagram of the 2x2 [PPAS element introduced in this work. The switch element consists of two -3dB

2x2 MMI couplers with two NEMS-operated phase shifters interconnecting them. A -3dB 2x2 MMI

coupler splits the optical power at an entrance port equally into the two arms. The optical beams in
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the two arms of phase shift elements recombine at the exit -3dB 2x2 MMI coupler arms. The phase
shift elements in the two arms adjust the interference of the two beams on recombination such that
light may be switched between either one of the two output ports of the switch element. This basic
switch element is also characterized by the capability to change the phase modulation due to voltage
applied at the electrodes of the fabric into both amplitude and phase modulation of the light

transferred through the silicon fabric.
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Figure 1.3 Schematic diagram of a 2x2 IPPAS element.

The NEMS-operated phase shifter used in the switch element is composed of 15 cascaded slot
waveguides estimated to provide a phase shift of more than 180° at an applied voltage of about 15 V.
The switch element uses no waveguide bends in the interconnecting branches between the ports of
the MMI couplers. Near vertical grating couplers or edge couplers can be used to couple the light in
and out the switch fabric. One of the silicon beams of each NEMS-operated phase shifter is
connected to the common ground electrode through the rest of the silicon waveguide circuitry as
outlined in the figure. The other silicon beam is connected to an isolated electrode located on one
side of the phase shift element. This switch element is compact in size, has a simple layout and it
may provide an ideal system to measure the phase difference introduced by the NEMS-operated

phase shifters using the MZI-like behavior.

In Figure 1.3, 4¢; and A¢, are the phase shift differences introduced by the two NEMS-operated
phase shifters due to the external voltage applied to electrodes 1 and 2, respectively. The length of
the NEMS-operated phase shifter with the I/O straight transition slot waveguide couplers is 349 um.
The entire length of the core of the switch element of this figure excluding the I/O coupling
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arrangements to the optical fibers of near vertical grating couplers, tapers and adjusting waveguide
bents is 528.32 um. This length is much smaller than that of a traditional MZI modulator; the length

of a traditional phase shift element alone is in the millimeter range.

1.6 Outline of a 2x4 Photonic Phased Array Switch Element

Replacing the 2x2 MMI combiner in Figure 1.3 with a 4x4 MMI coupler, a 2x4 switch element with
the topology depicted in Figure 1.4 is obtained. This switch fabric is composed of a -3dB 2x2 MMI
coupler, a -6dB 4x4 MMI coupler, two NEMS-operated slot waveguide phase shifters and the
interconnecting structure of single mode nanowires and tapers. An input applied to the -6dB 4x4
MMI coupler produces all four equal power outputs. This particular fabric can operate as a two-way
switch, where either one of the two inputs might be switched to either one of two different outputs

simultaneously.

The core length of this IPPAS element is 589.86 um as indicated in Figure 1.3. It also represents one
of the simple circuits suited to the measurement of the phase shift characteristic of the NEMS-
operated phase shift elements. Replacing the combiner -6dB 4x4 MMI coupler with a -3dB 4x4
MMI coupler yields a switch element with different response. A -3dB 4x4 MMI coupler produces
two equal power outputs due to one of its inputs and will be explained in detail in Chapter (2). It is
also possible to replace the splitter -3dB 2x2 MMI coupler with a crossover 2x2 MMI coupler and
redirect the respective outputs of the NEMS-operated phase shifters to inputs /,; and I3 of the
combiner -6dB 4x4 MMI to manipulate a coherent 90° optical hybrid with active phase shift
modulation capability. The operation modes corresponding to redirecting the outputs of the NEMS-
operated phase shifters to different combinations of the combiner 4x4 MMI coupler inputs (i.e. /p;
through 7,,) are different. However, choosing two adjacent inputs of the combiner 4x4 MMI coupler
eliminates the need to use waveguide bends in the core of the circuit. Investigating the response of

these architectural design variations is targeted.
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Figure 1.4 Schematic diagram of a 2x4 IPPAS element.

1.7 Outline of a 4x4 Photonic Phased Array Switch Element with Two Phase
Shifters

A 4x4 TPPAS element implemented using two 4x4 MMI couplers with four branches
interconnecting them but with using only two NEMS-operated phase shifters located on the sides of
the structure is shown in Figure 1.5. The active NEMS-operated phase shifters contribute to phase
differences only to the outer interconnecting branches running between the MMI couplers. As shown
in the figure, the two inner interconnecting braches between the MMI couplers have passive non-
activated NEMS-operated phase shift structures identical to the active ones. The reason for adding
these passive phase shifters is to ensure all of the four branches interconnecting the MMI couplers

are matched.

Due to the fact that only two active phase shifters are used in this 4x4 fabric, using -6dB 4x4 MMI
splitter and combiner couplers might not enable this fabric to fully switch the inputs to isolated
outputs. However, modulation/demodulation applications are still possible. Alternatively, replacing
the input splitter with a -3dB 4x4 MMI coupler and keeping the -6dB 4x4 MMI combiner can roll-
back this circuit to a 2x4 switch element type utilizing only the outer inputs (I; and I4). A two-way

switch fabric is expected in this case with the possibility of a coherent detection capability.
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Figure 1.5 Schematic diagram of a 4x4 IPPAS element with two phase shifters.

1.8 Outline of a Full 4x4 Photonic Phased Array Switch Element

A full size 4x4 IPPAS switch element is shown in Figure 1.6. This switch element has four NEMS-
operated phase shifters. Each phase shifter is attached to one of the four branches interconnecting the
/O MMI couplers. Two intermediate crossover 2x2 MMI couplers are used to toggle the
interconnecting paths such that all of the four phase shifters are located on the sides of the fabric as
seen in the figure. The interconnecting paths are interlaced with each other as they are connected to
the combiner MMI coupler. That is O,;, O,2, O,;3 and O, are connected to I,, I.;, I.4 and I ; through
APy, Aps, Ags and A¢y, respectively. This switch element provides full switching capability with the
use of -6dB 4x4 splitter and combiner MMI couplers. It is also possible to replace either one or both

of the I/O MMI couplers with -3dB MMI couplers resulting in different response IPPAS elements.

As indicated in Figure 1.6, the length of the core of this switch element with the -6dB MMI couplers
is 1128.95 um, which is possibly still shorter than just the length of a traditional electro-optic or
thermo-optic phase shift element. It should be mentioned here that the inner edges of the crossover
2x2 MMI couplers are separated from each other by a distance of 0.51 um; quite enough to avoid
direct coupling of their internal fields. The pitch size between the centers of the adjacent I/O ports of
the intermediate crossover 2x2 MMI couplers is the same as those for the /O MMI splitter and
combiner. Thanks to this novel feature in the design, the need to use any waveguide bends to

interconnect the I/O MMI couplers is eliminated. The electrodes are spaced from each other
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sufficiently that the electric field intensities developed between them when applying external
voltages remain within safe limits. This 4x4 switch design inherits the MZI-type behavior but
exceeds it in switching and modulation capabilities. Its compact footprint, good organization, IC like
terminals, mask design simplicity, ultra-low power consumption and low excess loss can make it a

preferred choice in contemporary photonic systems.

"o [

1128.95

Figure 1.6 Schematic diagram of a 4x4 IPPAS element with all paths phase shifters.

1.9 Outline of a 4x8 Photonic Phased Array Switch Element

A 4x8 phased array switch element with each interconnecting path equipped with a separate NEMS-
operated phase shifter is depicted in Figure 1.7. The interconnecting paths can be aligned to different
combinations of the combiner 8x8 MMI coupler. However, using a sequential four inputs of the 8x8
MMI coupler avoids the need for waveguide bends between the MMI couplers. Multi-way switching
capability is expected using this switch fabric. The figure shows the interconnecting paths adjusted
exactly to the mid inputs of the 8x8 MMI coupler. The dimensions of a splitter -6dB 4x4 MMI
coupler and a combiner -9dB 8§x8 MMI coupler are indicated on the figure. With this choice, the
core length of the 4x8 IPPAS fabric is 1252.5 pm as indicated in Figure 1.7. This length is still
reasonable to manufacture with the currently available technologies. It is also possible to replace the

-6dB 4x4 MMI coupler with the -3dB 4x4 coupler version to create a fabric with different function.
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Figure 1.7 Schematic diagram of a 4x8 IPPAS element.

1.10 Outline of an 8%8 Photonic Phased Array Switch Element

An 8x8 IPPAS element equipped with eight separate phase shifters is depicted in Figure 1.8. This
fabric provides full switching capability and versatile amplitude-phase relationships between its
eight inputs and eight outputs. Twelve crossover 2x2 MMI couplers are used to arrange the eight
separated NEMS-operated phase shifters on the sides of the circuit, one to each branch
interconnecting one of the splitter 8x8 MMI coupler to one of the combiner 8x8 MMI coupler. The
interconnecting branches are interlaced such that the outputs of the splitter 8x8 MMI coupler
numbered from 1 to 8 are connected to inputs 4, 3, 2, 1, 8, 7, 6, and 5, respectively, of the combiner

8x8 MMI coupler.
The length of the fabric core with the I/O -9dB 8x8 MMI couplers shown in the figure is 2331 pum.

This length, indeed, is currently challenging to manufacture. Therefore, this architecture will be

mostly considered for theoretical study only and it could be targeted as a possible future milestone.
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CHAPTER 2
ANALYSIS, DESIGN AND SIMULATION OF MICROSIZE SOI
MULTIMODE INTERFERENCE COUPLERS

2.1 Introduction to SOI Multimode Interference Couplers

The excellent properties of SOI-MMI couplers, including compact size, low loss, low reflection, low
crosstalk and wide bandwidth response, have encouraged the use of SOI-MMI couplers in a number
of PICs. A Glance at the literature provides examples of application utilizing SOI-MMI couplers that
include electro-optic switches [3,4], MZI-based switches [5,6], passive MZI polarization splitters
and convertors [7], microring resonators [8], optical 90° hybrids [9-12] and phased array wavelength

division multiplexers (WDMs) [13].

Tapers are usually used to adapt the width of the interconnecting single mode waveguides to the
wider width of the I/O access ports of the MMI coupler. Controlling the width of the access ports to
an MMI coupler is of great importance to optimize imbalances in the split ratios and excess losses
for the different inputs to the MMI coupler [16]. The criteria of uniform split ratios and minimal

excess loss has been faithfully satisfied in this work.

In this research, MMI couplers are used basically as splitters and combiners in IPPAS elements.
Crossover MMI couplers are used also to interlace adjacent optical paths with each other as
explained in Chapter (1) of the thesis. The design of a variety of MMI couplers of different types and
different port dimension sizes is discussed in this chapter of the thesis including -3dB 2x2, crossover
2x2, -6dB 4x4, -3dB 4x4 and -9dB 8x8. All the MMI couplers presented in this chapter are

simulated and designed at an operating optical center wavelength of A = /550 nm.

The design of MMI couplers rests on ensuring the production of self-images of the input access port

field profiles at the output access ports. Optimum self-images result at minimum excess loss points.
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The set of parameters that result in minimum imbalances and minimum excess losses for the
different inputs of 4x4 and 8x8 MMI couplers do not exactly match each other. Optimization
functions for the minimization of the non-uniformity in the output powers and the minimization of
power losses for the different inputs of the MMI couplers of sizes 4x4 and 8x8 are formulated and

used in design in this work.

The simplified theory of MMI couplers based on the effective index method (EIM) is presented in
the next section. Although approximate, it provides the greatest insight into the physics of MMI
couplers. The complex FDM-3D-FV solver of FIMMPROP is used in simulations to design the
different MMI couplers used in this work. This work is based on high accuracy simulations and

follows credible procedures to produce MMI couplers exceeding previously reported standards.

2.2 Analysis of SOI Multimode Interference Couplers

In this section we illustrate the analysis in terms of the 2x2 MMI coupler shown in Figure 2.1. The
MMI coupler is rectangular with width W, and length L.. The entrance face of the MMI coupler is
divided into two access sections each of width W, corresponding to the absolute maximum possible
access port width. Each I/O access port has width 7, and it is centered exactly at the midpoint of the
access section. Linear tapers, each of length L,, are used to adapt the width W, of the access single
mode access waveguides to the width of the access ports of the MMI coupler, W,. The two inputs
applied to the MMI coupler ports are respectively designated as /; and /,. Similarly, the two outputs
extracted from the MMI coupler ports are respectively designated as O; and O,. A reversible design
is assumed. The silicon core layer thickness is taken as 300 nm for simulation purposes as indicated
in Chapter (1). Full etching of the silicon layer to the silicon dioxide layer is also assumed in this

work.

Practically, the maximum width of the access port can be such that W, < W,,-2W;, where Wyis the

minimum feature size that can be manufactured. In this work we seek the value of W, within the

range from W, to W,,,-2Wysuch that the imbalance in the split ratios is minimal.
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The used separation between the adjacent waveguides and the relative dimensions of the adjacent
tapers are confirmed through simulation not to cause any effective direct coupling between them.
The length and width of the rectangular MMI coupler as well as the width of the access ports and
their relative locations, indeed, determine the transmission coupling characteristic. An MMI coupler
is designed such that the field profile of the input ports are reproduced at the desired output ports.
The reproduced field profiles at the output ports are referred to as Talbot or self-images of the input
field profiles [17,18]. Manufacturing tolerances and discrepancies from the assumptions of
simulation cause deviations from reproducing perfect self-images at the output ports yielding non-

zero imbalance and excess loss in actual MMI couplers.

Deep etching of the silicon structure maximizes the contrast in the refractive index profile between
the core and the surrounding cladding. As a result, the penetration of the fields in the cladding is
negligible. This in turn avoids uncertainty about the effective widths and equates them to the
physical widths used in this analysis. The use of the EIM can reduce the analysis of the three-
dimensional MMI coupler structure into a two-dimensional problem [17]. The normalized field

profile at an input access port is assumed to correspond to the fundamental mode:
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i, (x) =sin( - x) @2.1)

The multimode section of the MMI coupler is assumed to support M eigen-modes. These modes are

numbered with index m = 0,1,...,M—1. The TE,, field profile of mode m can be described by [19,20]:

W, (x,2)=C, sin(x, x) exp(~j5, 2) (2.2)

The time dependency, exp(jwt), in Eq. (2) is implicit. x,, and f,, are the transverse and longitudinal
components of the propagation constant of the pair of plane waves that constitute the mode (i.e. the
transverse and longitudinal spatial angular frequencies of the modal field) of mode m.
Mathematically, the field distribution of each mode m is extended over the width 27, such that it is
an odd function of the lateral x-direction in respect of the sidewalls. Each mode m has m+/ number

of periods within the spatial interval -W,. < x < W.. k,, and f,, are given by:

pa
K,=(m+Dx, K=— 23
=(m+1) W (2.3)
and in the paraxial approximation:
z(m+1)° 1
=hn ——— 2= 24
ﬂm ne 4neVVC2 ( )

k = 2n/2 is the propagation constant in free space. 4 is the free space wavelength. n, is the effective
index in the multimode region. At a distance z from the input access port, the phase difference ¢,,

between the mode m and the mode 0 is given by:

1.)=—(p, - f)e =T D2 2.5)

where Eq. (2.4) has been used. The beat length of the MMI section L, is defined such that the phase

shift between the two lowest order modes is 7
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L = = (2.6)
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where Eq. (2.4) has been substituted. Hence, ¢,, of Eq. (2.5) can be expressed in terms of L, as:
4,(z)="0mF2) 2.7)

3L

;s

The field profile in the MMI coupler, neglecting the progressive phase shift exp(-jfyz), can be
expressed as the Fourier series:
M-1
w(x,z)= ZCW sin((m + xx)exp( /g, (z)) (2.8)
m=0
Eq. (2.8) shows that the field at any point inside the MMI coupler is the superposition of 2M

interfering plane waves. The weight c,, of the mode m, is the Fourier series coefficient due to the

periodic odd field profile at the input access port (evaluated at z = 0):

+

J

c a

N

< N‘=§

(x,0) sin((m + l)loc)dx (2.9)
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Eq. (2.9) is written for input /;. An analytical solution for the ¢,, weights can be derived from Egs.
(2.1) and (2.9) when needed. The inspection of Eq. (2.8) shows that single and multiple self-images
of the input optical field are formed at the MMI coupler lengths, L. = 3L,(p/q), where p >0 and g > 1
are integers with no common divisor [20]. The integer g represents the number of images formed in
the extended field. For a -3dB 2x2 MMI coupler, two self-images are formed at the shortest coupler
length of value: L. = 3L,/2 (i.e. p = I and ¢ = 2). For a crossover 2x2 MMI coupler, a mirrored
single image is formed at the coupler length of value: L. = 3L, (i.e. p = [ and ¢ = I). For a -9 dB
4x4 MMI coupler, four self-images are formed at the shortest coupler length of value: L. = 3L,/4
(i.e.p =1 and g = 4).
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2.3 Imbalances and Excess Losses in Multimode Interference Couplers

Apart from the simplified theory that were presented in the last section, MMI couplers exhibit both
imbalances in the fundamental mode power transmitted through the equal-split-ratio output ports and
excess losses for the different inputs. The imbalance and excess loss in an MMI coupler is
determined by the way the input power from an input excess port is partitioned into the modes exited
in the MMI section [16] and the length of the MMI coupler L.. This partitioning is determined by the
relative width W,/W,, and positioning of the access ports of the MMI coupler. Optimization of

imbalances and excess losses can be controlled by adjusting the length of the MMI coupler.

In this research, the transmission 7}; represents the ratio of the optical power in the fundamental
mode transmitted at the access port of output i to the optical power at the access port of input ;.

Considering an NN MMI coupler, the access loss L; due to input j is given by [16]:

L, =—1010g(i7}j (2.10)

i=1
The imbalance /i in the fundamental mode power of outputs k£ and / due to input j is given by [16]:
T,
I, =10log -~ (2.11)

The imbalance /; in the transmission 7j; for output i might also be defined relative to the mean

transmission due to input j as:

T
I,=10 log(—’j (2.12)

0j
where the mean transmission due to input j, Ty, is given by:

N

1
%.f:NZIT;f (2.13)
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2.4 Optimization of Imbalances and Losses in MMI Couplers

In this section, an objective function for the optimization of imbalances and losses for a NxN MMI
coupler is formulated. Let p;,; = I to represent a unit single mode power exciting the access port of
input j of the MMI coupler. The outgoing single mode powers at the output access ports of the MMI
coupler for input j are designated as p;, where i = 1,2,..,N. The objective of the minimization of
imbalances for input j can be expressed in terms of the minimization of the dimensionless non-
uniformity metric ¢;, which represents the difference in the root-mean-square value of the deviations

in the outgoing powers p;; from the mean power py;:

\/iZN:(p@/ _poj')z =&;Do; (2.14)

NT

Where the mean power py, of the outputs for input j is given by:

1 N
Py, :ﬁ;pﬁ (2.15)

Dividing both sides of Eq. (2.14) by the unit input power p;,, the non-uniformity metric ¢ can be

expressed in terms of the transmissions 7; as:

(2.16)

where T), is as given by Eq. (2.13). On the other hand, the minimization of the excess losses due to

input j can be expressed in terms of the minimization of the power loss metric #;:

Din,; ~NPo; =1,Di (2.17)

Dividing both sides of Eq. (2.14) by the unit input power p;,;, the power loss metric #; can be
expressed in terms of the mean transmission 7 as:

n,=1-NT,, (2.18)
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The design specification requires:

g, %¢,
(2.19)
n; <1,

where &) and 7, are non-uniformity and loss targets. Therefore, an appropriate objective function for

the optimization of non-uniformity and loss for input j is given by:

2 2
E = {i] + (ﬂ] (2.20)
&o o
With this choice, the design specification is exceeded if E°< I and missed if E*> 2. The resultant
objective function is convex, non-negative, and zero only if all output powers are equal and sum to

the input power. Since the minimum of an objective function is invariant to an overall scaling, one

may multiply Eq. (2.20) through by e,’50°/( €5 +n4°) to yield:

E:=(-0%)s; +0’n; (2.21)
where;
82
o’ =—"— (2.22)
80 + 770

The objective function thus depends upon a design parameter ¢ € [0,1] that specifies the relative
importance of high uniformity (¢ — 0) relative to low loss (¢ — 1). The same non-uniformity and
loss performance is required irrespective of the choice of the input port. Therefore, a total objective
function for the minimization of non-uniformities and losses for the different inputs of the NxN

MMI coupler might be given by:

N
o o R (2.23)
Nj:1
where;
2 13, SR I S (2.24)
€ —WZ%’ n —WZ’L :
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2.5 Design of Multimode Interference Couplers

The design of the different MMI couplers used in the IPPAS fabrics is presented. The silicon core
thickness of the used template is 300 nm. The design of the MMI couplers is carried at an operating
wavelength of 4 = 71550 nm. The complex FDM-3D-FV solver of the simulation tool FIMMPROP
is used in design. The single mode transmissions, imbalances, excess losses and optimization
objective functions are all extracted from accurate simulation data. All of the MMI couplers are
designed to meet or exceed the previously reported typical performance parameters. Simulations of
the power intensity distribution inside the designed MMI couplers are also included. The scattering
parameters of the designed MMI couplers, as functions of wavelength, are extracted from simulation

results and used to determine the broadband response of the deigned IPPAS elements.

2.5.1 Design of a -3dB 2x2 SOI-MMI Coupler

In this section the design of a -3dB 2x2 MMI coupler having the geometry shown in Figure 2.1 is
presented. The maximum width allocated for each access port is set to W, = 2 um yielding a
coupler width of W, = 4 um. The same value of W,, is used for the other 4x4 and 8x8 MMI
couplers designed in this work to yield the same pitch size of 2 pm between the centers of the I/O
access ports no matter what combination of MMI couplers is used in any IPPAS fabric. A -3dB split
ratio (50:50%) is obtained around the coupler length L. = 3L,/2.

To find an appropriate value for the access port width, the simulated imbalance and excess loss is
scanned versus W, within the available range from W, to W,,-2W; for the designed -3dB MMI
coupler. Figure 2.2 depicts this simulation around the optimum access port width of about W, = 1.49
um. This value of the access port width is used in the design of the other 4x4 and 8x8 MMI couplers

presented in this work providing the observation that imbalance is guided by the W,/W,,, ratio.

Scan of the simulated imbalance and excess loss versus the length of the coupler L. is depicted in

Figure 2.3. The design of the coupler length is set at the point of minimum excess loss. At the
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coupler length of L. = 60.66 um, the imbalance is /;,; = 0.053 dB and the excess loss is L; = 0.11

dB based on simulation. The simulated optical power distribution inside the designed -3dB 2x2

MMI coupler due to input /; is shown in Figure 2.4.
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Figure 2.2 Simulation of the imbalance and excess loss versus the

access port width for the -3dB 2x2 MMI coupler.

2.5.2 Design of a Crossover 2x2 SOI-MMI Coupler

An ideal crossover 2x2 MMI coupler produces 0dB of relative power at the output access port

located at the side opposite to the input access port. The length of a crossover 2x2 MMI coupler is

around L. = 3L,; i.e. about twice the length of a -3dB 2x2 MMI coupler having the same width. The

geometry of the crossover 2x2 MMI coupler designed in this work is shown in Figure 2.5.
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Figure 2.3 Simulation of the imbalance and excess loss versus

the coupler length for the -3dB 2x2 MMI coupler.
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Figure 2.4 Simulated optical power distribution inside the

designed -3dB 2x2 MMI coupler of Figure 2.1.



The access port width is set to the same value used for the -3dB 2x2 MMI coupler, W, = 1.49 um,
and the same pitch size of 2 um separates the centers of the adjacent I/O access ports in order to
have the designed crossover 2x2 MMI coupler native to the IPPAS fabrics. Therefore, the crossover

2x2 MMI coupler has a width of W, = 3.49 um.

Lt

|2 OZ
Sicore

Si0, cladding

Figure 2.5 Geometry of a crossover 2x2 MMI coupler.

The simulated transmissions and excess loss versus the coupler length for the designed crossover
2x2 MMI coupler are shown in Figure 2.6. A minimum excess loss of only 0.122 dB is obtained at
the coupler length L. = 94.55 um based on simulation. The crosstalk at the design point is -31.9 dB
based on simulation. The simulated optical power distribution inside the designed crossover 2x2

MMI coupler due to input /; is shown in Figure 2.7.

2.5.3 Design of a -6dB 4x4 SOI-MMI Coupler

An ideal -6dB 4x4 MMI coupler produces an equal -6dB of relative power at each output due to any
one of the applied inputs. The geometry of the designed -6dB 4x4 MMI coupler is shown in Figure
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2.8; seemed to be an extension for the geometry of the -3dB MMI coupler of Figure 2.1. Each access
port of width W, is centered at the W, allocated maximum access port width. Again, W,, is set to 2
um yielding W, = § pm of coupler width. The access port width is set to the value of W, = .49 um
as indicated before. A -6dB 4x4 MMI coupler is localized at around the coupler length L. = 3L,/4.
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Figure 2.6 Simulation of the transmissions and excess loss versus

the length of the crossover 2x2 MMI coupler.

Taking both inputs /; and /; into consideration, the imbalances 1.4 ;, 1231, 11,43 and I3 3 and excess
losses L; and L; are simulated in Figure 2.9 versus the coupler length. The simulation of the
optimization function E for the minimization of both non-uniformity ¢ and loss # is depicted in
Figure 2.10. The optimum MMI coupler length for the minimization of non-uniformity and loss is L.
= 122.094 pm and L. = 122.281 pm, respectively. The two coupler length values are close from
each other. The design coupler length is set at L. = 7122.2 um. The designed 4x4 MMI coupler has a
maximum imbalance of 0.074 dB and maximum excess loss of 0.377 dB based on simulation. The
simulated optical power distribution inside the designed -6dB 4x4 MMI coupler due to both inputs 7,

and /; are shown in Figure 2.11.
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Figure 2.7 Simulated optical power distribution inside the designed

crossover 2x2 MMI coupler of Figure 2.5.

L.
e—— I—t R
|'1 IWg Wa
I,
L 2
I3
I
Si core
SiO, cladding

Figure 2.8 Geometry of a -6dB 4x4 MMI coupler.
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Figure 2.9 Simulation of the imbalances and excess losses

versus the length of the -6dB 4x4 MMI coupler.
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Figure 2.10 Simulation of the optimization function versus the length of the -6dB 4x4 MMI coupler.
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Figure 2.11 Simulated optical power distribution inside the designed -6dB 4x4 MMI coupler of
Figure 2.8. Inputs /; and /; are applied in the left and right side figures, respectively.

2.5.4 Design of a -3dB 4x4 SOI-MMI Coupler

A -3dB 4x4 MMI coupler is designed around the coupler length L. = 3L,/2. An ideal -3dB 4x4 MMI
coupler produces -3dB of relative power at each of outputs O; and O, when applying the input to
either /; or 1, and produces also -3dB of relative power at each of outputs O, and O3 when applying
the input to either 7, or /3. The geometry of the -3dB 4x4 MMI coupler is the same as that in Figure
2.8 for the -6dB 4x4 MMI coupler but with about double the coupler length.

The access port and coupler widths are set as before; W, = 1.49 uym and W, = § um, respectively.
Simulation of the imbalances /;,,; and 153 ; and excess losses L; and L; when applying the inputs to
I; and I3, respectively, are depicted in Figure 2.12. The minimization of the non-uniformity e and
loss 7 objective functions is simulated in Figure 2.13. The MMI coupler lengths for optimized non-
uniformity and optimized loss are 243.457 um and 246.68 um, respectively. The difference in the
two coupler lengths for optimized non-uniformity and optimized loss is much larger than it was for

the case of the -9dB 4x4 MMI coupler.
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Figure 2.12 Simulation of the excess losses versus the length of the -3dB 4x4 MMI coupler.
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Figure 2.13 Simulation of the optimization function versus the length of the -3dB 4x4 MMI coupler.
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The design length of the -3dB 4x4 MMI coupler is set at L. = 243.46 um close to the point of
minimized imbalances. The designed -3dB 4x4 MMI coupler has maximum values of imbalance,
loss and crosstalk of 0.285 dB, 1.47 dB and -28.87 dB, respectively, based on simulation. The
simulated optical power distribution inside the designed -3dB 4x4 MMI coupler due to both inputs /;

and /; are shown in Figure 2.14.
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Figure 2.14 Simulated optical power distribution inside the designed -3dB 4x4 MMI coupler of
Figure 2.8. Inputs /; and /; are applied in the left and right side figures, respectively.

2.5.5 Design of a -9dB 8x8 SOI-MMI Coupler

An ideal -9dB 8x8 MMI coupler produces an equal -9dB of relative power at each output due to any
one of the applied inputs. Imbalances and excess losses increase with the increase in the number of
inputs and outputs making the design of the -9dB 8x8 MMI coupler more challenging. The geometry
of the -9dB 8x8 MMI coupler is similar to that of a -6dB 4x4 MMI coupler with the difference of
having eight inputs and eight outputs.

The same width parameters of W, = 1.49 um and W,,, = 2 um are used in the design of the -9dB 8x8
MMI coupler yielding a coupler width of W, = 16 um. The simulated excess losses for inputs /;, /3,
I5 and I are depicted in Figure 2.15.
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Figure 2.15 Simulation of the excess losses versus the length of the -9dB 8x8 MMI coupler.
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Figure 2.16 Simulation of the optimization function versus the length of the -9dB 8x8 MMI coupler.
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The minimization of the non-uniformity e and loss # objective functions is simulated in Figure 2.16.
The -9dB 8x8 MMI coupler lengths for optimized non-uniformity and optimized loss are 244.57 um
and 246.816 pum, respectively. The designed -9dB 8x8 MMI coupler length is set to L, = 245.7 pm.
Based on simulation, the maximum imbalance is 1.73 dB and the maximum excess loss is 0.82 dB at
the design point. The simulated optical power distribution inside the designed -9dB 8x8 MMI

coupler due to inputs /;, I3, Is and 7 are shown in Figure 2.17.
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Figure 2.17 Simulated optical power distribution inside the designed -9dB §x8 MMI
coupler. Inputs /;, I3, Is and I are applied in (a) through (d), respectively.
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2.6 Design of a Taper Adapter for the SOI-MMI Couplers

The design, behavior and testing of adiabatic and near-adiabatic tapered sections with simple and
complex geometries have been investigated in literature, e.g. [21-23]. In this research, a conventional
linear-geometry taper long enough to persist near adiabatic behavior is adopted for simplicity. The
conventional linear taper is used to adapt the width of the interconnecting single mode nanowires,
W, = 350 nm, to the width of the I/O access ports of the different MMI couplers used in the IPPAS
elements, W,=1.49 um. The simulation of the excess loss versus the length of the taper is depicted in
Figure 2.18. It seemed to be that a taper length of about 10 pm is proficient. In the transition region
of the taper lengths, L, << /0 um, multimode interference is resulted and radiation modes cause
more excess loss. The 10 um is a saturated near-adiabatic taper length used in IPPAS elements. The
simulated optical power distribution inside the designed conventional linear taper of 10 um length is

depicted in Figure 2.19.
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Figure 2.18 Simulation of the excess losses versus the length of the taper adapter.
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Figure 2.19 Simulated optical power distribution inside the taper of 10 um length. Left:

a taper at an input access port. Right: a taper at an output access port.
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CHAPTER 3
ANALYSIS, DESIGN AND SIMULATION OF NANO-
ELECTROMECHANICAL PHASE SHIFT ELEMENTS AND
RESPONSE OF PHASED ARRAY SWITCHES

3.1 Abstract

In this chapter, the structure and principle of operation of the NEMS-operated under-etched slot
waveguide acting as a phase shift element is illustrated. The behavior of the under-etched slot
waveguide is described in terms of numerical analysis utilizing the simulation of the effective index
of the under-etched slot waveguide as a function of its voltage-modulated slot width. The results of
simulation and numerical analysis are used in the design of a 180° capable phase shifter composed of
15 cascaded under-etched slot waveguides. The structure and simulation of the designed transition
slot couplers used to couple the interconnecting waveguides to the slotted phase shift lines is also
presented. The transmission-phase response of some IPPAS elements of sizes 2x2 and 4x4 to some

phase synthesis profiles applied to their phase shifters is examined.

3.2 Structure and Analysis of the under-Etched Slot Waveguide

In this research, the development of the NEMS-operated phase shifters is based on the NanoSOI
nanomachining fabrication process offered by CMC Microsystems; by utilizing their Soitech wafer
with the option of 300 nm thickness of silicon base layer on the buried oxide of 1 um thickness. The
resist is patterned using e-beam lithography achieving small feature size in the order of 100 nm.
Both metal patterning and etching under the silicon base layer in the buried oxide has made it
possible to support developing the active voltage-controlled phase shifters using the Soitech

platform. The wavelength of operation is set to A = /550 nm in the design procedure.
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The NEMS-operated phase shift element uses suspended slotted photonic waveguides with an
electrostatically controlled variable slot width. The slotted photonic wire in essence consists of two
nanoscale silicon beams with sub-micron separation (100 nm) that are rendered free to move
laterally relative to each other by using an under-etch step in the fabrication process to remove the

oxide layer underneath the silicon beams.

The use of a single under-etched slot waveguide and latter a line of cascaded under-etched slot
waveguides were already introduced by Acoleyen et al. in [1,24]. The structure and dimensions of
the under-etched slot waveguide used in this research is explained in Figure 3.1. It consists of two
suspended silicon beams each of width Wy, (230 nm) and height / (300 nm) equals the thickness of
the silicon base layer of the SOI wafer. The length of the under-etched slot is L,. The slot width
between the suspended silicon beams at standstill, i.e. when no potential difference is applied
between the silicon beams, is Wy, (100 nm). An applied voltage difference modulates the slot width
between the suspended silicon beams to W, as a function of the propagation distance along the

under-etched slot. Alternatively, the excursion width W,, is described as:

W, o= s 3.1)

W, (Weo = 100 nm)

Wags =230 nm m
silicon beam P h = 300 hm ; i -
i ‘ under etchin | ! !
Si0, 9 Wep= 100 nm W, Wgs= 230 nm
)
Si beam | '
under etching
Ls

silicon substrate Si0,

Figure 3.1 Geometry of the under-etched slot waveguide.

Electrically, the two silicon beams of the under-etched slot waveguide behave as a charged capacitor

when applying voltage difference to it causing the suspended beams to be attracted to each other,
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modulating the slot width in the process. This results in large modulation in the effective index based
on which principle the phase shifter works. At the pull-in voltage the two suspended beams of the
under-etched slot waveguide becomes in direct contact with each other at the midpoint. This causes
the electromechanical system to become unstable and can cause collapse of the under-etched slot

waveguide.

The positive z-axis is taken here as the direction of propagation. The phase difference 4¢ introduced

due to modulating the slot width of the NEMS-operated slot waveguide is given by:

A¢=27”{ fngdz_nw;i (3.2)

0

In Eq. (3.2), the effective index #, is a function of the slot width W which by itself is a function of
the propagation distance z; i.e. n.(z) = n.[Ws(z)]. The term (2n/A)n oL, in Eq. (3.2) corresponds to the
phase without applying voltage to the under-etched slot waveguide. Therefore, n.y represents the
effective index when the slot width equals to Wy; i.e. n.g = n.(Wy9). The dependency on W and z is

removed from Eq. (3.2) for simplicity. The wavelength 4 is taken here as the free-space wavelength.

When applying voltage to the silicon beams, the excursion of the beams due to the capacitive
attraction lateral forces can be described by the Euler-Bernoulli beam equation, which provides a
mean for calculating small deflections in beams due to applied distributed load. The axial stress is
neglected in the formulation. Further relating the distributed load to the capacitive attraction
distributed force between the silicon beams as in [1] reveals the following nonlinear forth-order

differential equation that describes the beams excursion:

ex

dz*  2EI(W, -2W, )

ex

4 2
aw, N 14 (3.3)

V' is the voltage applied across the slot between the two suspended silicon beams. E is Young’s

modulus and is equal to 169 GPa in the core silicon at the direction of interest. The beam’s area
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moment of inertia in the direction of interest is given in terms of the beam’s width and thickness as

in [1] by:

I = & (3 4)

The solution of Eq. (3.3) is achieved numerically subjected to fixed and hinged boundary conditions.

Fixed boundary conditions allow no displacement and no rotation at the clamping points:

aw.
W, =0, d—e"=0 at z=0,L, (3.5)

ex
y4

Hinged boundary conditions allow no displacement, but do allow rotation around the clamping

points:

d*w
W, =0, “=0 at z=0,L, (3.6)

ex dZ 2

The simulation of the effective index as a function of the slot width and the numerical solution of
Eq. (3.3) allows the determination of the phase difference achieved by the voltage activated

suspended silicon beams of the under-etched slot waveguide based on Eq. (3.2).

The speed of the nanomechanical suspended silicon beams of the under-etched slot waveguide
depends on their mechanical relaxation time. The expected speed is in the MHz range. The

fundamental resonance frequency of the nanomechanical structure is given in [1] by:

= K* | EI
©2Al\ phW,

(3.7)

p = 2329 gem™ is the silicon mass density. The factor K equals to 4.73 for fixed boundary
conditions and equals to z for hinged boundary conditions. The other significant factor affecting the

speed of the NEMS-operated phase shifter is the distributed RC circuit of the feeding arrangements
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from the electrodes to the phase shift line. The distributed capacitance of the structure is mainly
formed due to three contributions: the voltage-dependent capacitances of the suspended silicon
beams of the cascaded under-etched slot waveguide sections, the fixed-value capacitances of the slot
waveguide support segments between the cascaded under-etched slot waveguide sections and the
fixed-value capacitances of the transition slot couplers used to couple the phase shift line to the
interconnecting single mode waveguides while providing voltage bias to the phase shift line of
cascaded NEMS-operated slot waveguide sections. The overall capacitance of the NEMS-operated
phase shifter designed in this work is estimated to be in the femto Farad range (around 10 fF). The
RC lowpass filtering limit affecting the speed of the system might be relieved in the manufacturing
process if the doping level of the silicon core of the used wafer is made high enough to reduce the
overall resistance between the electrodes and the NEMS-operated phase shift line such that the only
factor affecting the speed would be due to the frequency of resonance of the nanomechanical
suspended silicon beams. Examining the RC speed limiting factor versus the nanomechanical
frequency of resonance would be made possible when testing the fabrication variants of the designed

NEMS-operated phase shifter.

3.3 Design of the NEMS-operated Phase Shifter

The design of the NEMS-operated slot waveguide phase shifter is based on the numerical approach
presented by Acoleyen et al. [1], which was explained in the last section (3.2), and the simulation of
the effective index of the slot nanowire using FIMMPROP. Acoleyen designed, fabricated and tested
a NEMS-operated phase shifting line of three cascade under-etched slot waveguides that could
achieve up to about 40° of phase shit difference. Examining the testing results of Acoleyen, it
seemed to be that the electromechanical behavior of the NEMS-operated slot nanowire is located
(about midway) between fixed and hinged boundary conditions of the freestanding silicon beams.
Here, a similar procedure is followed to design a single under-etched slot waveguide based on the
Soitech wafer with the 300 nm of silicon thickness option. Then, 15 freestanding slot waveguides are

cascaded to form a 180 phase shift line coupled through high efficiency transition slot waveguides.
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The simulations of the designed full NEMS-operated phase shifter as well as the transition slot

couplers are displayed here.

The width of each one of the freestanding silicon beams (W,, = 230 nm) and the slot width (W =
100 nm) are selected to support propagating the fundamental mode in the under-etched slot
waveguide. The simulation of the effective index n. of the under-etched slot waveguide for the
fundamental mode is depicted as a function of the modulated slot width in Figure 3.2. Here, a
minimum slot width Wj ,,;, of 20 nm is allowed as a guard before the applied pull-in voltage causes
the two silicon beams to come in direct electrical contact with each other at the midpoint along the

under-etched slot length.
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Figure 3.2 Simulation of the effective index for the fundamental mode

of the under-etched slot waveguide versus the slot width.

Utilizing the data of the modulated effective index of Figure 3.2 and equations (3.1) through (3.6),
the predicted phase difference as a function of the length of the NEMS-operated slot waveguide, for
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an operating voltage of 15 V applied to the suspended silicon beams, is shown in Figure 3.3. From
this Figure, the length of the under-etched slot waveguide is selected as 5.4 pm. Each under-etched
slot waveguide at this length might achieve up to an average phase shift between fixed and hinged
boundary conditions of about 16.6. Therefore, at least about 11 cascaded under-etched slot
waveguides are needed to achieve up to 180 of phase shift at an operating voltage of 15 V.
However, we put a fairly large margin in our consideration by constructing a relatively long phase

shift line of 15 cascaded under-etched slot waveguides.
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Figure 3.3 Predicted phase difference versus the length of the NEMS-

operated slot waveguide for an operating voltage of 15 V.

The phase shift characteristic of a single under-etched slot waveguide, at the design length L; = 5.4
um, as a function of the voltage applied to the silicon beams for both fixed and hinged boundary
conditions is depicted in Figure 3.4. From this figure we find that the possible pull-in voltage at

hinged boundary conditions (worst case premise) is about 17.7 V.
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Figure 3.4 Predicted phase difference versus the voltage applied to
a NEMS-operated slot waveguide of length L, = 5.4 um.

The fundamental resonance frequency of the nanomechanical suspended silicon beams as a function
of the length of the under-etched slot waveguide is displayed in Figure 3.5. At the design length of
the under-etched slot waveguide of 5.4 um, the fundamental resonance frequency is about 50 MHz.
Increasing the fundamental resonance frequency of the suspended silicon beams is possible by
decreasing the length of the under-etched slot waveguide. However, a smaller length yields less
phase shift capability of each cascaded under-etched slot waveguide that requires increasing the
number of the cascaded under-etched slot waveguides, which in consequence results in increasing
the excess loss of the NEMS-operated phase shifter. The design, therefore, is a tradeoff between

speed, based on the resonance frequency of the suspended silicon beams, and loss.
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Figure 3.5 Fundamental resonance frequency versus the under-etched slot waveguide length.

The schematic diagram of the designed phase shift line of 15 cascaded free standing slot waveguides
with the I/O straight transition slot couplers is shown in Figure 3.6. The designed NEMS-operated
phase shifter is just 349 um in overall length entitling it as the most compact phase shifter compared

to its Thermo-optic effect, carrier dispersion effect or electro-optic effect counterparts.

to electrical contact
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Figure 3.6 Schematic diagram of the NEMS-operated phase shifter of 15 cascaded under-etched

slot waveguides with the transition slot couplers and voltage feeding arrangements.
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Simulations of the optical power distribution inside the designed NEMS-operated phase shifter and
transition slot couplers, at an operating wavelength of 4 = /550 nm, are depicted in Figure 3.7.
Based on simulation statistics, the designed phase shifter introduces a total excess loss of about 1.1
dB, and each additional under-etched slot adds an excess loss of about 0.055 dB. For the design
transition slot coupler length of 100 um, the optical mode coupling efficiency of each transition slot

coupler is about 97% based on simulation.

3.4 Response of Photonic Phased Array Switch Elements

The applications of the photonic phased array switch elements depend on the thorough
understanding of the response of them. Whether used in photonic signal routing, modulation and
demodulation of the optical carrier, coherent detection or optical signal processing, the response of
an IPPAS element is concerned with the determination of transmission-phase relations of its outputs
related to its inputs taking the phases applied through the NEMS-operated phase shifters of the
IPPAS element as driving parameters. Different modes of operation are available to any of the
IPPAS elements introduced in this research depending on the phase synthesis profile applied to the
active phase shifters. In essence, the phase shifters can control both the intensity and phase of the
optical carrier at one of the outputs of an IPPAS element due to an input in a desired way. Some

simple operational mode phase synthesis profiles are demonstrated in this section.

Considering the 2x2 phased array switch element of Figure 1.3, the differential imbalanced phase
synthesis profile is defined by:

A¢={ Ag  when 0°<Ap<180 (3.8)

—-A¢, when —180° <Ap<0°’
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A¢; and A¢, are the phase shift differences applied through the two phase shifters of the switch
element. It is also possible to express the phase difference A¢ in this case as: A¢ = A¢p; — Ao,
providing that 4¢, = 0° when 4¢ > 0°, and that 4¢; = 0° when 4¢ < 0°. This means one phase shifter
is activated by applying voltage to it at one time while keeping the other phase shifter at reset
condition. The transmission and phase responses of outputs O; and O, of the 2x2 IPPAS element of
Figure 1.3 for both inputs /; and /> based on the phase synthesis profile described by Eq. (3.8) are
depicted in Figure 3.8.

The phase information of the optical carriers at the outputs of the 2x2 IPPAS element illustrated in
Figure 3.8 is interpreted as relative to each other. The relative phase information of all the optical
carriers at the outputs can be rotated by any arbitrary amount of phase shift equivalent to propagating

all of the outputs through waveguides having the same arbitrary length.

When 4¢ = 0° input I; is directed to output O,, and input I, is directed to output O;. The
aforementioned output states are reversed when applying 4¢ = +/80°. The relative phase relations
between the output states are also altered for the different settings of 4¢. This behavior of the 2x2
IPPAS element in the differential imbalanced phase synthesis profile regime is proper for
applications like switching and binary Phase-Shift-Keying (BPSK) modulation. For the in-between
values of 4¢, i.e. rather than 0 and +180° the optical carrier at each one of the two outputs is
changing both its intensity and phase information simultaneously. Therefore, a distinct analog
control of the intensity or phase of the optical carrier requires a different phase synthesis profile
regime. The study of the phase synthesis profile regimes is being investigated utilizing constellation

space response diagrams.
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Figure 3.8 Simulation of transmission (up) and relative phase (down) for the 2x2 IPPAS element

of Figure 1.3 in response to a differential imbalance phase synthesis profile.
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The broadband response of any of the designed IPPAS elements requires the determination of the
wavelength response of the MMI couplers. The wavelength responses of the different designed MMI
couplers have been simulated and used in custom code programs to determine the response of the
IPPAS elements. Figure 3.9 depicts the broadband transmission wavelength response of the 4x4
IPPAS element of Figure 1.6 when distinctively routing each of inputs /; and /; to outputs O, and O,,

respectively.
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Figure 3.9 Simulation of transmission versus wavelength for the 4x4 IPPAS element of Figure 1.6.

Up: Input /; is routed to output O,. Down: input /3 is routed to output O,.
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CHAPTER 4
GENERAL REMARKS, CONCLUSIONS AND FUTURE WORK

The investigation presented in this thesis has been devoted to the design and simulation of novel
integrated photonic phased array switches having multiple numbers of I/O ports ranging from 2x2 to
8x8. Each IPPAS element presented in this thesis is composed of a number of NEMS-operated
active phase shifting branches interconnecting a splitter and combiner MMI couplers. When the
number of interconnecting phase shifters are more than two, crossover MMI couplers are used to
bring the inner interconnecting branches to the exterior sides to enable the placement of the phase
shifters at the sides of the switch element; examples are the 4x4, 4x8 and 8x8 IPPAS elements
presented in chapter 1. Each phase shifter is biased from one side facing to the exterior side of the
switch element facilitating placing the electrodes around the switch element. Simulations using the
complex FDM-3D-FV solver of the simulation tool FIMMPROP and numerical analysis are

deployed to design the components of the phased array switch elements to typical parameters.

Chapter 1 of this thesis mainly presents the topologies of the designed IPPAS elements. The switch
elements are based on a SOI platform having silicon core thickness of 300 nm. The oxide layer
beneath the silicon core is under-etched at specific locations to utilize the fabrication of nano-
electromechanical components. Details of the dimensions of the components of the designed IPPAS
elements are indicated on the schematic diagrams introduced in this chapter. The NEMS-operated
phase shifter is just 349 um in length, which is the smallest reported length compared to its
counterparts found in contemporary literature. The designed phase shifter utilizes 15 cascaded
sections of under-etched slot waveguides allowing producing up to 180° phase shift at an operating
voltage of up to about 15 V. The length of the designed IPPAS elements, excluding the I/O coupling
parts, is ranging from 528.32 pum for the 2x2 IPPAS element to 2331 pum for the 8§x8 IPPAS
element. The chapter also reflects the fact that IPPAS elements are candidates in a number of
applications including modulation, detection, signal processing and conditioning, switching and

wavelength division multiplexing.
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The analysis of MMI couplers is presented in chapter 2. The eigen modes propagation in the
multimode region of the MMI coupler is formulated based on a simplified theory. Imbalances and
excess losses are defined and used as performance parameters for the design of MMI couplers of
different sizes. The optimization between the minimization of the non-uniformity in the output
powers and the minimization of power loss for the different inputs of a general NxXN MMI coupler is

formulated and used in the design of 4x4 and 8x8 MMI couplers.

Using FIMMPROP simulations diverse MMI couplers that are used in the different proposed IPPAS
elements are designed including a -3dB 2x2 MMI coupler, crossover 2x2 MMI coupler, -6dB 4x4
MMI coupler, -3dB MMI coupler and -9dB 8x8 MMI coupler. All of the designed MMI couplers are
compatible with each other; they all have the same pitch size separating the centers of their adjacent
I/O ports. This compatibility in design have had made it possible to combine different size
splitter/combiner MMI couplers to form variety of IPPAS elements. Additionally, the designed MMI
couplers have typical parameters and small footprints. Taking the -3dB 2x2 MMI coupler as an
example, it has a footprint of 4 um x 60.66 pm with figures of merit of 0.053 dB of imbalance and
0.11 dB of excess loss based on simulation. Although these parameters belonging to the -3dB 2x2
MMI coupler seemed to be close to ideal, the imbalance and excess loss figures of merit become
more significant for larger size MMI couplers. The designed -6dB 4x4 MMI coupler has a footprint
of § pm X 122.2 um with maximum imbalance of 0.074 dB and maximum excess loss of 0.377 dB

based on simulation.

The analysis, design and simulation of the NEMS-operated phase shifters are the objectives of
chapter (3). The currently designed phase shifter is capable of providing up to 180° of phase shift
difference at the expense of about 1.1 dB of excess loss based on simulation. The phase shifter is
composed of 15 cascaded under-etched slot waveguides separated by supporting slot waveguides
that are not under-etched. High efficiency (97%) transition slot couplers are designed to couple the
under-etched slotted waveguides and provide biasing voltage to one of the suspended slotted silicon

beams of the phase shifter.
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Testing the performance of the designed phase shifter is among the scheduled tasks in this research.
Introducing a difference in the path length of the two branches interconnecting the splitter/combiner
MMI couplers of the 2x2 IPPAS element introduces interferograms in the response of the outputs of
this switch element. The shift in location of the peaks of these interferograms associated with the
externally applied voltages facilitates the measure of the phase shift introduced by the investigated
phase shifters. This kind of study has been conducted based on simulations and numerical analysis
and will be utilized in the testing procedure. Examining the speed of the designed NEMS-operated
phase shifter in lab is also planned. Reasoning the parameters that limit the possible speed of the

designed active phase shifter should be looked at in the testing procedure.

Introducing differences in the path length of the branches interconnecting the splitter/combiner MMI
couplers for the 4x4 and 8x8 IPPAS elements handle utilizing a verity of applications including
WDM with active tuning capability for the re-localization of the passbands in the wavelength
domain. The design of a 4x4 WDM-IPPAS element has been investigated and plans to fabricate and

test it is undergoing.
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