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ABSTRACT

The thermal control and modeased analysis is an integral part of developing an optical photonics
device such as the proposed Optical Phased Array (OPA). This research is to model and implement
the thermal controhardware and algorithm to keep the OPA at a stable temperature during
operation. Detailed COMSOL models of the OPA and supporting hardware demonstrated that a
constant setpoint results in consistent and proportional low levels of thermal crosstalk. & therm
feedback controller and supporting hardware was designed and tested to improve the overshoot
and settling time. The system for the OPA includes both a solid state tekratac cooler (TEC),

and the custom PCB interface between them. The controllertweed experimentally and
simulation analysis. The results indicate that a combination of the heuristic A¢diciels classic

method and simulated input dependent experimental transfer function method yields the fastest

settling times at 18.5 and 27 .&cends.
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Chapter 1
Introduction

Optical Phased Array (OPA), also referred to as Phased array opticsoigl-atate optical
platform designed for the purpose of achieving accurate laser steering over several thousand
kilometers. OPAs manipulate optical propertiesréamsmit and steeroherentbeam patters for

long range communicationtn space applications, OPAs are proposed to achieve secure, long
distance bdirectionalcommunication in the space environment for satetbteatellite optical
communication$l], [2].

In collaboration with Honeywel/COM DEV, National Research Council (NR&d
several academic partners, Wave investigated a novel -@hip OPA design using micro
photonics technology. The proposed siliggotonics design and layouts that make up the OPA
have been conceived with the help of multiple university teams including York University,
University of Toronto, Carleton University, and Western Univerditye array of 100 powered
elementds designed to effectively steer the emitted signals through legi modulation by
temperature tuning. Thihermal sensitivity of theselementsis a function of their geometry
consequently, they are significantly influenced by thermal crosstalk. To counteract overheating
and thermal crosstalk, active temperature control is required to achieve an operational level of
precision.

The thermoelectric effect has been proven to ideontrol and thermal stability in
various device§3]i [5]. This thesis presents the simulation and testing of a thelewtric cooler

(TEC) to ensure effective operation of the OPA



1.1 Silicon Photonics in Space

As our world shifts at an unprecedented rate towards a state of growing digital dependency, our
demand for data (both in volume and speed) are rapidly outpacing existihgse& network
architecture. As a response to this need, optical communicationcaresiglered favorably for

their potential to achieve long range and high resoldfiprHowever, as these networks grow and
their signals carry greater bit rates among multiple wavelengths, the need for a scalableroptical o
photonic technology becomes criti¢2]. Optical beam steering is an emergent technology aimed

at tackling bhat problem. It is the LIDAR equivalent to RF antennae, which instead operate in the
visible, infrared, and neanfrared spectrumf3]. Current beam steery systems use mechanical
systems, such as MEMS driven migriarrors and micrdenses, or soligtate systems, such as
polarization gratings and optical phased arrays (OFPAs]9]i[11]. Mechanical systems suffer

from their reliance on slow and bulky moving components, which represent weak points of
mechanical stability in the face ofnvironmental effects including vacuum, cryogenic
temperatures, radiatioshock and vibrationsand acousc loads[1], [12]. Mechanical actuators
undervacuumare subject tahock and vibration damage as the removal of air resistance increases
speed of component actuation, however actuators also may suffer from sticking effects or
degradation on contact [1Both radiation and cryogenic temperatures result in the deformation
and degradation of optical surfaces and coatigsvious mechanical beam steering solutions
lack the ability for rapigbointing andrequire high mechanical complexity atmereforecost [L3].
Solid-state systems by comparison are more compact and allofadter steering than their
mechanical counterparts as a result of their lack of moving compd@2ptgL4]. Multiple solid

state systems have been studied but all are limited in some manner through some combination of

scattering, low throughput, and small steering angteapertures [2], [3], [6], [8], [12][14].



Despite thissolid-state systems are preferred dumtoeasd system stabilityand robustneq4 2].
These features are critical for mission success given the volatility of the space envirdnment.
addition, silicorbased soliestate systems benefit from their compatibility to complementary
metatoxide semiconductor (CMOS) fabrication processes. The CltO&ss allows for large

scale fabrication of highly integrated silicon photonic circuits at exceptionally low[d&$ts

1.2 Optical Photonics Array

The platform undedevelopmenis an OPA solution for accurate beam steering in the space
environment The final OPA design, referred to internally as the Honeywelclp Optical
Photonics Array (HOOPA), is a silicdmased microphotonics beam steering platform that is
intended to operate in the space environment and is manufactured using CMOS fabrication
technology. OPAs are an array of coherent optical emitters, whose relative phase is modified such
that the signals emitted by the antennas interfere constructively, creatindieddfaadiation

pattern in which the angular position of the main lobe caselexted by setting the correct phases

in the individual antenna elemerats seen in Figure1[14], [16].



. REPREETY

Figure 1.1: Optical photonics array16].

Solid-state OPAs require optical modulatioto steer the beam formatiod.hermal
modulation involve generating a thermal gradient around the desired phase shifter element, while
also trying to minimize thermal crosstalk between adjacent elenigntsThere have been
multiple approaches to combinations 1D steering and optical modulation for sethate or
mechanical OPAsThermal actuation in conjunction with the thermgatic effect demonstrated a
magnitude ofgreater performance than the theropiic systemalone, but requires the dual
complexity of both types of systems [3]. Electrothermal actuation for microldesssnstrated a
effective2D beam steering but involve the use of optically sensitive I§h8gsThe piezoelectric
effect has been used great effect in steering micromirrors in 1D, however this approach lacks
optical modulation [11]. Solidtate 1D and 2D beam steering with switchable polarization gratings

and waveplates have been demonstrated successfully but this method res@tsdarstering,



where the system is locked to an array of fixed angles rather than free steering [12}.dptécato
modulation has also been demonstrated where a driving voltage induces an effective variation in
the refractive index of specified wavegesd[1].

This iteration of the OPA design implements theroptical modulation whertihe method
in which a change of phase is achieusthgphase heater3hey arehin strips of deposited metal
thatrun along the length of each waveguide elemwhbse temperature are determined by the

input power and resulting impedandé&ie OPA design layout in Figuie2 shows these elements

in parallel, as well as the multitude of test structures around the edges (left).

Figure 1.2: OPA complete layout (left) compared to only the electrical and trench layers (fighaje
credit: Chauhan
Upon removing all the other layers for the image on the right, we can see the electrical
layer in blue and the trench layer in violet. The hundred parallel aligned trenches on the right make
up the OPAHowever, due to how these resistive heaters areratgjin the architecture, the heat

dissipation causes high thermal gradients across thermally sensitive regions, which result in the



formation of hot spots. The fundamental sensitivity of sikbased photonics demands incredibly

strict thermal controlad maintaindesired performandeenchmarks.

13 Research Objectives

The primaryresearch objectivesf this thesisareto (1) conduct ahermal analysis of the OPA
usingthe Heat TransfeModule of COMSOL Multiphysics software, aii#) to design a thermal

control subsystem based on both simulation and experimental results. This includes the complete
overview of the thermal model used, the experimental hardware setup, and the contiigiter des
for optimum performancdiesearchiasks aretructured into three sections:111) thermal model
analysis (1.12) hardware level design and integration; ahd 8) control design characterization

and testing.

13.1 Thermal Model Analysis

This goal involves thanalysis of the active thermal profile of the OPA ursigrectedmodes of
operation to determine the shape and power of the thermal compensation required to maintain
uniform thermal stability. OPAs of these designs strive to marfegéhermal gradient between

their active components and their therreahsitive elementgl9]. It is crucial to determine the
effects of an active thermal profile; whether it be the identification of hotspots or quantifying the
fraction of unavoidable theral crosstalk, thestactorscontribute strongly to signal noise and
accuracy. Analysis of the thermal profile will be simulated in the ndirtiensional format of
COMSOL Multiphysics, where the Joule Heating simulation module is incredibly effective in

translating the effect of el resistance heating on surrounding material geometry.



The design of the OPA incorporates waticumented methods of passive thermal control
with the use of air trenches and material selecmulatedmnodels were used to identify thermal
performanceunder a strict set of benchmarkslieu of a complex analysis of theanalytical
counterparts Theseresults define the performance requirements for the accompanying TEC

module and the rate at which heat is being generated under full power operation.

1.3.2 Thermal Electric Cooler (TEC) Hardware Design and Integration

To evaluateand operate the optical control and thermal control for thehgmOPA, a combination
mounting and connector system was required. A printed circuit board (PCB) was necessary and
acted as a middle ground to facilitdtee following setup elementshe electrical connections
required to drive the eohip circuitry, the space necessary to mount and control the external
thermal control system, the ability to couple the optical inpglg up to the very edge of the chip
without obstructions, and enough open space to properly set up and utilize a series of cameras,
microscopes, and lenses for observation and recording. FoRiprtircuitry is connected to a

series of external curremriver devicesdata acquisition moduleeandHoney wel | 6 s e xi
external power amplification control circsiifThe existing hardware at Honeywell was repurposed

and designed to independenthanagethe stable controlled current for all one hundred phase
shiftersin the array The purpose of thelesignis to allow each collaborating team to effectively

test and operate the devilsvel components.

1.3.3 Control Design Characterization and Testing

From the results of the thermal model analythis,proposed systetavel thermal environment is
guantified,and the independent efficacy of an external thermal control system can be ddimed.

implementation oh proportionaintegratdifferential (PID)controllerwill make use of a feedback



control loop running onMATLAB -Simulink. The TECmodule will have its current input
corrected bythe translated voltage readingstioérmistors, carefully placed at available junction
points on the OPA. Additional &mmal imaging by high resolution thermal cameras will accrue
supplementary data to help validate measured temperatures from the other &dssovng the
resultant surface temperatures during operation will establish the accuracy of the predetermined
asumptions with respect to boundary conditiofise optimization of the control algorithnfer

faster stabilization and noi$étering depends on the time response of the TEC in addition to the

time response of phase changes fronetitere OPA elements

14 Design Limitations / Boundaries

The OPA project under Honeywell contains a variety of microphotonics structures, each of which
have been the rigorous design researchexiultiple partnered university teant3onsidering the
state of the ongoing regel and design for this greater project, available resources and time
constraints must be accounted for. The scope of this thesis work is subjmettiaries pertaining
to both hardware and softwaFearst, thethesis work includeonly the hardware integration design
and setup for the current (V1) iteration of the manufactured &##in 2021.Second, e thesis
work presents simulated thermal modelling from COMSOL Multiphysics, no other simulation
software is included.astly, the thesis workhas Imited commercialized product involvemeartd
aims to demonstrate that active thermal control can be achieved with commerte bfélf
(COTS) components later iterations of the desighhe scope and requirements parformance
metrics to be achieved in the design have lassigned by Honeywell and include the following.

- CompleteTEC temperature controllers are commercially available, as well as compact

electronic modules for processing and control. Utilizing these products would defeat the

versatility of the system proposed and witlly be used for validation (if available)



- Thesystem design is to be low cost and applicable for several iterations of sysi@ms
and laboratory setups across the multgaeticipating university teams.

- Long term temperature stabilitthe OPA is intended to be capable of operating
continuouslyfor several hours or longer. Error correction is necessary to maintain control
and accuracy over long periods of time where drifts or instabilities may arise.

- Automatic and Manual Setpoint Operation: The control system should allow for
continuous operatio for both modes. Automatic mode should maintain minimum user

interaction, while manual mode should present the user a freely modifiable system.

15 Thesis Contribution
This thesisoutlines both a simulated and a physical hardware apptoatttermally control an
OPA for both laboratory and space environmenthile thefocus centers around laboratory
operation,the design work and optimization act as a groundwork for fuRRP& designs and
packaging iterationmtended for space applicatiorihere are three magontributions made by
this thesisa the OPA project
i.  Thermal crosstalk performance metrics athe OPAby observing the response from
simulated 2D and 3D multiphysics model
ii.  Hardware integration platform using solid state temperature actdatiencommercial
off-the-shelf (COTS) components allow the team unperturbed optical testing.
ili.  MATLAB -Simulink simulated actuateplant system for characterizingID control for

optimizing settling responsed required temperature setpoints.



1.6 Thesis Outline

This report presents the detailed process of the analytical and simulated thermal models, the test
hardware design, and the resultant thermal controller optimization for the OPACtiaipter 1
provides abrief introduction of the motivation and objectiviémat this thesis tackles. Chapter 2
presents the background and precedent technological innovasomsll aghe fundamentals of
thesimulatedmnathematicainodels Chapter3 chronicles th&€ OMSOL simulation modellingand

results for the active casgudies in both steadhstateand time dependent formatShapter4

contains the hardware design and interface, as well as the characterization and validation for the
experimental test setugds.Chapters, the process for designing and optimizing the RiBtimller

is laid out. Finally, Chapter 6 containghe conclusion of the analysis accompanied by
recommendations for future work for upcoming design iterations of the OPA chip. Appendices

and references bookend this report

10



Chapter 2
Background

The growing demand for digital infrastructure forarbit applications has far exceeded the limits

of old space hardware, thus the implementation of new infrastrueiqueresextensive testing

and validationDesigninga temperature controliéor a novel technology requires considerations

for both the fundamental nature of the material construction and the environment in which it
resides. Whether it be through analytical solution or simulation, understanding the response of
temperature sensie elements on the micro scale leads to a more refined implementation of
control. This chapter discusses the impetus for transitioning to this technology, what defines its
successful operation, what makesthp mathematical bounds of theermal profile, and how

effectivecontrol can be conducted

2.1 Principles of Heat Transfer Theory

The thermal profile of the OPA chip can be described using the fundamental heat transfer equations
[20]7 [23]. There are three primary models of heat transfer, each of weh&hobservation of a
specific energy transfer mechanism. These three models are Conduction, Convection, and
Radiation. Of those three, convection is not generally applicable in the spaoae@nt, due to

the nature of the surrounding vacuum. Each of these models are explored in detail with respect to
their appropriate relevance to the case studies. From these models, their boundary and material
properties are expanded upon. The thermogteeffect in its constituent principless also

discussed.

11



2.1.1 Conduction

Conduction is predominantly defined as the transfer of energy from more energetic to less
energetic particles across a substdmaeause ofheir interactions. The rate at which conduction
occurs is dependent on geometry, thickness, material, and temperature difference across a medium.
The change in energy wattsis defined by0 .

Fourierds | aw of heat c¢ omateleatlyiindhe fumdanentad s s e s
case of steadgtate conduction through a large plane wall of thickriéss O where the
temperature difference with respect to both ends of the wall is defin¥dyby’Y “Y seen in

both equatior2.1 andFigure2.1[24].

. QoY Y TQ,S"Y TQ."Q"Y , (2.1)
) Yo Q0 ©

sN Yo 0 s

Figure2l:Heat Conduction through a | arge plane wa
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Thermal conductivity of the medium is defined®in — as is the crossectional area of

the surface by in & . The rate of heat conduction through the plane is proportional to the

temperature difference across the layer and invepselyortional to the layer thickness.

2.1.2 Thermal Contact Conductance

To define the heat conductance between bodies, we considedbadycas® and0 as shown
in Figure2.2 The heat flowing from the hotter body to the colder bod$ can be described by

equation3.2:
sN @, © sN . ©° s

Yoo

Y

c
. 4
-
o
-
N
. 4
c

Figure 2.2: Thermal Contact Conductance
- YUY . (2.2)
V] < < ()
Yw P Yw
Q0 Q0 Qo0

Whereo is the contact area between the two bodiésnd”Y are the end temperatures,

Y& andYo are the thicknesses through which the heat has conductet) mntthe coefficient

for thermal contact conductance.

2.1.3 Homogeneous Materials

The thermal conductivity value of most uniform materials is known and catalogoecver,

there are several instances within the design of the OPA where multiple diffextartats are
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used in complex geometries as a function of the deposited layers in the microfabrication process.
The OPA contains various geometries of Aluminum, Silicon Nitride, Amorphous Silicon, and
Silicon Dioxide Cladding, all of which reside on top tfe Silicon wafer. As the thermal
conductivity of each of these materials differs, an analytical solution is impractical. A
homogeneous substitute material derived from the volume percentages of the initial materials
constitute a set of viable material &aments for calculations. The volume percentage breakdowns
and resultant bulk material properties are described in Table 2.1. These values were calculated in
MATLAB with the provided code in Appendi&

Table1l: HomogeneousMaterial Definitions

Material 1 Silicon | Material 2 Material 3
OPA Print Layer| Wafer | Copper Plug Layer| Complete Model
Material Distribution 88% SiO2 100% | 80.7% FR4 71.74% Material 2
10% SiN, Silicon | 19.3% Cu 28% SiliconWafer
2% Alum 0.26% Material 1
Density kg/m® @300K) | 2694.2 2329 |3262.6 3000
Thermal Conductivity | 6.4244 130 77.4421 97.0137
(W/mK)
Heat Capacity (J/kgK) | 704 700 1179.1 1046.8
Electrical Conductivity | 754800 (S/m) | le12 1.1576e7 8.3347e6
(S/m)
Relative Permittivity {) | 11.2860 11.7 3.8245 6.049
Youngds Mod1.76ell 170e9 | 3.8984el10 7.6025e10
Poi ssonds HKO0.2760 0.28 0.1886 0.2144
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2.1.4 Convection

Convection is the model of energy transfer between a solid surface adghaent liquid or gas
that is in motion. Forced convection is the state where the fluid flow over a surface is driven by
means of an external force such as wind, pumps, or fans. Natural (or free) convection is the state
where the fluid flow over a surfage driven only by the buoyancy forces induced by density
differences due to the temperature variation within the fluid and gravity. Despite this complexity,
this relationship is modelled by Newtonds Law
0 Q6 Y Y @ (2.3)
Whereo is the surface area experiencing convecti¥is the surface temperatui®, is

the ambient temperature of the fluid, 8@d is the convection heat transfer coefficientia-.

There are two distinct environmental scenarios for the operation of the B Aefined
by the space environment, and odefinedin a controlled iratmosphere environment. For
operation in the space environment, it will be assumed that there are no convective forces acting
on the model, as the lack of any additional packaging aside from the bodies present implies
exposure to the déct vacuum of space. The other case is meant to approximate operation on Earth.
Due to the lack of additional packaging at this point in the design process for the OPA, this thesis
will present simulated operation and experimental operation exposed ahbtent air natural

convection environments.

2.1.5 Radiation

Unlike the modes of conduction and convection, the radiation of electromagnetic waves by means
of electronic configuration change on the molecular or atomic level, does not require an
intervenng medium. All bodies emit energy by this process and the intensity of this radiation
depends on the temperature of the body and the nature of its surface. It is both a volumetric and a
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surface phenomenon, and as such can be ideally described usingfaneBSlizmann law in
equation 2.4.

V. , 8Y (2.4)
where, uv@® X p T wra U is the StephaBoltzmann constanf is the total surface area
of the body andYis its temperature. An ideal radiator is known as a blackbody. Realistically all
materials emit a percentage of the total based on various surface properties. This emissivity value
is defined by wherert -  p as seen in equation 2.5

0 -, o (2.5)

Similarly, anoni d e al b ody ¢ sof ircidentoadiation isvalsd aydefined where
m | pas Kirchoffés Law of radiation states th:
at a given temperature and wavelength are equal.

In the case where an intervening medium is present around a body, such as air, radiative
heat transfer occurs parallel to convection at the body surface. The total energy transferred by both
these processes can be summarizezbbybining equations 2.3 a@db with respect to the ambient
environment irequation2.6.

0 0 0 Q 6 Y Y -H Y Y w (2.6
In the space environmertigat exchange with the environment is restricted to radiation,

whichin terms of the volume of heat dissipation is a poor substitutforection p5].

2.1.6 Boundary Conditions

For materials of finite volume, the properties of heat transfer at the surface, may fall into several
categoriesvhich arenear or under ideally defined circumstances. The boundary conditions present

in the analytical model and as defined in COMSOL Mulggbs are as follows.
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The specified temperature boundary condition (1) defines a constant value temperature that the
system reacts and responds to, stated by equation 2.7.
Y Yo (2.7)

The specified heat flux boundary condition as defined by equation 2.8 (2) denotes the heat
transfer rate per unit surface area in W/m”2 on that surface, which is derived from previous
equation 2.1 This boundary definition can be altered to representadnatcli or insulated surface,
wherer)  Ttin equation 2.8. This boundary implies zero heat transfer through a surface and results
in a relative mirroring effect with respect to the directional flow of energy through the bulk
material.

. yQ uY l ) (28)
. wila
Qw

=
C):| ([e]

A convective boundary condition, as derived in equation 2.3, can be represented by
substituting the heat transfer rate per unit surface area of equation 2.8, as seen in equation 2.9
where the negative sign indicates directionality hiework of this thesisQ  is represented by
a constant or is equal to zero. It represents the natural convection of the air environment, or the
vacuum ofspacerespectively.

”Q%J QY Y o Ta (2.9)
In the case where a material is cutoff in a model due to size or scopelumite thermal
impact of that cutoff material is negligible, it is suitable to implement a thermal insulation
boundary condition, as stated in equation 2.10. This boundarytioond used conservatively as

an approximation for cutoff material since it generates an effect of thermal mirroring within the

material present. The heat that would have dissipated through that surface originally is reflected
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back into the domain. This employed only when the material beyond the boundary has negligible
heat sink characteristics.
E’Y (2.10)

—. Tl
Qw

2.1.7 Joule Heating

The conversion of electrical energy in a circuit into thermal enbepause othe electrical
resistance of a conductive material is known as Joule Heating. This process is the fundamental
method for generating heat energy within the OPA. The relatiomstypeen material type and
dimensions is based on the equation 2.11, where the dimensions of the resistive element in this
case are those of the OPA heaters.

. O
0 OY 0z p | Y'Y ) (211)

L, t, and w,are the length, thickness, and width of the resistive element respectively. The
material resistivity at ambient temperatiiye is represented by and the thermal coefficient of
resistivity byl . By comparing the difference in input power P tautemt temperature T at a fixed
ambient temperaturea joule heating element can be sized to match a desired temperature

difference.

2.1.8 The Thermoelectric Effect

Also recognized as the Peltier effect or the Peflieebeck effect, thiphenomenon is a
combination of the observational relationships defined by the Seebeck effect and the Peltier effect.
The Seebeck effect is observed wheo ends of a conductor are each kept at a different

temperaturewhich generatean emf voltage betweethe two junctions. The Seebeck coefficient
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| , of a material represents how much emf voltage is generated by the temperature gradient as
seen in equation 2.12].
W | Y'Y (2.12)

It is important to note that the Seebeck coefficient of a material is not constant with respect
to wide ranges in temperaturélowever given the range of temperatures under consideration in
this thesis, this gradient is so small it can be consideredidg|

The inverse of the Seebeck effect is the Peltier effect, where passing a current through two
junctions of dissimilar metals generates a temperature difference between them, where the heat
present is either absorbed or rejected depending on thidir of the curreniS]. The Peltier
coefficientt , is directly related to the Seebeck coefficient by temperature as follows:

I 4 (2.13)

The amount of heat generated per unit time with respect to current and the Peltier

coefficients of bothunction materials A and B are:

Q0
=0 L0 o (2.13)
Qo

The practical application of the thermoelectric effect in physical devices involves utilizing
arrays of junction couples where the materials are selected based on their electrical and thermal
conductivity. A unitless figure of merid defines the realistiperformance of a material in a
thermoelectric system as seen in equation 2.14.

| (2.14)

H —_—
Il

Where, is the electrical conductivity ariis the thermal conductivity. The performance
and thus the figure of merit of a material is preferable when the electrical conductivity is

maximized, and the thermal conductivity minimized.
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2.2 Principles of Control Theory

The focus of this thesis researishthe accuracy and uniformity of the system level thermal
environment Our goal is to further increase the performance of the-lehipl elements and, by
association, the fdield radiation pattern of the OPA. Previous analysis and experimentation have
discovered various methods for passiventernatthermal control on the hardware level, including
various depths of air trenches, the inclusion of copper shunts, graphene nanoheaters, and through
oxide thermal viag26]i [28]. While a limited number of passive options have been employed, they
cannot perform the level of thermal mitigation required without the aid of active (external) thermal
control techniques such as-aooled heat sink fins, and thermoelectric cooler (T&@s. A TEC

module was chosen as the selected external thermal control driver due to its efficacy in displacing
heat in both atmosphere and vacuum environments. Solid state systems are preferable in the space
environment as the lack of moving parts ensuess points of mechanical failure in the overall
mission designThis section discusses the fundamental elemerigedbackPID controllers used

in this work, as well as the governing equation for active thermal sensing and response.

2.2.1 Actuatar-Plant Model

To utilize a feedback control loop technique for power regulation of the TEC and therefore thermal
control, the general relationship of a Peltier device must be defined and rearranged to represent
one or a series of transfer functions. In the case okiourlated and experimentalstem the
actuator and plant models are interconnected in a direct enough manner where one primary model
is sufficient representation of the process. The general equation for the heat flow displaced from
the cold side of the TE@ the hot side is seen in equation 2.15.

p (2.15)

| "YO E"O'Y oY Y
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Where"Y and"Y are the cold and hot side temperatures of the TEC, whied'Y are the
thermal conductance and resistance respectfully. Further definitions in equations 2.16, 2.17 and
2.18 can be established based on values taken from the TEC dataghédéiese constants are
defined based on a fixéd value and includé , O ,0 and¥Y’Y  which are voltage,

current, heat flow, and change in temperature maximums respectfully.

w O gl (2.16)
2" ¢y

, ®w 0O Y 0 YY (2.17)
Y (———= -
o YY (Y

cO YY 0 w O (2.18)

This relationship can be defined now as the change in temperature across the TEC as a
function of input current as seen in equation 2.19, however this relies on a covistalue. An

assumption that does not translate neatly to thesredtl experimers.

| "yo 2oy (2.19)

There have been many approaches to resolving this discrepancy through detailed analytical
solutions or RLC circuit representatioisit eacharedirectly dependent on hardware layouts and
assumptions whichre specific to the givesystemand cannot be applied to other syst¢8(.

One variation recognized that the relationship between PWM currentingMtYcould not result
in a direct derivaon but could be appropriately approximated with a power law function as per
equation 2.2(31].

oy o0 (2.20)
®%
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WhereO is the maximum available power in our hardware environment and is not the
same ag0 . This is then defined bgpand®which are parameters derived from experimental
results.

The model of the TEC can be sufficiently approximated therefor¢héychange in
temperature between the two plates and therefore be treated as first order by assuming a lumped
systenor linearizing[32], [33]. This generalization alsmnsidersimplifying the norinearity of
the sink and the loa@4]. This transfer faction is therefore defined by equation 2.21.

0 (2.21)

ol Ti p

whereo is the gain defined by equation 2.19 ands the time constant of the system, also

determined experimentally.

2.2.2 The SteinhartHart Equation

The PID control method employs an active sensor to compare the current state of a system to its
expected performance based on input parameters. In the case of the OPA, the PID control response
being generated and measured is thermal, thus an appropnggera¢éure sensor is required.
Thermocouples or larg@ntegrated electronic package sensosld be too cumbersome to mount

onto the OPAfor our purposesThermistors are some of the smallest available commercial
temperature sensors, with many availabletp er at ur e sensing ranges.
varies proportionally to the temperature present. Positive Temperature Coefficient (PTC)
thermistors correlate positively with temperature, while Negative Temperature Coefficient (NTC)
thermistors corralte negatively. The relationship between resistance and temperature is defined

by the SteinharHart Equation in equation 2.22.

22

/



p o 14 I T 73 S 0A
= 0 o0zl 1Y ozl IY
Y

(2.22)

whereo, 6, ando are the defining coefficients. The thermistor selected for the experimental tests

for the OPA is a P/N 16600K NTC Thermistor, whose defining coefficients ave

PP CWQ T cdT p@Yntd 1@ x XO v x[35]. The resistance to temperature

relationsip as defined by the datasheet is sedfigare2.3.
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Figure 2.3: P/N 160010K Thermistor: Typical Resistance vs. Temperature Graph [

2.2.3 PID Control Design

With a combinationactuatofplant model and a feedback sensor, our system can recognize the
difference between the setpoifteference tempenate) and active temperaturémeasured
temperature in redlme) but cannot reduce the difference between those values to zero without a
controller. The offset from setpoint is considered the error of the syBtara.control system to
reduce the error to zero, it must be able to track the reference and active efiigictilzely and

reject major or minor disturbances in the signal. The proportional integral and derivative (PID)
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approach to controller design confers system stability and robustness. The PID equation in the time
domain (2.23) and in the s domain (2.24pwhhow each of the proportional, integral, and
derivative terms of the error are considered.

60 MQo 0 QtQt QQo (222

A O B 222
0l Qi_ Qi ( )

While MATLAB and Simulink have buitn applications and tools féuning the PID gain
values based on simulated results, it is prudent to compare their performance to additional methods
of PID tuning. Heuristic PID tuning involves measuring the ultimate gain value and oscillation
period directly from experimental resulis derive the PID values. There are several heuristic
methods availablehowever those requiring exadag measurements are navailable for this
applicationdue to the decoupled nature of the QBptical phasegontrol and the thermal control.
The lag or deadtimeis defined in this case as the timhé¢akes the feedback sensor to register a
changemade by the OPApower control. The ZeigletNichols method of tuning was the
predominant approach, where multiple variants of the method were considéreygihave proven

effective in similar implementation8§], [37].
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Chapter 3
Thermal Modelling of OPA

The models for the first iteration of the OPA design for theaptic signal manipulation were
developedising COMSOL Multiphysics 5.5 with support from MATLAB for the ppsbcessing

of data. By implementing the Heat Transfer module in COMSOL, the discretized mesh of the 3D
geometry allows for an ample analysis of the flow of heat. The simulation modeldeveteped

such that updates to material definitions, boundary conditions, and power variations could be
investigated and compared under the same platform. These models have been designed from the
ground up using the geometries of the manufactured deaimghsncorporating a conservative
implementation of homogeneous material definitions. The fundamental heat dynamics formulas
defined in Chapter 2 show the structure in which the definitions of the COMSOL models are
translated into tangible valueall simulation models areomputed for two distinatases 33%
maximum power and 100% maximum powas a function of the available experimental data

describedn Chapter 4.

3.1 Phase Shifter Design

As COMSOL Multiphysics utilizes a finite element method apprdacsolving its modelsthe
ability to effectively represent [38]. Geyemting m i s
a full 3D model of the entire OPA as seen previously in Fifj@evould result in billions of mesh
elements that differ in size by up to five orders of magnitude. Thus, the scope of the models had
to take on a more stringent focus of the mhally mitigating design solutions beginning with the

passive structures.
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There have been many previous approaches to layout designs in photonics that passively
isolate thermally sensitive regiofi26]i[28]. As a function of the layout complexity between
features on the component level across different microphotonics applications, maximizing
performance involves precision analysis on a tpsease basig39]. The well documented
methods that have been employed to thermally isolate the OPA phase shifters from one another
are the use of air trenches, and thermally favorable material allocation for optical elements and
cladding. Since the OPA was realized usitigan photonics, the optical components are made of
silicon nitride (SiN), while the cladding is silicon dioxide (SiO2). All layers of electrical traces
and tapers are Aluminum. The thermal performaaxa function of input power is simulated to
resolvethe maximum thermal crosstalk between active and inactive phase shifterstofsoale
model of a phase shifter was created to indicate the shape and positions of the entities present in
each branch of the array structure. It is seen in Figliehereonephase shifter containssangle

phaseheater and a single waveguide.

/’//
ol & S v/vJ
Air Trench .
- = g e /f/, A \\fl‘;—
Phase Shifter / = \\\\ -
' ""/ Waveguide il "5\5\
NS e

Figure 3.1: Not-to-scale model closap of a single phase shifter
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Figure3.2 also not to scale, displays the crgsstional layout of a pair ghase shifters
where the designated heat source is the resistive heating done by a thin buried trace, and the
constant temperature boundary is a stiantbr an ideal TEC which can generate a consistent
uniform thermal gradientis noruniform pathways hasbeen proven to bess efficient40]. The
radiative hat transfelpreviously detailed in Chaptej B proportionallygreaterat temperatures
far exceeding our uppemiiits. Within our limits and at our component scéhe radiative forces

weredeemed negligibley comparison to the convection boundaries and forgs |

Boundary Conditions Dimensions

1: Constant Temperature / Ideal Control

2: Thermal Convection to Ambient Environment 2.20um
-«

3: Thermal Insulation

4: Heat Source Phase Heater

1.03um*0.34um

Waveguide
1.20um*0.25um

6.51um

100um

Silicon Wafer

Figure 3.2: Phase shifter crossectional diagrantisplaying boundary conditions & dimensions

The dimensions used in the manufactured OPA and our simulated models are derived from
previous optimization researclonducted by a group oésearcherat the University of Toronto,
led by Prof.Helmy [42]. Previous research involved defining the size, shape, and spacing of the
heater, thevaveguideand the trenches for each phase shifter component in the array. Optimization
was focused on reducing thermal crosstalk and optical losses while maintaining efficient power
draw.
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The final OPA design incorporated tapered traces and vias on each enghadbeshifter
to connect down through the SiO2 layer. Each phase shifter is separated on each side by 50um of
space, resulting in 100um wide trenches between #hafsers. Each trench is 100um across and
runs the entire length of each phase shifter. flliesize d the silicon wafer after being diced in

the manufacturing processlig.2mmby 17.2mmwith a thickness 0.725mm

3.2 COMSOL Multiphysics 1 3D OPA Model

The full featured design for the CMOS printed chip, which the OPA is a part of, consists of
hundreds of SilicoiNitride waveguides, numerous optical input and output ports, dozens of
prototype test structures, and a network of aluminum traces and heateenan Figuré.2. Two

model versions of the OPA had been devised to reduce the disparity between the smallest and
largest elements. THast was a fully featured 3D phase shifter including the ends of the surface
traces for power and ground. The fuantof retaining all structural features of the OPA in this
single phase shifter 3D model was to better model the heat transfer across the base of the trench
as well as along the outer walls. This model was centered on one phase shifter shelf with equal
hadves of trench space on each side so the model could be tiled indefinitely to represent an
accurately dimensioned array of any size. This ensured that all the fundamental dimensions, input
values, and boundary conditions remained consistent across aif setailations. Theletailed

model also extended vertically down to the bottom of thectde silicon wafer. While Figui@ 1

shows the detailed model with inaccurate proportions for clarity, FB)@re the model othree

phase shifterto-scale.

28



Figure 3.3: Initial COMSOL Model Three till featured OPA phase shifeem parallel.

Thefully featuredappr oach to resolving the detail ed
Multiphysics module to couple both the Electrical Circuits and Heat Transfer modules. This was
an effort to gain a broader understanding of the temperature gradient while not overloading the
finite-elementmethod solverTiling the detailed model one hundred times to represent the entire
arraywas feasible given the increased magnitude of complelxitwevermodelling the entire
integration stage at this detéalvel exceededur ability to resolve the simulatioftheresults of
the fully featured model wreused as partial validation those ofthe second lower detail,3D
model The simpler model focuses on the macro thermal environment of the entire chip and its
integration PCB stageAll the structures on the OP#ere represented by uniform heat flux
boundary as defined by equations in Chapter 2. This geometric shortcut alloweddake tmodel
to employ the appropriatese of substitute homogeneous material defirstias defined in Table

2.1 for simplified volumes better approximating the actual thermal behavior. The reduction in
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complexity allowed us to simulate within a reasonable timeframe while also maintaining a relative
level of structural accuracy.

The 3D OPA mdel as seen in FiguBe4is comprised of the tecale silicon wafer and the
full print layer surrounding the OPA, which is highlighted in blue. The large domain under it is
the PCB integration stage required for the experimental testing phase. Its design is expanded upon
in Chaper 4. This integration stage is included in the models as it representsnegimible

material heatsink in the system.

-50

v} o
Figure 3.4: COMSOL 3D OPA Model
The 3D OPA does not contain the air trenches present in the OPAndesidieu of
employing a uniform power input boundary. This means that all simulation results for this model
are of an OPA system devoid of the benefit of the primary thermal mitigation strategy. Which
when compared to simulation results that do empleyaiih trenches, communicate the efficacy

and necessity of the OPA design. To resolve the thermal environment within the model, an
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appropriate mesh of nodes and vertices must be overlaid as a foundation for thedeimént

solver, as seen in Figugeb.

Figure 3.5: COMSOL 3D OPA Modél FEM mesh

The accuracy of the thermal environment in the 3D model can only be used as a comparison
to a full featured design of the OPA. Said comparisons are recorded and prove the affttacy
necessity of the air trenches in the design but cannot accurately model the thermal crosstalk
between phase shifters. The data sets being recorded from the simple model for both the 33% and
100% max power cases are comprised of the following:

- Steadystatetemperature distribution of the vertical center of the OPA down through to the
bottom of the PCB integration stageainsta range of temperatures at the ideal control
boundary as seen in Figu3e2

- Temperature of the center wavegulEsition over timeagainst a range of ideal control

temperature boundaries.
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- Temperature of the center waveguide and center floor positions over time against no

control.

3.3 COMSOL Multiphysics 1 2D OPA CrossSection

A complete 3D model of the OPA was not computationally viable, and a modest 3D model of the
entire system could not represent the accuracy of the thermal environment in the OPA. Where both
previous models struggled, the solution was found in the middle. Ar@8ssectional model
provides the material and dimensional accuracy present in the detailed model, while also being as
computationally effective as the simple model. The 2D OPA model as seen in Bi§use
comprised of all 100 phase shifter elementsdale and builds from the elements present in the

previous models, including the silicon wafer and the integration PCB phase.
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Figure 3.6: COMSOL 2D OPA ModelPhase shifters tgcale
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The Outof-Plane Thickneskeature in COMSOL allows us to simulate the 2D slice of the
OPA as if it were a complete 3D model without the same computational load. Each entity thus is
defined with an Oubf-Plane thickness equivalent to its total depth. The only domain that is
incapalte of being represented by the @iftPlane thickness feature is the FR4 behind the region
of copper plugs underneath the Silicon wafer. This incompatible 3D feature was remedied by
increasing the Oubf-Plane thickness of that region beyond its originadeshsions to account for
the missing block of FR4.

Using the same Heat Transfer module present in the Simple OPA model, the 2D model
functions as a direct comparison of the 3D OPA model, to prove and measure the efficacy of the
passive air trenches undeetsame ideal or zero control cases.

Additionally, the 2D model can be used to simulate the effective thermal crosstalk across
phase shifters, effectively comparing thermal distributions between any range of powered or
unpowered heaters. The model wasiglesd such that each phase heater can be independently
toggled on or off at their maximum power input of 50mW. The experimental OPA is limited to
powering a maximum of 33 out of its 100 phase shifters as seen in Biguas the broken phase

shifterswere permanently inactive
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Figure 3.7: Total available active phase shifters for the experimental OPA.

Given the arrangement of active and inactive phase shifters in the 33% max power case, it

is understood that the resultant thermal environment generated would not be perfectly symmetrical.
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This in combination with the fact that the exact center of the @MH# in between two phase
shifters means that our center coordinates for comparison between the Simple OPA model and the
experimental results must be shifted 51.1um to be centered on the next closest active phase shifter,
phase shifter #51.

As a comparisn to, and more exhaustively than the 3D OPA model, the data sets recorded
from this model for both the 33% and 100% max power cases are comprised of the following:

- Steadystate temperature distribution of the vertical center (waveguide #51) of the OPA
down through to the bottom of the PCB integration stage, against a range of temperatures
at the ideal control boundary as seen in Figuee

- Steadystate temperatureigiribution across the horizontal plane of the OPA waveguide
layer against a range of temperatures at the ideal control boundary.

- Steadystate temperatures of a set of several waveguides (inactive) as various increments
of active adjacent phase shifters mggled on (active), against a range of temperatures at
the ideal control boundary.

- Temperature of the center waveguide (#51) position over time against a range of ideal
control temperature boundaries.

- Temperature of the center waveguide (#51)@erder floor positions over time against no

control.

3.4 Simulation Results

The data expoairig features of COMSOL Multiphysics allowed for all simulation data sets to be
imported into MATLAB to be reorganized into suitable plots emallow for further iwvestigations
of trends.This involved both direct comparison between the two major states of theatCd350

and 100%power andresolving lines of best fit with respect toeteBimulated setpoirévels for
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further analysis in Chapter 4 and3mulations included are that of steagtate analysis and time
dependenstudies. Additionally, the thermal crosstalk relationship is establigbedfunction of

active to inactive phase shifters.

3.4.1 Steadystate Aalysis

The initial suite of simulations was performed under stesddie parameters, for tipeirposeof
confirming both the assumptions madethg Uhiversity of Torontoteamand determining the
benchmarks for maximum operational inp42]. Both the 3Dand D model were run tsolve the
systen physics to its steaestate point. The maximum power input for the models is 50mW for
each phase shifter, for a total of 5W of povWhile the3D model has its total power input over
the collective surface area of the OPA on the homogeneous layer, the 2D model has its power input
defined for each independently controllable phase heater. The simple model has the 33% and 100%
power cases defined a&W and 5W of power input respectively. The 2D model has both cases
respective of the number of active phase shifters as defined by Rgdurdll stationary
simulations were run with respect to a defined temperature boundary on the underside of the
integration PCB. This boundary represents an ideal control case, and each simulation case was
investigated for multiple temperatures to compare the effect of setpoints to perforArabamt
temperature for all simulations was seB@0K and theehosen setpot levels were in steps of 10
degreexKelvin from ambient.

The first set of simulationwasto understandhe difference in temperature distribution
throughthe vertical layer height of tH@PA, Silicon wafer, and integration PCB. Fig@r8defines
the change intemperature of the system from the bottom of the PCB up to the top of the OPA

relative to the setpoint
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Figure 3.8: Change in temperature through the OPA celdger with respect to ideal control setpoints.

The most critical observation is te@gnificantdifference in temperatuse¢hrough each of
the three layers of th@ePA The3D model lacks the passive thermal mitigation benefit of the air
trenches present in the 2D model. The OPA layer is the top 6.51um of the model, and the 2D model
makes clear that in both cases most of the heat generated is focused vgitiegidmwhere tte
phase shifter are presenifThe amount of energy present in the wafer and PCB layers BDthe
model indicates more available enefgythermal crosstalk between phase shifters. Additionally,
the wide range of maximum temperature values at the peh& QfRA in thesimplemodel shows
that without air trenches, there is a great lack of thermal stability necessary for optimal phase
shifter operation. Additionally, the data indicates that a higher setpoint will result in a smaller
temperature deviatiorHowever, this appears to happen regardless of the constant ambient air
environment of 300K, which remains consistent across all simulations, indicating that the ambient
temperature is far less impactful on the system than an ideal control temperatureyboundar

For the 2D model results, it is important to note that in both cases, Waveguide 51 is

considered active, and therefore the difference in maximum temperahgesved at different
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points inthe waveguide layer is an effect of thermal crosstalk thatwilhvestigated in Chapter

3.43. The waveguide layer ithe horizontal plane of which thermal crosstalk is obseraiedut

3.1um below the surface of the OPA, parallel to that of all the waveguide structures as dictated
previously in Figure 3.2.

The next datasebutput was exclusive to the 2D model as it relies on the accurately
dimensioned phase shifters to be preséhe 2D model can be used to simulate the effective
thermal crosstalk across phase shifters, effectively comparing thermal distributions between any
range of powered or unpowered heaters. The model was designed such that each phase heater can
be independently toggled on or off at their maximum power input of 50mW. Bgisbows the
distribution of the 33 available phase shifters on the first test OpAcompared to an ideal 100
available phase shifterBy taking the temperature profile across the horizontal waveguide plane,

a unique perspective can be presented on the thermal environment at the points in the OPA which

matter for optical output perforance.

OPA Horizontal Waveguide Plane - Ideal Control at 33% and 100% Max Power
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Figure 3.9: COMSOL 2D OPA Model temperature distribution across center long edge of OPA with
ideal thermal control.

Once more it is clear that the differencesgtpoint does not corresponddignificantly

reduced thermal crosstalk

3.4.2 Time Dependent Studies

The time dependent studies on both modee an investigation into themperature rise time of
the OPA in both ideatontrol and no control scenaridshe ideal control scenarios involvetep
function power input to the OPA phase shifters while maintainingfarm temperature boundary
on the base of the integration P(B; measuring the center of the OPA at the waidsglevel,
the actual phase change can be derived based ocactive time and the temperature of the
boundary lgter. Figure3.10illustratesthe change in temperatuoe the waveguidas step input

power is applied tthe centephase shifter
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Figure 3.10: COMSOL OPAemperature difference froB0OOK ambiengiven a step input at various
setpoint boundaries for a single waveguide.

Both power cases show similar rise times for the OPA respectively, with the 3D model
sdtling after2.75secondsad the 2D model settling aftér5 secondsAdditionally, with respect
to their boundary temperaturése temperaturdifferenceshe waveguide settles aith respect
to ambient is far greater on the 3D model, with"¥ ¢& yat 33% power and ¥'Y x& tat
100% power. The 2D model by comparison has a temperature differel¢¥ ob® at 33%
power and &Y 1§ @@t 100% powefalsoseen in Figur8.9), implying again that the presence
of the passive air trenches on the OPA correspontister rise times and greater stabilityith
respect to thenternal relationships between power and temperature, thedziglns the platform
of focus forcontinued simulations.

While the relationships between taveguides and the setpoint boundary are informative
with respect to the inner relationship of the OPA, that informatiéarms the optical control
design side mre than that of the thermal control. The characterization of the thermal control design
requiresquantifying how much heat arriving at the setpoint boundary will need to be accounted
for to maintain a constant setpoint. T2i2 model was run at both powguantities for extended
periods of time while the setpoint boundary was changadtofaceo-ambient boundary. These

results are seen in Figusell
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Figure3.11: COMSOL 2D OPA Model Temperature response at 33%La0éo power with no thermal
control.

The phase shifters were designethttuce a phase change’cdt a temperature difference
of just under 50 degreegéfter three hundredecondsat 33% power the waveguide reaclaes
temperature difference of 44 degrdesicating that low power operation is enoughnducethe
necessary phase changes for OPA operafioaexceptionto this feature is that as a requirement
to the optical controlarobustnessf phasing up t@ ‘was necessaryhis would allowthe OPA
to exhibit aphasechange range of to " rather than 0 t6. A 2" phasechange range implighat
a 100-degreetemperature differenamust bemitigated by the thermal conttolhe 100% power
case afterthree hundredseconds exceeds thE00-degree margin, which corresponds to
approximately 70% of thpresent maximum limitsThe 2D model does natclude the TEC or
heatsink entities and therefore the conduction present regardlessSefktbhack effeaoes affect
the simulation results, causing the resultant values to be higher thanegpsrimental

counterparts which is investigated further ina@ter 4.
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3.4.3 Thermal Crosstalk Analysis

Ultimately, the datasets for both the steatyte and time dependent simulations indicate that the
passive structures are not enough to warrant operation without thermal control. Even the best case
of ideal themal control still results in a level of thermal crosstalk between phase shifters that will
need to be accounted for in the operational steering control code through methods including but
not limited to lookup tablesThesevaluescan be derived from the 2D model measuring the

change in temperature against ambient for each phase shifter individusdlieetsphase shifters

are toggled on and offigure 3.12 llustrates thedifference in temperatures of a row of phase

shifters @jacent to one that ective at the maximum 50mW of power.
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Figure 3.12 COMSOL 2D OPA Temperature difference for inactive phase shifters adjacent to an active

phase shifter.
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In this case, the setpoint boundary at the integration PCB does play a meaningful factor
into the proportional amount of thermal crosstallhe setpoint boundary chosér use in all
future testing is 20 degrees Celsius, or 29&Ken this boundary, aucve of best fit is applied in
Figure3.13andcan be used to quantify overall thermal crosstalk for each phase shifter individually

given the known active and inactive patterns.
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Figure 3.13: COMSOL 2D OPA Crosstalk Adjacency é@degreeCelsius setpoint.
The thermal crosstalk relationship can be defined dach phase shifter location as a
function of how many and how faway each active phashifser is. Equation 3.1lis a power

function wherewis thenumber of positions away from active phase shifter, afif is the

change in temperature
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In the cases of multiple active phase shiftdrs total thermal crosstalk is a summation of
equation 3.Xor each active positiorThis relationship holdsegardless ofvhetherthe position
being measured is active or not as the thermal crosstalk is ad8iiveral suites of simulation
data were taken toonfirm thevalidity of the summationrelationship. In the case of 50 active
phase shifters all to one sjdihe simulated results of thadditive thermal crosstawere 0.43
degreesind the calculated val@e54 degreesThecase of 99 active phase shifters (50 on one side,
49 on the othemesults in an additive thermal crosstalkdd85 degrees simulateal 1.08 egrees
calculatedThecalculated values 28% higher than the simulated results, implying that the system
is not additive, and there iscaosstalk decay proportional to that same percentage that should be
accounted for in future optimization calculations.

No further experiment data related ¢oosstalkbetweenthe individual phase shifter
elementswvas collected given the hardware limitation. More detailhe&xperimental setuare

provided in Chapter 4.
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Chapter 4
Interface, Characterization, and Validation

In order totest a chipscalemicrophotonicglevice,an interface is required to match the input and
output portsof the device to the generplrpose laboratory equipment. The hardware interface
must account for the difference in size of said ports which are maeysoof magnitude larger

than that of the OPA. It must also act as a platform to be mounted, secured, and aligned to the
testing instrumentation available in the laboratory environment. A printed circuit board (PCB) was
designed to facilitate thisterfaang work This ensures that the OPA chip remains fixed and that
both electrical and optical signals are simultaneously yet independently functional.

The characterization of the OPA chip is divided into two categories: characterization of open loop
control and characterization of closed loop control. The characterization with control will be
covered in Chapter 5. Each of these tests involves sweeping the active elements across the
benchmarks set within their ranges of operating power to observe the gt@psessand stability

of the systems. Resultant data plots from the thermistor sensors are overlayed and compared
against the simulated data to determine experimental error, confirmation of initial design
assumptions, and feedback for refining the accusadyresponse times of the PID controller. The
controller operating in tandem with the thermal data input as a part of the active system allows for

immediate improvement of the response and magnitude of heat distribution.

4.1 PCB Design

The onchip OPA, wlich is a research prototype and not a commercial product, lacks any
conventional packaginglo run, control, and observe the OPA, a PCB stage was required to

interface between the chip and the conventional electronics, optics, and sensors. The PCB design
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was conducted in Altium Designer, for thorough control over custom trace and component
dimensiaming. The OPA Carrier PCB was designed arahufacturedt the same time as the-on

chip OPA proper. It accommodates all 148 bond pads for the OPA and routeg &undred
phase shifters to common grounds in groups of at aixtsten as dictated bthe «isting external

power amplification control circudat Honeywell. Said circuitry also dictated the useightfull
sizethirty-four pin vertical connectors to accommodate each phase shifter-goserd pairand

the additional test structures-chip. The bond pads for electrical connections between the chip
and the board were dimensioned to manufacturer specifications to alldetdroless Nickel
Electroless Palladium Immersion GOENEPIG compatible wire bonding to bridge the vertical
displacemenbetween the two. The layout of the traces and ground plane groups are visible in

Figure4.l

Figure 4.1: OPA Carrier PCB layout diagram.

Mounting holes for 82 bol ts were designed in accord
breadboard grids for mounting stability. The rectangulaioatitalong the top side of the board
was done to ensure the taper fiber array as the optical inputs could be #lighewith the chip

within just a few microns. This was to ensure strong optical coupling and zero obstructions. The
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large central pad where the OPA is soldered is mirrored on the opposite side of the board, and both
pads are connected by a series ofjpkd copper viar increasingthermal conductivity43],

[44]. The arrangement of the vias was dame@ hex array that maximizeélse volume of copper

and thermal conductivity 45]. The direct underside of the chip is where the TEC of similar
dimensions is mounted, acting as a uniform thermal sink to actively stabilize the thermal
performance of the OPA.

As a function of the polishing step in the manufacturing process of the square OPA chip,
thec h i p 6 dimehsioms aduld fall anywhere be®vel8.2 and 17.2 millimeters. The main pad
sizing and bond pad spacing on the board were arranged to accommodate this range. The length
of the square TEC by comparison is 19.4 millimeters, such that centering the device on the PCB
pad would ensure a moreitorm thermal distribution across the bottom of the OPA
Given the necessity to run both the optical control and the thermal control simultaneously in the
testing process, a clear hardware layout was necessary for debugging and nominal operation.
Figure4.2 showshow the instrumentation is integrated and how both the phase control loop and

the thermal control loop can operate as well as be characterized independently of each other.
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Figure 4.2: Instrumentintegration flow chart.

The OPA Carrier Board had been manufactured and thehgn OPAs were integrated.

Each PCB integration board measure$ih® in total thicknessseen in Figure 4.3

i

Figure 4.3: OPA Carrier board(OPA chip not present).
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The board design stidibjectives are divided into two categories. The first category is the

operational and testing requirements determined by the HOOPA platform layout and the

architecture of the existing external power amplification control circuit. Byfyusy the

operational capability of the elemeimghe systenfrom the initial board design, we can determine

how to effectively integrate them onto the board in a more complete manner for the next carrier

board design. These requirements include thewng:

A

To interfacewith the predefined connector components to the existing external power
amplification control circuit. This acts as a verification precursor to integrating the control
circuit onto the board, and eventually integrating onto the chip.

To interface withthe unobstructed optical input couplers so they may be aligned right up
to the edge of the chip. This determines how effectively an input coupler package can be
integrated onto the board.

To includeENEPIG coating as to facilitate the r@ibonding process, as the chip in its
current state is not package integrated.

To accommodatéhe possible variation in size of the chip as its edges are to be polished in
the manufacturing process, resulting in an unknown final dimension. The desiga ttho
facilitate this will communicate the possible traafés in performance relative to a rigid
chip size constraint.

To interface withmounting architecture of existing testing platforms used by the various
university teams.

The second category is thiesign of the material connection between the chip on the

surface of the board and the external thermal control system on the underside of the board. This

material connection currently involves connecting the pads on both sides of the board with as much

48



thermally conductive material as possible in a uniform manner. The conventional manufacturing
approach taken was to maximize the volume of copper between the two pads by laying out an array
of copper plugged througoles in a hex pattefd5]. The extent to which the dimensions of this
solution is tailored is at the discretion of the technical capabilities of the PCB manufacturer.
Finally, the PCB is to provide the ability to affix an external thermal control system and
allow the material aonection between said external thermal control system and the HOOPA chip
to be as thermally conductive as possible. The design and material choices for the PCB are limited
to the capabilities of present standard PCB manufacturing techniques. Ideally,tigigen
constraints, the results obtained in the testing phases will allow for a second board design that

further integrates the system level components surrounding the HOOPA chip.

4.2 Test Setup

A test setup in a laboratory settimgs used tovalidate thereliability and accuracy of both the

PCB design and the previous simulation suite in Chapter 3. Over the course of the project, there
have been two laboratory setups where the hardware was run, and data was acquired. The initial
setup was assembled in tBkectronics Lab at Honeywell and is seen in Figudke The setupvas
relatively rudimentary as it did not haseviable heatsink availabl&he second setup was done at

York University andallowed forthe full hardware assembl@iven the scope and objectives of

the greater OPA project previously decided by the Honeywell team, they provided and acquired
much ofthe necessary hardware faitial optical tests and thermal tests. The OPA was mounted

and digned to the optical hardware as seen in Figute
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Figure 4.5: The onship OPA fully integrated an optically coupled.

With the aid of the orientation mounts, the
optical input, can be coupled mere microns from the edge of the chip. Bi§aiso shows the
etching and deposit layers of the OPA in the reflected light.hBindware defined in the thermal

control loop in Figuret.2is not present in these photos, as it was critical that the phase control
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hardware was characterized first. The characterization of the thermal response of theveysdem
fail if the OPA phase shifters could not be powered up. Bonding the thermal control to the PCB
before being confident in the integrity of the OPA itself would have resulted in further
complications. The use ah infrared camera and thermistors as data caleend sensor inputs
while theOPA s in operation was the safest approach in this phase of the testing.

The OPA design facilitated many optical input and output ports, the majotitgimifor
isolated test structures. The OPA requires only one optipat, and the 10@mitter dual ring
grating structure acts as a unified singular output. The complete optical hardware setup included a
tapered fiber array and signal laser generator for the input, and a lens assembly with camera mounts
for output data dtection and processing. The complete hardware lafgouhe thermal contrak

illustrated in Figurel.6. The individual functions of each component are listed in Table 4.2.

OPA Chip Heabeirve

PCB nt eg®taet g o
DAQ Devi c e

Ther mk2st or
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Al O Cool e&F&les
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Power @wpply

Figure 4.6: Complete hardware layout f@xperimental thermal tests.
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Table2: Hardware Component List

Component UseCase Objectives
XYZ Alignment Stage Hardware Precise angular alignment of tapered fiber array t
(Thorlabs) alignment OPA optical input port.

National Instruments

OPA power and

Controlled Input Voltage as defined by Control

cDAQ-9178 and 9264 control Scripts

Heater Circuit OPA power and  Regulates power output for OPA control based o
(Honeywell Custom control voltage input.

Design)

Keysight E3631A Triple Power Supply constant 10V to power the Current driver

Output DC Power Supply

Current Driver
(Honeywell Custom

Design)

Power converter.

Regulates current output for the TEC based on

voltage input.

National Instruments

DAQ 6212

Thermal Control

Regulates digital signals and 1/O voltages to cont

the current driver and read the thermistors.

Laird HiTemp ET Series
ET2.349-F1-1919TA-
RT-W6 Thermeoelectric

Cooler

Thermal Actuator

Generates a temperature gradient betweeldtes

proportional to a driven current.

Arroyo 160010K
Thermistor/
Thorlabs TH10K

Thermistor

Feedback Sensor

Variable resistor with respect to temperature

changes.
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ICUE H150i RGB PRO

XT Liquid CPU Cooler

Heatsink

Desktop liquid CPU coolattilized as an effective

heatsink.

CorsairRM850Modular  Power Supplies constant power to the AIO Cooler Modu

Power Supply

Arroyo Instrument$240 PID Control Optional device for redime temperature display

TECSource, 4A/7V and TEC control.

33% Power Board OPA Board OPA Chip with 33/100 unbroken phase shifters

(Board#4)

98% Power Board OPA Board OPA Chip with 98/100 unbroken phase shifter

(Board#1) structures

Laptop 1 OPA power and  Runs the MATLAB and LabView software for OP.
control phaseheater control.

Laptop 2 Thermal Control  Runs the MATLAB/Simulink software for thermal

control and Python script for AIO control.

In the first versionof the fabricated devicethere wassignificantdamage to the phase

shifter structuresrom the fabrication proces$heonly two OPA chips available for testing had

severalphase shifters it could not power. The 33% OPA had 33 out of 100 viable phase shifters

and was used as the initial testing platidor verifying procedures and initial tests previously

detailed in Figur@.7. The 98% OPA had only two broken phase shifters and was used for the full

power tests.

The complete thermal hardware setup including the AlO cooler was assembled inkhe Yor

labs following the initial test suite from Honeywell and is seen in Figuke
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Figure 4.7: Complete thermal and optical hardware setup for experimental testing of York.

Full testing required the use of two laptopse first was running MIATLAB -LabView
datato-analogconverter (DAC) control code for the input power to the hundred phase shifters that
make up the OPAThis code was written by team member in York Universitipr the optical
testing This OPA controlcode would set the power levelad thus the thermal output of each
phase shifter independently. The second laptop was running the MABiIABIink thermal

control code as well as a python scfgatthe AlO cooler in Chapter 4.2.3.

4.2.1 Thermistor Setup

To function as an effective feedback sensor, two thermistors had to be bonded using highly
conductive thermal epoxy between the bottom side of the PCB and the top (cold) surface of the
TEC and were centered under the location of the OR¥pgar The location of the thermistors
therefore communicated the effective temperature boundary between these points. There were two

thermistordbonded so that thermal data could be read by the NIDAQ for thermal control purposes
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as well & aprebuilt tempeature controlleranArroyo TEC Source modujé available[46]. The
other reason two were used Wasredundancy in the testing configuration

The thermistorsd internal resistance woul d
previously in Chapter 2.3.8. The NIDAQ 6212 only registers voltage measuremeatgively

read and convert the resistance value, a voltage divider was used as pef.Bigure

0 60

Figure 4.8: Voltage divider fothermistor (R) reading.
In the figure,Y is a bias resistor for the thermistor to be compared agahste’Y is
the thermistarThe measured voltage difference is between the 5V (Vin) input and the recorded
output as defined below Bquationst.1 and 4.2.

Y (4.1)

, ‘ W LW 4.2
Y Y — MMER——— P
() PP 0€ WHEEEO@TN OO

Equation 4.2s used in conjunction witbquatior2.15 tocompletehe relationship between
active temperature and recorded voltage response and are utilized in the MATLAB function listed

in AppendixB.
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4.2.2 Thermo-electric Cooler Module

Operating under the Thermoelectric effect as discussed in Chapter 2.3.8, thevide@e€eerates
a temperature difference between its cold and hot surfaces when a current is applied. The model
chosen to thermally stabilize the OPA chip is a commerciahefghelf (COTS) Peltier device
which couldgenerate a temperatuldference of oveb0 degreedetween its two surfacg¢f9].
In addition the model was ddimilar length and width dimensions tlwat ofthe OPA chip The
TEC is a square 19.4mm so it could match the form factor of the OPA chip with regards to both
currert experimental integration and future packaging integration. The initial design
documentation for the OPA photonics structures by the Honeywell team indicated that a
temperature change of 49.7 degrees off ambient would result in a complete pi pha3éeshift.
joule heating resistors that make up the phase shifters as well as the passive thermal mitigation
structures on the OPA were sized to generate this temperature change. It was expected that the
temperature profile would be hotter than the initial caltaohs implied due to unaccounted
complex thermal relationships in the overall structure. However, the experimental results as seen
below in section 4.2 indicate that those values were underestimated. Thankfully, the TEC model
selected is rated to displacg to almost 100 degrees given sufficient current and under ideal
conditiong[29].

The performance of the TEC with respect to its datasheet in Hdiredicate that at the
maximum available current drasv 1.5Afrom the current driver, 6W of power can be drawn from
the coldside and 12W of power would be dissipated from the hot side. This means that for however
hot the OPA gets with respect to the setpa robust heatsink fixture is required to prevent the

reflow of heat back up into the OPA both during and between operations.
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Figure 4.9: Electrical and thermal performance of TEC module according to datasb@let [
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4.2.3 Heatsink Setup

After the initial tests the hardware setup was moved to the YorkAabsatsink was required for
consistent operating temperatubele to the fragility of the surface structures of the OPA, the wire
bonds to the PCB and the taperdxkfioptical input, a conventional forced air convection heatsink
near the OPAwvas not viabladue to their vibrational outpuThe initial heatsink tests in Figure

4.10used only natural convection. The heatsink used at the was an aluminum finnedaistok

9x7x3cm in size

80 Uncontrolled Tests - Board#4 - 10Vmax (York Tests)
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Figure 4.10. Temperature response without heatsink versus with a heatsink present.

While it was evident that the heatsink was effective staéic aluminum finned heatsink
alone cannotstabilize the temperature while the OPA is under operation where the voltages
through each phase shifter would be changing const&atitional tests proved that the heatsink
could not stabilizéemperature at the necessary leegi®atural convectioaone andvouldresult

in heat flowing back from the heatsink into the OHA.correct this while maintainingo forced
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air convection around the OPA, an-afone (AlO) CPU cooler was utilized. AlO Coolarse a
liquid pump heatsinkvhich transferghe heat to a nearby heatsink block that is cooled by several
fans. The separation between the pump and the heatsink was enougirithbgnce around the
OPA was negligibleThe model selected was the Cors@tJE H150i RBG Pro XT, which
featurel a397mm x 120mm x 27mm radiator heatsink with three 120mm x 120@Bmxn fans.
Thesystem required the use of a modular power suppiyould be connected and controlled by
the same laptop running the MATLABImulink thermal control codé\n existing python script
available froman opensource GitHulprojectwas used to set the fan and pump speeds to their

maximum and to remain constant throughout the entirety didiie

4.3 OpenLoop Control Tests,Experimental Setup, and Results

Eachset of experiments weranto validate the benchmarks approximated by both the simulations
in Chapter 3 and the previous theoretical calculations made byheteamsThe complete suite
of experimental tests was dosit betweerihe Honeywell Electinics Labs and the Nanosatellite
Laboratory at York due to lab availability constraints. The first phase of testing involved powering
on the phase shifters in the OPA without dagdbackthermal control hardware present to
characterize the response. Thgeatives of thepenlooptests are as follows:
- To determine maximum temperature profiles of the OPA without any temperature
control to establish that the chosen TEC hardware can cool it to a setpoint of 20 degrees.
- To determine therelationship between active phase shifters and OPA operating
temperature.
- To determine the nois#oor of the thermistors with respect to active temperature

reading.
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The relationship between active phase shifters and OPA operating temperature allows for
reasonable estimation of maximum power output of 100 phase shifters. It was deemed safer to not
run any maximum power tests on all 100 phase shifters at once without any thermal control, in lieu
of possible system damage under an unnecessarily large tem@eageddient. The first set of
temperature profile tests done at Honeywell were performed on the 33% OPA board, which was
internally denoted as Board#4. Figutd 1 depicts the measured temperature from the mounted

thermistors on the underside of the PCiBhwmo feedbackcontrol.

65 Uncontrolled Step Tests - 33/100 Active Phase Shifters - Board#4 - 100Hz
\ | I \

I I
- Initial Noisefloor
——Step 100s @ 6.5V (Attempt #1)
60 - Step 100s @ 6.5V (Attempt #2)|]
----- Step300s @ 6.5V
55 Step 600s @ 10V L
o550 R
<
2
© 45 B
o
=%
£
2 40 =
35 N
30 3
251 \ | \ | \ | \
0 100 200 300 400 500 600 700 800 900

Time (s)

Figure4.11: Initial thermal response step tests of 33/100 active phase shifters at 6.5V and 10V of power
The phase shifters were powered to only 6.5V because at the time of the Honeywell tests,

it was understood that was the necessary voltage to induce a complete pi phase shift by each phase

shifter. The team had eventually decided that despite the 6.5Vmm#rgimax power limit for

each phase shifter would be 10V. The increase in voltage corresponded to a significant boost in

temperature to the active phase shifters. The temperature difference generated under 10V for 33

active phase shifters was approxinhat86 degrees after 10 minutes. Assuming a linear
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relationship between active phase shifters and temperature response would put the difference at
100 active phase shifters above the limitations of the TEC, so further investigation was required.
By runningseveral step tests with increasing numbers of active phase shifters, a more accurate
relationship for temperature resporse be establishe&ince the 33 available phase shifters on

the OPA were nominiformly distributed across the array as seen preyyoin Figure3.7, the
incrementing groups of active phase shifters were selected to be as evenly distributed as possible,

as listed in Figurd.12

Step Test Group Active Phase Shifter #
Step Response [5/33]

Step Response [11/33]
Step Response [16/33]

Step Response [22/33]

8,24, 60,77,94,99

9, 25, 64, 78,95

Step Response [27/33]
Step Response [33/33] _

Figure 4.12 Incrementing active phase shifter groups.
From these groups the difference in temperature response can be seen i4.Egyarel

the temperature relationships defined in Figudel
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Figure 4.13: Temperature response of increasing number of active ghaiers at 10V.

Figure 4.14: Phase shifter temperature relationships.

While the exponential fit haldothbetterfit parametergor the coefficient of determination

(R?) and root mean squared error (RMSHE firstdegree polynomial displays a more intuitive
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