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ABSTRACT

Futurc high-performance digital computing systems will demand extremely high
throughput backplanes to meet massive connectivity requirements between computing
subsystems. This thesis begins by analyzing the characteristics of high-performance
clectronic backplanes and argues that clectronic backplanes face fundamental
cost/performance limitations which free-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
testing of a novel active alignment demonstrator system based on Risley Beam Steerers.
The demonstrator features a quadrant detector which detects the misalignment error
between the centre of a spot of light and the centre of the quadrant detector. This
misalignment error is then used by a new algorithm to calculate the rotational displacement
requircd for the two Risley Beam Steercrs to steer the spot of light to the centre of the
quadrant dctector. This cxperimental system contains all the necessary optics,
optomechanics, electronics, and computer hardware and software required to demonstrate
the task of centering the spot. The experimental results indicate that any spot misaligned by
up to 160 pm on the quadrant detector will be systematically centered by the demonstrator
sysiem. Future directions for active alignment are then presented and discussed.



RESUME

Les ordinateurs numériques 3 haute performance du futur nécessiteront des fonds de
panicr (‘backplancs) & débit extrémement éleve afin de répondre aux immenses besoins des
connections entre sous-systémes informatiques. Cetie thése commence par analyser les
traits principaux des backplanes électroniques 4 haute performance et indique qu'ils font
face A des limitations de cott/performance fondamentales que les backplanes 3 optique libre
pourront surmonter A condition que certains problémes clés, tels que le maintien de
l'alignement en milieu industriel, soient résolus. Les causes principales des défauts
d'alignement mécanique sont étudides ct quantifices et 1'udlisation de l'alignement actif ¢st
présentée comme un outil puissant pour résoudre lc probléme du mainticn de l'alignement
optique. Cette €tude est suivie d'une revue de l'alignement actif dans d'autres sysiémes
comme les disques compacts et les télescopes.

La partie principale de cette thése présente la conception théorique, la simulation, la
fabrication et les essais d'un nouveau démonstrateur d'alignement actif utilisant des prismes
Risley. Dans ce démonstrateur, un détecteur & quadrants détecte les défauts d'alignement
entre le centre d'un point lumineux et le centre du détecteur d quadrants. Le démonstrateur
met en application un nouvel algorithme de centrage qui calcule e déplacement rotationnel
nécessaire A deux prismes Risley pour centrer un point lumineux sur un détecteur 2
quadrants. De surcroit, le démonstrateur inclut toutes les composantes optigues,
optomécaniques, ¢lectroniques, et informatiques (€quipements ct logiciels) afin de mener A
bien la tiche de centrer le point lumineux. Les résultats expérimentaux indiquent que tout
point lumineux jusqu'd 160 microns du centre peut étre effectivement centré par lc
démonstrateur. Enfin, de nouvelles avenues de recherche dans le domatne de 1'alignement
actif sont proposées et discutées.
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hapter_1

Introduction and_motivation

1.1 Introduction

As socicty continues to pour cver more data into high performance zomputers and
tclccommunication systems, conventional clectronic interconnects between digital
computing subsystems soon will be overwhelmed. A key interconnect is at the backplanc
level, where data throughput demands are rapidly increasing to a point where electionic
backplancs no longer will be able to meet these demands in a cost-effective manner.

Free-space optical interconnccts hold the promise of alleviating these communication
hottlenecks which will arise in the connection-intensive backplanes of future high-
performance digital systems(t:2). A separable interconnect offering the massive connectivity
of free-space optics will greatly increase the data throughput between printed circuit boards
on an optical backplane.

This thesis cxplores 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 practical use, it must be capable of operating continuously over long periods of
time, unaffected by mechanical and optical misalignments, external vibrations and
temperature changes. Active alignment is shown to provide a powerful technique for
maintaining alignment in frec-spacc optical backplanes.

The results of an experiment into the design and fabrication of an active alignment
system for a free-space optical 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 Beam Steerers (RBSs) to properly re-align
the interconnect. An active alignment solution implementing RBSs is shown to be
advantageous since RBSs arc less susceptible to drift and have already proven their worth
in free-space optical systems implementing manual alignment.

In 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 electronic backplanes are approaching fundamental limitations which will
restrict 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 outline of the thesis is presented.
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1.2 Definition of a backplane

A backplane can be defined as a high performance structure that provides the physical,
mechanical and electrical support for high-speed digital communication between removable
printed circuit boards (PCBs) within a frame (chassis). A simplificd view of a PCB and a
backplane, along with a typical scale. is shown in Figure 1.1.

483 mm (19") -

Frame (Chassis)

Electrical
Traces

Guide Rails /
PCB

Figure 1.1: PCB being inserted into a backplane in a computing system chassis.

Connector
Asscmbly

1.3 Survey of modern electronic backplanes

Before launching into an analysis of electronic and photonic backplanes, it is essential
to determine what are the characteristics of existing backplanes in computers today; this
reality check will ensure the relevance of subscquent analyses and comparisons. The
following is a study of open, standardized backplanes. While other unpublished proprictary
stzndards do exist (i.e. the backplanes in the BNR Supernode™ or in the AT&T SESS™
switch), the standards described below are nonetheless representative of high performance
backplane systems commercially available today.

Tables 1.1 and 1.2 indicate key characteristics of existing backplancs and the meaning
of each column is as follows. The IEEE standard # is important for a backplane definition
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since it indicales that the backplane standard has been studied and approved by leading
members of the wechnical and scientific community. The data bus width, address space,
peak throughput and clock frequency (in a synchronous backplanc, the clock frequency is
fixed for all ransactions on the backplane: in an asynchronous backplane, the clock rate is
determined by the master in any transaction) are traditional logical characteristics which are
always scrutinized by backplane end-users since they are an important factor in determining
the performance of the computing system using the backplane. In Table 1.2, the expression
"Pins: SigGnd/Towal" indicates the ratio of the total number of ground pins 1o the total
number of pins: this expression and the term "insertion force per pin” will be explained in
subscction 1.4.3 (for ergonomic reasons, industry standards usually specify that the force
required to inscrt a PCB into a backplane be under 200N). The pin pitch and PCB pitch
respectively represent the centre-to-centre distance between individual pins on the PCB-
backplane connector and the centre-to-centre distance between PCBs along the backplane.
The driver column applics only to the backplane transceivers.

Name 1IEEE Data bus Address | Peak rate[Synchronou
standard | width max| space max | (MByte/ /£ clk
2X sec) (MHz)
Early systems
CAMAC®) | 583 | 24 ] 24 | 3 i Y/1
PC First Generation
E/ISAGS PYY6 32 24 33 Y78
MCA®GD IBM 32 32 20 Y75
NuBus(® 1196 32 32 37.5 Y710
PC Second Generation

VL&) - 32 32 85-160 Y/40

PCI™ - 64 32 85-132 Y/20
Specialized Systems: _Avionics, DSP, Scientific_

PI.BUS(0.11) (SAE) 4710 32 32 100 Y/100
DTConncct II12) | Proprictary 32 32 100 Y725
Fastbus(i319) 560 32 32 160 N

Systems in Widespread Use Today

STDS(®) 961 16 24 4 Y/8
STD32U% 961 32 32 32 YR
VMEfamily(16.17) 1014 32 32 40-80 N
MultibusI(® 796 16 14+4 10 N
Multibus[It®) 1296 32 32 40 Y/10

— Newer Designs

Futurcbus+{!3) _896.x 256 64 Meas: 600 N
SCI™» P1596 N/A N/A 65x10° N/A

Table 1.1: Selected Backplanes: General Characteristics.
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Many performance parameters such 2s peak rate numbers are often controversial, since
different interpretations and scenarios (i.c. infinite length packets) lead to different values.
The peak rate numbers given are reasonabie estimates based on existing technology and
claims, although peak rate valucs often change over the years as incremental improvements
arc brought to the technology and protocols (20,

PI-BUS is a (mainly military) avionics standard which has only an clectrical and logical
specification. and as such is not a pure backplane according to the definition given above.
Nonctheless, it is included in this study in order to give an indication of the performance of
military avionics systems. Futurcbus+ is divided into many sub-specifications called
profilcs which specialize in different applications: the table describes a typical profile
(profile F). Scalable Coherent Interface (SCI) is not a traditional backplanc in that it docs
not offer a definitc physical structure: it is more an expanded switching nciwork.
Nonetheless, SCI can support communications between PCBs and docs contain an
electrical definition to that end, so it is often classified as a backplanc.

PCBs
allowed

Early Systems

CAMAC [ 25 [ 3186 | 80(otwl) [ 0.1 (2.59) [0.67(17.2)] TIL
____PC First Generation
EASA 16 AT:14/98 1.2 0.1(2.54) [ 0.8(2.03) [ TIL
MCA™ 16 27189 1.2 0.05(1.27) | 0.8(2.03) | TIL
NuBus 16 21/192 0.96 0.1(2.54y | 0.8(2.03) | TIL |
PC Second Ceneration
VL 3 ]28/196 (es) 1.2___J0.05 (1.2N)] 0.8(2.03) | TIL
PCI 5 38/188 1.2 0.05(1.27Y{0.852.16)| TIL
Specialized Systems: Avionics, DSP, Scientific
PI-BUS 32 N/A N/A NA__ N/A TIL |
DT Connect 11 5 50/100 i1l | 0.05(1.27) | 1" (25.4) | TIL
_ out:0.13
Fastbus 26 36/130 1.2 0.1(2.54) | 0.6(1.52) [ECLIOK
Systems in Widespread Use Today ___
SID 80 20 10/56 0.28-T.4_[0.125(3.2) [ 0.5(12.7) | TIL _
[STD 32 20 247136 0.34 0.05(1.27) | 0.5(12.7) | TIL
VME 6U 21 12/192 0.93 0.1(2.54) [0.8"(2.03)| TIL
Multibus 21 20736 1.2 0.156/0.1 | 0.6(1.52) | TIL
_ (3.9/2.54)
Multibus I 21 38/192 0.93 0.1(2.54) [ 0.8(2.03) [ TIL |
| ____New Designs
Futurebus (£) | 14 [256/384+pwy]  0.46 [ 0.078(2.0) | 1.18(30.0)] BIL |

Table 1.2: Selected Backplanes: key physical/mechanical/electrical characteristics.
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There arc obviously many other characteristics that define backplanes. but thesc are in
constant flux and change too fast to be put on a table. A typical cxample is live inscrtion:
the ability to insert a PCB without affecting data traffic on the backplance and without
damaging the electronics on the inseried or any other PCB. Live insertion has become
incrcasingly important 2!) over the past few years. Newer standards like Futurcbus+
prescribe it (12) and many companics arc offering retrofits to allow live insertion even in
backplancs whose standards previously did not offer live insertion (22) (such as VME).

Nonctlicless, the survey of clectronic backplancs in this section indicates that the
available clectronic backplanes have - ry different characteristics which can be used in
diffcrent applications. The next section indicates that all electronic backplanes, by their very
naturc, face fundamental physical and engineering limits which impose diminishing returns
on any further rescarch time and effort invested to overcome these limits.

1.4 Cost/performance limitations of electronic backplanes

In this scction, an analysis is performed indicating that limitations of electronic
backplancs will be increasingly difficult to overcome in a cost-effective manner. The cost is
shown 1o be increasing in terms of power consumption, fabrication complexity, valuable
real estate on a PCB edge, and ergonomic usability.

1.4.1 Transmission line effects

In order to analyze the electrical performance of high performance electronic
backplanes, traditional lumped clement analysis is not valid: all components must be
modeled using transmission linc models. Furthermore, a key point that arises from the
following discussion on transmission line models of backplanes is the difference between,
on onc hand, a bare (unloaded) backplane trace which is often just a microstrip or strip line
on a diclectric, and, on the other hand, a loaded backplane trace which is electrically in
contact with plated through holes (PTHs) for PCB connector pins, the PCB pins
themsclves, traces leading from the PCB drivers to the backplane trace, and drivers
themselves. The difference in electrical properties between unloaded and loaded traces is
considerable.
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The following section will analyze the clectrical performance of unloaded and loaded
. backplane traces using the transmission line models shown in Figures 1.2 a) and b)

respectvely.
L L L
/3 rv'?n N
ZT -l— —I— -LC0 C, | l
/i T T T T T
Figure 1.2a
4—"—- VL VI_——-I‘-
L°+L 1.0
N SLamn b 45& /—D
4 ICo*Cp [Co*Cp Co*Cp ICe+Cp CotCp /
BUS DRIVER SINKS Iy

Figure 1.2a) Unloaded backplane trace where L, and C, respectively represent the
distributed inductance and capacitance along the trace, and Zrrepresents the termination
impedance b) Loaded backplane trace where Lp and Cp respectively represent additional
inductance and capacitance due to PTHs, PCB pins, drivers and so on. One driver is also

. shown.

Two assumptions will be made during the following analysis 1) The backplanc is fully
loaded, which means that there is a PCB in every slot. This is justifiablc since racks in high
performance systems such as telecommunications switches are always as full as possible.
Furthermore, dummy boards can always be inserted into empty slots in order to cnsurc a
more uniform characteristic impedance across a trace and to simplify calculations for
cooling air flow in a chassis. 2) All traces analyzed are identical traces for high-speed data
transmission. Consequently, analyzing one trace is cquivalent to analyzing all traces, except
for certain calculations such as crosstalk.

A key parameter defining a transmission line is its characteristic impedance Z,. For an
unloaded, ideal, and lossless transmission line,

Zo= —2 Q (l-l)

where L, and C, are respectively the distributed inductance and capacitance along the trace
. and have units of H/m and F/m respectively.
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However, the characteristic impedance for a fully loaded transmission line is different:
an additional distributed capacitance, Cp, and inductance, Lp, must be added to the model,
although in traditonal backplane transmission line modeling, the smaller effect of Lp is
neglected for characteristic impedance and related calculations (3. (The effect of Lp is
mainly apparent in crosstalk calculations). The characteristic impedance of a loaded

4 L
Z =J 2 Q 1.2
e C0+CD ( )

When a driver sinks or drives a current [, onto a trace of length /, the driver 'sees’ an
impedance of Z,,’ in paraliel with Z,’, or an equivalent impedance of Z, /2. Therefore, the
voltage created by the current pulse is:

backplanc trace, Z,' is thus:

V,=1,xZ;12 (1.3)

The current will propagate along the trace with a velocity v, @4
v, =1/yL,(C,+Cp) (1.4)
and will reflect at the terminaticn impedance Z7; this reflected current will be added to the

original current. The reflection coefficient p indicates how much of the pulse will be
reflected and is a function of both Zr and Z,".

p= Z :g: (15)

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, material, and
fabrication, typical values can nonetheless be used. A typical PCB trace has a distributed
capacitance C, = 65.8 pF /m and distributed inductance L, = 0.658 uH/m; the additional
capacitance due to PTHs, drivers, pins, and other sources of capacitance is on the order of
30 pF. Assuming 45 boards/m and using Eq. (1.2), Z,’ = 20 Q(23), Consequently, in
order to drive a 3V swing on the trace, the driver must drive a current of Ip = 3V/(20/2) =
300 mA. However, a standard TTL driver cannot drive more than 50-100 mA and as such
the initial current wavefront will create an wnacceptably small voltage. Consequently,

Chapter 1 : 7



several round trips (i.c. reflections off the termination) will have to be made before the
signal can be sampled. The successive reflections building up the voltage are illustrated in
Figure 1.3.

settling time
- >

0.8
0.6

Time >

Figure 1.3: Additive effect of successive reflections of a current pulse off Zy23).

For a trace of length / = 0.5m and a current pulse requiring 2 round trips to sctile, the
total settling time is: 2 x 21/ v, = 61 ns. This settling time, however, is dependent on driver
technology, fabrication, material and so on. The VME standard, for example, specifics a
settling time of 35 ns during which the lines may not be sampled (16).

As a result of these transmission line effects, many extensive (and expensive) efforts
have been made to calculate and impose strict controls on the choice of backplanc material,
geometry, drivers and fabrication in order to control all the parameters on transmission
lines and as such increase data throughput by reducing settling times, unwanted reflections,
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 Futurcbus+ which
has been discussed and proposed for over ten years now (2229, have found only limited
acceptance in the marketplace as companies are reluctant to pay considerably more for a
product that promises revolutionary gains in throughput but prescnily 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 characteristic impedance, Z," decreases, the amount of current drive required for
a voltage swing AV on a trace increases, which increases total power consumption. The

signal energy E; for onc bit in a properly terminated transmission line is G1:

]

4

EI>V—1: (1.6)

]
(4]

Table 1.3 indicates typical power consumption of various drivers. (BTL: Backplane
Transceiver Logic, a specification for carefully controlled backplane environments (26)).
The able further indicates that as the number of lines increases, an option which certain
standards arc contemplating in order to increase throughput (!3), the heat dissipated by the
drivers becomes comparable to or greater than that produced by high performance
microprocessors, such as, for example, the Pentium's 16 W or the DEC Alpha's 30 W G2),

Driver Max power/driver, mW | Max power for 256 lines, W
TTL (no Z7) 72 18.4
BTL 89 22.76
— ECL 134 34.3

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

The termination impedances at the end of the traces also contribute to heat along the
backplane. VME traces, for example, are terminated with a real equivalent termination
impedance of 1949 to 3V. This results in an additional source of heat of up to 46 mW at
cach end of a trace.

For optical interconnects, on the other hand, the minimum signal energy E;, for one bit
is a function of the wavelength 4, the photodetector's quantum efficiency B, the capacitance
of the receiver Cp, the voltage which must be developed across a resistor R, and the
efficiency of the interconnect 7); . For RCp > TG1:

- hCCDV
£1°4 T,';ﬁle

(1.7)

where h=6.626 x 1034 J-5, ¢ = 2.998 x 108 m/s, and e = 1.602 x 1019 C.
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While a comparison of the heat produced by different types of interconnects depends on
many factors, studics nonetheless indicate that beyond a certain throughput-distance
product. electronic interconnects consume more power than optical interconneets G3.34),
The simplified graph in Figure 1.4, for example. indicates that for a 1 Gb/s transmission
rate, the break-cven distance at which an electrical interconnect consumes more power is of
the order of 1 cm, further indication that optical interconnects over backplane distances are
more advantagcous than cicctrical interconnects. While Figure 1.4 neglects negligible
optical power losscs as a beam propagates through air and minor losses at all optical
surfaces, the graph still indicates that optical interconnects are more encrgy-efficient than
electronic interconnects for links over backplane distances.

On Chip
Power
Dissipation (mW)
———— ElcClrical
- e - — Modulitor
« e e wee Laser

=209,
1.00 ™ 0.1 Gbls
- m———— = =] () Gb{s
0.10 7 Ghls .
- — = o = (.1 Gb/s

0.01

Interconnection Length

lmm lcm [Ocm

Figure 1.4: Comparison of power dissipation per I/O for various lengths and transmission
schemes(33),

1.4.3 Limitations of separable electronic interconnects

A reliable separable interconnect which allows repeated insertion and extraction (VE) of
PCBs into and out of the backplane is, by the very definition of a backplane, a nccessity.

Traditional high performance PCB-backplane connectors consist of pins on the PCB
(backplane) which mate into appropriate receptacles 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 capacitance and inductance which affect
Z’, thus changing the transmission line environment of the electronic backplanc trace.
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Howecver, most importantly, the crosstalk between adjacent pins on a ~2 c¢cm long
connector is substantial when compared to the crosstalk between adjacent signal lines in the
controlled environment of the backplane itself (3%). High performance pinned connectors
arc obliged to insert ground pins between 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-backplane connectors. For
cxamplc, 4 row conncctors with pins on a 0.100 inch (2.54 mm) grid (a typical value
today) have a pin density of 40 pins/linear inch of PCB edge (as shown in Figure 1.5).
However, if there arc no ground pins, pulses having a 500 ps riseime will generate an
unacceptable crosstalk of 25% on adjacent pins®6), If a 2:1 SGR is prescribed for such
connectors in order to lower crosstalk to acceptabie levels (shown in Figure 1.5), then the
number of true signal carrying pins falls to 2/3 x 40=26 /linear inch (1.02/ mm).

N L Jo) X JoX 1 NeN N Nofl N Ne N o § Jeol X JNol J Yol J Jelf X |
030000600000 0030000900000000C0080000 0.100"
000000000000 000006000000000000000 ’
0000080000000 800003200000000200808000

Figure 1.5 Pin allocation scheme for a 4 row connector showing a 2:1 SGR (solid dot:
signal pin; hollow dot: ground pin} and featuring 40 contacts per linear inch of PCB edge,
only 26 of which are actual signal carrying pins.

While equations for determining the actual crosstalk are extremely complex functions of
signal rise time, pin length, SGR, fabrication and material®?), many theoretical and
experimental studies have been performed 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®5:37.38), 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
impedance pinned connector results in an increased data throughput of only 30% for the
entire connector(3),

Furthermore, increasing the number of pins increases the force required to physically
insert 2 PCB into its appropriate receptacle on the backplane: one high performance pin
requires 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 I/Os creates a diminishing return in
electronic backplane production since yields fall due to the fabrication complexities brought
about by increased PTH density and more demanding PTH geometry 40),
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In order to bypass these problems associated with pinned PCB-backplane connectors,
many different types of PCB-backplane connectors have been studied or produced. A
summary of these is shown in Table 1.4,

Despite all these improvements, reliable scparable electronic interconnects still cannot
offer considerably more than 2500 pin-outs for a 10 inch wide PCB, and again, the
tradeoff between signal speed and grounding constraints very quickly reduces the overall
throughput or cost effectivencss or both of a connector onto an clectronic backplanc.

Type Signai Comments
contacts per
linear inch of
PCB edge

HDC @1} (High 100 AT&T design; conducting polymer

Density Connector) accommodates play between connecting gold
dots on module and backplane.

Metal and/on 200 Low density due to high arca requirements,

elastomer(42) contact resistance higher.

Area Array(® 100 S shaped conductors in ¢lastomer matrix; good
wiping mechanism.

Button(43} 250 Compressed wire forms a spring; wirc can be
any metal (gold, copper); zero insertion force;
daisy-chain boards.

stripline(44) 100 Ground shell around the plug provides ground

connector planes around all pins, higher SGR.

BetaPhase (45) 32 high speed | Beta Phase connector for Apple’s Quick Ring&
others; impedance on each line individually
controlled: high-speed point-to-point links.

Coax Matrix 44) 141 coax Insertion time very long; rescarch discontunued
by Molex Inc. due to lack of interest.

Gold Dot(46) 100 Controlled tmpedance; offers ficx circuitry as
well,

ASC#) (Application 132" Flexible film, casily reconfigurable.

Specific Connector)

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

1.5 Optical backplane demonstrators

For data transfer over backplanes, it can be seen that optical interconnccts 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 reduced by anti-reflection (AR)
coatings on the surfaces, 2) optical interconnects have lower skew and require less cnergy
per bit, and 3) optical signals do not suffer from crosstalk proportional to signal pulsc
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frequencies since photons, unlike electrons, do not usually interact with each other in free-
space and cenventional materials. Consequently, researchers have explored optical
backplanes, cither in frec-space(474849) or in guided-wave media(50.51.52), As well, off-
the-shelf fibre-optic backplane connectors are now availablet3), or are being designed®¥),
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 are also present in fibre-based backplanes. In general, free-space optical links
have an advantage over guided wave links in that an cffectively unlimited number of
architectures can be implemented; furthermore, the parallelism and interconnectivity of
optics facilitate the implementation of structures requiring global communication (55-56),

In order to fully exploit the advantages of free-space optical interconnects, the McGill
photonic systems group is presently designing and building a free-space optical backplane
demonstrator, a simplified rendition of which is shown in Figure 1.6 ¢, Such a system
will offer massive connectivity between removable PCBs along the backplane. However, if
this free-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 each other along the free-space optical
communication channels in the optomechanical support structure. Since the PCBs in Figure
1.6 arc to be inserted manually, the task of achieving and maintaining proper alignment
tolerances will be critical.

All the optical backplane products or demonstrators mentioned above which function
outside a controlled laboratory environment require sophisticated mechanical retaining
systems t0 maintain proper alignment tolerances between the smart pixels (or other
transceivers on the PCBs) and the optical channels on the backplane. These sophisticated
mechanical systems are either bulky (which reduces I/0 density and as such the total data
throughput) or increase the required insertion force, or both.

Active alignment is a closed-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 optics. This technique may be used to 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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Free-Space Optical
Communication Channels

Optomechanical Structure
Smart Pixel
Arrays

Electronic ICs

Figure 1.6: Rendition of free-space optical backplane designed by McGill Photonic
Systems group.
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1.6 Organization of the thesis

The thesis outline is as follows. Chapter 1 demonstrates that conventional backplanes
implementing electronic interconnects are rapidly encountering fundamental limitations
which will prevent any major economical performance improvements in the future.
Backplancs implementing free-space optical interconnects arc shown to be an advantageous
alternative. Chapter 2 indicates that the performance of frec-space optical backplanes will be
scriously hampered if the optical interconnects are misaligned. The six different mechanical
misalignments in free-space optical interconnects, namely lateral misalignment in the x-y-z
dircctions and rotational misalignment about the x-y-z axcs, arc analyzed, and it is shown
that active alignment is onc solution to overcome these misalignment problems. Chapter 3
further defines active alignment and describes existing active alignment systems that have
been 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, electrical, mechanical, and computer engineering
arc all important. Furthermore, the review reveals many concepts that are applicable for
active alignment in free-space optical backplanes in digital systcms

In order to determine the complexity of constructing an active alignment system which
requires such multidisciplinary contributions, it was decided to desigr, simulate, build, and
test an active alignment 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 Beam Steerers (RBSSs) to re-align an interconnect which had been 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
rescarch in active alighment.
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haoter 2

Alignment constraints within a_free-space optical backplane

2.1 Introduction

In order for a free-spacc 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, this alignment must be maintained after
repeated mechanical insertions and withdrawals of the PCBs. Consequently, if practical
free-space optical backplanes are to be designed and built, alignment tolerances must be
fully quantified, and the impact of environmental, physical, and mechanical conditions on
these tolerances must be 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 integnty and vice versa.

Finally, section 2.4 presents the conflict between the tight aligment tolerances that a
free-space optical system must respect and the looser mechanical tolerances that are present
in the separate interconnects 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 can lead to mechanical misalignment.

2.2 Basic misalignment mechanisms

Most free-space optical systems are designed to image an array of focused signal
beams, or spots, onto 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 1o the device array. In addition, the interconnect must be designed to
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minimize the amount of aberration introduced by the optics. This section will discuss the
main misalignment mechanisms by which a spot array can be misaligned with respeci to a
device armay in order to give an idea of required alignment tolerances. 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 devices, and is imaged by a telecentric 4f lenslet array
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 Receiver plane (device array)
<>« g

f 2f f

L.

Yy Z

——Lenslet Arrays

?

Power In

Figure 2.1: Optical interconnect studied to determine impact of misalignments.

Figure 2.2 shows the six degrees of freedom of an object in space, such as an array of
devices: three linear directions, x, ¥, 2, and three rotational directions, 85, 8y, 6.

Y
A
N X

Device Plane
Figure 2.2: Six degrees of freedom of an object in space.
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In the following analysis, it is assumed that each focused signal bcam has a Gaussian
irradiance pattern /(x.y). If (Axe. Aye) is the misalignment between the centre of the

irradiance pattern and the centre of the device, then

H(x,y) = [y Axm8n Y + 0=y, 1w 2.1

P

where the the power outside the circle of radius w, is only 13.5% (¢-2) of the total power
contained within the beam. The integral of the irradiance over the device area is egual to the
total power coupled into the device and is an important parameter since the switching speed
for many classes of devices such as SEEDs (Self Electro-optic Effect Device) is directly
related to the total power coupled into the device 4.

It 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 all misalignment calculations performed below, the impact of varying w, will also
be studied. when relevant,
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Figure 2.3: Geometry of device array.

The following subsections show the impact of mechanical misalignments along each of
the above directions. Unless otherwise specified, in all cases it will be assumed that the
optics and emitter are perfectly aligned and that only the receiver plane has a misalignment
CITOr.
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2.2.1 Misalignment in the x-y plane

As will be shown in Chapter 4, the total light power coupled into a device of sizea x a
is the integral of the irradiance over the device arca:

_roax]| Twrz-ax)] |, [=ar2-ax)
o e o
l(al2-4y,) (-al2-4y,)
S| A

where w, is as defined above. A plot of the change in total light power coupled into the
device for misalignment crrors along the x-direction is shown in Figure 2.4. By symmetry,
similar displacements along the y-direction produce the same results. It is interesting to note
that for a small Ax, error, more power is coupled into the recciver when the spots are small

{small w,) than when the spots arc larger (larger w,). However, beyond a certain
displacement, the total power coupled rolls off more rapidly for a small spot than for a large
spot. Therefore, smaller spots have better maximum power coupling, but arc morc
vulnerable to large misalignments than are larger spots.

Power coupled tor Gausstan iradiance of radius w, on device of size axa

1.2
Wwofa=0.2
1 ]
wo/a=0.4
2e
= Wo/a=0.6 1
%_0-5 I Wo/a=0.8 ’
S
}
fo4l wo/a=1.0
&
0.2f .
% 05 ) :

5 0 0.5 1
Normalized misalignment Axg/a

Figure 2.4: Normalized change in power coupled into a device for a misalignment along the
' x -direction.

Chapter 2 22



2.2.2 Misalignment in the z-direction

When the device array is misaligned along the z-direction, the error will just cause a
defocus and a widening of the spot since the system was defined to be telecentric. This is
shown in Figure 2.5. This will causc the spots to be larger than their optimal value.

The spot is smallest at the beam waist, and has a diameter (e-2 power) 2w,

wy =L (2.3)
o

where w is the radius of the beam at the front focal plane.
For a displacement of Az, away from the beam waist, the radius w{Az, ) of a spot is

given by ©X
Az Y
w? (Az,) =w} 1+[ 3 } (2.4)
mvo
> Z
I
r I
Incoming I
2w Beam 2wg |
|
- f >4 f = I
ptim
Lens position error = Az,
of device
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-ntdirection is shown in Figure 2.6. It can be seen that a
beam with a smaller initial wp couples more power into the receiver when the misalignment
error Az, 1s small. However, the total power coupled rolls off more slowly for a given
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defocus when w, is larger, which is to be expected since a beam with a smaller wp
. diverges faster than a beam with a larger w,.

1Power coupled for Gaussian irradiance of radius w on device of size axa
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Figure 2.6: Change in total power coupled for normalized values of Az. and w,.
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2.2.3 Tilt about the x and y axes

For the interconnect in Figure 2.7, a tilt of A8, about the x-axis at the array centre will
cause the light reflected off the transmitter plane to be reflected at an angle of 246, from its
nominal (untilted) direction. Assuming a negligible defocus for small A8,, the beam of
light impinging on the lenslet array A will have a lateral misalignment error of Ay, where

Ay, = f1an(26,) (2.5)

If the interconnect is such that for an angular misalignment of A8,=0 the (99%
power) beam diameter 3w, = D, where D is the length of a side of square lenslet, then any
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Ay, misalignment will increase the clipping, leading to a loss of power transmitted to the

receiver pianc.
Transmitter planc Receiver plane (device array)
“+> < >4
f 2o f
I
I
A

of

Figure 2.7: Effect of tilt AB, on beams reflected from transmitter plane.

Power In

Given the symmetry of the setup, an analogous result is obtained for 46,

Plots of total power coupled at the receiver plane vs misalignment error A8, are shown
in Figure 2.8. In the plots, D is kept constant at 3w, and the focal length of the lenslet is
changed. It can be seen from Figure 2.8 that the loss of coupled power increases as the
lens' focal length increases.

The above analysis is valid only for small angles A8y , A8y , since the difference
between the ideal distance travelled and the actual distance travelled, which can be
expressed as a Azp error and which is shown in Eq. (2.4) to be a parameter determining
the spot size, is small.

The Afx , A8y errors in tilt described above are especially serious in interconnects
using lenslet arrays such as the present model, and must carefully be studied in order to
determine the angular misalignment tolerance of such systems (),
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] Power coupled for Gaussian irradiance of radius w on device of size axa
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Figure 2.8: Effect of A6y 1ilt of modulator on power coupled by receiver device.

2.2.4 Rotation about the z-axis

A rotation A 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 labelled p in Fig 2.9, will be
the most affected by the rotational displacement.
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Figure 2.9: Effect of A8y, rotation of spot array relative to device array.

If an N x N device array with centre-to-centre spacing of D is properly centered with
respect o a spot array of the same dimensions, then both the farthest device and the farthest
spot arc at point (xp,yp) = (r,r) where r =D x N/2 (for even N).

If the spot array is rotated by A8z relative to the device array, the position of the device
is unchanged but the position of spot p’ (x,ys) in Figure 2.9 becomes

(xp» ¥ ) =(ricos(a6,) - sin(A8; )], r{cos(A8;) +sin(A8.)]) (2.6)

A plot of power coupled vs A8, is shown in Figure 2.10. Again, the smaller spot is
less sensitive to smaller displacement than to large displacements and the larger spot is less
sensitive to all displacements. The value r = 180a corresponds to a 32 x 32 array having a
centre-centre spacing of D = 8+/2 a. In order to couple at least 90% of the power for such
a casc, the A8, error must be under 0.001 rad (0.057°)- a formidable packaging and

alignment challenge.
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Figure 2.10: Effect of A8, misalignment error on power coupled 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 cffects. For cxample, optical
contributions to misalignment in the x-y plane include: lack of tclecentricity in a defocussed
system, distortion not equal to fsin@ for a spot armray produced by a Binary Phasc 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 BPG(®). These must be added to the mechanical
misalignment when determining alignment tolerances.

The above analyses aiso do not take into account optical crosstalk, a situation in which
part of the power intended for one device is coupled into an adjacent device. However, the
analysis in Chapter 4, in which the power coupled into adjacent detectors is calculated, is
very similar to such crosstalk calculations.
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In addition, these analyses just look at individual misalignments and do not take into
account differcnt combinations of misalignment, which is a complex probiem.

Having performed a theoretical analysis of the effect of misalignment errors, it is
instrumental to look at an actual demonstrated sysiem and its numcrical alignment
tolcrances in order to better appreciate the issues. For Systemg, an AT&T free-space
photonic switching demonstrator(?), (Ax, ,Aye , Azeg ) = (0.5 um, 0.5 pm, 3 pm),
(46 ,ABy , 487 ) = (20", 20", 2°). The analyscs clearly indicate the serious impact of
¢ven minor mechanical misalignments in a free-space optical system. As such, in typical
high-performance optical systems, the initial assembly requires much pre-aligning. Even
after such pre-aligning, installing one hardware module on a demonstrator requires several
minutes of adjusting various components (7,

This section considered the importance of the alignment of optics. The following
scction outlines the real cnvironmental conditions in which an optical backplane system
must operate and how these conditions affect the optics and their mechanical alignment.

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

A basic problem which all optomechanical engineers must face is the difficult
compromisc between mechanical rigidity and optical integrity.

On one hand, physical mechanisms such as thermal gradients and fluxes can introduce
axial and radial stresses which distort the lenses or other optical components. This
distortion can harm image quality, induce birefrigence, and, ultimately, damage the
optics®, Conscquently it is desirable that the optomechanics apply a minimum of force on
the component or that the component be 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 cxposed, a lens or optical component must be held as tightly as possible in order
o preserve the initial system alignment and prevent misalignments described in the
previous scction.

This dilemma is further outlined in this section. The analysis below concentrates on
circular lenses in circular cells, but similar analyses are applicable to other optical
components such as lenslet arrays or planar optics since most optical components in free
space optical systems are glass components mounted in analogous optomechanical mounts
and subjected to similar physical conditions ©-10),
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2.3.1 Thermal effects: mechanical stress on optics

Commercially available advanced clectronic microprocessors can operate n
temperatures ranging from 0 to 85 °C (1, Military specifications are even more stringent.
specifying the operating and storage temperatures to be between -55°C and 85°C. and
between -62 °C and 125 °C respectively (12), Since photonic backplancs are expected to
complement, not replace, clectronics. it is reasonable to assume that thermal specifications
for photonic interconnects will have to match those for electronics.

For a lens mounted in a simplificd cell whose dimensions are specified in Figure 2,11,
an increase in ambient temperature will causce the lens and simplificd cell 10 expand at rates
determined by their relative Cocfficient of Thermal Expansion (CTE). If the CTEs are not
matched, both the lens and the cell will be subjected to stress. The stress on the lens is of
most concern to the system designer since the lens' condition will affect the quality of the
beam: the axial stress,Sg,. and radial stress, Sg,, are specified by equation (2.7) &Y

_ (ap—0ag)EgEgAT

s 2.7;
Ga Eg+Ep (2.73)
Cp— )l
Sgp = 2 G: (2.7b)
—+
_EG EBXI]

where
1) rand r are defined in Figure 2.11,
2) &, and oy are the CTESs of the cell metal and the lens glass respectively,

3) Eg and Epy are Young's Modulus for the cell metal and the lens glass respectively,
4) and AT is the change in ambient temperature,

Figure 2.11 Geometry of lens and simple cell for thermal-induced stress calculations.
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As an cxample, it is worth considering a lens holder used in a prototype optical
backplance (Phasc I, McGill-NRC). This lens holder (10} is shown in Figure 2.12. The
inncr ccll has a thickness ¢ =1.49 mm and is made of 416 steel which has
Ep=1.994x10"1 N/m2and oy =9.9 ppm/°C. A lens fitting into that ccll has a radius
r=9 mm and is made of BK7 which has E; = 8.135x10'° N/m2 and &, = 7.1 ppm/°C.

If the lens is to be held using a drop-in mounting technique with a sliding fit, which is
the casc for the lens clement in the Phase I system, then the force holding the lens must be
axial, as indicated in Figure 2.12. Assuming a sliding fit, letting AT = 80 °C, and
substituting into Equation (2.7b), the axial stress on the glass component is found to be
SGr=12.9 x 106 N/m2. While this stress is less than the ultimate compressive strength
of glass (3.5 x 108 N/m2), this stress is still much greater than the recommended operating
limit of 3.5 x 105 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®-
13),
Fr

Inner Cell

Fa

Fa

Fy
Figure 2.12: Lens in realistic cell and holding forces exerted on lens in cell F,: axial
Jorce; Fy radial force. Usually, only one type of force is present.

If, on the other hand, a lens is to be hard mounted, then there must be an interference fit
(no clearance) between the lens OD (Outer Diameter) and the cell ID (Inner Diameter). As
such, the resulting interference fit will cause the force holding the lens to be radial, as
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shown in Figure 2.12. Again assuming AT = §0 °C and substiwting into Equation (2.7b)
yields the result Sg, = 5.26 x 108 N/m2. While this stress is much less than the
maximum compressive strength of glass, it is stll 50% greater than the recommended
operating limit of 3.5 x 10® N/m? for BK7 and as such will also cause birefringence and
image degradation.

It should be noted that birefrigence will be most harmful in sysiems employing
polarized light, such as those in which polarized beam-splitters or retarders are used.

One way to remedy the above problems is athermalization. a process in which the lens
and cell materials are carefully chosen so as to minimize the difference in CTE between the
two materials and as such reduce thermal-induced stress. However, athermalization
increases design complexity by limiting the choice of lens and barrel material available to
the designer (!4, As well, many of the common metals having a CTE matching that of
commonly used glasses, such as steel, titanium, or beryllium, arc expensive or hard to
machine or both ),

Another remedy to thermal-induced stress effects consists of gluing a component into a
cell. Specific thicknesses of elastomers can accomodate thermal expansion. This solution,

however, entails an assembly that is considerably morc complex and time
consuming(15:16),

2.3.2 Thermal Effects: movement of optics

The preceding subsection indicated how thermal fluxes create stress on oplics.
However, there is also the possibility of actual movement of optics duc to thermal
expansion, which is specified by a material's CTE. An interesting example to study is the
baseplate on which Phase I is mounted, a simplified engincering drawing of which is
shown in Figure 2.13. The baseplate is made of magnesium AZ31B, which has a CTE of
25.2 ppra/°C (17, For a AT = 80°C, the bascplate's thickness will increase from its
nominal 25.4 mm (1 inch) thickness to 25.4 + 25.4 x 25.2 x 106 x 80 = 25.451 um, an
increase of 51 pum. For a system such as systemg described above which has a tolerance on
Ax, of only 0.5 pum, the impact of this thermal movement on the optical performance is
sufficient to render the system effectively non-functional.

Other thermal effects include the effect of a temperature change on the index of
refraction of a lens and as such on its focal length. These effects are also quite small,
however, and are mostly of the order 10-5 mm/mm/°C (14), Nonetheless, these thermal
induced problems accumulate and can cause misalignment problems.

Chapter 2 32



% 174 20 Thread Throuph

_é:__

te for Phase I Free—Space Optical Baciplane

McGil Photonic Systems Group

Rev.

Date
11/ Jan/S4

Materil
Magnesiun AR

31

i 4
T
St ) R—

A erpend

Figure 2.13: Simplified engineering drawing of McGill Phase I baseplate.

33

Chapter 2



2.3.3 Vibration and shock

In most high-performance computing environments the backplane is located in a chassis
in which fans blow a considerable volume of air over the PCBs and the backplane
transceivers. A fully loaded Futurcbus+ chassis. for example, must have fans blowing
between 119 and 161 litres of air per second in order to meet the cooling specificationst!®),
On average. these fans rotate at angular speeds of up to 3200 rpm (~60Hz)(19). These
requirements are mainly driven by the electronics on the PCBs and as such any backplane
standard must respect them. The resulting vibrations from the fans and accompanying
massive airflow must be considered in all photonic backplanc systcm designs.

Traditional techniques developed to accomodate shock and vibrations, such as the use
of springs, rubber pads, or other tensioned or clastic clements should not be used since
they are susceptible to drift (). For vibrational analysis, such soft mounts can be modelled
as springs having linear resonance frequency, fi- and angular resonance frequency. for
described by (20);

—_ L ket A 7 R,
fir= 2\ M, (2.82)
= _l_ .._KA 2
Jar = 27\ I, (2.8b)

where K4 and K are the angular and linear spring constants respectively, and I4 and M,
are the moment of inertia or mass of the oscillating bodies.

If the frequency of the disturbances such as the cooling air or fans matches the
fundamental frequency of the tensioned element, resonance will occur, which can scriously
damage or even destroy the element. As a result, it is recommended that the resonant
frequency 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 reasons, tensioned mounts, which arc acceptable and used in other
optical systems, are unacceptable in a backplanc environment given the rough vibration
conditions.

Another problem is the force required to insert a PCB into the backplane environment.
For Futurebus+, this force is of the order of 200N (18), Furthermore, this insertion force is
perpendicular to the backplane, which is unusual in optical design: in most optical systems
exposed to high shock, such as sights on rifles or missile tracking heads, the optics arc
parallel to the main shock vector (22), Shocks perpendicular to the optics further complicate
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optomechanics. A typical example of this complication is the fuct that threaded rings tend to
back out of cngagement after shocks, forcing the designer to forgo such components (22,

2.4 Consequences of board insertion on mechanical specifications in
backplane chassis

Whilce tomorrow's photonic backplane standards arc in no way obliged to respect the
mechanical specifications of today's electronic backplane standards, today's specifications
arc nonctheless a reflection of the physical and industrial environment in which backplanes
must rcliably operate and as such are worthy of study.

As was outlined in chapter I and shown in Figure 2.14, most backplane standards
today explicitly specify that the backplane itself be mounted in 2 metal chassis which offers
protection from environmental, mechanical, 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 receptacle on the backplane.

The separadon of the rail's 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 order to
allow for PCBs of various thicknesses to slide down the chassis and mate into the
backplane; as well, maximum warpage must be 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 A8, = 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 100 pm(18), These misalignments are large compared to
the alignment tolerances required by current free-space optical 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 all free-space interconnects in general as well 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 be 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 gencrally confined to unigic or very expensive
systems(22.23.24)_ Ingenuity in mechanical design. however, could solve these problems.
Another way to ensure alignment on the backplane would be to resort to pariodic visits by
maintenance crews, but this could be an expensive proposition.

A potentially cheaper and more effective way could be to implement active alignment,
which is a closed-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 optics. The following chapters will explore the concept of active
alignment in order to determine the feasibility and implications of implementing active
alignment in free-space optical backplanes.

Crate (Chatsis)

Edge separation

Figure 2.14: Backplane chassis and guide rails.

2.6 Conclusion

This chapter described the negative impact of mechanical misalignments on frec-space
optical systems and the major physical conditions that can contribute to such mechanical
misalignments within a backplane environment.

A combination of all the above sources of misalignment will bring about considerable
misalignment which, depending on the optical tolerances, will considerably impair system
performance.

Proposed methods of overcoming these misalignment mechanisms included extensive
athermalization and rigid fabrication, periodic site visits by maintenance crews, or active
alignment. It was argued that active alignment could be potentially cheaper and more
effective than the other two solutions. The next chapters will explore active alignment in
order to determine its feasibility and practicality for free-space optical backplanes.
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Chapter 3
Review of active alignment

3.1 Intiroduction

In the previous chapters it was shown that free-space optical backplanes could
overcome the fundamental throughput limitations inherent in electronic backplanes. It was
further shown that in order to fulfill the potential of optical free-space interconnects, one of
the problems that had to be addressed was the alignment of a separable interconnect. Given
the strict alignment and mechanical tolerances as well as the physical constraints to which
an interconnect is subjected, active alignment was shown to be worthy of further study in
order to determine its feasibility and practicality in free-space optical backplanes.

It is thus essential to perform a review of existing active alighment systems in order 10
detcrmine their capabilities and to judge if certain features from these systems can be
implemented into 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
alignment, which was introduced and defined at the end of chapter 2, is further outlined
and the basic closed-loop control diagram is given. The field of active alignment is then
divided into categories which are consistent with the misalignment mechanisms described
in chapter 2 and each category is explored in tum: section 3.3 deals with active alignment
for the correction of lateral (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 changirg combination of both lateral and angular misalignment. In each
section a review is given of representative active alignment schemes that were successfully
implemented and published. Finally, section 3.6 defines and explores three key issues
confronting all active alignment systems regardless of the misalignment errors they correct:
reliability, accuracy, and cost.

3.2 Definition of active alignment

Active alignment can be defined as a closed-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 opucs.

All the active alignment systems described in this chapter featre a control loop similar
to the one in Figure 3.1 and which has the following features: 2 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 misalignment

Dcsired + E Actual

Position —»QM Controller —p»]  Plant —TPosiLion

Figure 3.1: Basic control loop for active alignment.

3.3 X-Y-Z active alignment: compact disk and optical disk players

Compact disk (CD) players ar¢ very interesting te study since they are ong of the few
mass-market and inexpensive optical systems implementing active alignment - such
qualities are very important for backplanes. Furthermore, their gencral principle of
operation is well known and published.

In a hard Compact Disk (CD), binary information is cncoded into small grooves spaced
about 1.6 um apart. As the CD turns, these grooves pass under a laser beam focused into a

. spot. The reflectivity of the groove determines how much light is reflected; based on the
reflected light power, the decoder decides whether the groove represents 0 or 1. Keeping
the rapidly rotating CD aligned to the laser beam spot requires active alipnment. A typical
optical train for active alignment in a CD is shown in Figure 3.2 a).

In order to keep the CD's grooves aligned in the x-y plane and within the required
depth of focus of £ 0.5 pm (1, part of the reflected beam is fed into a quadrant detector, as
shown in Figure 3.2b). As can be seen in Figures 3.2b}(i) and (i), a Ax,. or Ay, crror can
be deduced based on the differential light power on each quadrant. Another technique in
which two additional beams are required (one on each side) can also be used(?.

To determine the Az, error, the light incident on the quadrant detector also passes
through an astigmatic lens . The optical system is designed such that when Az, =0, the
quadrant detector is resting at the focal plane of least confusion ). On the other hand,
when Az, < 0, the defocus of the sagittal rays will cause the spot to appear as in Figure
3.2b)(iii). Conversely, when Az, > 0, the defocus of the tangential rays will cause the spot
to appear as in Figure 3.2b) (iv). Again, the controller can deduce the Az, error and move
the objective lens to correct for the defocus error. The control bandwidth for such a system
can approach 1 kHz 4

. Recently, the optomechanical design for an air-supported floppy optical disk was
proposed (), but its optomechanical design is both more critical and more complex than the
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alrcady challenging conventional hard CD's. In order to reduce the optomechanical design
complexity, integrated holographic laser/detector CD heads ) as well as molded glass
optical clements for focusing servost6) have been proposed .

Figure 3.2a): Simplified schematic of optical train for error tracking and active alignment on
CD player. QWP: Quarter Wave Plate; PBS: Polarized Beam Splitter.

0] ® (i) W)
Figure 3.2b): Misalignment errors detected by quadrant detector on CD player:
(i) Ax. = Ay, =0 (ii) Ax. > 0, Ay, < 0 (iii) Az, < 0 {iv) Az, > 0.

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 study
since backplanes also must function in difficult 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 which its optics can theoretically
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attain(?. Failure to do so introduces considerable coma in the image. This required
stabilization is independent of the large spherical aberration in the primary mirror which
was subsequently correcied in a spectacular NASA shuttle mission.

A key challenge is the detection and correction of small angular deviations in the line of
sight. A similar challenge, albeit with less demanding tolerances, was shown in chapter 2
to be present for free-space optical backplanes. In order to detect such small deviations, the
HST uses an interferometric procedure implementing FGSs (Fine Guidance Scnsors)
shown in Figure 3.3.

Polarizing Beam Splitter

From upstream
optics s

~ T~ Koester Prism(x channel)

Koester Prisin (y ch 1} f

©)

Figure 3.3: a) Simplified schematic diagram of an FGS interferometer optical train (7) b)
untilted wave front emerging from Koester's prism c) wave front with initial zero 1o peak
tilt of A/8 emerging from Koester's prism. Note in b) and c) how reflected component is
advanced in phase by A/4 relative to transmitted beam component.
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In Figurc 3.3a), the light coming from upstream optics (upper left corner) is a small
part of the light collected by the two principal mirrors and sent to the imaging instruments.
This unpolarized light from the upstream optics is equally divided by a PBS (Polarized
Bcam Splitter) and cach half is sent to a Koester Prism. Since each Koester
prism/Photomultiplier tube setup is similar, only onc is described here.

The Koester prism, effectively a folded version of a Michelson interferometer using a
shearing diclectric film (), is shown in greater detail in Figures 3.3b) and 3.3¢) and works
as follows. In Figure 3.3b), a plane wave front ¢c-b-a enters the prism and, after an internal
reflection, encounters the diclectric film, At the diclectric film, half the wave is reflected and
advanced in phasc by 7/2, and half is transmitted. For example, half the power in point ¢
maps to point ¢” when it is reflected and advanced in phase by =/2; the other half is
transmittcd and maps to point ¢'. All other points on the wave front from ¢ to a behave
similarly. The cmerging wavefronts are thus phase shifted by n/2 with respect to each other
and on cach side this will cause an interference pattern which will be picked up by the
photomultiplicr,

However, when a wave front having a small tilt of £ encounters the Koester prism,
similar geometric ray-tracing indicates that the spacing between the emerging wavefronts
will vary by a factor 2¢, The 2¢ 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 47e
m o E-(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 awzy from zero. The output of this
function is used to drive the servos. When the tilt error is zero, the servos receive no input;
when the tilt is non-zero, the servos quickly receive a large driving voltage which is
required to correct the telescope pointing (),

Despite minor implementation problems, such as polarization-induced and chromatic
aberration in the FGS optics, and despite the well-publicized spherical aberration which
ultimately reduced the overall measurement sensitivity of the FGSs, this system met all
required alignment specifications.
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Figure 3.4: Ideal transfer function of Hubble Space Telescope Fine Guidance Sensor.

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 light propagates. Jitier causes parts of the image in the image plane to
move rapidly in a non-uniform manncr, deteriorating the image quality. Whilc it is unlikely
that air turbulence along a 20 mm beam path in a backplanc would causc noticeable jitter,
image jitter could still be a problem in optical backplancs if cooling fans and other sources
of mechanical movement vibrate the recciver or transmitter devices. Consequently, it is
necessary to study cxisting jitter-compensation systems to determine the issues involved.

According to astronomical terminology ), ‘active optics’ are used to compensate
permanent or slowly time-varying aberrations and jitter in the image brought about by
mirror imperfections, slow-changing thermal fluxes, and so on. 'Adaptive optics’, on the
other hand, deal with quickly time-varying jitter due to atmospheric disturbances. While
telescopes implementing adaptive optics to compensate for atmospheric fluctuations have
been in use for many years, they were used mainly by the military and as such were kept
secret. Only recently has the theory behind their operation been disclosed 4-12),

It has been shown that the OTF (Optical Transfer Function) of the atmosphere varics
widely and that these variations are correlated only over small viewing angles of a
telescope(1®, The size of the viewing angle over which the OTF, and as such the phase of
the incoming wave front, does not change significantly is defined as 6, the isoplanatic
angle. 8, can be approximated as:
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where it is assumed the atmospheric distortion is confined to a layer of thickness 4, and of
height & above the ground: as well, 7, is termed the Fried coherence diameter and is a
function of the observation wavelength, the fluctuations in the index of refraction and the
optical path Iength from the source to the aperture entrance plane. For A = 500 nm and
assuming typical astronomical viewing conditions, r, = (.2 m.

The impact of 7, is as follows. The angular resolution of a telescope of aperture D in an
ideal environment is:

—
13

g, =t D’L (3.32)

Howegver, in a real terrestrial environment the phase front is constant only over a
subaperiure of diameter 7, and as such the angular resolution of the subimage coming from
the subaperture of constant wavefront is limited to:

1.224

Ty

9, =

(3.3b)

Furthermore, since the phase front varies randomly from subaperture to subaperture,
the subimages are shifted relative to each other in the image plane, causing unacceptable
deterioration in the image quality.

In an adaptive telescope, a deformable mirror in the optical train is divided into cells of
diameter smaller than r,, ard these cells are moved in real tme to compensate for the phase
front variations due to atmospheric turbulence. A typical system is shown in Figure 3.5.
Part of the incoming light is tapped off at the dichroic filter and the orientation of the phase
front of cach subaperture is monitored. The controller then determines both the coarse
alignment which is performed with the tip-tilt mirror as well as the fine alignment which is
performed 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 created by focusing a high power laser beam in the stratosphere such that the
Rayletgh scariering forms a bright spot within the isoplanatic angle.
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Such operational systems have produced near diffraction limited imaging ~vith a Strehl
ratio of approximately 0.67 and an anguelar resolution of ~ (.07 arcsee at an observation
wavelength of 500 nmt!9. However, an advanced operational system such as the US
military's Short Wavelength Adaptive Technique (SWAT) system at the Firepond facility in
Massachusctts demands an ¢normous computing bandwidth of around several hundred
billion operations per second and requires about 250 piczo actuators (). For expensive
sysicms with many actuators. piczos and similar compounds are often chosen as the
actuators since their reliability is judged to outweighs their undesirable properties such as
hysteresis and creep (13-149), Piczos and similar compounds are further discussed in section
3.6.

Light from observed stars

Main Telescope Mirrors

Adaptive
Mirmor ‘
Refercnce
Source
Lenslet
Arnay
Dichroic [Wavefront
filter Sensor
T
Imaging *
Module
Controllerfypé-
» ¥

Figure 3.5: Simplified schematic of an adapt:ve telescope compensating for errors in
wave front phase.
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3.6 Issues in active alignment

Although the active alignment systems described above compensate for different types
of misalignment errors, they all represent different compromises between three important
issucs in active alignment: reliability, accuracy, and cost. This section further explains how
these issues will affect active alignment considerations for a frec-space optical backplane.

3.6.1 Reliability

If a backplane fails, the performance of the entire computing system will suffer. The
rcliability of the backplane, and as such the rcliability of any active alignment on a
backplane, is critical.

Onc way to improve the reliability of an active alignment system is to eliminate as many
moving parts as possible. The usc of solid-state optics in alignment experiments has been
tried, with moderate success. For example, in one experiment(13), a large liquid crystal
spatial light modulator (SLM) was built. By varying the voltage applied to various
positions of the SLM, a graded index profile could be given to the SLM - in cffect
transforming the SLM into a lens. By changing the voltage applied to the SLM, the focal
length of the lens could be changed. This theoretically allowed for correction of Az,
misalignment errors (i.c. defocus) without mechanically moving a component. However,
the best result that could be attained using this technique was a change in the lens’ focal
length from f = « 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 be 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 well (16),

Other methods for reducing the number of moving parts in an active alignment system
include the use of piezoclectric (PZT) or elecirostrictive (ESA) actuators. These actuators
have crystal structures which exhibit strain when a voltage is applied to them. PZTs and
ESAs have key advantages: 1) the actuators themselves have no moving parts since all
strain is 2 result of crystal relaxation and contraction, and 2) small volumes can move great
mechanical loads (for example, 2 6 mm x 15 mm ESA stack can exert a force of 750 N
(I7), 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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actuatorst!21%)_ 3} their travel is very small: a maximum strain of 0.13%, a typical value
for a PZT(13), yiclds a maximum travel of 19.5 um for a 15 mm actuator stack, and 4) their
performance is strongly affected by temperature: a change of AT = 50°C can bring aboeut a
50% reduction in strain for certain PZTs(U?, A major diftfercnce between the ESAs and
PZTs is that ESAs cxhibit smaller non-lincaritics but require greater drive power and can
only be moved at slower speeds than PZTs.

The analysis and examples in this chapter indicate that highly reliable components and
actuators featuring little or no moving parts do exist and are in use in specialized and
expensive systems featuring active alignment. For cxample, PZTs arc used in the SWAT
telescope described above or in certain specialized laser caviticst!9): Furthermore, adaptive
alignment systems featuring over 1000 PZT actuators have been built, which further
demonstrates that reliable systems employing Jarge numbers of actuators can be built <9,
However, the major drawbacks such as limited travel, temperature dependence, and
difficult control have prevented their widespread use in mass-produced optical systems.
More research on these highly reliable but complex devices is necessary before they can be
put into backplanes.

3.6.2 Accuracy

Chapter 2 indicated that lateral resolution on the order of several um and angular
resolution on the order of several arc minutes will be required in order to maintain
alignment in high-performance free-space optical interconnects. PZTs or ESAs were shown
in subsection 3.6.1 to be a solution. There are, however, other high accuracy solutions for
applications not requiring the nanometer resolution of PZTs and ESAs. Servo motors arc
used in many high accuracy applications such as the above-mentioned Hubble Space
Telescope (HST) and other high accuracy space-based and ground-based beam steering
systems(@1), Furthermore, extremely high resolution can be achicved with standard off-the-
shelf gear and encoder combinations attached to servo motors or siepper motors (22), The
demonstrator system described in chapters 4 - 6 uses such a stepper-motor gear
combination to achieve <!° accuracy.

Another important factor determining the accuracy of an active alignment system is its
control bandwidth. Control bandwidth is a system parameter indicating how fast a system
can respond to disturbances3). Control bandwidth is a function of the speed of actuators,
the power train, the error detection, and the controller. This will be an important factor for
optical backplanes if cooling systems and other mechanical vibrations contribute substantial
vibrations: for example, a control bandwidth necessary to compensate for a backplane fan's
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60 Hz vibration could be necessary. Further rescarch is needed to determine the control
bandwidth necessary for active alignment of a free-space optical backplane.

Finally, there have also becn atiempts to build high accuracy active alignment systems
implementing adaptive algorithms on neural networks in order to improve speed and
accuracy in all conditions. Such systems, however, have barely progressed beyond the
proof-of-concept stage(24),

3.6.3 Cost

A fully equipped state-of-the-art 21 slot VME electronic backplane system complete
with chassis, fans and a 600 W power supply cost around US$4000(25) in 1993, and
prices are 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 the HST are unacceptable for a backplanc which will be 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 detector, actuator coils,
and simple optics and electronics are required. Consequently, many ideas from CD systems
such as the use of quadrant detectors warrant further study.

3.7 Conclusion

The review indicates that active alignment is still a new field. Designs of many new
systems featuring moving optics such as autofocus cameras or jitter correcting binoculars
are still kept secret for commercial or military reasons. As well, the terminology is not yet
fixed. For example, astronomers have designed and built many various types of active
alignment systems and have subdivided the taxonomy (®): they term low frequency
alignment (<1 Hz) 'active optics’, and high frequency alignment (~1kHz) ‘adaptive optics'.

Nonetheless, a review of existing active alignment schemes indicates the trends. In
many cases, optomechanical issues are fundamental to the whole active alignment syster
as well as to the whole optical system. Furthermore, computing power is seen to occupy an
increasingly important role as systems become more complex.

Many concepts brought up in this review, such as the use of quadrant detectors to
determine misalignment error, the use of reference beams in jitter-compensating telescopes,
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and different methods of achicving high accuracy movement, are applicable to a harsh
backplanc cnvironment. In order to determine how many concepts and ideas can be
borrowed from other active alignment systems and incorporated into an active alignment
system for a backplane, an x-y actve alignment demonstrator was designed. simulated.
built and tested. This demonstrator is the subject of the next three chapters of this thesis.
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hapter

Theory of x-v _active alignment using Risl Beam Stesrer

4.1 Introduction

To gain a first-hand appreciation for the practical challenges and issues which the active
alignment of a free-space optical interconnect introduces, an active alighment demonstrator
was designed, simulated, built, and tested. This chapier outines the theory and design
required for the demonstrator.

The simplified layout of the demonstrator is shown in Figure 4.1. The system worked
as follows: the misalignment error between the actual and desired location of a spot on a
quadrant detector was used to compute the angular displacement required for two Risley
Beam Steercrs (RBSs) to centre the spot in the x-y plane.

©a,0g)
A7 A Misslignment Er
Motors (Axe. A¥e
rHelium Necon Laser |—— - - (4>
Quadrant Detector

Risley Beam
Steerers @——f ol f —b

Figure 4.1: Simplified optical and mechanical layout of the demonstrator.

A discussion of how the misalignment error signal is determined is given in scction
4.2_Ttis shown that a spot impinging on a quadrant detector (QD) creates four independent
photocurrents each of which creates a voltage when driven across a resistor. The
relationship between these four voltages and the spot misalignment crror (Axe, Aye),
where (Axe, Aye) = (0,0) represents a centered spot, is determined. It is shown that,
within system limits, a larger spot size yields a greater range over which the error
(Axe, Aye) 1s linearly proportional to voltage differences. In section 4.3, a justification for
the use of RBSs and the optical theory explaining the action of the RBSs are given. An
algorithm which uses RBSs to centre a misaligned spot is then derived. Simulations are
also presented in order to better illustrate the centering action of the RBSs.
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4.2 Determination of misalignment error

In this scction it is shown that a spot impinging on the quadrant detector (QD) creates
four independent photocurrents which in turn create four independent voltages when driven
across resistors. Performing arithmetic on these four voltages yiclds voltage differences
which give information about the misalignment error. However, it is shown that the spot
must be of an optimal size for the voltage differences to be linearly proportional to the
misalignment error over a given range. The measurement sensitivity, a scaling constant k
relating the actual misalignment error of the optimal spot te the voltage difference, is also
introduced.

4.2.1 Geometric and opto-electronic features of a quadrant detector
A quadrant detector (QD) is an optoelectronic device composed of four independent
photosensitive arcas laid out in a quadrant; Figure 4.2 shows a front 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 (Ax,, Aye).

X
X\

> e
Figure 4.2 Quadrant Detector Geometry.
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Figure 4.3 a) centered spot and b) spot misaligned by (Axe, Aye).
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Each photosensitive arca can be modeled as a diode which, when reverse biased.
produces a photocurrent, ip, proportional to the integral of the irradiunce on the quadrant:

]

ip = (I irradiance on photosensitive area x dA )xS .0
= Pq, x$

where Pg;is the total light power incident on quadrant j and § is the optoclectronic
sensitivity, expressed in units of A/W.

When i, flows through a resistor, R, a voltage V is produced according to Ohm's law.
Figure 4.4 indicates the layout of the circuit containing the resistor, bias voltage, and
photosensitive area for one quadrant.

Figure 4.4: Bias circuit for one photosensitive area of the QD.

Consequently, a spot with a Gaussian irradiance pattern impinging on a QD will create
four voltages: V;, Vs, V3, and V4. It is shown in the next subsection that the misalignment
error (Axg, Ay,) of a spot of optimal size can then be approximated by the following
relations over a small range of misalignments:

Ax, =k[V) + V4 — (Vo + V3)] pm (4.22)
By =k[Vi+ Vo = (V3 +Vy)] m (4.2b)

where k , the measurement sensitivity having units of m/V, is a scaling constant relating
the differential voltages to the actual spot misalignment error.

Sections 4.2.2 to 4.2.5 solvc the integral in Equation (4.1) for an arbitrary spot
displacement and size in order to determine the optimal spot size.
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4.2.2 Definitions and assumptions

Let

1) Pys,Pyga,Pys.Pgs be the total optical power incident on quadrants 1, 2, 3 and 4
respectively.

2) the quadrant detector be composed of four identical and independent photosensitive
arcas scparated by a gap of width 2g. The detector's dimensions, and the four
quadrants numbered from 1 10 4, are shown in Figure 4.2,

3) AVx and AVy be defined as follows:

AV, =(V]+V)-(V +V3) (4.3a)
AV, =(V +V3)=(V3+Vy) (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:

E=y(ax. )" + ()" @4)

5) the spot have a Gaussian irradiance distribution, /(r), with peak irradiance I,.

I(r)=1,e 2 (4.5)

4.2.3 Total light power for centered spot
When the spot is centered, (Axg, 4ye) = (0,0) and Py, Pga Pgs, Pgqy =Pq.

For a, b, and g defined in Figure 4.2 and for a Gaussian irradiance, P, is calculated as
follows:

P, =L,

BT S (4.6)
=Ioje—2y Iw dyje—Zx Iw dx
& g
Now let
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1=~21/vy 4.7
u=~217x (4.8)
a=wi\2 (4.9)

Substituting (4.7),(4.8) and (4.9} into (4.6) yiclds

, ble . alx

Fg =07l I e dt I e du

ve £l 4.1
2
_e ioﬁ[ed'(bl o) -erf(g/ @) [erflal )=erf(g/ @)]
where
() =— J g @10
[ ) =—=\¢ t .
Vmy

4.2.4 Total light power for misaligned spot

In this subscction, the iotal light power in each quadrant is calculated when the
misalignment error of the spot centre is (Axe, Aye). In this case, the irradiance /(x,y) is:

—_ 7 =20 x=4x, ¥ +(y-4y, ) W'

And the total light power on quadrant 1, Pgy, is:
= —2((x—Ax, Y +(y-8y, ) Ww?
Py =l ], e YA MW A

: b .
= Io‘?e_z(x_m'). Iw‘.! dxj'e"z(}"A)’. )2 Iw: dy (4 13)

8 8

Transformations similar to those in the section 4.2.3 lead to:
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Now, to determine the light power on quadrant 2, Py, the irradiance described in
Equation (4.12) is integrated over arca # 2 of the QD described in Figure 4.,2:

b I . 2yt
Py =1, [ 20T gy [ RETARTIN gy (4.15)

2 -

Similar opcrations arc performed for Pgz and Pgy; the resulting power on quadrants
2.3, and 4 is thus:

(-g- Ax)] ec{’[(_a Ax,)]H [(b Aye] ,f[fg Ayr)]} 4.162)
camse] e Axc)]}{ Ae=t)]. ,f[(‘b_;mf_).]}(ét.wb)

P, =I,a? %{ erf —
e S, e} {0 v

2
P, =l -Z{erf

(4.4

4.2.5 Application of equations describing total light power

In this subscction, ihe equations of total light power derived in the previous subsections
arc uscd to determine the optimal spot size which will yield a linear relationship between
voltages and misalignment error for a range of misalignment errors on a given QD
gcometry.

Combining Eq (4.1) with (4.14), (4.16a), (4.16b), and (4.16c) yields the photocurrent
produced by the part of the spot on quadrants 1, 2, 3 and 4, respectively. An optoelectronic
scnsitivity of § = 0.41 A/W is assumed since this is the optoelectronic sensitivity of the
photosensitive devices for the QD used in the demonstrator (at A = 632.8 nm)("). The
analysis given in this section is valid for any optoelectronic sensitivity, however. When the
four photocurrents are each passed through a resistor, four voltages V;, Vs, V3 and Vi are
produccd. At this point, it is useful to plot AV vs the distance from the spot centre to the
QD centre (E) The plot is given in Figure 4.5.

In Figure 4.5 can be scen the plot of AVy vs E as the centre of the spot moves along the
mathematical line y = x between points P; and Py shown in Figure 4.6 (E is set negative
for spots centered in quadrant 3). In this case, a >>g and b>>g; as well, w and E are both
normalized with respect to g. The resistance and total light power in the spot are fixed
arbitrary values.
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Figure 4.5 indicates that for w < g, the curve AV vs E is highly non-lincar. Cn the
other hand, for w > g, the curve is approximately lincar. Furthermore, as w increases, AV,
varics lincarly with displaccment over a greater displacement range, but the lower the slope
dAV, /dE becomes. Simple algebra indicates that for w > g the slope dAV,/dE is the
constant £ in Eq. (4.2).

The constant & is the measurcment sensitivity of the sctup: a small & yiclds a small
voltage change (AV) for a given displacement. Conversely, a large & yields a large AV for
the same given displacement. A large measurement sensitivity is desirable since it yields
more precisc measurements for a given signal to noise ratio and simplifics the clectronics.

For large spots, i.c. for (w/g)>1, the most accuratc information is obtained when the
spot centre is closest to the gap, which indicates that this method theorctically is most
accurate for detecting small misalignment errors about the origin - an interesting fact

To summarize, Figure 4.5 indicates that an optimal spot size can be chosen such that
Eq. (4.2) holds for a certain linear range. The determination of this optimal spot size for the
actual demonstrator is given in the next chapter.
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Figure 4.5: Ideal dVx for normalized spot displacement along y = x line (rectangular QD).
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Figure 4.6: Trajectory of centre of spot used to obtain graph in Figure 4.5.
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4.3 Model of Movement of Risley Beam Steerers

In this section, the use of RBSs for this active alignment demonstrator is justified, their
non-lincar motion is explained, and an algorithm transforming a desired Cartesian
displacement into an cquivaient movement performed by two RBSs in series is derived.

4.3.1 Justification for using Risley Beam Steerers in active
alignment

Three reasons for choosing Risley Beam Steerers (RBSs) as the optical components to
move in an active alignment expenment are:

1) They have already been used for x-y alignmert in free space-optical systems (3) and
have proven to be a simple and cheap way of aligning free-space interconnects.

2) Optical steering components requiring rotational, as opposed to lateral, displacement
can more casily fit into a barrel or other integrated optomechanical setup. In additon,
angular motion is casier to control than rectilinear motion when compensating for
vibrational effects®.

3) As will be shown below, the deviation of a spot by RBSs, while inherently non-
lincar, can be modeled algorithmically with high accuracy.

4.3.2 Definitions and assumptions

Let

1) An RBS be a nearly cylindrical optical component with a wedge in it, and whose
purpose is to steer beams of light by imparting an angular displacement to them, as
shown in Figures 4.7 and 4.8.

2) The two RBS:s in the system be named RBS A and RBS B.

3) B a and g be the wedge angle of RBS A and RBS B respectively.

4) 84 and 6g be respectively the angular rotation of RBS A and RBS B abour the z-
axis, as shown in Figure 4.8.

S) (x1,y1) be the Cartesian representation of an arbitrary displacement imparted to a
spot by the RBSs, and let d; be the magnitude of the displacement (x;,y;):

dy =22+ v (4.17)

6) 6; be a modified form of arctan (y;/x;), such that 0 < 6; < 2x.
7) (xu,yu) be the position of the spot on the QD bad it been unchanged by the RBS pair.
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4.3.3 Effect of two RBSs in series on the trajectory of a beam
From first order theory ), the angular deviation., 8, imparted by a wedge on a beam is:
S=(n-1p (4.18)

where n s the index of refraction of the RBS. As such, at the focal plane of a lens with
focal length £, the lateral displacement, 7. to the spot imparted by the RBS is:

ra=f1and, = fran{(n—18,) (4.192)
rg=ftandg = fran((n-1)Bp) (4.19b)

The graphical representation of equations (4.18) and (4.19) is given in Figure 4.7.

Ax
<—f—»

Figure 4.7: Effect of wedge on beam propagation and resulting displacement due to a lens.
An RBS is effectively an element with a wedge in it.

Rotating the wedge about the z axis will cause the spot in the focal planc to move along
the circumference of a circle of radius r in the x-y plane at the lens’ focal plane,

If RBS A and B are laid out in series along the beam path, the angular displacements
imparted by the two RBSs will add. When RBSs A and B are rotated about the z-axis, the
spot will move on the periphery of 2 first circle of radius r, whose centre is located on the
periphery of a second circle of radius rg. This is shown in Figure 4.8b). A more formal
definition is given below. The maximum deviation of the beam with respect to the optical
axis will thus be equal to r4 + rp. This maximum deviation will arisc when the angular
rotation of the wedges is identical. A more formal analysis is carried out in the foilowing
subsections, and in appendix A a full optical calculation of the effect of two RBSs shows
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that the "circle on circle" approximation is valid 10 well within one percent for the physical
e values used in the demonstrator.

RBS A RBS B A

Figure 4.8 a) Effect on beam of two RBSs in series . Z-axis is coaxial with RBSs.
b) locus of spet movement 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 subsection, a more formal description of the phenomenon described in the
previous subscction and pictured in Figure 4.8b) is given. As well, a transformation is
found which maps a Cartesian displacement (x;, y;) into a ro:ational displacement (64, 6p)
of two RBSs, as outlined in Figure 4.9,

The angles 6, and 6p 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 2 counter-clockwisc direction. At this point, before starting the geometric analysis, it is
best to give a few examples: (i) the CtoR transform of the Cartesian displacement (x;,y;) =
(rarr=.0) yiclgs the RBS angles (8,4, 65) = (0,0); (ii) the CloR transform of the Cartesian
displacement (x;.y;) = (0,r4+rg,) yields the RBS angles (6, 6p) = (w/2,n/2). A complete
simulation of the RBS movement is given in subsection 4.3.9.

There arc three distinct cases to be considered when studying the CtoR transform:

1} d; > ra+rg yields an impossible solution

2)dy <l r4-rglylelds an impossible solution

3)lra-rpl<d; <rs+rg yields « solution
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Figure 4.9: Desired Cartesian displacement (x}1,y;) with corresponding angular rotation of
RBSs (B4, ), along with other mathematical poinis and constructions used in derivation

of CioR transform.

From Figure 4.9, it can thus be seen that the displacement imparted by RBS A and
RBS B in series is equal to the displacement between (i) the tip of a first vector of length rg
and rotated by 6p, and (ii) the tail of a vector of length r4 and rotated by 6, whose tip is at

{(4.20a)
(4.20b)

(4.21a)

(4.21b)

the tail of the first vector.
From the geometry defined in Figure 4.10, the following rclationships are obtained
from the cosine law:
r% = r,z‘ +d12 —2rpdy cos(6,)
r;': = r% +d,2 —2rpd) cos(6)
Simplifying vields:
2 _2_ 52
cos ea = m
_erdl
2_,2_ g2
cos Bb = 'A__’-B__i

Simple geometry from Figure 4.10 yields the following relationships:
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L -
Figure 4.10: Geometry of RBS movement.

For there to be a real solution to equation (4.21a),the inequality | cos(6;) | < 1 must
hold, which mecans that

rg—ri -df I<| —2rud, | (4.23)
Solving (4.23) yields two conditions (an analogous result is obtained for &):
Dd; <rq+rg and 2) dy >l ry-rpl

The first condition simply implies that the total misalignment distance, dj, must be less
than the total radius of action of the RBSs. The second condition is more problematic and
implics that there is a region, a 'blind area’, to which the RBSs cannot centre a spot.

The blind area does not mean that the mismatched RBSs will never be able to centre a
spot. Rather, the blind area means that the RBSs will never be able to impart 2 net
displacement of zero um to the spot. The corollary of this statement is: if the spot is
perfectly centered before the insertion of the RBSs, the spot will never be centered after
their insertion, regardless of their angular rotation. Only if the spot is more than Irg-ral
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 by two RBSs with
known angular rotation (RtoC Transform)

The RtoC transform is the inverse of the CloR transform. The RtwoC transform is
simply the sum of two displacements expressed in polar coordinates.

Xy =rycos8, +rgcosfp

4.24
¥y =rasinf@y +rgsinfp { L

4.3.6 Formal algorithm for calculating the angular displacement
necessary for two RBSs to correct a lateral misalignment error
detected by a quadrant detector

In this subscction a formal algorithm is developed for the centering of a spot which is
misaligned by (Axe. Aye). The ‘circle on circle’ model outlined above is uscd and it is
assumed that the algorithm is working in the steady-state, i.c. the current value of (64, 6g)
is known.

The following is an algorithm for determining the angular rotation of the two RBS3
required to centre on the QD 2 spot which is currently misaligned by (Axe, Aye):

1} Determine (Axe, Aye)

2) Determine (x,.y,) by the following calculation in which the RtoC transform is used:

X, =Ax,—(rycos8, +rgcosf
u ¢ (A A L] B) (4.25)
Yu =AY, =(rpsiny +rgsinfp)

3) Given the nature of the CtoR transform which modcls how two RBSs impart a
displacement on a spot, perform the CtoR transform on (-x,,-yy) in order to determine
(64, 8g) which will centre the spot.

dy = \sz +J’n2¢ (4.26)

6, = a.-ctan[l’“-] where 0 < 6; < 2. @27
xu

and 6, and 8, are determined as per equation (4.21).
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The new value of (84, 8g) is thus:

6, =6,+86, (4.282)
65 =6, -6, (4.28b)

(6a. B8) is now the desired input pair of angles to be fed to the stepper motor system
controlling the RBSs. Note that (8,4, 8p) 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 Formal algorithm for determining initial (84, 6g) given
arbitrary initial angular displacement of RBSs

The assumption at the start of subsection 4.3.6 states that the initial angular
displacement of the RBSs must be known. However, in order to begin, there must be an
initialization routine which determines the inital angular displacement of the RBSs. This
initialization routine should be as simple as possible and minimize all alignment and pre-
alignment. This initialization process is called hunting.

In order to facilitate the explanation that follows, a Matlab™ 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 = rg =r, there may be two solutions for (84,9g) for a non-zero displacement imparted
by the RBSs. This multiplicity of solutions is problematic; if the hunting algorithm is to be
useful in all circumstances, it must accommodate this particular case. A solution to this
problem is as follows. From the explanation of the algorithm in the preceding subsections,
it can be seen that the maximum deviation imparted by the RBSs will occur when 64 = 63
and that such a solution is unique. This unique solution is the key to the hunting.
Furthermore, when (8,4, 05) = (0,0), the spot is deviated to its maximum rightmost
displacement (maximum value of Ax.). In other words, all spot displacements of
magnitude ra+rg will always be brought about by a unique pair of angular RBS
displacements. The simplest case is (64, 8p) = (0,0). Given the definition of 84 and 6B,
this situation corresponds to a spot displacement of ra+rg in the x-direction and 0 in the y-
direction.

A general algorithm for determining a known (84,05) given an unknown arbitrary
initial angular displacement (6°4,8'g) of the RBSs and an arbitrary (Ax’e,Ay’e) is thus:
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1) Keeping RBS B fixed, rotate RBS A until spot is at position (AxemgxA-AVexmarals
which is a maximum displacecment in the +x dircction.

2) Keeping RBS A fixed in the position just obtained, rotatc RBS B until spot is ut
position (AxemarB-AYexmaxB), Where Axemaxg, is the maximum displacement in the
+x direction obtained by rotating RBS B.

3) Let (64, 5} = (0,0)

4) Let the new (Axp,Aye) = (AxemaxB-AYexmaxB)

(Axe.Aye) and (684, 65) can then be fed into the steady-state algorithm described in
subsection 4.3.6.

As stated above, a Matlab™ simulation was performed on the hunting algorithm. The
results of the hunting simulation are shown in Figure 4,11, The RBSs arc sequentially
rotated until the spot is at its rightmost displacement. The spot is determined to be at its
rightmost displacement when the x value starts to decrease for the first ime after it had been
monotonically increasing. The theoretical error in this determinativ is bounded by the
angular resolution of the RBS rotation: if at each step the RBS rotates by 1°, the worst case
error will be 1°,

4.3.8 Resolution of RBS angular movement required for 1 pum
alignment accuracy

From an optomechanical point of vicw, it is interesting to determine what angular
rotation of an RBS is required to achieve a spot movement of € = 1 pum:

Let ¢ = angular rotation (in radians) of 1 RBS corresponding to a spot displacement of

By simple geometry:

p== (4.29)
.

For example, if » = 242 pm (a value determined by the components used in the actual
demonstrator) then ¢ = 1/242 rad (0.23°) is required for a I pum resolution. This is a major
constraint driving the choice of the stepper motors and the optomechanics.
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rcal thetaA=0.02992: approx. thetaA=0.02618 ang. crror=0.00374 rad (0.2143 deg)
real thetaB=0,02199: approx. thetaB=0.02618 ang. error=-0.004189 rad (-0.24 dcg)
approximate (xe¢,yc)=(4,5.993) real (x¢,ye)=(4,6)

Figure 4.11: Result of hunting algorithm simulated on Matlab™,

4.3.9 Simulation of movement due to rotating RBSs

In order to verify the validity of the algorithm and illustrate the movement brought
about by rotating RBSs, simulations were written and executed under Matlab™. In Figures
4.12 through 4.15, a sequence of perturbations and automatic realignments is simulated.

The meaning of the displayed values is as follows:
oldthetaA, oldthetaB: current values of RBS angular rotation
xu,yu: position of spot had there been no RBS
xe,ye: magnitude of perturbation that has just occurred.
thetaA, thetaB: calculated value of RBS angle which will recentre the spot

In these stmulations, the RBSs are moved one after the other in order to show the
movement. In the real demonstrator, however, they are moved concurrently. As well, the

simulations show only the centre of the spot. The spot itself is considerably larger.
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l' oldthetaA:0
oldthetaB:3.142

40L  Spot movement due to

rotation of RBS A. xu:5 xe:S
yu:5 ye:S
\ thetaA:5,26
20k thetaB:2.594
% ™

Initia! centre of
20k misaligned spot (5.5)

Spot movement due to
rotation of RBS B.
401 &

3 0 b () 70 0 5
Figure 4.12: Simulation of RBS rotation required to centre spot on QD after perturbation of
(Axe,Aye) = (5,5). Angles are in radians, displacements are in arbitrary units,

&0 T T T
oldthetaA:5.26
oldthetaB:2.594
40 i
Xu:8 xe:3
yu:10ye:S
thetaA:s, 167
201 thetaB:2,908
0k F_E\
Initial centre of
20k misaligned spot (3,5) ]
-40L 4
585 %0 20 0 20 %0 80

Figure 4.13: Continued from Figure 4.12. Simulation of RBS rotation required to centre
spot on QD after second additional perturbation of (Axe,Aye) = (3.5).
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oldthetaA:5.167
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Figure 4.14: Continued from Figure 4.13. Simulation of RBS rotation required to centre
spot on QD after third additional perturbation of (Axe,Aye} = (-9.5).

60 - r T
oldthetaA:5.825
oldthetaB:3.733
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Figure 4.15 Continued from Figure 4.14. Simulation of RBS rotation required to centre
spot on OD after fourth additional perturbation of (Axe,Ave) = (-10,-8).

Chapter 4 69



4.4 Conclusion

The theory, design and simulation of the demonstrator given in this chapter indicate that
an active alignment demonstrator using RBSs is indeed possible.

A method for determining the misalignment error of a spot impinging on a QD was
described and analyzed. A novel algorithm for centering a spot in the x-y planc using RBSs
was derived. Potential sources of inaccuracies such as the effect of first order optics and the
finitc resolution of stepper motors were identified and quantified.

The building and testing of the demonstrator described in the next two chapters reveal
these and other issucs.
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hapter

Design and construction of active alignment_demonstrator

5.1 Introduction

In this chapter, the main steps in the construction of the demonstrator which
successfully implemented the active alighment algorithm using RBSs are outlined. By
outlining the main steps carried out during the actual construction, it is shown that various
cngineering disciplines were reqaired to build a real system based on a theoretical design. A
schematic of the built system is shown in Figure 5.1. 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 addressed. The
schematic in Figure 5.1 as well as the constraints encountered and solutions chosen are
further cxplained in the scctions below. Section 5.2 explores the opteelectronic and
clectronic devices and circuitry that were used, and describes the tests that were performed
to charactenze these. Section 5.3 addresses optical issues such as lens focal length and spot
size, as well as the methodology followed to produce the desired spot size on the quadrant
detector (QD). Scction 5.4 describes the power train used to couple the power of each
motor to its respective RBS holder assembly in order to rotate the RBS to the angular
position calculated by the algorithm, The design and fabrication of the RBS holder
asscmbly itself is also discussed. Section 5.5 describes the issues involved in the
optomechanical packaging of the QD onto a support plate which is bolted onto a Newport
x-y-z positioner. It is shown that packaging issues are vitally important: for example, a
small rotational misalignment of the QD package can cause a substantial error in the
misalignment crror (Ax,, Ay,) input to the algorithm. Finally, section 5.6 briefly overviews
the computing platform, both hardware and software, on which the algorithm was
cncoded.
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Figure 5.1: Setup of active alignment demonstrator (Illumination LED not shown for
simplicity).

5.2 Optoelectronics and electronics for detection and transmission of
error signal

5.2.1 Choice of resistor value

The QD chosen for the demonstrator was the Hamamatsu S4349 which has a mcasured
optoelectronic sensitivity of 0.41 A/W, as is indicated in subsection 5.2.3. The Hamamatsu
$4349 has the following geometry: a = b = 1500 um and 2g = 100 pum(), where a, b, and
g are defined in Figure 4.2 .

Given the power of the HeNe laser used in the demonstrator and the losscs in the
optical train, the total measured light power of the spot on the QD was 73 pW= 3%. Since
it was desired to have a maximum voltage swing of approximately 10 V, the resistor value
was calculated as follows.

From Eq. (4.1) and Figure 4.4:
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To simplify circuit assembly, the closest standard resistor value (330 kQ) was chosen.
This choice of a practical resistor added an error of ~1%, and was decmed tolerable since it
simplificd circuit assecmbly. However, care was taken to choose resistors that were as

closely matched as possible.
A plot of the ideal voltage swing vs misalignment in the x direction, (AV; vs Ax,) for a

spot displaccment along the Ay, = Axe 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
normalized valucs.

Ideal dVx for E spot disp (rect. QD);2g=100:a=b=1500 Power=7a-05

15 . :

10 ke ............. A — w}:<100
& _: / 5 Wels
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B oo A AP A I
s :

3 . 4

xoh .................................... - _.....-‘.-.-...........:....-......-....:
5 77
< 4
g
RS
s
3
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366 300 500 o 160 200 0

E displacament (um)
Figure 5.2: Ideal dVx for spo: displuc.-ment along Ay, = Axe line (rectangular QD)
using actual physical parameters,
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5.2.2 Choice of reveirse bias voltage for photodetectors on quadrant
detector

Another key parameter to choose was the voitage applied to the biasing circuit, Vg,
shown in Figure 5.3. An experiment was conducted to determine the range of desirable Vi,
In this experiment. a small spot was focused onto the middle of quadrant 2 (Q2). The
voltages V;, Vo, V3, and Vy, were measured as V; was swept from 0 to 20 V, which is the
breakdown voitage specified in the data sheets (V. The resulting measured values are
plotted in Figure 5.4.

The analysis of Figure 5.4 yields insight about the circuit operation. For the illuminated
Q2, the maximum voltage across Rz should be: Vo =73 uyW x 0.41 A/W x 330 k2 =99
V, as was calculated in subsection 5.2.1. (R;=R 2= R3=R4= R = 330 kQ). Howcever,
Kirchoff's voltage law dictates that Vo = Vp+ V)i, where Vy; is the built-in voltage of the
diode. Consequently, V> increases with increasing V,, until V2 = 9.9, at which point V>
does not increase for increasing V,,. Figure 5 © also indicates that for this diode, Vp,=0.5V.

For Q1, Q3, and Q4, the analysis is as follows. For low reverse bias voltages, the dark
current is relatively high and as such the current across Ry, R3, and Ry is high. This
current across the very large 330 kQ resistor causes an appreciable voltage increase up to
Vo + Vi, for low V,. However, as the reverse bias voltage increases, the dark current
decreases, leading to a smaller drop across the resistors. At V; > 10V, the ratio of V; to
Vo, (x = 1,3, or 4) is < 0.05, which is as per the specifications. The reason for the
difference between, on one hand V; and V3, and, on the other hand, V4, can be attributed
to imperfect isolation between the active regions: more of the photocurrents of Q2 go to the
quadrants adjacent to Q2, namely Q3 and QI, than to the farthest quadrant Q4. An
analogous behaviour was observed when the spot was kept on the other guadrants.

The conclusion from this expeiimaent was that the applied voltage V; should be kept in
the range 10 V £ V,; < 20. A value of V,; = 10 V was chosen for the experiment.

L

i Vi; ip% Vpi ip:% Voi i ‘ Vbi
p]'L + + + Tyl

+ + + +
RV, Rv., Rv, RV,

o <+ ©

Figure 5.3: Ideal representation of quadrant detector as well as external biasing circuit
and resistors.

Chapter 5 74
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Figure 5.4: Effect of applied voltage, V,; on measured voltages Vy, Va, V3, V4 created
by photocurrents across resistors. Focused spot is located at the centre of Quadrant 2.

5.2.3 Uniformity of optoelectronic sensitivity on quadrant detector

The uniformity of the optoelectronic sensitivity, S, is vital: any non-uniformity in § will
produce inconsistent photocurrents for an equal illumination, leading to incorrect
measurcments of (Axe, Aye). In order to determine the uniformity of S, measurements
were taken at various positions along a quadrant of the QD.

The basic thcory is as follows. Figure 5.3, indicates that incident light creates a
photocurrent, i,, which creates a voltage across resistor R (330 k€2). For a total incident
light power Pp, the scasitivity is: )

Sz (5.2)

For these measurements, the QD was moved such that the full power of the spot
impinged on various positions within one quadrart of the QD. At each position, the voltage
across the resistor was meas.red.

A schematic of the coraponents used for the optoelectronic sensitivity measurement as
well as their layout is shown in Figure 5.5. The experiment lasted an hour because many
points were taken, Since previous measurements indicated that the laser fluctuated by + 3%
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over this long time span, it was necessary to determine the incident power Py for cach
voltage mcasurement. For every measurement, Pp was determined as follows. Py was
measured using a Newport 1835C power meter and Pg was determined by multiplying Py,
by the ratio Pg/P4. which had previously been measured: Pg/Pa = 0.8552(1.008. (Ideally,
Pp/P4 = 1. this deviation from the ideal can be attribuied to 2% reficction losses at cach lens
surface, as well as to a non-ideal 50:50 beam spliticr). As such, all the terms in Eq 5.2
were known for every measurcment and the sensitivity could be calculated for cvery point.

" QD in TO-5 packa;
Power QD in package

Meter

¥

50:50
Beam Spliter Lens

Newport x-y-z positioner

Figure 5.5: Schematic of Optoelectronic sensitivity measurement setup .

The QD was moved such that the spot followed a trajectory along lines 1 and 2
indicated in Figure 5.6. Measurements were made every 5042 pm along trajectory 1, and
every 50 im along trajectory 2.

- 1500 mu—-D/-
* or ’
M’ 1500 mu
2
Bond pads *
»
- > 20

Figure 5.6: Trajectories along which measurements were taken.

The resuits of the optoelectronic sensitivity measurements are plotted in Figure 5.7.
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Figure 5.7a): Sensitivity vs total displacement from QD centre, trajectory 1.
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Figure 5.7b): Sensinivity vs y displacement from QD centre, trajectory 2.

Statistical analysis indicates that the uniformity is excellent:

Minimum 0.39066547
Maximum 0.41469944

Points 23

Mean 0.4060216

Median 0.40795931

Std Deviation 0.0072219883
Vanance 5.2157115e-05

Table 5.1: Statistical analysis of optoelectronic sensitivity of active area on quadrant of QD.
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5.2.4 Experimental analysis of the analog signal transmission setup

Not only was it important for the photocurrents produced by the QD to be consistent in
order to produce consistent voltages, it was also important for the computer to properly
detect and sampic these voltages in order to properly calculate the misalignment error (Axe.
Aye) for input into the algorithm. A Lab-NB™ A/D (Analog to Digital) Board from
National Instruments was installed on the computer to perform the sampling, Since the spot
only moved very slowly in this experiment. the sampling rate of thousands of samples per
second was largely sufficient.

Figure 5.8 indicates how each voltage V), Vi, Viand V. was buffered and then sent
down a 15 m ribbon cable to the computer which sampled the voltages and implemented
the algorithm using the sampled data (the 15 m length of the interconncct was
unfortunately dictated by the layout of the lab and the experimental setup). Mcasurcments
were performed to determine if there was a significant difference between the true voltage
(located at point T of Figure 5.8) read using a conventional oscilloscope, and the voltage
input into the algorithm (displayed on the computer screen), which was affected by the
combined effects of the buffenng, the transmission and the sampling.

‘6 15 m ribbon cable
L

v . \ é JNDBoa.rd ->|fgm‘ilhm

-+ 7 lon Mac

Si photodiode Unity Gain Buffer
representing one
of the four

uadrants on the -
oD

+
\Y

[a—

Figure 5.8: Schematic of analog signal transmission setup from detector to algorithm

Various voltage valucs were compared on each of the four sctups (i.¢. onc for cach
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 ciose, on the order of 1%.
Finally, since these values are subtracted from each other in order to determinc the error
signal (Eq. 4.2), the effects of the consistently negative mean were reduced. What errors
there were can be atiributed to many factors:
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1) Laser fluctuations: since it took about 90 seconds to measure the 4 voltages with the
oscilloscope, write down the values in the notebook, and then walk over to the compuier to
rcad off the 4 sampled voltages, the laser could easily have fluctuated within its specified
*1 % short tcrm power stability(2).

2) Quantization error: the A/D board has a 12 bit representation, which means that the
meancrroris 10 V/(2x212) =122 mV.

3) EMI (Electromagnetic Interference): Given the noisy lab environment, the signal
could have been corrupted as it propagated along the long 15 m ribbon cable which acted as

along antecnna.
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Figure 5.9: Plots of (true voltage) vs (sampled voltage) along with difference between
the two (a) Quadrant 1 (b) Quadrant 2 (¢} Quadrant 3 (d) Quadrans 4.
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V1 truc-sample V'i_tmc-samplc V3 truc-sample | V4 true-sample

Minimum -0.40 -0.050 -0.049 -0.300
Maximum 0 0.039 0.010 0.049

Points 34 34 34 34

Mean -0.137 -0.004 -0.013 -0.078

Median -0.10 0 -0.009 -0.044

Std Deviaton [ 0.102 0.018 0.016 0.096
Variance 0.010 0.0003 0.0002 0.009

Table 5.2: Staristical analysis on error between true voltages and voltages input to
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 arc used to determing the
focal length 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 size on the QD is also
given.

5.3.1 Choice of lens focal length

In chapter 2, it was shown that a mechanical insertion of a PCB into an cxisting
backplane could yield a misalignment of ~* 100 um. Consequently, 100 tm was choscn as
2 minimum misalignment error to be corrected by the RBSs. It was thus necessary to
ensure that the movement imparted by the RBSs could cover at least a circle of radius 100
um. As stated in Chapter 4, two RBSs each of wedge angle B can impart a maximum
displacement of d=2 X f x tan((n-1)f), where fis the lens' focal length. Given RBSs of
BK7 (n= 1.5 at A = 632.8 nm), and nominal wedge angles of 5=0.25° for both RBSs, the
minimum acceptable fwas: f =22.9 mm. A lens of focal length f= 100 mm was chosen;
this allowed for a total theoretical radius of action of 2 x f X tan((n-1)5)=436 um, largely
sufficient for a 100 pum displacement as well as for experimenting with further
displacements of larger magnitude.

Measurements of the wedge angles of the RBSs used in the demonstrator indicated that
their wedge angles were actually 84 = 0.208°%2% and 85 = 0.278°42%. The RBSs were
nonetheless used since those were the only RBSs available at the time. However, since the
algorithm was designed for arbitrary wedge angles, this was not 2 major problem.

Chapter 5 80



5.3.2 Theoretical and experimental determination of optimal spot size
and measurement sensitivity constant

In order to obtain lincar voltage changes (AV, and 4V,) for spot displaccments of
+ 100 pm about the centre of the QD, Figure 5.2 indicates that a spot of w = 195 um
yiclds a lincar relationship up to a displacement of ~ 200 pm. Furthermore, a spot of w =
195 will still bring about monotonically increasing voltage changes ( AV, and A4V,) for
displacements considerably above 200 wm; these further voltage changes, however, will
not be lincarly proportional to the spot displacement, as can be seen by the non-linear
rolloff of the curves for large displacements in Fig 5.2.

Two different approaches were considered for obtaining a spot of w = 195 um.

The first approach consisted of illuminating the imaging lens of Figure 5.10a) with a
Gaussian beam having a specific Wpeam - Eq (5.3) was used to determine the specific wpean
rcquired to achieve a spot w = 195 pm:

w=—dt (5.3)

TWheam

Given the focal length f= 100 mm and the 632.8 nm wavelength of the HeNce laser
uscd in the experiment, Eq 5.3 can be solved for wpeam , yielding wpeon = 103 pm.

The second approach consisied of defocusing the beam as shown in Figure 5.10b).

Given an incoming beam having an approximately Gaussian profile with a diameter (e2
points) of 2w, = 4.38 mm, the diameter of the waist of the beam leaving the lens is
2w, = 18.4 pm. The size of the spot w(zz) on the QD as a function of the defocus zg is

then analogous to Eq (4.4):
iz 2
wi(zg) = w2 1+( 4 ) (5.4)
‘ ‘ w3

Solving (5.4) for z4 in order to obtain w(zz) =195 yields zg = 8483 um.

After considering both approaches, the second approach was chosen: since the QD was
already 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 beam 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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w=195 um

w=195 um Wi =3.91 mn

Wheam =103 pm

\'.'0[=5.l 17 pm
2) b)
Figure 5.10: Two different approaches for obtaining a spor of w=195 ym a) small
incoming whear b) defocus of a telecentric system.

Once the optimal spot stzc was achieved, the QD was moved such that the spot swept
along the Ay.=Ax, trajcctory shown in Figure 4.6: the voltages across the resistors were
taken at regular intervals along the trajectory. The resulting voltages across the resistors
werce used to calculate AV, (Eq. 4.3). Figure 5.11 compares two curves: the plot of
theoreucal AV,.vs Ax, and the plot of measured AV, vs Ax,. for Ax, displacements along
the Ay.=Ax, linc. The measured data in the plot of Figure 5.11 indicates that the theoretical
voltage values very closely match the measured oncs. The plot of AV, vs Ay, was similar,
The discrepancics between the theorctical and measured voltages can be explained by the
fact that the spot had a non-ideal Gaussian irradiance distribution. Causcs of the non-idcal
Gaussian irradiance distribution are given in section 5.7.

—o—Meastirad dVx
Theoretical dVx

Theoretical vs Measured Values
for Displacement of Spot on QD
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Figure 5.11: AVx vs Ax, for spot displacement along Ay.=Ax, trajectory shown in
Figure 4.6.
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. Having determined the optimal spot size which yiclded a lincar AV, and 4V, for the
misalignment crrors of interest, it was necessary to determine the measurement sensitivity &
in Eq. (4.2) which related the mecasured differential voltages, AV, and AV, to actual
misalignment errors, Ax, and Ay, respectively. From Eq (4.2), it can be scen that & is the
slope of the lincar region of the AV, vs Ay, or AV, vs Ax, curves. By calculating the
slope of the lincar region of the curve in Figure 5.11, k& was determined to be: k=26.6
um/V. This measurcment sensitivity was valid only for small displacements (<200 pm). It
can be seen from the graph that multiplying AV, by k for larger displacements (>200 pm)
yiclded a measured misalignment crror that was smaller than the actual misalignment error.

5.4 Optomechanical design and actuator issues

5.4.1 Power train from actuator to RBS holder

As stated above, the active alignment demonstrator centered a spot by rotating two
RBSs to angular positions determined by the algorithm. Two 48-step motors from H&R
Inc. (i.c. one for ecach RBS) were chosen to rotate the RBSs. A 48 step motor has an
. angular resolution of 360°/48=7.5%step. As such, in order to achieve the angular resolution
of < 1° specified in subsection 6.3.8, a worm gear setup was used to rotate the RBSs. The
worm and worm gear both came from Boston Gear Inc.: worm gear G1024 featuring a
diametrical pitch 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.

Hub Pitch dia=31.75
/ Hub dia=16.002
Bore dia=4.763

7

Figure 5.12: Worm gear G1024.
Electrical power considerations were important. As in all stepper motors, there were

several windings (4 in this case), and successively energizing the windirgs in a definite
. sequence made the motor rotate in discrete steps. Each stepper motor required a DC power
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of 330 mA x 6 V at all times, whether or not the motor was moving {(one motor winding
was cnergized at all times (o ensure a constant holding torque if there was no movement).
Howgver. neither the computer (described below) on which the algorithm ran nor other
control logic could drive more than a few mA at 5 V (TTL levels). Conscquently, there had
to be a power gain in order for the computer to drive the motors which rotated the RBSs.
The power gain was supplicd by a UCNS804B chip. Finally, the motor power was
transferred to the worm via a drive shatt coupled to the motor shaft, and the worm rotated
the worm gear on the RBS holder assembly.

5.4.2 Fabrication of RBS holder assembly

The two RBSs used were nominally identical and the geometry of cach was as follows:
cach was 18 mm in diamcter and 3 mm thick. The nominal wedge angle was (.25 © and had
a ncgligible cffect on thickness.

Designing and building a holder assembly that altowed for controlled rotation of the
RBSs by the power train was a necessary task. For cach RBS, an RBS holder assembly
was designed and built which consisted of: an RBS, a ball bearing, a worm gear, and an
RBS holder mounted into a modificd lens holder. Their design and construction is
described below.,

The design of the RBS holder is shown in Figure 5.13. The RBS holder was custom
designed to be glued into ball bearing ABS-A1-68 from Nordex Inc,, which has & 25.4 mm
(1.0000 inch) outer diameter.
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Figure 5.13: RBS holder along with side view of ball bearing. Worm gear must be
glued onio face A. RBS glued flat on seat. Tolerances +25.4 pm (+0.001 inch).

The design of the RBS holder shown in Figure 5.13 was exactly the same design as the
onc uscd for the McGill Phase I demonstrator's; as such, it was casy to acquire two of
thosc RBS holders for the active alignment demonstrator. The RBS holder 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 centering a worm gear onto this RBS holder
assembly was a challenging tusk. Onc way would have been to redesign a completely new
RBS holder and modify the worm gear in order to bolt the worm gear onto the RBS holder.
This presented machining problems and would have taken a long time. Another wiy was to
gluc the worm gear onto the RBS holder. The latter course of action (gluing) was chosen
and is described in the next paragraphs.

The objective was to centre and glue the worm gear onto tace A of the RBS holder.
This was a challenging step since it is absolutely vital that a gear be as well centered as
possible onto the axis of rotation; failure to do so not only increases backlash but also
censiderably reduces gear lifetime®), In other words. the bore of the worm gear and the 12
mm clearance hole on the RBS holder had to be concentric. In order to acconiplish this
step, a gluing jig which facilitated the operation was designed and built. A schematic of this
jig is shown in Figure 5.14a). The jig was composed of three main parts: an
optomechanical support structure with springs which pressed face A of the RBS holder
onto the gear, a Spindler & Hoyar 065070 x-y positioner which moved the RBS holder for
finc positioning, and an imaging system which imaged the gear and RBS holder onto a
CCD camera.

The imaging system, a 4f system, imaged the centre part of the RBS holder onto the
device plane of the CCD. The resulting image simplified mcasurements taken to ensure the
proper centering of the worm gear with respect to the RBS holder. The focal lengths f; and
f> were calculated to image the periphery of the RBS holder's 12 mm clearance hole onto
the CCD device plane; f; and f> thus had to image a 12 mm object onto a device planc of
4.8 x 3.6 mm (4).This implied a magnification, M, of at most M = 0.3. Sincc M = flf},
the focal lengths chosen were f> =10 mm and f; = 40 mm. Finally, siace the RBS was
alon® e optical path, the total length of the optical train was not simply 2f + 2f;, but
rather 2f2 + 2f;,+ & where € compensated for the shorter optical path length scen by the
light going through the RBS. For a 3 mm thick RBS madc of BK7 (n=1.5), £ = 1 mm.

The RBS holder was moved with the (065070 x-y positioner until measurcments taken
on the CCD image indicated that the 12 mm clearance hole on the RBS holder and the
worm gear bore were concentric. When concentricity was obtained, RTV 732 clastomer
was put on the hub and the RBS holder was lowered onto the hub. The springs cnsured a
uniform pressure until the glue finished curing, as shown in Fig 5.14b). The final centering
accuracy was measured to be better than 100 pum.

When the complete assembly consisiing of the RBS, the RBS holder, the modified lens
holder Yor the RBS holder, and the v;orm gear was finished, the complete assembly was
mounied into the main active alignment setup; the worm was then properly positioned in
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order 1o impart a rotztion to the holder, as indicated by Ahmad®. Simple pre-loading
springs to reduce backlash were also used. A photo of the power train and RBS holder
assembly for RBS A is shown in Figure 5.15. The sctup for RBS B was similar.

Device Pl z
cvice Planc \ ccp cc
\_ y m——
lens focal length =f4 ) X
Spindler & Hoyer Rods
fl+02
lens focal length =f;
Spindler & Hoyer Collars
. Tightened
Relaxed springs —_— fl+€  collars
RBS Compressed
RBS holder in springs
madifies lens holder oo
Glue =
G1024 Worm Gear - 7 7--
fastened to Spindler &
Hoyer Rod-nIlJoumcd —- 77 h’f/éléf/ﬂ
# 065070 x-y positioner 065070 065070

Fig 5.14: Jig used to assemble RBS holder—worm-gear assembly a) before curing, when
position of RBS holder is moved and monitored on CCD until components are concentric

b) during curing.
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Wormn Gear A RBS Holder Wom'A  Motor A UCN5804 Power Gain Chip
Figure 5.15: Photo of complete actuator setup indicating motors, worm, worm gear and
RBS holder assembly. 25.4 mm pitch of holes on table gives scale of setup.

Determining the magnitude 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 ° (M, and a conservatively estirnated difference of about 0.5 mm (0.02") between the
true standard centre distance and the measured centre distance, the backlash was determined
to be @)

B=2 tan (14.5)x0.50=0.26 mm (5.5)

which yielded an angular uncertainty of arcsin (0.26 /15.875)=0.93°,

5.5 Design, fabrication, and analysis of the optomechanical support
structure for the Quadrant Detector package

This subsection describes how the QD was packaged and mounted onto the support
plate with a minimum of rotation about the z-axis.

It was desired to kinematically mount the QD package on an x-y-z positioner in order to
facilitate manual alignment of the QD as well as to simplify certain system and device
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characterizations such as the optoelectronic sensitivity measurements described in this
chapter. Since the x-y-z positioner, by definition. could move the QD package in any lateral
dircction, the challenge was to kinematically mount the QD on an x-y-z positioner with a
minimum of rotation about the z-axis (A small tilt about the x- and y-axes is not us crtical
since the direction of the beams reflected from the QD is important only for the imaging
sysiem, 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 the 4 photocurrents as well as the common reverse bias
voltage and considerably complicate the mounting operation. The undesirable rotation of 8.
about the z axis is shown in Figure 5.16¢}

{).81L 49.19 —»_ 4047 Lesgds X
28.07 —— /
Flange
- te—a00
units: mma) b) C)

Figure 5.16. a} ,b) Front and side drawing of the TO-5 package c) undesirable rotation 6. .

The procedure for mounting the QD was as follows. First, wires for the photocurrents
and the reverse bias voltage were soldered onto the appropriate Icads of the TO-5 package
and labeled. Secondly, a support plate was machined which bolted onto a Newport x-y-z
461 positioner. A simplified drawing of this plate is shown in Figure 5.17a). Thirdly, RTV
732 elastomer was placed onto the seat and along the clearance hole in the plate and the TO-
S flange was glued onto the seat, as shown in Figure 5.17b).

_—I |t 353
o O . WA A
Clearance Hole /“’ 1.1 /2 / " , //A \u\:alm:o:}lc ml;l
a8 A ™ f
s
/Clwmhoh for -3 2sxewz x 4 ///// ///’
o Q } T
953 _p=
a) b)

Figure 5.17: a) Support plate for the TO-5 b} Mounted TO-5.
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The third step was very problematic. It was difficult to properly position the TO-5 with
no rotation. Even when the TO-5 was properly positioned, the surprisingly great lorsional
force of the wires very rapidly (<10 seconds) tended to rotate the QD package about the z-
axis toward an arbitrary 'rest position’ when the glue was curing. To properly position the
TO-5 with no rotation, an imaging system was built to image the QD onto a CCD camera.
The CCD image was digitized and magnificd, which allowed for calculation of the rotation
anglc .. The TO-5 was then manually rotated about the z-axis until it was aligned in the
seat. A magnet then clamped the steel-cased TO-5 in place unil the glue finished curing.

The final result is shown in Figure 5,18, 8. was calculated to be 2.3°. The impact of
6.=2.3° is as follows.

For a spot theorctically centered at Py(x,,yp) in the first quadrant, the center Pi(x;,y:)
which is incorrectly determined by the QD due to the TO-5's rotation about the z-axis is:

(x;, %) =(x cos(A6.)~y, sin(AB.), Y, cos(AB.) +x, sin(A#.)) (5.6)

which for 8. = 2.3° and x; = y; yields (x;,y;) = (0.96x,,1.04y,). The analysis is similar for
all 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 performance since the
hunting algorithm determined the initial angular position of the RBSs relative to the QD
itself, regardless of its rotation. In other words, the detected (Ax,, Ay,) misalignment error
was rotated by 8., but the calculated (64, 835) are also rotated by the same amount. As a
result, the spot was still properly centered. Nonetheless, this exercise indicated that
mounting a device with a minimum of 6, rotation can be complex.

Figure 5.18: Actual mounted QD.
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5.6 Compauter hardware and software setup

The complete algorithm was encoded on LabView™ software running on a Macintosh
Centris 650. The four voltages V. Va, V3, and V, sampled by the LAB-NB™ bhoard were
accessed via LabViewT™™, 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 §
main steps through which the program sequences are indicated by the arrows: 1) get analog
inputs 2) calculate misalignment crror 3) calculate 8, and 8p 4) calculate the number of
pulses to send to the motors 5) send the pulses to the motors.

e The._Rigorithm
|

Active Alignment Canirol Panel :

o1 cwmerror in x befors (mu mervor w y before (mu Total error
before {mu,
00
.00
Quadrant Det
dhemerTor 3¢ aft mervor w1 i aft Total
00 00 after ()
00
Arr Thite valus below sre w0 ¥al
AN LR S0 IR L O Wi v 5 I
MNamber of Pulses Sent to Mamber of Pulses sent
Motor ® 1 Hun Current Angle of RBS ® {EMotor & 2 Current Angle of RES
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Figure 5.19): Active alignment program: a) Control panel b)
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5.7 Effect of packaging and optomechanics on spot profile

The spot impinging on the QD did not have an ideal Gaussian irradiance distribution for
many rcasons. The main reason for this non-Gaussian profile was the presence of
interference fringes. 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
plaic on the TO-5. Since the plate was not AR coated, multiple reflections created
interference fringes. These fringes are clearly visible in Figure 5.20a). However, these
fringes did not seem to bring about major inaccuracies in the measured data since the spot
in Figure 5.20a) was the actual spot used t¢ obtain the data plotted in Figure 5.2. The likely
explanation for the accurate results despite the interference fringes 1s: 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
becam went through the bore of the G1024 worm gear. Optical power measurements
indicated that 16.5% of the beam power was clipped as the beam went through both RBS
holder assemblies. 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 each optical surface) and the
remaining 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 result of this clipping, the actual spot profile was
closer to that of an Airy function than to that of a Gaussian, as Figure 5.20b) shows.

Figure 5.20: a) Interference fringes on spot brought about by quartz cover plate on TO-
3 package holding the QD. b) spot on QD with TO-5 cover plate removed.
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5.8 Conclusion

The work presentzd in this chapter indicates that substantial optical, electrical, computer
and mechanical ¢ngincering was required to bring the active alignment optical design from
theory to reality. It was determined that many engin~ering solutions are not unique and are
dictated as much by theoretical considerations as by practical conditions such as the layout
of the working environment or the availability of parts and equipment. Furthermore,
engineering solutions to physical problems often brought about deviations from ideal
models; the aperturing of the beam due to the small bore of the (casily available) worm gear
was one such example.

Nonetheless, the system was buiit and it successfully implemented the algorithm for
centering a spot on a QD using Risley Beam Steerers. The experimental results are
discussed in the next chapter.
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hapter

Experimental results

6.1 Introduction

This chapter gives experimental results of the fully operational demonstrator system
whose theorctical underpinnings and actual construction were described in the previous
chapters and in the appendix. Section 6.2 presents data produced from centerings
performed by the demonstrator. Section 6.3 outlines the main limitations of the system.

6.2 Centering the spot

The objective of the demonstrator is to centre a spot on a QD: the misalignment error of
the spot after being centered is ideally (Ax.Ay.) = (0,0) pm (all displacement dimensions
in this chapter are in pmj).

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 identical wedge
angles, actually had measured wedge angles of $4=0.208°+ 2% and S5=0.278° ¥2%.
Consequently, the radii of the two circles described in section 4.3.3 along which the spot
moved were not identical but were in fact different. The two actual radii were:
ra =181 pm and rg=242 um.

6.2.1 Implementation of algorithm

Before presenting the raw data, an example is given which explains how to interpret the
data. An explanation of figure 6.1, which shows a complete centering operation, is as
follows.

The spot initially started at position 1 on the QD surface with a misalignment error of
(Ax,,Ay.)=(-127,92) microns. For the spot at position 1, the algorithm calculated the
angular displacement (84, 6g) 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 algorithm to calculate the new RBS angles (84, 8g) based on slighdy
inaccurate data. As a result, the spot was moved to position 2, which was ~ 20 pm away
from the centre of the QD. A second iteration was thus required.

Initial (Axe,Aye) = (-127,92)

1? 1. 3. 1.p T 0 LI N 1T T v 1T
1 Py Afteceenieride ]
20 - ; iteraton# I: .
80 ER~iAxedy =Gl ]
N \ After centering i
1 < 1
40 E i itération # 2: 3
X : ; (Axc,Ay‘_)._ 3856)7
£ 0 —
-40 FActual u‘ajeclory ]
- 1 .»po‘l"dil't."w“KBS”'A Actual [l'ﬂjCCEO .
-80 E of spdtductgRBS B
-120 : : :

-120 -80 -40 0 40 80 120
Figure 6.1 Centering operation requiring two iterations.

At position 2, the algorithm once again calculated the (6, 6g) required for RBS A and
RBS B to centre the spot, and once again the RBSs were rotated to their respective newly
calculated angular positions. This time, the spot was effectively centered to within the
detection accuracy of the system, which was £5 um for each coordinate (x,y).

The spot was thus centered from (1272+922)1/2 = 157 um away from the centre to
(3.82+62)172 = 7.1 um away from the centre in two itcrations.

All other runs also managed to come to within 20 ym in just one iteration, regardless of
the magnitude or direction of the misalignment error. Furthermore, on nearly half the
occasions the spot was centered to within 10 pm in just one iteration. The results arc
displayed in graphical form in Figures 6.2 a)-h) and in tabular form in Table 6.1. The
results in table 6.1 corresponding to Figures 6.2a)-h) were obtained in 8 consccutive runs
after an initial hunting in which the initial angles (64, 6g) were determined.
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Figure 6.2 a)-h) centering of the spot for various misalignment errors.
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Initial (Ax..Ay.)| Inidal distance | Final (Ax.Av.) | Final distance | # iteratdons
(Lm) from centre (Um) {um) from centre (um)

(-127,92) 157 (-3.8.-6) 7.1 2
(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

1

Table 6.1: Result of centerings of spots.

The experimental process which yiclded the results in Table 6.1 was as follows: the
hunting determined the initial angular position (64, 8p) of the RBSs; at that point, the crror
was determined to be (Ax,,Ay.)=(-127,92) tm. The spot was then automatically centered
to (Ax.Ay.)=(-3.8,-6) um in 2 itcrations by the system. A 'perturbation’ was then
simulated: the support plate which was bolted onto the x-y-z Newport stage and which held
the QD in the TO-5 was manually moved by ~110 um to position (Ax,,Ay.)=(109,5) um
according to the QD. Once again the spot was automatically centered by the system. This
maneuver was repeated 8 times for various perturbations in different directions.

The algorithm accepted RBSs with two different wedge angles and as such it
'recognized' the blind area brought about by the wedge mismatch; the algorithm thus did
not attempt to centre the spot if such a task was theoretically impossible. As a result, the
operator first checked every manual (Ax,,Ay.) 'perturbation’ with the algorithm running
under Matlab™ on another computer to ensure that the perturbation did not require the spot
10 be centered to a position within the blind area: such a centering would have been

impossible.

Figure 6.3 shows the initial and final position of a spot which was centered from
(Ax.,Ay.)=(-160,25) um to (Ax.Ay.)=(4.-3) um.
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Figure 6.3: spot centering example. a) Before (Ax.,Ay.)=(-160,25) b) After
(Axe,Ay.)=(4.-3) um.

6.3 Limitations of demonstrator

6.3.1 Wedge mismatch

An experiment was performed to measure the wedge mismatch within the complete
system. It was based on the fact that for the ideal case (r4=rg), the two RBSs impart no net
displacement on the spot either when €4=0 and 6 = 7 or when G4=x and 8z = 0. The
steps were as follows. 1) The RBSs were rotated such that 84=0 and 8z = =, and the
spot's x-coordinate, Ax.;, was measured. 2) The RBSs were then rotated such that 84=n
and 8 =0, and the and the spot's x-coordinate, Ax.2, was measured. Simple geometry
yiclded the following relation:

Axel "Axez = 2(TA - TB) (6.3)

According to this calculation the difference in radii was ry-rg= 60 um, which
corresponds to a wedge mismatch of ~ 0.067°. This result is consistent with the
measurcments performed on the RBSs before insertion into the demonstrator system.
Furthermore, if the algorithm assumed the wedges were matched and equal to their nominal
15', the maximum crror due to the wedges would be equal to 2 x 60 ptm = 120 pm.

In order to bypass the effect of the wedge mismatch, 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 at the centre of the QD. Such slight misalignments
arc often used to correct for misalignments or range limitations of RBSs()), Since the total
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radius of action of the two RBS is of the order of ~425 um and since the blind arca has a
radius of 60 um. an initial (before RBS insertion into the system) misalignment of the spot
to a distance of 212 um from the QD centre will ensure that any error < [52 um will be
incvitably centered. Depending on initial conditions, greater errors can also be centered.

6.3.2 Limitations on initial conditions for the hunting algorithm

Besides the mismatched wedges. the other main limitation of the system could be seen
during the hunting scquence, which was uscd to determine the initial angular displacement
of the RBSs upon system startup. As was described in chapter 4, during the hunting
sequence each RBS was individually rotated; in theory, the rightmos: displacement of the
spot (i.c. the Ax, value of the spot =Axemara) When only RBS A was rotated corresponded
10 64=0 and the rightmost displacement of the spot, AxXemaxp, When only RBS B was
rotated corresponded to 8p=0. Thus, as far as the hunting sequence was concerned. only
AXemaza and AXemaxp Were important since these determined 84=0 and 83=0. Once the
computer knew where 84=0 and 85=0, the computer could then deterministically move the
RBSs to any other angular position.

A full rotation of cither RBS caused the spot on thc QD to move along the
circumference of a circle 362 um or 484 pm in diameter for RBS A and B respectively.
However, as was indicated in Figure 5.2, the diffcrential voltages AV, and AV, gencrated
by the QD photocurrents were not linearly related to the distance from the centre beyond
approximately 200 um. Furthermore, beyond 300 pum, the voltages did not significanty
change for further displacements of any magnitude away from the centre. Conscquently,
the computer did not accurately detect the rightmost spot displacement, or maximum Ax,, if
Ax, > 300 pm. (If 200 < Maximum Ax. <300, the computer could still determine
maximum Ax,, since AV, would still have been monotically, although not lincarly,
increasing with increasing Ax,. Only for Ax, > 300 could AV, not significantly increase
for any additional Ax,). If the computer could not accurately determine Axgpaxs When RBS
A was rotating, it could not accurately determine when 64 =0. Similarly, if the computer
could not accurately determine Ax mq.s when RBS B was rotating, it could not accurately
determine when 83 =0. Figure 6.5 illustrates the problem. Depending on initial conditions,
the Ax, value of the spot might or might not go beyond Ax, > 300 pm.

This uncertainty was problematic. One way to solve it was to increase the size of the
spot: Figure 5.2 indicates that increasing spot size increases the lincar range, but decreases
the measurement sensitivity, This solution was undesirable since it permanently decreased
the measurement sensitivity of the system just for the benefit of an initial startup routine.
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Another solution was to initially cnsure that the spot be sufficiently to the left in quadrants 2
. and 3 (i.c. a iarge negative x-coordinaie) before the hunting begins: this solution was

chosen.

Spot displacement due

Spot displacement dud 1o rotation of RBS B
to rotation of RBS A

\ A Sremas
\/\‘ Y/ 300um 300
\A}’cmaxB \’
Figure 6.5: Real implementation of hunting: a) Ax. < 300 jum: reliable result génerated
by hunting b) Ax. > 300 pm: unreliable result generated by hunting.

6.4 Conclusion

The active alignment demonstrator was successfully demonstrated: spots were
. consistenty centered for arbitrary displacements within the range of the system.

Limitations for the system were identified and characterized. These included mismatch
of the wedges: the incoming beam had to be slighily misaligned during system construction
in order to ensure reliable operation over a fixed range of operation. Certain misalignment
errors beyond this fixed range of operation could also work provided they did not require
movement into the blind area of the mismatched wedges. As well, it was shown that non-
linearitics in the detection of large raisalignment errors could lead to serious errors during
the hunting sequence which determines the initial angular displacement (84,8p) 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.

6.5 Reference
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Chapter 7

Future directions and conclusion

7.1 Future Directions

The RBS-based system described in this thesis is just a simple proof-of-concept
demonstrator. In the future, if active alignment is to be implemented for practical free-space
optical interconnects, then scalability, imtegration of alignment algorithms, and other issucs
will have to be explored. This section outlines somce basic concepts worthy of further
study.

7.1.1 Scalability

While the RBS active alignment demonstrator successfully aligned onc 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 receiver windows on a grid of pitch D is shown in Figurce
7.1.

One simple solution to the above-mentioned problem of scalability is to place QDs on a
continuation of the grid at a distance D from the receiver windows, as shown in Figure 7.1.
If the spots impinging on the receiver windows are produced by a grating, then higher
order spots will impinge on the QD; for a misalignment just in the Ax, or Ay, dircction,
aligning a spot on a QD will necessarily align all the spots on the receiver array. Further
flexibility is achievable if the imaging system is lenslet aray based rather than bulk optic
based. For example, the lenslets imaging onto the QDs could be of different focal lengths in
order to create larger spots (which were shown in chapter 3 to give a lincar rclationship
between photocurrents 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 Az, 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 all six misalignment errors.
Finally, depending on its type, the grating could be optimized to produce full intensity
spots rather than higher order spots on the QD.
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Figure 7.1: Use of higher order spots to illuminate properly positioned QDs.

However, using such a system with SEEDs and other devices requiring dual-rail logic
will be difficult since only one alignment spot must be present in the QD vicinity if the
solution proposed 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 the relation between the misalignment of one spot and its associated
photocurrents will be incorrect. For example if spot A is the alignment spot and spot B is
the adjacent spot produced by the grating due to its optimization for dual-rail logic, 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 well as the magnitude and direction of Ax,. and Ay,. If the inaccuracy is
unacccptable, other solutions will have to be considered, such as calculating the relation
between 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 detectors, or optimizing the grating to produce just one spot on the QD. The
proper detection and calculation of misalignment errors is an issue which must be further
researched.
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Figure 7.2: Effect on QD of spots for dual rail logic. Depending on system parameters,
spot B might cause inaccuracy in calculation of misalignment error.

7.1.2 Integration of alignment intelligence

Regardless of the geometry and position of the detectors, the photocurrents 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 described
in this thesis, all this was done on the computer. However, it would be awkward for future
backplanes to have external computers perform all the alignment calculations. This added
processing could be added to the smart pixel in the form of additional circuitry which has
nothing to do with architectural implementations or on-chip BIST (built-in-sclf-test). For
example, all the calculations of the misalignment errors such as Ax, = k(V;+V~(V2+V3)
and Ay, = k(V+V5-(V3+V4)) could be done right on chip, as shown in Figurc 7.3a)
(where V;, Vo, V3 and V4 correspond to the voltages produced by a QD's four
photocurrents across loads). The alignment algorithms themselves could be programmed
into a Field Programmable Gatc Array (FPGA) residing on the PCB. The ‘calculated’
misalignment error signals such as Ax, and A4y, would then have to be sent off the smart
pixel chip to the FPGA. In order to save on pinouts, the error signals could be multiplexcd
into just one line. A complete system is shown in Fig 7.3b). This ‘alignment intelligence'
(and eventually other such diagnostics intelligence like thermal measurements) will add a
new degree of functionality to the smart pixel. Eventually, as integration densitics increase,
complete alignment diagnostics and correction algorithms could be integrated right on the
smart pixel chip itself. |
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Figure 7.3a): Circuitry for calculating misalignment error Aye on smart pixel .
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Figure 7.3b): Concept of alignment intelligence in which extensive processing of
misalignment error is performed on smart pixel.

7.1.3 Further issues

Piczo- and ferro-electric actuators will have to be further studied in the future. Many of
the sophisticated active aligmrient 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 be more challenging. For example, adaptive algorithms controlling piezo-
electric actuators could be a promising combination warranting further study.
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7.2 Conclusion

This thesis demonstrated that traditional electronic backplanes are rapidly approaching
cost/performance limits beyond which any further improvements will likely yiceld
diminishing returns on the cost of the improvements. Free-space optical backplancs were
shown not to suffer from these limits. However, maintaining the alignment of frec-space
optical interconnects was shown to be onc of the key problecms 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 demonstrator system
which could correct for x-y misalignment errors in an existing free-space optical 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 well as associated optics and mechanics needed to
rotate the RBSs in a controlled manner to the angular positions calculated by the algorithm.

It was shown that contributions from optical, mechanical, clectrical and computer
engineering are all required in order to build an active alignment system. Furthermore, it
was shown that some misalignmen: mechanisms such as rotational misalignment error
about the z-axis, 8;, are particularly difficult to corrcct for. Finally, this thesis
demonstrated that active alignment in systems featuring free-space optical intcrconncects is
an exciting new field with many promising avenues for further rescarch.
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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 beam by a pair of RBSs (Rislcy Beam Steerers) in series, as shown in
Figurc Al. The solution, the main steps of which are shown below, is essentially the result
of repeated applications of Snell's Law, along with basic geometry.

Al Calculation of exact expression

Face 1 Face 4

Incident Beam

RBS A RBSB

Figure Al: Geometry used in calculation of beam deviation imparted by RBSs in series.
All angles in this figure are greatly exaggerated for clarity.

“The incident angle arrives normal to Face 1 and as such is not deviated. At Face 2,
basic geometry indicates that

64, =Ba (A

and the refracted angle is:

a
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Further geometry indicates thar for face 3:
dp =Ba+Bp~6,; (A3)

Further applications of Sncll's law and basic geometry yicld the final result, which is
the exact solution for the maximum deviation imparted on a beam by two RBSs in scries:

6y = arcsin{f&sin{ﬁ B- arcsin["—“sin[ﬁ 4 +Bp — arcsin(ﬁsin(ﬁ A )]]]H (A9)
ng ng ng

A2 Comparison of exact expression with first order approximation

From Equation (4.18), the first order approximation for the maximum deviation
imparted on a beam by two RBSs in series is:

810t =(ng —1)Ba+B5) (AS)

The actual physical values assumed in the demonstrator arc:
ng =refractive index of air = 1.
ng = refractive of index of BK7 of RBS = 1.515.
Ba =0.208° = 0.00363 rad.
Be =0.278° = 0.00485 rad.
=100 mm.

The final angular deviation calculated by the exact expression is 6f = 0.00430903 rad.
The final angular deviation calculated by the approximation is i1 = 0.00430901 rad.

Neglecting lens aberrations for these small values, the spot displaccment at the focal
plane, r, imparted by a lens of focal length fis:

Texact = 430.906 pm

Lapprox = 430.904 pm

The small difference between the first order approximation and the exact answer
indicates that the use of first order approximations for the demonstrator was justified.
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