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Abstract

This dissertation presents an optoelectronic implementation of
multistage sorting networks. Volume (3-D) sorting networks which utilize
the high spatial bandwidth and parallelism of optics are discussed.
Designs for the diffractive optical elements (DOEs) used for the
interconnections and optoelectronic compare-and-exchange (C&E) modules

used for the dynamic sorting nodes are given.

The first part of this work describes the network properties of various
conventional 2-D sorting networks and the development of their
corresponding 3-D structures. A merge procedure is proposed for network
expansion in 3-D space. A mathematical framework is established, and a
detailed analysis of the network performance is given. The decision of
choosing a specific network structure depends on two factors: the cost of
optical elements and switching elements; and the complexity and

reliability of the network.

Designs of optical interconnection systems for one-to-one linear
mappings and 2-D folded shuffles are presented in the second part of this
work. Our study of the characteristics of Gaussian microbeams propagating
in microscaled diffractive optical elements provides a useful method for

analyzing the packing limitations and light efficiency of each network
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structure. In our work, short and long distance linear mapping interconnec-
tions are accomplished by using microlens arrays. Various approaches are
proposed to implement 2-D folded shuffies. Phase-only blazed gratings and
off-axis microlenses are used for space-variant designs, and a demagnifying
algorithm is proposed for space-semivariant designs. Mathematically

modeled error functions are developed for performance analysis.

The last part of this dissertation describes systematic design methods
for the optoelectronic 2 input/ 2 output multifunctional C&E modules. We
choose smart pixel optoelectronic devices having both optical and electronic
functionality for implementing the logic functions. The particular device
technologies used are L-SEEDs, FET-SEEDs, and OEICs. We consider the
packing density limitations due to three main factors: optical diffraction,
pixel size, and power dissipation. Based on state-of-the-art technology, the
analysis shows that the power dissipation of the smart pixel devices
currently limits the number of modules that can be integrated in a single

chip.
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Chapter 1

Introduction

1.1 Motivation

With the growing number of areas in which computers are being used, there
is an ever-increasing demand for more information processing power than
today's machines can deliver. Extremely fast electronic computers and
communication networks are being sought for many applications to process
enormous quantities of data in reasonable amounts of time. However, it is
becoming apparent that it will very soon be impossible to achieve
significant increase in speed by simply using faster electronic devices, as
was done in the past three decades. This is due, on one hand, to the fact
that with today's superfast VLSI circuits more time is needed for data to
travel between two devices than it takes for it to be processed by either of
them. On the other hand, the reduction of distance between devices through
very large scale integration is quickly reaching a limit beyond which the

reliability and speed of circuit elements decrease [1].

An alternative solution to achieve very high processing capacity is to use
parallel system architectures. Here, different processing units are locally or

globally interconnected and they process the information simultaneously.



Unfortunately, potential packaging and interconnection bottlenecks of
electronic VLSTI circuits prevent the development of high density parallel
systems. As a result, extensive research efforts have been directed towards
free space optoelectronic technologies which utilize the inherent
parallelism of optics to provide solutions to the interconnection bottleneck
problem. The goal of this research is to explore the potential of utilizing
cwrrent optoelectronic technologies to construct a special-purpose, 2-D
parallel computing architecture, named a sorting network, to transform it
into an equivalent 3-D volume architecture, and to evaluate its

performance in various ways.

1.2 Background

1.2.1 Definition

The chosen problem of this research is based on the concept of sorting. Let

us begin by giving a formal definition of sorting.

Definition 1.1 A set of elements are said to satisfy a linear order "<" if and

only if

1. for any two elements a and b, eithera< b,a=b, or b < a.

2. for any three elements a, b, and ¢, ifa<band b<c, thena<ec.

The linear order "<" is usually read "precedes."



Definition 1.2 Given a sequence S = {x,,x,,...,x,} of n items on which a
linear order is defined, the purpose of sorting is to arrange the elements of S
into a new sequence S’ = {x{,x},...,x,} such that x] < x/

afori=12,.,n-1.
To get an intuitive understanding of this definition, S can be thought of
as a sequence of names to be arranged in alphabetical order. Another

example is a sequence of numbers to be arranged in non decreasing order.

1.2.2 Parallel Sorting Architectures

For both practical and theoretical reasons, sorting is one of the most
common tasks in general-purpose computation. It was estimated that one
fourth of all computer time was devoted to sorting [2]. For example,
databases and expert systems often sort the elements of a data structure
to simplify searching and the addition of new elements. Furthermore, data
manipulation operations like projection, set union, and intersection can be
directly implemented by modified sorting algorithms [3]. With the
tremendous demand for faster computing speed, and the sharp decline in
the price of processing elements, the era of parallel computing systems was
born. In the case of sorting we distinguish between two general approaches:
multipurpose parallel structures and special-purpose parallel

architectures [4].

Multipurpose parallel architectures are destined for computing systems
with a broad range of applications. These are usually classified into one of

two main categories: single instruction stream multiple data stream
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Figure 1.1: SIMD computing system.

(SIMD) computing systems and multiple instruction stream multiple data
stream (MIMD) computing system.

An SIMD computing system consists of a number of processors
operating under the control of a single instruction stream provided by a
central control unit. Figure 1.1 shows the structure of an SIMD computing
system with the input and output units omitted. In order to sort a set of
data, each processor loads programs and different data into its local
memory. During a given time unit, a selected number of processors are
active and execute the same instructions such as comparison, addition, or
register shifting in a synchronous manner, each on a different data set. In
order to be able to exchange data, the processors either communicate

through an interconnection network or share a common memory.
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Figure 1.2: MIMD computing system.

In an MIMD computing system, processors posses independent
instruction cycles and operate asynchronously. Figure 1.2 shows the
structure of an MIMD computing system with the input and output units

omitted.

Special-purpose parallel architectures are designed with a particular
problem in mind. They result in parallel computing systems well suited for
solving that problem, but cannot in general be used for other purposes.
Sorting networks fall into this class. They consist of a number of special
processors arranged in a certain way and connected to each other through
communication lines. Such a "constrained" type of sorting scheme is
especially interesting because of its applications and its rich underlying

theory. In addition to be used for parallel computing, sorting networks also



have important applications in communications. In particular, parallel
processor architectures can be interconnected by pipelined sorting networks
serving as message passing systems [5]. Similarly, telecommunication

packet switches can be based on sorting networks [6].

1.2.3 Interconnection Schemes

Considering an SIMD computing system, most of the processing procedures
rely on the interconnection network to perform permutations of data among
the processors. There are three most commonly studied interconnection
architectures: Mesh, Perfect Shuffle, and Hypercube. We will compare the
performance of all three architectures in the case of parallel computing and
sorting of N data elements, where N =m xm =2". In this thesis, unless

indicated otherwise, all logarithms are assumed to be base 2 and are

denoted by log(e). Thus, we have

logN =n. (1.1)

Due to the regularity of data movements within most parallel
computing algorithms, the most useful permutations have been studied
and a family of permutations called Frequently Used Permutations (FUPs)
have been identified [7]. A group of FUPs have been chosen as test
permutations and a comparison is made on the number of cycles required
for each interconnection architecture to perform the operations [8). The

results are shown in Table 1.1. The Perfect Shuffle and Hypercube all



perform the FUPs in O(log N), except that the Perfect Shuffle architecture

needs only one cycle to perform the perfect shuffle permutation. The Mesh
requires at least O(N) cycles to perform any of the FUPs.

FUP Mesh Perfect Shuffle | Hypercube
cyclic shift of d units d 2log N -1 log N
perfect shuffle N-1 1 log N
bit reverse 2(\/17 -1) 3log N / 2 logN

Table 1.1: Performance comparison of three types of interconnection
architectures based on the number of cycles to accomplish a group of FUPs.

In the case of parallel sorting operations, processors need to perform the
compare-exchange instruction and interconnection networks provide the
routing instruction, respectively. The performance of Mesh, Perfect Shuffle,
and Hypercube in an SIMD sorting machine has been studied [9, 10, 11]
and we summarize it in Table 1.2. The Perfect Shuffle and Hypercube all
perform the sorting operation in O(log? N). The Mesh requires O(\/I_V_ )

cycles to perform the same sorting operation.

Sortin Mesh Perfect Shuffle ngrcube
oN) O(log® N) O(log® N)

route steps )

eompaz:;xschange o( JN ) O(log® N) O(log® N)

fan-out 4 1 log N
interconnection | space-invariant | space-variant | space-variant

Table 1.2: Performance comparison of three types of interconnection
architectures based on the number of cycles to accomplish a sorting
operation.



Among all three types of interconnection architectures, the Perfect
Shuffle has fast data permutation and routing abilities. Another advan-
tage is that it has a single fan-out structure which avoids the problem of
communication conflict between processing units caused by a multiple fan-

out structure. Thus, we favor the Perfect Shuffle in our system design.

1.2.4 Multistage Sorting Networks

Sorting networks can be described by their construction and data format. A
2-D multistage sorting network, which can be impleménted by electronic
VLSI technology, has its signal channels and switching units arranged in
1-D arrays (node stages) and the link patterns arranged in planes (link
stages) as shown in Fig. 1.3. A 3-D multistage sorting network, on the other
hand, occupies a physical volume in space, and has its channels and
switching units rearranged in 2-D arrays which are interconnected by link
patterns in 3-D space as shown in Fig. 1.4. This structure intrinsically

favors an optical implementation.

one stage

HRERERRE

link stage node stage

Figure 1.3: 2-D multistage sorting network.



=]

1

N AN

L

-
! I
link stage node stage

Figure 1.4: 3-D multistage sorting network.

Multistage networks with different interconnection structures, such as
the shuffle-exchange network, Banyan network, etc., can be used as a
multistage sorting network. The perfect shuffle interconnection network is

of most interest because of its relatively regular and simple structure.

There are two kinds of perfect shuffles: 1-D and 2-D perfect shuffles. In
the 1-D perfect shuffle, channels are arranged in a 1-D array and are
shuffled in a plane. As shown in Fig. 1.5, The N channels (assuming N is

even) are divided into two halves, then these two halves are interleaved.

For the 2-D perfect shuffle, channels are arranged in a plane and are
shuffled in free space. There are many variations of 2-D perfect shuffle, two
of which are the 2-D separable shuffle and the 2-D folded shuffle. The
algorithm for a 2-D separable shuffle is performed in two steps as shown in

Fig. 1.6. The two steps are to perform 1-D perfect shuffles on the rows and



the columns independently. However, in the 2-D folded shuffle, rows and
columns are related in the way that the 2-D plane is a rastered version of a
long 1-D channel array as shown in Fig. 1.7. The purpose of 2-D folded
shuffle is to perform the 1-D perfect shuffle more efficiently.

Algorithm : N is even Physical Structure :

—

0
t

HE

Figure 1.5: 1-D perfect shuffle.

N=2", niseven.

—_— — —
1-0 pediect 1-0 perfect
shutfie on shutfie on
rows d
input 2-D arvay output 2-D arvay

Figure 1.6: 2-D separable shuffle.
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Figure 1.7: 2-D folded shuffle.

The special processors in the node stages of a multistage sorting
network are dynamic switching units called compare-and-exchange (C&E)
modules. There are three basic functions of a C&E module: bypass,
maxsort, and minsort. These C&E modules and their input-output

relations are shown in Fig. 1.8. The bypass function performs a simple

min (x,y) X max (x,y)

max (x.y) y min (x,y)

(a) (b) {c)

Figure 1.8: Three basic functions of a C&E module. (a) bypass function. (b)
minsort function. (¢) maxsort function.
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straight-through connection. The maxsort function sorts two inputs so that
the input whose label is maximum emerges from the port labeled max(x,y)
(shown as the top port in Fig. 1.8(c)). The minsort function sorts two inputs
so that the input whose label is minimum emerges from the port labeled

min(x,y) (shown as the top port in Fig. 1.8(b)).

1.3 Objectives

With the increasing demand for solving computation-intensive problems, a
volume, dynamic interconnection network that interconnects a 2-D array of
channels or processing elements to another is desirable [12]. The objective
of this research has been to investigate and study the practicality of a 3-D
optoelectronic multistage sorting network utilizing diffractive optics and
OEIC technologies. It explores and discusées 3-D structures for various
types of planar sorting networks, the network implementation, and the
design of optical interconnection elements and dynamic switching units.
Both theoretical analysis and practical considerations are included in this

work.

1.4 Thesis Organization

The body of the thesis has two main parts. The first part consists of
Chapter 3, dealing with network architectures and implementations from a
system point of view. The second part in Chapter 4, 5, 6, and 7 is devoted to
technological issues, design and performance analysis. Figure 1.9 shows the

organization of this thesis.
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Figure 1.9: Thesis organization

Chapter 2 reviews the work of sorting algorithms on a variety of sorting
networks. It also describes inherent problems of electronic and optical
technologies for realizing a sorting network. The rest of Chapter 2 gives
previous work done on optical interconnections and optoelectronic C&E

modules.
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Chapter 3 discusses three different types of multistage sorting
networks and the relationship between their 2-D and 3-D structures. A
merge procedure is presented for network expansion in 3-D space. The
mathematical framework is established in this discussion. Toward the end
of the chapter we give a comparison of these networks and summarize the

results.

In Chapter 4 optical system designs for one-to-one linear mapping
interconnection using microlenses are presented. The characteristics of
Gaussian microbeams in on-axis diffractive microlens systems are first
studied. Optical system structures for short and —long distance
interconnections are analyzed later on. In the rest of the chapter we focus on

the packing limitations and light efficiency of each structure.

Chapter 5 studies the properties of a 2-D perfect shuffle and
implements it using diffractive optical elements (DOEs). Phase-only blazed
gratings and off-axis microlenses are used for space-variant designs, and a
demagnifying algorithm is proposed for space-semivariant designs. The
analysis of packing density and light efficiency is given at the end of each

section.
In Chapter 6, we systematically analyze the fabrication problems of the

multi-level DOEs discussed in Chapter 4 and 5. Mathematical proofs are
given through the discussion.
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Chapter 7 is devoted to the design of optoelectronic 2 input/2 output
compare-and-exchange modules. The chapter starts with the logic design of
C&E modules based on truth table minimization, finite state machines,
and latching logic. The device technologies we choose to implement the logic
circuits are logic self-electro-optic effect devices (L-SEEDs), field-effect
transistor-self-electooptic effect devices (FET-SEEDs), and optoelectronic
integrated circuits (OEICs) with built-in detectors and laser sources.
Concepts and details are given through each design. The rest of the chapter
deals with the packing density limitations considering three main factors:
optical limitations due to diffraction, pixel size, and power dissipation. The

performance analysis is summarized at the end of this chapter.

Chapter 8 gives a brief conclusion of this thesis. A few suggestions for

the future research is given.

1.5 Contributions

In this research, we systematically study, design, and analyze 3-D
optoelectronic sorting networks. The contributions of this work are

summarized as follows:

» The investigation of various types of structured sorting networks.

* The exploration of corresponding 3-D sorting network structures.

* The development of merging algorithms for the 3-D network expansion.
* The analysis of the reflected-symmetric property of 2-D folded shuffle.
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Novel designs of optical interconnection architectures for the 2-D folded
shuffle based on diffractive optical elements.

Generic designs of computer-generated diffractive gratings for the 2-D
folded shuffle.

The analysis of packing limits based on the characteristics of the light
sources and diffractive optical elements.

Systematic analysis of the efficiency loss of multi-level DOEs caused by
lithographic fabrication problems.

The design of 2 input/ 2 output optoelectronic compare-and-exchange
modules based on different optoelectronic devices.

The analysis of the performance of C&E modules based on the

characteristics of the devices and the complexity of the circuitry designs.
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Chapter 2

Previous Work - A Review

It is known that serial sorting algorithms require at least O(Nlog N)
temporal complexity to sort N inputs [2]. Due to the need for rapidly sorting
large quantities of information, parallel sorting algorithms which can offer
enhanced performance have been studied since at least the 1960's. In 1968,
Batcher [13] discovered the bitonic sorting network which has sublinear
(O(log® N')) temporal complexity to sort N inputs. The bitonic sorting
network can be pipelined in a multistage architecture that requires global
interconnection patterns and dynamic switching units. Both electronic
technology and optical devices have been considered for realizing these

kinds of sorting networks. This includes:
* Electronics: very large scale integrated circuits (VLSI)
* Optics: lenses, prisms, holograms, etc.

As pointed out by Goodman et. al. [14], VLSI networks suffer from
crosstalk, clock-skew, pin-in/pin-out limitations, and delay problems when
the interconnections are spatially dense or long distance. Other problems,

including high frequency parasitic coupling between circuit elements,
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excessive power dissipation, and impedance mismatch, limit the
performance of electronically implemented networks. These limitations
restrict the utilization of electronics in volume sorting networks. On the
other hand, optics has useful properties such as high bandwidth, low
crosstalk and inherent parallelism. Thus, optics is ideally suited for

providing the interconnections needed in a volume sorting network.

Unfortunately, due to physical and technical constraints, a high speed,
power efficient and easily controllable purely optical C&E module has been
very difficult to build. A new group of devices called optoelectronic -devices
have been developed by researchers in order to utilize the capabilities of
both optics and electronics for the dynamic switch elements. These devices
include spatial light modulators (SLM), liquid crystal light valves (LCLV),
self electro-optic effect devices (SEEDs) based integrated circuits, vertical-
cavity surface-emitting lasers (VCSELs) based integrated circuits, and
optoelectronic integrated circuits (OEIC) [56, 85]. In the remainder of this
section, we will review previous work on optical interconnections and

optoelectronic C&E modules.

2.1 Optical Interconnections

It has been recognized that optical interconnections can provide the global
connections needed between the stages of a interconnection network [14,
15]. For example, each bitonic interstage connection pattern can be
emulated by a number of stages of optical perfect shuffle interconnections

with global, space-variant communications [10). Optical elements such as
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simple lenses, mirrors, and prisms have be used to implement free-space
perfect shuffles [16, 17, 18]. However, as the array size and density of new
optoelectronic devices in the interconnection networks have increased, and
more complex and irregular non-local interconnections are required, it has
become more obvious that conventional deflective and reflective optical
elements are unable to meet the requirements. New optical elements, such
as holograms and micro-optical components, offering unique wavefront

transformation capabilities have been proposed to solve these problems.

Diffractive optical elements (DOEs) are phase-only micro-optical
components. Some early DOEs were made by Dammann [19] who used
computer-designed surface-relief structures and integrabe;l-circuit etching
methods to transfer a binary surface-relief pattern to a dielectric or
metallic substra.te. These versatile devices can be much thinner and lighter
than conventional ones because they need to induce changes of only a
fraction of a wavelength in the shape of an optical wavefront. Another
advantage of DOEs over conventional bulk optics from a manufacturing
point of view is the possibility of monolithic integration of different
elements such as micro-lenses and gratings as well as aberration correction

optics [20].

The growth of integrated-circuit manufacturing technology and the
developments in numerical design techniques starting from the 1970s and
1980s has made diffractive optics a real alternative to their conventional

counterparts. Design concepts for computer-generated holograms (CGH) for
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diffractive elements have existed for decades [21]). The problem with
holograms is that, as more and more optical systems operate at low fiber
loss, near-infrared wavelengths, volume holographic recording materials
become less sensitive and need special exposure procedures. On the other
hand, DOEs are fabricated using simpler repeated masking and etching,
which makes it possible to fabricate complex binary optical interconnection
patterns cheaply and in volume. Thus, diffractive optics has shown its

superiority in this area.

Diffractive optics have so far been applied to various research areas, for
example, multiple imaging of single objects [19, 22], optical communica-
tions [23, 24], laser beam profile shaping [25, 26] and beam combining {27].
The interest in the all-optical digital computers and photonic switching
circuit has also led to a very intensive research effort on the design and
fabrication of both binary and multi-level DOEs for 2-D beam array
generation [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40). Those DOEs
perform functions such as power and the clock signal illumination, fan-in,
fan-out, and optical interconnection between logic element arrays. In this
work, we focus on the implementations of free-space interconnection using

diffractive optics.

Extensive research has been done in designing diffractive optical
elements for free-space interconnections. From the system design point of
view, the proposed implementations for optical interconnections can be

classified into following two categories:
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Fourier-Plane DOEs: These elements, first pioneered by Dammann [19],
are periodic Fourier-type surface-relief structures which generate a
given far-field pattern insensitive to the shape of incident light beam.
The design of the binary phase pattern of a Fourier-plane DOEs is a
complicated numerical problem. Two main design methods that utilize
the freedom to optimize the phase of grating functions were proposed in
1970s: the nonlinear parametric optimization technique; and the
iterative Fourier transform algorithm. The latter, which based on the
Gerchberg-Saxton phase retrieval algorithm [41], is presently the most
computer-time efficient technique. Parameter optimization method,
first applied to the design of DOEs by Dammann [19] and later also
known as the simulated annealing algorithm [42], can always find a
global optimum of the phase grating. It is the most efficient of the
general-purpose nonlinear design methods. Fourier-plane DOEs have
been mostly used as beam splitters for providing equal-intensity, equal-
spacing spot arrays. They are also capable of generating light spot
arrays with irregular patterns and density [43,44]. These elements can
serve as space-invariant interconnections which have one-to-many or

many-to-many communicating capabilities.

The concept for parallel optoelectronic bus-type and star coupler
interconnections (many-to-many) utilizing one single space-invariant
diffractive optical system was proposed by Killat [23] and Krackhardt
[24], respectively. In their work, a Dammann grating was used as a

multiple beam splitter providing simultaneous fan-in and fan-out
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capabilities. Morrison [45] demonstrated a novel use of a space-

invariant DOE design to create a space-variant Banyan interconnection.

The major drawback of Fourier-plane DOEs is their complicated
design process needed because of the position of the transitions and the

phase depth must be optimized for the desired beam configuration [46].

Fresnel-Plane DOEs: These elements are essentially multifacet devices,
in which each facet deflects and focuses a single incident beam in a
prespecified manner. Theoretically, any one-to-one space-variant
interconnection can be performed using multifacet Fresnel-plane DOEs.
For example, microlens arrays fabricated by diffractive optics
technology were applied to 2-D free-space optical interconnections by
McCormick [47]. DOEs for optical perfect shuffle interconnection have
been proposed by Song [48]. It was designed by calculation of the
interference fringes between diverging waves from four point sources

-and a reference plane wave. A different approach has been taken by
Zhan [49], in which a quadrant-encoded grating and spatial filters were
used to perform 2-D optical perfect shuffles.

As pointed out above, Fresnel-plane DOEs are essentially diffraction
gratings with a different fringe period and orientation in each facet. In
the realization of these multifacet elements, it is usually necessary to
fabricate multi-level surface-relief profiles to achieve sufficient light

efficiency. Currently, mask alignment error is the bottleneck in
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fabrication of such structure. More detailed discussion will be given in

later chapters.

2.2 Optoelectronic Compare-and-Exchange
Modules

A compare-and-exchange module performs the job of rearranging inputs
according to their values. Two major operations, comparison and exchange,
need to be done in a single module. These two operations can be
implemented with a variety of optical technologies [50]. The optimal

technology depends on the requirements of the application of interest.

Zhang [61] demonstrated a circuit that performed the compare-and-
exchange operation with ZnS interference filters as bistable devices. The
ZnS interference filters were used in less common modes of operation
including latching and bidirectional logic. In addition they employed
polarization multiplexing and filtering to achieve channel isolation, 4-port

bidirectional devices, and reduced feedback.

Murdocca [62] proposed an optical design of C&E modules using
programmable nonlatching logic arrays made by symmetric self electro-
optic effect devices (S-SEEDs). The comparison and exchange functions
were designed utilizing arbitrary finite state machines with regularly
interconnected arrays of logic gates and masks. All logic gates had fan-in
and fan-out of two and functioned as OR or NOR gates according to the
operation of S-SEED devices.
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Mao [53] has shown the possibility of applying bistable light emitting
diode (BILED) circuits for C&E modules. The threshold characteristics of
the photodetector were employed in the C&E modules. The resistors and
transistors were needed in the circuit to bias the LEDs such that the

characteristic of the BILED circuits can function as latching logic.

More devices and techniques based on state-of-the-art optoelectronic
smart pixel technology, which are not described in this short review, are
suitable candidates for designing high speed, high density C&E modules.
These approaches of using both electronics and optics where optics
performs the communication function and electronic circuits compute the

C&E operation seem very promising. A more complete review is in [54],

[565], [56].
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Chapter 3

Sorting in 3-D Networks

In this chapter we focus on optical 3-D sorting networks using different free
space interconnection structures. Two types of interconnection structures
will be discussed in the following sections, namely, one-to-one linear
mapping systems and 2-D folded shuffle systems. We first introduce 2-D
multistage sorting networks based on these two interconnection patterns,
then, we extend 2-D networks into their corresponding 3-D structures.
Following that, the idea of expanding smaller networks into a larger one is
given. The procedures for the expanding of 2-D and 3-D sorting networks
will be presented. This idea can be used to reduce the number of stages
required in a sorting network. Finally, we evaluate the hardware
requirements and the running time of the sorting networks discussed in

this chapter.

3.1 Background

3.1.1 Notation and Mapping Functions

In the remainder of this chapter, we assume that N =2"(n is even)

channels needed to be processed. In the case of a 2-D multistage sorting
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network, the channels and switching units are arranged in 1-D arrays and
the link patterns are arranged in planes. The location of each channel in the
1-D array can be denoted by P(j), where j is the index of channels from 0 to
N-1. The index j be represented as 2's complement binary numbers, i.e.,
J=(x, 1%, 5...%)s, where x; € {0,1}. On the other hand, a 3-D multistage
sorting network occupies a physical volume in space, and has its channels
and switching units rearranged in 2-D arrays which are interconnected by
ﬁnk patterns in 3-D space. The 23 x 2% 2.D array formed by N = 2"signal
channels can be considered as a matrix A. The location of each channel in A
can be denoted by a(l,m), where ! is the row index and m is the column
index. We denote A =[a(l,m)]. The index j can map to a different pair of
indices (/,m) depending on its indexing to A. In the following paragraphs, we
define the index mapping of a 1-D indexing and its corresponding 2-D row-
major indexing. Mapping operations for one-to-one linear mapping and

folded shuffles based on row-major indexing are also given.

Definition 3.1 Row-Major Indexing (1)

This operation maps a 1-D index into its 2-D row-major index as given by

L(P(j))=I(P(x, %, 5...%,))
= [a(x,,_lx,,_z...x: ,xt_lxrz...x,xo)]. 3.1

Definition 3.2 I-D and 2-D One-to-One Linear Mapping (S, and S,)
For the case of the one-to-one imaging, each channel from stage i is linked

to the same physical location in stage i+1 as given by
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S,(P:(j)) = Sy (Py(xy 1%, 3..- %))
=P (X, 1 Xn g %), 3.2)

Szx([ai (I.m)])= Sz;([ai (xn-lxn-z eee xg »xg.qxg_a soe xlxo)])

= [am(x,,_,x,,_,...x:,xg_lx;._z...xlx,,)]. 3.3

Definition 3.3 1-D Perfect Shuffle and 2-D Folded Shuffle (o, ; and o)

The 1-D shuffling operation is a circular left shift on the bits of an index.
The 2-D folded shuffle is actually a 1-D shuffle on the unfolded 2-D data

plane. The row and column indices are considered as one binary number,
and the 2-D shuffling operation performs a circular left shift on that

number.

0, (P () = 0,,(P(x,_ix,_5...%,))
= “l(xn-zxn-S".' xoxu-l): (3°4)

oy ({a;(I,m)]) = 0,/ ([a;(x,_,x, ;... LA R PRt )));

=[a,.,,,(x,_,...x:x%_l,x%_z...xlxox Wk (3.5

3.1.2 Comparison Criteria

A number of metrics are available to evaluate the performance of a
multistage sorting network, namely, running time, node complexity, and

optical complexity. These are defined in the next few paragraphs.

Definition 3.4 Running Time

Running time is probably the most important factor in evaluating a
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parallel sorting network. It is defined as the time required for a unit of data
to pass through the sorting network. Considering a multistage sorting
network with N channels, let the propagation time for a single stage optical
interconnect be T, and the C&E module processing time in a single stage

be Tp. The running time, denoted by T(N), is defined as
T(N)=(To + Ty ) x(number of stages). (3.6)

Definition 3.5 Node Complexity

Another criterion for evaluating an N-channel multistage sorting network
is the complexity of the node stage required to sort N data. We denote the
number of different functions of the C&E modules required in a sorting
network as F. These modules are arranged in various combinations at each
node stage as shown in Fig. 1.4. We denote by S the number of distinct node
plane structures needed to realize a given network. Clearly, the larger the
number of C&E modules, F, and S, the more expensive the solution
becomes to obtain. Thus, we define the node complexity C(N) of a sorting
network to be the product of the total number of C&E modules, F, and S, as

given by
C(N)=F x 8 x(number of modules). 3.7
Definition 1.6 Optical Complexity

We first define a link complexity L(N) as a measure of the number of

distinct point spread functions in the optical interconnection element with
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Optical Interconnection LN)
Space-invariant 1
Space-semivariant 1<L(N)<N
Space-variant N

Table 3.1: The optical complexity of optical interconnection systems is
classified by the degree of space-variance.

respect to the number of channels, assuming no fanout. It can be classified

by its degree of space-variance as shown in Table 3.1.

The optical complexity of a N-channel sorting network, denoted by O(N),
is defined as the product of L(N) and the number of different
interconnection patterns in the network as given by

O(N) = L(N) x(number of stages)x(number of patterns). (3.8)

It is important to point out that the link complexity of a specific
interconnection structure may vary due to different optical system designs.
For example, a 2-D folded shuffle can be realized using both space-
semivariant and space-variant designs. In this research, we focus on the
space-variant design, that is, L(N) = N. Another interconnection structure
we are interesting in here is one-to-one linear mapping. It can be provided
using space-invariant lens systems. Thus, the optical complexity of this

type of interconnection is equal to one (L(N) = 1).
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3.2 Cylindrical Spanke Sorting Networks

3.2.1 2-D Structures

One of the simplest structures of multistage sorting networks is called an
odd-even transposition sorting network [2] shown in Fig. 3.1. It needs N
dynamic node stages to sort N inputs, N 2 3. It has also been called a
Spanke network [57]. In this type of network, the shortest path through the
network passes through N/2 C&E modules, while the longest path through
the network passes through N C&E modules. The drawback of this
arrangement is that there may be path-dependent synchronization, loss,

and crosstalk problems.

inputs I l: l outputs

Figure 3.1: Odd-even transposition sorting network with inputs N=4.

We can add one C&E module in each even stage of the odd-even
transposition sorting network and build a new kind of network called the
cylindrical Spanke network [58]. Figure 3.2a and 3.2b show two different
architectures for 8 x 8 cylindrical Spanke networks. The type I cylindrical

Spanke network needs N stages to sort N numbers while the type II
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network needs N-1 stages to sort N numbers. The half open boxes represent
C&E modules that wrap around and connect channel 1 and 8. We can

redraw the architecture shown in Fig. 3.2c to present its cylindrical nature.

maxsort bypass

O NO!M D wWwN =
O NOWU &N =

(a) (b)

(c)

Figure 3.2: Architecture of the cylindrical Spanke network (a) type I drawn
in a 2-D structure; (b) type II drawn in a 2-D structure; (¢) network wrap
around in 3-D space. The boxes in (a) and (b) represent individual 2 input/ 2
output C&E modules, the half open boxes represent modules that wrap
around and connect input 1 and 8. The black, gray and white colors
represent maxsort, minsort and bypass function respectively.
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3.2.2 3-D Structures

In order to map a 2-D cylindrical Spanke sorting network onto its 3-D
structure, a special type of 2-D indexing called serpentine raster indexing is
proposed. The characteristic of this indexing is the adjacent arrangement of
the first channel and the last channel and the snake-like arrangement of
the rest of the channels. Here, two possible index arrangements are shown

in Fig. 3.3.

(b)

Figure 3.3: Sixteen channels are arranged in two types of serpentine raster
indexings.

Py

The index mapping operation I, () of the serpentine arrangement

shown in Fig. 3.3b can be generalized as follows:

L. (P())= I“m(P(x,‘_lx,,_z...x%x,;_-l...x,xo )
=[a(t,m)), (3.9
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where

A+x,_)x2" =1-(j) o, ifz.=0
l= . modulo 23 o, (3.10)
i, x27+() o ifx, =1
modulo 23 3

and

decimal value of (x,_;...%,%,_,) . ifx, ,=0
" \(2* -1-decimal value of (%, ...%.%. ) . 2, =1
s 3 modulo2?

(3.11)

Based on the new indexing in Fig. 3.3b, two different node plane
arrangements using 2 input/ 2 output C&E modules are needed to
implement the even stages and the odd stages of the network shown in Fig.
3.4. The arrows in the 2 input / 2 output C&E modules point to the position

of max(x,y).

Following the definition, we have F'= 2 and S = 2. The running time T(N)
and the node complexity C(IV) of this type of network structure can be
calculated by

T(N)=(N -1)x(To +Ty), (3.12)

C(N)=4x N(N -1)/2. (3.13)
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Figure 3.4: The 2-D arrangement of 2 input/ 2 output C&E modules for odd
and even node stages.

Since the interconnection structure of this type of network is simply a
one-to-one linear mapping between two stages, the optical system design is
especially easy. Assuming that the node stages in the cylindrical Spanke
network are made from OEIC devices that each stage receive light from one
side and transmit light from another side, 4f imaging systems can be used

as link stages shown in Fig. 3.5. Therefore, node planes located at even
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node stage i 4f imaging system node stage i+1

source plane f f ' detector plane

Figure 3.5: One-to-one imaging interconnects using 4f imaging systems.

stages of the network need to be rotated 180 degrees. This type of space-

invariant design has an optical complexity of one.

A more simple and dense system setup shown in Fig. 3.6 is to pack all
node stages together without any lens system between them [77]. However,
the distance between two stages cannot be too small because there is a
minimum space required to remove the heat generated by the power
dissipation of the node stages. Heat removal from the node stage is very
important for the network in order to maintain the temperature of C&E
modules within parameters for efficient and reliable operation. Figure 3.7
illustrates the potential of air-cooling technology as a function of power
density [59]. Also, the distance between two stages can not be too large. If
the transmitting light has a divergence angle, the optical coupling efficiency
and the channel crosstalk will be determined by the size of the detectors

and the spacing between the adjacent detectors, respectively. These
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systems are expected to have very low optical efficiency [77). In section 4.3

we discuss a related system that uses lens array to image the light from

sources to detectors.
even stage odd stage light beams
i ™
hode
source plane detector plane -
Figure 3.6: Directly coupled structure of a one-to-one linear mapping
interconnection system.
100
O air cooling
® 80
e
™
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power density ( W/em?)
Figure 3.7: Cooling regimes of various cooling technologies. ~
-
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3.3 Bitonic Sorting Networks

Another type of fixed interconnection sorting network of interest in this
work is the bitonic sorting network using perfect shuffle interconnections
[10]. To sort N inputs, this kind of network is decomposed into log N levels,
with each level having log N node stages. Thus, the network has a total of
(log N)? node stages. Figure 3.8 shows a 2-D 8 x 8 network structure.

level 1 level 2 level 3

node stage link stage

Figure 3.8: Bitonic sorting network based on 1-D perfect shuffle
interconnections. Boxes drawn with different shadings represent 2 input/ 2
output C&E modules performing different functions. Black represents the
maxsort function, gray represents the minsort function, and white
represents the bypass function.

It 18 clear that there are 1+log N different node plane structures and
that the network requires all three types of 2 input/ 2 output C&E modules

arranged in a special sequence. Thus, F =3 and S=1+1logN. In order to

determine the sorting function of a arbitrary C&E module located in a
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bitonic sorting network with N =2" channels, each C&E module can be

considered as an entry in the 2-D switch plane and can be denoted by m(i,j),
where i = 0,1,...,1} -1 and j=0,1,...,(logN)’> -1 The index i can also be

represented by N-1 binary bits, i.e., i =(x,_,x,_,,...,%,). Using the following
procedures, we can determine the sorting function of a C&E module by its

indices i and j.

Step 1: First we calculate the value of r

r=logN-|—i—|-1,
g [logN]

where I-y-l represents the biggest integer less or equal to y. If r =0,

the assigned function of a module in the location m(i, j) is maxsort.

Otherwise, we go to Step 2.

Step 2: In this step, we calculate the value of u
U = (J) modutotog -

If u < r, the assigned function of a module in the location m(i,j) is

bypass. Otherwise, we go to Step 3.

Step 3: Here, we calculate the value of p, p=u—r. Let uslook at the p+1
bit of the binary number of i, where i= (XpgXn_gseeesXpeannXg). If

x, =0, the assigned function is maxsort. If x, =1, the assigned

function is minsort.
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Again, If we want to extend this 2-D network into its 3-D structure, we
can arrange 2 input/ 2 output C&E modules in 2-D arrays and put 2-D
folded shuffle interconnections between every two stages to form a 3-D
multistage sorting network. Since the structure of multistage interconnec-
tion networks using 2-D folded shuffles has been extensively studied in [60]
and its interconnections depend on the optical devices chosen by the system

designer, we just show a basic 3-D structure in Fig. 3.9.

2 inputs/ 2 outputs
compare-and-exchange modules

. / \ ‘
2Dfoldedshuﬂles/ 7 * ‘ \\\

output
channels

Figure 3.9: 3-D bitonic sorting network.

We can calculate the running time T(N) and the node complexity C(N) of
this type of network structure using Eq. (3.6) and Eq. (3.7) as given by
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T(N)=(log N)* x(Tp + Ty, (3.14)

C(N)= 3x(logN)x-;~N(logN)2. (3.15)

The optical complexity of the network depends on the optical system
designed for the 2-D folded shuffles. Here, we focus on the space-variant
design, that is, O(N)= N,

3.4 Merged Bitonic Sorting Networks

From the previous section, we know that the bitonic sorting network needs
(log N)® node stages to sort N inputs. Here we discuss techniques for
combining four N input / N output bitonic sorting networks to form a larger
4N input/ 4N output sorting network. Our intent is to find ways to expand
the dimensionality of sorting networks. In reality, networks are designed to
have a standard number of inputs and outputs. If we can combine small
networks to form a larger one without redesigning the entire structure, the
cost required to extend the number of channels in a network can be greatly

reduced.

3.4.1 2-D Structures

The bitonic sorting network has an inherent split-merge design. The
technique used to sort a sequence of N numbers is to first generate two

sorted subsequences each with N /2 numbers. These two subsequences are
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placed together with one subsequence in reverse order and sent into log N
node stages to produce an output sorted in order. Following this structure,
N /2 sorted outputs can be generated by two N /4 sorted inputs along
with (log N)-1 node stages, and so on. An example is shown in Fig. 3.10,
which shows the 2-D structure of a 16 input/ 16 output sorting network
expanded from four 4 input/ 4 output sorting networks. There are
é(logN +1)log N node stages required to sort N input channels. It is
important to point out that the interconnections between every two stages
are no longer a fixed pattern. This type of sorting network with N channels
has log N different interconnection patterns and node plane structures. We
call this type of network a merged bitonic sorting network.

8 input/ 8 output sorting network log16 stages
logd stages I y o \

[ \. \. \‘
0" \"‘ \0" \/‘
WY RINK
OCIOCINOUINX)
RERKIAIRK
X }\‘_ﬂ\‘

ﬁ\:ﬁ: _‘\

16 input channels
16 output channels

_‘\

8 input/ 8 cutput sorting network
(outputs are ?n reverse% order)

Figure 3.10: A 16 input/ 16 output sorting network merged from four 4

input/ 4 output sorting networks. The sorted outputs of the sorting
networks bounded by gray boxes are in reversed order.
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3.4.2 3-D Structures

A 2-D merged bitonic sorting network can also be extended into a 3-D
structure. Again, we assume that there are N =2" signal channels
arranged in a 2-D plane (» is even) so we have a 2% x 2* array. We can use
four such arrays to generate a 2"*! x 2**! array with a total of 4N channels

as shown in Fig. 3.11.

N=2" n is even. cokurn shtfle
stage

2-D tokded shwifies

Figure 3.11: A 3-D 4N input/ 4N output sorting network merged from four
3-D N input/ N output sorting networks.

A new merge algorithm is proposed in this research to perform a 3-D
network expansion..In order to analyze the algorithm, we define certain

fundamental operations in the following section.

3.4.3 Fundamental Operations

Following the description in the previous sections, the 2¥ x2% 2.D array

formed by N = 2" signal channels can be considered as a matrix A and the
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location of each channel can be denoted by a(l,m), where [ is the row index

and m is the column index. These two indices can be represented as 2's
complement binary numbers, i.e., I =(x, %, 3...%:)s» M =(Xs_ X4 q..- X% )gs
: ] 3

where x; € {0,1}. We denote A =[a(l,m)].
Definition 3.7 2-D column shuffle (c,.)

This operation performs 1-D perfect shuffle on the columns of A as given by

o'zc(A) = Gzc([a(xn-lxn-z "'xl’t vxg.lx.:_z . --xlxo)])

= [a(x,,_lx,,_,...x?,x%_z...xlxoxe_l)]. ' (3.16)

Definition 3.8 2-D row shuffle (o,,)
This operation performs 1-D perfect shuffle on the rows of A as given by

0,,(A) = 0, ([a(x,_,x, ... R e 21%)])

=[a(x,_3%,_3--- XaXy 15 %e Xy g .%,%,) ) (3.17)

Definition 3.9 Left-Right Combination (C,)

The left-right combination of two 2* x2' matrices A and B generates a
2% x 2! matrix D. The I* row, m*® column entry in A is placed into the [
row, m* column entry in D and the /** row, m* column entry in B is placed

into the I** row, (2' +m)* column entry in D as given by

D=C,(A,B)
= C,,([a(x,,_l...x%,x%_,...x,xo) b(x _,...xg,x‘:_l...x,xo)]) (3.18)

=[d(x,_X,_q.-- 20 LA AP )l
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where p € {0,1}. Thus,

a(x,,_,...xg,xe_,...x,xo) if p=0
b(x,,,l...xg,xg_l...xlxo) if p=1
(3.19)

d(x,,_,...x,’,,px,’,_l...x,xo) = {

Definition 3.10 Up-Down Combination (C,;)

The up-down combination of two 2' x 2' matrices 4 and B is to generate a
2:*! x 2 matrix E. The I* row, m* column entry in A is placed into the I*
row, m* column entry in E and the I* row, m* column entry in B is placed

into the (2 +1) row, m* column entry in E as given by

E = Cud (A)B)
C(Xyogee e Xgy Xy 1eee 21%g)
- C“d
b(xn_l...x%,x,’,_,...xlxo)
= [e(qxn-lxn-z * 'x‘.‘ ’xﬁ‘lx‘,‘-z' « X% )]: (3.20)

where g € {0,1}. Thus,

a(x, y... Xy, X, ... %%) ifq=0
e(gx, ;...%3,%, ,...% = S . . (3.21
(@%-s A o) {b(x,,_l...x‘,x‘_l...xlxo) ifg=1 @®.21)
3.4.4 Merging Algorithm
The merging algorithm can be expressed as follows:
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Step 1. reverse: To reverse the order of N channels in a 2% x 2° array, we

can use an imaging system built with a lens shown in Fig. 3.12.

N=Z", nis even.

] input 20 array imaging system output 20 array [
1 -y

| . "

folding of
—_— yniiioe
- -
(3] LJ e
- ! = | o
m 1 2 |
- | I | L
Input 1-O aray output 1-D arrey

Figure 3.12: 2-D input signal array is reversed using an imaging system.

Step 2. left-right merge: One 9t x 2° signal array A and one reversed
2% x 21 signal array B are first left-right combined into a 28 x 2+
signal array D. This 2-D signal array D has a shuffled row-major

indexing as given by

D=C,(A,B) -
=[d(x,_,%,_2- NEAY AR P %)), (3.22)

where p € {0,1}.

Following that, log, 2N stages of 2* x2*"' folded shuffles and node

planes are needed to form a 2N input/ 2N output sorting network.
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Problems occur when we try to map a 1-D signal array into a 2-D

structure. Let us consider that two 1-D signal arrays which are the

1-D versions of the 2-D signal array A and B are up-down combined

and folded into a 2% x 2" signal array R using row-major indexing

as shown in Fig. 3.13.

osiginal 20 amay R mwmowwwm
(row-major indendng) {(shutflad row-maejor indexing)

Figure 3.13: The 2-D signal array generated using left-right combination
has a shuffled row-major indexing instead of its original row-major
indexing.

a(xn_,...xﬁl,x%...x,xo)
b(xn_l...x“l_ﬂ,x:.. . xlxo)

=[r( px,,_,...x:ﬂ,xg...xlxo)], (3.23)

where p € {0,1}.
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If we apply the 2-D folded shuffle to a 2-D signal array R, the output
2-D signal array R, is given by

R, = o,,([r(px,,-,...x:_,,,x:...xlxo)]
= [r(x,,_,...x:“xg 1 Xaye- Ko p)l (3.24)
It is clear that we cannot obtain the same 2-D array by applying the

2-D folded shuffle to the 2-D array D. However, if we apply a 2-D
column shuffle to the 2-D array D, the output 2-D array D, will be

equivalent to R, as shown in Fig. 3.14.

N=Z", n is even. 7

Figure 3.14: Left-right combination of two N x N networks column shuffled
in 3-D space.

D, = o, ([d(x,_,.. -xg-ux: 2 PXy_y--- X1 D

= [d(::c,,_l...x:_ﬂ:c,’l ,x:_l...x,xop)]. (3.25)
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Thus, a 2-D column shuffle is required to replace the 2-D folded
shuffle at the first link stage.

Step 3. reverse: By repeating step 1 and step 2, two sorting networks with

2t x 21" signal arrays can be generated. Again, to prepare for the

final merge step, the output 2-D signal array of one of the sorting
networks is reversed by the imaging system.

Step 4. up-down merge: In this step, the 2-D signal arrays of two 2N
input/ 2N output sorting networks are combined into a 2¢" x 2+
signal array using an up-down arrangement as shown in Fig. 3.15.
Since the new array has the same row-major indexing, no special
treatment is required at the first link stage. Thus, we add log4 N
stages of 2% % 21*! 2.D folded shuffles and node planes to finish the
3-D structure of a 4N input/ 4N output merged bitonic sorting
network.

N=2", nis even.

Figure 3.15: System structure of two N x2N networks merged into one
2N x2N network in 3-D space.
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3.5 Network Evaluation

In this section, we evaluate all three kinds of sorting networks, namely, the
cylindrical Spanke sorting network (CSSN), bitonic sorting network (BSN),
and merged bitonic sorting network (MBSN), by their running time, node

complexity, and optical complexity.

3.5.1 Running Time

There are two kinds of time delay within each stage: the propagation time
delay caused by interconnection distance, and the switching time delay
caused by the C&E module. Let us assume that the distance between two
stages of a one-to-one linear mapping system using a directly coupled
structure as shown in Fig. 3.6 is d. Thus, it has a propagation time delay
To,; equal to the time required for light to travel the distance d. State-of-
the-art optoelectronic devices have a switching time delay of about 1 ns.
Figure 3.16 shows the comparison between the propagation time delay and
the switching time delay based on different values of d. If the optical
system between two node stages requires less than 30 cm space to provide
the interconnections, the time delay of each stage is dominated by the

switching speed of the node stage.

We assume that the time delay at each stage is identical for all three
types of sorting networks, thus, the total running time will be determined

by the number of stages required for the networks. The total number of
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Figure 3.16: The comparison between the propagation time delay and the
switching time delay based on different values of d.
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105  dotted: CSSN
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107 solid: MBSN / 1
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Figure 3.17: Total number of node stages versus log; of the number of

channels for three kinds of sorting networks. CSSN represents the

cylindrical Spanke network; BSN represents the bitonic sorting network;
MBSN represents the merged bitonic sorting network.
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stages versus number of input channels for all three types of networks are

shown in Fig. 3.17.

To sort N input channels, the MBSN requires the lowest number of
stages among all three types of sorting networks. When we double the
number of input channels, the number of stages required increases by
log N stages. In the same case, the number of stages for the CSSN is
doubled. Therefore, the MBSN is less sensitive to an increase in the
number of channels. It also has the fastest running time. For N > 16, the
CSSN has the slowest running time.

3.5.2 Node Complexity

In this section, we evaluate all three types of sorting network by their node
complexity. Table 3.2 lists their the number of modules, F, S and the node

complexity based on N input channels.

Sorting Networks CSSN BSN MBSN
number of types of
modules F 2 2 1
nmber Of nOde 9 logN lOgN
plane structures S

number of modules | 1 N(N-1) [ £(logN)* | Z(logN +1)logN

node (éo(l;‘.lvp)leﬁty 2N(N -1) if’-(log N) Jf-(log N +1)log N)?

Table 3.2: The node complexity of all three types of sorting networks.
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The total number of C&E modules and the node complexity C(N) of all

three types of sorting network can be calculated as a function of the number
of input channels. The results are shown in Fig. 3.18 and Fig. 3.19.

Again, the MBSN has the lowest node complexity to sort N input
channels among all three types of sorting networks. An interesting result is
that, when the size of the network is small (N < 2'°), the CSSN has lower
node complexity than the BSN.

10°
1 dz: dotted: CSSN
dashed: BSN
@ [ solid: MBSN
3 10° 3
g ;
'6 L
g
2 [
10°
1000 2 4 6 8 10 12 14 .16 18 20

log, of number of channels

Figure 3.18: Total number of 2 input/ 2 output C&E modules versus log; of
the number of channels for three kinds of sorting networks. CSSN
represents the cylindrical Spanke network; BSN represents the bitonic
sorting network; MBSN represents the merged bitonic sorting network.
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Figure 3.19: The node complexity versus log, of the number of channels for
three kinds of sorting networks. CSSN represents the cylindrical Spanke
network; BSN represents the bitonic sortmg network; MBSN represents
the merged bitonic sorting network.

3.5.3 Optical Complexity

Following the discussion in the previous sections, the number of
interconnectiox; patterns, link complexity L(N), and the optical complexity
O(N) of all three types of sorting networks based on N input channels are
listed in Table 3.3. -

Figure 3.20 shows the optical complexity of all types of sorting networks

for various values of N. It is obvious that the CSSN has the advantage of

low optical complexity and the MBSN has worst performance.
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Sorting Networks CSSN BSN MBSN
— — — —  — —— ———— |

link complexity

number of patterns 1 1 log N

number of stages N-1 (log N)? 1(log N +1)log N

optical complexity
P o( N;, y N-1 N(logN)? -’f(log N +1)(log N)

Table 3.3: The optical complexity of all three types of sorting networks.
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Figure 3.20: The optical complexity versus log; of the number of channels
for three kinds of sorting networks. CSSN represents the cylindrical
Spanke network; BSN represents the bitonic sorting network; MBSN
represents the merged bitonic sorting network.

3.6 Summary

In this chapter, we systematically study the implementations of multistage
sorting networks using 3-D volume structures. An algorithm for expanding
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the BSN in 3-D space is proposed and a mathematical proof is given. We
find out that during the left-right merging procedures in the 3-D space, a 2-
D column shuffle is required to transfer the shuffled row-major indexing of
a 2-D signal array to a equivalent indexing performed using a 2-D folded
shuffle. The optical interconnection system that performs the 2-D folded
shuffle and 2-D column shuffle can be achieved using a hologram or
computer-generated diffractive optics devices that will be discussed later.
Based on this algorithm, A new type of sorting network, MBSN, which has
promising characteristics, is developed and discussed. In the rest of the
chapter, we evaluate the CSSN, BSN and MBSN utilizing three kinds of

measuring criteria. The result is shown in Table 3.4.

Sorting Networks CSSN BSN MBSN
RMg Time T'(N) high medium low
Node Complexity C(N) high medium low
Optical Complexity O(N) low medium high

Table 3.4: The evaluating results of all three types of sorting networks.

When the number of input channels is large, a CSSN has drawbacks
such as long operating time delay and high switching hardware cost.
However, its optical interconnection is very simple and easy to implement.
On the other hand, a MBSN has advantages such as a higher sorting rate
and low node complexity, but suffers from the problems of complex
interconnection architectures in its link stages. System designers should

compare the cost of optical elements and switching elements and consider
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the complexity and reliability of the facilities needed to support both
optical and electronic systems in order to select the most suitable network

architecture to use.
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Chapter 4

Linear Mapping Using
Diffractive Microlenses

In this chapter we focus on optical system designs for one-to-one linear
mapping using diffractive microlenses. First we study the characteristics of
Gaussian microbeams in on-axis diffractive microlens arrays. Following
that, we compare the advantages and disadvantages of conventional bulk
lens systems and microlens systems. Optical system structures for short
and long distance linear mapping interconnections are studied later on
based on the previous analysis. Finally, optical packing limitations are
calculated based on the Gaussian distribution characteristics of light

sources, and the light efficiency of each system structure is given.

4.1 Characteristics of Gaussian Beams

We first define the characteristics of Gaussian beams. Let us consider a

Gaussian microbeam transformed through a thin lens as shown in Fig. 4.1.

The waist w, of a Gaussian beam source is its radius size at which its
amplitude is reduced by e from its center peak value. The waist size w(z)

of a Gaussian beam in free space propagating over a distance z from its

source can be modeled in terms of the waist size w, of the source [61]
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}

Figure 4.1: The characteristics of Gaussian beam propagating and focusing.

Dlms

w(z)’=w§(1+(zi)’>, (4.1)

where z, is the scale length for this beam, given by

(4.2)

and A is the wavelength.

Part qf the Gaussian beam is clipped by the microlens as expressed by
the clipping ratio, &,

k=2—?:'!—, “.3)
lens

where w,,, =w(z,) and D,,, is the lens diameter as shown in Fig. 4.1. In

Gaussian beam propagation theory, a value of 2=1.5 corresponds to a loss
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of 1% of the incident power, and a value of % =2.12 corresponds to 0.1% of
the incident power [61]. Following the analysis in Ref. [47] we will let 2 be a
variable in the following and realize that 2 must be = 2 in practice to avoid
significant power loss due to beam truncation. The waist of the beam w(z’)
at the right hand side of the lens can also be modeled in terms of its

propagating distance 2’ away from the lens as given by

A l/z
= rl , 4.4
wi(Z) -2/ +(/z,) . (4.4)

where 2, = nw,’;m/l [61]. If we choose 2’ to be 2’ =2, = f, the spot size is

given by
w(z')=w,
M (4.5)
W 14y
We use Eq. (4.3) in Eq. (4.5). Hence, Eq. (4.5) becomes
w, = Af
' x D,,,Jk
=ﬁx( Fi#). (4.6)
r

The above equations express the characteristics of light propagation in
a Gaussian light source based microlens system. We will use these results

in the following sections.
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4.2 Background

Linear mapping is one of the most simplest interconnection structures. It
can be implemented by conventional bulk lenses (macrolenses) in 4f
imaging systems shown in Fig. 4.2. Note that node stage i+1 is rotated
180° (inverted) to achieve a linear mapping operation. Fig. 4.2a is a
telecentric imaging system [86), in which the ray is incident perpendicu-
larly to the image plane, thus minimizing the lateral misalignment effects
of image defocus. The telecentric imaging system shown in Fig. 4.2a also
has lower aberrations than the imaging system shown in Fig. 4.2b because
the beams in this system are collimated when they pass through elements
such as polarizing beamsplitters, thus aberration accumulation is reduced.
Another advantage of the system shown in Fig. 4.2a over the system in Fig.
4.2b is that, if we consider a divergent light source, the system in Fig. 4.2a
has a shorter propagation distance between the light sources and lens, thus
a smaller lens can be used to capture the beam generated from the light

source located at the edge of the node stage i.

Macrolens systems have the advantage of high space-bandwidth
product (SBWP), low sensitivity to changes in wavelength of the input light,
and relatively large numerical apertures such that low aberrations can be
expected. However, the relatively long focal lengths generally used (three or
four times greater than the size of bulk lenses) result in increasing the
physical length gnd time latency of a system. Here, we denote the vertical

dimension of the node plane is [,,,. We assume that each channel on the
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node stage i+1

(a)

[ =

‘ node stage i

node stage i1

lens
(b)
Figure 4.2: Different architectures of imaging systems for linear mapping

interconnections having a total length of 4f.

node stage has a light source with a 5pmx5prﬁ active area and a
Gaussian light distribution. One way to reduce the physical length of a
macrolens system is to use lenses with low f-numbers. However, this

approach increases the fabrication complexity and cost of the macrolenses.

Because light from the source in Fig. 4.2 is emitted with a diverging

angle, the light wavefront spreads out in a cone before it reaches the lens.
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Figure 4.3: The lens diameter required to capture 99% of an incident
Gaussian beam emitted by a light source with a 5 um x5 um active area
and Gaussian distribution after propagation over a distance f. The horizon-
tal axis is plotted as a function of f-number. Also shown is a typical vertical

size (10 mm) of a node stage (/,,) which will be used in later discussion.

Therefore, the size of the bulk lenses must be increased in order to
maintain the optical efficiency. Figure 4.3 shows the required lens diameter
needed to capture 99% of the incident Gaussian beam emitted by a
Gaussian source of linear dimension 5 um (a waist size 2w, = 5um) after
propagation over a distance f as depicted in the inferconnection system of
Fig. 4.2a. It is obtained by using Eq. (4.1) for propagation over a distance
z=f. Figure 4.3 is plotted as a function of the f-number of its lens, F#,
where F# is defined as the ratio of the focal length to the diameter of a lens.

A diffractive microlens array is another approach to implementing

linear mapping interconnections in a sorting network. Each microlens has a
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light beams

e

microlens amay

Figure 4.4: A linear mapping interconnection system using microlens
arrays.

relatively small SBWP. In order to have self-routing capabilities, the
switching nodes in a sorting network must integrated along with additional
optoelectronic circuitry, thus the optical flO density is significantly reduced.
A linear mapping system architecture using microlens arrays is shown in
Fig. 4.4. The advantage of diffractive microlens systems over conventional
ones are its compact size and low cost of fabrication and replication.
However, new micro-optomechanical techniques for aligning and mounting
microlens arrays are required. In the following sections, we discuss
diffractive microlens systems for short and long distance linear mappings

based on light sources with a Gaussian intensity distribution.
4.3 Short Distance Interconnection

An interconnection system for short distance linear mappings can be

realized using a single microlens array as shown in Fig. 4.5. A microlens is
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put in front of the cell similar to the structure shown in Fig. 4.5, where 2w,
is the size of the light source at node stage i, 2w, is the size of the detector
at node stage i+1, d is the free space propagation distance of the
microbeam before it reaches the microlens array, and z, is the distance
between the microlens array and detectors. We now specify the system
parameters in order to analyze the system performance. A node plane with
a size [, %1 . where [, =10 mm is assumed. Each channel on the node
plane has a light source which emits a Gaussian intensity microbeam with
a waist diameter 5um (2w, =56 um) and a wavelength A =0.8 um. We
assume that the lens system has a clipping ratio k=2 and that the
detector size on the following node plane is 5§ um x5 um (2w, =5 um). We
also arrange the system in a way that z, is equal to the focal length of the

microlens.

node stage i node stage i+1
Wiens ¥, 'L Diens

source microlens array  detector

Figure 4.5: Short distance linear mapping system using single microlens
array.



To begin, we first use Eq. (4.6) to calculate the upper limits of the f-
number of the microlens. For 2w, =5 um and k2 2, the result is that the f-
number of the microlens needs to be less than 5. Later, in Chapter 5, we
discuss multilevel discrete phase approximations to the continuous phase
profile of refractive lenses. We now consider a multi-level microlens profile
fabricated by K masks. In Chapter 5, it is shown that the efficiency of the
lens is proportional to sincz(I/L) where L =2% is the number of grating
levels [62]. According to this, a binary lens has an efficiency about 41%, and
two or three masks can be used to increase the efficiency to 81% (L =4) or
95% (L = 8). The local grating period T, is given by [63]

Toone = A1+ (f/r)?, ’ “.7

where fis the focal length and r is the distance from the center optical axis.
The minimum size gratings will always appear at the boundary of the lens,
r= D,m/ 2. Thus, Eq. (4.7) can be rewritten in terms of the lithographic

resolution (or minimum feature size, ), number of profile levels, L, and /-

number, F# as given by

SxL=2Ay1+(2x F#)*. (4.8)

If a diffractive lens with F#=25 is chosen for the system and can be
fabricated with a resolution of § =1 um, from Eq. (4.8), an eight-level lens
profile can be made. Because the f-number of the microlens in the optical
system is fixed, the shorter the distance between two stages is, the smaller

the size of each channel can be. The total number of channels N is given by
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l
N =(B"°r‘:‘-)2- (4.9)

Under the conditions that F#=5 and a node plane with [, =10mm, D,,
can be calculated from Eq. (4.6). Figure 4.6 shows the results of the packing
density and interconnection distance of the system using different focal
length microlenses. The number of channels supported by this type of
system design is maximized for small interconnection distances. However,
the space occupied by the processing circuitry and the optical aberrations
caused by the small lens aperture (proportional to the size of each channel)
will give a upper limit on the packing density.
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Figure 4.6: The number of channels (left vertical scale), and interconnection
distance (right vertical scale) versus focal length f. Here we assume the size
of node plane is 10mmx10mm, f-number F#=5, A=0.8um, and
macrolens clipping ratio k= 2.
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Let us consider the optical resolution due to the finite size of lenses in a
diffraction limited system. We assume that the diameter of each channel is
equivalent to the size of each microlens in our design. Light beams
transmitted from the sources are focused at the back focal plane of the
microlens array at the destination node stage i+1. Thus the intensity
distribution at the focal plane is determined by the convolution of a
Gaussian function (distribution of the light beam) G(r) and an Airy

function (Fourier transform of the circular aperture of the lens) as given by

I(r>=(a(r)*%>’, (4.10)

where I is the intensity, o/, is the Bessel function of first kind and r is the

radius. Here, « is given by

, 4.11
AxF# ( )

where A = 0.8 um and F#=5.

The corresponding amplitude distributions of Gaussian and Airy
functions at the detector plane are shown in Fig. 4.7. The magnitude
squared (intensity) of these two functions after they are convolved is shown

in Fig. 4.8. Without considering diffraction due to the lens pupil, a
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Figure 4.7: Gaussian distribution and lens diffraction curves on the
detector plane. Here, w, =5 um, F#=5, and A = 0.8 um.
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Figure 4.8: The intensity distribution of the convolution result. Here,

wy=5um, F#=5,and A = 0.8 um. The power focusing on the 5 um center
areas is 82%.
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Figure 4.9: The variation of different efficiencies based on f-numbei'. Here,
W,=5um,and A4 =0.8 um.

Gaussian beam with a 5 um waist diameter has 95% of its power focused
on the 5 um diameter detecting area. Diffraction due to the limited size of
the lens pupil will further distribute the power of the beam and only 82% of
the arriving power will focus on the detecting area. If the f~-number of the
lens is increased, it increases the width of the center lobe of the Airy
function and thus the efficiency on the center detecting area is decreased.

The total efficiency of the system is given by

Eff o = (clipping eff.) X (lens eff.) x (focal — plane eff.). (4.11)

Figure 4.9 shows the variation of the total system efficiency based on
different values of f-number. In Fig. 4.9, we have set the clipping efficiency
to one for simplicity. We then use Eq. (4.8) to obtain L (the number of

microlens profile levels) assuming 6 =1um and A =0.8 um, and then use

69



the relation lens efficiency = sinc*(1/L) to obtain the dashed curve. We Eq.
(4.10) to obtain the focal plane efficiency which is plotted as a dotted line in
Fig. 4.9. The maximum total system efficiency can be achieved using a lens
with F#=4. From Eq. (4.8), this requires a six-level microlens which needs

a special fabrication process.

4.4 Long Distance Interconnection

In Section 4.3, a single microlens array imaging system only supports a
two-sided OEIC-based node plane structure with a interconnection length
less than few hundred micrometers. However, other types of smart pixel
devices such as self electro-optic effect devices (SEEDs) are reflection type -
devices whose sources (or modulators) and detectors are built on the one |
side of the node plane. Its multistage structure is achieved by arranging
each node stage in a planar fashion as shown in Fig. 4.10. A imaging
system with a pair of microlens arrays is used to transfer an array of light

beams over a distance greater than the size of the node plane [, (10 mm).

node stage i node stage i+1

Figure 4.10: Interconnection structure for reflection type devices using an
imaging system with a pair of microlens arrays.
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Figure 4.11: Two types of long-distance linear mapping systems. Both
image the source plane to the detector plane.

Two types of optical systems designed using a pair of microlens arrays
with the same focal length have been considered to satisfy this constraint
[33]. Their structures are shown in Fig. 4.11. In order to use the optical
systems in the applications illustrated in Fig. 4.10, we would like to

maximize the length S, between the microlenses to achieve a minimum

required propagation distance. Thus,
S, 21 ., (4.13)
where [, is the size of the node plane.

Considering Gaussian beam illumination, the design space of the

system has four parameters: the source waist, w,, the distance between
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Figure 4.12: The maximum number of channels of two types of systems as a
function of source diameter 2uw,.

microlenses, S;, the clipping ratio, %, and the wavelength of the source, A.
These parameters will affect the diameter and the f-number of the
microlenses and thus change the total system efficiency and packing

density. To simplify the analysis, we divide the constraints into several

cases and k =2 is assumed in all cases.

Case 1: We assume that S; =/, and 4 =0.8 um. The focal length f
and 2, can be calculated from the system structure shown in Fig.
4.11. Using Eq. (4.1) and the clipping ratio k, the diameter of the
microlens D, can be calculated. Therefore, the number of channels
for each system can be calculated from Eq. (4.9). Figure 4.12 shows
the maximum number of channels of the two types of imaging
system as a function of the source size 2w,. From the plot, System I

requires a fairly large source diameter (= 60 um) to support a large
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Case

number of channels, and the maximum number of channels it
supports decreases rapidly as the source size gets smaller. System II
can support more channels than System I regardless of the size of
the source. Using our previous assumption that the diameter of the

sources is around 5 um, We will not consider System I further.

2: We assume A =0.8 um, source diameter 2w, =5 um, and that
System II is selected. In Fig. 4.11a, if we know the length of S, the
value of f and z, can be calculated. Using Eq. (4.1), (4.3), and (4.9),
the maximum number of channels System II can support and the
total length of the system is plotted as a function of the length S; in
Fig. 4.13. The maximum number of channels drops rapidly as the

required length S, increases. To support more than 10° channels, the -

interconnection length of System II should be less than 24 mm.

2500 r v r Y v v v r v 0.12
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Figure 4.13: The maximum number of channels and the total length of the
system is plotted as a function of the length S;.
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Figure 4.14: The required f-number of the microlens as a function of
different wavelengths A and length S,.

Case 3: We assume that source diameter 2w, =5 um and that
System II is selected. The f-number of the microlens is calculated
based on different values of S; and wavelength A. Three particular
wavelengths are considered here: 0.8 um, 1.3 um, and 1.55um.
Lasers with a 0.8 um wavelength are made in large quantities for
applications such as compact disk players. The remaining two

wavelengths, are common in long haul fiber communication links

where 1.3 um is the minimum loss wavelength for silica fiber, and
1.66 um is the minimum dispersion wavelength for silica fiber. As
previous case, in Fig. 4.11a, if we know the length of S,, the value of f
and 2z, can be calculated. Using Eq. (4.1) and (4.3), we know the
diameter of the microlens (D, ), thus, the f-number of the microlens

can be calculated and plotted as a function of S; in Fig. 4.14. The f-
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number of the microlens remains unchanged in the region of

S; >10mm, and longer wavelength require a lower f-number
microlens. However, because we fix the size of the detector
w, =5 um, from Eq. (4.6) we have A x F# as a constant. Thus, based
on Eq. (4.8) and a minimum fabrication feature size § =1 um, a four-
level microlens can always be used in a long-distance linear mapping

system using these three wavelengths.

4.5 Summary

In this chapter, linear mapping interconnections using microlens arrays are
described. We analyze a short-distance single microlens array system and
two long-distance (System I and System II) designs for different
implementations. Under the assumptions of small source diameter,
System II is more suitable for our design. We find that the short-distance
design is feasible for distances less than 1.5mm and can support 10°
channels. On the other hand, the long-distance design (System II) has an

interconnection range

10 mm < interconnction range < 24 mm (4.14)

provided that more than 10° channels can be supported. The light efficiency

of two different systems are given by

Eff ... = (lens eff .) x(focal - plane eff.), (4.15)
Eff ung = (lens eff .)* x(focal - plane eff.), (4.16)
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where we neglect the clipping effects. In Eq. (4.16), the efficiency of a long
distance imaging system is proportional to (lens eff.)’ because lights
emitted from sources need to pass through a pair of microlens array before
they reach to the detectors. The characteristics of short-distance and long-

distance system designs are summarized in Table 4.1.

interconnection range L;| system efficiency
short-distance L <15mm 80%
structure
long-distance 10mm<L, <24 mm 61%
structure (System IT)

Table 4.1: Summary of short-distance and long-distance (System II) linear
mapping systems using microlens arrays. It is assumed that a minimum ‘

number of 10° channels can be supported.
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Chapter 5

2-D Perfect Shuffles Using
Diffractive Optical Elements

When light illuminates a diffraction grating, the light wavefront is
diffracted into a set of waves that propagate in various directions. For a
given wavelength and incident angle, a large fraction of the light can be
directed to locations which are determined by the duty cycle and period of :
the grating. In this chapter we explore various architectures for optical
interconnections systems for 2-D folded shuffles using diffractive optical
elements. The basic concepts of the shifting properties of a 2-D folded
shuffle and the design of a phase-only blazed grating are first discussed.
Following that, different design methods for 2-D perfect shuffle
interconnections are proposed. Finally, the optical packing limitations and
system efficiency of each design method are calculated based on the light

sources having a Gaussian distribution .

5.1 Background

The 2-D folded shuffle implements the 1-D perfect shuffle by folding the

1-D input array into a 2-D array. This arrangement has an inherent

advantage in completely using the 2-D space-bandwidth product of the



optical system. In this section, we first describe the general reflected-
symmetric property of the 2-D folded shuffle, which will reduce the
complexity of space-variant gratings needed to implement it. Finally, the
phase profile and multi-level mask design of a blazed grating capable of
routing light beams to their destinations will be given.

5.1.1 Shifting Properties of 2-D Folded Shuffles

Let there be N =2" signal channels arranged in a 2-D plane, where n is

even. Using the notation defined in the previous chapter, we represent this
2-D plane as a 27 x 2" matrix A denoted by A, . =[a(l,m)], where [ is the

row index and m is the column index of this matrix. These two indices can
be represented as 2's complement binary numbers, i.e., I =(x,_,%,_5...%.);
]

and m =(x,_,X,_,...X,%, ), Where x € {0,1}. Since n is an even number, the

matrix A, can be further partitioned into four equal sized submatrices (of
size 2 x 2%_1), denoted as 7.

l‘.’: = [a(pxn-zxn-a'"xg.rqx:_z"'xlxo)lﬁ (5.1)

where p and q are 0 or 1. Thus,

0.0 .1
An=|gis gin ] (5.2)
i.m im

Considering the row and column indices of a(l,m) as one binary number,

the 2-D folded shuffle operation o,,() is given by
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ozf(Alm) = 63[ ([a(Pxn-zxn-a 14 'x: thg—z vee xlxo )])
=[a(x,_g%,-3--- %31 %y g--- %1% §))2 (5.3)

The position of the entry a(l,m) shifted by the 2-D folded shuffle operation
i8 proportional to the decimal value of the difference between new and old
binary indices. Let (i, j)) denote the decimal representation of the matrix

indices (I, m). We have

Guy(ali, i) =[a((2x G- px2 ) +e) 4,

(@x(i-gx27)+p) b (@419

An increase or decrease of the index i implies a shift in the positive
(down) or negative (up) i index direction, and similar changes in index j
implies a shift to the right or left. We summarize the shift properties of

four quadrants (submatrices) as follows.

Quadrant I: (p,q) =(0,0). After the 2-D folded shuffle operation, each
entry a(i,j) in this quadrant shifts down and right to a(2i,2j).

Quadrant II: (p,q)=(0,1). After the 2-D folded shuffle operation, each
entry a(i,j) in this quadrant shifts down and left to a(2i+1,2j - 2%).

Quadrant III: (p,q)=(1,0). After the 2-D folded shuffle operation, each
entry a(i,j) in this quadrant shifts up and right to a(2i - 2:,2 j+1).
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Quadrant IV: (p,q) =(1,1). After the 2-D folded shuffle operation, each
entry a(i,j) in this quadrant shifts up and left to
a(2i-2% +1,2j - 2% +1).

Figure 5.1: The shift property of the 2-D folded shuffle in a plane with 64
channels. The arrows around each quadrant represent the shift directions
of the rows or columns in that quadrant and the number on the arrows
indicates the distance of the shift.

We illustrate the case of N =64 =2° in Fig. 5.1. The indices shown in
the matrix of Fig. 5.1 are decimal values of i and j. The small arrows

around each quadrant represent the shift directions of rows or columns in
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that quadrant and the numbers on the small arrows indicate the distance
of the shift. For example, the cell with indices (1,1) in quadrant I will be
shifted one unit right and one unit down after the 2-D folded shuffle
operation is applied. The new indices will be (2,2). The longest shift occurs
at both (2*,2"" —1) and (2* —1,2" ") locations, that is, (3,4) and (4,3).
The shift distance is V2 x 2* x (cell size) at both locations.

/9%

N

NN
72

7

(a) (b)

Figure 5.2: (a) Reflected-symmetric property of 2-D folded shuffle. (b) Basic
pattern to be duplicated.

Although the 2-D folded shuffle is a space-variant operation, that is,
each element in the matrix has a different shift pattern, it still has some
symmetry properties. If we study the index changes in four quadrants, the
shift pattern is reflected-symmetric along the +45° lines shown in Fig.
5.2a. The shift pattern in the area shown in Fig. 5.2b can be calculated
first, and this pattern is folded along the adjacent lines to generate the
pattern of the entire aiea. The reflected-symmetric partial-invariant

property of the 2-D folded shuffle operation studied here is important to the
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design of computer-generated gratings because it reduces the complexity of

the problem by a factor of 4.

5.1.2 Phase-Only Blazed Grating

The primary requirement of interconnection elements is to deflect light to
different positions. A blazed grating discussed in [62] can be used to route
incident light according to its grating period and the wavelength of the
incident light. In order to describe the principle of a blazed grating, we first

consider the refracting property of a bulk prism. A normally incident plane
wave can be refracted an angle 8, by a bulk prism as shown in Fig. 5.3.

prism

input light

Figure 5.3: Normally incident plane wave refracted by a bulk prism.

Assuming that a prism has an angle «a and its index of refraction is n,

by Snell's law, we have
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nsin(a) =sin(a+6,), (5.5)
that is
6, =sin"'(nsin(a)) - a. (5.6)

Thus, a normally incident plane wave is deflected at an angle 6,, and

the exiting wavefront is a plane wave given by
Us(x) = g’ s o (5.7

For small prism angle «, sin(a) = o. We have

8, =sin"(na)-a = (n-1)a, (5.8)
_d
tan(6,) = 6, = 7, (5.9)
and
U, (x)=e 5= (5.10)

where T'is the grating period, d is the thickness of the prism, and A is the
wavelength of the incident light.
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Consider a 1-D phase-only blazed grating pattern formed by periodic
microprisms located along the axis x as shown in Fig. 5.4. When a normally
incident plane wave with unit amplitude illuminates the grating, a set of
waves with different diffraction order will be generated. The grating
equation of the diffraction angle 6, is given by

m=-1 M=0 mo1

m=-2

i
{

NENEEE R

Figure 5.4: Phase-only blazed grating made by microprisms. Normally
incident plane wave is diffracted to a set of beams with different angle. ‘

sin(64)=m?2', (5.11)

where m is the diffraction order. For small ¢, the transmittance function

t(x) of this blazed grating can be represented by

Py

t(x) =Y 8(x—mT)*rect( %‘i—)e"w o* (5.12)
where
_(n-1) _(n-1)d
fo= i (5.13)
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If the blazed grating is put in front of a lens, at the back focal plane, we

have the Fourier transform of #(x)

- _m. sin(#T(f, — f))
S(t(x))-g,S(f 7 T I (5.14)

&y

The amplitude of the m* diffraction order a,, is given by

o - Sn(T(fo — =)
" =T(f, _?‘ '

(5.15)

The diffraction efficiency 7,, of the m* diffraction order is the magnitude

squared of the amplitude a,,, that is,

¢ _[sn(aTer, - =)
N = o] -[ T3 I (5.16)

If we want the incident light to be routed only to the direction of its first
diffraction order, that is,

0 m=#l

a,,={1 m=1 (5.17)

we have first order diffraction efficiency 7, as follows

N sin( n(l';—‘d -1))
m —[ zt("T*d ) ]L (5.18)
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If we want 1, =1, the depth d of the blazed grating must satisfy the

condition
d=-2_ (5.19)
n-1

From Eq. 6.11, if 8, is small, we have

sin(6,) = 8, = % (5.20)

From the equations above, we notice that the light efficiency of the ﬁrstf
diffraction order is wavelength and depth dependent. The deflection angle
of the first order also depends on the wavelength of the incident light.

5.1.3 Binary Mask Design

Microlithographic technology is well developed, and it is possible to
fabricate the surface relief profile of a multi-level grating array with high
accuracy and quality [38]. The multi-level structure of the blazed grating is
shown in Fig. 5.5. The fabrication process typically involves K masking and
etching steps to generate L = 2% phase levels. For example, to fabricate a
four-level blazed grating requires two binary masks. The fabrication
procedure is shown in Fig. 5.6. The binary pattern of point R on K* mask is

given by
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Figure 5.5: Multi-level structures of blazed gratings.
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Figure 5.6: The fabrication procedure of a four-level grating pattern
utilizing two binary masks.
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M, (R) = Quotient(¢"( R),#)wz, (5.21)

where K is the mask number, Quotient(x,y) represents the quotient of the
division x + y.If M, (R) equals zero, the mask is transparent (or white) at
point R, otherwise, it is opaque (or black). The etch depth d; of the K#

mask is given by

A

= m— (5.22)

K

The first order diffraction efficiency 7, of multi-level phase grating ¢,

corresponding to the number of levels 2% is shown in Table 5.1.

number of phase levels | first order efficiency
L=2F ™
2 0.41
4 0.81
8 0.95
16 0.99

Table 5.1: The first order diffraction efficiency 7, of multi-level phase
grating ¢, is calculated for a different number of phase levels.

5.2 Space-Variant DOE Designs

In this section, 2-D folded shuffle interconnections are implemented by two

types of space-variant DOE design methods based on off-axis microlenses
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and blazed gratings. The design method based on blazed gratings can be
further classified into two different approaches. In the following section, we
focus on a system structure with cascaded stages. Each stage has
mxm= N cells of channels and each channel has size D x D. The total
size of the chip is fixed at /,,, X 1,4, Where ., = mD =10 mm. The shuffled
pattern is obtained at the back focal plane of the optical setup. Here,
Gaussian beam illumination with waist radius w, =5 um and wavelength

A = 0.8 um is assumed through all design procedures.

5.2.1 Blazed Gratings

2-D folded shuffles can be performed utilizing space-variant DOEs. Each

facet of the DOE can be considered a combination of a phase-only blazed "
grating for light shifting and a lens for Fourier transform operation. In this
section, we implement the 2-D folded shuffle operations using two different
approaches. First we use space-variant blazed gratings along with a
microlens array in the first method to perform the operation. Following
that, a new concept is proposed in the second method to modify the

performance.
5.2.1.1 First Design Method

System design: The 1-D system structure of the first method is shown in
Fig. 5.7a. Each light source in node stage i generates a Gaussian beam with
a waist radius w,. The beam propagates through a distance z, and im-

pinges on the blazed grating with a waist radius w,. The size of each cell is
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Figure 5.7: Interconnection system utilizing blazed gratings and microlens

arrays. (a) 1-D system structure; (b) gray and white boxes represent the
location of cells before and after a 2-D folded shuffle operation, respectively.
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D, where D = 2kuw,, and k is the clipping ratio. The number of channels N is
given by N =mxm. Again, to avoid truncation and crosstalk, we assume
that k=2. At the back focal plane of the microlens, the resulting point
spread function (PSF) is the convolution of a Gaussian beam with a waist
radius w,, which is determined by the focal length f, and the Fourier

transform of the grating function.

From Eq. (5.14), if the grating satisfies the constraint in Eq. (5.19), the

Fourier transform of the grating function is a delta function which provides

a shift operation from the cell center position 6(x) to a new location
represented by 8(-{; —2). The shift distance S of each cell on the Fourier

plane is given by

S 1
—_==, 5.23
Mo T (65.23)
where T denotes the length of grating period of the cell, A is the wavelength
of the light, and f is the focal length of the microlens. The maximum shift
length S, produced by a 2-D shuffle operation is equal to %mD as shown

in Fig. 5.7b. Thus, the grating period of those cells has minimum length

T,..- If we choose T, ,, =10d to satisfy the approximation sin(a)= a, we

have

T... =10x (5.24)

(n-1)’
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Consider one particular cell (size D) in stage i. A Gaussian beam with
waist radius w, propagates through a distance 2, and is incident on the
grating plane with a waist radius w, = D/ 2k. If the waist radius of the
Gaussian beam and the facet size at the back focal plane (stage i +1) are
equal to w, and D, respectively, using the Gaussian beam propagation
theory described in Eq. (4.5), we have the following constraint on the focal
length f

nw,w,

f= 2
_ nDw,
2kA

_ mDw, (5.26)
42

Combining Eq. (5.25) and Eq. (5.26), we have

A W

T. =10 = 2
(n-1) 2+v2m

(6.27)

as the required minimum grating period. Equation (5.27) determines the

maximum number of channels N =m? based on the value of w,, the

wavelength 1, and index of refraction n. Here, we assume that 4 =0.8 um.

92



Q
]

0.16
0.14 2000
— i Z
§ 0.12 %
1500 €
g o1 3 _fé
£ S
2 oosy 1000
5 3
§ 006 [ E
k- 500 2
0.04
0.02 0
1.5 2 25 3 3.5 4 45

index of refraction

Figure 5.8: Total number of channels N and focal length are plotted as a
function of the index of refraction. Two criteria w, =w, and w, = 2w, are
used.

Figure 5.8 describes the numerical results of the focal length and
number of channels as a function of the index of refraction. Two criteria

w, =w, and w, =2w, are used. Systems using the second constraint can
achieve higher packing density but introduce more crosstalk into adjacent

channels.

The f-numbers of the microlens and the length of the grating period
plotted as a function of the index of refraction n are shown in Fig. §.9 and

Fig. 5.10, respectively. From Eq. (4.8), the minimum feature size §,,, in the

L-level microlens profile is given by

8, x L = 2AF#. (5.28)
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Figure 5.9: f-number of the microlens is plotted as a function of the index of
refraction. Two criteria w, = w, and w, = 2w, are used.
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Figure 5.10: Minimum grating period T, is plotted as a function of the
index of refraction.
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Because the f-number of the microlens is relatively large, the fabrication
limitations are determined by the length of the minimum grating period
T,..- We assume that §,,, =1um. Thus, an L-level blazed grating can be
made with a minimum grating period T_,, =L um. If the number of the

levels is increased, the efficiency of the interconnection system is increased.

One important factor which reduces the efficiency of the system is
diffraction caused by the finite aperture of the facet. For a square aperture,
the point spread function of a facet at the back focal plane is a sinc function
with distance p = Af/D to its first zero point. Assuming that the criterion
w, = w, is used, we can calculate the ratio r = wl/ p from Eq. (5.26) ‘and the
result is a constant (r = 2k/ r). The PSFs of the Gaussian beam with a
waist w, and sinc function sinc(r) are shown in Fig. 5.11. With a cell size
D =2kw,, the crosstalk caused by facet aperture is small and more than

99% of the light energy will be distributed in the cell.

The total light efficiency of the system is the product of the grating effi-
ciency and the detection efficiency. The former is determined by the mini-
mum grating period T',,;, from Eq. (5.2) and the latter is strongly dependent
on the size of the detectors at the node plane i+1. We plot the curve
showing the relation between the detection efficiency and detector size in
Fig. 5.12. Note that the grating period T',,, is a function of the index of re-
fraction (n) of the material we choose for the grating design and fabrication.
For example, for at least 80% detection efficiency, a 70 um x 70 um detector
size for a four-level grating design and a 150 um x 150 um detector size for a

sixteen-level grating design are required.
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Figure 5.11: The PSFs of the Gaussian beam and sinc function at the back
focal plane. Here, w, =1.273p is equal to the size of each channel.
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Figure 5.12: The detection efficiency of four-level and sixteen-level gratings
versus detector size.
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Figure 5.13: The total system efficiency of four-level (n = 3.5) and sixteen-
level (n =1.5) gratings versus detector size.

Total system efficiency based on four-level and sixteen-level gratings
versus detector size is shown in Fig. 5.13. For a system with detector size
less than 140 um, a 4-level grating is the best choice. Numerical results
showing the maximum possible number of channels for four-level and
sixteen-level blazed grating designs are shown in Table 5.2. Here we use
the results of grating efficiency in Table 5.1 and assume w, = w,. The light

efficiency loss caused by the clipping factor is neglected.

Levels | Packing Density | Grating Efficiency f D
4 694 channels/cm® 81% 35mm | 380 um
16 | 173 channels/cm® 98.7% 141mm | 760 um

Table 5.2: The numerical results of the first method using blazed gratings
and microlenses.
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Phase profiles: The space-variant grating profile of a particular cell is
determined solely by its shift distance S and direction vector provided by
the 2-D folded shuffle operation. If one cell requires a shift distance S at the
back focal plane, its grating period T'is given by

s S
2T,

(5.29)

Associated with each cell a(i,j) are direction vectors which can be calcu-
lated from values of the cell indices i and j. We define these two vectors as
# and ¥ for cell a(i,j). The positive (down) or negative (up) shift of index i
implies a vector & whose direction is equivalent to the direction of the shift
and whose magnitude is equivalent to the distance of the shift. Similarly,
the positive (right) or negative (left) shift of index j implies a vector ¥ with
same direction and magnitude as the shift. During the phase profile design,
a reference point is also associated with each cell a(i,j) and is determined

by the directions of the two vectors & and ¥ as shown in Fig. 5.14.

For example let us consider a cell of size D x D whose shift vectors Z and ¢

are both positive. The shift direction of this cell is represented by the
direction line P as shown in Fig. 5.15. The angle 6,, is given by

tan(g,,) =4 (5.30)
17

where |él and |G| are the magnitude of vector #Z and &, respectively.
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Figure 5.14: The location of reference point in each cell a(i,j) during the

phase profile design is determined by the positive or negative directions of
two vectors i and &.
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Figure 5.15: The geometric relation of a point R in a particular cell.
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The period T and the direction of the blazed grating in this cell can also
be determined by the magnitude of & and . We can draw a straight line @
which passes through cell center point C and is perpendicular to the
direction line P. The distance from the intersection point W of these two
lines to the reference point O is called the reference length, denoted by L,

where

= %E-Dcos(45°—0w). . (5.31)
Thus, the depth d’ of the grating at a certain point R with vertical length m
and horizontal length n from the reference point O is given by

&' =(L' - L) x%xﬁ, (5.32)
where
L' =Vm?® +n? cos(6,, — 0,.,), (5.33)
6, = tan’\(2). (5.34)
The phase profile ¢, at point R is given by
¢,(R)=d'xM=2uTL. (5.35)
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Because a microlens with focal length fis required to perform a Fourier

transform, we can combine the phase profiles of microlens ¢, with ¢, to

create a arbitrary phase profile ¢’. At point R, we have

¢,<R)=/1—’;><«m—-‘23)z +(n-§f>. (5.36)
and
' (R) = (B, (R)+ $y(R))osutas- 6.37)

Figure 5.16: An array of computer-generated 4 x 4 four-level blazed grating
profiles based on the first design method.

In Fig. 5.16, an array of 4 x4 four-level blazed gratings is generated by
computer program to perform a 2-D folded shuffle. Four gray levels from
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Figure 5.17: An array of computer-generated 4 x4 microlenses profiles.
Due to high f-number of the microlens, lens profiles can only be quantized ~
into three levels in each cell.
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Figure 5.18: Four-level DOE patterns based on first blazed grating design
method.
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white to black represent four phases: 0, 1:/ 2, n,and 37:/ 2, respectively. The
four-level profile of the microlens array is shown in Fig. 5.17. The DOE

pattern combining grating and lens together is shown in Fig. 5.18.

node plane i node plane i+1

{\\

AR AR R R RARRN

blazed grating lens

Figure 5.19: 1-D interconnection system structure utilizing blazed gratings
and a large lens.

5.2.1.2 Second Design Method

System design: A second system is shown as a 1-D cross section in Fig.
5.19. The difference in this system from the previous system is that we
replace the microlens array with a macrolens. In order to demonstrate the
grating design procedure of each cell, we assume that a particular cell is
located at the top of the note stage i and we want to design a grating
routing its light to the top cell of the note stage i +1 as shown in Fig. 5.20a.

Considering that this cell is located at the center of the node stage i,
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Figure 5.20: The grating design method for the new system structure: (a)
The grating pattern of the cell is generated by calculating the distance
between the center point of the node stage i +1 and the center point of the
destination cell; (b) cell is moved to its original location and the intensity
distribution of PSFs at the Fourier plane remain unchanged.
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Without the grating, a Gaussian beam is formed at the center of the back
focal plane. The blazed grating is designed such that it performs a shift
operation over the distance from the center point of the node stage i +1 to
the center of its top cell. If we shift the cell from the center of the node stage
i to its original location as shown in Fig. 5.20b, the intensity of the PSFs at
the back focal plane will not be changed because a shift at the object plane
only causes a phase shift at the Fourier plane. Therefore, the grating
pattern for this cell is generated by calculating the distance between the
center point of the node stage i +1 and the center point of the destined cell.
We can use this new system structure to calculate the grating patteins of a
2-D folded shufile.

The shifting of each cell after the 2-D folded shuffle operation is now
calculated from the center of the cell array as shown in Fig. 5.21. The
maximum shift distance is from the center to four corners, thus S, is

given by

S =)2

D(m-1). (5.38)

|

The maximum shift distance of the second method is less than that of
the first method, thus, a higher packing density and shorter longitudinal
size can be expected. The two design methods are compared in Fig. 5.22.
Numerical results showing the maximum possible number of channels for
four-level and sixteen-level blazed grating designs based on the second
method are shown in Table 5.3. Here we assume w, =w, and that the light

efficiency loss caused by the clipping factor is negligible.
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Figure 5.21: The shifting of each cell based on the second design method.
Gray and white boxes represent the location of cells before and after a 2-D
folded shuffle operation, respectively.
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Figure 5.22: The total number of channels and the longitudinal size of the
systems based on two design methods are compared.
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Levels | Packing Density | Grating Efficiency f D

4 897 channels/cm? 81% 27mm | 334um
16 187 channels/cm? 98.7% 131mm | 731 um

Table 5.3: The numerical results of the second method using blazed
gratings and a large lens.

Phase profile: The phase profile of the grating in each cell can be
determined by the same analysis discussed in the first design method. An
array of 4 x4 four-level blazed gratings generated by computer program
based on second design method is shown in Fig. 5.23,. Four gray levels from
white to black represent four phases: 0, 1:/ 2, &, and 31:/ 2, respectively. The
four-level profile of the lens shown in Fig. 5.24. The DOE pattern combining
grating and lens together is shown in Fig. 5.25.

Figure 5.23: An array of computer-generated 4 x 4 four-level blazed grating
profiles based on the second design method.
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Figure 5.25: Four-level DOE pattern based on the second blazed grating
design method.
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5.2.2 Off-Axis Microlenses

A one-to-one space-variant DOE is essentially a multifaceted optical
element consisting of an array of off-axis diffractive microlenses in which
each microlens deflects and focuses a single incident beam to its
destination. A 1-D perfect shuffle interconnection system structure using

off-axis microlenses is shown in Fig. 5.26.

Following the discussions In Section 5.2.1 and using Eq. (5.26) in the
blazed grating cases, we have the following constraint on the focal length f

_ ®Dw,

d 2kA

(5.39)

where D is the size of the channel, w, is the waist radius of the Gaussian

beam at the back focal plane, 2=2 is the clipping ratio, and wavelength
A=0.8um.

If a particular cell needs to be deflected at angle ¢ and shifted a
distance S at the back focal plane, a grating is designed as a piece of a
macrolens which h;as a focal length f and a diameter 2(S + D/ 2). The
minimum channel size D and maximum shift distance S will determine the

minimum feature size in the DOEs. Thus, the fabrication accuracy will
limit the packing density of the system. For a fixed chip size D, = ND, the
maximum shift distance for a 2-D folded shuffle interconnection is equal to

8pee = 2 mD. The fnumber of the lens is given by
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Figure 5.26: 1-D perfect shuffle interconnection system structure using off-
axis microlenses.
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Figure 5.27: Total number of channels and focal length versus number of
profile levels. Two criteria w, = w, and w, = 2w, are used.
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Fi= 2(S,... + D/2)

nw,

" SkA(L+VEN)

(5.40)

From Eq. (5.28), the relation between minimum feature size and the L-level

lens profile is determined by

Opmin XL = 2AF#
= W,

" k(1+V2N) (65.41)

assuming §_, =1um. Equation (5.41) gives the packing density limitation
based on the size of w,, fabrication accuracy and lens efficiency (number of

levels). Figure 5.27 shows the total number of channels and the focal length
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f versus the number of profile levels for two different value of w,. Again, two
criteria w; =w, and w, = 2w, are considered. From Fig. 5.27, higher number
of profile levels gives a higher light-efficient system, but requires longer

interconnection distance (propagation latency) and lower parallelism

(packing density).

Numerical results on the number of channels for four-level and sixteen-
level lens designs are shown in Table 5.4. Here we assume w, =w, and
neglect the aberrations caused by the clipping factor and the limited
aperture. In Fig. 5.28, an array of 4 x4 four-level off-axis microlenses is
designed by computer to perform a 2-D folded shuffle. Four gray levels from
white to black represent four phases: 0, 7:/ 2, z,and 37:/ 2, respectively.

Figure 5.28: An array of computer-generated 4 x4 four-level off-axis
microlenses profiles.
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Levels | Packing Density | Grating Efficiency f D

4 675 channels/cm? 81% 36mm | 385um
16 164 channels/cm® 98.7% 149mm | 780 um

Table 56.4: Numerical results giving the maximum number of channels for
the design method using off-axis microlenses.

5.3 Space-Semivariant DOE Designs

5.3.1 Four-Copy Algorithm

Extensive work has been done on implementing optical 2-D folded shuffles.
The space-semivariant design using four simple lenses was first
demonstrated by Stirk et. al.[17], and followed by others [18]. These
techniques rely on making four copies of the magnified and masked input
plane, and are called four-copy algorithms. In this algorithm, the input
plane is first magnified and masked. Then, an optical system generates
four copies of the preprocessed plane. By shifting and superimposing four
copies of this plane properly, the shuffled result appears in the center of the
output plq.ne. An illustration of the method is shown in Fig. §.29. The DOEs
implementation of the four-copy algorithm was demonstrated in ref. (48],
which used a interferogram-type binary DOE to provide a fanout of four and
focusing. There are two drawbacks to this algorithm. First, only 25% light
efficiency can be achieved because only one quadrant of the shifted copies is
used in the output plane. Second, a spatial encoding scheme (masking) is

needed, which further reduces the light efficiency in practice.
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Figure 5.29: Illustration of the four-copy algorithm for 2-D folded shuffle.
Only the shaded section in the last part of the figure is retained.
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5.3.2 One-Copy Algorithm

Based on similar principles as the four-copy algorithm, a simplified
algorithm called one-copy algorithm was demonstrated in [64] using
holographic elements. The theoretical analysis of different 2-D shuffled
implementation schemes based on the one-copy algorithm is studied in
[60]. In this algorithm, the input plane is again premagnified and masked.
However, as shown in Fig. 6.30, instead of generating and shifting four
copies of the input plane, each quadrant of the input plane is properly
shifted and superposed by a grating pattern to produce the shuﬁlea result.
In principle, 100% light efficiency can be achieved from the preprocessed
plane to output plane. The DOE implementation of one-copy algorithm was
described in [49]. The one-copy algorithm has the advantage of higher light
efficiency than the four-copy algorithm, but it requires a special masking

process.
5.3.3 Demagnifying Method

A new one-copy approach based on magnifying and demagnifying without a
masking process is discussed in this section. The 1-D concept is illustrated
in Fig. 5.31. Let us consider that a input plane (channel size D, = D) is
magnified by a telecentric optical system. At the object plane, a DOE (facet
size D, = 2D,) receives an array of normally incident Gaussian beams, and
an array of microlenses demagnifies and focuses the Gaussian beams to

the output plane (channel size D).
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Figure 5.30: llustration of one-copy algorithm for 2-D folded shuffle.
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Figure 5.31: Illustration of the demagnifying method for achieving a 1-D
perfect shuffle.

Some possible advantages of this method are showing in the 2-D plane.
In Fig. 5.32, channels in each quadrant of the object plane are demagnified
by a factor of two and shifted the same amount of distance on the output
plane. The incident beams in quadrant I and IV are deflected by a distance
\ED(m - 1)/ 2 over a longitudinal distance f, where f is the focal length of
the microlens system. The beams in quadrant II and III are deflected by a
distance \ED(m + 1)/ 2. Thus, only four different designs of grating patterns
are needed. One DOE pattern for a channel in each quadrant will be first
calculated and the data is stored for the pattern generation of the rest of
the facets.

Both design methods discussed previously in section 5.2, the blazed

grating design methods and off-axis microlens designs, can be used to
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Figure 5.32: Illustration of shifting properties of the demagnifying design
method in 2-D plane. Gray and white boxes represent the location of cells
before and after the operation, respectively. Note that a demagnification of
two is utilized to perform a 2-D folded shuffle.

realize this space-semivariant DOE. Here we choose the first blazed
grating design method. A microlens array is used to demagnify and focus
the incident Gaussian beams (facet size 2D) from object plane to output
plane (facet size D). Thus, using Eq. (5.39), we have the constraint on the
focal length of the microlens array

2Dx

f = m, (5.42)

and
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where Sm=\/§D(m+ 1)/2. The packing density of the system can be
calculated from Eq. (5.42) and (5.43). Numerical results of four-level and

sixteen-level grating designs are shown in Table 5.5. Here we assume k=2,
A = 0.8 um, and the demagnification factor is equal to two.

In Fig. 5.33, an array of 4 x4 four-level grating patterns for the
demagnifying method are demonstrated. As before, four gray levels from
white to black represent four phases: 0, n/2, zn, and 31:/ 2, respectively.
Note that the four grating patterns within one quadrant are the same.
During the mask writing procedure, patterns can be calculated, recorded,
and duplicated through each quadrant. There are only four different
patterns in this grating. Thus, the degree of space-variance of this

semivariant design is equal to four.

.

Levels | Packing Density | Grating Efficiency f D
4 1351 channels/cm? 81% 36.3mm| 272 um
16 | 329channels/cm® 98.7% 149mm | 551 um

Table 5.5: The numerical results of the demagnification method using first
blazed grating design method.
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Figure 5.33: An array of computer-generated 4 x4 four-level DOE profiles
based on the demagnification method.

54 Summary

In this chapter, the shifting properties of 2-D folded shuffles were
discussed. Based on its reflected-symmetric characteristics, the complexity
of a space-variant grating needed to implement the 2-D folded shuffle
interconnection can be reduced by a factor of 4. We studied two types of
interconnection system designs based on DOEs, i. e., space-variant and
space-semivariant designs. The concepts of using blazed gratings and off-
axis microlenses was proposed for space-variant system design. A new
demagnifying algorithm for space-semivariant system design has been
presented. The performance of each design is summarized in Table 5.6 and
5.7. The total light efficiency of the optical system depends on the grating

efficiency, system loss, and size of the detector on the next node plane.
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4-level Blazed Grating Off-Axis | Demagnifying
phase profile | Method 1 | Method 2 | Microlenses | Algorithm
%
focal length 35mm 27T mm 36mm 36.3mm
channel size 380 um 334 um 385 um 272 um
grating efficiency 81% 81% 81% 81%
acking densi
P € v 694 897 675 1351
channels/cm?

Table 5.6: Summary of 2-D perfect shuffle interconnection designs based on
a 4-level phase diffractive optical element.

16-level
phase profile

Blazed Grating

Method 1

Method 2

focal length 141mm | 131mm 149mm 149 mm

Off-Axis
Microlenses

Demagnifying
Algorithm

channel size 760 um | 731um 780 um 551 um
grating efficiency | 98.7% 98.7% 98.7% 98.7%
acking densi
packing density | 173 187 164 329
channels/cm?

Table 5.7: Summary of 2-D perfect shuffle interconnection designs based on
a 16-level phase diffractive optical element.
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Chapter 6

Fabrication Considerations for
Multi-level Diffractive Optical
Elements

In order to achieve high light efficiency, the multi-level DOE designs
discussed in previous chapters should be made using at least four surface-
relief levels. In this chapter, we analyze several types of errors occurring in
the lithographic fabrication of a multi-level DOE and calculate their effects
on the light efficiency of the grating.

6.1 Limited Resolution

The fabrication process of a DOE using VLSI microlithographic technology
requires a combination of phase-profile generation and material removal.
Typically, with standard electron-beam writers, a lateral accuracy of
0.1 um can be achieved during the writing process of the phase-profile
generation. That is to say, the transition point of the grating has a
maximum location error of +0.05 um. In our case, the effect caused by this
position error is negligible because the grating pattern has a relatively long

period and a low frequency transition characteristics.
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6.2 Mask Alignment Errors

When multi-level profiles with L = 2% levels are desired, it is necessary to
create K phase masks and repeat the above fabrication procedure K times.
Figure 6.1a shows a 4-level grating profile generated by two phase masks.
Although the principle is straightforward, this technique is time-consuming
when L increases. Furthermore, the practical difficulties of mask alignment

also play a significant role.

During each fabrication cycle, a new mask must be aligned with the
existing etching surface. With an optical microscope, an accuracy of 0.5 um
can typically be achieved. However, compared to the 0.1 um pattern
accuracy, this value is poor. It is obvious that the only component layer with
no alignment error is the one which is copied and etched first. If an
alignment error occurs in any of the following layers, it will introduce extra
features in the surface-relief profile. Figure 6.1b illustrates the 4-level
phase profile obtained if the second mask is misaligned by A._.

To analyze alignment errors of a 2%-level phase profile, the effect of
misalignment occurring in the m* mask, m = 2,3,....K, by an amount
4(m) is equivalent to introducing an extra 1-D phase difference profile with
a period 7%, = T/2™! and phases 1¢,(m) where ¢,(m)=z/2™". We define
the duty cycle of this phase difference profile as

a(m) = A(m)/T. (6.1)
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Figure 6.1: Effect of mask alignment in multi-level phase profile
generation: (a) the ideal 4-level(K =2) phase profile as a function of
position; (b) the phase profile obtained if the second mask is misaligned by

an amount A_; (c) the effect of the misalignment is equivalent to the phase
difference function shown here as a periodic grating with period T/ 2, duty
cycle a = A,/T, and phases iu’/2.

The transmittance function UJ*(x) of this grating can be represented by

x - a(m)T/2

UP(x)=1+{[(e"™ -1) x rect( )
a(m)T
(e _ 1) x roct( E(EMT/2+ Ty /2)
a(m)T
*Y 8(x-pT.)}, (6.2)
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where p is the diffraction order. Figure 6.1c shows an example of a phase
difference profile with K =2 and A4(2)=A,. In general, the total
transmittance function of the misaligned phase profile is the product of the
transmittance function of the ideal phase profile and the transmittance

functions of all m phase difference profile for m 2 2 as given by
K
Upat(%) = Uyt () x [ U (). (6.3)
m=2

In the output plane we have the Fourier transform of the transmittance

function
S{U et (%)} = SU s (x)}* UG (x)} %+ U S (2)}.  (6.9)

The Fourier transform of the transmittance functions U['(x) can be

represented by

UM (x)} = 8(f.) +{2™ a(m) x
(e -1)Y 5(, - ;;,)smc(x;)e-"t

+(e ™ ~1)Y &(f, - :—PPT)sinc(K,',,)e""‘ 1.  (6.5)

where K/, = pa2™?, ¢, = pn2™ ' a(m), and ¢, = pr(2"'a(m)+1). The p*
order grating efficiency of the S{U'(x)} can be obtained by isolating the

p™ order terms in the summation of Eq. (6.5) and finding their squared

magnitudes to obtain
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|8( p) = 2" a(m)sinc(K,,)(1 - cos(¢, (m)))e'f"r if pis even

[6(2) - 2" amysine( K., )sin(o, (e 44 if pisodd
(6.6)

n2(m)=

Since a(m) is equal to the value of alignment error divided by period T, we
have a(m)<<1. Thus, from Eq. (6.6), for p # 0, the magnitude of the p*
order grating efficiencies of the 3{U;(x)} are very small and can be
neglected. The first order grating efficiency nl,, of S{U,.(x)} can be
approximated by the product of the first order grating efficiency 7k, of
{U .40 (x)} and zero order efficiencies nd(m) of all J{U™(x)}, m=2,3,....K

can be approximated by
K
Mhotat = Mizeot X [ | 12(m). (6.7)
m=2
From Eq. (6.6), we have
n(m) =L - 2" a(m){1 - cos(g, (m)] . (6.8)

Using an example of 16-level grating profile (K = 4), we analyzed the
effects of alignment errors of the m* mask for m =2,3,4, assuming perfect
etching depth. It was found that the layer with the largest etching depth
and features (m =2) is the most critical. In Table 6.1, the efficiency of
no(m) are calculated as a function of a(m). The efficiency is reduced
significantly in the presence of alignment errors. This is intuitively clear,
because small features are introduced that diffract light into high order

spatial frequencies of the profile.
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a=0.01 a=0.02 «=0.05 x=0.1
m=2 0.922 0.846 0.64 0.36
m=3 0.954 0.909 0.779 0.586
m=4 0.976 0.952 0.882 0.771

Table 6.1: Zero order efficiencies of extra grating profiles in the last three
layers of a 16-level grating profile are calculated as a function of &, ratio of
the alignment error.

If we assume that misalignment is the only source of error and require
that the total efficiency loss should remain < 5%, for a 16-level grating
profile with a period length T =16 um, the tolerances are A(2) = 0.1 um for
the second mask alignment, A(3)=0.2 um for the third mask alignment,
and A(4) = 0.3 um for the fourth mask alignment.

6.3 Etching Depth Errors

It has been reported that the efficiency loss caused by an etching depth
error of £0.5% is negligible [62]. However, this result assumes that all
levels share the same depth error. To be more precise, we again analyze the
effect of etching depth errors by decomposing the depth errors of a 2%-level
grating into its m etching steps, m=1,2,...K. The m* etching error
introduces an extra 1-D grating profile with a 50% duty cycle, a period
length T, = T/2™!, and a phase delay ¢,(m)=2xxe(m), where
e(m)=d, (m)/ d is the error ratio. The transmittance function U*(x) of this

grating can be represented by
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U™(x)=1+{[(e™ - 1) x rect(Z ;'T'"‘z/ 4 )

Y 8(x - pT)}. (6.9)

Figure 6.2 illustrates a 2-level phase profile fabricated with an etching
depth error d,(m)=d, = e(m)xd, where d = l/(n -1) is the total depth of
the grating. Following the previous discussions, at the output plane, we

have the Fourier transform of the transmittance function in the form

S{Uia(¥)} = S{Uaeas (x)}# U ()} +SUF (x)}.  (6.10)

| ——— ee—— | e—— |

- —-'dtu(n-ﬂ—————i-

L«
l— 1 —> e— 1 —>
(a) (b)

T4
- 7|
©

Figure 6.2: Effect of etching depth errors in the multi-level phase profile
generation: (a) the ideal 2-level profile, (b) the profile obtained if an etching

depth error with an amount of d, is occurred, (c) the effect of the etching
depth error is equivalent to adding a periodic grating in the phase domain
with period T, duty cycle 50% , and a phase delay 21td€/d , where
d=2/(n-1).
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The Fourier transform of the transmittance functions U*(x) can be

represented by

U (=)} =5(f)+ %(e"“"" -DY 8¢, - E,%)sinc(Q;,)e'”‘ (6.11)

where Q. = p/ 2, and 6, = prr/ 2. The p“ order grating efficiency of the
3{U(x)} is given by

n°(m)=|5(p)+ %(e""‘"" -1)sinc(p/ 2)e-jpg[. (6.12)

The zero order efficiency of the extra grating profile caused by the etching

depth error of the m* mask are given by

no(m) = -%4- %cos(%(m)). (6.13)

We observed that the zero order efficiency of the extra grating in the m*
layer is affected only by the depth of the etching error and has no relation to
the feature size of the masking. Thus, the depth errors in any layer affect
the diffracted components in the same way regardless of the mask level. In
Section 6.2 analyzing mask alignment errors, we assumed that the first
order efficiency of the total grating is the product of the first order efficiency
of the ideal grating and zero order efficiencies of all extra gratings. In our

current analysis of the etching depth error, the phase profiles of the extra
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gratings are overlaid together and will affect all diffraction orders in

general. Thus, the approximation used in Eq. (6.7) is not valid for etching

depth errors. Table 6.2 shows the numerical results of n? of a single layer

from Eq. (6.13) as a function of &(m), the error ratio.

zero order efficiency n?

e(m)=0.01 0.999

&(m) = 0.02 0.996
e(m)=0.05 0.976
g(m)=0.1 0.904

Table 6.2: Numerical results of n¢ of a single layer as a function of &(m),
the error ratio.

6.4 Summary

In this chapter, we systematically analyze the efficiency loss of DOEs based
on different fabrication errors. To summarize the effects caused by
misalignments and etching depth errors, we consider the situation of a 16-

level grating profile with n=1.5 (glass) operated at a wavelength
A = 0.8 um. Thus, the depth d of the profile is 1.6 um. By choosing T =10d,

we have a period length of 16 um. The effects of misalignment and etching
depth errors is plotted in Fig. 6.3 as a function of error ratio proportional to
T and d, respectively. The curves in Fig. 6.3 show that misalignment errors
cause more serious effects on output efficiency than etching depth errors.

For an error ratio of 0.01, the misalignment error of the second mask
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gratings are overlaid together and will affect all diffraction orders in

general. Thus, the approximation used in Eq. (6.7) is not valid for etching

depth errors. Table 6.2 shows the numerical results of n? of a single layer

from Eq. (6.13) as a function of £(m), the error ratio.

zero order efficiency n?
&(m)=0.01 0.999
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&(m)=0.05 0.976
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Table 6.2: Numerical results of n? of a single layer as a function of &(m),
the error ratio.

6.4 Summary

In this chapter, we systematically analyze the efficiency loss of DOEs based
on different fabrication errors. To summarize the effects caused by
misalignments and etching depth errors, we consider the situation of a 16-
level grating profile with n=1.5 (glass) operated at a wavelength
A = 0.8 um. Thus, the depth d of the profile is 1.6 um. By choosing T' =10d,
we have a period length of 16 um. The effects of misalignment and etching
depth errors is plotted in Fig. 6.3 as a function of error ratio proportional to
T and d, respectively. The curves in Fig. 6.3 show that misalignment errors
cause more serious effects on output efficiency than etching depth errors.

For an error ratio of 0.01, the misalignment error of the second mask
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causes an 8% efficiency loss while etching depth error causes less than 0.1%
efficiency loss. Furthermore, an error ratio of 0.01 in misalignment is
equivalent to an alignment error of 0.16 um, an alignment which is hard to
achieve by standard fabrication procedures. On the other hand, an error
ratio of 0.01 in etching depth error is equivalent to a depth of 16 nm. In
etching, an etching depth accuracy of several nanometers can be achieved
using standard reactive ion etching techniques. Thus, the constraint of

etching depth error is easy to achieve.

zero order efficiency
© o © © ©
lh & u o

o
S

03 . . . . . . . :
001 002 003 004 005 006 007 008 009 0.1

error ratio (a(m), (m))

Figure 6.3: The effects of misalignments and etching depth errors is plotted
as a function of error ratio proportional to T and d, respectively.

Our analysis in the previous paragraphs is based entirely on paraxial
Fourier optics. When the feature size of the diffractive element becomes
comparable to the wavelength, the accuracy of this theory is reduced. For
example, misalignment introduces extra features in the grating profile,

whose dimensions are typically of the order of the wavelength of light. The
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effects of such small features can be analyzed accurately only by using the
rigorous diffraction theory of gratings [65]). However, we believe that the
present error analysis provides an adequate estimation of the effects of

fabrication errors in a systematic manner.

Overcoming the serious alignment problem in fabrication of multi-level
DOEs appears to require that the alignment is performed with the electron-
beam pattern generator, thus discarding the use of separate masks.
Alternatively, a one-stage procedure based on electron-beam direct write on
resist can be used [66, 67, 68]. The main difficulty in direct writing is the
control of the relief depth. Moreover, all direct-write techniques are

expensive.
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Chapter 7

Optoelectronic
Compare-and-Exchange Modules

A pipelined multistage sorting network needs, in addition to the fixed
interconnections between each stage, a self-routing compare-and-exchange
(C&E) module whose routing decisions are made by examing the relative
magnitude of the local information. Let us consider the packet switching
scheme for a sorting network. A stream of binary input data is divided into
packets of fixed length, containing destination information (header)
multiplexed in the time domain as shown in Fig. 7.1. The input data
streams first pass through a preprocessor to synchronize their time slots,
then, the synchronized inputs are sent into the C&E module as shown in

Fig. 7.2.

guard band

packet
[

packet

Time

data r

Figure 7.1: Data format for packet switching scheme.
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C&E

Synchronizer

Figure 7.2: Synchronized packet switching system.

Two binary headers A=A, A, ,...A, and B=B,_ B, ,... B, are sent into
the C&E module serially from the most significant bit (A,_,, B,_,) to the
least significant bit (A4,, B,), The two channels are compared bit by bit. The
output data streams depend on the result of the comparison and the type of
module. The most commonly used module type in network design is
probably the 2 input/ 2 output compare-and-exch<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>