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Abstract 

In order to alleviate the throughput bottlenecks being encountered by high 

speed electronic computing and switdUng systems, research is turning its atten- 

tion toward freespace photonics technology. Of particular interest currently is the 

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

electronic data ont0 an array of constant power beam 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 (l/e2 

irradiance) 6 A 7 p  radi pitched at 1 2 5 ~  in the vertical direction and 2 5 0 p  in 

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

Tight system tolerances demanded careful optical design, elegant optomechanics, 

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

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

characterizaiion results are presented. 



Sommaire 

Les processeurs à haute performance nécessitent d'ore et déjà d'ëtre 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 A l'air libre est présentée. Quatre matri- 

ces de faisceaux de 6.47pm de rayon (rayon défini A l /e2 d'intensité) de 

dimension 8 par 4 séparés de 1 2 5 ~  verticalement et 2 5 O p  hor&ontalement 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. 
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CHAPTER 1 Introduction 

1.1 Motivation 

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 cal1 

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

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

physical limitations of electronics technology, more specificaiiy, 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 (SM) for Silicon integrated circuits [Il. 

Yeu.- 

1995 

1 2004 ( 0.12 ( 10M ( 700 MHz ( 350MHz ( 4026 ( 

1998 

2001 

2007 O. I 20M 1 IGHZ 1 SWMHZ 1 5 9 2 8 1  

Table Ti-i: Semiconductor lndusùy Association Rojections for IC Rates 

Feature 
Size 

(microns) 

0.35 
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0.25 

0.18 

800K 

2M 

5M 

On-Chip 
Clock 

200MHz 

350 MHz 

500MHz 

Off-Chip 
Clock 

100MHz 

Pin-out 
Number 
(Rent's 
Rule) 

980 

175 MHz 

250MHz 

- 

1640 

2735 



On-chip dock rates for current highspeed processor chips are typically 

150MHz, resulting in huge aggregate bit rates of almost 100s of Gigabits per sec- 

ond (Gbps) per printed circuit board [2,3,4,5]. Graph G1-1 shows the trend for 

aggregate throughput for several high-speed processors. 

-+- DEC-ALPHA - Pentiurn 

................... 
. , - :  

- :  

i ................................. 

i 1975 1980 1985 1990 1995 

Y ear 

Graph Gl-1: Aggregate ïhmughput for Selected Processors 

The SIA projections indicate that with the increase of off-chip dock rates 

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

will be in excess of 1 Terabit per second (61. Because the aggregate bandwidth of 

the integrated circuits inside these systems continues to increase, so m u t  the 

capabilities of the intercomection nehvork [7][3]. 

One of the fundamental problems with electrical intercomects is the band- 

width. Quantitatively, fast GaAs transistors have switching times below l0psec. 

However, due to parasitic effects caused by packaging, these rise and faIl 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 inaease to the 

order of more than l0nsec - an overall inaease by 3 orders of magnitude. Other 
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problems encountered with board-to-board eledrical intercomects are power 

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

out, skewing, electro-magnetic interference (EMi), ground lwps, splitting losses 

[BI, and capacitive loading effects [9]. 

An illustration of a typical electrical backplane is shown in figure FI-1. 

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

(1Cs) are comected to one another via an electrical bus comprised of îypicauy 32 

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

chassis, the minimum allowable iine separation, and the dimensions of the electri- 

cal connectors on the PCB. 

/ Printed Electrical & Mechanical 
/ Circuit Support Structure 

Figure FI-1: Standard Elechical Backplane 

Backplane target specifications [IO] forecast 1000-5000 bus comections 

benveen 10-50 boards, bit error rate of 10-14, bus dock speed of lGb/sec, greater 

than lTbit/sec aggregate throughput, and a latency per co~ec t ion  of less than 

h e c .  Based on the limitations of electrical backplanes, an alternative needs to be 

found. 
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1.3 The Optical Solution 

The intrinsic limitations of electrical intercomection networks has led sys- 

tem designers to consider short-distance optical intercomects (Ois) as a way of 

increasing their performance [Il-211. The advantages of OIS over electrical inter- 

connects in terms of bandwidth, comectivity, power consurnption, and skew, 

along with some furthe: benefits are described below. 

Electronic interconnects have a physical limit 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 signals can be transrnitted from board to board, 

increasing the comectivity of the intercomect (i.e. spatial bandwidth). 

As irnpedance matching and capacitive loading are no longer issues in Ois, 

the only power concems deal with the optical losses 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 

Intercomection architectural rnaps (e.g. fan-in, fan-out, projection, perfect 

shuffle) can easily be realized with simple optical componenh (lenses, grat- 

ings, etc.). 

Reconfigurable interconnections are sirnpler to design. 



1.4 The Optical Backplane 

The optical and optoelectronic technologies being considered for board-to- 

board intercomects indude two-dimensional arrays of both surface-emitting and 

modulator-based devices integrated with arrays of electronic processing ele- 

ments, called Smart Pixel Arrays (SPAs) 1241. These smart pixels cari be imple- 

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 FI-2 below. 

1- Optomechanical Structure , 

\ 1 / Sm& Pixel CornmuNcation' Cham~ck 
Electronic I C S  Arrays 

l 

Figure FI-2: Schematic of a Opiical Backplane 

The current state of technology dictates that modulator based optoelec- 

tronics be used for the OIS, as the level of sophistication of large arrays of uniforrn 

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

has as yet not reached the level of adequacy to be used in these systems. A com- 
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parison between different transmitter technologi@ is presented in [26], and has 

been recently reported in [IO]. 

A class of modulator based SPA5 well suited for optical backplane inter- 

connection applications utilizes the Hybrid/SEED technology which combines 

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

with underlying silicon processing electronics [271 [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, unfortmately, that there is a generation 

gap between the evolution of the sophisticated optoelectronics versus the optics 

necessary to drive thern. Anaiyzing the enabling technologies required to build an 

optical backplane [IO], it is easily seen that although optoelectronic VLÇI fabrica- 

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

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

Recently, the Photonics Systerns Group at McGill University has con- 

structed an optical backplane demonstration system utilizing Hybrid/SEED SPAs 

[15] to address 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 opticaiiy power the SPAs in a four stage freespace optical backplane. 

The m l  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 desi@, and Chapter 5 the 
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optomediania. The assembly and afigrunent methodology, and the characteriza- 

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

some higher level issues of opticai power in modulator based systerns. 

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

(Optical Society of Arnerica) 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 systerns. 
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CHAPTER 2 System Overview and 
Optical Power Supply 
Requirements 

In order to establish the teclmical 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 well 

defined requirements, which are presented in section 2.2. 

2.1 System Overview 

The system that was built by the Photonics System Group (McGillU~ver- 

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

the possibiiity and feasibility of building a complex photonic (i.e. optical & elec- 

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

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

(electrical) data nodes via modulator based optoelectronics. 

The four-stage system demonstrator was built in a three-dimensional lay- 

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

(11. The chips were obtained through the ARPAICO-OP/AT&T workshop [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 

col- of detectors and modulators. The modulators of the smart pixel arrays 

(SPAs) were laid out on an 8 by 4 grid pitched 1 2 5 p  in the vertical direction and 

2 5 0 p  in the horizontal direction. The 32 modulator windows had a dimension of 

2 0 p  by 2 0 ~ .  A full description of the chip design is given in 131. A photograph 

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

U 

Modulators 1 2 5 ~  
Detectors 

(Modulator and Detector windows not to scale) 

Figure F2-1: layout of the modulators and transmitters on the HybndlSEED chip 

I 

Figure F2-2: Photograph of the HybridSEED Chip 
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A schematic of the unfolded optical layout of the systern 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). 

Figure FZ-3: Schematic 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 dose-up of one 

stage is iilustrated in figure F2-4. 

Figure F2-4: Close up of one stage 

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

collimated by the ( 1 2 5 p  x 1 2 5 p )  micro-lenses of the first pixelated-mirror/dif- 

fractive lenslet array @Al). The light comprising the spot array needed to be 

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

wave plate (QWP1) (oriented at 45' in the x-y plane with respect to the axis of the 

polariziig beam spiitter (which has as yet not been introduced), it became iinearly 
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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-circularized the polarization, the beam 

array was then focused ont0 the modulators on the Hybnd/SEED smart pixel 

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

lenslet array (LM). 

The primary physical difference behveen the pixellated-mirror/lenslet 

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

that 4 columns of (pixellated) mirrors are interlaced behveen 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-Miror/ LA2 - Second Lenslet Array 
Lenset Array 

Lenslets 
Pixellated Mirrors 

Figure F2-5: Schematic ciifferences between the LAI and LA2 
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The reflected (modulated) light off of the modulators on the Hybrid/ SEED 

chip was then re-coiiimated through the lenslet array ( W ) ,  and its polarization 

liiearized to s-polarization through QWPZ. 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. ïhis 

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

LAI, after passing through the QWPl which circularized its polarization. The 

beams then hit the pixellated M o r s  on LAI, and bounced back toward the 

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

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

1 2 5 p  away from the OPS beams, thus impinging detectors (as opposed to mod- 

uiators) on the Hybrid/SEED SPA. 

It shouid be noted future reference that the QWP1, PBS, and QWP2 were 

pre-glued @y the supplier Meadowlark Optics) into what was collectively called 

the PBSQWF assembly. The PBSQWP assembly, LA1 and W were mounted 

ont0 an optomechanical housing calied 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 Barr 
with OPS and 
Lenslet Barrel 

Vertically mounted 
baseplate 

Commercial VME 
backplane chassis 

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

The optical and optomedianical requirements analysis of the system dem- 

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

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

a full and comprehensive foundation for its design. 

2.2.1 Optical Requirements of the Optical Power 
S ~ P P ~ Y  

The 32 modulator windows ( 2 0 p  by 2 0 p )  on the device array (figure F2- 

1) represent the targets for the spot array having passed though the PBSQWF 

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 sdiematic 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 (i.e. those 

impinging upon modulators on the device array), while the those on the periph- 

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

demonstrator. 

OPS Spot m y  requirement 

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

8 additional peripheral spots 

Spot array positioned between 18.34 5 0.82rnm away from 
the output of the OPS 

l/e2 irradiance spot radii of 6.47pm 

1 Slower than V6 beams generating spot array 1 
Stable right-hmd circularly polarized light 

Minimal field curvature of spot array 

Table TZ-2 OPS Spot Array Requirements 
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Beam steenng capabilities of better than: 
I400pm lateral translation 
+ 0.46' angular deviation 

Spectral tolet-ance of 850elnm 

Table TZ-k 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 Alignrnent spots 

Spot Size o= 6 . 4 7 ~  

Figure F2-7: Schematic of the desired spot array at the output of the OPS 
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2.22 Optomechanical Requirements 

The system demonstrator was built 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 foliowing 

features: 

compactness 

ease of machinability 

ease of assembly 

ease of alignment 

modulariîy 

2.3 Summary 

In order to facilitate 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, ho~ised within a standard commercial backplane VME chassis. From this 

analysis emerged a set of well defined requirements for the OPS. In the foliowing 

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. 
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CHAPTER 3 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 exhemely weil behaved. A light 

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

system demomtrator. 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 illuminate the modulators on the respective Hybrid/SEED chip. 

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

launchedinto the OPS via a single mode polarization maintaining fiber. For prac- 

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

length selection and stabilization (Spectra Diode Labs Mode1 # SDL 8630 Tunable 

Laser Diode System) was used to provide the light for al1 four stages (see figures 

F3-1 or F3-2). A 500mm focal length lem was used to squeeze the beam through 

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

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

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

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

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

Chapter 3 22 



port Model # 2832-c dual-channel power meter equipped with Model # 818-ST/ 

CM detector heads). 

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

1:2 fiber splitters (iDS Fitel Part # AC-PM11-850-FP) as shown in figure F3-1. 

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

rejected. 

Halfwave plate 

h l a t o r  \ 
1:2 Fiber 
Splitters 

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 8850nm @4S0), 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. 

1 Fiber Coupler Polarization Maintaining 
Sinale Mode Fibers 

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

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

850nm (see Note [A] in Append'ix C) - supplied by JDS Fitel Part # A0101564) 

using a fiber coupler (Oz Optics Part # HPUC-23-850-P-6.2AS-11) to provide the 

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

to 850.M.05nm which was within the I l n m  spectral tolerance demanded by the 

SEEDs. 

3.1.1 Optimally Launching Light into a Polariza- 
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 lhe PM fiber's fast axis was 

experimentally verified to provide better polarization stabiiity at the output com- 

pared to launching along its slow axis. The determination of this 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 which produced excellent results. 

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

(HWP1 and HWPZ), a collimating lem and a polarizing beamsplitter (PBS), in 

conjunction with a Newport dual-channel power meter (Mode1 # 2832-c) were 

used to perform 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, Lie optimal orientation of HWPl was achieved by 

the following iterative method: 



Adjust HWPl 

Adjut  H W P ~  to maximize the ratio: P A / ( P ~  + PB) 

r Repeat 

1 HWPl Collimating Lens HWPZ PBS 

Computer Dual Channel Power Meter 

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

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

resulted in variations of f5% of the ratio PA/(PA + PB), while launching light 

along the fast axis resulted in only a M.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-rsllent description: [3], [4]. 

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

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

each OPS. 
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3.2 Characterization of Light Distribution System 

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

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

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

of the pellide 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 SDL 8630 tunable laser diode system was 

given from the manufacturer (Spectra Diode Labs) as follows: - 500mW8 1.92 Amps (821.0 OC maintained by a thermo-electric coder) 

Diffraction limited, collimated beam 

20nm tuning range (845 - 865 nm) 

Center wavelength 855nm - <lOGHz spectral width 

M2,=1.2 

The L-1 (laser power vs. current) cuve  of the SDL 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 tirne. 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 cuves  (the June 

10,96 -'a' c w e ) .  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 smwth LI relationship. 
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, . , . . . . . 
Feb 29,96 - b 

Jan 14,96 

Feb 29,96 - a  

June 10,96 - a 
' J U ~ Y  
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I III' 

June 10,96 - b 

. .... 

Graph G3-1: L-1 Cumes for the SDL 8630 

Power stabiiity measurements were conducted using a Newport 1835 sin- 

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

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

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

temperature instabiiities. 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. 



II 0.4S0 
20 40 60 80 100 120 

Time elapsed in minutes 

Graph G3-2: Power Stability Measuremenk of the SDL 8630 upon Start-Up 

O ' l 
O 1000 2000 3000 4000 5000 6000 

Seconds 

Graph G3-3: Power Stability Measurements of the SDL 8650 after 1 hour 
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It shouid be noted that the SDL 8630 was purchased in the fall of 1994. It 

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

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

but estimated to be approximately 2000 hours @y the manufacturer). As of Mardi 

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

Although spectral behavioral characterization of the SDL 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 cyding. This is 

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

The polarization extinction ratio at the output of the SDL 8630 was mea- 

sured to be 20dB. The anguiar 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 laundied 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 readiig). 

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

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

using three fiber splitters, at the output of the tree a total excess loss of 39 f 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 lOdB and 20dB. (Note that input was better than 37dB). Also, 

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

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

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

Experimental characterization of the pellicles 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- 

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

cles did not effectively degrade the polanzation extinction ratio. 

After optimaiiy 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 %.22%, with an extinction ratio of 28dB. 

3.2.4 Optical Power Budget for the Pellicle Light 
Distribution 

The optical power budget (Le. the optical loss characterization) for the pel- 

licle based light source distribution system is given below in Table T3-1. The val- 

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

of kO.5%. It is seen that the excess loss (not induding the splitting loss) from the 

laser source to the fiber coupler is 74.6% f0.5%. 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 h a h a v e  plate and the PBS. mese were added 

to split light off for other experiments. It is also shown that if 500rnW is supplied 

by the laser, 65.3mW will be suppiied at the input of each OB. As will be dis- 

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

the OPS, and the dernonstrator as a whole. 

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

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

fiber splitting setup. 
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1 OFR Fmday isolator 1 93.0 1 92.3 1 
500mrn lens 

1 200mrn lens 1 98.2 1 90.6 1 

Transmission (Q) 

99.2 

/ 2 Pellicle spliiting 1 25.0 (average) 1 19.6 1 

Cumulauve Transmission (70) 

99.2 

Hnlfwave plate 

PBS 

OFR Glan h e r  polarizer 

1 2 Pellicles 1 96.0 1 18.8 1 

99.0 

95.0 

92.0 

3.3 Summary 

89.7 

85.2 

78.4 

Haifwave plate 

Oz fiber coupler 

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

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

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

mentally verified that both the power loss, as weil as the polarization instabilities 

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

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

ciency, and excellent polarization stability. 
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CHAPTER 4 Optical Design 

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

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

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

facilitate the presentation, the issues pertaining to the optical design of the OFS 

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

are presented in the following. The optical design of the OF'S is presented in sec- 

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

was the multiple phase grating, and a fuil 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 

ï h e  optics were designed to meet all the spot array requirements while 

reducing the optomechanical complexities to a minimum. Aschematic of the opti- 

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

1 (Dimensions are in mm) 

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

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

cornpound coliimating lens (CL1, CL.2). 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 coliimating lens was designed to be 2.30mm. After passing tluough the 

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

beam was then passed through the MPG. nie angdarly diffracted caU'imated 

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

plates (TF' 1 & 2) until they were focused by the compound Fourier lem (FL 1, FL 

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

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

of the focused beams at the output of the L-:5 was f/12.07 (l/e2 irradiance diarn- 

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

A Gaussian beam propagation mode1 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 acijustment of focal 

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

chanical degrees of freedom of the OPS. 

4.1.1 Gaussian Beam Propagation Mode1 

The foiiowing presentation assumes that the reader is farniiiar 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 frorn a fiber has been mathemati- 

cally and experimentally verified [ l  - Ch.71 to approximate a Gaussian beam very 

closely. The transformation of a Gaussian beam through a lem 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 scmtiny as a paraxial wave (i.e. its wavefront 

normals are paraxial rays) [l - Ch.21. Thus the paraxial wave ~ ( 3  (where r = (x, y, 

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

(where j=(-i)'.', and k is the propagation constant equaiiing 2a/L), with a slowly 

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

A(:): 

Applying paraxial approximations to the Helmholtz equation: 

v2u(;)+k2u(;) = O 

results in the paraxial Helmholtz equation: 

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

operator: 

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

the paraboloidal wave [ l  - Ch.31: 

- A 
, 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 - 5, where 5 is a purely 

imaginary constant (-jz,, and z, is real), the solution to equation 3 becomes: 
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Separating l/q(z) into its real and imaginary parts, and defining R(z) and o(z) to 

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

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

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

where (A, = Al / jz,) and: 

1 

l 
hz, 5 

.O = 

where wi'represents the beam waist radius and z, represents the Raleigh range 

(measure of the depth of focus, Le. depth of focus = 22,). 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 lem results in a multipli- 

cation of the complex amplitude trammittance of the lens: exp(jkp2/2f) [l -Ch. 21 

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

beam with a d ierent  radius of curvature and beam waist. This is illwtrated in 

figure F4-2 below. 

Figure F42: 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 beam waist of the 

transrnitted beam (if the output Raleigh range z,b is large in comparison to the 

focal length f of the lem) is approximated by the following relatiomhip: 

For details on the derivation of this approximation, the reader is referred to [l - 
Ch.31. 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 OFS design, there were effectively two lent transfor- 

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

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

waist radius at the fiber facet as o,f, the colliiated beam radius through the OFS 
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as ompg, and the beam waist radius of the focussed beam at the output of the OF'S 

as oMpoi, the following relationships result, after utiluation of equation 13 twice: 

where f f  and f, are the focal lengths of the Fourier and collimating compound 

lenses respectively. It is interesting to note that the does not appear in the 

relationship. It 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 focal lengths 

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

Two-element compound lenses with variable focal lengths were chosen for 

both the Fourier lem and the colliiating lens to account for uncertainties in the 

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

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

configuration [Z] 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 focal length is provided in the next subsection. 

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

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

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

gap. Although a Plossl configuration is sirnilar 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 

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

the Fourier lem due to its exceptionally Bat field. However, commercial Cooke's 

triplets have their focal length specified to only f 1%, compared to 0.4% required 

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

power in a Cooke's triplet is divided very unequaily across the t h e  elements, 

adjusting the focal length requires extremely fine changes to the element spacings. 

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

ing lem had a focal length of 12.90mm, and the compound Fourier lens had a 

focal length of 27.78mm. Advomat doublets were used for ail lenses due to their 

minimal spherical aberration, minimal wavefront distortion, and tight focal 

length tolerance. 

It should be noted that although a true Fourier lem should introducef.sin8 

distortion, at the maximum diffracted angle designed to be 0.006S0 within the 

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

was used due to cost and conve~ence. A more detailed explanation of the Fourier 



lem distortion wiil 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 assumed that the reader is familiar with thin lem paraxial optics in the 

following presentation. 

Figure F4-3 illustrates a single thick lem of thidcness 'f', and some points of 

interest: namely its vertices, VI and VZ, its principal points Hl and H2, and its 

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

sects the lem' 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 optical limit) is defined to be the locus of the (extended) coliimated rays 

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

focal point. The front focal length CYI) and the back focal length ( b ~  are the respec- 

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

Principal Planes 

Figure F43: A ïhick Lens 
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With this set of nomenclature, one is now able to define the expression for 

conjugate points (in the Gaussian form): 

where f, is the effective focal length of the thidc lem, provided that s, and si are 

measured from the k t  and second principal planes respectively (and that s, 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, al1 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 y, will appear to have 

emerged from the lens from a point on the second principal plane at height y2 =y,. 

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

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

(namely HI2 and HzI) (where the first subscript denotes the respective lens), a 

new pair of effective principal planes is created, called Hl and H2 (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: 

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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Figure F M  Compound Two-Element nùck Lens 

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

change inthe compound lens system's effective focal length. Plotted in Graph G4- 

1 is the relationship between the effective focal length to lem separation, given the 

nominal values for the design of the collirnating lens for the OPS, namely fl = fi = 

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

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

8.08mm using the supplier's values for the vertex to principal plane distances). 
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6 7 8 9 10 

Distance between lenses d (not s) (mm) 

Graph G4-1: Effective Focal Length versus Distance behveen Lenses 

Thefl of the compound lem is described by: 

- f i . ( d - f 2 )  
ff' = F I H I I  = d - ( f l  + f , )  

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

the first lem. 

The reiationship between the fl and the lem separation 'd' ranging from 

5mm to llmrn with two 20mm lenses is presented in Graph G4-2. From analysis 

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

a unique position of the compound lem (Le. the lem 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 lem separations is shown in fig- 

ure F4-5. This figure also illustrates the relationship with the output beam diame- 
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ter to the effective focal length of the lens pair (see equation 13). This relationship 

was critical in the alignment of the collimating lenses, and wiii be desuibed more 

f d y  in Chapter 6. 

Distance behveen lenses d (not s) (mm) 

Graph G4-2: Front Focal Distance versus Distance behveen Lenses 

7 

Figure F4S: FFL venus Effective Focal Length and Output Beam Diameter 
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4.1.3 Optical and Optornechanical Degrees of 
Freedom 

The OPS design had a nurnber of optical and mechanical degrees-of-free- 

dom in order to meet the se t  of des@ requirements; these are presented in Table 

T4-1. 

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

weU as the OPS module requirements listed in Chapter 2, a barre1 design was cho- 

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

design wili be presented in Chapter 5. 

Detailed Design Requirement 

Spots on a uniform grid 

Spot separation matched SEED separation 

lle2 irradiance spot sizc of 6.4ïpm 

Collimated beam through the plmar cle- 
ments 

Wavcfront flatness of less than 1/20 

Angular alignment of spot amay about opti- 
cal axis 

Pitch and yaw alignment of spot array with 
respect to interconnect 

Mutual angulv alignment of chief rays of 
al1 beams in the spot array 

Latenl aiignment of spot array 

OpticaUOptomechanic Solution 

Chose a low distortion Fourier lens 

Adjusted focal length of Fourier lcns by 
changing element sepantion 

Adjus~d  focal length of collimating lcns 
by chan gin^: element separation 

Maintaincd the fiber facet at the front 
focus of the collimating lens 

Chose a low aberration Fourier lens; 
Aberrations from other elements kept 
low; 
Maintaincd fiber at front focus of colli- 
mating lens 

Rotated MPG about opticai a i s  1 
Adjusted the differencc in the roll posi- 
tion of the opposed tilt plates 

Positioned MPG at front focus of Fourier 
lens; 
Chose low distonion Fourier lens 

Rotated the Risley prisrns about the opti- 
cal axis 

Table T4-i: 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 . 4 7 p  (l/e2 irradiance) 

radii spots were accurately positioned across the 1 2 5 p  grid with uniform power 

distribution. There exist nurnerous techniques for pmducing 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] to 

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 lem; the grating itself 

representing the 2-dimemional spatial inverse Fourier hansform of the spot array 

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

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

through a grating at discrete angles desaibed by the foiiowing relationship 

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

P. sin(@) = mh 

Figure F4-6: Collimated Beam Difhacted through a Grating 
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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, 5, in the Fourier 

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

tion 20, where h is the wavelength and f is the focal length of the Fourier lem. It 

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

f-sin(8) 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. 

For the system demonçtrator requiring a spot spacing of S = 1 2 5 p  (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 ce11 had a periodicity of P = 3 ï 7 . 8 p  by 

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

had a dimension of P/128 = 2 . 9 5 ~  by 2.95pm, 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 tirne constraints. 

1 period 

128 pixels , 

Figure F47: 8 Level Multiple Phase Grating 
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From the design program, the theoretical diffraction effiuency of the 8 level 

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

AR coated surface). m e  overall uniformiîy of the spots was predicted to be 96.9%, 

defined using the metric: 

where P,,=(P,, + P,,,,)/2. 

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

MPG to be abpg, the number of MPG penods sampled, NPS, is defined to be: 

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

detail in subsection 4.1.1), the focused spot radius, w j  is related to the collimated 

beam diameter by: 

where f is the focal distance of the Fourier lem, and h is the wavelength. 

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

seParation to the 99% spot diameter: 

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

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

be: 
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The number of periods sampled was NPS=6.1, where was designed to 

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

equation 25 [Il]. This value is suffiuently larger than the minimum CR,,, of 3 

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

[121. 

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

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

ing (Le. S=62.5pn to maintain the same field of view) be irnplemented by replace- 

ment of the MPG element alone, withno 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. This resuits in a CR of 3.19, which is still 

larger than the CRmin of 3. 

4.3 Design Tolerancing, Modeling and Simulation 

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

respect to LA1 (figure F2-4) was k400pm. This value was calcuiated from the 

worst-case estimate of the fiber centering within the OPS barrel of I l O O p n ,  which 

resuits in a rr230pm error of the spot array at the output of the OPS. As weli, due 

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

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

tional k l 7 O p  lateral positioning error results. Thus a I400pn error corresponds 

to a 0.54' minimum required wedge angle for the Risley prisms (SFIO glass). 

Wedge angles of l0 were chosen due to availability and cost. 

Anguiar rnisalignment of the fiber input was estimated to be 1' in the 

worst case yielding a 0.46' angular deviation from the optical axis of the chief rays 

of the output spots. To cornpensate for this rnisalignment, a 3mm thidc tilt plate 

(SFIO glass) oriented at 10.4' with respect to the optical axis was required. Tradi- 

tional tilt plate design requires one parallel planar optical element to have rota- 
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tional degrees-of-freedom along the two axes perpendicular to the optical axis 

(pitch and yaw). This approach was not weli-suited for the barre1 housing chosen 

for the OPS, which only conveniently provides optomedianical 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 IO0 (from the optical axis), and by appropriately 

positioning 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 fuli analysis of beam propagation through the optical interconnect 

showed that a 1% 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, 1/W 

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

estimated in OSLO-Pro as the point spread function at the p h e  of best focus 

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

apodization was applied at the first surface of the colliiating lem. The width of 

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

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

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

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

array of 575pm. Table T4-2 shows a sumrnary of results of the simulation using 

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

calcuiated 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 1152p-i away fmm the 

optical axis (representing the outer corner spot of a 5 7 5 ~  diagonaliy shifted spot 



array) is given, along with the allowable tolerance values (shaded for clarity) 

based on 1% dipping 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 l/RMS variation (1/Rh4S OPD) were set at 0.8 and 14 

respectively [13, p 271][14]. 

1 Strehl ratio 1 0.8 1 0.865 1 0.857 1 0.817 1 

Distortion 

Field curvature 

Spot size 

Chier ny angle 

I 1 I I 
Table T4-2: Simulation results and tolerance values 

Tolennce for 
1% clipping 

12.5pnl 

On-axis spot 

mm 

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

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

ation fa11 within the tolerance limits for clipping of 1%. (Note that both the wave- 

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

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

simulation result of 6.75p1-1, which is 0 . 0 3 ~  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 resuit. 

tr63pm 

10.25pm 

M.7' 

Note that the K2$m 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 f 0 . 5 7 ~  which can be denved from an analysis of two distorted 

spots on the same side of the spot array, as shown in figure F4-8 below. 

Corner spot of 
an on-axis spot 

maY 

O P  
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Spot 1 l52pm 
off-axis 

1 .03m 

OPm 

6.47pm 

0° 

1 1.5pm 

6.50pm 

0.0008' 

46pm 

6.75pm 

0.0068' 
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4.4 Optical Power Budget 

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

overall throughput effiuency 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 induding fan-out losses) were estimated to be 100% - 71.4% = 28.6%; 

whiie the losses not induding the MPG were estimated to be only 2.9%. 

Quarterwwe plate 1 96.8% 1 96.0% ( Meadowlark 

Component 

Collimating lens 1 

Collimating lens 2 

76.5% 
Honeywell 
Workshop 

Risley pnsm 2 99.5% 

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

Estimated 
throughput 
efficiency 

99.6% 

99.6% 

Fourier lens 2 1 99.6% / 71.4% / Spindler & 
Hoyer 

Cumulative 
throuphput 
efficiency 

99.6% 

99.2% 

Tilt plate 2 

Fourier lens 1 

Table T43: Optical power budget 

Chapter 4 

Manufacturer 

Spindler 8r 
Hoyer 

Spindler & 
Hoyer 

99.5% 

99.6% 

Pan # 

32-2201 

32-2201 

72.0% 

71.7% 

Planar Optics 

Spindler & 
Hoyer 

custom-made 

32-2265 



4.5 Summary 

The optical design herein presented was simultaneously done in conjunc- 

tion with the optical and optom&anical 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 well defined requirements as listed in 

Chapter 2. The heart of the OFS, 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. 

4.6 References 

B. E. A. Saleh, M. C. Teich, Fundamentals of Photonics, Wiley & Sons, Inc., 

New York (1991). 

RE. Fischer and W.J. Smith, "Modem Lens Design - A  Resource Manual", 

McGraw-Hill, pp. 221-238 (1992). 

F. B. McCormick, F. A. P. Tooley, T. J. Cloonan, J. L. Brubaker, A. L. Lentine, 

R-L. Morrison, S. J. Hinterlong, M. J. Herron, S. L. Walker, and J. M. Sasian, 

"Experimental investigation of a free-space optical switching nehvork by 

using symmetric self-electro-optic-effect devices," Appl. Opt., 31, 5431- 

5446 (1992). 

A. C. Walker, 1. R. Redmond, D. J. McKnight, R. G. A. Craig, G. S. Buüer, P. 

Meredith, M. R. Taghizadeh, 'Construction of an optical cellular logic 

image processor", SPIE Proceedings, 1806, 373-377, "1992 ICO Topical 

meeting on optical computing," Minsk, Byelorussia (1992). 

Chapter 4 



R. G. A. Craig, B. S. Wherrett, A. C. Walker, D. J. McKnight, 1. R Redrnond, 

J. F. Snowdon, G. S. Buiier, E. J. Restall, R A. Wilson, S. Wakelin, N. McAr- 

dle, P. Meredith, J. M. Miller, M. R Taghizadeh, G. Mackimon, S. D. Smith, 

"Fust programmable digital optical processor: optical cellular logic image 

processor", SPIE Proceedigs, 1505,7678,  "Optics for computer: Archi- 

tectures and technologies", The Hague, Netherlands (1991). 

E. Hecht, "Optics", 2nd Ed., Addison Wesley, 1990. 

J. R. Meyer-Ardent, "Introduction to Classical and Modem Optics", 4th 

Ed., Prentice Hall, New Jersey, 1995. 

N. Streibl, "Beam shaping with optical array generators", Journal of Mod- 

em Optics, 36,1559-1573, (1989). 

M.P. Dames, R P. Dowling, P. McKee, and D. Wood, "Efficient optical ele- 

ments to generate intensity weighted spot arrays: design and fabrication", 

Appl. Opt., 30,2685-2691 (1991). 

A. G. Kirk, and T. J. Hall, "Design of binary computer generated holograms 

by simulated amealing: coding density and reconstruction error," Optics 

Communications, 9 4 , 4 9 1 4 9 6  (1992). 

YS. Liu, B. Robertson, D. V. Plant, H. S. Hinton, W. M. Robertson, "Design 

and Characterization of a microchamel optical intercomect for optical 

backplanes", accepted at Appl. Opt. (1996). 

F. B. McCormick, Photonics in Switching, edited by J. E. Midwinter, Aca- 

demic Press, 1993. 

1%. S. Hinton, An to Pho- . . .  
' Plemum 

Press, NY (1993). 

J. E. Midwinter, photonics in s- Academic Press, pp.200 (1993). 

Chapter 4 



CHAPTER 5 Optomechanical 
Design 

Assembly of the components in the OPS required an elegant optomechani- 

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

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

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

larger housing. Optimally, 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, which con- 

strained the cells 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 madiining and mechanical tolerances, needed to 

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

comprehensive account of the OPS optomechanics, more specifically: the descrip- 

tion of the OPS 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 Barre1 

As discussed in Chapter 2, to allow for easy system integration, the OPS 

had to be robust, modular, easy to assemble, and compact. Based on both the opti- 

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

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

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

the fully assembled OPS 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 barre1 was that al1 the optical 

components, except for the last surface of the second Fourier lem, were fuily pro- 

tected 

I 

Figure F5-1: Photo of ihe Unassembled OPS 

/ Outer Barrel 

1 Fdiy populated OPS 

Figure F5-2: Photo of the Assembled OPS, the Lenslet Bmel, and the Outer Barrel 
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A 3dimensional mechanical drawing of the OPS components, the OPS 

barrel, the outer barrel, and the lenslet barrel is given in figure F5-3, and a cross- 

sectional drawing of the assembled OPS 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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I 

Figure F5-4: OPS Cross-Section 

For ease of machining, the barrels were made out of aluminurn, and subse- 

quently anodized to increase the hardness of the alurninum surface. Two Delriitm 

(acetal) [see note A in Appendix Cl rings were then press-fitted ont0 each barrel to 

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

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

for alignment (most clearly 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 thicknesç of the OPS 

barrel wall was 2.5mm + 0.lmm. 
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5.2 Ce11 holders 

The celi 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. Al1 the celis 

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

ized aluminum. The cells for the lenses were machined from ~e1rin""such that an 

interference fit between the ce11 and lem edge surfaces securely held each lens in 

place. Experimental validation on the positionhg of the 50mm Fourier lem 

within its cell showed that only a 50pn urcle was described by the focused spot 

when the ce11 was rotated about the axis of an input collimated He-Ne laser beam. 

The other (planar) optical elements were glued ont0 their respective aluminum 

cells using Norland UV curing glue #61. 

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

localized deformations about the screw/celi contact point occurred on the ce11 

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

sliding-fit clearance necessary, resulting in jarnming. More sophisticated celis 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 Delridm and anodized aluminum; 

Delritm was used for the outer holder, and anodized alurninurn for the inner 

holder. ïlie 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/cell contact 

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

machined to provide a tight interference fit with the inner holder. 
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OPS barre1 

Localized 
deformations 

Figure F5-5: ï ï l t  Plate CeIl Holder 



A close-up of the mechanism to center the fiber to the optomedianical axis 

of the barrel is shown in figure F5-6. Ahigh quaüty FC/PC fiber receptade (Rifocs 

Corporation Part # MPC-108) was chamfered down at 4 5 O  into a cirde of 15mm 

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

rninum) which was locked into place in the barrel, four set suews were dnven 

against the chamfered edge for lateral adjustment. 

lateral adjustment screws (x4) 

cle 

I OPS barrel 

I 

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

is drawn in figure F5-7. The OPS barrel, with a fiber plugged into the fiber recep- 

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

using a 50rnm lem positioned IOOmm away. A CCD camera was fitted with a x10 

microscope objective and calibrated (406 frame-grabbed pixels/500pm), 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 resulted in fiber centering to better than 1 0 ~  from 

the optomechanical axis, well within the +100pm design tolerance. Stability mea- 

surements were conducted on insertion and removal of the comectorized input 

fiber, and no measurable misalignrnent within the f l p n  measurement precision 

was obsemed. 

ors x10 Microscope 

/ f=50mm Objective 
\ 

V-Groove lOOmm lOOmm CCD Camera 
1 

Figure F5-7: Fiber Centenng Experirnental Setup 

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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CHAPTER 6 Assembly and 
Alignment 

The assembiy of the OPS \vas greatly simplified with the aid of an elegant 

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

the OPS required that adjustments be made to the positions of the collimating 

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

alignment procedures are presented in this chapter. 

6.1 Assembly of the OPS 

Assembly of the OPÇ 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 barre1 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 S O p n .  

/ I l OF'S barrel Collimating lem 2 

~ol l ikia t in~ lem 2 
at its nominal position 
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6.2 Alignment of the OPS 

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, adjustrnent of the two collimat- 

ing lenses was required. in order to monitor both of these effects simultaneously, 

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

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

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

place, a 50:50 bearnsplitter was inserted through the barrel window, as  show:^ in 

figure F6-2. The OPS was mounted ont0 a standard Spindler&Hoyer test-rig 

mount for the entire pre-alignment sequence. 

Spot size check 

I , 
'I Beamsplitter mount 

To collimation check 

Figure F6-2: Alignment of the Collimating Lenses 

'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 10pm spot sizes as 

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

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

was qui& to perform, and which yielded acceptable results [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 Mode1 # UT100-PP) which had a resolution of lm 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). 

Power (arbitrary units) 

Graph G6-k Linear Response of the Cohu 4815-5000 CCD Camera 
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Using a 1 0 p  graticule, the CCD was calibrated to a measurement resolu- 

tion of 2.509 frame-grabbed pixek/pm (Le. OROp/pixel) in the horizontal direc- 

tion, and 2.4529 frame-grabbed pixels/pn in the vertical direction. The images of 

the spots were frame-grabbed and curve fitted (in both axes) to a Gaussian mode1 

from where the spot radii were obtained. With an iterative approach of setting the 

collimating lenses for collimation and measurement of the spot sue, the ideal 

positions for the lenses were achieved. An explanation of the expenmental setup 

that was used for the coliimation check is provided in the next subsection. 

Further processing of the spot sue  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 experimen- 

tally acceptable for the system. However, anticipating a convolution effect of at 

most 5%, the coliimating lenses were placed in a position to yield a a spot size 

measurement slightly larger than the 6.47pm target, but still within the 0.25pm 

tolerance, to account for the convolution effect. 

Once the collimating lenses were locked, the beamsplitter and the Fourier 

lenses were removed. Each barre1 was then fully populated with the QWP, MPG, 

Risley pnsms, the tilt plates, and the Fourier lenses, with the prisms and the tilt 

plates at their 'zero' positions. Alignment 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 lodcing of the collimating lenses modified the 

spot size by f 0 . 1 0 ~  on average. 

Spot separation was set by adjusting the second Fourier lem measured 

using the same CCD setup with the x40 microscope objective (see Figure F6-2). 



6.2.1 Collimation Check Experimental Setup 

It was necessary to provide a means to monitor the beam propagating 

through the OFS barre1 for collimation during the adjustments of the coiiimating 

lem 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 collirnation is accomplished by many means (such as 

using a very long focal length positive lem and a CCD camera, or using a shear 

plate [5][6][7]). Another simple technique, the one that was employed for the OPS 

alignment, is described below. 

As shown in figure F6-3, the beam reflected from the first beamsplitter 

(BS1) was issued 3.5 meters down the optical table to a (dielectric) mirror. Simul- 

taneously, the beam was reflected via the second beamsplitter (BS2) to a second 

mirror. Both of the beams reflected from both rnirrors were then reflected off or 

transmitted through (respectively) BS2 to a screen where they were o b s e ~ e d  

(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 

coliiiation. It should be noted that a Gaussian beam (o, = 1.15mm through the 

OPS) diverges as it propagates (as per equation 9 from Chapter 4). Thus after 

propagating a total of approximately 7 meters, the long arm of the beam had a 

beam radius o = 2.00mm (corresponding to a 2 0  area of 12.67mm2), while the 

beam radius of the short arm (having propagated approximately 30cm) was still 

only about o = 1.15mm (corresponding to a 2w 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. 

Chapter 6 



Figure F6-3: Collirnation Check Expenmental Sehip 

Due to the simple and elegant design of ihe optics and optomechanics of 

the OPS, assembly was greatly faulitated by the use of the OPS insertion Slug. as 

well, alignment was relatively straightfonvard, yielding performance characteris- 

tics which met the requirements listed in Chapter 2. A fuil synopsis of the charac- 

terization results is provided in the next chapter. 
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CHAPTER 7 Characterization 

Detailed performance measurements were conducted O:: the four assom- 

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 barre1 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: Frarne Grab of the Generated Spot Amay 
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7.1 Spots and Spot Array 

As mentioned in Chapter 4, the frame-grabbed spots were cuve  fitted to a 

Gaussian beam model. This algorithm provided the l /e2  irradiance spot size. It 

also calculated the Gaussian fit which was obtained by perforrning a chi-squared 

metric between the measured (quantized) data and the best-fit Gaussian cuve  

[1][2]. The Gaussian fit program is given in Appendix B. 

The characterization results for the four assembled and aligned OPS bar- 

rels is summanzed in Tableïï-1. For each barrel, the foliowing information is p r e  

sented as follows (with the measurement precision in parentheses): Average spot 

size, o (50.10p), and average Gaussian fit, %G of (a) the four central spots of an 

on-axis spot array, and @) the four corner spots of an on-axis spot array. Note that 

the average axial position of the corner spots ( 5 1 5 ~ )  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 6 8 5 p  diagonally shifted spot array is also pre- 

sented ( 6 8 5 ~  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 behveen the last lem surface to the spot array) is 

given (M.lrnrn) for each barrel. The last hvo columns in Table ïï-1 respectively 

are the spot separation (50.2pn-1) and power uniformity (51.0%). For convenience, 

the tolerances for the spot size, field curvature, back focal length, spot separation, 

and power uniformity 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 M.2pm, which is below the 

H.57pm tolerance for 1% clipping, and therefore acceptable. 

Power uniformity of the spot arrays were obtained from a hame-grabbed 

image using the linear 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 intemity un&) per spot by sumrning the 
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pixel elements within each spot's elementary cell (of 1 2 5 ~  by 2 5 0 ~ ) .  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 spatiaiiy 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 diierence (to within measurement 

precision) behveen the measurements for barreis 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 ï7-1, that al1 measurements but two fit within the speci- 

fied tolerances. The spot size of an outer corner spot of a 6 8 5 ~  diagonally shifted 

spot array was measured to be 7 . 0 4 p  for barrel 1, and 6 . 8 0 ~  for barrel 3, both 

larger than the aliowable tolerance. Noting, however, that since the fiber was cen- 

tered to better than 1Oprn within the OPS barrel (as presented in Chapter 5), com- 

pared to the f 1 0 0 p  tolerance (as presented in Chapter 4), it was only be 

necessary to laterally shift the spot array by at most k200pn and not 685pm. Thus 

these values were disregarded, as they were never reached when the OPS was 

integrated in the system. 
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Average 
center spot 

on-axis may 

Corner spot 
of a 6 8 5 p  
shifted spot 

Average corner spot 
on-axis anay 

Separ- 
ation 

Power 
Unif. BFL 

nla 

6.57 96.0 O 6.53 97.0 

bleT7-1: Spot and Spot Array Characte 

18.3 - 
ration 

7.2 Spectral Behavior 

Observations using the TecOptics Spectrum Analyzer-(~odel # V3S23 

driven with a Mode1 # SA-1 Ramp Generator) indicate that badueflections from 

the components of the OPS do not have a noticeable impact on the spectral behav- 

ior of the laser. The Faraday isolator (figure F3-2) provided a nominal -40db of iso- 

lation and was required to achieve this performance. 

Measurements on the polarization stabiiity of the light from the OPS were 

conducted. During pre-alignment, an O E  barre1 was populated with oniy the 

two coliimating lenses and the QWP as shown in figure F7-2. A PRS-QWP assern- 

bly (as mentioned in Chapter 2) was placed at the output of the OPS. The light 
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transmitted through the PBSQWP assembly is labelled as PA and the unwanted 

leakage light, as PB 

- 

I 

OF'S barrel 
QWP PBS QWP 

From laser 
source 

Power / 
meter A / 

PM fiber Quarterwave 

PA , 
power meter 

Figure F7-2: Polanzation Stability Active Alignment Measurement Setup 

By using an iterative computer-based 'real-tirne' visual feedback alignment 

teduiique (very similar to the teduiique 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 maxirnized the ratio as given below in equation 26: 

PA Throughput = - 
PA + P B '  

Measurements on the throughput through the PBS-QWP assembly was 

conducted. Maximum light throughput of 95.26% 3.28% over tirne was mea- 

sured using the ratio given in equation 26. 
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The non-ideal throughput of 95.26% was primarily incuned by the trans- 

mission efficiency of the PBS itself (specified to be 96.16% for p-polarization). The 

remainuig 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 weU as the two attached to the PBS by 

the supplier). Polarization stability is demonstrated by the 3.28% t i ~  - variation 

of the transmitted iight. 

7.4 Beam Steering 

Measurement results conducted on the lateral steering travel of the Risley 

prisms on the spot array were k685 ( 5 % ~ )  from the optical axis. Measurement 

results on the angular steering coverage of the tilt plates were 3.49'(+0.08'). 

These values are better than the MOOpm and 0.46' lateral and angular steering 

requirements as spellfied in Table T.2-1 to compensate for the aiignment 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 opticol 

elements of the OPS individually with a precision of 3.5%. The values for barre1 3 

are presented in the third column of Table T7-2, in relation to their expected (spec- 

ified) values (columns 1 and 2 - reproduced from table T4-3). The f ia1 column in 

Table TI-2 shows the cumulative throughput efficiency after each element, based 

on the measured data from colurnn 3, not including the MPG. It is shown that an 

overall throughput of 95.6% was expected, exsluding the MPG. 

The value for the efficiency of the MPG was determined indirectly after 

experimentally measuring the throughput of the entire OPS. n i e  technique that 

was employed is presented in the next subsection. 
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cumulative 

1 Collimating lens 2 1 99.6% 1 99.2% 1 99.2% 1 98.5% 1 
1 Quartenvave plate 1 96.8% 1 96.0% 1 99.0% 1 97.5% 1 

1 Tilt plate 2 1 99.5% 1 72.0% 1 99.7% 1 96.3% 1 

MPG 

Risley prism 1 

Risley prism 2 

Tilt plate I 

Table TI-2: Opiical power budget characterizaiion results 

76.5% 

99.5% 

99.5% 

99.5% 

Fourier lens 1 

7.5.1 Measurement of OPS Throughput Efficiency 

in order to remove the effects of power fluctuations of the laser on the mea- 

surements, the Newport 2832-c dual channel power meter was used. Since the 

~ e w ~ o r t d e t e c t o r  heads that were used (Mode1 818-ST/CM) require the area of 

the detector be maximaliy covered by the light (Le. it is inaccurate in reading 

focussed spots), it was necessary to make each measurement with a coiiirnated 

beam impinging the detector head. 

73.5% 

73.1 % 

72.7% 

7 2.4% 

Fourier lens 2 1 99.6% 1 71.4% 1 99.6% 1 95.6% 

99.6% 

in order to obtain the value of the total power in al1 the output spots with 

respect to the power emitted by the PM fiber at the input of the OPS, the follow- 

ing steps were performed: 
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Step 1: Using an OPS outfitted with only 2 coliiiaüng lenses, the power of 

the output coliimated beam was measured (PAl/PB = 0.562) as shown in 

figure F7-3. Thus the input power Pm can be determined by dividing the 

measured efficiencies of the collimating lenses (qC = 0.992). 

Dual Channel 
Power Meter 

Figure F7-3: Step 1 - (PA,/PB) 

Step 2: A Spindler&Hoyer x20 microscope objective (Part # 03 8713) was 

uçed to collimate a focusçed spot at the output of the OPS. In order to ver- 

ify it's throughput efficiency (specified by the manufacturer to be 76.13% Q 

850nrn), hvo Fourier lenses were inserted in the OPS to focus the spot. The 

power of the coliimated beam at the output of the microscope objective 

(PAî/PB) was measured to be 0.424, as shown in figure m. Since the effi- 

ciency of the Fourier lenses were known a priori (qF = 0.996), the efficiency 

of the objective could be found. 
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Th-, q~ was determined to 76.1% (a slight disaepancy with the quoted 

value). 

Fiber OPS Barre1 
Coupler I 

D I 
/ 

/ 

PB 
,' 

/' 

Dual Channel 
Power Meter 

Figure F7-4: Step 2 - (PA2/PB) 

- Step 3: The barre1 was then fuily popuiated as shown in figure F7-5. One of 

the spots of the spot array was coilimated using the x20 microscope objec- 

tive (PAJ/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&) (on average) was then deter- 

m&ed by: 

T ~ U S  the total throughput efficiency of the OPS (PA4/Pwy40 (note the '40 

multiplicative factor to indude the total number of spots) was determined 

to be: 
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Fiber OPS Barre1 

E=- 

PB /' 

Dual Channel 
Power Meter 

Figure FI-5: Step 3- (PAJIPB) 

The estimated throughput efficiency of the OPS (last row in Table T7-2, 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 tb 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 

numbers for aii the components from Table ï7-2, the total h u g h p u t  was: 

Thus, dividing this value from the measured throughput of 70.9%, the 

derived dfiaction efficiency of the MPG was: 

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. 

[[ppected efficiency m p e c t e d  cumulativeefficiency 

Measured efficiency measured  cumulative efficiency 

Figure F7-6: Plot of the Optical Power Budget - Expected and Measured 
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Charactenzation results that have been presented in this chapter show that 

the four OPSs 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. 
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CHAPTER 8 Discussion 

It is dear that in order for the current state of rnodulator based optoelec- 

tronics to establish a strong technical foundation frorn 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- 

sïble. 

8.1 Increased Optical Power through the System 

While the body of this thesis provided a thorough experimental account of 

the design, irnplernentation 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 rnodulator based optoelectronic systerns. 

Optical power is the most crucial criteria in design of optical intercomects. 

Increased optical power results in a multitude of irnproved 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 ternperature will reduce 

the engineering efforts needed in thermal management. 

More optical power wiii 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-'~ [Il). 
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I Received Power on Detector (pW) 

Graph GEl: Data Bit Rate vs. Received Detector Power - Single Rail - (BER 10"') 

A similar plot is also shown in graph G8-2 for a dual-rail receiver 

design operating at a bit error rate of IO-'* [2]. 

Power on Receiver (microwatts) 

Graph Gâ-2: Data Bit Rate vs. Received Detector Power - Dual Rail - (BER 1~'~) 
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At a fixed data rate however, more optical power wili therefore aliow the 

chip designer to make the detector (and modulator) window sizes larger, 

relaxing the optics-to-chip alignment tolerances significantly. 

Larger window sues means that larger, and thus more manageable beams 

need to be handled though the intercomect. Larger lenslet arrays or bulk 

optics, for example are easier to align with respert to one-another. 

Larger beam sues relaxes the size of the size constraints generally imposed 

on free-space optical intercomect systems. 

Higher optical power lowers the need for expensive low-reflective optical 

components and highiy efficient lenslet anays 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 overali cost in the system design, (not including the 

increased cost of supplying more optical power to the system), as well 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 intercomects. 

The cost of supplying highly controlled optical beams (i.e. spectra, polar- 

ization, power) does not come cheaply. For example, a 150nW CW Distributed 

Bragg Reflector laser diode (from Spectra Diode Labs) costs $3800 (US). Cheaper 

200mW CW lasers without an interna1 grating are also available (fmm SDL) 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, assurning a link efficiency of 60% between stages, a bit enor rate of 10-14, 

100pW differential power incident on a receiver for a lGbit/sec operation (see 
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Graph G8-Z), 70% efficiency of the OPS, and a modulator reflectivity 15% (low) 

and 30% (high), the necessary optical power required per stage would be l.ZW/ 

stage. 

Projected improvements of both modulator and receiver performance [3] 

indicate that with a modulator reflectivity of 5% (low) and 95% (high), and a 

lGbit/sec receiver sensitivity of -8pW, 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 moduiators on the system's optoelectronic chip (i.e. a 16 by 8 array of 

modulators pitched at 62.5pm by 125pn), then only a simple redesign of the MPG 

wouid be sufficient to produce the new spot array. Technically, based on the com- 

pression ratio versus number of penods sampled (CR vs. NFS) argument pro- 

vided in that section, it would technically be feasible to generate a 16 by 16 spot 

array, within the current optical linci optomechanical design of the OPS, if the 

modulators were laid out on the chip on an even pitch of 6 2 . 5 ~ .  
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CHAPTER 9 Conclusion 

This thesis presented an opticaliy simple approach to drive an array of 32 

Hybrid/SEED modulators for use in a four-stage optical intercomect, while illus- 

trating two critical points: namely, (i) the optical design must be done in conjunc- 

tion with the optomechanical design, and (i) 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 T2-1. 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 optical losses 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 OPS of -900pW, over 3 times the required 

power. It should be noted that the optical intercomect, i.e. light originating from 

the OPS îhrough to the Hybrid/SEED chip on the first stage, through the optics to 

the Hybrid/SEED chip on the second stage, was established, demonstrating that 

the requirements for the OPS were satisfied. 

I OPS Spot m y  requirement OPS characterization results for the 4 
bmels 

8 by 4 focused spots on a uniform grid of 
125.00pm by 250.00pm (-10.57pm) 

Chapter 9 

8 by 4 spots on a uniform grid. In vertical 
direction: min: 124.75pm; max: 
125.15um 

8 additional alignment spots 

Back focal length (bfl) of 18.34M.82mm 

Achieved through MPG design 

Min bfl = 18.00, Max bfl = 18.30 

Table Tg-1: OPS Spot Anay Requirements and Chnracterization Results 



OPS Spot m y  requirement 

1 Spectral tolerance of 850klnm 1 850.0 IT 0.05m 1 

OPS charactenzation results for the 4 
h m l s  

lie2 irradiance spot radii of 6.47W.Zpni 

Slower than fi6 beams generating spot 
-Y 

Stable right hand circularly polarized light 

Minimal field curvature < 63pm across 
spot m y  

Power per spot greater than 250pW 

Power uniformity across the entire array of 
greater than 90% 

Beam steering capabilities of grcater than: 
f 400pm lateral translation 
f 0.46' angular dcviation 

Table Tg-1: OPS Spot Array Requirements and Characterization Results 

Min cen"rsPot = 6.47Fm 
Max center spot size = 6.61pm 
Min corner spot size = 6.47pm 
Max corner spot size = 6.68pm 

fi12 spots genented 

Achieved in-situ 

Min field curvature = 0.25pm 
Max field curvature = 38.7Spm 

900pW per spot (sec Chapter VIII) 

Amy power uniformity >92% 

Beam steering capabilities of: 
f685pm lateral translation 
+ 0.49' angular deviation 

Future optical intercomects will most probably employ the use of source 

based transmitters (e.g. VCSELs) rather than modulators. However, this is only 

foreseen to  occur after a few years once VCSEL techology 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 [Il. 

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. This paper has shown that for the first t h e ,  a compact modularized 

spot array generator has been built for use in a modulator based optical intercon- 

nect, successfully taking the first step in bndging the generation gap behveen 

sophisticated Hybrid/SEED optoelectronics and optics. 
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APPENDIX A OSLO Design Specs 

Domuiic Goodvill - University of Colorado (1995) 

.LDiS DATA 

M f f i i l l  Fiber to spot acray plane 

Quarter wave plate 

13 -- 

AIR 

AIR 

SE56 C . 
AIR 

AIR 

AIR 

-56 C . 
AIR 

AIR 

BK7 C 

AIR 

AIR 



14 - 1.587500 10.000000 

1 5  B E  active -- 10.o0o000 

BPG active surface 

SIUVL C 

A I R  . 

1 6  -- 2.000000 10.000000 A I R  

1 7  ELmIFXI 2.000000 10.000000 SFIO C ' 

1 8  Risley pris -- 10.000000 A I R  Risley prism 

19 -- 2.000000 10.000000 A I R  

20 ELmmn 2.000000 P 10.000000 . T l 0  P ' 

2 1  Risley pris -- 10.000000 A I R  Risley prism 

22 -- 7.000000 10.000000 A I R  

23 lZEmXI 3 .O00000 10.000000 SFlO C . 
24 T l l t  plate -- 10.000000 A I R  . 

Ti l t  plate t o  correct chief ray angle eno r  a t  spot array plane 

25 -- 7.230600 10.000000 A I R  

26 25.483000 5.000000 9.000000 BK7 C 

27 -21.909000 1.500000 9.0000nO F2 C 

28  -139.240000 -- 9.000000 A I R  

29 -- 5.240000 11.250000 A I R  



F2 C 

A I R  

AIR 

S m  OF LENS 

AlmTYEE 

h t rance  beam radius : 

Object num. aperture: 

Image num. aperture: 

EIELD 

Field angle: 

Gaussian image height: 

c 0 m G A m  

Object distance: 

Gaussian imge d is t . :  

Overall lens length: 

Paraxial nngnification: 

çmEaATA 

ht rance  pupil radius: 

Eiit pupil radius: 

kgrange invariant: 

Effective focal length: 

Innge axial ray slope: -0.100971 

F-number : -34.163358 

Working F-number: 5.067612 

Object height : 0.100000 

Chief ray ims height: -0.216467 

Srf 1 to prin.  p t .  1: -127.817751 

Srf 33 t o  Win. p t .  2: 281.580594 

Total track lenqth: 94.636317 

Sr: 33 to  image s r f :  18.325217 

Srf 1 to  a t r a n c e  pup.: -- 

Srf 33 to  exit pupil: 41.193372 

Petzval radius : -10.460685 



APPENDIX B Gaussian Fit Program 

% This program takes a 2 dimensional array called 'A' 

% This program is a modification to 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 al1 the data, and : 

% 1; 
% following al1 the data. 
% The text file should be a .m file, so that it can be 
% executed by MATLAB 

cla; 
cl£; 

w0=6;% wo is the first guess at the beamwaist 
wl=l.S*wO;% wl is a final guess at the beamwaist 

delt-x=0:% force the gaussian fit to shift 
deltj=O;% delt < O - -> shift to the left! 

% write the text file into matrix A 

peak = max(max(A) ) ; 

B=A/peak;% normalization 

% find the peak position (rw~max,clm_mnx) £rom the B; 

for i=l:m 
for j=l:n 
if B(i, jl > peak 
rw-max = i; 
cl-ma% = j ;  



peak = B(i, j); 
end 
end 
end 

% normalize the matrix 

% pick up the row and column which contains the Peak 
rw = B(w-max, : ) ;  

clm = B(:, clmmax); 

% Gaussian curve fitting 

%-- - - -% fitting for row---x! 
for w = wO : w0/200 : wl 
for i=l:n 
j=-clm-max-delt-x+i; 

gauss_x(i)=exp(-2*j^2./(~.^2)); 
end 

errfit-new-x=stdigauss-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-x(i)=expi-2*jA2/(w-best-xA2)); 

end 

% Gaussian fit metric 
% ks stands for the Kolmogorov-Smirnov Test 
%?zef: p617 of 'Numerical Recipies in Fortzan 
% -  The art of Scientific Computing 2ndEd" 
%William H. Press Saul A Teukolsky, William T. Vetterling 
%Brian P. Flannery 
% This book was borrowed from Professor Peter Kabal. 

ks=O; 
sum=o; 
for i=l:n 
diff=gauss-best-x(i)-rw(i); 
sum=sum+dif fA2; 



if abs (di£ f) >ks 
ks=abs idif f) ; 
end 
end 
tmp=(sum)^(O.S); 
x-metricl=(l-tmp)'100; 
x-metric2=(l-sum)*lOO; 
x-metric3=(1-ks)*100; 

% - - - - - O  fitting for column---y! 
for w = wO : w0/200 : Wl 
for k=l:m 
1=-rw-mx-delty+k; 
tpy(k)=l; 
gauss~(k)=exp(-2~1^2. / (w.^2) ) ; 

end 

errfit-newy=std(gaussj-clm'); 
if errfit-newy c errfitj 
errfity = errfit-newy; 
w-besty = w; 
end 
end 

% best Gaussian fitting for the column-cut: 
for k=l:m 
l=-rw-mx-deltj+k; 

gauss-bestj(k)=exp(-2*1^2/(w-besty^2)); 

end 

% Gaussian fit metric 
ks=O; 
sum=o; 
for i=l:m 
diff=gauss-besty(i)-clm(i); 
sum=sum+dif f "2; 

if abs(diff ) > ks 
ks=abs(diff) ; 
end 
end 
tmp=(sum)^(0.5); 
y-metricl=(l-tmp)*100; 
y-metric2=(1-sum)*100; 
y-metric3=(1-ks)*100; 



%fprintf('xfitl: %g.xfit2: %g. xfit3: %g.best-w-x: %g.\n', xmetricl, 
x-metric2, x-metric3, w-best-xi 
fprintf ('xfit: %g %g %g. best-w-x: %g.\n', xmetricl. x-metric2. 
x-metric3.w-best-x) 
%fprintf('yfitl: %g.yfit2: %g. yfit3: %g.best-wj: %g.\n'. y-metricl, 
y-metricl, y-metricl, w-bestji 
fprintf ('yf it: %g %g %g. bestwj: %g.\nS , y-metricl. y-netricl, 
y-metric3, w-bestj) 
w-avg=(w-best-x+w_bestj)/2; 
fprintf('average w= %g\na. w-avg) 

x-calib = 2.509; 
y-calib = 2.4529; 

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\nS, wavg) 

% plot the curve of the row and column 
subplot(2, l,l), plot(rw, 'g') 
grid on 
hold on 
subplot(2,1,2), plot(c1m. 'r') 
grid on 
hold on 

subplot(2.1.1). plot(gauss-best-x. 'y') 
subplot(2,1,2), plot(gauss-bestj. 'y') 
xx=I0:0.1:3001; 
yy=sin(xx); 
sound(yy) 
break 

% END 



APPENDIX C Notes 

[A]  PANDA'^, Polarcortm, and Delrintm are trademarked names. The mention 

of these brand names in this paper is for information purposes only and 

does not constitute an endorsement of the products by the author or 

McGill University. 
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to be 5.6pm. The coUimated beam diameter ai  the outpui of Le coUimating lem i r i s  

deigned I o  be Z.Mmm. Aller passing through the zemarder quatienva\.e plate (QIVP) 

I o  right-hand circularize ib p o h ~ a l i o n ,  the beam <var then pars@ through Ihe W C .  

The rngulrrly dülmcted collimated b e ~ m  then pmpagaled thmugh the Rirley beam 

sieerers ( R B  1 & 2) and tilt p la te  (Ti' 1 & 2) untii they were focured by the rompaund 

Fourier lenr (FL 1, FL2) tospob in the F o u r i e r p l ~ m .  

lbodement  compund len re  54th variable local lengthg were charen for both the Foii- 

rier l em and the coüimating lem toaccount for uncertainlies i n  the mode field diimeier 

of the input liber, the l rnr  focal length rpedidions, and ibcrratianr of the beamr 

thmugh the Offi. The lenwr were ariented in the Peavrl canliguration 1251 which p r i r  

\ i d d  t h e k l  performance i n  termr of abcintionr, fleribility. optical p w e r  dwision. 

rùe, and ca l .  I n  the i 'etrvil configuraiion, theoptical powcr i r  rp l i i  equdly bptween the 

iwo parts of wch  compund Ienr. Hence Ihe aberration il minimizd, and the focal 

lengthofthe lem is eary to adjuit with high reolution by altering theair gap. Althaugh 

r P l a r l  conliguration i r  simili,, rimulationr showed that in aur application, the Petzvil 

configuration gave lower aberrations for each spot. A Cmke's triplet, which har been 

ured in an airlier modulaior array application 12611271. was anothei option for the Fou- 

rier l em due I o  ib except~onally flal field. Howwer, commercial Cwkei  hipleb have 

their 1-1 length spedied IO only fl%, compired to 0448 required for the OPS opucal 

de ign  lodd ine  the correct spot sepamlion. Since the optical power i n  a Cmkr'r triplet 

is  divided rery unqual ly acrorr the three elementr, adjurling the focal length r q u i r n  

exirrmely fuiechanger Io theelement rpncuigr. 

BI .Du'". Inp!rmnuurn. .ndOi .nmuuonolui  Cviiril P o - o S u d r . A p p h d  DpUi. Page II of 57 

At theii nominal (Petir~l<onfigurrtion) po4iiunr. the rnmpound collimating lrnr hrd a 

focal lengthof 12.90mm and thecomp<iiind Fourier lem had a foral length 0127.78mm. 

Il should be noted lh~tal ihough a triie Fuwier lem should introduce f.siut7dirlortionn il 

the maximum dilfracted angle dmgned I o  be 0.006k within the Oi5, the small angle 

appmrimationr hold. Therefore, an off-ihe-rhelf lem pair war ured due locmt and con- 

venience. 

B a r d  on the nnmind numberr iired in  the rrptial design, t h e s p ~ d  ( I l#)  of the fixuied 

bems al theouiput olIhe015ivar 1/12 O7 (I/rlirradiin~ediaineterof l.Mmm). This i r  

weU within the I l 6  w i ~ d o w  demmded by the lendeb. 

The Offi opiicrl and optame~hanical design had a number a l  optical and merhanical 

degres-of-ledom in  order Io meel the set of design requiremenls; thee are presenied 

in  tablez. 

By analysis of thee optical and optomechanical degrmur- l r tvdom as well as the OP5 

module requiiemenlr lirted in  Spctirm II, a b a r d  design %var chusen l u  hourc the ele- 

mentr of the OPS. hlore inlormalion abmit the oplom~hanical  de ign  will be prprenied 

in Section V. 

C. Derign Tolerrnting 2nd Simulation 

The loial eslimited lrlrral eirurof the pinilion of therpul array wilh re rpc l  10 L A I  ( 1 1 ~ -  

urr 2) <var MOOpm. Thir \,alue W.% calculafed front the worrl-cnre edimale of the fthei 

centrring iviIhin the OPS barre1 <if iltXipm, which r r i i i l b  in a I230pm errur of the spot 
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XIII. Figure Captions 

Figure 1. Lhematic of the unfolded ryrtem 

Figure 2: Clorei ip  of oneslage 

Ftgure 3: Schematic of deired spot array a l  theoiitpiit of theOPS 

Ftgure J: Light dirbibulion syrtrm uring pel l ic l~s 

Figure 5: hlultiple l evd  phare grating 

Figure 6 Opl icd design of theoptical pawer rupply 

Fjg i~re 7: Photoof the unasrembled OPS 

Fagurr 0: Photo c i l  the fully popii laird OPS, i heo i~ ts r  barrrl, and the I ~ n r l c t  b i r r r l  

Figure 9: 3D mechanicol drawing of the OPÇ, the o i i t r r  barrrl, and the Ien4et barrd 

Figurr li): OPSuosr-SR-lion 

Ftgure Il: Tdt plaieceIl d e i g n  

Figurr 12: Fiber ceniering rne=hinirm 

Figure 13: OPS insertion r l ug  

Figure II: Alignment of the collimaling Iensrs 

Figurr 15: Frame grab of thegenerated rpotarray 

Figurr 16. Active alignrnenl mearuiemeni reii ip for polarilafi i in < ip l rmi ia l~on 

Figure 17. l'loi of the optical powrr  budget 
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Figure 5: Multiple level phase grating 
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