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ABSTRACT 

Design of 
Holographic Optical Interconnections 

by 
Su-Chiou Tsay 

Optics have many advantages over electronics in interconnecting systems 

together, particularly in terms of higher transmission speed and better 

immunity to noise. Optical interconnections may be used at all levels of 

computing: for local area networks, between processors or memory elements, 

and between boards. 

In this thesis, we attempted to generate a new type of computer 

hologram for optical interconnection purposes. The holographic method is 

very promising whenever integrated optical interconnections are considered. 

In this research we have tried two designs: the shortest path grating design 

which can maximize the global output energy and the single input maximum 

output grating design which focuses on maximizing local energy in a single 

path. As a test case we have chosen to design an element which transfers a 

uniform input light distribution to a single output spot. In comparison, the 

grating design using the shortest path strategy was found superior to the 

single input maximum output design procedure. In both cases, though we 

have achieved our goal of high degree of separability between the target pixel 

and the other output pixels. When we attempted to achieve a uniform output 

out of a single spot for the shortest path design we had a limited success. 
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CHAPTER 1 

INTRODUCTION 

1.1 Optical Interconnections 

Recent advances in high-speed integrated circuit device technology have 

greatly increased the demand for the design of efficient electrical 

interconnections. Difficulties in transmitting high-bandwidth digital signals, 

providing mechanical point-to-point contacts for a large number of electrical 

lines, and restrictions on global interconnections are a few areas of concern 

[1]. Such requirements have prompted investigation on alternative 

technologies which minimize the interference and packaging restraints of 

wire-type interconnections. 

In order to assess the applicability of optical schemes to interconnection 

inside a computer, we shall first consider the requirements and problems of 

electronic computer. There are three hierarchies of interconnection [2]: 

1. Interconnections on a chip 

This is one of the greatest problems in integrated circuits. As the elements 

on a chip are scaled down, more elements can be packed into a given source. 

More elements require more connections, and placing all these connections on 

a 2-D surface is a difficult optimization problem that makes VLSI layout 

costly. Other two difficulties exist: (1) the interconnection delay does not 

scale down because of the connectors dimensionality, (2) there is a large 

variance in the length of different interconnections, and so there is a large 

variance in the delays. This variance might cause synchronization 

difficulties. 
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2. Interconnections among chips on a board 

The typical solution to this type of interconnections is to incorporate 

multiplexer in the chip, and use the few available connections for a multitude 

of tasks. This increases the complexity of the system, wastes chip area, and 

might also degrade performance. 

3. Interconnections among boards 

At this level a large bandwidth is usually required, coupled with high 

connectivity. For example, a bus allows only one-to-one information 

interchange at a time. A more complex and expensive crossbar switch allows 

multiple interchanges in parallel. 

Instead of using electrical wires in the interconnections, there are many 

merits for optical interconnections. 

1. Large bandwidth 

The need for carriers with higher frequencies stems from the hunger for 

larger bandwidth. If a carrier frequency is of the order of 1014  cps (optical 

frequency), a bandwidth near 1013  cps should be available. This implies 

possible data rates in access of 1012  cps. Such rates are 3 order of magnitude 

faster than the fastest data rates today. The fastest modulation of laser light 

reported to date is of the order of 10 GHZ. Therefore, optical 

interconnections are suitable for today's high frequency system. 

2. High speed of propagation 

In the thin lines of an integrated circuit, electronic signals propagate two 

orders of magnitude slower than light. The reason is that the electronic 

conductor has capacitance that has to be charged. Therefore, the 

propagation time increases with the length of the connection, and also with 

the fan-out. With light these problems do not exist-- it always propagate at 

the same speed, the speed of light. 
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3. No interferences 

Electrons interact strongly with each other, through the Coulomb force. 

Electrons in a metallic conductor also interact with electromagnetic 

radiation. Photons, on the other hand, do not interact with each other or 

with other radiation. Indeed, beams of light carrying information can even 

cross each other without trouble. 

4. Density and parallelism 

Since light beams do not interact, optical interconnections need not be guided 

-- the light can just propagate freely in space, with different communication 

channels crossing each other. Numerous distinct channels may thus utilize 

the same space. The possible interconnection density is therefore much 

larger. 

5. Dynamic reconfiguration 

If elements for optical interconnection are implemented by spatial light 

modulators (SLMs), they can be dynamically reconfigured. Thus the 

interconnection pattern may be modified in real time. For example, it would 

allow for the tailoring of a multiprocessor interconnection network so as to fit 

the algorithm of the next program to be run on the system. 

Studies of interconnections that use volume holograms have recently 

been stimulated by their potential use in electronic-chip interconnections and 

neural networks. In such applications, optical interconnections that use 

freely propagating light beams generate much less cross talk than electrical 

wires because light waves do not interact directly with each other. A free-

space imaging element of this type would (1) allow a path crossing without 

signal interference, (2) eliminate mechanical point-to-point contacts, and (3) 

have the potential of addressing any location on the integrated circuit. 
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The main issue in free-space interconnection is how to direct the many 

beams of light and focus them on the right ports. Two primary techniques 

have emerged: one uses holographic optical elements, and another uses 

lenslet arrays [2]. 

A lenslet array is just an array of small, simple lenses. These lenses are 

used to image all the sources and detectors (or sinks). By inserting a mask 

before the sources, only light from the desired sources actually reaches the 

detectors (sinks). Lenslet arrays have an advantage over holographic 

interconnections in that they do not require coherent light. However, they 

have the disadvantage in that a compact configuration like that of the 

reflection hologram is not practical-- more open space is required to direct the 

light onto the appropriate sinks. 

Holograms (and in particular computer generated holograms) may be 

used to implement optical elements with arbitrary characteristics. For a 

single source of light, a simple hologram can deflect its light in any desired 

direction ( depending on the orientation of the grating), and focuses it on a 

sink. In the general case, we have a set of sources, a set of sinks, and an 

arbitrary mapping of sources to sinks. In order to implement this mapping, 

the hologram is divided into subholograms, one for each source. Each 

subhologram is illuminated by one source only, and it images that source on 

the appropriate sinks ( see Figure 1.1). 

Free space interconnections utilize three-dimensional space. There are 

various ways in which to set up the sources, sinks, and holograms. The most 

compact schemes is to have the sources and sinks arranged in a plane, with a 

reflection hologram suspended above them as shown in Figure 1.2. 

Other schemes use transmission holograms instead of refection ones, 

and then redirect the light with mirrors. Another possible arrangement for 
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this method is to use a thick hologram to distribute the incoming light from 

the source onto the detectors. The grating then acts as a channel that directs 

light from a specified input pixel to a specified output pixel by means of 

Bragg scatting [3]. For multiple interconnections, many such grating 

channels are superposed in the same crystal and the angular selectivity that 

is offered by Bragg diffraction is relied upon to minimize crosstalk. 

Figure 1.1 Schematic representation of a holographic interconnection 
element [2]. 

Figure 1.2 A possible configuration of sources, sinks and a reflective 
holographic interconnection element[2]. 

The potential advantage of using holographic optical elements (HOES) 

over more conventional refractive and reflective type optics ( such as optical 
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fibers and planar waveguides) are (1) the ability to multiplex many optical 

elements in a thin medium (10-urn) thickness, (2) easy formation of 

decentered elements, and (3) the potential for inexpensive replication. 

The holographic optical elements for optical interconnection may be 

naturally recorded as interference patterns in materials such as photographic 

emulsion or dichromated gelatin, or they may be computer generated and 

fabricated lithographically. Recorded hologram have problems to do with 

recording undesired cross-term gratings among sources, buildup of a 

background bias that limits dynamic range, and shrinkage of the recording 

material during development, which gives rise to a wavelength shift [4]. Also, 

the process of recording a hologram for interconnection becomes more 

complex as the number of sources and detectors is increased. The fabrication 

of computer-generated holographic optical elements is not subject to these 

problems and use lithographic techniques for fabrication that have been well 

established by the electronics industry. 

1.2 Theory of Thick Hologram Structure 

A volume hologram (thick hologram) is essentially a multilayer structure 

with periodic quasi-sinusoidal spatial modulation of the real and imaginary 

component of the complex refractive index [5]. Volume-holographic 

structures have no discrete layer interfaces when compared with 

conventional deposited multilayer optics. This property appears to give the 

holographic structures superiority in many aspects, including mechanical 

and laser damage resistance, environmental stability, low surface-interface 

roughness, and cost effectiveness. Moreover, in contrast to the limited 

functionality of optics produced by conventional multilayer technology, 

volume holography offers unsurpassed design flexibility. 

6 
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On the different horizon, holographic recording in thick media (volume 

recording) is of particular interest for high-capacity information storage, and 

for efficient white-light display of holograms. The high efficiency of light 

conversion which is attainable with thick dielectric holograms is also 

important for microimage, and it may make it practical to use holographic 

optical components in a variety of optical systems (for example, digital optical 

computing). 

In thick holograms, it is light diffraction at or near the Bragg angle 

which leads to efficient wavefront reconstruction [7]. This is true for both 

transmission and reflection holograms, and both types are considered. Of 

particular interest is their efficiency of converting light into the useful 

reconstructed wave (diffraction efficiency) and angular dependence of this 

diffraction efficiency for the incident light. 

Closely related to the diffraction in thick holograms are also the 

diffraction of electrons in lattices and the diffraction of X-rays in crystals. 

The dynamical theory of X-ray diffraction is also a theory of coupled waves. 

The coupled wave theory assumes monochromatic light incident on the 

hologram grating at or near the Bragg angle and polarized perpendicular to 

the plane of incidence. Only the significant light waves are assumed to be 

present in the grating: the incoming "reference" wave R and the outgoing 

"signal" wave S. Only these two waves obey the Bragg condition at least 

approximately, the other diffractions violate the Bragg condition strongly 

and are neglected because they are average to zero. 

Figure 1.3 shows the model of the hologram grating. The z axis is 

chosen perpendicular to the surface of the medium, the x-axis in the plane of 

incidence and parallel to the medium boundaries and the y-axis 

perpendicular to the paper. The fringe plane are extended in direction 
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perpendicular to the plane of incidence (along the y direction) and slanted 

with respect to the medium boundaries at an angle 4). In case of the 

constants of the medium being independent of y direction, the fringes of the 

hologram grating are represented by a periodic spatial modulation of the 

relative dielectric constant c (x,z) or the conductivity a (x,z) of the medium . 

In general, e and a can be expressed as Fourier series expansions. 

where the radius vector r = (x,y,z)T and i is a constant phase factor. The 

grating vector K is of length K1  = 27c /A , where A is the wavelength of the 

grating (pitch). The vector K is oriented perpendicular to the fringe planes 

such that 

where (1) is the angle between K and the z axis. The fundamental term 

( 1=0 ) of the expansion denotes c0, the average dielectric constant, and ao, 

the average conductivity. The amplitude 6/ and a/ are the /-th harmonic 

components of the spatial modulation. The same average dielectric constant 

is assumed for regions inside and outside the grating boundaries. The angle 

of incidence into the medium is O. 
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Figure 1.3 Model of a thick hologram with slanted fringes. The grating 
parameters are as follows: 0 is the angle of incidence in the medium, K is 
the grating vector (perpendicular to the fringe plane), A is the grating period, 

is the slant angle, and d is the grating thickness[6]. 

The couple-wave equations provide a method for predicting the 

diffraction efficiency of a holographic grating as a function of wave length 

and angle of incidence. Wave propagation in the grating is described by the 

scalar wave equation. 

where E(x,z) is the complex amplitude of the y-component of the electric field. 

The propagation constant p(x,z) is spatially modulated and related to the 

relative dielectric constant c (x,z) and the conductivity a (x,z) of the medium 

by 



where c is the light phase velocity in free space, w is the angular frequency, 

and p. is the permeability of the medium which is assumed to be equal to that 

of free space. 

Equations (1-1) and (1-4) can be combined in the form 

where we have introduced the average propagation constant r3 and the 

average absorption constant a: 

and the coupling constant lc was defined as 

This coupling constant describes the coupling between the reference wave R 

and the signal wave S. It is the central parameter in the coupled wave 

theory. For K=0, there is no coupling between R and S and, therefore, there is 

no diffraction [6]. It is also convenient to use refractive index and absorption 

constant in optical media if the following conditions are met. 
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Here n is the average refractive index, and n1  and al  are the amplitude of the 

spatial modulation of the refractive index and the absorption constant 

respectively. Under the above conditions, equations (1-6) and (1-8) could be 

rewritten as 

The spatial modulation indicated by n1  or al  forms a grating which 

couples the two waves R and S and leads to an exchange of energy between 

them. Hence, the total electric field in the grating is the superposition of the 

two waves: 

The propagation vectors a and b contain the information about the 

propagation constants and the directions of propagation of R and S. The 

relation between a and b is as follows: 

which has the appearance of a conservation of momentum equation. 

However, a and b are chosen to conform as closely as possible. In special 

case the scalar components of both a and b are equal to the free propagation 

constant [3, and the Bragg condition 
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_a_ Z 

is obeyed. 

Now, equations (1-12) and (1-13) are inserted into the combination of 

equations (1-3) and (1-5). Then the coupled wave equations are as follows: 

The dephasing measure 13 and abbreviations cR  and cg  are defined by 

It is straight forward to obtain the general solution of the coupled wave 

equations. 

where ri  and si  are constants which depend on the boundary conditions, and 

we get a quadratic equation for yi. 



The boundary conditions are used to determine the constants ri  and si  

These are different for transmission hologram and for reflection holograms. 

Figure 1.4 gives an indication of this . 

Figure 1.4 Wave propagation in (a) transmission and (b) reflection 
holograms[6.1 

For both hologram types, the reference wave R is assumed to start with 

unit amplitude at z=0. It decays as it propagates to the right and couples 

energy into S. In transmission holograms the signal S starts out with zero 

amplitude at z=0 and propagates to the right (cs>0). Also, Im(y1y2)>0 for this 

type of hologram. In reflection holograms the signal travels to the left (cs<O) 

and it starts with zero amplitude at z=d. For this type of hologram, 

Im (yfy2  )< 0 . 

For transmission holograms where cs>0, the boundary conditions are 
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R(0)=1, S(0)=0. (1-24) 

Using these boundary conditions into equations (1-20) and (1-21), it 

follows immediately that 

The constant si will be written as follows: 

Therefore, the amplitude of the signal wave at the output of the grating is 

expressed by, 

This is a general expression, which is valid for all types of thick transmission 

holograms including the case of off-Bragg incidence, of lossy grating and of 

slanted fringe planes. The analysis of reflection hologram follows a pattern 

similar to the above. We have cs<0 and boundary conditions given by, 



Similar to the analysis of transmission hologram, the result for the 

amplitude of the output signal of a reflection hologram is given by, 

Using the formula derived above, a diffraction efficiency which is the 

parameter of prime interest is defined by 

where S is the complex amplitude of the output signal for a reference wave R 

incident with unit amplitude. ri is the fraction of the incident light power 

which is diffracted into the signal wave. Hence, S is equal to S(d) for 

transmission holograms and equal to S(0) for reflection holograms. 

For slanted gratings, another important parameter is the slant factor C1 

which is defined as the ratio between the obliquity factors cR  and cs. 

For transmission holograms, C/>0, and for reflection holograms, Ci<0. 

We will discuss more on reflection holograms which are used in this 

thesis work. In this case the reflection coefficient (the efficiency of diffraction) 

of the hologram is given by equation (1-30). For reflection hologram, cs  is 

negative and the output signal appears at z=0, we have a coupling constant 

= it n1  /X and by zero absorption a = al  = 0. Therefore, a general formula 

is obtained for the signal amplitude S of a reflection hologram in lossless 

dielectric grating. 
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Here v and are real-valued, and d is the grating thickness. Hence, the 

associated formula for the diffraction efficiency of lossless dielectric grating is 

For an unslanted grating (q = 0 ) and Bragg incidence, we have 

cR  = -cs  = cos 0 , and the diffraction efficiency of lossless dielectric grating 

simplifies to 

Another important case which was not used in this thesis is the 

transmission hologram. In this case we recall that, for transmission 

hologram, cs  is positive and the output signal appears at z=d. For the 

lossless dielectric grating, we have a coupling constant lc = TC n1  / X. and 

= al  = 0. Therefore, a general formula is obtained for the signal amplitude 

S of a transmission hologram in lossless dielectric grating. 



Here v and have been defined and are real-valued, and d is the grating 

thickness. Hence, the associated formula for the diffraction efficiency is 

The above formula includes the influence of slant through the obliquity 

factors cR  and cg. If there is no slant angle (4 = it / 2) and if the Bragg 

condition is obeyed, then cR=cs=cos 0 and equation (1-36) becomes 

Here, n1  is the modulation index of the spatial variation of the refractive 

index. 

Formula (1-34) was used in this research to consider the efficiency for 

each pixel. A lossless dielectric grating of reflection hologram is also 

assumed. 

We note that holograms used in transmission or reflection mode are 

wavelength sensitive and may act as optical filters besides their roles as 

optical interconnections. This feature makes them very attractive in 

communication systems which are based on Wavelength Division 

Multiplexing (WDM). 

1.3 Thesis Outline 

In this thesis, Chapter 1 has outlined the background of optical 

interconnection and theories of thick hologram structure. A theory of Bragg 

diffraction will be first discussed in Chapter 2. The second section of Chapter 

2 describes the energy flow for an optical interconnection. The Bragg 
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diffraction is the basis of the new ray tracing model presented in the last 

section of Chapter 2. This new model is linear and can be used to determine 

the output ray orientation for each pixel according to the Bragg angle and 

incident ray angle. Chapter 3 deals with the algorithms for designing 

holographic optical interconnects. Five algorithms which are the core of this 

work will be discussed. The simulation results are presented in Chapter 4. 

The discussion is given in Chapter 5. Conclusion and future work are 

presented in Chapter 6 and 7 respectively. 
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CHAPTER 2 

RAY TRACING 

2.1 Bragg Diffraction 

When light is impinging on a thick grating, it is diffi-acted. A thick grating 

may be formed by successive layers or regions of two different indices of 

refractions. The diffraction process occurs when reflections from many such 

interfaces are built coherently. The angle at which maximum in the reflection 

coefficient occurs is called the Bragg angle (see Figure 2.1). This 

phenomenon is of major importance in volume holography and some 

acoustoptical devices, as well as in the diffraction of x-rays from crystals[7]. 

Figure 2.1 The structure of Bragg diffraction. When light impinges on a set 
of surfaces at the Bragg angle, the path differences for successive reflections 
is exactly one wavelength[2]. 

The Bragg angle is calculated from the Bragg condition. 
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Here AB  is the angle between the beam direction and the plane of reflection, d 

is the spacing between the successive planes and X, is the wavelength of light 

in the medium. 

If the interface which reflects the light has a form of a step function, 

higher orders of reflection are possible too. In these cases N is an integer 

that denotes the order of diffraction. For a sinusodial grating we have N=1. 

As expected, the diffracted power is maximized for the Bragg angle and 

falls off sharply for Oi  8Bragg• This can be seen from Figure 2.2. 

Note that 2 13 cos ( (1) - OB  + A 8) = Ki  and Af3 = 0 when AO = O. 

Figure 2.2 The reflectivity of a Bragg reflector using the coupled-mode 
theory[29]. 

A holographic interconnection is composed of many localized gratings 

which direct a light beam to its destination through Bragg reflections, 

following the Bragg's Condition, the grating pitch A may be calculated as 
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We select N =1 for a sinusodial grating and OB  being the grating angle. 

2.2 Diffraction Efficiency 

As discussed before, the diffraction of light from a (phase) thick grating is 

mostly occurring at the optimal angle OB. The efficiency of this process 

depends on other parameters as well. We implicitly assume that the grating 

is extended in dimensions much larger than the optical wavelength; that is, 

each pixel which contains the localized grating is extended for many grating 

pitches. The diffraction efficiency also depends on the Bragg angle, the 

difference between the refractive indices of the planes of reflection and the 

grating pitch. The formula of the diffraction efficiency used for a thick 

sinusoidal phase hologram is 

Here n1  is the modulation index of the refractive index, d is the grating 

'thickness, X. is the wavelength and 0 is the incident angle . 

In our model we use some simple rules to account for the different 

efficiency of the diffraction process from a particular pixel. 

(1) If the direction of incident beam is normal to the grating direction. The 

diffraction efficiency was counted as 1. This means that the input 

energy will be totally transmitted through a cell. The structure is 

shown schematically in Figure 2.3. 

Figure 2.3 Total transmission grating 
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(2) If the direction of incident ray is parallel to the grating direction. The 

diffraction efficiency of transmission was counted as 0. 

Figure 2.4 Total reflection grating. 

(3) If the direction of incident ray possesses any other angle respect to the 

grating direction, the diffraction efficiency of reflection is counted as n, 

and the diffraction efficiency of transmission is 1-n as depicted in 

Figure 2.5. 

Figure 2.5 Grating with slant angle. 
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In this model the outgoing optical beam emerging from a particular pixel is 

related to the incoming optical beam by a two dimensional matrix. The 

direction of a particular incoming beam is given by a two component vector 

Here, a is the amplitude of input signal. The angle cl) is measured with 

respect to the x-axis. The outgoing optical beam is thus, 

y is the angle between the incident angle and grating normal as seen in 

Figure 2.6. 

Figure 2.6 The structure of relation for (1) and y . 

S is defined as the input beam for next pixel. We can calculate the 

angle of the output wave Clout using the values of Sx and Sy. 

L? 



If Sx < 0, Gout = 180 + tan-1 (Sy / Sx) (2-8) 

The incident amplitude a is considered as unity. The output beam will 

be subsequentially given by the efficiency rules outlined below. 

The first incident angle q  is 90 degree because the light is incident 

normally to the first row of pixels. Since the pixels are arranged in a two 

dimensional form only finite number of options for the output angle Oout are 

available. We make the following categorization: 

If 0 5 Gout < 30, the output wave will proceed to pixel 1. 

If 30 5_ ()out 60, the output wave will proceed to pixel 2. 

If 60 < ()out < 120, the output wave will proceed to pixel 3. 

If 120 5 Gout 5 150, the output wave will proceed to pixel 4. 

If 150 < Oout 180, the output wave will proceed to pixel 5. 

Figure 2.7 The relation the of output angle with the next pixel position . 

In this model we ignore back propagating optical beams. The program, 

therefore, calculates the optical beam path by following the beam through 

successive reflections from the localized gratings. 

24 



CHAPTER 3 

ALGORITHMS FOR DESIGNING 
HOLOGRAPHIC OPTICAL INTERCONNECTIONS 

3.1 Ray Tracing Matrix ABCD Model 

As mentioned in the previous chapter, the ray tracing ABCD model was 

developed for the purpose of finding the relationship between incident wave 

and output wave. For a given grating angle in a holographic optical element, 

this model can determine the orientation of the output wave under the 

assumption of Bragg condition. 

A program is developed here to generate a list that shows the angle of 

the output wave for a given input wave angle and a given grating angle. The 

program shown in the Apendix is based on the ray tracing matrix ABCD 

model with a 10 degree increment on the input wave angle and 5 degree 

increment between the input wave angle and the normal of the grating. 

These angles are varied from 0 degree to 180 degree. 

A flow chart of the basic algorithm for the ray tracing matrix ABCD 

model is shown in the Figure 3.1. 

In this flow chart, the procedure follows a given input wave angle and 

a grating angle OG to find out the angle difference between (1) and the normal 

to OG. 

cp = 0G+ 90 - (3-1) 

The angle difference cp is used in combination with the two input 

vectors Rx, Ry to calculate the output vectors Sx and Sy: 
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Figure 3.1 Flow chart of the ray tracing matrix ABCD model 



Once the output vectors Sx, Sy are calculated, the output angle ()out can 

be found according to the vectors Sx and Sy. For example, if Sx = 0 and Sy = 

1, then °out = 7c/2. Hence, the result of ()out can be used to determine the 

coordinates x and y of output pixel. For instance, if n/3 < ()out < 2 7c/3, x P P P 
will be increased by 1 and yp will be without any change. 

3.2 Energy Flow Method 

The optical energy which flow in two dimensional array of pixels is governed 

by the diffraction efficiency. We can use a similar method to the ABCD 

model to account for the different efficiencies of the diffraction. We assume 

that the input rays for a given pixel could be a horizontal ray Ix, a vertical 

ray Iy, or a slant incident ray I/. I denotes the energy of the ray. There are 

three possible output rays Ix', Iy' and Ti' for a given pixel. The relationship 

between the input and output rays is given as, 

Since there is a limited number of possibilities as was outlined before, 

the efficiency matrix F is given as, 

For example, the matrix F will have values such as, 
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for the efficiency coefficient 1-1 = 0.9, and a grating angle OG = 45 degree. 

Figure 3.2 shows an algorithm for calculating energy for a single pixel. 

Since there are only five possible inputs ( southeast, south, southwest, west, 

and east ) for a given pixel, two loops are used in the algorithm to find out the 

total output energy. For those three inputs whose row number is lower than 

the row number of a given pixel, they could be either Iy or I/. For inputs 

whose row number is the same as the row number of the given pixel, only Ix 

enters the given pixel to generate the output energy. 

As shown in Figure 3.3, the dimension of a grating array, efficiency 

coefficient, and Bragg angle for each element in that array are first entered. 

The next step is to use the ABCD model to find the coordinate of the output 

pixel and to use the algorithm of energy flow for a single pixel to find the 

output energy. This step only works for those pixels of the first row ( row No. 

1 ) since their inputs are parallel to the incident light rays with a 90 degree 

incident angle. After that step, a loop is used to examine each pixel above the 

first row until the total energy for each pixel at the last row is found. 

As a generic example we have chosen only one target pixel through 

which maximum energy output is to be channeled comparing to the other 

pixels on the same (last) row. With this choice, this algorithm can find out an 

energy distribution for each pixel on the last row. 
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Figure 3.2 Flow chart for determining the energy flow for a single pixel 
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Figure 3.3 Flow chart for determining the energy flow 
for a grating array of nxn 

3.3 3x3 Ray Tracing Method 

The first simulation algorithm is a 3x3 pixel arrangement. The tracing is 

done with survey of every possible combination of input-output relations. 

The dimension of the grating array is chosen as 3x3 because it is the simplest 

one with meaningful results and it can be easily examined. 

Figure 3.4 shows the flow chart of 3x3 ray tracing. Firstly it is given a 

path to serve as a reference for the other possible light paths. This given 

path is chosen under a consideration that it can guide the light beam from an 

input pixel in the first column to the target pixel. With the reference of the 
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given path , the algorithm then tries to find a possible path from the input 

pixel of the second column to the target pixel. The input pixel of the second 

column could have more than one possible path: It means that the choice of 

any of the possible paths for the input pixel of the second column will affect 

the possible path for input pixel of the third column. In other words, the 

light path for input pixel of the third column will depend on the light path 

chosen for input pixel of the second and first columns. 

Figure 3.4 Flow chart of the 3x3 ray tracing 



Although the input pixel of the second column could have more than one 

light path, the input pixel of the third column is limited further by the first 

two paths. In case there are many options for the optical path from a 

particular input pixel to the target pixel, the shortest path is chosen. 

However, in case the next path, from the next column, is blocked by that 

choice, the program rechoose paths as to maximize the total number of paths 

from the input row to the target pixel. 

After choosing a light path for every input pixel in the first row, the 

algorithm then calculates the total output energy at the target pixel 

assuming the input energy of each input pixel is unity. 

3.4 The Shortest Path Grating Design 

Another design procedure has been tried too. It is called the shortest path 

algorithm. The assumption is that the shortest path will deliver the 

maximum energy in the target pixel. The assumption is based on the 

observation that the energy output is maximized wherever the number of 

reflections is minimized since the reflections from the various input pixels 

are assumed to be uncorrelated with each other. 

As shown in Figure 3.5, this algorithm is firstly given the dimension of 

the pixel array and the position of the output pixel. The strategy used to 

design the grating angle is to set up the grating angle at 90 degrees and 

guide the light beam to propagate in a straight line unless the target pixel 

can be approached at a 45° angle. This strategy minimizes the number of 

reflections; only one reflection is needed to reach the target pixel. By 

avoiding cross talk we further maximize the energy in the target pixel. 

^ z 
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Figure 3.5 Flow chart of the shortest path grating design 

The incident rays are parallel light beams. Since there is no limitation 

for the dimension of arrays, the larger the dimension is, the more energy is 

collected. However, the style of the grating designs of all pixels will be 

similar for different array dimensions. 

3.5 A Single Input Maximum Output Grating Design 

As the dimension of the pixel array is increased, the complexity of the 

structure is increased too which prevents us from effectively finding all 

possible routes to the target pixel. For that matter we adopt the strategy of 

single input maximum output grating design. Contrary to the 3x3 case, the 
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energy at the target pixel is not maximized globally but locally for each pixel. 

In the 3x3 case, the maximization is achieved by incorporating maximum 

number of routes. Since the total number of routes in large dimension array 

is practically unknown, we are forced to maximize the energy flow for 

whatever routes found. 

Figure 3.6 shows the flow chart of single input maximum output grating 

design. First, as in the algorithm of 3x3 grating design, a reference path is 

chosen. The algorithm then starts from the input pixel of the second column 

to find a possible light path. The strategy of finding a path is to change the 

Bragg angle of current pixel by 15-degree increment if a light path can not be 

found under the current Bragg angle for that pixel. The ABCD model is 

applied in each case with a zero degree Bragg angle for the current pixel. 

The attempts of finding a path for the current input pixel will be given up if 

light beam can not reach the output pixel while every possible Bragg angle 

for each pixel in the current temporal path has been utilized. The procedure 

will be repeated ( dimension -2 ) times. However, unlike the algorithm of the 

shortest path, some input pixels will have no light paths to the target pixel. 
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Figure 3.6 Flow chart of a single input maximum output 



CHAPTER 4 

SIMULATION RESULTS 

We can divide the results into three parts. The first part is called the 

'shortest path grating design'. The second part is a local survey, 'single 

input maximum output grating design'. The third part is a 'trace back 

simulation' based on the shortest path grating design structure to examine 

the distribution of the output port at different Bragg arrays. In these 

simulations, grating patterns and ray distribution charts for every design are 

described as follows: 

Figures 4.1(a)-(f) show possible combinations of optical interconnections 

by Bragg grating design with a path length 1, dim-1<dim. The expression 

dim means the array dimension of the volume hologram. In this approach, we 

simplify the design of the 3x3 dimension. Figures 4.2 (a)-(d) are the grating 

patterns according to Figure 4.1 ray tracing routes. Table 4.1 shows the 

distributions of Figure 4.2 (a)-(d) grating designs for different wavelengths 

(0.63um and 0.475um) and different local pixel efficiencies (0.9 & 0.1). 

The three parts of holographic optical interconnection designs are 

explained as follows: 

Part I: Shortest path grating design 

Figure 4.3 is a shortest path grating design pattern along with Figure 

4.1 (the shortest path design has maximum output energy). Figure 4-4 gives 

the amplitude and phase distribution at the last row of pixels and the 

distribution chart for Figure 4.3. Figure 4.5 is the same design as Figure 4.3 

except the specified output pixel is different. Figure 4.6 is its distribution. 

36 



In this research, simulations were extended to different dimensions. 

Therefore, Figure 4.7 (10x10) and Figure 4.15 (20x20) shortest path grating 

designs are presented. Even though the dimension is different, the general 

holographic pattern is similar. Note tat the overall length of each array is 

the same as the overall length of a 3x3 array. Thus, for a 10x10 Bragg array, 

the single size pixel is 0.3mm x 0.3mm. For the same reason, a single pixel 

dimension is 0.15mm x 0.15mm for a 20x20 Bragg array. Figure 4.8 and 

Figure 4.16 are their distributions respectively. 

Part II: Single input maximum output grating design 

(local survey) 

In order to compare the distributions for different Bragg arrays, a single 

input maximum output grating design was developed. The idea of this 

design is to select first a given path. While the angles of the first path are 

defined and fixed, the light paths of the second input are then searched. 

Since the grating angle maximizes the energy output locally, more crosstalk 

may occur. Figure 4.9 and Figure 4.11 are two kinds of single input 

maximum output grating designs at a different specified output. In the same 

manner as the above, Figure 4.10 and Figure 4.12 are their distributions 

respectively. 

Figure 4.13 is a 10x10 approach which is used to compare to Figure 4.7 

shortest path grating design at larger dimensions. Figure 4.14 is the 

distribution of Figure 4.13. 

Part III: Trace back ray distribution simulation 

The simulation of trace back ray distribution based on the structure of 

the shortest path grating design used to find out the variance of distribution 
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at one input with 3 ray beams together and three inputs with 3 ray beams 

each at different input pixel. 

Figure 4.17 is a single input with three ray beams at angle of 45°, 90°, 

and 135°. The approach is according to the shortest path grating structure. 

Figure 4.18 is its distribution with different pixel efficiency. 

For further discussion, in Figure 4.19, we simulate the distributions 

using three inputs with three ray beams individually at angle 45°, 90°, and 

135°. Figure 4.20 shows the result of Figure 4.19. Chapter 4 only shows the 

result, and the detail discussions will be presented in Chapter 5. 

The number of fringes in the grating pattern should follow the rule 

that A = X / 2sinOB, in which A is the grating pitch and X is the optical 

wavelength used. OB  is the angle between the incident beam and the grating 

planes. It should be noted that a fringe in a pixel shown in each figure 

actually represents 300 fringes for a 3x3 array, a representation of 200 

fringes for a 5x5 array, and a representation of 100 fringes for a 10x10 array. 

3` 
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Figure 4.1 3x3 Possible combination of ray tracing. 
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45 90 145 

90 70 108 

70 108 90 

45 80 145 

70 90 120 

90 90 90 

45 90 145 

45 70 100 

70 70 80 

55 55 145 

90 75 120 

90
. 

 90 90 

(a) (b) 
(B) 

(c) (d) 

Figure 4.2 3x3 Grating design(a) Grating structure according to Figure 4.1 
ray racing(b) Grating angles corresponding to (a). 



Table 4.1 3x3 Ray distribution 

Wave 
Length 

Effic- 
iency 

Pixel Coordinate 
(3,1) (3,2) (3,3) 

(a)  0.10ei°'65 2.31ej( -1'32) 0.17ei( 1.07) 

0.9 (b)  0.10ej° . 65 2.55ej1'23 0.10j0 - 65 

(c)  0.01e0 . 65 2.310 (-1.32) 0 .17e j1.07 

(1) (d)  1.00ej°-65 0.97ej1. 47 0.97ej1.47 
0.63um 

(a)  0.90ej°.65 0.8800.75 0.960°•72 

0.1 (b)  0.90ej° - 65 1.14ej°•79 0.900° . 65 

(c)  0.81ej°-65 0.88e 0.75 0.9600 . 72 

(d)  1.0oej°-65 0.97ej°'73 0.9700 . 73 

0.9 

(a)  

(b)  

(c)  

0.10u0.17 

0.10u 0.17  

0.010 0.17  

1.06ej0 . 3 

1.04ej1.13 

1.06ej0*30 

0.05ej( -° . 95) 

0.10ej°.17 

0.05ej( -0.95) 

(2) (d)  1.00u0.17  0.8100 - 72 0.810().72 
0.475um 

(a)  0.90u 0.17  0.72u 0.10 0.82u0.11 

0.1 (b)  0.90ej 0.17  0.83ei0.°5 0.90ej0.17 

(c)  0.81ej° .17 0.72u0.10 0.82u0.11 

(d)  1.00ej0'17 0.81u0.11 0.81u0.11 
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45 45 90 145 145 

45 50 90 130 145 

70 78 90 103 110 

90 90 90 90 90 

90 90 90 90 90 

(b) 

Figure 4.3 5x5 Shortest path (a)Grating design, output at (5,3) pixel (b) 
Grating angles corresponding to (a). 
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eff (5,1) 
Pixel coordinate 

(5,2) (5,3) (5,4) (5,5) 

0.9 0.001ej("15 0.074ej( -0.68)  1.41ej(-  ("53) 0.074ej( -0.68)  0.001ej0"15 

0.1 0.7300(3'15 0.8e70.15 0.86e7("29 0.8e7("15 0.730/3'15 

(b) 

Figure 4.4 5x5 Shortest path (a) Ray distribution chart (b)Amplitude & 
phase for Figure 4.3 grating design. 
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(a)  

90 145 145 145 145 

90 130 145 145 145 

90 108 120 145 145 

90 90 98 130 145 

90 90 90 100 110 

(b)  
• 

Figure 4.5 5x5 Shortest path (a)Grating design, output at (5,1) pixel (b) 
Grating angles correspdnding to (a) 
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Ray Dristribution Chart 

Amplitude 
1.4 

1.2 

1 

0.8 

0.8 

0.4 

0.2 

0 
0 0.5 1 1.5 2 2.5 3 

mm 

— Series 1 — Series 2 

(a)  

Pixel ccordinate 
eff (5,1) (5,2) (5,3) (5,4) (5,5) 

0.9 1.2e31" 0.073e)(-"68) 0.00130'15 0.000330'15 1 0.00001eJ015 • 

0.1 0.996ej 0.16 0.8ej0.15 0.73ej0.15 0.656ej0.15 0.59ej0.15 

(b)  

Figure 4.6 5x5 Shortest path(a) Ray distribution chart (b) 
Amplitude & phase for Figure 4.5 grating design 
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(a)  

11 
\\\ 

45 45 45 45 90 145 145 145 145 145 

45 45 45 50 90 130 145 145 145 145 

45 45 50 78 90 103 130 145 145 145 
, 

45 
i 

50 78 90 90 90 103 130 145 145 

70 78 90 90 90 90 90 103 130 145 

90 
_ 

90 90 90 90 90 90 90 103 110 

90 90 90 90 
. 

90 90 90 90 90 90 

90 90 90 90 90 90 90 90 90 '90 

90 90 90 90 90 90 90 90 90 90 

90 90 ,90 90 90 90 90 90 90 90 

(b)  

Figure 4.8 10x10 Shortest path(a) Ray distribution chart (b) 
Amplitude & phase for Figure 4.7 grating design 
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Pixel Coordinate 
eff (10,1) (10,2) (10,3) (10,4) (10,5) (10,10) 

(10,9) (10,8 (10,7) (10,6) 

0.9 10-401'35 0 10-31'35 0.0860(-°'99) 0.1801'35 
3.22ej(- 0.03)10-5ej1.35 

0.1 0.6560 1'34 0.729ej1'35 0.8101'35 0.9ej0'35 1.130(-1.47)0.59ej1.35 

(c)  

(a)  

Figure.4.8 10x10 Shortest path(a) Ray distribution chart (b) Amplitude & 
phase for Figure 4.7 grating design. 
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(a)  

45 45 90 145 145 

45 50 75 105 145 

70 45 75 75 145 

90 45 55 55 145 

90 65 65 65 145 

(b)  

Figure 4.9 5x5 Single input maximum output (a)Grating design, output at 
(5,3) Pixel (b) Grating angles corresponding to (a). 
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Ray Distribution Chart 

Amplitude 
2.5 

2 

1.5 

0.5 

0.5 1 1.6 2 Z5 3 

mm 

— Series 1 '-4--  Series 2 

Pixel coordinate 
aff (5,1) (5,2) (5,3) (5,4) (5,5) 

0.9 0.001e7("15 10-500.15 2.050'43 10-5ej0.1510-6ej0.15 

0.1 0.72900'15 0.59ej0'15 0.64ej0.14 0.59ej0'15 0.5900'15 

(a)  

(b)  

Figure 4.10 5x5 Single input maximum output(a) Ray distribution chart (b) 
Amplitude & phase for Figure 4.9 grating design. 
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(a)  

45 45 45 90 145 

45 30 30 70 115 

70 45 90 '55 95 

90 45 40 88 65 

90 65 65 65 90 

(b)  

Figure 4.11 5x5 Single input maximum output (a)Grating design, output at 
(5,4) pixel (b) Grating angles corresponding to (a). 
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Ray Distribution Chart 

1.4 
Amplitude 

1.2 

0.8 

0.8 

0.4 

0.2 

0.5 1 1.5 2 2.5 3 

(TIM 

— Series 1 —l---  Series 2 

(a)  

Pixel coordinate 
eff (5,1) (5,2) (5,3) (5,4) (5,5) 

0.9 0.001eD0-15 10-5ej0.15 10-4ej.15 1.34e70'83 0.00100'15 
1 1 

0.729ej("15 (15 0.59ej" 0.656ej0- 15 0.729u0.150.1 0.66e70.15 

(b)  

Figure 4.12 5x5 Single input maximum output (a) Ray distribution chart (b) 
Amplitude & phase for Figure 4.11 grating design. 
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(a) 

45 45 45 45 45 45 301 145 145 145 

45 45 30 10 10 30 75 105 145 145 

45 50 45 45 45 60 75 75 145 145 

70 45 45 45 45 70 75 75 145 145 

45 45 45 45 45 100 55 75 130 145 

45 45 45 45 45 45 90 75 145 145 

45 45 45 45 45 45 90 75 145 145 

45 45 45 45 45 45 90 75 145 145 

45 45 45 45 45 45 90 55 145 145 

45 65 65 65 65 65 65 145 145 145 

(b) 

Figure 4.13 10x10 Single input maximum output (a)Grating design, output 
at (10,7) Pixel (b) Grating angles corresponding to (a). 
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1.4 
Amplitude 

1.2 

0.8 — 

0.8 - 

0.4 - 

0.2 — 

Ray Distribution Chart 

0.5 1 1.5 2 2.5 3 

mm 

— Series 1 —4--  Series 2 

(a) 

(10,5) eff 

0.9 

0.1 

(10,10) eff 

0.9 

0.1 

0.001'35 0.0u1.35 0.001'35 0.0ejl•35 0.001'35 

0.3501'35 0.38u1.35 0.38ej1'35 0.38e71'35 0.3801'35 

0.0e1'35 1.295e7(-0.53) 0.008ej(-0'9) 0.0e71'35 0.001'35 

0.04e1-35 0.7890 0.08 

Pixel Coordinate 
(10,1) (10,2) (10,3) (10,4) 

Pixel Coordinate 
(10,6) (10,7) (10,8) (10,9) 

0.6601- 36 0.3801- 35  0.38ej1- 35  

(b) 

Figure 4.14 10x10 Single input maximum output (a) Ray distribution chart 
(b) Amplitude & phase for Figure 4.13 grating design. 
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Figure 4.15 20x20 Shortest path (a)Grating design, output at (20,10) pixel 
(b) Grating angles corresponding to (a). 
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4 

3 

6 

2 

o' -- T 
0 0.5 1 1.5 2 2.5 3 

MM 

Amplitude 

Ray Distribution Chart 

— Series 1 — Series 2 

(a) 

(b) 

Pixel Coordinate  
eff (20,1) (20,2) (20,3) (20,4) (20,5) 

(20,19) (20,18) (20,17) (20,16) (20,15) 

0.9 0.0e7(-1.2) 0.0ej(-1.2) 10-6e7(-0.69) 7e-6e7(-0.69) /- .2e-5e7(-0.69) 

0.1 0.38e7(-1.2) 0.43e7(-1*2) 0.47e7(-1.2) - u.526ej(-1.2)  0.58e7(-1.2) 

Pixel Coordinate ] 

eff (20,6) (20,7) (20,8) (20,9) (20,20) 
(20,14) (20,13) (20,12) (20,11) 

0.9 7e-4e7( -0.69) 7e-3e7(-0.69) 0.07ej(-0.69) 0.181e7(-1.2) 5.0e70.42 

0.1 0.65e7( -1.2) 0.72ej(  -1.2) 0.8ej( -1.2) 0.9ej(-1.2) 0.947ej( -1.2) 

Figure 4.16 20x20 Shortest path(a) Ray distribution chart (b) Amplitude & 
phase for Figure 4.15 grating design. 
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(a)  

90 90 90 90 90 90 90 90 90 90 

90 90 90 90 90 90 90 90 90 90 

90 90 90 90 90 90 90 90 90 90 

90 90 90 90 90 90 90 90 90 90 

90 90 90 90 90 90 90 90 90 70 

105 90 90 90 90 90 90 90 70 

105 90 90 90 90 90 70 

105 90 90 90 70 

105 90 70 

90 

(b)  

Figure 4.17 One pixel input with 3 beams using shortest path (a)Grating 
design (b) Grating angles corresponding to (a). 
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(a)  

eff 
(10,1) 
(10,9) 

Pixel Coordinate 
(10,2) (10,3) 
(10,8) (10,7) 

(10,4) 
(10,6) 

(10,5) 

0.9 9e-40(-2-35) 0.0090" 0.0900.0010.9 ej(-0'9) 1.0ej1'35 

0.5 0.060(-3-35) 0.125ej(0'9) 0.25ej0.0010.5ej(-  0'9) 1.001'35 

0.3 0.103ej(-3-35) 0.147ej0'9 . 0001 0.210 0.3ej(-0'9) 1.0ej1'35 

(b)  

Figure 4.18 One pixel input with 3 beams using shortest path (a) Ray 
distribution chart (b) Amplitude & phase for Figure 4.17 grating design. 
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(a) 

90 90 90 90 90 90 90 90 90 90 

90 190 90 90 90 90 90 90 90 70 

105 90 90 90 90 90 90 90 70 90 

90 105 90 90 90 90 90 70 
T 

90 90 

90 90 105 90 90 90 70 90 90 70 

105 90 90 105 90 170 90 90 70 90 

90 105 90- 90 - 
70
1°5 90 90 70 90 90 

90 90 105 70 90 105 70 90 
_. 
90. 70 

105 90 70 105 90 70 105 90 70 

90 90 90 

Figure 4.19 Three inputs with 3 beams each Using shortest path (a) 
Grating design (b) Grating angles corresponding to (a). 

(b) 



(a) 

eff (10,1) (10,2) 
Pixel Ccordinate 

(10,3) (10,4) (10,5) 

0.9 10.009e:( '• Q) 0.009e3 7-39 0.016e3(-0.45)0.016ej(-3•44) 0.0101-35 

0.1 0.052ej( -1.06) 0.77se71.33 0.087ej(  -0.45) 0.1/7ej0.006 0.8101•35 

0.5 0.099ej(-0'8) 0.2u1'45 0.21ej( -0.45) 0.207ej(-0.329)0.2501-35 

0.3 0.0.101u(-0.77) 0.375u1.4 0.223u(-0.45) 0.232ej(-0.22)0.445ej"35 

eff (10,6) 
Pixel Ccordinate 

(10,7) (10,8) (10,9) (10,10) 

0.9 0.016eD(-0"44) 0.016ej( -0.45)  0.00901'39 0.0090(-0'9) 0.0009ej0"005 

0.1 0.117ej(006 0.087ej(-0'45) 0.77801'33 0.0520(-1-06) 0.047ej( -0.16) 

0.5 0.207ej(-0'33) 0.21 ej(-0.45)  0.2u1.45 0.099ej( -0.8)  0.04900.106 

0.3 0.2320 (-0.22)0.223ej(  -0.45) 0.375ej1.4 0.101ej(-0"77) 0.06800'13 

(b) 

Figure 4.20 Three inputs with 3 beams each Using shortest path (a) Ray 
distribution chart (b) Amplitude & phase for Figure 4.19 grating design 
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CHAPTER 5 

DISCUSSION 

In this thesis, we have attempted to develop a design procedure of optical 

interconnects based on Bragg, (thick) holographic principles. The first 

simulating algorithm is the algorithm of 3x3 ray tracing. We assume that 

the pixel coordinates of the southwest one is (1,1) and for the target pixel is 

(3,2). Hence, there will be three light paths in a 3x3 pixel array. Figure 4.1 

shows six possible patterns of ray tracing with path length dim-1 < / < dim 

(assuming the dimension of a pixel of being unity). We can see that the 

pattern in Figure 4.1 (e) is a mirror mapping of Figure 4.1(f). The same 

relation holds for Figure (a) and (d). Since Figures 4.1(c), (e) and (f) have a 

similar structure, the patterns of Figure 4.1(e) and (f) will not be further 

discussed. We can conclude that there are three meaningful ray tracing 

patterns with light path length dim-1 < / < dim for a 3x3 pixel array. A 

fourth path may be added only in the expense of longer optical route. 

Table 4.1 shows the energy output for each pixel in the last row for a 

3x3 pixel array. Two different efficiencies and wavelengths are used to 

obtain four groups of energy outputs for each ray tracing pattern shown in 

Figure 4.2. As can be seen in Table 4.1, the energy output of the target pixel 

is much larger than those of the other two pixels in pattern (a), (b), and (c) 

with an efficiency rl = 0.9 for both wavelengths. Pattern (d) achieves almost a 

uniform distribution in all of the situations of wavelengths and efficiencies. 

A 5x5 shortest path grating design with the output pixel at (5,3) is 

shown in Figure 4.3. The ray distribution chart and the value of energy 

output for grating design of Figure 4.3 are given in Figure 4.4. The energy 
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output of target pixel is at least 19 times larger than the energy value of any 

other pixel in that same (last) row. This result suggests that the grating 

design achieves a high degree of separability when the efficiency is II = 0.9. 

Another simulation result for a 5x5 shortest path grating design with the 

target pixel at (5,1) is shown in Figure 4.5. Here too, we were able to achieve 

high degree of separability for the energy distribution as can be seen from 

Figure 4.6. This is also true even when the efficiency of the local Bragg 

grating ?" = 0.1. 

For the purpose of comparison, a 10x10 shortest path grating design 

with the target pixel at (10,5) is simulated. Figure 4.7 shows the results of 

this simulation. The pattern of the design is similar to 5x5 grating design 

except that the dimension is different. The ray distribution chart shown in 

Figure 4.8 demonstrates even higher degree of separability compared to the 

case of 5x5 array. Thus, high degree of separability is associated with high 

resolution grating patterns. 

Figure 4.9 shows a 5x5 single input maximum output grating design 

with output pixel at (5,3). we may see that there are only three light paths in 

the array. Figure 4.10 shows that this type of design is not only having an 

excellent separability but also has a higher energy output than the shortest 

path design with efficiency = 0.9. However, the energy outputs are 

distributed uniformly if the efficiency is 11 = 0.1. When the output pixel is 

changed to (5,4), there are four light paths shown in Figure 4.11. In contrast 

to the previous case, the energy output is lower when the local grating 

efficiency is ri = 0.9. A 10x10 single input maximum output grating design 

with the target pixel at (10,7), only adds one light path more compared to the 

5x5 array. A good degree of separability is achieved here as well. However, 

the energy output of the target pixel is almost equal to the value of the 
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target pixel in the case of the 5x5 array. Comparing this to the simulation 

results for algorithm of shortest path, we can therefore conclude that the 

increment in dimension of pixel array will increase the energy output only 

when the shortest path design is used. This conclusion is strengthen by 

analyzing the 20x20 shortest path grating design in Figure 4.15. The phase 

number of the light beam has not changed except for the target pixel. 

In Figure 4.17, a one-input pixel with 3 separate beams using shortest 

path grating design is shown. The input pixel is at (10,5) with 3 input light 

beams whose incident angles are 45, 90, and 135 respectively. Three 

different efficiencies which are 0.9, 0.5, and 0.3 are used to obtain the 

simulation results. The goal of this simulation was to obtain a uniform 

distribution with a single input pixel at (10,5). As shown in Figure 4.18, a 

uniform distribution has not been achieved. Another attempt was to use 3 

inputs with 3 separate light beams as shown in Figure 4.19. The design is a 

mapping structure of Figure 4.18. The input pixels are (10,3), (10,5), and 

(10,7). The simulation results were given in Figure 4.20. It is obvious that 

the structure did not meet the original goal to reach a uniform output. 

Variations of the pixel efficiency at different locations may be needed to 

increase the output uniformity. 
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CHAPTER 6 

CONCLUSION 

Since it is impractical to transmit light through air for long distances as is 

the case for radio waves, an optical fiber or waveguide could be served as 

conductors of light. The fiber optics are already being used in local area 

networks, e.g., to connect computer to peripherals. But at the chip level it is 

unreasonable to use independent optical fibers -- it is hard to be integrated 

into and within the chip. 

A Bragg reflector (grating) waveguide has been proposed as a means to 

channel light from an input pixel distribution to an output pixel distribution. 

In this way the optical beam is dispersed throughout the whole wafer and 

optical integration is achieved more easily. 

We assumed that by minimizing the number of reflections per route and 

by minimizing the path length of every route, one can maximize the energy 

throughput. By following these assumptions, and by using the Bragg 

condition for light diffraction, we achieved the various light channeling 

structures. Two major structures have been tried on a generic test case 

where the input distribution was uniform and the output distribution was a 

single spot: One is called the 'shortest path grating design'. Another design 

strategy was 'single input maximum output design' which maximized the 

local energy flow per route. The latter design was found to be less efficient 

than the former. We attribute this deficiency to the limited number of routes 

formed when the 'single input maximum output' design procedure was used. 
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CHAPTER 7 

FUTURE WORK 

Optical interconnections have so far been developed more for electronic 

computer than for optical ones. The guided communication lines known from 

electronics are augmented by the possibility of free-space interconnections. 

This is a new major advantage, as it eliminate layout problems and allows for 

much more dense interconnections. 

Because of the potential and the advantage described above, the 

advanced researches on this topic are very important. Some future topics are 

suggested below: 

(1) An approach which emphasizes coherent output phases. 

(2) The application to optical filters. 

(3) Modification of the local efficiency factor. 
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/********************************************/ 
/*** Ray Tracing using ABCD Model . ***/ 
/*** relation of light incident beam, ***/ 
/*** grating angle and output ray beam ***/ 
/********************************************/ 

#include "stdio.h" 
#include "math.h" 
#include "stdlib.h" 
#include "dos.h" 
int y,x,i,xp,yp; 
float rx,ry,Rx,Ry,phi,Tpout,Tp; 
float Tb; 
#define pi 3.14159 

main() 
{ 

FILE *fp, *fg; 
fg=fopen("out.dat","w"); 
for(phi=0;phi<=180;phi=phi+10) 
for(Tp=0:Tp<=180;Tp=Tp+5) 

Tb=Tp-90+phi; 
xp=O; 
YP=1; 
phi=phi*pi/180; 
Tp=Tp*pi/180; 
rx=cos(phi); 
ry=sin(phi); 
Rx=-cos(2*Tp)*rx+sin(2*Tp)*rY; 
Ry.-sin(2*Tp)*rx-cos(2*Tp)*ry; 
if((Rx==0)&&(Ry==1)) Tpout=pi/2; 
if((Rx==O)&&(Ry==-1)) Tpout=3*pi/2; 
if((Rx==1)&&(Ry==0)) Tpout=0; 
if((Rx==-1)&&(Ry==0)) Tpout=pi; 
if(Rx<O) Tpout=pi+atan(Ry/Rx); 
if((Rx>0)&&(Ry>0)) Tpout=atan(Ry/Rx); 
if((Rx>0)&&(Ry<0)) Tpout=2*pi+atan(Ry/Rx); 

if(((Tpout>=0)&&(Tpout<pi/6))IINTpout>11*pi/6)&&(Tpout<2*pi 
))) 

yp=yp+1; 
if((Tpout>=pi/6)&&(Tpout<=pi/3)) {xp=xp+1;yp=yp+1;} 
if((Tpout>pi/3)&&(Tpout<2*pi/3)) xp=xp+1; 
if((Tpout>=2*pi/3)&&(Tpout<=5*pi/6)) (xp=xp+1;YP=YP- 

1; ) 
if((Tpout>5*pi/6)&&(Tpout<7*pi/6))yp=yp-1; 
if((Tpout>=7*pi/6)&&(Tpout<=4*pi/3)) (xp=xp-1;YP=YP-

1;) 
if((Tpout>4*pi/3)&&(Tpout<5*pi/3)) xp=xp-1; 
if((Tpout>=5*pi/3)&&(Tpout<=11*pi/6)) {xp=xp-

1;yp=yp+1;} 
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phi= phi*180.0/pi; 
Tp=Tp*180/pi; 
Tpout=Tpout*180.0/pi; 
fprintf(fg,"\t\t phi %3.0f\t Tb %3.0f\t Tpout 

%3.0f \n",phi,Tb,Tpout); 
} 

} 
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List of relation of incident angle phi (4)), grating angle Tb 
(0G) and output ray angle Tpout (bout) by ray tracing using 
ABCD model based on Bragg condition. 

Tpout (gout): angle of output ray 

phi 0 Tb -90 Tpout 180 
phi 0 Tb -85 Tpout 190 
phi 0 Tb -80 Tpout 200 
phi 0 Tb -75 Tpout 210 
phi 0 Tb -70 Tpout 220 
phi 0 Tb -65 Tpout 230 
phi 0 Tb -60 Tpout 240 
phi 0 Tb -55 Tpout 250 
phi 0 Tb -50 Tpout 260 
phi 0 Tb -45 Tpout 270 
phi 0 Tb -40 Tpout 280 
phi 0 Tb -35 Tpout 290 
phi 0 Tb -30 Tpout 300 
phi 0 Tb -25 Tpout 310 
phi 0 Tb -20 Tpout 320 
phi 0 Tb -15 Tpout 330 
phi 0 Tb -10 Tpout 340 
phi 0 Tb -5 Tpout 350 
phi 0 Tb 0 Tpout 360 
phi 0 Tb 5 Tpout 10 
phi 0 Tb 10 Tpout 20 
phi 0 Tb 15 Tpout 30 
phi 0 Tb 20 Tpout 40 
phi 0 Tb 25 Tpout 50 
phi 0 Tb 30 Tpout 60 
phi 0 Tb 35 Tpout 70 
phi 0 Tb 40 Tpout 80 
phi 0 Tb 45 Tpout 90 
phi 0 Tb 50 Tpout 100 
phi 0 Tb 55 Tpout 110 
phi 0 Tb 60 Tpout 120 
phi 0 Tb 65 Tpout 130 
phi 0 Tb 70 Tpout 140 
phi 0 Tb 75 Tpout 150 
phi 0 Tb 80 Tpout 160 
phi 0 Tb 85 Tpout 170 
phi 10 Tb -80 Tpout 190 
phi 10 Tb -75 Tpout 200 
phi 10 Tb -70 Tpout 210 
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phi 10 Tb -65 Tpout 220 
phi 10 Tb -60 Tpout 230 
phi 10 Tb -55 Tpout 240 
phi 10 Tb -50 Tpout 250 
phi 10 Tb -45 Tpout 260 
phi 10 Tb -40 Tpout 270 
phi 10 Tb -35 Tpout 280 
phi 10 Tb -30 Tpout 290 
phi 10 Tb -25 Tpout 300 
phi 10 Tb -20 Tpout 310 
phi 10 Tb -15 Tpout 320 
phi 10 Tb -10 Tpout 330 
phi 10 Tb• -5 Tpout 340 
phi 10 Tb 0 Tpout 350 
phi 10 Tb 5 Tpout 360 
phi 10 Tb 10 Tpout 10 
phi 10 Tb 15 Tpout 20 
phi 10 Tb 20 Tpout 30 
phi 10 Tb 25 Tpout 40 
phi 10 Tb 30 Tpout 50 
phi 10 Tb 35 Tpout 60 
phi 10 Tb 40 Tpout 70 
phi 10 Tb 45 Tpout 80 
phi 10 Tb 50 Tpout 90 
phi 10 Tb 55 Tpout 100 
phi 10 Tb 60 Tpout 110 
phi 10 Tb 65 Tpout 120 
phi 10 Tb 70 Tpout 130 
phi 10 Tb 75 Tpout 140 
phi 10 Tb 80 Tpout 150 
phi 10 Tb 85 Tpout 160 
phi 10 Tb 90 Tpout 170 
phi 10 Tb 95 Tpout 180 
phi 20 Tb -70 Tpout 200 
phi 20 Tb -65 Tpout 210 
phi 20 Tb -60 Tpout 220 
phi 20 Tb -55 Tpout 230 
phi 20 Tb -50 Tpout 240 
phi 20 Tb -45 Tpout 250 
phi 20 Tb -40 Tpout 260 
phi 20 Tb -35 Tpout 270 
phi 20 Tb -30 Tpout 280 
phi 20 Tb -25 Tpout 290 
phi 20 Tb -20 Tpout 300 
phi 20 Tb -15 Tpout 310 
phi 20 Tb -10 Tpout 320 
phi 20 Tb -5 Tpout 330 
phi 20 Tb 0 Tpout 340 
phi 20 Tb 5 Tpout 350 
phi 20 Tb 10 Tpout 360 
phi 20 Tb 15 Tpout 10 
phi 20 Tb 20 Tpout 20 
phi 20 Tb 25 Tpout 30 
phi 20 Tb 30 Tpout 40 
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phi 20 Tb 35 Tpout 50 
phi 20 Tb 40 Tpout 60 
phi 20 Tb 45 Tpout 70 
phi 20 Tb 50 Tpout 80 
phi 20 Tb 55 Tpout 90 
phi 20 Tb 60 Tpout 100 
phi 20 Tb 65 Tpout 110 
phi 20 Tb 70 Tpout 120 
phi 20 Tb 75 Tpout 130 
phi 20 Tb 80 Tpout 140 
phi 20 Tb 85 Tpout 150 
phi 20 Tb 90 Tpout 160 
phi 20 Tb 95 Tpout 170 
phi 20 Tb 100 Tpout 180 
phi 20 Tb 105 Tpout 190 
phi 30 Tb -60 Tpout 210 
phi 30 Tb -55 Tpout 220 
phi 30 Tb -50 Tpout 230 
phi 30 Tb -45 Tpout 240 
phi 30 Tb -40 Tpout 250 
phi 30 Tb -35 Tpout 260 
phi 30 Tb -30 Tpout 270 
phi 30 Tb -25 Tpout 280 
phi 30 Tb -20 Tpout 290 
phi 30 Tb -15 Tpout 300 
phi 30 Tb -10 Tpout 310 
phi 30 Tb -5 Tpout 320 
phi 30 Tb -0 Tpout 330 
phi 30 Tb 5 Tpout 340 
phi 30 Tb 10 Tpout 350 
phi 30 Tb 15 Tpout 360 
phi 30 Tb 20 Tpout 10 
phi 30 Tb 25 Tpout 20 
phi 30 Tb 30 Tpout 30 
phi 30 Tb 35 Tpout 40 
phi 30 Tb 40 Tpout 50 
phi 30 Tb 45 Tpout 60 
phi 30 Tb 50 Tpout 70 
phi 30 Tb 55 Tpout 80 
phi 30 Tb 60 Tpout 90 
phi 30 Tb 65 Tpout 100 
phi 30 Tb 70 Tpout 110 
phi 30 Tb 75 Tpout 120 
phi 30 Tb 80 Tpout 130 
phi 30 Tb 85 Tpout 140 
phi 30 Tb 90 Tpout 150 
phi 30 Tb 95 Tpout 160 
phi 30 Tb 100 Tpout 170 
phi 30 Tb 105 Tpout 180 
phi 30 Tb 110 Tpout 190 
phi 30 Tb 115 Tpout 200 
phi 40 Tb -50 Tpout 220 
phi 40 Tb -45 Tpout 230 
phi 40 Tb -40 Tpout 240 
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phi 40 Tb -35 Tpout 250 
phi 40 Tb -30 Tpout 260 
phi 40 Tb -25 Tpout 270 
phi 40 Tb -20 Tpout 280 
phi 40 Tb -15 Tpout 290 
phi 40 Tb -10 Tpout 300 
phi 40 Tb -5 Tpout 310 
phi 40 Tb 0 Tpout 320 
phi 40 Tb 5 Tpout 330 
phi 40 Tb 10 Tpout 340 
phi 40 Tb 15 Tpout 350 
phi 40 Tb 20 Tpout 360 
phi 40 Tb 25 Tpout 10 
phi 40 Tb 30 Tpout 20 
phi 40 Tb 35 Tpout 30 
phi 40 Tb 40 Tpout 40 
phi 40 Tb 45 Tpout 50 
phi 40 Tb 50 Tpout 60 
phi 40 Tb 55 Tpout 70 
phi 40 Tb 60 Tpout 80 
phi 40 Tb 65 Tpout 90 
phi 40 Tb 70 Tpout 100 
phi 40 Tb 75 Tpout 110 
phi 40 Tb 80 Tpout 120 
phi 40 Tb 85 Tpout 130 
phi 40 Tb 90 Tpout 140 
phi 40 Tb 95 Tpout 150 
phi 40 Tb 100 Tpout 160 
phi 40 Tb 105 Tpout 170 
phi 40 Tb 110 Tpout 180 
phi 40 Tb 115 Tpout 190 
phi 40 Tb 120 Tpout 200 
phi 40 Tb 125 Tpout 210 
phi 50 Tb -40 Tpout 230 
phi 50 Tb -35 Tpout 240 
phi 50 Tb -30 Tpout 250 
phi 50 Tb -25 Tpout 260 
phi 50 Tb -20 Tpout 270 
phi 50 Tb -15 Tpout 280 
phi 50 Tb -10 Tpout 290 
phi 50 Tb -5 Tpout 300 
phi 50 Tb 0 Tpout 310 
phi 50 Tb 5 Tpout 320 
phi 50 Tb 10 Tpout 330 
phi 50 Tb 15 Tpout 340 
phi 50 Tb 20 Tpout 350 
phi 50 Tb 25 Tpout 360 
phi 50 Tb 30 Tpout 10 
phi 50 Tb 35 Tpout 20 
phi 50 Tb 40 Tpout 30 
phi 50 Tb 45 Tpout 40 
phi 50 Tb 50 Tpout 50 
phi 50 Tb 55 Tpout 60 
phi 50 Tb 60 Tpout 70 



phi 50 Tb 65 Tpout 80 
phi 50 Tb 70 Tpout 90 
phi 50 Tb 75 Tpout 100 
phi 50 Tb 80 Tpout 110 
phi 50 Tb 85 Tpout 120 
phi 50 Tb 90 Tpout 130 
phi 50 Tb 95 Tpout 140 
phi 50 Tb 100 Tpout 150 
phi 50 Tb 105 Tpout 160 
phi 50 Tb 110 Tpout 170 
phi 50 Tb 115 Tpout 180 
phi 50 Tb 120 Tpout 190 
phi 50 Tb 125 Tpout 200 
phi 50 Tb 130 Tpout 210 
phi 50 Tb 135 Tpout 220 
phi 60 Tb -30 Tpout 240 
phi 60 Tb -25 Tpout 250 
phi 60 Tb -20 Tpout 260 
phi 60 Tb -15 Tpout 270 
phi 60 Tb -10 Tpout 280 
phi 60 Tb -5 Tpout 290 
phi 60 Tb -0 Tpout 300 
phi 60 Tb 5 Tpout 310 
phi 60 Tb 10 Tpout 320 
phi 60 Tb 15 Tpout 330 
phi 60 Tb 20 Tpout 340 
phi 60 Tb 25 Tpout 350 
phi 60 Tb 30 Tpout 360 
phi 60 Tb 35 Tpout 10 
phi 60 Tb 40 Tpout 20 
phi 60 Tb 45 Tpout 30 
phi 60 Tb 50 Tpout 40 
phi 60 Tb 55 Tpout 50 
phi 60 Tb 60 Tpout 60 
phi 60 Tb 65 Tpout 70 
phi 60 Tb 70 Tpout 80 
phi 60 Tb 75 Tpout 90 
phi 60 Tb 80 Tpout 100 
phi 60 Tb 85 Tpout 110 
phi 60 Tb 90 Tpout 120 
phi 60 Tb 95 Tpout 130 
phi 60 Tb 100 Tpout 140 
phi 60 Tb 105 Tpout 150 
phi 60 Tb 110 Tpout 160 
phi 60 Tb 115 Tpout 170 
phi 60 Tb 120 Tpout 180 
phi 60 Tb 125 Tpout 190 
phi 60 Tb 130 Tpout 200 
phi 60 Tb 135 Tpout 210 
phi 60 Tb 140 Tpout 220 
phi 60 Tb 145 Tpout 230 
phi 70 Tb -20 Tpout 250 
phi 70 Tb -15 Tpout 260 
phi 70 Tb -10 Tpout 270 
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phi 70 Tb -5 Tpout 280 
phi 70 Tb 0 Tpout 290 
phi 70 Tb 5 Tpout 300 
phi 70 Tb 10 Tpout 310 
phi 70 Tb 15 Tpout 320 
phi 70 Tb 20 Tpout 330 
phi 70 Tb 25 Tpout 340 
phi 70 Tb 30 Tpout 350 
phi 70 Tb 35 Tpout 360 
phi 70 Tb 40 Tpout 10 
phi 70 Tb 45 Tpout 20 
phi 70 Tb 50 Tpout 30 
phi 70 Tb 55 Tpout 40 
phi 70 Tb 60 Tpout 50 
phi 70 Tb 65 Tpout 60 
phi 70 Tb 70 Tpout 70 
phi 70 Tb 75 Tpout 80 
phi 70 Tb 80 Tpout 90 
phi 70 Tb 85 Tpout 100 
phi 70 Tb 90 Tpout 110 
phi 70 Tb 95 Tpout 120 
phi 70 Tb 100 Tpout 130 
phi 70 Tb 105 Tpout 140 
phi 70 Tb 110 Tpout 150 
phi 70 Tb 115 Tpout 160 
phi 70 Tb 120 Tpout 170 
phi 70 Tb 125 Tpout 180 
phi 70 Tb 130 Tpout 190 
phi 70 Tb 135 Tpout 200 
phi 70 Tb 140 Tpout 210 
phi 70 Tb 145 Tpout 220 
phi 70 Tb 150 Tpout 230 
phi 70 Tb 155 Tpout 240 
phi 80 Tb -10 Tpout 260 
phi 80 Tb -5 Tpout 270 
phi 80 Tb 0 Tpout 280 
phi 80 Tb 5 Tpout 290 
phi 80 Tb 10 Tpout 300 
phi 80 Tb 15 Tpout 310 
phi 80 Tb 20 Tpout 320 
phi 80 Tb 25 Tpout 330 
phi 80 Tb 30 Tpout 340 
phi 80 Tb 35 Tpout 350 
phi 80 Tb 40 Tpout 360 
phi 80 Tb 45 Tpout • 10 
phi 80 Tb 50 Tpout 20 
phi 80 Tb 55 Tpout 30 
phi 80 Tb 60 Tpout 40 
phi 80 Tb 65 Tpout 50 
phi 80 Tb 70 Tpout 60 
phi 80 Tb 75 Tpout 70 
phi 80 Tb 80 Tpout 80 
phi 80 Tb 85 Tpout 90 
phi 80 Tb 90 Tpout 100 
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phi 80 Tb 95 Tpout 110 
phi 80 Tb 100 Tpout 120 
phi 80 Tb 105 Tpout 130 
phi 80 Tb 110 Tpout 140 
phi 80 Tb 115 Tpout 150 
phi 80 Tb 120 Tpout 160 
phi 80 Tb 125 Tpout 170 
phi 80 Tb 130 Tpout 180 
phi 80 Tb 135 Tpout 190 
phi 80 Tb 140 Tpout 200 
phi 80 Tb 145 Tpout 210 
phi 80 Tb 150 Tpout 220 
phi 80 Tb 155 Tpout 230 
phi 80 Tb 160 Tpout 240 
phi 80 Tb 165 Tpout 250 
phi 90 Tb 0 Tpout 270 
phi 90 Tb 5 Tpout 280 
phi 90 Tb 10 Tpout 290 
phi 90 Tb 15 Tpout 300 
phi 90 Tb 20 Tpout 310 
phi 90 Tb 25 Tpout 320 
phi 90 Tb 30 Tpout 330 
phi 90 Tb 35 Tpout 340 
phi 90 Tb 40 Tpout 350 
phi 90 Tb 45 Tpout 360 
phi 90 Tb 50 Tpout 10 
phi 90 Tb 55 Tpout 20 
phi 90 Tb 60 Tpout 30 
phi 90 Tb 65 Tpout 40 
phi 90 Tb 70 Tpout 50 
phi 90 Tb 75 Tpout 60 
phi 90 Tb 80 Tpout 70 
phi 90 Tb 85 Tpout 80 
phi 90 Tb 90 Tpout 90 
phi 90 Tb 95 Tpout 100 
phi 90 Tb 100 Tpout 110 
phi 90 Tb 105 Tpout 120 
phi 90 Tb 110 Tpout 130 
phi 90 Tb 115 Tpout 140 
phi 90 Tb 120 Tpout 150 
phi 90 Tb 125 Tpout 160 
phi 90 Tb 130 Tpout 170 
phi 90 Tb 135 Tpout 180 
phi 90 Tb 140 Tpout 190 
phi 90 Tb 145 Tpout 200 
phi 90 Tb 150 Tpout 210 
phi 90 Tb 155 Tpout 220 
phi 90 Tb 160 Tpout 230 
phi 90 Tb 165 Tpout 240 
phi 90 Tb 170 Tpout 250 
phi 90 Tb 175 Tpout 260 
phi 100 Tb 10 Tpout 280 
phi 100 Tb 15 Tpout 290 
phi 100 Tb 20 Tpout 300 
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phi 100 Tb 25 Tpout 310 
phi 100 Tb 30 Tpout 320 
phi 100 Tb 35 Tpout 330 
phi 100 Tb 40 Tpout 340 
phi 100 Tb 45 Tpout 350 
phi 100 Tb 50 Tpout 360 
phi 100 Tb 55 Tpout 10 
phi 100 Tb 60 Tpout 20 
phi 100 Tb 65 Tpout 30 
phi 100 Tb 70 Tpout 40 
phi 100 Tb 75 Tpout 50 
phi 100 Tb 80 Tpout 60 
phi 100 Tb 85 Tpout 70 
phi 100 Tb 90 Tpout 80 
phi 100 Tb 95 Tpout 90 
phi 100 Tb 100 Tpout 100 
phi 100 Tb 105 Tpout 110 
phi 100 Tb 110 Tpout 120 
phi 100 Tb 115 Tpout 130 
phi 100 Tb 120 Tpout 140 
phi 100 Tb 125 Tpout 150 
phi 100 Tb 130 Tpout 160 
phi 100 Tb 135 Tpout 170 
phi 100 Tb 140 Tpout 180 
phi 100 Tb 145 Tpout 190 
phi 100 Tb 150 Tpout 200 
phi 100 Tb 155 Tpout 210 
phi 100 Tb 160 Tpout 220 
phi 100 Tb 165 Tpout 230 
phi 100 Tb 170 Tpout 240 
phi 100 Tb 175 Tpout 250 
phi 100 Tb 180 Tpout 260 
phi 100 Tb 185 Tpout 270 
phi 110 Tb 20 Tpout 290 
phi 110 Tb 25 Tpout 300 
phi 110 Tb 30 Tpout 310 
phi 110 Tb 35 Tpout 320 
phi 110 Tb 40 Tpout 330 
phi 110 Tb 45 Tpout 340 
phi 110 Tb 50 Tpout 350 
phi 110 Tb 55 Tpout 360 
phi 110 Tb 60 Tpout 10 
phi 110 Tb 65 Tpout 20 
phi 110 Tb 70 Tpout 30 
phi 110 Tb 75 Tpout 40 
phi 110 Tb 80 Tpout 50 
phi 110 Tb 85 Tpout 60 
phi 110 Tb 90 Tpout 70 
phi 110 Tb 95 Tpout 80 
phi 110 Tb 100 Tpout 90 
phi 110 Tb 105 Tpout 100 
phi 110 Tb 110 Tpout 110 
phi 110 Tb 115 Tpout 120 
phi 110 Tb 120 Tpout 130 
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phi 110 Tb 125 Tpout 140 
phi 110 Tb 130 Tpout 150 
phi 110 Tb 135 Tpout 160 
phi 110 Tb 140 Tpout 170 
phi 110 Tb 145 Tpout 180 
phi 110 Tb 150 Tpout 190 
phi 110 Tb 155 Tpout 200 
phi 110 Tb 160 Tpout 210 
phi 110 Tb 165 Tpout 220 
phi 110 Tb 170 Tpout 230 
phi 110 Tb 175 Tpout 240 
phi 110 Tb 180 Tpout 250 
phi 110 Tb 185 Tpout 260 
phi 110 Tb 190 Tpout 270 
phi 110 Tb 195 Tpout 280 
phi 120 Tb 30 Tpout 300 
phi 120 Tb 35 Tpout 310 
phi 120 Tb 40 Tpout 320 
phi 120 Tb 45 Tpout 330 
phi 120 Tb 50 Tpout 340 
phi 120 Tb 55 Tpout 350 
phi 120 Tb 60 Tpout 360 
phi 120 Tb 65 Tpout 10 
phi 120 Tb 70 Tpout 20 
phi 120 Tb 75 Tpout 30 
phi 120 Tb 80 Tpout 40 
phi 120 Tb 85 Tpout 50 
phi 120 Tb 90 Tpout 60 
phi 120 Tb 95 Tpout 70 
phi 120 Tb 100 Tpout 80 
phi 120 Tb 105 Tpout 90 
phi 120 Tb 110 Tpout 100 
phi 120 Tb 115 Tpout 110 
phi 120 Tb 120 Tpout 120 
phi 120 Tb 125 Tpout 130 
phi 120 Tb 130 Tpout 140 
phi 120 Tb 135 Tpout 150 
phi 120 Tb 140 Tpout 160 
phi 120 Tb 145 Tpout 170 
phi 120 Tb 150 Tpout 180 
phi 120 Tb 155 Tpout 190 
phi 120 Tb 160 Tpout 200 
phi 120 Tb 165 Tpout 210 
phi 120 Tb 170 Tpout 220 
phi 120 Tb 175 Tpout 230 
phi 120 Tb 180 Tpout 240 
phi 120 Tb 185 Tpout 250 
phi 120 Tb 190 Tpout 260 
phi 120 Tb 195 Tpout 270 
phi 120 Tb 200 Tpout 280 
phi 120 Tb 205 Tpout 290 
phi 130 Tb 40 Tpout 310 
phi 130 Tb 45 Tpout 320 
phi 130 Tb 50 Tpout 330 



phi 130 Tb 55 Tpout 340 
phi 130 Tb 60 Tpout 350 
phi 130 Tb 65 Tpout 360 
phi 130 Tb 70 Tpout 10 
phi 130 Tb 75 Tpout 20 
phi 130 Tb 80 Tpout 30 
phi 130 Tb 85 Tpout 40 
phi 130 Tb 90 Tpout 50 
phi 130 Tb 95 Tpout 60 
phi 130 Tb 100 Tpout 70 
phi 130 Tb 105 Tpout 80 
phi 130 Tb 110 Tpout 90 
phi 130 Tb 115 Tpout 100 
phi 130 Tb 120 Tpout 110 
phi 130 Tb 125 Tpout 120 
phi 130 Tb 130 Tpout 130 
phi 130 Tb 135 Tpout 140 
phi 130 Tb 140 Tpout 150 
phi 130 Tb 145 Tpout 160 
phi 130 Tb 150 Tpout 170 
phi 130 Tb 155 Tpout 180 
phi 130 Tb 160 Tpout 190 
phi 130 Tb 165 Tpout 200 
phi 130 Tb 170 Tpout 210 
phi 130 Tb 175 Tpout 220 
phi 130 Tb 180 Tpout 230 
phi 130 Tb 185 Tpout 240 
phi 130 Tb 190 Tpout 250 
phi 130 Tb 195 Tpout 260 
phi 130 Tb 200 Tpout 270 
phi 130 Tb 205 Tpout 280 
phi 130 Tb 210 Tpout 290 
phi 130 Tb 215 Tpout 300 
phi 140 Tb 50 Tpout 320 
phi 140 Tb 55 Tpout 330 
phi 140 Tb 60 Tpout 340 
phi 140 Tb 65 Tpout 350 
phi 140 Tb 70 Tpout 360 
phi 140 Tb 75 Tpout 10 
phi 140 Tb 80 Tpout 20 
phi 140 Tb 85 Tpout 30 
phi 140 Tb 90 Tpout 40 
phi 140 Tb 95 Tpout 50 
phi 140 Tb 100 Tpout 60 
phi 140 Tb 105 Tpout 70 
phi 140 Tb 110 Tpout 80 
phi 140 Tb 115 Tpout 90 
phi 140 Tb 120 Tpout 100 
phi 140 Tb 125 Tpout 110 
phi 140 Tb 130 Tpout 120 
phi 140 Tb 135 Tpout 130 
phi 140 Tb 140 Tpout 140 
phi 140 Tb 145 Tpout 150 
phi 140 Tb 150 Tpout 160 
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phi 140 Tb 155 Tpout 170 
phi 140 Tb 160 Tpout 180 
phi 140 Tb 165 Tpout 190 
phi 140 Tb 170 Tpout 200 
phi 140 Tb 175 Tpout 210 
phi 140 Tb 180 Tpout 220 
phi 140 Tb 185 Tpout 230 
phi 140 Tb 190 Tpout 240 
phi 140 Tb 195 Tpout 250 
phi 140 Tb 200 Tpout 260 
phi 140 Tb 205 Tpout 270 
phi 140 Tb 210 Tpout 280 
phi 140 Tb 215 Tpout 290 
phi 140 Tb 220 Tpout 300 
phi 140 Tb 225 Tpout 310 
phi 150 Tb 60 Tpout 730 
phi 150 Tb 65 Tpout _40 
phi 150 Tb 70 Tpout 350 
phi 150 Tb 75 Tpout :.' E -! 
phi 150 Tb 80 Tpout 1_ 
phi 150 Tb 85 Tpout 20 
phi 150 Tb 90 Tpout 30 
phi 150 Tb 95 Tpout 40 
phi 150 Tb 100 Tpout 50 
phi 150 Tb 105 Tpout 60 
phi 150 Tb 110 Tpout 70 
phi 150 Tb 115 Tpout 80 
phi 150 Tb 120 Tpout 90 
phi 150 Tb 125 Tpout 100 
phi 150 Tb 130 Tpout 110 
phi 150 Tb 135 Tpout 120 
phi 150 Tb 140 Tpout 130 
phi 150 Tb 145 Tpout 140 
phi 150 Tb 150 Tpout 150 
phi 150 Tb 155 Tpout 160 
phi 150 Tb 160 Tpout 170 
phi 150 Tb 165 Tpout 180 
phi 150 Tb 170 Tpout 190 
phi 150 Tb 175 Tpout 200 
phi 150 Tb 180 Tpout 210 
phi 150 Tb 185 Tpout 220 
phi 150 Tb 190 Tpout 230 
phi 150 Tb 195 Tpout 240 
phi 150 Tb 200 Tpout 250 
phi 150 Tb 205 Tpout 260 
phi 150 Tb 210 Tpout 270 
phi 150 Tb 215 Tpout 280 
phi 150 Tb 220 Tpout 290 
phi 150 Tb 225 Tpout 300 
phi 150 Tb 230 Tpout 310 
phi 150 Tb 235 Tpout 320 
phi 160 Tb 70 Tpout 340 
phi 160 Tb 75 Tpout 350 
phi 160 Tb 80 Tpout 360 
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phi 160 Tb 85 Tpout 10 
phi 160 Tb 90 Tpout 20 
phi 160 Tb 95 Tpout 30 
phi 160 Tb 100 Tpout 40 
phi 160 Tb 105 Tpout 50 
phi 160 Tb 110 Tpout 60 
phi 160 Tb 115 Tpout 70 
phi 160 Tb 120 Tpout 80 
phi 160 Tb 125 Tpout 90 
phi 160 Tb 130 Tpout 100 
phi 160 Tb 135 Tpout 110 
phi 160 Tb 140 Tpout 120 
phi 160 Tb 145 Tpout 130 
phi 160 Tb 150 Tpout 140 
phi 160 Tb 155 Tpout 150 
phi 160 Tb 160 Tpout 160 
phi 160 Tb 165 Tpout 170 
phi 160 Tb 170 Tpout 180 
phi 160 Tb 175 Tpout 190 
phi 160 Tb 180 Tpout 200 
phi 160 Tb 185 Tpout 210 
phi 160 Tb 190 Tpout 220 
phi 160 Tb 195 Tpout 230 
phi 160 Tb 200 Tpout 240 
phi 160 Tb 205 Tpout 250 
phi 160 Tb 210 Tpout 260 
phi 160 Tb 215 Tpout 270 
phi 160 Tb 220 Tpout 280 
phi 160 Tb 225 Tpout 290 
phi 160 Tb 230 Tpout 300 
phi 160 Tb 235 Tpout 310 
phi 160 Tb 240 Tpout 320 
phi 160 Tb 245 Tpout 330 
phi 170 Tb 80 Tpout 350 
phi 170 Tb 85 Tpout 360 
phi 170 Tb 90 Tpout 10 
phi 170 Tb 95 Tpout 20 
phi 170 Tb 100 Tpout 30 
phi 170 Tb 105 Tpout 40 
phi 170 Tb 110 Tpout 50 
phi 170 Tb 115 Tpout 60 
phi 170 Tb 120 Tpout 70 
phi 170 Tb 125 Tpout 80 
phi 170 Tb 130 Tpout 90 
phi 170 Tb 135 Tpout, 100 
phi 170 Tb 140 Tpout 110 
phi 170 Tb 145 Tpout 120 
phi 170 Tb 150 Tpout 130 
phi 170 Tb 155 Tpout 140 
phi 170 Tb 160 Tpout 150 
phi 170 Tb 165 Tpout 160 
phi 170 Tb 170 Tpout 170 
phi 170 Tb 175 Tpout 180 
phi 170 Tb 180 Tpout 190 
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phi 170 Tb 185 Tpout 200 
phi 170 Tb 190 Tpout 210 
phi 170 Tb 195 Tpout 220 
phi 170 Tb 200 Tpout 230 
phi 170 Tb 205 Tpout 240 
phi 170 Tb 210 Tpout 250 
phi 170 Tb 215 Tpout 260 
phi 170 Tb 220 Tpout 270 
phi 170 Tb 225 Tpout 280 
phi 170 Tb 230 Tpout 290 
phi 170 Tb 235 Tpout 300 
phi 170 Tb 240 Tpout 310 
phi 170 Tb 245 Tpout 320 
phi 170 Tb 250 Tpout 330 
phi 170 Tb 255 Tpout 340 
phi 180 Tb 90 Tpout 360 
phi 180 Tb 95 Tpout 10 
phi 180 Tb 100 Tpout 20 
phi 180 Tb 105 Tpout 30 
phi 180 Tb 110 Tpout 40 
phi 180 Tb 115 Tpout 50 
phi 180 Tb 120 Tpout 60 
phi 180 Tb 125 Tpout 70 
phi 180 Tb 130 Tpout 80 
phi 180 Tb 135 Tpout 90 
phi 180 Tb 140 Tpout 100 
phi 180 Tb 145 Tpout 110 
phi 180 Tb 150 Tpout 120 
phi 180 Tb 155 Tpout 130 
phi 180 Tb 160 Tpout 140 
phi 180 Tb 165 Tpout 150 
phi 180 Tb 170 Tpout 160 
phi 180 Tb 175 Tpout 170 
phi 180 Tb 180 Tpout 180 
phi 180 Tb 185 Tpout 190 
phi 180 Tb 190 Tpout 200 
phi 180 Tb 195 Tpout 210 
phi 180 Tb 200 Tpout 220 
phi 180 Tb 205 Tpout 230 
phi 180 Tb 210 Tpout 240 
phi 180 Tb 215 Tpout 250 
phi 180 Tb 220 Tpout 260 
phi 180 Tb 225 Tpout 270 
phi 180 Tb 230 Tpout 280 
phi 180 Tb 235 Tpout 290 
phi 180 Tb 240 Tpout 300 
phi 180 Tb 245 Tpout 310 
phi 180 Tb 250 Tpout 320 
phi 180 Tb 255 Tpout 330 
phi 180 Tb 260 Tpout 340 
phi 180 Tb 265 Tpout 350 
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/***************************************/ 
/**** Energy Flow Program ****/ 
/***************************************/ 

#include "stdio.h" 
#include "math.h" 
#include "stdlib.h" 
#define pi 3.141592654 
#define A 3 
#define B 3 
#define lamda 0.475e-6 
int dim,rows,colms,row,col; 
int i,j,sign[A][B]; 
float L,E,eta,et,phi1,phi2,phi,rx,ry,Tpout[A][B]; 
float AcosO[A][B],AsinO[A][B],Aout[A]; 
float T[A][B],Acosl[A][B],Asinl[A][B]; 
float Acos2[A][B],Asin2[A][B]; 
float Acos3[A][B],Asin3[A][B],Acos4[A][B],Asin4[A][B]; 
float Aoutr[A],Aoutj[A]; 
int Tagx0[A][B],Tagy0[A][B],Tagxl[A][B],Tagy1[A][B]; 
int Tagx2[A][B],Tagy2[A][B],Tagx3[A][B],Tagy3[A][B]; 
int Tagx4[A][B],Tagy4[A][B]; 
float rcos,jsin,min[A][B]; 

void Find_Tp_(); 
void Count_(); 
void P_(); 
void Equal_(); 
void prin_(); 

main() 

printf("Please input dimension"); 
scanf("%d",&dim); 
L=(3e-3)/dim; 
printf("Please input efficiency coefficient"); 
scanf("96f",&E); 
printf("Please input Brag angle"); 
for(i=0;i<=dim-1;i++) 

for(j=0;j<=dim-1;j++) 

scanf("%f",&T[i][j]); 
T[i] [j]=T[i] [j]*pi/180.0; 
sign[i] [j]=0; 

rows=dim-1; 
colms=dim-1; 
phi2=(2.0*pi/lamda)*1.414*L; 
phi1=(2.0*pi/lamda)*L; 
phi=pi/2; 
rx=cos(phi); 
ry=sin(phi); 
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row=0; 
for(col=0;col<=colms;col++) 
{ 

if((T[0][col]>=pi/3)&&(T[0][col]<=5*pi/12)) 
{ 

Tagx1[0][col]=1; 
Tagy1[0][col]=col+1; 
Tagx2[0][col]=1; 
Tagy2[0][col]=col; 
min[0][coll=pi/2; 
sign[0][col]=col+dim; 
Acos1[0][col]=E*cos(phi2); 
Asin1[0][col]=E*sin(phi2); 
Acos2[0][col]=(1.0-E)*cos(phil); 
Asin2[0][col]=(1.0-E)*sin(phil); 

else if((T[0][col]>5*pi/12)&&(T[0][col]<7*pi/12)) 
{ 

Tagx2[0][col]=1; 
Tagy2[0][col]=col; 
Acos2[0][col]=cos(phil); 
Asin2[0][col]=sin(phil); 

} 
else 

if((T[0][col]>=7*pi/12)&&(T[0][col]<=2*pi/3)) 
{ 

Tagx3[0][col]=1; 
Tagy3[0][col]=co1-1; 
Tagx2[0] [col]=1; 
Tagy2[0][col]=col; 
Acos3[0][col]=E*cos(phi2); 
Asin3[0][col]=E*sin(phi2); 
min[0][coll=pi/2; 
sign[0][col]=col+dim; 
Acos2[0][col]=(1.0-E)*cos(phil); 
Asin2[0][col]=(1.0-E)*sin(phil); 

Find_Tp_(); 

} 
prin_(); 
for(row=1;row<rows;row++) 

for(co1=0;col<=colms;col++) 
{ 
Count_(); 
prin_(); 

printf("Aout[i] Aoutj[i]\n"); 
for(i=0;i<=colms;i++) 
{ 
if (i==0) 
{ Aoutr[i]=Acos2[rows-l][i]+Acos3[rows-1][i+1]; 
Aoutj[i]=Asin2[rows-1][1]+Asin3[rows-1][1+1];) 

else if (i==colms) 
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{ Aoutr[i]=Acosl[rows-l][i-1]+Acos2[rows-l][i]; 
Aoutj[i]=Asin1[rows-1][i-1]+Asin2[rows-1][1];) 

else 
{ 
Aoutr[i]=Acosl[rows-1][i-1]+Acos2[rows-

l][i]+Acos3[rows-l][i+1]; 
Aoutj[i]=Asinl[rows-1][i-1]+Asin2[rows-

1][1]+Asin3[rows-l][i+1]; 
} 
Aout[i]=sqrt(pow(Aoutr[i],2)+pow(Aoutj[i],2)); 
if (Aoutr[i]!=0.0) 

Aoutj[i]=atan(Aoutj[i]/Aoutr[i]); 
else Aoutj[i]=pi/2; 
printf("%6.4f %6.4f\n",Aout[i],Aoutj[i]); 

void Count_() 

int m,n,k,jump; 
if((row-1)<=0) m=0; 
else m=row-1; 
if((col-1)<=0) n=0; 
else n=co1-1; 
if((col+1)>=colms) k=colms; 
else k=col+1; 
for(i=m;i<=row;i++) 

for(j=n;j<=k;j++) 

jump=0; 
if (sign[i][j]==col+row*dim) phi=min[i][j]; 
else phi=Tpout[i][j]; 
eta=1.0-E; 
et=E; 
if((i==row)&&(j==col)) jump=1; 
if (jump==0) 

if ((Tagx0[i][j]==row)&&(TagyO[i][j]==col)) 

rcos=AcosO[i][j]; 
jsin=AsinO[i][j]; 
rx=cos(phi); 
ry=sin(phi); 
Find_Tp_(); 
if 

((Tpout[row][col]<pi/6)&&(Tpout[row][col]>=0)) et=1.0; 
else Equal_(); 
p_(); 

else if ((Tagxl[i][j]==row)&&(Tagyl[i][j]==col)) 



{ 
rcos=Acosl[i][j]; 
jsin=Asinl[i][j]; 
rx=cos(phi); 
ry=sin(phi); 
Find_Tp_(); 
if 

((Tpout[row][col]>=pi/6)&&(Tpout[row][col]<=pi/3)) et=1.0; 
else Equal_(); 

printf("1 phi%4.2f Ac%4.2f As%4.2f 
T%4.2f\n",phi,Acos3[row][coll,Asin3[row][coll,T[row][coll); 

else if ((Tagx2[i][j)==row)&&(Tagy2[i][j]==c01)) 
{ 

rcos=Acos2[i][j]; 
jsin=Asin2[i][j]; 
rx=cos(phi); 
ry=sin(phi); 
Find_Tp_(); 
printf("%f phi %f 

T[row][coll\n",phi,T[row][coll); 
if 

((Tpout[row][col]>pi/3)&&(Tpout[row][col]<2*pi/3)) et=1.0; 
else Equai_(); 
p_(); 
printf("2 phi%4.2f Ac%4.2f As%4.2f 

T%4.2f\n",phi,Acos2[row][col],Asin2[row][coll,T[row][coll); 
} 

else if ((Taqx3[i][j]==row)&&(Tagy3[i][j]==col)) 

rcos=Acos3[i][j]; 
jsin=Asin3[1][j]; 
rx=cos(phi); 
ry=sin(phi); 
Find_Tp_(); 
if 

((Tpout[row][col]>=2*pi/3)&&(Tpout[row][col]<=5*pi/6)) 
et=1.0; 

else Equal_(); 
p_(); 
printf("3 phi%4.2f Ac%4.2f As%4.2f 

T%4.2f\n",phi,Acos1[row][coll,Asin1[row][coll,T[row][coll); 

else if ((Tagx4[i][j]==row)&&(Tagy4[i][j]==col)) 
{ 
rcos=Acos4[i][j]; 
jsin=Asin4[i][j]; 
rx=cos(phi); 
ry=sin(phi); 
Find_Tp_(); 
if 

((Tpout[row][col]>5*pi/6)&&(Tpout[row][col]<=pi)) et=1.0; 
else Equal_(); 

84 



P_(); 
} 

} 
} 
} 

void Find_Tp_() 
{ 
float Rx,Ry,Tp; 
Tp=T[row][col]+pi/2-phi; 
Rx=-cos(2*Tp)*rx+sin(2*Tp)*rY; 
Ry=-sin(2*Tp)*rx-cos(2*Tp)*rY; 
if((Rx==0)&&(Ry==1)) Tpout[row][col]=pi/2; 
if((Rx==0)&&(Ry==-1)) Tpout[row][col]=3*pi/2; 
if((Rx==1)&&(Ry==O)) Tpout[row][col]=0; 
if((Rx==-1)&&(Ry==0)) Tpout[row][col]=Pi; 
if(Rx<O) Tpout[row][coll=pi+atan(Ry/Rx); 
if((Rx>0)&&(Ry>0)) Tpout[row][col]=atan(Ry/Rx); 
if((Rx>0)&&(Ry<0)) Tpout[row][col]=2*pi+atan(Ry/Rx); 
printf (HTpout %5.3f Rx %5.3f Ry %5.3f Tp %5.3f ry 

%5.3f\n",Tpout[row][col],Rx,Ry,Tp,ry); 
} 

void P_() 
{ 
if((Tpout[row][col]>=0)&&(Tpout[row][col]<pi/6)) 
{ TagxO[row][col]=row; 

TagyO[row][coll=col+1; 
AcosO[row][col]+=et*(cos(phil)*rcos-

sin(phil)*jsin); 

AsinO[row][col]+=et*(cos(phil)*jsin+sin(phil)*rcos); 
) 

else 
if((Tpout[row][col]>=pi/6)&&(Tpout[row][col]<=pi/3)) 

{ Tagxl[row][coll=row+1; 
Tagyl[row][coll=col+1; 
Acos1[row][col]+=et*(cos(phi2)*rcos-

sin(phi2)*jsin); 

Asin1[row][col]+=et*(cos(phi2)*jsin+sin(phi2)*rcos); 
printf("@@@@@@@@@@@\n"); 
) 

else if(( 
Tpout[row][col]>pi/3)&&(Tpout[row][col]<2*pi/3)) 

{ 
Tagx2[row][coll=row+1; 
Tagy2[row][col]=col; 
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Acos2[row][col]+=et*(cos(phil)*rcos- 
sin(phil)*jsin); 

Asin2[row][col]+=et*(cos(phil)*jsin+sin(phil)*rcos); 

else 
if((Tpout[row][col]>=2*pi/3)&&(Tpout[row][col]<=5*pi/6)) 

Tagx3[row][coll=row+1; 
Tagy3[row][col]=col-1; 
Acos3[row][col]+=et*(cos(phi2)*rcos- 

sin(phi2)*jsin); 

Asin3[row][col]+=et*(cos(phi2)*jsin+sin(phi2)*rcos); 
printf(.....\nn);  

} 
else if 

((Tpout[row][col]>5*pi/6)&&(Tpout[row][col]<=pi)) 
{ 

Tagx4[row][col]=row; 
Tagy4[row][col]=co1-1; 
Acos4[row][col]+=et*(cos(phil)*rcos-

sin(phil)*jsin); 

Asin4[row][col]+=et*(cos(phil)*jsin+sin(phil)*rcos): 

} 

void Equal_() 
{ 

if(fabs(phi)<0.52) 
{ TagxO[row][col]=row; 

TagyO[row][col]=col+1; 
AcosO[row][col]+=eta*(cos(phil)*rcos-

sin(phil)*jsin); 

AsinO[row][col]+=eta*(cos(phil)*jsin+sin(phil)*rcos); 
min[row][col]=phi; 
sign[row][col]=col+1+row*dim; 
} 

else if(fabs(phi-pi/2)<0.45) 
{ Tagx2[row][col]=row+1; 
Tagy2[row][coll=col; 
Acos2[row][col]+=eta*(cos(phil)*rcos-

sin(phil)*jsin); 

Asin2[row][col]+=eta*(cos(phil)*jsin+sin(phil)*rcos); 
printf("Ac%4.2f As%4.2f cosphil%4.2f eta %4.2f 

rcos%4.2f",Acos2[row][coll,Asin2[row][col],cos(phil),eta,rco 
s); 

min[row][col]=phi; 
sign[row][col]=col+(row+1)*dim; 
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} 
else if(fabs(phi)-p1<0.52) 

{ Tagx4[row][col]=row; 
Tagy4[row][coll=col-1; 
Acos4[row][col]+=eta*(cos(phil)*rcos-

sin(phil)*jsin); 

Asin4[row][col]+=eta*(cos(phil)*jsin+sin(phil)*rcos); 
min[row] [col]=phi; 
sign[row][coll=col+(row+1)*dim; 
} 

else if((phi>=pi/6)&&(phi<=pi/3)) 
{ Tagxl[row][col]=row+1; 

Tagyl[row][coll=col+1; 
Acosl[row][col]+=eta*(cos(phi2)*rcos-

sin(phi2)*jsin); 

Asinl[row][col]+=eta*(cos(phi2)*jsin+sin(phil)*rcos); 
min[row][col]=phi; 
sign[row][col]=co1+1+(row+1)*dim; 
} 

else if((phi>=2*pi/3)&&(phi<=5*pi/6)) 
{ Tagx3[row][col]=row+1; 
Tagy3[row][coll=co1-1; 
Acos3[row][col]+=eta*(cos(phi2)*rcos-

sin(phi2)*jsin); 
Asin3[row][col]+=eta*(cos(phi2)*jsin+sin(phi2)*rco 

s); 
min[row][col]=phi; 
sign[row][col]=col-1+(row+1)*dim; 
} 

void prin_() 
{ 
printf("Acosl Asini Acos2 Asin2 Acos3 Asin3\n"); 
for (i=0;i<dim;i++) 
for (j=0;j<dim;j++) 
printf("%4.2f %4.2f %4.2f %4.2f %4.2f 

%4.2f\n",Acos1[i][j],Asinl[i][j],Acos2[i][j],Asin2[i][j],Aco 
s3[i][j],Asin3[i][j]); 
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/****************************************************** 

/*** 3x3 Ray Tracing Program ***/ 
/*** light path finding based on a given path *I,/ 
/*** for dim-1 < path length 1 < dim ***/ 
/************************************************, 

#include "stdio.h" 
#include "math.h" 
#include "stdlib.h" 
int pointer,current,match[10],Temp[10]; 
int jump,Y,j,x,pind,i,xp,yp,xt,yt,ind; 
float matcht[10],Tempt[10],ang,Pphi; 
float rx,ry,Rx,Ry,T,begin,phi,pause[10],Tpout,Tp; 
#define pi 3.14159 
void Findp_(); 

main() 
{ 
/*** select reference path***/ 
pointer=0; 
match[pointer]=0; 
matcht[pointer]=5*pi/12; 
Temp[pointer]=0; 
Tempt[pointer]=5*pi/12; 
pointer=pointer+l; 
match[pointer]=4; 
matcht[pointer]=5*pi/12; 
Temp[pointer]=4; 
Tempt[pointer]=5*pi/12; 
pointer=pointer+1; 
match [pointer] =7; 
matcht[pointer]=pi/2; 
Temp[pointer]=7; 
Tempt [pointer] =pi/2; 
pointer=pointer+l; 
current=pointer; 
/*** do loop for the other two inputs ***/ 
for(y=1;y<=2;y++) 

begin=0; 
x=0; 
point4: 
jump=0; 
phi=pi/2; 
ind=y+x*3; 
pind=y-l+x*3; 
xp=x; 
YP=17; 
xt=x; 
yt=y; 
for(i=1;i<=2;i++) 
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Temp[current]=ind; 
for(T=begin;T<=11*pi/12;T=T+pi/12) 

pointl: 
rx=cos(phi); 
ry=sin(phi); 
Tp=T+pi/2-phi; 
Findp_(); 
printf("%d\t %d\t %5.2f\t 

%5.2f\n",xp,yp,Tp,Tpout); 
if((yp>2)11(YP<0)) goto point2; 
if((xp<=0)11(Tpout<0)11(Tpout>=pi)) goto point2; 
else if(i!=2){ pause[ind]=T; 

ind=yp+xp*3; 
for(j=0;j<=current;j++) 
{ 
if(ind==Temp[j]) 

T=Tempt[j]; 
phi=Tpout; 
jump=1; 
i=2; 
goto pointl; 

} 
} 
begin=0; 
xt=xp; 
Yt=YP; 
Tempt[current]=T; 
T=pi; 
phi=Tpout; 
current=current+1; 
goto point3; 
} 

else if((yp+xp*3)!=7){ goto point2;} 
else{ Tempt[current]=T; 

current=current+1; 
goto point5; 

point2: 
xp=xt; 
YP=Yt; 
if((jump==1)&&(y!=1)){ begin=pause[pind]+pi/12; 

y=pind%3; 
x=(pind-y)/3; 
current=pointer; 
goto point4; 

} 
if((jump==1)&&(y==1)) {i=1; 

begin=pause[yp+xp*3]+pi/12; 
goto point4; 
} 

point3: 
printf("\n"); 
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} 
point5: 
printf("\n"); 
) 

for(j=0;j<=3;j++) 
{ 
match[pointer+j]=Temp[pointer+j]; 
matcht[pointer+j]=Tempt[pointer+j]; 

printf("\n"); 
for(j=0;j<=7;j++) 
{ 
printf("%6.4f\tu,Tempt[j]); 
ang=matcht[j]*180.0/pi; 
printf("%d\t %6.3f\n",match[j],ang); 
} 

) 

void Findp_() 
{ 
Rx=-cos(2*Tp)*rx+sin(2*TP)*rY; 
Ry=-sin(2*Tp)*rx-cos(2*TP)*rY; 
if((Rx==0)&&(Ry==1)) Tpout=pi/2; 
if((Rx==0)&&(Ry==-1)) Tpout=3*pi/2; 
if((Rx==1)&&(Ry==0)) Tpout=0; 
if((Rx==-1)&&(Ry==0)) Tpout=pi; 
if(Rx<0) Tpout=pi+atan(Ry/Rx); 
if((Rx>0)&&(Ry>0)) Tpout=atan(Ry/Rx); 
if((Rx>0)&&(Ry<0)) Tpout=2*pi+atan(Ry/Rx); 

if(((Tpout>=0)&&(Tpout<pi/6))IINTpout>=11*pi/6)&&(Tpout<2*p 
1))) yp=yp+1; 

if((Tpout>=pi/6)&&(Tpout<pi/3)) {xp=xp+1;yp=yp+1;} 
if((Tpout>=pi/3)&&(Tpout<2*pi/3)) xp=xp+1; 
if((Tpout>=2*pi/3)&&(Tpout<5*pi/6)) {xp=xp+1;YP=YP- 

1;} 
if((Tpout>=5*pi/6)&&(Tpout<7*pi/6))1,P=yp-1; 
if((Tpout>=7*pi/6)&&(Tpout<4*pi/3)) {xp=xp-1;YP=YP-

1;} 
if((Tpout>=4*pi/3)&&(Tpout<5*pi/3)) xp=xp-1; 
if((Tpout>=5*pi/3)&&(Tpout<11*pi/6)) {xp=xp-

1;yp=yp+1;} 
} 
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/*****************************************************/ 
/*** The Shortest Path Grating Design Program ***/ 

/*** Random Selection of Dimension & Output Pixel ***/ 
/*****************************************************/ 

#include "stdio.h" 
#include "graphics.h" 
#include "stdlib.h" 
#include "dos.h" 
#include "math.h" 

int x2,y2,i,marku,j,dim,used[100]; 
int markl,mark2,xp,yp,markp,k,l; 
float p,g,beta[100],dist[100],phi,n,s,theta,alpha; 
#define pi 3.14159 
#define x 0.63 
void Grating_design(); 

main ( ) 

{ 
FILE *fg; 
fg=fopen("short.dat","w"); 
/*** define input & output position***/ 
system("cls"); 
printf("\t Please keyin pixel dimension\n"); 
scanf("%d",&dim); 
printf("\t Please keyin output position\n"); 
scanf("96d",&x2); 
scanf("%d",&y2); 
mark2= y2-1+(x2-1)*dim; 
k=0; 
if(y2!=1) 
{ 
for(1=1;1<=y2-1;i++) 
{ 

YP=1; 
markp=dim*dim; 
beta[markp]=90; 
xp=1; 
while(xp!=x2) 
{ 
mark1=yp-1+(xp-1)*dim; 
marku=mark1+dim; 
alpha=50; 
for(i=0;i<=k;i++) 

if(marku==used[i]) 

markp=dim*dim; 
beta[markp]=45; 
alpha=78; 
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xp=x2-1; 
} 

if(beta[markp]==90){ Grating_design();} 
else{ beta[markl]=alpha; 

markp=markl; 
xp=xp+1; 
yp=yp+1; 
} 
used[k]=markl; 
k=k+1; 

} 

} 
if (y2 ! =dim) 
{ 
for(1=dim;1>=y2+1;i--) 

{ 
yp=1; 
markp=dim*dim; 
beta[markp]=90; 
xp=1; 
while(xp!=x2) 

marki=yp-1+(xp-1)*dim; 
marku=markl+dim; 
alpha=130; 
for(i=0;i<=k;i++) 
{ 

if(marku==used[i]) 

markp=dim*dim; 
beta[markp]=45; 
alpha=103; 
xp=x2-l; 

) 
if(beta[markp]==90) {Grating_design();} 
else{beta[markl]=alpha; 
markp=markl; 
xp=xp+1; 
YP=YP-1; 

used[k]=markl; 
k=k+1; 

) 
) 

for(xp=1;xp<=x2;xp++) 

markl=y2-1+(xp-1)*dim; 
beta[markl]=90; 
used[k]=markl; 
k=k+1; 
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} 
used[k]=90; 
i=0; 
n=90; 
j=used[i]; 
while(j!=90) 
{ 

s=beta[j]-90; 
if(s==0) theta=90; 
else theta=n-s; 
dist[j]=(float)(x/(2*sin(theta*pi/180))); 
n=180-theta+s; 

fprintf(fg,"\t96d\t\t%3.2f\t\t%3.2f\n",used[i],beta[j],dist[j 
1); 

i=i+1; 
j=used[i]; 

void Grating_design() 

markp=markl; 
phi=((float)(x2-xp+1)/(float)(abs(Y2-17P)+1)); 
phi=atan(phi); 
phi=(phi*180/pi); 
if ((phi>44.5)&&(phi<45.5)) 

{if(y2>yp) {beta[markl]=70;xp=xp+1;yp.yp+1;} 
else {beta[markl]=110;xp=xp+1;yp=yp-1;}} 

else{ beta[marki]=90;xp=xpl-1;} 
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/****************************************************,/ 

/** A Single Input - Maximum Output Grating Design **/ 
/**** for nxn array Light Path finding program **/ 
/*****************************************************1 

#include "stdio.h" 
#include "math.h" 
#include "stdlib.h" 
#define pi 3.14159 
#define lamda 0.64e-3 
#define A 120 
#define B 30 

int dim,x,y,i,j,ind,xp,yp,xt,yt,len,path; 
int used[A],match[A],stop,jump,line,order; 
int temp[A][B],current,pind,t1; 
float length,usedt[A],matcht[A],l,T,rx,ry,Rx,Ry,lp,phi; 
float pause[A],Tpout,tempt[A][B],Tp,a[A][B],eta[A]; 
int tagy,tag,od[A],old; 
float end,begin; 
#define kl 1 
#define k2 1 
void Find_P_(); 
void Eff_(); 
void Choice_(); 
void Clear_(); 

main() 
{ 
FILE *fp, *fg; 
fp=fopen("pat.dat","r"); 
orintf("Please input dim"); 
scanf("%d",&dim); 
line=2*(dim-10)/10; 
/*** input # of pixels for given path ***/ 
fscanf(fp,"%f",&a[0][line]); 
y.(int)a[0][line]; 
/*** input position brag angle for given path ***/ 

for(i=1;i<=y;i++) 
{ 

fscanf(fp,"%f",&a[i][line]); 
match[i-1].(int)a[i][line]; 
used[i-1].(int)a[i][line]; 
fscanf(fp,"%f",&a[i][line+1]); 
matcht[i-1]=a[i][line+1]*pi/180; 
usedt[i-1]=a[i][line+1]*pi/180; 

} 
/*** input length of given path ***/ 
fscanf(fp,"%f",&a[y+1][line]); 
len.(int)a[y+1][line]; 
length.(float)len; 
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/*** input the target pixel ***/ 
fscanf(fp,"%f",&a[y+1][line+1]); 
tag=(int)a[y+1][line+1]; 
tagy=tag%dim; 
for(i=0;i<=y;i++) 
printf("%d\t%5.2f\n",match[i],usedt[i]); 
printf("%5.3f length %d tag %d 

dim\n",length,tag,dim); 
current=y; 
for(y=1;y<=dim-1;y++) 
{ 

/** if (y<tagy) {begin=0.0;end=pi/2;} 
else if (y>tagy) {begin=pi/2;end=pi;} 

else {begin=pi/4;end=3*pi/4;}***/ 
begin=pi/4; 
end=3*pi/4; 
x=0; 
jump=0; 
path=0; 
order=0; 
phi=pi/2; 
ind=y+x*dim; 
xp=x; 
YP=Y; 
xt=x; 
yt=y; 
stop=0; 
1=0.0; 
while(stop==0) 

old=path; 
point4: 
temp [path] [order] =ind; 

/** printf("%d ind ",ind);**/ 
for(T=begin;T<=end;T=T+pi*5/12) 
{ 
pointl: 
rx=cos(phi); 
ry=sin(phi); 
Tp=T+pi/2-phi; 
if(jump!=1) 1p=1; 
Find P_(); 
printf("xp %d yp %d ",xp,yp); 
if((y<tagy)&&(yp>tagy)) { goto point2;} 
if((y>tagy)&&(yp<tagy)) { goto point2;} 
if((y==tagy)&&((Yp>tagy+1)11(Yp<tagy-1))) {goto 

point2;} 
if((YID>=dim)11(Yp<0)) {goto point2;} 
if((xp<=0)11(Tpout<0)11(Tpout>=pi)) {goto 

point2;} 
if(xp==dim-1) { 

if((yp+xp*dim>tag+k1)I1(yp+xp*dim<tag- 
k2)){goto point2;} 

else{ tempt[path][order]=T; 
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order=order+l; 
goto point5; 

) 
else { pause[ind]=T; 

ind=yp+xp*dim; 
for(j=0;j<current;j++) 
{ 

if(ind==used[j]) 
{ tempt[path][order]=T; 

order=order+l; 
T=usedt[j]; 
temp [path] [order] =ind; 
phi=Tpout; 
jump =1; 
goto pointl; 
) 
} 
if ((path==0)II(Yp==tagy)) begin=0.0; 
else begin=pause[ind]+pi*5/12; 
xt=xp; 
Yt=YP; 
tempt [path] [order] =T; 
phi=Tpout; 
order=order+l; 
goto point4; 

point2: 
xp=xt; 
YP=Yc; 
1=1p; 
ind=yp+xp*dim; 
if(jump==1){ begin=pause[ind]+pi*5/12; 

order=order-l; 
jump=0; 
goto point4; 
} 

} /*** for loop **/ 
pause[y]=pause[y]+pi*5/12; 
if (old!=path){ for (i=dim;i<dim*dim;i++) 

pause[i]=0.0; 
) 

else stop=l; 
goto point6; 
point5: 

tempt [path] [order] =1; 
Eff._(); 
for (i=0;i<=order;i++) 
printf(" %d %f\n",temp[path][i],tempt[path] 
path=path+l; 
point6: 
order=0; 
if(path>30) stop=l; 
if ((y<tagy)&&(pause[y]>pi/2)) stop=l; 
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if ((y>tagy)Wpause[Y]>Pi)) stop=1; 
if ((y==tagy)&&(pause[y]>3*pi/4)) stop=1; 
xp=x; 
YP=17; 
xt=x; 
yt=y; 
1=0.0; 
phi=pi/2; 
ind=yp+xp*dim; 
begin=pause[ind]; 

) /*** while loop ***/ 
for (i=0;i<current;i++) 
printf("usedt[] %5.2f ",usedt[i]); 

Choice_(); 
/** Clear_();**/ 
printf("\n"); 

/** for(i=0;i<=current;i++) 
printf("usedt[i] %5.2f",usedt[i]);**/ 
) /** for y loop ***/ 
for(i=0;i<=current-1;i++) 

match[i]=used[i]; 
matcht[i].usedt[i]; 
matcht[i].matcht[i]*180/pi; 
printf(" match[i] %d matcht[i] 

%5.2f\n",match[i],matcht[1]); 
) 

} /** main **/ 

void Find_P_() 
{ 
Rx=-cos(2*Tp)*rx+sin(2*Tp)*ry; 
Ry=-sin(2*Tp)*rx-cos(2*TP)*rY; 
if((Rx==0)&&(RY==1)) Tpout=pi/2; 
if((Rx==0)&&(Ry==-1)) Tpout=3*pi/2; 
if((Rx==1)&&(Ry==0)) Tpout=0; 
if((Rx==-1)&&(Ry==0)) Tpout=pi; 
if(Rx<0) Tpout=pi+atan(Ry/Rx); 
iff(Rx>0)&&(Ry>0)) Tpout=atan(Ry/Rx); 
if((Rx>0)&&(Ry<0)) Tpout=2*pi+atan(Ry/Rx); 

if(((Tpout>=0)&&(Tpout<pi/6))II((Tpout>=11*pi/6)&&(Tpout<2*p 

i))) 
{ YID=YP+1; 
1=1+1.0; 
} 

if((Tpout>=pi/6)&&(Tpout<pi/3)){ 
xp=xp+1;yp=yp+1;1=1+1.414;} 



if((Tpout>=pi/3)&&(Tpout<2*pi/3)) {xp=xp+1; 1=1+1.0;} 
if((Tpout>=2*pi/3)&&(Tpout<5*pi/6)) { xp=xp+1;YP=YP-

1;1=1+1.414;} 
if((Tpout>=5*pi/6)&&(Tpout<7*pi/6)) { yp=17P-

1;1=1+1.0;} 
if((Tpout>=7*pi/6)&&(Tpout<4*pi/3)) { xp=xp-1;171)=YP-

1;} 
if((Tpout>=4*pi/3)&&(Tpout<5*pi/3)) { xp=xp-1;) 
if((Tpout>=5*pi/3)&&(Tpout<11*pi/6)) { xp=xp-

1;yp=yp+1;} 

void Eff_() 
{ 

int d, cliff; 
eta[path]=1.0; 
for(i=1;i<=order-1;i++) 
{ 
diff=temp[path] [i]-temp[path] [i-i]; 
if((diff==1)I1(diff==-1)) 

{ if(tempt[path][i]!=0) eta[path]=0.9*eta[path];} 
else if((diff%dim)==0) { if(tempt[path][1]!=pi/2) 

eta[path]=0.9*eta[path];} 
else if((diff%dim==1)I1(diff%dim==-1)) 

{ d=(temp[path][1+1]- 
temp[path][i])%dim; 

if (d"=1) 
eta[path]=0.9*eta[path];} 

else if((diff%dim)==dim-1) 
{ d=ftemp[path][i+1]-temp[path][i])%dim; 

if(d!=dim-l) eta[path]=0.9*eta[path]; 

od [path] =order; 
printf("eta%f path%d",eta[path],path); 

void Choice_() 

float max,outb,outa,ph1; 
int pointer,po; 
max=0.0; 
for(i=0;i<=path-1;i++) 
{ 

po=od[i]; 
ph1=tempt[i][po]; 
ph1=ph1*2*pi/lamda; 
outa=eta[i]*cos(ph1); 
outb=eta[i]*sin(ph1); 
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outa=outa*outa; 
outb=outb*outb; 
outa=sqrt(outa+outb); 
if(outa>max){ pointer=i; 

max=outa; 
} 

} 
i=0; 
while(i<od[pointer]) 

used[current]=temp[pointer][i]; 
usedt[current]=tempt[pointer][i]; 
i=i+1; 
current=current+1; 

printf("\n"); 
for(i=0;i<=current;i++) 
{ Printf(" temp %d 

%5.2f\n",temp[pointer][i],tempt[pointer][i]); 
printf("usedt[i] %5.2f used %d",usedt[i],used[i]);} 

/** tl=t1+(od[pointer]-1);***/ 

void Clear_() 
{ 

for(i=0;i<=A;i++) 

for(j=0;j<=B;j++) 

temp[i] [j]=0; 
/** tempt[i][j]=0.0;**/ 

pause[i]=0.0; 
eta[i]=0.0; 
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