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ABSTRACT 

This thesis explores the free-space experimental implementation and monolithic 

adaptation of the Equality subsystem from a parallel relational database optical machine 

called the Multi-Wavelength Optical Content-Addressable Parallel Processor (MW-

OCAPP). MW-OCAPP uses a novel polarization- and wavelength-encoding scheme to 

achieve an input/output-limited experimental peak bit comparison rate of 96,000/sec. 

Recognizing the severe diffraction-limit penalty for using a free-space optical processor 

with relatively long path lengths, a system based on guided-wave optics called the 

Equivalency Processing Parallel Photonic Integrated Circuit (EP^IC) was developed. 

Although algorithmically identical to MW-OCAPP's equality operation, EP^IC's peak bit 

comparison rate for a similarly configured machine is over six orders of magnitude f^ter. 

It achieves this substantial performance advantage by making use of integrated high

speed detectors and electro-optic modulators. This integrated circuit solution provides 

relatively low-power operation, fast switching speed, a compact system footprint, 

vibration tolerance, and a design that is highly manufacturable. 
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1.0 INTRODUCTION 

Databases are emerging as the most important ingredients in information systems. 

Database systems are becoming the backbone of (1) business, (2) computer-aided design 

and manufacturing, (3) medicine and pharmaceuticals, (4) geographic information 

systems, (5) defense-related systems, (6) multimedia (text, image, voice, video, and 

regiilar data) information systems, among many others. 

Searching, retrieving, sorting, updating, and modifying non-numeric data such as 

databases can be significantly improved by the use of content-addressable memory 

(CAM) instead of location-addressable memory [1,2,3]. CAM-based processing is not 

only more akin to the way database users address their data (in parallel), but it is also 

faster than location-addressing schemes since the overhead cost of address computations 

is completely eliminated. Using the CAM model, the absolute address location of each 

object has no logical significance; all access to data is by content. Therefore, the CAM 

model is a naturally parallel form of database representation and manipulation with 

potential benefits in simplicity of expression (programming), storage capacity, and speed 

of execution. Unfortunately, large computers based on CAM have not been realized due 

to the difficulty and high cost of implementing them in conventional electronic 

technology. Until now, CAMs have only been included in computers systems as small 

auxiliary units [4, 5, 6]. 

If the CAM model is implemented electronically, it will face several serious 

obstacles. First, due to large signal fan-in/out vectors an electronic CAM can only 
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practically compare a single comparand against the array at any one time. If multiple 

comparands are to be matched, the task must be subdivided in an iterative process. 

Second, an electronic CAM has a serious limitation in terms of moving data in and out of 

the processor. If a search request results in multiple matches, each of these matched 

words must be read-out serially. This input/output bottleneck becomes increasingly 

problematic as the CAM array size scales-up. Thirdly, the traditional electronic CAM 

faces many technologically-daunting issues such as high bit cell complexity, low storage 

densities, clock skew and interconnect latencies. MW-OCAPP solves many of these 

problems in part by introducing optics to implement the extended multiple-comparand 

CAM model. 

Optics can alleviate the cell complexity of CAM-based storage cells by migrating 

their interconnects into the third dimension [7]. The high degree of connectivity available 

in free-space and fiber-based optical interconnects and the ease uith which optical signals 

can be expanded (which allows for signal broadcasting) and combined (which allows for 

signal funneling) can also be exploited to solve the interconnection problems. The multi

dimensional nature of optical systems presents an additional degree of freedom (spatial) 

for the design of parallel input/output (I/O) over pure electronic I/O systems [3,8]. Data 

can be retrieved and stored as pages in optical storage systems such as page-oriented 

holographic memory (POHMs), volume holograms, or optical disks [9,10,11]. The use of I 

optics greatly reduces the disparity between CAM-based processing and data I/O found in 

electronic systems. 
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Several other optoelectronic database processing systems have been proposed in 

the literature. The Optical Data Filter (ODF) and its optoelectronic derivatives 

[12,13,14,15,16] utilize smart pixel technology [17] that merges the parallel 

interconnectivity of optics with the fast switching speed of electronics. Highlights of the 

system include simplicity of design and speed of execution. Restricting optics to mere 

interconnections, however, limits the amount of spatial and functional parallelism that 

can be extracted from the system. Recently, a 3-D Optical Database Machine (OCAM) 

has been proposed [18] that is able to perform X m-bit equality comparison operations 

in a single step. It utilizes a photo-refractive matrix-to-matrix multiplier [19] as the core 

module of the system. Unfortunately, it employs many expensive active elements and 

may experience significant optical power propagation losses throughout its many stages. 

Among the integrated optoelectronic systems presently being investigated, two 

concepts have emerged as forerunners in the optoelectronic processor race. The first of 

these concepts is based on what are known as "smart pixels." [20,21] Using rudimentary 

electronic logic for processing and optical sources and detectors for communication, 

arrays of smart pixels have the capacity for the parallel manipulation of large data sets. 

The second concept to emerge is called the photonic processor. Here, light participates 

directly in the processor computation by being manipulated by various active and passive 

optical devices. Unlike the smart pixel approach, a photonic processor processes data at 

the speed of light, without the need for intermediate conversion to electronics. For 

example, the Fourier Transform operation is naturally suited for optics and can be 
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implemented with a handful of lenses. Real-time image processing and correlation are 

two applications that are well-documented in the literature [22]. 

Photonic processors have also made encouraging progress in optical associative 

processors for database processing [23,24]. Various designs have been proposed and 

successfully demonstrated with free-space optics including the Optical Content-

Addressable Memory (OCAM) [25] and Optical Content-Addressable Parallel Processor 

(OCAPP) [26,27] research systems, and Opticomp's Digital Optical Computer II (DOC 

II) commercial prototype architecture [28]. The most significant demonstrations have 

involved the implementation of the database pattern search (equality operation) in which 

a search word is optically compared against several database words in parallel. However, 

the microsecond switching speeds of optical active elements such as spatial light 

modulators (SLM's) cannot realistically compete with the sub-nanosecond switching 

speeds of high-performance electronic transistors. 

In an effort to increase the number of words that can be simultaneously compared 

against a database, we have been adapting a concept that has become popular in the 

telecommunications industry, namely wavelength-division multiplexing (WDM). The 

communications bandwidth of a chaimel can be increased by WDM by simultaneously 

transmitting multiple signals within the same space, each encoded on a separate optical 

wavelength. Our system, called the Multi-Wavelength Optical Content-Addressable 

Parallel Processor (MW-OCAPP) [29,30,31], adapts this concept to optical computing 

systems by simultaneously processing multiple database arguments by encoding each on 

a separate wavelength. MW-OCAPP offers constant-time multi-comparand equality 
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searching and efficient use of hardware. Additionally, MW-OCAPP is extendable to 

include the computation of higher-order database operations such as Magnitude 

Comparison [32], Union, Intersection and others. We have experimentally demonstrated 

the multi-wavelength eqxiality operation [29]. 

In an attempt to shrink the processor dimensions and dramatically enhance system 

performance, we have developed a guided-wave integrated optics version of MW-

OCAPP. We call this new system the Equivalency Processing Parallel Photonic 

Integrated Circviit (EP^IC). Instead of using bulky discrete laser arrays or spatial light 

modulators, EP^IC integrates laser sources, modulators, detectors, passive elements and 

waveguides on a single monolithic substrate. When compared with discrete optic 

solutions such as OCAM or MW-OCAPP, EP^IC allows for the realization of a very 

compact and reliable system that has low power consumption, is vibration insensitive, has 

a small system size and is manufacturable. Monolithic integration, also, allows for the bit 

comparison rates of EP^IC to far exceed that which is possible with MW-OCAPP. 

The remainder of the thesis is organized as follows. Chapter 3 introduces the 

MW-OCAPP architecture that the analysis and monolithic adaptations are based on. 

Chapter 4 presents two experimental demonstration systems that implement varying 

degrees of MW-OCAPP's Equality operation. The first is an early implementation that 

can compare two statically-defined words against four dynamically-defined words. The 

second experimental system is used in the subsequent analysis and can dynamically 

compare two four-bit words against four four-bit words. The analysis in Chapter 4 

includes bit comparison rate and bandwidth requirements, the diffraction limited spot 
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size, computational energy requirements, switching time skew and crosstalk estimation 

using analytical and simulated results. Chapter 5 describes an algorithmic performance 

analysis in typical "big O" notation for the full suite of MW-OCAPP's database 

operations, and also provides anticipated execution times. Lastly, Chapter 6 details the 

migration of the free space MW-OCAPP architecture to a guided-wave approach called 

EP^IC. Design details for each of the six sub-components is described using analytical 

and simulated approaches and a performance analysis is presented which includes 

thermal, and other power and speed performance metrics. 
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2.0 THE MW-OCAPP ARCHITECTURE 

2.1 Architecture Overview 

The MW-OCAPP architecture is based on the content-addressable memory 

(CAM) concept. CAM is different from most memory access regimes as data is retrieved 

based on various attributes of the data itself. Unlike location-addressable memory, the 

location or address of a data element in a CAM is irrelevant. For instance, search request 

for the nimiber '14' would be sent to the CAM array, and every cell in the array would 

simultaneously compare its contents with the contents of the search word. All cells that 

contain contents that matches the search request would be flagged, and these flagged cells 

are subsequently extracted. Now suppose additional data fields were linked together such 

as in a hash table. If the table related ages with names, a CAM search for the age ' 14' 

could then return the names of the people with that particular age. This naturally fits into 

the relational database model. 

Word 
Select 

Comparand 

Associative 
Manory 

Airqr 

Figure 1: Single-Comparand CAM Model 
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Figure 1 shows the traditional model of a content-addressable memory (CAM) 

that is composed of one comparand register, one bit-masking register, one column of tag 

register, the main associative memory array, the word select logic and the data output 

register [37,33]. The model consists of an associative memory array of n associative 

words with a wordlength of m bits, word select logic, comparand and mask registers that 

contain the search masking argtmients, a tag (or comparison-result) register, an output 

register, and a control unit [33]. Each cell must have the ability to perform the traditional 

read and write operations as well as the CAM-specific compare operation. Bit cells are 

accessed in parallel by content rather than by address location, and entire words or single 

bit locations can be read or written into simultaneously. This model has been extended 

by Louri and Hatch to exploit more parallelism [34,35,36]. 
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Figure 2: Multiple-Comparand CAM Model. The model can be 
extended to include two more sets of tag registers, Less-Than and 
Greater-Than, in addition to the traditional "exact match" tag registers . 

The extended CAM model is illustrated in Figure 2. It is capable of comparing a 

series of search arguments (comparands) against a CAM array (relational array) [37]. 

Traditionally, a CAM model has a single set of tag registers that indicates matched (or 

equality) results. An extended multiple-comparand CAM model is proposed that 

produces two additional sets of tag registers. The two extra sets of registers contain the 

greater-than and less-than results between each of the comparands and the multiple 

relations in the CAM array. MW-OCAPP implements this extended CAM model in its 
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primitive operations, and all other relational operations are implemented based on the 

content of these registers. 

Figure 3 illustrates a structural organization of MW-OCAPP's processing model. 

The optical processing logic of MW-OCAPP consists of six modules: an optical Selection 

Unit, an optical Match-Compare Unit, an optical Equality Unit, an opticcil Magnitude 

Comparison Unit, an optical Relational Operations Unit, and an optical Output Unit. 
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Figure 3: MW-OCAPP Schematic Organization 

The MW-OCAPP architecture is designed in such a way as to implement a total 

of eleven database primitives. Most of these execute in a time-span that is independent of 

the problem size. MW-OCAPP can realize: difference, intersection, union, conditional 

selection, join, maximimi, minimimi, product, projection, division and update. 
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The inputs to MW-OCAPP are the comparand array (CA) and relational array 

(RA). Each row (tuple) of the CA is polarization logic encoded with different 

wavelengths by a multi-wavelength source array and an electronically-addressable spatial 

light modulator. This form of encoding allows for the superposition and parallel 

processing of multiple comparands as they propagate through the Match-Compare and 

Equality units. The Selection Unit produces the Selection Register (SR), a light-plane that 

holds the multiple tuples in the Comparand Array to be matched. The optical Match-

Compare Unit produces the Match-Compare Register (MCR), a wavelength/polarization 

encoded light plane that holds the locations of all the matched and mismatched bits. The 

Magnitude Comparison Unit takes the CA and RA and performs a magnitude comparison 

(greater-than and less-than) between CA and RA tuples, and outputs less-than (LR) and 

greater-than (GR) registers. The optical Equality Unit takes the MCR and produces an 

output called the Equality Register (ER) that represents the intersection locations of the 

CA and RA tuples. The ER, LR and GR light-planes pass through the optical Relational 

Operation Processing Unit where they are operated on to produce the Relational 

Operation Registers (RORs). Lastly, the ROR and MCR light-planes are routed through 

the optical Output Unit that interfaces with a host computer. 

2,2 Review oflmplemented Database Operations 

There are eight basic relational operations defined in the database literature: 

intersection, difference, union, cartesian product, selection, projection, join and divide. 

These operations are collectively known as relational algebra [38,39] and can be 
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categorized into two groups. The first group of operations is derived from mathematical 

set theory and encompasses the first four operations. The second group of operations is 

developed specifically for relational databases and embodies the latter four operations. 

Each of the stated eight operations, together with the update operation (which is another 

special operation designed for relational databases), are supported by MW-OCAPP. 

Figure 4 shows concise example for each of these nine operations. 

In mathematical set theory, the operations intersection, difference, union and 

cartesian product are represented by the symbols 'n', 'u' and 'X' respectively. The 

intersection operation forms a new relation consisting of all tuples appearing in both of 

two specified relations (tables or records). The difference operation constructs a relation 

comprising all tuples contained in the first but not the second of two specified relations, 

the union operation generates a relation that includes all tuples appearing in either of both 

of two specified relations. However, given two relation 'R' and 'S', the union operation 

can also be formed by appending 'S' to the difference of 'R' and 'S'. All these three 

operations require the equality search as their core operation. The cartesian product, 

builds a relation by concatenating every possible combination of tuples from two 

relations. Cartesian product is the only operation among the nine that does not require the 

comparison search. 

In the next group of operations, the selection operation is used to select a subset of 

tuples within a relation that satisfies a given condition. There are two categories of 

selection, simple selection and compound selection. The simple selections consist of 

equivalence (=) and magnitude comparison searches (<, >, <, >). The compound 
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selections are made of a combination of these simple selections. The basic ones are 

between-limit selections and outside-limit selections. If x is the lower limit, y is the upper 

limit and z is the selection then the between-limit selections are: (x < z < y); (x < z < y); 

(x < z < y); (x < z < y). The outside-limits selections are: (z < x, z > y); (z < x, z > y); (z < 

X, z > y); (z < X, z > y). The projection operation extracts certain attributes from a 

relation, discarding the remaining attributes. Since the result of this operation is a 

relation, a duplicate tuple removal stage is required following the attribute extraction 

phase. The join operation forms a single relation from two relations consisting of all 

possible concatenated pairs of tuples satisfying a given condition. The division operation 

takes two relations, one imary and one binary, and constructs a relation consisting of all 

values of one attribute of the binary relation that match all values in the unary relation. 

Lastly, the update operation replaces the values of one or more attributes in a selected 

tuple of a relation satisfying a set of conditions. This group of operations, with the 

exception of the projection operation, requires results from both the equality and 

magnitude comparison operations. 
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3.0 EXPERIMENTAL VALroATION 

This section presents the physical demonstration of MW-OCAPP that has been 

done thus far. In this first preliminary demonstration, the Equality Register that contains 

the "exact-match" information between each of the tuples in the RA and CA is generated. 

In this section, my contribution to the project includes all of the experimental design, 

equipment acquisitions, and measurement and analysis. Additionally, 1 assisted in 

refining the proposed system layout and designed and performed the analysis on the free-

space grating coupler. 

3.1 Equality Operation Optical Implementation 

The example to follow is based on the data planes foimd in Figure 5. Two words 

in the CA are matched simultaneously against two words in the RA using the optical 

Selection, Match-Compare and Equality units. The following descriptions of the three 

optical processing units are based on this example. 
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CAl Matcbcs RA2 CA2 Matcba RA4 

CAl 0 0 1 1 RAl 1 I 1 1 

CA2 1 1 0 0 RA2 0 0 1 1 

RA3 0 0 0 0 

RA4 1 1 0 0 

(a) (b) (c) 

Figure 5; The Equality operation example matches two tuples in (a) the 
Comparand Array (CA) with the four tuples found in (b) the Relational Array 
(RA). The Equality Register result (c) indicates that there is a match between 
CAl and RA2 as well as CA2 and RA4. Non-illuminated (black) pixels 
indicate an exact match. 

The optical Selection, Match-Compare, and Equality units are shown combined in 

Figure 6. Together they perform the equality operation. The Selection Unit's purpose is 

to encode a pixilated two-dimensional optical wavefront with the comparand array (CA) 

to be processed. The "rows" in the wavefront, each encoded on a unique wavelength, 

represent tuples in the CA. Polarization encoding of the desired data pattern is employed 

to differentiate the binary states of each of the pixilated "bits". Binary patterns are 

represented by spatially distributed orthogonally-polarized locations on a 2-D pixilated 

grid. Logical '1' is defined as vertically polarized light and logical *0' as horizontally 

polarized light. The presence or absence of light (intensity threshold) within a light-plane 

indicates the selection or deselection of tuples or attributes in the system. Individual 

tuples are differentiated from one another by polarization encoding each on a unique 

wavelength. 
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LW 

Empty pixels indicate ' 
matches between CAl and RA2 
as well as between CA2 and RA4. 

Figure 6: The Selection (first row), Match-Compare (second row), and 
Equality (third row) units that implement the equality operation. Note 
that the system correctly predicts a match between CAl and RA2 as 
well as CA2 and RA4 (Figure 5c). (SA= source array, CL=cylindrical 
lens, P=polarizer, SLM=Spatial Light Modulator, HOE=Holographic 
Optical Element, LP=Light Plane) 

The Selection Unit begins with a multi-wavelength source array (SAl) in which 

each row (which corresponds to a separate tuple) radiates at a different wavelength. Two 

wavelengths are required for the example, so only the first two rows are selected to 

radiate. This wavefront passes through a horizontally-oriented polarizer (PI) to reset all 

of the bit positions to the '0' logical state (LPl). Light-plane LPl impinges on an 
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electronically-addressable spatial light modulator (SLMl) which polarization-encodes the 

light passing through it with the bit patterns 0-0-1-1 and l-I-O-O. The resultant light-

plane, LP2, is called the Selection Register (SR) and represents the optically-encoded 

version of the comparand array. 

The Match-Compare unit is illustrated in the second row of Figure 6. Its purpose 

is to bit-wise exclusive-or (XOR) each tuple in the comparand array with each tuple in 

the relational array (RA). This produces a logical 'I' at every bit position where there is 

a CA and RA mismatch. The Selection Register, LP2, passes through a holographic 

optical element and lenses CLl, CL2 and CL3 which duplicate each of the rows 

corresponding to different wavelengths over the full surface of an EASLM (SLM2). 

HOEl is a transmissive planar grating multiplexer [40], and is illustrated with SLMl, 

CLl, CL2 and CL3 in Figure 7. This structure can be analyzed using the grating 

equation: 

dsin6 = mA. (1) 

where 'd' is the grating period of HOEl, '0' is the diffraction angle from normal 

incidence, 'm' is the dif&action order and 'A,' is the wavelength of the light. Restricting 

the analysis to the first diffraction order, the ratio of the lateral offset distance's' to the 

focal length T as a function of X/d can be found with: 

Given two wavelengths, X.i and X2, the change in lateral spacing (As) can be found 

with; 
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f \ (3) 

The wavefronts converging on HOEl will have an approximate spherical 

curvattire which will produce an undesirable position-dependent divergence angle 

following HOEl. Given an SLMl pixel diameter 'q', the divergence angle can be 

approximated with: 

As a design example, suppose that 'f is equal to 0.1m and the wavelength 

extremes, Xi and are 780 and 790nm, respectively. If the SLMl array diameter is 

0.5cm, we can substitute this for As in Eq. 3 and using the extremum wavelengths for Xi 

and X2, we obtain a value of 0.97fim for the required grating period'd' and about 0.8 for 

PVd. Using Eq. 2, the ratio s/f is 1.3, the maximum diffracted angle is 53° (Eq. 1) and 

CLl requires an equivalent of 0.4. The 'C#' is the ratio of a lens' focal length to its 

diameter. Using Eq. 4 and a pixel diameter of 960^m, the divergence angle is a mere 

0.2°. Since only a maximum of half of the lens CLl interacts with LP2, for large 

diffraction angles CLl appears like a prism. Therefore, under these circumstances CLl 

may be replaced with a prism of the appropriate wedge. Also note that the above analysis 

assumes that CLl has negligible chromatic and spherical aberration. As the diffraction 

angle becomes large, however, spherical aberration may become significant. One can 

either expand CLl into multiple elements to correct for these aberrations, or introduce a 

(4) 
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lateral offset to each row in the source array such that all ray bundles focus to the same 

line focus. 

As t 
SLMl 

/ 

• To 

HOEl 
^ SLM2 

CU 

CLl 

Figure 7: The HOEl grating multiplexer Figure 6 takes each row from 
SLMl that is encoded on different wavelengths and spatially multiplexes 
it. HOEl is placed at the focal plane of CLl. CL2 and CL3 is an afocal 
doublet that takes this multiplexed channel and expands it such that it fills 
an aperture equal to the diameter of SLM2. 

Ray trace analysis using a simulation package called OSLO [41] was performed 

on the apparatus shown in Figure 7. Since it is easier to define the system using a 

paraxial ray-bundle, the apparatus was analyzed in reverse, from CL3 to CLl. The 

system parameters are the same as used in the previous analysis and are detailed in 

Appendix B. Figure 8 illustrates the results of this ray trace analysis. Figure 8a shows the 

ray fan analysis of the free space grating multiplexer. It can be seen for the ray bimdle 

intercepting the system on-axis, there is 2.5mm spot separation at the image plane. It can 

also be seen that the dominant aberration that exists is third-order spherical. Fig\ire 8b 

illustrates the spot diagram at the image plane. Again one can see a 2.5mm separation 
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between the two ideal line foci. Spherical aberration causes a smearing effect in the 

transverse direction. It should be noted that the beams do not emerge completely parallel 

from CLI in this simulation. The focal point is located about a half a meter to the right of 

CLI instead of out at infinity. This is due to the dispersion in this lens element. 

Replacing CLI with a cemented achromatic doublet that is corrected for the wavelength 

extremes should correct this problem. 
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Figure 8: Ray trace analysis for the grating multiplexer assembly. The 
ray fan analysis (a) reveals a required spot separation of about 2.5mm. 
This differs from the 5mm value used previously in the analysis 
primarily due to the chromatic focal shift caused by CLl. Replacing 
CL 1 with a cemented achromatic doublet would correct for this 
discrepancy. The spot diagrams for the two channels (b) reveal the 
smearing effects of spherical aberration on the ideal line foci. 
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Returning now to the Match-Compare unit in Figure 6, light plane LP3 passes 

through SLM2 which is encoded with the relational array (RA) to be searched. The 

EASLM rotates the polanzation(s) of the incident light according to the logic states of its 

pixels, effectively generating the result of the logical XOR operation in LP4. Light plane 

LP4 is called the Match-Compare Register (MCR) and contains all of the bit match and 

mismatch locations of each of the CA and RA tuple combinations (designated by 

horizontally and vertically-polarized light respectively). 

The Equality Unit is shown in the third row of Figure 6. It identifies which 

combinations of CA and RA tuples are matches by converting the Match-Compare 

Register to a pixilated map called the Equality Register that represents the equivalency of 

all of the CA and RA tuple combinations. The MCR (LP4) enters and passes through a 

vertically-oriented polarizer (P2) to form LPS. LPS contains an illuminated pixel 

corresponding to all bit mismatch positions. LPS is fimneled down to a single column by 

CL4 and CLS, and is wavelength de-multiplexed into a plane that has a pixel count width 

equal to the number of tuples in the CA. This wavelength separation is accomplished 

using a transmission grating structure (HOE2). Cylindrical lens (CL6) focuses the light 

exiting HOE2 and produces the Equality Register (LP7). The Equality Register light 

plane is a two-dimensional representation of the intersection of the CA and RA. If 'n' 

represents the number of tuples in the CA and'm' represents the number of tuples in the 

RA, then the ER must be a vector consisting of n> by « pixels. It is encoded in "negative 

logic" meaning that non-illuminated pixels correspond to exact matches. For an m by « 

ER grid, pixelmn is illuminated such that tuple RAm is not-equal-to tuple CAn-
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3  ̂First-Generatioa Equality Demonstration System 

The first-generation equality demonstration system statically-encoded two words 

in the comparand array using a wave plate and used an SLM to dynamically-encode four 

words in the relational array. Figure 9 shows the bit patterns contained in the example RA 

and CA as well as the expected Equality Register that results from the operation. The 

Comparand Array (CA) contains two tuples, "0-0-0-0" and "l-l-l-l" and these are 

compared against four tuples in the Relational Array (RA). 

CAl Matchcs RA2 CA2 Malchcs RAJ 

CAl 0 0 0 0 RAl 1 0 0 1 

CAl 1 1 1 1 RA2 0 0 0 0 

RA3 1 1 1 1 

RA4 I 1 0 0 

(a) (b) (c) 

Figtire 9; The experimental setup matches two tuples found in (a) the 
Comparand Array (CA) with the four tuples found in (b) the Relational 
Array (RA). The Equality Register that results (c) indicates that there is 
a match between CAl and RA2 as well as CA2 and RA3. Non-
illuminated (black) pixels indicate an exact match. 

The experimental setup required to implement this is displayed in Figure 10. 

Because simplicity was desired in the initial setup, the CA pattern was emulated statically 

by introducing a half-wave retarder in the path of the 'blue' beam. This effectively 
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transforms the vertically-polarized light from the laser into the horizontally-polarized 

radiation required by CAl. 

The vertically-polarized source radiation comes from a 2W argon ion laser in its 

multi-line configuration. This beam passes through an afocal beam expander lens system 

that broadens the beam to a 1.5cm width. This multi-line beam is now filtered to extract 

the 488.0 nm (blue) and 514.5 nm (green) spectral lines. The "blue" beam has its 

polarization rotated by placing a quarter waveplate in its path. This color will hold the 

results from CA2 and the other will hold the results from CAl. These two purified 

beams are recombined using a cube beamsplitter and impinge off of a ferroelectric liquid 

crystal spatial light modulator (FLC-SLM) [42]. This SLM is a reflection-mode device 

that rotates the polarization states by 90 degrees of each of the addressed pixels. It is 

encoded with the four tuples contained in the relational array. This light plane passes 

through a vertically-oriented polarizer and some imaging lenses that focus the plane 

down to a single column on the screen. A holographic grating is placed between the lens 

system and the screen in order to spatially separate the two color channels into individual 

columns. 
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Figure 10: The component layout of the experimental setup. 

Figure 11 illustrates a photograph of an experimental version of MW-OCAPP in 

operation. Shown are the lab bench and the various components appearing in Figure 10. 

Not shown in the photo is a Pentium-class computer controlling the spatial light 

modulator. 
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Figure 11; Demonstration system photograph 

Figure 12 shows the Equality Register at several points in the imaging system. 

Figure 12a is an image of the light plane just prior to its passage through the imaging 

optics. Both the green and blue channels completely overlap. Figure 12b and Figure 12c 

illustrate each of the color channels individually. Each of the illuminated pixels at a 

particular wavelength corresponds to a mismatched bit between the particular CA of 

interest and the entire RA. Figure 12d shows the Equality Register at the focal plane. 

Notice that there is a dark pixel in the second row of the first column and in the third row 

of the second column. Both of these locations correspond correctly to tuple "matches" 

predicted in Figiire 9. 
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Figure 12: The Equality Register at (a) just prior to wavelength 
demultiplexing, (b) and (c) just after color separation, and (d) at best 
focus. Tlie blurring is caused by the low shutter speed required to 
image the registers combined with the page-swap refreshing of the FLC 
SLM. 

3 J Second-Geaeration Equality Demonstration System 

A second experimental setup for the equality operation was, also, demonstrated 

that used an active SLM for the RA and CA rather than the CA emulation employed in 

the first setup. This design allows for the active simultaneous comparison of two 

arbitrary CA words with four RA words. The wordlength for all words used in this setup 
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is four bits. The bit patterns contained in the example RA and CA as well as the expected 

Equality Register that results from the operation are shown in Figure 5. The Comparand 

Array (CA) contains two tuples, "0-0-1-1" and "1-1-0-0". These are compared against 

four tuples in the Relational Array (RA). 

The experimental setup required to implement the proposed system is displayed in 

Figure 13a. Since an appropriate holographic element (HOEl in Figure 6) was 

unavailable, a right-prism retro-reflector and mirror combination was substituted. The 

drawback of the substitution is that the design isn't expandable beyond two optical 

wavelengths (or two CA words), but is sufficient for demonstration purposes. Secondly, 

reflection-mode FLC SLM devices were used instead of the transmissive active elements 

previously described. This changes the system layout slightly, but causes no signiflcant 

changes in overall operation. The vertically-polarized source radiation comes from a 2W 

argon ion laser in its multi-line configuration. This beam passes through an afocal beam 

expander lens system that broadens the beam to a 1.5cm width. This multi-line beam is 

now filtered to extract the 488.0 nm (blue) and 514.5 nm (green) spectral lines. One 

wavelength will hold the results from CA2 and the other will hold the results from CAl. 

These two purifled beams are recombined using a cube beamsplitter and illuminate 

opposite halves of a FLC spatial light modulator. This SLM is a reflection-mode device 

that rotates the polarization states by 90 degrees of each of the addressed pixels. It is 

encoded with the two tuples contained in the comparand array. This passes through a 

second beamsplitter/prism/mirror assembly which superimposes each of the CA tuples 

over the remaining tuples. This multiplexed light plane impinges on a second SLM 
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containing the RA words, and this is imaged onto a screen through a polarizer and grating 

arrangement. 

Screen 
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Figure 13: Demonstration system diagram for the equality operation (a) and 
Equality Register result (b). Component labels correspond to those in Figure 6. 
Note that the non-illuminated pixels correctly correspond to the pattem 
predicted in Figure Sc. 
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Figure 13b shows the Equality Register that is projected on a screen located at 

best focus. Notice that there is a dark pixel in the second row of the first column and in 

the fourth row of the second column. Both of these locations correspond correctly to 

tuple "matches" predicted in Figure 5c. Figure 14 shows a photograph of the 

experimental system. 

Spatial Light 

Modulators 
rnsni 

Rctro-rct1cctor 

Figure 14; Second-generation Equality experimental setup 
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3.4 Optical Modding and Simulation of die Second-Generation Equality Demonstration 
System 

Optical modeling is an important component in the design of a complex system. 

This process can save both time and money in the implementation of a working device. 

The performance metrics that will be determined in this section are the bit comparison 

rate, diffraction-limited spot size, computational energy requirements, switching time 

skew, and analytical and simulated crosstalk estimation. The analysis performed here will 

correspond to the experimental setup in Figure 13. 

3.4.1 Bit comparison Rate and Bandwidth Requirements 

The peak frame update frequency of the SLM devices used in the demonstration 

system is 3 kHz. Given 2 four-bit CA words being compared against 4 four-bit RA 

words, we have a peak bit comparison rate of 96,000 bit comparisons per second for our 

experimental system. The input and output bandwidth requirements are 72 kb/sec and 24 

kb/sec respectively. 

3.4.2 DiCTraction-Limited Spot Size 

The pixel diameter used in the experimental system for SLMl, SLM2 and the 

detector is 960(im. If one approximates the pixel apertures as circular, the far-field 

diffraction pattern has the form of an Airy disk [43,44]. The diffraction limited spot size 

is approximately equal to the diameter of the pattem's central lobe: 
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J 2MAf (5) 
D 

where 'D' is the aperture diameter, 'd' is the diffraction limited spot diameter, 'f is the 

distance between the aperture and dif&acted spot, and 'A.' is the wavelength of the light. 

The dif&action limited spot size at SLM2 created by the pixel aperture on SLMl is 

0.2mm (>.=500nm, f=0.2m, D=960^m). Likewise, the dif&action limited spot size at the 

detector is also 0.2mm. 

Given the SLM pixel diameter of 14^m and a pitch of 15^m, the square SLM 

"macro pixel" used in the experiment is composed of 4,096 SLM pixels. Given an SLM 

pixel count of 65,536 pixels, an SLM in our system can discriminate a maximum of 4 X 4 

macro pixels. The array size used in the demonstration system was 4X4, which lies 

above the theoretical dif&action limit. One can see that increasing the macro pixel 

density (decreasing the diffraction limited pixel size) requires either decreasing the 

wavelength used or shortening the distance between the SLMs and detector plane. 

3.4 J Computational Energy Requirements 

The energy per decision in an optical processor can be calculated by the following 

[43]: 

£ _ 
/I 

where 'a' is the number of photons required per decision, 'h' is Planck's Constant, 'c' is 

the speed of light and 'X' is the wavelength of the light used. If's' is the number of 

calculations done before a decision is made and the system is lossless, the energy per 

calculation is: 
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_ ahc (7) 
sX 

In the MW-OCAPP architecture, 'm' is the number of CA words, 'n' is the 

number of RA words, and 'p' is the number of bits per word. The number of connections 

between the CA-SLM and the RA-SLM as well as between the RA-SLM and the detector 

is equal to: 

5'= s" = mpn (8) 

Therefore, the number of calculations (connections) is equal to the sum of s' and s", or 

2mpn. The energy requirement in MW-OCAPP per calculations is equal to: 

ahc (9) 
e 

ImpnX 
If the number of photons per decision, a, is 10^ and hc/X, ~ lOOkT at room temperature, 

the energy requirement is 

lO^kT (10) e = 
2mpn 

The smallest amount of energy that an electronic switch can consume is approximately 

equal to kT. If z = m = p = n, then it can be seen that MW-OCAPP will have a power 

requirement per switching event below kT if z > 36. 

3.4.4 Switching Time Skew 

Time skew in an optical processor is analogous to time skew in an electrical one. 

It is simply the maximum difference in time it takes two signals to reach the detector if 

they begin propagation at the same time. The spatially shortest path in MW-OCAPP is 

also the temporally shortest path, the paraxial one. The paraxial path length, Lmin, from 

the CA-SLM to the detector is 1.66m. Tmin and Tmw can be found with: 
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(11) 
m in. max 

C 

Tmin is equal to 5.533333ns. The longest path, Lmax, is related to Lmin, with the addition of 

an off-axis component. Assuming an image magnification through the system of 1 and 

an SLM aperture width of 5.6mm, Lmax is equal to 1.66048m. This translates into a T^ax 

of 5.534931. The time skew is simply the difference between Tmin and Tm« and is equal 

to I.6ps. 

3.4.5 Analytical Cross-talk estimation 

Crosstalk can be defined as the amount of unwanted optical signal leakage from 

nearby chaimels. In MW-OCAPP, this is caused by diffraction effects, scattering, and 

ray aberrations such as astigmatism and spherical aberration. In the following discussion, 

it will be assumed that the system is limited by dif&action. 

To simplify the discussion, it is assumed that the SLM, hologram and detector pixel 

geometry is circular. The far-field diffiaction intensity distribution of a circular aperture is an 

Airy disk that is a function of the radial distance 'r' from the center of the pattern and 

conforms to the following [44]: 

(12) 

/(r) = 

n2 

Te
rm 

V 
where'm' is the circular aperture diameter, 'f is the distance to the detector and 'JiQ' is the 

first-order Bessel function. The normalized encircled power as a function of radial distance 

can be found by integrating the Airy disk over 'r': 
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(13) 

Figure 15 illustrates the diffraction pattern and normalized encircled energy at a point 

on SLM2 projected from a 960^m diameter circular aperture on SLMI. 

HotMllzM Cnexrcl#d Energy 

0.0005 O.OOl O.OOIS 0.002 

(a) (b) 

Figure 15: Airy disk diffraction pattern (a) and normalized encircled 
power (b) at SLM2 for a 960^m diameter circular SLMI aperture at a 
distance of 0.5 meters. 

The geometry used for calculating the crosstalk is found in Figure 16a. Determining 

the approximate amount of optical crosstalk present at pixel P2 involves determining the 

amount of power present in the shaded ring and adjusting for the anglular slice subtended by 

0. This expression is: 

If the diameter of a pixel is taken to be the central lobe of the Airy disk: 

f f l  
(15) 
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we then can find the nonnalized crosstalk present on pixel P2. Figure 16b illustrates this 

crosstalk at P2. We can see that with a pixel gap of zero, the crosstalk is about 2%. If we take 

into account incoherent contributions of 4 nearest-neighbor pixels, the worst-case crosstalk 

with zero separation is 8%. Increasing the gap to a half-pixel diameter of about 0.5mm 

decreases the worst-case crosstalk to about 2%. 

Figure 16; Optical diffraction crosstalk geometry (a) and normalized 
(P/Po) crosst^ power at SLM2 (b) as a function pixel gap (L-d). 

Likewise, the crosstalk can be calculated at the detector plane (Figure 17) at a distance 

of 1.05m from SLM2. At a gap separation of zero and a pixel, there is a crosstalk of about 8% 

per neighboring pixel, yielding a worst-case crosstalk of about 32%. 

Pxx«l (Up {•! 

(a) (b) 
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Figure 17; Normalized crosstalk (P/Po) at the detector plane. 

3.4.6 Cross-talk estimation using Simulation 

The experimental demonstration was simulated using the Advanced Systems 

Analysis Program (ASAP). ASAP uses a technique called Gaussian beam superposition 

in order to model dif&action phenomena [45,46]. Figure 18 illustrates the intensity 

distribution for a single 960^m-diameter pixel just after being encoded by SLMl. The 

corresponding encircled energy plot reveals that the optical power is totally encapsulated 

at a radius of 500|im. At this point, no dif&action effects can be seen as the energy 

distribution is simply the geometric shadow of the aperture. 
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Figure 18: The wavefix)nt intensity distribution just after encoding by 
SLMl (a) and the encircled energy as a function of radius (b). The 
square pixel has a diameter of960|ini. (ASAP simulation) 

Figure 19 illustrates the simulated dif&action pattem at SLM2 and its corresponding 

encircled energy plot We can see that the dif&action profile is approximately an Aiiy pattem. 

We can also see fix)m the graph that there is about 20% of the power lying between a radius of 

500 and lOOO^m, owing to diffraction effects. If we take the angle subtended by a 

neighboring pixel to be 90°, we calculate a crosstalk of about 5% (20% / 4) per neighboring 

pixel. This is about twice the analytical value previously reported. This discrepancy could be 

partially reconciled as the surface area of a circle is 78% the area of a square of the same 

diameter, owing to more power transmitted by the square aperture. 
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Figure 19: The wavefront intensity distribution (a) and 2D cross-
section (b) just after SLM2. (ASAP simulation) 

Figure 20 illustrates the wavefront intensity distribution at the detector plane and 

the corresponding encircled energy diagram. We can see from the plot that about 23% of 

the power is enclosed between a radius of 500 and lOOO^m which corresponds to a 

crosstalk of about 6% per neighboring pixel. This matches well to theory. 
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Figure 20: The wavefront intensity distribution (a) and 2D cross-section 
(b) at the detector plane. (ASAP simulation) 
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3.4.7 Power Budget Analysis 

Power loss in the system is an important design aspect when considering choices 

in optical sources and the thermal dissipation limits of components. Table 1 shows a 

summary of the power losses in the system. It is assumed that all lenses are luicoated, 

yielding a 4% power drop at each surface. Supposing that the minimum optical power 

required to register a digital '1' is 10 ^W, a minimum initial beam power of 1.25 mW. 

Table 1: Power Budget 

Total Beam Path Length l.6in 
Beam Expander Loss -l.IdB 

Beam Splitter Loss -6.0 dB 
SLM difi&^on Loss -10.4 dB 
Prism Reflector Loss -0.4 dB 

Lens Loss -2.6 dB 
Polarizer Loss -0.5 dB 

Total loss -21 dB 
Power Fraction 0.8 % 

Maintaining the polarization of a light plane along its beam path is important in 

the MW-OCAPP design. However, non-idealities enter into the system from many 

sources such as mirrors, beamsplitters and other optical elements. Perhaps the largest 

source of polarization error is from the spatial light modulators themselves. They are 

designed to work at a particular wavelength and at normal incidence. Angles of 

incidence that are not normal cause incomplete polarization modulation. The SLM 

polarization power error can be estimated with ideal elements with [47]: 
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P - ̂  sin' (16) 
^error m 4 4w 

where 'n' is the average of the ordinary and extraordinary indices. Assuming an angle of 

incidence of 45° and an average liquid crystal refractive index of 2.0, the extinction ratio 

is I/IO. 

3.4.8 Experimental Bit Error Rate Estimation 

The bit error rate is an important measure of the ability of a communications link 

to faithfully transfer a logic "pulse" at a given frequency. Since we know the relative 

intensities for each of the pixels in the experimental equality register as well as the input 

power level and system losses, we can then estimate the bit error rate for the system. 

Figure 21 illustrates the relative intensities for each of the pixels in the 

experimental Equality Register. The worst-case contrast ratio is between the first two 

pixels of the green charmel and is calculated to be 0.865. 
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Experimental Relative Intensities at Each Pixel 
in the Equality Register 
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Figure 21; Experimental system relative intensities at each pixel in the 
Equality Register. 'Green' couesponds with CAi and 'Blue' 
conesponds with CA2. Notice th^ pixel 2 of the green channel and 
pixel 4 of the blue channel are the least intense pixels for their 
respective channels as anticipated in Figure 5c. 

The square of the noise equivalent power can be found using [48]: 

/.2 \  _ 4kT ,  r T /• r d2 , .2 , -3 (17) 

^ii. Sm 
where the parameters are defined in Table 2. For the given parameters, the NEP is 

9.8e-15 A. 
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Table 2; Parameters used to determine the experimental bit error rate 

Symbol Definition 
T 300 deg 
k U8e-23J/deg 
Rf looon 
Cp 3.5e-13 F 

7 Je-14 F 
c* 7.5e-13 F 
Cf le-I4F 
u 15 GHz 
r l . I  
I, 0.50 
I3 0.06 
ii 1 nA 
If 0.0984 
r 0.865 
Sm 40 mS 
B I GHz 
Q i2e-12¥ (Cds-K:gs-K:gd-K:0 

n 0.0008 
y. 0.5 fim 
Per. 02 W 
N 1 

The required 'Q' parameter for a total input power can be found with [48]; 

Popi 

(18) 

V J 
where 'r' is the contrast ratio, 'N' is the fanout and 'ti' is the efficiency of the system. 

For an input power of 0.2W, the value of Q is calculated to be about 21. The bit error 

rate can then be directly calculated using [48]: 

(19) 

The BER is calculated to be 9e-103 which is quite small even at the bit issue rate of 1 

GHz. If the issue rate is reduced to the experimental bit rate of 3 kHz, the error rate is 

found to be infinitesimally small. 
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4.0 MW-OCAPP ALGORITHMIC PERFORMANCE ANALYSIS 

There are several metrics that could be used when evaluating MW-OCAPFs 

algorithmic performance. One method is to examine the time complexity of each of the 

database operations. This estimates the number of steps involved in an operation and reports it 

in "big O" notation. For instance, a serial adder which sums n numbers would have a time 

complexity of 0(n). A second method is to extend the time complexity estimate to a real 

system, taking into account component response times and problem size. Results are reported 

in temporal units. Both of these methods will be discussed here. In this section, my 

contributions include the temporal performance analysis and compiling and checking the 

complexity analysis components. 

Table 3 shows the various symbols to be used in the analysis to follow. Symbols r, s, 

and m describe the number of rows in the RA, CA, and the SLMs respectively. The type of the 

technology chosen determines the values for the various time-based symbols. The semp time, 

tsu, includes the time for the electronic host unit to load and correctly format the data for input 

to the optical system. The SLM update time, tio«], includes the time it takes an SLM to fully 

update its display. The data unload time, tou, includes the time it takes for a detector to capture 

the optically-processed registers and store them in the electronic host 
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Table 3; The symbols used in MW-OCAPP's Perfbnnance analysis 

Symbol Definition 
R Number of tuples in the RA 
S Number of tuples in the CA 
M Number of tuples (rows) in an SLM 
ta, setup time 
toai data unload time 
t|o  ̂ time to load and display a page on an SLM 

4.1 Union, Intersection and Difference 

The Intersection and Difference operations are executed simultaneously and 

essentially by the same hard\vare. As a result, their time complexities are identical. If the 

entire RA and CA can fit on their respective SLMs, then these operations can be completed in 

a single step, or 0(1) time. If this assumption is not valid, then database page swapping is 

required. Comparison of each of the RA and CA pages against one another requires a time 

complexity equal to 0( fr/znl X fj/ml). The introduction of the time-based symbols allows 

the execution time to be computed using: 

r s , J (20) 
— X — 

m m '1 

The Union operation relies on the concatenation of the first of two relations with the 

results from the Difference operator acting on both relations. Since the time complexity 

closely follows that of tdifttoKo the time complexity for tunion is CX fr/ml X fj/ml ). The 

corresponding execution time can be computed using: 
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r-- = 2/-+< r 
m 

s 
m 

+ 1 • X (/imd + 
(21) 

42 Projection and Product 

The projection operation takes a relation and forms a second relation from it that 

contains a subset of the original attributes. The required duplicate tuple removal process 

involves performing a self-equivalency search identical in time complexity to the intersection 

operation, C)( \rlm \ X [s/ni] ). The execution time is, also, identical to the intersection 

operation and can be found using: 

= ^ 
r 

X 
s 

m m 
X + f<m^ I 

(22) 

The product operation builds a relation consisting of all possible concatenated pairs of tuples 

from two specified relations. The time complexity of this two-level nested update operation is 

found to be ©(f r/ml X Ts/ml). The execution time of this operation can be found by using: 

= tm -h' r 
X 

s 

m m 
x(rb-l+/o.) 

(23) 

43 Execution Time 

Figure 22 illustrates projected execution time estimates per tuple for the above 

operations. The number of rows in the SLMs (m) is set to 1024, the number of tuples in the 
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CA (s) is 1024, tioad and tout are lO^s each, and tju is lOO^s. The number of tuples in the RA (r) 

is varied fix>m 1 to 100,000,000 tuples. The plot reveals a region where the execution time 

drops as the database size increases. The curve levels-out predictably at the point where the 

database size is equal to the capacity of the SLMs. Beyond that point, the execution time is 

constant. 

0 00001 -1 : 
t 10 1« âOO 10.M0 1W.QQ0 1.0OOMO 10.000.000 100.000.000 

NMMfesr Tm»Im III lU (r| 

Figure 22: Relational operation execution time as a function of the 
number of tuples in the RA. Sample projected execution times for the 
Projection, Intersection, Difference, Product and Union operations (m = 
1024; s = 1024; tsu = 100us;tio«i= 10us;tout= lOus). 

Figure 22 reveals a minimum execution time per tuple of about 5 X 10*" seconds. 

This corresponds to an execution rate of 2 X 10'° tuple comparisons per second when using 

the specified system parameters. Since many relational operations are processed in parallel, 

and if r different operations are required for the same data set, the effective speedup of the 

system would increase by a factor of r. 
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One measure of the practicality of such dense SLM configurations is the bit error rale. 

The error rates for the above system configurations can be extrapolated from the experimental 

data given previously for a system with a word length of 4 bits. The worst-case BER for the 

experimental system is 9el0"'°^. Scaling this up to a word length of 1000 or more bits 

degrades the BER due to the additional power losses, system crosstalk and other aberrations. 

Given the analysis in [49], we can deteimine approximately how the BER will scale with 

SLM array size. To maintain a constant BER, the required power per pixel scales linearly 

with the number of pixels in the array. In other words, an SLM with 1 million pixels will 

require about 1 million times the power as an array consisting of a single pixel. If the source 

array consisted of a VCSEL array with a fixed intensity output per laser, then scaling the SLM 

array size would correspond to a corresponding increase in the aggregate power of the source 

array. However, since we are using a single laser source and subdividing the power among 

sub-apertures in the SLM plane(s), the power per pixel is reduced linearly with an increase in 

pixel count. This places a limit on the maximum pixel count of the array since the bit error 

rate is explicitly related to the optical signal to noise ratio. The input power required for a 

BER of le-18, which is approximately the minimum acceptable BER for a digital optical 

processing system, is 0.08W. This is about 0.4 times the power used in the experimental 

system using SLMs with a 4 X 4 pixel array. Using the linear dimensional scaling, we can 

conclude that the system will support up to 60% more pixels wliile maintaining an acceptable 

BER. The total pixel limit, assuming the input optical power is identical to that used in the 

expjeriment, is 25 and is equivalent to a S X S array. 
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Table 4 compares the execution complexity for each of the relational operations for 

various architectures. The systems compared include a serial processor, a single-comparand 

CAM-based processor, and MW-OCAPP. MW-OCAPP is able to achieve an 0(1) execution 

complexity for all operations with the exception of join and update. This translates into a 

substantial speedup over traditional designs, ranging from an 0(m) to an 0(nm) factor of 

improvement. 

Table 4; Time complexity comparison between MW-OCAPP and other systems. 

n •• nimber of kipies in RA m-numbcr of tidies in CA q - number of biu in a ti^le n » m 

Operation 
Execubon Complexity 
of a Serial Processor 

Execution Complexity 
of a single.Compaiand CAM 

Execution Complexity 
ofMW-OCAPP 

Speed up over 
Serial Processor 

Speed up over 
CAM 

Union 0(<i log m) CK".) CKD 0(nhgm) CK") 

Intenection Oin log <i) CK") SI. 0(n log n) 0(") 

Difference 0(»i log n) 0(m) o(i) CUnhgm) 0(«) 

Projection CK" log It) CK") (HI) CK" log n) 0{m) 

Maximum 0(n) o(«) cxn Execution CX») 0(v) 

Minimum CK") 0(,) 0(I) CK") 0(*) 

Product Oinm) CHm) CKD 0(fijn) 0(«) 

Divide CH" log n) 0(m) CKD 0{" log ") 0(") 
Limit 
Selection 

CK") Oil) 0(D 0(") 0( l )  

Multiple Limit 
Selection 

CK"!") <Xm) CHD 0<"*i) 0(«) 

Join CK" log ") CK") Parallel (Xi/mlogH) 0( l )  

Update CK" log ") 0(") 
Execution 

CK") 0(n/m log n) 0( l )  
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5.0 EQUIVALENCY PROCESSING PARALLEL PHOTONIC INTEGRATED CIRCUIT 
(EP^Q: A GUIDED-WAVE MONOLITHIC IMPLEMENTATION OF MW-
OCAPP'S EQUALITY OPERATION 

The utility of bulk optics in research cannot be overstated. The advantage from 

constructing a system such as MW-OCAPP from optics with lenses and mirrors is that 

most of the subsystems can be acquired and assembled from off-the-shelf components in 

a modular fashion. This is beneficial for prototyping a demonstration system as different 

configurations can be investigated without restarting the entire design and fabrication 

sequence. 

However, a bulk-optics approach often exhibits sometimes-troublesome 

drawbacks. Bulk components are of a size that makes them mechanically compatible 

with optical bench mounts and stages. This requirement tends to produce heavy and 

cumbersome systems that have large footprints. These systems are difficult to shrink, and 

depending on the complexity, are typically expensive to mass-produce and deploy. 

Additionally, a large system containing many components cascaded in a long optical 

beam path can suffer a great deal of power loss. It is not uncommon for the light exiting 

a modest optical system to be a small fraction of the light entering it. This places greater 

demands on the sensitivity and noise rejection ability of detectors. In order to partially 

mitigate the loss of information fidelity, many digital systems employ dual-rail coding in 

their designs which takes the difference in intensity between two pixels to determine 

whether a bit is a ' 1' or a '0'. 
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One approach that has been used to circumvent some of these problems present in 

bulk-optic data processing is to implement smart pixel technology [50,51], High-speed smart 

pixel arrays hold great promise as a core processing technology for a multitude of electronic 

and optoelectronic applications. Smart pixel transmitter/detector arrays are manufactured on a 

single substrate and communicate with other substrates via free-space or fiber optical 

interconnections. They effectively marry the processing parallelism that light has to offer with 

the functionality and maturity of CMOS digital logic. What results from this synthesis is a 

device that is fast, highly scalable and relatively inexpensive. However, since smart pixels use 

light only as optical interconnections and perform information processing electronically, they 

are limited in the amount of parallelism and functionality that they can extract from optics. 

Something better is needed. 

An elegant solution that attempts to reduce or eliminate the problems present in 

these implementations of data processing is to integrate all of these formerly bulk-

components (sources, modulators and receivers) onto a single substrate. This is what is 

called an integrated optics approach. Integrated optics differs significantly from the 

smart-pixel implementation in that the optics itself is used to perform data processing and 

there is no intermediate conversion to electronics between stages. Integrated optics 

provides for low-power operation, high-speed modulation, small system size for 

portability, long-term reliability, and is ideal for mass-production which minimizes 

manufacturing costs. The Equivalency Processing Parallel Photonic Integrated Circuit 

(EP^IC) concept is proposed here as the vehicle for the integrated optics implementation 
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of MW-OCAPP's equality operation. My contributions in this section include all of the 

design, simulation and integration work in the EP^IC system. 

5.1 Simulation Software 

The value and utility of device simulation software is significant in the design of 

complex integrated circuits. This is especially true if there are few facilities readily 

available for the fabrication and testing of integrated concepts such as modulators, 

waveguides and detectors. Likewise, it is also important to know the weaknesses and 

limitations present in the simulation packages in question. All simulators are based on 

some underlying model that is a simplification of real-world phenomena. At some point, 

any one of these models will break-down, so it is important to be aware of the boundaries 

that exist. Every attempt will be made in the following discussions to corroborate 

simulated results with either empirical or analytic models wherever possible. 

Four simulation packages were identified to be crucial in the design of the EP'lC 

system. The first package is called Prometheus and is made by BBV Software. It is an 

integrated optics and waveguide design tool that uses several flavors of the popular Beam 

Propagation Method (BPM) at its core. It allows for easy structure definition and 

parametric optimization of an arbitrary design. It was used to optimize all of EP^IC's 

various waveguide and polarization structures. The second tool used is called Selene, 

also by BBV Software. Selene is a two-dimensional mode solver that was used in 

evaluating the transverse modes in the waveguide structure. The third package that was 

used is called the Advanced Systems Analysis Program (ASAP) by Breault Research 
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Organization (BRO). ASAP is a non-sequential real ray trace package that is used in the 

modeling and design of EP^IC's waveguide grating demultiplexer. The last simulation 

package used is called Medici, a two-dimensional finite element field and carrier solver 

by Avanti! that is usually used in the evaluation of transistor-level electrical phenomenon 

in integrated circuits. Medici is used here in the visualization of field contours across 

EP^IC's electrooptic modulators. The math and engineering packages, Matlab and 

Mathematica are also used in the visualization and modeling of other device phenomena. 

52 Integrated Optics Technology and Design 

The field of integrated optics is an area that has seen much interest and growth in 

the engineering community. This has been primarily fueled by the telecommunication 

industry's perpetual appetite for bandwidth. Analysis has shown that the market for 

photonic integrated circuits (PICs) is growing at a brisk 25% per year due to the rapid 

commercialization of wavelength-division multiplexing (WDM) systems [52], among 

others. 

EP^IC requires the integration of several classes of components: a coherent laser 

source, polarizer, a dynamic polarization rotator/modulator, a waveguide structure, a 

wavelength demultiplexer, and a photodetector. Ideally, all of these components should 

be created from the same substrate material to minimize manufacturing complexity and 

maximize material compatibility. A commonly-shared waveguide material is also 

desirable to minimize optical insertion losses present at any dielectric boundary. 
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The wavelength range of interest at which EP^IC will operate will coincide with 

the low-loss wavelength window of silica fiber-based systems. Silica fibers have a 

minimum absorption at 1.3 and 1.55 ^un and minimum dispersion at 1.3 ^un. This design 

criterion isn't necessarily a critical requirement imposed by the current EP^IC system. 

However, if future integration with a fiber-based interconnection network is to be 

considered, the proposed system will be a natural photonic match. 

One of the more popular systems for emitter/detectors operating at these low-loss 

wavelengths is the InGaAsP/InP system [53] which has a bandgap of about 1.35 eV. 

Using InP as the base material, several quaternary compounds can be created with 

'customized' energy gaps corresponding to the 1.0 to 1.6 ^un range. 

In addition to the good fundamental optical properties of InP, several 

optoelectronic structures have been integrated into this system, demonstrating its 

practical value. Lasers, modulators, waveguides, and detectors have all been successfully 

integrated on the same InP substrate [54,55,56,57,58]. 

In the analysis to follow, all measures in optical power loss will be in decibels 

(dB) defined by: 

Loss in dB = 10 log 
^ » N (24) 

10 
p. 

out 

p^)  
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5 J.l Optical Waveguide Design 

Isotropic waveguides are desirable in applications where preserving the 

polarization of a wavefiront is important [59]. This can be done by making the aspect 

ratio of the waveguide equal to 1 if the index contrast is nearly the same in the vertical 

and horizontal directions. Figure 23 illustrates two waveguide structures that are nearly 

isotropic [60], If the index contrast between the core and the cladding is small as in the 

buried waveguide structure (Figure 23a), the importance for manufacturing control over 

the core aspect ratio is relaxed. However, this has the effect of producing a weakly-

guiding structure which requires long radii on waveguide bends ( > I mm) to prevent 

appreciable losses. Another structure which alleviates this problem is the raised 

waveguide structure shown in Figure 23b. In this case, the cladding is air that provides a 

high index contrast and strong guiding that allows small devices to be fabricated. 

Birefringent control is accomplished by introducing small corrections to the core's aspect 

ratio. 

InGaAsP 

Figure 23: Zero-birefringent waveguide structures: (a) buried 
waveguide, and (b) raised-strip waveguide 
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The optical waveguide network will be designed in such a way as to produce 

polarization isotropy across a broad wavelength range (1.4 - 1.6 fim). The waveguide 

structure was adapted from a design proposed by Bissessur et. al. which incorporates 

ridge waveguides with a phased-array demultiplexer [61]. Figure 24 illustrates the 

adapted waveguide structure. It consists of a l^m-thick quaternary InGaAsP guiding 

material with a bandgap equal to 1.1 ̂ m. This is surrounded by Fe-doped InP substrate 

and cladding material. This single>mode structure is a scaled version of the multimode 

original. To form the l^un-wide waveguide structures, the waveguide is deposited, 

patterned and etched-back by 0.55nm. This structure exhibits weak lateral confinement 

and requires a bend radius of Inun or greater. 

InGaAsP 

Figure 24: Isotropic waveguide structure (X,g = 1.1 ̂ m) 

Figure 25 illustrates the waveguide cross-sectional single-mode profile. Both 

substrate and cladding are composed of semi-insulating Fe-doped InP, while the guiding 

layer is InGaAsP, and the dimensions are identical to the ones found in Figure 24. Notice 

that the field profile extends laterally beyond the edge of the ridge section and vertically 

into the InP layers. This field overlap is critical in determining the minimum waveguide 

interconnection separation distance. 
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Figure 25: The single-mode transverse field profile that the waveguide 
structure supports (X = l.SS^m). (Selene simulation) 

The multi-mode waveguides used in EP^IC differ fi-om the single-mode guides 

only in the ridge width. The multi-mode guides have a width of 3|im instead of the 

single-mode's l|im ridge width. Figure 26 illustrates the multi-mode waveguide profile. 

m InGaAsP 

Figure 26: Cross-section of the multi-mode waveguide. 

The multi-mode waveguide by definition supports multiple optical modes in the 

cavity. Figure 27 illustrates the lateral distribution of two of these modes in the waveguide 

cavity. 
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Figure 27; Multi-mode waveguide Mode 0 (a) and Mode 1 (b) 
transverse field profiles (X = 1.55^m). (Selene simulation) 

The acceptance half-angle for the multi-mode waveguide can be calculated with 

[62]: 

y?- (25) 
a • -I V"i' « sm !— 

"o 
Where 'ni' is the index of the waveguide core, 'n2' is the index of the cladding, 

and 'ho' is the index of the fi'ee-space medium that the waveguide empties into. For 

EP^IC, ni and no are identical, so the acceptance angle becomes 15.4®. The numerical 

aperture given no.i and n2 are 3.28 and 3.16 respectively can be found with: 

NA=n^s\n0. (26) 
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The NA of EP^IC's multi-mode waveguide is 0.871. One frequent measure of the 

performance of an optical communications channel is the bit rate-distance product [62]: 

where 'B' is the bit rate, and 'L' is the waveguide path length. The bit rate-distance 

product places a maximum of 1.23e9 m/s on the waveguide where ni is 3.28 and ni is 

3.162. If the maximum waveguide path length is 1cm, the maximum serial bit rate 

imposed by modal dispersion in the device is a comfortable 1.23 Tb/s. 

Now turning to a single-mode cylindrical waveguide, the wavelength cutoff for 

single mode operation can be calculated from [62]: 

where 'a' is the waveguide radius. The critical wavelength for the single-mode (l/im) 

guide is calculated to be 1.14^m. Likewise, the critical wavelength for the multi-mode 

guide (3fim) is 3.41^m. Therefore, the operational wavelength range (1.4 to 1.65}im) 

falls within the 1.14 to 3.41 |im limits. 

The number of supported TE modes in the multi-mode waveguide can be 

calculated from the following [63]: 

where'd' is the diameter of the waveguide. The 3^mi-diameter waveguide can support 

up to 8 TE modes. 

(27) 

2.405 

(28) 

(29) 
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Chromatic dispersion is a pulse broadening effect that is caused by the 

wavelength dependency of a waveguide's refractive index. Different wavelengths travel 

at different velocities. InGaAsP (Eg = l.leV) has a refractive index of 3.313 and 3.266 

for wavelengths of 1.4 and 1.65 nm respectively [64]. As a first-order approximation, the 

maximum frequency imposed by chromatic dispersion of a serial pulse train is given by: 

c (30) 

2 l { n ^ - n , )  

where Da and nb are 3.313 and 3.266, respectively. For a 1cm waveguide length (L), 

chromatic dispersion limits the maximum frequency supported to be 319 Gb/s. 

The various waveguide structures that are present in the EP^IC device are 

illustrated in Figure 28. Each of these structures is examined using Prometheus to 

determine performance characteristics and design criteria. Figure 28a shows a waveguide 

y-coupler which serves to combine the wavefronts from two separate waveguides into a 

single waveguide. Figure 28b shows a waveguide s-bend structure. It is used to laterally 

shift the guided wavefront by some distance. Figure 28c is a waveguide y-splitter 

structure. Its function is to take a guided wavefront from a single waveguide and split the 

power equally into two waveguides. Figure 28d is a waveguide t-crossing. Its fxmction is 

to facilitate the routing of optical signals over a two-dimensional plane. Waveguides that 

cross in this fashion have minimal cross-talk, as will be evaluated later. Finally, Figure 

28e is an illustration of two waveguides numing in parallel. If this configuration is 

utilized for interconnection, there will be a minimum separation distance above which 

there is minimal cross-talk. If the two guides are spaced closer than this minimum 

distance, then directional-coupling (power transfer) will result between the guides. 
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(a) 

(c) 

ijL 

(b) 

(d) 

(e) 

Figure 28; The various basic waveguide structures that are present in 
the EP^IC design: (a) y-coupler with divergence angle '0', (b) s-bend 
with a radius of curvature 'r', (c) y-splitter with divergence angle '0', 
(d) t-crossing, (e) parallel waveguides with a separation distance'd'. 

The first structure to be examined here is the waveguide s-bend shown in Figure 

28c. Since the ridge structure of Figure 24 is weakly-guiding, there is an implicit 

minimum bend radius to the guide. Below this radius, the guided optical wavefi'ont loses 

control of the wavefront and permits it to escape uncontrollably into the surrounding 

medium. Figure 29 illustrates two waveguides that differ only in their bend radii. Figure 

29a shows a waveguide that has a bend radius of 377nm, and fails to guide the light 

along its length. It can be seen that nearly all of the radiation escapes the guide along 
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unintended paths. Figure 29b, however, has a much longer bend radius of 136I^m, and 

this allows the wavefront to be well-controlled by the guide. 

In contrast with this weakly-guided structure, an empirical approximation to the 

rainimum bend radius of a strongly-guiding strip waveguide has been described in the 

literature [65]: 

where 'D' is the lateral extent to which the field guided by the waveguide drops to 1/e. If 

a strongly-guiding strip waveguide were being designed, Rmin would calculate to be 

approximately lOO^un. This is significantly less than the ~1000^m minimum radius 

observed in the ridge waveguide. 

(31) 
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(a) (b) 

Figure 29: Field pattern for a waveguide s-bend with radii of (a) 377 
)im and (b) 1361 ^m. Light propagates to the right starting at location 
[0,0]. Notice that (b) successfully guides the light, uliile (a) does not (X 
= 1.55}im). (Prometheus simulation) 
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Figure 30 illustrates the guided power fraction and corresponding power drop for 

waveguide s-bends as a function of the bend radius. Notice that waveguides that have a bend 

radii that are less than qjproximateiy 1mm exhibit significant guided power loss. The 

minimum bend radius corresponds closely with the work presented in [61 ]. 

Guided Power Fraction as a Function of Waveguide 
Bend Radius 
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Figure 30: Guided light power fraction as a function of the s-bend radii 
as shown in Figure 29. The guided power starts attenuating below a 
bend radius of 1mm. (Prometheus simulation) 

The second structure to be examined is the waveguide t-crossing found in Figure 28d. 

This structure is utilized numerous times in the EP^IC architecture, and it is crucial that power 

loss be kept to a miiumum. Figure 31a illustrates a chain of four such crossings. There should 

be a linear relationship between the number of crossings and the guided power fraction in the 

main waveguide. Figure 31b shows just such a relationship. It can be seen that there is a 

0.025 dB power drop per crossing, and this corresponds well with the power loss predicted in 

[66] for a similar stmcture. 
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Figure 31: A chain of waveguide 'T'-crossings (a) produce 
approximately a 0.025 dB power drop per crossing (b). (Prometheus 
simulation) 

The next structure to be examined here is the parallel waveguide arrangement shown 

in Figure 28e. The field profile within a single-mode waveguide takes on a roughly gaussian 

shape. This profile is not bounded by the spatial limits of the guide, but extends beyond it for 

some distance that is determined by the waveguide shape and effective refractive index of the 

media. Therefore, it can be surmised that if a second waveguide is brought close enough to 

this first waveguide, the two will become coupled, transferring power from one into the other. 

This scattering event is called "evanescent coupling" and is much like the coupling of power 

between an inductor and a capacitor placed in series in a circuit. In the circuit, power will 

oscillate between the two components at a characteristic temporal frequency. In the coupled 

waveguides, however, power transfers back and forth between the guides at a specific spatial 

frequency. 

Figure 32 illustrates the coupling strength of two closely-spaced waveguides. Light 

propagates to the right from location [0,0] in Figure 32a and the guided power fraction at the 

end of the lower waveguide is measured. Figure 32b illustrates the power fraction at the end of 
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the lower waveguide as a function of the spacing between the two parallel waveguide 

segments (measured at Z=5(X)^m). As can be seen, as the waveguide spacing is reduced, the 

amount of power lost to the second waveguide increases. At a spacing of O.S^m, there is an 

almost complete power transfer. In conclusion, keeping a minimum waveguide spacing of 2-

2.5|im should eliminate any significant unwanted evanescent coupling between parallel-

running waveguides. 

(a) (b) 

Figure 32: Evanescent coiq)ling between two waveguides. A beam is 
launched from the left end of the lower waveguide (location [0,0]) (a) 
and evanescently couples with a second waveguide over a parallel 
interaction distance of 33 )im. The power fraction is measured (b) at the 
right end of the lower wavegtiide. It can be seen that waveguides having 
a separation on the order of two wavelengths or less (~2.5 fim) 
experience significant coupling losses. (Prometheus simulation) 

The next structure to be examined is the y-splitter shown in Figure 28c. This device 

splits the power propagating in a single waveguide equally into two separate waveguides. In 

order to create efficient devices, gradually-tapered "adiabatic" structures must be used. Sharp 

bends will cause significant power loss. Additionally, the amount of power lost is a function of 

the separation angle of the diverging waveguides (0). 
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Figure 33a illustrates the field distribution along a y-splitter with a divergence angle 

equal to 5°. As expected the power propagating in each of the diverging waveguides is about 

half of the initial power entering the splitter. Figure 33b shows the dependency of the power 

loss as a function of angular separation, 6. It can be seen that the power fraction in one branch 

(normalized to 0.5) quickly attenuates as 0 increases. Maintaining a divergence angle of 5° or 

less appears to be sufficient at minimizing power loss. The power drop for a 0 of 5° is 0.195 

dB. 

(a) (b) 

Figure 33: Y-branch 3dB power splitter field distribution (a) and loss as 
a function of the angular separation of the branch arms (b). For an 
angular separation of 5 degrees, a 0.195 dB (normalized to 0.5) power 
drop is seen per branch. 

The final waveguide structure to be examined is the y-coupler shown in Figure 28a 

This structure combines the power from two waveguides into a single outgoing waveguide. 

Unfortunately, a single-mode structure exhibits an inherent power loss of 3 dB [67]. There are 

methods to minimize this loss, but they necessitate specialized power requirements, or exotic 
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materials [68,69]. Modiiying this structure to allow for a multi-mode waveguide significantly 

reduces these power losses. However, a multi-mode guide will experience mode coupling 

which will significantly degrade the performance of modulators and filters that they may feed. 

Therefore, both the single- and multi-mode waveguide y-couplers will be used in EP^IC's 

design, balancing the strengths and weaknesses of both structures. 

Figure 34 illustrates the single-mode y-coupler superimposed over the propagating 

field. Notice that there is significant radiation from this guide, which comprises about half of 

the input power. The power coupled into the guide, however remains single-mode and is 

well-behaved. 
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Figure 34; Y-Coupler waveguide power combiner. This single-mode 
(1 ^m diameter) adiabatic structure exhibits a characteristic power drop 
of3 dB per branch. 
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Figure 35 illustrates a multi-mode asymmetric y-coupler structure. Linear propagation 

can be seen in the main "tnmk" section. This design allows the coupling of a single-mode 

waveguide to be coupled into this multi-mode waveguide "trunk." It is composed of three 

sections. The first is a linear t^)ered section that narrows the input multi-mode guide from a 

diameter of 3fim down to 2fxm in order to make sufQcient room for the second component of 

the structure, the single-mode S-Bend. The single-mode S-bend is l^m in diameter and 

comes into direct contact with the narrow end of the linear tapered section. Both of these 

sections feed into the third section, a straight multi-mode guide. This 3^m diameter section 

mixes the two incoming optical signals and allows them to propagate to subsequent modules 

in EP^IC. 
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Figure 35: Multi-mode asymmetric y-coupler, coupling from the multi-
mode port This structure consists of three ports, multi-mode and a 
single-mode input ports and a multi-mode output port The structure 
consists of a linear tapered section from a ridge width of 3|jxn to a width 
of 2iim. The second section is an S-bend single mode waveguide 1 ̂ mi 
in diameter that contacts the end of the tapered section. The last 
segment is a straight multi-mode section 3|im in diameter. 

Figure 36 illustrates the coupling of a single-mode signal into the main multi-mode 

wavegviide trunk. The insertion loss measured at a Z position of 350^un is -1.43 dB and is 

much less than the power loss found in the single-mode y-coupler. The insertion loss from the 

multi-mode trunk (Figure 35) is even lower, at -0.056 dB. 
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Figure 36: Multi-mode asymmetric coupler; coiq)ling from the single-
mode port. This structure was chosen because it exhibits relatively low 
insertion losses when compared with the 3 dB power drop of the single-
mode y-coupler. This structure shows an insertion loss of -0.0S6 dB 
firom the multi-mode guide and a loss of-1.43 dB firom the single-mode 
guide. 

5.2  ̂ Distributed Feedback Laser Design 

The area of optoelectronic laser sources has seen tremendous development over 

the past two decades. More recently, vertical cavity surface emitting lasers (VCSELs) 

have shown great promise in both of the areas of telecommimications and free-space 

optical interconnects for use in parallel computing applications [70]. However, these 

versatile multiple quantimi well (MQW) structures aren't suitable for planar waveguide 

applications as the radiation is emitted normal to the substrate's surface and would result 
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in large waveguide coupling losses should they be used. The more mature planar 

distributed feedback (DFB) or distributed Bragg reflector (DBR) lasers are more 

appropriate for this application as these structures can easily be integrated with planar 

waveguides [58,71]. The fixed-wavelength DFB laser is the specific technology chosen 

for this monolithic approach due to its manufacturing simplicity and long-term emission 

stability [71,72]. 

A distributed feedback laser consists of a solid state laser cavity that achieves 

longitudinal mode confinement by using a distributed grating structure along the length 

of the cavity. If the grating period satisfies the Bragg condition, the frequency coupling 

between the oppositely traveling wavefronts in the cavity will be maximized: 

2/1, 

Where 'A' is the grating period, '>.b' is the Bragg wavelength and 'ne' is the effective 

index. The many little reflections will add constructively at the Bragg wavelength, while 

light not satisfying the Bragg condition will destructively interfere. Figure 37 illustrates 

the center operating wavelength of a Bragg reflector as a function of the grating period. 
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DFB Laser Bragg Grating Period as a Function of Center 
Operating Wavelength (ns3.5) 

0.2224 
 ̂0.2222 

"l 0.2220 
^ 0.2218 
% 0.2216 
£. 0.2214 
? 0.2212 
2 0.2210 
O 0.2208 

0.2206 
1. 

Figure 37: Required DFB Bragg grating period for a given operating 
wavelength-

A schematic of a typical distributed feedback laser (DFB) is shown in Figure 38. 

The DFB laser has been shown to be a highly reliable optical source which has an 

unwanted lasing wavelength bistability property. By introducing a X/4 phase shift in the 

distributed grating, the laser will achieve single-wavelength operation [73]. 

The DBF laser is composed of an optically-active layer surrounded by cladding 

layers. On one of these cladding layers (below or above the active layer) a grating is 

etched with a period corresponding to the Bragg wavelength. Methods of creating the 

grating include holographic and electron-beam lithography techniques. 

1.546 1.548 1.55 1.552 1.554 1.556 

Canter Operating Wavelength [urn] 
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Figure 38: Schematic cross-section of a distributed feedback (DFB) 
laser diode 

The reflectivity of a Bragg reflector is a function of both the frequency detiming 

from the Bragg wavelength and the local gain in the material. The gain level is 

modulated by electrical carrier injection into the device. 

The reflectivity of a Bragg reflector is described in [74]: 

jKsinhjfdL) (33) 
//cosh(/z£,)- y<ysinh(//Z^) 

where '5' is the detuning parameter: 

and "(i' is: 

where 'L', 'Xb\ 'k', 'ng' and 'g' are the grating length, operating wavelength, Bragg 

wavelength, grating coupling coefficient, the group refractive index, and the material gain 

respectively. 
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The parameters for the Bragg reflector used in the design are summarized in 

Table 5. Figure 39 illustrates the magnitude of the reflectivity from a Bragg reflector. 

Notice that the reflectivity is symmetrical about the Bragg frequency and has peak 

magnitudes at the 0 and n phase angles. Therefore, a uniform Bragg reflector is equally 

likely to resonate at two wavelengths equally spaced from the Bragg wavelength. To 

place a resonant wavelength at the Bragg wavelength, a quarter-wavelength phase slip is 

introduced at a point in the grating period [73]. The grating coupling factor (k) can be 

calculated from [73,75] and is a function of the grating corrugation depth. For a coupling 

factor of 50 cm*', a corrugation depth of 10 nm is required. 

Table 5: Bragg Reflector Parameters 

Reflector Length 125 pm 
Gradng coupling factor (k) 50 cm*' 

Center Wavelen^ 1.55 urn 
Group refractive index (Hg) 3.5 
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Figure 39; Magnitude of the Reflectivity^ in a Bragg reflector 
(Mathematica graph) 

The effective length of a Bragg reflector that the light "sees" is a function of the 

wavelength detuning and the gain of the material. It is described by [74]: 

Figure 40 illustrates the dependence of the effective length of the Bragg reflector 

on gain and detuning. Notice that there is a strong dependency of the effective length on 

wavelength detuning. 

S 2SL 
ytanh(/^) + . . 

H sinh(2/iL) 
y// + ̂ tanh(/x^) 

(36) 
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Figure 40: Effective length dependence on gain and detuning 
(Mathematica plot) 

Now, a DFB laser analysis will be performed on a given structure. It will be 

approximated as a Fabry-Perot resonator with a gain-dependent optical cavity length and 

reflectivity profile. Table 6 shows the parameter values used in the following analysis 

[76,77,78], 

Table 6: DFB Laser Analysis Parameters 

Group Index (n) 3.51 
Speed of light (c) 3e8m/s 

Eiec&ical Chaige (q) 1.6e-19C 
Exchatkm Lifetime (tji) Se-9 seconds 

Loss coefficient (a) 5e3 m"' 
Cavity Length 2.5e-4m 

Effective Cavity Length (Ldi) I.l le-4 m 
Cavity Width (w) 4e-6m 

Cavity Area (A) Ie.9m-
Effective reflectivities (Ri, Rz) 0.6 

Mode Width (d) le-6m 
Active Width (t) 5e-7m 

Electrical "thickness" (te) 3c-6 m 
Average Resistivity 10ohm<cm 

Center Frequency (Vo) I.94eI4Hz 
Linewidth (Av) 1.25ell Hz 

Injection EfficienQr (rii) 0.8 
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Figure 41 shows a 2D plot which is a subset of Figure 39 at a gain value of zero. The 

effective reflectivity of the Bragg grating is 0.6 at the center wavelength of 1 .SSfim, and this is 

the value used in the laser analysis (R| and R2). 
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Figure 41: Bragg grating reflectivity as a function of wavelength 
detuning and zero gain. (Mathematica plot) 

Likewise, Figure 42 illustrates a slice through Figure 40 at the center wavelength of 

l.SSfim. The effective length is chosen at a gain of zero (56nm X 2 = lll^m). It is 

reasonable to hold this value fixed for this first-order analysis as a key result of these 

calculations, the output power, varies by no more than a maximum of 5% over the full range 

of values that Leff can take on (for zero detuning). 
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Figure 42: Effective Length as a function of Gain and zero wavelength 
detuning. (Mathematica plot) 

The cavity lifetime in a Fabry-Perot resonator can be expressed as the following [78]: 

, 21,^ (37) 

c(l--R,^2exp[-2a/:,^]) 

For the given design, the cavity lifetime is 0.839 ps. The threshold gain condition is 

found by using the cavity lifetime in the following expression [78]: 

a: -

The threshold gain for the laser in this example is 13,934 m"^ Given the threshold gain 

condition, the threshold population inversion canier density can be found [78]: 

c" 

^ (39) 

t 
The threshold population inversion carrier density is found to be 2.8e21 m'^. The threshold 

current density required can be calculated with the following [78]: 
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J ^tcv^^qdnl^v j^ ; 
7/C 

a+-
I 

2A 
-In 

1 

•*ff 

(40) 

For the given design, the threshold current density is 3e4 A/m^. The differential external 

quantum efGciency of the device can be found with the following [78]: 

'Zer = 7, 

In i 
+ In i) 

(41) 

For this design the external quantum efficiency is 0.38 W/W. Given a forward bias voltage 

Vf, the external quantum efficiency can be calculated from [78]; 

ln[ — 
U.. 

(42) 

Figure 43 illustrates the input/output optical power and external quantum efficiency as 

a function of the applied voltz^e. 

biput/Output Po«Mr and External Quantum Efficiancy as a 
function of Appliad VoRaga 
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.Ou^Oplieal Po«Mr 
- Ci<itTWl Quatiton EWcwncy ; 

ilppM Votag* M 

Figure 43: Electrical/Optical power and external quantum efficiency as 
a function of the applied voltage. 
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The tum-on delay to threshold can be calculated using [72]; 

To = In 
(43) 

Where 'Jb' is the new current density above threshold, 'Jo' is the old current 

density below threshold and 'Ju,' is the threshold current density. The laser's switch-on 

5.23 Photodetector Design 

Solid state optical detection can be accomplished via several different 

technologies. By far, the simplest and most widely used detector for integrated 

applications has been the photodiode [79]. These devices are compact, easy to fabricate, 

and highly reliable. They consist of an absorbing ternary material that is sandwiched 

between an optically transparent p+- and n+ layer. The ternary layer is partially depleted 

by the reverse-biased p-n junction, and the field in this depletion region sweeps the 

photo-generated carriers to the electrodes. Figure 44 illustrates the cross-section of a 

typical discrete long-wavelength photodiode. 

time from a zero current density state to 4.4e6 A/m^ is 35 ps. 
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Figure 44: A long-wavelength photodiode 

The photodiode structure used in this analysis is a simplified structure based on a 

device proposed by R. J. Deri et al [80] and illustrated in Figure 45. Since polarization 

mode filtering isn't necessary at the detector, the dual-detector arrangement proposed in 

[80] isn't required. This dlows for a simplified manufacturing process, eliminating the 

deposition of gold and two quaternary layers. 

Photocurrent 

p+ - InGaAsP 
p- - InGaAsP 

nH- - InGaAsP-

InP substrate 

InGaAsP 

Figure 45: Schematic of the PIN photodetector 
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Table 7 outlines the photodiode parameters to be used in the subsequent analysis 

[77,78]. 

One of the major design issues in creating the PIN photodetector is in correctly 

modeling the coupling between the input waveguide and the detector waveguide. The 

structure acts much like a directional coupler, transferring optical power from one 

waveguide to a nearby guide running parallel to it. For this device, we wish to vertically 

transfer all of the optical power from the waveguide (layer 2) to the absorbing layer 

(layer 4) in the photodetector where carriers are generated. 

Table 7: Photodiode Design Criteria 

Photodetector Length (L) 70 pm 
Photodetector Width (W) 4 ^m 

Photodetector Area (A) 2.8e-5 cm^ 
Layerl (Substrate) InP(n=3.162) 

Layei2 (Guiding Layer) InGaAsP (n=328, t=l^m) 
Layer3 (electrode and matching layer) InGaAsP (n=3.233, t=0.12fun, Na=5e 18 cm"') 

Layer4 (Absorbing Layer) InGaAs (n=3.535+j0.083, t=0.lMm, Na=lel8 cm"^) 
Layers InGaAsP (n=3.233, t=lMm, Nd=leI6 cm"^) 

LayeitS (electrode) InGaAsP (n=3233, t=OJ^m, Nd=5el8 cm"^) 
InGaAs Bandgap 0.748 eV 

DC Responsivity (R) [81] 0.03 A/W 
Vacuum Pennitivi^(e:g) 8.854e-14 F/cm 

er(InGaAsP) 12.46 
InGaAsP effective mass (m*) 0.046 

Boltzmann's Constant (k) lJ81e-23 J/K 
Planck's Constant Oi) 6.625e-34J.s 

Temperature (T) 300 K 
Applied Voltage (V) -5 V 

Rc soon 
Electron Mobility (fO 12000 cm-ZV-s 

Minority Carrier Lifetime 2.71 ns 
Carrier velocity @ 6.3e4 V/cm (yemna) 8e6cm/s 
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We will begin the analysis by determining the characteristics of the photodiode's 

p-n junction. The effective density of conduction band states is given by the following 

[82]: 

iV =2 
m'kt ^ 
2^ 

(44) 

For this InGaAs design, the density of states is lAloXl cm'^. From this, the 

intrinsic carrier density can be found using [82]: 

n, = exp 
kT 

(45) 

This InGaAs has a calculated intrinsic carrier density of 1.29el 1 cm'^. From the 

intrinsic carrier density and the donor and acceptor dopant concentrations on each side of 

the junction, the built-in potential can be found using [82]: 

ki = —In "> 

n: 

(46) 

The built-in potential for this junction was calculated to be 0.8V. Next, the 

depletion width on each side of the junction is found using [82]: 

(47) \2e„exv-k^ )  

For this design, the depletion widths for the n-side (InGaAsP) and p-side 

(InGaAs) are 0.82^un and 0.089nm respectively. This gives a total depletion width 

(Wjcp) of 0.89|am. The average electric field which is seen at the junction can be found 

by [82]: 

y-K. (48) 

dtp 
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The average electric field seen at the jxmction is 64 kV/cm which is less than the 

critical field (>110 kV/cm) at which point the junction breaks-down. The junction 

capacitance, which determines the device's modulation rate, can be found with [82]: 

a \2q£,e. r (49) 

2 ] ( K . - n  
The junction capacitance is calculated to be 0.34 pF. The electrical cut-off frequency can 

be found with the following: 

1 (50) 

" itcric 
For this example, the device can be electrically modulated up to a rate of 0.925 

GHz before the device's responsivity drops to 1/e. Another measure of the ultimate speed 

of the device is based on the rate at which photo-generated carriers are able to diffuse 

through the depletion region, and into the electrodes. The diffusion coefficient for this 

device can be found from [82]: 

For this device, the diffusion coefficient is 312 cm^/sec. Next, the maximum operating 

frequency can be calculated by taking the reciprocal of the diffusion time: 

f'"" ~ ^ 

^ dtp 
For this device, the maximum optical modulation frequency is 78 GHz. This agrees well 

(52) 

with the maximum optical modulation frequency given the experimentally-measured 

carrier velocity and depletion width: 

f <") 
Jopi 

'^dcp 
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The maximum frequency given this approach is 89 GHz. 

Noise is also a concern in this device. Thermal noise (Ijotmson)* and Shot noise (Ishot) are 

both problematic. Summing the noise in quadrature creates a "noise floor" above which a 

signal current must overcome in order for it to be interpreted correctly. 

The shot noise can be found using [78]: 

The responsivity of the photodiode measured in amps per watt is calculated from the 
following [78]: 

where "t)' is the internal quantum efficiency of the device. Figure 46 illustrates the 

photodiode's responsivity [A/W] as a f\mction of operating frequency and optical 

wavelength (fco = fei). 

And the thermal (Johnson) noise can be found with [78]: 

(54) 

(55) 

(56) 
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05 Besponaivity [A/M] 

Figure 46: Photodiode responsivity 

Figure 47 illustrates the photodiode signal and noise currents and signal-to-noise ratio 

(SNR) as a function of the optical power incident on the device. To overcome the noise and 

produce an SNR of 2,1 ̂ W of optical power is required at the detector. 
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Figure 47: Signal-to-Noise Ratio (SNR), photo and noise currents as a 
function of incident optical power. A minimum SNR of 2 requires a 
power of 1 nW at the photodetector. 

Another measure of the photodetector's performance is its noise equivalent power 

(NEP). This can be calculated from [78]: 

(57) 
NEP = jAof jahaom 

Responsivity 
At a detector bandwidth of 0.9 GHz, an operating frequency of 10 GHz, detector 

temperature of BOOK and a detector area of 210 the NEP is 0.16 fiW. 

Relying on evanescent coupling results in relatively low detector absorption 

coefficients. This causes an acceptable device to have a large detector length to achieve 

high quantum efficiency. A long detector, however, has poor frequency response as well 

as requiring a larger footprint. This low absorption coefficient is caused by an optical 

impedance mismatch between the waveguide and the absorbing layer. This can be 
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remedied by including an impedance matching buffer layer between the two guiding 

layers which is similar to an anti-reflection coating (ARC) on optical surfaces that 

suppresses reflections. Minimizing reflections at the waveguide/absorbing layer 

boundary will improve the structure's overall quantum efficiency which will allow for 

shorter devices. 

A simple first-order classical approximation for a matching layer can be found 

using thin-film optics [83]: 

^ (2m + l)/l (58) 

4/1^ cos ̂  

where 'tj^p' and 'nsmp' are the matching layer thickness and index respectively, 'm' is the 

diffraction order, 'X' is the wavelength, and is the angle of incidence. 

A single matching layer's transmittance has a moderate dependency on 

wavelength. The absorption coefficient typically varies ± 10% over a bandwidth of 80 

nm [83]. If desired, the bandwidth can be widened by adopting multiple-layer impedance 

matching approach, analogous to broadband multi-layer dielectric films. 

Figure 48 illustrates the field profile propagating through a 2D longitudinal cross-

section of the proposed photodiode device. Figure 48a shows that the injected light 

oscillates between the absorbing layer and the guiding layer several times before being 

significantly attenuated. Within a distance of 70^un, 97% of the TE light is absorbed. 

Figure 48b shows the field distribution magnitudes in more detail. 
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Figure 48; Cross-sectional view of the photodiode structure (a) 
overlayed with the optical field contours. Light is injected into the 
waveguide from the left and is coupled vertically into the photodiode's 
thin absorbing layer. The intensity surface plot (b) better ^splays the 
intensity mapping throughout the cross-section. The material stack 
consists of an InP cladding layer (n=3.162), a 1 jun thick P+ InGaAsP 
electrode layer (n=3.233), a 0.1 nm thick N+ InGaAs absorbing layer 
(n=3.535+j0.083), a 0.12 ^m thick N+ InGaAsP electrode/matching 
layer (n=3.233), a I ^m thick InGaAsP waveguide layer (n=3.28), and 
an InP substrate layer (n=3.162). (Prometheus simulation) 

Figure 49 illustrates the longitudinal power drop in the photodiode cavity as a function 

of propagation distance. It can be seen that TE light is absorbed more readily than TM light. 

In the final EP^IC design, the only light that will reach the detector will be TE light, so this is 

the value that is reported when the device's internal quantum eflSciency is determined. In the 

case of this 70nm-long design, 97% of the TE light is absorbed. 
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Figure 49: Optical power drop in the photodiode cavity with respect to 
propagation distance. Within a distance of 70 fim, 89% of the TM (a) 
and 97% of the TE light (b) has been absorbed by the photodiode and 
residual optical power has been reduced to -9.5 dB and -15 dB 
respectively. (Prometheus simulation) 

Figure 50 illustrates the sensitivity of the photodetector for TE and TM light as a 

ftinction of wavelength detuning. Notice that while the TM light shows a near-linear 

relationship to detuning, TE light reveals a local minimum in the remaining power. For 

TE light at the wavelength range of interest (1.45 - 1.65|im), the power absorbed ranges 

from 96.5% to 96%. 
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Figure SO: Optical power fiction at a propagation distance of 70 ^m as 
a function of wavelength detuning for TE (a) and TM (b) light It can 
be seen that the device operates optimally at 1.47 for TE light, and 
that there is a linear improvement in absorption of TM light with 
decreasing wavelength. 

5.2.4 Polarization Filter Design 

Polarization filtering in optical waveguides can have important applications. 

Since the emission firom an optical fiber often has a random polarization, it is frequentiy 

desirable to remove undesirable polarization modes prior to subsequent optoelectronic 

signal processing. In the case of EP^IC, polarization filtering is required to eliminate light 

corresponding to bit positions which are exact matches. 

Many of the existing waveguide polarization filtering methods are based on the 

application of birefnngent or metallic materials at the waveguide-cladding or waveguide-

air interface, or the poling of the polymer waveguide bulk into a birefringent state 

[84,85,86,87,88,89]. These methods allow for selected polarization modes to propagate 

unaffected while allowing all other modes to radiate from the waveguide. 
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The polarization filter which was finally decided upon is based on TE mode 

decoupling via a thin discontinuous silver film [90], Unlike the directional coupler filter 

approach, this design has a wide enough bandwidth to be appropriate for the integration into 

EP^IC. 

Figure 51 illustrates the TM-pass polarization filter used in the EP^IC system. This 

structure consists of a thin discontinuous silver film that has been inserted between the top 

surface of the InGaAsP waveguide core and cladding. The device presented in [90] exhibited 

a measured TE power loss of 35 dB/mm and a TM power loss of 2 dB/mm at 836nm. The 

propagation losses were flat above SOOnm, so these same losses are extrapolated out to the 

wavelength range of interest, 1.4 to 1.65nm. For the ErtC design, 35 dB TE power loss is 

more than adequate, so the device length chosen is 1mm. 

Silver InP Cladding 

® T InGaAsP Waveguide ^ T 

TE TM TM 
InP Substrate 

TM 

^ p. 
1 mm 

Figure 51: TM-pass waveguide polarizer cross-section using a thin 
discontinuous silver film overlay. The film is 5nm thick. 
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5.2.5 Active TE/TM Polarization Mode Converter Design 

Integrated active optoelectronic modulators have received much attention and 

development since the early I960's [91]. There are many applications that make use of 

the electro-optic effect in materials. One such device is the Mach-Zehnder interference 

intensity modulator. In this device, an optical beam is split into two paths, and a phase 

shift is introduced into one of the branches by applying an electric field across it. This 

changes the refractive index of the material, effectively changing the guide's optical path 

length. Upon recombining, the two coherent wavefronts add destructively if their phase 

difference is an odd multiple of it. 

This same electro-optic effect can be used to modify the polarization state(s) of a 

propagating wavefront in a predictable manner. A dynamic polarization mode converter 

is such a device. Crystalline materials such as LiNbOs are preferred as they typically 

have large electrooptic coefGcients which minimize the required device lengths. 

However, an emerging field of non-linear organic materials (polymers) is receiving much 

attention as their optical properties aren't nearly as rigid as the crystalline variety. They 

can be "tuned" by proper engineering to have specific electrooptic and thermal 

properties. 

The TE-TM mode converter makes use of the electrooptic effect in poled polymer 

waveguides [89], These devices have been shown to have a wide optical bandwidth (> 

lOOnm) due to low dispersion in the l.3-1.5^m operating range of interest. In the 

analysis to follow based on [92], an electrooptic polarization mode converter will be 
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designed around the polymer, poly(N-(4-nitrophenyl)allylamine), otherwise known as 

PPNA. Table 8 lists the design criteria used in the analysis. 

Table 8: Dynamic Polarization Mode Converter Design Criteria 

Device Height (H) 1 ^In 
Device Width (W) l 
Device Lengdi (L) 2 mm 

Average Electrode Separation (d) I ^5 Mm 
Material Type PPNA 

e, 2.637 
Absorption Peak Frequency (Vo) 26110 cm"' 

Operating Wavelength 1.55 nm 
Operating Frequency (v) 6450 cm"' 

Non-resonant refiactive index (no) 1.52 

Order Parameter (<1>) 0.18 
Poling voltage (Vp) 500 V 

Poling Temperature (Tp) 450 K 
Dipole Moment (m) 7 Debye 

Dipole Moment Shift (5M) 20 Debye 

Figure 52 illustrates a cross-section of the electrooptic polymeric polarization 

modulator. It consists of a lum square polymeric guiding structure that is butt-coupled to the 

InGaAsP waveguide. Not shown in the diagram is surrounding polymeric cladding material 

composed of poly-methyl methaciylate (PMMA) with an index of 1.46. Poling electrodes are 

laterally displaced and aligned along the device's main diagonal. This provides the proper 

diagonally oriented electric field along the a-axis that is required by propagating TE and TM 

fields oriented along the x-axis and y-axis, respectively. 
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Figure 52: Cross-section of the poled polymer polarization mode 
converter. Light propagation is in the Z direction. 

Figure 53 illustrates a finite-element simulation of the electric field vector within the 

polymer medium. It can be seen that the field vector is optimal for locations that are close to 

the center of the waveguide since the field is strong, uniform and properly oriented along the 

diagonal. The field vector becomes less ideal as it is measured fiuther fiom the guiding 

center. Either the field is poorly oriented, or it is of a magnitude that varies significantly fi-om 

the ideal. For the purposes of this analysis, however, it will be assumed that the field is 

ideally-uniform in both magnitude and direction. 
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Figure 53: Quiver plot of the electric field vectors and contours through 
a biased poled polymer material. The length of an arrow indicates its 
relative magnitude. The electric field vector at the center of the 
structure is oriented ^proximately 45 degrees with respect to the 
waveguide surfaces providing near-ideal operation (Medici finite-
element simulation). 

To begin the analysis, the refiractive index shift due to the operating wavelength will 

be calculated fi'om an empirical relation [92]: 

10* 
= 7 (59) 

o 
At an operating wavelength of 1.55 (im, the shift in index is 0.156. Combined with 

the non-resonant index of 1.52, the corrected index is 1.68. Given a poling voltage of500V, 

the average field can be calculated with [92]: 
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^ (60) 

" d 

This provides an average poling field of 4 MV/cm. The dimensionless poling 

field parameter can then be calculated with [92]: 

u = 242—-

The poling parameter for this design is 1.51. The electric field is in units of 

MV/cm, temperature in units of Kelvin, and dipole moment in units of Debyes. One 

Debye is equal to 8.478e-30 m-s-A. The corresponding red-shift caused by the poling 

parameter on the material is found with [92]: 

A = (62) 

The red shift is found to be 1340 cm"'. Next, the shift in frequency along the direction 

parallel and {perpendicular to the poling field will be determined [92]: 

(63) 

- -

1 + -Y cothu 
u u 

Sv, = (64) 

cothw-— 
u 

5vi[ and 6vj. are 1210 cm*' and 405 cm"', respectively. Finally, the electrooptic 

coefficients can be determined [92]: 

2 , . 2v Sv. (65) 

1 E 
(66) 
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The electrooptic coefficients are 22.3 pnx'V and 4.49 pnW for rn and rx, 

respectively. The phase retardation in the absence of an applied field can be calculated 

with [63]; 

For a 2mm long device, the phase retardation at 1.55 nm is 1266 rad, or 201.49 

waves. Therefore, there should be a phase shift in the transmittance of the device of 

about 0.49 waves. It can be seen from this expression that the phase retardation is a 

function of the wavelength of the light used. Therefore, the polarization modulator 

proposed here places a restriction on the wavelengths that will work properly in the 

device. Figure 54 illustrates the phase retardation as a function of wavelength. It can be 

seen that there are about 33 half-wave periods in the range of 1.4 to 1.65 ^m. Therefore, 

this device will support up to 33 discrete wavelength channels. 

(67) 

X 
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Phase Retardation as a Function of Wavelength 
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Figure 54: Phase retardation as a function of wavelength. There are 
about 33 half-wave periods in the wavelength range from 1.4 to 1.65 
^m. Therefore, up to 33 discrete wavelengths can be properly 
modulated by the device. Also notice the minute wavelength 
dependence on the phase period (longer period for longer wavelength). 

It can be seen from Figiu-e 54 that the phase retardation period is also a function 

of wavelength. This means that equally-spaced wavelength channels cannot be used. To 

fmd this period dependency, we can differentiate the phase retardation with respect to 

lambda; 

dr„ 2jr{^)L (68) 
— - j2 

Setting dr equal to -2n, we have 

dk 
(69) 

(An)L 

We can see that the required shift to the next wavelength chaimel is proportional 

to This dependency is plotted in Figure 55. 
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Figure SS: Required wavelength step size for a Pi phase shiit as a 
fiinction of operating wavelength. The wavelength shift ranges &om 
3.15nmat 1.4 ^mto4.4nmat 1.65 (im. 

Figure 56 illustrates a set of discritized wavelength values that satisfy this TI shift 

condition. 
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Discretized Wavelength Channels that Maintain a Phase Retardation 
Shift that is a Multiple of Pi Between Channels 
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Figure 56: Discretized wavelengths that ensure a Pi phase retardation 
shift between adjacent channels. Therefore, fix>m a phase retardation 
standpoint, each of the channels will behave the same in the polarization 
modulator. 

Next, the half wave voltage of the device can be calculated using [63] ; 

d k 
lr^r^-rji\ 

For this design V* at 1.55^m is 10.8V. 

(70) 

The device's transmittances given an input of pure TM light can be calculated 

with [63]; 

= sin^ 
2 V, 

(71) 

~ 

f t~ rr ^ n ^ v 
2 V. 

* / 

(72) 
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Figure 57 illustrates a graph of the optical transmittance of the device at 1.55|im 

as a function of the applied voltage on the electrodes. For correct operation, the 

electrodes need to be driven by an AC signal with a peak-to-peak magnitude equal to the 

half wave voltage (10.8V) combined with a DC offset (Vo) of 12.7V. Therefore, Vappiied 

will range from 12.7V for no polarization modulation to 23.5V for full polarization 

conversion. 

Optical Transmittance Given an input of TM Light 
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Figure 57: Transmittance of the proposed poled-polymer polarization 
mode converter for pure TM light input. A 12.7V voltage bias applied 
to the polymer mode converter long will result in no effective change in 
the polarization state(s) of the propagating wavefronts, while applying a 
bias of 23.5V will convert a TE (TM) mode to a TM (TE) mode. 
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Like the phase retardation, it can be seen that the half-wave voltage is a function 

of the wavelength used. Figure 58 illustrates the non-ideal behavior on modulator 

operation. Even though the three wavelengths are tuned to have the same initial phase 

retardation, the half-wave voltage dependency on the wavelength causes a skewing of the 

transmittance ixmctions. 

TE Transmittance Sensitivity to Wavelenth as a Function 
of Applied Voltage given TM input Light 
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Vapplisd [V] 

Figure 58; Transmittance sensitivity to wavelength assuming identical 
phase retardation values. Even with an identical start position, the 
wavelength dependency of the half-wave voltage causes non-ideal 
behavior. 

One technique that partially corrects for this phenomenon is to choose 

wavelengths that balance the half-wave voltage phase shift against the phase retardation 

and produce equal transmittances at the point Vo + 0.5V,. It can be seen from Figure 54 

that the phase retardation varies rapidly with a small change in wavelength. Figure 59, 
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however, shows the slowly-varying phase shift due to the dependency of the half-wave 

voltage on wavelength detuning. This is shown for a half-wave voltage of 18V and a 

center wavelength of 1.55nm. 

Phase shift (radsj 
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Figure 59: Phase shift due to the dependency of the half-wave voltage 
on wavelength detuning. The center wavelength is 1.55(im and the 
applied voltage is 18V. 

The procedure for wavelength optimization, therefore, involves first calculating 

the half-wave voltage phase shift plot as in Figure 59 for the wavelength having a 

transmittance of 0.5 at a voltage Vq + 0.5V*. The second step is to make an initial guess 

as to a wavelength channel surrounding the center wavelength and then use the plot to 

determine the phase shift. The last step is to take the phase shift and find its 

corresponding value in the phase retardation plot (Figure 54) and determine the exact 

wavelength to be used which is close to the initial guess. Using this procedure, one can 

force multiple wavelengths in the polarization modulator to have identical transmittances 

at a specific applied voltage. Figure 60 illustrates the corrected version of Figure 58 
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along with the associated transmittance error. As an example, 1.4^m light exhibits a 2nm 

wavelength shift per radian of phase shift (Figure 55). Since a phase shift of 0.7 radians 

is needed (Figure 59) and a shift of 2.5 rads already exists (Figure 54), a wavelength shift 

of 3.6nm is required to produce a zero phase difference (2 nm/rad X [2.5-0.7 rads]). 

Likewise, the 1.65^m light shows an 8.7nm wavelength shift per radian of phase shift. 

The required phase shift is 0.4 radians, and 0.3 rads already exists, so the required 

wavelength shift to produce a 0.1 radian phase shift is 0.32nm. 

TE TranaiiMMie* to Wa«alMi*i w a 
of AppM VolHO* giMn TN input LigM 

TC TranwiMnea Efrar tan IJCtim Ca 
FimcMon of AppM Voaag* givan TM input Ught 

ngltaaa 

.1.40 

.Its 

Figure 60: Transmittance curves (b) with corrected wavelengths such 
that all intersect at an applied voltage of 18V. The transmittance error 
with respect to the 1.55^m channel has a maximum value of 0.04. 

Next speed analysis of this device will be performed. The design of the modulator is 

very similar to a parallel plate capacitor. The two electrodes in the modulator, however, are 

placed with a lateral ofifset with respect to one another. 

The capacitance of the device is 9.33e-15 F, so the cut-ofif frequency can be calculated 

by: 

fco = 
1 (73) 
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Given a load resistance of 50Q, the cut-off frequency becomes 341 GHz. The 

responsivity curve of this device can be found with: 

/?(/) = RiO) (74) 

1 + 
.fco 

Figure 61 illustrates the device's normalized responsivity curve as a function of 

modulation frequency. 
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Figure 61; Polarization Modulator Responsivity as a function of 
operating frequency 

Lastly, the average steady-state power consumption will be calculated. The RMS 

voltage for the device is found with: 

V 
V —  ̂
' ^ ' 4 1  

Vrms is 7.63 V. The impedance of the device is found with: 

(75) 
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Z = —1— ™ 
l7 t* f*C 

At 10 GHz, and a capacitance of 9.33e-15 F, the impedance is 1710 ohms. The RMS 

current, IRMS> can be found with: 

W zV2 
and is calculated to be 0.0022 A. The phase angle given a load resistance is calculated 

by; 

Given a load resistance of 50Q, the phase angle is -88.3°. Fmally, the average power 

consumption can be calculated by; 

n,=W»«cos(,l) (79) 

The average power consumed by the electrooptic polarization modulator at its 

nominal operating frequency is 0.5 mW. 

When the polymeric material is deposited during the formation of this device, its 

molecules are in a random state and exhibit no electrooptic effect. A poling process is 

required where the material is heated to its glass transition temperature (typically 150°C) 

and a strong field (>3 MV/cm) is applied to align the molecules in a particular 

orientation. The material is allowed to cool while the field is applied, after which the field 

is removed. Naturally, the molecules want to return to their random orientation, which 

causes this poling state to be quasi-static. Depending on the properties of the polymer 

(including its glass transition temperature), the electrooptic effect will be stable for 

varying lengths of time. PPNA has a thermal stability at 70°C of only several hours. It 
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was used as an example in this analysis as it is well-characterized in the literature. 

However, better polymer candidates exist such as a polyurethane-based material called 

FLAMEL [93] It has been shovm to have an electrooptic coefficient approaching 15 

pmA'^, a glass transition temperature of 159°C and a stability greater than 2000 hours at 

85°C. 

5.2.6 Waveguide Grating Demultiplexer Design 

The waveguide grating demultiplexer is a critical component within the EP^IC 

architecture. It is required to clearly resolve wavelengths that are spaced as close as a 

few nanometers apart. Additionally, the device is required to be relatively compact and 

easily manufacturable. 

The Rowland Circle-based vertical-walled planar grating demultiplexer [94] is 

examined here. It is an attractive method for decomposing a multi-wavelength signal into 

its constituent parts because it has the capacity of achieving sub-angstrom resolution. 

However, the price for achieving these ultra-high resolutions is a large device footprint 

(on the order of 10 mm) Nevertheless, the concept is well suited for moderately spaced 

channels (> Inm) in WDM systems. 

Table 9 lists the design criteria for EP^IC's grating demultiplexer. 
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Table 9: Waveguide Grating Demultiplexer Design Criteria 

Grating Radius (R) 2 mm 
Geometry Type Rowland Circle 

Number of Channels 32 
Wavelength Range 1.40 -1.65 Mm 

Approximate Channel Spacing (AX.) 625 nm 
Angle of incidence (a) 16° 

Ray fan spread angle ((p) 30° 
Projected grating period (d) 0.66 Mm 

Minimum Dispersion (dy/dk) 1 Mm/nm 
reftac^e index (Nco) 3.28 

Figure 62 illustrates the geometry of a typical waveguide grating spectrometer 

with a Rowland Circle mounting. A grating circle is first formed with a radius 'R'. A 

second circle called a "Rowland Circle" is traced with a radius of R/2 which is co-

tangential with the grating circle at point 'O'. The projection of the grating period on the 

co-tangential line 'W yields a constant spacing 'd.' Now suppose a ray bundle is 

launched from point 'A' on the Rowland Circle to point 'O'. The first diffraction order 

of this ray bundle will be reflected and focused to point 'B' on the Rowland Circle based 

on the equation: 

pA (80) 
a{sma+sm/3) = —— 

'̂jf 
where 'a' and 'P' are the incident and reflected angles from normal, respectively, 'Nefr' is 

the effective refractive index of the waveguide, and 'p' is the diffraction order. For our 

design operating at the center wavelength of l.SS^un, the first-order refraction angle, p, is 

26.1°. 
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Figure 62: Rowland Circle geometry 

The device length can be estimated with the following relation [95]: 

^afev.««^COS^ (81) 

Using the l.SS^un dif&action angle from above, the approximate length of the 

demultiplexer is 1.8 mm. 

The dispersion of the device can be calculated with the following [95]: 

dy _ R cos(2>g-^^) (82) 

dX Id cosp 
where 'Pc' is the diffraction angle at the center wavelength. To provide even distribution 

of 32 channels across a bandwidth of 0.2 ^m requires a chaimel spacing of about 6.25 

nm. The dispersion is calculated by the lateral shift in diffracted focused spot distance 

between two adjacent channels. Taking the two chaimels, 1.55^m and 1.55625^m, the 

dispersion is 1.5 ^un/nm. Therefore, given two channels spaced 6.25nm apart, the 

respective diffracted spot centers should have a separation of 9.4^m at the focal plane. 

Given a spot size of 3jim, the proposed device should be able to support up to 64 equally 
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spaced channels in the wavelength range of interest. A higher channel count will require 

either increasing the wavelength bandwidth, or increasing the length of the device. 

Figure 63 illustrates the wavelength demultiplexer structure simulation. The 

sourcecode for this simulation can be found in Appendix C. Light enters the device from 

a routing waveguide and diverges approximately as if it were originating from a source 

located on the Rowland Circle. This expanding wavefront propagates to the vertical-

walled grating surface where it undergoes refraction. The first diffraction order for each 

of the wavelength channels is shown reflected back toward the detector plane and comes 

to focus at a point on the Rowland Circle determined by its wavelength. From here, a 

wavegiiide network can be used to distribute these channels to individual photodetectors 

for electrical readout. 
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Figure 63: Grating Demultiplexer (ASAP simulation) 

Figure 64 illustrates the spatial distribution of 32 equally-spaced wavelength 

channels along the Rowland Circle detector surface. Each channel is composed of 30 

simulated 'rays', which give a total ray count of 960 rays. The total distance along the 

detector surface that is intercepted by rays is 2S0^m. 
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Demultiplexer Spatial Ray Distribution (32-channels) 
Along Surface of Best Focus (Rowland Circle) 
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Figure 64; Demultiplexed channel spatial distribution along the 
Rowland Circle. 32 wavelength channels (30 rays per channel "ray 
fan") range from 1.45 to 1.65^m with 6.25nm spacing. (R = 2 mm; a = 
16°; angular spread = 12°; d = 0.66 jim) (ASAP simulation) 

Figure 65 illustrates two adjacent channels at the detector surface. The spot size, 

channel separation, and aberrations present in the wavefront are clearly observable. The 

channel spot size can be found by subtracting the position of the upper- and lower-most 

points in each of the ray fans. Each of the channels has an aberration-limited spot size of 

about 2jim. Likewise, the channel separation is found by subtracting the approximate 

midpoints in each of the ray fans. Each channel has a separation of about 9^m. Lastly, 

since the simulated source produces a distribution of equally-spaced rays, the focussed 
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ray positional information can be read as a 'ray fan' which is a common metric in lens 

design for evaluating an optical system. If all of the rays came to a perfect focus, there 

would be no ray error, and each of the fans would be perfectly flat. It can be seen from 

each of these fans that their shape is distorted by more than one aberration. It appears 

that both a cubic and linear component have been added to each fan which is indicative of 

spherical and astigmatism aberrations respectively. These aberrations can be corrected 

for by optimizing the grating surface to be a modified version of the 'chirped' grating 

currently used [95]. For the purposes of this design, however, these aberrations are 

acceptable. 
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Grating Demultiplexer Spatial Ray Distribution Along 
Surface of Best Focus (Rowland Circle) 
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Figure 65: Close examination of two adjacent demultiplexed channels. 
The aberration-limited spot size is approximately 2^m, and there is a 
9^m center-to-center spacing between spots (channels). This yields a 
dispersion (dy/dX) of 1.45 ^m/nm, >^ch matches well to theoiy. Also 
notice that there is a cubic distortion component due to spherical 
aberration present in each of the "ray fans". (ASAP simulation) 

In the real system, the input waveguide to the demultiplexer will have some finite 

width. In the case of the proposed design, this width will be 3|im. The spot size 

magnification factor for a focusing reflection grating can be calculated with [96]: 

TpCosa (83) nt = 
r, cosfi 

where 'fd' is the distance from point O to the diffracted focal point, 'ri' is the distance 

from the source point to point O, and a and p are the incident and reflected angles 
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respectively. For this design, the ratio tq/xi is 0.95 and p is 26.1® for I.SS^un light. The 

magnification factor is calculated to be 1.02. Therefore, a source spot diameter of 

S.OO^m at the source point will be 3.06^m at the detector. Although this spot size is 

larger than the one that is limited by aberration, it still leaves sufGcient spacing between 

spots (~6^m) to provide for minimal crosstalk. 

53 Component Integration and Process Development 

Process integration is an important step in realizing a manufacturable device. It is 

a method by which a finished design is decomposed into a logical series of fabrication 

steps. Some of these steps have a certain dependency on those steps coming before and 

after. For instance, many polymers will only tolerate low temperatures, decomposing 

above 300°C. Therefore, these materials must be deposited only after all of the high-

temperature steps have been completed. The deposition technique used here for most 

semiconductor layers will be metalorganic molecular beam epitaxy (MOMBE). In 

MOMBE, gaseous metalorganic compounds of group III elements are converted into 

atom beams that are deposited on a substrate. MOMBE allows for near-ideal growth 

rates and uniformity at a deposition temperature that is 100-150°C less than other 

comparable techniques [97]. 

Figure 66 illustrates the six major process steps in the process flow. In reality, the 

number of steps in the process sequence is at least an order of magnitude greater than 

what is shown due to miscellaneous cleans and photoresist ashings, but including them 

would over-complicate the illustrations. The fabrication sequence begins with a Fe-
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doped InP substrate. Doping the semiconductor with iron has the effect of making it 

semi-insulating. Figure 66a shows that the first step in the process sequence is to etch a 

3fim step into the substrate. This will accommodate the lower electrodes of the laser and 

modulator and will allow the waveguiding layer to be co-planar across all of the 

integrated devices. Figure 66b shows the second step in the sequence which includes the 

MOMBE deposition and patterning of the two lowest InGaAsP layers in the DFB laser. 

Figure 66c shows the next step which is the MOMBE deposition and patterning of the 

InGaAsP waveguiding layers and the detector's InGaAs/InGaAsP stack. The next step 

(Figure 66d) in the fabrication sequence involves the patterning of the phase-shifted 

holographic grating and the MOMBE deposition of the InGaAsP cladding layer. Next, 

Figure 66e shows the sputter deposition and patterning of the laser and detector's gold 

electrical contacts. Lastly, Figure 66f shows the definition of the modulator's material 

stack. Since it utilizes polymers such as PMMA and PPNA, the modulator is constructed 

after all other high-temperature steps are completed. 
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Figure 66: Proposed EP^IC process sequence. Etching a step in the InP 
substrate (a); depositing the lower laser electrodes (b); depositing and 
patterning the InGaAsP waveguiding layers and detector stack (c); 
patterning the laser's grating and depositing the cladding (d); depositing 
the laser and detector's gold electrodes (e); and depositing and 
patterning the modulator's polymer stack (f). 

Figure 67 illustrates the layered structures of the completed laser, polarization 

modulator and photodetector. 
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Figure 67; Layered structure of EP^IC's DFB Laser, Polarization 
Modulator and Photodetector 

5.4 Proposed Two-Dimensional Architecture 

In order to best present the architecture of EP^IC, a side-by-side comparison is 

now made with the bulk optics implementation in MW-OCAPP. In the example to 

follow, two two-bit words in the comparand array ("10", "01") are simultaneously being 

compared against two two-bit words in the relational array ("01", "11"). 

The first part of the equivalency system as found in MW-OCAPP is shown Figure 

68a. Its purpose is to encode a pixilated two-dimensional optical wavefront with the 
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comparand array (CA) to be processed. The "rows" in the wavefront, each encoded on a 

unique wavelength, represent words to be matched. Polarization encoding of the desired 

data pattern is employed to differentiate the binary states of each of the pixilated "bits". 
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Figure 68: Part I of MW-OCAPP's equivalency system 
schematic (a) and EP^IC's waveguide equivalent (b) (SA=Source 
Array, P=Polarizer, SLM=Spatial Light Modulator, LP=Light 
Plane) 

Figure 68b illustrates EP'iC's monolithic implementation of the architecture 

found in Figure 68a. The substrate material used in this design is InP. The source array 

in this case is a distributed feedback laser array (continuous wave operation) that radiates 
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parallel to the substrate surface [73]. For this example, alternating lasers radiate on 

different wavelengths. Since DFB lasers emit light polarized in the TE orientation 

(parallel to the chip surface), all of the light is by default in the logical '0' orientation. 

The lasers are coupled into a single-mode rib waveguide composed of InGaAsP that is 

designed to be near-isotropic. 

The next devices in the path are a series of electro-optic modulators that encode each 

of the CA words. These 2mm-long devices are synchronized by a high-speed electronic host 

system, and operate at the system frequency of 10 GHz. The electro-optic material used is a 

poled polymer such as PPNA or FLAMEL. The lasers are coupled into single-mode rib 

waveguides composed of InGaAsP with InP cladding. 

Figure 69 illustrates the second part of the equivalency operation for MW-

OCAPP and EP^IC. Its purpose is to bit-wise exclusive-or (XOR) each tuple in the 

comparand array with each tuple in the relational array (RA). This produces a logical ' 1' 

at every bit position where there is a CA and RA mismatch. 
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Figure 69: Part 2 of MW-OCAPP's equivalency system 
schematic (a) and EP^IC's waveguide equivalent ^). The first 
state in the logic pairs following the y-spUtter corresponds with 
Xi and the second state in the pairs corresponds with X2. 

Figure 69b illustrates EP^IC's waveguide equivalent of the second part of the 

equivalency operation. The first and second bit positions in each of the words are mixed 

together using a y-coupler, and are then split using a 3 dB y-splitter. These mixed logic 

states pass through electro-optic modulators which are encoded with the RA pattern. The 

resulting light plane is the Match-Compare Register, and this passes on to Part 3. 
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The third and final part of the equivalency unit identifies which combinations of 

CA and RA tuples are matches. It does so by operating on the Match-Compare Register 

by converting it to a pixelated map called the Equality Register that represents the 

equivalency of all of the CA and RA tuple combinations. 

polarizer Cylindrical lenses 

LP4 P2 

From 
Part 2 

'0' 

'0', M' 

'1', •0' 
^1 

'T,  '0' 

00t  
Holographic Cylindrical 
Dc-multiplpcer lens. 

Equality 
Register 

HOE3 

Grating Grating 

Integrated ^ '0' 
Photodiodes. _ 

"S)o 
* / 4 

I — • — • —. I — . — • — • • 

0', '0 

Bit-wise OR 
at y-couplers '- '. '0*1 

SSfUBSS 

'0\ 

Polarization ElectroH>ptic 
Filters Modulators 

(b) 
Figure 70: Part 3 of MW-OCAPP's equivalency system 
schematic (a) and EP^IC's waveguide equivalent (b). The 
symbols following the polarization filter indicate the absence 
of light for a particular wavelength in a guide. 
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Figure 70b illustrates EP^IC's equivalent waveguide approach for the final part of 

the equality operation. The match-compare register from part 2 enters and passes through 

integrated TM-pass polarization filters. At this point, all horizontally-polarized light 

(logical '0') has been filtered from each of the waveguides. This single-mode TM-

polarized light for each word must now be coupled into a waveguide, performing the 

logical OR'ing process. A single-mode y-coupler has an inherent power loss of 3 dB 

[98]. One way to circumvent these jxjwer losses is to couple into a multi-mode guide 

where insertion losses are far less. However, making the waveguide multi-mode for TM 

light would involve increasing the height of the guide. This is undesirable as it increases 

the complexity of the design and would cause other coupling difBculties at the detector. 

Another complication exists in that the multi-mode guide is multi-mode for TE-poIarized 

light but the light exiting the waveguide polarizers is TM-polarized. Therefore, in order 

for this light to be coupled into the multi-mode guide, it must first be converted into TM 

light. This is performed by electro-optic modulators that are in their activated mode 

conversion states. 

Following coupling into the multi-mode waveguides, the light is separated into 

individual wavelengths using a vertical-walled waveguide grating spectrometer. A 2mm-

long device provides adequate separation for 32 channels at the wavelength range of 

interest. These individual channels are coupled into multi-mode waveguides that route 

the light to integrated photodetectors. As in the bulk MW-OCAPP system, the 

photodetectors are recording the components of the Equality Register vector. Decoding 

this Equality Register is the same as in the bulk system. 
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The proposed system schematic for EP^IC is illustrated in Figure 71. This 

configuration has an approximate footprint of 0.3 2cm^. 

Wavelength Demultiplexers 
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followed by TM-TE Mode Converters 

Figure 71; EP^IC Layout for a configuration consisting of two RA 
words, two CA words and two bits per word (ASAP model) 

Figure 72 illustrates the generalized method by which EP^C can be extended given 

'm' CA words, 'q' RA words and 'n' bits per word. 
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Figure 72: Functional layout of EP^C's generalized monolithic equality 
processing core, (m = # of words in the CA, q = # of words in the RA, n = # 
of bits per word) 

A major obstacle that may hamper EP^IC's high-speed processing potential is in 

the communication link with the electronic host system. The current state-of-the-art in 

commercial electrical bus speed is approximately 400 MHz [99]. The aggregate 

input/output (I/O) transfer rate using a 64-bit-wide bus is 25.6 Gb/sec. Although fast by 

today's computing standards, this pales in comparison to EP^IC's communication I/O 

bandwidth requirements of 15.4 Tb/sec (12.8 Tb/sec input and 2.6 Tb/sec output). 

Obviously there would be a severe I/O bottleneck if an electrical bus were used. To 
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eliminate the bottleneck, the equivalent electrical bus would require an impossible width 

of 38,500 bits! A higher-bandwidth interconnection fabric is required: optical 

interconnects. 

Figure 73a illustrates the proposed inter-chip communications layout. The 

primary link consists of fiber interconnections that are butt-coupled to linear source and 

detector arrays at the cleaved edges of the EP^IC substrate. This approach requires no 

significant additions to the device manufacturing process, since the planar sources 

waveguides and detectors are already present and optimized within the EP^IC 

architecture. 

Given an optical modulation rate of 10 GHz, an optical bus width of 1,540 bits 

(one bit per fiber) would be required to alleviate the bottleneck. Signal multiplexing using 

multiple wavelengths can further reduce the number of fibers required. If ten 

wavelengths (each modulated by a separate channel) are multiplexed per fiber, the 

number of required fibers reduces to 154. Multiplexing such wavelengths could be 

achieved with an asymmetric y-coupler chain. 
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Figure 73: Proposed inter-chip input/output communication layout 
using fiber interconnects (a). A waveguide mirror coupler (b) could be 
used to realize fi^-space optical interconnects between the EP^IC 
processor and other components. This is ideally suited for high-speed 
parallel interfacing with optical memory such as a volume hologram. 

Interfacing EP^IC with page-oriented holographic memory for high-speed input 

and output is possible as well by utilizing waveguide mirror-couplers [100]. The 45° 

angled facets permit light to be coupled into and out of the planar waveguide fi'om 

normal incidence. It is conceivable that a two-dimensional array of such couplers could 

be arranged on the EP^IC substrate to facilitate parallel interfacing with an optical 

memory device. 
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5  ̂Evaluation of EP^C 

To evaluate whether the EP^IC system will function properly, a power analysis is 

now done. The analysis starts at the detector and works backward along the beam path 

through the waveguide components and ending ultimately at the source. 

Each of the photodetectors require about a piW of optical power in order to 

maintain a signal-to-noise ratio (SNR) of two (Figure 47). Therefore, IjxW is the 

minimimi amount of power that is to remain once all of the system losses are taken into 

account. Each of these losses are computed in Table 10 for a design that uses 32 words 

in the comparand array, 8 words in the relational array, and 32 bits per word. One can 

see that there is a worst-case -38.21 dB drop in power that is caused by EP^IC's various 

components in the beam path. An input optical power of 10 mW is reduced to 1.5nW by 

the time it reaches the detector. This is sufficient to produce an SNR of about 3 at the 

detector. The extemal quantimi efficiency of the sources is about 38% which means that 

each laser source will require 26.3 mW of input electrical power to deliver 10 mW of 

output optical power. The total electrical power required for all lasers is simply the 

product of the power per laser, the number of words in the CA, and the number of bits per 

word, or 26.9W. All other sources of electrical power draw are insignificant when 

compared to the laser sources, so the average power consumption for this configuration 

of EP^IC is about 27 W. The peak bit comparison rate of the proposed example system is 

approximately 82 Tb/sec (lOGHz X 32 words/CA X 8 words/RA X 32 bits/word). In 

contrast, although MW-OCAPP is algorithmically identical to EP^IC, its slower 
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modulators (3 kHz) only permit a peak bit comparison rate of 24.6 Mb/sec for a similarly 

configiired machine. The footprint for this configuration of EP^IC is approximately 0.8 

Table 10: Worst-Case Power Loss Analysis 

Descriptioa Expression Value 
#words in the CA plane a 32 
#words in the RA plane b 8 

#bits per word c 32 

Modulator Loss - -O.I dB 

number of y-coupler junctions logz(a) 5 
loss per single-mode junction - -3dB 

total loss - -15 dB 

number of y-splitter junctions logzCb) 3 
loss per junctioQ - -O.I9SdB 

total loss - -0.585 dB 

Number of fanout guides b 8 
Fanout Power drop per guide 10*logio(l/b) -9.03 dB 

Modulator Loss - -0.1 dB 

Polarization Filter Loss • -2 dB 

Modulator Loss - -O.I dB 

# of t-crossings (horizontal) b-1 7 
Power drop pert-crossing - -0.025 dB 
Total drop fort-crossings - -0.175 dB 

Waveguide Bend Loss - -0.05 dB 

y-coupler single-mode insertion loss -1.43 dB 

# of y-coupler multi-mode crossings c -1 31 
Multi-mode insertion loss per coupler - -0.056 dB 

Total y-coupler loss - -1.736 dB 

# of t-crossings (vertical) (b-1 )*c 224 
power loss per t-crossing - -0.025 dB 

total loss - -5.6dB 

demultiplexer diffiaction Loss - -3 dB 
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Detector Loss -OJdB 

Single Laser Power Output d 
Total Source Optical Power a * c * d 

Total Loss e = ZOosses) 
Power Fractkm available to a Ptaotodetector f = IO^e/10) 

Power available to • Pliotodetcctor d * f  

10 mW 
10^ W 
-39J7 dB 
0.000116 
1.2 mW 

The power drop loss in the system is a strong function of the number of words in 

the relational array due to the large fan-out losses (Figure 74). For instance, an electrical 

input power of 7.9 kW per laser is necessary to realize a system with a relational array 

word length of 64, a comparand word length of 32 and a bit length of 32. This is, of 

course, both impractical from a power supply standpoint, and impossible from a device 

integrity standpoint. Such a power density would destroy any material known to man! 

Segmentation of the design into separate chips would alleviate this expandability 

problem. In this approach, each chip would have an RA word-length of no more than 32. 

An electronic host would issue instructions and concatenate the results from each of the 

chips in much the same way as a SIMD parallel processor operates. 
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Optical Output Powvr Drop (#bita/word>32, #CA worda«32) 

1.00E-02 
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Number of Words in th« RA 

Figure 74: Output power fraction as a fiinction of number of words in 
the RA plane. 

The bit error rate (BER) for EP^IC can be estimated by referring back to Figure 

47. If we assume an SNR value of 2 corresponds to a digital "1" and an SNR of 1 

corresponds with a "0", the corresponding optical powers can be read from the plot. A 

digital "1" is approximately IjiW and a "0" is about 0.7 ^W. We can convert these 

powers into photon rates (photons/second) with the following; 

„ _ A.,-I (8") 
^.1 ~ I. qhc 

where 'c' is the speed of light, 'h' is Planck's Constant and is the wavelength of the 

light. This calculates to be 7.79el2 and 5.45el2 photons/second for a '1' and a '0' 

respectively at a wavelength of l.SS^im. Given a periodic digital pulse train of a known 
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frequency, f, the number of photons contained in each '0' or '1' pulse can be calculated 

from the following: 

iVn.= 
(85) 

[2/.  
For this design which is driven at 10 GHz, there are 389 photons in a '1' pulse and 272 

photons in a '0' pulse. 

Since it can be shown that the bit error rate (BER) is governed by Poisson 

statistics [78], the probability of detecting 'n' photons per unit time with mean arrival rate 

'nm' is: 

(r,  r  (86) 
P(„,„^) = LiLexp(-w^) 

n\ 
The probability of the detector sensing a '0' when there is a '1' is 6.8e-ll and the 

probability of it sensing a T given a '0' is 4.7e-12. If a T and a '0' have an equal 

chance of arriving at the detector, the BER can be calculated by taking the average of 

these two probabilities: 

^ P(N„,N,)* P(NM (87) 

2 

For this design running at 10 GHz, the computed BER per detector is 3.6e-ll. 

The total BER, taking into account all detectors (32 x 8), is 9.2e-9. However, since 

EP^IC's word-comparison rate is on the order of 2.6el2 per second, there would be over 

92 word-comparison errors per second at the detector. Clearly, error correction would be 

necessary in this case. Reducing the operating frequency to 5 GHz or increasing the 
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power per source to 11.4mW causes the BER per detector to drop to 7e-20. The 

aggregate error rate for all detectors is then 1.75e-20. The number of word comparison 

errors per second is a mere 9.1e-8 at 5 GHz operation. Table 11 shows a performance 

summary of the EP^IC system. 

Table 11; EP^IC Performance Summary 

Device Footprint 0.8 cm* 
Material System InP 

Electrical Power Consumption (processor) 27 W 
Peak bit comparison rate 82 Tb/sec 

Input Bandwidth Requirement 12.8 Tb/sec 
Output Bandwidth Requirement 2.6 Tb/sec 

Laser source operating range 1.40-1.6SMm 
System Bit EITOT Rate 1.2e-9 

5.6 Thermal and Packaging Consideratkms 

As in any real electronic system, EP^IC dissipates power and generates heat. The 

DFB laser array, in particular, is a prime candidate due to the large current densities 

involved and subsequent joule heating. Thermal management within EP^IC is an 

important design consideration for several reasons. First, several of the components such 

as the DFB laser array have temperature-dependent performance. In fact, one of the 

methods used to tune a DFB laser has been to vary the substrate temperature, and a 

frequency shift on the order of ~14 GHz/®C can be observed [101]. Secondly, elements 

such as the dynamic polarization modulators which rely on polymeric materials are 

unstable at elevated temperatures. Therefore, it is desirable to both keep the temperature 
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fairly constant over the surface of the laser array, and keep the polymeric components 

cool enough such that they remain stable. 

One method to minimize the temperature rise due to the laser array is to affix the 

monolithic chip to a heatsink such as copper [102]. However, dense laser arrays may still 

generate enough heat that will lead to device failure [103]. One solution that 

considerably improves the heat dissipation capabilities of the assembly is to include a 

diamond film heat spreading layer between the chip and heatsink [104], Good quality 

diamond films up to 2mm thick have been grown using chemical vapor deposition, and 

this film has a thermal conductivity that is four times that of copper. This allows for 

improved heat conduction away from the device surface. 

Figure 75 illustrates the temperature shift using the analysis found in [105] for a 

255-eIement laser array with and without a diamond film between a copper heatsink and 

chip. The diamond thickness is 2mm, the laser width is 4^m, the laser length is 250nm, 

the pitch is lOjxm, the electrical power density per laser is 22 MW/m^, and the thermal 

conductivities for copper and the diamond are 500 and 2000 W/(mK) respectively. We 

can see that the peak laser temperature shift from ambient for the package without the 

diamond film is about 9.4°. The maximum difference in temperature shift across this the 

array is 3.7°. However, adding a 2mm diamond heat spreading layer considerably 

reduces this peak temperature shift to 2.7®. The maximum difference in temperature shift 

across the array is 1°. 
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Figure 75; Temperature shift as a function of the position along a 255 
element 2.5mm wide DFB laser array with a diamond heatsink (solid 
curve) and without a diamond heatsink (dashed curve). 
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6.0 FUTURE WORK 

Both MW-OCAPP and EP^IC are works in progress. Futiire work on MW-

OCAPP would include the implementation and further development of the higher-order 

database operations. Shrinking the system to improve dif&action-limited effects should 

also be a high priority. The integration of micro-optic components into the design should 

facilitate the system's footprint reduction. 

There are several areas in EP^IC which deserve further exploration. First, it may 

be possible to eliminate the isolated polarization filter used in the design by integrating it 

with the photodetector as in [80]. Such a device would allow a more compact system to 

be developed. Secondly, it may be desirable to incorporate a star coupler into the design 

for large fan-in's instead of the y-coupler tree currently used in order to improve 

efficiency. Third, the integration of logic devices on the substrate need to be explored if 

the theoretical processing rates are to be attained. Off-chip control of electrical signals 

are inherently noisy and contribute significant capacitances at the desired frequencies. 

Fourth, the fabrication of EP^IC is a logical conclusion to the design sequence presented 

here. Fabrication should be done in stages and these parts should be gradually integrated. 

The fabrication challenges and costs are daunting as this technology is not yet within the 

mainstream manufacturing sector currently dominated by silicon devices. However, to 

our knowledge, nothing presented in EP^IC is technologically unrealizable given time, 

patience and sufficient funding. Lastly, the technology presented in EF'IC can just as 

easily be applied to the architectures present in MW-OCAPP's higher-order database 
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operations or other EP^IC-like processors. The challenge here is to engineer efficient 

waveguide routing floorplans that make sense for a given architectural design. 
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APPENDIX B: FREE-SPACE GRATING COUPLER (OSLO SIMULATED RAY 
DATA) 

•AUTOFOCUS 
Optimal focus shift = 104.145055 

•LENS DATA 
Grating Coupler 
SRF RADIUS THICKNESS APERTURE RADIUS GLASS SPE NOTE 
OBJ - l.OOOOe+20 2.6180e+17 AIR 

AST 50.000000 5.000000 10.000000 AX BK7 C * 
2 -50.000000 52.000000 10.000000 X AIR • 

3 5.000000 1.000000 10.000000 X BK7C* 
4 -5.000000 20.000000 10.000000 X AIR » 

5 - 1.000000 10.000000 X BK7C» 
6 - 70.000000 10.000000 X AIR 

7 100.000000 45.000000 40.000000 X BK7 C • 
8 -100.000000 5.000000 30.000000 X AIR • 

IMS ~ 104.145055 10.000000 

•SURFACE TAG DATA 
1 CVX 
2 CVX 
3 CVX 
4 CVX 
5 GOR 1 GSP 0.002000 
7 CVX 
8 CVX 

•OPERATING CONDITIONS: GENERAL 
Image surface; 9 Aperture stop: 1 
Evaluation mode: Focal Reference surface: 1 
Aberration mode: Transverse Aperture checking: On 
Number of rays in fans: 21 Designer: OSLO 
Units: mm Program: OSLO LT 5.40 
Wavefront ref sph pos: Exit pupil OPD reported in wavelengths: On 
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Callback level: 1 Print surface group data: Off 
Zemike polynom. reference axis: Y 

Ray aiming mode: Central refer, ray Ext. aper. beam angle: 90.000000 
Source astigmatic dist: ~ Ray aiming type: Paraxial 
Plot ray-intercepts as H-tan U: Off Global ref surf for ray data: 1 
Temperature: 20.000000 Pressure: 1.000000 

•SOLVES 
NO SOLVE DATA 

•PICKUPS 
NO PICKUP DATA 

•APERTURES 
SRF TYPE APERTURE RADIUS 
0 SPC 2.6180e+17 
1 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN 

AXl -10.000000 AX2 10.000000 AYl -10.000000 AY2 10.000000 

2 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN 

AXl -10.000000 AX2 10.000000 AYl -10.000000 AY2 10.000000 

3 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN ~ 

AXl -2.000000 AX2 2.000000 AYl -2.000000 AY2 2.000000 

4 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN 

AXl -2.000000 AX2 2.000000 AYl -2.000000 AY2 2.000000 

5 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN ~ 
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AXl -20.000000 AX2 

6 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC 

AXl -20.000000 AX2 

7 SPC 40.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC 

AXl -60.000000 AX2 

8 SPC 30.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC 

AXl -60.000000 AX2 

9 SPC 10.000000 

•WAVELENGTHS 
CURRENT WVl/WWl WV2/WW2 

1 0.780000 0.790000 
1.000000 1.000000 

•REFRACTIVE INDICES 
SRF GLASS RNl RN2 TCE 
0 AIR 1.000000 1.000000 — 

1 BK7 1.511183 1.510977 71.000000 
2 AIR 1.000000 1.000000 236.000000 
3 BK7 1.511183 1.510977 71.000000 
4 AIR 1.000000 1.000000 236.000000 
5 BK7 1.511183 1.510977 71.000000 
6 AIR 1.000000 1.000000 236.000000 
7 BK7 1.511183 1.510977 71.000000 
8 AIR 1.000000 1.000000 236.000000 
9 IMAGE SURFACE 

•OPERATING CONDITIONS: SYSTEM NOTES 
NO DEFINED OPERATING CONDITIONS 

•PARAXIAL SETUP OF LENS 

20.000000 AYl -20.000000 AY2 20.000000 

Transmit AAN ~ 
20.000000 AYl -20.000000 AY2 20.000000 

Transmit AAN — 
60.000000 AYl -60.000000 AY2 60.000000 

Transmit AAN — 
60.000000 AYl -60.000000 AY2 60.000000 



APERTURE 
Entrance beam radius: 2.500000 Image axial ray slope: 0.002122 
Object num. aperture: 2.5000e-20 F-number: -235.581224 
Image num. aperture: 0.002122 Working F-number: 235.581224 

FIELD 
Field angle: 0.150000 Object height: -2.6180e+17 
Gaussian image height: -3.083758 Chief ray ims height: -2.702545 

CONJUGATES 
Object distance: l.OOOOe+20 Srf 1 to prin. pt. 1: -I.6428e-K)3 
Gaussian image dist,: 478.074339 Srf 8 to prin. pt. 2: 1.6560e-K)3 
Overall lens length: 194.000000 Total track length: l.OOOOe+20 
Paraxial magnification: 1.1779e-17 Srf 8 to image srf: 109.145055 

OTHER DATA 
Entrance pupil radius: 2.500000 Srf 1 to entrance pup.: ~ 
Exit pupil radius: 6.334109 Srf 8 to exit pupil: -2.5063e+03 
Lagrange invariant: -0.006545 Petzval radius: -6.426620 
Effective focal length: -1.1779e+03 

Note: This optical system contains special surface data. 
Calculations based on a paraxial raytrace may be invalid. 

•PARAXIAL TRACE 
SRF PY PU PI PYC PUC PIC 
0 - 2.5000e-20 2.5000e-20-2.6180e+17 0.002618 0.002618 

1 2.500000 -0.016913 0.050000 0.001732 0.002618 
2 2.415433 -0.050254 -0.065222 0.008662 0.002529 0.001559 

3 -0.197762 -0.019875 -0.089806 0.140193 -0.007811 0.030568 
4 -0.217637 -0.007785 0.023652 0.132382 -0.025338 -0.034287 

5 -0.373332 -0.005151 -0.007785 -0.374373 -0.016767 -0.025338 
6 -0.378484 -0.007785 -0.005151 -0.391140 -0.025338 -0.016767 

7 -0.923418 -0.002028 -0.017019 -2.164782 -0.009444 -0.046986 
8 -1.014670 0.002122 0.008119 -2.589766 -0.001033 0.016454 

9 -0.783019 0.002122 0.002122 -2.702545 -0.001033 -0.001033 
Note: This optical system contains special surface data. 

Calculations based on a paraxial raytrace may be invalid. 

•SPOT SIZES 
GEO RMS Y GEO RMS X GEO RMS R DIFFR LIMIT CENTY 
0.106663 1.122583 1.127639 0.054480 0.096691 
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•AUTOFOCUS 
Optimal focus shift = -54.550508 

•AUTOFOCUS 
Optimal focus shift = 49.053070 

•LENS DATA 
Grating Coupler 
SRF RADIUS TfflCKNESS APERTURE RADIUS GLASS SPE NOTE 
OBJ - I.OOOOe+20 2.6180e+17 AIR 

AST 50.000000 5.000000 10.000000 AX BK7C^ 
2 -50.000000 53.000000 10.000000 X AIR • 

3 5.000000 1.000000 10.000000 X BK7C* 
4 -5.000000 20.000000 10.000000 X AIR • 

5 ~ 1.000000 10.000000 X BK7C* 
6 ~ 41.000000 10.000000 X AIR 

7 200.000000 35.000000 40.000000 X LASF35 C • 
8 -200.000000 5.000000 30.000000 X AIR • 

IMS - 5.000000 10.000000 

•SURFACE TAG DATA 
1 CVX 
2 CVX 
3 CVX 
4 CVX 
5 GOR 1 GSP 0.001000 
7 CVX 
8 CVX 

•SOLVES 
NO SOLVE DATA 

•PICKUPS 
NO PICKUP DATA 

•APERTURES 
SRF TYPE APERTURE RADIUS 
0 SPC 2.6180e+17 
1 SPC 10.000000 



Special Aperture Group 0; 
A ATP Rectangle AAC Transmit AAN ~ 

AXl -10.000000 AX2 10.000000 AYl -10.000000 AY2 10.000000 

2 SPC 10.000000 

Special Aperture Group 0; 
A ATP Rectangle AAC Transmit AAN — 

AXl -10.000000 AX2 10.000000 AYl -10.000000 AY2 10.000000 

3 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN ~ 

AXl -2.000000 AX2 2.000000 AYl -2.000000 AY2 2.000000 

4 SPC 10.000000 

Special Aperture Group 0; 
A ATP Rectangle AAC Transmit AAN — 

AXl -2.000000 AX2 2.000000 AYl -2.000000 AY2 2.000000 

5 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN 

AXl -20.000000 AX2 20.000000 AYl -20.000000 AY2 20.000000 

6 SPC 10.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN 

AXl -20.000000 AX2 20.000000 AYl -20.000000 AY2 20.000000 

7 SPC 40.000000 

Special Aperture Group 0: 
A ATP Rectangle AAC Transmit AAN ~ 

AXl -80.000000 AX2 80.000000 AYl -80.000000 AY2 80.000000 

8 SPC 30.000000 

Special Aperture Group 0: 
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A ATP Rectangle AAC Transmit AAN — 
AXl -80.000000 AX2 80.000000 AYl -80.000000 AY2 80.000000 

9 SPC 10.000000 

•WAVELENGTHS 
CURRENT WVl/WWl WV2/WW2 

1 0.780000 0.790000 
1.000000 1.000000 

•REFRACTIVE INDICES 
SRF GLASS RNI RN2 TCE 
0 AIR 1.000000 1.000000 ~ 
1 BK7 1.511183 1.510977 71.000000 
2 AIR 1.000000 1.000000 236.000000 
3 BK7 1.511183 1.510977 71.000000 
4 AIR 1.000000 1.000000 236.000000 
5 BK:7 1.511183 1.510977 71.000000 
6 AIR 1.000000 1.000000 236.000000 
7 LASF35 2.000008 1.999284 74.000000 
8 AIR 1.000000 1.000000 236.000000 
9 IMAGE SURFACE 

•INTERNAL TRANSMITTANCE (5 MM) 
SRF GLASS ITNl ITN2 
0 AIR 1.0 1.0 
1 BK7 0.999 0.999 
2 AIR 1.0 1.0 
3 BK7 0.999 0.999 
4 AIR 1.0 1.0 
5 BK7 0.999 0.999 
6 AIR 1.0 1.0 
7 LASF35 0.999 0.999 
8 AIR 1.0 1.0 
9 IMAGE SURFACE 
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APPENDIX C: WAVEGUIDE GRATING DEMULTIPLEXER (ASAP SIMULATION 
SOURCE CODE) 

* Wavelength demultiplexer Rowland Circle Analysis 

SYSTEM NEW 
RAYSO 
RESET 
PIXEL 101 
UNITS UM 

* define variables 

WIDTH=10 
HEIGHT=25 
SOURCEPOS=-500 
ZSHIFT=0 
GRATING=0.66 
AIM=2I 

* Define Media Properties 

WAVELENGTH 1.3 1.56 UM 

MEDIA 
1.0 1.0'AIR* 
3.21 3.17'GLASS* !!InP 
RET 

* Define Coating Properties 

COATING PROPERTIES 
0, 0 'ABSORB' 
1 , 0 'REFLECT 
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0, 1 'TRANSMir 
0, .99 •TRANS2' 

RET 

BEAMS INCOHERENT 
!!WIDTH 1.414 
I.'FRESNEL BOTH 
SPLIT 1 

IMMERSE GLASS 

WAVELENGTH 1.40 UM 
GRID ELLIPTIC X (SOURCEPOS) -1 1 -10 10 1 10 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

WAVELENGTH 1.45 UM 
GRID ELLIPTIC X (SOURCEPOS) -1 1 -10 10 1 10 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

WAVELENGTH 1.50 UM 
GRID ELLIPTIC X (SOURCEPOS) -1 1-10 10 1 10 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

WAVELENGTH 1.55 UM 
GRID ELLIPTIC X (SOURCEPOS) -I 1 -10 10 1 10 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

WAVELENGTH 1.60 UM 
GRID ELLIPTIC X (SOURCEPOS) -1 1 -10 10 1 10 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

WAVELENGTH 1.65 UM 
GRID ELLIPTIC X (SOURCEPOS) -11-10 10 110 
SOURCE FOCUS (SOURCEPOS)-30 0 (AIM) 

SELECT ONLY SOURCE 1 
SOURCE DIR-1 0 0 
SHIFT Z (ZSHIFT) 
SELECT ONLY SOURCE 2 
SOURCE DIR-1 0 0 
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SHIFT Z (ZSHIFT) 
SELECT ONLY SOURCE 3 
SOURCE DIR-1 0 0 
SHIFT Z (ZSHIFT) 
SELECT ONLY SOURCE 4 
SOURCE DIR-1 0 0 
SHIFT Z (ZSHIFT) 
SELECT ONLY SOURCE 5 
SOURCE DIR -10 0 
SHIFT Z (ZSHIFT) 
SELECT ONLY SOURCE 6 
SOURCE DIR -10 0 
SHIFT Z (ZSHIFT) 

SELECT ALL 

FLUX TOTAL 1 

• CREATE ROWLAND CIRCLE REFLECTION GRATING 

SURFACE 
PLANE Z 0 grating line generating surface 
MULTIPLE 0 (GRATING) 0 0 0 grating spacing 

TUBE Y -(HEIGHT)/2 2000 2000 (HEIGHT)/2 2000 2000 0 0 
OBJECT; 0.1 'LINEAR_GRATINGr 
INTER COAT REFLECT DIFFRACT 0.2 -1 
LIMITS -2000 -1500 -3000 3000 -3000 500 
SHIFT Z 600 ON OBJECT 
SHIFT X -400 ON OBJECT 
RET 

SURF 
TUBE Y -(HEIGHT)/2 1000 1000 (HEIGHT)/2 1000 1000 0 0 

OBJECT; 0.1 'DETECTORl* 
LIMITS -300 1000 -3000 3000 -3000 -650 
SHIFT Z 600 ON OBJECT 
SHIFT X -1400 ON OBJECT 
INTERFACE COAT ABSORB AIR GLASS 
RET 

WIN -X -2400 -400 Z -800 1100 



PLOT FACETS 5 5 OVER 
TRACE PLOT 

CONSIDER ONLY DETECTORl 
PIXEL 51 
WIN-X Y 
DIS 
SPOTS POS 
DIS 
!!NORMALIZEMAX 
ISO 
!!GRAPHMAX 
RET 
!!LIST POSITION 
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