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C’est la sans appui

Je ne suis pas bien du tout assis sur cette chaise
Et mon pire malaise est un fauteuil ou I'on reste
Immanquablement je m'endors et 'y meurs.

Mais laissez-moi traverser le torrent sur les roches
Par bonds quitter cette chose pour celle-1a
Je trouve I'équilibre impondérable entre les deux
C'est 1a sans appui que je me repose.

Hector de Saint-Denys Garneau



Abstract
Optical interconnects represent an attractive alternative technoiogy for the
implementation of dense, high-speed interconnects, as they do not suffer from many of

the problems plaguing electrical interconnects such as frequency-dependent crosstalk and

attenuation.

However, optics has still not been accepted commercially as an interconnect technology.
There is concern regarding the cost and complexity of the optomechanics needed to
achieve the very fine alignments necessary to guarantee that the light emitted from the
source actually falls on the receiver. The demonstration of a simple-to-assemble, dense
and robust optical interconnect would constitute an important proof of the practicality of
this technology. The photonic backplane demonstrator system presented in this thesis
addresses these issues through a novel approach: the system uses siow Gaussian beams
(f/16) and a clustered design to maximize misalignment tolerances. This in tumn relaxes
the positioning and packaging requirements for the components, thus simplifying

assembly.

This thesis pursues two sets of complementary goals: the first set is concerned with the
demonstration of some desirable optomechanical characteristics for optical interconnects
such as passive alignment, repeatability and stability while the second set of goals is
concerned with a verification of hypotheses often used in the design and implementation
of optical interconnects. Such hypotheses are often used in practice to design optical

interconnects despite the fact that little data exists in the literature to warrant their use. It



. therefore makes good sense to spend some time verifying the accuracy of these models.

This will provide a solid engineering foundation for the design of future systems.



Résumé

L’optique représente une alternative technologique attrayante pour l'implémentation
d’interconnexions denses a haute-vitesse dans les systémes électroniques distribués.
L’ utilisation de fréquences optiques (THz) pour transmettre | information permet d”éviter
les nombreux problémes associés . I'utilisation de fréquences plus basses communes a
I'électronique (GHz) tels que les probieémes d’att€énuation du signal et de diaphonie

dépendents en fréquence.

Par contre. |’optique n’est pas encore acceptée commercialement comme technologie
d’interconnexion. Les tolérances de positionnement de tels systémes sont généralement
de 1’ordre du micron pour les tolérances latérales et de ['ordre d'une fraction de degré
pour les tolérances angulaires. L’alignement d’interconnexions optiques est une
opération délicate nécessitant généralement des systémes optomécaniques complexes et
trés dispendicux. Cela constitue une barriére au déploiement commercial de cette
technologie. Le démonstrateur de bus photonique présenté dans cette thése attaque ce
probléme de front en utilisant des faisceaux Gaussiens lents (f/16) ainsi qu’une technique
de regroupement de plusieurs faisceaux autour de I'axe optique d’une lentille afin de

maximiser les tolérances de positionnement.

Deux séries d’objectifs sont poursuivis dans cette thése: 1) la premiére série concerne la
démonstration de certaines propriétés optomécaniques souhaitables afin de rendre cette
technologie commercialement attrayante telles que [’alignement passif. la stabilité

mécaniques ainsi que le répétabilité d’insertion et d’extraction des composantes 2) la



. deuxiéme série d’objectifs conceme la vérification d’hypothéses de design. Cette
deuxiéme série d’objectifs permettra d’établir une base solide pour le design des

prochaines générations d’interconnexions optiques.
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Chapter 1: Introduction

The digital processing of information requires both circuits to perform logical
operations on the data and devices to store and transmit the information from place to
place. The insatiable demand for information in our society is exerting pressure on these
processing, storage and transmission systems for them to process, store and transmit more
and more data at ever faster rates. Electronic processing technology is being constantly
improved to increase processing speeds. Technological shifts from electrical to optical
technology have already been implemented to solve the problem of the limited bandwidth
and high cost of electrical-based long-haul transmission systems. However, a severe
imbalance is emerging between our ability to process (for example in an integrated
circuit) and our ability to transmit data over short distances (i.e. in the millimeter to meter

range). High-speed, short-distance interconnects are needed.

1.1 Current Interconnect Challenges

Ever since the invention of the integrated circuit in 1959, the semiconductor
industry has sought to make chips that are faster, more complex and cheaper. In doing
so, it has doubled the number of functions implemented on a chip approximately every
eighteen months for the last thirty years [l]. The Semiconductor Industry Association
(SIA) roadmap shown in table I outlines a variety of technology requirements on feature
sizes, number of transistors, on and off-chip clock rates etc., that will have to be met to

continue this increase [2].



Table 1. Semiconductor Industry Association Projections for Silicon [Cs

Gate Number of On-Chip | Off-Chip { Number
Year | Length | Transistors Clock Clock of Pads

(um) | (millions/icm®) | (MHz) | (MHz)
1999 | 0.18 20 1250 480 1400
2000 | 0.165 28 1486 589 1800
2001 | O.15 40 1767 722 2200
2002 ] 0.13 54 2100 885 2600
2003 | 0.12 73 2490 932 3000
2004 | O.11 99 2952 982 3400
2005 0.1 133 3500 1035 3800

The continuous downscaling of feature sizes or transistor gate length is the driving force
behind the evolution in technology requirements outlined in table 1. It has a number of
important consequences. More and more transistors can be integrated on a single chip.
The number of output pads must therefore increase proportionately. The scaling in
transistor channel length also decreases the switching speed meaning that transistors can

operate at higher frequencies.

While transistors can operate faster as they are downscaled and can thus process
information faster, it has been known for some time that metal-based interconnect lines
do not scale so favorably. In fact, interconnect lines, whether of a resistive-capacitive
(RC) or inductive-capacitive (LC) nature, possess an “aspect-ratio” limit meaning that the
total bit rate that can be sent down a line is proportional to the cross-sectional area of the
line divided by its length squared [3]. This means that scaling the line proportionately in
cross-sectional area and length will not change its bit rate capacity. In fact, as feature
sizes are reduced and transistors become smaller, interconnect lines tend to become

longer, thus reducing their overall bit rate capacity. Bit-rates can still be increased

w~



through the use of techniques such as repeatering, multilevel modulation or equalization
[4] but recourse to these adds cost and complexity. The interconnect capacity might still
not scale sufficiently to keep up with the increase in transistor processing capacity and

density.

These factors are putting pressure on interconnect resources and mean that interconnect
delays are becoming dominant in limiting information flow on and off-chip {4]. Already,
system performance is dominated by the interconnect rather than by the processing speed
of transistors in multi-chip systems. It is expected that interconnect problems will also

soon limit information transfer on chip.

Interconnect limitations arise from two sources: 1) space constraints and 2)
fundamental physical limits associated with the use of electrical signals to establish
connections. The space constraints limit the number and density of interconnect lines and
bondpads that can be placed on a chip or printed circuit board (PCB) of a given size and
complicates the routing process while the use of electrical lines to transmit high speed
data affects the electrical signal integrity (because of crosstalk, signal skew and
termination problems) and thus limits the available bandwidth [4]{5]. The interconnect

technology must be changed.

1.2 Optics versus Electronics: Basic Considerations

The use of optical instead of electrical technology offers a number of potential
advantages to solve these interconnect problems. While optics offers some advantages in

terms of voltage isolation, timing accuracy and access to new architectures and



topologies, there are other, more fundamental reasons that drive the push towards optical
technology. These reasons will be briefly reviewed here. Note that the arguments

presented here are exposed in greater detail in [4] and [6].

It is important to emphasize that both electrical and optical interconnects use
electromagnetic waves (and therefore photons) to carry signals. A distinction between
optical and electrical interconnects therefore cannot be made by stating that one type uses

photons and the other electrons to carry information.

The difference between optics and electronics lies in the wavelength or frequency or
photon energy of the electromagnetic waves that carry the signal. Note that the terms
wavelength, frequency and photon energy are all various ways of expressing the same
physical characteristic as these quantities are related through the formulas vA = ¢ (where
v is the frequency, A is the wavelength and c is the speed of light) and E = hv (where E is
the photon energy and h is Planck’s constant which is equal to 6.626 x 107 joule-sec).
The frequency of the carrier used in optics is usually very high compared to the
frequency of the waves used in electronics (S00Thz compared to |OMHz-10GHz). This
difference can equivalently be stated in terms of wavelength or photon energy by saying
that optics uses wavelengths in the range of 500-1500nm or photons having an energy in
the 1 electro-volt (eV) range while electronics uses wavelengths between 3cm and 30m

and photon energies around 40neV - 40ueV.



These differences have important consequences. There are at least four advantages to
using light as an information carrier: 1) no frequency dependent losses 2) no interaction
between beams 3) no frequency dependent crosstalk and 4) ease of impedance

matching. Other advantages like lower power consumption will not be discussed here.

1) The very high frequency of light means that there is little frequency dependent loss
since the frequency of any modulation that can be applied to the signal is usually
insignificant relative to the frequency of the carrier. In contrast, electrical RC or LC lines
have intrinsic losses that are strongly dependent on the frequency used: through low-pass
filtering effects for RC lines (the capacitance of the line has to be charged and this limits
the frequency response) and the skin effect for LC lines (conduction takes place only on

the surface at high frequencies).

2) Beams of light propagating in free-space or in dielectric media in general do not
interact because the non-linear susceptibility is very small in such materials. The electric
and magnetic fields composing the waves will thus superpose linearly and their
propagation vectors will not be affected. However, note that nonlinear effects can appear
when field intensities reach a certain threshold (the threshold varies greatly with the type

of material).

3) Frequency-dependent crosstalk will appear because time-varying electric and magnetic
fields can be induced in metailic materials due to the presence of free charges. Ampere’s

law states that a time-varying electric field will give rise to a current and a magnetic field



while Faraday’s law states that a time-varying magnetic field will give rise to an electric
field. This means that there will be electromagnetic induction between adjacent electrical
lines transporting electromagnetic waves. The intensity of the fields that will be created
is directly proportional to the frequency of the time-varying electric or magnetic field.

This generates frequency dependent crosstalk.

4) Electrical lines and devices respond proportionately to the magnitude of the electric
field of the wave traveling in them which means that impedances need to be matched at
every termination point to prevent back reflections. The large photon energy of light
leads to “‘quantum impedance conversion™ that is impedances do not need to be matched
between emitter and detector in optical interconnects because the current generated at the
photodetector is dependent on the number of photons arriving and not on their electric
field strength. The wave reflections that do occur as light travels through materials of
different impedances can be virtually eliminated by the use of simple quarter wavelength

resonators (anti-reflection coatings).

1.3 Optics versus Electronics: Architectural Impacts

The choice of optics as an interconnect technology will also have a significant
impact on the architecture of the systems that can be constructed. The difference
between optical wavelengths (500-1500nm) and electronic wavelengths (3cm to 30m) has
major implications. These can be summarized as follows: 1) less severe diffraction
effects 2) harder to implement arbitrary interconnection patterns but easier to implement

global patterns and 3) easier beam splitting and combination.



1) The amount of diffraction suffered by a wave is proportional to its wavelength, which
means that waves having a wavelength in the centimeter to meter range will diffract
much more than waves having wavelengths in the micron range. In electrical systems the
path from source to detector is aimost always defined using a waveguide structure
(except in radio systems). Waveguides are used to confine the electromagnetic waves to
thin metal traces and direct them from point A to point B. [f no waveguiding structures
were used to confine the waves, they would rapidly spread out in space due to diffraction.
Another consequence of diffraction is that waves cannot be focused to dimensions
smaller than approximately one wavelength. This means that the minimum spot size that
can be achieved in free-space using electrical wavelengths lies in the centimeter to meter
range. This drastically limits the interconnection density that can be established and
confines electrical interconnects to the role of low density interconnects such as radio

systems.

Optical wavelengths being much shorter than electrical ones, the typical diffraction
limited spot sizes of optical beams are in the micron range. Moreover, the beams may
physically overlap as they propagate through free-space but this will not affect their
propagation direction or characteristics. A simple lens can be used to angularly multiplex
or demultiplex beams. Two dimensional interconnects can be established between two
planes. Thousands of spots can potentially be imaged on a surface a few centimeters on

the side. This provides access to huge spatial bandwidths.

2) One of the practical advantages of electrical interconnections is that it is relatively

easy to construct arbitrary interconnection patterns as the signal lines are usually defined



using a lithographic process. Although diffractive optical elements or volume holograms
can theoretically be used to establish arbitrary interconnection patterns in free-space as
well, diffraction efficiency problems can be encountered when working with a large
number of beams. However, it is easy to perform certain global mapping functions
(mirroring for example) between a series of inputs and a series of outputs by using
various bulk and micro-optical components [3]. Various algorithms such as Fourier

transforms and sorting operations can thus be implemented [7].

3) Beam splitting (fan-out) operations are simpler to perform at the physical level in
optics. Any fraction of power can be extracted from a beam by simply using a beam
splitter or a diffractive optical element. It is thus easy to make multiple connections to a
given signal “line” so that the data can be made available to multiple parts of a system.
In contrast, this is relatively difficult in electronics as all terminations must be impedance
matched in order to eliminate back reflections. Another disadvantage of electronics is
that it is not possible to add new lines to tap the signal off an existing line without

readjusting the impedance.

Beam combination (fan-in) operations are more difficult to perform optically because
combining mutually incoherent optical beams will generally result in power loss. The
constant radiance theorem states that if N identical and mutually incoherent optical beams
are combined to form a single beam with the same cross-sectional area and the same
numerical aperture as the incident beams, then the total optical power delivered into the

resultant beam cannot exceed I/N of the total incident power [8]. Thus, combining two



identical beams will generally result in 50% power loss. However, beam combination
can be performed without loss when one of the parameters between the two beams differs

(such as the polarization state or the wavelength).

[n summary, optics represents a potential solution to many of the problems plaguing
electrical interconnects. A free-space optics approach is particularly interesting because

free-space provides access to huge two-dimensional spatial bandwidths.

1.4 Organization of the Thesis

This thesis will be concerned with the design and implementation of optical
interconnects for use in linking electronic processing elements. Once the motivation for
optical interconnects has been presented, the design of a point-to-point optical
interconnect for a four node ring-based photonic backplane will be presented. This high-
density interconnect design is thought to represent a good candidate for the construction
of a passively aligned optical backplane. Note that the interconnect design was done by
Dr. Brian Robertson [9]. The implementation of this interconnect led to the formuiation
of a series of questions that constitute the drive of the research that will presented in this
thesis. In order to design the optical interconnect, a set of assumptions and
simplifications were assumed. These simplifications were typical of many if not of all of
the optical interconnects that have been implemented by various research groups to date,
so although a specific system is implemented in this thesis, the questions raised and the

answers found, will, it is hoped, be applicable to a wide range of systems.



The tolerances for the components of the interconnect were calculated assuming that
diffraction of the beam due to clipping was not important. Chapter four will verify the
validity of this assumption. [t was also assumed that error accumulation or tolerance
stackup effects were not important. Chapter five will try to answer whether this is the
case or not. Chapter six will verify that power losses due to imperfections in the
polarization properties of the components do not degrade the system performance.
Chapter seven will be concemed with the implementation and characterization of the
point-to-point interconnect described in chapter three. This will experimentally confirm

of infirm the design hypotheses.

1.5 Original Contributions

The original contributions presented by the author in this thesis are:

1) First implementation of a representative portion of a scalable, clustered, ring-based
optical interconnect. The interconnect provides 1024 optical channels to each chip.
It is one of the most dense optical interconnects ever built.

2) First analysis of the accuracy of various numerical models when calculating
misalignment tolerances in an optical interconnect. First comparison of numerical
results with experimental results.

3) First analysis of tolerance stackup effects in free-space optical interconnects.

4) First tolerancing of polarization losses in free-space optical interconnects. First

analysis of polarization tolerance stackup effects.
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Chapter 2: Optical Interconnect Technologies

2.1 Introduction

This chapter explores the design choices that must be made when using optics as
an interconnect technology. Its purpose is to present enough background information so
that the reader will be able to clearly understand the issues discussed in the following
chapters. A brief review of the systems implemented to date by various research groups

is also presented.

Figure 1 below illustrates the standard interconnection hierarchy and indicates the
required interconnection lengths and the maximum bit rate achievable with electrical
interconnects (non-transmission lines). The illustration is drawn from [1]. Although the
research dates from 1995, and electrical technology has since then improved, it
nonetheless illustrates the fact that the maximum bit rate achievable decreases with
distance and that there is a limit to the bit rate that can be achieved at a certain distance

when using electrical technology.

Chip-to-Chip Shelf-to-Shelf
PCB-to-PCB

Interconnection Length

! LN |
+ [l g

O.lmm Imm lem [0cm im [Om 100m lkm

i I | | !
7 i [

100G 110G IG 10OM 10m Im 100k 10k
Maximum data bit rate (bits/sec)

Figure 1. Interconnection Hierarchy of Digital Systems with Typical Lengths and
Data Rates.
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Optical interconnects can be implemented throughout this interconnection hierarchy.
They can be implemented using either waveguides, free-space or a combination of both
to guide the optical beam from one point to another. Modulator or emitter type devices
can be used as sources. These design choices influence the capabilities of the technology.
Although optical technology constitutes a very interesting candidate for the establishment
of high speed, high-density interconnects, there is still some skepticism regarding the
commercial potential of this technology. This is essentially related to issues of packaging
and implementation. Easy-to-assemble, dense, low-cost and robust interconnects have

yet to be demonstrated.

2.2 Guided-Wave versus Free-Space

It is important to establish a clear distinction between the guided-wave and free-
space approaches when speaking of optical wave propagation. The guided-wave
approach makes use of a support medium to confine and guide the waves to their
destination whereas the free-space approach relies on diffraction and refraction in bulk

optical components to focus the beam on to the detectors.

Both approaches have been used successfully to implement long range point-to-point or
point-to-multipoint links. Commercial products using both approaches are available.
Guided-wave optics has been used to establish long-range high-speed point-to-point links
using dielectric optical fibers as the waveguide. Single wavelength fiber-based systems
operating at 10Gb/s data rates per wavelength are already deployed and 40Gb/s systems

should be available soon [2]. Parallel optical interconnects using a linear array of 12
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optical fibers to interconnect as many channels are also available [3]. Free-space rooftop-
mounted systems operating at optical frequencies and providing last-mile access to data

networks are now starting to be deployed [4].

Most products available so far using guided-wave or free-space approaches provide long-
haul point-to-point or point-to-multipoint links using a single spatial channel. However.
short range interconnects between electronic processing elements require access to
muitiple channels due to the large number of pin-outs of optoelectronic chips.
Techniques such as time-division multiplexing (TDM) or wave-division multiplexing
(WDM) can be employed to increase the number of channels. However, these require
multiplexers which add cost and increases latency in the system. I[mplementations
offering multiple spatial channels (also known as space-division multiplexing (SDM)) are
desirable. No commercial products providing two-dimensional arrays of channels are

available although much research has been performed in this area (see section 2.4).

A recent approach to guided-wave interconnects uses fiber image guide-based
interconnects (FIGs). Fiber image guides consist in a bundle of many thousands of
fibers. Each fiber acts as a pixellated image point so each beam is guided in multiple
fibers. This technology is interesting to implement point-to-point interconnects because
only two alignment steps are necessary: the alignment of the FIG relative to the source
and the alignment of the FIG relative to the detectors. However, tradeoffs are present
between spot size and power uniformity (each beam must be transmitted through many

fibers to insure that power levels will remain uniform if the FIG is misaligned). This
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limits the density of channels that can be transmitted. A system possessing a channel
spacing of 250um has been demonstrated [6]. Also. the bandwidth-length products are
limited because of multimode dispersion. although moduiation speeds up to a 1Gb/s have
been demonstrated [6]. Note that this technology is also limited to implementing point-
to-point interconnects as beam splitting and combination operations cannot be performed

inside a FIG.

[n contrast. the spatial bandwidth of free-space systems is limited by the spot size
provided by the optical system. Typically, if each output spot that can be resolved in the
image plane is equated to a pin-out, then more that 10000 pin-outs can theoretically be
achieved in an area of 25mm diameter using a lOmm focal length lens at 850nm if the
optical system is diffraction limited. Channel spacings of 90um have been demonstrated
using free-space optical interconnects [5]. In contrast, dielectric optical fibers possess an
outer cladding diameter of 125um. This dictates the minimum channe! spacing
achievable. Free-space interconnects are therefore at an advantage in terms of channel
density because no bulky waveguides need be used to guide the light. They can be

implemented using either compound lenses or arrays of microlenses or a mix of both.

2.3 Emitters versus Modulators

It is also necessary to make the distinction between emitter and modulator based-
interconnects. Emitter-based systems employ arrays of directly modulated vertical-cavity
surface-emitting lasers (VCSELSs) or light-emitting diodes (LEDs) to create the array of

optical beams propagating in the interconnect. Modulator-based systems use light-
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sensitive diodes flip-chipped on to the silicon chip to modulate an array of continuous

wave (CW) constant power beams impinging on them.

From an optical design perspective, the main difference between emitter and modulator-
based systems is related to the complexity of the optical system. Modulator-based
systems need to combine and route three arrays of optical beams: one array of CW
beams that illuminate the modulators, one array of beams modulated and reflected from
the chip and one array coming in from the previous chip and directed to the detectors.
This renders system design and alignment more difficult as three arrays of beams must be
registered to the same plane. Emitter-based systems need only to route and combine two

arrays of optical beams. This simplifies system design and alignment.

The use of VCSELs is therefore attractive from an optical design perspective, however,
their integration to conventional silicon technology remains a problem [7]. They also
often exhibit polarization instability and muitimode behavior at high power, rendering the
design of an efficient optical system challenging. Intense research is focussing on
solving these problems. If this is achieved, VCSELs should become the technology of

choice to implement optical interconnects.

2.4 Brief Review of Previous Research

Much of the groundbreaking work in free-space optical interconnect technology
was performed by researchers at AT&T Bell Laboratories [8, 10] in the early 1990s.
They used optical interconnects to perform image mapping operations between

optoelectronic chips inside telecommunication switching systems. Various switching
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networks such as crossbars and banyans were implemented using self-electro-optic-effect
devices illuminated by an external laser. A conclusion that can be drawn from their work
is that alignment issues are critical in free-space optical interconnects because of the
small size of the beams normally used (a few hundred microns in diameter). Compor_lents
must often be aligned to a few microns precision lateraily and fractions of a degree
angularly in order to guarantee that the beams fall on the detectors. It is difficult to do
this in a cost-effective fashion. Packaging and alignment issues are the biggest obstacle
preventing free-space optical interconnects from gaining widespread commercial
acceptance [7]. Researchers at AT&T were the first to demonstrate the usefulness of an
“optical breadboard” based approach, that is, the use of a baseplate as a platform to align

all the optical and optoelectronic components.

Since then, optical interconnects have been demonstrated at many levels of the
interconnect hierarchy. These include: work at McGill University on systems using
modulator [11, 12] or emitter [13] technology to interconnect PCBs at the backplane level
and refining the baseplate-based approach pioneered at AT&T, work at George Mason
University [14] and the University of San Diego [15] on systems implementing chip-to-

chip interconnects and work at Heriot-Watt on sorting systems [16].

Recent work at NTT [17] uses VCSELSs and adjustable prism arrays to actively align the
beams onto the detectors. Such actively aligned systems could potentially solve
packaging and alignment issues. Another approach described as planar optics [18] uses

the precision afforded by lithographic etching processes to define various optical
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components such as lenses and gratings on a glass substrate. The components are used in
reflection mode and the beams propagate inside the substrate. The components in such

systems are therefore “pre-aligned’ to sub-micron precisions.

Some guided-wave systems employing arrays of fibers [3] or image guides [6][19] have
also been demonstrated. Such systems dramatically reduce packaging and alignment

issues however, channel density is reduced compared to free-space systems.

The free-space optical interconnect presented in this thesis [12] attacks the alignment
problem at a fundamental level by designing the interconnect to be intrinsically
misalignment tolerant. [t constitutes a very dense free-space interconnect using

modulator-based emitters.
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Chapter 3: Optics and Optomechanics for a Photonic

Backplane.

3.1 Introduction

Although the use of optical technology to implement interconnects would
eliminate or alleviate many of the fundamental problems currently facing electrcal
interconnects, there is still skepticism regarding the practicality of this technology. Much
of this skepticism is related to implementation issues. in particular. the cost and
complexity of the optomechanics often needed to align such systems is of concern. The
demonstration of a simple to assemble. mechanically stable optical interconnect would
accordingly go a long way towards proving not only the theoretical benefits of optical
interconnects but also the practicality of this technology. The photonic backplane system
presented in this thesis directly addresses those concerns. The goals of the demonstrator

are listed below:

I} Passive alignment of the optical modules within the supporting optomechanical
structure. This would guarantee simplicity of assembly. Modules could be simply
inserted into the optomechanical structure.

2) Repeatable insertion and extraction of the modules making them easily replaceable
in case of failure (this is especially important for the Optoelectronic Chip Module as
it houses an active device).

3) Stability. The system stays aligned without needing adjustment once optimal

alignment has been achieved.



However, this thesis also pursues another set of goals, which are more academic in
nature. That is, the photonic backplane presented in this chapter is also used as a
platform to test hypotheses related to design and assembly issues. These play a key role
when designing complex optical systems such as the one presented here. If the
demonstrator does not meet the three goals listed above, then the design hypotheses must

be questioned. The assumptions verified in chapter four to six of this thesis are:

1) Gaussian beam propagation theory is accurate to calculate misalignment tolerances.

2) There is no simultaneous interaction between multiple tolerance parameters when
assembling a system. Tolerance stackup is negligible.

3) Power losses due to imperfections in components that affect the state of polarization

are negligible.

Such design hypotheses are commonly used in the optical interconnect community
despite the fact that little data exists to support their use. This will provide a solid
foundation upon which to design optical interconnects and will be of general interest to

the optical interconnect community.

Note that the optical design of the point-to-point interconnect was done by Dr. Brian
Robertson and the optomechanical design was done by Eric Bernier. A part of the work
presented in this chapter is thus their work. The optical design of the interconnect is

presented in [l]. A brief presentation of the optomechanical design is given in [2].



However, part of the material (such as issues related to the implementation of the optical
system) has not been published before. It was therefore judged imperative to present this
material here in order to acquaint the reader with the details of design necessary to

understand the finer points of the implementation of the system (presented in chapter 7).

This chapter presents an overview of the design of the optics and the optomechanics for a
four node photonic backplane. It begins with an overview of the design of the point-to-
point free-space optical interconnect used to interconnect the optoelectronic chips at the
backplane level. The grouping of the components into modules as well as the
optomechanics for the alignment and support of the modules to form a four node
photonic backplane are also briefly presented. An analysis of the scalability of the

optical interconnect design concludes the chapter.

3.2 Optical Design Overview

The photonic backplane presented in this thesis is a specific implementation of the
Hyperplane architecture [3]. The Hyperplane architecture seeks to provide a large
quantity of interconnections among printed circuit boards (PCBs) for packet switching
networks and massively parallel processing systems. Specifically, parallel electrical data
in packet form is converted into parallel optical data and placed onto specific channels in
the optical backplane. The optical data reaches its destination (or destinations) and is
then converted back into electrical data. Since address headers are incorporated into the
packet, address recognition is performed at each optoelectronic chip and the packet is
routed to the correct PCB. Devices with routing abilities and incorporating

photosensitive diodes connected to logical circuitry are termed “smart pixels”. The
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Hyperplane architecture can be configured to implement a large variety of
interconnection networks such as 2D and 3D meshes. crossbars and shuffle networks.
This allows application dependent interconnection schemes to be implemented, thus

improving performance. Figure | presents a high-level diagram of an optical backplane.
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Figure 1. Schematic Diagram of an Optical Backplane

Arrays of constant power optical beams coming from the optical power supply are
intensity modulated at the smart pixel array plane and routed from one stage to the next

using a point-to-point optical interconnect.

The reader will have noticed that figure 1 explicitly shows a modulator-based system as
an external optical power supply is illustrated. Modulators were used to intensity
modulate the beams in this system. While the use of emitters such as vertical-cavity-
surface-emitting-lasers (VCSELSs) is attractive because they eliminate the need to route
and combine three arrays of optical beams and decrease the system complexity, their
integration to conventional silicon technology remains a challenge, especially for large

arrays of VCSELs [4]. They also often exhibit polarization instability and multimode
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behavior, rendering the design of an efficient optical system challenging. Modulators
were chosen in this demonstrator system because large arrays (32x32) of devices with
good characteristics have been demonstrated [5] and were available. However. a major
part of the work presented in this thesis could be directly applied to a VCSEL-based

optical system.

A four-stage (4 PCBs), ring based configuration (the last PCB is linked optically to the
first) was chosen for the demonstrator. Using a ring configuration is advantageous
because the data that is dropped at any node can be sent to any other node through
multiple hops, even if the system is not bi-directional. This simplified the interconnect

optical design as only a uni-directional interconnect needed to be used.

One of the key advantages of free-space optical interconnects is that use of this
technology permits access to a high number of spatial channels. To make a convincing
technology demonstration. a system must therefore possess a high channel density. This
density criterion was met by designing a clustered system employing arrays of diffractive
minilenses where many optical beams pass through the same minilens. This scheme
achieves both a high channel or window density (2500 windows/cm?) and a moderate
window size (40um). The smart pixel arrays (also termed the optoelectronic VLSI chips)
are composed of optically sensitive GaAs/AlGaAs P-I-(MQW)-N diodes hybridized onto
standard CMOS. The silicon CMOS chip incorporates logical circuitry enabling optical

data to be transmitted, received or re-transmitted at each node [6].



Figure 2 presents a schematic diagram of the interconnect design. The interconnect
implements a point-to-point link between the modulators located at stage 1 and the
detectors at stage 2. A total of 512 optical beams (256 channels since the data is encoded
using dual-rail logic) arranged in 32 4x4 clusters are relayed through 8x8 arrays of large
(800um) and long focal length (8.5mm) diffractive minilenses. Telecentric imaging is
used since this increases misalignment tolerances (defocus errors will not translate to
lateral misalignments on the modulators or detectors since the chief ray is perpendicular
to each plane). The interconnect uses a beam combination method based on the use of
polarization optics. Polarization variations induced by quarter-wave plates are used to
route the beams between stages with the help of reflections off polarizing beam splitter
(PBS) cubes and mirrors located on the Patterned Mirmror Grating element (PMG)
composed of alternating strips of diffractive fanout grating and mirror. The design of the

interconnect is presented in detail in [1].
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Figure 2. Schematic Diagram of the Interconnect Design

The details of the Optical Power Supply used to generate the input 4x8 array of
collimated beams are not shown here. This subsystem is fully described in [7] and is
composed of a polarization maintaining fiber, some collimation optics. a 4x8 diffractive
fanout grating, a Fourier lens and a minilens array. Risley prisms and tilt plates are also

included to allow adjusting the beam lateral and angular position.

A cascaded array generation technique is used to produce the 512 beam array incident on
the modulators: a 4x8 array is first generated by the diffractive fanout present in the
Optical Power Supply and each spot in this array is then fanned out by the Patterned-
Mirmror Grating into a 4x4 sub-array. A total of 512 optical beams pass through the
PBS/QWP assembly and are focused by a minilens array placed one focai length in front
of the modulators. Those beams are then modulated and sent back into the system where
they pass through three minilens arrays arranged in a 4f relay configuration and reflect
off stripes of mirror located on the PMG to be focused again on the detectors by another

minilens array. Each Gaussian beam has a 13.1um 1/e® focused spot radius at the
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modulator and detector planes. This 39.3um diameter should be well accommodated by
the oversized 50um round modulators and the 70um square detectors. Note that the
interconnect is represented in two dimensions whereas it is actually of a three
dimensional nature: the function of the Comer Prism element is to deviate the beams by
90° with the help of total intermal reflection (in reality, the beams would actually
propagate “into” the piece of paper) . The Risley prisms are used for beam steering

purposes.

3.3 Modularization

The optical backplane is composed of four point-to-point optical interconnects
(such as shown in figure 2) arranged in a uni-directional ring configuration. The optical
system interconnecting the four OE-VLSI chips uses a total of 48 optical components.
These components occupy a 55x55mm area and are housed in a 7cm on a side square
baseplate. All 48 components must be aligned relative to each other in all six degrees of
freedom. The alignment process can be simplified by grouping the components into pre-
aligned modules. This reduces the number of degrees of freedom and relieves the
tolerances on the optomechanics. A detailed tolerance analysis has been performed and
the partitioning of the components into modules chosen so as to maximize the system
misalignment tolerances. This analysis is not presented here but can be found in [8]. The
grouping of components is done such that the intra-module alignment requirements are
more severe than the inter-module alignment requirements. However, note that severe
intra-module alignment requirements are not critical as the modules can be assembled
independently using active alignment techniques and then passively aligned in the

baseplate. Modularization thus shifts the critical active alignment steps away from the
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system integration phase to the module assembly phase. In this way, it is hoped that the
system can be assembled in a passive fashion, i.e. that the modules can be simply inserted
in the baseplate to effect the final alignment. This would constitute a very interesting

result and would demonstrate the practicality of this technology.

The system has been separated into four modules: Optical Power Supply (OPS), Beam
Combination Module (BCM), Chip Module and Relay Module. The partitioning has
been chosen so as to produce misalignment tolerant, easy to assemble and compact

modules. Figure 3 presents a diagram of the module partitioning in the interconnect.
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Figure 3. Diagram of the System Partitioning

Notice that the bottom quarter-wave plates are thicker to fill the empty space between the
PMG and PBS and that a block of high-index glass has been added to provide mechanical

support to the two minilenses composing the telecentric relay.

3.3.1 Optical Power Supply Module
A layout of the OPS components as well as the associated optomechanics is
presented in Figure 4. A Gaussian beam output from a single-mode fiber is first
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collimated to a 3wy diameter of 1.75mm with the help of a low-aberration compound lens
composed of an aspheric lens and a negative achromat. A quarter-wave plate oriented at
45° with respect to the linear p-polarized beam output by the PM fiber is used to produce
right-hand circular polarization before the beam is fanned out to a 4x8 matrix by the
binary-phase grating. Proper collimation of the matrix is insured by the use of a properly
spaced Fourier lens minilens array combination. The Risley prisms are present to

angularly and laterally steer the beams onto the modulators.
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Figure 4: Layout of the OPS Module

3.3.2 Beam Combination Moduie

The BCM is a polarization-based unit designed to combine and route three arrays
of beams: the continuous-wave (CW) spot array of beams incoming from the OPS and
directed to the modulators, the modulated spot array reflected from the modulators and

directed into the relay module and finally the spot array incoming from a previous stage
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and directed to the detectors. It is composed of five elements: a patterned mirror-grating
(PMG), two quarter-wave plates (QWP), a polarizing beam splitter (PBS) and an

Interface Plate (IP). These various elements are assembied together as shown in figure 5.
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Figure 5. Drawing of BCM Module.
Note that the Comer Prism is not attached to the BCM but is mounted separately in the

baseplate.

3.3.3 OE-VLSI Chip Module

The chip module packages the OE-VLSI chip with a minilens array in a module
that can be repeatedly inserted in and out of the interconnect. Repeatable removal and
insertion of the optoelectronic components is essential to insure that the system is easily

serviceable once assembled. Figure 6 shows a schematic drawing of the Chip Module.
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3.3.4 Relay Module

The Relay Module shown in figure 7 is an assembly composed of an optical
spacer (which is simply a block of high-index glass that provides mechanical support)
. and two minilens arrays. The minilens arrays are separated by a distance of 2f in order to

constitute a telecentric relay.
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Figure 7. Diagram of Relay Module.

3.4 Optomechanics

The baseplate acts as the support structure for the entire optical system. All

. components and modules are attached to the baseplate or mounted into cells that rest on
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the baseplate. Figure 8 shows an exploded view of the optical backplane. The baseplate
is organized in the following manner: four through holes are machined at the comers and
are linked by rectangular slots milled into the baseplate. The BCM module is aligned and
mounted within the through hole. The OPS and Chip Modules are then aligned with

respect to and connect to the BCM on either side of the baseplate.

Note that the baseplate was designed to fit in an industry standard U3 frame (13.97cm
wide and 37.465cm deep). This is a self-imposed design criteria designed to show that
the optical layer can be incorporated inside an electrical backplane chassis and is thus
backward compatible with existing technology. Most optical parts were clamped in the
baseplate using brass clamps. These clamps were designed to be flexible enough such
that they would not damage the parts but sufficiently rigid to hold them in place. When
the system alignment is complete, the optical parts are locked into position using UV
curable adhesive. The Risley prisms are mounted into magnetic steel cells and
maintained in place by magnets fixed to special slots machined in the baseplate. The
OPSs are solidly fixed to the baseplate by using two machine screws inserted in the back

of the baseplate.
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Figure 8. Drawing showing exploded 3D view of backplane.

(A: Optical Power Supply; B: Risley Prisms; C: Relay Module; D: Beam
Combination Module; E: Corner Prism; F: OE-VLSI Chip Module; G: Hardened

Steel rod; H: Adjustment screw; I: Baseplate)

Precision ground rods (G in figure 8) are positioned at the bottom of the rectangular slots
milled into the baseplate. These rods are used as support structures to position the
components and modules mounted into the baseplate such as the Comer Prism, the
Risleys and the Relay Module. They define lines on which modules and components can
be semi-kinematically aligned. In addition, these rods bridge part of the BCM
positioning holes. The tolerance on the rod diameter is extremely severe (+5um). This

ensures that a minimum amount of tilt will be introduced when positioning the
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components and modules. Such a scheme also has the advantage that it smooths any

irregularities present in the milled baseplate groove.

The baseplate was fabricated in aluminium alloy 6061. Aluminium is a good material to
use, as it is one of the easiest to machine and has a high strength-to-weight ratio, is easy

to procure, inexpensive, and has a proven environmental resistance.

A standard computer numerical control (CNC) machine was used to perform the
machining. Note that a high level of hole and slot location precision can be guaranteed as
long as the precision features are all located on the same side of the part to be machined.
The baseplate precision features were measured by a coordinate measurement machine to
verify that the required tolerances were achieved. They were found to be within or better

than the required tolerances.

3.4.1 Beam Combination Module (BCM)

The Beam Combination Module is housed in a fully kinematic mount. Figure 9 is
a schematic diagram of the BCM optomechanical alignment scheme. The BCM rests on
high-precision ruby balls lenses fixed on pads located at the bottom of the baseplate.
These ball lenses provide contact points that define the height and tilt of the module with
respect to the rest of the system. The diffractive optical elements located on the BCM are
precisely diced and aligned with respect to dowel pins inserted into the baseplate to
determine the lateral and angular position of the BCM module. This scheme guarantees a

high degree of accuracy in the positioning of the BCM.
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Figure 9. Diagram of BCM Kinematic Mount.

3.4.2 Relay Module, Risley Prisms and Corner Prism

Figure 10. Diagram of Relay Module 5§ DOF Mount.

The Relay Module is positioned in a semi-kinematic mount (the longitudinal position is
not constrained). Figure 10 is a schematic diagram of the Relay Module alignment
scheme. The microlens arrays located at each end of the block of glass rest on high
accuracy rods placed at the bottom of the slots machined in the baseplate and thus define

the alignment of the module. Finely threaded screws are used to vary the position of the
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Comer Prism laterally (thus displacing the beams laterally with respect to the nominal
optical axis). The Risley prisms are mounted in cells held in place by magnets. This
mounting mechanism allows rotation of the Risley prisms to compensate for possible

misalignments of the beams in the interconnect.

3.4.3 OE-VLSI Chip Module

Figure L1 is a schematic diagram of the Chip Module optomechanical alighment
scheme. The lateral position of the Chip Module is defined by two precision dowel pins
inserted in the baseplate. This method insures an alignment precision of £20um laterally.
The tilt and longitudinal position are determined by the contact between the BCM
Jointing Plate and the Chip Module minilens array. This contact is maintained by springs

applying a constant retaining force on the package.

Surfaces of contact

Figure 11. Diagram of Chip Module Mount.

3.4.4 Optical Power Supply (OPS)

The OPS components are mounted on precision ground rods which define the
OPS optical axis (as shown in figure 4). Those rods are inserted in the baseplate to define
the position of the OPS with respect to the other modules. This type of interface results
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in easy interchangeability between modules. Measurements demonstrating the excellent

insertion repeatability of this module can be found in [2].

3.5 Alignment Procedure

One the modules are constructed, they must be inserted in the baseplate in order
to construct the backplane. The alignment steps for one stage (two Beam Combination

Modules and one Relay Module) are outlined below:

1) Place and align the first BCM within its kinematic mount. Place and screw in the
brass clamp around the BCM to secure it in place.

2) Position the Comer Prism.

3) Position the Relay Module.

4) Place and align the second BCM within its kinematic mount. Place and screw in the
brass clamp around the BCM to secure it in place.

5) Verify Alignment at the detector plane. If alignment is not satisfactory, rotate the

Risley prisms located before the Relay Module to bring the spots into alignment.

If the alignment is deemed satisfactory, the procedure is repeated for the next stage until
the assembly of the ring is complete. Note that the alignment procedure given above
assumes that the system can be passively aligned. Whether this is the case or not depends
on the accuracy of the tolerances that were calculated in [8]. Chapters 4 to 6 will verify

the accuracy of the calculation hypotheses and chapter 7 will confirm experimentally.
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3.5.1 Risley Prisms and Tilt Plates

The interconnect contains a pair of Risley prisms that are located before the Relay
Module. They are useful to adjust the tilt of the beams as they enter the Relay Module.
Such a tilt adjustment will vary the angle of the beams on the Chip Module minilens thus
changing their lateral position and allowing them to be brought on to the detectors. The
Risleys consist of 2mm thick wedges possessing identical 25 minute angles (0.416°) and
made of SF11 glass having an index of 1.762 at 852nm. Identical angles insures that the
tilt introduced in the beams can be varied from 0 to a maximum angle of 8y . The
maximum deviation that can be obtained from a single Risley prism can be caiculated

using the following equation:

Eq. (1)

n

. S | .
6, =sin™ {n sin {6“, + sm(sm [(nsin 0.)-6. ])H -0,

Where 0., is the wedge angle and n is the refractive index. If the wedge angle is small,

the above equation can be approximated as:

8, =2(n-18,

For a 25 minute wedge angle, the maximum deviation is calculated to be 0.633°. This

corresponds to a lateral displacement of 94pum at the detector plane.

The Optical Power Supply Module houses a pair of Risley prisms as well as a pair of tilt
plates. The tilt plates are 3mm thick plane parallel plates of glass (BK7) having an index

of 1.48 at 852nm that are positioned at an angle (20°) relative to the optical beams. They
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are useful to effect a lateral alignment of the beams on the Chip Module minilenses so as
to eliminate clipping. The maximum lateral displacement produced by a pair of tilt plates

can be calculated with the help of the following equation:

2d

a-— { [ _(9_)))(9((9)]) o

Where d is the thickness of the tilt plate, 0 is the angle at which the tilt plate is positioned
and n is the refractive index. The maximum displacement that can be obtained is
calculated to be equal to 712um. However, this is not the maximum lateral displacement
that can be obtained on the Chip Module minilenses due to the demagnification produced
by the OPS Fourier lens-minilens combination which act as a telescope whose
magnification is the ratio of the focal lengths (8.5mm/30mm=0.2833). The maximum
lateral displacement obtained on the Chip Module minilenses is therefore equal to

201.7um.

3.6 Scalability Analysis

It is interesting to investigate what limits there are to the scalability of the system.
Assuming that the optical design is not modified, then the system is scalable in the sense
that:
1) The number of nodes in the system (OE-VLSI Chips) can be increased.
2) The number of clusters can be increased thus increasing the number of channels and

the bandwidth between the nodes.
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3.6.1 Increasing the Number of Nodes in the System

Increasing the number of nodes (the switching fabric size) in a system allows
more data to be switched and routed. Reference [3] provides some considerations as to
the scability of the Hyperplane architecture. The fabric size (the number of nodes that
can be implemented), the channel width (the number of bits in a channel) and the number
of smart pixels present on the chip are all related. More precisely, the number of smart
pixels is equal to the fabric size times the channel width. The present implementation
contains 16x16 smart pixels and a channel width of 8 bits. The maximum fabric size
attainable with the present implementation is thus equal to 32. The size of the
optoelectronic chip would have to be increased to house more smart pixels in order to

achieve larger fabric sizes.

The backplane is presently implemented as a four node system arranged in a ring

configuration. Figure 12 presents a flattened layout of the four node system.

OE-VLSI
Comer Prism Relay Module Chip
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Figure 12. Flattened Four Node System in a Ring Configuration
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The number of nodes can theoretically be increased (up to 32) by turning a Comer Prism
and repeating the pattern in a serpentine fashion as shown in figure 13 illustrating an

eight node system.

OE-VLSI
Chip

0N O /]
LE: Relay Module Q D

O Cl
a NL_O

Figure 13. Eight Node System in a Linear Congifuration

Note that the eight nodes are arranged in a linear fashion. The last OE-VLSI chip in the
chain is not optically linked to the first. This constitutes a problem for the present
interconnect design since it is presently designed in a unidirectional ring configuration.
The optical design of the interconnect would have to be modified to make it bidirectional
in order to ailow to scale the system in a linear fashion. This would seriously complicate
the optical design. Another potential solution would be to retain a ring configuration but
to implement the system as a closed polygon. The number of nodes would then be

bounded by the area that the optical layer could occupy.

3.6.2 Increasing the Number of Clusters

Increasing the number of clusters increases the number of optical channels linking
each node thus increasing the bandwidth between each node and the processing capacity
of the system. However, assuming that the optical design of the interconnect remains the
same, the number of clusters is constrained by a number of factors. While there is no

minimum, a maximum exists due to the fact that if the focal length remains constant then
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the space to fit more optical beams is simply not available. Figure 14 illustrates the

geometry of a beam combination module.
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Figure 14. Layout of a Beam Combination Module.
A total distance of one focal length (f) separates the PMG from the IP plane. This a
design constraint as one focal length must separate the Fourier plane array generator (the
PMG) from the minilens attached to the Interface Plate (IP) in order for the system to
remain telecentric. The focal length (f = 8.5mm) is assumed to be fixed. Note that
increasing the focal length will not be beneficial as it will also increase the minilens
dimensions and thus decrease the interconnection density. It can be seen from figure 14
that increasing the diameter of the input matrix of optical beams (Dpeams) also increases
the size of the PBS (Dpgs) by the same proportion. However, the size of the PBS has to
remain smaller than one focal length. Ideally, having Dyeams = Dpgs would ensure that the

area of the optical components is fully used and no space is lost. In equation form;

f= Dy Dayey +Dess Doyve: + D

Moy Towe  Mpgs NMowp Np Eq. (4)
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Where f is the focal length. Dy represents the length of the components and ny is the index
of refraction of each component. Note that in practice, Dpeams< Dpgs guarantees that some

margin is left for possible misalignments.

Equation four can be used to calculate the maximum Dyems that can be used assuming

that the focal length is fixed and equal to 8.5mm.

We assume that the components have to be at least imm thick in order to insure
mechanical robustness and that the index of refraction of the glass used can vary from
1.48 (BK7) to 1.76 (SF56A). If we want to maximize Dypens , then this means that we

have to maximize npgs and minimize all the other terms. We are left with:

85= L + L +D”"S+ L L Eq. (5)
Moy Mgwp 176 ngye Ny
If we choose the indices of refraction to be equal to 1.76, we are left with:
4+D
85=—-18
1.76 Eq. (6)

Solving gives Dpgs= Dpeams=10.96mm.

The clusters are centered on a 800x800um grid. This means that an 8x8 array occupies a
6.4x6.4mm square area. How many clusters can be fitted inside a 10.96mm square area?
Calcuiations indicate that a 13x13 array occupies a 10.4x10.4mm area. A 13x13 array of

4x4 clusters will provide 2704 optical beams to the optoelectronic chips, more than



doubling the number of channels compared with the present implementation. This

represents the absolute maximum achievable using this optical interconnect design.

Note that scaling to a 13x13 array might be challenging as the minimum feature size (the
width of the minimum feature that can be etched) of the diffractive fanout grating will
decrease from 2um to 0.5um. Half a micron is approximately the minimum feature size

that can be commercially fabricated binary diffractive optics technology.

3.6.3 Image Mapping
Finally, some consideration of the image mapping properties of the optical system
must be presented. The matrix of optical beams suffers a number of inversions when

propagating through the optical interconnect. The inversions occur at two levels:

1) A «Macro-Level » inversion occurs at the 4x8 matrix level due to reflections off the
reflecting surface of the PBS and Comer Prisms.
2) A “Micro-Level” inversion occurs at the 4x4 matrix level due to the two-dimensional

imaging performed by the minilenses.

It is important to understand how the inversions occur in order to appropriately map the
optical channels from one plane to the other. The functional description of image
mapping is a particularly critical information for the chip designer. A matrix
representation that allows calculating the mapping “function” through an optical

interconnect has been developed by Liu et al. (see [5]).
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The effect of the three “macro” reflections and the six *“‘micro” imaging operations is
shown in figure 15. The black triangle illustrates how the 4x8 matrix is inverted as it
travels from one stage to the next while the “J” illustrates how each 4x4 cluster is

inverted. The system is represented looking towards the baseplate (i.e. in the direction of

the OPS).

Node |
Node 4
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Node 2
: j
Node 3 }
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Figure 15. Schematic Diagram Illustrating the Image Mapping through the

Backplane

Figure 15 shows that the effects of “Macro” and “Micro” inversions can be functionally

described as:

1) A mirroring at the *“Macro”™ level as shown in figure 16.

3) A mirroring and rotation at the “Micro” level as shown in figure 17.
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Figure 16. Mirroring of 4x8 Array upon Propagating from Node; to Node;,,.

» )
— = +> -l

Node, . Node; .

Figure 17. Mirroring and Rotation of 4x4 Cluster upon Propagating from Node; to
Nodem.
These image mapping properties will be experimentally verified in chapter 7

(implementation).

3.7 Summary

The design of the optics and optomechanics for a dense, misalignment tolerant,
four-node photonic backplane implemented as a uni-directional ring has been presented.
The goals pursued with this project are two-fold: 1) Demonstrate a series of desirable

optomechanical properties and 2) Test design assumptions.

The clustered interconnect design achieves both a high window density and a moderate

window size. Grouping the components into modules relaxes the system tolerances and
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shifts the critical alignment steps away from the system assembly phase. Kinematic and
semi-kinematic alignment mounts have been designed to house the modules. Finally, a
scalability analysis has shown that the interconnect design can support a maximum of

2704 optical beams.
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Chapter 4: Accuracy of Simulation Methods

4.1 Introduction

The first hypothesis used in the design of the optical interconnect presented in
chapter 3 is that a Gaussian beam propagation model provides an accurate estimate of
misalignment tolerances. However, Gaussian beam propagation theory cannot model
aberrations introduced by the optical components or diffraction due to clipping of the
beam as it propagates. Furthermore, its accuracy when calculating misalignment
tolerances has never. to the authors™ knowledge, been verified. This chapter will provide
an analysis of the precision of various numerical models such as Gaussian beam
propagation, ray tracing and scalar wave diffraction theory for tolerancing free-space

optical interconnects.

Figure 1 illustrates the typical physical implementation of a board-to-board optical
interconnect. It is a telecentric system which guides a beam emitted from a source
located on a printed circuit board (PCB) to a detector located on another PCB. Such
systems can be said to be “microchannel-based” because the energy and information
transmitted in each beam is contained within the microchannel defined by the apertures

of the relay microlenses.
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Figure 1. Typical implementation of board-to-board free-space optical
interconnect.
The source typically consists of a vertical-cavity-surface-emitting-laser (VCSEL) or an
electro-absorption modulator device (in which case an external readout beam is needed).
The transverse intensity profile of beams emitted by single mode optical fibers or single
mode VCSEL:s closely approximates a Gaussian function; Gaussian beam propagation
theory is therefore a logical choice to model the propagation of such beams in an optical
interconnect [1]. Typically, large two-dimensional arrays of devices are interconnected
with the help of arrays of microlenses possessing circular or square apertures to achieve a

high interconnection density.

Misalignment of the components modifies the direction of propagation as well as the
waist size and position of the Gaussian beams guided by the microlenses. Lateral
misalignments of the relay microlenses, for example, can deviate the beams angularly and
cause lateral decentrations of the focused spot at the detector plane. Longitudinal
misalignments shift the longitudinal position of the waist and modify its radius, which
results in a defocus at the detector plane. Decentrations or magnifications at various

planes in the system may cause part of the energy contained within the microchannel to
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be clipped by the edge of the microlenses and to couple into adjacent channels. This
decreases the amount of optical power reaching the detector which can limit the system
operating rate [2]. It can also lead to possible crosstalk between channels as the clipped
energy is susceptible to be directed to the wrong detector [3]). Recent work concerning
the calculation of misalignment tolerances in free-space systems is described in

references [4] and [5].

In addition to causing power losses and possible crosstalk, clipping at an aperture causes
modifications in the transverse intensity profile of the diffracted beam. The magnitude of
these modifications and the ability of Gaussian beam theory to model these diffracted
beams depends largely on the amount of power that is subtracted by the aperture; a small
power loss will only slightly modify the beam profile while a large power loss will cause
substantial modifications in the intensity pattern. The effects of weak symmetrical
clipping at a circular aperture have been investigated by a number of researchers: P.
Belland and J. P. Crenn have shown that a weakly clipped Gaussian beam can still be
approximated as a Gaussian after diffraction by a circular aperture but that the spot size,
waist location and beam divergence substantially differ from that predicted by Gaussian
beam theory for power losses as low as 1% [6]. K. Tanaka and O. Kanzaki have
experimentally demonstrated that the waist of a clipped Gaussian beam is shifted
longitudinally towards the aperture as the clipping increases [7]. Note that aberrations

introduced in a beam by optical components also modify its transverse intensity pattern.



In the general case, however, the clipping of the beam is either asymmetrical due to the
presence of square apertures and/or decentrations of the beam within a circularly
symmetric aperture or the power loss is too severe and approximations such as Belland
and Crenn’s are not valid in those regimes. A rigorous wave propagation analysis based
on diffraction theory would have to be employed but as this is often computationally
prohibitive, less complex models such as ray tracing and Gaussian beam propagation are

used instead.

This chapter compares the theoretical results provided by several optical beam
propagation models (Gaussian beam propagation, ray tracing and scalar diffraction
theory) with experimental data when tolerancing the components of a 4f telecentric,

clustered free-space optical system which has square lens apertures.

4.2. Numerical Models used in Tolerance Calculations
A variety of numerical models can be used to simulate optical power propagation
in an optical system. These include:
1) Gaussian beam propagation.
2) Ray tracing.
3) Wave propagation using the Fresnel-Kirchhoff scalar diffraction theory. Note that

“wave propagation” and “scalar diffraction theory” are used interchangeably.

This section briefly introduces each model and their use in tolerancing optical systems.
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4.2.1 Gaussian Beam Theory

Gaussian beam theory approximates the behavior of beams that are output from
semiconductor lasers or single-mode optical fibers. While the diffraction spreading of
the beam with propagation is included in the theory, diffraction from apertures and
aberrations introduced in a beam by optical components are not modeled. Formulas
describing the characteristics of Gaussian beams and their interaction with optical
components are given in [1]. Following are formulas useful in misalignment tolerance

calculations.

The intensity of the beam as a function of radial distance is given by:

Hp.z)= r[ﬁ} exp( 'Z)%] Eq. (1)

Where I, is the on-axis intensity, wy is the waist radius and «(z) is the beam radius at
axial distance z (measured from the waist location). The power coupled into a
rectangular aperture of width (-a;,a,) in the x direction and (-b;,b>) in the y direction can
be calculated by numerically integrating the Gaussian beam intensity distribution on the
aperture. A coordinate system change is necessary to convert the intensity from
cylindrical to rectangular coordinates in order to account for the presence of square

microlenses.

=/ s Wy ’ _ Xyt ,
P—‘o-":l:.\z —h,'[m[w(:):l CKV( 2( (l)l(:) )}t“[" Eq )
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Where Ax and Ay are decentrations of the center of the Gaussian beam with respect to the
center of the aperture. This integral can be separated in its x and y components and

numerical integration carried out using error functions.

Tolerancing an optical interconnect system involves misaligning a component in a
selected direction, propagating a beam using Gaussian beam formulas to calculate the
beam size and position on various apertures in the system (minilens, detector) and
calculating the amount of power that is coupled into each aperture using equation 2. The
ratio of the power incident on the detector over the power that is launched from the
source (known as throughput) versus misalignment of the component can be plotted and
misalignment tolerance boundaries set using a metric that usually specifies the percentage
of power falloff from the maximum (assumed to be obtained when a system is perfectly
aligned) that is tolerable. This is termed a sensitivity analysis as it evaluates the
sensitivity of throughout with respect to individual parameters. A 10% power falloff
metric (commonly used in the litterature) is used to set the misalignment tolerance

boundaries in this paper.

4.2.2 Ray Tracing using a Gaussian Apodization of the Source

Ray tracing simulates optical power propagation by sampling a wavefront with a
number of rays that propagate normally to the wavefront at every point [8]. Although
diffraction spreading due to clipping cannot be modeled, aberrations introduced by

optical components are included in ray tracing calculations.
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A Gaussian apodization of the source must be performed in order to simulate the
propagation of a Gaussian beam. This is simply a weighting of the rays launched at the
source according to a Gaussian intensity pattern. It is done by controlling the angle of the
launched rays to match a Gaussian intensity profile at some predefined plane in the
system (normally the entrance pupil). During this study, it was found that simply
approximating the input Gaussian beam as a point source and apodizing the angle of the
launched rays overestimated the longitudinal tolerances. This is thought to occur because
the point source used to represent the Gaussian beam is imaged to a point on the detector
rather than to a finite diameter spot thus allowing for a greater amount of defocus before
power losses becomes noticeable. It is more accurate to use an extended source
possessing a diameter set so as to contain 99% of the energy of the Gaussian beam and to
apodize both the launch angle and position of the rays to simulate a Gaussian intensity

profile. This was done using five thousand rays to sample the wavefront.

4.2.3 Wave Propagation based on the Fresnel-Kirchhoff Scalar Diffraction Theory
This formulation is based on the Huygens-Fresnel principle and treats a wavefront
propagating in space as a result of the superposition of the secondary wavelets emitted by
point sources located on a primary wavefront [9]. It includes both aberrations and
clipping effects. The Huygens-Fresnel principle can be mathematically expressed by the
following equation:
0 30)= [[ A5 3)0 s -
Where U(x..y;) is the primary wavefront, H is a weighting function that approximates

each point on the primary wavefront as a point source of spherical waves and X is the
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aperture. The wavefront diffracted by an aperture such as a microlens is calculated by
numerically integrating the field present in the surface of the aperture as specified in
equation 3. The surface of the aperture is divided in a series of square pixels and the
contribution of each pixel summed to obtain the diffracted field. The power transmitted
by the microlens is calculated by weighting each pixel contained in the microlens
aperture according to the intensity of the field present at that point of the aperture. A
quadratic phase term is added to the field to account for the phase transforming properties
of the microlens. In a system containing multiple apertures, the diffracted field must be
calculated anew after each aperture. No approximations to equation 3 such as the Fresnel

or Fraunhofer approximations were used for the calculations done in this work.

4.2.4 Summary

The strengths and weaknesses of each model presented in the previous sections
are summarized in table 1. [t shows that only the wave propagation mode! accurately
models diffraction effects from apertures. However, the complexity of the calculation
(even with the use of a Fresnel approximation in the diffraction integral) increases rapidly
with the number of surfaces and sampling points, which makes its use impractical when
tolerancing complex systems possessing a large number of surfaces or requiring many
sampling points.

Table 1: Summary of properties of numerical models.

Model Gaussian Diffraction Aberrations | Complexity
Beam from Apertures
Gaussian Beam Yes No No M
Ray Tracing Yes* No Yes NxM
Wave Propagation Yes Yes Yes MxNiog-N

A Gaussian apodization of the source has to be used.
M: Number of surfaces.
N: Number of sampling points (rays or field points for the FFT).
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4.3 Experimental System

The system chosen as a case study is a subsection of the optical interconnect
designed for board-to-board applications presented in chapter 3 [10]. It consists in a
clustered. telecentric relay system having a total length of L2f between each
optoelectronic device plane. “Clustering” refers to the grouping of muitiple beams
around the optical axis of each minilens (see fig 2). Such systems can be termed
minichannel-based because an array of beams (as opposed to only one beam in
microchannel systems) is transmitted through each minilens. This achieves high

interconnection densities while maintaining large misalignment tolerances.

Minilens Arrays

Figure 2. Diagram of clustering concept.

The potential impact of the misalignment of the minilenses can be appreciated by
examining figure 3 which represents the 99% intensity footprint of the beam on the
minilenses for a single 4x4 cluster array: any misalignment of the beam array with
respect to the minilens will result in part of the energy contained in the beams being
clipped. Notice that the 99% intensity diameter of a single beam does not fill the

minilens aperture: a 4x4 array of beams is necessary to fill the surface of the minilens
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(except for the comers). The beams in the 4x4 matrix are located on a 90um square grid.

The dots represent the center of the beams.
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Figure 3. Beam footprint at minilenses (99% intensity) and diffraction efficiency

profile.

Figure 3 also shows the variation in the number of phase levels and diffraction efficiency
across the radius of the minilens. The diffractive minilenses possess a variable number of
phase levels across their radius in order to maximize diffraction efficiency while
maintaining a minimum feature size superior to 2 pm across their radius. The number of
phase levels decreases progressively from sixteen phase levels in the center to only two

phase levels in the comers.

The optical performance of the system was simulated on a commercial optical design
software package and found to provide diffraction limited performance (the Strehl ratio
was found to be equal to 0.99) across the field. Aberrations therefore do not modify the
characteristics of the beams as they propagate through the optical system and can be

ignored.
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The experimental setup shown in figure 4 was constructed to measure lateral and
longitudinal misalignment tolerances for the first minilens array. Measuring and
modeling of angular tolerances was not done, as these are usually large for a microlens-
based system (a £2° microlens array tilt tolerance is quoted in [11]). The 4f system under
study was mounted in the path of a Gaussian beam possessing a 13.Ium waist produced
by a beam delivery system consisting of a delivery fiber, collimation lenses and a
focusing lens. A 50 um diameter pinhole simulated the detector aperture and the power
through the pinhole was detected with a power meter. The power reading was done
differentially, i.e. the impact of power fluctuations of the laser were minimized by

dividing the output power (Power meter A) by a reference value (Power meter B).

Beam N 2f= [7mm  f=8.5mm S0pm
Collimation Lenses ~ Splitter  Focusing Lens - / diameter
|. pinhole

Delivery Fiber

. X
Power b4 3 Axis
Mewr B Positioning

Y Stage

Figure 4. Diagram of the experimental setup.

The first minilens array was mounted on a computer controlled three axis positioning
stage in order to misalign it in a controlled fashion. The second minilens array and
pinhole representing the detector were mounted on three axis positioning stages. The
correct longitudinal distances between each element (source-to-first minilens array, first
minilens array-to-second minilens array and second minilens array-to-pinhole) were
adjusted with the help of a precision caliper having a £10 um resolution. The angular
alignment of the components was insured by measuring the longitudinal distance at

several points of the components. It is estimated to be £0.2°. The lateral alignment was
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done by first visually centering the beam within the aperture of the minilenses with the
help of a CCD camera equipped with a high magnification microscope objective and then
optimizing the lateral position of the second minilens and pinhole in order to maximize
the amount of power falling on the detector. From figure 7 and assuming that the power
readings can be resolved to a precision of 2% the absolute lateral alignment precision of
the minilenses is then #5 um. Rotational alignment was insured by referencing the
components with respect to the supporting optomechanics (the precision is estimated to
be better than £1°). The first minilens array was misaligned with respect to the rest of the
4f system in steps of Sum laterally and SOum or 100um longitudinally in both positive
and negative directions. The directions of the misalignments are provided by the
coordinate system provided on figure 4. Note that the resolution of the positioning stage

was 0.1 um and the wavelength of the light was 852nm £ 0.Inm.

4.4. Experimental and Numerical Results

Measurements and simulations for a beam propagating on-axis and a beam
propagating at the outermost corner in the array were performed in order to verify the
effects of clipping on representative portions of the 4x4 array of beams. Because it is the
first minilens array that is misaligned, the total power loss is distributed between the first

and the second minilens.

The minilenses were modeled as thin, square lenses possessing a variable transmission
coefficient across their radius. A continuous phase profile was assumed in the wave
propagation analysis. Modeling true diffractive multilevel lenses would require using a

prohibitively high sampling density to prevent aliasing errors due to the high spatial
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frequencies present on the diffractive surface of the minilens. Note that the continuous
phase profile provided accurate results for on-axis veams but failed to do so in the off-
axis case. The symmetry present in the on-axis case probably insures fast convergence

even when using a relatively low sampling density.

Many sources contribute to the experimental error when performing a measurement such
as the one that is proposed here: the alignment accuracy in the various degrees of
freedom of the components composing the 4f system, the precision of the longitudinal
location and radius of the input beam waist with respect to the first minilens array, the
alignment of the motorized positioning stage with respect to the 4f system, among others.
Because of the large tolerances involved, it can be assumed that longitudinal and angular
misalignments of the components do not contribute to the experimental error. Since the
minilens arrays could not be mutually centered to better than 5 um, it was necessary to
perform a curve fitting operation on the experimental lateral misalignment throughput
curve with respect to the wave propagation results. This operation was not necessary in
the longitudinal misalignment case as the placement accuracy of the components is two
orders of magnitude smaller than available tolerances. The experimental error is
estimated to be 2 um on the lateral position of the throughput curve in the lateral
misalignment case (after curve fitting) and £30 um in the longitudinal misalignment case.
The repeatability of the measurements was verified and measured powers were found to
vary by less than +5% between different series of measurements (the system was

completely realigned each time).
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4.4.1 On-Axis Beam

The first minilens array was misaligned in the lateral and longitudinal directions.
Figure 5 is a plot of experimentally measured power versus lateral misalignment of the
first minilens array in the XY plane. It can be observed on figure 5 that the experimental
results are symmetrical in the X and Y axes and that the throughput falls off rapidly as
the amount of lateral misalignment increases. Tilts introduced in the beam as the first
minilens array is laterally misaligned result in a lateral decentration of the spot on the
detector and this contributes to rapid throughput falloff. It can be shown that for a
telecentric system the decentration of the spot on the detector is equal to the

misalignment of the first minilens.

Normalized Throughput
o
i

Figure 5. On-axis experimental data: Throughput versus lateral (XY)

misalignment of the first minilens.
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Figure 6 compares the experimental data with numerical calculations: it superposes the
misalignment tolerance curves calculated with the help of the three models outlined in
section 2 on a crosssection of figure 5 taken at the Y = O plane. The tolerance boundaries

corresponding to a 10% power falloff metric are indicated on the graph.
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Figure 6. On-axis experimental and numerical data: Throughput versus lateral (X)

misalignment of first minilens.

The throughput is slightly under 50% for a 25um lateral misalignment of the first
minilens. This is to be expected as roughly half of the power of the beam is outside the
S0 um circular aperture because of the 25 um lateral decentration. Most of the power
loss can be ascribed to vignetting effects in this case. It can be seen that the wave
propagation model results closely match the experimental results. Although ray tracing
and Gaussian beam propagation match each other perfectly (this validates the use of a
Gaussian apodized extended source to model a Gaussian beam), they are in significant
disagreement with the experimental results for the falloff metric selected. The difference
is equal to 6 um or an error of about 55% between ray tracing / Gaussian beam

propagation theories and experimental resuits. This is probably attributable to the

64



inability of the ray tracing and Gaussian beam theories to model the diffraction spreading
effects caused by intensity clipping of the beam as it encounters regions of the minilens
possessing different diffraction efficiencies. Only the wave propagation model provides

accurate modeling of the clipping effects in this case.

Figure 7 shows a plot of experimentally measured power throughput versus lateral and
longitudinal misalignment along the X and Z axes for the first minilens array. The
throughput falls off much more rapidly for lateral (X) misalignments than for longitudinal
(Z) misalignments. This is not surprising considering that the beam remains centered on

the detector as the first minilens array is longitudinally misaligned.
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Figure 7. On-axis experimental data: Throughput versus lateral (XZ)

misalignment of first minilens.
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Figure 8 compares the experimental data with numerical calculations: it superposes the
theoretical misalignment tolerance curves on a cross-section of figure 8 taken at the X =0
plane. Belland and Crenn’s approximation was not used because it is not applicable to

square apertures.
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Figure 8. On-axis experimental and numerical data: Throughput versus
longitudinal (Z) misalignment of first minilens.
Figure 8 shows that Gaussian beam theory provides results that are effectively as accurate
as wave propagation. On the other hand, ray tracing overestimates the available
longitudinal tolerances by roughly 200 um or 24%. Diffraction effects through clipping
seem to contribute less to power losses than does defocus of the spot on the detector.
This might be because the beam diameter on the second minilens increases less rapidly

than the focused spot size on the detector.
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4.4.2 Off-Axis Beam

An off-axis beam placed at the comermost position in the beam array as shown in
figure 4 was used. Figure 9 is a plot of experimentally measured power versus lateral
misalignment of the first minilens array. As shown in figure 10, the experimental results
for lateral misalignment of an off-axis beam seem quite similar to the resulits for an on-

axis beam presented in figure 6.
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Figure 9. Off-axis experimental data: Throughput versus lateral (XY)

misalignment of first minilens.

Figure 10 presents the experimentally measured and theoretically calculated
misalignment tolerance curves for an off-axis beam when the first microlens is laterally
misaligned (X). The wave propagation results are not presented as the continuous phase

profile model of the lens does not provide meaningful results in the off-axis case.
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The experimental throughput curves differ for the off-axis and on-axis cases (see fig. 7):
there is a slight asymmetry present in the off-axis case as attested by the misalignment
tolerances. The results provided by ray tracing and Gaussian beam propagation are also
asymmetrical: the maximum of both curves is located at X = -10 um. A lateral
misalignment actually slightly increases the power falling on the detector. This may be
due to a reduced power loss at the second microlens due to a decentration of the beam
towards the higher efficiency central region of the second minilens. The accuracy of
Gaussian beam and ray tracing is better in the off-axis case compared to the on-axis case.
The difference between experimental and numerical results is equal to 30% and 45% for

misalignments in the negative and positive X directions respectively.
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Figure 11 is a plot of experimentally measured throughput curves versus lateral (X) and

longitudinal (Z) misalignment of the first minilens array. Notice the asymmetry in the

lateral direction of figure 12.

Nonmnalized Throughput

Figure 11. Off-axis experimental data: Throughput versus lateral (X) and
longitudinal (Z) misalignment of first minilens.
Figure 12 compares experimental and numerical results for off-axis longitudinal

misalignment. One can see that the experimental and numerical results differ widely in

the longitudinal off-axis (fig. 12) and on-axis case (fig. 8).
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Figure 12 shows that a large focus shift of about 500um is present in the experimental
results that is not predicted by the numerical models used in this work although such a
focal shift effect has been observed and modeled for single lens systems [12]. Notice the
difference between the Gaussian beam and ray tracing results: Both models provide
results that differ by as much as 265um or 33%. Both fail to correctly model the real

behavior of the system.

4.5. Summary

An analysis of the accuracy of various numerical models for calculating the
misalignment tolerances of a free-space optical interconnect system was presented. The
case study selected was a clustered, telecentric, 4f system relaying slow Gaussian beams
(f/16) through muttilevel diffractive minilenses. The system was diffraction limited. A
summary of the 10% power falloff tolerances for a misalignment of the first lens in the
lateral (X) and longitudinal (Z) directions calculated from experimental and numerical

data (figures 6, 8, 10 and 12) is presented in table 2.

Table 2: Summary of tolerancing results.

Model On-Axis On-Axis Off-Axis Off-Axis
Lateral (X) | Longitudinal(Z) Lateral (X) Longitudinal (Z)
Gaussian Beam +17um +850um +17/-16pum +785/-860um
Ray Tracing +17um +1050pum +17/-16pm +1000pm
Wave Propagation +llpm *850um - -
Experimental Data *[1lum +850um +11/-13pm +1240/385um

As can be seen from table 2, wave propagation calculations using scalar diffraction
theory show no significant difference for lateral and longitudinal misalignment tolerances

compared to experimental results for on-axis beams. This is to be expected, as it is the
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only model that implicitly includes diffraction from apertures in its calculations. The

simulations for off-axis beams were not accurate and are not presented.

The use of a Gaussian beam or ray tracing model overestimates the available lateral (X)
misalignment tolerance by 55% and 45% in the on and off-axis cases respectively.
Throughput to the detector would be equal to 77% instead of 90% if the first minilens
were laterally misaligned to the extent of the misalignment tolerance boundary indicated
by the ray tracing and Gaussian beam propagation models. The first hypothesis used in
the design of the interconnect is therefore not accurate. Use of a Gaussian beam model
overestimates the available tolerances. This difference can represent a substantiai amount
of power and could limit the system operating speed. It is worth noting that this error is
not constant over the entire misalignment range: it would be higher for more

conservative falloff metrics (<10%) and falls to zero for throughputs around 40-50%.

Note that the power that is clipped from the beam propagating in the minilens cannot be
assumed to simply exit the system: it will be incident on minilenses adjacent to the target
minilens (or “target channel”) and probably be guided to optoelectronic devices
neighboring the target detector. In the case of a simple lateral misalignment, for
example, the energy that is subtracted from the beam will be directed to the adjacent
channel (i.e for a misalignment of 11 um about 10% of the energy launched from the
source will probably impact the nearest neighbor to the target detector). The situation is
more complex for longitudinal misalignments as the energy truncated from the beam will

be picked up by all the channels surrounding the target channel in various proportions.
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As a first approximation. the truncated energy can be assumed to be equally divided
between the four channels whose sides are contiguous to the target channel (i.e. for a
1000 um misalignment, about 2.5% of the energy launched form the source will impact
each device neighboring the target device). Thus inaccuracies in the modeling will also

lead to signal to noise ratios (SNR) which are lower than expected.

Ray tracing and Gaussian beam propagation provide identical results when tolerancing
lateral misalignment but show a disagreement when tolerancing longitudinal
misalignment. Gaussian beam propagation theory accurately models defocus effects for
an on-axis beam which seems to be the greatest source of power loss for a clustered
system using oversized minilenses. Both models fail to show a large longitudinal focal
shift (500um) away from the second minilens array and past the nominal position of the
detector present in the experimental results for the off-axis beam. The throughput versus
misalignment curve provided by the ray tracing model is slightly asymmetrical and peaks
around Z = +500um. However, this is thought to be merely coincidental as the curve
does not appear to be shifted longitudinally as would happen if a focal shift effect was

taking place.

These results mean that a throughput calculated to be 90% for a misalignment of Imm in
the negative Z direction only actually result in 65% of the power going to the detector.
Notice that the slope of the curves for the Gaussian beam and experimental results are
relatively similar; if the experimental focal shift were subtracted from the Gaussian beam

results, the two curves would provide similar tolerance bounds (to 7% accuracy). It is
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interesting to point out that this focal shift effect is corroborated by the results of [7], [12]
and [13] where it was shown that clipping by the aperture of a lens causes the waist of a
Gaussian beam to be pulled in towards the lens. For a 4f system, this means that the
output waist will be moved away from the second minilens if the input waist is moved

towards the first minilens. This is demonstrated by the experimental results.

The limited fabrication accuracy of the optical or mechanical components implies that
various random misalignments of the components will always be present when
constructing a system. It is thus important to know how accurate commonly used optical
power propagation models are at predicting power losses due to misalignments in order
to set adequate component tolerances. The designer needs to be aware of the tradeoffs
involved when using various numerical models: Gaussian beam analysis and ray tracing
for example, although very accessible in terms of computational complexity, are liable to
overestimate the available tolerances by as much as 50% laterally (X) and are not able to
predict the significant longitudinal focal shift present in a clustered 4f system relaying
slow Gaussian beams through multilevel diffractive minilenses. Note that if the focal
shift were empirically or numerically modeled, then Gaussian beam propagation theory
would provide accurate results (within experimental error) when tolerancing longitudinal
misalignment tolerance in systems of this type. However, use of a wave propagation
model is still necessary to calculate lateral tolerances to an accuracy greater than about

50%.
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Future work on this topic should include looking at the impact of the system f-number on
the accuracy of the various numerical models used to calculate tolerances. It has been
previously demonstrated (see [13]) that when the incident wave is uniform and the
angular semi-aperture is small the focal shift is inversely proportional to the Fresnel
number N of the aperture (where N is the ratio of the square of the aperture linear
dimension over the focal length times the wavelength of the light). Speculating from
those results, it can therefore be thought that the numerical error will increase with
decreasing f-number as the two quantities (f-number and Fresnel number) are inversely

related.
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Chapter 5: Tolerance Stackup Effects

5.1 Introduction

The second hypothesis used in the design of the optical interconnect presented in
chapter 3 concerns tolerance stackup effects. The tolerances assigned to the components
assume that tolerance stackup effects are not significant. This will be verified in this

chapter.

The positioning and fabrication tolerances of optical components in free-space optical
interconnects are commonly established with the help of a sensitivity analysis [1]
sometimes followed by a worst-case analysis [2] or with a root-sum-square (RSS)
analysis [3] to estimate the impact of tolerance stackup effects. Although these
approaches are commonly used. their accuracy has. to the authors’ knowledge. not been
verified in the context of optical interconnects. Inadequate tolerances lead to poorly
engineered systems that are either too costly or offer low performance. Time-consuming

manual alignment must then be performed in the latter case.

There exist three main methods for calculating tolerance stackup: worst-case, statistical
and sampled methods [4]. Each provides varying degrees of accuracy and
implementation complexity. Use of a worst-case analysis is straightforward but generally
results in over-engineered systems as it unrealistically assumes that every parameter is
simultaneously defective to the limit of its tolerance range and to the worst possible effect
(i.e. the one that leads to the most power loss). Statistical methods such as the root-sum-

square (RSS) are more realistic as they take into account the low probability of a worst-
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case scenario happening by assuming a Gaussian or normal distribution for the parameter
tolerances. However, it assumes that all parameters are linearly independent. The
sampled methods (such as Monte-Carlo) are the most accurate as the system is virtually
and numerically “assembled” many times while each parameter is varied randomly
according to its specified tolerance distribution. It is accurate for systems whose
response is non-linear. However, many samples must be calculated to achieve a high

accuracy.

This chapter seeks to verify the severity of stackup effects due to positioning errors in
free-space optical interconnects with the help of a Monte-Carlo analysis. There are two

goals to this exercise:

1) Provide answers as to whether worst-case or RSS analyses are adequate to estimate
stackup effects.
2) Provide design guidelines to system designers by investigating how stackup evolves
with:
i) The severity of the loss criteria used to establish the component tolerances.
i) The number of tolerance parameters.

111} The f-number of the system.

Previous research [5] on the topic did not provide designers with generalized guidelines

for system design.
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In order to investigate the points stated above, two free-space optical systems possessing
identical properties (telecentric relays, identical beam diameter/minilens diameter and
beam diameter/detector diameter clipping ratios) but different f-numbers were selected
for simulation purposes. The first system has an f-number of /16 and can be considered
to be a “slow” system while the second system has an f-number of f/3.38 and can be
considered to be a “fast” system such as would result from using a singlemode optical
fiber as the light source. Two systems possessing widely separated f-numbers were

selected to investigate whether the “speed’” of an optical system affects tolerance stackup.

5.2 Tolerancing Analysis

A sensitivity analysis followed by a Monte-Carlo analysis were performed to
assign tolerances to the components of the optical systems and calculate the probable
performance when assembling a system using components specified to those tolerances.
This tolerancing procedure is commonly employed in the design of optical systems. The
main difference with standard practices in this case stems from the fact that whilst the
performance criteria for optical imaging systems normally consists in one of the image
quality metrics such as the root-mean-square (RMS) wavefront error or the moduiation
transfer function (MTF) of the system, this is not appropriate for optical interconnects as
throughput or the amount of power launched from the source that is incident on the
detector and not image quality is the performance criteria of interest. In this case.
tolerancing must be performed in order to determine the impact of various parameters on
the throughput to the detector. The Monte-Carlo analysis is rarely performed when

tolerancing optical interconnects due to its computation intensive nature.
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A critical part of the sensitivity analysis consists in selecting a tolerance metric to delimit
the tolerable varniation range or misalignment tolerance for the parameter. This metric
states how much power loss from the maximum (assumed to be located at the nominal
parameter value) is tolerable. Let the reader be reminded that the misalignment tolerance
as understood here is the misalignment of a single parameter of a single component (the
rest of the system remaining perfectly aligned) that produces a decrease in power at the
detector equal to the limit of the tolerance. A relaxed metric might render assembly
easier and lower costs but might also provide lower performance in the assembled system
due to accumulated losses. A more severe metric will mean that the tolerances are
tighter, providing a lower loss but also increasing the fabrication cost. In order to
highlight how errors accumulate with the severity of the loss criteria used to set
tolerances, four tolerance sets were calculated with the help of four loss metrics: 10%.

1%, 0.1% and 0.01% power loss relative to the maximum.

The tolerance limits calculated for the parameters of each component were then used to
delimit the statistical distributions to be used with each parameter in the Monte-Carlo
analysis. In order to obtain accurate results, it is essential to assign the correct probability
distribution to each parameter. The shape of these distributions is highly coupled to the
manufacturing process used to fabricate the component. Little data is available from
manufacturers regarding this topic. It was decided to use the same statistical distributions
as are employed in a commercial optics simulation package [6]. The distributions
associated with each parameter are the following: lateral and tilt misalignments are

assumed to have a symmetrical Gaussian distribution with the one ¢ points (¢
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representing of course, the standard deviation) located at the tolerance limits and
longitudinal misalignments are assumed to have a symmetrical Gaussian distribution with
the three 6 points located at the tolerance limits given by the sensitivity analysis. Lateral
and tilt misalignments thus have a much more uniform probability distribution compared

to longitudinal misalignments.

Note that these distributions apply in the case of a system where every component is

packaged individually.

5.2.1 Application Examples

Two free-space optical systems were selected for simulation purposes. The
systems are scaled versions of one another. The focal length, minilens apertures and
detector size are scaled to provide the same clipping ratio (the ratio of the beam diameter
over the minilens or detector aperture) for both systems. The Gaussian beam waist radius
of the source is adjusted to vary the f-number of the system. Note that the f-number is
calculated to be equal to the focal length over the 3w diameter of the Gaussian beam at
the minilens aperture. Both systems use a telecentric relay to transmit the beams from a
source to a detector. The length of the relay is varied from 4f, 8f to 12f in order to
investigate the effect the number of parameters has on tolerance stackup. Oversized
diffractive minilenses and detectors are used to minimize clipping at the minilens

aperture.

The first design uses 8.5mm focal length, 800um on the side square minilenses. The

source is assumed to be placed on-axis at the focal point of the lens and to emit a
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Gaussian beam possessing a waist radius of 13.lum. The detector is assumed to be

2]

square and 70um on the side. This design will be referred to as system one or the “slow’

system. Note that this design is the same as presented in chapter 3.

The second system uses 3.0mm, L341.5um on the side square minilenses. The on-axis
source is also placed at the focal point of the first minilens and emits a Gaussian beam
possessing a 2.75um waist radius. The detector is assumed to be square and 14.65um on
the side. This system will be referred to as system two or the “fast” system. Note that
the Gaussian beam waist was chosen to correspond to the radius of the beam emitted
from a singlemode fiber operating at 850nm (Thorlabs catalog number: 3M-FS-SN-

4224).

The layout of the systems used for simulation purposes is illustrated in figure 1.

4fSystem 81 System 12t System

Source ' —Relay Microlenses. Detector
[ gy U e gl R l ] v o -8
Figure 1. Schematic Layout of Application Examples.
The systems were found to provide diffraction limited performance. The Strehl ratio is
equal to 0.99. Aberrations therefore do not modify the power distribution within the
Gaussian beams as they propagate through the optical system and should not cause

throughput variations. They can therefore be ignored in the simulation process.



Only the parameters related to the physical positioning of the components such as
decentrations, tilts and defocus of the minilenses, the source and detector have been
considered in the analysis. The tolerances associated with the source numerical aperture,
wavelength, micro-optics substrate thickness and index of refraction, etc. have been
ignored.
5.3 Results
5.3.1 Sensitivity Analysis

A sensitivity analysis was first performed on the two systems in order to calculate
the tolerances on the parameters that will be used in the Monte-Carlo analysis. The
sensitivity analysis was performed in the following fashion: the layout of the optical
system was first entered on a commercial optics simulation package [6], one of the
components in the system was misaligned and a Gaussian beam as well as a ray defining
the center of the Gaussian beam were propagated through the system. The intercept
coordinates of the ray as well as the waist radius at each surface of the system (minilenses
and detector) were then written to a text file. This text file was used to calculate coupling

at each interface with the help of a mathematical software package [7].

It is important to note that tilt tolerances for the minilenses and the detector were ignored
in the present analysis. A minilens tilt around its center does not induce a deviation in the
beam propagating in the interconnect and causes no decentration of the spot on the
detector. Tilts of the minilenses should thus have a minimal impact on throughput.
However, note that tilt tolerances were calculated for the source as tilting it causes a

lateral misalignment of the beam on the minilenses (and thus clipping).
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It was found during the course of the sensitivity analysis that the tolerances for each
parameter did not vary significantly as the system length was increased from 4f to 8f to
12f. This is true for all the parameters except the source tilt. This is to be expected as the
minilenses are oversized with respect to the Gaussian beam passing through them which
means that most of the clipping and power loss occurs at the detector and not at the
aperture of each component. Thus, the number of minilenses does not substantially affect
the final throughput. The use of oversized minilenses thus considerably simplifies the
present analysis. Note that the source tilt is the only parameter that decreases as the
system length is increased from 4f to 8f to 12f. The source tilt tolerance is dependent on
the number of minilenses as clipping at these minilens apertures is the only contributor to
power loss (the focussed spot stay centered on the detector). There is roughly a 0.15°
decrease in the absolute value of the tolerance for each 4f addition. However. the tilt
tolerances for a 4f relay quoted in table 1 are used in the simulation process to simplify

calculations.

The tolerances calculated with the sensitivity analysis for each system are presented in

tables 1 and 2.
Table | presents the tolerances for the slow system. There are a total of 14, 20 or 26

tolerance parameters depending on the length of the system (4f, 8f or 12f). The tolerance

parameters are composed of lateral decentrations (Axs, Ays) of the source. the minilenses
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. and the detector, longitudinal misalignments (Az) of the source, the minilenses and the
detector and tilts (A®xs and ABGy;) of the source.

Table 1. Tolerances for the Slow System.

Metric

Parameters 10% | % 0.1% 0.01%
Axs +27um +20um £15um +10um
Ay, +27um +20um +15um +10um
Az #800um | +500pum | +350pm | +270um
Ay * x1.7° +1.15° +0.75° +0.375°
ABy, * +1.7° +[.15° +0.75° #0.375°
Axm +27um +20um +15um +10um
Aym +27pum +20um +15um *10um
Az +800um | +500um | *350um | +#270um
Axd £27um +20um +15um *+10um
Avyqg +27um +20um +15um +10um
Az +800um | +500um | *350pm | #270pum

Note that the tolerances calculated in table | are quite large for a free-space optical
. interconnect: 10s of microns for lateral misalignments and 100s of microns for

longitudinal misalignments.

Table 2 provides the tolerances for the fast system.

Table 2. Tolerances for the Fast System.

Metric
Parameters 10% 1% 0.1% 0.01%
Ax +5.7um | #4.25um | +32um | +2.25um
Ay +5.7um | #4.25pm | +£3.2um | +2.25um
Az +73um +46pm +34um +23um
AOy* +7.2° +4.8° +3° +1.8°
ABy,* +7.2° +4.8° +3° *+1.8°
Axm #5.7um | #425um | #3.2um | £2.25um
Aym #5.7um | +4.25um | +£3.2um | £2.25um
Az +73um +46um *+34um #3um
Axa 5. 7um | +4.25pum | #3.2um | #2.25um
Avyq +5.7um | +4.25um | +£3.2um | +2.25um
Azg +73um +46pum +34um +23um
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A comparison of tables | and 2 provides some interesting insight into the variation of
tolerances with the system f-number. Lateral and longitudinal tolerances are much more
severe for the f/3.38 system than for the f/16 system. The contrary is true for the tilt
tolerances as these are much larger for the £/3.38 than for the f/16 system. A tradeoff is
thus present between the lateral, longitudinal and the tilt tolerances. Note that this
tradeoff has already been pointed out by Neilson [8]. Also notice that the lateral
tolerances of system 2 are scaled versions of the lateral tolerances of system 1. The
scaling factor for the lateral tolerances (27/5.7=4.73) is identical to the scaling factor for
the systems f-numbers (16/3.38=4.73).
5.3.2 Monte-Carlo Analysis

A Monte-Carlo analysis was performed to verify the effect of the simultaneous
interaction of the tolerance parameters. The tolerance sets given in tables I and 2 were
used to delimit the probability distributions for use in the Monte-Carlo analysis. Twenty

five thousand or fifty thousand samples were calculated in each Monte-Carlo run.

Since the output Monte-Carlo distributions cannot be compared easily, ways have to be
found to analyze and compare this data in a simple and satisfactory manner. One way of
doing this consists in plotting normalized cumulative distributions. This renders the
comparison process easier as the probable system performance or yield can be read off

the chart directly.
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5.3.2.1 Cumulative Histograms
5.3.2.1.1 4-f System

The distributions calculated by the Monte-Carlo simulations for the slow and fast
systems are shown in figure 2 in the form of normalized cumulative distribution plots for
each of the four tolerance sets. Note that the dashed curves represents data for the slow

system while the solid curves represents data for the fast system.
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Figure 2. Plot of Cumulative Distribution versus Normalized Throughput for a

Slow and Fast 4f System
It can be seen that the curves are paired for each tolerance set with the dashed curve
always topmost. Since these are cumulative histograms, this means that more samples
possess small throughput values for the slow system. The fast system suffers from

slightly less severe stackup effects.

Reading numbers off the dashed curve, it can be seen that there is a probability of 0.5 of

obtaining a throughput between 0.5 and | when constructing a slow system with
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components having tolerances specified using the 10% tolerance set. This means that
about half of the systems constructed will possess a throughput above 50% while the rest
will have a throughput below 50%. In contrast, it will be much harder to construct

systems providing a throughput below 50% when using a 0.01% tolerance set (then the

probability is approximately 0).

In reality, of course, the throughtput specification is often formulated as an inferior limit,
e.g. a system must possess an 80% throughput efficiency or more. Looking again at
figure 2. we can conclude (as might have been expected) that the 0.01% tolerance set
provides the best probable performance: most of the samples providing throughputs
between 0.9 and 1. The probable performance decreases severely as a more relaxed
metric is used to set the tolerances. For the 10% tolerance set, the cumulative distribution
is almost a straight line, meaning that samples are distributed more or less evenly across

all throughputs from O to 1.

The probable performance is slightly better for a fast system than for a slow system. For
example, there is a 0.55 probability that systems built using a 10% tolerance set will
possess a throughput of 50% or more while there is a 0.95 probability that a system
specified to 0.01% tolerances will possess a throughput of 90% or more. There is about a
0.1 maximum increase in probability of obtaining a certain throughput or more when
employing a fast system rather than a slow one.

5.3.2.1.2 8-f System
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. The results of the Monte-Carlo simulation for the slow and fast 8f systems are
presented in figure 3. The curves are slightly shifted upwards compared to figure 2
indicating that there are more low throughput value samples. Probable performance
degrades slightly as the system length is increased. Note that the dashed curve (for the
slow system) is bottommost for each tolerance set indicating that the slow system now
provides better performance. There is about a 0.15 maximum increase in probability of
obtaining a certain throughput or more when employing a slow system rather than a fast

one.

—

09.
£ 0s.
E 0.7 10%
% 05.
: 1% _
Z 04
< . -
3 03- L 0.1%
00, e e )
3 L 0.01%
= 0.1- - . e , .
0 ,/—-"//-,‘ ~ _,.. _.._—-/’/—/ )
0 01 02 03 04 05 06 07 08 09 I
Normalized Throughput

Figure 3. Plot of Cumulative Distribution versus Normalized Throughput for a

Slow and Fast 8f System

5.3.1.1.3 12-f System

The results of the Monte-Carlo simulation for the 12f system are presented in

. figure 4 . Note that the curves are noticeably shifted upwards compared to figure 3
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indicating that errors accumulate noticeably as the system length is increased. The slow
system again provides better probable performance than the fast system. There is about a
0.18 maximum increase in probability of obtaining a certain throughput or more when

employing a slow system rather than a fast one.
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Figure 4. Plot of Cumulative Distribution versus Normalized Throughput for a

Slow and Fast 12f System
5.3.1.1.4 Summary of Results
Table 3 presents a summary of the results of the preceeding subsection. The
probability of obtaining a throughput of 80% or more was compared for the various
tolerance sets for the slow and fast 4f, 8f and 12f systems. This throughput value was

selected because it is commonly used in tolerancing work.
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Table 3. Summary of Results

Number of Tolerance | Probability Probability
Parameters Metric Slow Fast
(%) System System
4f 10 0.275 0.35
(14 1 0.55 0.65
Parameters) 0.1 0.8 0.9
0.0l 0.975 0.975
8f 10 0.25 0.2
(20 l 0.5 0.475
Parameters) 0.1 0.7 0.725
0.0l 0.95 0.95
12f 10 0.225 0.15
(26 | 0.425 0.35
Parameters) 0.1 0.625 0.6
0.01 0.875 0.9

Table 3 demonstrates that the probability of obtaining a throughput of 80% or more
decreases as the number of parameters increases for both the slow and fast system. It is
also shown that the choice of the tolerance metric has a major impact on the yield that
can be expected upon assembly. The use of a 10% tolerance metric leads to a very low
yield, even for very short systems containing few parameters. Use of a 0.1% or 0.01%
metric guarantees much more acceptable performance as 60% or more of the systems
constructed will possess a throughput of 80% or more.
5.3.2.2. Comparisons

It is interesting to compare the results of the Monte-Carlo analysis to the results
predicted with the help of a worst-case analysis or a root-sum-squares (RSS) analysis.
These two methods are often used in tolerancing work to obtain quick estimates of the
assembled system performance. A worst-case analysis is sometimes used to verify that a
design will still function in the event of an improbable conjunction of defective or
misaligned components. An RSS analysis is also used to obtain a quick estimate of the

probable system response although it is known that this method is not valid since multiple
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parameters are coupled in optical systems. For example, a longitudinal misalignment will
decrease the lateral misalignment tolerance as the system loses telecentricity. The power
loss for a combined lateral and longitudinal misalignment will not be a linear
combination of the power losses for a lateral and longitudinal misalignment taken

separately. Parameters can therefore not be considered to be independent.

The RSS system response can be calculated with the following equation:
M=(N+N}+N2+ NI+
Eq. (1)
Where M is the mean of the system response and N are the individual power losses used

to set the tolerance of each of the parameters.

Table 4 compares the means of the Monte-Carlo distributions to the mean calculated with
the help of the RSS method. Results are presented for the 4f, 8f and 12f systems as well
as for the different tolerance metrics. The results predicted by a worst-case analysis are
not included in table 4. They are equivalent to the minimum given by the Monte-Carlo
distribution. Results were calculated to be equal to or less than 5% throughput for all

systems and all tolerancing metrics.



. Table 4. Mean of the Monte-Carlo Results for Systems 1 and 2 Compared to

RSS Results
Number of Metric Mean (%) Mean (%) Mean (%)
Parameters (%) Monte-Carlo | Monte-Carlo RSS
Slow Fast
4f 10 42.2 53.3 62.6
(14 Parameters) I 69.0 78.5 96.3
0.1 87.9 93.8 99.6
0.01 98.2 99.3 99.96
8f 10 35.9 39.2 55.3
(20 Parameters) | 60.1 63.8 95.5
0.1 80.3 83.3 99.5
0.0! 96.0 96.4 99.95
12f 10 28.8 30.5 49.0
(26 Parameters) I 50.5 52.8 94.9
0.1 71.4 73.6 99.5
0.01 92.3 92.0 99.95

Three conclusions can be drawn from table 4:

. 1) The means of the Monte-Carlo distributions for the fast and slow systems are almost
equal for the 12f systems. A difference between the two appears as the length
decreases.

2) Use of an RSS analysis leads to overoptimistic results.
3) Use of a worst-case analysis leads to severely under-optimistic results.
5.4 Summary

A Monte-Carlo analysis has shown that tolerance stackup effects are important
and greatly affect the probable performance or yield of passively assembled optical
interconnects. The analysis has shown that a sensitivity analysis alone is not sufficient to
set tolerances for the components as it takes no account of the simultaneous interaction of

parameters. This chapter had two main goals:
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1) Provide answers as to whether worst-case or RSS analyses are adequate to estimate
stackup effects.
2) Provide design guidelines to system designers by investigating how stackup evolves
with:
i) The severity of the loss criteria used to establish the component tolerances.
i1) The number of tolerance parameters.

iv) The f-number of the system.

Table 4 has shown that worst-case or RSS analyses do not provide accurate estimates of
probable performance. A Monte-Carlo analysis must be performed. It is interesting to
note that software tools able to perform Monte-Carlo tolerancing of optical interconnects
are being developed [9]. The present chapter provides a strong motivation for the use of

such tools to design optical interconnects.

Figures 2 to 4 demonstrate that there exists a strong relationship between the tolerance
metric (10%, 1%, 0.1% or 0.01%) and the probable performance of systems assembled
using components specified to those tolerances. As expected, the most severe tolerance
metric (0.01%) provides the best probable performance (most of the assembled systems
will possess a throughput above 90%) while the most relaxed metric (10%) provides the
worst probable performance (throughputs will be spread almost evenly between 0 and 1).
Results indicate that the 20% or 10% power loss metrics commonly used to set tolerances

will result in severe tolerance stackup effects even for short interconnect lengths.
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Tolerance metrics of 1% power falloff with respect to the maximum or less should be

used to guarantee reasonable performance for passively assembled systems.

The number of parameters or the length of a system has been shown to affect the
probable performance. Looking at table 3, it can be seen that the longer a system is and
the greater the number of parameters it contains, the lower the mean of the Monte-Cailo
distribution. The decrease can amount to a 10% to 15% loss in the probability of
obtaining a certain performance with each 4f (6 parameters) addition. Very long systems
containing many parameters should thus be avoided or the number of parameters in a
system should be kept small. Progressively more severe tolerancing metric must be used
with longer systems to maintain a constant assembly yield. Longer systems will be more

costly.

The effect of the system speed or f-number is not clear. Fast systems seem to possess an
advantage in comparison to slow systems as regards tolerance stackup. However, the
advantage is small; there is approximately a 15% increase in the probability of obtaining
a certain throughput over an f-number range of /16 to f/3.38. Note also that fast systems
will possess more severe tolerances, which increases cost. F-number considerations
should therefore not be used to guide the design of optical interconnects as regards

tolerance stackup.
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Chapter 6: Tolerancing Polarization Losses

6.1 Introduction

The third hypothesis employed in the design of the optical interconnect presented in
chapter 3 assumes that power losses through fabrication errors in components that affect
the polarization of light are not significant and that therefore it is not necessary to
calculate a polarization tolerance budget. However, minimizing optical power losses is
important as power losses decrease system performance because receiver switching
speeds are energy dependent [1] and the semiconductor lasers which are used as light

sources possess limited output powers [2].

While some effort has been spent on tolerancing the optomechanical aspects of optical
interconnects [3][4][5], little information is available in the literature on the tolerancing
of other system aspects. In particular, polarization losses in optical interconnects have
rarely drawn much attention (see [6][7][8] for some discussion of the topic) and the
mechanisms of accumulation of polarization losses (“tolerance stackup™) in a complex
optical interconnect system have not, to the author’s knowledge, been previously
investigated. The question then arises as to whether the tolerances commonly specified
for the polarization-based components (which are often determined by what is standard

for the optical shop) are appropriate.

Polarization-based beam combination and routing techniques have been employed in a
large majority of the demonstration systems implemented by various research groups

{6](71[9][10][11]. The fact that polarization losses in free-space optical interconnects
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have received so little attention is surprising considering the fact that in systems that use
polanizing beam splitter quarter-wave plate (PBS/QWP) assemblies (figure 1) to perform
beam combination functions, the optical power losses can easily amount up to 5% or
more of the input light per pass per PBS/QWP assembly when commercial grade
components are used. Losses are thus likely to accumulate rapidly in a system employing

multiple PBS/QWP assemblies.

Optoelectronic
Device

%/zw
QWP2—— _—

Loss =— —

PBS

»QOutput

ul

QWP [/ J Loss

Input

Figure 1: Diagram of PBS/QWP assembly.
The dotted arrows in figure | illustrate the leakage paths resulting from polarization
losses in a PBS/QWP assembly. This polarization leakage is likely to degrade the
contrast ratio of the modulated beams by interfering coherently with them or cause

instabilities when reflecting back to a laser source [12].

Polarization losses originate from two factors:

1) Deviations from specifications in polarization based components.

2) Imperfections in the polarization of input light sources.

There is thus a need to rigorously study polarization losses in optical interconnects. This

would be useful for a number of reasons:
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. 1) Allow the system designer to calculate a polarization tolerance budget. This budget
can be divided into two parts:
i) calculate the tolerances of polarization-based components (extinction ratio of
PBS, retardance accuracy of QWPs, etc.) and verify whether commercial
tolerances are sufficient to ensure the intended level of performance for a given
system.
it) calculate the tolerances for the polarization properties of the source and
delivery system (diode laser, polarization maintaining (PM) fiber, Vertical Cavity
Surface Emitting Laser (VCSEL) array).
2) Determine the effect of tolerance stackup, i.e. what polarization loss penalty must be
included in the power budget once the source and component tolerances have been set.
. To perform this analysis, a Monte-Carlo simulation is necessary as the throughput as a
function of the polarization components parameters is non-linear (see [13] for some
example throughput response functions) and so the moments of the function such as the

mean and standard deviation cannot be evaluated analytically [14].

The methodology illustrated in figure 2 is used to respond to the needs outlined above.

100



End

Figure 2. Flowchart of tolerancing method.
An initial system design is converted to a parametric mathematical model by using the
Stokes vectors and Mueller matrix representation of polarization states. A sensitivity
analysis is then performed and tolerances calculated for the individual parameters. These
tolerances must then be judged to be acceptable or not from a manufacturing standpoint.
They are then input into a Monte-Carlo analysis in order to predict the probable loss
penalty when using those components to construct an actual system. If the loss penalty is
deemed acceptable, the design cycle ends. However, if the probable loss penalty exceeds
the allocated polarization loss margin, the tolerances must be modified and another

iteration made.

The methodology is illustrated with the help of an application example consisting of a
free-space optical interconnect designed for board-to-board applications. Other possible

applications of this method include the tolerancing of compact disc pickup heads,
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telecommunication isolators or circulator components and any free-space optical system

that uses polarization-based components.

6.2. Modeling Polarization Properties

Mueller matrices and Stokes vectors are used to model the polarization properties
of the polarization components and the laser source. The Stokes vector is a method of
describing unpolarized, partially polarized or completely polarized light through the use
of four measurable quantities. Mueller matrices describe the interaction of the Stokes
vector with a component affecting the state of polarization of the light. A thorough
introduction to mathematical methods in polarization analysis can be found in [13].
6.3. Application Example: A Free-Space Optical Interconnect

The optical interconnect presented in chapter 3 was selected to serve as an
application example. The components that modify the state of polarization of the beams
propagating in the interconnect (PBSs and QWPs) were modeled using Mueller matrices.
The optoelectronic reflection modulators only change the handedness of the polarization
upon reflection and were therefore modeled as mirrors. Polarization aberrations that
could be introduced in the beams by the other optical elements such as the diffractive
fanouts and minilens arrays were ignored due to the use of slow, f/16 beams in the system
[16]. The angular position of the PBSs was assumed to be perfect with respect to the rest
of the system. This is a necessary assumption as the angular mechanical alignment
tolerances of a PBS are usually much smaller than a degree [17] whereas the angular field
of view for a commercial component is equal to £2° [16]. This signifies that the power
losses caused by tilt introduced into the beams upon reflection from a misaligned PBS

cause power losses that are much more significant than the associated polarization
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leakage losses. Figure 3 is a schematic drawing representing the components included in

the Mueller matrix model.

Stage 1 Stage 2
QwWPH#3 QWPH#5
PBS#IL PBS#2
QWP#2 QWP#s
QWPHI C —]

Readout Beams

Figure 3. Schematic diagram of system model.

6.3.1 Component Characterization Results

Figure 4 shows the setup used to perform characterization of the components. A
50/50 beam splitter pellicle was mounted at 45° relative to a collimated 2w,=1200xm
diameter beam output from a single-mode polarization maintaining fiber (PM) -
collimating lens assembly. Excellent linearity in the output polarization is ensured by
placing a polarizer after the PM fiber (specified to at least a 10, 000:1 extinction ratio).
The beam reflected from the pellicle was used as a reference to decrease the influence of
power fluctuations of the input light source (about +2%) on the power meter readings.

All power measurements were done using a dual-channel power meter.

. Component
Polanizer Pellicle under Test

v tl\

Figure 4. Diagram of setup used for component characterization.

A

6.3.1.1 Quarter-Wave Plates (QWPs)
The quarter-wave plates used were composed of a layer of thin birefringent quartz

sandwiched between two fused silica or BK7 optical windows that provide mechanical
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support. The quartz layer must be 23.4um thick for the plate to function as a zero-order
quarter-wave plate at 852nm. Deviations from the nominal quartz thickness will translate
into retardance variations for the wave propagating in the crystal. The quarter-wave
plates were specified to a +A/200 tolerance. This means that the thickness must be

controlled to a tenth of a micron to respect the specified tolerance.

The QWPs used in this system were fabricated in a single batch which means that a large
sheet of quartz was polished and then diced to provide multiple components. It can
therefore be assumed that all the QWPs used in the system possess a uniform retardance
value. This assumption was experimentally confirmed by measuring the retardance of

many QWPs as described below.

The differential retardance of the QWPs could not be measured directly. The indirect
method used for characterization consists in sending a linearly polarized beam into the
QWP and varying its rotation angle such that the output polarization is as close to circular
as possible [21]. From the measurement of the extinction ratio the retardance can be

calculated with the following formula:

J =sin™ 27
n®+1 Eq. (D)
where J is the differential retardance of the quarter-wave plate and 77 is the ratio of the

amplitudes (not intensity) of both axes of the light output from the QWP.

The precision of this measurement depends on the polarization linearity of the light

delivered at the input and the precision of the angular alignment of the retarder fast or
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slow axis with respect to the input polanization. The linear polarization at the QWP input
was measured to have an extinction ratio better than (12.000:1) which can be assumed to
be infinite. The QWP rotational position can be adjusted to about £1° (estimated manual

adjustment sensitivity).

The average circularity at the output was measured to be 1.5:1 (for four QWPs). The
maximum variation on the ellipticity measurement for each QWP was 0.05. These
numbers translate into a A/33 differential retardance error from the perfect A/4 when
using equation I. The QWPs in the system thus possess a retardance of either A/4+ A/33
or A/4- A/33. This does not respect the specified tolerance of + A/200 and represents a
serious fabrication error. The uncertainty on the measurement is estimated to be equal to
+ A/350.

6.3.1.2 PBS/QWP Assembly

The PBS/QWP assemblies were pre-assembled by the commercial vendor. They were
characterized to determine the throughput coefficients. Two assemblies were cascaded in
order to measure the total throughput. This was measured to be 85% *1. The measured
throughput is 5% lower than calculated from the manufacturers specifications ((kp(l-
ks))® = (0.96(1-0.01))” = 0.95). The difference is attributable to the poor quality of the
QWPs used in the system. Pairs of crossed plates will tend to partially compensate their
individual retardance errors and produce polarization of reasonably good quality. This is
an interesting result as it signifies that the QWPs in PBS/QWP assemblies do not need to
possess a very precise 90 degree retardance value: they only need to have uniform

retardances.
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6.3.2 Demonstration of the Method
6.3.2.1 Sensitivity Analysis

A sensitivity analysis was performed. A critical part of the sensitivity analysis
consists in selecting a power falloff metric to delimit the tolerable variation range. A
relaxed metric will mean that components might be easier to fabricate but might provide
lower performance in the assembled system due to accumulated losses. A more severe
metric will mean that tolerances are tighter, providing a lower loss but also increasing
fabrication cost. The number of parameters to simulate is large: each QWP and PBS in
the interconnect has two independent parameters for a total of fourteen parameters as

shown in equation 2.

Msyseem = f(B1, 81, 02, 82, 03, 83, 0,4, 85, 05, 85, Kpi, Ksy, Kp2. Ks2)  Eq.(2)

Where 0 and d represent the orientation of a QWP fast axis and its retardance value,
respectively. Kp and Ks are the PBS transmission coefficients for p and s polarization.
Following the sensitivity analysis, two metrics (1% and 10% power falloffs) are used to
delimit tolerance ranges for the parameters. Two metrics were chosen in order to
compare the loss penalties associated with the choice of a conservative metric (1%) or a
more relaxed metric (10%).
6.3.2.1.1 Effect of Imperfect PBS.

Commercial grade PBSs are generally specified to be better than 96%
transmissive for p-polarization and 99% reflective for s-polarization. This means that a

standard PBS may reflect up to 4% of a perfectly p-polarized beam of light and transmit
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up to 1% of a similarly perfectly s-polarized beam of light for a total of 5% loss per
PBS/QWP assembly. The light contributing to these losses is often termed ““polarization
_ leakage™ and will be distributed to stages located before and after the input stage. It is
important to mention that the possible impacts of polarization leakage will be greatly
influenced by the physical layout of the system, i.e. whether a leaked beam is directed to
the detectors or VCSELs/modulators at a previous stage and the type of optoelectronic
components used and their tolerance to feedback or crosstalk. Each system has to be
analyzed independently and the possible polarization leakage paths determined. This was

done for the interconnect system under study.

Note that only three cases have been studied: 1) leakage to previous stage 2) feedback
and 3) leakage to next stage. They do not constitute the only possible paths. Higher
order leakage affecting stages further removed from the destination stage are possible but
the power of the light reaching those stages will likely be much lower than for the cases
outlines above. Note that ail the cases studied assume that the other components and the

source are perfect as regards their polarization properties.

1) Leakage to previous stage

A portion (1-kp) of the p-polarized beam incident on the PBS is reflected and channeled
to the previous stage where it meets the second PBS and another portion (1-kp) is
reflected to the detectors located at the previous stage (fig. 5). The total percentage of
light leaked is (1-kp)”. Note that this light has not been modulated. This DC signal will

be rejected by the differential receivers used in this system but could be a problem in
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systems employing single-ended receivers where the leakage DC signal will cause the

decision threshold of the receiver circuit to shift.

Stage .| Stage, Stage ;.
L *
Case #1 j
—_ - = - 4 — —_— -

Figure S. Primary leakage to first stage.

2) Feedback to same stage.

This probably constitutes the most troublesome case: a portion of the signal directed to
the detectors at the next stage is reflected back to the modulators (fig. 6). The optical
path length of this feedback path is about 10f=85mm, which means that the time of flight
will be about 0.25ns between the moment a bit leaves the modulator and the moment it
comes back. At high modulation speeds (1Gb/s) this constitutes a significant amount of
the bit period and could lead to significant levels of intersymbol interference (ISI).
However, it can be calculated that the relative amount of reflected power amounts to a
maximum of 0.16% of the light that leaves the modulators. This number can be
considered insignificant for a modulator based system but could constitute a problem for

VCSEL based systems [15].

Stage .| Stage; Suge .

[ .
Case #2 S g

Figure 6. Feedback to stage;.

3) Leakage to next stage
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Here, a fraction (ks) of the s-polarized light directed to the second PBS carries on to be
reflected to the modulators at the second stage where the light will interfere coherently
with the unmodulated readout beams incoming on the modulators (fig. 7). Again, this
effect is presumed negligible in this case because of the low power in the leaked beam

(less than 1%) but could constitute a problem in VCSEL based interconnects.

In summary, leakage is not likely to affect system operation significantly. However, a
VCSEL-based system would be much more sensitive to such leakage because feedback

would affect the performance of the active devices.

Sage, SIageis | Stage ;4.2
]

Case #3
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Figure 7. Primary leakage to next stage.
6.3.2.1.2 Effect of Quarter-wave Plates Retardance Errors
A sensitivity analysis of the QWPs retardance on the throughput was performed.
Figure 8 shows a plot of throughput versus retardance deviation from the perfect 90° for

the five QWPs in the system. Perfectly linear p-polarization is assumed at the input.
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. Figure 8. Plot of throughput versus retardance deviation.

Figure 8 demonstrates that the throughput is affected by errors in the retardance values of
the QWPs. While errors in QWP #5 have no effect on the throughput measured at the
detector (although it would affect the throughput to the next stage). the system is seen to
be sensitive to errors in QWP#1.2 and QWP#3 and #4. The much faster throughput fall-
off of the curves for QWP #3 and QWP #4 compared to QWP #1 and QWP#2 is due to
the degradation in the polanzation state of the beam as it passes twice through the same
QWP.
6.3.2.1.3 Effect of QWPs Rotational Misalignment

Figure 9 shows a plot of throughput versus QWP rotational misalignment. The

curves follow the same order as figure 8.
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Figure 9. Throughput versus QWP rotational misalignment.

Figure 9 shows that there is a certain similarity between having a rotationally misaligned
perfect QWP and a well-aligned imperfect QWP as the two situations will impart a

. deviation from the nominal A/4 retardance on the wave traversing it.

110



6.3.2.1.4 Input Polarization Azimuthal Orientation

Figure 10 shows a plot of throughput versus the azimuthal orientation of the input
p-polarization. Such a variation in the input azimuthal angle would result, for example,
from having a rotationally misaligned PM fiber fast or slow axis with respect to the
system axis. [t shows that power will drop by about 1% when the input linear polarization
is rotated by +6°.
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Figure 10. Throughput versus azimuthal orientation of input P-polarization.
6.3.2.1.5 Input Polarization Ellipticity

Figure 11 plots the throughput versus ellipticity for right-hand elliptically
polarized light launched from the source. Note that the ellipticity is defined as the
intensity ratio of the s axis over the p axis. An ellipticity of O thus represents perfectly

linear p-polarization.
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Figure 11. Throughput versus ellipticity at input.

6.3.2.2 Summary of Sensitivity Analysis
A set of tolerances for two falloff metrics (1% and 10%) calculated from the
above graphs as well as the commercial tolerances available for each component are

presented in table .

Table 1. Summary of tolerances

Parameter Tolerances Tolerances Commercial
(1%) (10%) Tolerances

QWP#1,2 0 +6° + 18° +1°

QWP#1,2 6 + 10° +37° +1.8°

QWP#34506 | £3° +9° +1°

QWP#3458 | £5° + 18.5° +1.8°

Source 0 +6° +18.5° + 0=

Source € +0.01 +0.11 +0.001

PBS K, +0.5% + 5% 1%

PBS K, +0.5% *5% 1%

* This is defined for a system using polarization maintaining fiber as a light

delivery system.



Note that the commercial specifications are better than the tolerances calculated with a
1% power loss metric in almost all cases except for the PBS transmission coefficients.
However, it is necessary to investigate the impact of the accumulation of these tolerances
in the system. This requires a Monte-Carlo analysis.
6.3.3 Monte-Carlo Analysis

A Monte-Carlo analysis was performed. The set of tolerances calculated above
was used to delimit the range of the input tolerance probability distributions. When
performing such an analysis, it is important to understand the impact that the input
probability distributions have on the final Monte-Carlo distribution. A proper
distribution for each parameter must be chosen in order to obtain useful results. The
precise shape of these distributions is highly coupled to the manufacturing process. In
this case, after communicating with the manufacturer, it was decided to use a truncated
Gaussian distribution with its peak at the midway point between the nominal value and
the high side tolerance to represent the retardance value distribution of the QWPs as there
is a tendency of optical shops to leave elements on the high side of the thickness
tolerance. Truncated Gaussian distributions with the peak located at the nominal value
were used to represent the QWP angular alignment and PBS transmission coefficient
distributions. Both distributions were truncated at the 36 points, which lie at the
tolerance limits. These probability distributions are thought to be representative of
common optical shop practices (see {22] for more details). A hundred and fifty thousand
samples were used to obtain stable results and a good accuracy. The calculation

necessitated about 5 hours of CPU time on a SunSparc 20 station.
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. 6.3.3.1 Monte-Carlo Analysis for 1% Falloff Metric
The tolerances for each parameter calculated with the 1% power falloff metric
were input into the Monte-Carlo analysis. The source ellipticity was assumed to vary
between 0 and 0.0l. Figure 12 shows a graph of the resulting throughput histogram

distribution.
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Figure 12. Histogram of number of samples versus throughput for tolerances

8
o

calculated using 1% falloff metric.

Notice that the distribution is not normal in shape but is skewed towards higher values.
The mean of the distribution is located at 97.9% and the standard deviation is 0.94. The
99% confidence interval cutoff value of the distribution was calculated to be located at a
throughput value of 94.9% (i.e. 99% of the systems built with components using those
tolerances would possess a throughput value greater than 94.9%).
6.3.3.2 Monte-Carlo Analysis for 10% Falloff Metric

The tolerances for each parameter calculated with the 10% power falloff metric
were input into a Monte-Carlo analysis. The source ellipticity was allowed to vary

‘ between 0 and 0.11. Figure 13 shows a graph of the resulting throughput distribution.
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Figure 13. Histogram of number of samples versus throughput for tolerances
calculated using 10% falloff metric.
The distribution now occupies a much larger interval of values (from 35 to 92%). The
mean is equal to 76.4% and the standard deviation is 8.7. The 99% confidence interval
cutoff is now located at a throughput value of 50%. The use of a more relaxed tolerance
metric has led to a severe degradation in the confidence interval cutoff value.

6.3.3.3 Monte-Carlo Analysis for Commercial Tolerances

The effect of using standard commercial grade components was studied. The
emitter was modeled as a polarization maintaining (PM) fiber emitting linear p-polarized
light possessing a nominal contrast ratio of 30dB (0.001 intensity ratio) with an arbitrary
10.002 s-polarized noise factor superposed 90 degrees in phase (in effect producing right-
hand circularly polarized light) to model random mode coupling between the axes of the
fiber due to stress or environmentally induced birefringence. This represents the type of
source used in this system. The resulting polarization ellipse is assumed to rotate by +2°
around the p-axis (commercial specification for alignment of the fiber fast axis relative to

the connector ferrule).
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Figure 14 shows the resulting Monte-Carlo analysis results. Again, 150000 samples were
calculated. The mean of the distribution is equal to 91.1% and the standard deviation is

equal 10 0.37%. The 99% confidence interval boundary is located at 90.4%.

Number of Samples
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Figure 14. Histogram of number of samples versus throughput for commercial
tolerances.

As can be seen on figure 14, standard commercial grade polarization components should
guarantee that a worst-case power falloff of slightly less than 10% should be obtained.
6.3.3.4 Monte-Carlo Analysis for Optical Interconnect

The effects of using the components characterized in section 3 to construct an
actual system were investigated. Commercial grade components were assumed except
that QWPs having a uniform A/33 error in the retardance value (as measured) were

modeled.
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Figure 15. Histogram of number of samples versus throughput distribution for
demonstrator system.

Figure 15 demonstrates that the experimentally measured throughput of 85% *l (see
section 3.1.2) falls comfortably within the calculated distribution. The mean of the
distribution is equal to 84.3%. This result validates the simulation method.
6.4. Summary

This chapter has tried to evaluate the importance of polarization losses in free-
space optical interconnects. A method to rigorously calculate polarization losses and
tolerance polarization-based components in free-space optical interconnect systems was
presented. This is necessary in order to accurately quantify power losses resulting from
the use of components or sources having imperfect polarization characteristics and

answers the needs outlined in the introduction:

1) To specify tolerances of polarization-based components.

2) To specify tolerances for the polarization properties of the source.
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3) To determine the effect of tolerance stackup, i.e. the polarization loss penalty that

must be included in the power budget.

The method was demonstrated with the help of a free-space optical interconnect
application example. The availability of measured data for the interconnect throughput
verified the validity of the simulation model. The throughput measured when using
components possessing commercial tolerances was found to fall within the simulation

result distribution.

A detailed sensitivity analysis for the free parameters in the interconnect was presented.
The throughput falloff curves were used to delimit tolerance ranges for the parameters
according to two different power falloff metrics (1% and 10%). Table 2 presents a list of

tolerances calculated from the throughput curves.

It was found that using pairs of crossed wave plates as present on the PBS/QWP
assemblies acts as a partial compensation mechanism for the fabrication errors in the
QWPs retardance. Using wave plates possessing equal retardances insures that the power
losses due to polarization leakage caused by fabrication errors in the wave plates are kept
to a minimum. [t is thus preferable to use wave plates manufactured in the same batch

when fabricating PBS/QWP assemblies.

The output Monte-Carlo distributions for graphs 12 and 13 (1% and 10% falloff metrics)

look very similar in general shape except that the mean and standard deviations of the
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distribution calculated using a 10% metric are very different from the distribution
calculated using a 1% metric: the mean is about 20% less and the standard deviation is
roughly 9 times greater for the distribution calculated using a 10% falloff metric
compared to the distribution calculated using a 1% falloff metric. But perhaps more
importantly, the confidence interval cutoff value of the two distnibutions (the value that is
included in the power budget to evaluate polarization losses) are also very different:
94.9% for the 1% falloff metric compared to 50% for the 10% falloff metric. Clearly
then, the choice of a more relaxed metric has led to a severe and rapid degradation of the
probable throughput. This confirms the importance of tolerance stackup in a complex
system employing many polarization-based components: this must be taken into account

when selecting a throughput falloff metric to set fabrication tolerances.

Commercial tolerances are superior for all parameters (except the PBS transmission
coefficients for the p and s polarizations) to the set of tolerances calculated using a 1%
power falloff metric. There is then little sense in specifying tolerances calculated using a
metric that translate to tolerances looser than those commercially available. The cutoff
value for the Monte-Carlo distribution calculated using commercial tolerances is 90.4%.
The difference between this value and the cutoff for the distribution calculated using the
1% set of tolerances is entirely due to the lower transmission coefficients of the PBS.
Commercial tolerances seem to be sufficient to obtain an adequate level of performance

in most cases for this type of system.
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The decrease in the cutoff value of the distribution does not seem to be linear with the
number of PBS/QWP assemblies used. This means that a very severe power falloff
metric (<<10%) must be used to set tolerances for a system cascading three or more

PBS/QWP assemblies. Commercial specifications might not be good enough in this case.

Note that the above analysis remains largely valid for a VCSEL-based system employing
the same basic optical layout. Replacing the modulators with a VCSEL array wouid
probably slightly increase the tolerances for the source azimuthal orientation and
ellipticity. Feedback to the active devices due to polarization leakage might cause power
or wavelength fluctuations of the VCSEL output [15]. This might degrade system
performance and should be considered in the system design.
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Chapter 7: Implementation of a Photonic Backplane.

7.1 Introduction

This chapter presents the assembly and characterization results for the multi-stage,
scalable. point-to-point optical interconnect designed to link optoelectronic chips at the
backplane level presented in chapter 3. It is designed to tolerate large amounts of lateral
and longitudinal misalignments (in the tens of microns laterally and hundreds of microns
longitudinally) and is thus seen as an ideal candidate for the implementation of a
passively aligned optical interconnect where modules can be inserted and extracted in a

repeatable fashion.

Two sets of goals are pursued in this thesis: 1) Demonstrate a functioning photonic
backplane possessing certain optomechanical properties and 2) Verify hypotheses used
in designing the optical interconnect. Implementation constitutes the only way to verify
whether the experimental performance matches the predicted theoretical performance.

The two series of goals are listed below:

1) Optomechanical Properties
i) Passive alignment of the optical modules within the supporting optomechanical
structure. This would guarantee systems that are simple to assemble.
i) Repeatable insertion and extraction of the modules making them easily
replaceable in case of failure (this is especially important for the Optoelectronic Chip

Module as it houses an active device).
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iit) Stability. The system stays aligned without needing adjustment once optimal

alignment has been achieved.

2) Design Hypotheses. In designing the system, the following hypotheses were made:
i) Gaussian beam propagation theory is adequate to calculate misalignment
tolerances.
ii) There is no simultaneous interaction between multiple tolerance parameters when
assembling a system. Tolerance stackup is negligible.
iii) Power losses due to imperfections in components that affect the state of

polarization are negligible.

Note that the accuracy of the design hypotheses have already been investigated in

chapters 4, 5 and 6.

Module and system assembly results will be presented in this chapter. Experimental
measurements such as spot profiles at the modulator and detector planes, throughput
efficiency and power uniformity are presented. These are useful to characterize the

optical performance of the interconnect and diagnose the alignment quality.

7.2 Optical Module Assembly

Recall that the optical system was modularized in order to shift the critical alignment
steps away from the system integration phase to the module alignment phase. The optical

components were cemented together to give robust, all-glass modules. Various active
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alignment techniques were used for assembly. The assembly procedure and results for
two of the four modules composing the optical interconnect (BCM and Relay Module)
are presented in this section. The remaining modules (Chip Module and OPS) are the

subjects of other theses [1][2].

Two interferometric-based alignment techniques were employed to meet the severe
lateral and angular specifications: i) one technique uses pairs of low-efficiency
diffractive minilenses and gives a theoretical lateral alignment precision in the micron
range while the other ii) exploits the fringes produced as a result of a Fabry-Pérot effect
between the two uncoated angularly misaligned substrates and achieves an angular
precision of up to one wave over the area of the substrate (14mm) or about 0.0035°.
Interferometric techniques provide an unsurpassed degree of alignment precision. far
ahead of the precision usually attained through visual techniques. For example, a lateral
precision of about 20um can be achieved through visual alignment compared to 6um or

less through interferometric techniques.

The first technique is described in [3]. It uses pairs of extra diffractive minilenses etched
around the array of signal minilenses. These minilenses incorporate an etch depth error
(they are designed to operate at 632.8nm but are etched at 852nm) to purposely render
them inefficient at their design wavelength. This means that a significant undiffracted O
order is present in the output beam. This O order recombines with the +1 order at the
second minilens and forms an interference pattern. Misalignments between the two

minilenses do not affect the undiffracted O order but vary the tilt and radius of curvature
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of the +1 order wavefront collimated by the second minilens and thus give rise to
interference fringes when the two wavefronts recombine, the number and period of which
enable to quantify the misalignments present between the two lenses. Lateral
misalignments, for example, result in a tilted collimated output beam because of the
displacement of the optical axis of the second minilens with respect to the +1 order and
thus produce a set of linear fringes at the output when this beam recombines with the
undiffracted O order. A longitudinal misalignment results in improper collimation of the
+1 order and produces circular fringes. Tilt and roll misalignments result in a
combination of circular and linear fringes. Figure 1 is a schematic diagram illustrating

the interferometric alignment technique.

Binary Diffractive Minilenscs

Incident Beam ) 4  Combined Output Beam:

+1 Order
|
v

¥ 0Order,” ¥
Figure 1. Schematic Diagram of Interferometric Alignment
The interferometric minilenses used in the BCM and Relay Module alignment possess a
long focal length (8.5mm) and large apertures: 800pm on the side for the lenses used in
the BCM alignment and 2000um on the side for the lenses used in the Relay module
alignment. The BCM minilenses thus possess a slow f-number of /10.6 while the Relay
minilenses possess a relatively fast f-number of f/4.25. This difference made it possible
to experimentally test the variation of alignment precision of this technique with respect

to f-number.

127



Wave optics calculations can be performed to calculate the resolution limit of the
interferometric minilens technique. The resolution limit is considered to be the amount
of misalignment needed in order to produce one fringe over the surface of the minilens.
This is the minimum that is considered easily detectable through visual inspection. The
derivations relating lateral and longitudinal misalignments to the number of fringes
produced can be found in {3]. The number of fringes produced by a lateral misalignment
can be calculated with the following equation:

Ax
Dsin(tan™(—))
f

N= ~ Eq. (1)

Where N is the number of fringes, D is the size of the minilens. Ax is the lateral
misalignment, f is the focal length and A is the wavelength of the light. From equation 1,
notice that the number of fringes is directly proportional to the size of the minilenses and

inversely proportional to the wavelength used.

The lateral resolution is calculated to be 6um for the BCM minilenses and 2.5um for the
Relay Module minilenses. This is enough to meet the lateral tolerance specifications (see
[4]). Calculations indicate that the BCM minilenses have a longitudinal resolution of
approximately 600um while the larger Relay Module minilenses have a resolution of
about 100um. These are rather poor resolutions. Notice that the longitudinal resolution
scales much faster than the ratio of minilens diameters. The interferometric minilens
alignment technique is not sensitive enough to longitudinal misalignments and cannot be

used to meet the very severe tilt tolerance specifications (see [4]) by monitoring the
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number of circular fringes present in two or more interferometric minilenses. Therefore,

an altemative technique was used for tilt alignment.

Since the substrates are not anti-reflection coated. a beam propagating through them
suffers multiple reflections between their respective surfaces giving rise to Fabry-Pérot
fringes. Any tilt between the substrates will then result in a set of linear fringes
appearing across the area of the substrate since the optical path length within the cavity
varies spatially as a function of the tilt. Since the substrates are 14mm square, the

theoretical alignment resolution (one wave) using this technique is equal to 0.0035°. This

is more than an order of magnitude below the required precision (0.05°).

7.2.1 Beam Combination Module Alignment

The BCM is composed of 5 components: the polarizing beam splitter (PBS), two
quarter-wave plates (QWP), an Interface plate and a patterned-mirror grating (PMG).
The PBS and QWPs were pre-assembled by the commercial vendor. The PMG and
Interface Plate had to be aligned and glued in-house in order to meet severe misalignment
tolerances (see [4]). These tolerances are of the order of ten microns laterally and a
twentieth of a degree angularly. Visual alignment under a microscope can achieve
precisions of about 20um laterally depending on the kind of alignment markers available,
magnification, skill of the operator, etc. This is insufficient. Other methods had to be

employed.



This alignment was performed by using the two glass substrates as a transmission Fabry-
Pérot etalon and monitoring the number and fringe spacing present on the two substrates.
A collimated laser beam was used to produce the fringes and a motorised tilt stage was
used to align one of the substrates relative to the other (perfect alignment is obtained

when no fringes can be seen on the two substrates).

Two pairs of diffractive interferometric alignment minilenses are present on the PMG and
Interface Plate substrates. These were used to align the PMG with respect to the Interface
Plate. The setup constructed in order to assemble the BCM is schematically illustrated in
figure 2. Alignment of the PMG substrate with respect to the Interface Plate was

achieved in four steps:

1) Alignment and gluing of the Interface Plate with respect to the PBS on to the
PBS/QWP assembly.

2) Collimation of the beam.

3) Alignment of the beam to be perpendicular to the surface of the Interface Plate

4) Alignment and gluing of the PMG with respect to the Interface Plate onto the

PBS/QWP assembly.
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Figure 2. Diagram of the Setup used for BCM Module Assembly

The details of the alignment steps are explained below.

1) The Interface Plate was first visually aligned under a microscope with respect to the
sides of the PBS and glued on to the QWP using UV curable adhesive (Norland 61). This
operation was difficult due to three problems: 1) The alignment marker on the Interface
Plate is separated by 4.75 mm from the PBS, which means that the microscope had to be
continually focused back and forth 2) A chamfer was present on the periphery of the
PBS which means that the outline of the PBS against which the square metal marker
present on the Interface Plate was aligned to was smaller than designed (design value is
Tmm but in practice about 6.4-6.5mm) 3) The glue tended to spill over the sides of the
QWP when the Interface Plate was brought into contact thus obscuring the periphery of

the PBS used as a reference. All these factors decrease the alignment precision.

2) A shear plate was used to collimate the 10mm diameter HeNe beam (632.8nm).
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3) A second lmm diameter pinhole was then placed after the 200mm lens to serve as an
aperture and the beam was perpendicularly aligned with respect to the Interface Plate
surface by looking at the reflection from the Interface Plate surface through a 250pm
pinhole off a splitter pellicle. The reflected spot was centered in the pinhole by varying
the orientation of the adjustable mirror. An estimated accuracy of 0.05° could be
obtained since the path length from the Interface Plate surface to the pinhole was 30cm.
The previous number sets a lower limit on the resolution that can be obtained on the tilt
and lateral alignment using the interferometric minilenses since the incident beams need

to be perfectly perpendicular to the substrates to produce the correct fringe pattern.

4) A 6 axis positioning system (composed of a Klinger XYZ stage coupled to a Polytec
PI tilt and rotation stage) was then used to align the PMG with respect to the Interface
Plate by making use of the interferometric fringe information. The PMG was mounted
on a custom designed vacuum chuck. The PMG had to be firmly held in place to prevent
walkoff from occurring due to the viscosity of the glue during the curing procedure. In
general, while the lateral alignment was found to be quite easy to perform using the
interferometric minilens technique, the tilt alignment was more difficult: the fringes
resulting from the Fabry-Pérot effect between the two substrates could never be totally
eliminated and were sometimes found to be slightly curved in shape. This is thought to
be due to curvature of the substrate caused by stresses induced by the viscosity of the
glue and the vacuum chuck. The resulting tilt correction was not better than
approximately 0.03° which is an order of magnitude above the theoretical precision of

this technique.



In all and once the procedure was firmly established, the assembly of one BCM required
approximately one hour’s time, most of this being spent effecting the very fine
alignments required. Figures 3 and 4 are two CCD camera images taken during the

assembly of a BCM.
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Figure 3. BCM showing Longitudinal and Tilt Misalignments

The fringes in figure 3 shows the PMG to be:

1) Laterally aligned since there are no linear fringes present in the aperture of the
minilenses. The lateral alignment precision is estimated to be better than 6um.

2) Tilted with respect to the Interface Plate as witnessed by the linear fringes present
outside the apertures of the interferometric minilenses and resulting from the Fabry-
Pérot effect between the two substrates.

3) Longitudinally misaligned as about one circular fringe is present in each minilens
indicating that the two substrates are misaligned by about 600pm from their nominal

longitudinal posttion.
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Figure 4 shows that the tilt misalignment has been largely corrected (notice that only
about 5 long period fringes are present outside the minilens aperture, which translates
into about 0.03° of tilt). The PMG is ready to be moved down and glued on to the QWP.

The Sum lateral and 0.03° angular alignment precision meet the misalignment tolerance

budget of 32um laterally and 0.05° angularly.

Figure 4. BCM showing Final Alignment

A completed BCM module is shown in figure 5 below.

Figure 5. Assembled BCM (scale in mm).

Notice the compactness of the module.
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7.2.2 Relay Module Alignment

The Relay Module was assembled following the same four-step procedure as used with
the BCM. The first minilens array was visually aligned to a comer of the optical spacer
and glued. Much the same problems were encountered in this first step as during the
BCM assembly (presence of a chamfer, spatial separation of the alignment references).
The alignment precision is estimated to be about 20um. Figures 6 and 7 show pictures
taken during the Relay Module alignment process. The rest of the alignment process was
much more straightforward in this case as the tilt of the minilens arrays did not have to be
tightly controlled and was fixed by the parallelism of the supporting block of glass
(0.05°). Once again, the interferometric alignment technique was found to be simple and
effective in meeting the required alignment precision. Figure 6 shows a relatively large
number of fringes (12) to be present in the minilens aperture. The fringe curvature
indicates that some longitudinal misalignment is present. The lateral misalignment is

estimated to be 30um.
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Figure 6. Interference Fringes observed during Relay Assembly showing Lateral
and Longitudinal Misalignment.
Figure 7 shows the final alignment. It is difficult to clearly distinguish circular or linear
fringes within the minilens aperture. The lateral misalignment is estimated to be less than
2.5pum. The remaining fringe pattern may be the result of thickness or refractive index

variations in the glue used to bond the minilens array to the optical spacer.

Figure 7. Final Alignment.

Figure 8 is a picture of the assembled Relay Module.
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Figure 8. Assembled Relay Module (scale in mm).

7.2.3 Module Assembly Summary

The interferometric minilens alignment technique was found to be a simple and effective
method to meet the severe lateral alignment specifications. The lateral alignment
resolution of this technique is directly proportional to the minilens aperture size. An
2000um aperture was found to provide greater alignment precision than an 800um
aperture. However, the minilens footprint on the diffractive optical element (DOE)
increases proportionally to the square of the aperture size. Thus the cost of the minilens
probably increases more rapidly than its resolution. This limits the minilens aperture
size. Also, the maximum aperture size is dependent on the f-number of the minilenses.
F-numbers faster than f/2.3 will not be supported by the binary diffractive fabrication

technology [5].

The interferometric technique does not provide tilt alignment. This alignment has to be
performed by monitoring the fringes present on the substrates due to Fabry-Pérot effects.

This technique is extremely sensitive as it possesses a resolution of one wave over the
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area of the substrates. A disadvantage is that the contrast between the fringes is low due
to the low reflectivity of the substrates (4%). Alignment is thus slightly more delicate as
it is more difficult to identify the fringes on the substrate. Increasing the reflectivity of
the substrates is not desirable as it will induce greater optical losses. The interferometric
minilens alignment technique could be used for tilt alignment on the condition that a
mirror is deposited on one of the substrates and the interferometer is used in reflective
mode [3]. This would then provide the precision necessary to meet the tilt alignment

tolerances.

7.3 System Assembly

Once the modules are assembled, they must be integrated into the baseplate to construct
the optical system. Alignment must be monitored to guarantee that a maximum of the
optical power emitted by the source falls on the appropriate detector. However. the
experimental data that can be collected is often limited due to the difficulty of performing
the measurements. The main problem is often simply a question of space constraints: the

necessary viewing ports cannot be accessed easily. For example:

1) The optoelectronic chips prevent direct access to the beams at the optoelectronic chip
plane. This means that alignment and beam quality cannot be monitored at this
critical plane.

2) The system is very compact (~5cm on the side). This means that an instrument such

as a power meter or CCD camera is too bulky to position within the optical layer.
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Ways have to be found to circumvent these problems. In particular. it is crucial to be
able to image the optoelectronic chip plane to insure that the focused spots actually fall
on the modulators and detectors. Diagnostic and testing thus constitutes a critical part of
the design of an optical interconnect. Various diagnostic tools must be planned and

incorporated in the system design.

7.3.1 Diagnestic Modules

One way to overcome the first problem outlined above is to render the optoelectronic
chip transparent so that “through-the-chip™ imaging can be performed to monitor the spot
alignment at the detector plane. A Chip Diagnostic Module (CDM) combining a
minilens array with a transparent substrate containing alignment markers was constructed

for this purpose.

The second problem can be alleviated by inserting mirrors in the baseplate to allow
imaging to be performed perpendicularly to the optical layer. A Relay Diagnostic

Module (RDM) was constructed to perform this function.

In this way, the system can be assembled and its alignment monitored without inserting
the optoelectronic chips. Together these two modules can monitor the angular and lateral
position of the beams at the optoelectronic chip and within the baseplate. They can then
be removed when alignment is satisfactory and replaced by the appropriate optical

modules.
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The RDM is shown in figure 9. It is designed to substitute a Relay Module within the
baseplate in order to diagnose the beam position and angle at the Relay Module position.
The module is composed of a minilens array and of a patterned photomask reproducing
the features of the optoelectronic chip. A beam splitter is added between the minilens
and the photomask to act as a mechanical support. Note that there is no special reason to
use a beam splitter; it was used merely because it is a cube of high quality optical glass
of the appropriate dimensions and was readily available. A prism is glued at the back of
the photomask in order to provide a viewing port so that the photomask surface can be
imaged. The minilens array and the photomask are visually aligned relative to each other
by monitoring the position of the focused spots on the photomask surface. The alignment

precision of the photomask relative to the minilens array is estimated to be 10um.

Imaging Prism
Focused Beam

] \\‘
==

Figure 9. Relay Diagnostic Module
An angular misalignment of the beams in the interconnect is recognised as a lateral
displacement of the spots with respect to the detectors outlined in chrome at the surface
of the photomask. A lateral misalignment of the beams with respect to the optical axis
will not displace the spots laterally on the photomask targets but will be evident when
looking at the position of the beams within the aperture of the RDM minilenses. This is

illustrated in figure 10.
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Figure 10. Effect of Angular and Lateral Misalignments at the Image Plane of a

Minilens.
Note that the lateral misalignment at the image plane is a function of the tangent of the
angular misalignment of the beam at the minilens times the focal length of the lens. The
longer the focal length, the greater the effect of angular misalignment. This is a
fundamental tradeoff when designing optical interconnects. Longer focal lengths
decrease the effect of longitudinal misalignments but increase the effects of angular

misalignments.

The CDM is shown in figure 11. The CDM is a replica of the Chip Module except that a
transparent photomask replaces the optoelectronic chip. The photomask possesses thin
chrome patterns mimicking detectors and modulators. An opening is present at the back
of the module for imaging purposes. The CDM makes it easy to visualize where the
optical signal arrives by imaging the photomask with the help of a CCD camera. If a
misalignment is present, adjustments can be performed by using the Risley prisms or the
Comer Prism before the actual optoelectronic chip is inserted in the system. This module
can also be used to evaluate other system performance metrics such as beam profile and

power distribution.
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Figure 11. Chip Diagnostic Module.
Several “flavors”of CDMs i.e. using different photomasks were produced in order to

perform a variety of functions:

1) Image through the substrate to monitor the alignment of the spots with respect to the
detectors or modulators. Thin lines of chrome outline the structure of the detectors
and modulators on the photomask. The CDM is mostly “transparent” in this case.

2) Reflect the beams impinging on the modulators in order to direct them to the next
BCM. The modulator targets are then filled with chrome. The CDM is mostly

“opaque” i.e. reflective in this case.



Figures 12 and 13 are pictures of the focused spots imaged through a “transparent™ and

“opaque” CDM.

Figure 12. Picture of Clusters Imaged through CDM.

Figure 12 shows the spots imaged through openings in the chrome pattern of the

photomask that mimic the outline of the detectors on the actual optoelectronic chip.

Figure 13. Picture of Spots Imaged through CDM.
Figure 13 shows the purposely misaligned spots imaged through a CDM containing
circular targets filled with chrome that mimic the modulators on the actual optoelectronic

chip.
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7.3.2 System Alignment
The demonstrator system presented here seeks to demonstrate a series of optomechanical
goals related to passive alignment, repeatability and stability. Were these goals

achieved?

System alignment was found to be more complicated than originally planned. One stage
(two BCMs) was assembled in a purely passive manner and alignment was monitored
using the diagnostic modules. The focused spots at the detector plane of the second BCM
were misaligned by more than 100um and were severely clipped causing fringing to

appear in the spots.

Passive strategies failed to provide satisfactory alignment. The first goai of this
demonstrator (passive alignment) was therefore not achieved. Note that the Risiey
prisms cannot be used to correct such a large misalignment. However, the alignment
proved remarkably stable. No drift in the spot position could be observed in the course of

several days.

In order to permit system assembly, active alignment strategies had to be employed. This
meant varying the position of the modules through the use of pads to bring them into

alignment.

It was decided to dimensionally characterize the BCM module in order to try and identify

the source of the misalignment. Such a characterization is useful to help determine if
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fabrication errors are present and to determine where and how much compensation is
required to obtain alignment. The BCM possesses the most stringent alignment
tolerances in this system (see [2]). Small fabrication errors might thus indicate large

deviations in the optical beams.

A high magnification microscope combined with a precision XY translation stage was
used to measure various coordinates on the BCM. These coordinates were then used to
calculate the error on the angular value of the PBS reflecting plane (this should be 45°) as
well as the lateral displacement of that plane with respect to the system optical axis
(ideally, the system optical axis should pass through the center of the PBS reflecting
plane). The angular error is caused by fabrication errors while the lateral error is due to a
combination of fabrication errors and alignment errors when glueing the PMG onto the
PBS/QWP assembly. Note that the effect of angular errors will be to induce lateral
misalignments at the modulator/detector plane while the effect of lateral errors will be to
shift the beam laterally with respect to the nominal optical axis of the system causing

clipping at each minilens.

The following table lists the measured values for the four BCMs used in the backplane

demonstrator system.

145



Table 1. Characterization Results for BCM Reflecting Plane.

BCM | Angular Error | Lateral Error
Number (Degrees) (1m)
l 0.055 124
2 0.094 51
3 0.114 90
4 0.940 84

It can be seen that there is a wide variation in angular (from 0.055° to 0.94°) and lateral
(from 51pum to 124um) errors across the BCMs. It was decided to compensate for lateral
and angular errors by placing pads of the appropriate thickness at the contact points

between the BCM and the baseplate in order to modify the tilt and height of the module.

The alignment procedure outlined in chapter 3 needed to be modified and active
alignment measures introduced in order to overcome these alignment difficulties. This
was done and all four stages of the ring were assembled. Three to four days were
necessary to align each stage once the alignment procedure was firmly established.
Alignment was then deemed satisfactory for all the stages except the final one. The spots
could not be brought on to the detectors at the last stage. This is thought to be due to the
accumulation of errors across the four stages of the ring which lead to a progressive

elevation of the optical axis with respect to the mechanical axis of the baseplate.

The following conclusions were arrived at in the course of assembling this system :
1) Passive assembly techniques did not guarantee alignment. Active alignment
techniques had to be used in the system integration phase.
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3)

The optical module placement was repeatable to within. or better. than the allowed
tolerances.
The system alignment was stable (in a laboratory environment). Once aligned, the

system alignment did not drift in any measurable fashion.

The alignment procedure outlined in chapter 3 was modified. The revised version is

substantially more complex than the original.

1)

3)
4)

5)

Revised Alignment Procedure
Place and align the first BCM within its kinematic mount. Place and screw in the
brass clamp around the BCM to secure it in place.
Position the Chip Diagnostic Module and evaluate the spot alignment on the
modulators of the first BCM. If an angular error is present (this shows up as a
translation of the spots on the image plane of the CDM), the Risley prisms present in
the OPS can be rotated to position the spots on the modulators. If a lateral error is
present (this shows up as a lateral misalignment of the beams on the surface of the
CDM minilens array), the tilt plates present in the OPS can be rotated to displace the
beams laterally on the surface of the minilens.
Position t