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Abstract

In order to alleviate the throughput bottlenecks being encountered by lùgh

speed electronic computing and switclùng systems, research is turning its atten­

tion toward free-space photonics technology. Of particular interest currently is the

use of Hybrid/SEED devices implemented as smart pixel arrays to encode the

electronic data onto an array of constant power beams of light.

This paper presents the design and implementation of a robust, scalable

and modular optical power supply spot array generator for a modulator based

free-space optical backplane demonstrator. Four arrays of 8 by 4 spots of (lieZ

irradiance) 6.47J.1IIl radü pitched at l25J.1IIl in the vertical direction and 250J.1IIl in

the horizontal were required to provide the light for the optical interconnect.

TIght system tolerances demanded careful optical design, elegant optomechanics,

and simple but effective alignrnent techniques. Issues such as spot array genera­

tion, polarization, power efficiency, and power uniformity are discussed and

characterization results are presented.
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Sommaire

Les processeurs à haute performance nécessitent d'ore et déjà d'être reliés

par le biais de connections pouvant supporter des débits d'information extrême­

ment élevés. La technologie actuelle ne suffisant plus, l'effort de recherche se

tourne vers l'utilisation de liens optiques fonctionnant à l'air libre pour remplacer

les traces de cuivre actuellement utilisées. L'utilisation de puces optoélectroniques

incorporant une matrice de pixels basée sur la technologie Hybrid/SEED pour

moduler la lumière semble être particulièrement prometteuse.

La conception et la construction d'un module d'alimentation optique

générant une matrice de faisceaux nécessaires au fonctionnement d'un démon­

strateur de bus photonique fonctionnant à l'air libre est présentée. Quatre matri­

ces de faisceaux de 6.47!!m de rayon (rayon défini à l/e2 d'intensité) de

dimension 8 par 4 séparés de 125!!ffi verticalement et 250!!ffi horizontalement sont

requises afin d'alimenter optiquement les quatre étages du démonstrateur. Un

minutieux travail de conception optique et optomécanique fût nécessaire afin de

rencontrer les exigences du système. Les notions d'efficacité et d'uniformité de

puissance de la matrice ainsi que les façons de la générer seront introduites. Des

résultats expérimentaux seront également présentés.

ii



(

(

(

Manuscript-Based Thesis - Note for the External
Examiner

The following five paragraphs have been reproduced in order to inform

the extemal examiner of the Faculty of Graduate Studies & Research regulations:

Candidates have the option of including, as part of the thesis, the
text of one or more papers submitted or to be submitted for publica­
tion, or the clearly-duplicated text of one or more published papers.
These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be
written in such a way that it is more than a mere collection of manu­
scripts; in other words, results of a series of papers must be inte­
grated.

The thesis must still conform to a11 other requirements of the
"Guidelines for Thesis Preparation". The thesis must include: A
Table of Contents, an abstract in English and French, an introduc­
tion which clearly states the rationale and objectives of the study, a
review of the literature, a final conclusion and summary, and a thor­
ough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in
appendices) and in sufficient detail to a110w a clear and precise
judgement to be made of the importance and originality of the
research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others,
the candidate is required to make an explicit statement in the thesis
as to who contributed to such work and to what extent. Since the
task of the examiners is made more difficult in these cases, it is in the
candidate's interest to make perfectly clear the responsibilities of ail
authors of the co-authored papers.

The manuscript upon which this thesis was based appears following this

thesis. This manuscript was submitted to Applied Optics (Optical Society of

America - OSA) in March 1997. It is currently in the process of review for accep­

tance for publication. A copyright waiver from Applied Optics is not necessary as

per OSA publication regulations.

iii



(

(

(

Acknowledgments

The author would like to extend his heartfelt gratitude to his supervisor

Professor David V. Plant for his support and guidance over two years of the best

education the author has ever had.

The initial design of the Optical Power Supply was done by Dr. Dominic J.

Goodwill (University of Colorado), whose technical guidance proved time and

again to be an invaluable resource. As weIl, the author would like to thank the

assistance by Dr. William Robertson (Middle Tennessee State University), who

designed the Multiple Phase Grating, the "heart" of the Optical Power Supply.

Editorial input was generously provided by Dr. David V. Plant.

Appreciation is given to the following for their assistance: George Smith

(Heriot-Watt University) who machined a subset of the optomechanics for the

optical power supply, Heinz Nentwich (NORTEL) who sawed the Multiple Phase

Gratings to chip level accuracy, and special thanks to Don Pavlasek and Joe Boka

(McGill University) who not only machined the majority of the optomechanics for

the OPS, but provided invaluable assistance in their design.

The author would also like to extend a special thanks to Frank Tooley, Mike

Ayliffe, David Kabal, Yongsheng Liu, Guillaume Boisset, Fred Lacroix, and Pritha

Khurana for their contributions toward this paper (translation, technical advice,

assistance during experiments, analysis of data, etc.). As weil, a global thanks to

the entire Photonics Systems Group of McGill University for their support and

patience for the time-sharing of resources, and for my occasional short fuse!

Also a very warm thanks to my parents, Balu and Gita, who have provided

the best education, love, and support throughout my life, my family in Montreal:

Uncle, Aunty, Tara, Vmeet, Dileep, Deepa, and baby Arjun, who have kept me

very weIl nourished (physicaIly and spirituaIly) over the past two years, Saras­

wati, and Gurumayi Chidvilasananda.

iv



(

(

(

TIùs work was supported by the Canadian Institute for Telecommunica­

tions Research under the National Centre for Excellence program of the Govern­

ment of Canada, by N5ERC (ilQGP0155159) and FCAR (#NC-1415). This work

was also supported by the Nortel/N5ERC Chair in Photonic 5ystems. Acknowl­

edgment is given to the ARPA/CO-oP/Honeywell DOE Workshop for the manu­

facture of the multiple phase grating. The author gratefully acknowledges

funding from N5ERC (PSG-A).

v



( Table of Contents

Chapter 1
1.1
1.2
1.3
1.4
1.5
1.6

Introduction 1
Molivation 1
The Electronic Bottleneck 1
The Optical Solution 4
The Optical Backplane 5
Thesis Outline 6

References 7

Chapter2

2.1
2.2

2.2.1
2.2.2

2.3
2.4

System Overview and Optical Power Supply
Requirements 12

System Overview 12
Optical Power Supply Requirements 18
Optical Requirements of the Optical PowerSupply ' 18
Optomechanical Requirements 20

Summary 20

References 21

( Chapter3
3.1

3.1.1

3.2
3.2.1
3.2.2
3.2.3
3.2.4

3.3.
3.4

Light Distribution System 22
Light Source Distribution System Description 22
Optimally Launching Light into a Polarization Maintaining Fiber 24

Characterization of Light Distribution System 26
Laser Characterization " 26
Characterization of the Fibers and the Fiber Splitters 29
Characterization of the Pellicles 30
Optical Power Budget for the Pellicle Light Distribution 30

Summary 31
References 32

Optical Design 33
Optical Power Supply Optical Design 33
Gaussian Bearn Propagation Model. 34
Two-Element Compound Lenses 39
Variability of Focal Length With a Thick Compound Lens 40
Optical and Optomechanical Degrees of Freedom 45

Multiple Level Phase Grating Design 46
Design Tolerancing, Modeling and Simulation 49
Optical Power Budget 53
Summary 54
References 54

Chapter4
4.1

4.1.1
4.1.2

4.1.2.1
4.1.3

4.2

4.3
4.4
4.5
4.6(

vi



(

(

Chapter5
5.1
5.2
5.3
5.4
5.5

Chapter6
6.1
6.2

6.2.1

6.3
6.4

Chapter 7
7.1
7.2
7.3
7.4
7.5

75.1
75.2

7.6
7.7

Chapter8
8.1
8.2·
8.3

Optomechanical Design 56
OPS Barrel 56
Cell holders 60
Fiber mount 62
Summary 63
References 64

Assembly and Alignrnent 65
Assembly of the OPS 65
Alignment of the OPS 66
Collimation Check Experimental Setup 69

Summary 70
References 70

Characterization 72
Spots and Spot Array 73
Spectral Behavior 75
Polarization 75
Bearn Steering 77
Optical Power Budget 77
Measurement of ors Throughput Efficiency 78
Diffraction Efficiency 82

Summary 83
References " 83

Discussion 84
Increased Optical Power through the System 84
Array Scalability 87
References 87

(

Chapter 9 Conclusion 89
9.1 References ; 91

Appendix A OSLO Design Specs 92

Appendix B Gaussian Fit Program 95

Appendix C Notes 99

vii



( CHAPTER 1

1.1 Motivation

Introduction

Computing and switching systems these days are placing heavier

demands on their supporting technology than ever before. High speed data pro­

cessing and handling systems, such as ATM switches and parallel computing sys­

tems, for years have been based upon an electronic foundation. However, the cali

for higher bandwidth, lower power consumption, lower latency, and higher con­

nectivity, represent a set of growing requirements that are exceeding the practical

physicallirnitations of electronics technology, more specifically, the actual inter­

connects from board-to-board.

( 1.2 The Electronic Bottleneck

(

Shown below in Table Tl-1 are the projections from the Semiconductor

Industry Association (SIA) for silicon integrated circuits (1).

Feature
Pin-out

Year·· Size Gales
On-Chip Off-Chip Numbcr

(microns)
Clock Clock (Rent's

Rule)

1995 0.35 800K 200 MHz 100 MHz 980

1998 0.25 2M 350 MHz 175 MHz 1640

2001 0.18 5M 500 MHz 250 MHz 2735

2004 0.12 tOM 700 MHz 350 MHz 4026

2007 0.1 20M IGHz 500 MHz 5928

Table Tl-1: Semiconduclor Industry Association Projections for le Raies

Chapter 1
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Graph Gl·l: Aggregate Throughput for Selected Processors

The 5IA projections indicate that with the increase of off-ehip dock rates

and of the number of pin-outs per chip, within a few years, aggregate data rates

will be in excess of 1 Terabit per second [6]. Because the aggregate bandwidth of

the integrated circuits inside these systems continues to increase, so must the

capabilities of the interconnection network [7][3].

One of the fundamental problems with electrical interconnects is the band­

width. Quantitatively, fast GaAs transistors have switching times below lOpsec.

However, due to parasitic effects caused by packaging, these rise and fall times

increase to the order of 100psec. Once the signal is sent along the board, and then

to other boards via an electrical bus within a backplane, these times increase to the

order of more than 10nsec - an overall increase by 3 orders of magrùtude. Other

Chapter 1 2
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problems ellcountered with board-to-board electrical interconnects are power

consumption (over distances of greater than Imm), crosstalk, low fan-in and fan­

out, skewing, electro-magnetic interference (EMI), ground loops, splitting losses

[8], and capacitive loading effects [9].

An illustration of a typical electrical backplane is shown in figure Fl-l.

Printed circuit boards (PCBs) housing high-speed electronic integrated circuits

(ICs) are connected to one another via an electrical bus comprised of typically 32

high speed transmission lines. The total number of lines is limited by size of the

chassis, the minimum allowable line separation, and the dimensions of the electri­

cal connectors on the PCB.

Electrical & Mechanical
Support Structure

Chassis

Figure FI-I: Standard Ele<lrlcal Uackplane

Backplane target specifications [10] forecast 1000-5000 bus connections

berween 10-50 boards, bit error rate of 10-14, bus dock speed of 1Gb/sec, greater

than IThit/sec aggregate throughput, and a latency per connection of less than

2nsec. Based on the limitations of electrical backplanes, an alternative needs to be

found.

Chapter 1 3
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The intrinsic limitations of electrical interconnection networks has led sys­

tem designers to consider short-distance optical interconnects (OIs) as a way of

increasing their performance [11-21). The advantages of Ols over electrical inter­

connects in terms of bandwidth, connectivity, power consumption, and skew,

along with sorne further benefits are described below.

Electronic interconnects have a physicallimit on the communication band­

width because of the inherent resistances in the transmission line, the

capacitive load, and the inductive coupling between adjacent lines and

devices [9] [22). Light, with its inherently high temporal bandwidth (of

approximately 1014 Hz) can accommodate the projected high data rates (of

approximately 1012 Hz).

Exploiting the third dimension not available to electrical busses, a 2 dimen­

sional array of optical data signaIs can be transmitted from board to board,

increasing the connectivity of the interconnect (i.e. spatial bandwidth).

As impedance matching and capacitive loading are no longer issues in OIs,

the only power concerns deal with the opticallosses within the intercon­

nect, and electrical-to-optical and optical-to-e!ectrical conversions in the

transmitter and in the receiver respectively. [23]

Because the speed of light is constant (3.3ps/mm), skew problems associ­

ated with variations of signal speeds in electrical connections (between 6.8

to 10.2 ps/mm) are avoided. [22)

EMI is not a problem

Interconnection architectural maps (e.g. fan-in, fan-out, projection, perfect

shuffle) can easily be realized with simple optical components (Ienses, grat­

ings, etc.).

Reconfigurable interconnections are simpler to design.

Chapter 1 4



( 1.4 The Optical Backplane

The optical and optoelectronic technologies being considered for board-ta­

board interconnects include two-dimensional arrays of both surface-emitting and

modulator-based devices integrated with arrays of electronic processing ele­

ments, called Smart Pixel Arrays (SPAs) [24]. These smart pixels can be impIe­

mented with processing electronics to build a new class of 'intelligent optical

backplanes' [25]. An illustration of an optical backplane (equivalently known as a

photonic backplane) is shown in figure Fl-2 below.

Optomechanical Structure

(

Electronic ICs

l'ree-Space Op tical
Communication ChaIU1l'1s

(

Figure Fl-2: Sthematic of a Optical Bacl<plane

The current state of technology dictates that modulator based optoelec­

tronics be used for the OIs, as the level of soplùstication of large arrays of uniform

surface-emitting lasers, namely Vertical Cavity Surface Ernitting Lasers (VCSELs),

has as yet not reached the level of adequacy to be used in these systems. A corn-

Chapter 1 5
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parison between different transmitter technologies is presented in [26], and has

been recently reported in [10].

A class of modulator based SPAs weIl suited for optical backplane inter­

connection applications utilizes the Hybrid/SEED technology which combines

Quantum Confined Stark Effect (QCSE) modulators and PIN photodiodes (GaAs)

with underlying silicon processing electronics [27] [28]. Because this type of smart

pixel operates (in the transmit mode) by modulating an incident beam, systems

utilizing this technology require optical power supply beams in order to power

these reflective devices.

The current state of affairs shows, unfortunately, that there is a generation

gap between the evolution of the sophisticated optoelectronics versus the optics

necessary to drive them. Analyzing the enabling technologies required to build an

optical backplane [10], it is easily seen that although optoelectronic VLSI fabrica­

tion, and transceiver circuit design is higlùy sophisticated, optical packaging,

optomechanics, and assembly & alignment techniques are in their infancy.

1.5 Thesis Outline

Recently, the Photonics Systems Group at McGill University has con­

structed an optical backplane demonstration system utilizing Hybrid/SEED SPAs

[15] to ad"dress the problem of bridging the generation gap that exists between

optoelectronics and optics. This thesis describes the design, implementation and

characterization of an optical power supply spot array generation system that

was used to optically power the SPAs in a four stage free-space optical backplane.

The full description of the optical design for the system was described in [29], and

the optomechanical design in [30].

The paper begins by describing the requirements for the optical power

supply (OPS) in Chapter 2. The light source and distribution are explained in

Chapter 3. Chapter 4 describes in detail the optical design, and Chapter 5 the

Chapter 1 6
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optomechanics. The assembly and alignment methodology, and the characteriza­

tion results are provided in Chapters 6 and 7 respectively. Chapter 8 discusses

sorne higher level issues of optical power in modulator based systems.

This paper is an elaboration of a manuscript submitted to Applied Optics

(Optical Society of America) by R. Iyer, et al., [31]. Many sections have been

expanded to provide mathematical justifications of models used, and to provide

details on the experimental techniques employed. This thesis is written to provide

a road-map for future engineers and engineering students building optical/opto­

mechanical systems.
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( CHAPTER2 System Overview and
Optical Power Supply
Requirements

(

(

In order to establish the technical context of this paper, a brief description

of the system demonstrator is provided in section 2.1. With this overview, the

functional utility of the OPS will have been established, resulting in a set of weIl

defined requirements, which are presented in section 2.2.

2.1 System Overview

The system that was built by the Photonics Systems Group (McGill Univer­

sity) was called the Phase II demonstrator. The system was built to demonstrate

the possibility and feasibility of building a complex photonic (Le. optical & elec­

tronic) system compact and robust enough to be assembled in an industrial hous­

ing (a standard VME commercial backplane chassis) to opticalli interconnect four

(electrical) data nodes via modulator based optoelectronics.

The four-stage system demonstrator was built in a three-dimensionallay­

out, interconnecting four Hybrid/SEED smart pixel arrays in a unidirectional ring

[1]. The chips were obtained through the ARPA/CO-OP/ AT&Tworkshop [2] and

a layout schematic of the modulators and detectors is shown in figure F2-1. Six­

teen smart-pixels operating in dual-rail were arranged on the chip in interleaving

columns of detectors and modulators. The modulators of the smart pixel arrays

(SPAs) were laid out on an 8 by 4 grid pitched 125~ in the vertical direction and

250~ in the horizontal direction. The 32 modulator windows had a dimension of

20~ by 20~.A full description of the chip design is given in [3). A photograph

of the Hybrid/SEED chip is shown in figure F2-2.

Chapter 2 12



(

(

(

Smart Pixel

," i ih25lJ.II1--• Modulators 125lJ.II1
EW Detectors

(Modulator and Detector windows not to scale)

Figure F2-l: Jayout of the moduJators and Iransmilters on the Hybridl5EED chip

Figure F2-2: Pholograph of the Hybridl5EI:D Chip
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(
A schematic of the unfolded opticallayout of the system is shown below in

figure F2-3. (This figure is slightly misleading since the printed circuit boards

should lie in the plane of the page and the optical power supplies perpendicular

to the page).

Bearn Steering
Elements 1

1

PBS+QWP .! Bulk Relay
Assembly -f-
~'~ '".....-.-

Supply Pixellated
MirrorlLenslet

(

(figure F2.4)

figure f2-3: Schemalie of the unfolded system

(
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The optical interconnect was polarization based, and routed the optically

encoded data from one stage to the next via polarization optics. A close-up of one

stage is illustrated in figure F2-4.

(

Relay
beams
from

previous
s tage -E~::::::;;;

Pixellated
Mirrors
on LAI

1

PCB__10 '--

LAZ

QWP2

1i17&_---PBS

~!=:::::::::::::::3-.Relay
:::::::::::::'::::::::H~ beams

to
next

::::::::::::::::::==:3-'~ stage

(

Figure F2-4: Close up of one stage

The focused spot array generated by the optical power supply was first

collimated by the (125~m x I25~) micro-lenses of the first pixelated-mirror/dif­

fractive lenslet array (LAI). The light comprising the spot array needed to be

right-hand circularly-polarized such that after passing through the first quarter-

wave plate (QWPI) (oriented at 450 in the x-y plane with respect to the axis of the

polarizing beam splitter (which has as yet not been introduced), it became linearly
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« (p-) polarized. After passing through the polarizing beam splitter (PBS), and the

second quartenvave plate (QWP2) (also oriented at 45° in the x-y plane with

respect to the axis of the PBS) which re-àrcularized the polarization, the beam

array was then focused ante the modulators on the Hybrid/SEED smart pixel

device array residing on the printed circuit board (PCB) by the second diffractive

lenslet array (LA2).

The primary physical difference between the pixellated-mirror/lenslet

array (LAI) and the second lenslet array (LA2) is illustrated in figure F2-5. Note

that 4 colurnns of (pixellated) mirrors are interlaced between 4 columns of diffrac­

tive lenslets, while the entire LA2 is comprised of an 8 by 8 array of lenslets. As

will be described below, the mirrors were used to route incoming beams from the

previous stage toward the Hybrid/SEED SPA.

( LAI - Pixellated-Mirror/
Lenset Array

Pixellated Mirrors

LA2 - Second Lenslet Array

(
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Figure F2-5: Scltematic differences between the LAl and LA2
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(

The reflected (modulated) light off of the modulators on the Hybridl SEED

chip was then re-collimated through the lenslet array (LA2), and its polarization

linearized to s-polarization through QWP2. Entering the PBS, the s-polarized light

then reflected off the PBS mirror, to be routed to the next stage.

Figure F2-4 also illustrates the light relayed from the previous stage. 11ùs

incoming light, still s-polarized, was reflected off the PBS mirror surface toward

LAI, after passing through tlle QWPI which circularized its polarization. The

beams then hit the pixellated mirrors on LAI, and bounced back toward the

device array, passing through the same optical path as the light from the OPS (as

described above). The relayed beams however were displaced (in the x direction)

I25JlIIl away from the OPS beams, thus impinging detectors (as opposed to mod­

ulators) on the Hybrid/SEED SPA.

It should be noted future reference that the QWPI, PBS, and QWP2 were

pre-glued (by the supplier Meadowlark Optics) Îrlto what was collectively called

the PB5-QWP assembly. The PB5-QWP assembly, LAI and LA2 were mounted

ante an optomechanical housing called the lenslet barrel, which, along with the

OPS module resided within a larger housing called the outer barrel. A picture of

the assembled system is shown below in figure F2-6.

Populated Outer Barrel
withOPS and
Lenslet Barrel

Vertically mounted
baseplate

Commercial VME
backplane chassis

Figure F2-6: Photograph of assembled system
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( 2.2 Optical Power Supply Requirements

(

(

The optical and optomechanical requirements analysis of the system dem­

onstrator directed a modularized approach to the design. The following subsec­

tions embody the results of this analysis pertaining to the OPS module to provide

a full and comprehensive fOW1dation for its design.

2.2.1 Optical Requirements of the Optical Power
Supply

The 32 modulator windows (20~by 20~) on the device array (figure F2­

1) represent the targets for the spot array having passed through the PBS-QWP

assembly and the lenslets from the OPS (refer to figure F2-3). The requirements of

the spot array at the output of the OPS, in order to hit the target modulators on

the chip is given in Table T2-1, and a schematic of the desired spot array (looking

in the direction of light propagation) is shown in figure F2-7. It should be noted

that in the figure, the 8 by 4 central grid represent the signal spots (Le. those

impinging upon rnodulators on the device array), while the those on the periph­

ery correspond to alignrnent spots used to facilitate the integration of the system

demonstrator.

OPS Spot array requirement

8 by 4 focused spots on a uniform grid of 125!lm (vertical)
by 250 !lm (horizontal)

8 additional peripheral spots

Spot array positioned between 18.34 ±0.82mm away from
the output of the OPS

l/e2 irradiance spot radii of 6.47!lm

Slower than f/6 beams generating spot array

Stable right-hand circularly polarized light

Minimal field curvature of spot array

Table T2-1: OPS Spot Array Requirements
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( OPS Spot array requirement

Power per spot greater than 250~W

Power uniformity across the entire array of greater than
90%.

Bearn steering capabilities of better than:
±400~m lateral translation

±0.460 angular deviation

Spectral tolerance of 850±1nm

Table TZ-l: OPS Spot Array Requirements

Although the requirements listed in Table T2-1 suffice for the Phase II sys­

tem demonstrator, it was also desired that the optical design be flexible to accom­

modate a larger array of target modulators for scalability.

Signal spots Alignment spots

(

(
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Figure FZ-7: Sehematie of the desired spot array at the output of the OPS
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{ 2.2.2 Optomechanical Requirements

The system demonstrator was bullt upon a vertically mounted baseplate

housed in a standard 19" 6U VME commercial backplane chassis [4]. Based on the

high level of integration, the optical power supply modules needed the following

features:

• compactness

• robustness

• ease of machinability

• ease of assembly

• ease of alignment

• modularity

( 2.3 Summary

(

In order to facilita te the integration of the system, a modularized approach

was adopted, such that each unit of the system could be pre-assembled and

aligned. With this mind-set, the interconnection scheme for 4 optoelectronic

Hybrid/SEED SPAs was envisaged employing a fairly complex optical intercon­

nect, hotised within a standard commercial backplane VME chassis. From this

analysis emerged a set of weil defined requirements for the OPS. In the following

chapters, a dissection of the optical and optomechanical design of the OPS will be

provided. Preceding which, however, a discussion of the light provision will be

presented.

Chapter 2 20



( 2.4 References

[1] D. V. Plant, B. Robertson, H. S. Hinton, M. H. Ayliffe, G. C. Boisset, D. J.

Goodwill, D. N. Kabal, R Iyer, Y. S. Liu, D. R Rolston, W. M. Robertson,

and M. R Taghizadeh, "A multistage CMOS-SEED optieal baekplane dem­

onstrator system," Opt. Comput. 96, 14-15 (1996).

[2] ARPA/AT&T Hybrid SEED Workshop, July 18-21, 1995, George Mason

University, Virginia (1995).

[3] D. R Rolston, D. V. Plant, T. H. Szymanski, H. S. Hinton, W. S. Hsiao, M. H.

Ayliffe, D. Kabal, M. B. Venditti, P. Desai, A. V. Krishnamoorthy, K. W.

Goosen, J. A. Walker, B. Tseng, S. P. Hui, J. C. Cunningham, and W. Y. Jan,

"A hybrid-SEED smart pixel array for a four-stage intelligent optical baek­

plane demonstrator," IEEE Journal of Seleeted Topies in Quantum Elee­

tronies, 2, 97-105 (1996).

(

(

[4] IEEE Standard 1014 for a Versatile Backplane Bus: VMEbus (1987).

Chapter 2 21



( CHAPTER3 Light Distribution
System

In order for the optical power supply to provide the desired output, it was

imperative that the light provided at its input be extremely weIl behaved. A light

distribution system was designed and characterized to provide the light to the

system demonstrator. This chapter describes two methods that were attempted.

The first using polarization maintaining fiber splitters, was rejected, and replaced

with the second employing pellicles. A description of the light distribution sys­

tems are presented in section 3.1. Characterization results are presented in section

3.2.

( 3.1 Light Source Distribution System Description

(

As was shown in figure F2-3, the system was a four stage optical back­

plane, with each stage requiring an OPS to provide the array of constant optical

power beams to illurninate the modulators on the respective Hybrid/SEED clùp.

For simplicity, optomechanical compactness, and ease of pre-alignment, light was

launched into the OPS via a single mode polarization maintaining fiber. For prac­

ticality purposes, a single 500mW tunable laser with an external grating for wave­

length selection and stabilization (Spectra Diode Labs Model # SDL 8630 Tunable

Laser Diode System) was used to provide the light for aIl four stages (see figures

F3-1 or F3-2). A 500mm focallength lens was used to squeeze the beam through

the 4.8mm aperture of a Faraday isolator (OFR Part # 10-5-1152), and re-colli-

mated to a (1/e2 irradiance) beam diameter of 1.2mm through a 200mm lens. The

Faraday isolator was used to eliminate backreflections into the laser, and a Glan

Laser polarizer (OFR Part # PEH-8-TIS2) was used to improve the extinction ratio

to better than 40dB (which was beyond the measurement capabilities of the New-
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Isolator

(

(

(

port Model # 2832-c dual-ehannel power meter equipped with Model # 8I8-ST/

CM detector heads).

The first approach of light distribution employed the use of a tree of three

1:2 fiber splitters (JDS Fitel Part # AC-PMll-850-FP) as shown in figure F3-1.

However, due to power 1055 and polarization instabilities, this arrangement was

rejected.

Halfwave plate

\

Figure f3-1: Light Distribution System Using Fiber Splitters

A second arrangement was employed using three thin membrane (linear­

polarization preserving) pellicles (National Photocolor Order Spec: 1" Pellicle

ETP Coated 50/50 for p-pol @850nm @45°), as shown in figure F3-2, which

incurred no significant power losses nor polarization instabilities. Characteriza­

tion results will be provided in the next subsection for both of these systems.

Lrr ,pO!iZ~erPi:-Ii -- ._-
Isolator

Halfwave Plate/,-- 1 •

Fiber Coupler Polarization Maintaining
Single Mode Fibers

Figure F3-2: Light Distribution System Using Pellieles
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In the pellicle arrangement, each beam was subsequently coupled into a 1

meter polarization maintaining (PM) single mode fiber (Fujikura PANDAlm

8S0nm (see Note [A] in Appendix C) - supplied by JDS Fitel Part # A0101S64)

using a fiber coupler (Oz Opties Part # HPUC-23-8S0-P-6.2AS-ll) to provide the

optical inputs to each OPS module. Spectral stability was maintained by the laser

to 8S0.0±0.OSnm wruch was within the ±lnm spectral tolerance demanded by the

5EEDs.

3.1.1 Optimally Launching Light into a Polarlza­
tion Maintaining Fiber

Following the very simple alignment technique provided by the supplier

of the fiber coupler (Oz Optics), 70% of the incoming light was launched into the

fiber.

Aligning the linearly polarized light along the PM fiber's fast axis was

experimentally verified to provide better polarization stability at the output corn­

pared to launclùng along its slow axis. The determination of tlùs conclusion was

dependent on the experimental method used to optimally align the polarization

into the PM fiber.

Several methods of optimally orienting the polarization of the incoming

light into a PM fiber have been reported (1)[2]. These techniques being too time­

inefficient and unnecessarily complicated were replaced with an extremely easy

and quick method wruch produced excellent results.

The experimental setup is illustrated in figure F3-3. Two halfwave plates

(HWPl and HWP2), a collimating lens and a polarizing beamsplitter (PBS), in

conjunction with a Newport dual-channel power meter (Model # 2832-e) were

used to perforrn the alignment. By actively monitoring the real-time data acquisi­

tion (via a GPIB interface to a computer) of the ratio of the powers read from

channels A and B of the meter, L.le optimal orientation of HWPl was aclùeved by

the following iterative method:
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( AdjustHWPl

Adjust HWP2 to maximize the ratio: PA/(PA + PB)

Repeat

HWPl

Oz Fiber Coupler PM Fiber

( (H]-==-GPIB.
Computer Dual Channel Power Meter

(

Figure F3-3: Experimental Setup to Orient the Polarization of the Light

Results showed that aligning the linear light along the PM fiber's slow axis

resulted in variations of ±5% of the ratio PA/(PA + PB), while launching light

along the fast axis resulted in only a ±O.05% variation (Le. a negligible variation),

indicating that the polarization stability of the light launched along the fast axis

was far superior. For more information on PM fibers, the following references pro­

vide an E'v"~llentdescription: [3], [4).

The polarization extinction ratio of the light emitted from the fiber was

then measured to be 28dB. Note that this was the linearity of the light entering

eachOPS.
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( 3.2 Characterization of Light Distribution System

(

(

Measurements were performed on the laser, the fibers, the fiber splitters

and pellicles. Analysis of these results stated that the fiber splitting arrangement

was clearly not adequate for the application. However, with the implementation

of the pellicle setup, it was shown that excellent performance was achieved. A

final subsection on the characterization of the optical power budget of the pellicle

system is also presented.

3.2.1 Laser Characterization

The characterized date for the SOL 8630 tunable laser diode system was

given from the manufacturer (Spectra Diode Labs) as follows:

500mW@ 1.92 Amps (@21.0 oC maintained by a therm~lectric cooler)

Diffraction limited, collimated beam

20nm tuning range (845 - 865 nm)

Center wavelength 855nm

<10GHz spectral width

M2.L = 1.2

M211=1.5

The L-I (laser power vs. current) curve of the SOL 8630 was monitored

periodically over the Phase II demonstrator implementation period. Graph G3-1

illustrates two interesting behavioral characteristics of the laser. First, the thresh­

old current has been steadily increasing, indicating the aging of the chip. Chip

degradation is however not apparent as the slope efficiency of the laser has not

changed noticeably over time. It should be noted that the specified value for the

threshold current is approximately 1.70Amps. Second, it was noted that upon

laser start up, instabilities were present and manifest as jagged LI curves (the June

10,96 - 'a' curve). However, after allowing the laser to relax into steady state oper­

ation for approximately 25 minutes, a second curve (the June 10, 96 - b curve)

shows a smooth LI relationship.
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Graph G3-1: L·I Curves for the SOL 8630

(

Power stability measurements were conducted using a Newport 1835 sin­

gle channel power meter (via a GPIB interface to computer). The results are dis­

played irl Graph G3-2. The very interesting point of note is the power fluctuations

over the first 50 minutes following laser start-up, caused by mode hopping and

temperature instabilities. A second graph of measurements conducted after the

laser had been operated for over one hour is presented in Graph G3-3. Based on

this graph, the power fluctuation over time was measured to be 0.93% with

respect to the mean.
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Graph G3-3: Power Stability Measurements of the SDL 8630 after 1 hour
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It should be noted that the SOL 8630 was purchased in the faU of 1994. It

was, at that time, released as a preliminary product with no long-term character­

ization specifications available. Thus the lifetime of the laser diode was unknown

but estimated to be approximately 2000 hours (by the manufacturer). As of March

1997, it is estimated that over 1500 hours of use has been logged on the unit.

Although spectral behavioral characterization of the SOL 8630 has not been

conducted over the span of the year, latest testing (as of February 1997) has shown

that the spectral stability of the laser is very sensitive to thermal cycling. This is

not unexpected, considering the lifetime of the laser [5].

The polarization extinction ratio at the output of the SOL 8630 was mea­

sured to be 20dB. The angular variations (Le. polarization stability) of the polar­

ization ellipse was negligible (beyond the capabilities of the measuring system).

3.2.2 Characterization of the Fibers and the Fiber
Splitters

The extinction ratio of the light that was launched into the Oz Optics fiber

couplers (after the Glan Laser polarizer) was measured to be better than 37dB.

(Using a power meter and a Polarcortm polarizer (see Note [A] in Appendix C), it

was difficult to obtain a more accurate reading).

With the introduction of the fiber splitters, it was measured that the total

excess 1055 of each splitter (on average) was 22 ± 1%. Implementing the fiber tree

using three fiber splitters, at the output of the tree a total excess 1055 of 39 ± 1%

was measured. Thus only approximately 12 to 15mW will appear at the output of

each output fiber of the tree with an input of 100mW.

The measured extinction ratio at the output of the fiber tree was measured

onlY to be between 10dB and 20dB. (Note that input was better than 37dB). Also,

by placing a QWP at the output of the output fiber, and observing the stability of

the light passing through a QWP-PBS assembly, a thoughput oscillation of 7%

was measured, indicating a large and unacceptable polarization instability.
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3.2.3 Characterization of the Pellicles

Experimental characterization of the pellides showed excellent polariza­

tion maintenance for p-polarized linear light. The extinction ratio of the light at

the output of the Glan Laser polarizer was measured to be better than 37dB (as

mentioned in the previous section). Measurements made at the output of the pel­

lides also resulted in figures of about 37dB or better, thus indicating that the pelli­

des did not effectively degrade the polarization extinction ratio.

After optimally launching light into a single PANDAtm polarization main­

taining (PM) fiber, it was measured that the power fluctuations at the output of

the PM fiber was at worst-case ±O.22%, with an extinction ratio of 28dB.

3.2.4 Optical Power Budget for the Pellicle Light
Distribution

The optical power budget (i.e. the opticalloss characterization) for the pel­

lide based light source distribution system is given below in Table 1'3-1. The val­

ues that are presented are the measured throughput efficiencies with a precision

of ±OSlo. It is seen that the excess 1055 (not induding the splitting 1055) from the

laser source to the fiber coupler is 74.6% ±0.5%. It should also be noted that 2

additional components have been added (which do not appear in figure F3-2) to

the optical train: namely the first halfwave plate and the PBS. These were added

to split light off for other experiments. It is aiso shown that if 500mW is supplied

by the laser, 65.3mW will be supplied at the input of each OPS. As will be dis­

cussed in Chapter 8, this was more than sufficient for the successful operation of

the OPS, and the demonstrator as a whole.

Employing the excess 1055 numbers mentioned above for the fiber tree, it

can be calculated that the pellide arrangement was 36% more efficient than the

fiber splitting setup.
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Component Transmission (%) Cumulative Transmission (%)

500mm lens 99.2 99.2

OFR Faraday isolator 93.0 92.3

200mm lens 98.2 90.6

Halfwave plate 99.0 89.7

PBS 95.0 85.2

OFR Glan Laser polarizer 92.0 78.4

2 Pellicle splitting 25.0 (average) 19.6

2 Pellicles 96.0 18.8

Halfwave plate 99.2 18.7

Oz liber coupler 70.0 13.1

Table T3-1: Optical Power Budget for the Pemcle Light Source Disbibution System

( 3.3 Summary

(

Requirements of the OPS listed in Chapter 2 state that light of small spec­

trallinewidth, enough power, and stable polarization be supplied at the input of

each OPS module. By implementing a fiber-splitting arrangement, it was experi­

mentaIlyverified that both the power 1055, as well as the po1arization instabilities

incurred were unacceptable. Thus a second arrangement employing the use of

thin membrane pellicles was adopted, resulting in a much higher throughput effi­

ciency, and exceIlent po1arization stability.
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( CHAPTER4 Optical Design

(

(

The design of the OPS can be thought of as being split into two separate

parts: the optical design and the optomechanical design. These parts are very

highly coupled, and reqlÙre a parallel engineering effort to succeed. In order to

facilitate the presentation, the issues pertaining to the cptical design of the OPS

are presented in this chapter, while those pertaining to the optomechanical design

are presented in the following. The optical design of the OPS is presented in sec­

tion 4.1, with mathematical explanations of the models used. The heart of the OPS

was the multiple phase grating, and a full description of its design and functional­

ity is presented in section 4.2. A third section elaborating on the design simulation

results appears in section 4.3, followed by an analysis of the optical power budget

in section 4.4.

4.1 Optical Power Supply Optical Design

The optics were designed to meet ail the spot array reqlÙrements while

reducing the optomechanical complexities to a minimum. A schematic of the opti­

cal design is shown in figure F4-1 with the nominal values of element separation.

25.23 5.24 18.33

(mJ) IH~
---.

,.~J ~/~)Jl)/~~
~o\~\..i# c..v1..c..v\. ~&(, \.'IJ.'\'lJ.1..~~'>
~'b>~~et 0: ~~~e;, ~

(Dimensions are in mm)

Figure F4-1: Optical Design of the Optical Power Supply
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Perfectly linearly-polarized light was assumed to be emitted from the sin­

gle mode polarization maintaining (PM) fiber placed at the front focal plane of the

compound collimating lens (CU, CU). The mode field diameter (l/e2 irradiance)

of the fiber was specified to be 5.6~. The collimated beam diameter at the output

of the collimating lens was designed to be 2.30mm. After passing through the

zero-order quarterwave plate (QWP) to right-hand circularize its polarization, the

beam was then passed through tlle MPG. The angularly diffracted collimated

beams then propagated through the Risley beam steerers (RBS 1 & 2) and tilt

plates (TP 1 & 2) until they were focused by the compound Fourier lens (FL 1, FL

2) to spots in the Fourier plane of (l/e2 irradiance) radii of 6.47~.

Based on the nominal numbers used in the optical design, the speed (f/#)

of the focused beams at the output of the L2S was f/12.07 (l/e2 irradiance diam­

eter of 2.30mm). This was well within the f/6limit demanded by the lenslets.

A Gaussian beam propagation model was the starting point for the optical

design. The following subsection presents the mathematical foundations of such

an analysis, and its context within the optical design of the OPS. A subsequent

subsection on the use of two-element compound lenses for adjustment of focal

length is then given, followed by the final subsection on the optical and optome­

chanical degrees of freedom of the OPS.

4.1.1 Gaussian Bearn Propagation Model

The following presentation assumes that the reader is familiar with basic

electro-magnetic theory, especially Maxwell's equations. The motivation for this

analysis is to derive a relationship between a (Gaussian) beam's radius as a func­

tion of axial distance, since the beam emitted from a fiber has been mathemati­

cally and experimentally verified [1 - Ch.7] to approximate a Gaussian beam very

closely. The transformation of a Gaussian beam through a lens is also derived, in

order to be able to determine its propagation through the OPS.
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The starting point of Gaussian beam propagation analysis begins with rep­

resenting the wave which is under scrutiny as a paraxial wave (i.e. its wavefront

normals are paraxial rays) [1 - Ch.2]. Thus the paraxial wave U(r) (where r = (x, y,

z) can be described by a plane wave exp(-jkz), propagating in the positive z axis

(where j=(_I)O.5, and k is the propagation constant equalling 2rc(A.), with a slowly

varying complex amplitude (along the z direction with respect to the wavelength)

A(r):

(1)

Applying paraxial approximations to the Helmholtz equation:

(2)

(

resu1ts in the paraxial Helmholtz equation:

(3)

where the Laplacian operator (with the subscript T) is the transverse Laplacian

operator:

(4)

The simplest solution of the paraxial Helmholtz equation (equation 3) is

the paraboloidal wave [1 - Ch.3]:

A(r) = ~ . exp(-jk~) ,where p = x2+ / and AI is a constant. (5)

Another solution to the paraxial Helmholtz equation is the Gaussian beam. By

substituting a translational shift transformation, q(z) = z -1;, where 1; is a purely

imaginary constant (-jz", and Zo is real), the solution to equation 3 becomes:

(

Chapter4

- AI ( . L)
A(r) = q(z) . exp -Jk2q(z) . (6)
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(
Separating l/q(z) into its real and imaginary parts, and defining R(z) and ro(z) to

be measures of the radius of curvature and beam radius respectively, results in:

1 1 1. À- =-- =--)---.
q(z) z + jzo R(z) 1t. ci/(z)

(7)

Substituting equation (6) and equation (7) into equation (1), results in an expres­

sion for the complex amplitude U(i) of the Gaussian beam:

(

_ (() (2) ( 2 )Uer) = Ao ' _0 . exp + .exp - jkz - jk,J!-- + jÇ(z)
ro(z) ro (z) _R(z)

1

ro(z) = roo( 1+(tYf
R(z) =Z(l +(~r)

1

_(ÀZo)ïro - -o 1t

(8)

(9)

(10)

(11)

(12)

(

where ro~'represents the beam waist radius and Zo represents the Raleigh range

(measure of the depth of focus, i.e. depth of focus =2zo)' These formulas (9 - 12)

represent the set of formulas relevant for modeling Gaussian beams.
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( Transmission of a Gaussian beam through a thin lens results in a multipli­

cation of the complex amplitude transmittance of the lens: expGkp2/2f) [1 - Ch. 2]

by the complex amplitude of the beam (equation 8), resulting in another Gaussian

beam with a different radius of curvature and beam waist. This is ilIustrated in

figure F4-2 below.

.. f

zob »f

( Figure F4-2: Gaussian Beam Through a Lens

Assuming that the (small) incoming beam waist is located at the front

focus of the lens (as shown in the figure), the resulting output ~eam waist of the

transmitted beam (if the output Raleigh range zob is large in comparison to the

focallengthf of the lens) is approximated by the following relationship:

(13)

(

For details on the derivation of this approximation, the reader is referred to [1 ­

Ch.3]. Note that since the property of light is reversible, the light could just as eas­

ily be travelling right to left in figure F4-2.

In the context of the OPS design, there were effectively two lens transfor­

mations occurring: (i) the collimation of the beam emitted from the fiber, and (H)

the focusing of the collimated beam at the output of the OPS. Labelling the beam

waist radius at the fiber facet as 000-(' the collimated beam radius through the OPS
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( as Olmpg' and the beam waist radius of the focussed beam at the output of the OPS

as Olo-spot, the following relationships result, after utilization of equation 13 twice:

(14)

(

(

where!J and le are the focal lengths of the Fourier and collimating compOlll1d

lenses respectively. 1t is interesting to note that the Olmpg does not appear in the

relationship. 1t should be noted that the Raleigh range of the collimated beam is

approximately 4.9 meters, which is much larger than both the effective focal dis­

tances of the compound collimating and Fourier lenses (as will be given in the

next subsection), and therefore the use of equation 13 to derive equation 14 is jus­

tified. More information about compound lenses and their effective focallengths

is given in the next subsection.
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4.1.2 Two-Element Compound Lenses

Two-element compound lenses with variable focallengths were chosen for

both the Fourier lens and the collimating lens to account for uncertainties in the

mode field diameter of the input fiber, the lens focal length specifications, and

aberrations of the beams through the OPS. The lenses were oriented in the Petzval

configuration [2] which provided the best performance in terms of aberrations,

flexibility, optical power division, size, and cost. A more detailed explanation of

the variability of the focallength is provided in the next subsection.

In the Petzval configuration, the optical power is split equally between the

two parts of each compound lens. Hence the aberration is minimized, and the

focal length of the lens is easy to adjust with high resolution by altering the air

gap. Although a Plossl configuration is similar and has been used in another free­

space optical system [3], simulations showed that in our application, the Petzval

configuration gave lower aberrations for each spot. A Cooke's triplet, which has

been used in an earlier modulator array application [4][5], was another option for

the Fourier lens due to its exceptionally fiat field. However, commercial Cooke's

triplets have their focallength specified to only ±1%, compared to 0.4% required

for the OPS optical design to define tl"le correct spot separation: Since the optical

power in a Cooke's triplet is divided very unequally across the three elements,

adjusting the focallength requires extremely fine changes to the element spacings.

At their nominal (Petzval configuration) positions, the compound collimat­

ing lens had a focallength of 12.90mm, and the compound Fourier lens had a

focallength of 27.78mm. Achromat doublets were used for allienses due to their

minimal spherical aberration, minimal wavefront distortion, and tight focal

length tolerance.

It should be noted that although a true Fourier lens should introduce j.sine

distortion, at the maximum diffracted angle designed to be 0.0068° within the

OPS, the small angle approximations hold. Therefore, an off-the-shelf lens pair

was used due to cost and convenience. A more detailed explanation of the Fourier
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lens distortion will be provided in the following section on the Multiple Phase

Grating.

4.1.2.1 Variability of Focal Length With a Thick Compound Lens

It is assurned that the reader is familiar with thin lens paraxial optics in the

following presentation.

Figure F4-3 illustrates a single thick lens of thickness 'l', and sorne points of

interest: namely its vertices, VI and V2, its principal points HI and H2, and its

focal points FI and F2. The vertices are the points at which the optical axis inter­

sects the lens' front and back surfaces. The principal points define the intersection

of the principal planes with the optical axis, where the principal planes (using the

paraxial opticallimit) is defined to be the locus of the (extended) collimated rays

intersecting a corresponding (extended) focused ray propagating to its nearest

focal point. The front focallength (jfl) and the back focallength (bfl) are the respec­

tive distances measured from the foci to its nearest vertex [6][7].

Principal Planes

Figure F4-3: A Thicl<. Lens
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( With tlùs set of nomenclature, one is now able to define the expression for

conjugate points (in the Gaussian form):

(15)

(

where te is the effective focal length of the thick lens, provided that sa and si are

measured from the first and second principal planes respectively (and that Sa is

positive when the object is to the left of Hl while si is positive when the image is

to the right of Hz. Note that this is the same formula for the thin lenses. A very

important result emerges from a more detailed analysis: namely, aIl thin lens for­

mulas hold when the measurements are made from the principal planes [6][7].

The principal points are therefore conjugate with one another, and any ray

directed to a point on one principal plane at height YI will appear to have

emerged from the lens from a point on the second principal plane at height Y2 =YI.

Arranging two thick lenses in a compound arrangement as shown in figure

F4-4 separated by a distance 'd' measured from the two cIosest principal planes

(namely H IZ and H ZI ) (where the first subscript denotes the respective lens), a

new pair of effective principal planes is created, caIled Hl and Hz (Note that in the

figure, only the second effective principal plane is shown). An expression for the

effective focal length of the lens system results:

(16)

Note that 'd' is not truly the lens separation. In fact, the lens separation 's' is

directly related to 'd' after subtracting the vertex - to - principal plane distances:

(
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s =d-HI2VI2-H21 V 21 (17)
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Figure F4-4: Compound Two-Element Thick Lens

Thus it has been shown that a change of the lens separation results in a

change in.the compound lens system's effective focallength. Plotted in Graph G4­

1 is the relationship between the effective focallength to lens separation, given the

nominal values for the design of the collimating lens for the OPS, namely fI = f2 =

20mm, and ranging 'd' between 5 and 11 mm (note that the nominal spacing '5'

between the lens as per the optical design is 5.46mm, which corresponds to a d of

S.OSmm using the supplier's values for the vertex to principal plane distances).

(
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Graph G4-1: Effective Focal Length versus Distance between Lenses

The!fl of the compound lens is described by:

ffl = FtH Il

f t ·(d-f2)

d-(fI+f2 )
(18)

(

where the !fi is measured from the front focal point to the first principal plane of

the first lens.

The relationship between the !fi and the lens separation 'd' ranging from

Smm to Umm with two 20mm lenses is presented in Graph G4-2. From analysis

of Graph G4-1 and Graph G4-2, it is clear that for a given lens separation, there is

a wüque position of the compound lens (i.e. the lens pair) with respect to a fixed

point; in context with the OPS, that fixed point being the fiber facet. A schematic

of the resulting arrangements for three different lens separations is shown in fig­

ure F4-S. TIùs figure also illustrates the relationship with the output beam diame-
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( ter to the effective focallength (If the lens pair (see equation 13). This relationship

was critical in the alignrnent of the collimating lenses, and will be described more

fully in Chapter 6.

(
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Graph G4-2: Front Focal Distance versus Distance between Lenses
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Figure F4-S: FFL versus Effective Focal Length and Output Beam Diameter
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4.1.3 Optical and Optomechanical Degrees of
Freedom

The ors design had a number of optical and mechanical degrees-of-free­

dom in order to meet the set of desi~1 requirements; these are presented in Table

T4-1.

By analysis of these optical and optomechanical degrees-of-freedom, as

weil as the ors module requirements listed in Chapter 2, a barrel design was cho­

sen to house the elements of the ors. More information about the optomechanical

design will be presented in Chapter 5.

Detailed Design Requircment OptieallOptomechanical Solution

Spots on a uniform grid Chose a low distortion Fourier lens

Spot separation malched SEED separation Adjusted focallength of Fourier lens by
changing element separation

I/e2 irradiance spot size of 6.471lm Adjusted focallength of collimating lens
by changing element separation

Collimated bearn through the planar ele- Maintained the liber facet at the front
ments focus of the collimating lens

Wavefront flatness of less than 1./20 Chose a low aberration Fourier Jens;
Aberrations from other elements kept
low;
Maintained liber at front focus of colli-
mating Jens

Angular alignment of spot arr.lY about opti- Rotated MPG about optical axis
cal axis

Pitch and yaw alignment of spot array with Adjusted the difference in the roll posi-
respect to interconnect tion of the opposed tilt plates

Mutual angular alignment of chief rays of Positioned MPG at front focus of Fourier
all bearns in the spot array Jens;

Chose low distortion Fourier lens

Lateral alignment of spot array Rotated the Risley prisms about the opti-
cal axis

Table T4-1: Optical and Optomechanical Degrees of Freedom
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( 4.2 Multiple Level Phase Grating Design

«

The fundamental challenge in designing the OPS was in the generation of

the array of 8 by 4 (+ 8 alignment) spots such that the 6.47f.1.II\ (1/e2 irradiance)

radii spots were accurately positioned across the 125f.1.II\ grid with uniform power

distribution. There exist numerous techniques for producing spot arrays from a

single beam [8][9]. Our system employed Fourier-plane array generation, utiliz­

ing a computer generated hologram implemented as a multiple level phase grat­

ing(MPG).

The MPG was designed using a simulated annealing algorithm [9][10] ta

create a grating composed of a periodic array of unit cells that could generate the

desired spot array in the focal plane of a Fourier transform lens; the grating itself

representing the 2-dimensional spatial inverse Fourier transform of the spot array

and placed at the front focal plane of the Fourier lens.

As shown in figure F4-6 below, a collimated beam will be diffracted

through a grating at discrete angles described by the following relationship

(where n is an integer and corresponds to the diffraction order):

(

Chapter4

p. sin(B) = ml..

Figure F4-6: Collimaled Beam Diffracled through a Grating

(19)
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( By placing the grating (MPG) at the front focal plane of the Fourier lens,

the periodicity, P, of the grating is related to the spot spacing, S, in the Fourier

plane (i.e. the output focal plane of the Fourier lens), by the relation given in equa­

tion 20, where À is the wavelength andfis the focallength of the Fourier lens. It

should be noted that this relationship results if the Fourier lens introduces an

/osin((J) distortion of the spots at its output focal plane. The factor 2 in the formula

arises because only even order spots were used in the grating design.

2"/"1..
p=-S-' (20)

(

(

For the system demonstrator requiring a spot spacing of S=125~ (on the

smallest grid as was shown in figure F2-7) for the array of 8 by 4 spots, and based

on the chosen optical design, each unit cell had a periodicity of P = 377.8~ by

377.8~, divided into 128 by 128 pixels as shown in figure F4-7. Each square pixel

had a dimension of P/128 =2.95~ by 2.95I!m, and had a height quantized to one

of 8 levels; this is illustrated in figure F4-7. The MPG was made from fused silica

and was not anti-reflection coated due to time constraints.

Figure F4-7: 8 Level Multiple Phase Grating
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From the design program, the theoretical diffraction efficiency of the 81evel

phase grating was predicted to be 83% (76.5% after the 4% reflections at each non­

AR coated surface). The overall uniformity of the spots was predicted to be 96.9%,

defined using the metric:

(Pmax-Pav,)Uniformity = \- ---'~:---­
Pallt>

where Pave=(Pmax + Pmin)/2.

1- (Pav,- Pmin)

Pa lit'

\_ (Pmax- Pmin)

Pmax+Pmin
(21)

Defining the collimated beam radius (l/e2 irradiance) passing through the

MPG to be Olbpg' the number of MPG periods sampled, NPS, is defined to be:

20l
NPS = ;PR. (22)

(

AIso, from Gaussian beam propagation models (as will be explained in

detail in subsection 4.1.1), the focused spot radius, Oll' is related to the collimated

beam diameter by:

(23)

where fis the focal distance of the Fourier lens, and À. is the wavelength.

The (Iinear) compression ratio, CR, can be defined as the ratio of the spot

separation to the 99% spot diameter:

(24)

Thus, substituting equations 20, 22, and 23 into equation 24, a relationship

between the compression ratio and the number of periods sampled is derived to

be:

(
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7t
CR = 'jNPS. (25)

48



( The number of periods sampled was NPS=6.1, where Olbpg was designed to

be 1.15rnm, yielding a compression ratio of 6.37 through the relation given in

equation 25 [11]. TIùs value is sufficientiy larger than the minimum CRmill of 3

which is required to ensure that the power uniformity is not degraded by aliasing

[12].

The issue of scalability (which was introduced in section 2.2.1) was

addressed by ensuring that a spot array of 16 by 8 spots at one-half the spot spac­

ing (Le. S=62.5~ to maintain the same field of view) be implemented by replace­

ment of the MPG element alone, with no other modifications to the optical design.

Based on this requirement, the period P of the MPG would be doubled, thereby

reducing the NPS to a value of 3.05. TIùs results in a CR of 3.19, which is still

larger than the CRmill of 3.

The total estimated lateral error of the position of the spot array with

respect to LAI (figure F2-4) was ±400~. TIùs value was calculated from the

worst-case estimate of the fiber centering within the OPS barrel of±100~,which

results in a ±230~m error of the spot array at the output of the OPS. As weil, due

to the accuracy to which the OPS barrel could be inserted in the outer barrel with

respect tô the LAI, machining tolerances, and centering of the lenses, an addi­

tional ±170~ lateral positioning error results. Thus a ±400~ error corresponds

to a 0.540 minimum required wedge angle for the Risley prisms (SFIO glass).

Wedge angles of 10 were chosen due to availability and cost.

(
4.3 Design Tolerancing, Modeling and Simulation

(

Angular misalignment of the fiber input was estimated to be 10 in the

worst case yielding a 0.460 angular deviation from the optical axis of the chief rays

of the output spots. To compensate for this misalignment, a 3rnm thick tilt plate

(SFIO glass) oriented at 10.40 with respect to the optical axis was required. Tradi­

tional tilt plate design requires one parallel planar optical element to have rota-

Chapter4 49



(

(

(

tional degrees-of-freedom along the two axes perpendicular to the optical axis

(pitch and yaw). This approach was not well-suited for the barrel housing chosen

for the OPS, which only converuently provides optomecharùcal degrees-of-free­

dom in translation along, and rotation about the optical axis (roll). Therefore a

novel two-element tilt plate design was implemented that requires only one

degree-of-freedom, namely roll. Angular coverage of the spot array across the

Fourier plane was achieved by permanently mounting two 1.5mm thick tilt plates

(SFIO glass) at a fixed angle of 10° (from the optical axis), and by appropriately

pOSitiOIÙng both elements in roll.

Gaussian beam power clipping due to the square apertures of the system

(lenslets and modulator windows) of 0.54% was taken into account in the optical

design. A full analysis of beam propagation through the optical interconnect

showed that a I% clipping effect is tolerable as long as the spot size is kept within

tight tolerances.

The system was modeled using OSLO-Pro. Distortion of the spot array

from the correct grid, field curvature, spot size variation, Strehl ratio, I/RMS

OPD, and the variations of the chief ray angles were calculated. The spot size was

estimated in OSLO-Pro as the point spread function at the plane of best focus

(mirùmum RMS OPD). In the point spread function calculation, a Gaussian

apodization was applied at the first surface of the collimating lens. The width of

this Gaussian function was given by a paraxial Gaussian calculation starting from

a waist at the fiber facet. The OLSO design specifications is given in Appendix A.

Based on lateral adjustment provided by the Risley prisms, the simulation

was carried out taking into account a maximum lateral displacement of the spot

array of 575Jlffi. Table T4-2 shows a surnmary of results of the simulation using

the nominal design parameters as shown in figure F4-1. For each simulation, the

calculated number for a spot located directly on the optical axis, for a corner sig­

nal spot of an on-axis spot array, and for a spot located 1152Jlffi away from the

optical axis (representing the outer corner spot of a 575Jlffi diagonally shifted spot
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array) is given, along with the allowable tolerance values (shaded for clarity)

based on 1% clipping of the beams by the modulator windows (on the Hybrid/

SEED chip as shown in figure F2-1). Note that the tolerances for the minimum

Strehl ratio and wavefront I/RMS variation (I/RMS OPD) were set at O.S and 14

respectively [13, p 271)[14].

Tolerance for Corner spot of
Spot ll52JlmSimulation 1% clipping On-axis spot an on-axis spot

off-axisarray

Distortion ±2.5Jlrn OJlm OJlrn 1.03Jlrn

Field curvature ±63Jlm OJlm 11.5Jlm 46Jlm

Spotsize ±O.25Jlm 6.47Jlm 6.50Jlm 6.75Jlm

Chief ray angle ±O.7° 0° 0.0008° 0.0068°

Strehl ratio 0.8 0.865 0.857 0.817

IIRMSOPD 14 43.2 43.5 28.9

Table T4-2: Simulation results and lolerance values

It is shown in the table that ail simulation results (but one), for distortion,

field curvature, spot size, chief ray angle, Strehl ratio, and wavefront I/RMS vari­

ation fall within the tolerance Iirrtits for clipping of 1%. (Note that both the wave­

front 1/~ variation and Strehl ratio tolerances represent the minimum

acceptable value). The spot size for the 1152Jlffi diagonally shifted spot shows a

simulation result of 6.75Jlffi, which is 0.03Jlffi larger than the maximum tolerance.

As will be shown in Chapters 5 and 7, it was not necessary to displace the spot

array this far, and was thus an acceptable result.

Note that the ±2.5Jlffi distortion tolerance represents the maximum diago­

nal distortion for the corner spots. This corresponds to a tolerance on the spot sep­

aration of 125.00 ±0.57Jlffi which can be derived from an analysis of two distorted

spots on the same side of the spot array, as shown in figure F4-S below.
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4.4 Optical Power Budget

Table T4-3 shows the estimated impact that each component had on the

overall throughput efficiency of the OPS. The values used in this budget were

obtained from manufacturer's specifications. For convenience, the manufacturers

and part numbers are provided in this table. The table shows that the total excess

losses (not including fan-<lut losses) were estimated to be 100% - 71.4% = 28.6%;

while the losses not including the MPG were estimated to be only 2.9%.

Estimated Cumulative
Component throughput throughput Manufacturer Part #

efficiency efficiency

Collimating lens 1 99.6% 99.6% Spindler & 32-2201
Hoyer

Collimating lens 2 99.6% 99.2% Spindler & 32-2201
Hoyer

QuartelWa·'e plate 96.8% 96.0% Meadowlark NRQ-050-
850

MPG 76.5% 73.5% ARPAICO-OPI custom-made
Honeywell
Workshop

Risley prism 1 99.5% 73.1% Planar Optics custom-made

Risley prism 2 99.5% 72.7% Planar Optics custom-madc

Tilt plate 1 99.5% 72.4% Planar Optics custom-madc

Tilt plate 2 99.5% 72.0% Planar Optics custom-madc

Fouricr lens 1 99.6% 71.7% Spindler & 32-2265
Hoyer

Fouricr lens 2 99.6% 71.4% Spindler & 32-2265
Hoycr

Table T4-3: Optical power budget
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« 4.5 Summary

The optical design herein presented was simultaneously done in conjunc­

tion with the optical and optomechanical design of the whole system demonstra­

tor. However, it was possible to do much of the detailed design, modeling and

simulation separately based on the list of weil defined requirements as listed in

Chapter 2. The heart of the OPS, namely the MPG was designed by Dr. William

M. Robertson and manufactured through the ARPA/CO-oP/Honeywell DOE

Workshop. After a detailed design and simulation of the optical performance of

the system, the design of the optomechanics were then finalized. The details of the

optomechanical design appears in the next chapter, and will serve to house the

concepts presented in this chapter into a realizable module.
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« CHAPTER5 Optomechanical
Design

(

(

Assembly of the components in the OPS required an elegant optomechani­

cal design in order to produce a moduIar, compact & robust package. Given the

optical design and the rugh level of integration of the system demonstrator, it was

necessary to mount the optics in custom-made cells, and place these ceUs within a

larger housing. OptimaUy, the method used to implement the housing will restrict

as many of the six degrees of freedom as possible in order to facilitate the assem­

bly and alignment (1)[2).

The approach adopted for the OPS utilized a barrel approach, wruch con­

strained the ceUs to only two degrees of freedom: namely translation along, and

rotation about the optical axis. In order to meet the tolerances set in the optical

design, parameters such as centering of the optics within the cells, centering the

fiber within the barrel, and the maclùning and mechanical tolerances, needed to

be addressed during the design of the optomechanics. This chapter presents a

comprehensive account of the ors optomechanics, more specificaUy: the descrip­

tion of the ors barrel is presented in section 5.1, the cell holders are described in

section 5;2, and the fiber centering mechanism is provided in section 5.3.

5.1 OPS Barrel

As discussed in Chapter 2, to aUow for easy system integration, the ors
had to be robust, modular, easy to assemble, and compact. Based on both the opti­

cal design described in the previous chapter, and the optomechanical design of

the overaU system demonstrator, a barrel assembly was employed to house the

OPS components. A picture of the dismantled OPS is shown in figure F5-1, and

the fully assembled ors along with the outer barrel and the lenslet barrel is
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shown in figure F5-2. One of the advantages of the barrel was that ail the optical

components, except for the last surface of the second Fourier lens, were fully pro­

tected

Figure F5-1: Photo of the Unassembled OPS

Outer Barrel

Lenslet
barrel

(

Fully populated OPS

Figure F5-2: Photo of the Assembled OPS, the Lenslel Barrel, and the Ouler Barrel
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A 3-dimensional mechanical drawing of the ors cornponents, the ors
barrel, the outer barrel, and the lenslet barrel is glVen in figure F5-3, and a cross­

sectional drawing of the assembled ors is provided in figure F5-4.

Figure F5-3: Mechanical Drawing of the OPS, the Lenslet Barrel, and the Outer Barrel
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Figure F5-4: OPS Cross-Seclion

For ease of maclùning, the barrels were made out of aluminum, and subse­

quently anodized to increase the hardness of the aluminum surface. Two Delrin1m

(acetal) [see note A in Appendix Cl rings were then press-fitted onto each barrel to

facilitate its insertion into the respective outer barrel. Wmdows of width 12.6mm

were machined at the top of the barrels to allow access to the optics' cell holders

for alignment (most c1early shown in figure F5-3). Standard threaded holes (0-80

and 2-56) were machined along the two sides of the barrel such that steel set

screws could securely hold each aligned optic in place. The thickness of the OPS

barrel wall was 2.5mm ± O.lmm.
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5.2 Cell holders
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The cell holders were machined to provide a sliding fit to the barrel. In

order to provide access for alignment (in rotation about, and translation along the

optical axis), eight holes along each cell's perimeter were machined. Ali the cells

except those for the lenses and the tilt plates were fabricated entirely using anod­

ized aluminum. The cells for the lenses were machined from Delrin1m such that an

interference fit between the cel! and lens edge surfaces securely held each lens in

place. Experimental validation on the positioning of the 50mm Fourier lens

within its cell showed that only a 50!!ffi circle was described by the focused spot

when the cell was rotated about the axis of an input collimated He-Ne laser beam.

The other (planar) optical elements were glued ante their respective aluminum

cel!s using Norland UV curing glue #61.

One of the problems encountered with the cell holder design was that

localized deformations about the screw/ cell contact point occurred on the cel!

surface. The raised material about the contact point had the effect of reducing the

sliding-fit clearance necessary, resulting in jamming. More sophisticated cel!s for

the tilt plates which took this into consideration are shown in figure F5-5. The tilt

plate cell incorporated a hybrid design of both Delrin1m and anodized aluminum;

Delrin1m was used for the outer holder, and anodized aluminum for the inner

holder. The anodized aluminum inner holder was machined at 10° at the optic­

metal interface. A groove along the perimeter of the outer holder provided the

clearance necessary such that localized deformations about the screw/ cel! contact

point did not cause the cel! to get stuck within the barrel. The outer holder was

machined to provide a tight interference fit with the inner holder.

Chapter 5 60



(

(

OPS barrel

~

~~~lH"~~~l
Delrin outer ,'~~.';."11r·:..~..•~·~· Tilt plate 2
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Lock.ing screws

Locking screw
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deformations

(
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( 5.3 Fibermount
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A close-up of the mechanism to center the fiber to the optomechanical axis

of the barrel is shown in figure F5-6. A high quality FC/PC fiber receptacle (Rifocs

Corporation Part # MPC-1D8) was chamfered down at 45 0 into a circle of 15mm

diameter. Butted up against the fiber receptacle bulkhead (made of anodized alu­

minum) which was locked into place in the barrel, four set screws were driven

against the chamfered edge for lateral adjustment.

lateral adjustment screws (x4)

OPS barrel

Figure F5-6: Fiber Mount Mechanism
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( The experimental setup for centering the fiber receptacle within the barrel

is drawn in figure FS-7. The OPS barrel, with a fiber plugged into the fiber recep­

tacle was placed on a V-groove. The surface of the fiber facet was imaged 1:1

using a SOmm lens positioned 100mm away. A CCD camera was fitted with a xlO

microscope objective and calibrated (406 frame-grabbed pixels/S00l!m), to view

the image. An iterative approach of rotating the barrel on the V-groove, observing

the imaged fiber facet on a monitor, and re-adjusting the lateral positioning

screws of the fiber receptacle res1.Ùted in fiber centering to better than 101!ffi from

the optomechanical axis, weil within the ±1001!ffi design tolerance. Stability mea­

surements were conducted on insertion and removal of the connectorized input

fiber, and no measurable misalignment within the ±11!ffi measurement precision

was observed.

xlO Microscope
Objectivef=5Omm

OPS

------..~I .....------

{

V-Groove IOOmm IOOmm CCDCamera

Figure F5-7: Fiber Cenlering Experimental Selup

5.4 Summary

(

Having described the optical design in the previous chapter, the optome­

chanics to house the OPS, namely the cell holders and the barrel were designed

and manufactured to meet the original optomechanical requirements of simplic­

ity, compactness and robustness. The next step was the assembly and the align­

ment of the optics within the OPS and will be described in the next chapter.
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( CHAPTER6 Assembly and
Alignment

(

The assembly of the OPS was greatly sirnplified with the aid of an elegant

custom made tool, called the OPS Insertion Slug. Alignrnent of the optics within

the OPS required that adjustrnents be made to the positions of the collirnating

lenses and the Fourier lenses. Details on the experimental techniques used in the

alignrnent procedures are presented in titis chapter.

6.1 Assembly of the OPS

Assembly of the OPS was simplified by the use of the OPS insertion slug.

The insertion slug was composed of three pieces: the rod, the ring, and the pin. By

positioning the ring at the appropriate position on the rod by pushing the pin

through accurately machined holes in the rod, each element could be inserted into

the barrel from the output side of the barrel as shown in figure F6-1, until the ring

butted up against the output end of the barrel. Component placement precision

was better than ±90~.

(cTI»)

((( ))

Rod

(
Collimating lens 2

at its nominal position

Figure F6-1: OPS Insertion Slug
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( 6.2 Alignment of the OPS

Beamsplitter mount

(

(

A two step alignment sequence was required to assemble the components

of the OPS within the barrel. In order to properly collimate the beam and to pro­

vide the correct spot size at the output of the OPS, adjustment of the two collimat­

ing lenses was required. In order to mOIÙtor both of these effects simtÙtaneously,

the OPS barrel with the pre-centered fiber was poptÙated with only the 4lenses

positioned at their nominal positions using the insertion slug. The Fourier lenses

were locked in place. The remaining 6 elements were not inserted, and in their

place, a 50:50 beamsplitter was inserted through the J,arrel window, as ShOW'l in

figure F6-2. The OPS was mounted ante a standard Spindler&Hoyer test-rig

mount for the entire pre-alignment sequence.

50:50 Beamsplitter

Spot size check

~_.- _~;i;ÎiÎ'i,!I!!III!!il
;;;;;;;;;;",c=---"'= x40

1,1:,
To collimation check

Figure F6-2: Alignment of the Collim.ting Lense.

'Real-time' spot size measurements were required due to the iterative

approach used in the alignment technique, as will be further explained below.

There are several methods to perform the measurements of 1 to lO~m spot sizes as

explained in [1][2]. Unfortunately, these take a large amount of time to perform

the measurement for the application at hand. A simpler method was used which

was quick to perform, and which yielded acceptable restÙts [3].
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Spot size measurements were made using a linear high resolution CCD

camera (Cohu 4815-5000) with a x40 microscope objective (Spindler & Hoyer Part

#03-8714) with an NA of 0.45. The CCD camera was placed on a motorized xyz

stage (Klinger Model # unoo-PP) which had a resolution of 1~ in the direction

of the optical axis, and 0.1~ along the other two axes.

The linearity of the CCD camera was calibrated by the following tech­

nique. At low laser power, a spot was imaged by the camera, and subsequently

sent to a frame-grabber card in a computer. The maximum pixel value of the spot

was recorded. By monitoring the maximum pixel value as the power was gradu­

ally increased, a relationship between the power and the response of the camera

was obtained. The resulting response for the Cohu is shown in graph G6-1 below.

Note that the linearity of the CCD trails off after pixel value of about 240. (Note

the maximum saturation value was 255).

260 r-~--~--~-~~-~-,

240

220

200
QI

..2 180
ta

;> 160
Qj

J: 140
120

100

80

60
150 200 250 300 350 400 450 500 550 600

Power (arbitrary units)

Graph G6-1: Linear Response of the Cohu 4815-5000 CCD Camera
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Using a lOJlIIl graticule, the CCD was calibrated to a measurement resolu­

tion of 2.509 frame-grabbed pixels/JlIIl (i.e. Oo4OJlIIl/pixel) in the horizontal direc­

tion, and 204529 frame-grabbed pixels/JlIIl in the vertical direction. The images of

the spots were frame-grabbed and curve fitted (in both axes) to a Gaussian model

from where the spot radü were obtained. With an iterative approach of setting the

collirnating lenses for collimation and measurement of the spot size, the ideal

positions for the lenses were achieved. An explanation of the experimental setup

that was used for the collimation check is provided in the next subsection.

Further processing of the spot size measurement by deconvolving the opti­

cal effects of the microscope objective, the CCD camera and the frame-grabber [4)

were not found to be necessary as the spots that were generated were experirnen­

tally acceptable for the system. However, anticipating a convolution effect of at

most 5%, the collimating lenses were placed in a position to yield a a spot size

measurement slightly larger than the 60471lm target, but still within the 0.251lm

tolerance, to account for the convolution effect.

Once the collirnating lenses were locked, the beamsplitter and the Fourier

lenses were removed. Each barrel was then fully populated with the QWP, MPG,

Risley prisms, the tilt plates, and the Fourier lenses, with the prisms and the tilt

plates at their 'zero' positions. Alignrnent of the QWP was done in-situ after the

OPS was integrated into the system to maxirnize transmission through the PBS­

QWP assembly.

It should be noted that the locking of the collirnating lenses modified the

spot size by ±0.10JlIIl on average.

Spot separation was set by adjusting the second Fourier lens measured

using the same CCD setup with the x40 microscope objective (see Figure F6-2).
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6.2.1 Collimation Check Experimental Setup

It was necessary to provide a means to monitor the beam propagating

through the OPS barrel for collimation during the adjustments of the collimating

lens pair. This was done by inserting a 10 x 10 x 10 mm 50:50 beamsplitter in the

path of the beam to tap a part of the beam for observation (as was shown in figure

F6-2). Validation of a beam's collimation is accomplished by many means (such as

using a very long focallength positive lens and a CCD camera, or using a shear

plate [5][6][7]). Another simple technique, the one that was employed for the OP5

alignment, is described below.

As shown in figure F6-3, the beam reflected from the first beamsplitter

(B51) was issued 3.5 meters down the optical table to a (dielectric) mirror. 5imul­

taneously, the beam was reflected via the second beamsplitter (B52) to a second

mirror. Both of the beams reflected from both mirrors were then reflected off or

transmitted through (respectively) B52 to a screen where they were observed

(using a CCD camera with a camera objective lens). Adjustment of the collimating

lenses, will have a drastic effect of the size of the viewed spot created by the long

arm of the beam in comparison to that created by the short arm. Thus it was a sen­

sitive real-time (visual feedback) method to adjust the lens positions for proper

collimation. It should be noted that a Gaussian beam (000 = 1.15mm through the

OPS) diverges as it propagates (as per equation 9 from Chapter 4). Thus after

propagatfug a total of approximately 7 meters, the long arm of the beam had a

beam radius 00 = 2.00mm (corresponding to a 200 area of 12.67mm2), while the

beam radius of the short arm (having propagated approximately 30cm) was still

only about 00 = 1.15mm (corresponding to a 200 area of 4.15mm2). Thus the two

lenses needed to be adjusted such that the area of the spot created by the long arm

was about thrice the area of the spot created by the short arm.
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Figure F6-3: Collimation Check Experimental Setup

6.3 Summary

Due to the simple and elegant design of the optics and optomechanics of

the OPS, assembly was greatly facilitated by the use of the OPS Insertion Slug. as

weil, alignment was relatively straightforward, yielding performance characteris­

tics which met the requirements listed in Chapter 2. A full synopsis of the charac­

terization results is provided in the next chapter.
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CHAPTER 7 Characterization
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Detailed performance measurements were conducted o~: the four assem­

bled barrels to obtain statistical information on the reproducibility of the design

and implementation. The results are presented below. A frame-grabbed image of

the spot array generated from barrel 1 is shown in figure F7-1. (Note that the

image appears flipped in the horizontal direction in comparison to figure F2-7

due to the direction of observation, and the inversion introduced by the imaging

optics and frame-grabber).

Figure f7-1: Frame Grab of the Generated Spot Array
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7.1 Spots and Spot Array
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As mentioned in Chapter 4, the frame-grabbed spots were curve fitted to a

Gaussian beam model. This algorithm provided the 1/e2 irradiance spot size. lt

also calculated the Gaussian fit which was obtained by performing a chi-squared

metric between the measured (quantized) data and the best-fit Gaussian curve

[1][2]. The Gaussian fit program is given in Appendix B.

The characterization results for the four assembled and aligned OPS bar­

rels is summarized in Table17-1. For each barrel, the following information is pre­

sented as follows (with the measurement precision in parentheses): Average spot

size, CJJ (±O.lOJlIIl), and average Gaussian fit, %G of (a) the four central spots of an

on-axis spot array, and (b) the four corner spots of an on-axis spot array. Note that

the average axial position of the corner spots (±15JlIIl) is a direct measure of the

field curvature introduced to the on-axis spot array (with the origin set at the

average axial position for the four central spots). The measured spot size and

Gaussian fit for a corner spot of a 685JlIIl diagonally shifted spot array is aIso pre­

sented (685JlIIl representing the maximum possible lateral shift achievable with

the Risley prisms, as will be mentioned later in this section). The back focal

length, BFL (i.e. the distance between the last lens surface to the spot array) is

given (±O.lmm) for each barrel. The last two columns in Table 17-1 respectively

are the spot separation (±0.2JlIIl) and power uniformity (±1.0%). For convenience,

the tolerances for the spot size, field curvature, back focal length, spot separation,

and power uniforrnity are written in the headings of the appropriate columns.

It should be noted that any distortion (in spot separation) that was intro­

duced was below the measurement precision of ±O.2~m, which is below the

±O.57~m tolerance for 1% clipping, and therefore acceptable.

Power uniformity of the spot arrays were obtained from a frame-grabbed

image using the Iinear high resolution Cohu 4815-5000 CCD camera (with auto­

matic gain control turned off). The image was fed into a program which com­

puted the integrated power (in pixel intensity units) per spot by summing the
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pixel elements within each spot's elementary cell (of 125lJ.IIl by 250lJ.IIl). Thus the

total integrated power of each spot was measured and compared. This integration

was necessary, since it was found to be difficult to match the plane of the spot

array to the plane of the CCD active area directly, resulting in a spatially defo­

cused image. Power uniformity measurements for barrels 1 and 2 were unavail­

able as they had already been integrated into the system at the time of this

measurement. Noting the negligible statistical difference (to within measurement

precision) between the measurements for barrels 3 and 4 however, it was expected

that the MPGs for barrels 1 and 2 behave similarly, and the power uniformity was

better than 92.0%.

Note, from Table T7-1, that aU measurements but two fit within the speci­

fied tolerances. The spot size of an outer corner spot of a 685lJ.IIl diagonally shifted

spot array was measured ta be 7.041lm for barrel 1, and 6.80lJ.IIl for barrel 3, both

larger than the allowable tolerance. Noting, however, that since the fiber was cen­

tered to better than lOllm within the OPS barrel (as presented in Chapter 5), com­

pared to the ±100lJ.IIl tolerance (as presented in Chapter 4), it was only be

necessary to laterally shift the spot array by at most ±200lJ.IIl and not 6851lm. Thus

these values were disregarded, as they were never reached when the OPS was

integrated in the system.
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Average Corner spot
Average corner spot of a 685Jl1l1center spot on-axis array shifted spot

on-axis array array Separ- PowerBFL
ation Unif.

OPS
z

CJ) CJ) field CJ)

curv.
f--- %0 f----- %0 %G

6.47 6.47 <63 6.47 18.34 125
±O.25 ±O.25 ±O.25 ±O.82 ±O.57 >90%

Ilm Ilm
Ilm Ilm mm JlIl1

1 6.47 93.9 6.68 90.6 19 7.04 94.1 18.1 124.8 nia

2 6.61 96.1 6.62 96.3 12 6.68 95.4 18.0 125.2 nia

3 6.49 98.1 6.47 96.1 39 6.80 93.7 18.0 125.2 92.8

4 6.52 94.2 6.57 96.0 0 6.53 97.0 18.3 124.9 92.9

Table 17-1: Spot and Spot Array Characlerization

7.2 Spectral Behavior

Observations using the TecOptics Spectrum Analyzer (Model # V3S23

driven with a Model # SA-l Ramp Generator) indicate that backreflections from

the components of the OPS do not have a noticeable impact on the spectral behav­

ior of theiaser. The Faraday isolator (figure F3-2) provided a nominal-40db of iso­

lation and was required to achieve this performance.

7.3 Polarization

Measurements on the polarization stability of the light from the OPS were

conducted. During pre-alignment, an OPS barrel was populated with orny the

two collimating lenses and the QWP as shown in figure F7-2. A PB5-QWP assem­

bly (as mentioned in Chapter 2) was placed at the output of the OPS. The light
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transmitted through the PB5-QWP assembly is labelled as PA and the unwanted

leakage light, as PB'

QWP PBS QWP

ops~barrel \ l /From laser
source

~.:::: .. ····.·.·.:;~Î(~\L;:22.E.L~22.T.2L: .....:..•2'... :;: L.mLn

Vi
PM fiber Quarterwave

plate Power meter B
Pa

Dual channel
powermeter

figure f7-2: Pol.riz.tion St.bility Active Alignment Me.surement Setup

By using an iterative computer-based 'real-lime' visual feedback alignment

techrùque (very similar to the techrùque used for optimally aligning the polariza­

tion of the light launched into the PM fiber as described in Chapter 3) fed from the

dual-channel power meter, the orientation of the QWP within the OPS barrel was

adjusted to produce light that maximized the ratio as given below in equation 26:

(26)

(

Measurements on the throughput through the PB5-QWP assembly was

conducted. Maximum light throughput of 95.26% 1:0.28% over time was mea­

sured using the ratio given in equation 26.
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The non-ideal throughput of 95.26% was primarily incurred by the trans­

mission efficiency of the PBS itself (specified to be 96.16% for p-polarization). The

remaining 1% loss was due to the finite extinction ratio of the linearly-polarized

light emitted from the PM fiber (measured to be 28dB), and imperfect orientation

of the QWPs (the one within the OPS, as weil as the two attached to the PBS by

the supplier). Polarization stability is demonstrated by the ±O.28% li.!!' ~ variation

of the transmitted light.

7.4 Bearn Steering

Measurement results conducted on the lateral steering travel of the Risley

prisms on the spot array were ±685 (±3IilIl) from the optical axis. Measurement

results on the angular steering coverage of the tilt plates were ±O.49°(±O.08°).

These values are better than the ±4001ilIl and 0.46° lateral and angular steering

requirements as specified in Table TI-1 to compensate for the alignment errors

encountered during the integration of the OPS into the system.

7.5 Optical Power Budget

Measured throughput efficiencies were conducted on each of the optical

elementsof the OPS individually with a precision of ±O.5%. The values for barrel 3

are presented in the third column of Table 17-2, in relation to their expected (spec­

ified) values (columns 1 and 2 - reproduced from table T4-3). The final column in

Table 17-2 shows the cumulative throughput efficiency after each element, based

on the measured data from column 3, not including the MPG. It is shown that an

overall throughput of 95.6% was expected, excluding the MPG.

The value for the efficiency of the MPG was determined indirectly after

experimentally measuring the throughput of the entire OPS. The technique that

was employed is presented in the next subsection.
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Calculated
Estimated Cumulative Measured cumulative

Component throughput throughput throughput throughput
efficiency efficiency efficiency efficiency based on

rneasured values

Collirnating lens 1 99.6% 99.6% 99.2% 99.2%

Collimating lens 2 99.6% 99.2% 99.2% 98.5%

Quarterwave plate 96.8% 96.0% 99.0% 97.5%

MPG 76.5% 73.5% XXX% XXX%

Risley prism 1 99.5% 73.1% 99.7% 97.2%

Risley prism 2 99.5% 72.7% 99.7% 96.9%

Tilt plate 1 99.5% 72.4% 99.7% 96.6%

Tilt plate 2 99.5% 72.0% 99.7% 96.3%

Fourier lens 1 99.6% 71.7% 99.6% 95.9%

Fourier lens 2 99.6% 71.4% 99.6% 95.6%

Table 1"7-2: Optical power budget characterization re.u11s

7.5.1 Measurement of OPS Throughput Effiêiency

In order to remove the effects of power fluctuations of the laser on the mea­

surements, the Newport 2832-e dual channel power meter was used. Since the

Newport detector heads that were used (Model 8I8-STleM) require the area of

the detector be maximally covered by the light (Le. it is inaccurate in reading

focussed spots), it was necessary to make each measurement with a coilimated

beam impinging the detector head.

In order to obtain the value of the total power in ail the output spots with

respect to the power emitted by the PM fiber at the input of the OPS, the foilow­

ing steps were performed:
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Step 1: Using an OPS outfitted with only 2 collirnating lenses, the power of

the output collimated beam was measured (PAl/PB = 0.562) as shown in

figure F7-3. Thus the input power PIN can be determined by dividing the

measured efficiencies of the collimating lenses (T]c = 0.992).

(27)

(

Fiber 01'5 Barrel
Coupler

~?'"Œm rJ :1'"
PB\_ PIN /

~~
Dual Channel
Power Meter

Figure F7·3: Step 1- (PAt/Pul

Step 2: A Spindler&Hoyer x20 microscope objective (Part # 03 8713) was

used to collimate a focussed spot at the output of the OPS. In order to ver­

ify ifs throughput efficiency (specified by the manufacturer to be 76.13%@

850nm), two Fourier lenses were inserted in the OPS to fecus the spot. The

power of the collimated beam at the output of the microscope objective

(PAZ/PB) was measured to be 0.424, as shown in figure F7-4. 5ince the effi­

ciency of the Fourier lenses were known a priori (T]F =0.996), the efficiency

of the objective could be found.

(

Chapter 7

(28)
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Thus, llM was determined to 76.1% (a slight discrepancy with the quoted

value).

OPS Barrel

~~·I-'r PAZ J- /PB \ _ PIN PAl //~

~~
Dual Channel
Power Meter

Figure F7-4: Step 2 - (PAllPs)

Step 3: The barrel was then fully populated as shown in figure F7-5. One of

the spots of the spot array was collimated using the x20 microscope objec­

tive (PA3/PB), and measured to be 7.35e-3. According to the power unifor­

mity program, this spot was 95.5% of the mean value of ail the spots in the

spot array. The power in one spot (PA4/PB) (on average) was then deter­

mined by:

1O.le- 3 (29)

(

Thus the total throughput efficiency of the OPS (PA4/PIN)'40 (note the '40

multiplicative factor to indude the total number of spots) was determined

tobe:
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Fiber
Coupler

OPS Barrel

(

(

Dual Channel
Power Meter

Figure F7-S: Step 3- (PA3IPB)

The estimated throughput efficiency of the OPS (last row in Table 17-2, col­

umn 3) was 71.4%. The actual measured value of 70.9% is only 0.7% lower than

expected. With this validation of the overall throughput of the OPS, it was now

possible to determine the diffraction efficiency of the MPG.
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( 7.5.2 Diffraction Efficiency

In Chapter 4, the theoretical diffraction efficiency of the grating was given

to be 76.5% (including the losses at both surfaces of 4%). Using the efficiency

nurnbers for aU the components from Table T7-2, the total throughput was:

2 2 2 2
llallburMPG = (llc) . llQ . (llR) . (llT) . (llF) = 0.955 (31)

Thus, dividing this value from the measured throughput of 70.9%, the

derived diffraction efficiency of the MPG was:

llops = 0.709 = 0742
llMPG = llallburMPG 0.955 . (32)

III Expected cumulative efficiency

(

(

The result indicates that the diffraction efficiency of the MPG was slightly

lower than the expected value of 76.5% by 3%. Errors in the fabrication are the

probable source of this performance degradation.

A plot of the optical power budget appears in figure F7-6.

100
90
80
70
60
50
40
30
20
10

o ::i" N'" ~ ~
u d 5 ::;

D Expected efficiency

• Measured efficiency • Measured cumulative efficiency

Figure F7-6: Plot of the Oplical Power Budget- Expecled and Measured
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( 7.6 Summary

(

(

Characterization results that have been presented in this chapter show that

the four OPS's that were built for the system demonstrator did indeed perform to

system specifications. A discussion on the impact of the optical power generated

by optical power supplies in general on modular based systems is presented in

the next chapter.

7.7 References

[1) S. Wolfram, "Mathematica - A system for doing mathematics by com­

puter", Addison-Wesley Publishing Company Inc, pp.587, 672 (1991).

[2) P. G. Hoel, "Elementary Statistics", John Wiley & Sons, Inc, pp. 54-67

(1962).
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It is clear that in order for the current state of modulator based optoelec­

tronics to establish a strong technical foundation from which to delve into

research on the feasibility of photonics as a solution to the electronics bottleneck,

efficient means of generating large arrays of high power spots must be made pos­

sible.

8.1 Increased Optical Power through the System

While the body of this thesis provided a thorough experimental account of

the design, implementation and characterization of an OPS for a free space optical

backplane, it is now wise to take a step back and delve into the effect that the opti­

cal power has on modulator based optoelectronic systems.

Optical power is the most crucial criteria in design of optical interconnects.

Increased optical power results in a multitude of improved characteristics and

relaxed design constraints; examples are listed below:

More received power on the detector translates into a simpler receiver

design; meaning lower electrical power consumption and therefore lower

ambient chip operating temperature. Lower chip temperature will reduce

the engineering efforts needed in thermal management.

More optical power will increase switching times, and therefore an

increased bit-rate, as shown below in graph G8-1. ('This data is based on a

single-rail design, operating at a bit error rate of 10-12 [1]).
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Graph G8-1: Data Bit Rate vs. Received Oeteclor Power - Single Rail- (BER 10.12)

A similar plot is also shawn in graph G8-2 for a dual-rail receiver

design operating at a bit errar rate of 10.14 (2).
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Graph G8-2: Data Bit Rate vs. Received Oetector Power - Dual Rail- (BER 10'14)
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At a fixed data rate however, more optical power will therefore allow the

chip designer to mai<e the detector (and modulator) window sizes larger,

relaxing the optics-to-chip alignment tolerances significantly.

Larger window sizes means that larger, and thus more manageable beams

need to be handled through the interconnect. Larger lenslet arrays or bulk

optics, for example are easier to align with respe,t to one-another.

Larger beam sizes relaxes the size of the size constraints generally imposed

on free-space optical interconnect systems.

Higher optical power lowers the need for expensive low-reflective optical

components and higlùy efficient lenslet arrays and fan-out gratings (a

binary phase grating is much cheaper than a more efficient multiple phase

grating).

More input optical energy reduces the need for extremely high quality

modulators.

It should be noted that each of the abovc items correspond either directly

or indirectly to a reduced overall cost in the system design, (not including the

increased cost of supplying more optical power to the system), as weil as reduced

overall design tirne.

Thus we see that an increase in optical power supplied by an optical power

supply extends the yardsticks that can be pushed in the research of free-space

optical interconnects.

The cost of supplying higlùy controlled optical beams (Le. spectra, polar­

ization, power) does not come cheaply. For example, a 150mW CW Distributed

Bragg Reflector laser diode (from Spectra Diode Labs) costs $3800 (US). Cheaper

200mW CW lasers without an internai grating are also available (from SOL) at

$2000. Clearly, for industrial based applications demanding large arrays of beams

(32 x 32), the cost of supplying the required optical power is prohibitive. For

example, assuming a link efficiency of 60% between stages, a bit error rate of 10-14,

100~W differential power incident on a receiver for a IGbit/sec operation (see
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Graph G8-2), 70% efficiency of the OPS, and a modulator reflectivity 15% (low)

and 30% (high), the necessary optical power required per stage would be 1.2W/

stage.

Projected improvements of both modulator and receiver performance [3]

indicate that with a modulator reflectivity of 5% (low) and 95% (high), and a

1Gbit/sec receiver sensitivity of -8JlW, an estimate of only 21.7mW would be

required per stage.

8.2 Array Scalability

In Chapter 4, section 4.2, the issue of spot array scalability was introduced.

It was mentioned that if the pitch of the smart pixels were halved to utilize the

unused modulators on the system's optoelectronic chip (i.e. a 16 by 8 array of

modulators pitched ~t 62.5Jlm by 125Jlffi), then only a simple redesign of the MPG

would be sufficient to produce the new spot array. Technically, based on the com­

pression ratio versus number of periods sampled (CR vs. NPS) argument pro­

vided in that section, it would technically be feasible to generate a 16 by 16 spot

array, within the current optical and optomechiUlÎcal design of the OPS, if the

modulators were laid out on the chip on an even pitch of 62.5Jlffi.
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This thesis presented an optically simple approach to drive an array of 32

Hybrid/SEED modulators for use in a four-stage optical interconnect, while illus­

trating two critieal points: namely, (i) the optical design must be done in conjunc­

tion with the optomechanical design, and (li) the design of the module must be

done in conjunction with the optical and optomechanical design of the entire sys­

tem.

The success of the design is based on meeting the specifications which

were presented in Table TI-!. This table is presented again in Table T9-1 along

with the characterization results. The power requirement (the eighth item in the

list) was satisfied by taking into account measured opticallosses encountered by

the laser beam through the optical train (figure F3-2) of 74.8%, and loss at the fiber

coupler which was at worst 50%. Based on the laser source providing 500mW, this

results in spots at the output of the ors of -900IlW, over 3 times the required

power. It should be noted that the optical interconnect, Le. light originating from

the ors through to the Hybrid/SEED chip on the first stage, through the opties to

the Hybrid/SEED chip on the second stage, was established, demonstrating that

the requirements for the ors were satisfied.

ors Spot array requirement ors eharacterization results for the 4
barrels

8 by 4 focuscd spots on a uniforrn grid of 8 by 4 spots on a uniform grid. In vertical
125.oollffi by 250.oollm (±O.57Ilm) direction: min: 124.75Ilm; max:

125.151lm

8 additional alignment spots Achieved through MPG design

Back focallength (bll) of 18.34±O.82mm Min bll = 18.00; Max bll =18.30

Table 1"9-1: OPS Spot Anay Requirements and Characterizalion Results
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OPS Spot array requirement
OPS characterization rcsults for the 4

barrels

l/e2 irradiance spot radii of 6.47±O.25IlnI Min center spot sizc =6.47!1m
Max center spot sizc =6.61!1m
Min corner spot sizc =6.47!1m
Max corner spot sizc =6.68!1m

Siower than f/6 bearns generating spot f/12 spots generated
array

Stable right hand circularly polarized light Achieved in-situ

Minimal field curvature < 63!1m across Min field curvature =0.25!1m
spot array Max field curvature =38.75!1m

Power per spot greater than 250!1W 900!1W per spot (sec Chapter VIII)

Power uniformity across the entirc array of Array power uniforrnity >92%
grcater than 90%

Bearn steering capabilities of greater than: Bearn steering capabilities of:
± 400!1m lateral translation ±685!1m lateral translation
± 0.460 angular dcviation ± 0.490 angular deviation

Spectral tolerancc of 850±1nm 850.0 ± 0.05nm

Table 1"9-1: OPS Spot Array Requirements and Charaeterization Resulls

Future optical interconnects will most probably employ the use of source

based transmitters (e.g. VCSELs) rather than modulators. However, this is only

foreseen .10 occur after a few years once VCSEL technology manages to produce

large (64 x64) arrays of lasers co-integrated with CMOS, interlaced with detectors,

with high optical uniformity, and low electrical drive requirements [1].

Thus, in the interim, the necessity for the advancement of R&D in this field

requires simple, elegant, and practical optical solutions to meet the current state

of affairs. TItis paper has shown that for the first time, a compact modularized

spot array generator has been built for use in a modulator based optical intercon­

nect, successfully taking the first step in bridging the generation gap between

sophisticated Hybrid/SEED optoelectrorucs and optics.
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( ApPENDIXA OSLO Design Specs

Dominic Goodwill - University of Colorado (1995)

*LENS DATA

McGill Fiber to spot array plane

SBE RAPIDS 'I1iICKNF;SS ApER1URE BADIUS GUSS SpE NOTE

5.617200 0.100000 AIR

5.000000 A AIR

ELEMENI' 4.200000 5.000000 SF56 C •

5.000000 AIR

(
5.485800 5.400000 AIR

5.000000 AIR

ELEMENI' 4.200000 5.000000 SF56 C *

P 5.000000 AIR

10 7.000000 P 10.000000 AIR

11 ELEMENI' 3.250000 10.000000 BK7 C •

12 Quarter wav 10.000000 AIR

Quarter wave plate

( 13 1. 500000 10.000000 AIR
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14 ElH!ENI' 1. 587500 10.000000 SILICA C *

15 BPG active 10.000000 AIR

BPG act!ve surface

16 2.000000 10.000000 AIR

17 ElH!ENI' 2.000000 10.000000 SF10 C '"

18 Risley pris 10.000000 AIR Risley prism

19 2.000000 10.000000 AIR

20 ElH!ENI' 2.000000 P 10.000000 SFlO P •

21 Risley pris 10.000000 AIR Risley prism

(
22 7.000000 10.000000 AIR

23 ElH!ENI' 3.000000 10.000000 SF10 C '"

24 Tllt plate 10.000000 AIR

Tilt plate to correct chief ray angle error at spot array plane

25 7.230600 10.000000 AIR

26 25.483000 5.000000 9.000000 BK7 C

27 -21. 909000 1. 500000 9.000000 F2 C

28 -139.240000 9.000000 AIR

29 5.240000 11.250000 AIR

(
30 25.483000 P 5.000000 9.000000 BK7 c
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( 31 -21. 909000 1.500000 9.000000 F2e

32 -139.240000 9.000000 AIR

33 18.445217 S 5.000000 AIR

34 -0.120000 5.000000

* PMAXIM SE'tUP OF LENS

Al'.Elmlllf:

Entrance beam radius: 1.221300 Image axial ray slope: -0.100971

Obj ect num. aperture: 0.212458 F-number: -34.163358

Image num. aperture: 0.098666 Working F-number: 5.067612

fIWl

Field angle: -1. 019898 Obj ect height, 0.100000

( Gaussian image height: -0.215331 Clùef ray !ms height: -0.216467

CQNJUGATFS

Obj ect distance: 5.617200 Srf 1 to prin. pt. l, -127.817751

Gaussian image dist.: 18.445217 Srf 33 to prin. pt. 2, 281. 580594

OVerall lens length: 70.693900 Total track length: 94.636317

Paraxi~ magnification: -2.153308 Srf 33 to image srf: 18.325217

O'WER DM'A

Entrance pupil radius: 1. 221300 Srf 1 to entrance pup. :

E>d. t pupil radiu", 2.296903 Srf 33 to exit pupil, 41.193372

Lagrange invariant: 0.021742 Petzval radius: -10.460685

Effective focal length: -83.447417

(
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ApPENDIXB Gaussian Fit Program

(

(

% This program takes a 2 dirnensional array called 'A'

% This program is a modification te the program originally written by
% Yong Sheng Liu

% Modified by Rajiv Iyer
% Latest modification by Rajiv Iyer on Feb 6, 1997

% The A matrix is set by exporting the frame-grabbed spot
% as a text file, editting it with the characters :
% A;[
% prior to aIl the data, and
% J;
% following aIl the data.
% The text file should be a .rn file, 50 that it can be
% executed by MATLAB

cIa;
cH;

wO=6;% wo is the first guess at the beamwaist
wl=l.S*wO:% wl is a final guess at the beamwaist

delt_x=O;% force the gaussian fit to shift
delt-y~O:% delt < 0 --> shift to the left!

% write the text file into matrix A

[m, n] ; size(A);

peak; rnax(rnax(A);

B=A/peak;% norrnalization

% find the peak position (rw_max,clm_max) fram the B;

peak;B(I,l) ;

for i;l:m
for j;l n
if B(i, > peak
rw_InaX i;
c lrn....rnax ; j;
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peak Bli,j);
end
end
end

normalize the matrix

% pick up the row and column which cantains the peak
rw ;; B (rw_max, :);
clm = B(:. clllLmax);

% Gaussian curve fitting

errfit_x=lOOO;
errfit""y=lOOO;

%-----% fitting for row---x!
for w = wO : wO/200 wl
for i:=l:n
j=-clm_max-delt_x+i;

gauss_x(i)=exp(-2*j'2./(w.'2»;
end

errfit_new_x=std(gauss_x-rw);
if errfit_new_x < errfit_x
errfit_x errfit_new_x;
w_best_x = W;
end
end

% best Gaussian fitting for the row-cut:
for i=l:n
j=-clm_max-delt_x+i;
gauss_best_xli)=expl-2*j'21 Iw_best_x'2»;

end

% Gaussian fit metric
% ks stands for the Kolmogorov-Smirnov Test
%ref: p617 of "Nurnerical Recipies in Fort=an
%- The art of Scientific Computing 2ndEd"
%William H. Press Saul A Teukolsky, William T. Vetterling
%Brian P. Flannery
% This book was borrowed trom Professor Peter Kabal.

ks=O;
sum=O;
for i=l:n
diff=gauss_best_xli)-rwli);
sum=sum+diff'2 ;
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if abs (diff) >ks
ks=abs (diff);
end
end
trnp= (SUIn)" (0.5);
x_rnetric1=(1-trnp) *100;
x_rnetric2=(1-sum) *100;
x_rnetric3=(1-ks) *100;

%-----% fitting for colurnn---y!
for w = wO , wO/200 , w1
for k=l:m
l=-rw_max-delt-y+k;
tpy(k)=l;
gauss-y(k)=exp(-2*1'2./(w."2»);

end

errfit_new-y=std{gauss-y-clm') ;
if errfit_new-y < errfit-y
errfit-y errfit_new-y;
w_best-y :: w;
end
end

% best Gaussian fitting for the column-cut:
for k=l,rn
l=-rw_rnax-delt-y+k;

gauss_best-y(kl=exp(-2*1'2/(w_best-y"2);

end

% Gaussian fit metric
ks=O;
surn=O;
for i=l:m
diff=gauss_best-y(i)-clrn(i);
surn=sum+di ff ..... 2;

if abs(diff) > ks
ks=abs (diff);
end
end
trnp= (surn) " (0.5);
y_rnetric1= (l-trnp) *100;
y_rnetric2=(1-sUIn)*100;
y_rnetric3=(1-ks) *100;

fprintf('\n');
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%fprintf('xfitl: %g.xfit2: %g. xfit3: %g.best_w_x: %g.\n', x_metricl,
x_rnetric2, x_metric3, w_b~st_x)

fprintf ( 'xfi t: %g %g %g. best_w_x: %g. \n', x_metricl, x_metric2,
x_metric3,w_best_x)
%fprintf('yfitl: %g.yfit2: %g. yfit3: %g.best_w...,Y: %g.\n'. y_metricl,
y_rnetric2, y_metric3, w_best-y)
fprintf('yfit: %g %g %g. best_w""y: %g.\n', y_metricl. y_metric2,
y_rnetric3, w_best-y)
w_avg=(w_best_x+w_best-y}/2;
fprintf('average w= %g\n', w_avg)

x_calib
y_calib

2.509;
2.4529;

(

(

wx=w_best_x/x_calib:
wy=w_best...,Y/y_calib;
wavg= (wx+wy) 12;

fprintf('with X calib %g, wx= %g\n', x_calib, wx)
fprintf('with y calib %g, wy= %g\n', y_calib, wy)
fprintf{'average : %g\n', wavg)

% plot the curve of the row and column
subplot(2.l,l), plot(rw. 'g')
gr id on
hold on
subplot (2. 1,2). plot (clm. 'r')
gr id on
hold on

subplot(2,l.1). plot (gauss_best_x. 'y')
subplot(2.1.2). plot (gauss_best...,Y. 'y')
xx=[0:0.1:300) ;
yy=sin (xx) ;
sound(yy)
break

% END
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[A] PANDAtm, Polarcortm, and Delrintm are trademarked names. The mention

of these brand names in tlùs paper is for information purposes oruy and

does not constitute an endorsement of the products by the author or

McGill University.
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ADSTRACT

The design and implementation of il rohust, scalable and modular optiea! power Slipply

spot anay generator for a modulalor·b.lsoo free-.space optieal backplane demonstratnr is

presented. Fourarrays of Rby 4 spnl~ of (l/e1 inadiance) 6.47)UJl radii pitched al 125J.lm

in the \'ertical direction and 250j.lm in the horizontal were required 10 provide the lighl

for the optieal interconnect. light s)'stem tolerances demanded careful optical design,

elegant oplomechanics, and simple bul effeclÏ\'e alignment techniques. Issues such as

spot anay generation, polarization, power eUiciency, and powt.'r uniformity are dis-

cussed. Characleri1:ation n'Sults are presentecf,
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Current high performance switching and computing systems rely mainly on eJectrical

interconnection networks to transport inform3tion (rom chip-to.chip and board-ta­

board. Howe\'er, eledrical inlerconnects arE! limited by b.lnd\'\ddlh, connectivity, power

I.

~

Introduction

~ ,..

power suppl y spot array generation system huilt 10 bridge thi..; geneuti(1n gap. The full

description of the optical design for the system \Vas described in reference (161. and the

optomechanical d~ign in re(erence (171.

The paper begins by describing the requiremenl'> (or the optieal power supply (OPS) in

consumption, and latt'ncy constraints. Because the aggregale band\\'idth of the inte-

grated circuits inside these systems continues 10 inae.m', 50 must the capabilities of the

interconnection network (1)(2). The inteinsic limil.1tions of electrical interconnection net·

worb holS 100 s)'Stem designers 10 consider short-distance opticOlI interconneds as a \"'3Y

Section Il. The Iight source and distribution are ellplained in 5E'ction III. Section IV

describes in detai) the optieal design, and Section V the optomechanies. The assembly

and alignment methodology, and a final section on characteri7alion restlll'> are prO\ided

in Sections VI and VII respectÎl'ely.

of increasing their perfornt3nce 13---131. The optoelectrortic tedmolpgies being cons id­

ered. indude two-dimensionJI arrays of bolh surfJce-emiUing and modulator-b.lSed II. Optical Power Supply Requirements

de\'ices integrated with arrays of electronic processing elements, calJro Smart Ph.el

Arrays (SPAs). A dass o( SPAs weil suited (Dr ortieol) bolckplolne interconnection applica*

tions utilizes the Hybrid-SEED technolog)'. Thi<; technology combines Quantum Con-

fmed Stark Effect (QCSE) modulators and PIN photodiodes (GaAs) ,,:ith underlying

silicon processing electronics [141(15).

Because this type o( sm.lrt pixel operates in the transmit mode by modul3ting an ind*

dent beal1\ systems utilizing this technology require optieal power supply beams in

order to power these renective devices. The cunent state of a((airs sho\..'s that there is a

generation gap between the evolution of the sophistieated optoelectronics ,·ersus the

optics necE5sary ta dri"e them. Recently,. \Ve han" constructed a four stage optical back-

plane demonstration system utilizing Hybrid-SEED SPAs (7) ta address this problem.

This paper describes the design, implementation and characterization of an optical

A. System Overview

The system \'las built in a three-dimensionallayout interconnecting four hybrid-SEED

sm.ut pillel arrays in a unidirectional ring (7). Tht" chips \'Iere obtainoo thrnugh the

ARPA/co-or/ AT&-T workshop (18). A schematic of the unfolded optieallayout of the

system is shown in figure l, (This figure is slightly misleading since the printed circuit

boards should lie in the plane of the page and the optical power supplies perpendieular

to the page). The optical interconnect W.15 polarization based, and routes the ()ptieally

encoded dat,] (rom one stage to the ned ,"Îa polarilation optics. A c1ac;e-up of one stolge

is iIIustrated in figure 2. The focused spot array gener,lted b)' the optieal puwer sllrply

was first colJjmatro by the micro-Ienses (125~m x 125J.lm) (If the first pÎlœlated·len<;let

arrolY (LAI). The Iight comprising the spot array needed tu be dght-hand circlliarly­

polarized such that after passing through the first quarlE'rWolVe rlol1e (QWPI) (nfil'ntl'd

h'" Cl_ al.• o..SI.n, 1~~IaQon.•~d O.anenntion of an Qruul P~" ... Surr1y. Arrhed DrIl<3 Page 30f 57 h.,et. al.· fJoes'ln.!mrle.n,oull"n. I/IJ (1un<lelUlUOn of.n 0rlJc:aI PO"ff Sorr1r .Arrlle.l ('I·Utl l'age.t nf ~7
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al 45° in the x·y plane), il became linearly {p.} polarized. Ailer passing lhrough the

poJarizing beam splitter (PBS), and the second quartenv3vt' plate (QWP2) which re-cir·

cularized the polarization, the beam array WOlS then focused 0"10 the Hybrid/SEED

smart pixel de\'Îce array residing on the peinled circuit board (peB) by the second lenslet

array (LA2).

The renecled (modula.ted) light was then re-collim3ted thwugh the It'nslel arrJ}" (LA2),

and its pol.uization line.lrized to s-polarization through QWP2. Entering the PBS, the s·

polarized light then reflech.',J off the ras micror, to be rouled to the ne,t sl.lge.

Figure 2 .1150 iIIuslcales the light relJyed (rom the pre\inu<; st.lge. This light, sliIJ s-poJ.u­

ized reflected off the PBS micror surface toward LA1, alter passing thml/goh the QWPI

which drcularized its pobrintion. The heams then hit the pheUated mirroN {ln LAt

and passOO through the s.1rne optieal path as did the Iighl (rom Ihe OPS (as described

aoo\·e). The relayed beams howe\'er are displaced (in the x direction) 125Jlm away (rom

the ors beams, thus impinging receh'ers (as opposed la modulators) on Ihe Hybrid/

SEEDSPA.

Il should he noled for (uture reference that the QWP1, PBS, and QWP2 were pre-glued

inta what was collecti\'ely caUed the PBS-QWP assembly. The PBS-QWr assembly, LA1

and LA2 were mounted onto an optomechanical housing called the lenslet barrel, whieh,

along with the ors module resided within a larger housing callOO the outer barrel.

~ A

B. Spot Arr3Y Requiremenh

The byout o( the 16 dual-rail smart pixels (i.e, 32 modulators) on the chip (15) were on

an 8 by 4 grid pilchOO 125Jlm in the \'ertieal direction and 250~ in Ihe horizontal dire<:­

tian. The 32 modulalor \... indows had a dimension of 20Jlm by 20Jlm and l'l'present Ihe

targets for the spot arr.,y ha\'ing passed Ihrough the PBS-QWr assembly and the Il'ns­

lets. The requiremenl<; of the spot array al the output of the optical power supply, in

arder ta hit the largel modula tors on the chip is given in Table 1, and a schem.\tic of the

desired spot ar",y (Iooking in the direction of light propagation) Îs shawn in figure 3, ft

should he noted that in ligure 3, the central grid of 8 br 4 represent the signal spots,

while the thase on the periphery correspond tn alignment spots, Although the require·

ments Iisled in Table 1 sulfiee (or the designed system demonstralor, it WolS desirt'd Ihal

the optical design be flexible to accomodate a larger array of I.. rget modulafors (or sc.)l-

..bility,

C. Oplomechanical RequiJemenh

The system WolS built upon 01 vertically mounled baseplale housed in a standard 19" fiU

~Œ commercial b.1ckp!Jne chassis (19), Based un the high level of integration, Ihe opli-

cal po.....er suppl y modules needed the (ollowing features:

• compactness

• robustness

• ease of assembly

• modularily

Iya ef:. al •• Dor."'".!mrlanonl.lllo". I"d o,JfactmlJl!lOl\ of ... Orlltal Po.et Surr1y. Arrlled Orlla Page 5 of 51 1>tt tl. al .• Dellln, Imrltrrrnu~"II."" t Chra<lmUilOn of ~n 1);"<.0.1 Powtl Surr1y . Arr"td 0r~<I P,..ge(,nr 'i7



III.

~

Light Source

~

IV. Optieal Design

~

As shown in figure 1. the system WOlS a four stage optkal backplane, with each st.1ge

requiring an ors to pro\'ide the acray of const,]nt oplkal power be,ams 10 illuminait> the

modulators on the respedi\'e Hybrid/SEED chip. For simplicity. optomechanical com­

pactness, and ease of pre-alignment, tight WilS launched inte the ors \'ia a single mode

polarization mainlaining fiber. For practicality purposes, a single SOOmW tunable laser

(with an extemal grating for w;welength seledion and stabilization) WolS used to pro\'ide

the light for aU four st.:Jges. The light WOlS originally split to the (our stages b}' using a tree

of three 1:2 fiber splitters. Howe\'er, due 10 power Joss and polarization instabililies, Ihis

arrangeml"nl WOlS rejected. A second arrangement WOlS emplo}'ed using lhree thin mem­

brane (linear·polarization preserving) pellicles, as shown in figure 4, which incurred no

signlficant power losses nor polarization instabilities. Each beolrn WolS subsequenlly cou·

pIed loto a lm polarization mollotainlog (PM) Single mode liber to provide the oplical

inputs to each ors module. launching Iight along the PM liber's fast axis WolS experi·

mentaUy \'erified tD prO\ide better polarization stability olt the output compared to

launching along its slow axis. A Far3d.1Y isolator WolS used to eliminate backrenections

into the laser.

The fundilmental challenge in designing the ors WilS in the generiltion of the array of 8

br -1 (+ B aJignment) spots such that the 6.47~m (1/e2 irradiance) radii spots were accu·

rately positioned acress the 125lJm grid \vith unifonn power distribution, There exist

numeraus techniques for producing spot aml}'S from a single beolm 120J(21). Our syslem

employed Fourier-plane army Generation, ulililing a computer generated hologram

implemented as a multiple le\"el phase grating (MPG).

A. Multiple Levet Phase Gu.ling Design

The MPC WolS designed using a simulated annealing algorithm (211(221 to create a grat·

ing composed of a periodic ilrray of unit cells tholt could gener.1te the desired spot array

in the focal plane of a Fourier transform lens; the grating i1self representing the 2-dimen-

sion31 spati.11 inverse Fourier Iransform of the spot array and placed Olt the fronl focal

plane of the Fourier lens.

The periodicity, P. of Ihe grating is related to the spot spacing, S, in the Fourier plane (i.e.

the output focal pl olne of the Fourier lens), by the relo1tion gh'en in equalion t where). is

the wawlength and / is the focallenglh of the Fourier leos. The filctor 2 in the formula

arises because only even order spots were ust'd in the grating design.

Spectral tolerance WolS rnaintained to 850.0±0.OSnm which was suffident (by an order of

magnitude) for the ±lnm spectral tolerance demanded by the SEEDs.
p = 2· f· /.

-S (1)

For thes)'stem demonslrator requiring a spot spadng of S=125jJm (on the smallest grid

as shown in Figure 3) for the .1fTay of 8 br .. spols, and based on Ihe chosen opticiJl

design, eiJch unit œil n'Id a pt'riodidty of P =377.RjJm by 377.R~m, tii\'ided inlo 128 by
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128 pixels as shown in figure 5. Each square pixel had a dimension of P/128 = 2.95~m by

2.95p.lJ\. ilnd had a height quantized to one of 81enls. The MPC WolS made (rom fused

~

CR=~
)00,'

,...

(5)

sUiea and WolS not anti·reflection coated due 10 lime constf3ints.

From the design program, the theoretical efficiency of the 81evel phase grating WOlS pre-

Thus, substituting equations l, 3, and" into equation S, a relationship between the corn·

pression ratio and the number of periods sampled is derived to he:

dkted to be B3~o (76.S~~ alter the 4~o ref1ections olt folCh non-AR ccared surface). The CR = jNPS (6)

o\'erall uniformity of the spots WolS predicted 10 he 96.~;', deHned using the metric:

Uniformih' = 1_ (P",a..z-Ptn ,) = 1- (P"u- P"",,) = 1_ (P"'<U-P"'j"). (2)
• Pa., P'U' P",o:u + P"'lll

where p.rv=(Pmu + Pmin)!2·

Defining the (aUimaled beam diameter passing through the MPC to he Ci>f.rg. the number

of MPC periods sampled, NPS, is deHned 10 he:

The number of periods sampled WaS NPS=6.1, where ""rg WOlS designl'd tu he 1.15mm,

yielding a compression ratio of 6.37 through the relation given in equation 6 (231. TItis

"alue is suffieiently larger than the minimum CRmirl of 3 whieh is required 10 en,ure that

the power uniformity is not degraded hy aliasing (241.

The issue of scalablity was addressed by ensuring that a spot aruy of 16 by 8 spots at

one--half the spot spacing (i.e. S=62.Sllm) be implemented by replaceml:"nt of the MrC

NPS=~P . (3)
element alone. with no other modifications 10 the optieal design. Dased on this require­

ment, the period Pof the Mrc would he doubled, thereby redudng the NPS to il value

Also, (rom Gaussian beam propagation mode!s, the (ocused spot radius, CJJf is relaled 10

the collima.led beam diameter by:

of 3.05. This resulls in a CR of 3.19, which is still larger th:m theCRmm of 3.

f·l.
00, = ft. oo~p,'

where fis lhe focal distance of the Fourier lens, and), is the wavelength.

(4)

B. Optic~1 De,ign

The opties were designed to meet ail the spot array requiremenl'i while rt.'dudng the

oplomechanical complexities 10 a minimum, and is schematically shown in ligure 6.

The (Iinear) compression ratio, CR, can he definN as the ratio of the spot sep.uation to

the 99% spot diameter.

Perfectly linearly-polarized Iight WolS assumed 10 be emilled from the singll:" mode polar·

ization maintaining (l'~t) (jber placed al the (ronl (ocal plane of the compound collimat-

ing lens (CL), CL2). The mode field diameter (1/e2 irradiance) o( the (iber \'\.'as specilipd

Il'a' d. al .• ~.,n.lmp~nlallO",and CIl.KlCnution of .. orlleal P.,,," Surr1y. ArtLd OVûa Page90r57 h"el. al. ·llocs,~n,ln'fI~,""nI.lQon . .."J ('hUJ<lmU!I"n ur.n 0rlJ("a/ P""'ff Surtlt ·"rrr..JOrQ" 1'.1gC' 10 of 'r,7
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to he 5.6p.m. The coUimated beam diameter Olt the output of the colIirn3ting lens WOlS

designed 10 he 2.30mm. After passing through the zero-order quartenv3ve plate (QWP)

to right·hand circuiarize ils polarization, the beam \Vas then pass~ through the MPC.

The angularly diHracted collimated beams then propagaled through the Risley beam

steerers (RBS 1 & 2) and tilt plates rrr 1 « 2) untilthey were focused by the compound

Fourier lens (Ft 1, FL 2) to spots in the Fourier plane of (1/e2irradiance) radü of 6A7p.m.

nvo-element compound lenses with variable focallengths were chosen lor both the Fou-

rier lens and the collim3ting lens to account for uncertainties in the mode field diamelt>r

of the input riber, the Jens focal length spedficalions, and aberrations of the beams

through the ors. The leoses were oriented in the Pet2.\'al configuration (25) which pro­

\"ided the best performolnce in terms of aberrations, fiexibility, optical power dh·ision.

size, and cost.ln the retzval configuration, theoptical power is split equally between the

two parts of each compound lens. Hence the aberration is minimued, and the focal

length of the lens is l'OIsy te adjust with high resolution by altering the air gap. Although

a Piossi configuration is similar, simulations showed that in our application, the Petz\"al

configuration gave lower aberrations for each spot. A Cooke's triplet, which has been

used in an earlier modulator array application [261127), WolS another option for the Fou·

rier lens due ta its exceptionalJy fiat field. Ho\·.ever, commercial Cooke's triplets hol\'e

their focallength specified to only ±1~;', compared to 0.4% required for the ors optical

design to defme the correct spot separation. 5ince the optical power in a Cooke's triplet

is dÏ\;ded very unequally aefOSS the three elernents, adjusting the focallength requires

extremely fll\e changes ta the element spacings.

.... A

At their nominal (Pet1xal configuroltion) positions, the compound collimating lens had il

focallenglh of 12.90mm, and the comp<llIRd Fourier len~ had a fucallength of 27.7Bmm.

Il should he noted that although a trlle Fourier lens should introduce /'5;119 distortion, al

the maximum diffracted angle d{'$igned to be 0.00680 within the ors, the smalt angle

approximations hold. There(ore, an off-the-shelf lens polir WOlS used due to cost and con·

\·enience.

Based on the nominal nurnbers IIst'd in the optical design, the speed «(/11) o( tfle (ocused

beams al theoulput of the 01'5 was f/12.07 (1 /e2 irradiance di,llneter o( 2.30mm). This i!l

weU within the (/6 whdow demanded by the lenslets.

The ors optical and optomechanicaJ design had a number of optic,)1 and mechanical

degrees-of-freedom in order to meet Ihe set of design reqllirements; these are presented

in table 2.

By analysis o( these optical and ortomeehanical degrees-of-frl''t'dom,. as weil as the ors

module requirements Iisted in Section JI, a barrel design WOlS chosen 10 house the l'le·

ments o( the ors. More information about the optomechanicaJ design will be presented

in Section V.

C. D~sign Tolerancing and Simulation

The total estimated Io1teral erroro( the position of the spot array wilh respect ta LAl (l'lg-

ure 2) WolS HOOJ.lm. This value was calculated (rom the worst-case estimatt' of the fiber

centering within Ihe ors barrel uf ±10l.!J.lm, which resull,> in a ±230pm error of the spot
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array al the output of the ors. As weil, due to the accuracy to whkh the ors barrel

could he inserted in the outer barrel with respect 10 the LA1- machining lolerances, and

(enlering of the lenses, an additional ±170pm laierai positioning er~or results. This corre-.

sponds 10 a 0.540 minimum required wedge angle lor the Risley prisms (SFIO glass).

Wedgeangles of 1° were chosen due IOiJ.vailabiiity and cost.

Angular mîsaUgnment of the liber input WOlS estimaled 10 he 1° in the worst case yield-

ing a 0.46° angular de\iation (rom the opbeill axis of the chief ra)'s of the output spots. Tn

compensait! for this misalignment, a 3mm thick tilt plolte (SFIO g1355) oriented al 10..10

with respect 10 the optical alÔs WOlS required. Tr3ditional tilt p1.lle design requires one

paraDel planar optical elentent 10 h.l\'(' rotational degrees--af-freedam alang the twa axes

perpendieular to the aptieal axis (piteh and )'aw). This approaeh WolS not well-suited for

the barrel housing ehosen for the ors, whieh onl)' com-enientl)' pro\'ides optomechani­

cal degrees"Of-freedom in translation along the optieal axis, and rotation about the opti­

cal axis (roU), Therefore a novel tWl>"element tilt pl.lte design WolS implemented that

requires only one degree of freedom, namel)' roll. Angular co\'erage of the spot arr.lY

aeross the Fourier plane WOlS achie\'ed by permanently mounting two I.5mm truck tilt

plates (SFIO glass) olt a fixed angle of 100 (from the optieal axis), and by appropriately

positioning both elements in roU,

Gaussian beam power dipping due to the square apertures of the system (Ienslets and

modulator windows) ofO.54~;'WolS taken in ta aecount in the optieal design. A (ull analy-

~ ~

sis of beam propaF;ation through the ortieal interconnect showed that il 1% dipping

e(fect is lolerable as long as the spot size is kept within tight tolerances.

The system WolS modelled using OSlO,Pro. Oistortion of the spot arr.lY (rom the correct

grid, (ield (Ur\'ature, spot size variation, Strehl ratio, I/MiS oro, and the variations o(

the chi ...f ray angles were calculated, The spot size WolS estimated in OSlo-Pro a.'l the

pujnt spread function olt the plane of best (ocus (minimum RM5 OPO). In the point

spre3d function calcul3lion, a Gaussian apodintion WolS applied at the (ifSt surface of

the wIHmating lens. The width of this Ga ussian function WolS given by a parall;;i31 Gauss­

ioJn calcula tian starting from a waist at the fiber (.1cet.

Based on lateral adjustment provided by the Risley prisms, the simulation ",as carried

out ta king into account a maximum lateral dispIJ.cement uf the spot array of 575flm,

ToJble 3 shows il summary of results of the simulation usin~ the nominal de'iiKn parame­

ters as shown in (igure 6. For each simulation, the calculatl"d nllmber (or a spot loc.1ted

directlyan the optical axis, for a corner signal spot o( an on-axis spot array, and for a spot

located 1152J.1m away from the optical axis (representing the ouh.'r corner spot of a

575J.1m diagonally shifted spot array) is gh'en, along with the alluwable tolerance values

(sh3ded (or cl3rity) b3sed on 1~;' dipping of the beams by the modulator ",jndO\\'s (on

the Hybrid/SEED chip as shown in figure 2). Note that the toleranc('S for the minimum

Strehl ratio and wa\'efront 1/RMS \'ariation (1 /RMS OrO) were set at 0.8 and 1·1 (,'ipee­

!i".ly Il, p271112RI.
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Il is shown in the table that aU simulation (esults but one, for distortion, field cun;ature,

spot size. chier cay angle, Slrehl ratio, and wa\'efrontl/R..\15 variation fall within the tol­

t'rance Hauts for clipping of l~o. (Note tha! both the wan'front lIRMS \'ariation and

Strehl ratio tolt'rances represent the minimum acceptable \'alue). The spot size for the

1152pm diagonaUy shifted spot shows a simulation re~'iU1t of 6.75pm, which is O.03J1m

larger than the maximum loleunct'. As will be shown in 5l."Ction V J.nd VII, il WJS not

necessary to displace the spot .lrcay Ihis far.

Note that the ±2.5).1m distortion tolerance represt'nts the mall:imum Jj.l~(lnal distortion

for the corner spots, which corresponds to a tolet.lnce on the spot separation of 125.00 ±

0.54pm.

D. Optical Powl!r Budget

The shaded (olumns of Table" show the estimated impact each compC'nent had on the

o\-eraU throughput efficiency of the ors. The table shm';s that the total excess lasses (not

induding fan-out lasses) wereestimated ta be 100"~ . 7IA~;' = 28.6~o; white the losses not

including the MPC were estimated to he only 2.9~;'.

A ....

tled ors is shown in figure 7, and the fully assembled ors along with the outer bure)

and the lenslet biurel is shawn in figure B. One of the ad\'antages of the barrel WolS thal

ail the optical components, except for the last surface of the second Fourier lens, were

fully protected. A J..dimensiomll mechanical drawing of Ihe ors components, the ors

barrel, the outer barrel, and the lenslet barrel is given in figure 9, and a cross-sectional

dra,,,'ing of the assembled ors is provided in figure 10.

For ease of machining, the barrels were made out of aluminum, and suhsequently black

anodized. The black anodilalion served to increase the hardness of the aluminum sur-

bee and ta reduce any unwarranted glare. Two Delrintm (acetal) (noie AI rings were then

press-fitted onto each barrel 10 facilitale ils insertion into the respectil'e outer barrel.

Windows of widlh 12.6mm were machined al the top of the barrels 10 allow access hl Ihe

oplies' ceU holders fnr aligoment (mosl clearly shown in figure 9). Standard Ihreaded

holes ((}..80 and 2-56) were maehined along the two sides of the h.urel such that 51eel !id

screws could securely hold each aligned optic in place. The thickness of the Of'5 barrel

wall WolS 2.Smm ± D.lmm.

A. ops b.utel

As discussed in Section Il, la allow for easy system integration, the ors had ta be robust,

v. Oplamechanical Design
B. Cel! holdt'u

The cell holders were n13chined to provide a sliding fit to Ihe barrel. In order to provide

access for alignment (in rotalion about, and translation along the uptical .uis), t'ighl

modular, easy la assemble, and compact. Based on bath the optical design described in

the previous se<tion, and the optomechanical design of the overallsystem demonsttator,

a barrel assembly WolS employed ta house the ors components. A picture of Ihe dis man·

hales along e.aeh cell's pt'rimeter were machinoo. AUthe (eils exct'pl th05e lor the 1t'l1ses

and the tilt p1all'S wt're f.1brieatro enlirely using anodilro alurninum. The C4~Us for thl"

lenses were maehined From Dt'lrin1m such thal an inlerfl.'rl.'nce fit betwl.'en the ct·1l .md
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lens edge surfaces securely held ('.lch lens in place. Experimental \'alid,1tion on the posi­

tioning of the SOmm Fourier lens within ils ceU shm';ed that a SOJl.m cude WolS described

by the focused spot when the cell WolS rotated about the axis of an input coUimated He--

Ne laser beam.

from the optomeehanïcal axis was achien.'d. weil within the ±l00j.tm design tolt'rance.

Stability measurements were conducted on insertion and remo"al of the connectorized

input fiber, and no measurable mis01lignment wjthin the ±lpm me01surement precision

WolS observed.

Th;:; \ns achieved by roLltion of the halfwa\"t~plate (as shown in figure 4).

The first st01ge nf the alignment procedure W3.. to 13unch tht' Iint'arly·pnlariled Iighl into

eaeh PM fiber along its fast axis u.. ing a computer-b01sed acti\'t' 3lignmenl technique.

Assembly of the ors was simplified by the use of the ors insertion slug. The inserlion

Assembly and AlignmerolVI.
One of theproblems encountered \\'ith the cell holder design ,...as lhat localiu'd deforma­

tions about the serew lcel! conf.1ct point ClCcurroo {ln the cell surbce. The raised materi.ll

about the contact point had the dfect of reducing the sliding-fit deari!nce necec;sarr.

resulting in jamming. More sophio;ticafed cells fCOT the titt pl.1les whieh look this into con-

Delrin1m and anodized aluminum; Delrin'm was USN (or the ouler holder, and anodileJ

sideration are shown in figure 11. The tilt plalecell incorf"0rated a h)"brid design of bolh

aluminum for the inner h{llder. The O1nodized O1luminum inner holder WolS machined 011
slug W3S composed of Ihree pieces: the rod. the ring, and Ihe pin. By positioning the rin~

10° .lI the optic·metal inlerf",,,,,. A groove along the perimeler of the ouler hoMer pro-

\'ided the clearance necess01ry sueh th01t loc01lized derormations about the screw Icell con­

tact point did not cause the eell 10 get stuck wilhin the b01rrel. The ouler holder W.1S

machined to pro\.ide a tight inlerference fit with the inner holder.

c. Fiber mount

A close-up of the mechanism to center the fiber to the optomechanical axis of the barrel is

shown in figure 12. A rugh quality FC/PC fiber receptade ,..'.15 ehamfered down olt 45°

into a circle of lSmm diameter. Butted up against the fiber receptacle bulkhead (made of

anodized aluminum) which WOlS locked into place in the barrel, four set serews were

driven against the chamfered edge for lateral adjustment. Centering to better than 10j.1m

at the appropriate position on the rod by pu~hing the pin throu~h accuratl'Iy machined

holes in the rad, each eJement couJd bt' inserlt"li inlo Ihe barrel from Ihe output side of

the barrel as shown in figure 13~ unlil thl' ring butted up againsllfle output end of the

barrel. Component placement precision W01S bl'tter th01n ±9Ollm.

A two step alignment sequence WolS requirt.'1:1 tn assemble the components of the ors

within the barre1.ln order to properly collimate the beam and to pro\'ide the correct spot

sut' olt the output of the ors, adjustment {If th... Iwo wl1imaling len~es Was required. In

ordt'r to monitor both of these effects simult.1nl'ously, the Ol'S hurel with tht' pre-een·

tered fiber WolS populated with only th... -1 I...nses positioned al their nominal rositions

using the insertion slug. The F(lurier Jt'nst's were locked in plolct'. The rt'mainif1g fi t'le­

ments were not inserted, and in Iheir ptaH', a 10m01 50:50 be.llnspliller WolS jn~erted

Irl:l" d. al.• [)n"n. !rrl'lamnlab"n. ,nJ O .... te:flubon "r an Drbul P",u. 50 rI'ly ..'rrbd OJ'bOll Page 17ofS7 l)f' fI. al.• D<s,~n.Irrq-ltn.."ln"n.",o1 Cf,uHtmub"n "r ln 01'IIf.1.l r""tT Sorrl~' . Anh••! l 'l'n(1 l)a~l· 111 of ~7
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through the windows as shown in figure 14. The ors \'I,'as mounted on la a standard

Spindler&:Hoyer test-rig mount for the eotire pr~-al.ignmentsequen(~.

Spot sue measurements wete made using a Hnear high resolutiorl CCO COlmen with a

)(40 microscope objective with an NA of 0.45 1231. The CCO camera WOlS placed on a

motorized llyz stage which had a fesolution of Ip.m in the direction of the optieal axis,

and O. t...,n along the other h.\'o all.~.

Using a lÜJlm graticule, the CCO WOlS calibraled 10 3 measurement resolution of 2.509

frame-grabbed pixels/pm (i.e. O"IOJ1m/pixel) in the hori/ontal direction, and 2A529

(rame-grabbed pixels/J!m in the ,'ertical direction. The im3ges of the spots were frame­

grabbed and cun:e Cillee! (in bath axes) 10 a Gaussian mcdd (rom where the spot radii

were obtained. Wilh an ilerativt' approach of setting the collimating lenses lor conima-

lion and measurement of the spot size, the ideal posilions for the lenses were achieved.

Once the collima.ting lenses were Jocked, the be.amsplitter and Ihe Fourier lenses were

remo\·ed. Each barrel was then fuUy populated with the QWr,. MPC, Risley prisms, the

tilt plates, and the Fourier lenses, \Vith the prisms and the tilt plates Olt their 'zero' posi­

tions. A1ignment 01 the QWP was done in-silu aher the ors WolS integrated mto the 5)'5­

tem ta maximize transmission through the rBS-Qwr assembly.

It should be noted that the loc.king of the collimating lensl's modilied the spot size 'by

±O.10~ on average,

Spot separation was set by adjusting the second Fourier lens measured using the same

CCO setup with the dO microscope objective.

~ ...

VII. Characterization

Oetailed performance measurements were conducted on the lour asscmbled barrels ta

oblain slatistical inlomulion on the reproducibility of the design and implementation.

The results .1re presented helo\\'. A frame-gr.1bbed image 01 the spot array generated

lrom barrel 1 is shown in ligure 15. Nole that the imageappears Oippl"d in the horizontal

direction in comparison to figure 3 due to the direction of obsef\'alion, and the in\'ersion

inlrodllcoo by the im.:lging opties and fr.:lme-grabber.

A. Spots .1nd Spot Anay

As menlioned in Section VI, the frame·gnbbed spots were cun'e fitted to a Caussian

beam mode!. This algorithm pro\'ided lhe 1Ie2 irradiOlnce spolsile.1t 01150 calculOlted lhe

Callssian fit which WOlS obtained by perfornting a chi-squued metric betWl"t'n Ihe me.!,

sured (quantized) dala and the best·fit C.:lussian curve (291130).

The ch.1r.:lclerization rt'Sults lor lhe four ilssembled and pre-aligned OPS barrels is sum-

marized in Table S. For each barrel, Ihe following infonnation is presenled as follows:

A\"erOlge spot sile (±O.lOpm), .1Ver3ge Cilussian fit, ilnd a\'erilge axiOlI position (±15J.1m) of

(a) th", lour central spots 01 an on-axis spot array, and (b) the four cornt'r spots 01 an on·

axis spot .1rTOIY, Nole that the OI\'erage axial position of the corner spols is a dirt"Ct me.:l-

sure of the field curvalure introdllced 10 the on·axis spot ilrray (with the origin set as the

iI\'erage for the four centr.:ll spots). The me.:tsured spot sile .1nd Cau"siOln litlor a corner

spot (Il a MISl1m didgon.lI1}' shiftPd "pot acray is dlso prescnlt'd (MI5~lm rt'prl..;enting Iht'

maximum possible l.llerdl shift achiev3blt' with Ihe Rislt'Y prisms, .1 .. h'i11 be mentionl"d

1)", d.II .• Dnln.llTl'lc:mrnutaon. Ind ClI.lClmUb~1lof III Orbeil Po ...~, Sorr1v - Arrbed Ofl.l"" Page 19 of 51 1)(!~1. al .1""",,IJn.I"'l'I~rn~M~n,,". ""J{·~lU'I ...,."~n d ln IIp,n1 Pn_, 'Oorr1y .Arrli~J Or"" l'age 2n of ~7
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1011er in this secion}. The back flXallength (i.e. the distance between the last lens surface

to the spot acray) is gi\'en (tO.tmm) for each barrel. The last two columns in table 5

respeeti\'ely are the spot separation (±O.2~m) and power uniforrnity (±1.0~o). For (on\,('­

nience, the tolerances (or the spot size, fjeld curvalure, back (ocallenglh, spot separation,

and power uniformity are \Vritten in the headings of the appropriate columns.

Il should he notOO th.11 any distortion (in spot separation) that was introducM W.1S not

measurahle within the measurement precision, which is weil below the ±<J.54j.lm taler­

ancefor l~odipping.

Power unHormity of the spot arrays wete obtained (rom a (rame-grabbed image using

the linear high resolution CCO camera (with automatic gain control turned off). The

image was led inta a program whieh computed the integrated power (in pixel intensity

unils) per spot by summing the pixel eJemenls within each spot's elementary cell (of

125).lm by 250).lm). Thus the total inlegrated power of each spot WOlS measured and corn-

pared. This integration WOlS nec1'5sary, sloce il was found to be djfficult to match the

plane of the spot array to the plane of the CCD acth'e area directly, r1'5ulting in a spa­

tially defocused image_ Power uniformity measuremenls for barrels 1 and 2 were

una"-aiJable as they had aIready been lotegrated. into the system_ Noting the negligibJe

statistical difference (to \Vithin roeasurement precision) between the rneasuremenls ~or

barrels 3 and 4 howe\-er, il was expeeted thal the MPGs for barrels 1 and 2 beha\'e simi-

larly, and the power uniformity was better than 92.00~.

...-. A

Note, from T3ble 5, that ail measureml'nts but two fit within the spedfied loJerances. The

spot sue of an ouler corner spot of a 685Jlm diagonally shifted spot array was measured

to be 7.O.JJlm for barrel 1, and 6.80~m for barrel 3, bath larger than the allowabJe toler-

ance. Noting, howe"er, that since the liber WOlS cenlered 10 beller than tOJlm within the

ors barrel (as presented in St'CtionV), eompared to the ±l~m tolerance (as presenled

in Section IV), il would only he neel'ssary to laterally shifl the spol array by at mosl

±200Jlm,

B. Spectral Behavior

Preliminary tests have shown thol! there was no signifieanl effeet caused by the backn'-

flections of the ors components on the spectral beha"ior o! the laser, The Faraday isola­

tor (figure 4) pmvided a nominal -40db of isolation and WolS required to achie\"e this

performance.

C. Polariution

Measurements on the polarization stability of the Iighl lrom the ors Were conducted,

During pre-alignment, an ors barrel \Vas populated \Vith only the hvo collimating

lenses and the QWP as shown in figure 16. A POS--QWP assembly (as mentioned in sec·

tion Il) was plaeed olt the output of the ors. The Iight tran~mitted through th!:! POS--QWP

assembly is JabeUed as rA and the unwanted leakage light, as Po,

By using an iterati\"e computer-based active alignment techniquE' fed fmm a dU31-chan-

nel power meter, the orientation uf the QWP within the ors barrt'! WolS adjusled tn pro-

duce Iight that maximized the ratio as gi\"en in equation 7:

Iya et. al, _Dca&n.lmr1mll'nl.uton. and a.• .lC1mut!on of III Optlul Po.'« Sorrlr - Arrhcd Üf'flÇf Page 21 or 57 r)Cfct_ll.. Dc:o'ln,lmrlul'ltnLJ~on,and ("ha""",,.",,n of ln ''rll'.,] r" .. ~l ~"r1,I) _AI'I']'~,J0rucl Page 220r ~7
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PA
Throughpul = PA + PB' (7)

A ~

third eolumn al Table 4, in relation to their ~xpecled (specifiN) values (column 1) and

plotted in figure 17. (Nate that the ordinate axis ranges from 65~;' 10 10~;'). The final col·

Measurements on the throughput through the PB5-QWP assembly;w3.s conducted. Max-

imum light throughput of 95.26% ±O.26~o owr lime was ffit"3sured using the ratio gh'en

in equation 7.

The non-ideal throughput of 95.26°.. \Vas primarily incurred by the transmission effi­

cleney of the PHS itself (specified 10 he 96.16~o for p-polariJ:ation). The remaining l~o Joss

was due to the linite extinction ratio of the line.1rly-polarized light emiued (rom the PM

liber (measured to he 2adB), and imperfect orientation of the QWPs (the one within the

ors, as weIl as the Iwo attached to lh~ ras by the supplier). Pol.uization stability is

demonstrated br the :f{J.2S~;' lime \·.uîati~ln of the transmiued light.

D. Br.un Slel!ring

Measurement resuIts conducted on the Iateral steering tran~l of the Risley prisffis on the

spot anay were ±685 (±3p.m) from the optical axis. Measurement n'Sulls on the angular

steering eoverage of the lill plates were ±OA9"(±O.08°). These "alues are better than the

±400JU1l and ".45° lateral and angular sleering requiremenls as specified in Table 1 ta

compensate far l'le alignment l'crocs eneauntered during the integratian of the ors inta

thes)'5lem,

E. Optic.al Power Budget

Measuro?d Ihroughput efliciencies were conducted on eaeh of the optieal elements of the

ors indh'idually with a precision al ±O.OS"à. The "alues lor barrel 3 are presented in the

umn in Table 4 shows the cumulati\'e Ihroughpu! efficiency afler eaeh element based on

the me3sured d3ta lrom column 3. 11 is shawn tha! an o\'erall throughput ol73,01~;'WolS

expected. The o"eraU throllghput was measured lor b.urel3 and found 10 be 73.0 ±0.5~;'.

VIII. Discussion and Conclusion

lt has been shown tha! an easy ta assemble, scalable, robmt, wmpact, and modular opti·

c31 power supply spot array generator WOlS sueœssfully buift to dri\'e an acray of 32

Hybrid/SEED modula tors (or use in a four-stage optical interconnect. The success is

based on meeting the specifications which were prt"5t'nIN in Table 1. This table is pre-

sented again in table 6 along with the charactt·ri1:alion rt'Sults. The power requirement

(the se\'enth item in the list) was salislied by taldng inln aecount measurt'd oplical losses

encountered by the Jaser beam Ihrough the optical train (figure 4) of 7B.6~~, and lou al

the fiber coupler which was at worst 50%. Based on the laser source pm\'iding SOOmW,

lhis resulls in spols at Ûle output ol the ors of900~W, uver 3 times the rt"lllired powt'r,

It sholiid be noted that the optical interconnecl, i.e. liKhl originating from the OPS

Ihrough ta the Hybrid/SEED ehip on the lirsl slJge, IhwlIgh the opties 10 lhe Hybridl

SEEDchip on the second stage, ,..'as eslablished, denmnslratinK Ihat the requirements for

the ors were salis lied.

Future oplical intereonnects will mast probably empln)' tht' lI<;e of source ba<;ed lrans-

mitlers (e.g. VCSELs) rather than modulator5. fi(lwe,·er, this is (lnly foreseen to oceur

l,a el. al.·~••n,I""lanonl.loU<ln. and o..xtmullon of 111 (lf'nul Po.. n SUrrl). Arrll~dUrIH" Page 2J or 57 1)C1' ~t. al.· Da'~n. rmrl.rt..n"~~n. &/Id ("huaet<nlllwn of an Opn,..1p".... <;"nl) . An'lIed flr~.' "agI,' 2.Jnr ~7
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XII. Tables

01'5 spot mOlY rcquircmcnl

8 br 4 (ocwed spou on a uniform grid of 125J.lm (\'crtical)
br 250 J.lm (horizontal)

8 addilional peripheral spol~ 10 hillernltl' on LAI (figure 2)

Spot anay posilioned bttween 18.34 ± O.81mm away (rom
the output of the oPS

lIe2 inadiance 'pot radii of 6.·HJ.lm

Siower!han f/6 !Jeanu generaling spot anay

Stable righl·hand circul3.1ly poluized light

Minimal field curvature of !lpol array

Power per spot gftaler than 250J.lW

Power uniCormity across the cnlire array of gU3.1er Ihm
9O\>.

Bearn steering capahililie5 ofbcller Ih.1l1:
±"OOpm lalcrailran.slalion

±0.460 angular de\;a!ion

SpcclralloJerance or 850±Inm

Table 1: OPS Spot Array Rrqulnmrnl~

~

1)'I::r d . .:I.• [)ellilft, IJtl'Im.:nl.ltien. and Cll.~nubon cf Ml ()P\lca! Po"" Surr1y. Arrbd 0pJ'" P3.ge 33 of 57 I}u rI. &1.• 1)a,!".lmrlrrnrl1l.'~')".... J ChUl'lmUUOn of ln 0rllw P"...n SUri Il . "rr1r.d 01'~(1 P.lge l·I nf ~l



~

Det3.il~d Design Requirtment

Spots on a W1Îfonn grid

Spot separation matched SEEO separalion

lIez irridiance spot sile of 6.47..,m

Collimated beam thraugh the planar de·
menlS

Wavefronl Ratneu oC les.s than )./20

Angular alignnrnt of spolarray about opli.
caJaxis

Pilch and yaw alignmenl of spot array with
respect 10 interconnect

MutuaJ angular alignment of chief cays of
ail beams in the spot am.y

Oplical/Optomech3l1icai Solution

Chose a low dislortion Fo~rier lens

Adjwted focal length of Fourier leru by clwlg·
ing e1ement sepuldion

Adjwled focallengtb of collimaling !cru by
changing demcnt separation

Ma.intained the liber (acel al the (ront (ocw of
the collimalÎng lem

Chose a low abcrralion Fourier lens;
Aberration! from other e1ements kept low;
Maintained liber al fronf (ocw of collimating
lens

Rotated MPG ahoui oplkaJ a:\is

Adjwled the difTerence in Ihe> roll position of the
opposed tilt plate.!

Po.sitioned MPG al front focw of Fourier leru:
Cho.se low di.stortion Fourier kw

~ ~

1 Tolerance for
Corner spot of an

Spot 1152'lmoff·Simulation
I%dipping

On·axis spot on-axis spol
axis

''''Y
Distortion ±2.s~m O~m O~m 1.03J1n1

Fieldeulnture ±6JJlm O~m II.SJ1m 46Jlm

Spotsiz.e ±().25~m 6.47p.m 6.S01lm 6.75Jlm

Chief ray angle ±O.7° O· 0.00080 0.0068°

Suehlratio 0,8 0.865 0,857 0.817

IIRMSOPD 14 43.2 43,5 28,9

Table J: SImulation rtsuJlJ and 'oleranee '1duu

Lateral alignment of!pol &Tay 1Rolated the Ri.sJey pri.srns about the oplical axi.s

Table 2: Opllcal and oplomechanlcal degrees-or.rnedom

h'cr cr. al. _Dntsn. t.q,l~nu"cn.and OI.,yVnalion of ... Orllcal PO,," Surrly - Arr~cd OpllCS Page JSofS7 ')" cl_ il. _lloc:"ln. rmrlcn",nl~b,·n.;\Ild n"J"'cnu~on of .1n rJrucal r""cr SUrrl)- •Anhcd {Ij'bu l'age _'(,uf 51



~ ~ A

Estimared Cumulative Me.uured
Calculaled cumulative Comn~pot

Component 1 Ihroughput tbroughput throughput
throughput erficiency Averasc on-axis Averageon-ui.• oC a (i8SJ,tm

effiacncy efficiency effiaency
bMed on mc:3.5W"ed center spot comer!pol .h;[l<d.po! 1

vaIues array BFL 1serac-I Power

Collimaling lem 1 99.6% 99.6% 99.24% 99.2.1%
ation Unir.

zors
" '" field

Collimaling kw 2 99.6% 99.2% 99.24IJ: 9llA8% '"- rurv.
Quarterwave plate 96.8% 96.0% 99.00% 97.50% 'lG zl-- '>0 %G

MPG 76.5% 13.5% 76.47%
6.41 6.47

<63
6.41 18.34 125

74.56% ±O.25 ±O.2S ±O.25 :10,82 ±O.54 1 >90%

Rjjleyprüm 1 99.SIk 13.1% 99.70% 74.:Wk ~m ~m
.llll

~m mm ~m

Risley pmm 2 99.5% 72.7% 99.70% 7·tll% 1 6.41 93.94 0 6.68 90.64 19.25 1.04 94.05 18.11 124.15 nJ.

Till plaie 1 99.5% 72.4% 99.70'k 73.89% 2 6.61 96.13 0 6.62 96.33 Il.50 6.68 95.35 18.00 125.15 nJ.

Tîllplale 2 99.5% 12.0% 99.70% 73.61% 3 6.49 98.13 0 6.41 96.06 38.15 6.80 93.65 18.00 m.15 92.8

Fouricrlens 1 99.6% 11.1% 99,S5% 13.34% 4 6.52 94.16 0 6.51 96.03 0.25 6,53 91.00 18.30 nU5 92.9

Fourier lens 2 99.6'> 11.4% 99.55% 73.01% Table S: Spot and Spol Array Characlerfzatlon

Table.a: Opllcal po"'U budgd tharadrrlzatlon resulb:

l~tI' et. al.• De_III. ~nUbon. ,nd o. ••'Cl~n"'I"'"of an or!l~ol. P.,,," Surpl). Arrbed OrUCII Page 370f 57 I)~r ~l_ aI_. Da,~n.lmrlc",,"uu~n. an4l"an<lcnU\l~" or an 01"1<.... Po".., ",urpt)- • ArI'l,~J fJrU'f Page 3Rof57
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XlII. Figure Captions

Table 6: OPS Spot Amy Requfrnnenu and Charac:letlzallon Resulu
Figure 14: Alignment of the collimating Jenst'S

OPS Spot anay r~quiremrnt

8 by 4 Cocwed spoU on a uniform grid of
12S.00J.U11 by 2S0.00J.lm (±O.5-SJ1rn)

8 additional alignment spou

Back focal length (bll) of 18.3UO.81mm

I/e2 irradiance spot radii of 6.4 7±O.25pm

Siower than F/6 be.um generating spot array

Subie righl hand circularly polariud Iigllt

Minimal field cW"'o'alure < 63J.lm acroS5 spot
arr.oy

Power pee !!Ipot grrater Ihan 25ÛJ1W

Power unifornûty acrou the entire may of
grealer \han 90%

Bearn stetring capabilili~of grea.ler than:
±400~m laleral tnnslalion

±0.460 angular de..iation

Spectral lolerance of 8'sotlnm

ors characterization re.sulls for the 4 barrels

8 by 4 spou on a unirorin grid.ln vertical
direction: RÙn: 124.75~m: mu: 125.J5J.lm

Achie\'ed through MPG design

Min bll:::: 18.00; Max hll =18.30

Min cenler ~pol.~ize= 6.47J.lm
M.1,,\ cenler ~pof siu = 6.611lm
Min corner spot size = 6..nJ.lrn
Mu corner spot size = 6.68J.lm

FlJ2 spou generated

Achiewd in·si lu

Min field OJI\"alure:::: O.25pm
Mu field CUf\"aIUre = 38.75J.lrn

9OOj.l\V pcr spot (see Section VIII)

Arra)' power uniformity >92fl

Bearn sle...ring capabilities of:
±685~m laiera) translation

± 0..190 31lgular de"'ialion

850.0 ± 0.05001

Figure 1:

Figure 2:

Figure 3:

Fîgure4:

Figure 5:

Figure 6:

Figure 7:

Fir;ureB:

Figure 9:

Figure 1û:

Figure 11:

Figure 12:

Figure 13:

Schematic of the unfolded system

Close-up of one stage

5chematic of desired spot array at the output of the ors

light distribution system using pellides

Multiple lenl phase grating

Optical design of the optical power supplY

Photo o( the unassembled ors

Photo of the (ully populated ors, the outer barrel, and the lenslet barrel

3D mechanical drawing o( the ors, the outer barrel, and the lenslet barrel

ors cross-section

Tut plate cell design

Fiber ct'nlering mechanism

ors insertion slug

Figure 15: Frame grab of the generated spot array

Figure 16: Acti\·(' alignmenl measurement setup (or pol.ui7atü.n optimi7alion

Figure 17: Plot of the optic<ll power budget
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XIV. Figures

Figurl! 1: Schem.1tic of the unrolded system

z

x-L

Pixellated
Mirrors
on LAI

PCB

LA2
Hybrid/SEED QWP 2
Smart pIxel
device array pas

,~;~~I~III~~~~~ê Relay

Relay beams
beams to

from next
previous stagestage

~QWPI
1 1 1 l '" LAI

Output
Spot
Array

PiulJaled
~tirTorllmskt

rns+Q~: 9. no", R,by 9.
""=~l,"m~ ".,"

f!f lf~ ~~ -mJ(n..ms• ..,n.

Ekmenls

I.roslel
ArrJY

Prin~~~:(Uit ---t / _ Va

FiJ;ure 1: Clo<;e-ur of onl" .... tage
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1 period

128 pixels

Figure 5: Multiple level phase grating
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OPSbarrel

Figure 11: Tilt pl,}le œil de<>ign

~

JateraJ adjustment screws (x4)

Figure 12: Fiber (t.'tltering me(h,}ni~m

A
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CoUimating lens 2
at its nominal position

Figure 13: ors inst'rtion SillE;

Rod

~ A

50,50 Beamsplitter
Spot size check

J
i .
.. Deamsplitter mount

To collimation check

Figure t 4: Alignment of the collimating )C'nsl's
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