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Significant amount of time and effort is spent in the process of debugging optical architectures
(mainly aligning/adjusting, removing, or/and adding of components within the architecture).
The debugging is needed 1o detect the sources of errors in the results of the debugged
architecture, under study/development.

We design a system to simulate the behaviour of any optical architecture provided the
architecture is described using PLOADS: a Programming Language for Optical Architectures
Description / S pecification. Therefore, the debugging could be performed on the simulated
architecture which is much easier, time and cost effective. This system is a basis for Design
Automation tools for OCAD (Optical Computer Aided Design).

To simulate the behaviour of any optical architecture, the simulation of the behaviour of the
individual components is necessary. For that we provide models for the heavily used optical
components. These models are for computer representation. We then provide a procedure for
each component. The procedure uses the model of the component 1o simulate its behaviour as

part of any architecture. The procedures are part of a components library designed for the sake
of simulating optical architectures.

We design PLOADS, a language for optical architectures description. Using PLOADS,
the designer (user) can describe any optical architecture. The system, which we develope is

based on the language and the components library, simulates the architecture and provides the
information required by the user about it.
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Chapter 1

INTRODUCTION

In this chapter, we introduce the concept of Optical Computing in terms of its
cvolution, achicvments, drawbacks and basic trends in ils rescarch. The ohjec-
tives and motivation of this study are Lhen discussed, in addition to exploring the

problems it is expecled Lo overcome. Related previous work is reviewed.

1.1 Optical Computing

Oplical Computling has evoked significant interest during the last decade. This
inlerest was in part duc Lo the inherent advaniages possessed by linear and non-
lincar optical components [WIIER87].

Optical Computing was first discussed seriously in the 1960, right after the
nvention of laser. However, il had o wait till 1983 when the firslt universal
logic gale was demonstrated using the non-lincar characleristics of oplical devices
[WITERB7]. Still it took a back scat with respect Lo the electronics primarily due
lo Lhe technological problems for miniaturization [FEI'T88].

One main reason for the domination of clectronics over oplics, so far, was the



success of convenlional Von Neuman computers Lhat:
o satisfied the world’s computational needs.
e were flexible and casy to program.
e gave resulls that were accurale Lo any desired degree.

s were cvolving Lremendously in Lerms of speed and efliciency, due to advances

in VLSI.

This reduced emphasis of optical computers lasied till the late 1980°s when the

merits of optical systems were put Lo use [FEITS8S].

1. In direct image procassing, images are actually thought of in terms of opti-
cal signals and light beams. Tmage processing can be carried out by specific
oplical systems direclly on Lthe image wilh no need for sampling, quantiza-
tion and the Q(N?) conventional algorithms thal process il. These optical

sysiems operate faster than their clectronic 'count.crparls.

2. The movement towards parallel computing had special requirements that
VLSI technology could not fully supporl. These requirements place a burden
on the communications lines and interconnections between nodes of parallel
machines. The Von Newman bolllencck represents a fundamental problem
in the architectures of serial and parailel computers which have a common
memory. ‘This occurs when information is constantly moving to and from
memory as it is needed by the processor(s) [NEFF87). Such a problem is
casily overcome by optical systems, because of the inherent parallelism Lhat,

characterizes them.



3. In optical communication, millions of data channels may operate in parallel,
cach with a bandwidth several orders of maguitude greater than that of any

clectronic link.

4. Oplical devices have proven to be faster than their conventional digital elec-

tronic counterparts.

5. The clectrons circulating in a conventional computer are susceptible to electro-
magnetic inlerferences and ficld-disturbances (EMI) [WHIT85], and are likely
Lo fail operating in radiation zones {such as nuclear reactors and nuclear bat-
tlcficlds). Optical computers, on the other hand, would continue to function

undisturbed.

1.1.1 Trends of ongoing research on Optical Computing
Optical systems fall into cither of the following Lwo classes.
1. Special purpose analog systems for
¢ image processing
o signal processing.
2. Gencral purpose digital oplical computing systems.

A good portion of ongoing research is towards mimicking existing clectronic
compuling clemenis (logic gates, memories, switches) using optical components.
However, emphasis recently is being given to the special features of oplical sys-
tems/devices. These devices allow the realization of funclionalities which are very

difficult {0 obtain with digital clectronics, and/or compuiationally intractable in



the digital domain. In other words, irends are emerging with shifted focus from
technology-driven lo requiremenis-driven mcethodologices.

Side by side, another ongoing rescarch has been done by physicists, who are
trying Lo devclop, enhance, and invent oplical components to be used in oplical
archilectures. Thatl trend is extremely useful, in the sense that many of these new
oplical componenets are found to suit the compulational part of optical systems.
Suitability here is in terms of space, and polential for miniaturization. These
components have ensured minimal power losses and hardly noticed beam deviation
within the experiments they constiructed.

Having that in mind, a more delailed classification of previous rescarch on
optical computing has been done. The following nine major ficlds of research seem

to classily the activities in oplical computing ficld:

1. Image processing, which involves both patltern recognition and character

recognition ([CAI 90], [FERR90], [JATINS0a]).

2. Optical implementations of nenral nelworks and expert systems ([OITA90],
[BIANS0], [YEE90]).

3. Optical implementalion of storage devices, random access or associalive
g )

memories ([LALAS87], [GINDSS], [LIN 89]).

1. Optical mimicking of logical/cleclronic components, such as logical gates and

flip-Nops ([ITARA90], [ISLA90], [FATESA]).

5. Optical implementation of computational systems, such as sublraction/ ad-

dition units, look-up tables, numerical base conversion systems, residue arith-

metic systems ((MUKIT90a], [MIRS90], [DA'T'T89]).



6. Optical implementation of different matrix operations which are given a con-

siderable attention ([HONG90], [MURT8R], [DEJART7]).

7. Optical implementation of lincar algebraic problemn solving systems ([JOIIN90a],

[ANJAST]).

8. Optical implementation of dilferent inlerconncction algorithms, such as the
perfect shuffle, banyan network, crossover network ([JAHIN9Ob], [JTATIN9OC],
[KARLSSJ).

9. A fair amount of work related to numerical computing and optical transform
actions in general ((WHERS7], [NEFF87], [FLAV90], [PERI8?], [ZITAN90],
[JOIINgObL), [SENI90}).

1.1.2 General problems with Optical Computing

The major problem in optical systems is, thal they tend Lo be large, crude, and

sensitive lo movement in any direction. The following represents the main sources

of the problems [FEIT88]:

e Large physical space is required to provide for the bulky optical components.

e Large systems are hard to produce in lerms of feasibility in time and cost,

and in terms of convenience at the time of installation.

o Large systems are sensilive lo Lhermal and vibrational influences: from the

cnvironment. Which makes themn very unpredictable.

¢ Alignment and adjustment problems which arise al the time of setling and
operating the optical system. These problems are major factors that con-

tribule to increasing the cost of designing an optical system.



The first three problems were partially solved by Lhe integrated optics tech-
nology, ‘very similar o the revolution of clecironic integrated circuit [FEIT88].
Al the same time, physicists have heen working on overcoming the problem of
sensitivily of optical components to thermal noise and other influencing param-
cters, which might cause real damage to the resulls expected from any optical
sysiem. The last problem, on the other hand, is the one thatl needs the atiention
and contribution of disciplines from computler science, such as OPCAD (Optical
Computer Aided Design), a new terminology which might very much be the first
step on the way Lo aulomaling the process of designing and installing optical
sclups/systiems/devices/archilectures. This issue is the core of our work, to which
we will come back later.

Other kinds of problems arise when comparing optical computers with digital

clectronic computers, such as:

1. In oplical compulers, decisions are hard to realize. This could be casily fig-
ured out when it is realized that signals in oplical compuiers are nothing but
light beams, which cannot disappear all of a sudden by a decision making
block of the system. Therefore, in order to cffectively use optical comput-
crs/computing, multi-level decision making has to be flaticned as much as

possible.

2. The operations of optical systems are basically analog by nature, and there-
fore are inaccurale. Henceforth, atiention must be paid to scaling and nor-

malization issues when analog computations are carried out.

6



1.2

Motivation of the study

IL has been found that one of the most time and efforl consuming phases of optical

system design is the phase of setiing up the experiment. The experiment here is

the optical system in the phase of testing. The goal of experiments is to establish

the feasibility and to prove the correctness of the design as a whole. However, in

practice this is not a simple lask, 2nd the dificuliics arise out of several sources.

These are:

1.

The marufacturing (practical) limilations of the differenl oplical compo-
nenls: Such limitations force designers Lo use whichever component are
available, regardless of the cfficiency probiems this might cause Lo the whole

optical system.

The devialion defecls of the lighl beam uscd as inpul o the experiment which
might be caused by differenl faclors such as thermal noise: This makes it -
necessary for Lthe experimenter to keep changing the positions (alignment) of
the components of the experiment according Lo the direction of the incident

beam. A process that is appcearently annoying.

Technical problems due lo failures of any componcnl thal is parl of the cz-

perimenl: Localing a bad/malfunctioning component is a lime consuming

task.

. The scrious problem of alignmenl/adjusimenl of the componenls construcling

the experimenled design: This takes an enormous amount of time and cffort
spent on cxperimenting any design. Simply, it is very difficult to be sure

Lthat the current alignment/adjustment of components will give the desired



resulls. Instead, what all is known is that using these componeats at the
specificd positions gives an expected result very close Lo the desired one. This
expecled result has to be enhanced by continuous alignment/adjustment till
it reaches the desired level of correciness and accuracy. We call this process

as dcbugging/tuning the experimental setup.

5. The conceptual problems thal might be caused when lesling a non-theorclically
proven design: Usually, the inlention of the cxperimenter is Lo prove a hy-
pothesis. In these cases, optical components need Lo be heavily altered rather

than just aligned.

The aim of this study is Lo casc up the debugging process. ‘This could be achieved

by devcloping a Seftware tool that will:

e Save significant time and effort needed in debugging the design.
¢ Mature the process of realizing the experimental setups, faster.
¢ Encourage rescarchers Lo go for large experimental archilectures.

¢ Provide of an environment for rescarchers and experimenters to tune up the
paramelers of their experiments before even going into actual installation

issues.

e Give rescarchers the ability Lo customize any nceded oplical component.
This is just like the rescarcher being able to imagine the existence of any
oplical component with any functional specifications and then use it within

his experiment description.

e provide a basis for optlical computer aided design (OPCAD) for optical ex-

periments.



The method used Lo achieve these objectives is through simulation.

In this thesis, we have designed a structured programming langnage, with syn-
tax and semantics selected to suil the descriplion of optical experiments/systems/devices.
The main purposc of the language is to describe any optical sctup. A tool that will
cnable any experimenter to {une any parameler within the experiment and check
the performance within a short time. To accomplish this, the cxperimenter has lo
use the designed language lo wrile a program that describes the experiment. We
made sure that all necessary constructs, and structures were available within the
language.

The language and hence the sysiem is so flexible that the user can change or
add any parameter within his describing program. This could be done in a straight
forward manner. What all the user has to do is to change partially or fully, as
required, the components or values within the describing program. The sclection

of syntax and semantics of the language is done afler going through the following

two steps:

1. Studying a fair number of existing and verificd oplical architectures. This
enabled us to extract all necessary components and constructs for our lan-

guage.

2. Simulating all the known optical components by describing their functions
and characteristics. This informalion is saved in a library, referred to as
the component library. The component library is designed to he flexible and
extendable to hold information about any new optical components that are
continuously being improved and discovered. The information in this library

will be used by the system (langnage) to simulate the functionality of the

componenls used in the oplical setup.



The language is designed to be rich in ils descriptive power and to allow com-
pact and modular description of optical systems. This language could then be
uscd Lo debug any of the sctups by changing the descriptions of the architectures.
It can also be used to probe for any picce of information necessary for the user
(cxperimenter) at any time/position within the experiment. The language allows
translation of any descriplion/specificalion of any oplical experimental setup into
a low-level description. Actual three-dimensional positioning of componeunts, and
their exactl funclional specifications arc major information supplied by the user of
the language. Using this information, allows the system to detecl the actual posi-
tions and oricntations of optical components within the described optical system.
It also allows the system to trace the light beam throughout any set-up. Trac-
ing in the sense that its characleristics could be detected whenever it is needed.
This gives the basis Lo automale the process of design of oplical systems. Fur-
thermore, intelligent manufacturing systems could be developed to make use of
this information in order to automate the process of building the described optical
system.

In the current practice, optical experiments arc conducied by the following basic

steps:

1. A diagram is initially produced. Tt represents what the experimenter believes

out of the results of the designed system.

2. Placing the oplical componenis from the diagram in posilions that are as

accurale as possible.

3. A secries of alignments and acdjustiments of components are performed on
the components. These are necessary beflore ensuring Lhe correciness and

accuracy of the system. The Lime and effort put into this process is significant
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and unprediclable. owever, it dramatically increases with the size/scale of

the experiment and the diversity of component characteristics.

1.3 Outline of the Thesis

In Chapler 2, we introduce the reader to the necessary background with respect
to oplics and oplical components. Chapler 3 discusses the modeling of selected
optical components in terms of mathematical models will be discussed. Chapter 4
presents the design of the component library, which will contain information about
available components. The functionalily of these components will be described in
pseudo code. In Chapter 5, we design Lhe language and give the formal language
specification, logether with illusirative examples. Chapler 6 describes selected
experiments using the designed language. Chapter 7 covers some implementation
aspects of the interpreler. In Chapler 8, some cxperimental resulis produced by
the system in il’s cuirent form is given. Finally, Chapter 9 concludes the thesis.

It also discusses the future \\'rork.



Chapter 2

OPTICS REVIEW

This chapler is inlended (o provide a quick review of the required basics about op-
tics. We will discuss general issucs such as the propagation of light beams, ray op-
Lics, wave theory, electromagnetic representation of rays, and different related prin-
ciples such as diffraction, interfernce, coherence, and others. A brief description
of the functionalitics of a numbecr of sclecled optical components will be given as
well.For further details, the reader is refered to ([FEYT88], [IHECHST7], [NEWP90],
[CASATT], [ORIESS), [MELLS5], [LIA81], [SIEGTI],[HEAVI1], [GIANSA4)).

In what follows, the terms rays and light beams will mean the same. Rays are
light beams in both visible and invisible specira. Light beams, on the other hand,

are rays in the visible spectrum only. In optical computing, however, we only use

the visible spectrum.

2.1 Light Beams

In this section, we present the reader two methodoligics Lo formally describe any

light beam.

12



2.1.1 Light as an Electromagnetic Wave

This des-criplion is used for the mathemetical computations involving different
phases of analysis of a lighlt bcam propagaling into any oplical system.

Light is a transverse clectromagnetic wave. The clectric (F) and magnetic (If)
fields are perpendicular to each other and to the propagation veclor. The thumb
rule could be used Lo detect the directions of the three vectors. Therefore, any
light beam could be described as a wave propagaling in space.

Letl us now consider the mathemalics of wave motion: precisely, the mathemat-
ical representation of the harmonic wave. To represent any harmonic wave that
is moving in space along a certain line, for simplicily, assume it was the z — azis,

with a velocily v, we use the lollowing equation:
¥(z,t) = A sin k(z £ vt) (2.1)

—u , means that the wave is moving in the direction of positive z. k, is a positive
constant known as the propagation number. The maximum disturbance of the
wave is known as the amplitude of the wave and referenced by A. This wave is
periodic in both space and time. The spatial period is known as the wavelength
and denoled by A . Any increase or decrease in z by the amount A or 2x should

leave ¥ unaltered. Therefore,

sin k(z — vt) = sin k((z £ X) — vl) = sin(k(x — vl) £ 27) (2.2)
and so,
kN =27 (2.3)
and,
k=2x/\ (2.4)



Another important quantity related to harmonic waves is the temporal pe-
riod, 7. This is the amount of Llime i {akes for one complete wave to pass a

stationary observer. It is the number of units of time per wave, the inverse of

frequency v

;= 2 (2.5)
v
1 v
= == 2.6
v -=3 (2.6)

There arc two other quantitics oflen used in the literature of wave motion, these

are angular frequency w and wave number y ,

v == (2.7)
x = 3 (2.8)

The phase ¢ aof the wave, which Lakes values from 0 Lo 27, detects where the
wave is, in unils of its wave period. Ilence, il one takes a cross-section of the
propagating wave, he should sce the wave at a posilion within ils period which
goes from 0 to 27, again.

The whole argument of the sine function of Equation 2.1 could be replaced by

the phase ¢ , a function of z and :
o= (Icz - wl) (29)

Let us now introduce a new term ¢ called the initial phase angle. IL is the
constant contribulion Lo the phase arising at the generator and is independent of
hiow far in space, or how long in time, the wave has travelled. Now, the general

cquation to represent harmonic waves becomes:
U(z, 1) = A sin (kz £ wl + ¢€) (2.10)
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faving in mind that the light beam is an clectromagnetic wave propagating in
space, one can now represenl the light beam mathematically as a harmonic wave
with amplitude Fo, which is the magnitude of the electric field, and mathematical
formula:

E(z,t) = E, sin (wl — (kz +€)) (2.11)

‘Maving had an idea about the mathemalical representation of light beams, we
can now discuss the paramelers and the quantitics that affect propagation and
distinguish light beams from cach other.

The speed of light in vacuum is ¢ = 3.0 x 10® (km/s). In other media, the

light velocity is affected by the index of refraction of the medium.The index of

refraction is:

c
n=-—

(2.12)

v
where v is Lthe velocily of the propagaling light beam in the medium with refractive
index n. Therefore, v is one imporiant paramecter of any light beam. Other

previously mentioned parametcrs are:

k propagation number or wave vector [radians/mn].
v frequency [llertz).

w angular frequency [radians/sec).

X wavelength [m].

T lemporal period [Hertz™").

x wave number [m™!].
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The dependence of velocity on the refraclive index is a result of the dependence

of wavclength on the index. The relation

v=wv) (2.13)

explains that.

Ag, like ¢, is the wavelength of the light beam in vacnum.

Light intensity I, defined as, the average eaergy per unil Lime crossing a unit
area, or as, the radiant flux densily, sometimes called irradiance, is another

very imporiant parameler computed using formulace thatl are analogous to Ohm’s

Laws.
I = EnH _FE*
T2 29
2
= "’2’ (2.14)
E = qll =2q1 (2.15)
H = E_JU (2.16)
N n
E _
= -5 2.17
"= s, (2.17)
o = 37Tohms (2.18)
where,

I intensity [walls/m?].
E magnitude of the clectric ficld, and the amplitude in Fquation 2.11 [volts/m].
H magnitude of the magnetic field [amperes/m).

10 the wave impedance of vacuum [ohms].
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7 the wave impedance of a medium of refractive index n [ohms].

The intensily could also be computed using a different set of formulace:

I = wE2=lfln’ (2.19)
e = K. (2.20)
g = Knpo (2.21)
po = Ax x 1077 (2.22)

where,

K,. relative permecability.
K. relative permitfivity.
¢ permitivity [s>’C?/m’kg]
it permeabilily [mkg/C?]

The velocity of a light beam propagaling in a medium of permeability 2 and

permilivity e is:
1

NI

The intensily was found to decrease along the propagation vector. Its decrease

v =

(2.23)

is due to loosing partial cnergy Lo the medium of propagation. This relation

2

was formulated in the form: 2 = &

I +. The distances ry and ry are on the same
2

propagation vector.

The intensily of light beams is commonly computed as I = power/arca. The
power is in units of walls and the arca is the area of the eresssection of the light
beam. Therefore, the intensity is usually defined as the distribution of energy over

some area,



Polarization of light is an important characteristic and therefore will be given
special attention.
2.1.1.1 Polarization

It has alrcady been mentioned that light may be Lreated as a transverse clec-
tromagnelic wave. The direction of the electric field is what determines the polar-
ization of the beam. The magnitude and sign of the clectric ficld varies along each
wave and repeats ilsell in each of the following waves, provided the polarization is
not changed and the wave did not lose part of its energy.
2.1.1.1.1 Linear Polarization

The electric field in an electromagnetic wave could be analysed into two orthog-
onal oplical disturbances E.(z,1) and Ey(z,1). The resultant optical disturbance

is the veclor sum of them,
E(z,1) = E.(z,0) + By (2,1) (2:21)

The two orthogonal disturbances could have a phase difference between them.
That is, they could have originaied at different times and therefore have a different
initial phase. The phase diflerence, due lo whaiever reason, between the iwo is
whatl determines the type of polarization of the resullant optical disturbance.

IT the phase differcnce € = 0(in—phase) or 180°(oul—of —phase), thea the beam
is lincarly polarized. In the case of 180° phase difference, Lhe plane of vibration
is rotaled from thal of the 0 phase difference by 90°. Figure 2.1 illustrale these
ideas. In lincarly polarized light beams, the clectric ficld vector propagates in a
single plane.
2.1.1.1.2 Circular Polarization

Another case of interest arises when both E. and E, have equal amplitudes

(i.c., For = E,, = Fy), and relative phase difference € = —x/2 + 2w, where
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m = 0,1, £2,.... This causes the amphiude of Lhe resultant wave (o be a
constant. But the direction of E to be time varying, and not restricted to a single
plane, sce Figure 2.2

This is called circularly polarized light, and more precisly right-circularly
polarized because the electric field veclor E rotates clockwize.

On the other hand, if € = £ + 2m=, where m = 0,%1,£2,. ., E will rotate
counlerclockwize this time. Ifenceforth, the light beam is called left-circularly
polarized.
2.1.1.1.3 Elliptical Polarization

In this case, € = +7/2, £37/2, £57/2,.. ., the resullant electiric field vector E

will rotate changing its direclion as well as magnitude. Sce Figure 2.3 for more

information.
2.1.1.1.4 Unpolarized Light

Natural light is unpolarized. A fair number of artificially emitted light beams
arc unpolarized as well. This mcans that the clectric field veclor is distributed, in

terms of magnitude, all over its propagation vector.

2.1.2 Gaussian Beam Optics

In order to gain an appreciation of the principles and limitations of beam optics, it
is necessary lo understand the nature of the light beam. The light wave propagates
in {three-dimensional space in the form of a plane, with oo radius of curvature. As

il propagales, this plane wave begins to curve into a spherical wave with R radius

of curvatlure.
When we take into account the wave nature of light, we find ourselves lead to

Lthe very basic and importanl concepl of a Gaussian spherical light beam/wave.
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Figure 2.2 Left-circularly polarized light
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Figure 2.3 Eliptically polarized light
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The beams emitted from lasers and other artificial sources, the kind of beams
widely used in oplical computing, have perfect wavelronts and Gaussian transverse
irradiance profile. The Gaussian intensity distribution is taken at a cross-section of
the light beam. This radially symmetric distribution whose eleciric field variation
is given by:

2
F,= Fy czp (-’—2) (2.25)

Wy

has the interesting mathematical property that its Fourier transform is also a
Gaussian distribution.

It has been determined that a Gaussian source distributlion remains Gaussian
at cvery point along its path of propagation through the optical system. Of course,
its size will change as it is focused by lenses | but the intensity remains Gaussian.
This makes it particularly casy to visualize the distribution of the ficlds at any
point in the optical system. The Gaussian distribution has no obvious boundarics
io give il a characleristic dimension like the diameter of the circular aperture, for
example. The definition of the size of the Gaussian is somewhat arbitrary. One
could define the radius of the Gaussian as the distance from the axis at which the
inlensity has decreased to some fraction of the value on the axis. Figure 2.4 shows
the Gaussian intensily distribution:

r)=1Iy cxp [—E (2.26)

w3
where 7 = a. This distribution might be observed at the output of a laser. The
parameter wg, usually called the Gaussian bean radius, is the radius at which
the intensily has reduced to 1/e? or 0.135 of its value at the axis. Note that the
region near the axis over which the Gaussian is reasonably constant is rather small.
Nearly 100% of the power of the beam is contained in a radius r = 2wy. One hall

the power is contained within 0.59 g, and only 10% of the power is
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conlained within 0.23 wyg, the radius al which the infensily has only decreased
by 10%. The total power, p(co)(Watls) is the quantily typicallly advertised by

the manufacturers. It is related Lo the axis intensity, I(0) (walls/m?), by:

re) = (32)10) (2.27)

2
10) = rieo) () (2.28)

Twi

Carc should be taken in cutling off the Gaussian distribution with a very small
aperture Lo make the beam more uniform over its exient. The source distribution
would no longer be Gaussian, and the far-field inlensity distribution would deve-
lope zeros and other non-Gaussian features. However, if the appertiure is at least
Jup or 4wy in diameter, then these effects would be negligible. We will make this
a requirement within our design among the used components.

Propagation of Gaussian beams through an oplical systein can be treated
almost as simply as geomelric oplics. Because of Lthe unique sell-Fourier Transform
of the Gaussian, we do not need an integral Lo describe the evelution of Lhe intensily
profile with distance; the transverse distribution of intensity remains Gaussian at
every point in the system; only the radius of the Gaussian and the radius of
curvature of the wavefront change. Imagine thal we somehow create a coherent
light beam with a Gaussian distribution and a plane wavefront at a position x=0.
The beam size and wavelront will then vary with x as shown in Figure 2.5.

The equations describing the Gaussian beam radius w(x) and wavelront radins

of curvature R{x) are:

T

R(z) = z[|+(&”‘2’ﬂ (2.30)

w(z) = w) [l+(—'\%)2] (.2.29)

Az
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where uyg is the beam radius at # =0 and X is the wavelength.
These parameters could be merged inlo one parameter, zp, the Rayleigh range:

2
TG

A

(2.31)

rpn =

In fact, it is at z = z that R has ils minimmn valne.

Note that these equations are also valid for negative values of z. We only
imagined that the source of the hcam was at z = 0; we could have created the
same beam by crealing a larger Gaussian beam with a negative wavefront curveture
al some = < 0. This we can casily do with a lens, as illustrated in Figure 2.6.

The input to the lens is a Gaussian with diameter 12 and a wavefront radius of
curvature which, when modified by the lens, will be R(z) given by the cquation
above with the lens located at —z from the beam waist at z = 0. Thatl input
Gaussian will also have a2 beam waist position and size (or Rayleigh range) associ-
ated with it. Thus we can generalize the law of propagation of a Gaussian through
cven a complicaled oplical system: In the free space between lenses, mirrors, elc.,
a Gaussian beam is specified in diameter and wavelront radius of enevelure by the
equalions given above; the position of the beam waist and the waist diameter (or
Rayleigh range) completely determine the beam. When a beam passes through a
lens, mirror, or diclectric inlerface the diameler is unchanged, bul the wavefront
curveture is changed, resulting in new valucs of waist position and waist diameler
(or Rayleigh range) on the outpul side of the interface.

These laws with input values of w and R will allow us to trace a Gaussian beam
through any optical system. Of course, some restrictions must apply: optical
surfaces need Lo be spherical and with not too short a focal length, so that beams
do not change diameler loo fast.

For weakly focnsing systems, systems wilh high focal length, the beam waist,
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Figure 2.5 Beam size and wavefront curveture as
they vary with distance
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focal length

Figure 2.6 Focusing a collimated Gaussian beam using a lens
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does not occur at the focal length. The waist moves toward the lens as the focal
length of the lens is increased. However, we can easily belicve the limiting case
of this behavior by noting that a lens of infinite focal length such as a flat picce
of glass, placed al the beam waist of a collimated beam will produce a new heam

waist not at infinity bul at the position of the glass itself.

2.2 Reflection/Transmission, Absorption, and Re-

fraction

As the light beam propagates in space, it is most expecled that it will collide
with some object that might reside on the direction of propagation of the beam.
Upon incidence, the beam power geis partially reflected in a certain direction,
transmitted with a certain deviation or displacement, and partially absorbed by
the object. This process is controlled by a set of rules. The derivation of these
rules is not discussed here. For further information, the reader is advised to check

the list of references mentioned al the begining of the chaptler.

2.2.1 Reflection/Transmission and Refraction

To simplify refleclion and transmission calcnlations, the incident electrice field is
broken into two plane polarized components. The p-polarized cmnponcnt,- where
the clectric field veclor is parallel to the plane of incidence (sce Figure 2.7) and
the s-polarized component, where the clectric field veclor is perpendicular to the

plane of incidence (sce Figure 2.8).

Fresncl equations give the amplifude reflection cocfficient (r) as well as the
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interface

Figure 2.7 Incident light beam with E field normal to the

plane of incidence
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Interface

Figure 2.8 Incident light beam with E field parallel to the

plane of incidence
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amplitude lransmission cocfficicnl (t) for both components as lollows:

. (_[‘2) _ Sicos; — '—;fcos(), (2.32)
P T \FEg /), ensh; + eosh, -
0i /2 " tom
. (E'Or) B ‘"—l:cnsﬂ; - ﬁcnsﬂl (2.33)
P\ Ey » - ‘chnsa, + :—:"cos(),- o
I 2%icnsh;
1, = (;“L) - (2.3%)
Foi/, ;msa,- + ;;fcosﬂl
i, = (-’Z'l) = Zaicosts (2.35)
r Foi/, ﬁcosﬂ, + :‘—‘:ms&- "

where, the symbols used have Lthe following meaning.

i incident medium.

t transmission medium.

8; incident angle.

0, reflection angle. A:ccording to Lhe law of reflection 8, = 6;.

f; transmission angle, computed using Snell’s Law of refraction.

n; sin #; = n, sin 6,.
n; refractive index of the incident medium.

n; refractive index of the transmission medium.

-

j: permeability of the incident medinm.

-

e permeabilily of the transmission mediumn.

If both media forming the interface are diclectric, the equations above could be

used without the permeability coellicients.
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The sum of r, and r, is the tolal reflection cocfficient of the incident light beam.

And so is the sum of [, and ,.

2.2.1.1 Interpretation of Fresnel equations

Becausc of the great importance of Fresnel equations, they were interpreted

and the following interesting resulls were found:

I.

5.

When n; > n; which implies that §; > 8, , it is found that r, is negalive for

all 8;’s.

. 1, is positive when 8; = 0. Morcover, 7, = 0 when (8; + 8,) = 90°, in which

casc only Lhe s-polarized component is reflected. 6; in this case is the special

Brewster’s Angle. To compute it, we use the lollowing:
05 = arclan(n,/n;) (2.36)

This special angle is also called the polarization angle, hecause it transmitls
one planc-polarization component and reflects the other. For 6; > f,4, 1,

becomes negative.

., +(—r,) =1, afact for all §;’s.

. rp+1, =1, only for 6; = 90°.

When n; > ny, which implics 8, > 8;, r, is positive. r, increases Lill it reaches
+1 at 4., the critical angle when 8, = 6, = 90°. A situation called total
internal reflection. Afier 8., all incoming light. cnergy is reflected back.

r, = +1 at 6; = 8. as well. Fresnel equations could be reformulated as

follows:

r, =

(2 — sin20:\F
cosh; — (nf; — sin 0,)L (2.37)
cosl; + (n? — sin?0,)?
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0.

1t

(2.38)

L
2 .~ (n2 — sin?B-\?
nﬁ(:().cg, (nh' sin 0,)

T

- (2.39)
r nZcosf; + (nZ — sinzg,-)%

. 7 starts negative and reaches the 0 value at 8.

. The sign of r, could be positive if the direction of the incident electric ficld

was reversed (i.e., rolated by 180°).

. The component of the clectric ficld normal Lo the plane of incidence under-

goes a phase shift of 7 radians (Ap, = =). That happens upon reflection

when n; > n,.

. When n; > ny, no phase shifl occurs in Lhe normal compoenent on reflection.

Ayp, =0 as long as 6; < 8.. Alterwards, there will be no transmiilance and

all of the beam is reflected.

7, is posilive and Ay, =0 as long as:

ncosh; — n;cos8, > 0 (2.10)
which means that,
sinb;cosf; — cosfsinf; > 0 (2.41)
or cquivelantly,
sin(f; — 0,)cos(0; 4-8,) > 0 (2.12)

This will be the case for n; < n, if (6; +68,) < /2, and for n; > n, when
(0.- + gg) > 7\'/2.

12. When n; < ny, Ap, =0, until §; = 05. Allerwards Ap, = 7, when 6; > 0.
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13. When n; > ny,r, is negalive until 8; = 90° — 8. This means that Ay, = 7.
For 90° — 65 < 6; < 0. , r, will be positive until A¢, = 0. Beyond 4., 7,

becomes complex, and Ay, gradually increases to 7 at §; = 90°.

14. For normal incidence (f; = 0), Lhe following apply:

ni _ B¢
P Bim (2.43)
wi ¥
25 (2.44)
(=
I‘l-*.l_I:b

2.2.1.2 Reflectance and Transmittance

Intensity of the light or its irradiance (I) was mentioned in the first section.

The intensity of the incident light beam is aflfected and Fresnel gave the basic
concepls of these effects. How much light is transmitied and how much of it
is reflected are determined by r and t. For this purpose, we define the terms

reflectance (R), the ratio of the reflected power (or flux) to the incident power

I,cos0 I '
= = == 2.45
R I;cos8; I; (2.45)

\We also dcfine the transmittance (T) Lo be the ratio of the transmitied power lo

the incident one
T = I,cos8,

= 2.16
I;c0s0; ( )
In relation to r and t, Lhese ratios are given by:

R = #? (2.47)

Btrgsf
T = (1‘;_ ‘) 2 (2.18)

,—l:msﬂ;
R+T = | (2.149)
R,+T,, = 1 (2.50)



2.2.2 Absorption

As the light beam passes through an object, part of its energy gets absorbed by the
material of the objecl. This is described by the exponential law of absorption,

sometimes called the Bear-Lembert Law, which states that:
I = Ie ™) (2.51)

where I is the intensity of the incident light, x is the thickness of the material
and I is the intensity of the transmitled light. K(v) is called the absorption
coefficient with units of (em™). The absorption cocfficient is a funclion of the
frequency/wavelength of the incident light. It is numerically equal Lo the inverse
of distance (mecasured in centimelers) that a light beam must travel in a given

medium, in order for the infensity to decrease to 1 /e of the incident Light intensity.

2.2.3 Refraction

In general, refraction is expressed by Snell’s Law as described carlier. However,
special casecs for refraction are worth considering. These are displacement and

deviation.

2.2.3.1 Displacement

A flat piece of glass can be used Lo displace a light ray laterally without changing
its direction. The displacement varies with the angle of incidence, il is zero at
normal incidence and equals the thickness of the flat al grazing incidence (6; =

90°). The shape of the curve depends on the refractive index of the glass (flat), as

shown in the following equation. Sce Figure 2.9.

cosb,

| —
\/(ﬁf)z — sin?0,
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d = h sinf,

(2.52)



Figure 2.9 Displacement
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The permeability x# might be needed if any of the media is not a diclectric.

2.2.3.2 Deviation

Additional deviation to the incident beam occurs if the media on the two sides
of the flat are different (i.c., have different refractive indicics) (Figure 2.10). The

displacement is the same, but the angular deviation & is given by the formula:

5 =8, — sin™" (ﬂsina,) (2.53)

LLX]

The permeabilily factors have to be added if any of the media is not a dielectric.

2.3 The Superposition of Waves

There might be cases where light waves share a common constant plane of vibra-
tion. Those beams or wavesmight all propagate on Lthe same line, or they might just
inlersect and share a particular volume in space. The later case will he discussed
when we address the issue of interference.

The former, however, is called superpositioning of waves, where light waves
add up to each other. Adding up in the sense of adding their consecuiive am-
plitudes. Care has to be given for the frequency of cach of them. That is the
case because adding two harmonic waves wilh differenl frequencies will produce

an anharmonic wave as a resullant.

2.3.1 The Addition of Waves of the Same Frequency

Superposition of any number of coherent harmonic waves having a given frequency
and traveling in the same direction, leads to a harmonic wave of the same frequency.
The amplitudes of these waves do nol simply add up, phase differences between

them have to be taken into consideration. The phase difference occures hecause

18



Figure 2.10 Deviation
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the waves have propagated different distances, which creates the so called op-
tical path dfference. This difference dircetly causes the phase difference. In

general, the sum of N such waves is,

N
E =Y FEycos(ov; & wl) (2.51)
=1
is given by
E = Fycos(a £ wi) (2.55)
where
N N N
Eg = Z Eg: +2 Z z Fo; Eo_,'COS((!; - 0’_,') (256)
i=1 §>ii=t
and

Zf;l Fo; sin oa;

lan ¢ = N
izt Foi cos a;

(2.57)
Sce Figure 2.11.

2.3.2 The Addition of Waves of Different Frequencies

This type of addition will not be of much concern to us, because in optical com-
puting, we care about monochromatic light (light with a single frequency) rather
than polychromatic light. That is, in any optical sysiem, an obscrver can only sce
one frequency of the light beams propagating within the system.

The sum of waves of different frequencies keeps the repetition feature of har-
monic waves. But not in the level of one wavelengtlh repeating itself. Insiead, a
number of waves scem Lo repeat themselves over the propagation line. This group
of waves is commonly called the modulation cnvelope, because its amplitude will

be modulating as it propagales further. As an example, let us take the following

two waves and sum them up.
Ey = FEycos(kiz —w) (2.58)
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152 = I’jozCﬂS(kzI — Ldzt) (2.59)

The resultant sum will be of i;hc form:

E = Egcas(kz —@t) (2.60)
Eo(z,t) = (Fo + Eg)cos(knz — wyl) (2.61)

where,

w average angular frequency = 1/2(w; + w,).

k average propagation number = 1/2(k; + k,)
w,, modulation frequency = 1/2(w; — w,).
k.. modulation propagation number = 1/2(k, — k,).

The total disturbance is a travelling wave of frequency @ having a time- varying
or modulated amplitnde Ey(z,?). The disturbance consists of a high frequency (@)
carrier wave, amplitude-modulated by a cosine lunction. The phase velocity of
this carrier wave is:

v = u_J/k (2.62)

Wherease, the rate at which the modulation envelope advances is known as the
group velocity v,.
wm

vy =" (2.63)

m

Recall that the refractive index of the medium of propagation is related to the
velocily of light in that medium (v, = v, );). Therefore, we can also define a group

index of refraction n,,.
n, = cfv, (2.61)

See Tigure 2.12.



Figure 2.11 Light waves out of phase
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2.4 Interference

Interference could be defined as, the interaction of two or more light waves yiclding
a resultant irradiance (iniensily) that deviales the sum of components irradiances.
In Section 2.3, we comsidered the case when two or more light waves were prop-
agating along Lhe same line. Here, the situation is slightly different, since these
waves might just intersect (i.e share a common vo!ﬁmc in space for a cerlain period
of time, sce Figure 2.13). According Lo this, there will be an angle belween the
inlerlering waves. This angle will make the addition of these waves different from
their sum.

Since in optical computing no light beams with different frequencies propagate
in Lhe optlical system, care has lo be given only to phase differences belween
interfering beams. No care will be given to beams frequencies. Let us now consider

the interference of Lhe two light waves:

Ei(r,t) = Eq cos(kir—owl +¢) (2.65)
Ey(r,t1) = Eg cos(ky.r — wl + €5) (2.66)

The interference of these two waves will result in a sum of irradiances:

I = Li+1+ 1y (2.67)
L = <E!> (2.68)
I, = <E;> (2.69)

I, = 2<E.E,> (2.70)

Iz is known as the inlerference lerm. To evaluale il, we form:

E\.E; = BEy.Egacos(ki.r — wl + €;) x cos(ky.r — wi + €3) (2.71)

A4
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Figure 2,13 Waves from two point sources overlapping (interfering) in space



After a sequence of derivations, this term evaluates Lo:

’|2 = Eo| .EQzCOS‘S (2.72)
6 = (kyr—kyr+e —e5) (2.73)

Where é is the phase differcnce resulting from a combined optical path length and

initial phase-angle differences. Therefore,
I=’| +,2+2 ’]’2 C056 (2.7")

which is the resultant irradiance of interference.

2.4.1 General Results

From what has becn said, the following could be concluded:

1. Total construclive inlerference takes place when § = 0, +£2x, +4x, ..., where

cos § = 1. The irradiance takes ils maximum value.
2. Construclive inlerference takes place when 0 < cos § < 1.

3. Tolal destruclive inlerference takes place when § = £, £3x, £5x,.... That

is when cosé = —1. The irradiance takes ils minimum value.
4. Destructive inlerference, on the other hand, takes place when —1 < cosé < 0.

5. For § = +x/2,+3x/2,£57/2,.. . The interference term will disappear and
the irradiance will take ils medinm value (I = Iy + I,). In the absence
of I;,, there is no actual interference. Instead, the waves are said to have

superpositioned or added up.
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2.4.2 Interference of Polarized Light

Fresnel and Argo made an extensive study of the conditions under which the

interference of polarized light occurs. The Fresnel-Argo Laws are as follows

(Figure 2.14):

1. Two orthogonal light waves cannol interferc. Orthogonal hiere means that
the angle between the electric field vectors of the Lwo beams equals 90°. No

interference in the sense that I, = 0 (i.e., the interference term disappears).

2. Two light waves with parallel electric ficld vectors will interfere in the same

way as will natural light.

3. The two constituent orthogonal clectric field vectors within natural light

cannot interfere.

2.5 Diffraction

Diffraction of light could be defined as, the deviation of light from rectilincar
propagation. Diffraction occurs whenever a portion of a wavefront is obstructed.
There is no significant physical distinction between inlerference and diffraction.
However, il has become somewhat customery, if nol always, Lo speak of interfer-
ence when considering the superposition of only a few waves and diffraction when
treating a large number of waves.
The most famous scientists who studied diffraction were, Fresnel and Fraun-

hofer. Fresnel said, if the plane of observation is moved away from the



Figure 2.14 Interference of polarized light



obstructor, the image of the obstructor, althongh still casily recognizable, be-
comes increasingly more structured as the diffraction paticrn becomes more promi-
nent. Fraunhofer, on the other hand, said that moving the plane of observation far
away from the obstructor changes only the size of the pallern and not its shape.

Fraunhofer and Fresnel diffractions are discussed thoroughly in a number of
optics books. Our intentions here are far away from discussing any more details.
However, we will be giving diffraclion gralings special aliention when discussed as

one of the modcled components for our designs.

2.6 Coherence

Any light beam, although mathematically represenied as a single wave, is not just
that. A light wave is composed of a number of small waves, sometimes called
wavelels, that combine Lo construcl the beam. If these wavelets were all in phase,
the light beam is said to be cokerent. Unfortunatly, this is not always the case. In
many situations, the phases of these wavelels and thus of the light wave, change
in a random manner. When this happens, we say that the light is incoherent.

The mosl important difference between coherent and incoherent light is that
mutually incoherent beams do nol interfcre. When two incoherent beams combine,
their intensilies (rather than their complex amplitudes) add up.

We distinguish between two Lypes of coherence in light:

Spatial coherence the phase relation between different paris of Lhe cross-scclion
of the beam are constant; therfore, different parts of the cross-section can be

made lo interfere with cach other.

Temporal coherence the phase relations between consccutive wavefronts are
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constani; therelore, a beam can interfere with a delayed version of itselfl.
Temporal coherence is actually equivalent to monochromaticity of the light:

it means that the frequency of the light beam is stable and coufined to a

narrow band.
The boundary between coherent and incoherent light is not clear-cut.

A measure of coherence is the cokerence length of the lighi. This is the width
of beam over which spatial coherence is maintained, or the distance the light
Lravels before temporal coherence is lost. The path length in a system must

be shorter than the coherence length for the system to be coherent.

2.7 Basic Elements of Optical Systems

In this seclion, a briel description of sclected optical components will be
given. The selection of thesc componenis was based on their usage in a
number of architectures. We studied a large number of optir:al systems from

which we extracted a number of components that are heavily used.

2.7.1 Mirrors

Mirrors are used to reflect and hence, change the direction of light beams.
Upon rellection, the polarization of the reflected light beam is affected: it

Ltends to be parallel Lo the planc of incidence wilth the mirror.



2.7.2 Continuous Laser Sources

These are the major sources of light heams/signals in any optical system.

The description of their action is beyond the scope of this thesis.

Laser beams are inlense, monochromatic, coherent, and directional. Their
output is tunable, in terms of both frequency and intensily. The wavelronts

of laser beams are planar al the laser source.

2.7.3 Pulsed Laser Sources

The output of these components is a laser beam in the form of pulses. These

pulses are generated at a certain pulse rate and for a constant pulse duration.

The pulsed laser technology has improved significantly in the last decade.
The output of the new models is stable, in terms of [requency, intensity, as

well as pulse duration.
Their output is intense, monochromatic, coherent, and direclional.

Intensitly, frequency, pulse rate, and pulse duration can be tuned manually.

2.7.4 Beam Splitters

Beam Splitters are basically used to split any input light beam into two
output beams. However, they can also join two inpat beams into one oulput

heam.

Their funclion is simply Lo transmit a portion of the incident beam and
reflect the other. The oulput beams will have partial characteristics of the

input beam, such as partial intensity.



To join beams, the two inputl heams are directed in such a way that the
refllected parl of one of the hcams and the transmitied part of the other

come out together.

In cither one of the Lwo uses of beam splitters, half of the energy of the input

beams is lost.

Some beam splitlers are sensclive {o Lhe stale of polarizalion of the incident

beam. Therefore, care should be taken when dealing with this type of beam

splitlers.

Another type of beam splitlers, the polarizing beam splitiers are going lo be

discussed as a type of polarizers.

2.7.5 Windows

Windows arc used to pass light beams from one medium Lo the other, such

as passing a laser beam from air Lo a hox conlaining some liquid.

2.7.6 Prisms

Prisms act as mirrors, in the sense thal they change the direction of the

incident beam. However, prisms refract light beams rather than reflecling

them.

2.7.7 Retardation Plates

The main purpose of using retardation plates is to change the polarization

of the input light beam.



Two types of retardation plates are in use, half-wave plates and quarter-

wave plates.

Half-wave plates rotate the polarization plane of a plane-polarized light by
90°. If the input beam was circuiarly polarized, they change that from left-

circular {o right-circular and visa versa.

Quarter-wave plales, on the other hand, change the plane polarized input

into a circularly polarized output and visa versa.

2.7.8 Lenses

Lenses are opfical components that can form images. This is what makes

them so important.

The famous type of lenses are spherical conrez and concave lenses. Convex
lenses have positive focal lengths; converge incident light; and form both
real images (as might be focused on a picce of paper) and virtual images (
as are seen through the lenses if they are used as magnifiers). They also col-
limatc light coming from a point source. They are widely used in telescopes,

collimators, optical transivers, magnifiers, and radiomelers.

Concave lenses have negative focal lenglhs, diverge collimated incident light,
and form only virtual images which are scen through the lens. They arc
often used to expand light beams. They also can convert a convergent beam

into a collimated one.

Bi-convex, planar convex, bi-concave, planar concave, meniscus convey, and

meniscus concave lenses are diversities of the spherical lenses.



Cylindrical lenses are another type of lenses. They are used in applications
requiring magnification in one dimension only, such as transforming a point
image into a line image or changing the height of an image without changing

its width and visa versa.

2.7.9 Polarizers

Polarizers are components that alter the polarization state of the incident
light. In what follows, we will discuss three different Lypes of polarizers with

different cffects on light polarization.
2.7.9.1 Birefringent Polarizers

A birefringent crystal, will divide an entering beam of monochromatic light
into two beams having orthogonal plane polarizations. The beams will
usually propagale in different dircctios and both have differnt prapagation

speeds.

Depending on whether the crystal is uniaxial or biaxial, there will be one or
two dircctions (the optic axis dircction) within the crystal along which the

beam will remain collinear and continue Lo propagate at the same speed.

The point here is that these erystals have two refractive indices. The converg-
ing beams will follow these indices and propagale al speeds and directions
relative to them. The two beams are called ordinary and exiraordinary. The
ordinary beam is the s-polarized one and the extraordinary is the one with
p-polarization. T'he refractlive indices are therefore called . (extraordinary)

and n, (ordinary).



Il n. > n,, then the velocity of the s-polarized ray is higher than that of the

p-polarized and visa versa.

One last point is that the ordinary ray will propagate through the crystal
undevialed only when n. > n,, while the extraordinary ray deviates by a

specific angle. The converse ocenrs when n, > n..
2.7.9.2 Polarizing Beam Splitters

The rule of splitting one inpul beam into {wo and joining two input beams
into one, is still valid here as it was with ordinary beam splitters. The
difference is that this component splits the input beam into two orthogonally

polarized oulput beams.

One of the ouipul two beams will have the direction of the input (i.e., it
will be transmitied through the splitter. The other, on the other hand, will
be reflected by 90°. The transmitied one will be p-polarized while the other

will be s-polarized.
2.7.9.3 Dichroic Sheet Polarizers
Sheet type or dichroic polarizers are made of dichroic materials.

Dichroic materials are birefringent materials in swhich onc of the two orthog-
onal polarizations (either ordinary or cxtraordinary) is subject to strong

absorption. At the same lime, the other polarization is not.

Henceforth, these components pass beams with polarization planes parallel
Lo their optic axis only. The other polarization planc is completely absorbed

by the shect.

N
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2.7.10 Diffraction Gratings

A diffraction graling can be classified into two types. The first type has
a number of fine, straight, parallcl, and transparent slits one a picce of
metal. The olher consists of a substrale usually of an éplical material; with
a number of parallel grooves ruled or replicated in its surface, overcoated

with a reflecling material.

The spacing of the slits/grooves is extremely crucial. With a graling, the
incident beam is split (transmitted as in the case of slits or reflected as in the
case of grooves) into 2 number of beams that propagale in different directions.
These directions are determined by the number of slits/grooves that get
impigned by the incident beam, the spacing between these slits/grooves, as

well as the wavelength of the incident beam.

The diffraction grating, therefore, is a repetitive array of diffracling elements,
cither apertures (slits) or obstacles (grooves), that has the effect of produc-
ing periodic altcrations in the phase, amplitude, or both of an emergent

beam/wave.

The main use of gratings in optical systems is lo divide the amplitude of
the incident beam in many dircctions with different portions of amplitude.
One other use of it is in speciroscopy, wher white light gets analysed into its

composing frequencies.

2.7.11 Filters

A filter passes selected harmonics of the incident wave through while heavily

absorbing/reflecting the rest of the harmonics. A number of filters and their

Ho



uses will be introduced in this section.
2.7.11.1 Attenuation/Density Filters

They are basically used to reduce the intensity of a light beam. This is done
by absorption and/or reflection of a specific (depending on the used model)

amount of the inputl light encrgy (intensity).
2.7.11.2 Wavelength Selective Filters (Color Filters)

These filters arc used Lo produce or sclect a specific color (frequency) or band
of color (band of frequencies) from a polychromaltic (white, for example) light
source. This is achieved by isolating the needed frequency(ies) or rejecling
the unneeded frequency(ies). One classification of this type of filters is as

follows:
2.7.11.2.1 Cut-off Filters

In this kind of filters, there will be an abrupt division between the regions
(frequency regions) of higher and lower transmission. If the filter transmits
higher frequencies and rejects lower ones, il is called a shori-wave-pass (or
high-pass) filter. The exact opposite is called a long-wave-pass (or low-pass)

filter. The cutoff is defined to be the wavelength with 37% transmission.

2.7.11.2.2 Bandpass Filters

The same discussion is applied here, but the curve of transmitlance versus
wavclength tends to look more normal than that of cut-off filers. In this
casc, a specific wavelength (frequency) will have a maximum Lransmitiance.
There will be however a certain passband which includes all wavelengths
that could be passed/transmitted. The rest of the wavelength band will be

rejected.



Another classification of wavelength scleclive filters is the one that classifies

them to:

Absorption Filters Where a certain band of wavelengths is absorbed by

the filter and the the resi are passed.

Reflection Filters Also called ” oplical interference filters ® where a very

narrow wavclength band is allowed to pass, and the rest is reflecied

rather than absorbed.

A combination of Absorption and Reflection Filters In these lilters,
part of the wavclength is absorbed, another is reflected, and the rest is

transmitted.

2.7.12 Spatial Light Modulators (SLMs)

A spatial light modulator is a device that creales some sort of modulation on
the crosssection of a beam of light. Usually a uniform beam of light impinges
upon the SL.M, and a modulated beam of light resulis. The resuliant beam
could be modulated in terms of its phase, amplilude, polarization, or any
combination of these. The basic use of SLMs in oplical computing is as
storage devices. A characler S, for example, can be imaged on a SLM which
will cause diflferent modulator than that of imaging another character, say

F, for example.

There are good number of SLAIs available at this time. The main criteria

for comparing them and evaluating their performance are:

Method of writing on (exposing) the SLM There are Lwo basic oplions:



Addressing each point separately Achicved hy a scanning clectron

or by individual addressing electrodes.

Casting of the image llere, an image of the whole data is casted

optically on the surface of the SLM.

Light Any requirement of the light. For example, il it must have a specific

wavelength.

Modulation What type of modulation produced?. What is the modulation

efficiency?.

Time [ow long is the right-usc-crase cycle?. Tlow long can the SLM keep

the data stored in it?. Can it scrve as a memory device?.

Operating conditions The power consumption, sensitivity size, tempera-

ture rang, ctc.

Table 2.1 shows the type of modulation produced by different SLMs.



modulation realized by SLM types

amplitude change of photographic film
transmittance photodichroic materials
phase change of shape thermoplastic
micromechanical

deformable mirror
change of density acoustooptic cell
polarization physical effects liquid crystal

in crystals electrooptic crystals
magnetooptic materials

Table 2.1 Underlying techniques for spatial light modulation
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Chapter 3

MODELING OF OPTICAL
COMPONENTS

The first step in describing optical architectures/systems is Lo explore the basic
optical components. Therefore, the functionality of each component has to be
simulated. Conscquently, emphasis is given Lo Lhe simulation of compouents, and
in this chapler models of various basic optical components are described.

Light heams propagate within oplical systems carrying data and transferring it
from onc component to the other as required by the design. As light propagates
in media, its characteristics and parameters continuously change.

The characterislics and paramelers are the ones discussed in Chapter 2 and

they are:
¢ Direclion in the three-dimensional space
e Velocily

e Wavelength/Frequency:
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e Polarization
e Phase
e Beam diametler

These characteristics are affecled by the media it propagales through, and the
oplical components it passes through along its propagation veclor.

For instance, the direction of the light beam is aliered by components such
as mirrors; Lhe intensity, direction, and number of beams propagating within a
system are changed by bcam splitlers; and the polarization of light can be changed
from one slale Lo anolher by relardelion plales.

To conduct simulation, we developed models for almost every basic optical
component. Fach model makes use of a number of ailribules of the component
it describes. Atltribules are used as part of mathematical formulae that simulate
the functionality of the corresponding component. Thus mathemalical models
simulaling the effects (functions) of their components on the characteristics and
parameters of input light beams, are produced.

In this Chapter we define the atiribules of cach oplical component. In addi-
tion to that, atiributes of different media through which light propagales are also
defined.

Based on the discussions with the nsers of oplical components and the infor-

mation documented in the optics manufacturers’ catalogues, we infered that

e A large number of modcls of different optical comnponenis are provided by
a number of manufacturers. The difference between these models is in the

values of the components attributes
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¢ Manufacturers’ claims about the efficiency and correclness of their products
are not taken for granted by users. Calibration is usually performed by users

to confirm these claims

¢ Users can order components from manufacturers with specifications accord-
ing Lo their needs. These specifications might nol match those of manufac-

turers’ lists

¢ Optics calalogues are more realistic in the sense that what they provide is
usually what could be provided. For example, a user can imagine a spherical

lens with a diameter of one meter but this lens could never be realized in

reality

Thercfore, we took the information provided by manufacturers and calibration
processes into consideration. An example of such information is when manufac-
turers say that a cerlain mirror reflects 99% of its incident encrgy, this will be
taken for granted until proven otherwise by calibration. Notice that we found no
need to compule the reflectance by Fresnel cquations. This saves hoth time and
effort affecting neither accuracy nor cfficiency of the system.

The position, face of incidence, and orientation of cach optical component in
Lthe system are very important and have Lo be provided as part of the atiributes
of components.

The posilion of a component is a point in the three-dimensional space where a
specific reference point in the component is placed. Each component will be given
a reference point as an atiribute. There might be components with iwo reference
points and hence, two positions. For example, laser sources have a point at its
cenler and another at its head to enable us Lo delect Lthe direction of the oulput

light. A position has three valucs for the three axes (=, 3, 2).
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The face of incidence is the only face of the component that can take incident
light as input to the component. Flat mirrors, for example, cannot reflect light
that is incident on its back face. Only the front face, the face of incidence, can
reftect incident light. Not all components have this feature. Cube beam splitters,
for example, have six faces of incidence from which can enter them. This attribuie

lakes one or a combination of the lollowing valnes:

1. Up-z or Down-z corresponding to the positive or negalive z — azis, respec-

tively
2. Right-x or Left-x which correspond Lo the posilive or negative £ — azis
3. Back-y or Forth-y corresponding to the positive or negalive y — azis

The orientation is the direction of the component in space. It is determined by
two angles (8, ¢). 8 is the angle between the projection of the normal to the face
of incidence on the = — y plane and the positive z — azis. L is taken negatlive
y — azis part of the plane. ¢, on Lhe other hand, is the angle hetween the normal
to the face of incidence of the component and the positive z — azis (Figure 3.1).
Therefore, an axis for each component has to be delermined.

One more note to make is that the permecabilily of media or components will
only be nceded il the media or components are diclectrics.

In order to fully detect the direction of the face of incidence, we have to give
the orientation of its normal. This is done only when more than one of the above
values are selecled for defining the direction of face of incidence. For example, if
the face was directed Up and Right.

In addition to that, the dimensions of the components have to be given. This is

important because when placing these components, Lthe system has to make sure
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* y-axis

the normal to the face ofincidence

the/component

! —

\{9 x-axis

the projection of the normal
to the face of incidence

Figure 3.1 Orientation of optical components
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that no two components occupy the same space/volume.

3.1 Light Propagation

Any light beam should have an origin. This origin (the light source) determines the
initial characteristics and paramelers of the light beam. These characleristics are
also affected by the propagation media. The media might be a volume filled with
air, gas, or liquid. In this section, we will not discuss the case of light propagating
through optical components. Free space, however, is the commonly used medium
and this is the case of most concern.

Any medium has a refractive index n and a permeability pu that delermine
the changes on the characteristics of the light beam that propagales through it.

Some points to nole are:

® The velocily of the light in the medinm is computed by: v = £, ¢ being

Lthe speed of light in vacuum

e The wavelength is compuled by: A = 22, where A is the wavelength of the

beam as its source

® The frequency v is determined by both velocity and wavelength: v = %

o The polarization is delermined by the source of the light beam, whether that
was the original light source (polarized light from its origin) or an optical

component thal changed the original polarization

e The phase can be laken lo have a zero valuc al any lime with no loss of
generalily. The reason is that the wavelength band is never higher than

units of nanomelers. Furthermore, the level of accuracy the user can get
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for a position is in units of millimelers, much larger than nanometers. Now
let us assume that the user wanis Lo probe for the phase of the light wave
at a cerlain position, he will then be probing for a value that should not
exceed units of nanomelers at a position that cannol be in units less than
millimeters. Therefore, one can answer this request giving a zero value for

the phase without any loss of accuracy

e The direction of light is not changed as it propagates through homogeneous

media

e The beam diameler changes according lo Gaussian oplics by: w?(z) =

wi [l + (%:3-)2], where the diameler equals 2w

Therefore, the necessary attributes for light propagating in a medium are:

1.

2

3.

The refractive index of the medium

The initial polarization with which the light beam enters the medium

The initial phase that the light beam enlers the medium with (zero at the

beginning)

. The wavelength or frequency of the entering light beam

. The direction of propagation at the point where the light enters the medium.

The orientation is that of the light propagation vector

. The initial beam diameter with which the beam enters the medium

. The permeability of the medium il it was not a diclectric

67



3.2 Continuous Laser Sources

We have selecled laser sources to be the origins of light beams within the optical

syslems we consider. Therelore, initial characteristics and paramelers of light are

determined by these soutces.

The following attributes are needed for continuous lasers:
1. Positions P1 and P2, the reference poinis (Figure 3.2) of the component

2. Direction of the base of the component if the component was box shaped

(Figure 3.2)

3. Orientation of the normal to the base of the component if the component

was box shaped.
4. Beam diameter at the origin (2w, in (mm))
5. Power at the laser in watls

6. Frequency ol the cmitied beam in Hertz. Wavelength (nm) could be com-
puted using the frequency

7. Longitudinal mode spacing of the laser source. It delermines the discrete

frequencies that the device can gencrate.
8. Dimensions of the source (cm)

e Length, width, and height for box shaped sources

¢ Diamcter and length for cylindrical sources

9. The plane polarization ratio is nceded if the output beam is plane polar-

ized. Some manufaclured laser sources produce plane polarized light. The
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plane of polarization is parallel Lo the basc of the component. Manufactur-
ers give that in terms of polarization ratio. I{ the beam is polarized, this
ratio will be 1 : 500 usually. The ratio is that between the two orthogo-
nal polarization components. The 500 according to this definition is for the

component parallel to the base of the laser source

3.3 Pulsed Laser Sources

The output of these components is light pulses with a rate and a duration. Thus,

there is no continuily of laser emission. The pulsed laser sources tend to have

larger dimensions than those of Ltheir continuous counterparts. One other difference

between them is that the output beam is nol circular, it is {ypically reciangular

m cross section.

The beam diverges as it propagates. The width-divergence (f,:4is), Is the angle

of divergence in the direction of width. The Icnglh'-divcrgcncc (Brengtn), 1s the angle

of divergence in the direction of length (Figure 3.3).

Henceforth, the following atiributes are nceded:

5.

6.

. Positions P1 and P2 of the reference points (Figure 3.4)

. Direction of the component base (Figure 3.4)

Orientation of the normal to the base of the component

. Beam cross section dimensions al the source (length and width) in (imm)

Power in (walts) at the source

Frequency in (Hertz) al the source
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7. Dimensions of the source (length, width, and height) in (cm)
8. Plane polarization ratio, if any, as described in the previous section
9. Pulse rate in (pulses per second (pps))

10. Pulse duration in (ns)

3.4 Beam Splitters

Beam splitlers, as discussed in Chapter 2, split the inpul beam into iwo output
beams propagating in two different directions. In the following we discuss models

for two Lypes of beam splilters.

3.4.1 Plate Beam Splitters

With this component, part of the incident light beam is reflected while the other
parl is transmitied (Figure 3.5). We take Lhe information about the ratios of
reflectance and {ransmitlance as they are provided by manufacturers or by cali-
bration reports. The reflectance and transmittance should be given for all possible
angles of incidence.

Reflection under cerlain conditions causes phase shifts. Therefore, if the beam
splitter was coated for stronger reflection or anti-reflection, the index of refraction
of the coaling material or ils permcability have Lo be provided.

The attributes necessary to describe the function of this component are:

I. Position P of its center, regardless of its shape (They could be circularly

or squarecly shaped
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2. Face of incidence direction
3. Orientation of the normal Lo the face of incidence
4. Dimensions (side or diameter) of the plate in (cm)

5. Refractive index of the plate, uscd for the computation of displacement

of the incident beam, and permeability of the substrate of the component

6. Refractive index of the coating layer on the incidence face. Its

permeability is also nceded
7. Thickness of the plate, used for the displacement computation

8. The ocutput beams ratios of reflectance (R} and transmittance (T)
powers to the incident beam power. These ratios arc taken from calibration

reports. Usually, diagrams like the ones in Figure 3.6 show Lhese ralios

3.4.2 Cube Beam Splitters

The rule of partial reflection-transmission still applics for this component (Figure
3.7). Again diagrams like the ones in Figure 3.8 are provided for each product or

model.

The attributes for this component are:

1. Position P of its center

2. Direction of the inner face of incidence. The face which reflects the incident

beam.

3. Orientation of Lhe normal to Lhe inner face of incidence
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4.

5.

Dimensions A, B, and C in (cm), see Figure 3.7

Refractive index of the cube and permeability il the material of the

cube was not a diclectric

Refractive index of the coating layer at the incident face. Iis per-

meability is also necded

In the case of polarization-insensitive beam splitters, the reflectance (R..g)

and transmittance (T,,) ratios

Reflectance R1 of the onter face of incidence, used for non-normal inci-

dence

3.5 Flat Mirrors

" Mirrors are basically used to reflect light. Old models used to suffer from losses of

part of the incident power in the form of transmission or absorption. To overcome

these losses, many reflection coatings are being used. We now have mirrors with

99% reflectance ratio. This is the type of mirror we will be dealing with in this

section (Figure 3.9).

Diagrams such as the ones shown in Figure 3.10 are usually provided by man-

ufacturers or calibration reports. Each curve represents the relation between the

wavelength of the incident beam and the reflectance ratio for different coating

malerials. The attributes for these components are:

1.

2.

Position P at the center of the mirror (circular or square)

Direction of ihe face of incidence
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3. Orientation of the normal Lo the face of incidence

4. Index of refraction of the first layer of coating. Iis permeability is
also needed

5. Dimensions (side/diameter) of the component
6. Reflectance R of the mirror

7. Thickness of Lthe mirror for the displacement computations of the transmit-

ted part, il any

3.6 Windows

Windows are used io allow optical radiations to pass from one environment to an-
other without allowing other elements of these environments to interfere. Different
models with different dimensions and material are-provided by manufacturers.

Diagrams that show the transmittance of these componcnté in relation with the
wavelength of the incident beam are similar Lo the one in Figure 3.11. Part of the
incident energy is cither reflected or absorbed.

The attributes of this component are:

1. Position P of the center of the window

2. Direction of the face of incidence

3. Orientation of the normal to the face of incidence

1. Index of refraction of the window substrate and its permeability
5. Diameter of the window
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6. Thickness of the window

7. The transmittance T taken from diagrams such as the one in Figure 3.11

3.7 Prisms

A large number of prisms of different shapes and Lypes appear in literature and in
manufacturers’ catalogues. In optical computing, however, we noticed that only
one type is heavily used. That is the right-angle prism (Figure 3.12).

This type of prisms has three faces dedicated for incidence. The hypotenuse is
used to totally reverse the direction of the incident beam, see Figure 3.12. The

other two faces cause the reflection of the incident beam by a 90° angle each (Figure

3.13).

Anti-reflection coating could be used to reduce the reflectance at the incidence

faces of the prism.

Attributes of this component are:

1. Position P of the component (Figure 3.13)

2. Direction of the hypotenuse face

3. Orientation of the normal to the hypotenuse face

4. Dimensions A, B, C of the component (Figure 3.12) in (cm)

5. Refractive index of the substrate of the prism and its permeability
6. Refractive index and permeability of the coating material.

7. T1, T2, and T3, transmitiances of the three incidence faces corresponding

to A, B,and C
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FIG. 3.12 The right-angle prism
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8.

R1, R2, and R3, reflectances of the three faces of the prism

3.8 Retardation Plates

Retardation plates were discussed in Chapler 2. They arc of two major types,

half-wave plates and quarier-wave plates. Their main function is to alter cither

the plane or state of polarization of the incident light beams (See Figure 3.14).

Anti-reflection coats could be added to their faces of incidence.

The attributes of these components are common and they are:

1.

10.

Position of the center of the circularly shaped component

. Direction of the face of incidence

. Orientation of the normal to the face of incidence

. Orientation of the optic axis of the plate

. Diameter of the plate

. Refractive index of the material of the plate and its permeability
. Type of the plate, quarter-wave or half-wave plate

. Refractive index and permeability of the coating material,

. Thickness of the plate

The ratio of transmittance T to the incident power. This ratio is

related Lo the incident beam wavelength. 1t is available in calibration reports
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Figure 3.13 Total internal reflection in right-angle prisms
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3.9 Polarizers

3.9.1 Birefringent Polarizers

The concept of birefringence was discussed in Chapter 2. Many crystalline ma-
terials were found to have this fcature. However, in realily, three crystals were

formally developed and they are discussed below.

Glan-Taylor Polarizing Prism

The output of this component is the exireordinery ray, one of the two rays that
result from birefringence. The extraordinary ray will have a planc of polarization
normal to the plane of incidence in the case of this component (Figure 3.15). The
ordinary ray is reflected at the hypolenuse and totally absorbed by the mounting
material. The oulput exiraordinary beam does not deviale in direction. Normal

incidence is required for best results.

Glan-Thompson Polarizing Prisms

In these prisms, only the outpul extraordinary beam will have a polarization plane
parallel to the plane of incidence. The ordinary ray is again totally absorbed. The
direction of the oulput beam does not deviate from the direction of the incident
one (Sece Figure 3.16). Normal incidence is again required.

For the previous two components, the following attributes are defined:

1. Position P of the center of the component axis under consideration here

has a similar direction Lo the incident beams in Figures 3.15 and 3.16

2. Dimensions L, ¢, x, and y as shown in Figures 3.15 and 3.16
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3. Direction of the face of incidence

4. Orientation of the normal io the face of incidence

5. Type of the component, Glan-Taylor or Glan-Thompson
6. The refractive index n., for the extraordinary ray

7. Transmittance T of the component Laken from the resulls of the calibration

process

8. Il the component was coaled, then the reflectance R at the planes of inci-
dence is needed. The refractive index and permeability of the coating

material is also required

3.9.2 Polarizing Beam Splitters

These components are commonly uscd in optical computing. They are very efli-
cient in the sense that they do not loose much energy as was the casc with the
previously discussed polarizers. Figure 3.17 shows the way they operate. Notice
- what happens if plane polarized light was the input of such a component.

The atiributes are:

1. Position P of the center of the component

2. Direction of the inner face of incidence

3. Orientation of the normal to the inner face of incidence
4. Dimensions (length, width, and height) of the component
5. Refractive index of the substrate of the component
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Figure 3.16 Glan-Thompson prism
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6. Transmittances T1 and T2 of both the ordinary and cxtraordinary, con-

sequently, oulput beams
7. Reflectance R over the outler face of incidence, for non-normal incidence

8. I the component was coated, the refractive index of the coating mate-

rial and its permeability are nceded

3.9.3 Dichroic Sheet Polarizers

With this polarizer, the optic axis, also called the Polarizetion azis, of the sheet
delermines the orientation of the plane of polarization of the output beam. It
will be parallel to the optic axis of the sheet (Figure 3.18a). Only the part of
the incident beam with polarization plane parallel lo the sheet oplic axis gets
transmitled. The other parts arc totally absorbed by the sheet’s material.

If the input beam was plane polarized, the output beam will have a polarization
plane parallel to the optic axis as well. The transmittance of the sheel is computed

using the following formula:
T = K, cos® (8) + K, sin? (4) 3.1)

where, K, and K are the principal transmittances of the sheet. They are functions
of wavelength given by diagrams such as the one in Figure 3.18b. The angle

between the plane of polarization of the incident beam and the oplic axis of the

sheet, is 8.

The attributes of the compounent arc:
1. Position P of the center of the circularly shaped polarizer

2. Orientation ol the optic axis (polarizing axis) of the component
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3. Direction of the face ol incidence
4. Orientation of the normal Lo the face of incidence
5. Diameter of the shcet
6. Thickness of the sheet
7. Refractive index of the substrate of the component
8. The principal transmittances K, and K; of the sheet
9. Transmittance T of the sheet if the input light is nol polarized
10. If the input beam was not plane polarized, transmittance T is required

11. If the sheet is coaled, then the refractive index of the coating material

and ils permeability are necded

3.10 Spherical Lenses

Different types of spherical lenses are provided by different manufacturers. They
are mainly classificd as convex and concave lenses. See Figure 3.19.
In order to trace the light beam through lenses, we use John’s matrices. The

John’s matrices for lenses look as follows:

Tout _ A B Tin (3.2)
Uout C D Uin

In the above, r is the distance between the point where the beam enters the lens
and the center of the lens (it is negative when talking about the lower half of the

lens). u is the slope of the beam with respect Lo the normal Lo the lens axis from



«— thickness of the sheet

FIG. 3.18: (a) Dichroic Sheet polarizer
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the incidence face side. The subscripis in and out arc used to refer to the input

and output beams, consequently (Figure 3.20).

In the case of bi-convex lenses, the values for A,B,C, and D are computced as

follows:

= [— t(n- 1)
Rln

= = (3.4)
- (n-1) (-l-‘- i+t—(n—l)) (3.5)

(3:3)

Rl Rz R-l R2n
= 1+tn—1) (3.6)

T Q W o>
]

where n is the refractive index of the substrate of the lens. In the case of plano-

convex lenses, R; is 0o and hence, C will be:

C = —(n—1) (El.') = lr_z,n 3.7)

When considering bi-concave lenses, R; and R; will have opposite signs and A and

C will havé different values as follows:

A = 1+’—(%l (3.8)
C = —(n-1) (i— L +M) (3.9)

Ry R_l Ry Ran

For Lhe case of plano-concave lensces, R, is oo and this gives a new formula for the

computation of C:

C=—("—')(—RL.1)=’II;1 (3.10)

The attributes of these components are:

I. The type of the lens: plano-convex, bi-convex, plano-concave, or bi-

concave
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Figure 3.20 Ray tracing in bi-convex lenses
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2. Position P of the center of the lens

3. Diameter of the lens and ils radius of curvature R or radie of curve-

ture R, and R, il the lens is not symmetric
4. Direction of the face of incidence
5. Orientation of the face of incidence
6. Thicknesses {. and ¢, of the lens (Figure 3.19)
7. Refractive index of the lens
8. Focal length F and back focal lengths BFL1 and BFL2
9. Transmittance T of the lens

10. If the lens was coaled, the refractive index of the coating material and

its permeability are required

3.11 Cylindrical Lenses

Cylindrical lenses have exactly the same attribules as those of spherical lenses had,
except that they are rectangularly shaped. Therelore, they have two dimensions, x
and y (Figure 3.21). There are neither bi-convex nor bi-concave cylindrical lenses.

Equations 3.1,2,3)5, and 6 apply for ray tracing in plano-convex cylindrical
lenses.

Fquations 3.1,3,5,7, and 9, on the other hand, apply for ray tracing in plano-
concave cylindrical lenses.

Ience, the same atiributes of spherical lenses are required for cylindrical ones

except the fourth attribute which becomes:
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4. Dimensions z and y of the cylinder and the radius of curvature R

or radie of curveture R, and R, if the lens is not symmetric

3.12 Diffraction Gratings

Gratings analyse incident light beams to a number of output beams cach with dif-
ferent directions and intensities. There are two Lypes of gratings, the transmission
gralings, with slits to transmit light beams, and reflection gralings, with grooves
to reflect light beams. See Figures 3.2.2, 3.23, 3.24, and 3.25.

Some of the outpul beams interfere constructively in some directions with spe-
cific intensities. The other beams interfere destructively causing light beams lo
have zero or weak intensities.

The grating diffraction equation is:
a (sin 8, — sin 6;) = mA . (3.11)

m represents the orders for constructive inlerference, where the zero order has the
highest intensity, orders £1 have similar and weaker intensitics, orders £2 have
similar and further weaker intensilies, and so on.

The intensities of the different orders (bcams) are computed using the following

10.) = I, (sinﬂ)z (sinNa)2 (3.19)

B sina
where. 8 = (kb/2) sinf,, and a = (ka/2) sinf,,. N is the number of slits/grooves

formula:

that contribute to’the flux difftaction (i.c., the slits that got incident with the
input light beam). The propagation number, k = 27 /A
The reflection gratings have to be deall with care. That is so because, some

reflections might cause phase shifts.
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FIG. 3.22 A transmission grating
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AB -CD = a (sin6, - sird; )

Figure 3.23 A reflection grating
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FIG. 3.25 Orders of output beams from a reflection grating
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The atiributes of this component are:

1

10.

Position P of the center of the component

. Direction of the face of incidence, il the graling was a reflection diffraction

graling

. orientation of the normal to the plane of incidence

. The type of the grating, transmission or reflection

. Dimensions (length and width}) of Lhe gAral.ing in (cm)
. M, the number of slits/grooves in the grating

. aand b, the distance between slits/grooves and ihe width of the slit/groove,

conscquently {See Figures 3.22, 3.23, and 3.24)

. If the component is coated, then the index of refraction of the coating

material and ils permeability arc needed

. Thickness of Lthe grating if it was a transmission grating

Refractive index of the substrate of the grating and its permeability

3.13 Filters

Four different typces of filters, are considered below.
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3.13.1 Neutral-Density Filters (NDFs)

The basic function of these fillers is Lo reduce the amount ol incident energy/power.
This is usually achicved by absorplion. Diagrams like the one shown in Figure 3.27
give the oplical densily of the filler as a function of wavelength. The transmittance

of the filler depends on its optical density by the following formula:
T=10"" (3.13)
The attributes of this filter are:

1. Position P of the cenler of the filler. The filter could have the shapc of a

square or a circle

2. Direction of the [ace of incidence

3. Orientation of the normal to the face of incidence

4. Dimension (side or diameter) of the filier (Figure 3.26)

5. Thickness of the filter

6. Refractive index of the material of the filter

7. Transmittance T of the filier or ils optical density D curve

8. If the filter is coated, then the refractive index of the coating material
and its permeability are nceded

3.13.2 Interference Filters

Interference filters selectively reflect light beamns who have wavelenglhs within the

reflected wavelength band of the filler. T'his band can be narrow or wide
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Figure 3.27 Optical density of neutral-density filters

110



depending on the filter itsell. Figures 3.28 and 3.29 show the relation between

wavelength of the incident beam and the transmittance of the filter. Each curve

corresponds Lo a different filter. The attiributes of these filiers are:

1.

Position P of the center of the filter

. Direction of the face of incidence

. Orientation of the normal to the plane of incidence
. Side of the filter in (cm)

. Thickness of the filter

. Refractive index of the material of the filter

. Transmittance T and reflectance R of the filler taken from the appro-

priate curve in the shown diagrams

. I the filter is coated, then the refractive index of the coating material

and ils permeability are needed

. A table or diagram that gives the delay forced by the filter over the incident

light beam. This delay is due to the bouncing of the back and forth inside
the filler. It is partially related to the wavelength of the beam. This is the

main reason behinde needing a table or a diagram that describe this relation.

3.14 Spatial Light Modulators (SLM)

Spatial Light Modulalors arc used for storage purposes. Data is wrillen on them

by imaging. Inilially, the SL.M is in the free stale. Il a lens is used Lo image a
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specific character on the SLM, the state of the SLM changes Lo occupied siale.
The occupalion is in the sense thal a certain characteristic of the SLM is changed
by the light beam that wrole (imaged) the character on it.

We studicd the operations of Liquid Crystal SLM’s as discussed below [CASAT77].

Liquid Crystal SLMs

They consist of a liquid crystal (LC) pholoconduclor (PC) sandwiched by trans-
parent electrodes on top and bottom of it (Figure 3.30). An electric field is applicd
between the electrodes. Surface orientation effects tend to align the long axes of
the I.,C molecules normal to the surface of the clectrodes. These sources compete
with Che tendency of the molecules to align at angles or parallel {o the clectric
field.

Upon writing on the LCSLM, the incident light distribution will change the
resistance of the PC, thus producing a spatially varying electric-ficld distribution
across Lthe LC.

Upon reading from the LCSLM, if the reading light is linearly polarized, it will
be rotated according to the twist angle of the molecules of the LC as they align
dcpending on the value of the applied electric field.

Since the read beam can affect the electric field distribution, and thus affect the
data stored in the LC, a read face was assigned for the read operation different
from the wrile face. Therefore, the ,CSLM is divided inlo two paris separated
by a mirror that reflects both beams and stops them [rom reaching cach other’s
ranges/portions.

Henceforth, the attributes of the LCSLM are:

1. Position P of the center of the SLM
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10.

. Orientation of the axis of the SLM. The axis is the line thal crosses both

the top and bottom surfaces of the SLM and is normal to both.

. The directions of both the read face of the SLM.
. Orientation of the normal to the read face

. Thicknesses thick,,;. and thick,..q of the write and read sides (since they

are usually seperated by a mirror)

. The initial twist angle (0;y:,;) of the molecules of the LCST.M with respect

to the direction of the applied clectric ficld

. The formula that explains the effect of the valne of the applied

electric field on the twist angle

. The formula that describes the effects of the write beam on the

value of the electric field

. The formula that computes the rotation angle of the polarized read

light beam (0,otatc). The twist angle of the direction of alignment of the

I.C molecules is the basic variable of the equalion

Tread 3nd Tyrite, transmittances of both th recad and write beam as they

pass back and forth in the LCSL.M
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Chapter 4

COMPONENTS LIBRARY

The components library is a collection of procedures/algorithms. FEach optical
component is represented by one procedure. The system uses this library quite
heavily when simulating programs that describe optical archileclures.

The user of the system will use the language to wrile a program describing
an cxpcrimcr:ltcd optical architecture. Within the program, the user specifies the
components that make up the archilecture and provides their atiributes values.
The system is then to simulate the cffects of the architecture by simulating the
cffects of cach individual component. This is achicved by calling the procedure of
the corresponding component from the library.

The procedures of the library use the attributes valucs, described in Chapler 3,
to mathematically simulate the functions and physical cflects of the component.

Upon calling the procedure, the sysiem passes the lollowing data to il:

I. The attribules values of the medium/component given by the user in the

description program (for deiecting the effect of the component/medium on

the inpuls)
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2. The direction(s) and characteristics of the input beam(s) (lo use it for the

computation of the direction and characteristics of the output beam(s))

3. Refractive index and permeability if the component/medium from which the

input is coming from (for refraction computations)
In relurn, our system expects the procedure to return:
¢ The direction(s) and characleristics of the output beam(s)

In this chapter, we provide a procedure in pscudo code for cach optical component
discussed in Chapters 2 and 3. There will be a number of common inputs to the

procedures and these are:

L,, the list of directions of the input beams, if there is only onc input, the list will

have only one term
L4, the directions of Lthe output beam(s)

I;, the list of characteristics of input beam(s). If there is only onc outpul beam,

the list will be having a single Lerm

Low the list of characteristics of the oulput beam(s).

Direction of light beams

Bcfore we move any further, the dircction of propagation of a light beam has to be
cxplained. Any beam propagating in free space could be considered as a vector
with magnitudes z, y, and 2 and direction(Figure 4.1). We define the direction Lo

be a quintaple of the values of:
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Figure 4.1 Light beam as a vector propagating in space
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# and ¢, which detect the oricntation of the beam as explained earlier in

Chapter 3

¢ Up-z if the beam was moving in the dircction of posilive z — azis, Down-z
if the beam is moving in the dircction of negative z — azis, or Undef if the

beam is moving in a direction perpindicular to the z — azxis

e Right-x if the beam was moving in the dircction of positive z—azis, Left-x
if the beam is moving in the direction of negative z — azis, or Undef if the

beam is moving in a dircction perpindicular to the z — azis

e Forth-y if the beam was moving in the direction of posilive y— azis, Back-
y if the beam is moving in the direclion of negative y — azis, or Undef if

the beam is moving in a direction perpindicular to the y — azis

One last point lo consider before we start the discussion of procedures is that
a number of functions made available for the use of the components’ procedures.
These are functions called frequently and hence, we found il more appropriate to

provide them scperalely as part of the overall system.

4.1 Light Propagation in Media

The procedure for this case needs to know the number of input beams to the

medium it describes. Information about cach bearn are also required and they

are:

¢ The dircction of cach beam in a list Ly, = (dyg, do, tho, - - -)

e The positions where cach of the beams entered the medium in a list Lpos =

(posy, poss, poss, . ..)
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e The characteristics of each beam as it enters the medium. Fach characteristic

is given as a member of the list I;, as follows:

— Velocity (vy9, vsg, - - .)

— Phase (€19, €20, - - -)

— Polarization (polyq, poly, - - .)

— Beam diameter (bd,q, bdy, - . .)

— Wavelength or frequency (A0/vi0, A2o/¥20, - - )

— Intensitly (I, I, -.-)

The procedure uses these data to compute and return the following information:

The direction of the output beam(s) in the list L, = (dyy,d;2, dis, . . .), they
do not vary in media. Therefore, they will stay the same. They are needed

for interference and superposilioning calculations

The positions where the beams interfer inside the medium in a list, Linterpos =

(posij, pos;i, posii, . ..), where i, j, k, and I are integers

The characteristics of the resulting flux at the interference positions of Lineer por-

These are given in a list Linger,,,

The characteristics of each beam as it leaves the medium cxccpﬂ the phase
and beam diameter. They have to be computed by the system in this case
because we need to know Lhe position where these beams leave the medium.
Remember that both phase and beam diameter change with distance. Each

of the other characteristics is given as a member of the list L., as follows:

— Velocity (vi1, va,--.)
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— Polarization (polyy, poly,...)
—~ Beam diameter (bdyy, bdyy, . . .)
— Wavelength or frequency (A /vy, Ay fva,--2)
— Intensity (I'y, I2s,--.)
e For cach beam i, there will be an interference list (Linter fer;)- It contains
the beams with which beam i interfers. Another list called the superpo-

sition list is also given (L,uper,)- It contains the beams that superposition

with beam 1

The procedure in pseudo code is as lollows:

algorithm light — propagation(La,, La,, Lin, Louts Fpos, Linter oy Dinter puy attributes)
Linterjzr =¢
begin

N = the number of members of the list L,

fori=1to N do

Lywper; = ¢

M;=¢
end loop i
i=1

while (i <= N - 1) do
forj=i+1to N do
let 8;; be the angle between directions of beams i and j
if (6;; # 0) then
add the pair (i, 8;;) to Linterger
if (6;; = 0 and pos; = pos;) then
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add j to L,,per,
add j to M;
[* M is the list of beams that should not be checked for interference or superposition.

That is because they already were found to interfer with beami */

endif
j=j+l
end loop j
i=i1+1
while (i € M;) do
i=i+l

end while i
fori=1toN
S (Lsupers # ) then
let k£ be the number of members of I, uper;
j =1 /* fiest member of L,uper; */
for I =2 to k /* the following members */
if (beam; and beam,; are plane polarized) then
let 0; be the angle between the planes of polarization
I; =1I; x cos® 6
I = I x cos? 0i
/* these produce new values for Ey, and Fgp */
endif
if (v; = 1) then
apply Equations 2.54, 55, 56, and 57 of Section 2.3.1 to

compule v and F of Lhe resultant
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else
apply Equations 2.60 and 2.61 to compute v and F of the resultant
endif
I; = evE?
/* The characteristics of the superposition resultant beam are given to the first member
of the list L,,per, */
remove beam; from Linger fer
/* Only beam; slays in the interference list as a representative of Lyuper; */
end loop [
endif
end loop i
if (Linterger # 6) then
let k be the number of members of Linger ser
forj=1tok—1do
forl=j+1tokdo '
let pos; = (z;1, Y51, z;1) be the posilion where beamn; and beam; interfere
add pos; to Lin-,..
if (beam; and beam,; are plane polarized) then
I; = I; x cos® 8
Iy = I x cos? §;
endif
apply Equations 2.73 and 74 to compute the
intensily of the resulling flux at pos;
end loop
end loop j
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endif
let N be the number of beams left in the media after checking lor
superpositioned beams
fori=1to N
if (beam; is coming from a lens) then
if (the lens was convex) then
bd;; = wy, at a distance equal Lo the focal length of the lens
from pos; (Scclion 2.1.2)
else if (lens is concave) then
beam diameler is computed according to Equatlion 2.29 with
the value of wy taken at the focal point of the lens afier

tracing the beam using Equation 3.2

endif
else
wy = bdyy
endif
end loop i

end

4.2 Continuouis Laser Sources

These are the sources of light beams in optical systems. Therclore the only inputs
the procedure, which describes this component, needs are the atiributes values
provided by the user in the description program. The procedure computes the
direction of the output beam d,. Notice that we only have one output beam from

the component.



The procedure is as follows:

algorithm continuous — Iaserl(dK, attributes)
/* the orientation of the output beam is parallel Lo the face of incidence.
Thus, normal io the normal to the face of incidence */
begin
if (Bnormar > 90°) then
8y = Orrmet — 90°
else if (0normar < 90°) then
6, =90°+ Orormar
else if (0,ormat = 90°) then
6, =0
else if (0,ormat = 0) then
6, =90°
endif .
if ($norma > 90°) then -
$1 = Snormar — 90°
else if ($normar < 90°) then
By = 90° + Prormat
else if (Jnormar = 90°) then
¢ =0°
else if (fnormar = 0) then
é = 90°
endif
/* This previous compules the oricntation of the propagating ontput light beam */

/* Remember that two of the atiributes of continuous lasers were two reference points,
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P1 at the center of the component and I’2 at ils head. These Lwo points are sufficient

to determine the direction of propagation of the outpul beam, since the beam will

come out from the head of the component (P2). */

end

if (P2.z — coordinale > Pl.z — coordinale) then
light is propagating Right-x

else
light is propagating Left-x

endif

if (P2.y — coordinatle > Pl.y — coordinale) then
light is propagaling Forth-y

else
light is propagating Back-y

endif

if (P2.z —- coordinale > P1.z — coordinalc) then
light is propagaling Up-z

else
light is propagaling Down-z

endif

4.3 Pulsed Laser Sources

The procedure for these components is the same one used for description of con-

Linuous laser sources. Qur system lakes care of other issues such as the pulse

rate and pulse duration with respect Lo time. Another input has to be given to

the procedure. That is the time of the call Lo the procedure from the system. 1t
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is important to decide whether a pulse is generated at that specific time or not.

4.4 Plate Beam Splitters

We expect one input and two oulputls. For this procedure we require the refractive
index of the medium from which the light beam is coming n;, to be given as an
input to the procedure. In the procedure, we consider the reflected beam to be
beam number 1 and the iransmitted to be beam number 2.

The position where the input beam enters the plate is taken as an input in the
list Lpo,. The positions where the beams leave the component are given in the
same list L,,,.

The procedure is as follows:

algorithm plale — splitier(L;n, Loaty Lagy Lays Miny Dpos, aliributes)
begin

[* reflected — direction is a function in the system that computes the direction of the
reflected beam [rom a surface. It is ine of the functions available in the system
for the interpretation of description programs */
dy; = reflecied — direclion(dyo, direction of the face of incidence of the plale,
orientation of the normal Lo the face of incidence)
/* transmilled — direclion is a function in the sysiem that computes the direction
of the transmitied beam from a surface.
of the functions available in the system for the interpretation of programs */
dy = lransmilled — direclion(d,g, direction of the face of incidence,

orientalion of the normal Lo the face of incidence, thickness of Lhe plate,
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the refractive index of the plate, the refractive index
of the medium of propagation)
[* reflecled — polarization is a function in the system that computes the polarization
of the reflected beam from a surface.
of the functions available in the system for the interpretation of description programs */
poly, = reflecled — polarization(pol,,, direction of the face of incidence of
the plate, orientation of the normal to Lhe face of incidence,
the refractive index of the coating layer or the refractive index
of the substrate of the plate if the plate is not coaled,
the refractive index of the medium of propagation)
/* transmitied — polarization is a function in the system that computes the polarization
of the transmitted beam from a surface. It is one of the
functlions available in the system for the interpretation of description programs */
poly, = transmiiled — polarizalion(pol;o, direction of the face of incidence of
the plate, orientation of the normal to the face of incidence,
the refractive index of the coating layer or the refractive index
of the substrate of the plate if the plale is nol coated,
the refractive index of the medium of propagation)
€nn = €0
[* distance;n,late computes the distance the beam overgocs inside the plate beam splitter */
dislance = dislance — in — plalc(poso, dig refractive index of the plate,
refractive index of the medium from which the beam is coming)
en = €10 + ([(distance)/Xo) — INTEGE R([(distance)/Ao))) x 27
/* 27 could be replaced by the actual wavelength in meters. In this case, however,

the phase will have values in the interval [0, 7] */
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Posy = posye
p;)s:l = oul — pos — non — normal(pos;o, thickness of the plate, refractive index
of the plate, refractive index of the medium of propagation, direction of the
face of incidence, orientation of the normal to the face of incidence)
/* out — pos — non — normal is a function that computes the position at which the
transmitled beam leaves the component.
non-normal means that the incidence is nol normal */
Iw=hoex R
Iy=IiexT

end

4.5 Cube Beam Splitters

With this component, we assume normal incidence. That is because the best
results fon-:md in manufacturers calalogues as well as in calibration reportls were
taken at incidence angle equal to zero (normal). These components can take
either one or two inputs.

In the procedure, we refer to the reflecled beam as beam number 1. The
transmitled beam is given the number 2.

The procedure is:

algorithm cube — splitter(Lia, Louty Ly, Iiayy Fipos, attributes)

begin
if (finecidence 7 0) then
Io=1Tx R1
endif
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let N be the number of inpul beams to the splitier
if (N =1) then

/* reflected — direclion is the same funclion discussed for the plate beam splitter */
dy, = reflected — direclion(d;, direction of the inner face of incidence of
the cube, orientation of the normal lo the inner face of incidence)

d!l =dy

/* reflect — prism — dis is a system [unction that computes the distance travelled by

the reflecled beam inside the right-angle prism */

distance = reflect — prism — dis(pas;o, do, orientation of the normal to

hypotenuse, direction of the hypotenuse)

en = €10 + ([(distance) /A o] — INT EGE R(|(distance)/A o)) x 2%
/* side is the side of the cube dimension in meters */

distance = side

/* 27 could be replaced by the actual wavelength in meters. In this case, however,

Lhe phase will have values in the interval [0, ] */
€xn = €10 + ([(distance}/X,0] — INT EGE R([(distance)/Ajo))) x 27
Iy = Lo x R..,
Iy = I x T:my
/* reflecl — oul — pos — normal is a funclion that computes the position at which the
reflected beam leaves the component. normal means that the incidence is normal */
pos; = reflect — oul — pos — normal(pos,g, side of the cube, refractive index
of the cube, refractive index of the medinm where the beam comes from,

direction of the inner face of incidence, orientation of the normal

Lo the inner face of incidence)
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/* transmit — oul — pos — normal is a funclion thal computes the position at which the
transmitled beam leaves the component. normal means Lhat the incidence is normal */
posy = lransmil — oul — pos — normal(pos,, side of the cube, refractive
index of the cube, refractive index of the medinm where the beam
comes from, direction of the face of incidence,

oricntation of the normal Lo the face of incidence)

else
dy =dj
d2l = dlo

let position,up., be the position where the two beams hmt in order lo
superposition and produce {wo ontpnl beams
let €, and &; be the initial phases of beams 1 and 2 at posilion,,pe,
1101yane = T10 X Tong
Ilo,,, = Lo X Rayg
T30,en, = T20 % Ty
Izo,,, = Iy x R,y
/* Tioan, and Ig,,, will make I;. On the other hand, I,,,., and Te,,, will make Ip,. */
fori=1to2do
if (v1 = »,) then
apply Equations 2.54, 55, 56, and 57 of Section 2.3.1 Lo compute
v and F; o'f the resultant
else
apply Equations 2.60 and 2.61 to compule v and FEj; of the resuliant
endif

— n2
’,’] = C'Ul'lﬂ
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end loop &
let distance be the diélancc from posifion,,.r and the outpui plane of
the cube beam splitter
En = €20 + ([(distance)[A] — INT EGE R([(distance}/Ay])) x 27
[* 2z could be replaced by the actual wavelength in meters. In this case, however,
the phase will have values in the interval {0, A] */
eu = €10 + ([(distance)/Aio] — INT EGE R([(distance)[Aio})) x 27
J* reflect — oul — pos — normal is a function that compules the position at
which the reflected beam leaves the component.
normal means that the incidence is normal */
posyy = reflect — oul — pos — normal(posq, side of the cube, refractive index
of the cube, refractive index of the medium where the beam comes from,
direction of the inner [ace of incidence, orienlation of the normal
to the inner face of incidence)
[* transmil — oul — pos — normal is a function that computes the position at
which the transmiited beam leaves the component.
normal means that the incidence is normal */
posz; = transmil — oul — pos — normal(pos,e, side of the cube,
refractive index of the cube, refractive index of the mediumn where
the beam comes from, dircction of the face of incidence,

oricntation of the normal to the face of incidence)
endif

end
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4.6 Flat Mirrors

With mirrors, one might expecl one output beam resulling from the reflection of
an incident beam over a mirror. However, this is not the case always because
part of the incident power gets transmilted by the mirror. Therclore, we have to
take care of thal part unless its power is so small and could be neglected. We
say that the light becam could be neglecied if its power as it leaves the mirror
I <0.3uWalls.

The procedure for mirrors is:

algorithm flat — mirror(Li, Fow, Layy Ly Lpos, Min, aliribules)

begin

[* reflecled — direction is a function in the system that computes the direction
of the reflected beam from a surface. IL is one of the functions
available in the syslem for the interpretation of programs */
dy; = reflected — direction(d,o, direction of the face of incidence
of the mirror, orientation of Lthe normal to the face of incidence)
[* reflected — polarization is a funclion in the system that computes the polarization
of Lhe reflected becam from a surface */
polyy = reflected — polarization(polyg, dircclion of the face of incidence
of the mirror, orientation of the normal to the Face of incidence,
the refractive index of the coating layer
or Lthe refractive index of the substrale of the plale if the plate is not coaled,
the refractive index of the medium of propagation)
€11 = €0

PosS11 = posyo
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Tn=TIoxR
if (Iho — Iy > (0.3/w?,)) then
[* trensmiiled — direction is a function in the system thai computes the
direction of the transmitted beam from a surface */
dy = transmitled — direclion{d,q, direction of the face of incidence,
orientation of the normal to the face of incidence, thickness of the mirror,
the refractive index of the mirror, the refractive index
of the medium the light was coming rom)
[* transmitied — polarization is a function in the system that computes the polarization
of the transmitted beam from a surface */
poly = transmilted — polarization{polyq, dircction of the face of
incidence of the mirror, orieniation of the normal to the face of incidence,
the refractive index of Lthe coaling layer or Lhe refractive index
of the substrate of the mirror if it is nol coated,
the refractive index of the medium ol propagation)
/* distance — in — plate computes the distance the beam overgoes inside the mirror */
dislance = distance — in — plate(pos,o, dyp refractive index of the mirror,
refractive index of the medium from which the beam is coming, thickness)
/* 27 could be replaced by the actual wavelength in meters. In this case, however,
the phase will have values in the interval [0, 2] */
e = €10 + ([(distance)/Aio] = INTEGER([(distance)/A0])) x 27
/* oul — pos — non — normal is a function that computes the position at which the
transmitied beam leaves the component. non — nermal means that incidence is not normal */
posyy = oul — pos — non — normal(pos,q, thickness ol Lhe mirror, refractive index

of the mirror, refractive index of the medium where the beam comes from,
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direction of the face of incidence, orientation of the normal to the face of incide
Iy=5LexT
endif

end

4.7 Windows

Windows pass light from one medium Lo another. In the procedure Lo follow, n, is
the refractive index of the medium from which light is coming, n is the refraclive
index of the window, and n, is the refraclive index of the medium on the rearside
of the face of incidence.
The procedure is:
algorithm window(Lin, Lout, Layy La,, 1, 02, aliributes)
begin
Iy=hLexT
[* transmil — oul — pos — normal is ithe same in cube beam splitters */
posy; = lransmil — out — pos — normal(pos,g, thickness of the window,
refractive index of the window, refractive index of the medium of propagation,
direction of the face of incidence, orientation of the normal to the face of incide
dy =dyo
/* thickness is that of the window in meclers */
dislance = thickness
/* 27 could be replaced by the actual wavelength in meters. In this case, however,
the phase will have values in the interval [0, )] */
en = €10 + ([(distance)[Ao] — INTEGER([(distance)/A])) x 27

end
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4.8 Right-angle Prism

As was described in Section 3.7 and as shown in Figure 3.12, there are three
different faces of incidence for this component. We call them A, B, and the
hypotenuse C.

The procedure is:

algorithm right — angle — prism(L;a, Lout, D4y, La,, face — of — incidence, atiribules)
begin
if (face — of — incidence is A or B) then
[* reflected — direction is the same function discussed for the plate beam splitter */
dyy = reflecled — direclion(d,p, dircction of the hypotenuse of the prism,
orienlation of the normal (o the hypolcnuse)

if (face — of — incidence is A) then

ILnn=hLhexTl
else

Iyw=IlLexT2
endif

[* reflect,ut,0s,0rmal is a [unction that computes the position at which the
reflected beam leaves the component. normal means that the incidence is normal */
posy = reflect — oul — pos — normal(pos,o, face-of-incidence, dimensions
of the prism, refractive index of the prisin, refractive index
of the medium of propagation, direction of the hypotenuse,
oricntation of the normal Lo the hypotenuse)

[* reflect — prism — dis is a system [unction that compules the distance travelled by
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the reflecled beam inside the right-angle prism */
disiance = reflect — prism — dis(pos,q, dio, oricnlation of the normal to
hypotenuse, direction of the hypolenusc)
en = €10 + ([(distance)/Ao] — INT EGE R([(distance)/Ao])) x 27
else
[* total — iniernal — reflection is a system function that computes the direction of
a totaly reflected beam from the hypolenuse of a right-angle prism */
dyy = tolal — inlernal — reflection(d,,, direction of the hypotenuse
of the prism, orientation of the normal to the hypolenusc)
Ty =TexT3
/* tolal — inlernal — reflect — oul is a function that computes the position at which th
reflected beam leaves the component */
posyy = lolal — inlernal — reflect — oul (pos,o, dimensions of prism,
refraclive index of the prism, refractive index of the medium of propagation,
direction of the hypolenuse, orientation of the normal to the hypetenuse)
[* reflect — prism — dis is a syslem function that computes the distance travelled by
the reflected beam inside the right-angle prism */
distance = reflect — prism — dis(posiq, dy0, oricntation of the normal to
hypotenuse, direction of Lhe hypotenuse)

en = €10 + ([(distance)/ o] ~ INT'EGE R([(dislance)/\o])) x 27
endif

end

138



4.9 Retardation Plates

Retardation plates affect polarization. They are of two types, half and quarter-
wave plates. They were discussed in the previous chapters. Normal incidence is
expectied for these components.

Their procedure is:

algorithm relardaiion — plate(L;n, Lowt, Ly, T4y, 11, type-ol-plate, attribuics)
begin
Ihw=hexT
posy; = lransmil — oul — pos — normal(pos,q, thickness of the plate, refractive
index of the plate, refractive index of the medium where the beam comes from,
direction of the face of incidence, orienlation of the normal to the face of incidence)
[* transmil — oul — pos — normal is the same in cube beam splitters */
diy =dyo
dislance = thickness
/* thickness is that of the window in meters */
en = €10+ ([(distance)/Ayo] — INT EGE R(|(distance) /X)) x 27
/* 27 could be replaced by the actual wavelength in meters. In this casc, however,
the phase will have values in the interval [0, )] */
if (type — of — plate is quarter — wave — platc) then
if (pol;o = plane) then
poly, = circular
else if (palig = circular) then
polyy = plane
polyy,, = oplic — azis — oricnlalion

[* poly,,, is the direction of the oulput planc polarized beam which is
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normal to the plane of incidence and normal to the normal Lo the optic axis
(parallel to the oplic axis) |
endif
else
if (palyy = plane) then
polyy,,. = polyo,, rotaled by 90°
else if (polyo = left — circular) then
polyy = right — circular
else if (pol\o = right — circular) then
poly, =-lefl — ctrcular
endif
endif

end

4.10 Glan-Taylor and Glan-Thompson Prisms

These components are more like cubes than prisms. lence, they have procedures
similar to those of cube beam splitters. Excepl here the reflecied part is fully
absorbed by the components’ mount.

The procedure is:

algorithm laylor — thompson — prism(lLin, Low, Lay, Ia,, 11, altribules)
begin

dy = dyo

distance = side

/* side is the length of the cube in meters */
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en = €19 + ([(distance) /A o] — INTEGER([(distance)f ) o])) x 27
/* 27 could be replaced by the actual wavelength in meters. In this case, however,
the phase will have values in the interval [0,1] */
posy = iransmil — oul — pos — normal(pos,o, length of the cube, refractive
index of the cube, refractive index of the medium where the beam comes from,
direction of the Jace of incidence, oricntation of the normal
to the face of incidence)
/* transmit — oul — pos — normal is a function thalt computes the position at where the
transmilled beam leaves the component. normal means that the incidence is normal */
if (polio = unpolarized) then
poly, = plane
poly,,, = normal — o — plane — of — incidence
/* The output beam is plane polarized normal o the plane of incidence */
Iyw=1exT
else if (pol,y = plane) then
let 8, be the angle belween polyp,,. and the plane of incidence
Iy = (Io x cos? (90° — 6,)) x T’
endif

end

4.11 Polarizing Beam Splitters

With these components, we expect one inpul light beam normal to the face of
incidence of the splitter. This light beam could be cither plane polarized or of any

other state of polarization.

Polarizing beam splitiers are cube beam splitters with a composing substrate
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that has a birefringent feature. This feature allows them to separate the orthogonal
components of any unpolarized light heam.

Their procedure is:

algorithm polarizing — beam — splitter(Lin, Lout, Lay, La,, altributes)

begin
if (0;ncidence 7 0) then
Le=1Ix R1
endif

let N be the number of input beams to the splitter
if (N =1) then
dy = reflecled — direclion(d,q, direction of the inner face of incidence of
the cube, orientation of the normal to the inner face of incidence)
/* reflecied — diredion is the same function discussed for the plale beam splitter */
dy = dyo
disiance = reflect — prism — dis(posq, dyo, orienlation of the normal
lo hypotcnuse, direction of the hypotenuse)
/* reflect — prism — dis is a system function that computes the distance travelled by the
reficcted beam inside the right-angle prism (the part where the reflected beam travells in) */
en = €10 + ([(distance)/Ao] — INTEGE R([(distance)/A])) x 27
distance = side
[* side is the side of Lhe cube dimension in meters */
en = €10 + ([(distance)/ M) — INTEGE R([(distance)/A))) x 27
/* 27 could be replaced by the actual wavelength in meters. In this case, however,
the phase will have values in the interval {0,1] */

Iy = Tox Raug
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I = Fo x Tug
posy = reflect — out — pos — normal(posig, side of the cube, refractive
index of the cube, refractlive index of the medium where the beam comes from,
direction of the inner face of incidence, orientation of the normal
to the inner face of incidence)
[* reflecl — oul — pos — normal is a funclion thal computes the posilion at which the
reflected becam lecaves the component. normal means that the incidence is normal */
posy = fransmil — oul — pos — normal(pos,o, side of the cube, refractive
index of the cube, refractive index of the medium where the beam comes from,
direction of the face of incidence, orientalion of the normal
to the face of incidence)
/* transmil — oul — pos — normal is a function thai computcs the position at which the
transmitied beam leaves the componeni. normal means that the incidence is normal */
if (polyy = unpolarized) then
Lin=IL¢xT1
poly; = plane
polyy,, = normal —to — face — of — incidence
Iy =1¢xT2
poly, = plane
polayy,; = parallel —lo — face — of — incidence
/* Beam number 2 is the transmitled (extraordinary) ray and the reflected (ordinary)
ray is heam number 1
else if (pol;y = plane) then
let 6,5 be the angle hetween the plane of polarization of the

incident beam and the face of incidence
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Iy = (I'o % cos? 8,5) x T'

poly, = plane

polyy,,, = normal — lo — face — of — incidence
Iy = (I, x cos? (90° 0,.,) x 72

poly, = plane

poly,,. = parallel — 1o — face — of — incidence

endif
else

dyy =dio

dy =dyg

let position,,,.. be the position where the two beams meet in order to
superposition and produce two oulpul beams
let €, and £, be the initial phascs of beams 1 and 2 at position, .,
Loy, = I 10 X Toug
To,.; = Lo X Rg.y
I00rans = T2p X Ty
Iyo,.; = Ing X Ry
/* ha,,.., and I, , will make I};. On the other hand, In,,.., and Ijo

fori=1to2

ref

if (v, = v,) then
apply Equations 2.5, 55, 56, and 57 of Section 2.3.1 to compute
v and E; of the resultant

else

apply Fquations 2.60 and 2.61 to compule v and F;; of the resultant
endif
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Iy =cE}
end loop i
let distance be the dislance from posilion,,,., and the ouiput plane of
the cube beam splitter
€2 = €20 + ([(distance}{Ay] —~ INTEGE R([(distance)/Az])) x 27
en = €10 + ({(distance)/Xo] — INT EGE R([(distance)/A])) x 27
/* 2x could be replaced by the actual wavelength in meters. In Lhis case, however,
the phasc will have values in the interval [0, 2] */
posy = reflect — out — pos — normal(pos, o, side of the cube, refractive index
of the cube, refractive index or the medium where the beam comes from,
direction of the inner face of incidence, oricntation of Lhe normal
to the inner face of incidence)
[* reflect — oul — pos — normal is a funclion thal computes the posilion at
which the reflected beam leaves the component.
normal means that the incidence is normal */
posy = lransmit — oul — pos — normal(pos,o, side of the cube, refractive index
of the cube, refractive index of the medium where the beam comes from,
direction of the face of incidence, orientation of the normal to the face
of incidence)
[* transmil — oul — pos — normal is a [unction that computes the position at
which the transmitted beam leaves the component.
normal means that the incidence is normal */
endif

end




4.12 Dichroic Sheet Polarizers

These component produce only plane polarized light with a planc of polarization

parallel to their optic axis. The other component of polarization, if any, gets fully

absorbed.

The procedure is:

algorithm dicroic — sheel(L;a, Loaty Lay, La,, Nin, aliribuics)
begin
posyy = lransmil — oul — pos — normal(pos,e, thickness of the sheet, refractive
index of the sheet, refractive index of the medium where the beam comes from,
direction of the face of incidence, oricntation of the normal
Lo the face of incidence)
[* treansmil — oul — pos — normal is the same in cube beam splitters */
dy =dy
" distance = thickness
/* thickness is that of the sheet in melers */
e = €10 + ([(distance)/A o] — INTEGE R([(distance)/\jo])) x 2%
/* 27 could be replaced by the actual wavelength in meters. In this case, however,
the phase will have valucs in the interval [0, 4] */
poly; = plane
poly,,, = parallel — to — oplic — azis
if (polio = unpolarized) then
Ii=LexT
else if (polyo = plane) then
let 0,5 be the angle belween the oplic axis and the planc of

polarization of the incident light
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In = IlO x (K[ 6052 9’,,,( + ’(2 sin"’ 9,.,,()
endif

end

4.13 Spherical and Cylindrical Lenses

The type of the lens determines the outpul beam diameter as was mentioned in
the procedure for light propagation. Thercfore, it will be given by the user as an
input to the lens’ procedure.

The procedure is:

algorithm lens(L;,, Fouty Lay, La,, type, atiributes)
begin
dy; = dyp [* for all types of lenses */
apply Equations 3.2-10 to trace the beam as it leaves the lens
/* These equations trace the light beam inside the lens and give the slope of the
upper and lower edges of it as it leaves the lens */
posy, = transmil — oul — pos — normal(pos, L., I of the lens, refraclive
index of the lens, refractlive index of the medium where the beam comes from,
direction of the face of incidence, orientation of the normal
to the face of incidence)
[* transmil — out — pos — normal is the same in cube beam splitters */
distance =1, + 1,
/* 1. and 1, were discussed in Chapter 3 */
e = €10 + ([(distance) /A o) — INTEGE R([(dislance)/A0])) x 27

/* 27 could be replaced by the actual wavelength in meters. In this case, however,
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the phase will have values in the interval [0,2] */
["_ = IlO xT

end

4.14 Diffraction Gratings

With gratings, as was shown in Seclion 3.12, unlimited number of output beams
are produced. Each of these output beams makes a different angle with the normal
to the face of incidence of the grating. Each beam will have a different inlensity
at different directions. Therefore, it is left to the system to decide which one of
these output beams it needs to have information about.

What the system does is that il delccts the angle that the desired beam makes
with the normal to the face of incidence and passes that o the procedure. The
angle is delecled by detecting the position where information about light is re-
quired. After knowing the position, the line starling from position of incidence
and ending at the position where information is required is taken as the required
beam oricntation. The angle between this line (heam) and the normal to the face
of incidence is then easily computed and passcd as one of the parameters to the
following procedure.

The type of the grating (Lransmission/reflection) has Lo be given as a parameter

{o the procedure. The procedure is:

algorithm grating(L;n, Lou, Layy Ly, Lype, Om, aliributes)
begin
if ({ype = transmission) then

distance = thickness
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en = €10 + ([{distance)/Mo] — INTEGER([(distance)/ o)) x 27
posa; = oul — pos — non — normal(pos;q, thickness of the grating, refractive
index of the grating, refractive index of the medinm where the beam comes from,
direction of the face of incidence, orientation of the normal
to the face of incidence)
[* oul — pos — non — normal is the system [unction used with plate beam splitiers */
else
Posy = posyo
€1 = €0
“endif
N = bd,o/(M/length)
[* to compute the number of slits/grooves incident by the input light beam */
Iy = Ip x (sinf/B)* x (sinNa/sina)’®
[* dy, is determined by the system prior Lo calling Lhis procedure */

end

4.15 Neutral-Density Filters NDF's

These components absorb, partially, the energy of the light that passes through
them. The amount of cnergy transmiticd is given in curves produced by calibration
reporis. These curves display the relation between the wavelength of the incident
light and cither the transmittance or oplical densily of the filter. The system gets
these values from the curves and passes them Lo the procedure.

We consider only the case of normal incidence because it gives the oplimum

resulls.

The procedure is:
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algorithm densily — filler(L:n, Lout, Lag, L4y, m1, atiributes)
begin
Ly =lLexT =1I,4x10"P
/* D is the density of the filter used only if T was not given */
posy = lransmit — oul — pos — normal(pos,q, thickness of the filter, refractive
index of the filter, refractive index of the medium where the becam comes from,
direction of the face of incidence, orientation of the normal
to the face of incidence)
duy =dg
distance = thickness

&1 = €10 + ([(distance)/ Mo} — INTEGE R([(distance)/\])) % 27

end

4.16 Interference Filters

Depending on the wavelength of the incident light beam, the filter cither transmits
or refiects the incident light. This is again decided by looking at the corresponding
curve of the filter under consideration. The system checks that and passes the
appropriate action {o the procedure as a parameter called action. Action is either
reflect or transmil.

The procedure is:

algorithm interference — filler(Lin, Lows Lagy Tayy M1, aclion, attribuies)
begin
if (aclion = transmit) then

Lw=lLyxT
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posy, = lransmil — oul — pos — normal(pos,q, thickness of the filter, refractive
index of the filter, refractive index of the medium where the beam comes from,
direction of the face of incidence, orientation of the normal
to the face of incidence)
di =dyo
dislance = thickness
en = €10 + ([(distance)/A10) — INTEGE R([(disiance)/Ao])) x 27
else
In=Iex R
posyy = posyo
dio = —dy;
/* the ncgating sign means that the exacl opposile direction is taken by the output.
This means that we have total reflection */
€u = €0
endif

end

4.17 Liquid Crystal SLMs

The different actions within this component are taken depending on whether the
input beam is a read or wrile one. This is detecied by the sysiem and passed
to the procedure as a parameter (beamn — type). The heamn is assumed to have a
normal incidence on the face of incidence.

The procedure is:

algorithm liguid — crystal(Lin, Lowt, L4y, La,, bcam — type, atiributes)
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begin
if (beam — lype = wrilc) then
let 8,4, be the angle of allignment of the I.C molecules afier
applying the write beam
/* the wrile beam affects the clectric field which aflects the G */
Iy = ho x Tprite
Pos1y = posya
dislance = 2 x thick,, i,
en = €10 + ([(distance)/Ag) — INT'EGER(|(distance)[A0])) x 27
else
let 8,,i be Lhe angle of rotation of the polarization plane
of the input beam dcpcnaing on Bipist
poly, = polyp rolated by 90°
Iu =Jio X T;caq
PoSy; = posyp
distance = 2 x lhick, ..q
en = €10 + ([(distance) /A o) — INTEGER([(distance)[Ao])) x 2%
endif

end

4.18 Intensity Degredation with distance

As the light beams propagate in media, they loose part of their energy (power)
lo the medinm of propagation. This loss of energy is formulaied, as discussed in

Chapler 2, as follows:
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where, I is Lhe intensity of the beam at distance r, from the source. Iy is, likewise,
the intensily of the same beam at distance r, from the source.
The system takes the intensity of the light beam at a distance cqual to I mil-

limcter from the source to be:
Iower

L= (4.2)

where Power is the power of Lthe output heam from the source and 1w is the radius

2xurd

of the beam at the source. Aflerwards, and as the beam travels, the distance it
travels is computed till there exists a neced to compute the intensity of the beam
again. When such a nced ariscs, the system uscs Fquation 4.1 Lo compule the
inlensity at the position of computlation. This equation gives the intensity of
the light beam afler deducting the energy it lost Lo the medivin. If the need to
compule the intensily arised from the presence of a component thal effecis the
inlensity, the computed value at the new distance is used to compute the effect of

the component on the iniensity.
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Chapter 5

PLOADS

PLOADS (a Programming Language for Optical Architectures Descrip-
tion or Specification) is a programming language with a top-down hirarchical
design. PLOADS is a tool for optical archilecture designers. 1t can be used to

verily the correctness of the optical architeclure design. Though, it does nol assure

it.

PLOADS is a simulation system thal simulates the behaviour of optical archi-
tectures. It simulates the whole architeclure by simulating individual components.
The components library of PLOADS contains a number of widely used com-

ponents. Tthe library is open ended in the sense that it conld be expanded to

contain additional components.

For these purposes, adequale constructs and data structures are made available
for the PLOADS uscrs. In the following we shall investigate the language and its

syontax and semantics.

The highest level of specification of any architecture is of the form:

<program> ::= MAIN [ ’{*<component_modification>’}’ ] *{’<declaration>’}’
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'{*<description>’}’ *{’<action>’}’ END °*;’

The four sections or parts of a PLOADS program arc discussed in the rest of
the chapler. We found it more suitable Lo leave the discussion of the components

modification part to Lhe end of this chapter.

5.1 The Declaration Part

PLOADS is a strongly-typed language. No variable could be used in programs
unless declared first at the declaration part. Functions called from other parts of
the program have to be defined at this part as well. The conslructs (statements)

allowed in this part are:

1. The declaralion slaiemeni, where a number of variables could be declared a

certain lype and initialized to certain values. For example,

G : FLOAT;

i, I, KLM : INT = 5;

M : ARRAY([6] OF CIAR;

S,y : ARRAY][L..3, 2] OF LOGICAL = ((TRUE, FALSE),
(FALSE, FALSE), (TRUE, TRUE));

The initialization of arrays is done row by row.
We will discuss the declaration types later in this section.

2. The lype slalemenl, where new types could be created. These new types

could be used locally only (within the declaring program). For example,



TYPEDEF

{
x, F = INT;
MONTH = (JAN, FEB, MAR, APR, MAY, JUN, JUL, AUG, SEP,
OCT, NOV, DEC);

}
y:x;

MON : MONTH;

In the above, x, F, and MONTH have become new types and they could be

used to declare other variables/identifiers.

3. The funclion definilion. This construct has the following structure:

FUNCTION <function_name> *(’[<parameter_list>’)’ ]
RETURN <declaration_type> [ *{’<declaration>’}’ ]
{’<function_body> ’}’

The basic declaration types that could be used arc:

INT for integers

FLOAT for floating point

LOGICAL for logicals

CHAR for characlers. A string is considered Lo be an array of characters

POSITION f(or position variables. Iis a tripple of rcal values. Any position is

taken in the three-dimensional space. Is unit is the centimeter
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FACE_DIRECTION for face direclion variables
ORIENTATION for the orientation variables. Its unit is the degrees

POLARIZATION for the polarization variables. They take values that repre-
sent the state of polarization (unpolarized, plane polarized, circularlly po-

larized, ..., etc.)
TIME for time variables. It is usually {aken in scconds

POWER for the variables representing the power of a certain light beam. The

unit for power is milliwatt

WAVELENGTH for variables that represenl wavelengths of light beams. Iis

unit is nanometer

FREQUENCY for variables representing frequencies of light beams. [ertz is
the unit for this type

ANGLE for variables representing angles. The angle values € [0, 180]

PHASE for the phase variables. It’s values € [0, 27] or [0, A], where A is the
wavelength of the light beam

ARRAYS of one or two dimensions of any other declared type

component types is a set of Lypes given Lo variables used Lo hold components

identifications. These types are:

e CONTINUOUS_LASER
[ ] PULSED_LASER
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BEAM SPLITTER

e FLAT_MIRROR

e WINDOW

¢ LENS

o PRISM

e GRATING

e FILTER

¢ BIREFRINGENT_POLARIZER
e POLARIZING_.BEAM SPLITTER
o RETARDATION_PLATE

e DICHROIC_SHEET

e SPATIAL.LIGHT-MODULATOR
s PRISM

o GRATING

LASER_LIGHT for variables holding information that is passed as input to

assemblics or as outpul from them

5.2 The Description Part

In the description part of the program, the programmer is concerned mainly in
placing components of the architecture being described. It is the main part of the

program and usually the longesi. The model of this part is:
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<description> ::=*{* { <all_placements> } °}’ ['{’<constraint>’}’]
<all_placements> ::= { <placement> }

| { <assembly_definition> }

The description part is divided into two main subparts discussed in the following

subsections.

5.2.1 Placement

In this subpart, the programmer assigns the valucs of attributes of the compo-
nenis that make up the architecture being described. The program has Lo specify
fully the functionality of the described component by specifying the values of its
attributes. For example, in order to describe a lens placed at the three dimen-
sional position (0, 5, 8), with its face of incidence towards the negative side of the

z — azxis, the programmer should follow these steps:

1. In the declaration part the following has to be typed:
LEN1 : LENS;
2. In the description part, the following should appcar:

LENL position := (0, 5, 0);
LENI.face.direction := (LEFTX, UNDEF, UNDEF);
LEN!.orientation := (0,90);

In the above, it should be noted thalt LEN1.orientation is not necessary
lo be given, since Lhe face of incidence is perpendicular to the =y — plane.

This implies that the normal to the face of incidence has to be parallel to
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the zy — plane (0, 90). The above scgment of the description parl is not yet
enough. All of the attributes of LENI have o be specified (assigned values).
This could be accomplished using the modify atiribuic statement, which has
the following structure: (A note first before we get into that is that we use

the lerm object_id to mean component_id, which is what we called LEN1)

<modily_attribute_statement> ::= <object_id> *.” <identificr>
’:=’ <expression> ’;
| <object.id> .’ <identificr> *:=’ <object_id> *.” <identifier>

| <object.id> .’ <identifier> =’ <identifier> ’;’

The following are the PLOADS statements that should appear in the place-

ment part to describe a plano-convex spherical lens.

LLEN1.lype := spherical_plano_convex;
LEN1.diameter := 15.0;
LENL.rl := 10.3;

LEN1.tc := 1.5;

LENl.te := 2.0;

LENLlindex := 1.310;
LEN1.fl := 20.0;

LEN1.bA1 := 22.04
LENIL.bA2 := 23.0;
LEN1.transmittance := 96.3;
LENl.coat.index := 1.67;
LEN1.permeability := 1.0;
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Thinking of all the pain the programmer has to go through Lo assign values for
individual atiributes of individual components, and keeping in mind that oplics
researchers and experimenters get components from manufaclurers, we designed a
database called the component database. How the user benefits out of this database

is going Lo be cleared in what follows.

Component Database

This database contains information about the componentis available for the use
of experimenters and resecarchers. As mentioned earlier, rescarchers get optical
components from manufacturers. They rarely use customized components i.e.,
those are componcnts that researchers order with special characteristics thal are
nol available in catalogues). This docs nol mean thal customized componenis
cannot be dealt with in the scope of the designed database.

The database is made up of a number of files, one for each component. The at-
tributes of each file are the attributes of the corresponding component (see Chapter
3). Fach record in the file is for a different model of the component and it may
have differenl values for its attributes.

For example, a file for continuous laser sources is given in Table 5.1. In the
table, attributes such as position and orientation have Lo be adjusted by the user
(programmer) and hence are not present in the file. Their presence with dummy
values would unnecessarily waste spacc.

Therefore, all what the programmer has to do is to sclect a model from the
components file and use its index/reference number. This implics that all of the
attributes values of that model will be assigned to the component/object_id used.

This saves the time and effort of the programmer considerably. Tt also saves a lot
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ower

soam_ beam w_. :.,_Ecoﬂno%& | dimenstons polarization
number or long na ratio

dlameter | power mode spacing

(mm) range .
CLOOI 5.0 3.0 500 11, 20, 30 0
CLOO2 43 15.0 1800 50, 20 1:500
CLOO3 7.5 50.5 480 11,20, 40 0

Table 5.1 The continuous laser source file in the components

database,
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of coding on the part of the programmer/designer.

The interface with the components database is conducted via the object man-
ager. It obeys the commands of the system with respeci to the components
database. Thercfore, it could also be called as the dalabase manager. In the
following, we discuss a number of construcis via which the user/programmer can
use and manipulate the database. The system inlerprels these constructs and
passes the requests to the object manager to be satisfied.

The constructs that are provided for the users to enable them access the data
base are discussed in what follows.

These consiructs are a number of functions that are specially used for the

components database. These functions are:

e The get_object funcltion. When used, it fetches a record from the database
and assigns all of iis atiribules to the assigned objecl_id. For example, take
the case of the spherical lens specified above. We can specily it, instead,

using the function get-object as follows:

LENI := GET_OBJECT(L.EN054);

LENI.position := (0, 5, 0);

LEN1.face_direction := (LEFTX, UNDEF, UNDEF);
LENI1.orientation := (0,90);

LLEN054 in the above is the index of the appropriate record of the lens's file
within the components database. The gel-object felched that record and
assigned all of its attribules values to the object_id LENL. The three other
modify attribute statements specified the place and orientalion of the LENS

LENLI in the architecture.
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As noticed, using this function saved eleven lines of code, but at the same
time, required that the designer/programmer take a look into the databasc
to select the model that suits his needs. The programmer can still assign his
own values lo the component he has crealed by the declaration statement.

To do that, he has to use the modify attribute statement.

The copy-object function. This funciion copics the attributes values of
one component into another. It was included to relicve the system from
unnecessary calls to the components database. Therefore, il iwo components
are of the same type and have similar characleristics (attribute values), the
user has Lo first use the get_object function for the first one and the copy_object
for the second. The copy_sbject does not call the components database. This
understanding could be expanded to cover for arrays of components. Tn that
case, one can gel the first one and copy the rest using a loop of copy_object
function calls. For example, an array of six lenses might be needed in a
cerain archilecture. For that, and in the declaralion part, the following has

to be show:
LEN : ARRAY[6] OF LENS;

In the description-placement part, on the other hand, the following state-

ments are necessary:

LEN[1] := GET.OBJECT(LEN015);
FORi=26

{
LEN[i] := COPY_OBJECT(LEN[1});
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e The get.default function. It might be the case that no model in the
database fully salisfies the needs of the experimenter /programmer. Still,
one of those has some atlributes values that the programmer finds appro-
priate for his nceds. In this case, and instead of fetching that corresponding
record all together, he can sclectively fetch individual atiributes using the

gel_defaull function. For example, one can say:
LEN2 : GET_DEFAULT(LLENO24,1, bfil, rl);

o The get_attribute function. This is a function that is called by the system
when the following construct is found in any PLOADS statement:

<object.id> .’ <identifier>
For example, the statement:
focal := LENI1.{i;

calls Lthe get_aliribule [unction and passes it the object.id, which is the identi-
fier declared to be of certain component type, and the attribute name (LEN1
and fl in the above). The function then returns the value of the altribute for

the specific referenced object.
Two different statements are used to modify the componentis database. They are:

¢ The add_default statement. [t is used to add a record Lo any file in the
database. For example, il a lens was provided by a manufacturer with new
spccifications, the user might want to add it to the database. For that the

following model has to be used:
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ADD_DEFAULT *(’ <object_id> *) %

This statement cannot be used directly. The programmer has to go through
two steps before it. The first is the declaration of an identifier/variable
of type LENS (to go with the cxample above). The seccond slep is the
assignment of the attribulcs values of the new lens using the modify atiribute
statement. Then the add_defaull sialement could be used. The following is

the detailed process. In the declaration part:
LEN : LENS;

In the description-placement part:
LENI.type := spherical_plano_convex;
LENI1.diameter := 15.0;

LENLrl :=10.3;

LENl.tc := 1.5; .
LEN1.le := 2.0;
LENl.index := 1.310;
LEN1.1l := 20.0;

LENLDbf1 := 22.0;
LEN1.bf12 := 23.0;
LEN1.transmittance := 96.3;
LENI.coatindex := L.6T;
LEN1.permeability := 1.0;

The new record will get an index number which is greater than the index

number of the last record in the file by one. For example, if the last record
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in the LENS files above had an index number LEN178, the new record will

have LEN179 as its index number.

e The add_attribute statement. This statement adds to the flexibility of
the language, and hence, of the whole system. It allows the programmer
lo add an atiribute to individual declared objects {objeci_id’s} according to
his needs. For example, il the programmcr-at some point needed {o add
an atiribuie called number_of_coals to one of the mirrors declared in the

program, the following has to show in the program: In the declaration part:
M1, M2 : LENS;

In the description-placement part, on the other hand the following two state-

ments have Lo be present:

Ml := GET_OBJECT(FM032);
ADD_ATTRIBUTE(MI, number-of_coats, INT, 20);

INT in the above declares the new attribute to be of integer type. On the

other hand, 20 is the default value of the new attribute.

That concludes the talk about the components database, where function and
constructs thal use and manipulate it were introduced. We now move to other

constructs that could be used within the placement. part.

e The assignment statement. It has the following construct:

<assignment.stalement> ::= { <identifier> *:=’ } <non.aclion_cxpression> ’;’
8 p

I { <identifier> :=" } <object_built_in_function> *}
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I { <identifier> =" } <identifier>

I { <identifier> =" } (> <parameter_list> )’y

The parameter list in the above is just a set of identificrs, each two of which
are separated by a comma. Lel us now give a detailed description of what

non_aclion_ezpressions are:

L. Arithmetic expressions. They are similar to their counterparts in other
languages. They use the usual operations such as, +, —, *, /> and DIV.
The fifth operation is for cxponentiation and DIV is for integer division.

Arithmelic expressions could have function calls as well.

2. Logical expressions. They have comparison operations such as, €, >, <=,

=, ==, I=. The last operation is for non-cquality. Logical expressions

could also contain conneclors such as, && (AND), 11 (OR), ! (NOT).

3. String expressions. They have two operations: the concalenation oper-

alion (//) and the substring operation of the form:
<identifier> ’P<arithmetic_expression> ** <arithmelic_expression> )’

4. Face expressions. They are cither face_direction constants or their nega-
tions. FACE_MIN has the effect of reversing all of the elements of the

face.direction il negates. For example the
FACEMIN (LEFTX, BACKY, DOWNZ)
is

(RIGIITX, FORTIY, UP7)

This expression has the following construct:
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<face_expression> ::= <face_dircction>
| <face_declarator>
| <identifier>

| FACE_MIN <face_cxpression>
<face_declarator> ::= <object_id> .’ face.direction

. Posilion expressions. They have the followig construct:

<position.expression> ::= <posilion_declarator>
| <position_constant>
| <identifier>
| POSUNMIN <position_expression>
| <position.expression> POSADD <displacement>
| <position_constant> POSMUL <position_expression>

| <arithmetic_expression> POSMUL <posilion.expression>
<position_declarator> ::= <object_id> ’.> posilion

The operation POSUNMIN negates all of the clements of the position

expression on its right hand side. For exan—lplc,
POSUNMIN (-20, 30, 0) is cvaluated to (20, -30, 0)

The operation POSADD, on the other hand, adds a cerlain displace-

ment Lo the position expression on its right hand side. For example,

(-20, 30, 0) POSADD (RIGHT 20, BACK 20, UP 10) is cvalualed to
(0, 10, 10)

The displacement takes the following construct:
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<displacement> = ’(’ <x-direction> <displace> ’)
<y-direction> <displace> ’;’

<z-dircction> <displace> °y

<displace> ::= /* nothing */

I <arithmetic_cxpression>

The x-direction can be cither RIGHT, LEFT, or NONE. The y-direction,
on the other hand, is either FORTI, BACK, or NONE. The z-dircction,
finally, is cither UP, DOWN, or NONE. The POSMUL operation mul-
tiplies a position expression by an arithmetic expression, which implies
that each of the coordinates of the expression is multiplied by the same
value. The multiplier can also be a position constant, which means that
each coordinate of the expression gets multiplied by a different value

from the constant.
. Orientation expressions. The following are their constructs:

<oricntation _expression> ::= <orientalion_declarator>
| <orientation_constant>
| <identifier>
| ORUNMIN <oricnlalion_cxpression>
| <orientation_expression> ORADD

<angular_displacement>
<orientation declarator> ::= <object.id> . arien

<angular_displacement> :=’(’ <arithmetic_expression> )’
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<arithmetic_cxpression> °)’

The operation ORUNMIN will add the complements ol the angles of
the orientation to their corresponding angles. The complement is that

of the angle 90°). For example,
A := ORUNMIN (0, 90) will give A the value (90, 0)

The ORADD operation, on the other hand, adds the corresponding

components of the orientation. For example,
B := (50, 30) ORADD (-26, 10} will give B the value (30, 40)

We shall talk about the parameler list assignment statement when we discuss

the assembling of optical architectures.

The with_object statement. It is used to assign values to attiribuies of a

certain component. It has the following construct:

<with_object_statement> ::= WITH <object_id> *{’ <paramctef.list> 'y
> <expressionlist> ’}
<parameter_list> ::= <idenlifier>
| <parameterlist> *,’ <identifier>
<expresston list> ::= <non_aclion_cxpression>

| <expression_list> ’,> <non_action_expression>

This is quite compact when compared with the equivelant sel of assignment.
statements that could be used. For example, the following atiributes of the

componenl LENT can be assigned as follows:

WITH LEN1 { fl, tc, position } { 14.7, 5.4, (0, 90, 10) }
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¢ The compound statement. It is simply a group of stalements. It has the

syntax:
<compound statement> :="{’ [ <declaration> ] ’}’ ’{’ <placement> ’}’

It is usually used as part of olher statements as will be shown later.

¢ The control statement(s). A number of those are supporied by PLOADS.

The following are their formal construcisthem.

1. We start with the conditional IF statcment, which can take one of the

following two forms:

IF °(’ <logical_expression> ’)’ <compound_stalement>

or

IF ’(’ <logical_expression> ’y’ THEN
<compound_stalement>

ELSE

<compound_statement>

One condition is {o be necessarily met here is, that the condition of the
IF statement has lo be statically evaluated, il the compound statement
contains stalements rclatcd to placement of components. Therefore,
the condition cannot wait till actual simulation of the architecture to
be evaluated. That is, il cannol relate to the characleristics of light
beams afller any component other than their source. Ilence, the condi-
tions of IF sialements have Lo be realized before execution time if their

compound slalements conlain componenls placement slalemenls.

2. For iterative processing, Lthree different conslructs are presented.
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(a) WHILE ’(’ <logical_expression> °)’ <compound statement>

(b) DO <compound_statement> WHILE ’(’ <logical_cxpression> ')’ °;’

(c) FOR <identifier> *=" <arithmetic_expression> ’,
<arithmelic_cxpression> [ °)° <arithmelic_expression> |
<compound_statement>

The third arithmetic cxpression is the increment for the value of

the identifier and is optional. In casc of its absence, the default

increment ofl s taken.

e The break statement. It could be found anywhere within the program.

When it is executed, it stops the exccution of the program. It looks as

follows:
BREAK )

e The goto stalement. It transfers control to another statement within the
same program. It gives programmers the freedom of moving back and forth

within the program. It has the following form:

GOTO <labeb> 7}

The label is an identifier Lthal labels another statement.

e The labeled statement. It has the form:

<label> .’ <labeled statement>
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The labeled statement could be any statement other than the compound

statement.
The modify attribute statement. It was discussed earlier.

The medium statemnent. It declares two of the characteristics of the medium

of the optical setup. It has the form:

MEDIUM ’(’ <arithmetic_expression> ’;* <arithmelic_expression> *)’ '’

3

The first arithmetic expression represents the refraclive index of the medium.
The second represents its permeahbilily. The slatement is used whenever a
medium other than air is used within the archilecture. Tor example, a box
of liquid might be part of the architecture. This box has entrance and exit
windows for light lo pass through. The medium as a whole has to first be
defined by the mcdia_definition construct {discussed later). Then, within the
description part of the medie_dcfinilion, the medium stalement of the above

form has to be used. If the medium stalement is absent, the medium is taken

to be air.

The media_definition program scgment. Lect us cousider the following
case for example. Assume thal the light beam at some posilion within the
archilecture has Lo cnter a box of water. The entrance Lo and exil from the
box is via windows. There is a possibility of componentls residing inside the

medium (box of water). The program segment equivalent Lo Lhe above is as

follows:

Within the <placement> part:
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{
MEDIA water (BOX, (50.5, 32.0, 15.0), (135, 47.2, 39),
(LEFTX, FORTILY, UNDEF), (15, 90))
{
W_IN, W.OUT : WINDOW;
/* declaration of other components within the medinm is given here
as well */

}

{
MEDIUM(L.5, 1.22);

/* description of the windows and the other components should be given here */
} /* end of the placement part */
} /* end of the description part */
} /* end of the media definition scgment */

In the previous, weter is the media name, BOX is the media type (it could
be a CYLINDER as well), the first triple represents the dimensions of the
box (it would have been a pair if the media Lype was a cylinder), the second
tripple is the position of the center of the box (or cylinder), the third is the
direction of the base of the box (it is not needed in the case of a cylinder),
the last pair is the orientation of the normal to the box’s base (in the case

of a cylinder it is the normal to both the ends of the cylinder).

"The wait statement. It enforces a delay of a certain amount of time al a

certain position. It has the lollowing construct:
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WAIT FOR <arithmetic_expression> AT <position_cxpression> 5

These are the basic constructs available for use in the placement part. Now we

move to the concept of essemébling optical archilectures.

The Assembly construct

I the user finds the architecture to be large or repetitive Lo describe, he can use the
modularizalion facility provided by thc language. e can divide the architecture
into a number of assemblics. Assemblies are cither called from the placement part
of the main program or from other asscmblics in the same program. Recarsion is
not allowed in assemblics.

Calling the assembly causes the realization of the subarchitecture, that the
assembly describes, as part of the overall architecture.

The assembly definition of some part of an architecture might look as follows:

Within the <placement> part:

{
ASSEMBLY interference ( delta, INPUT :

BS1, M1, OUTPUT : BS8, M3, M5)
{

/* the declaration part of the assembly */

}

{ /* the description part */
{ /* the placement part */
/* descriplion of the components should be given here */

} /* end of the placement part of the description */
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/* a constraints part (discussed later) could be added */
} /* end of the description part */
} /* end of the assembly definition */

In the above, inlerference is the namc of the assembly. Any assembly that exists
can be imagined to reside in a box. To place the assembly at different positions
and to give it diflerent directions, we give the direction of the base of the box
(Figure 5.1) and the orientation of the normal to il. We also give the position of
the corner of the box. All of that is given in the calling program or assembly.

To understand exactly what goes on, the reader has to think of the assembly
as an architecture that is realized. The programmer might want to include this
assembly in the archileclure he is describing. To do that the above parametcrs
have to be identified in the calling program before calling the assembly (calling it
is just realizing it). To identify these paramelers which are similar to those of any
component, we use the modify alfribute slalement to sct the position, direclion
and orientation of the assembly within the architecture. With this respect, the
assembly could be thought of as a component with the shape of a box. This
component has three atiributes and a detailes description PLOADS program.

Now, no matter what the direclion of this box is, the components of the as-
sembly should be placed within the box irrespectively. For that, we consider the
box to reside in the positive three-dimensional space, as shown in Figure 5.1. One
of the components of the assembly at least has Lo have a position relative to the
position (0, 0, 0) (Figure 5.1).

For example, in the assembly inlerference of Section 6.5, M1 could be given
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Figure 5.1 The assembly’s direction. The assembly’'s components
are assumed to reside in the shown box.
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a position relative to (0, 0, 0). Since M1 is the bottom left most element, it
could be given the position (0, 0, 0) itself. The direction of M1 does not depend
on the direction of the overall assembly (box).

Inpul parameters such as della are optional and their number, type and order
is left totally to the programmer.

Next, two classifications of parameters/arguments should appecar. The first one
is INPUT parameters. These follow the word INPUT and ihey are componenis
names declared within the assembly, where input light beams to the assembly are
expected. The second is OUTPUT paramcters. They are as well components
names declared in the assembly that come afler the word OUTPUT, where the
beams coming from which go as output from the assembly to the outer world.

To call an assembly from the placement subpart of any other assembly or from

the main program, the following statements could be used:

interference.position := (20, -40 0);
interference.face_direction := (UNDEF, BACKY, UNDET);
interference.orientation := (90, 90);

ASSEMBLY interference( delta, inler_inl, inter_in2,

inter_outl, inter_out2, inter_out3);

delta in the same as that of Lhe asscmbly definition. ‘The reader can notice that
before any attempt was made to call the assembly, its attributes were set. The
other arguments such as inter-inl have to be of type LASER_LIGHT. A variable
of this type can be assigned variables that are declared Lo be of a laser source type.
It could also be assigned other assemblics’ outputs. For example, for the inputs of
the assembly inler ference, the following statements could be found in its calling

program ot assembly :
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[* a scgment of the declaration part of the calling program */
LSX, LSY : CONTINUOUS_LASER;
inter_inl, inter_in2, inter_outl, infer.out2 : LASER_LIGHT;
inter_out3, comp_inl, comp_in2, comp_outl : LASER_LIGUT;
}
{ /* the description part */
{ /* the placement subpart */
/* afler some placement statements or at the beginning
posl := (0, 30, 5);
dirl := (UNDEF, BACKY, UNDEF);
orient] := (90, 90);
I.5X := LSY := GET_OBJECT(CL023);
interinl := LSX;
inter_in2 := LSY;
ASSEMBLY interference(posl, dirl, orientl, delta, inter_inl,
inter.in2, inter-outl, inter-out2, inter-out3);
pos2 := (67, 30, 10);
dir2 := (UNDEF, FORTHY, UNDEF);
orient2 := (90, 90);
comp_inl := inter.outl;
comp_in2 := inler_outd; _
ASSEMBLY compare(pos2, dir2, oricnl2 comp.inl, comp.in2,
comp_outl);

/* the rest of the placement part, if any */
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} /* end of the placement part */
} /* end of the description part */

5.2.2 The Constraint Subpart

It is vsually hard to keep track of the posilions of individual components in big
architectures. Therefore, we provided the relative placement facilily as an op-
tional part of any PLOADS program. For example, instcad of knowing the exact
position of a certain component, the programmer can just detect the distance be-
tween it and some other component of known position. This also applies on both
orientation and face direction.

The constraint subpart places constraints on components positioning and di-
rection issues as well as constrainis on the space occupied by the described archi-

tecture. Within this subpart, the following stalements are allowed:

{ /* the constraints subpart */
L.LEN2.position := BS.position POSADD (RIGHT 10, NONE, NONE);
LEN!.position := (0, 80, -30);
LEN3.position := POSUNMIN LENI1.position;
M1l.orientation := LEN2.oricntation;
LENI].orientation := ORUNMIN MIl.orientalion;
LEN2.face.direction := (RIGIITX, UNDEF, UNDEF);
M2.face-direction := FACEMIN M .face.direction;
ARCHITECTURE_DIMENSION((0, 0, 0), (300, 100, 100));

} /* the end of the constraints subpart */

The last statement in the above places a constraini on the dimensions of the

architecture of which it is a part (it could have been an assembly). The two triples
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in the statement are positions of the corners of the diagonal of the imaginary box

containing/enclosing the archilecture.

5.3 The Action Part

In this part, the programmer can probe for information resulting from simulat-
ing the described architecture. The user is allowed fo ask about the proper-
ties/characteristics of the light beam at any position at any time. Ile is also
allowed to get the value'ol' any atiribute of any component. The print statement
(discussed later) can then be used to print any of the probed/sampled values.

The characteristics of the light beam are:
POW for power
POLAR for polarizalion
BEAM_DIAMETER
PHAS for phase
WAVE for wavelength
FREQ for frequency

Thercfore, the following statements could be used Lo print some of the character-

islics of a light beam:

{ /* the action part */
pos3 := (0, 0, 0);
p := POLAR AT (0, 30, -20) AT 30.5;

182



t:=253;
i := POW AT (20, 0, 10);
il := POW AT LENl.position POSADD (RIGHT 10, NONF, UP 5);
J := BEAM_DIAMETER AT pos3 AT {;
PRINT, p, "polarization with ”, i, "and” il, intensily at: ”, pos3;
} /* the end of the action part */

The formal model for thesc actlion assignment statcments is:

{ <identifier> :=’ } <characteristics>

AT <position_expression> [ AT <arithmetic_cxpression> | ’;’

The arithmetic expression at the end represents the time at which the probing
should take place.

In the action parl, also, the user can ask the system to draw a diagram of
the overall architecture, or the assembly’s archilecture, by using the draw_diagram

statement which has the construct:
DRAW_DIAGRAM <identifier> 7’

The identifier is the name of the main program or assembly for which the diagram
is Lo be drawn.
In the aclion part, the user cannot usc the components database exscept via

the gel_aitribute function. Other constructs such as the compound stalement and

the control statements are allowed in this part.
In the aclion part the designer/programmer can also sclect the time unil that
the system should use for its computations. The system is designed by de-

fault to compute different characteristics of light beams every one second. The
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programmer can change that to any other value. For example, the program-
mer can sclect the time_unit for the computations of his architecture using the

time_unil_sialemeni, which has the model:
<time_unit_statement> ::= TIME_UNIT ’=’ <arithmctic_expression> *;’

Therefore, to make the time_unit Lo 1 minule, the programmer has Lo write:
TIME_UNIT = 60;

which implies that the computalions will be conducled every 60 seconds. Lel us
now consider one of the most important features of PLOADS , the components

modification capability.

5.4 The Components Modification Part

The components library described in Chapter 4 contained procedures for a number
of heavily used oplical components. This alone docs not make it complete. A
fealure or construct that enables users to add new components has to be provided.
These constructs are discussed in this section.

In Chapter 3, a model of each component was developed. Modeling of such
components was accomplished by specifying the attributes that fully describe their
behaviour. These atiributes might change duc to any lechnical or physical reason
such as changing the shape of the component all together. This asks for adding
new atlribule(s) to cover for the changes on the model of the component. Adding
componenis or components altributes can be done within this part.

Let us start first wilh adding an altribute to a component. For example, if the
weight and aperture area of beam splitiers are atiributes that should be added

Lo their model, then the following stalement has Lo appear in Lhis part:
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LIB.ADD_ATTRIBUTE(BEAM SPLITTER, weight, FLOAT, 0.23,
apper.arca, FLOAT, 25.0);

which implies that the attribute called weight, of type FLOAT and default value
of 230 grams, is added to the attribules of the beam splitters. Another atiribute
called the apearture area is also added, with type FLOAT and default value 25
squared centimeters. These attributes and their values are added to all Lthe records
of the beam splitier’s file in the components databasc.

If the addition of the atiributes enforces a change on the procedure that de-
scribes the component’s behaviour in the components library, a new procedure is
given by the user right after the above stalement.

To add a new component to the components library and of course to the com-

ponents database, we neced to use the following construct:
ADD_.COMPONENT ’°(’ <identifier> °)’ %y

where the identifier represents the name of the Lype of the new added compo-
nent. Afler that, the attribules of the component have to be dcfined by using a
number of the LIB_ADD_ATTRIBUTE stalements. At the end, the procedure to
be added to the components library has to be given by the programmer. This is
the modification routine present in the formal description of the language. In the
modificalion routine, conslructs such as the compound statement and the control

statcments could be used to build up the rontine. The rouline has Lhe construcl:
<modification_routine> ::={* <routinc_declaration> ’}’ ’{* <rouline_body> ’}’

Adding an attribute to some existing component will, automatically add this
attribute to all the records in the corresponding file of the component in the

componenls database. Adding a new compenent, on the other hand will create a
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new file in the database for the new component. create a file in the components
database for the new componnent This concludes the tour in PLOADS. A formal
description of PLOADS in the BNF form is prescnied in the Appendix.

Now let us talk about general conslructs, consiructs that could be found in

more than a part in the PLOADS program.

5.5 General Constructs and Considerations

Constructs such as the following could be found in any parl of the PLOADS

program:

1. The comment stalement. It is an unexecutable statement that is enclosed

by /* and */.

2. The print statement. It is an ouipul capability that we offer. It has the

following construct:
PRINT °; <printed_list> *y

The printed list could be cither variablcs, expressions, constlants, and/or

strings enclosed by quotations.

One aspect of the language is that it is case sensilive. This could be noticed clearly

in the examples given throughout this chapter.
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Chapter 6

DESCRIPTION OF OPTICAL
ARCHITECTURES

In order to verify ihe expressive power and suitabilily of PLOADS, we investigale
a number of optical architectures and describe them using PLOADS. We chose
architectures that fully utilize the power of PLOADS. Several were described as
will be shown in the rest of the chapler.

In the following sections, we will present the sclected oplical architectures to-

gether with the description programs in PLOADS.
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6.1 APPLICATION I: A Synchronous Trip-Flop

In this section we describe the optical architecture proposed in [GUIZ90] using
PLOADS. The architecture (Figure 6.1) rcpresents the optical design of a trip-
flop. In what follows, we present the reader with the program that describes the
archilecture in Figure 6.1.

In the ﬁgurc, we give the assumed distances belween the dilferent components
of the architecture. This will give the reader a fecling of what should be done as

a first step before getting to the writing of actual code.
MAIN trip_flop

/* we start with the declaration pari. All components and other variables
needed within the architect ure are declared */
{
LS1 : CONTINUOUS_LASER;
PL1, PL2, PL.3 : PULSED.LASER;
IF14, IF15, IF16 : FILTER;
Mi, M2 : FLAT_MIRROR;
PBSt, PBS2, PBS3 : POLARIZING_.BEAMSPLITTER;
BS : BEAMSPLITTER;
p : POLARIZATION;
[* p is a polarization variable, it will be used later to
save Lhe polarization stale of the light beam at a cerlain time
and position */
tl : TIME;
i: POWER;
}
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/* end of the declration part and the beginning of the
description part */
/* the description part is divided Lo Lwo subparts,
the placement and aclion subpart */
/* first the placement subsection */
{
{
LSl := GET_OBJECT (CL023);
LS1.power := 5.0;
L.S1.wavelength := 632.0;
LS1.position := (0, 0, 0);
LS1.face_direction := (RIGH'TX, UNDEF, UNDEF);
[* the orientation of the normal to the base of the source is
not nceded because the face of incidence looks right only,
which means that the normal to it is parallel Lo the z —~ azis */
LS1.laser_head := (0, -15, 0);
IF14 := GET_OBJECT (F034);
IF14.position := (0, -20, 0);
IF14.face.direction := (UNDEF, FORTHY, UNDEF);
PL1 := GET.OBJECT (PL007);
WITH PLI1 { power, wavelength, position, facedircction,
laser-head, pulsc_rate, pulse_duration }
{ 2.5, 632.0, (20, -30, 0), (UNDEF, BACKY, UNDFEF),
(-5, 15, 0), 60, 4.0 }
PBS| := GET_-OBJECT (I’BS005);
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PBS1.position := (0, -30, 0);

PBS!.face direction := (RIGII'TX, ~FOI{TII\’, UNDEF);
PBS1.orientation := (135, 90);

M1 := GET_OBJECT (FM003);
M1.position := (-20, -30, 0);
Ml.facedirection := (RIGHTX, BACKY, UNDEF);
M. orientation := (135, 90);

IF15 := GET_.OBJECT (F001);
IF15.position := (0, -40, 0);

IF15.face direction := IF14.face_direction;
IF16 := GET.OBJECT (F001);
IF16.position := (-20, -40, 0);
IF16.face_direction := IF14.face_direction;
- PL2 := GET_OBJECT (PL001);
PL2.power := 3.0;

PL2.wavelength := 632.0;

PL2.position := (20, -50, 0);
PL2.facedirection := PL1.face.dircctlion;
PL2.]aser-head := (15, -50, 0);
PL2.pulse_rate := 30;

PL2.pulse_duration := 2.0;
PL2.polarization := P_.PLANF;

PBS2 := GET.OBJECT (IBS009);
PBS2.position := (0, -50, 0);

PBS2.face_direction := PBSI.face.direction;
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PBS2.orientation := PBSl.orientation;
PL3 := COPY_OBJECT (PL2);
/* this instruction copies all the attribules values of PL2 into
the object PL2 */
PL3.position := (-40, -50, 0);
PL3.polarization := S_PLANE;
PBS3 := COPY_OBJECT (I’BS2);
PBS3.position := (-20, -50, 0);
PBS3.face_direction := (LEFTX, FORTHY, UNDEF);
PBS3.orientation := (15,90); M2 := COPY_OBJECT (M1);
M2.position := (-20, -60, 0);
M2 face_direction := FACEMIN M1.facedirection;
[* this instruction gives the object M2 a face of incidence
direcled exactly in the opposite way from that of ohject M1 */
M2.oricntation := (45, 90);
}
}

/* there is no constraint subpart. Thercfore, we move to Lhe
aclion part */
{
t1 := 0.0;
WHILE (ti < 36);
{
p := POLARIZATION AT (0, -65, 0) AT t1;
i:= POWER AT (0, -65, 0) AT tI;
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PRINT “polarization of oulput at”, tI, *nanosccond is”, p;
PRINT "power of output at”, t1, "nanosccond is”, i;
tl:=1tl + 2;

}
} END;
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6.2 APPLICATION II: Banyan Network

We have studied the optical architeclure proposed and tested by Jakns in [JANNSOC]
(Figure 6.2). The following program is a description of this architecture using
PLOADS.

In the program, as you will notice, we use the constraints parl. One other
imporlant construct appears in the program which is the array of lenses (array of

components or array of objects).

MAIN michelson_banyan_network
{
LS : CONTINUOUS.LASER;
LEN : ARRAY [4] OF LENS;
QWDP, HWP : RETARDATION _PLATE;
M1, M2 : FLAT_MIRROR;
PBSI, PBS2 : POLARIZING_.BEAM.SPLITTER;
M1, M2, M3 : FLAT_MIRROR;
pos : POSITION;
i : POWER;
p : POLARIZATION;
t : TIME;
1 : FLOAT;
}
{

{
IS := GET.OBJECT (CIL02I);

LS.position := (0, 0, 0);
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LS.face_direclion := (UNDEF, UNDEF, DOWNZ);
LS.power := 18.0;

LS.wavelength := 633.0;

LEN[l}] := GET_OBJECT (I.EN053);

fi := LEN1.focal_length;

LEN({1].position := (0, -fi, 0);

LEN([}].face_direction := (UNDEF, FORTIY, UNDETF);
PBS1 := GET.OBJECT (PBS020);

PBS1.position := LS.position POSADD (NONE, DOWN fI, NONE);
PBSl1.facedirection := (RIG"TX, FORTHY, UNDEFY);
PBS1.orientation := (135, 90);

LEN[2] := COPY_OBJECT (LEN[1]);
LEN[2].face_direction := (LEFTX, UNDEF, UNDEF);
LEN[3] := COPY_OBJECT (LEN[2));

/* note here that LEN[2] takes all the attributes values of LEN[I]

and so does LEN({3]. Still they cannot take the same position.

Thercfore, the system checks the constraints part before taking

any action regarding this situation */

HWP := GET_OBJECT (RP004);
LEN[4] := COPY_OBJIECT (LEN[2)):
PBS2 := COPY_OBJECT (I'BSI);
M1} := GET_OBJECT (FM007);
M1.orientation := (150, 90);

M2:= COPY.OBJECT (Ml);

QWP := GET.OBJECT (RP035);

195



M3 := COPY_OBJECT (M2);
" pos = LEN[2].position;
}
/* now staris the constraints subpart */
{
LEN{2].position := PBSI.position POSADD (LEFT fi, NONE, NONE);
LEN(3].position := PBSl.position POSADD (RIGHT I, NONE, NONE);
HWP.position := LEN[3].position POSADD (RIGUT fi, NONE, NONE);
IIWP.orientation := LEN({3].oricntation;
LEN[4].position := HWP.position POSADD (RIGHT I, NONE, NONE);
PBS2.position := LEN[4].position POSADD (RIGHT A, NONE, NONE);
M1.position := PBS2.position POSADD (RIGHT fl, NONE, NONE);
M2.position := PBS2.position POSADD (NONE, DOWN fl, NONE);
M2.oricntation := M1.orientation ORADD (-30, 0);
..QWP.position := PBSl.position POSADD (NONE, DOWN I, NONE);
QWP.orientation := LEN[1].oricntation;
M3.position := QWP.position POSADD (NONE, DOWN fl, NONE);
}
}
/* the end of description part and the beginning of the action
part */
{
t == 100;
pos := pos POSADD (LEFT 10, NONFE, NONE);
i:= POWER AT pos AT t;
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p := POLARIZATION AT pos AT ;
PRINT i, p;

}

END;
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6.3 APPLICATION III:Optical Processor for Ad-

dition and Subtraction

An optical architecture was proposed in [FUKU90] for Lthe implementation of a
parallel digital adder and subtracter. By digital we mean that the system is binary.
Figure 6.3 shows the diagram for the architecture. The designer used liguid crysial
spatial light modulators. The modulation of this type of SLMs is polarization.
The following is the description program for the archilecture and there, we
used arrays of different components. In the diagram, the recader can sce an array
of sensors (CCD) which is not necessary to be described since we can sense the
outpul signals in the action part of the program. All the placement issues will be

dcalt with in the consirainis part.

MAIN parallel_.adder.subtracter
{
LS : ARRAY [5] OF CONTINUQUS_I.ASER;
PBS : ARRAY [4] OF POLARIZING.BEA MSPLITTER;
BS : ARRAY [7] OF CUBE_LBEAM SPLITTER;
LC: ARRAY [6] OF SPATIAL_LIGHT_MODULATOR;
PR : ARRAY [4] OF PRISM;
CL1, CL2 : LENS;
HWPLUWP2 : RETARDATION_PLATE;
DSP : DICIHIROICSHEFET;
posl, pos2 : POSITION:
L : TIMF;
i: POWER;
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pol : POLARIZATION;

}
{
{

LS[l} := BET_OBJECT (CL020);
LS[1].position := (0, -30, 0);
LS[1].face_direction := (UNDEF, U-NI)EF, DOWNZ);
LS[1].power := 25.0;
LS[1].wavelength := 633.0;
LS[1].polarization := P_PLANE;
LS[1].laser_hecad := (5, -30, 0);
15[2] := COPY_OBJECT (LS[1]);
LS[2].laser-head := (5, -60, 0);
1.5[3] := COPY_OBJECT (LS[I]);
LS[3].laser_head := (100, 15, 0);
LS[] := COPY_OBJECT (LS[]);
LS[].laser-head := (119, 15, 0);
LS[4].polarization := S_PLANF; LS[5] := COPY_OBJECT (LS[4]);
LS[5]-lascr_head := (150, 15, 0);
PBS[I] := GET_.OBJECT (PBS015);
PBS[2] := COPY_OBJIECT (PBS[1]);

3

PBS[3] := COPY_OBJIECT (PBS[1]);
PBS[1] :== COPY_OBJECT (PBS[l]);
BS[!] := GET_OBJECT (BS005);

BS[2) := COPY_OBIECT (BS[l]);
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BS[3] := COPY_OBJECGT (BS[1]);
BS[4] := COPY_OBJECT (BS[l]);
BS[5] := COPY_OBJECT (BS][l]);
BS[6] :== COPY_OBJECT (BS[1]);
BS[7} := COPY_OBJECT (BS[1]);
LC[l] := GET_-OBJECT (SLM002);
LC[2} := COPY_OBIJECT (LC[I]);
I.C[3] := COPY_OBIJECT (LC[I]);
LCl4] := COPY_OBJECT (LC[l]);
LC[5] := COPY_OBIJECT (LC[1]);
LC[6] := COPY_OBJECT (LC[l]);
CLI := GET.OBJECT (LEN033);
CL2 := COPY_OBJECT (CLI);

~ DSP := GET.OBJECT (DSP00);

: DSP.polarization := P_.PLANE;

HWP1 := GET.OBJECT (IIWIr003);
HWP2 := COPY_OBJECT (IWPI);
PR[l] := GET_OBJECT (PR003);
PR[2] := COPY_OBJECT (PR[l]);
PR[3] := COPY_.OBIECT (PR[1]);
PR[4) := COPY.OBJECT (PR[l});

LC[l].position := LS[1].position POSADD (RIGH'T 20, NONFE, NONE);
LC[1].facedirection := (LEFTX, UNDEF, UNDEF);
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PBS[1}.position := LC[l].position POSADD (RIGHT 30, NONE, NONE);
PBS[1].face_direction := (LEFTX, BACKY, UNDEF):

PBS[1}.orientation := (135,90);

PR{[2].position := PBS[i].position POSADD (NONF, FORT 30, NONE);
PR[2].face direction := (LEFTX, FORTHY, UNDEF);

PR[2].orientation := (55,90);

LC[3].position := PBS[1].position POSADD (RIGIHT 30, NONE, NONE);
LC[3].facedirection := FACEMIN LC[l].face.direction;

HWPL.position := PR[2].position POSADD (RIGHT 20, NONE, NONE);
HWP1 face_direction := LC[1].face_dircction;

BS[l].position := LC[3].position POSADD (RIGHT 30, NONE, NONE);
BS[1].face_direction := PRf2].face_direction;

BS({1].orientation := (45,90);

BS[7].position := IIWP1.position POSADD (RIGHT 30, NONE, NONE);
BS[7].face_direction := PBS][l].facc_direction;

BS(7].orientation := PBS[l].oricntation;

BS[2].position := BS[1].position POSADD (RIGHT 30, NONE, NONE);
BS([2].face_direction := (LEFTX, BACKY, UNDEF);

BS[2].oricntation := BS[7].orientation;

I.C[5).position := BS[7].position POSADD (RIGII'T 30, NONFE, NONE);
L.C[5].face.direction := (LEF'TX, UNDEF, UNDEF);

PR[3].position := LC[5].position POSADD (RIGHT 10, NONE, NONE);
PR[3].face_dircction := (RIGII'TX, FORTIY, UNDEF);

PR[3].orientation := (135,90);

PBS[3].position := BS[2).position POSADD (RIGIIT 30, NONF, NONE);
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PBS|[3].face_direction := BS[1].facc_direction;

PBS[3].orientation := BS[l].oricntation;

LS[3].position := BS[7].position POSADD (NONE, FORTH 20, NONE);
LS[3].face_direction := LS[l].face_direction;

LS[4].position := BS[1].position POSADD (NONE, FORTH 50, NONE);
LS[4].face_direction := (RIGI'TX, UNDEF, UNDEF);

L.S[5].position := LC[5).position POSADD (RIGIIT 20,FORTII 20, NONE);
CL1.position := BS[2].position POSADD (NONFE, BACK 15, NONFE);
CL1.facedirection := (UNDEF, FORTHY, UNDEF);

1.5[2].position := LS[1].position POSADD (NONE, BACK 50, NONE);
L.S[2).face_direction := LS[t].face.direction;

LC[2].position := LS[2].position POSADD (RIGHT 20, NONE, NONE);
LC[2].facedirection := (LEFTX, UNDEF, UNDEF);

PBS[2].position := LC[2].position POSADD (RIGHT 30, NONE, NONE);
PBS|2}.face_direction := BS[1].face.direction;

PBS|[2].orientation := BS[i].oricntalion;

LC[4].position := PBS[2].position POSADD (RIGHT 30, NONFE, NONE);
LC[d].face_direction := LC[3}.faccdircction;

HWP2.position := PBS[2].position POSADD (NONF, BACK 20, NONE);
HWP2.facedirection := (UNDEF, FORTIY, UNDEF);

PR[1].position := IWP2.position POSADD (NONE, BACK 20, NONE);
PR{t].facedirection := FACEMIN PR[3).face.direction;

PR[].orientation := (135, 90);

BS[1].position := LC[].position POSADD (RIGHT 60, NONF, NONE);

BS[4].face_direction := BS[I].face_direction;
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BS[1].orientation := BS[l].oricntation;

CL2.position := BS[4].position POSADD (NONE, FORTI 20, NONE):
CL2facedirection := FACEMIN CL1.face_direction;

PBS[4].position := PR[l}.posilion POSADD (RIGHT 100, NONFE, NONE);
PBS[4].face_direction := BS[2].face.direction;

PBS[4].oricntation := BS[2].oricatation;

BS[5].position := BS[4].position POSADD (RIGHT 30, NONFE, NONE);
BS|[5].face_direction := BS[4].face_dircction;

BS[5].orientation := BS[4].oricntation;

DSP.position := BS[5].position POSADD (RIGHT 10, NONE, NONE);
DSP.facedirection := LC|2].face_direction;

DSP.orientation := LC[2].orientation;

LC[6].position := PBS[4].position POSADD (RIGHT 30, NONE, NONE);
LCI6]face.direction := LC[5].facc direction;

BS[6].position := BS[5].position POSADD (RIGHT 30, NONE, NONE);
BS|[6].facedirection := BS[2].face._direction;

BS[6].orientation := BS[2].oricntation;

PR[4].position := LC[6].position POSADD (RIGIIT 20, NONFE, NONE);
PR[4].facedirection := FACEMIN PR[2}.face_dircction;

PR[4].orientation := (45, 90);

/* the placement issucs are done here. next we are going {o place

a constraint on the space taken by the architecture. Two points

representing the two corners of the diagonal of the imaginary hox

where we wish to place the componenis of the architecture in are

given */
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ARCHITECTURE_DIMENSION((9, 0, 20), (200, 200, 0));
}

}
/* the beginning of the action part */
{

t:=274;

posl := (110, -80, 0);

i:= POWER AT posl AT {;

PRINT j;

t:=t + 12; pos2 := (220, -80, 0);

pol := POLARIZATION AT pos2 AT I;
PRINT pol;

}
END;

205



LS4 LSS

LS3
I LGS
oro [ >||:]_ PR3

LC1 LC3 BSt BS2

LS1 I } l {4
R W PBSI W R PBS3
cL1 ?

CL2 2 DSP(p)
|

LC2 PBS2 {.C4 BS6
ﬂ ’D‘ ' 1 'H
R W W R _ BS4 BSS U CCD
I HWP?2
LC6

PR1 E E l PR4

PBS4 R W

Figure 6.3 Experimental setup of an optical processor for
addition and subtraction

206



6.4 APPLICATIONIV: Optical Implementation
of a Crossover Interconnection Network

An optical implementation of a kalf-crossover network for N input ports is found
in [JATINS8]. The half-crossover neiwork for (N=8) ports is given in Figure 6.4.
Each stage of the (M=log, N) of the network can be opticaly implemented by
using the architecture of Figure 6.5. The only difference in the architecture for
different stages is the number of prisms in the prism array.

The number of prisms is evalualed by the formula prism_num = 2*tage-nzmber_
In the following program, we describe the sctup in Figure 6.5 by the assembly
single_slage.

For the sake of completeness and Lo make sure that assemblies do not conflict
in position, we added a mirror at the output at 45° incidence to reflect the light
parallel to the £ — azis. This makes the different stages continue parallel to the

z — azis rather than making a loop and afler 4 stages repeat themselves on the

same positions.

MAIN crossover-network
{
LS : CONTINUOUS_LASER;
in, out : ARRAY [0..3] OF LASER_LIGHT;
/* in and out arc going to be the inpuis and outputs Lo and from assemblics */
LEN : LENS;
t: TIME;
p : POLARIZATION;
pos : POSITION;
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focal : FLOAT;
i, M,stage : INT;
N: INT = 8; /* 8 ports Lo be interconnected */
orient :ORIENTATION;
}

{ /* description placement part */
[
{ /* assembly beginning */
ASSEMBLY singlestage( slage_num, INPUT : LEN[I], OUTPUT : LEN[4]);
{
LEN : ARRAY [1] OF LENS;
BS : BEAM_SPLITTER;
PR : ARRAY [2Stage.num] OF PRISM;
M1, M2: FLAT_MIRROR;
i: INT;
hypot, fl : FLOAT;

{
{
i=1;
WHILE (i <= 1)
{
LEN[i] := GET_OBJECT(LENI10);
=i+l
}
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LEN[1].position := (0, 0, 0) POSADD (NONE, FORTH 20, NONE);
/* LEN[1] is the first component within the assembly and it has a position
relative to (0, 0, 0)

LEN(1].orientation := (0, 90);

fl := LEN[1].focal length;

BS := GET_OBJIECT(BS049);

BS.position := LEN([1].position POSADD (RIGIT i, NONE, NONE);

BS.orientation := (45, 90);

BS.face direction := (LEFTX, FORTHY, UNDEF);

LEN[2].position := BS.position POSADD (NONE, FORTH fl, NONE);

LEN[2].orientation := ORUNMIN LEN[l].oricntation;

i:=1; ) :=25lage_num/2-1;

WHILE(i <= 2 Stage-num)

{
PR[i] := GET_-OBJECT(PR022);
hypot := PRJi].hypotenusedim;
IF (i <= 23tage_num/2) THEN
{
PR{i].position := LEN[2].position POSADD
(LEFT (j+0.5)*hypol, FORTH f, NONE);
}
ELSE
{
PR{i].position := LIEN[2].position POSADD
(RIGIIT (j+0.5)*hypol, FORTH i, NONE);
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}
PRi].facc_direction := (UNDEF, BACKY, UNDEF);

i=i+4+1;
I=j-L
}
LEN([3].posilion := BS.position POSADD (RIGH'T i, NONE, NONE);
LEN[3].face_direction := LEN{[I].face_direction;
Ml := GET_OBJECT(FM020);
M1.position := LEN[3].position POSADD (RIGHT fl, NONE, NONE);
M1.face.direction := LEN[I].face_direction;
LEN{4].position := BS.position POSADD (RIGIIT fi, NONE, NONE);
LEN[4].face_direction := LEN[I].face_direction;
M2 := COPY_OBJECT(M1);
M2.position := LEN[3].position POSADD (NONE, BACK fl, NONE);
~ M2.facedirection := ORUNMIN LEN[1].orientation;
}
}
}
LS := GET_OBJECT(CL002);
LS.position := (-20, 0, 0);
LS.facedirection := (UNDEF, UNDEF, DOWNZ);
LS.power := 18.0;
LS.wavelenglh := 632.0;
I.S.laser_head := (-15, 0, 0);

/* note that the lens is of the same model chosen in the assmbly */
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LEN := GET_-OBJECT(LEN110);
focal := LLEN.focal_length;
in[0] := LS;
M := LOG2(N);
pos := (0, 0, 0);
single_stage.face direction := (UNDEF, UNDEF, DOWNZ);
single_stage.oricnlation := (90, 0);
FOR 1 =0, M-1
{ _
single_stage.position := pos; ASSEMBLY single_stage(i, infi], out|i]);
infi4+1] := outfi]
pos := pos POSADD (RIGHT 3*focal, NONE, NONE);
}

} /* end of description part, begin the action part */

{
t:=12.0;
p := POLARIZATION AT LEN[].position POSADD (NONE, BACK 0.5 = fI, NONE);
PRINT p;

}
END;
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Figure 6.4

Half-crossover network for eight input ports.
The index m indicates the number of a specific
stage
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Figure 6.5 Optical setup for the implementation of one stage
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6.5 APPLICATION V: An All-Optical Circuit-
Switch

The optical architecture of a circuil-switch is proposed in [GHAF90]. The design
consists of a number of units: the interfercnce unit, the compare and coniention
unit, the ezchange unit, the backward rouler unit and the psendo signal generator
unit.

We described the architecture as a set of assemblies within the describing pro-
gram. Bach of the units is described by a seperate assembly.

Figure 6.6 shows thc architecture, In the figure, the reader can detect the uniis
mentioned above. The reader will notice components with same numbers such
as BS1 in all of the units. This occurs because we treat cach unil as a scperale
assembly. Dividing the architecture into assemblies gives the PLOADS user the

advantages of modularization.

The program in PLOADS for this archilecture is the following:

MAIN circuit_switch

{
LSX, LSY, 1SS, Bl, B2 : CONTINUOUS_LASER;
QWPI1, QWP2 : RETARDATION_PLATE;
INF : FILTER;
M1, M2: FLAT_MIRROR;
BS : BEAMSPLIT'TER;
delta : FLOAT;
powerl, power2 : POWER,;
dir : FACE_DIRECTION;
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orient : ORIENTATION;
inler_inl, inter_in2, inler_in3 : LASER_LIGUT;
inter_outl, inter_out2, inter_outd, inter_ontd : LASER_LIGHT;
inter_out5, inter_out$, inter_out7?, interout8 : LASER_LIGHT;
comp-inl, comp_in2, comp_outl, comp_oui2 : LASER_LIGHT;
comp_out3, exch_inl, exch_in2, exch.in3 : LASER_LIGHT;
back-inl, back.in2, back_in3, back_outl : LASER_LIGIIT;
back_out2, sig.inl, sig_in2, sig_in3, sig-out : LASER_LIGH'T;

}

{

/* at the beginning of the description part, we start wilh the inferference unit

description assembly */

{

{
ASSEMBLY interference (delta, INPUT : BS[1], BS[4], INF[6],

OUTPUT : M[5], BS[8], M{1], M[11], INF[6], M[14], BS[t1], M[8]);
/* note that M[5], M[12], M[14], M[8] produce output light that is not used
by other assemblies or by the main program. However, we can still describe them
since they could have some effect on the architecture if Lheir output is not stopped

before it reaches other components in the system */

{
i: INT;
BS : ARRAY([l1] OF BEAM.SPLUI"TER;
INF : ARRAY[6] OF FILTER;
CK : PULSED_LASER;
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M : ARRAY[14] OF FLAT_MIRROR;
}
{
{

BS[l] := GET_OBJIECT(BS003);
BS[1].poesition := (0, 0, 0);
BS[1].face_direction := (LEFTX, BACKY, UNDEF);
BS[1].orientation := (45, 90);
FORi=2, 11

{

BS[i] := COPY_OBJECT(BS|t]);

}
INF[l] := GET_-OBJECT(INF021);
INF[1].position := BS[lI].position POSADD (NONFE, FORTIH 30, NONE);
INF[1].face_direction := (UNDEF, BACKY, UNDEF);
FOR i=2 11

{

INFfi] := COPY_OBJECT(INF|[l]);

}
BS[2].position := BS[l].position POSADD (RIGHT 30, NONE, NONE);
BS[2].face_direction := (LEFTX, FORTIY, UNDFEF);
BS[1].oricntation := (135, 90);
M[l] :== GET-OBJECT(FM030);
FORi=211

{
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INF{i] :== COPY_OBJECT(INF[I]);

}
M[3].position := BS[2].position POSADD (RIGHT 40, NONE, NGNE);
M[3].face_direction := (LEFTX, FORTIIY, UNDEF);
M{3].orientation:= (45, 90);
INF[2].position := M[3].pesition POSADD (RIGHT 10, FORTH 30, NONE);
INF[2].face_direction := (UNDEF, BACKY, UNDEF);
M{2].position := INF[2].position POSADD (NONFE, BACK 50, NONE);
M[2}.face_direction := M(3].face_dorection;
M[2].oricntation:= M[3].orientation;
M[1].position := M[2].position POSADD (LEFT 100, BACK 50, NONE);
M{1].face_direction := (RIGI'TX, FORTHY, UNDEF);
M{1].orientation:= M[3].oricntation ORADD (90, 0);
M[4].position := M(3].position POSADD (RIGHT 20, NONE, NONE);
M{[4].face_direction := M{l].face_direction;
M[4].orientation:= M[i].oricntation;
BS[3}.position := M[4].position POSADD (RIGHT 20, NONE, NONE);
BS[3].face_direction := (LEFTX, BACKY, UNDEF);
BS[3].oricntation := (135, 90);
BS[4].position := BS[3].position POSADD (RIGHT 40, NONE, NONE);
BS[4].face_direction := (RIGHTX, BACKY, UNDFEF);
BS{4}.oricntation := (45, 90);
INF[3].position := BS[4].position POSADD (NONE, FORTH 30, NONE);
INF[3].face_direction := INF[2).face_direction;
CK := GET_OBJECT(I'L.009);
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CK.position := BS[2].position POSADD (RIGHT 20, FORTH 50, NONE);
CK_face_direction := (UNDEF, UNDEF, DOWNZ);

CK.laser_head := CK.position POSADD (RIGHT 5, NONE, NONE);
CK.wavelength :=633.0;

WAIT FOR delta AT CK.position POSADD (RIGHT 5, NONFE, NONE);
M{6].position := CK_position POSADD (RIGHT 20, NONE, NONE);
M{[6].face direction := (LEFTX, BACKY, UNDEF);

M{6].orientation:= (135, 90);

INF[4].position := BS[3}.position POSADD (NONE, FORTH 50, NONE);
INF{4].face_direction := INF[2].face_direction;

BS[6}.position := INF[2].position POSADD (NONFE, FORTII 40, NONE);
BS[6].face.direction := (RIGHTX, BACKY, UNDEF);

BS|[6].oricntation := (45, 90);

M{[7].position := CK.position POSADID (NONE, FORTII 20, NONFE);
M[7].facc.dircctio;l := M[6}.face_direction;

M[7].6ricntation:= M{6].orientation;

M[5].position := M[7].position POSADD (LEFT 95, NONE, NONE);
M([5).facedirection := FACEMIN M[6].face_dircction;

M|5].orientation := (135, 90);

WAIT _FOR delta AT M[5].position POSADD (NONE, FORTII 90, NONE);
M[8].position := M[7].position POSADD (RIGHT 90, NONE, NONE);
M[8].face.direction := (LEFTX, FORTHY, UNDEF);

WAIT_FOR declta AT M[8].position POSADD (NONF, FORTH 90, NONE);
BS[7].position := INF[4].position POSADD (NONE, FORTI 40, NONE);
BS[7].facedirection := (LEFTX, BACKY, UNDEF);
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BS{7].orientation := (135, 90);

BS[5].position := INF{I].position POSADD (NONE, FORTI 10, NONFE);
BS[5].face_direction := (RIGII'TX, BACKY, UNDEF);

BS[5].orientation := BS[5].orientation ORADD (-90, 0);

INF{[5].position := BS[2].position POSADD (NONF, FORTII 105, NONE);
INF[5].face_direction := INF[2].facc_direction;

BS{9].position := INF[5].position POSADD (NONE, FORTH 15, NONE);
BS[9].face_direction := (RIGII'TX, BACKY, UNDEF);

BS[9).oricntation := (45, 90);

BS[10}.position := INF[3].position POSADD (NONF, FORTH 90, NONE);
BS[10].face_direction := (LEFTX, BACKY, UNDEF);

BS[10}].orientation := BS[5].oricntation ORADD (90, 0);

BS|[8].position := BS[5].position POSADD (NONE, FORTH 50, NONE);
BS[8].face_direction := BS[5].face_direction;

BS[8).orientation := BS|[5].oricntalion;

WAIT_FOR 3*delta AT BS[8].position POSADD (RIGHT 30, NONE, NONE);
WAIT_FOR . declta AT BS[8].position POSADD (NONE, FORTII 20, NONE);
BS[11].position := BS[10].position POSADD (NONE, FORTH 20, NONE);
BS[11].face_direction := BS[10].face_direction;

BS[i1].orientation := BS[10].oricntation;

WAIT.FOR 3*delta AT BS|[8].position POSADD (LEFT 20, NONE, NONL);
WAIT_FOR dclta AT BS[8].position POSADD (NONE, FORTH 10, NONE);
M{[10].position := BS[I1].position POSADD (LEFT 60, NONE, NONE);
M[10].face.direction := FACENMIN M[6].face-direction;

M{[10].orientation := (135, 90);
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M[9].position := BS[8].position POSADD (RIGHT 80, NONE, NONE);
M.[S)].face.direc!.ion := M{8].face_direction;
M{9].orientation:= M[8].orientation;
M[12].position := BS[9].position POSADD (NONE, FORTII 60, NONFE);
M[12] face direction := FACEMIN M{7].face_dircction;
M[12].orientation := (135, 90);
M{[11].position := M[12].position POSADD (LEFT 15, NONE, NONE);
M[11].face_direction := M{[5].face_dircction;
M[11].orientation:= M[5].oricntation;
INF[6].position := M[9].position POSADD (RIGHT 10, FORTH 40, NONE);
INF{6).face_direction := INF[2].face.dircction;
M([13].position := BS[7].position POSADD (NONE, FORTII 90, NONE);
M[13].face _direction := FACEMIN M{7].facc_dircction;
M[13].oricntation := ORUNMIN M{7].cricntation;
M{14].position := M([13].position POSADD (RIGIIT 20, NONE, NONE);
M{14].face_direction := M]8].face.direction;
M{14].orientation:= M([8].oricntation;
}
}

/* the following is the compare and conlention unit’s assembly */

ASSEMBLY compare.contention(delta, INPU'L : QWP[l], QWP[2],
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OUTPUT : BS[1], BS[2], BS[3])
{
i: INT;
BS : ARRAY[5] OF BEAM SPLITTER;
QWP : ARRAY([6] OF RETARDATION_PLATE
M : ARRAY{4] OF FLAT_MIRROR;
PBSI1, PBS2 : POLARIZING_BEAMSPLITTER;
INF1, INF2 : FILTER;
CK : PULSED_LASER;

3

QWP(1] := GET_OBJECT(RP030);
QWP[1].position := (0, 0, 0);
QWP[l].face_direction := (UNDEF, BACKY, UNDEF);
FORi=26
{
QWP[i] := COPY_OBJECT(QWP][1]);
}
/* the copy command in the previons stalement copics all of the attributes values
of the QWP]1] into all of the other quarter wave plates in the architecture */
BS[l] := GET_.OBIECT(BS056);
BS(1].position := QWP{I].position POSADD (NONF, FORTI 40, NONE);
BS[1].facedirection := (RIGHTX, BACKY, UNDEF);
BS[I].orientatlion := (45, 90);

221



FOR1=2,5
{
BS[i] := COPY_OBJECT(BS|[1]);
}
PBS1 := PBS2 := GET_OBJECT(PBS003);
PBSl.position := BS[l].position POSADD (RIGHT 30, NONE, NONE);
PBS1.face.direction := (LEFTX, BACKY, UNDEF);
PBS1.orientation := (135, 90);
QWP[3].position := PBSI.position POSADD (RIGHT 30, NONE, NONE);
QWP[3].face_direction := (LEFTX, UNDEF, UNDEF);
INFI := GET_OBJECT(F020);
INF1.position := QWP[3].position POSADD (RIGHT 10, NONE, NONE);
INF1.face_direction := QWP[3].face_direction;
INF1.thickness := 0.1; /* of a meter */
QWP[4].position := INFL.position POSADD (RIGHT 10, NONE, NONE);
QWP[d].face_direction := QWP[3].face.direction;
PBS2.position := QWP[4].position POSADD (RIGH'T 90, NONE, NONE);
PBS2.face_direction := (LEFTX, BACKY, UNDEF);
PBS2.orientation := PBSl.oricntation;
BS[2].position := PBS2.position POSADD (NONE, BACK 40, NONE);
BS|{2].face_direction := (RIGII'TX, BACKY, UNDEF);
BS[2].orientation := (45, 90);
QWP[2].position := BS[2].position POSADD (NONE, BACK 20, NONF);
/* it has the same face_dircction as that of QWP[l] by the copy stalement */

M[1] :== GET_OBJECT(FN024);
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M{[1].position := PBS2.position POSADD (RIGHT 20, NONF, NONE);
M[1].facedirection := (LEFTX, FORTHY, UNDEF);
M[1].orientation := (45, 90);
M{l].refleclance := 95.6; /* refiectance percentage */
FOR i=2,4 '

{

M(i] := COPY_OBJECT(M][1]};

}

M{2].position := PBS1.position POSADD (NONE, FORTH 120, NONE);
' M{[2].facedirection := FACEMIN M[l].facedirection;

/* no need to specify the orientation sinc the dircclion is the exact opposite */
BS[5].position := M[2].position POSADD (RIGHT 100, NONE, NONE);
BS[5).face_direction := (LEFTX, BACKY, UNDEF);

BS[5).oricntation := BS[1].oricntation ORADD (90, 0);

INF2 := GET_OBJECT(F017); /* different than INF1 */
INF2.position := BS[5].pasition POSADD (NONE, BACK 20, NONE);
INF2.face.direction := (UNDEF, BACKY, UNDEF);

INF2.side := 0.16; /* of a meter */

QWP[6].position := INF[2].position POSADD (NONE, BACK 35, NONE);
BS[4].position := QWP[B].position POSADD (NONF, BACK 15, NONE);
BS[4].face_direction := (LEFTX, FORTHIY, UNDEF);

BS[1].oricniation := BS[l].orientation;

CK := GET_-OBJECT(PLO11);

CK.posilion := BS[].position POSADD (LEFT 70, BACK 4, NONE);

/* the CK center and head position are not on the same Y-line */
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CK.laser-head := CK.position POSADD (RIGII'T 15, FORTII 4, NONE);
CK face.direction := (UNDEF, UNDEF, DOWNZ);

CK.wavelength := 633.0;

WAIT_FOR 3*delta AT CK.position POSADD (RIGHT 10, NONE, NONE);
QWP[5].position := BS[4].posilion POSADD (NONE, BACK 15, NONE);
BS[3].position := QWP[5].position POSADD (NONE, BACK 15, NONE);
BS{3].face_direction := (RIGHTX, FORTIY, UNDEF);

BS{3].orientation := (135, 90);

M[4].position := M[1].position POSADD (NONE, FORTII 110, NONE);
M[4].face_direction := FACEMIN M[2].face_direction;

M[3].position := M[4].position POSADD (L.EFT 80, NONE, NONE);
M[3].face_direction := M[2].face_direction;

} /* end of the assembly for the compare and contention unit */

{ /* the beginning of the exchange unit assembly */

ASSEMBLY cxchange(delta, INPUT : BS1, PBS3, OUTPUT :
M[2}, PRS2, M[4])

BS1, BS2, BS3 : BEAM_SPLITTER;
M : ARRAY[4] OF FLAT_MIRROR;
INF1, INF2 : FILTER;
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PBS1, PBS2, PBS3 : POLARIZING_.BEAM_SPLITTER;

QWP1, QWP2, QWP3, IIWPI, IWP2 : RETARDATION_PLATE;
CK : PULSED_LASER;

LS : CONTINUQUS_LASER;

J: INT;

BSI1 := GET_OBJECT(BS013);
BS1.position := (0, 0, 0);
BS!.face direction := (RIGHTX, BACKY, UNDEF);
BS1.orientation := (45, 90);
WAIT_FOR 4*delta AT BS1.position POSADD (NONE, FORTH 20, NONE);
M[1] := GET-OBJECT(FM002);
M(1].position := BSl.pesition POSADD (RIGIIT 50, NONE, NONE);
M([1].face.direction := FACEMIN BSi.facc_direction;
M[}].orientation := BSl.oricntation;
FORi=214

{

M[i] := COPY_OBJECT(M|[I});

}
BS2 := COPY_OBJECT(BSI);
BS2.position := M[1].posilion POSADD (NONE, FORTII 15, NONE);
BS2.facedirection := BSl.face.direction;

BS2.orientation := BSl.orientation;
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CK := GET_OBJECT(PL021);

CK.position := BS2.position POSADD (LEFT 30, NONF, NONE);
CK.laser_head := CK.position POSADD (RIGUHT 10, NONE, NONE);
CK .face_direction := (UNDEF, UNDEF, DOWNZ);

CK.wavelength := 633.0;

WAIT_FOR 2*delta AT CK.position POSADD (RIGHT 10, NONE, NONE);
INF1 := GET_OBJECT(F019);

INF1.position := BS2.posilion POSADD (NONE, FORTH 15, NONE);
INF.face direction := (UNDEF, BACKY, UNDEF);

IHIWP1 := GET_OBJECT(RP009);

IIWP1.position := INFl.position POSADD (NONE, FORTH 15, NONE);
HWP1 face_direction := (UNDEF, BACKY, UNDEF);

BS3 := COPY_OBJECT(BS1)

BS3.position := HWP1. position POSADD (NONE, FORTH 20, NONE);
BS3.face.direction := (LEFTX, BACKY, UNDEF);

BS3.orientation := BSl.orientation ORADD (90, 0);

LS := GET_OBJECT(CI.011);

LS.position := BS3.position POSADD (LEFT 30, NONE, NONE);
LS.laser_head := LS.posilion POSADD (RIGHT 10, NONE, NONE);
LS.face-direction := CK.face_direction;

LS.wavelength : 633.0;

HWP2 := COPY_OBJECT(1IWP1);

HWP2.position := BS3.position POSADD (NONFE, FORTII 20, NONE);
WAIT_FOR 3*delta AT HWP2.position POSADD (NONFE, FORTH 5, NONE);
QWPI1 := GET_.OBJECT(RI'039);

226



QWP1.position := BSl.position POSADD (NONE, FORTIH 85, NONE),
QWP].facc_dirccﬁor; = (UNDEF, BACKY, UNDEF);

PBS1 := GET_OBJECT(I’BS003);

PBSl.position := QWP position POSADD (NONE, FORTII 15, NONF);
PBSI . face_direction := (RIGHTX, BACKY, UNDFEF);

PBSl.orientation := (45, 90);

M[3].position := PBSl.position POSADD (NONE, FORTH 20, NONE);
M{[3].face_dicection := (LEFTX, BACKY, UNDEF);

M[3].orientation := (135, 90);

M[3].ccflectance := 92.0;

M[2].position := M[J].position POSADD (L.LEFT 20, NONE, NONE);
M{[2].face direction := FACEMIN M|3].face_direction;

M{[2].orientation := (45, 90);

M[2].reflectance := 94.0;

PBS2 := COPY_OBJECT(PBSI);

PBS2.position := IWP2.position POSADD (NONE, FORTII 15, NONE);
PBS2.face_direction := (RIGII'TX,"BACKY, UNDEF);

PBS2.orientation := (45, 90);

QWP2 := COPY_OBJECT(QWPI);

QWP2.position := PBS2.position POSADD (RIGHT 40, NONE, NONE);
QWP2.facedirection := (LEFT, UNDEF, UNDEF);

INF2 := COPY_OBJECT(INF1);

INTF2.position := QWP2.position POSADD (RIGHT 15, NONFE, NONE);
INF2.facedireclion := (LEFTX, UNDEF, UNDEF);

QWP3 := COPY_OBJECT(QWTP2);
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QWP3.position := INF2.position POSADD (RIGHT 15, NONE, NONE);
PBS2 := COPY_OBJECT(PBSI)
PBS2.position := QWP2.pasition POSADD (RIGHT 50, NONE, NONE);
PBS2.facedircction := (LEFTX, BACKY, UNDEF);
PBS2.orientation := (135, 90);
M[4].position := PBS3.position POSADD (NONE, FORTI 20, NONF);
M[4].face_direction := (RIGHTX, BACKY, UNDEF);
M{4].orientation := (415, 90);
}
}

} /* the end of the exchange unit assembly description */

{ /* the beginning of the backward router unit assembly */
ASSEMBLY back_router(delta, INPUT : M1, BSI, M2, OUTPUT :
PBS1, PBS2)

{
BSi : BEAMSPLITTER;
M1, M2 : FLAT_MIRROR;
PBSI, PBS2 : POLARIZING.BEAMSPLITTER;
QWPL, QWP2 : RETARDATION_PLATE;
INF : FILTER;
}
{
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Ml := M2 := GET_OBJECT(FM010);
M1.position := (0, 0, 0);
BSI := GET_OBJECT(BS033);
PBSI := PBS2 := GET_OBIECT(PBS009);
QWPI1 := QWP2 := GET_OBJECT(RD003);
INF := GET_OBJECT(F020);
}
}

{ /* the constraints part */
Mil.position := (0, 0, 0);
Ml.face_direction := (RIGHTX, FORTIY, UNDEF);
MI1. orientation := (135, 90);
PSl.position := Ml.position POSADD (RIGHT 20, NONFE, NONE);
BSl.face_direction := (LEFTX, FORTIY, UNDEF);
BSl.orientation := (45, 90);
PBS1.position := BS1.position POSADD (RIGIT 20, NONE, NONE);
PBS1.facedirection := BS1.face.direction;
PBS1.oricntation := (45, 90);
QWPl.position := PBS1.position POSADD (RIGHT 30, NONTE, NONE);
QWPL.facedirection := (LEFTX, UNDEF, UNDEF);
INF.position := QWP position POSADD (RIGHT 15, NONE, NONE);
INT.face_direction := QWPl.face.direction;
QWP2.position := INF.position POSADD (RIGHT 15, NONE, NONL);
QWP2.lacedirection := QWP .face_dircction;
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PBS2.position := QWP2.posilion POSADD (RIGHT 20, NONE, NONE);
PBS2.face_direction := (LEFTX, BACKY, UNDEF);
PBS2.orientation := (135, 90);
M2.position := PBS2.position POSADD (RIGHT 30, NONE, NONE);
M2 face direclion := (LEFTX, FORTHY, UNDEF);
M2. orientation := (45, 90);
}
}

{ /* the beginning of the signal_generator assembly */
ASSEMBLY signal(delta, INPUT : M1, M2, BSI, OUTPUT : BS3)
{
BS : ARRAY[4] OF BEAM SPLITTER;
M1, M2, M3 : FLAT_MIRROR;
QWP : RETARDATION_PLATE;
INF1, INF2 : FILTER;
i: INT;

M1 := GET.OBJECT(FMO006);

M1.position := (20, 0, 0); /* it is relalive to (0, 0, 0) */

M1.oricntation := (45, 90);

Ml.face.direction := (LEFTX, FORTHY, UNDEF);

WAIT_FOR 2*delta AT Mi.position POSADD (LEFT 10, NONE, NONFE);
INF1 := INF2 := GET_-OBJECT(F036);
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INF1. position := Ml.position POSADD (NONE, FORTIL 10, NONE);
INF1.facedirection := (UNDEF, BACKY, UNDEF);
BS[4] := GET_OBJIECT(BS026);
BS[4].position := INF1.position POSADD (RIGHT 5, FORTH 100, NONE);
BS{4].orientation := (135, 90);
BS[4].face_direction := (LEFTX, BACKY, UNDEF);
FORi=1,3

{

BS[i} := COPY_OBJECT(BS[]);

}
M3 := M2 :=COPY_OBJECT(M1);
M3.position := BS[4].position POSADD (NONE, FORTII 20, NONFE);
Ma3.orientation := (135, 90);
M3.face.direction := (LEFTX, BACKY, UNDFEF);
BS[3].position := M3.position POSADD (LEFT 25, NONE, NONE);
BS[3].orientation := (135, 90);
BS[3].face_dircction := M3.face_dircction;
WAIT_FOR. delta AT BS3.position POSADD (NONFE, BACK 5, NONE);
BS[2].position := BS[3].position POSADD (NONE, BACK 20, NONE);
BS[2].oricntation := (45, 90);
BS[2].face_direction := (RIGHTX, BACKY, UNDEF);
BS{!].position := BS[2].position POSADD (NONE, BACK 20, NONE);
BS[{].orientation := BS[3].orientation;
BS[1].facedirection := (LEFTX, BACKY, UNDEF);
QWP := GET_OBJECT(RI’011);
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QWP.position := BS[I].position POSADD (NONE, BACK 15, NONE);
QWP .face_direction := (UNDEF, FORTHY, UNDFEF);
INF2.position := QWP.posilion POSADD (NONE, BACK 15, NONE);
INF2.lace_direction := (UNDEF, BACKY, UNDEF);
M2 position := INTF2.position POSADD (NONFE, BACK 40, NONE);
M2.orientation := (45, 90);
M2 facedirection := (LEFTX, FORTHY, UNDEF);
}
}
}
/* the description part of the main program */
dir := (UNDEF, UNDEF, DOWNZ);
orient := (90, 0);
INF := GET-OBJECT(F024);
delta := INF.delay;
LSX := LSY := LSS := GET_OBJECT(CL021);
I.§X.wavelength := I.SY.wavelength := LSS.wavelength := 632.0;
LSX.position := (0, 0, 0);
LSX.facedirection := (UNDEF, UNDEF, DOWNZ);
LSX.laser_head := (0, 10, 0);
LSY.position := LSX.position POSADD (RIGHT 150, NONE, NONE);
LSY.facedirection := LSX.faccdirection;
I.SY.laser-head := (150, 10, 0);

inter_inl := LSX; /* the first inpul to the interference asscmnbly */

inter.in2 := L.SY;
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inter_ind := comp.out3; /* note that comp_out3 is not yet given. The system
will take from the assembly compare.contention once it is executed */
interference.posilion := (0, 10, 0);

interference.face.direction := dir;

interference.orientation := oricnt;

ASSEMBLY interference(delta, interinl, inter_in2, inter_in3, interoutl,
inter_out2, inter_out3, inter_outd, inter_out5, inter_oulB, inter_out?, inter_out8);
comp.inl := (inler-out2, inter_outl, inter_out);

comp.in2 := (inter_out?, inter_out$, inter_out8);
compare_contention.position := (0, 260, 0);
compare_contention.lace_direction := dir;

compare-conitention.orientation := orienl;

ASSEMBLY compare_conieniion( della, corhp_inl, comp-in2,
comp.outl, comp_out2, comp_outl);

exch_inl := comp_onti;

exch_in2 := sig_out;

exchange.position := (0, 460, 0);

exchange.face_direction := dir;

exchange.orientation := orient;

ASSEMBLY cxchange(delta, exch_inl, exch.in2, exch.outl,

exch_out2, exch.outl);

back.inl := Bl;

back_in2 := exch_oul2;

back_in3 := B2;

back_router.position := (50, 590, 0);
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back_router.face_direction := dir;

back_router.oricntation := orient;

ASSEMBLY back_router(delta, back.in1, back.in2, back.in3,
back.outl, back_out2);

sig_inl := comp_out2;

sig-in2 := comp_outJ;

sig_in3 := LSS;

signal.position := (220, 280, 0);

signal.face_direction := dir;

signal.orientation := orient;

ASSEMBLY signal(delta, sig_inl, sig-in2, sig-in3, sigoutl);

M1 := M2 := GET_OBJECT(FMO010);

M1.position := (-40, 610, 0);

M1.facedirection := (RIGHTX, BACKY, UNDEF);

M. orientation := (45, 90);

WAIT FOR 5*delta AT M1.position POSADD (NONE, BACK 30, NONE);
BS := GET.OBJECT(BSO011);

BS.position := M1.position POSADD (RIGHT 20, NONE, NONE);
BS.face-direction := (LEFTX, BACKY, UNDEF);

BS. orientation := (135, 90);

QWP1 := QWP2 := GET_OBJECT(RP02I);

QWP L position := BS.posilion POSADD (NONF, BACK 20, NONF);
QWP1.facedirection := (UNDEF, FORTHY, UNDEF);

INT.position := QWP.position POSADD (NONE, BACK 20, NONE);
INF.face-direction := (UNDEF, FORTHY, UNDEF);
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I.SS := Bl := B2 := GET_OBJECT(CL003);
LSS.wavelength := Bl.wavelength := B2.wavelength := 632.0;
Bl.position := (30, 630, 0);
Bl.face direction := (UNDEF, UNDEF, DOWNZ);
Bt.laser head := (30, 620, 0);
B2.position := (270, 630, 0);
B2.facedirection := Bl.facc.direction;
B2.laser_head := (270, 620, 0);
LSS.position := (220, 180, 0);
LSS face.direction := (UNDEF, UNDEF, DOWNZ);
L.SS.laser_head := (230, 4180, 0);
M2.position := (290, 560, 0);
M2.face direction := (LEFTX, FORTIY, UNDET);
M2. orientation := (45, 90);
QWP2.position := M2.position POSADD (NONE, FORTII 10, NONE);
QWP2.face.dircction := (UNDEF, BACKY, UNDEF);
WAIT FOR 5*delta AT QWP2.position POSADD (NONE, FORTH 5, NONE);
}
}

{ /* the beginning of the action part of the main program */
powerl := POWER AT BS.position POSADD (NONFE, FORTH 5, NONE);
power2 := POWER AT QWP.position POSADD (NONE, FORTH 5, NONE);
PRINT "the power at Il is ”, powerl;
PRINT "the power at I, is ”, power2;
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END;

236



BS | BuSsY BACKWADR ROUTER

NF1  EXCHANGE

BS2 [

BS4

"%

—1QWP6

| -
5 CF—lawes
Jesz

iNF2 COMPARE

K 554 CONTENTION
«f > A ONIT

pBsS2

PSEUDO SIGNAL
GENERATOR

INTERFERENCE UNIT

. 37
Figure 6.6 Layout of all the un12ts of the switch

>Sn
n delay elements
each with delay./\



Chapter 7

PLOADS INTERPRETER AND
SIMULATOR

In this chapter, the design of the overall system of PLOADS is discussed. The
different operations and stages of the system are described.

The system consists of mainly two parts. These parts are nol yet fully realized
in terms of implementation. The first two slages of the first part are implemented.
Nevertheless, the detailed design of the system was developed and is discussed in
what follows.

We start with Figure 7.1 showing the overall system. The figure shows the
transformation stages of a PLOADS program inside this system. The stages of
the process are described thoroughly as we move ahead in the chapter.

The two main parts of the system, as shown in Figure 7.1, are the interpreter

and the simulator.
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7.1 The PLOADS Interpreter

The first function of the interpreter is to check the syntax of the input program
and produce proper messages if any error occurs. It is, also, to produce a detailed
description of the optical architecture described by the input program. The input
programs might contain assemblies or some constraints. This implics that relative
placement of components within the architecture must have occurred. Relative
placement makes the simulation of the architecture somewhat difficult. This, in
turn, means that all these aspecis of relative placement and constraint checking
have Lo be fully resolved before the simulator starts functioning.

The different functions of the interpreter are done over a number of stages.
Each of which is described in the following subseclions in their execution order.

Figure 7.2 shows the inlerpreter’s operalional/computational stages.

One important nole has to be made here and before we go into details of the
system. That is, when any component is created by declaring a name or identifica-
tion number for it in the declaralion part, a record for that component is created
and made part of a dela file. The record has attributes thal correspond to the
altributes of the component model. The data file at the end of the interpretation
will contain records with different sizes. Each of these records will correspond to
different components of the file. The records are called description records and the

data file is called the description dala file.

7.1.1 The PLOADS Lexical Analyzer

To lexically analyze PLOADS programs, a function yylez was implemented using

C on the Unix operating system.

The funclion yylez recognizes PLOADS regular expressions. ‘The expressions
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are recognized in a data stream (input), which is the PLOADS program. Upon
recognition of expressions, and proper Lokens, token numbers are returned.
This lunction was used together with yacc, (2 parser generator) on the Uniz,

to perform the lexical analysis stage of PLOADS programs exccution.

7.1.2 The PLOADS Parser

The syntax of the constructs used in the input PLOADS program are checked for
correctness using this parser. Yacc was used to develop the parser. The parser
makes use of the outputs of the function yylez described earlicr.

The yacc program provides a general tool for imposing structure on the input
tc a computer progfam. We gave the yacc the grammar rules of PLOADS.
The yacc, upon exccution, generates a function to control the input process. This
funclion, called the parser, calls i.hc lunclion yylez (the lexical analyzer) lo pick
the basic items (called fokens) from the inpul stream. These tokens are organized
according to the'input structure rules, called grammar rules. When one of these
rules has been recognized, an action that we have given o that rule, il any, gels
invoked. Actions help the interpreter in later slages for data preparation and code
generation. The yacc program is writlen in a portable dialect of the C language.

Figure 7.3 shows both the lexical analysis and parsing stages.

7.1.3 Static Computations

After assuring the correciness of the input program, the interpreter siarts some
computations, such as, cvaluation of expressions or lelching records from the com-
ponents database. We call these compulations static because they do not change

with time. They are unlike computations of the characteristics of light beams
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within architectures, which change with time and position. Such computations
are performed by the simulator.
While computations are being performed, the interpreter checks the semantics

of the program. Examples of such checks are:

e The check that the type of the Icft hand sidc of an assignment statement is
the same of the result of its right hand side.

o The check of the inputs Lo an assembly.

Other semantics have {o be checked as well.

There are two types of static computations, these are discussed in what follows.
In addition to these two types, the constraints enforced by the programmer have
to be checked and applied.

In the constrainls subpart of the program, relative placement computations have
to be performed. This implies modifications over the records of the corresponding

components. Other constraints are checked as well, these will be explained later

on.

Non-database Calls

These computations are basically done to the description part of the program.
There, two basic constructs could be found: The assignment statement, where
cxpressions need Lo be evaluated. The olhers are conirol siructures, such as the
loop structures and the conditional struclures.

These constructs have to be interpreted and computations needed for their
interpretation have to be performed.

Realizalions of assemblies are lefi for a later slage.
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The Database Calls

Calls to the cémponcnts databasc arc passed to the object manager. It manages
the database and performs the requirements implicd in the calls.

The object manager gets the interpreted calls and executes them. 1 also creatces
records for components of the described archilecture. These records are made
available for the use of the system in later stages. Therealler, the system works
on these records rather than the records of the original components database.

Each component of the architecture is given a record indexed by its assigned
component/objeci-id. The record contains all the attributes values of the compo-
nent. Any modifications on these atiribuics are performed on the same record.
Therefore, some link between the static compulations part and the components

database has to exist via the objcct manager. This is illustrated in Figure 7.2

Constraint Checks and Applications

The constraints that are checked at this stage are:

o The dimensions of the overall architecture. This check is delayed if assemblics

still need to be realized.

e The placement and positioning checks: The system makes sure that no two

components take the same volume in space, or that no two componenis

interfere in space.

o The syslem, in this stage, checks whether all the attributes of the components

of the architecture have heen assigned values.

o All relative placement statementis present in the constrainis part are evalu-

aled and executed properly.
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7.1.4 The Realization of Assemblies

This stage involves repetitive application of the stalic compulaiions stage. The
previous stage prepares the inputs that should be passed to the assemblies. Other
computalions within the assembly’s body arc conducted in exactly the same man-
ner as in the sfalic compulations stage.

The system takes care of the placement compulations of components of the
assemblies. That is because their positions, directions, and orientations are all
relative to those of the assembly’s imaginary box. Ilence, relative placement is
what takes place in assemblics. The sysiem handles those withoul concerning the
programmer (user).

Again constrainis have to be checked when realizing the assemblies in the same
manner as before.

Inputs to and outputs from the asscmblics are added as altributes to the de-
scripiion records of the corresponding components. For example, if a component
called BS1 of some assembly gets input from the outer world, the sysiem specifics

that in the BSI’s description record.

7.1.5 The Components Library Interface

This interface is needed if the program contains any component modification code.

The user of the PLOADS system is restricied to use only those components
that have been modeled, as discussed in Chapier 3. Tn Chapler 4, we described
procedures that simulale the behaviour of these components. This restriction over
the usable components is imposcd because Lthe system needs to simulate the effects
of the used components when simulating the behavior of the overall architecture.

Simulating the behavior of the components is performed by calling the simulat-
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ing procedures in the components library. Therefore, the system will not allow
the usage of a component that is not modcled, and hence, that does not have a
procedure that simulates its effects in the components library.

We find this resiriction over the usable components unrealistic. That is be-
cause new componenis are being produced and put lo usc every now and then.
In addition to that, optical components might be enhanced at any time. Having
restrictions on the used components means that the system will become obsolete
in a short time. This, in turn, means thal new versions of the system will have
to be developed in short periods. Newer versions should contain new components
or enhanced old components. We solved this problem by introducing the com-
ponenis modificalion part of the PLOADS programs. There, the user can add
new atiributes to existing components. This will simulate the enhancement of the
components. The user can also add new components with new attribules as well.
For both cases, the user can wrile his own simulatin procedure that reflects the
changes: imposed by these modifications.

The 'simulation procedure provided by the user will then have to be parl of
the components library. Here is where we nced Lhe inlerface with the components

library at this stage of interpretation.

7.1.6 Producing a Detailed Action Part

Producing a detailed aclion part implies that two basic operations have to be done.
The first is the evaluation of any expression or computational conirol structure in
the action part. The second is the expansion of aclion cxpression stalements. For
cxample, il some action statement contained a probe for some characteristic at a

relative position inside some assembly, the expansion of such a probe means that
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the exact position where probing is requested has Lo be evaluated. The evaluated
posilion replaces the old relative position in the dctailed action part. Another
example is: assume that one of the aclion statemenls probes for a characleristic
al a position inside an assembly thal is called for more than one time. This implies
that the probed for characteristic has to be computed at different positions within
the architecture. This is done by expanding the probe statement into a number
of similar statements at the different evaluated posilions. A similar sitvation

occurred in the example of Section 6.4.

7.1.7 Producing a Detailed Description of the Optical Ar-

chitecture

At this stage, a description data file is created. It contains records for every
component of the architecture with detailed attributes values. The values of these
atiributes are received from components database calls or resulted from static
computalions.

In addition fo the description data file, the action part is now detailed and
ready to be passed to Lhe simulator for actual and detailed computations.

Let us now consider some examples Lo get a feeling of what the inlerpreter does

for input programs.

7.2 EXAMPLE I: The Banyan Network

Since the interpreter is not fully implemented, we will discuss part of the inter-
pretation of the program in Section 6.2. We will concentrate on important and

spccial cases that are worth considering. The inlerpretation stages of this example

248



are discussed one in cach of the following subsections.

7.2.1 Lexical Analysis

In the example (Seclion 6.2), the stream of input starts with the word MAIN.
The function yylez will analyse that to be an identifier and will return a token
value for it. As we move ahead, LS, LEN, QWP, and others are all considered

to be identifiers. The 18.0, 633.0, 1 ,135, 90, and other valucs are analysed as

constants.
When the function finds a /*, which indicates the beginning of a comment

statement, il neglects all what follows till it reaches the */, which marks the end

of the comment.

The GET-OBJECT, COPY_OBJECT, POSADD, and others are given tokens

as if they were identifiers.

.7.2.2 The Parser

The results of the lexical analysis in addition to the grammar rules of PLOADS

are used to delect any syntax error in the input (program).

7.2.3 Static Computations
Expressions such as the following:

LS.position := (0, 0, 0);
fl := LENI.focallength;
PBSl1.position := LS.position POSADD (NONE, DOWN (I, NONFE);

are evaluated and their values are assigned to proper attributes or variables.
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Database functions or object functions such as the following:

PBSI := GET_OBJECT(PBS020);
LEN[4] := COPY_OBJECT(LEN[2]);

are interpreted as: the first is a call to the components database to get the proper
record from it and store the values of its attributes in the proper attributes of the
components description record. The second statement (funciion)} copies all the
atiributes values of the record of LEN|2] in Lthe atiribulcs of the record of LEN4].

Once we are done with the placement subpart, we move to the consiraini sub-
part. Only position, face, and orientation expressions are expected in this subpart.
These expressions are evaluated and results arc assigned to the proper atiributes
ot variables.

No dimension constraint was found. This lcaves us with all components realized
in the form of description records and all constraints salisfied.

Since there are no assemblies in Lhe architecture’s description, the stage ol
realizing assemblies will be trivial. And since there is no component modification

part, its corresponding stage will be trivial too.

7.2.4 Producing a Detailed Action Part

The expressions:

pos := pos POSADD (LEFT 10, NONE, NONE);
t := 100;

are evalualed first. In the action part of Lthis example, the system finds no need to
detail any of the aclion expressions. They remnain as two aclion expressions and a

prinl statement.
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After the accomplishment of the above stages, the description data file is now

ready and so is the action part. This information is then passed to the simulator.

7.3 EXAMPLE II: Optical Implementation of a
Crossover Interconnection Network

In this example, lexical analysis and parsing is done as in the previous example.
Numerical expressions are found in the placement part. These are evaluated as
pari of the static computations stage.
Constructs such as the FOR loop are exccuted in the static computations stage
as well. Within the FOR loop, an assembly is being called. Its realization is left

to the assemblies’ realization stage.

7.3.1 Reallization of Assemblies

The assembly realization is accomplished by a static computations stage similar
to the one for the main program. For each call Lo the assembly, the same assembly

is realized at different positions, directions, and orientations.

7.3.2 Producing a Detailed Action Part

In the action part, the action expression probes [or polarization at positions depen-
dent on the position of a component in the assembly. This implies that information
about the polarization of the light beam in cach instance of the assembly is re-
quested. The as;sen1hly in Scction 6.4 was called 3 times and this expands the one

action expression into three similar ones as follows:
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pl := POLAR AT instancel.LEN[4].position POSADD (NONE, DOWNI, NONE);
p2 := POLAR AT instance2.LEN[4].posilion POSADD (NONE, DOWNI{, NONE);
p3 := POLAR AT instance3.LEN[4].position POSADD (NONE, DOWNfl, NONE);
PRINT pl, p2, p3;

Next, the three positions are evaluated and the result replaces the positions in the
aclicn expressions above.
Afterwards, the description data file logether with the above detailed action

statements is passed to the simulalor.

7.4 The PLOADS Simulator

The seconds part of the overall system, as mentioned carlier, is the simulator.
The simulator takes the description data file and the delailed action pari as inpuls
from the interpreter.

Our simulator has three stages of execution. Figure 7.4 shows these stages. In

what follows, we explain each stage in some delails.

7.4.1 The Directed Graph Generator

Since light beams in optical architectures travel from one component to the other,
and since light beams travel in straight lines between components, since all of
Lhat is true, any optical architecture could be described as a directed grapk. The
nodes of the dirccied graph are the components constituting the architecture.
The directed edges of the graph, on the other hand, will represent the light beams

travelling from one node (component) Lo the otlher.
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Figure 7.5 The directed graph of the architecture

of Section 6.1.
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Figures 7.5, 7.6 are the directed graphs for the optical architectures of Sections
6.1, 6.3.

The algorithm that generates these graphs is simple and in the following, we
give it in pseudo code.
~ To cach component (node), we assign two lists called the inpul and output lists.
For laser sources, there is only an oufpul list. Bach member of the list is a doublet
that consists of two values. The first is an objecl-id and the other value is a
direction. For the input lists, the object-id refers te Lhe component from which
the input is coming, and the direction is the dircction of the input beam. For the
output lists, on the other hand, the object-id refers to the component to which
the output is going, and the direction is the dircction of the output beam.

The algorithm is:

direcled.graph_generator(data_file, dirccled_graph, inpui_lisi, oulput_list)
begin
loopfor all components in data_file
if (the component is a laser source) then
get the direction of its output
/* the output beam could be considered as a vector and the following
procedure is called to find out which plane (face of incidence) would it
intersect with first (i.e., which component does it hit first) */
interseci(vector-dir, data_file, outputi.list, inpuf_list)
else
if (the input list of the component is not cmply) then
loop for each member of the list

call the procedure in the componeits



library thal corresponds to the component
under consideration to gel the dircctions
of the outputl beams from the compenent
according to the inpul
loop for each of the outpuls
intersect(vector_dir, data.file,
input_list, output list)
end loop outputs
erd loop members of the list
endif '
endif
end loop
end
intersect(vectordir, data_file, input_list, output_list)
begin
loop for all non-source components in dala_file
if (the oulput vector of the source intersects with any
of the planes of incidence of the component) then
add the object.id of the component Lo output_list
together with the direction of the beam
add the object_id of the source component to
inpul_list of the inlersected component together
with the direction of the heam
/* the outputlist is for the source of the beam and input_list

is for the component that the beam intersccts with */



endif

end loop non-source

loop for all the members of oulput_list
-the nearest component Lo the source stays and the rest are
omitted from the list because the beam will not reach them
-as a result the object.id of the source component is
omitted from the inputlist of the component omitied from
the output_list of the source

end loop members

end

Using the input and oulpul lisis of cach component, the directed graph can be

easily drawn.

The graph of optical architeclures is a three-dimensional graph.

7.4.2 The Simulation Table Generator

The aclion part of any PLOADS prograin conlains requests for information about
light beams within the architecture. Probing for such information has to be done
at certain positions, and these positions have o be on one of the edges of the
directed graph of the architecture.

Keeping that in mind, and lo salisly such requesis of the user, the system
generales a table called the simulalion fable. The rows of the table are the edges
of the graph. The columns, on the other hand, are points in time starting with the
value At and incremented by AL, Ifence, column 1 will give the characteristics of

the light beam at the beginning of the corresponding edge (row).
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At is by default 1 second. However, the user/programmer can change that to
any other value (60 seconds, 0.001 second, 0.00000! sccond, ..., clc.) of his choice.

The edge is represented in the table by the names (object_ids) of the two nodes
connecied by the edge. Table 7.1 shows the simulation table for the graph in
Figure 7.5.

The characteristics of the light beams are computied at the beginning of the
edge. This means that they are computed as soon as the beam leaves the source
component of the edge. If Lthe posilion, where probing is requested, is on the edge
and not at the beginning of it, these characteristics at the beginning of the edge
(from the simulation table) are used to compute thosc at the specified position on
the edge.

The table is not infinite in terms of columns. It depends on the availability of

memory, the implementer’s specificalions, and the programmer’s action requests.

7.4.3 The Action Part Computations

The needs of the user can now be satisficd by fable look-up from the simulation
lable.

Any new aclions that the user adds without changing the description part of the
program are salisficd by table look-ups from the simulation table. This reduces the
number of runs or interpretations of the program. All of the interpreter’s stages
can be skipped except the lexical analysis, parsing, and detailing the action part.

Thal was a bricf description of the overall PLOADS system. Its full implemen-

tation will be suggested as future work.
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haracteristicy

characteristics of
the light beam at
the specific edge
after! time unit

characteristics of
the light beam at
the specific edge
after2 time units

characteristics of
the light beam at the
specific edge after3
time units

(LS, IF14)

IF14, PBS1)

KPL1,PBS1)

Table 7.1

The simulation table of the directed graph (architecture) of

Figure 7.5.
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Chapter 8

CONCLUSIONS AND FUTURE
WORK

8.1 Conclusions

The process of design and implementation of oplical architectures was studied
thoroughly. Problems such as the alignment and adjustment of these archilectures
were analysed. Qur analysis went further to include the problem of debugging
within the optical architectures.

We found out that one approach was taken by experimenters o tackle these
problems. That approach was the frial and error approach of continuous align-
ment, adjustment, and replacement of the components of the architecture.

This study lead us to a very important conclusion: debugging a simulalcd ar-
chileclure is much casier and lime and cost cffective than debugging a real ar-
chiteclure. This conclusion was the driving force behind our work. Producing a

simulaled oplical archileclure was the challenge thal we took and mel successfully.
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To simulate optical architectures that could consist of a varicty of optical com-
ponents, a methodology had Lo exist that enables the experimenter/researcher to
describe his/her architecture withoul any significant losses. In order to describe
architeclures, the experimenler has to describe cach and cvery component of the

architecturc. The description of any components has to idenlily a number of as-

pecls:

1. The location of the component within the architecture

2. The orientation and direction of the component with respect to the other

components
3. The type of the component

4. The physical characteristics of the component

The physical characteristics of a component describe its cffects on the light beam
that passes through the component.
Therefore, the design and implementation of a sofiware lool that helps re-

scarchers/experimenters simulate their designed archilectures is achieved. To fully

realize this tool, we

¢ studied a number of existing optical archileclures and extracled the most

commonly used components

o developed a model for cach one of these componenis. Models thal de-
scribed the funclionality and behaviour of the component when it is used

within oplical archileclures

¢ designed a library that consists of a number of procedures. Fach of these

procedures simulates an oplical component in Lerms of ils physical effects.
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The procedures are called by the system whenever the corresponding com-
ponent apears in the simulated archilecture. The hibrary is ezpandable such

that the addition of new procedures for new components is allowed and casily

achieved

o designed PLOADS: a programming langnage for oplical archileclures de-
scriplion or specification. PLOADS programmers can describe any optical

architectures. Adequale constructs and structures are available in PLOADS

e designed and partially implemented the PLOADS sysitem. The sysiem
consists of two main partls thal interprel PLOADS programs. These parts

or stages of the system are the interpreter and the simulator.

o designed a database called the components database. The sysiem ac-
cesses the database upon requests from the PLOADS user/programmer. The
dalabase contains files for oplical componenis. Bach record of each file
presenis Lthe necessary information about the model of the corresponding
oplical componenis. Each file corresponds to a certain component. The
database is managed by an object manager. This manager manipulates the
database according to calls made from the sysiem in response to requests of

the users/programmers.

This tool represents the preparatory step to designing an optical CAD system.

A system that automates the whole optical design process.
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8.2 Future Work

A number of technical reports are being prepared for near future publication.

These reports are on the following aspecis of optical archilectures usage:
1. PLOADS, a description language
2. Modeling of optical components for computer representation
3. The design of a library for optical components simulation
4. PLOADS interpreter and simulator, design and implementation aspects

For future work, we suggest the full implementation of the interpreler and simu-

lator of PLOADS.
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APPENDIX : THE PLOADS BNF GRAMMER

In this appendix, we give the Beckus Nor Form grammer of PLOADS.

<program> :>= MAIN <program_name>
["{"<component_modification>"}"]
"{"<declaration>"}" "{"<description>"}" "{"<action>"}"

END""
<program_name> = <identifier>
<declaration> = <declaration_statement>

| <declaration> <declaration_statement>
| <type_statement>

| <declaration> <type_statement>

| <function_definition>

| <declaration> <function_definition>

<declaration_statement> := <declared_variable> ":" <declaration_type> "}
| <declared_variable> ™" <declaration_type> "="
<initializer> ";"
| <declared_variable> ":" <array> ";"
| <declared_variable> ":" <array> "="

<array_initializer> ";"
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<declared_variable>

<declaration_type>

<array>

<one_dimensional_array>

<two_dimensional_array>

<initializer>

<type_statement>

<type_definition>

<enumeration_value>
<declared_value>

<object_type>

- = { <identifier> }

== INT | FLOAT | LOGICAL | CHAR | POSITION
| ORIENTATION | FACE_DIRECTION

| POLARIZATION | TIME | POWER

| WAVELENGTH | FREQUENCY | ANGLE | PHASE
| <object_type> | LASER_LIGHT

;= <one_dimensional_array> |
<two_dimensional_array>

==ARRAY "[" <constant> "]" OF <declaration_type>

== ARRAY "[" <constant> "," <constant> "" OF
<declaration_type>

= <constant> | <string_constant>
| <logical_constant> | <position_constant> |
| <orientation_constant> | <polarization_constant>

= TYPEDEF "{"<type_definition>"}"
:= { <declared_variable> "="
<declaration_type> ";" }

| { <user_defined_type> "="
"("<enumeration_value>")" ";" }

{ <declared_value> }

IDENTIFIER | { <initializer }

= CONTINUOUS_LASER | PULSED_LASER
| BEAM_SPLITTER | <identifier>
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| FLAT_MIRROR | WINDOW | LENS | PRISM | GRATING
FILTER | DICHROIC_SHEET

| BIERFRINGENT_POLARIZER
| POLARIZING_BEAM_SPLITTER
| RETARDATION_PLATE | SPATIAL_LIGHT_MODULATOR

<constant> == NUMBER

<string_constant> STRING

<logical_constant>

""TRUE"."|"." FALSE "."

<position_constant>

1= "("<arith_id> "," <arith_id> ","
<arith_id> )"

<orientation_constant> i= "("<arith_id> "," <arith_id> ")"

<polarization_constant> = UNPOLARIZED | CIRCULAR | ELLIPTICAL
| <plane_polarized>

<plane_polarized> ©=S_PLANE| P_PLANE | ANGLE_PLANE

<array_initializer>

"(" <detailed_array_initializer> ")"

<detailed_array_initializer>::

{ "(" <initializer_list> ")" }

<initializer_list>

{ <initializer> }

<function_definition> == FUNCTION <function_name> "("
[<parameter_list>]")"

RETURN <declaration_type> [ "{" <declaration> "}" ]
"{"<function_body>"}"

<function_name> <identifier>

<parameter_list>

{ <identifier> }
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<identifier> = IDENTIFIER
<function_body> = { <action_assignment_statement> }
| { <comment_statement> }

| { <action_compound_statement> }

| { <action_control_statement> }
| { <print_statement> }
| { <return_statement> }

<comment_statement> == COMMENT

<return_statement> = RETURN";"
| RETURN <safe_non_action_expressions ";"
| RETURN <action_expression> ™"
| RETURN <identifier> ";"

<print_statement>

PRINT <printed_list> ";"
<printed__li$;t> { <polarization_constant> }
<action_expression> }
<safe_non_action_expression> }

_..__...
Hi
—— |

<description> "{"<all_placement>"}" ["{"<constraint>"}"]

<all_placement>

{<placement> } | { <assembly_definition> }

<placement> 1= <assignment_statement>
| <comment_statement>
| <compound_statement>
| <control_statement>
| <assembly_call>
| <media_definition>
| <wait_statement>
| <modify_attribute_statement>
| <medium_statement>
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<assignment_statement>

<left_hand_side>

<safe_non_action_expression>::=

<arithmetic_|expression>

<function_call>

<input_parameter_list>

<unary_expression>

| <media_call>

| <add_to_database_statement>

= <left_hand_side> ":="

<safe_non_action_expression> ";"
| <left_hand_side> ™:=" <object_built_in_function> "

| <left_hand_side> ":="
| <left_hand_side> ":=" "("

= { <identifier> }
| <logical_expression>

| <string_expression>
| <position_expression>

| <orientation_expression>

| <face_expression>

= <function|_call>

| <constant>

| <unary_expression>

| <arithmetic_expression>
| <arithmetic_expression>
| <arithmetic_expression>
| <arithmetic_expression>
| <arithmetic_expression>
<arithmetic_expression>
| <arithmetic_expression>

<identifier>

<parameter_list> ;

<arithmetic_expression

+" <arithmeic_expression>
-" <arithmeic_expression>
" <arithmeic_expression>
"I" <arithmeic_expression>
"Div"

"A" <arithmeic_expression>

| "(" <arithmetic_expression> ")"

= <parameter_list>
| <arith_id>

= "-" <arith_id>
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<arith_id> ::= <arithmetic_expression> | <identifier>

<logical_expression> = «<arith_id> <comparison_op> <arith_id>
| "1" (" <logic_id> ")"
| <logical_constant>
| <binary_logical_expression>

<binary_logical_expression>::= <bin_logic_id> "&&" <bin_logic_id>
| <bin_logic_id> "] |* <bin_logic_id>

<bin_logic_id> ::= <binary_logical_expression>
| <logical_constant>
| <logic_id>
<comparison_op> =S =" S | == | I
<string_expression> ::= <string_constant>

| <binary_string>
| <identifier> "[" <arith_id> ":" <arith_id> "]"

<binary_string> i:= <string_expression> "//" <identifier>
| <string_expression> "//" <string_expression>
| <identifier> "//" <identifier>
| <identifier> "//" <string_expression>

<face_expression> = <face_direction>
| FACEMIN <face_id>

<face_id> 1= <identifier>

| <face_declarator>

| <face_expression>
<face_declarator> = <object_id> "." <face_direction>

<face_direction> :

"(" <direction_x> "," <direction_y>
" <direction_z> ")" ""
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<direction_x>
<direction_y>
<direction_z>

<position_expression>

<position_declarator>

<orient_id>

<orientation_declarator>

<posit_id>

<displacement>

<displace>

<x_direction>

<y_direction>

= RIGHTX | LEFTX | UNDEF
== FORTHY | BACKY | UNDEF
== UPZ | DOWNZ | UNDEF

= <position_constant>

| POSUNMIN <posit_id>

| <posit_id> POSADD <displacement>

| <position> "*" <orientation_vector>
| <position_expression> "*" <posit_id>
| <arith_id> POSMUL <posit_id>

'= <object_id> "." <position>

[

1= <orientation_expression>
| <identifier>
| <orientation_declarator>

:i= <object_id> "." orientation

;= <position_expression>

| <identifier>

| <position_declarator>

== "(" <x_direction> [ <displace>]","
<y_direction> [ <displace> ] ","
<z_direction> [ <displace> ] ")"

= <arith_id>

== RIGHT | LEFT | NON

==BACK| FORTH | NON
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<z_direction> == UP | DOWN | NON

<orientation_expression> = <orientation_constant>
| ORUNMIN <orientation>
| <orient_id> ORADD <angular_displacement>

<angular_displacement> = "(" <arith_id> "," <arith_id> ")"

<object_built_in_function>::= <get_object>
| <copy_object>
| <get_attribute>
| <get_default>

<add_to_database_statement>::= <add_default>
| <add_attribute>

<get_object> = GET_OBJECT "(" <identifier> ")"
<copy_object> ::= COPY_OBJECT "(" <object_id> ")"
<get_attribute> = <object_id> "." <identifier>
<get_default> = GET_DEFAULT "(" <identifier> ","

<attribute_identifier> ")"

<attribute_identifier>

<identifier> | <attribute_identifier> "," <identifie

<add_default>

ADD_DEFAULT *(* <object_id> ")"

<add_attribute> = ADD_ATTRIBUTE "("<object_id> "," <identifier> ","
<identifier> "," <identifier> ")"

<object_id> ;= <identifier>

<compound_statement>

" [ "{"<declaration>"}" ] <placement>"}"
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<control_statement>

<conditional>

<while>
<do>

<for>

<break>
<continue>
<goto>
<label>
<labeled>

<labeled_statement>

i:= <conditional>
| <while>

| <do>

| <for>

| <break>

| <goto>

| <labeled>

;= [F <logic_id> <compound_statement>
| IF <logic_id> THEN <compound_statement>
ELSE <compound_statement>

::= WHILE <logic_id> <compound_statement>
== DO <compound_statement> WHILE <logic_id> "

;.= FOR <identifier> "=" <arith_id> "," <arith_id>
["," <arith_id>] <compound_statement>

.= BREAK ""
= CONTINUE ";"

== GOTO <label> ;"

<identifier>

<label> ": :" <labeled_statement>

1= <assignment_statement>
<while>

| <do>

| <for>

| <break>

| <modify_attribute_statement>
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<modify_attribute_statement>::= <object_id> "." <identifier> "="
<safe_non_action_expression> ;"

| <object_id> "." <identifier> "=" <object_id>
<idfentifier> ";"

| <object_id> "." <identifier> "=" <identifier> ";

<medium_statement> ;= MEDIUM "(" <arith_id> "," <arith_id> ")" ;"

<media_definition> := "{" MEDIA <media_name> "(" <media_type> ","
<dimensions> "," <posit_id> [ "," <face_direction> ]
[ " <orient_id> ] ")"
[ "{" <declaration> "}" ] "{" <description> "}"

<media_type> == CYLINDER
{ BOX
<dimensions> 3= "(" <arith_id> " <arith _id> "," <arith_id> )"

| (" <arith_id> "," <arith_id> ")

<assembly_definition> ::= ASSEMBLY <asembly_name> <assembly_declarator>
[ "{"<declaration>"}" ] "{"<description>"}"

<assembly_name> <identifier>

<assembly_declarator> i= "(" [ <parameter_list> "," ] INPUT ":"
<parameter_list> "," OUTPUT ":" <parameter_list> ")"

<assembly_call_declarator>::= "(" <parameter_list> ")"

<assembly_call> ;= ASSEMBLY <assembly_name>
<assembly_call_declarator> ";"

<media_call> := MEDIA <media_name> ""

<media_name> 1= <identifier>
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<wait_statement> WAIT_FOR <arith_id> AT <posit_id> ";"

<constraint> = { <constraint_statement> }
| { <dimension_statement> }

<constraint_statement> ::= <position_declarator> ":=" <posit_id> ";"
| <orientation_declarator> ":=" <orient_id> ","
| <face_declarator> ":=" <face_id> ;"

<dimension_statement>  ::= ARCHITECTURE_DIMENSION "(" <posit_id> ","
<posit_id> )" ";°

<action> = { <action_assignment_statement> }

| { <comment_statement> }

| { <action_compound_statement> }

| { <action_control_statement> }

| { <draw_diagram> }

| { <print_statement> }

| { <non_parameter_function_call> }

| { <time_unit_statement> }
<non_parameter_function_call>::= <function_name> "(" ")" ;"

<action_assignment_statement::= <left_hand_side> ":="
<safe_non_action_expression> ";"
| <left_hand_side> ":=" <action_expression> ";"
| <left_hand_side> ":=" <identifier> ";"

| <left_hand_side> ":=" <get_attribute> ";"

<action_expression> ::= <characteristics> AT <position_expression> [ AT
<arithmetic_expression> ]

<characteristics> = POWER | POLARIZATION | BEAM_SPLITTER | PHASE
| WAVELENGTH | FREQUENCY

<action_compound_statement>::= "{" [ "{"<declaration>"}" ] <action>"}"
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<action_control_statement>::= <action_conditional>
| <action_while>
| <action_do>
| <action_for>
| <break>
| <goto>
| <action_labeled>

<action_conditional> = [IF <logic_id> <action_compound_statement>
| IF <logic_id> THEN <action_compound_statement>
ELSE <action_compound_statement>

<action_while> = WHILE <logic_id> <action_compound_statement>

<action_do> := DO <action_compound_statement> WHILE
<logic_id> ;"

<action_for> := FOR <identifier> "=" <arithmetic_expression> ","
<arithmetic_expression>["," <arithmetic_expression>]
<action_compound_statement>

<action_labeled> = <label> ": " <action_labeled_statement>

<action_labeled_statement>::= <action_assignment_statement>
| <draw_diagram>
| <print_statement>
| <action_conditional>
| <action_while>
| <action_do>
| <action_for>
| <break>

<draw_diagram> DRAW_DIAGRAM <identifier> *;"

<time_unit_statement>

TIME_UNIT ":=" <arith_id> ";"
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<component_modification> ::= { <add_component> <add_component_attribute>
[ <modification_routine> ] }
| { <lib_add_attribute> [<modification_routine>] }

<lib_add_attribute> ;= LIB_ADD_ATTRIBUTE "("<object_type> ","
<identifier> "," <identifier> "," <identifier> ")" ";"

<add_component> = ADD_COMPONENT "(" <identifier> ")" ™"

<add_component_attribute>::

{ <lib_add_attribute> }

<modification_routine> "{" <routine_declaration> "}" "{" <routine_body> "}"
<routine_declaration> = { <declaration_statement> }
| { <type_statements> }

<routine_body> = <regular_assignment_statement>
| <comment_statement>
| <regular_compound_statement>
| <regular_control_statement>

<regular_assignment_statement::= <left_hand_side> "="

<safe_non_action_expression> ";"

| <left_hand_side> ":=" <identifier> ";"

<regular_compound_statement> ::= "{" [ "{"<routine_declaration>"}" }
<routine_body> "}"

<regular_control_statement> ::= <regular_conditional>
| <regular_while>
| <regular_do>
| <regular_for>
| <break>
| <goto>
| <regular_labeled>
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<regular_conditional> = IF <logic_id>
<regular_compound_statement>
| IF <logic_id> THEN <regular_compound_statement>
ELSE <regular_compound_statement>

<regular_while> == WHILE <logic_id>
<reguiar_compound_statement>

<regular_do> ::= DO <regular_compound_statement> WHILE
<logic_id> ";"

<regular_for> = FOR «<identifier> "=" <arithmetic_expression> ",”

<arithmetic_expression>["," <arithmetic_expression>]
<regular_compound_statement>

<regular_l{abeled> ;= <label> ": " <regular_labeled_statement>

<regular_labeled_statement>::= <regular_assignment_statemeni>
| <regular_conditional>
| <regular_while>
| <regular_do>
| <regular_for>
| <break>
| <draw_diagram>
| <print_statement>
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