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ABSTRACT

Future high-performanee digital computing systems will demand extremely high

throughput backplancs to meet massive conneetivity requirements between computing

subsystems. This thesis begins by analyzing the characteristics of high-performance

electronic backplanes and argues that electronic backplanes face fundamental

cost/performance limitations which frec-space optical backplanes can overcome provided

key probiems such as maintaining mechanical alignment in an industrial setting are

resolved. An analysis of misalignment mechanisms indicates that active alignment is a

powerful solution to the problem of optical alignment A review of active alignment in other

optical systems such as compact disk players and telescopes is then conducted.

The central part of this thesis presents the theoretical design, simulation, fabrication and

tcsting of a novel active alignment demonstrator system based on Risley Bearn Steercrs.

The demonstrator features a quadrant deteetor which deteets the misalignment error

between the centre of a sPOt of lighl and the centre of the quadrant detector. This

misalignment error is then used by a new algorithm to calculate the rotational displaeement

rcquircd for the two Risley Bearn Steercrs to steer the spot of light to the centre of the

quadrant detector. This experimental system contains ail the necessary optics,

optomechanics, electronics, and computer hardware and software rcquired to demonstrate

the task of centering the spot The experimental results indicate that any spot misaligned by

up to 160 J.UIl on the quadrant detector will be systematically centered by the demonstrator

system. Future directions for active alignment are then presented and discussed.
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RÉSUMÉ

Les ordinateurs numériques à haute performance du futur nécessiteront des fonds de

panier (bacl.:planes') à débit extrêmement élevé afin de répontlre aux immenses besoins des

connections entre sous-systèmes informatiques. Cette thèse commence par analyser les

traits principaux des backplanes électroniques à haute performance et indique qu'ils font

face à des limitations de coût/performance fondamentales que les backplanes à optique libre

pourront surmonter à condition que certains problèmes clés. tels que le maintien de

l'alignement en milieu industriel. soient résolus. Les c:luses principales des défauts

d'alignement mécanique sont étudiées t::t quantifiées ct l'utilisation de l'alignement actif est

présentée comme un outil puissant pour résoudre le problème du maintien de l'alignement

optique. Cene étude est suivie d'une revue de l'alignement actif dans d'autres systèmes

comme les disques compacts et les télescopes.

La partie principale de cette thèse présente la conception théorique. la simulation. la

fabrication et les essais d'un nouveau démonstrateur d'alignement actif utilis:Ult des prismes

Risley. Dans ce démonstrateur. un détecteur Il quadrants détecte les défauts d'alignement

entre le centre d'un point lumineux et le centre du détecteur à quadrants. Le démonstr.lteur

met en application un nouvel algorithme de centrage qui calcule le déplacement rotationnel

nécessaire à deux prismes Risley pour centrer un point lumineux sur un détectcur à

quadrants. De surcroît. Ic démonstrateur inclut toutes les composantes optiques.

optomécaniques, électro~ques, et informatiques (équipements ct logiciels) afin de mener à

bien la tâche de centrer le point lumineu7.. Les résultats expérimentaux indiquent que tout

point lumineux jt~squ'à 160 microns du centre peut être effectivement centré par le

démonstrateur. Enfin, de nouvelles avenues de recherche dans le domaine de l'alignement

aetif sont proposées et discutées.
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ChaDter 1

Introduction and motivation

1.1 Introduction

As society cvnùnues to pour ever more data into high performa.nce ';omputers and

telecommunication systems, conventional electronic interconnects between digital

compuùng subsystems soon will be overwhelmed. A key interconnect is al the backplane

level, wl:erc data throughput demands are rapidly incrcasing to a point where elecuv{lic

backplancs no longer will be able to meet these demands in a cost-effecùve manner.

Frec-space opùcal interconnects hold the promise of a!1eviaùng these communication

!)otÙenecks which will arise in the connecùon-intensive backplant's of future high­

performance digital systems(!·2l. A separable interconnect offering the massive connecùvity

of frcc-spacc opùcs will greatly incrcase the data throughput betwccn printed cirCtùt boards

on an opùcal backplane.

This thcsis explores the use of free-space optics to implement extremely bigh

performance backplanes and focuses on the key issue of alignment: for an optical backplane

to be of pracùcal use, it must be capable of operating continuously over long periods of

time, unaffected by mechanical and optical misalignments, external vibrations and

temperaturc changcs. Active alignment is shown tv provide a powerful technique for

maintaining alignment in frec-space optical backplanes.

The rcsults of an experiment into the design and fabrication of an active alignment

system for a frcc-space opùcal backplane are presented. The demonstrated system contains

algorithms that determine the misalignment of an optical interconnect and calculate the

rotational displacement required for two Risley Bearn Steerers (RBSs) to properly re-align

the interconnect. An active alignment solution implementing RBSs is shown to be

advantageous since RBSs are less susceptible to drift and have already proven their worth

in frce-space optical systems implementing manual alignmenL

ln section 1.2 of this chapter the definition of a backplane is given. In section 1.3 an

overview of existing electronic backplane standards is presented. Sections 1.4 and 1.5

demonstrate that elcctronic backplanes are approaching fundamentallimitations which will

rcstrict any further cost-effective improvements in their performance and that free-space

optical backplanes can overcome these basic limitations if physical and engineering

problems such as alignment are solved. In section 1.6, an ouùine of the thesis is presented.

Chapter 1 1



• 1.2 Definition of a backplane

A backplane can be defined as a high performance structure that provides the physical.

mechanical and clectrical support for high-speed digital communication betwccn removablc

printed circuit boards (PCBs) within a fmme (chassis), A simplified view of a PCB and a

backplane. along with a typical sc:ùe. is shown in Figure 1.1.

•

..

Electrical

Tmccs /

PCB

483 mm (19")

•

Figure 1.1: peB being inserted into a backplane in a computing system ChlL\'sis.

1.3 Survey of modern electronic backplanes

Before launching into an analysis of elcctronic and photonic backplanes, it is cssential

to determine what arc the characteristies of existing backplancs in compuLCrs today; this

reality check will ensure the relevance of subsequent analyses and comparisons. The

following is a study of open, standardized backplancs. While other unpublishcd proprielary

st:mdards do exist (Le. the backplanes in the BNR Supernode™ or in the AT&T 5ESSTM

switeh), the standards describcd bclow arc nonetheless represcntative of high performance

baekplane systems commercially available today.

Tables I.1 and 1.2 indicate key characteristics of existing backplancs and the mcaning

of each column is as follows. The IEEE standard # is important for a backplane definition

Chapter 1 2
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since it indicates that the backplane standard has bccn studied and approved by leading

members of the technical and scienùfic community. The data bus width. address spacc.

peak throughput and dock frequency (in a synchronous backplane. the dock frequency is

fixed for ail transacùons on the backplane: in an asynchronous backplane. the dock rate is

determined by the master in any transacùon) arc tradiùonallogical characterisùcs which arc

always scruùni7.cd by backplane end-users sincc they arc an important factor in determining

the performance of the compuùng system using the backplane. In Table 1.2. the expression

"Pins: SigGndfTotal" indicates thc ratio of the total number of ground pins to the total

number of pins: this cxpression and the term "insenion force per pin" wil1 be explaincd in

subsection 1.4.3 (for ergonomic rcasons. induslry standards usually spccify that the force

rcquired to insen a PCB ioto a backplane be under 200N). The pin pitch and PCB pitch

respecùvcly reprcsenl the centre-to-centre distance between individual pins on the PCB­

backplane conneetor and the eentre-to-eentre distance between PCBs along the baekplane.

The driver column appIies only to the bacl.:plane transceivcrs.

Name IEEE Data bus Address Peak rate Synchronou!
standard width max space max (MByte/ / f c1k

2x sec) (MHz)

Earlv systems
CAMA031 1 583 1 24 1 24 1 3 1 Y/I

PC First Generation
ElISAI4.51 P996 32 24 33 Yns
MCA<6.7) IBM 32 32 20 Y/5
NuBuSl61 1196 32 32 37.5 Y/JO

PC- Second Generation
VLl81 - 32 32 85-160 Y/40
PCI(91 - 64 32 lS5-132 Y120

Si ecialized 5 vstems: Avionics, DSP, Scientific
PI-BUSIIO.II) (SAE) 47 JO 32 32 lOU YIIOO
OTConnect II(12) Proprietary :52 32 100 YI25
Fastbus( 13.141 960 32 32 160 N

Systems in Widespread Use Today
STDSO(6) 1I61 16 24 4 YI8
STD32( 15) 961 32 32 32 YI8
VMEfami1v(16.17) JOI4 32 32 40-80 N
MultibusI(6) 796 16 14+4 JO N
MuItibusIICO) 1296 32 32 40 Y/JO

Newer Desij!ns
Futurcbus+(18) 896.x 25l> 64 Mcas: 600 N
SCI(19) P1596 NIA NIA 65xl0o NIA

Table 1.1: Selected Backp/anes: General Characteristics.

Chapter 1 3
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Many performance pararneterr. such :lS peak rate numbers are often eontroversial. sinee

different interpretations and scenarios (i.e. infinite length packets) \cad to different values.

The peak rolte numbers given are reasonable estimates based on cxisting teehnology anù

claims. although peak rate values often change over the years ;\s inercmental improvemenL~

arc brought to the technology and protocols (20).

PI-BUS is a (mainly military) avionies standard which has only an clectrical and logieal

specification. and as such is not a pure backplane according to the definition given above.

Nonethcless. it is included in this study in order to give an indication of the performance of

mililary avionics systems. Futurebus+ is divided into many sub-specitïcations called

profiles which speciali7.c in different applications: the table describes a typical prolile

(profile F). Scalable Coherent Interface (SCI) is not a traditional backplane in that it does

not offer a definite physical structure: il is more an expanded switching network.

Nonetheless. SCI can support communications between PCBs and does contain an

electrical deftnition to that end. so it is often classitïcd as a backplane.

Name Ma." Pins: max insert pin pitch PCB pitch Driver

PCBs SigGndl forcelpin inch (mm) inch (mm

allowed Total NEWTONS
Early Systems

CAMAC 1 25 1 3/86 1 80 (total) 1 0.1 (2.54) 10.67(\ 7.2)1 TIl..
PC; First Generation

ElISA 16 AT:I4I9lS 1.2 0.1(2.54) 0.8(2.03) TIl..
MCA(7) 16 27/lS9 1.2 0.05(1.27) 0.8(2.03) TIl..
NuBus 16 271192 0.96 0.\(2.54) 0.8(2.03) TIl..

PC: Second Veneration
VL 1 3 128/1~6 (est) 1 1.2 10.05 (1.27) 1 0.lS(2.03) 1 TIl..
PCI 1 5 1 3lS1188 1.2 10.05(1.27) 10.85(2.16) 1 TIl..

Speciali:ed Systems: Avionics. DSP. ScientiJic
PI-BUS 32 NIA NIA NIA NIA TIl..
DT Connect II 5 50/100 in: 1.1 1 0.05(1.27) 1" (25.4) TIl..

oueO.13
Fastbus 26 361130 1.2 0.1(2.54) 0.6(1.52) ECLIOK

Svstems in WidesDread Use TodaY
STD80 20 10/56 0.28-1.4 0.125(3.2) 0.5(\2.7) TIl.
STD32 20 241136 0.84 0.050.27) 0.502.7) TIl.
VME6U 21 121192 0.93 0.\(2.54) 0.lS"(2.03) TIl..
Multibus 21 20/lS6 1.2 0.156/0.1 0.6(1.52) TIl..

(3.9/2.54)
Multibus II 21 381192 0.93 O. \(2.54) 0.8(2.03) TIl..

New Designs
Futurebus (F) 1 14 12561384+owtl 0.46 10.078(2.0) Ll8(30.0) 1 BTL

Table 1.2: Selecred Backplanes: key physicaVmechonicaVelectrical characreristics.
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There arc obviously many other eharaeterislics thal define backplanes, bUl these arc in

constanl Oux and change LOO fasllo be PUl on a table. A lypical example is live insertion:

the abilily lo ir..;en a PCB wilhoul affecling data traffic on the backplane and withoul

damaging the elcctronies on the insencd or any other PCB. Live insertion has beeome

increasingly imponanl (21) over the pasl few years. Newer standards like Fulurebus+

prescribe il (10) and many companies arc offering retrofits to allow live insertion even in

backplanes whose standards previously did not offer live insertion (22) (such as VME).

Nonetheless, the survey of electronic backplanes in this section indicates that the

available elcctronic backplanes have ", cry different characteristics which can be used in

diffcrcnt applications. The next section indicates that ail electronic backplanes, by their very

nalure, faee fundamental physical and engineering limits which impose dirninishing returns

on any funher rcseaJ'ch time and effon invested to overeome these limits.

1.4 Cost/performance limitations of electronic backplanes

In this section, an analysis is perforrned indicating that limitations of electronic

backplanes will be incrcasingly diffieult to overcome in a cost-effective manner. The cost is

shown to be incrcasing in terrns of power eonsumption, fabrication complexity, valuable

rcaI estate on a PCB edge, and ergonomic usability.

1.4.1 Transmission line effects

In order to analyze the eleetrical performance of high performance electronic

backplanes, traditional lumped element analysis is not valid: ail components must be

modeled using transmission \ine models, Funherrnore, a key point that arises from the

following discussion on transmission line models of baekplanes is the differenee between,

on one hand, a barc (unloaded) backplane trace which is oCten just a rnicrostrip or strip \ine

on a diclectric, and, on the other hand, a loaded backplane trace which is electrically in

contact with plated through holes (PTIis) for PCB connector pins, the PCB pins

themselves, traces leading from the PCB drivers to the baekplane trace, and drivers

themsc\ves. The difference in electrical properties between unloaded and loaded traces is

considerable.

Chapter 1 5
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The following section will analyze the electrical performance of unloaded and loadcd

backplane traces using the transmission !ine models shown in Figures 1.2 a) and h)

rcspectively.

L L

Figure 1.2a
.-- Z'O Z'o --..
.. VL VL •

f~~ZTrt~5~'D~ZTO
BUS DRIVER SINKS 1D

Figure 1.2a) Unloaded backplane trace where La and Co respectively represent the

distributed inductance and capacitance aJong the trace. and ZT represents the termination

impedance b) Loaded backplane trace where LD and CD respectively represent additional

inductance and capacitance due 10 PTHs. PCB pins, drivers and so on. One driver is aLm

shown.

Two assumptions will be made during the following analysis 1) The backplane is fully

loaded, which means that there is a PCB in every SIOl This is justifiable since racks in high

performance systems such as telecommunicaùons switches are always as full as possible.

Furthermore, dummy boards can always be inserted into empty slots in order to ensure a

more uniform characterisùc impedance across a trace and to simp!ify calculations for

coo!ing air flow in a chassis. 2) AlI traces analyzcd are idenùcal traces for high-spccd data

transmission. Consequently, analyzing one trace is cquivalent to analyzing all traces, except

for certain calculaùons such as crosstalk.

A key parameter defming a transmission !ine is its characterisùc impcdance ZOo For an

unloadcd, ideal, and lossless transmission line,

n (1.1)

•
where La and Co are respectively the distributed inductance and capacitancc along the trace

and have units of Hlm and F/m respectively.

Chapter 1 6



• However. the eharaclCristic impcdance for a fully loadcd transmission line is differcnt:

an additional distributed capacitance. CD. and inductance. LD. must be added to the model.

although in traditional backplane transmission line modeling. the smaller effect of LD is

neglectcd for characteristic impedance and rclated calculations (23). (The effect of LD is

mainly apparent in crosstalk calculations). The characleristic impcdance of a loaded

backplane trace. Zo' is thus:

n (1.2)

When a driver sinks or drives a current /0 onto a trace of length 1. the driver 'sees' an

impcdance of Zoo in parallel with Zo". or an equivalent impedance of Zo'l2. Therefore. the

voltage crcated by the current pulse is:

(1.3)

•
The currcnt will propagate along the trace with a velocity Vp (24):

(l.4)

and will reflcct at the lCnninatkn impedance Z:(, titis reflected current will he added to the

original current. The reflection coefficient p indicates how much of the pulse will be

rcflccted and is a function of both ZT and Zo":

Zr-Z'
p= Zr+z~ (1.5)

•

At this point. it is instrumental to look at a numerical example. While numerical values

of the above-mentioned parameters vary widely depending on geometry. malerial. and

fabrication. typical values Can nonetheless be used. A typical PCB trace has a distributed

eapacitance Co =65.8 pF lm and distributed inductance Lo= 0.658 lJ.HIm; the additional

capacitance due to PTHs. drivers. pins. and other sources of capacitance is on the order of

30 pF. Assuming 45 boardslm and using Eq. (1.2), Zoo '" 20 .0.(23). Consequently. in

ordcr to drive a 3V swing on the trace, the driver must drive a current of /D = 3V/(2012) =
300 mA. However, a :otandard TIL driver cannot drive more than 50-100 mA and as sueh

the initial current wavefront will create an unacceptably small voltage. Consequently,

Chapter 1 7



• several round trips (i.e. rcl1ections off :he Icrmination) will have 10 be made before Ihe

signal can be sampIcd. The successive rel1ections building up the voltage arc illustr.lled in

Figure 1.3.

3.0

2.0
V

0.8
0.6

settling time
... ~

Time --------l.~

•

•

Figure 1.3: Additive effect ofsuccessive reflections ofa current pulse offZr23 J.

For a trace of length 1= O.5m and a current pulse requiring 2 round trips to settle. the

total settling time is: 2 x 211 vp =61 ns. This settling time. however, is dependent on driver

teehnology, fabrication, material and so on. The VME standard, for example. specifies a

settling time of35 ns during which the lines may not he samplcd (16).

As a resuh of these transmission line effects, many extensive (and expensive) efforts

have becn made to calculate and impose strict controIs on the choice of backplane material,

geometry. drivers and fabrication in order to control all the pararneters on transmission

lines and as such increase data throughput by reducing settling times, unwanted rel1cctions,

signal skew, and so on(25.26.27.28). However, the cost of such controls is high, and

backplanes whose specifications embrace such strict controls, such as Futurebus+ which

has been discussed and proposed for over ten years now (22,29), have found only Iimited

acceptance in the marketplace as companies are reluctant to pay considerably more for a

product that promises revolutionary gains in throughput but presently offers only

incremental cost/performance gains over existing products such as VME (30). Transmission

line effects are thus one of many engineering problems which act as a limiting factor for

electronic backplane cost/performance improvements.
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• 1.4.2 Energy and power requirements

As the eharaclCristic impcdanee. Zoo dccrcases. the amount of current drive rcquircd for

a voltage swing L1V on a trace inereases. which incrcases total power consumption. The

signal energy Es for one bit in a properly lCrmina!Cd transmission line is (31):

V2
E >-'r

s Z'
o

(1.6)

•

Table 1.3 indieates typical power consumption of various drivers. (BTL: Backplane

Tr.lnseeiver Logie. a specification for earcfully controlled baekplane environments (26)).

The table further indicates that as the number of lines inereases. an option whieh certain

standards arc eontemplating in order to increase throughput (18), the heat dissipated by the

drivers beeomes comparable to or greater than that produced by high performance

microproccssors, sueh as, for example, the Pentium's 16 W or the DEC Alpha's 30 W (32).

Driver Max power/driver, mW Max power for 256 lines, ~
TTL(noZT) 72 18.4

BTL 89 22.76
EU. 134 34.3

Table 1.3: Power requirements for backplane drivers. per board.

The termination impedances at the end of the traces also eontribute to heat along the

baekplane. VME traces, for example, are terminated with a real equivalent termination

impcdance of 194.n to 3V. This results in an additional source of heat of up to 46 mW at

caeh end of a trace.

For optical interconnects, on the other hand, the minimum signal energy Eso for one bit

is a function of the wavelength Â, the photodeteetor's quantum efficiency /3, the capacitance

of the receiver CD, the voltage which must be developed across a resistor R, and the

efficicncy of the intercollllcet 11i. For RCD > -r(3I):

•
where h=6.626 x 10-34 J-5, c = 2.998 x lOS mis, and e = 1.602 x 10.19 C.

Chapter 1
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• While a comparison of the heat produced by different types of intereonnecL~depcnds on

many factors. studies nonethelcss indicate that beyond a certain throughput-distance

producL elcctronic interconnects consume more power than optical interconnecL~ m.3~).

Thc simplificd graph in Figure 1.4. for example. indicates that for a 1 Gb/s transmission

ratc. the break-evcn distance at which an electrical intereonnect consumes more power is of

the oroer of 1 cm. further indication that opücal interconnecL~ over backplane distances are

more advantageous than electrical interconnects. Whilc Figure lA ncglt.:cts ncgligiblt.:

optical power losses as a beam propagates through air and minor losses at ail optical

surfaces. the graph still indicates that optical interconnects are more energy-cflicient than

electronic interconnects for links over bacl.:plane distances.

OnChip
Power

Dissipation (mW)

•
10.0

1.00

0.10

- - - -- .JO Gb/s

_____ Electrical

- - - - Modulator
• - - - La..tr;cr

•

0.01 Interconnection Lcngth

1 mm 1 cm IOcm

Figure 1.4: Comparison ofpower dissipation per1/0for various lengths and transmission
schemes!33J.

1.4.3 Limitations of separable electronic interconnects

A reliable separable interconnect which allows repeated insertion and extraction (lIE) of

PCBs into and out of the baekplane is, by the very definition of a backplane, a necessity.

Traditional high perfonnanee PCB-baekplane connectors consist of pins on the PCB

(backplane) which mate into appropriate reeeptaeles on the backplane (PCB). As was

outl'ned in section 1.4.1, a negative aspect of pins and their associated plated through holes

(PTHs) is that they contribute substantial additional eapaeitance and inductance whieh affect

Z~ thus changing the transmission line environment of the electronic backplane trace.
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However. most imponantly, the erosstalk betwccn adjacent pins on a -2 cm long

conncctor is substantial when comparcd to thc crosstalk between adjacent signallines in the

controllcd environment of the backplane itself (35). High performance pinned eonnectors

arc obligcd to insert ground pins betwccn the signal-carrying pins in order to limit crosstalk

to acceptable levels, as shown in Figure 1.5. The ratio of signal pins to ground pins, the

signal:ground ratio (SGR). is a key parameter for PCB-baekplane connectors. For

example, 4 row conncctors with pins on a 0.100 inch (2.54 mm) grid (a typical value

today) have a pin density of 40 pinsllinear inch of PCB edge (as shown in Figure 1.5).

However, if there arc no ground pins, pulses having a 500 ps risetime will generate an

unacceptable crosstalk of 25% on adjacent pins(36l. If a 2: 1 SGR is prescribed for such

connectors in order to lower crosstalk to acceptable levels (shown in Figure 1.5), then the

number of true signal carrying pins falls to 213 x 4O=26/linear inch (1.021 mm).

o •• o •• o •• o •• o •• o •• o •• o •• o •• o •• o ••~
•• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 0100'
.0•• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 •• 0 ••0.~ .
o •• o •• o •• o •• o •• o •• o •• o ••o.oo•• o •• ~

Figure 1.5 Pin allocation scheme for a 4 row connector showing a 2:1 SGR (solid dot:

signaI pin; hollow dot: ground pin) andfeaturing 40 contacts per linear inch ofpeB edge.

only 26 ofwhich are actual signaI carrying pins.

Whilc equations for detennining the actua1 crosstalk are extremely complex functions of

signal rise time. pin length, SGR. fabrication and material(37). many theoretical and

cxperimental studies have been perfonned which indicate a very rapidly diminishing return

on total data throughput (total number of pins x data rate/pin) over a PCB-backplane

connector when the SGR is reduced(3S.37.38). For example. reducing the SGR from 7: 1 to

2: 1 (a 175% increase in the number of ground pins) on a modern top-of-the-line controlled

impcdancc pinned connector results in an increased data throughput of only 30% for the

entire connector<3S).

Furthennore. increasing the number of pins increases the force required to physically

insen a PCB into its appropriate receptacle on the backplane: one high perfonnance pin

rcquires a 0.46 N insertion force (39). Consequently. ergonomic arguments alone eliminate

the possibility of adding thousands of pins to a PCB-backplane connector.

Finally. an increased number of connector IIOs creates a diminishing return in

electronic backplane production since yields fall due to the fabrication complexities brought

about by increased PTIi density and more demanding PTIi geometty (40).
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ln order to bypass these problems assoeiated with pinncd PCB-backplane conncctors.

many differem types of PCB-backplane connectors have been studicd or produeed. A

summary of these is shown in Table 1.4.

Despite all these improvements. reliable separable elcctronic interconnecL~ sùll cannot

offer considerably more than 2500 pin-outs for a 10 inch wide PCB. anli again. the

tradeoff betwecn signal speed and grounding constrainL~ very quickly rcduees the ovcrall

throughput or cost effecùveness or both of a connector onto an c1cctronic backplanc.

Type Signal l.:omments
contacts per

linear inch of
PCB ed2e

HOC (41) (High 100 AT&T design; condueting polyrncr
Density Connector) accommodatcs play bctwccn connccting gold

dots on module and backplane.
Metal and/on 200 Law density due to hlgh arca rcqwrcments.
elastomer<42) contact rcsistance higher.
Arca Army(6) 100 S shaped conductors in clastomer matnx; good

wiping mechanism.
Button(43) 250 l.:omprcsscd wirc lorrns a spring; wlre can be

any metal (gold. copper); zero insertion force;
daisy-chain boards.

striptine(44) 100 Uround shell around the plug provides ground
connector planes around all pins, higher SGR.
BetaPhase (45) 32 high speed Beta Phase connector for Apple s .9u1ck Ring&

others; impcdance on cach tine individually
controllcd; hillh-spced Doint-to-Doint links.

Coax Matrix (44) 141 coax InsertIon ume very long; rcscarch C1iSconunucd
by Molex Ine. duc 10 lack of intercst

Gold Do1<46) 100 Il.:ontrollcd impedance; offers Ilex CIrcUltry as
weil.

ASC(44) (Application U2 1 t'leXlble tilm, casily rcconngurable.
Specific Connector)

Table 1.4: Proposed and emerging non-pinned high throughput PCB-backplane conneClOrs.

1.5 Optical bact.:plane demonstrators

For data transfer over backplanes, it can be seen that optical interconnects have few of

the limitations of electrical interconnects: 1) the optical equivalent of electronic transmission

line effects, namely reflections at optical surfaces, is simpler to analyze and quantify than

electronic transmission line effects, and can be greatly reduccd by anti-reflection (AR)

coatings on the surfaces. 2) optical interconnects have lower skew and require less energy

per bit, and 3) optical signais do not suffer from crosstalk proportional to signal pulse
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frcquencies since photons. unlike electrons. do not usually interact with each other in frcc­

space and conventional materials. Consequently. researchers have explored optical
backplanes. either in free-space(47,48,49) or in guidcd-wave media(SO.Sl.S21. As weil. off­

the-shelf fibre-optic backplane connectors arc now availablelS31, or are being designcd(S4).

although these tend to be quite big (the ferrule alone of a conventional fibre optic connector

is usually 2.5 mm in diameter). and wiring and routing problems present in electronic

backplanes arc also present in fibre-based backplanes. In general, free-space opticallinks

have an advantage over guided wave links in that an effectively unlimited number of

architectures can be implementcd; funhermore, the parallelism and interconnectivity of

optics facilitate the implementation of structures requiring global communication (SS.56).

In order to fully exploit the advantages of free-space optical intereonnects, the McGiIl

photonic systems group is prescntly designing and building a free-space optical backplane

demonstrator. a simplified rendition of which is shown in Figure 1.6 (S7). Such a system

will offer massive connectivity between removable PCBs along the backplane. However, if

this frcc-space optical backplane is to achieve and maintain reliable operation, certain key

problems must be solved. One of the many key problems that must be solved is the

alignment of the smart pixel arrays with eaeh other along the free-spaee optieal

communication channels in the optomechanical support structure. Since the PCBs in Figure

1.6 are to be inserted manually, the task of achieving and maintaining proper alignment

toleranccs will he critical.

Ali the optical backplane products or demonstrators mentioned above whieh function

outside a controlled laboratory environment require sophisticated mechanical retaining

systems to maintain proper alignment toleranees between the smart pixels (or other

transccivers on the PCBs) and the optical channels on the backplane. These sophisticated

mechanical systems arc either bulky (which reduees VO density and as such the total data

throughput) or increase the required insertion force. or both.

Active alignment is a eloscd-loop control process in which system parameters such as

throughput or error in image position are monitored and fed back to a controller which

realigns the system by altering the state of opties. This technique may be used te preserve

the alignment tolerances in all axes within a high density separable optical interconnect, and

is the subject of this thesis.
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Figure 1.6: Rerulition offree-space optical backplane designed by McGiU Photonic

Systems group.
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1.6 Organization of the thesis

The thcsis outline is as follows. Chapter 1 demonstrates that conventional backplancs

implementing electronic interconnects arc rapidly encountering fundamental limitations

which will prevent any major economical performance improvements in the future.

Backplancs implementing frcc-space optical interconnects are shown to he an advantageous

alternative. Chapter 2 indicates that the performance of frcc-space optical backplanes will be

seriously hampercd if the optical interconnccts arc rnisaligned. The six different rncchanical

misalignrnents in frcc-space optical interconnccts, namely lateral misalignment in the x-y-z

directions and rotational misalignment about the x-y-z axes, are analyzed, and it is shown

that active alignment is one solution to overcome these misalignment problems. Chapter 3

further defines active alignment and describes existing active alignment systems that have

bccn reported and described in depth, such as those found in space observation telescopes

and CD players. The review of existing systems shows that active alignment is an emerging

multidisciplinary field in which optical, elcctrical, mcchanical, and computer engineering

arc ail important. Furthermore, the review reveals many concepts that arc applicable for

active alignment in free-spacc optical backplanes in digital systems

In order to determine the complexity of constructing an active alignment system which

rcquircs such multidisciplinary contributions, it was dccided to design, simulate, build, and

test an active alignrnent system which could ultimately fit into the above-described free­

space optical backplane demonstrator built by the McGill Photonic Systems Group in

conjunction with the National Research Council. Chapter 4 describes the theoretical

underpinnings and the main centering algorithms of the active alignment system, which

uses Risley Bearn Steerers (RBSs) to re-align an interconncct which had becn misaligned in

the x-y directions. Chapter 5 describes the fabrication and characterization of the system.

Chapter 6 describes the experimental results, and chapter 7 gives future directions for

rcscarch in active alignment.
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Chapter 2

Alignment eonstraints within a free-spaee optieal baekplane

2.1 Introduction

In order for a free-space optical backplane to function properly, the transmitter and

receiver planes must always remain aligned to each other regardless of the surrounding

environmental and physical conditions. In addition, !bis alignment must be maintained after

repcated mechanical insertions and withdrawals of the PCBs. Consequently, if practical

frcc-space optical backplanes arc to be designed and built, alignmcnt toleranccs must be

fully quantificd, and the impact of environmental, physical, and mechanical conditions on

thesc tolcrances must he fully understood.

The following chapter is organized as follows. In section 2.2 a preliminary analysis of

optical misalignment mechanisms and alignment tolerances which affect a backplane based

on a 'generic' lenslet-array based free-space optical interconnect is presented. The analysis

indicates that even slight mechanical misalignments can severely affect system

performance.

Section 2.3 outlines the harsh conditions that exist within a backplane environment and

presents, as an example. a basic optical engineering dilemma in which problems of

mechanical, thermal, and physical rigidity often have solutions which adversely affect

optical integrity and vice versa.

Finally. section 2.4 presents the conflict between the tight aligment tolerances that a

free-space optical system must respect and tl:e looser mechanical tolerances that arc present

in the separate intereonnects of existing backplanes.

In conclusion. it is argued that active alignment is a solution to the problem of

preserving the alignment of a free-space optical backplane in which the cumulative effect of

physical and mechanical conditions tan lead to mechanical misalignment

2.2 Basic misaIignment mech&nisms

Most free-space optical systems are designed to image an array of focused signal

beams. or spots. cnte an array of optoelectronic devices (1.2). For optimal performance. the

optical and optomechanical system must ensure that these signal beams remain properly

aligned with respect to the device array. In addition. the interconnect must be designed to
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• minimizc the amount of aberration introduccd by the optics. This section will discuss the

main misalignment mcchanisms by which a spot array can be misaligned with respect 10 a

device array in order to give an idca of requircd alignment loleranccs. For this analysis. the

interconnect shown in Figure 2.1 will be studied. in which light from a power supply is

reflected off a plane of transmitter deviccs. and is imaged by a lelecenuic 4f lcnslcl aIT".lY

system onto a device array on the receiver plane. The lenslet array is assumed to be made

up of square lenslets having dimension D x D.

•

Transmitter plane

•••
f

t
Power In

2f

Rcceiver plane (device array)....
f

Ly Z

•

Figure 2.1: Optical interconnect studied to determine impactofmisalignments.

Figure 2.2 shows the six degrees of freedom of an object in spaee, sueh as an array of

deviees: three lincar directions, x, y, Z, and three rotational directions. ex. ey•ez•

y

x

Deviee Plane

Figure 2.2: Six degrees offreedom ofan abject in space.
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• In the following analysis, il is assumed thal cach focuscd signal bcam has a Gaussian

irradiance pattern I(x,y). If (L1xe• LlYe) is lhe misalignmenl belween the centre of the

irradiancc paltern and the centre of the device, then

(2.1)

where the the power outside the circie of radius W o is only 13.5% (e-2) of the total power

containcd within the bcam. The integral of the irradiance over the device arca is cqual to the

loLa! power couplcd into the device and is an importanl parameter since the switching spced

for many classes of deviees such as SEEDs (Self Electro-optic Effect Device) is directly

related lo the toLa! power couplcd into the device (3).

Il is further assumed that the device array is an N x N array with each device being a

square of dimensions a x a, and the centre-to-centre distance being D. as shown in Figure

2.3. The spot array is also assumed to be an N x N array with centre-to-centre distance of

D. For ail misalignment calculations performcd below, the impact of varying W o will also

be studicd, when relevant

•
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Figure 2.3: Geometry ofdevice array.

The following subsections show the impact of mechanieal misalignments along cach of

the above directions. Unless ctherwise speeified, in all cases it will be assumed that the

opties and emitter are perfectly aligned and that only the receiver plane has a misalignment

crror.
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• 2.2.1 Misalignment in the x-y plane

As will be shown in Chapter 4, the totallight power couplcd into a devicc of size II x II

is the integral of the irradiance over the devicc arca:

(2.2)

•

•

where W o is as defined above. A plot of the change in totallight power coupled into the

deviee for misalignment errors along the x-direction is shown in Figure 2.4. By symmetry.

similar displacements along the y-direction produce the sarne rcsults. It is intercsting to note

that for a small Llx. error, more power is coupled into the receiver when the spots arc small

(small wo) than when the spots are larger (Iarger wo). However, beyond a certain

displacement, the total power coupled roIls off more rapidly for a small spot than for a large

spot. Therefore, smaller spots have better maximum power coupling, but are more

vulnerable to large misalignments than are larger spots.

...
p,;;,.ow-,e-,r,;;,.CO-,u.:;;.pl..;.ed-,l_or.,..G-,s""U,;;,.ss1-,an-,-lrra...;;;,;,.dl..;.ance.,..;.;-..;.OI_rad-,-IU-,S_w""o..;.on.,.d;."evI-,-œ_O_I_slz_9_axa"-i'.2

w.,Ia=O.2,
.a
5°·8
~
10.6
8...
~0.4

0.2

.(l.S 0 0.5 ,
NonnaIlzed mlsaJlgnmenll!.Xefs

Figure 2.4: Normalized change in power coupled into a device for a misalignment aJong the

x -direction.
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• 2.2.2 Misalignment in the z-direction

When the device array is misaligncd along the z-dircction, the error will just cause a

defoeus and a widening of the spot sinee the system was defined to be telecentrie. This is

shown in Figure 2.5. This will cause the spots ta be larger than their optimal value.

The spot is smallcst at the beam waist, and has a diameter (e-2 power) 2wo:

(2.3)

where w is the radius of the beam at the front focal plane.

For a displaeement of L1ze away from the beam waist, the radius w(L1ze ) of a spot is

given by (4):

t
2w

Incoming
Bearn

.. f-----I....I----

error = !:a.eLens
Optimal
position
ofdevice
array

Figure 2.5: Misalignment error along the z direction.

•
A plot indicating the change in total light power coupled into the device for

misalignment errors along the z-7tdirection is shown in Figure 2.6. It can be secn that a

beam with a smaller initial Wo couples more power inta the receiver when the misalignment

error i1z., is small. However, the total power coupled roUs off more slowly for a given
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• defoeus when W o is larger. which is to be cxpected sincc a bcam with a smaller \\'0

diverges faster than a bcam with a larger wo.

wo/a=1

wo/a=0.6

wo/a=O.8

0.9

Power coupled for Gaussian irradiance of radius w on device of size axa
1,.---..:...,-----,---.,.....,.....----r-----r-----,

f ~--.,\ wo/a=O.2

0.1

0.8
21
§0.7
~

~0.6
.e
«l
:;;0.5
<l>

g-
0 004
v....
~0.3

8.
0.2

• ~ ~ ~ 0 1 2 3
Normalized misalignment 6Zela

Figure 2.6: Change in total power coupledfor normalized values of&.. and Wo'

2.2.3 Tilt about the x and y axes

For the interconnect in Figure 2.7, a tilt of ~9x about the x-axis at the array centre will

cause the light reflected off the transmitter plane 10 be reflected al an angle of 219x from ilS

nominal (untilted) direction. Assuming a negligible defocus for small ~9x, the bcam of

light impinging on the lenslet array A will have a lateral misalignment error of L1y, whcre

(2.5)

•
If the interconnect is such that for an angular misalignment of L19x = 0 the (99%

power) beam diameter 3wo = D, where D is the length of a side of square lenslet, then any
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• Lly< misalignment will incrcase the clipping, leading to a loss of power transmitted to the

rcccivcr plane.

Transmitter plane.....
f 2f

Receiver plane (device array)

• ••
f

•

•

Figure 2.7: Effect ofnlt Ll8x on beams reflectedfrom transmitter plane.

Given the symmetry of the setup, an analogous result is obtained for L18y.

Plots of total power coupied at the receiver plane vs misalignment error L18x are shown

in Figure 2.8. In the plots, D is kept constant at 3wo, and the focallength of the lenslet is

changed. It can be seen from Figure 2.8 that the loss of coupled power increases as the
lens' focallength increases.

The above analysis is valid only for small angles Ll8x ,L18y , since the difference

between the idea1 distance travelled and the actual distance travelled, which can be
expressed as a L1ze error and which is shown in Eq. (2.4) to be a parameter determining

the spot sire, is small.
The L18x ,L18y errors in ùlt deseribed above are especially serious in interconnects

using lenslet arrays such as the present model, and must earefully be studied in order to

determine the angular misa1ignment toleranee of such systems (S)•
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Figure 2.8: Effect of Li9x tilt ofmodulator on power coupled by receiver device.
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2.2.4 Rotation about the z·axis

A rotation Liez of the spot array about the z-axis coincident with the centre of the device

array. as shown in Figure 2.9. results in a circular translation of the spot array about the x­

y plane. The devices farthest from the centre, one of which is label1cd p in Fig 2.9. will be

the most affected by the rotational displacement

•
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x

Figure 2.9: Effect of/lez rotation of~potarray relative to device array.

If an N x N device array with centre-to-centre spacing of D is properly centercd with

respect to a spot array of the same dimensions, llien both the farthest device and the farthest

spot are at point (xp.yp) =(r,r) where r =D x N 12 (for even N).
If the spot array is rotatcd byL19z relaùve to the device array, the posiùon of the device

is unchangcd but the posiùon of spot p' (xp,yp) in Figure 2.9 becomes

• (Xp,yp) = (r[cos(M:) -sin(M:»),rlcos(M:)+sin(M:)J) (2.6)

•

A plot of power couplcd vs L18z is shown in Figure 2.10. Again, the smaller spot is

less sensiùve to smaller displacement than to large displacements and the larger sPOt is less

sensiùve to ail displacements. The value r = 180a corresponds to a 32 x 32 array having a

centre-centre spacing of D = 8.Jïa. In order to couple at least 90% of the power for such

a case, the .18: error must be under 0.001 rad (0.057°)- a formidable packaging and

alignment challenge.
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• Power coupled for Gaussian irradiance of radius w on device of size axa
1 ,-------,------;;;===F==-:;=-----=-=-~---__,

0.9

0.8

"0
.!!! 0.7
g-
o
~0.6

~
&.0.5
"0
<1>
NOA
«l

E
~0.3

0.2

0.1

-&01 -0.005 0 0.005 0.01
Misalignment angle lI.8z in rad for r =180a

Figure 2.10: Eifeet of jj.8z misalignment error on power eoupled into device for r= 180a.•
2.2.5 Further comments on misalignment mechanisms

•

The above analyses only study misalignment from a mechanical viewpoint: they do not

take into account misalignments brought about by optical effects. For example. optical

contributions te misalignment in the x-y plane include: lack of tclccentricity in a defocusscd
system, distortion not equal tof sin8 for a spot array produccd by a Binary Phase Grating

(BPG), magnification of the spot array image brought about by a mismatch of the focal

length of lenses in an imaging system, and spot displacement duc to a change in

wavelength in a spot array produced by a BPGI6l. These must be addcd to the mcchanical

misalignment when determining alignment telerances.

The above analyses aIso do not take inte account optical erosstalk, a situation in which

pan of the power intended for one device is coupled into an adjacent devicc. However. the

analysis in Chapter 4, in which the power coupled into adjacent detcctors is calculatcd. is

very similar te such crosstalk calculations.
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ln addition, these analyses jusllook al individual misalignments and do nOl take inlo

aCCOUnl differcnl combinations of misalignment. whieh is a complex problem.

Having performed a theoretical analysis of the effeel of misalignmenl errors, il is

instrumental 10 look at an aClual demonstrated system and its numerical alignmenl

loleranees in order 10 beller appreeiale the issues. For Syslem4, an AT&T frec-space

phoLOnic Swilching demonstralor(7), (L1xe ,LiYe , Lize ) = (0.5 !lm, 0.5 !lm, 3 !lm),

(Liex ,Liey , Liez) =(20', 20', 2'). The analyses clearly indicate the serious impact of

even minor mechanical misalignments in a frec-spaee optical system. As sueh, in typieal

high-performance optical systems, the initial assembly requires mueh pre-aligning. Even

after such prc-aligning, installing one hardware moduk on a demonstrator requires severa!

minutes of adjusting various components (7).

This section considered the importance of the alignment of opties. The following

scclion outlines the real environmental conditions in which an optical backplane system

must opcrate and how these conditions affect the optics and their mechanical alignment

2.3 Effect of the harsh conflitions in a backplane environment on
optomechanics

A basic problem which ail optomechanical engineers must face is the difficult

compromise bctwecn mechanical rigidity and optical integrity.

On one hand, physical mechanisms such as thermal gradients and fluxes cao introduee

axial and radial stresses whieh diston the lenses or other optical components. This

distortion can harm image quality, induce birefrigence, and, ultimately, damage the

opties(8). Conscquently it is desirable that the optomechanies apply a minimum of force on

<he eomponent or that the eomponent he held with flexible or elastic retaining mechanisms.

On the other hand, given the forces a backplane is subjected to and the vibrations to

which it is exposed, a lens or optical component must be held as tightly as possible in order

to preserve the initial system alignment and prevent misalignments described in the

previous section.

This dilemma is further outlined in this section. The analysis below concentrates on

circular lenses in circular eells, but similar analyses are applicable to other optical

components such as lenslet arrays or planar opties since most optical components in free

spaee optical systems are glass components mounted in analogous optomechanical mounts

and subjected to similar physical conditions (9,10).
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• 2.3.1 Thermal effects: mechanical stress on optics

Commercially availablc advanced eleclronic microprocessors can operale III

lemperalUres ranging from 0 10 85 oC (11). Military specilicalions arc even more stringenl.

specifying the operating and slorage lemperalures 10 be belween -55°C and 85°C. and

belwccn -62 oC and 125 oC respectiveJy (12). Since pholonie baekpJanes arc expeeled 10

complement. nol replace. electronics. il is reasonable 10 assume thal thermal speeilie:ltions

for pholonic intereonneclS will have 10 malch those for elcctronies.

For a Jens mounled in a simplified ccII whose dimensions arc specified in Figure 2.11.

an incrcase in ambienltemperalure will cause the lens and simplified ccII 10 expand al nlles

delcrmincd by their relative Coefficient of Thermal Expansion (CTE). If the CTEs are nol

malchcd, both the lens and the ccli will be subjecled 10 stress. The stress on the lens is of

mosl concem 10 the system designer since the lens' condition will affecl the qualily of lhe

beam: the axial strcss'sGa, and radial stress, SGr, are specificd by cqualion (2.7) (8):

•
S (an-aG)EGEnÀT

Ga EG+EB
SGr= (an-aG)t>T

1 r-+--
EG EBXI

(2.7a)

(2.7b)

Figure 2. Il Geometry oflens andsimple ceilfor thermal-induced stress calculations.

CeU

~t-.Lens

1•

where

1) t and r are defmcd in Figure 2.11,

2) ag and aM are the CTEs of the ceU mela! and the lens glass rcspectively,

3) Eg and EM are Young's Moduh.s for the cell mela! and the lens glass respeclively,

4) and L1Tis the change in ambienltemperalUre...

•
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• As an example. it is worth eonsidering a lcns holder used in a prototype optical

backplane (Phase l, McGill-NRC). This lens holder (10) is shown in Figure 2.12. The

inner ccli has a thickness t = 1.49 mm and is made of 416 steel which has

EM = 1.994x 1011 N/m 2 and aM = 9.9 ppm/0c. A lens fitting into that ccli has a radius

r=9 mm and is made ofBK7 which has Eg = 8.135x1010 N/m2 and ag =7.1 ppm/°C.

If the lens is to be held using a drop-in mounting technique with a sliding fit, whieh is

the case for the lens clement in the Phase 1system, then the force holding the lens must be

axial, as indicated in Figure 2.12. Assuming a sliding fit, letting ~T = 80 oC, and

substituting into Equation (2.7b), the axial stress on the glass component is found to he

SGr = 12.9 X 106 N/m2• While this stress is less than the ultimate compressive strength

of glass (3.5 x 1()8 N/m2), this stress is still much grcater than the rccommended operating

limit of 3.5 x 106 N/m2 for BK7 and as such will cause birefringence which will degrade

the optical performance for systems in which the polarization of light must be controlled(8.
13)

Fr

•

1'.----+.

lnnerCcll

...----1'.

~----F.

•

Fr

Figure 2.12: Lens in realistic cell and holding forces exenedon lens in celL Fa: axial

force.- Fr." radialforce. Usually. onlyone type offorce is present.

If, on the other hand, a lens is to be hard mounted, then there must be lm interference fit

(no clearance) between the lens OD (Outer Diameter) and the cel1 ID (lnner Diameter). As

such, the rcsulting interference fit will cause the force holding the lens to be radial, as
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shawn in Figure 2.12. Again assuming !JT = 80 oC and substÎLuùng inla Equation (2.7b)

yields the result SCr = 5.26 X 106 N/m 2. While this stress is much less than the

maximum compressive strength of glass. it is sùll 50% grcater than the recommended

operating limit of 3.5 x 106 N/m2 for BK7 and as such will also cause birefringence and

image degradation.

It should be noted that bircfrigence will be most harmful in syslems emplaying

polarizcd light, such as those in which polarizcd bcam-splillers or retarders arc uscd.

One way 10 remcdy the above problems is athermalization. a process in which the lens

and cell materiais arc careful!y chosen so as 10 minimÏ;'.c the differcncc in crE between the

two malerials and as such reduce thermal-induccd stress. Howcvcr. athcrmalizaùon

increases design complexity by limiùng the choice of lens and barrel material available la

the designer (14). As wel!. many of the common metals having a crE malching Ihal af

commonly used glasses. such as sleel. ùtanÎum. or bcryllium. are expensive or hard la

machine or both (8).

Another remedy to thermal-induccd stress effeclS consislS of gluing a componenl inlo a

cel!. Specific thicknesses of elaslomers can accomodalC thermal expansion. This solution.

however, entails an assembly Ihat is considerably more complex and lime

consuming(lS.16).

2.3,2 Thermal Effects: movement of opties

The preceding subsecùon indicaled how thermal fluxes creale stress on 0pÙCS.

However, there is also the possibilily of aclual movement of optics due 10 thermal

expansion. which is specified by a material's crE. An intercsting example 10 sludy is the

baseplate on which Phase 1 is mounted, a simplified engineering drawing of which is

shown in Figure 2.13. The baseplate is made of magnesium AZ31B. which has a CTE of

25.2 ppml°C (Ii). For a !JT =SO°C, the baseplate's thickness will increase from ilS

nominal 25.4 mm (1 inch) thiekness to 25.4 + 25.4 x 25.2 x 10.6 X SO =25.451 /UII, an

inerease of 51 /UII. For a system such as syslClI14 deseribed above which has a tolerancc on

L1xe of only 0.5 /UII, the impact of this thermal movement on ùle optieal performance is

sufficient to render the system effectively non-funetional.

Other thermal effects include the effeet of a temperature change on the index of

refraetion of a lens and as such on ilS focal length. These effcclS arc also quite small,

however, and arc mostiy of the order 10-6 mm/mmJOC (14). Nonetheless, these thermal

induced problems accumulate and tan cause misalignment problems.
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Figure 2.13: Simplified engineering drawing ofMcGill Phase 1baseplate.
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• 2.3.3 Vibration and shock

In most high-performance computing environments me backplane is located in a chassis

in which fans blow a considerable volume of air over me PCBs and the backplane

transceivers. A fully loaded Futurebus+ chassis. for example. must have fans blowing

bctween 119 and 161 litres of air per second in order to meet me cooling specilications(1Kl.

On average. these fans rotate at angular speeds of up to 3200 rpm (-60Hz)(19l. These

rcquirements are mainly driven by the cleetronics on the PCBs and as sueh any backplane

standard must respect them. The resulting vibrations from the fans and aceompanying

m~ive airflow must be eonsidercd in all photonic baekplane system designs.

Traditional techniques devclopcd to accomodate shock and vibrations. such as the use

of springs. rubber pads. or other tensioned or elastic clements should not be used since

they arc susceptible to drift (7). For vibrational :malysis. such soft mounts can be modelled

as springs having linear resonance frcquencY,fi" and angular resonance frequency,fa...
describcd by (20):

l~ (2.8a)• flr=2Tr M~

1 ~KA
far =2Tr lA (2.8b)

•

where KA and KL arc the angular and linear spring constants rcspcctively. and lA and ML

arc me moment of inertia or mass of me oscillating bodies.

If the frequency of me disturbances such as the cooling air or fans matches the

fundarnental frequency of me tensioncd clement, rcsonance will occur. which can seriously

damage or even destroy me clement As a result, it is recommended mat the rcsonant

frcquency be at least three times greater than the disturbing frequency (21). Even for

nonresonant modes. wear and relative motion will cause a premature aging of the

components. For these rcasons, tensioncd mounts. which arc acceptable and uscd in omer

optical systems, arc unacceptable in a backplane environment given the rough vibration

conditions.

Another problem is the force rcquircd to insen a PeB into me backplane environmcnt

For Futurcbus+, this force is of the order of 200N (lB). FurÙlermorc, this insertion force is

perpendicular to the backpiane, which is unusual in optical design: in most optical systems

exposcd to high shock, sueh as sights on rifles or missile traclcing heads, the optics arc

parallei to the main shock vector (22). Shocks perpendicular to the opties furtller complicate
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optomechanics. A typical example of titis complication is the fuct that thrcadcd rings tend to

back out of engagement after shocks, forcing the designer to forgo such components (11).

2.4 Consequences of board insertion on mechanical specifications in
backplane chassis

While tomorrow's photonic backplane standards arc in no way obliged to respect the

mechanical specifications of today's electronic backplane standards, today's specifications

are nonetheless a reflection of the physical and industrial environment in which bacl.."lanes

must reliably operate and as such are worthy of study.

As was outlincd in chapter 1 and shown in Figure 2.14, most backplane standards

today explicitly specify that the backplane itself be mounted in a metal chassis which offers

protection from environmer.tal, mechanica1, electromagnetic and other disturbances. A PCB

is usually inserted into the backplane by sliding the PCB along guide rails which run along

the inner sides of the chassis, as shown in 2.14. The guide rails ensure that the connectors

on the PCB mate with the appropriate receptaele on the backplane.

The separation of the rairs edges shown in Figure 2.14 must be kept relatively large in

order to accomodate PCBs of varying thicknesses. Futurebus+ specifies a rail edge

separation of 2.90 ± 0.1 mm and PCBs of thickness between 1.4 and 2.57 mm in ordeno

allow for PCBs of various thicknesses to slide down the chassis and mate into the

backplane; as weil, maximum warpage must he kept to below 0.6 mm (peak to valley) over

the entire length of the board, which is 297 mm. For a perfectly rigid board of minimal

(1.4 mm) thickness, the tilt of the board would be of the order of Liey = arcsin [(2.9­

1.4)/297) = 0.29°. Moreover, alignment pins on the PCB are specified such that the total

lateral play in the y-z direction is ±IOO 1UD(18). These misalignments are large compared to

the alignment tolerances required by current free-space optica1 interconnects.

2.5 Possible solutions to mechanical misalignment

The cumulative result of all the misalignment mechanisms described in this chapter,

both those that apply to ail free-space interconnects in general as weil as those that apply

specifically to backplanes, indicate that maintaining the proper alignment of a free-space

optical backplane in an industrial environment (as opposed to a controlled laboratory

environment) would he challenging.

One way to eliminate these cumulative misalignments would be the extensive

athermalization of all components and the construction of extremely rigid, precisely
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fabricated. and hard modules in a backplane. Such passive solutions have been

implemented before. but these solutions are generally confined to uniq'le or very expensive

systems(22.23.24). Ingenuity in mechanical design. however. could solve these problems.

Another way to ensurc alignment on the backplane would be to resort to p:'riodic visiL~ by

maintenance crews, but this could he an expensive proposition.

A potcntially cheaper and more effective way could be to implement active alignmenL.

which is a closcd-loop control process in which system paramcters such as throughput or

error in image position are monitorcd and fcd back to a controller which realigns the system

by altering the state of optics. The following chapters will explore the concept of active

alignment in order to determine the fcasibility and implications of implementing active

alignment in free-space optical backplanes.

te.z

Figure 2.14: Backplane chassis and guide rails.

2.6 Conclusion

This chapter describcd the negative impact of mechanical misalignments on frec-space

optical systems and the major physical conditions that cao contribute to such mechanical

misaIignments within a backplane environmenl

A combination of ail the above sources of misalignment will bring about considerable

misaIignment which, depending on the optical tolerances, will considerably impair system

performance.

Proposcd methods of overeoming these misalignment mechanisms includcd extensive

athermalization and rigid fabrication, periodic site visits by maintenance crews, or active

alignmenl It was argued that active alignment eould be potentially cheaper and more

effective than the other two solutions. The next chapters will explore llCtive alignment in

order to determine its feasibility and practicality for free-space optical backplanes.
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Chaoter 3

Review of active alignment

3.1 Introduction

In thc prcvious chapters it was shown that free-space optical backplancs could

ovcrcornc the fundamental throughput limitations inhercnt in electronic backplanes. It was

further shown that in order to fu)fùl the potenùal of optical free-space interconnects, one of

thc problems that had to be addrcsscd was the alignment ofa separable interconnect Given

thc strict alignment and mechanical tolerances as weil as the physical constraints to which

an interconnect is subjected, active alignment was shown to be worthy of fu.'1her study in

order to determine its fcasibility and practicality in frcc-space optical backplanes.

It is thus cssential to perform a rcview of existing active alignment systems in order to

dctermine their capabilities and to judge if certain fcatures from these systems can be

implcmented inta an active alignment system for a free-space optical backplane.

The organization of the chapter is as follows. In section 3.2, the concept of active

alignmcnt, which was introduccd and defincd at the end of chapter 2, is further outlincd

and thc basic c1osed-loop control diagram is given. The field of active alignment is then

dividcd into categories which are consistent with the misalignment mechanisms describcd

in chapter 2 and each category is explorcd in tum: section 3.3 deals with active alignment

for the correction of lateraI (x-y-z) errors. section 3.4 deals with correction of angular

alignment errors and section 3.5 explores techniques for correcting jitter. which is a rapidly

and randomly changing combination of both lateraI and angular misalignment In each

section a review is given of rcprcsentative active alignment schemes that werc successfully

implemented and publishcd. FinaIly, section 3.6 defmes and explores thrcc key issues

confronting aIl active alignment systems rcgardlcss of the misalignment errors they correct:

rcliability, accuracy, and cost

3.2 Definition of active a1ignment

Active alignment can be defincd as a closcd-loop control process in which system

parameters 50ch as throughput or errer in image position are monitorcd and fcd back to a

controller which realigns the system by altering the state of optics.

AIl the active alignment systems describcd in this chapter feature a controlloop similar
to the one in Figure 3.1 and which has the following fcaturcs: a means of determining a
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• misalignment or throughput error. a method for computing the displacement required for

one or more actuators to correct the misalignment, and actuators that move the optics to

correct for the misalignrnent.

Oesired --:0 Error Signal 1 H
Position _ t · Controller Plant

Figure 3.1: Basic controlloop for active alignment.

CrActualPosition

•

•

3.3 x·Y·Z active alignment: compact disk and optical disk players

Compact disk (CD) players arc very interesùng to study since they arc one of the few

mass-market and inexpensive opùeal systems implemenùng active alignment - such

qualities arc very important for backplanes. Furthermore, their general principle of

operation is weil known and publishcd.

In a hard Compact Oisk (CD), binary information is eneodcd into small grooves spaccd

about 1.6 !LIU aparL As the CD turns, these grooves pass under a laser bcarn focused into a

spot. The reflectivity of the groove determines how much light is reflccted; based on the

reflected light power, the dccoder decides whether the groove reprcsents 0 or 1. Kccping

the rapidly rotating CD aligned to the laser bearn spot requircs active alignment. A typical

optical train for active alignment in a CD is shown in Figure 3.2 a).

In order to keep the CO's grooves aligncd in the x-y plane and within the rcquired

depth offoeus of± 0.5 lln1 (1), part of the reflected bearn is fcd into a quadrant detector, as
shown in Figure 3.2b). As can be seen in Figures 3.2b)(i) and (ii), a l1xeor <1Ye error can

be dcduccd bascd on the differentiallight power on each quadrant. Another technique in

whieh (wo additional bearns are requircd (one on eaeh side) can also he uscd(2).

To determine the &e error, the light incident on the quadrant deteetor also passes

through an astigmatie lens (2). The optical system is designcd such that when &e = 0, the

quadrant deteetor is resting at the focal plane of least confusion (3). On the other band,

when &e < 0, the defocus of the sagittal rays wm cause the spot to appear as in Figure

3.2b)(ili). Conversely, when &e > 0, the defocus of the tangential rays will cause the spot

to appear as in Figure 3.2b) (iv). Agam, the controller can dcduce the &e error and move

the objective lens to correct for the defocus error. The control bandwidth fl)r such a system

can approach 1kHz (4)•

Recently, the optomecbanical design for an air-supported floppy optieal disk was

proposed (4), but its optomechanical design is both more critical and more complex !han the
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• alrcady challenging conventional hard CD's. In order to rcduce the optomechanical design

eomplexity, integratcd holographie laser/deteetor CD heads (5) as well as moldcd glass

optieal clements for foeusing servos(6) have becn proposcd .

.... ---------------,t----------------A
CD- t'

QWP -+~=~

PBS -

Figure 3.2a): Simplijied schematic ofopticai trainfor error trac/.ïng and active aIignment on

CD player. QWP: Quaner Wave Plate: PBS: Polarized Beam Spüner.•
-'"Lens

Quodr2nt _ ====
00_

t
l.A.\ct Diode

Lx

•

(il (ii) (üO (IV)

Figure 3.2b): MisaIignment errors deteeted by quadrant detector on CD player:
(i) .1x, =.1y, =0 (ii) .1x, > O• .1y, < 0 (iii) .1z, < 0 (iv) .1z, > O.

3.4 Angular correction: Hubble Space Telescope

The Hubble Space Telescope (HST) is interesting to study since it requires extremely

high alignment tolerances and must properly function in harsh thermal and physical

conditions in orbit. These harsh conditions, while extreme, make the HST worthy of s!Udy

since backplanes aiso must function in diffieuit thermal and physical environments.

During an observation, the HST line of sight must be stabilized to better than 0.007

arcsec rms in order to achieve the full image resolution whieh its opties can theoretieally
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• attain(7). Failure to do so introduces considerable coma in the image. This requircd

stabilizaùon is independent of the large spherical aberraùon in the primary mirror which

was subsequently corrcctcd in a spcctaeular NASA shuttle mission.

A key challenge is the delCcùon and correeùon of small angular deviaùons in the line of

sight. A s:!'lilar challenge, albeit with less demanding tolerances, was shown in chapter 2

to he present for frec-space opücal backplanes. In order to delCct such small deviaùons. the

HST uses an interferometric procedure implementing FGSs (Fine Guidance Sensors)

shown in Figure 3.3.

•

PoLuizin~ Dœm Spliua'

Fromups=
optics ---l-J-i~+----k:,.P'

Photomultiplier
lU"'"

/'

.-

(al

I.--l-!'--- Dielectric fiilm--.lrt-_I

b •

T
c

c- c' 1J2

c-~\'<' ~/;
b b­

4 •

(b) (c)

Figure 3.3: a) Sïmpiified schematic diagram ofan FOS interferometer optical train (7) b)

untilted wave front emerging from Koester's prism c) wave front with initial zero 10 peak.
tilt ofÂI8 emerging from Koester's prism. Note in b) and c) how reflected component is

advanced in phase by Â/4 relative 10 transmitted beam componenL•
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ln Figure 3.3a), the light eoming from upstrcam opùes (upper left corner) is a small

part of the Iight collccted by the two principal mirrors and sent to the irnaging instruments.

This unpolari7.cd light from the upstrcam opties is equally divided by a PBS (Polarizcd

Bearn Spliller) and eaeh half is sent to a Koester Prism. Sinee eaeh Koester

prismIPhotomultipiier tube setup is similar. only one is deseribcd here.

The Koester prism, effcetively a folded version of a Michelson interferometer using a

shearing dieleetrie film (8). is shown in grcater detail in Figures 3.3b) and 3.3e) and works

as follows. In Figure 3.3b). a plane wave front c-b-a enters the prism and, after an internai

refieetion. encounters the dielectric film. At the dielcctric film, haIf the wave is reflccted and

advanced in phase by rr.l2. and half is transmitted. For example. half the power in point c

maps to point c" when it is reflected and advanced in phase by rc/2; the other half is

transmitted and maps to point c' . Ail other points on the wave front from c to a behave

similarly. The emerging wavefronts are thus phase shifted by rr.I2 with rcspectto cach other

and on cach side this will cause an interference pattern which will be picked up by the

photomultiplier.

However, when a wave front having a smail tilt of E encounters the Koester prism,

similar geometric ray-tracing indicatcs that the spacing between the emerging wavefronLS

will vary by a factor 2e. The 2e factor will cause a sharply non-linear modulation of the

interference pattern described above. It can be shown that the non-linear modulation, m, is

proportional to the following quantity:

1( 4nE)ma ë l-cosT (3.1)

•

Equation (3.1) is plotted in Figure 3.4. It can be seen that any tilt of the telescope

causes a sharp change in the modulation function aWilY from zero. The output of this

function is used ta drive the servas. When the tilt error is zero. the servas rceeive no input;

when the tilt is non-zero. the servas quickly receive a large driving voltage which is

rcquired to correct the telescope painting (7).

Despite minor implementation problems, such as polarization-induced and chromatic

aberration in the FGS optics. and despite the well-publicized sphericai aberration which

ultimately reduced the overall measurement sensitivity of the FGSs, this system met ail

rcquired aIignment specifications.
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Figure 3.4: Ideal transferjùnction ofHubble Space Telescope Fine Guidance Sen.mr.

3.5 Image jitter compensation: ground-based astronomical telescopes

Image jitter is caused by vibration of the optics or by disturbance of the medium

through which the Iight propagutcs. Jitter causcs parts of the image in the image plane III

move rapidly in a non-uniform manner. deteriorating the image quality. While it is unlikc1y

that air turbulence along a 20 mm bcam path in a backplane would cause noticeable jitter,

image jitter could still be a problem in optical backplancs if cooling fans and other sllurces

of mechanical movement vibrate the rcceiver or transmillcr deviccs. Consequently, il is

necessary to study existingjitter-compensation systems to determine the issucs involvcd.

According to astronomical terminology (9), 'active optics' are used 10 compensate

permanent or slowly time-varying aberrations and jitter in the image brought about by

mirror imperfections, slow-changing thermal fluxcs, and so on. 'Adaptive optics', on the

other hand. deal with quickly time-varying jitter due to atmospheric disturbanccs. While

teleseopes implementing adaptive optics to compensate for atmospheric flucluations have

becn in use for many ycars. they were used mainly by the military and as such werc kept

secret Ooly recently has the theory behind their operation becn disc10scd (9.12).

It has been shown that the OlF (Optical Transfer Function) of the atmospherc varies

widely and that these variations are correlated only over smail viewing anglcs of a

telescope(lO). The size of the viewing angle over which the OlF. and as such the phase of

the incoming wave front, does not change significantly is defincd as 9ip, the isoplanatic

angle. 9ip can be approximated as:
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where it is assumed the atmospheric distortion is confined to a layer of thickncss ho and of

height h above the ground: as weB. ro is termcd the Fried coherence diameter and is a

function of the observation wavelcngth. the fluctuations in the index of refraction and the

optical path length from the source to the aperture entrance plane. For Â. =500 nm and

assuming typical astronomical viewing conditions. ro = 0.2 m.

The impact of ro is as follows. The angular resolution of a telescopc of aperture D in an

idcal environment is:

1 ??
e _ ._JI.r---

D
(3.3a)

•

•

However. in a real terrestrial environment the phase front is constant only over a

subaperture of diameter ro. and as sueh the angular resolution of the subimage coming from

the subapenure of constant wavefront is Iimitcd to:

(3.3b)

Furthermore. since the phase front varies randomly from subaperture to subaperture.

the subimages arc shifted relative to each other in the image plane. causing unaceeptable

deterioratio:l in the image quality.

In an adaptive telesecpe. a deformable mirror in the optical train is divided into cells of

diameter smaller than ro. and these cells are moved in reaI time to compensate for the phase

front variations due to atrnospherie turbulence. A typical system is shown in Figure 3.5.

Part of the incoming Iight is tapped off at the dichroic filter and the orientation of the phase

front of each subaperture is monitored. The controller then determines both the coarse

a1ignment which is perfo:med with the tip-tilt rnirror as well as the fine a1ignment which is

pcrformed by moving the cells in the deformable mirror.

If the observed star is not bright enough. a reference star within the isoplanatic angle is

used for the alignment information. and if no reference star is found an artificial

illumination is creatcd by focusing a high power laser beam in the stratosphere sueh that the

Rayleigh scanering forms a bright spot within the isoplanatic angle.
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• Such operaùonal systems have produced near diffraction limited imaging -:Jith a Strehl

raùo of approximately 0.67 and an angl!!Gr resolution of - 0.07 arcsec at an ohservation

wavelength of 500 nm(10). However. an advanced ()per.ltional system such as thc US

military's Short Wavclength Adapùve Technique (SWAT) system at the Firepolld facility in

Massachusetts dcmands an enormous computing handwidth of around severa! hundred

billion operations per second and requires about 250 piezo actuators (9). Fur cxpensive

systems with many actuators. piezos and similar compounds ar.: often chosen as the

actuators since thcir reliability is judged to outwcighs their undesirable properties such as

hyster~sis and creep (13.14). Piczos and similar compounds are further discussed in sectioil

3.6.

Ught from obs.ervcd st:1n'

•
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Figure 3.5: Sïmpiifiedschematic ofan adoptive telescope compensatingfor errors in

wavefront phase.
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3.6 Issues in active alignment

Although the active alignment systems described above compensate for differcnt types

of misalignment errors. they all represent different compromises between three important

issues in active alignment: rcliability. aeeuracy. and cost This section further explains how

thcsc issues will affect active alignment considerations for a frce-space optical baekplane.

3.6.1 Reliability

If a baekplane fails, the performance of the entire computing system will suffer. The

rcliability of the baekplane, and as sueh the rcliability of any active alignment on a

backplane. is critieal.

One way to improve the reliability of an active alignment system is to eliminate as many

moving parts as possible. The use of solid-state optics in alignment experiments has been

tried, with moder.lte sueeess. For example. in one experiment(IS), a large liquid crystal

spatial light modulator (SLM) was builL By varying the voltage applied to various

positions of the SLM, a graded index profile eould be given to the SLM - in effeet

transforming the SLM into a lens. By changing the voltage applied to th:: SLM, the focal

lcngth of the lcns could he changed. This theoretically allowed for correction of L1z,

misalignment errors (Le. defocus) witho!1t mechanically moving a componenL However,

the best rcsult that could be attained using this technique was a change in the lens' focal

length from f = 00 to f = 1.32 m; these numbers are clearly too large for backplane

dimensions since PCB spacing was shown in Chapter 1 of this thesis to he on the order of

20-30 mm. Similar solid-state alignment experiments with similar results have been tried to

correct for defocus in CD players as weil (16).

Other methods for reducing the number of moving parts in an active alignment system

include the use of piezoelectric (PZf) or electrostrictive (ESA) actuators. These actuators

have crystal structures which exhibit strain when a voltage is applied to them. PZfs and

ESAs have key advantages: 1) the actuators themselves have no moving parts since ail

strain is a result of crystal relaxation and contraction, and 2) small volumes can move great

mechanicalloads (for example, a 6 mm x 15 mm ESA stack can exert a force of 750 N

(17». There are, however, many drawbacks: 1) they require substantial drive voltages (the

750 N force above requires an applied voltage of 150V, for example) 2) the relation

between applied voltage and strain is extremely complex. Non-linearities such as creep,

hysteresis, and aging complicate the control algorithms for systems implementing these
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actuators(12. 181. 3) their travcl is very small: a maximum strain of 0.13'k. a typical value

for a PZf(131. yiclds a maximum travcl of 19.5~ for a 15 mm actuator stack. and 4) their

performance is strongly affected by temperaturc: a ehange of tJ.T = 50°C can bring about a

50% reduction in strain for certain PZfs( 171. A major difference between the ESAs and

PZfs is that ESAs exhibit smaller non-Iincaritics but require grcater drive power and can

only he moved at slower specds than PZfs.

The analysis and examplcs in this chapter indicatc that highly rcliablc componcnL~ and

actuators fcaturing little or no moving pans do exist and arc in use in specialized and

expensivc systems fcaturing active alignmenL For example. PZfs arc used in the SWAT

tclcscope dcscribcd above or in certain specializcd laser cavities(\9). Furthermorc. adaptive

alignment systems featuring over 1000 PZf actuators have bcen buih. which further

demonstrates that rcliable systems employing large numbers of actuators can be built (20).

However. the major drawbacks such as limited travel. temperature dcpendcnce. and

difficult control have prevented thcir widesprcad use in mass-produced optical systems.

More research on these highly rcliable but complcx deviccs is neccssary heforc they can be

put into backplanes.

3.6.2 Accuracy

Chapter 2 indicated thatlateral resolution on the order of several !lm and angular

resolution on the order of several arc minutes will be requircd in order to maintain

alïgnment in high-performance frce-space optical interconnects. PZTs or ESAs werc shown

in subsection 3.6.1 to be a solution. There arc, however, other high accuracy solutions for

applications not requiring the nanometer resolution of PZTs and ESAs. Servo motors are

used in many high accuracy applications such as the above-mentioned Hubble Space

Telescope (HST) and otber high accuracy space-based and ground-baseè beam steering

systems(2l). Furthermore, extremely high resolution can be achieved with standard off-the­

shelf gear and encoder combinations attached to servo motors or stepper motors (22). The

demonstrator system described in chapters 4 • 6 uses such a stepper-motor gear

combination to achieve <1 0 accuracy.

Another important factor determining the accuracy of an active alignment system is its

control bandwidtb. Control bandwidth is a system pararneter indicating how fast a system

can respond to disturbances(23). Control bandwidth is a function of the specd of actuators,

the power train, the error deteetion, and the controller. This will he an important factor for

optical backplanes ifcooling systems and other mechanical vibrations contribute subslantial

vibrations: for example, a control bandwidtb necessary to compensate for a backplane fan's

Chapter 3 48



•

•

•

60 Hz vibration could be necessary. Further rescarch is necdcd ta determine the control

bandwidth ncccssary for active alignrnent of a frcc-space optical backplanc.

Finally. thcre have also becn attempts ta build high accuracy active alignment systems

implemcnting adaptive algorithms on neural networks in order ta improve specd and

accuracy in aIl conditions. Such systems. however, have barely progresscd beyond the

proof-of-concept stage(24).

3.6.3 Cost

A fully cquippcd state-of-the-art 21 slot VME electronic backplane system complete

with chassis. fans and a 600 W power supply cost around US$4000(2S) in 1993. and

prices arc falling. While the higher performance of an optical backplane could arguably

command higher cost premiums, backplanes are nonetheless in a very cost-sensitive

market As such, elaborate and expensive active alignment systems which are acceptable

for military systems or thc HST are unacceptable for a backplanc which will bc sold in the

notoriously cut-throat "boards and busses" market

Compact disks are an example of a successful high accuracy low-cost mass-market

system implementing active alignment: only a laser diode. quadrant deteetor, actuator coils,

and simple optics and electronies are rcquired. Conscquently, many ideas from CD systems

such as thc use of quadrant deteetors warrant further study.

3.7 Conclusion

The rcview indicates that active alignment is still a new field. Designs of many new

systems fcaturing moving optics such as autofocus cameras or jitter corrccting binoculars

are still kept secrct for commercial or military rcasons. As weIl. the terminology is not yet

flXed. For example, astronomers have designed and built many various types of active

alignmcnt systems and have subdivided the taxonomy (9): they term low frcquency

alignment «1 Hz) 'active optics'. and high frcquency alignment (-1kHz) 'adaptive optics'.

Nonetheless, a rcview of existing active alignment schemes indicates the trends. In

many cases, optomechanical issues are fundamental to the whoIe active alignment system

as weIl as to the whole optical system. Furthermore, computing power is seen to occupy an

increasingIy important raIe as systems become more complex.

Many concepts brought up in this review, such as the use of quadrant deteetors to

determine misalignment error, the use of reference bcams in jiuer-compensating teIescopes,
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and diffcrent methods of achieving high accur.lcy movement. are applieable to a harsh

backplane environment. In order to determine how many concepts and ideas ean be

borrowed l'rom other active alignment systems and incorporated into an active alignment

system for a backplane, an x-y active alignment demonstrator was designed, simulated.

built and testcd. This demonstrator is the subject of the next three chapters of this thesis.
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• Chapter 4

Theory of x-y active alignrnent using Fiisley Bearn Steerers

4.1 Introduction

To gain a first-hand appreciaùon for the pracùcal challenges and issues which the active

alignment of a frce-space optical interconnect introduces. an active alignment demonstr.ltor

was designed, simulated. built, and testcd. This chaptcr outlines the theory and design

requircd for the demonstrator.

The simplified layout of the demonstrator is shown in Figure 4.1. The system worked

as follows: the misalignment error bctween thc actual and dcsircd location of a Sp,.l on a

quadrant detector was used to compute the angular displaccment rcquircd for Iwo Risley

Bearn Steercrs (RBSs) to centre the spot in the x-y planc.

Misalignrncnl Error
(ÀXe. Ay,,)

(BA. &al Control
A1gorithm

__3 ~
~ Quadranl DclCclOr

MOlors

•• r---+-
Figure 4.1: Simplijied aptical and mechanicallayaut afthe demonstra1Dr.

•

•

A discussion of how the misalignment error signal is determined is givcn in section

4.2. It is shown that a spot impinging on a quadrant deteetor (QD) creatcs four indepcndcnt

photocurrents each of which creates a voltage when driven across a resistor. The

relationship between these four voltages and the spot misalignment error (L1xe. L1Ye).

where (L1xe• L1Ye) = (0,0) represents a centered spot, is determincd. It is shown that,

within system limits, a larger spot sizc yields a grcater range over which the crror

(L1xe• L1Ye) is linearly proportional to voltage differences. In secùon 4.3, a justification for

the use of RBSs and the optical theory explaining the action of the RBSs arc given. An

algorithm which uses RBSs to centre a misaligned spot is then derived. Simulations arc

also presented in order to better illustrate the centering acùon of the RBSs.

Chapter4 52



• 4.2 Determination of misalignment error

In this section it is shown that a spot impinging on the quadrant detector (QD) creates

four indepcndent photocurrents which in tum crcate four independenl voltages when driven

across resistors. Performing arithmetic on these four voltages yields voltage differences

which give information about the misalignment error. However. it is shown that the spot

must be of an optimal sizc for the voltage differences to be linearly proportional to the

misalignment error over a given range. The me.a5urement sensitivity. a scaling constant k

relating the actual misalignment error of the optimal spot te the voltage difference. is also

introduced.

4.2.1 Geometrie and opto-eIeetronie featùres of a quadrant detector

A quadrant deteetor (QD) is an optoelectr.ïnic device composed of four independent

photosensitive areas laid out in a quadrant; Figure 4.2 shows a frent view of a typical QD.

The origin is at the centre of the intersection 'of the gaps. Figure 4.3a) shows a centered

spot and Figure 4.3b) shows a spot misaligned by (.1xe•LlYe).

• .. A_
b

+

... ~
Figure 4.2 Quadrant Detector Geometry.

4

1
,

t.Ye

•T- 3 -'11.-..-_4 -..1

Figure 4.3 a) centered spot and b) spot misalignedby (L\xe. LlYe).

2

3

•
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• Each photosensitive area can be modeled as a diode which. when reverse biased.

produces a photocurrcnt. ip, proponional to the integr.ù of the irmdiance on the quadmnt:

ip =(J irradiancc on photosensitive arca x dA )xS

=p xSq,

(4.1 )

where Pqj is the total light power incident on quadr.mt j and S is the optoelectronic

sensitivity, expresscd in units of A/W.

When ip flows through a resistor, R, a voltage Vis produced according lo Ohm's law.

Figure 4.4 indicates the layout of the circuit containing the resistor, bias voltage, and

photosensitive area for one quadrant

•
+

v

Figure 4.4: Bias circuitfor one photosensitive area oft'ze QD.

Consequently, a spot with a Gaussian irradiance pattern impinging on a QD will crcate

four voltages: Vb V2. V3, and V4. It is shown in the next subsection that the misalignment
error (Llxe, L1Ye) of a spot of optimal size can then be approximatcd by the following

relations over a small range of misalignments:

âxe =k[V1+V4 -(V2+V3>]

t.Ye = k[V1+V2 -(V3+V4>]

(4.2a)

(4.2b>

•
where k , the measurement sensitivity having units of J.U11/V, is a scaling constant relating

the differential voltages to the actual spot misalignment error.

Sections 4.2.2 to 4.2.5 solve the integral in Equation (4.1) for an arbitrary spot

displacement and sÎ7..e in oroer to determine the optimal spot size.
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• 4.2.2 Definitions and assumptions

Let

1) Pql.Pq2.Pq3.Pq4 be the total optical power incident on quadrants l, 2, 3 and 4

rcspectively.

2) the quadrant detector be composed of four identical and independent photosensitive

areas separated by a gap of width 2g. The detector's dimensions, and the four

quadrants numbered from 1 to 4, are shown in Figure 4.2.

3) L1Vx and L1Vy be defined as follows:

,W" =(VI +V4)-(VZ+V3)

t.V)' = (VI +VZ)-(V3 +V4 )

(4.3a)
(4.3b)

•
4) E be the magnitude of the misalignment error, which is the distance from the centre

of the spot to the origin of the QD:

(4.4)

5) the spot have a Gaussian irradiance distribution, I(r), with peak irradiance la.

(4.5)

4.2.3 Total light power for centered spot

When the spot is centered, (L1xe, L1Ye) =(0,0) and Pql. Pq2. Pq3, Pq4 = Pq.

For a, b, and g defmed in Figure 4.2 and for a Gaussian irradiance, Pq is calculated as

follows:

•
Nowlet

Chapter4
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= 10II
A

e-Z(,,'+y')/w' d<\

b " a ••=101e-ZY' Iw'dyIe-Zx' lw' dx
g g

(4.6)
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• t=..fily

u=..filx

a=wl..fi

Substituting (4.7).(4.8) and (4.9) into (4.6) yields

bla • ala •
Pq =a 2 [o Je- l ' dl J e-''- du

gla gla

a2[ 1r
=--:-[erf(bt a)-erf(gt a)] [erf(nt a)-erf(gt a)]

where

(4.7)

(U)

(4.9)

(4.\ 0)

(4. 11)

•
4.2.4 Total Iight power for misaligned spot

In this subsection, the total light power in each quadrant is calculated when the

misalignment error of the spot centre is (L1xe• LlYe). In this case, the irradiance I(x.y) is:

I(x.y) = loe-2(':x-fix, l'+(y-.<I.y. l'l/w'

And the totallight power on quadrant l, Pql, is:

P =1 II e-2«X-fix,l'+(y-.<I.Y,l')lw' dA
q, 0 A

a .. :r: b :r: :t=1
0
Je-2(x-fix,Y Iw dxJe-2(y-.<I.y,) Iw dy

g g

Transformations similar to those in the section 4.2.3 lead to:

(4.12)

(4.13)

•
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• Now. to detennine the light power on quadrant 2. Pq2. the irradiance described in

Equation (4.12) is integrated over arca # 2 of the QD dcscribed in Figure 4.2:

b • • -g • •
P

q
, =lofe-2(y-t.y.Y/w· dy f e-2(x-t.l:.)·/w· dx

g -a

(4.15)

•

•

Similar opemtions arc perfonncd for Pq3 and Pq4; the resulting power on quadrants

2,3. and 4 is thus:

Pq, = loa2: {erf[(-g~Llr-)]-erf[ (-a~Llrr)]}{erf[(b-:Yr)]_erf[(g -:Yr)]} (4.l6a)

Pq, =loa2: {erf[(-g~Llrr)]_erf[(-a~Llrr)]}{erf[(-g~liYr)]_erf[(-b~liYr) ]}(4.l6b)

Pq• =loa2 : {erf[(a-:r)]_erf[(g-:r)]}{erf[(-g~liYr)]_erf[(-b~liYr)]} (4.l6c)

4.2.5 Application of equations describing total light power

In this subscction, the equations of totallight power derived in the previous subscctions

arc used to detcnnine the optimal spot size whieh will yield a linear relationship between

voltages and misalignment error for a range of misalignment errors on a given QD

geometry.

Combining Eq (4.1) with ,4.14). (4.l6a), (4.l6b), and (4.l6e) yields the photoeurrent

produced by the part of the spot on quadrants 1,2,3 and 4, respectively. An optoelcctronic

sensitivity of S =0.41 AIW is assumed sinee this is the optoelectronic sensitivity of the

photosensitive devices for the QD used in the demonstrator (at Â. = 632.8 nm)(t). The

analysis given in this seetion is valid fnr any optoeiectronie sensitivity, however. When the

four photoeurrents are each passed through a resistor, four voltages Vb V2. V3 and V4 are

produeed. At this point, it is useful to plot.l1Vx vs the distanee from the spot centre to the

QD centre (E) The plot is given in Figure 4.5.

In Figure 4.5 can he scen the plot of .11Vx vs E as the centre of the spot moves along the

mathematica1line y =x between points P3 and Pl shown in Figure 4.6 (E is set negative

for spots centered in quadrant 3). In this ease, a »g and b»g; as weIl, w and E are both

nonnalized with respect to g. The resistance and totallight power in the spot are fIXed

arbitrary valueS.
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• Figure 4.5 indicates that for IV < g. the curve L!.Vx vs E is highly non-linear. On the

other hand. for IV > g. the curve is approximalely linear. Furthermore. as Il' increases. L!.V,

varies lincarly with displacement over a grcater displacemenl mnge. but the lowcr thc Sl'lrC

dL!.V./dE becomes. Simpic algcbra indicatcs that for IV > g thc slopc dL!. V)dE is the

constant k in Eq. (4.2).

The constant k is the measurement sensiùvity of the sctup: a small k yiclds a small

voltage change (L!.V) for a given displacemenL Conversely. a large k yields a largc L!.V for

the sarne given displacemenL A large measurement sensiùvity is desirable since il yiclds

more precise measurements for a given signal to noisc raÙo and simplifies thc clectronics.

For large spots. i.e. for (wlg»I, the most accumte informaùon is obtained when the

spot centre is closest to the gap, which indicates lhat this method theoretically is most

aecurate for detecting small misalignment errors about the origin - an intercsùng facL

To summarizc, Figure 4.5 indicates that an opùmal spot sizc can be chosen such thal

Eq. (4.2) holds for a certain lincar range. The determinaùon of this opùmal spot size for thc

actual demonstrator is given in the next chapter.

.',. .:.

wlg)0225

will!.;}. wIii .3,75
wIii ".5

· .· ......................· .· .· .· .
.... .

. .
···.;···········:···········j··········-:···········i

· .•• ••• •• "'4' ••..•••.••••••••••.•• ~ •••••••••• " ••· ..· .· .· .· .

.. .................................................... .•

Figure 4.5: Ideal dVxfor normalizedspot displtuement along y = x line (rectangu/ar QD).

•
~ Pt

1

SP3 G
Figure 4.6: Trajectory ofcentre ofspot used to obtain graph in Figure 4.5.
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•

4.3 Model of Movernent of Risley Bearn Steerers

ln this section. the use of RBSs for this active alignrnent demonstrator is justified. their

non-linear motion is explained, and an aIgorithm transforming a desircd Cartesian

displacemcnt into an cquivalent movemcnt performcd by two RBSs in series is derivcd.

4.3.1 Justification for using Risley Bearn Steerers in active
alignrnent

Thrcc rcasons for choosing Risley Bearn Steerers (RBSs) as the optieal components to

move in an active alignrnent expcriment are:

1) They have already becn used for x-y alignmer.t in free spaee-optical systems (2) and

have proven to be a simple and chcap way of aligning free-space interconnects.

2) Optical steering components requiring rotational. as opposed to lateraI, disp1acement

can more easily fit into a barrel or other integrated optomechanical setup. In addition.

angular motion is casier to control than rectilinear motion when compensating for
vibrational effects(3).

3) As will be shown below, the deviation of a spot by RBSs. while inherently non­

Iincar. can be modelcd algorithmically with high accuracy.

4.3.2 Definitions and assurnptions

Let

1) An RBS be a nearly cylindrical optical component with a wedge in il, and whose

purpose is to steer bearns of Iight by imparting an angular displacement to them, as

shown in Figures 4.7 and 4.8.

2) The two RBSs in the system be named RBS A and RBS B.
3) f3 A and PB be the wedge angle of RBS A and RBS B respectiveiy.

4) 8A and 8B be respcctively the angular rotation of RBS A and RBS B aboul the :l­

axis, as shown in Figure 4.8.

5) (XI.YI) be the Cartesian representation of an arbitrary displacement imparted to a

spoi. by the RBSs, and let dl he the magnitude of the disp1acement (X/OYI):

dt=~Xf+~f (4.17)

6) 81 he a modified form of arctan (YI/Xl)' such that O:s; 81< 27t.

7) (xu.YzJ he the position of the spot on the QD h'ld it becn unchanged by the RBS pair.
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• 4.3.3 Effeet of two RBSs in series on the trajeetory of a beam

From firs! order theory (41. the ang!llar deviaùor.. O. imparted by a wedge lm a beam is:

0= (n -1){3 (4.1 S)

where n is the index of refracùon oi lh~ RBS. As such. al lhe focal plane 0' a kns with

focallengthj. the la!eral displacemenl, r. !o the spot impaned by the RBS is:

rA =ftan0A =ftan«n-I){3A)

rB =ftan OB =f '.afl«n -1){3B)

(4.llJa)

(4.1lJb)

The graphical representation of equations (4.18) and (4.19) is given in Figure 4.7.

•
1\

U.

•

Figure 4.7: Effect ofwedge on beam propagation and resuLting displacement due to a Lens.

An RBS is effectiveLy an eLement with a wedge in il.

Rotating the wedge about the z axis will cause the spot in the focal plane 10 move along

the circumference of a circle of radius r in the x-y plane al the lens' focal plane.

If RBS A and B are laid out in series along the beam path. the angular displacements

imparted by the IWO RBSs will add. When RBSs A and B arc rotated aboul the l.-axis. the

spot will move on the periphery of a fusl circle of radius rA whose centre is located on the

periphery of a second circle of radius rB. This is shown in Figure 4.8b). A more formal

defInition is given below. The maximum deviation of the beam with respeet to the optical

axis will thus be equal to rA + rB. This maximum deviation will arise when the angular

rotation of the wedges is identical. A more formaI analysis is carried out in the foilowing

subsections. and in a;lpendix A a full optical calculation of the effeet of two RBSs shows
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that thc "circlc on circlc" approximation is valid to wcll within onc pcrccnt for thc physical

valucs uscd in thc dcmonstrator.

L X

RBSB

" 1~6g
\ 1 \ t
j

z

RBSA

\

1
1

•

Figure 4.8 a) Effect on beam ofrwo RBSs in series. Z-axis is coaxial with RBSs.

Il) locus ofspot movemenr on the focal plane. looking down the z-axis.

•
4.3.4 Transformation expressing lateral Cartesian displacement as an

angular RBS displacement (CtoR transform)

In this subscetion. a more fonnal description of the phenomenon described in the

prcvious subsection and picturcd in Figure 4.8b) is given. As weIl. a tr'ansfonnation is
found which maps a Cartesian displacement (x/o YI) irao a ro:ational displacement (8A• 8B)

of two RBSs. as outlined in Figure 4.9.
The angles 8A and 8B are illustrated in Figure 4.9. By definition. these angles are like

conventional geometric angles: they are zero when in the "3 o'clock" position and increase

in a counter-clockwisc direction. At this point, before starting the geometrie analysis. it is

bcst to give a few examples: (i) the CtoR transform of the Cartesian displacement (X/OYI) =
(rATr...O) yielcls the RBS angles (8A• 8B) =(0.0); (ü) the CtoR tr'ansform of the Cartesian

displacement (xj.Y/) = (O.rA+rB.) yields the RBS angles (8A• 8B) = (TC/2.7tI2). A complete

simulation of the RBS movement is given in subscetion 4.3.9.

Thcre arc three distinct cases to he considercd when studying the CtoR transf.:>rm:

1) dl > rA+rB yields an impossible solution

2) dl < 1rA - rB 1yields an impossible solution

3) 1rA - rB 1< dl < rA+rB yields r. solution

•
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1
/

/

- -
Figure 4.9: Desired Canesian displacement (x/oYJ) with corresponding angu/ar rotation of
RBSs (BA' Bs). a/ong with other mathematica/ poiniS and constructions used in derivation

of CtoR transform.

From Figure 4.9. it can thus be secn that the displacemcnt imparted by RBS A and

RBS B in series is equal to the displacement bctween (i) the tip of a flI'St vcctor of length rll

and rotated by Bs. and (ii) the taïl of a vector of length rA and rotalCd by BA whose tip is al

the taiI of the flI'St vector.

From the geOl;:~try defined in Figure 4.10. the following relaLionships are obtained

from the cosine law:

(4.20a)

(4.20b)

Simplifying yields:

•
Simple geometry from Figure 4.10 yields th.;; following relaLionships:
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• 8,1 =81+8.

8B =81-8b

!
1

1

Il \61

L_l
Figure 4. J0: Geometry ofRBS movement.

(4.22a)

(4.22b)

•
For thcrc to bc a rcal solution to equation (4.21 a),the inequality 1cos(8a) 1< 1 must

hold, which mcans that

(4.23)

Solving (4.23) yields IWO conditions (an analogous result is obtained for ~):

and

•

The tirst condition simply implies that the total misalignment distance, db must be less

than the total radius of action of the RBSs. The second condition is more problematic and

implics that thcrc is a rcgion, a 'blind area', to which the RBSs cannot centre a spot.

Thc blind area does not mean that the mismalChed RBSs will never be able to centre a

spot. Rather, the blind area means that the RBSs will never be able to impart a net

displaccmcnt of zero ~ to the spot. The corollary of this statement is: if the spot is

perfectly centercd before the insertion of the RBSs, the spot will never be centered after

thcir insertion, regardless of their angular rotation. Qnly if the spot is more than IrA-rBI

away from the centre before the RBS insertion can it be centered after the RBS insertion.
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• 4.3.5 Cartesian displacement of spot imparted DY two RBSs with
known angular rotation (RtoC Transform)

The RtoC transform is the inverse of the CtoR transform. The RtoC transform is

simply the sum of two displacements exprcssed in polar coordinatc..~.

x\ =rACosO,\ +rBcosOB

YI =rA sin OA +rBsin OB
(4.24)

•

4.3.6 Formai algorithm for calculating the angular displacement
necessary for two RBSs to correct a lateral misalignment error
detected by a quadrant detector

ln this subsecùon a formal algorithm is developed for the ccntering of a spot which is

misaligned by (L1xe. L1yel- The 'eircle on circle' model outlined above is used and it is

assumed that the algorithm is working in the steady-state, i.e. the eurrcnt value of (8A , 8B)

is known.

The following is an algorithm for determining the angular rotation of the lwo RBS:;

required lo centre on the QD a spot which is eurrcntly misaligned by (Llxe• L1Ye):

1) Determine (L1xe. L1ye)

2) Determine (xu.y,.) by the following ealeulaùon in whieh the RtoC transform is used:

Xu =àx,-(rA eos8A +rseos8B)

Yu =ây,-(rA sin8A +rBsin8B)
(4.25)

3) Given the nature of the CtoR transform whieh models how two RBSs impart a

displaeement on a spot, perform the CtoR transform on (-Xll'-YU) in order to determine

(8A• 8B) whieh will centre the spot

•
8. = a.-ctan(~:) where 0 ~ 8] < 27t.

and 8a and 8b are determined as per equation (4.21).
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• The new value of (eA, eB) is thus:

eA=e1+ea

8B =81-8b

(4.28a)

(4.28b)

•

•

(eA• eB) is now the desired input pair of angles to be fed to the stepper motor system

controlling the RBSs. Note that (eA, eB) obtained in Eq. (4.28) is valid for case 3) in

subsection 4.3.4. For the cases in which more than one solution is possible (equal wedge

angles), the algorithm chooses the solution consistent with the geometry of Figure 4.10.

4.3.7 Formai algorithm for detennining initial (eA, eB) given
arbitrary initial angular displacement of RBSs

The assumption at the stan of subsection 4.3.6 states that the initial angular

displacement of the RBSs must he known. However, in order to hegin, there must he an

initialization routine which determines the initial angular displacement of the RBSs. This

initialization routine should be as simple as possible and minimize ail alignment and pre­

alignmenL This initialization process is caIled hunting.

ln order to facilitate the explanation that follows, a MatlabThl simulation of the hunting

process is included at the end of this subsection.

The geometry from the above subsections indicates that for the particular case of

rA =rB =r, there May be two solutions for (eA.BB) for a non-zero displacement imparted

by the RBSs. This multiplicity of solutions is problematic; if the hunting algorithrn is to he

useful in ail circumstances. it must accommodate this particular case. A solution to this

problem is as follows. From the explanation of the algorithrn in the preceding subsections.

it can he secn that the maximum deviation imparted by the RBSs will occur when eA = eB

and that such a solution 1s unique. This unique solution is the key to the hunting.

Furthermore, when (BA. BB) = (0,0). the spot is deviated to its maximum rightmost

displacement (maximum value of .dxe). In other words, ail spot displacements of

magnitude rA+rB will always be brought about by a unique pair of angular RBS

displacements. The simplest case is (BA. BB) = (0.0). Given the definition of BA and BB.

this situation corresponds to a spot displacement of rA+rB in the x-direction and 0 in the y­

direction.

A general algorithm for determining a known (BA,BB) given an unknown arbitrary

initial angular displacement (B'A,B'B) of the RBSs and an arbitrary (.:h'e,.1y'e) is thus:
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I) Keeping RBS B fixed, rotale RBS A unùl SpOl is al posiùon (L1x~maxA,L1Ye.vrUJ.tA).

whieh is a maximum displaeement in the +x dirceùon.

2) Kccping RES A fixed in the posiùon just obtained, rotate RBS B unlil SpOl is at

posiùon (L1xema.rB,L1yexmaxB), where L1xema.rB, is the maximum displacement in the

+x dirccùon obtained by rotaùng RBS B.

3) Let (eA, en) = (0,0)

4) Let the new (L1xe,L1Ye) = (L1xemaxB.L1YexmaxB)

(L1xe.L1Ye) and (eA. en) can then be fed into the steady-state algorithm describcd in

subsecùon 4.3.6.

As stated above, a Matlab™ simulaùon was performed on the hunùng algorithm. The

results of the hunùng simulaùon are shown in Figure 4.11. The RBSs arc sequenùally

rotated unùl the spot is at its rightmost displacement The spot is determined 10 be al its

rightmost displacement when the x value starts 10 dccrcase for the Iirsl ùme after it had bccn

monotonically increasing. The theoreùcal error in this determinaÙ1.1 is bounded by the

angular resoluùon of the RBS rotaùon: if at cach step the RBS rotates by 10, the worst case

errorwill he 1°.

4.3.8 Resolution of RBS angular movement required for 1 Ilm
alignment accuracy

From an optomechanical point of view, it is interesùng 10 determine what angular

rotation of an RBS is required to achieve a spot movemcnt of ê = 1Ilffi:

Let 1/1 = angular rotaùon (in radians) of 1 RBS eorrcsponding to a spot displacement of

ê.

By simple geometry:

ê
1/1=­

r
(4.29)

•
For example, if r =2421lffi (a value determined by the eomponents uscd in the actual

demonstrator) then 1/1 = 11242 rad (0.23°) is required for a 1 Ilffi resolution. This is a major

constraint driving the choice of the stepper motors and the optomechanics.
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hunting...

Maximum x displacemenL of Spol
centre duc 10 rolation of RBS B

\
+
+

Maximum x displacemenl of spol
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Figure 4.11: Result ofhunting aIgorithm sirnuJmed on Matlab™.
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4.3.9 Simulation of movement due to rotating RBSs

•

ln order to verify the validity of the algorithm and illustrate the movement brought

about by rotating RBSs, simulations were written and exeeuted under Maùab'IM. ln Figures

4.12 through 4.15, a sequence of perturbations and automatic realignments is simulated.

The meaning of the displayed values is as follows:

oidthetaA, oldthetaB: current values of RBS angular rotation

xU,yu: position of spot had there becn no RBS

xe,ye: magnitude of perturbation that bas just occurred.

thetaA, thetaB: calculated value of RBS angle which will recentre the spot

ln these simulations, the RBSs are moved one after the other in order to show the

movemenL ln the real demonstrator, however, they are moved concurrenùy. As weIl, the

simulations show ooly the centre of the SpOL The spot itself is considerably larger.
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Figure 4.13: Continuedfrom Figure 4.12. Simulation ofRES rotation required ta centre
spot on QD after second additional perturbation of(Llxe,L1Ye) = (3.5).

Figure 4.12: Simulation ofRES rotation required ta centre spot on QD after perturbation of
(Llxe.L1Ye) =(5.5). Angles are in radians. displacements are in arbi/rary units.
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Figure 4.14: Continuedfrom Figure 4.13. Simulation ofRBS rotation required to centre
spot on QD after third additional perturbation of(Lhe.!JYe) = (-9.5).

Figure 4.15 Contïnuedfrom Figure 4.14. Simulation ofRBS rotation required fQ centre
spot on QD afterfourth additional perturbation of(Lhe.!JYe) = (-10.-8).
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4.4 Conclusion

The theory, design and simulation of the demonstralOr given in this ehapter indieate that

an acti"e alignmenl demonstrator using RBSs is indeed possible.

A method for detennining the misalignment error of a spot impinging on a QD was

described and analyzcd. A novc\ algorithm for centering a spot in the x-y plane using RBSs

was derived. Potenùal sources of inaccuracies such as tl>e effect of first order opùes and the

finite resoluùon of stepper motors were idenùfied and quantilied.

The building and tesùng of the demonstrator described in the next two chapters reveal

these and other issues.
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ChaDter 5

Design and construction of active alignment demonstrator

5.1 Introduction

In this chaptcr, the main steps in the construction of the demonstrator which

successfully implemented the active alignment algorithm using RBSs arc outlined. By

ouLlining the main steps carricd out during the actual construction, it is shown that various

engineering disciplines were required to build a real system based on a theoretieal design. A

schcmatic of the built system is shown in Figure 5. I. The complete system was designed

and built in the lab over the course of several months.

Over the course of the system construction, optical, optomechanical, optoelectronic and

computer considerations imposed engineering constraints which had to be addrcssed. The

schematic in Figure 5.1 as weU as the constraints encountered and solutions chosen arc

further explained in the sections below. Section 5.2 explores the optoelectronic and

electronic devices and circuitry that were used, and describes the tests OOt were perfonned

to characterize these. Seetion 5.3 addresses optical issues such as lens focallength and spot

sizc, as weU as the methodology foUowed to produce the desired spot sizc on the quadrant

detector (QD). Seetion 5.4 describes the power train used to couple the power of caeh

motor to its respective RBS holder assembly in order to rotate the RES to the angular

position calculated by the algorithm. The design and fabrication of the RBS holder

assembly itself is also discussed. Section 5.5 describes the issues invoIved in the

optomechanical packaging of the QD onto a suppon plate which is bolted onto a Newpon

x-y-z positioner. It is shown tllat packaging issues are vitally imponant: for example, a

small rotational misalignment of the QD package can cause a substantial error in the

misalignment error (L1x", Lly.) input to the algorithm. Finally, seetion 5.6 briefly overviews

the computing platfonn, both hardware and software, on which the algorithm was

eneoded.
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Scquc:occr &:
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Sequcnccr&
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QD in To-S pllckDJ:C
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whlch oI~orilhQl

~ implcmc:nlcd
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Newport x..y-z positioacr -

CCD Support P1ateror QD
boItcd ID pooltlon.,..

Figure 5.1: Setup ofactive alignment demonstrator (Illumination LED not shownfor

simplicityJ.

5.2 Optoelectronic:s and electronic:s for detection and transmission of
error signal

5.2.1 Choice of resistor value

The QD ehosen for the demonstrator was the Hamamatsu S4349 which has a mcasurcd

optoelectronie sensitivity of 0.41 AlW, as is indicated in subseetion 5.2.3. The Hamamatsu
S4349 has the following geometry: a =b =1500 !lm and 2g =100 !J.m(l), where a, b, and

g are defined in Figure 4.2 .

Given the power of the HeNe laser used in the demonstrator and the losses in the
optica1 train, the total measured light power of the spot on the QD was 73 !lW± 3%. Since

it was desired to have a maximum voltage swing of approximately 10 V, the resistor value

was ealeulated as follows.

From Eq. (4.1) and Figure 4.4:
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v =ip =(f irradiancc on photosensiti,c arca x dA) x S
R•

=73JlWx0.41

==>R=__V__
73JlW xO.4\

10

73JlWxO.41
334kn

(5.1 )

To simplify circuit assembly. the c10sest standard rcsistor value (330 k.Q) was chosen.

This choice of a practical resistor addcd an error of -\%. and was decmcd tolerablc si'lce it

simplificd circuit assembly. However. care was taken to choose resistors that werc as

closely matchcd as possible.

A plot of the ideal voltage swing vs misalignment in the x direction. (.1Vx vs Llx,) for a

spot displacement along the L1y, = Llx, line is shown in Figure 5.2. This plnt is similar to

Figure 4.5. The difference between these two plots. however. is that Figure 5.2

incorporates the real physical values for the experimental setup. not arbitrary units or

norrnalizcd values.

1S
Ideal dVx lor E spot disp (rect. QO);2g=1oo;a=b=1Soo Power=7e.<JS

. ;. .. " ;. , .:· . .· . .· . .· . .· . .· . .· . .· .· .· .

· .. .. .... ... ... ." _ " .· . .· . .· . .· . .· . .· . .· . .· . .· . .· . .. ...............: : .
· .· .· .· .· .

-10

· . . .......... '" .· . . .· . . .· . . .· . . .· . . .· . . .· . . .· . . .· . . .· . . .. . . . .
====::::.:..::=~~.~ : : : :

· . . .· . . .· . . .· . . .· . . .· . .· . .· . .
.1SJ:nO--~;---~:n---~----:;-;!n--~·.------;vi.
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Edisplac'3lllent (lm)

Figure 5.2: Ideal dVxfor spa. dispw.;,·mem a1cng L1y, = L1xe line (rectanguIar QD)

using aetuaI physicalparameters.
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~10 : ~ ~ ..,.1':":,.==~~="··.,.,.··~~1~

~ , " ~-270
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5.2.2 Choice of revt:l"se bias voltage for photodetectors on quadrant
detector

Another key parameter to choose was the voitage applied to the biasing circuit. Va.

shown in Figure 5.3. An experiment was conducted to determine tne range of desir.lble Va'

In this experiment. a small spot was focused onto the middle of quadrant 2 (Q2). The

voltages Vi, V2, V3• and V4, were mcasured as Va was swept from 0 to 20 V. whieh is the

breakdown voitage specified in the data shccts (1). The resulting measured values arc

plottcd in Figure 5.4.

The analysis of Figure 5.4 yields insight about the cireuit operation. For the illuminated

Q2, the maximum voltage across R2 should be: V2 =731lW x 0.41 NW x 330 kil =9.9

V, as was calculatcd in subsection 5.2.1. (Ri = R 2= R3 = R4 = R = 330 kQ). However.

Kirchoffs voltage law dictates that V2 = Va+ Vbi, where Ybi is the built-in voltage of the

diode. Consequently, V2 increases with inereasing Va, until V2 =9.9. at which point V2

does not increase for inereasing Va. Figure 5 : also indiealCS that for this diode, Vbj=O.5V.

For QI. Q3, and Q4, the analysis is as follows. For low reverse bias voltages. the èark

current is relatively high and as such the current across Ri. R3. and R4 is high. This

current across the very large 330 kil resistor causes an appreciable voltage increase up to

Va + Vb;, for low Va. However. as the reverse bias voltage increases. the dark current

decrcases. leading to a smaller drop across the resistors. At Va > lOV. the ratio of Vx to

V2. (x = 1.3. or 4) is < 0.05. which is as per the specifications. The reason for the

difference between. on one hand Vi and V3. and, on the other hand. V4. can oe attributed

to imperfcct isolation between the active regions: more of the photoeurrents of Q2 go to the

quadrants adjacent to Q2. namely Q3 and QI. than tO the farthest quadrant Q4. An

analogous behaviour was observcd wh'ln the spot was kept on the other quadrants.

The conclusion from this el:peiim\:."t ,vas that the applied voltage Va should he kept in

the range 10 V:5 Va < 20. A value of Va = lU V was chosen for the experiment.

~hV
+
v.

Figure 5.3: Ideal represenJation ofquadrantdeteetor as weU as extemol biasing circuit
and resistors.
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Figure 5.4: Effect ofapplied voltage. Va on measured voltages Vb V:z, V3. V4 created

by photocurrents across resistors. Focused spot is located at the centre ofQuadrant 2.

5.2.3 Uniforrnity of optoelectronic sensitivity on quadrant detector

The unifonnity of the optoelectronic sensitivity, 5, is vital: any non-unifonnity in 5 will

produce ineonsistent photocurrents for an equal illumination, leading to incorrect

measurcments of (Llxe• .I1YeJ. In order to detennine the unifonnity of 5, measurements

were taken at various positions along a quadrant of the QD.

The basic theory is as follows. Figure 5.3, indicates that incident light creates a

photocurrent, ip , which creates a voltage across resistor R (330 kQ). For a total incident

light power PB, the scnsitivity is:

vs=­
RPB

(5.2)

•

For these measurements, the QD was moved such that the full power of the spot

impinged on various position~ within one quadrant of the QD. At each position, the voltage

across the resistor was meas'JI'ed.

A schematic of the cO~ùponents used for the optoelectronic sensitivity measurement as

weIl as their layout is shown in Figure 5.5. The experiment lasted an hour because many

points were ta!œn. Since previous measurements indieated that the laser fluctuated by ±3%
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• over this long ùme span. it was neeessary to determine the incident power PEI for eaeh

voltage measurement. For every mcasurement. PB was èetermined as follows. p ..t WOlS

measured using a Newport 1835C power meter and PB was determined by mulùplying P".

by the raùo PslP". which had previously bccn mcasured: PslP" = 0.855±O.OO8. (Ideally.

PslP" = 1: this deviaùon from the idca1 ean he attributed to 2% rcficction losses aleach lens

surfaœ. as weil as to a non-idcal 50:50 bcam splitter). As such. ail the terms in Eq 5.2

were known for every measurement and the sensiùvity could he ealeulated for every point.

. QD in TO-S package

1

Lens

Power
Meter

50:50
Bearn Splitter

Newport x-y-z positioner

Figure 5.5: Schematic ofOptoelectronic sensitivity measurement setup .•
The QD was moved such that the spot followed a trajectory along lincs 1 and 2

indicated in Figure 5.6. Measurements were made every 50..fi J.U1I along trajcctory :. and

every 50 J.U1I a10ng trajectory 2.

_ISOOmu_

ISOOmu

•
~2~

Fig:ue 5.6: Trajectories aJong which measurements were taken.

The results of the optoelecttonic sensitivity measurements are plotted in Figure 5.7.
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Figure 5.7a): Sensitivity vs total dispiacemenrfrom QD centre, trajeclOry 1.
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Figure 5.7b): Sensitivity vs y dispiacementfrom QD centre, trajectory 2.

Statistical analysis indicates that the unifonnity is excellent:

Minimum 0.3 47
Maximum 0.41469944
Points 23
Mean U.4060216
Median U.40795931

1Sui Deviation 1 U.0072219883
Variallce 5.2157115e-U5

Table 5.1: Statistical analysis ofoplOelecrronic sensitivity ofactive area on quadrant ofQD.
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• 5.2.4 Experimental analysis of the analog signal transmission setup

"-Unity Gain Buffer
J'

Si photodiode
representing one
of the four
Q'badrants on the

Figure 5.8: Schematic ofanalog signal transmission setupfrom detector ta algorithm

Not only was it imponant for the photocurrcnts produced by the QD to be consistent in

order to produce consistent voltages. it was also imponant for the computer to propcrly

detect and sampie these voltages in order to propcrly calculate the misalignment error (.1x,...

L1Ye) for input into the a1gorithm. A Lab-NBTM AfD (Analog to Digital) Board from

National Instruments was instaIled on the computer to perform the sampling. Since the spot

only moved very slowly in this experimenl. the sampling rate of thousands of samples per

second was largely sufficient

Figure 5.8 indicates how each voltage VI. V2. v.~ and V4. was buffered and then sent

down a 15 m ribbon callle to the computer which sampled the voltages and implemented

the a1gorithm using the sampIed dat:l (the 15 m length of the interconnect was

unfortunately dictated by the layout of the lab and the experioncntal setup). Mcasurements

wcre performed to dctermine if therc was a significant difference between the true voltage

(Iocated at point T of Figure 5.8) read using a conventional oscilloscope. and the voltage

input into the a1gorithm (displayed on the computer screen). which was affected by the

combincd effects of the buffering, the transmission and the sampling.

•

•

Various voltage values were compared on each of the four setups (Le. one for each

quadrant) in order to determine the error between the true voltage and the voltage input to

the algorithm; these plots are shown in Figure 5.9. Furthermore, statistical analysis in

Table 5.2 shows that these two values are on average very close. on the order of 1%.

Finally. sinee these values are subtracted from each other in order to determine the error

signal (Eq. 4.2), the effects of the consistently negative mean were rcduccd. What errors

there were ean he attributed to many factors:
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• 1) Laser fluctuaÙons: since it took about 90 seconds to mcasure the 4 voltages with the

oscilloscope, write down the values in the notebook, and then walk over to the computer to

rcad off the 4 samplcd voltages. the laser could casily have fluctuated within iLS spec1ficd

±l % shon term power stability(2).

2) Quanùzaùon error: the AID board has a 12 bit reprcsentaùon, which means that the

mcan error is 10 VI (2 X 212) = 1.22 mV.

3) EMI (Electromagneùc Interference): Given the noisy lab environment, the signal

could have becn corrupted as il propagated along the long 15 m ribbon cable which acted as

a long antenna.

1.20.8 10.6
~TN.

0.40.210a2
.2 L-.........l-I..............L-...................-.JL..o..........J

o•
(a) (b)

10a2

al---+---1-"--+--""'F-

o

-0.2 ........I.U"'"""'...............LI.&.......u...........LI.L.u.I.......l.&.J
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7

V3.TNo

61--+---r--..I1!'"--+-~i 0.4 j 4/--"'--..,,__::'--+--f--l
~I 0.2 t--~:::::o'~-+--+--'--'---l ~

> 21--~<---1--__i-----_i

•
(c) (d)

Figure 5.9: Plots of(true voltage) vs (sampled voltage) awng with difference between

the two (a) Quadrant 1 (b) Quadrant 2 (c) Quadrant3 (d) Quadrant4.
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VI U1Je-sarnoie V2 U1Je-sample v3 U1Je-sarnole V4 U1Je-samole
Minimum -0.40 -0.050 -0.049 -0.3W
Maximum 0 0.039 0.010 0.049
Points 34 34 34 34
Mean -0.137 -0.004 -0.013 -o.on
Meciian -0.10 0 -0.009 -0.044
Std Deviation 0.102 0.018 0.016 0.096
Variance 0.010 0.0003 0.0002 0.009

Table 5.2: Statistical analysis on error between true voltages and voltages input ta

algorithm after buffering. transmission over 15 metres. and sampling.

5.3 Determination of optical parameters

In this subsection. the theoretical results obtained in chapter 4 are used to determine the

focallength of the lens. and the best size of the spot impinging on the quadrant detector

(QD). The method implemented to physically obtain a spot of this sizc on the QD is also

given.

5.3.1 Choice of lens focal length

In chapter 2. it was shown that a mechanieal insertion of a PCB into an cxisting

backplane could yield a misalignment of -± 100 !Lm. Conscqucnüy. 100 l1ffi was choscn as

a minimum misalignment error to be corrected by the RBSs. It was thus ncccssary to

ensure that the movement impaned by the RBSs could coyer at least a circlc of radius 100
11ffi. As stated in Chapter 4. two RBSs each of wedge anglc Pcan impart a maximum

displacement of d = 2 x f x tan«n-l)f3). where j is the lens' focallcngth. Givcn RBSs of

BK7 (n = 1.5 at Â. = 632.S nm). and nominal wedge angles of {3=O.25° for both RBSs. thc

minimum acceptablcfwas:f = 22.9 mm. A lens offocallengthf= 100 mm was choscn;
this allowed for a total theoretical radius of action of 2 x f xtan«n-l)f3)=436 11ffi. largely

sufficient for a ±loo l1ffi displacement as weil as for experimcnting with furthcr

displacements of larger magnitude.

Measurements of the wedge angles of the RBSs used in the demonstrator indicated that
their wedge angles were actually PA = 0.20S0±2% and PB =0.27S0±2%. The RBSs were

nonetheless used since those were the only RBSs available al the lime. Howevcr. since the

algorithm was designed for arbitrary wedge angles. this was not a major problem.
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• 5.3.2 Theoretical and experimental determination of optimal spot size
and measurement sensitivity constant

ln order to oblain lincar voilage changes (.Il.Vx and .Il.Vy) for spot displacements of

± 100 !lm about the centre of the QD. Figure 5.2 indicates that a spot of W '" 195 !lm

yields a linear relationship up to a displacement of - 200 !lm. Furthennore. a spot of W '"

195 will still bring about monotonically incrcasing voIlage changes ( .Il.Vx and .Il.Vy) for

displacements considerably above 200 !lm; these further voIlage changes. however. will

not be linearly proportional to the spot displacement, as can be secn by the non-1inear

ro11off of the curves for large displacements in Fig 5.2.

Two different approaches were considered for obtaining a spot of w '" 195 1J.IIl.

The first approach consisted of illuminating the imaging lens of Figure 5.lOa) with a

Gaussian bcarn having a specifie Wb<am • Eq (5.3) was used 10 detennine the specifie Wb<am

rcquired to achieve a spot W '" 195 1J.IIl:

Given the focallengthj= 100 mm and the 632.8 nm wavelength of the HeNe laser

uscd in the experiment, Eq 5.3 ean be solved for Wb<am , yielding Wb<am = 103 1J.IIl.

The second approach consisted of defocusing the bearn as shown in Figure 5. lOb).

Given an incoming beam having an approximately Gaussian profile with a diameter (e-2

points) of 2wo; = 4.38 mm, the diameter of the waist of the beam leaving the lens is

2w01 = 18.4 1J.IIl. The sizc of the spot w(Zd) on the QD as a function of the defocus Zd is

then analogous to Eq (4.4):

•
W (5.3)

(5.4)

•

Solving (5.4) for Zd in order to obtain w(ZdJ =195 yields Zd = 84831J.I1l.

After considering both approaches, the second approach was chosen: since the QD was

alrcady mounted on an x-y-z positioner with micrometers, it was simpler to slightly

defocus the QD than it was to place additional optics to change the bearn dimensions.

However, the system had to be as telecentric as possible: as a result, the RBSs were both

inserted as near the lens' front focal plane as possible.
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Figure 5.10: Two dijferent approachesfor obtaining a .'pot ofw=/95 !Jm a) small

incoming wbeam b) defocus ofa telecentric system

•

Once the optimal spot sizc was achieved. the QD was moved such that the spot swept

along the L1y~=L1x~ trajcctory shown in Figure 4.6: the voltages across the resistors were

Laken at regular intervals along the trajectory. The resulting voltages across the resistors

were used to ealculate L1Vx (Eq. 4.3). Figure 5.11 compares two curves: the plot of

theorellcal L1Vx.vs L1x~ and the plot of measured L1Vx vs L1x~ for L1x~ displacements along

the L1y.=L1x. lîne. The measured data in the plot of Figure 5.11 indicatcs that the thcoretical

voltage values very elosely match the measured ones. The plot of L1 V:V vs L1y~ was similar.

The discrepancies between the theoretical and measured voltages can be explained by the.:

faet that the spot had a non-ideal Gaussian irradiance distribution. Causes of the non-ideal

Gaussian irradiance distribution are given in section 5.7.

-G-Measured dVx
--Theoretical dVx

Theoretical VS Measured Values
for Displacement of Spot on QD

10

-10
.Q.S .Q.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

TruoX(mm)

Figure 5.11: L1Vx vs L1x.for spot displacement along L1y.=L1x. trajectory shawn in

Figure 4.6.•
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Having delermined the optimal SpOl sizc whieh yielded a Iinear L1Vx and L1 V:V for the

misalignmenl errors of intere5t, il was neccssary 10 determine the mcasuremeOl sensitivity k

in Eq. (4.2) which related the mcasured differeOliaI voIlages, L1 Vx and L1 Vv, to actual

misalignmeOl errors, L1x, and L1y, rcspeetively. From Eq (4.2), il can be seen thal k is the

slope of lhe linear region of the L1 Vv vs L1y, or L1Vx vs L1x, eurves. By calculating the

slope of the lincar region of the curve in Figure 5.1 l, k was delermined to be: k=26.6

IlmN. This mcasurement sensitivity was valid only for smaIl displacemenLS (<200 Ilffi). It
ean be secn from the graph that multiplying L1Vx by k for larger displaccmenLS (>200 Ilffi)

yiddcd a mcasurcd misalignment error that was smaller than the aclUaI misalignment error.

5.4 Optomechanical design and aduator issues

5.4.1 Power train from actuator to RBS holder

As slated above, the aetive aIignment demonstrator centered a spot by rolating lWO

RBSs to angular positions determined by the aIgorithm. Two 48-step motors from H&R

Inc. (i.e. one for cach RBS) were ehosen to rolate the RBSs. A 48 step motor has an

angular resolution of 3600/48=7.5°/step. As sueh, in order to achieve the angular resolution

of < 1° specificd in subsection 6.3.R, a worm gear setup was used to rolate the RBSs. The

worm and worm gear both earne from Boston Gear Inc.: worm gear G1024 featuring a

diarnetrical piteh of 31.75 mm (1.2500 inches) and 60 teeth was used in conjunction with

worm LSH- 1 to achieve a 60: 1 gear reduction. The total theoretical resolution was thus

360°/(48 x 60)=0.125°. Worm gear G1024 is shown in Figure 5.12.

Pitch dia=31.75

_~~~HUb dia=16.002
r Bore dia=4.763

Figure 5.12: Wonn gear GI024.

Eiectrical power considerations were important As in aIl stepper motors, tbere were

severa! windings (4 in tbis case), and successive1y energizing tbe windir.gs in a definite

sequence made tbe motar rolate in discrete steps. Each stepper motor required a DC power
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of 330 mA x 6 V at aIl Limes. whether or not the motor was moving (one motor winùing

was energizcd at .Ill Limes to ensure a constant holding torque if there was no mowment).

However. neither the computer (described bclow) an which the aIgorithm r.ln nor other

controllogic could drive more than a few mA at5 V (TrL levcls). Consequently. thcre had

to be a power gain in arder for the computer to drive the matars which rotateù the RBSs.

The power gain was supplied by a UCN5804B chip. Finally. the mator power was

Lransferred to the worm via a drive shaft coupled to the motor shaft. and the worm rotaled

the worm gcar on the RBS holder assembly.

5.4.2 Fa1)rication of RBS holder assembly

The two RBSs used were nominaIly idenùcaI and the geometry of cach was as follows:

cach was 18 mm in diameter and 3 mm thick. The nominal wedge angle was 0.25 0 and had

a negligible effect on thiekncss.

Designing and building a holdcr assembly that aIlowed for controlled rotaLion of the

RBSs by the power train was a necessary Lask. For eaeh RBS, an RBS holder assembly

was dcsigned and built whieh consisted of: an RBS. a bail bcaring, a worm gear, and an

RBS holder mounted into a modified lens holder. Their design and construction is

dcscribcd below.

The design of the RBS holder is shown in Figure 5.13. The RBS holder was custom

designed to be glucd into baIl bearing ABS-AI-68 from Nordex Inc.• which has a 25.4 mm

(1.0000 inch) outer diameter.
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Figure 5.13: RBS holderalong with side view ofball bearing. Wormgear must be

glued omo face A. RBS gluedflat on seat. Tolerances ±25.4 J.fJ1l (±O.001 inch).

The design of the RES holder shown in Figure 5.13 was exacüy the same design as the

one used for the MeGill Phase 1 demonstrator's; as sueh, it was easy to acquire two of

those RBS holders for the active alignment demonstrator. The RBS ho1der was mounted

into a Spindler & Hoyer 061010 mounting plate (modified to have a 1" clear aperture), the

RBS holder was glued into the bearing as shown in Figure 5.13, and the RBS was glued

--
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into the RBS holder. However. mounting and ccntering a worm gear <lnto this RBS h<llùcr

assembly was a challenging task. One way would have been to reùesign a complctely new

RES holder and modify the worm gear in orùer to boit the worm gear onto the RBS hlllùcr.

This prcsented machining problcms and would have Laken a long lime. Anllther way was l<l

glue the worm gear onto the RBS holder. The latter course of aetion (gluing) W:L~ chosen

and is dcscribed in the next paragmphs.

The objective was to centre and glue the worm gear onto face A of the RBS hlllùer.

This was a challcnging step since it is absolutely vital thal a gear be as weil œntereù as

possible onto the axis of rotation; failure to do so not only increases hacklash but also

ccnsidembly rcduccs gear lifetime(3). In other words. the bore of the worm gear anù the 12

mm clearance hole on the RBS holder had to be concentric. In orùer to accomplish this

step, a gluing jig which facilitatcd the opcmtion was dcsigned and huilL A schematic of this

jig is shown in Figure 5.14a). The jig was composeù of three main parIs: an

optomechanical support strueture with springs which presseù face A of the RBS holùer

onto the gcar, a Spindler & Hoyer 065070 x-y positioner which moved the RBS holùer for

fine positioning, and an imaging system which imaged the gcar and RBS holder onto a

CCDcarncra.

The imaging system, a 4f system, imaged the eentre part of the RBS holder onto the

device plane of the CCD. The rcsulting image simplificd measurements Laken to ensure the

proper centering of the wonn gcar with respeet 10 the RBS holder. The focal lengths /J anù

i2 were ealculated to image the periphery of the RBS holder's 12 mm cleamnce holc onlo

the CCD device plane; fI and12 thus had to image a 12 mm object onto a device plane of

4.8 x 3.6 mm (4).This implied a magnification, M, of al mosl M =0.3. Since M =Hfl,

the focal lengths chosen were 12 =10 mm and fI = 40 mm. Finally, since the RBS was

alon' ':e opticai path, the lotal length of the optical train was nol simply 212 + 2fJ, bUl

rather 212 + 211,+ E. where E compensalcd for the shorter optical path length sœn by the

lighl going through the RBS. For a 3 mm thick RBS made of BK7 (n=I.5), e= 1 mm.

The RBS holder was moved with the 065070 x-y positioner until mcasurements Laken

on the CCD image indicated that the 12 mm clearance hole on the RBS holder and the

wonn gear bore were concentric. When concentricity was obtaincd, RTV 732 elastomer

was put on the hub and the RBS holder was lowered onto the hub. The springs ensurcd a

unifonn pressure until the glue fmished euring, as shown in Fig 5.14b). The final centering

:!ccuracy was measured to be better Ll-tan 100 IUD.

When the complete assembly consis:ing of the RBS, the RBS holder, the modificd lens

holder l'.lr the RBS holder, and the wonn gcar was finished. the complete assembly was

mounted into the main active alignment setup; the wonn was then properly positioncd in
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• order LO impart a ro~tion lO the holder. as indieated by Ahmad(5). Simple pre-l,'ading

springs to reduee baeklash were also used. A photo of the power tr.un and RBS holder

assembly for RES Ais shown in Figure 5.15. The setup for RBS B was similar.

Deviee Plane~CCD

lens focal lengtb =1'2

---...t:C:::==:::::::::::>:1

Spindler & Hoycr Rods

1'2

:LEJ
x

C

•

Jens focallengtl!..=f1
~--.

~
SpindJcr & Hoycr Collars

ReJaxed springs ...

RBS
RBS holdcr in
n.:xIifieù Jens holdcr _

Glue
G1024 Worm Gcar
fastened to Spindlcr&=--"'~~IJ
Hoyer Rod-mounted - • Il
# 065070 x-y positioncr 065070

f1+f2

c :>

Tightencd
eollars

Comprcsscd
springs ---l~~

065070

•

Fig 5.14: lig used to assemble RBS holder-worm-gear assembly a) before curing. when

position ofRBS holder is moved and monitored on CCD until components are concentric

b) during curing.
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Worm Gear A RBS Holder Wo A UCNS804 Power Gain Chip

Figure 5.15: Photo ofcomplete actuator setup indicating 11Wtors. worm, worm gear and

RBS holder assembly. 25.4 mm pitch ofholes on table gives scale ofsetup.

Dctermining the magnitudc of backlash required knowledge of various gear parameters

which are specified in data sheets or which must be measured (6). Given a pressure angle of

14.5 ° (7), and a conservatively estimated difference of about 0.5 mm (0.02") between the

truc standard centre distance and the measured centre distance. the backlash was determined
to bc (8):

B=2 tan (14.S)xO.SO=O.26 mm

which yielded an angular uncertainty ofarcsin (0.26/15.875)=0.93°.

S.S Design, fabrication, and analysis of the optomechanical support
structure for the Quadrant Detector package

(5.5)

•
This subsection describes how the QD was packaged and mounted onto the support

plate with a minimum of rotation about the z-axïs.

It was desired to kinematically mount the QD package on an x-y-z positioner in oroer to

facilitate manual alignment of the QD as well as to simplify certain system and device
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• characterizations such as ilie optoelectronic sensitivity measuremenL~ described in this

chapter. Since ilie x-y-z positioner. by definition. could move ilie QD package in any lateral

direction. ilie challenge was ta kinematically mount ilie QD on an x-y-z posiùoner wiili a

minimum of rotation about ilie z-axis (A small tilt about ilie x- and y-axes is not as critical

since ilie direction of ilie beams rellected from ilie QD is important only for ilie imaging

system, which has its own independent positioning).

The QD package, a standard TO-5 package. is shown in Figures 5.16 a) and b). The

lcads coming out the back carry ilie 4 photocurrcnts as weil as ilie common reverse hias

voltage and considerably complicate ilic mounting operation. The undcsirable rotation of 8,

about ilie z axis is shown in Figure S.16c)

Lcads
;39.19 .........0.47

1~8.07

Flange

"-4.00

b) c)units: mm
a)

Figure 5.16. a) ,b) Front and side drawing ofthe TO-5 package c) undesirable rotarion 8,.•
The procedure for mounting ilie QD was as follows. First, wircs for ilie photocurrcnts

and ilie reverse bias voltage were soldercd onto ilie appropriate lcads of ilie T0-S package

and labeled. Secondly, a support plate was machined which bolted ante a Newport x-y·z

461 positioner. A simplified drawing ofthis plate is shown in Figure 5.l7a). Thirdly, RTV

732 elastomer was placed onta ilie scat and along ilie clearance hole in the plate and ilie TC­

S flange was glued ante ilie scat, as shown in Figure 5.l7b).

•
"'" Clc:ll'uccholCl for 8-3Za::rcwa: x 4

o 0

a) b)

Figure 5.17: a) Suppon plate for the TO-5 b) Mounred TO-5.
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The third SlCp was very problematic. It was difficult to properly position the TO-S with

no rotation. Even when the TO-S was properly positioned. the surprisingly grcat torsional

force of the wircs very rapidly «10 seconds) lCndcd to rotalC the QD package about the z­

axis toward an arbitrary 'rest position' when the glue was curing. To properly position the

TO-S with no rotation, an imaging system was built to image the QD onto a CCD camera.

The CCD image was digiti7.ed and magnificd, which aIlowr.d for calculation of the rotation
angle 8;;. The TO-S was then manually rotalCd about the z-axis until it was aligncd in the

scaL A magnet then clamped the steel-cascd T0-S in place untii the glue finished curing.
The final rcsult is shown in Figure S. 18. 8: was calculated to be 2.3°. The impact of

8: = 2.3° is as foIIows.

For a spot theoretically centered at P,(x,,y,) in the first quadrant, the ccnlCr Pi(Xi,Yi)

which is incorrcctly delCnnincd by the QD due to the TC-S's rotation about the z-axis is:

which for 8: =2.3° and x, =y, yields (Xi.Yi) =(0.9&,,1 .04y,). The analysis is similar for

aIl quadrants and is based on the z-axis rotational misalignment derived in Chapter 2.

This error depends also on the horizontality of the viewing CCD camera which was

clamped as rigidly as possible to its x-y-z positioner. This error, while potentially

problematic for other systems, did not affect the demonstrator's perfonnance since the

hunting algorithm detennined the initial angular position of the RBSs relative to the QD
itseIf, regardlcss of its rotation. In other words, the deteeted (L1x., .I1Y.) misalignment error

was rotated by 8:. but the calculated (8A, 8s) are aIso rotated by the same amounL As a

rcsult, the spot was still properly centered. Nonethelcss, this exercise indicated that
mounting a device with a minimum of 8: rotation can he complex.

Figure 5.18: Actualmounted QD.
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5.6 Comp:lter hardware and software setup

The complete algorithm was encoded on LabView™ software running on a Macintosh

Centris 650. The four voltages Vi. V2. V3. and V4 sampled by the LAB-NBTM board were

accessed via LabView™. Since showing the entire program would require two dozen

pages, only the user interface and the highest block level diagram are shown in Figures

5.19 a) and b) respectively. In the highest level block diagram, of Figure 5.19b), the 5

main steps through which the program sequences are indicaLed by the arrows: 1) get analog

inputs 2) calculate misalignment error 3) calculate 9A and 984) calculate the number of

pulses to send to the motors 5) send the pulses to the motors.

Figure 5.19): Active alignment prograrn: a) Control panel b) highest level ofprogram.
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5.7 EfTect of packaging and optomechanics on spot profile

The spot impinging on the QD did not have an idcal Gaussian irradiancc disuibuùon for

Many reasons. The main re~~O:l for this non-Gaussian profile was the presence of

interfercncc fringcs. The To-5 package in which the QD is mounted had a glass cover plate

covering the QD and the light impinging on the QD first had to go through a quartz cover

plate on the TO-5. Since the plate was not AR coated. multiple reflecùons created

interfercnce fringes. These fringes are clearly visible in Figure 5.20a). However. these

fringcs did not scem to bring about major inaccuracics in the measured data since the s!'ot

in Figure 5.20a) was the actual spot used to oblain the data plotted in Figure 5.2. The likely

explanaùon for the accurate results despite the interference fringes is: the spot was so large

that the effect of the fringes was averaged out over the large area of the spot

Another reason for the non-Gaussian profile was the clipping that took place as the

bearn went through the bore of the Gl024 worm gear. Opùcal power measurements

indicated that 16.5% of the beam power was clipped as the beam went through both RBS

holder assemblics. Of this 16.5%. 7.7% can be attributed to reflection losses due to two

RBSs (each RBS has 2 optical surfaces. with a 2% loss at cach optical surface) and the

rcmaining 9.5% loss was due to the beam being clipped by the 4.763 mm bore diameter. A

9.5% loss in power due to clipping indicates that the bore diameter was only 2. 17w. where

2w is the beam diameter (e-2 points). As a rcsult of this clipping, the actual spot profile was

closer to that of an Airy function than ta that of a Gaussian, as Figure 5.20b) shows.

Figure 5.20: a) lnteiferencefringes on spotbroughtabout by quartz coverplate on TO­

5 package holding the QD. b) spot on QD with TO-5 coverplate removed.

Chapter5 92



•

•

•

5.8 Conclusion

The work prcsented in this ehapter indicates that substanùal opùeal. elcetrical. computer

and mechanical engineering was required to bring the acùve alignment opùeal design l'rom

theory to rcality. It was determincd that many engin',ering soluùons arc not unique and arc

dictated as much by theoreùcal consideraùons as by pracùcal condiùons such as the layout

of the working environment or the availability of pans and equipment. Furthermore.

engineering soluùons to physical problems often brought about deviaùons l'rom ideal

models; the aperturing of the bcarn duc to the smaII bore of the (casily available) worm gear

was one such example.

Nonetheless. the system was built and it successfully implemented the algorithm for

centering a spot on a QD using Risley Bcam Steerers. The experimental results arc

discusscd in the next chapter.
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Chapter 6

Experimental results

6.1 Introduction

This chapter givcs cxpcrimental results of the fully operaùonal demonstrator system

whosc thcorcùcal underpinnings and actual construcùon were described in t.lle previous

chapters and in the appendix. Secùon 6.2 presents data produced from centerings

perforrned by the dcmonstrator. Secùon 6.3 outlines the main Iimitaùons of the system.

6.2 Centering the spot

The objecùve of the demonstrator is to centre a spot on a QD: the misalignment error of

the spot after bcing centered is ideally (.1x.,L1Ye) =(0.0) J.U1l (all displacement dimensions

in this chapter arc in Ii'n).

In chapter 4. an algorithm for centering a spot using two RBSs was derived. This

algorithm was encoded into LabView™. The RBSs, which nominally had idenùcal wedge

angles. actually had measured wedge angles of PA=O.208°± 2% and PB=O.278° ±2%.

Consequently. the radii of the two circles described in secùon 4.3.3 along which the spot

moved were not idenùcal but were in fact different. The two actual radii were:

rA =181lim and rB=242 lim.

6.2.1 Implementation of algorithm

E!efore presenùng the raw data, an example is given which explains how to interpret the

data. An explanaùon of figure 6.1, which shows a complete centering operation. is as

fol1ows.

The spot initially started at position 1 on the QD surface with a misalignment error of

(.1xe.L\YeJ=(-127.92) microns. For the spot at position 1, the algorithm calculated the

angular displacement (9A. 9B) required for RBS A and RBS B to centre the spot, as was

described in chapter 4. Once the two angles were calculated, the RBSs were rotated to their

respective newly calculated angular positions. (The solid curved lines indicate the actual

spot displacement on the QD). However, the laser fluctuations and other sources of error

described in chapter 4 contributed to a slight inaccuracy in the detected error. This
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• inaccuracy caused the a1gorithm to calculate the new RBS angles (9,.\. es) based on slighùy

inaccurate data. As a rcsult. the spot was movcd 10 position 2. which was - 20 !lm away

from the centre of the QD. A second itcr.ltion was thus rcquircd.

Initial (AXc.Aycl = (-127.92)

1208040

i teration #2: i
(~X~~AyJ;;-(-3.8~6)

~ ; i

--:---"';'--'1--1
Actu~1 trajc~ry .
of sp\Jt duc tq RBS B\

~-+---' -_.....;_._.,

Ahcr cen~ng .

·120 -80 -40 o
âXe

Figure 6.1 Centering operation requiring two iterations.

80

40

120

-40

-80

-120

i 0

•
At position 2, the a1gorithm once again caiculated the (8A• es) rcquired for RBS A and

RBS B to centre the spot, and once again the RBSs were rotated to their respective newly

caIculated angular positions. This time, the spot was effectively centercd to within the

deteetion accuracy of the system, which was ±5 llJTl for cach coordinate (x,y).

The spot was thus centered from (1272+922)112 =157 llJTl away from the centre to

(3.82+62) 112 = 7.1 lJ.IlI away from the centre in two iterations.

AIl other runs aIso managed to corne to within 20 IJ.m in just one iteration, rcgardlcss of

the magnitude or direction of the misalignment error. Furtherrnorc, on nearly haIf the

occasions the spot was centered to within 10 Ilm in just one iteration. The results arc

displayed in graphicaI forrn in Figures 6.2 al-hl and in tabular forrn in Table 6.1. The

results in table 6.1 corresponding to Figures 6.2a)-h) were obtained in 8 consecutive runs

after an initial hooting in which the initiaI angles (eN 8s) were deterrnined.

•
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Initial (.1x...L1y,) Initial distance Final (.1x,.L1y,) Final distance # iterations

(~) from centre (~) (um) from centre (~)

(-127.92) 157 (-3.8.-6) 7.1 .,
(109.5) 109.1 (-0.8.-2) 2.15 2

(-53.20) 56.64 (1.1.-6.1) 6.2 1

(106.-55) 119.4 (7.2,-1.4) 7.3 2

(-117.-89) 147 (5.-2.9) 5.8 2

(-85,19) 87.1 (-2,-5) 5.4 1

(90,103) 136 (7.1,6.8) 9.8 1

(89,76) 117 (-1.3.3.9) 4.1 3

Table 6.1: Resulr ofcenterings ofspots.

The experimentaI process which yielded the results in Table 6.1 was as follows: the

hunting determined the initial angular position (8A. 88) of the RBSs; at that point. the crror

was determined to be (.1x.,L1y,)=(-127,92) )lm. The spot was then automatically centcred

to (Llx••L1y.)=(-3.8,-6) )lm in 2 iterations by the system. A 'perturbation' was then

simulated: the support plate which was bolted OnlO the x-y-z Newport stage and whieh held

the QD in the TO-5 was manually moved by -110 )lm to position (.1x.,L1y.)=(l 09,5) )lm

according to the QD. Once again the spot was automatically centercd by the system. This

maneuver was repeated 8 times for various perturbations in diffcrent directions.

The algorithm aceepted RBSs with two differcnt wedge angles and as such il

'recognized' the blind area brought about by the wedge mismateh; the algorithm thus did

not attempt to centre the spot if such a task was theorctieally impossible. As a result, the

operator frrst cheeked every manual (.1x.,L1y.) 'perturbation' with the algorithm running

under MatlabTM on another computer to ensure that the perturbation did not rcquirc the spot

to be centered to a position within the blind area: such a centering would have bccn

impossible.

Figure 6.3 shows the initial and fmal position of a spot which was eentered from

(.1x••L1y.)=(-160,25) Jlffi to (Llx.,L\y.)=(4.-3) Jlffi.
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Figure 6.3: spot centering example. a) Before (&...1Ye)=(-160.25) b) After

(&e•.1Ye)=(4.-3) J.l.l1l.

6.3 Limitations of demonstrator

6.3.1 Wedge mismatch

An experiment was perfonned to measure the wedge mismatch within the complete

system. It was based on the fact that for the ideal case (rA=rB), the two RBSs impart no net

displacement on the spot either when 9A=O and 9B = 1t or when 9A=and 9B = O. The

steps were as follows. 1) The RBSs were rotated such that 9A=O and 9B = 1t, and the

spot's x-coordinate, &eJ, was measured. 2) The RBSs were then rotated such that 9A=

and 9B =O. and the and the spot's x-coordinate, &e2, was measured. Simple geometry

yiclded the following relation:

(6.3)

•

According to this calculation the difference in radii was rA-rB= 60 !J.II1, which

corresponds to a wedge mismatch of - 0.0670
• This ~esult is consistent with the

measurcments perfonned on the RBSs before insertion into the demonstrator system.

Furthennore, if the algorithm assumed the wedges wcre matehed and equal to their nominal

15', the maximum errer due to the wedges would he equal to 2 x 60 !J.II1 = 120 !J.II1.

In order to bypass the effect of the wedge mismateh, the incoming beam was slightly

misaligned during initial system alignment before the optics were inserted into the system.

This ensured that the blind area was not al the centre of the QD. Such slight misalignments

arc often used to correct for misalignments or range limitations of RBSs(l). Since the total
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radius of action of the two RBS is of the order of -425 )lm and sinee the hlind are:1 h:L' a

radius of 60 )lm. an initial (bcfore RBS inserùon inLO the system) misalignmenl of the spot

to a distance of 212 )lm from the QD centre will ensurc that any error < 152 )lm will he

inevitably centercd. Depcnding on initial conditions. grcater elTl)!'S can also he eentercd.

6.3.2 Limitations on initial conditions for the hunting algorithm

Besides the mismatched wedges. the other main limitation of the system could he seen

during the hunting sequence, whieh was used to deterrnine the initial angular displacement

of the RBSs upon system startup. As was described in chapter 4, during the hUnLing

sequence each RBS was individually rotatcd; in theory, the rightrnOM displaeemenL of the

spot (Le. the L1x. value of the spot =L1x.nuw\) when only RBS A was rotated corrcsponded

to 8A=O and the rightrnost displacement of the spot, L1x.maxB, when only RBS B was

rotated corresponded to 8B=O. Thus, as far as the hunting sequence was concemed. only

L1x.maxtl and L1x.maxB werc important since these deterrnined 8A=0 and 8B=0. Onee the

computer knew where 8A=O and 8n=û, the computer could then deterrninistically move the

RBSs to any other angular position.

A full rotation of either RBS caused the spot on the QD to move along the

circumference of a circle 362 )lm Of 484 )lm in diarneter for RBS A and B respectively.

However, as was indicated in Figure 5.2, the differential voltages L1Vx and L1":" genemted

by the QD photocurrents were not linearly related to the distance from the centre beyond

approxirnately 200 !-lm. Furtherrnore, beyond 300 )lm, the voltages did not significantly

change for further displacements of any magnitude away from the centre. Consequently,

the computer did not accurately detect the rightmost spot displacement, or maximum L1x., if

L1x. > 300 !-lm. (If 200 < Maximum L1x. < 300, the computer could still determine

maximum L1x., since L1 Vx would still have been monotically, although not Iinearly,

increasing with incrcasing L1x•• Only for L1x. > 300 could L1Vx not significantly incrcase

for any additional L1x.). If the computer could not accurately deterrnine L1x<nuwl when RBS

A was rotating, it could not accurately determine when 8A =O. Similarly, if the computer

could not accurately determine L1x<maxB when RBS B was rotating, it could not accurately

determine when 8B =O. Figure 6.5 illustrates the problem. Depending on initial conditions.

the L1x. value of the spot might or might not go beyond L1x. > 300 /!fi.

This uncertainty was problematic. One way to solve it was to incrcase the sizc of the

spoc Figure 5.2 indicates that incrcasing spot size incrcases the linear range. but dccrcascs

the measurement sensitivity. This solution was undesirable sinec il pcrrnanently dccrcascd

the measurement sensitivity of the system just for the benefit of an initial stanup routine.
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• Another solution was lO initially ensurc that the spot bc sufficiently to the left in quadrants 2

and 3 (i.e. a iarge negative x-coordinate) before the hunting begins: this solution was

chosen.

Spot displaccmcnt duc
to rotation of RBS BSpot displaccmcnt du

lO rotation of RBS A
~llxcrnaxB

-4---r--=MI-+-
300 llIII

Figure 6.5: Real implementation ofhunting: a) Llx< < 300 !..lm: reliable result gènerated

by hunting b) Llx< > 300 J1m: unreliable result generated by hunting.

•
6.4 Conclusion

The active a1ignment demonsttator was successfully demonsttated: spots were

consistently centered for arbitrary displacements witlùn the range of the system.

Limitations for the system were identified and characterized. These included mismatch

of the wcdges: the incoming bcam had to he slightly misaligned during system construction

in order to ensure reliable operation over a fIxed range of operation. Certain misalignment

errors beyond tlùs flXcd range of operation could a1so work provided they did not require

movement into the blind area of the mismatehed wedges. As weIl, it was shown that non­

linearitics in the detection of large I"ilisalignment errors could lead to serious errors during
the hunting sequence which deterrnines the initial angular displacement (BA,Bs) of the

RBSs. In order to minimize the impact of these limitations, restrictions were imposed on

the initial position of the spot on the QD.
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Chapter 7

Future directions and conclusion

7.1 Future Directions

The RBS-based system deseribed in this thesis is just a simple proof-of-conccpt

demonstrator. In the future, if active alignment is to be implemcnted for practical frce-space

optical interconnects, then scalability, intcgration of alignment algorithms, and other issues

will have to be explored. This section outlines sorne basic concepts worthy of further

study.

7.1.1 Scalability

While the RBS active alignment demonstrator successfully aligned one spot onto a

Quadrant Detector (QD), it is important to study how this or other active alignment systems

can be scaled to systems having hundreds or even thousands of receiver windows. A

typical system having an array of rcceiver windows on a grid of piteh D is shown in Figure

7.1.

One simple solution to the above-mentioned problem ofscalability is to place QDs on a

continuation of the grid at a distance D from the rcceiver windows, as shown in Figure 7. J.

If the spots impinging on the rcceiver windows are produced by a grating, then higher
order spots will impinge on the QD; for a misalignment just in the Llxe or LlYe direction,

aligning a spot on a QD will necessarily align all the spots on the reeeiver array. Further

flexibility is achievable if the imaging system is lenslet array based rather than bulk optic

based. For example, the lenslets imaging onto the QDs could he of different focallengths in

order to create larger spots (which were shown in chapter 3 to give a linear relationship

between photoeurrcnts and misalignment error over a greater range of misalignment

errors). Furthermore, oTher lenslets could be made astigmatic and thus create spots on the
QD which would yield information about the LIze misalignment error of the array. If many

QDs were present, information about all six misalignment errors could be obtained. An

interesting calculation to be performed in the future will be the determination of the

minimum number of QDs required to yield information about ail six misalignmcnt errors'

Finally, depending on its type, the grating cOuld be optimized to produce full intensity

spots rather than higher order spots on the QD.

Chapter 7 lOI



• ~ c c c c c [J [J c

c c c [] [] c c []

c c c c c c c C..!
D

c C C C C C c C+ Higher arder spot

C C C C C C C C
onQD

El C B [] El fi] El C

C C C C C C C C
D

~ C C C C C C C El '~
+1 D ~

Figure 7.1: Use ofhigher order spots 10 illunùnate properly positioned QDs.
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Howevcr, using such a system with SEEDs and other devices requiring dual-raillogic

will be difficult since only one alignment spot must bc present in the QD vicinity if the

solution proposcd above is to yield accurate alignment information. For example, if two

adjacent spots are present, as shown in Figure 7.2, then the calculations in this thesis

which determined thc relation hetween the misalignment of one spot and its associated

photocurrents will he incorrect For example if spot A is the alignment spot and spot B is

the adjacent spot produccd by the grating due to its optimization for dual-raillogic, spot B

could contribute significant additional light power to the QD, resulting in an inaccurate

calculation of the misalignment error. The inaccuracy of the misalignment error calculation

will be a function of the QD size, the centre-to-centre separation of the adjacent spots, and

the spot size, as weil as the magnitude and direction of &e and L1Ye. If the inaccuracy is

unacceptable, other solutions will have to be considered, such as calculating the relation

bctween the misalignment of two spots on a QD and their associated photocurrents (as

opposed to the relation between the misalignment of one spot and its associated

photocurrents which was done in this thesis), varying the location or geometry of the

alignment deteetors, or optimizing the grating to produce just one spot on the QD. The

proper deteetion and calculation of misalignment errors is an issue which must he further

rescarchcd.
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Figure 7.2: Effect on QD ofspots for dual raillogic. Depending on system parameters.

spot B might cause inaccuracy in calculation ofmisalignment error.

7.1.2 Integration of alignment intelligence

Regardless of the geornetry and posiùon of the detectors, the photocurrcnts produced

by them will have to be processed and sent to controllers which will move actuators and

optics in order to realign the spot array after a misalignment In the demonstrator dcscribcd

in this thesis, ail this was done on the computer. However, it would be awkward for future

backplanes to have external computers perform all the alignment calculaùor.s. This added

processing could be added to the smart pixel in the form of addiùonal circuitry which has

nothing to do with architectural implementaùons or on-chip BIST (built-in-self-test). For

example, ail the calculations of the misalignment errors such as L1x. =k(V/+V4-(V2+Vl»

and Lly. = k(V/+V2-(Vl+V4» could be done right on chip, as shown in Figure 7.3a)

(where VI, V2, Vl and V4 correspond to the voltages produced by a QD's four

photocurrents across 10OOs). The alignment algorithms themselvcs could be programmed

into a Field Programmable Gate Array (FPGA) residing on the PCB. The 'calculated'

misalignment error signaIs such as L1x. and Lly. would then have to be sent off the smart

pixel chip to the FPGA. In order to save on pinouts, the error signaIs could be mulùplexed

into just one line. A complete system is shown in Fig 7.3b). This 'alignment intelligence'

(and eventual1y other such diagnostics intelligence like thermal mcasurements) will add a

new degree of functionality to the smart pixel Eventual1y, as integraùon densiùes incrcase,

complete alignment diagnosùcs and correcùon algorithms could be integrated right on the

smart pixel chip itseIf.
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Figure 7.3a): Circuitry for calcuJating misalignment error L1ye on smartpixel.

•

Alignment lnlClligenc:e on Sm:u1 Pixel
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-------------------
Figure 7.3b): Concept ofalignment intelligence in which extensive processing of

misalignment error is performed on smart pixeL

7.1.3 Further issues

Piezo- and ferro-electric actuators will have to be further studied in the future. Many of

the sophisticated active alignment systems described in chapter 3 featured piezo-electric or

other solid-state actuators since these are more mechanically reliable. However. since these

actuators are often non-linear over their lifetime, control issues associated with these

actuators will he more challenging. For example, adaptive algorithms controlling piezo­

electric actuators could he a promising combination wartanting further study.
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7.2 Conclusion

This thesis demonstrated that traditional clectronic backplanes arc rapidly approaching

cost/performance limits beyond which any further improvements will likely yield

diminishing retums on the cost of the improvements. Frec-space optical backplanes were

shown not to suffer from these limits. However. maintaining the alignment of free-space

optical interconnects was shown to be one of the kcy problems which had to be solved in

order to implement practical free-space optical backplanes. Active alignment was shown to

be a possible solution to this problem.

This thesis surveyed different active alignment systems and described the successful

design, simulation. fabrication and testing of an active alignment demonstmtor system

which could correct for x-y misalignment errors in an existing free-space optieal backplane

demonstrator. The active alignment demonstrator used two RBSs to move a spot in the

focal plane of a lens and featured an algorithm which calculated the angular position of

RBSs required to centre the spot, as weIl as associated optics and mechanics necded to

rotate the RBSs in a controlled manner to the angular positions calculated by thc algorithm.

It was shown that contributions from optical, mechanical, electrical and computer

engineering are aIl required in order to build an active alignmcnt system. FurthcmlOrc. it

was shown that sorne misalignment mechanisms such as rotational misalignment crror

about the z-axis, 9:, are particularly difficult to corrcct for. Finally, this thcsis

demonstrated that active alignment in systems featuring frce-spacc optical intcrconnects is

an exciting new field with many promising avenues for furthcr rcscarch.

Chapter 7 105



• Appendix A

Exact calculation of effect on beam of RBSs in series

In this appendix is derived the exact maximum angular deviation imparted on a

normally incident bearn by a pair of RBSs (Risley Bearn Steerers) in series, as shown in

Figure A 1. The solution, the main steps of which are shown below, is essentially the result

ofrepcated applications of Snell's Law, along with basic geometry.

Al Calculation of exact expression

•

Face 1

Incident Bearn 8Ai ,L-,."",."""-
- 1

1
1

1

RBSA

Face 3

RBSB

Face 4

Figure Al: Geometry used in calculation ofbeam deviation impaned by RBSs in series.

Ali angles in thisfigure are greatly exaggeratedfor clarity.

The incident angle arrives normal to Face 1 and as snch is not deviated. At Face 2,

basic geometry indieates that

(Al)

•
and the refracted angle is:

(A2)
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• FUMer geomeuy indicatcs thal [or face 3:

(A3)

•

•

Further applications of SneU's law and basie geomeuy yield the final rcsult. which is

the exact solution for the maximum deviation impancd on a bcarn by two RBSs in series:

A2 Comparison of exact expression with first order approximation

From Equation (4.18), the first order approximation for the maximum deviation

impaned on a beam by LWO RBSs in series is:

(AS)

The aClUal physical values assumed in the demonsttator are:

na =refractive index of air =1.

ng = refractive of index ofBK7 ofRBS = 1.515.

PA = 0.208° = 0.00363 rad.

PB = 0.278° = 0.00485 rad.

.t-=100 mm.

The final angular deviation calculated by the exact expression is 9f = 0.00430903 md.

The final angular deviation calculated by the approximation is Stot = 0.00430901 rad.

Neglecting lens aberrations for these small values. the spot displaccment at thc focal

plane. r. impaned by a lens of focallengthfis:

rcxact =430.906 lJ.III

rapprox =430.904 lJ.III

The small difference between the first order approximation and the exact answer

indicates that the use of ftrst order approximations for the demonSlralOr was justified.
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