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ABSTRACT 

This dissertation describes an investigation into the use of computer gener

ated holograms to implement free-space optical interconnects. Computer 

generated holograms are discussed in terms of their theory of operation, design 

principles, fabrication techniques, optical performance, and sources of error. To 

motivate the research, discussion of an optoelectronic computing module is 

included; the device uses computer generated holograms to implement large-

fanout optical interconnects. The emphasis of this dissertation is not on a specific 

application, rather it is focused on understanding the abilities and limitations of 

computer generated holograms. 

New contributions are made in the area of hologram design, both individual 

and multifaceted elements. These design techniques were built into a computer 

aided design tool (SPIDER 3.0), which was developed to promote the use of 

computer generated holograms. Hologram fabrication techniques and optical 

performance are also carefully characterized. Measurements show that perfor

mance is poorer than what is expected. Several significant sources of error are 

identified in the design and fabrication of computer generated holograms, and 

these effects are shown to explain most of the measured results. 

The dissertation concludes that computer generated holograms are currently 

limited by errors in fabrication and in the approximate diffraction theories em

ployed in the design process. While the optical performance of the holograms is 

not as good as expected, the results are shown to be adequate for successful use 

in real applications. 
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1. INTRODUCTION 

1.1 Diffractive optics 

Diffractive optical elements (DDEs) offer many advantages for the control 

and manipulation of light. Unlike traditional optics, which use the principles of 

reflection and refraction, DOEs use diffraction to bend and shape wavefronts. 

DOEs have several distinguishing properties that make them useful devices: they 

are small, thin, and lightweight; they have strong anomalous dispersion; they can 

be fabricated monolithically with integrated optics, and they can perform fimc-

tions that can't be accomplished with traditional optical elements. 

For applications in which small lightweight optics are critical, DOEs may be 

an ideal solution. DOEs rely upon diffraction to control the propagation of light. 

In order for the light to be significantly deviated, the diffracting structures in the 

DOE must have sizes on the order of a few wavelengths. This requirement leads 

to micro-optical components with small aperture sizes. A wavefront's amplitude 

can be modulated by using a DOE with opaque and transparent regions. A 

wavefront's phase can be modulated by using a DOE with a surface relief struc

ture. The depths in the surface can be kept relatively thin since phase is periodic; 

large phase shifts can be represented by equivalent values in the range 0 to 2n, 

which leads to a compact structure. For either type of DOE, phase or amplitude, 

the structure can be very thin and lightweight. Normally DOEs are made on a 

planar surface, but there are some fabrication techniques that can write onto 

curved surfaces (line ruling, diamond turning and direct-write e-beam lithogra
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phy). In addition to being light and small, diffractive optics can also be quickly 

replicated in plastics and glass, leading to low cost optical elements with high 

fidelity. 

Diffraction is effectively the mutual interference of many spherical waves. 

Since a DOE depends upon these interference effects, certain coherence proper

ties are required of the light source. Spatial coherence is important, as the beam 

must have a well defined wavefront across the aperture of the DOE. The need 

for temporal coherence depends more upon the application. Some applications 

require diffraction patterns that exhibit strong interference effects, making a 

nearly monochromatic light source imperative. Other applications however, 

utilize broadband illumination. The DOE's effect on each spectral component 

can be analyzed independently. By incoherently adding each individual diffrac

tion pattern, the effect of illuminating the DOE with a white light source can be 

reproduced. A broadband source will "wash out" the visibility of any interfer

ence pattern, but the DOE can still perform its function (i.e. focusing). However, 

the DOE's effects are quite sensitive to different wavelengths. In contrast to 

refractive optics, a DOE has strong anomalous dispersion; the effective Abbe 

number for a diffractive lens is, v = -3.452."' This unique DOE characteristic has 

been exploited to produce color-corrected refractive/diffractive hybrid lenses."* 

Diffractive lenses have also been used by themselves for imaging in broadband 

applications.^'^ By fabricating a diffractive lens with structures deeper than 

required for the standard 2K modulation, the color problems in the lens are 

reduced. Fewer phase jumps are produced in the lens, and effectively the surface 
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looks more like a refractive element. These lenses, known as "harmonic" or 

"multiorder" diffractive lenses, increase the Abbe number by roughly a factor of 

m, where depths are written for phase modulations as large as 27cm.= 

Diffractive optics can also be integrated monolithically with photonics de

vices. Diffractive gratings and lenses are commonly used to couple light into and 

out of waveguides,"'^ and are also used as Bragg reflectors for the cavities of 

semiconductor lasers.^-^" Lithographic techniques are used to fabricate these 

diffractive structures directly onto the device surface. As a result, packaging and 

integration problems are avoided, and the alignment accuracy available with 

lithography is "frozen" into place. In these situations, there is little alternative to 

diffractive optics. 

DOEs are also used to perform functions that cannot be done by traditional 

optical elements. One such application is beam shaping of the optical modes in a 

laser beam.'^"'^ Gaussian beam profiles, both circular and elliptical, can be con

verted into flattop distributions or any other more useful shape. Diffractives 

have also been used to produce aspheric wavefronts as reference beams for 

interferometry.'"*-'^ Diffractives are also playing a role in the manipulation of X-

rays. In the X-ray region of the electromagnetic spectrum, materials have very 

little influence on the phase of the wavefront. Traditional refracting elements do 

not exist. To help steer and focus soft X-rays, both reflective and transmissive 

DOEs are used.^^""^ 

Diffractive optics can be designed with computers to behave as thin holo

grams. These elements, known as computer generated holograms (CGHs), are 

capable of producing nearly arbitrary diffraction patterns.CGHs enable a 

single optical element to perform a variety of new and interesting operations. 
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For display purposes, CGHs can diffract light into either two or three dimen

sional images.—Or a CGH can be designed to produce a "spot-array" 

diffraction pattern, which can be used for optical interconnects.-"''-^ A second 

advantage of a CGH, is that a single element can perform multiple functions. 

Polarization-sensitive CGHs have been designed that can produce different 

diffraction patterns for different polarization states of the incident beam.-'--^ 

Wavelength-specific CGHs have also been designed, which produce different 

diffraction patterns as a function of the illumination wavelength.-^ Another 

possibility is to combine together the phases from multiple diffractive optics into 

a single CGH. In this way, one element can simultaneously perform several 

functions, for example focusing and fan-out. Computer generated holograms 

enable many novel ways to manipulate light. 

1.2 Optical Interconnects 

In the arena of optoelectronics and photonics, there is great interest in using 

optics to implement data interconnects. Light, it is believed, offers a higher 

speed, lower power, alternative to electronic interconnects.^"'^^ Light also offers 

certain flexibility, in that it can propagate either through free-space or as a bound 

mode in a waveguide. When optical interconnects are discussed, it is normally in 

the context of a one-to-one data link. The distances for which these connections 

are being considered, range from vast inter-planetary scales, down to microns of 

separation. At one extreme, NASA is investigating optical communications for 

planetary and deep space missions. It is believed that an optical intercormect 

provides a key technology that will enable higher data rates from distances as far 

as 1000 astronomical units (1 AU = distance from sun to earth = 93 million 
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miles).^- Closer to home, optical interconnects are already being used in long-

haul fiber optic telecommunications.^^ Optical intercormects are also being 

considered for networking between local electronic devices.^-^^ These techniques 

tend to use fiber-based connections, but free-space, "wireless" communications 

are also being popularized in the personal electronics market. Calculators, print

ers and laptops are all being equipped with infrared line-of-sight transceiver 

ports.^^ Within a computer, the interface between a motherboard and its daugh

ter cards is seen as a bottleneck which has stressed electrical interconnects.^' In 

order to relieve that stress, optical buses and optical backplanes are being devel

oped as interconnect solutions at the board-to-board level.^®-^^ At even smaller 

scales, optical intercormects are being considered for the distribution of signals 

between microchips, and even within a chip."**^ In particular, there is interest in 

using optics to distribute a clock signal with very low skew."'^ 

While there is a lot of active research into using optical intercormects, much of 

that research considers substituting optics into architectures that were originally 

designed for electronics. Optics has an additional advantage that, if exploited, 

can further improve system performance. Optics offers a large degree of parallel

ism. One technique that is being developed to exploit this, is wavelength 

division multiplexing (WDM)."*- In WDM the large bandwidth available in the 

optical spectrum is subdivided into different frequency ranges; each range repre

sents a separate communication channel. Multiple data signals can then be 

transmitted in parallel along a serial data link. Another way to exploit the paral

lelism of light is to use large signal fanouts and fanins. With large fanouts, each 

optical signal can be interconnected simultaneously to many different compo

nents. This approach can be used to broadcast a signal to many processors 
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simultaneously, in the form of a parallel data bus"*^, or to represent a densely 

intercormected neural network."" Additionally, this kind of large fanout intercon

nect can be used to design more efficient digital circuits."*^ Several optoelectronic 

processors have been proposed to exploit this advantage."*^'"*^-^^ In particular, a 

digital optical computer is being built by the OptiComp Corporation to perform 

rapid digital arithmetic and data switching.^^ The processor uses computer 

generated holograms to implement the large fanout/fanin free-space optical 

interconnects that are required in the system. 

1.3 Scope and organization of the dissertation 

This dissertation investigates the use of computer generated holograms for 

large fanout, free-space optical interconnects. While some of the discussion takes 

place in the context of a particular optical computing application, the emphasis 

of the dissertation is on evaluating the performance and suitability of CGHs as 

interconnect elements. The dissertation takes a broad look at the subject, cover

ing topics from CGH design and simulation, to fabrication, to testing, to analysis 

of real-world performance. This first chapter provides an introduction to the 

general subjects of diffractive optics and optical interconnects. Chapter two 

presents a development of diffraction theory, which is used for the design and 

simulation of CGH performance. Chapter three discusses the design techniques 

and algorithms used for the optimization of a CGH. Chapter four considers the 

design of a multifaceted hologram array for application in an optoelectronic 

digital processor. Examples are presented for different designs that implement 

arithmetic and switching operations. Chapter five describes a computer aided 

design tool that was developed during this research to assist in the optimization 
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of CGH solutions. The software, SPIDER 3.0, helps a designer layout intercon

nect patterns, optimize hologram solutions, and analyze expected performance. 

Chapter six discusses various fabrication techniques that are used to produce 

diffractive optical elements. Two fabrication processes that were used to create 

CGHs for this research are compared: multiple-mask photolithography, and 

analog, direct-write e-beam lithography. Chapter seven describes a coherent 

illumination system that was built to characterize the fabricated diffractive ele

ments. Chapter eight presents the results from measurements of many CGH 

designs. The performance measured from the holograms shows significant 

differences from the performance predicted by simulations. Chapter nine identi

fies some of these sources of error in the CGH measurement. These errors are 

analyzed in an attempt to reconcile the discrepancy between simulated and 

measured performance. Finally, chapter ten concludes with a discussion of the 

findings, of the applicability of large fanout CGHs, and of some directions for 

future work. 

1.4 New contributions 

This dissertation contains a great deal of information, and covers a variety of 

topics. By design, the dissertation is intended to be a complete account of the 

research performed into computer generated holograms. It should be able to 

stand alone as a complete and intelligible document understandable to a large 

audience—not just the diffractive optics community. Consequently, background 

and theory information is presented in many places, which does not represent 

new or original work, but is intended to give an understanding that is necessary 

to appreciate the newer material. As a result, the new material is not always so 
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obvious. This section highlights the contributions that are presented in this 

dissertation to advance the understanding of computer generated holograms as 

optical interconnect devices. 

In the area of CGH design, several new contributions have been made. Cer

tain periodicities in the layout of an intercormect pattern can lead to problems for 

the hologram optimization. These periodicities have been recognized and ex

plained, and methods to eliminate the problems are proposed. Additionally, a 

different optimization algorithm, conjugate gradient search, is applied to the 

design of CGHs. Most design algorithms work in the hologram domain, search

ing for the most appropriate phase delays to implement at each hologram pixel. 

This can be a very large dimensional optimization problem. As an alternative, 

the conjugate gradient algorithm is used in the diffraction pattern domain, to 

optimize the phase distribution in the output. Typically this is a much smaller 

search space, as there may be only a few nonzero field points (interconnect loca

tions). Occasionally the conjugate gradient optimization will find exact solutions 

for an interconnect pattern, but more often the solution is used as a good initial 

condition for subsequent optimization with more established techniques. 

An optimization technique was developed to design multifaceted hologram 

arrays. Multifaceted arrays consist of many individual subholograms that must 

be designed to work in parallel. It is critical that all of the designs conform to 

some global measure of performance. The concept of a pattern "moment" is 

proposed, and found to be useful for identifying the subhologram with the 

limiting performance in the array. A two-step optimization technique is then 

developed to modify all designs towards new solutions that have a common 
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performance. The technique has been very successful, and has been used to 

design many multifaceted arrays for application in an optoelectronic logic pro

cessor. 

As a result of the research into design algorithms and techniques, substantial 

amounts of software had been written. The programs had become complete and 

useful enough that they were combined into a CAD tool and distributed under 

the name SPIDER 3.0. SPIDER 3.0 is freely available software that is used to 

design and analyze computer generated holograms. SPIDER incorporates both 

routines that are popular in CGH design, and the newer techniques advanced in 

this research. 

Fabrication of CGHs was considered in this research. No new techniques 

were attempted, however a detailed comparison of two methods was investi

gated. Holograms fabricated by multiple-mask photolithography are compared 

to those fabricated by direct-write e-beam lithography. Both surface characteris

tics and optical performance of the devices are compared. Direct-write 

lithography is seen to have an advantage, in that it can fabricate continuous 

depths in a surface. 

A coherent illumination system was designed and constructed for careful 

measurement of the optical performance of fabricated CGHs. The system pro

vided detailed performance measurements for a wide variety of diffractive 

elements: fanout CGHs, lenses, gratings, multifaceted arrays, and compound 

designs with multiplexed diffractives. One interesting set of measurements in 

particular investigated the combination of a diffractive Fourier lens with a multi-

faceted CGH array. The measurements are quite thorough, and detail the effects 
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of speckle, polarization, and fabrication on hologram performance. It is valuable 

to know realistic estimates of performance that can be expected from diffractive 

optics. 

A serious effort was made to understand the discrepancy between measured 

and predicted hologram performance. Many sources of error were identified and 

investigated for their effect on the optical performance of the holograms. The 

most important sources include fabrication errors, illumination errors, and 

theory errors. In particular, a beam propagation method is used to propagate 

through holograms to quantify the errors incurred from using Fourier optics 

assumptions. The three-dimensional shape of the diffractive optic is modeled 

and seen to have strong effects when the pixel size becomes smaller than ten 

wavelengths. This is especially pertinent, since all of the diffractive optics inves

tigated in this research have pixel sizes smaller than ten wavelengths. 

Improvements were made in understanding sources of error, and how they 

compound to give the final measured performance. With this understanding, 

steps can be taken to make better diffractive optical elements. 
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2. DIFFRACTION THEORY 

2.1 Introduction 

Traditional optical elennents use the principles of refraction and reflection to 

deviate the path of light; diffractive optical elements use the principle of diffrac

tion. Diffraction is responsible for the scattering of light from a turbid medium""^, 

as well as the fundamental performance limitations of imaging systems. Diffrac

tion is a consequence of the wave-nature of light, and describes the apparent 

"bending" of light anytime it encounters an aperture or obstruction. The bound

aries of the aperture generate new wavefronts that propagate light into regions 

that geometrically should be in shadow. The combination of the incident and 

diffracted wavefronts is called a "diffraction pattern". When the light source is 

temporally and spatially coherent, this combination of waves leads to diffraction 

patterns with interference effects. 

In a rigorous treatment, diffraction is a result of satisfying Maxwell's electro

magnetic equations in the presence of material boundary conditions. The 

existence of material interfaces changes the solution of the wave equation, lead

ing to new values of the electric and magnetic fields throughout space. The 

modified field includes the properties of the incident, scattered, reflected, and 

refracted radiation. Diffraction can also be explained by a simpler scalar model. 

Each point on the object is imagined to give rise to a secondary wavefront, that 

expands in the form of a forward-directed spherical wave. The multiple-interfer

ence of all these wavefronts gives rise to the diffracted energy distribution in 

space. 
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In this chapter, different theories of diffraction will be discussed. As each 

model is introduced, the simplifications and assumptions that it depends upon 

will be defined. Ultimately, simple Fourier diffraction theory will be used to 

describe the properties and characteristics of computer generated holograms 

discussed in this dissertation, but it is useful to understand the approximations 

that are assumed. 

2.2 Rigorous diffraction theory 

Diffraction of a wavefront from an aperture is a complicated problem that 

requires simultaneously satisfying the material boundary conditions of the aper

ture with the vector electromagnetic properties of the wavefront. The material 

properties of the aperture and the propagation mediiun are defined in terms of 

three electromagnetic quantities, the dielectric permittivity, e, the magnetic per

meability, |i, and the specific conductivity, a."*" It will be assumed that these 

material properties are isotropic, meaning that they are independent of direction 

in the material and can be represented by scalar functions. A second assumption 

is that all three media properties are independent of time; a stationary wave 

solution is sought. The third assumption is that there are no free electromagnetic 

sources (charges and currents) in the solution space. With these three assump

tions, Maxwell's equations can be combined into a wave equation for the electric 

field vector, E, 
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This equation defines the condition that the electric field must satisfy in order to 

exist within a smoothly varying medium. However, if there are discontinuous 

material interfaces in the problem, a second pair of equations must be simulta

neously satisfied on these boundaries,"'^ 

ni2-[e2(r)E2-ei(r)Ei] =47cp,„rf 

fn n 1 _ f> ' (2-2) 
n i z x j ^ E i — E i J  — 0  

where np represents a unit vector normal to the interface. The equations in 2-2 

define the boundary conditions that must be satisfied by the normal and tangen

tial components of the electric field vector on either side of the interface 

(indicated by subscripts 1 and 2). The first of the two equations indicates that the 

normal component of the electric field vector is discontinuous by an amount 

proportional to the charges induced on the surface of the material. The second 

equation specifies that the tangential component of the electric field vector is 

always continuous. When satisfied over all space, the wave equation and its 

boundary conditions define the behavior of the electric field under the influence 

of an obstructing object. The diffracted wavefronts arise from sources that are 

induced on the object in order to satisfy the boundary conditions. The incident 

and diffracted waves together define a single, steady-state electric field that must 

satisfy the wave equation at all points. Solutions of this generalized problem 

have been found exactly for only a limited number of special geometries (scatter

ing from a dielectric sphere,"^''' or diffraction from a conducting half plane,"*^ for 

example). In order to solve a wider variety of problems, assumptions are com

monly made about the wavefront and the aperture it encounters, to reduce the 

mathematical complexity of the rigorous diffraction problem. 
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To simplify the problem, the materials in the solution space are assumed to be 

homogeneous (their properties do not vary with position) and nonconducting. 

With these new assumptions, equation 2-1 reduces to a more simplified vector 

wave equation. 

The new wave equation is separable in orthogonal components of the electric 

field vector, and each component independently satisfies a scalar form of the 

equation. By assuming a homogeneous media condition, each polarization state 

propagates independently of the others. If the electric field is also assumed to be 

time periodic, E = E^e"'"', then solutions to the wave equation are described by. 

where k = nco/c, and the index of refraction is defined as, n = (|ie)'^-. Equation 

2-4 is known as the Helmholtz equation and describes the behavior of light in an 

isotropic and homogeneous medium. Plane waves are one well-known solution 

to the Helmholtz equation and are expressed by. 

where the k-vector defines the direction of propagation. Spherical waves are 

another solution to the equation and are expressed by, E^ = A e''^''/r. The Helm

holtz equation is a linear operator, so that the superposition of independent 

solutions is also a solution. 

The linearity of the Helmholtz equation can be used to propagate an electric 

field whose distribution is known only in a single plane. The distribution of the 

V-E--^E = 0 (2-3) 

(2-4) 

Eo = Ae'"^-^ (2-5) 
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field in that plane can be decomposed into a set of basis functions. Each basis 

function is a solution to the Helmholtz equation and is known over all space. 

Those basis functions can then be recombined with the same weighting, but in a 

different location to describe the effects of propagation. Plane waves provide just 

such a set of orthogonal basis functior\s. A Fourier analysis of an electric field 

distribution in a particular plane reveals the spatial frequency composition of the 

wavefront. Each component of the Fourier transform can be interpreted as a 

plane wave travelling at a certain angle to the optical axis with the corresponding 

amplitude and phase. As the plane wave advances in space it maintains the 

same angle to the axis (spatial frequency), but incurs a phase shift proportional to 

the distance it travels. Each plane wave component of the initial electric field can 

be propagated separately and recombined in the new observation plane to pre

dict the new distribution. This technique is known as "angular spectrum" 

propagation."*^ To determine the amount of phase delay that is developed by 

each plane wave component, consider the illustration in figure 2-1. 

z 
A 

r 

A 
z 

Figure 2-1. Angular spectrum propagation of a plane wave 
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The propagation of a plane wave can be defined by its direction cosines, a and (3, 

where 

a = k f = sm(0) 

I T • (2-6) 
P = k • z = cos(0) = V1 -

In this case, (3 represents the direction cosine of the k-vector with respect to the 

optical axis, and a represents the combined direction cosines for the x and y axes 

(combined into a radial coordinate, 'r'). The mathematical form of this plane 

wave at z=0. 

Ae 
a 

ik(ar-pz)-rio = Ae ^ , (2-7) 
z=0 

looks like a Fourier component with spatial frequency p = aJk, amplitude A, and 

p h a s e  s h i f t  5 .  A s  t h i s  p l a n e  w a v e  p r o p a g a t e s  t o  a n o t h e r  l o c a t i o n  a  d i s t a n c e  ' z  

away, it develops a phase delay, ({), of. 

(J) = kzp = kzVl-a~ =27tzy|j^j -p~ . (2-8) 

Each plane wave in the basis travels at a different angle and represents a different 

spatial frequency in the Fourier decomposition. According to equation 2-8, each 

plane wave experiences a different phase delay as it propagates to the new obser

vation plane. If the Fourier transform of the original electric field, E(0), is written 

as F(0), then the new Fourier transform, F(z), is found by multiplying each spec

tral component by the appropriate phase shift. 
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where the polar spatial frequericy coordinate, p, has been written explicitly in 

terms of its Cartesian components, ̂  and r|. Finally, the electric field distribution 

in a different plane, E(z), can be found from the inverse Fourier transform of F(z). 

The angular spectrum method of propagation is a rigorous technique when 

used in a homogeneous and isotropic medium. It can be seen from equation 2-9 

that when spatial frequencies in the Fourier transform become larger than X/X, 

the square root becomes negative and the transfer function becomes a decaying 

exponential. Physically these components represent evanescent waves, since 

light cannot propagate spatial information finer than a wavelength. Also, differ

ent states of electric field polarization can be propagated separately and 

recombined without any loss of generality. However, when an obstruction is 

placed in the propagation space, the electromagnetic boundary conditions must 

again be satisfied. The electric field vectors at the aperture interface must satisfy 

the specific boundary conditions defined in equation 2-2, and this gives rise to 

secondary "scattered" fields that combine with the incident field. The indepen

dence of the plane waves is then destroyed and the angular spectrum technique 

cannot be considered rigorous. The next simplification in the diffraction problem 

makes assumptions about the boundary conditions and provides a different 

perspective on the source of the scattered waves. 

2.3 Rayleigh-Sommerfeld diffraction theory 

Historically the problem of diffraction has been described as being due to the 

multiple interference of many secondary "point" disturbances. The argument 

suggests that each point within the opening of an obstructing aperture gives rise 

to a new secondary source of radiation. The mutual interference of these second
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ary wavelets describes the diffracted field distribution at any point in space (see 

figure 2-2). These early ideas were developed intuitively by Huygens and 

Fresnel before the time of Maxwell."*^ Physically this principle makes sense, and 

mathematically it is supported by the Helmholtz equation; an electric field oscil

lating at a point gives rise to a spherical wave solution. Kirchoff and Sommerfeld 

strengthened this model of diffraction with a thorough mathematical descrip

tion."*^ A detailed derivation of Rayleigh-Sommerfeld diffraction can be found in 

reference 49; the important principles and results of the theory are presented 

The mathematical derivation of a diffraction integral begins with the concept 

of a Green's function.^" A Green's function represents the response of a physical 

model to a point source or distrubance. In this case, a Green's function is sought 

that describes the electric field generated from a point radiator; the Green's 

function must satisfy the Helmholtz equation (equation 2-4) to be a physical 

solution. Any electric field distribution can be considered to arise from a collec

tion of point sources. The linear combination of these point source contributions 

below. 

1 

Figure 2-2. Secondary wavelets are generated at every point 
within a diffracting aperture. The mutual interference of 
the wavelets describes diffraction behavior. 
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yields the net electric field defined over all space. The concept is analogous to 

that of a point-spread function and a convolution operation from linear systems 

theory. A suitable Green's function, G, for a point radiator is a spherical wave. 

There is a corresponding Green's theorem,^" which states that if an initial field 

distribution and its Green's function are known on every point of a surface sur

rounding a volume, then the field can be calculated at every point within that 

volume. Consider the situation illustrated in figure 2-3. 

An arbitrary electric field is incident upon an aperture, and the diffracted field at 

any position behind the aperture is sought. According to Green's theorem, the 

value of the electric field at points inside the volume enclosed by the surfaces Sj 

and SjCan be calculated by. 

E(ig,0)_ 

z 

Figure 2-3. Boundary conditions for the diffraction of a plane 
wave through an aperture (based on a similar figure in 
reference 49) 

(2-11) 
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where E represents the field values, G represents the Green's function that de

scribes point source propagation, and n represents the unit normal vector to the 

surface. To solve equation 2-11, the form of the Green's function, its derivative, 

and the values of the initial field distribution and its derivative need to be known 

at all points on the enclosing surface, S. 

It can be argued that as the surrounding surface is expanded to infinity, the 

contribution to the integral from the outer surface, S^, goes to zero (the Sommer-

feld radiation condition).With this simplification, the integral in equation 2-11 

is calculated only over the surface Sj—the aperture plane. The remaining inte

gral can be greatly simplified if the Green's function can be made to vanish at 

every point on the aperture plane; if so, the first term in the integral becomes 

identically zero. This situation can be created if a different choice of Green's 

function is used. 

where a second point source is radiating 180° out of phase with the first, at a 

point that is the mirror image through the aperture plane. For this Green's func

tion, the value of G at every point on the aperture plane is zero. The integral is 

reduced to. 

G = ̂  — 
ri ri 

gikri gikr 

(2-12) 

(2-13) 

Physically this new Green's function is less satisfying than the former, but math

ematically it is more consistent.The primitive Green's function (equation 2-10) 

acts as the point-response function of the wave equation. However, the true 
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Green's function for the problem is not fully defined until it also reflects the 

boundary conditions. This may lead to a peculiar looking Green's function 

(equation 2-13), but mathematically it leads to the proper result.^ It is important 

to remember that the boundary conditions are not known rigorously. A conve

nient boundary condition is assumed to simplify the integral equation. 

Assimiptions must be made about the value of the electric field incident on 

the aperture plane. Where the aperture is opaque, the electric field is assumed to 

be exactly zero; the aperture perfectly blocks the beam. Where the aperture is 

open, the electric field is assumed to remain unchanged from the values it would 

have were the aperture not there. The only area of integration that remains is the 

open area of the aperture, S. These boundary conditions, attributed to BCirchoff, 

are another simplification in the diffraction theory, but have been seen to produce 

very accurate results when the size of the aperture opening is large relative to the 

optical wavelength."*^ When this is not the case, or the field in the direct neigh

borhood of the aperture is sought, then a more rigorous boundary-value problem 

must be solved. 

The normal derivative of the Green's function in equation 2-12 is. 

^ ^ ^ kz d G ^ J  . i k r ,  

dn 
1 

1 - -

V kroi) - , (2-14) 
^01 "^01 

where 

r o i  = ( | r i +  -  ( 2 - 1 5 )  

Typically, it is assumed that the observation plane is many wavelengths away 

from the aperture, so that the term l/krj,^ can be neglected compared to 1. This 
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assumption is not necessary, but it is convenient, especially since some of the 

diffraction rigor has already been lost by application of the aperture boundary 

conditions. Combining equation 2-14 and the Kirchoff boundary conditions into 

the integral of equation 2-13, results in the Rayleigh-Sommerfeld diffraction 

formula. 

The diffraction integral is effectively a convolution of the field in the aperture 

plane with a forward-directed spherical wave. This convolution result is consis

tent with the results of the angular spectrum propagation described earlier. In 

the angular spectrum approach, propagation was performed by a multiplication 

in Fourier space (equation 2-9); a multiplication in Fourier space is equivalent to 

a convolution in real space. Completing this link between the two propagation 

methods, the Fourier transform of the Rayleigh-Sommerfeld propagation kernel 

must equal the transfer function of the angular spectrum approach. 

The Kirchoff boundary conditions can also be applied to the angular spec

trum technique of propagation, by multiplying the transmittance function of the 

aperture into the incident field distribution. The angular spectrum of the 

apodized wavefront is then propagated to a distant plane to observe the effects of 

diffraction. 

ikr. 

(2-16) 

(2-17) 
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2.4 Fresnel diffraction theory 

The Rayleigh-Sommerfeld diffraction formula is quite general, but calculation 

of the integral is difficult. If additional assumptions can be made about the 

diffraction problem, then the propagation kernel can be simplified. It was stated 

earlier that the diffraction integral looks like a convolution. If the initial electric 

field is described by E(x,y,0), then the field at a more distant plane can be calcu

lated as, 

E(x,y,z) = H(x,y,z)**E(x,y,0) , (2-18) 

where 

rr 2 e''^'^ H=-— , (2-19) 

is the convolution kernel. This kernel can be simplified by assuming that the 

propagation distance, z, is significantly larger than the size of either the diffract

ing aperture or the region across which the diffraction pattern is observed. This 

approximation would mean that the factor z/r- can be replaced by 1 /z. Addi

tionally, the distance 'r' in the exponential can be replaced by the following 

binomial series approximation. 

F I  1  T  r  =  + y ~  +  z ~  

= z 
-I '' 

2 z-
(2-20) 

Equation 2-20 is a good assumption if the distance z satisfies the following in

equality, 

ill''" 
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The distance z must be much greater than the difference between opposite edges 

of the diffracting aperture and the observation window in the diffraction pattern. 

For an aperture semidiameter of 3 mm and an observation window semidiameter 

of 3 mm, the propagation distance required to satisfy equation 2-21, is z » 100 

mm (assuming visible wavelengths). 

Combining these simplifications, the convolution kernel (equation 2-19) can 

be rewritten as. 

which is a quadratic phase approximation to a spherical wave with additional 

multiplicative constants. This simplified propagation kernel defines the condi

tion of Fresnel diffraction. 

The Fresnel diffraction integral can be written in two equivalent forms. The 

first is an explicit expression of the convolution operation. 

and the second expands the square in the exponent and removes a quadratic 

phase term from out of the integral. 

(2-22) 
i X z  

E(x''y''Z) = ̂ e J J E(x,y,0)e e ^ dxdy ^2-24) 

The second form of the Fresnel diffraction integral has the appearance of a Fou

rier transform. The initial electric field distribution is modified by a quadratic 
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phase factor, and the product is Fourier transformed to calculate the diffraction 

pattern. In the diffraction pattern, the spatial frequencies in Fourier space, q and 

ri, are mapped to real coordinates by,^ - \ fkz and r| = y'/A^. 

2.5 Fraunhofer diffraction theory 

If the diffraction pattern is viewed in an even more distant plane from the 

aperture, then additional simplifications can be made to the Fresnel integral. In 

particular it is assumed that the quadratic phase factor inside the Fresnel integral 

can be neglected. For this assumption to be valid, the propagation distance, z, 

must satisfy, 

z»7(x-+y-) . (2-25) 
A ^ ' max 

The aperture dimensions must be much smaller than the propagation distance. 

The spherical wave that propagates from each point in the aperture travels over 

such a large distance, that by the time it reaches the diffraction plane, the path 

difference introduced by light originating at different places in the aperture is 

negligible. To satisfy equation 2-25 for an aperture semidiameter of 3 mm, the 

required propagation distance is, z » 56 meters (assuming visible wavelengths). 

With this more restrictive approximation, the Fresnel diffraction integral 

(equation 2-24) can be rewritten as, 

ikz .^^xx'+vy' 

E(x',y',z) = |^e' 2z JjE(x,y,0)e ' ^ dxdy (2-26) 
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which is the Fraunhofer, or "far-field", diffraction integral. Fraunhofer diffraction 

is calculated simply from the Fourier transform of the aperture function illumi

nated by the incident wavefront. In the diffraction pattern, the spatial 

frequencies of Fourier space are mapped to real coordinates by, ^ = x'/A.z and tj = 

Y /"kz.. The coordinate mapping reveals that as the wavefront continues to propa

gate through the Fraunhofer region the diffraction pattern maintains the same 

form, but its scale increases. 

2.6 Fourier transform lens 

In the previous sections, the diffracting aperture was treated like a simple 

transmission mask where the boundary conditions were applied. The aperture, 

T, modulates the incident field, by a simple multiplication. 

The aperture is assumed to be infinitely thin. In general, the aperture description 

can take on any functional form. The values within the aperture opening, Z, can 

be represented by a complex function that describes a modulation of both the 

phase and the amplitude of the incident field. The effect of a positive focusing 

lens, L, can be modeled as a quadratic phase factor with a finite aperture. 

E(f,0) = Ei,,(r,0)T(r) , (2-27) 

where. 

T(f) = 1 ; r € I 

= 0 ; r e Z  "  (2-28) 

-ik— 
L(f) = T(r)e 2f , (2-29) 

where f represents the focal length of the lens. 
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Consider the Fresnel diffraction through a lens to its rear focal plane, a dis

tance z = f. The electric field as modified by the lens aperture becomes, E(r,0) = 

Ein^(r)L(r). Substituting this expression into equation 2-24, the Fresnel diffraction 

integral becomes, 

ikf p^xx'+yy' 

E(x',y',f) = |^e' 2f jjEi„,(x,y,0)e dxdy (2.30) 

a Fraunhofer diffraction integral. The quadratic phase factor from the lens ex

actly cancels the quadratic phase factor from the propagation kernel. The 

diffraction integral reduces to a Fourier transform of the incident field. In this 

way, a focusing lens can be used to map the Fraunhofer diffraction pattern into a 

plane that is much closer than one that satisfies the far-field approximation of 

equation 2-25. 

The Fourier transforming properties of a lens can also be used if the diffract

ing screen is placed somewhere after the lens but before the rear focal plane (see 

figure 2-4). 

n 

d 1 

f 1 

Figure 2-4. One use of a Fourier transform lens that allows 
the scale of the diffraction pattern to be adjusted with the 
separation'd'. 
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If the lens is illuminated with a normally incident plane wave, then the wave-

front incident on the diffracting aperture can be modeled as an apodized 

spherical wave converging on the rear focal point. The description of the electric 

field transmitted by the aperture, T, can be written as. 

Assuming Fresnel propagation to the rear focal plane, the diffraction integral 

becomes. 

which is a Fourier transform of the aperture function. However, the scale of the 

diffraction pattern depends upon the propagation distance, d, not the focal 

length, f. By simply adjusting the separation distance between the aperture and 

the focal plane, d, the scale of the diffraction pattern can be controlled as ^ = x'/ 

Xd and q = y'/Xd. The Fourier transforming properties of a lens are very general, 

and the effects can be seen wherever the incident illumination converges to a 

focus—not just in the rear focal plane. 

2.7 Fourier transform computer generated holograms 

Now that a formalism has been presented for calculating the diffraction 

pattern from apertures, the techniques can be applied to the analysis of diffrac-

tive optics and computer generated holograms. The computer generated 

holograms (CGHs) under investigation are phase modulation apertures with a 

(2-31) 

XX +VV 

(2-32) 
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finite size. The phase modulation designed into a CGH can be represented by 

some spatially varying function, <|). A mathematical description of the hologram 

aperture, H, is then given by. 

The CGHs are designed to be Fourier transform holograms, meaning that the 

desired diffraction pattern is seen in the far-field. The Fraunhofer diffraction 

integral (equation 2-26) can be used to predict the hologram reconstruction. The 

diffraction pattern, D, is calculated as. 

where FT{} represents a Fourier transform operation, and C represents a phase 

factor. Typically the irradiance of the diffraction pattern, I DI -, is of interest, so 

the phase factor is of no consequence. 

Since analytic solutions for (j) are not known for most CGH designs, the struc

tures are optimized on a computer. The necessity of a computer in the design 

introduces important modifications to the hologram function, H; the hologram 

becomes a sampled and pixelated approximation of the continuous distribution 

defined in equation 2-33. In order to describe these structures mathematically, 

several special functions will be used: "rect", "comb", and "sine". The definitions 

of these functions can be found in reference 51. 

Because a CGH is designed on a computer, it is necessarily a sampled distri

bution. However, a sample point is infinitely small, and a hologram composed 

of point apertures transmits very little light. Instead, the phase modulation at 

each sample point is enlarged to fill the square pixel area between adjacent 

H(r) = e''^('' ; reS 

= 0  ,  f g Z  (2-33) 

(2-34) 
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samples. The spacing between samples and the size of a hologram pixel is de

fined to be AX(^. Furthermore, only a finite number of pixels, N, can be used in 

the hologram design, due to a computer's limited memory. Mathematically these 

CGHs can be expressed as. 

H(x) = comb 
( \ 

X 

Ax h / 
*reci 

( \ 
X 

rect 
NAx h 

. (2-35) 

The "comb" function is used to represent the sampling of the ideal phase func

tion, followed by a convolution with a "rect" function to convert each sample into 

a square pixel. Lastly, the distribution is multiplied by a larger "rect" function to 

impose a finite-sized hologram aperture. (Note, a one dimensional design is 

assumed here for simplicity; the extension to two dimensions is trivial.) 

The functional form of a CGH design is given by equation 2-35. According to 

equation 2-34, the corresponding diffraction pattern, D, is found by a Fourier 

transform operation. 

DM j^FTle"®*^*'j*com6(AXhq)js/«c(AXhq) *SINC{NAX^^^) 
. (2-36) 

The diffraction pattern includes the Fourier transform of the hologram phase, 

which is the desired result. However, the pattern also includes other features. 

The desired result is convolved with a "comb" function. This represents periodic 

replications of the pattern in the output plane, also known as higher diffraction 

orders. The periodic pattern is then attenuated by a "sine" amplitude function 

which reduces the energy in the pattern at large distances from the optical axis. 

The "zeros" of the sine envelope fall precisely at the centers of the higher diffrac

tion orders. Lastly, the entire pattern is convolved with a narrower "sine" profile, 
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which acts as a point spread function. Comparing equations 2-35 and 2-36, it can 

be seen that the sampling of the hologram phase has led to higher diffraction 

orders in the diffraction pattem. The "pixelization" of the hologram phase has 

led to the sine amplitude envelope, and the finite aperture of the hologram has 

led to the sine point-spread function. A Fourier transform hologram can be 

designed by computer and fabricated as a structure defined in equation 2-35, 

however, its diffraction pattem will exhibit characteristic behaviors as a result. 

2.8 Conclusion 

The diffraction of light is a consequence of secondary wavefronts generated 

by material interfaces satisfying the electromagnetic boundary conditions of 

Maxwell's equations. The rigorous vector solution of these problems is math

ematically very complex, and has only been solved analytically for a handful of 

problems. Typically, approximations are made to the theory, which allow simpler 

mathematical techniques to be applied. If the propagation medium is assumed 

to be homogeneous and isotropic, then the Helmholtz scalar wave equation 

becomes a rigorous solution to free-space propagation. However, in order to 

apply the equation to diffraction problems, simplifications must be made in the 

interpretation of the material boundary conditions. 

The Kirchoff boundary conditions assume that a thin, planar aperture acts as 

a transmission mask for an incident electric field. The wavefront is multiplied by 

the aperture function, and the Helmholtz equation is solved to predict the dif

fraction pattem in the space beyond. A general diffraction integral, the 

Rayleigh-Sommerfeld integral, is capable of predicting the diffraction pattem in 

the near, through far fields. If the diffraction pattem is viewed far away from the 
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aperture, and neither the aperture nor the observation region is very large, then 

additional simplifications can be made, which lead to the Fresnel diffraction 

integral. If the diffraction pattern is viewed even further away, then a final 

simplification can be made, which leads to the Fraur\hofer diffraction integral. 

The Fraunhofer integral predicts that the far-field diffraction pattem from an 

aperture is simply its Fourier transform. This is a convenient result that is easy to 

calculate for many situations. Unfortunately the far-field is usually very far, and 

in practice it is difficult to observe it within a laboratory. Fortunately, a positive 

focusing lens can be used to provide a nearby plane in which the Fraurihofer 

pattem can be observed. 

Computer generated holograms are designed to function as Fourier transform 

diffractive optics. The Fourier transform of the desired irradiance pattem is 

encoded into the CGH, such that the far-field diffraction pattem reconstmcts it. 

However, because a CGH is designed on the computer, it becomes a finite, 

sampled and pixelated function. The far-field diffraction pattem from such a 

stmcture has some characteristic features. The diffraction pattem shows higher 

diffraction orders, an attenuation envelope, and a point-spread function that 

blurs the image. The next chapter describes some techniques that can be used 

during the design of a CGH to deal with these effects. 
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3. CGH DESIGN TECHNIQUES 

3.1 Introduction 

The design of a computer generated hologram is basically a large optimiza

tion problem. The challenge is to design a diffractive optic that will produce a 

specific interconnect pattern as its far-field diffraction pattern. Because the 

diffraction is observed in the far-field, a Fourier transform relationship exists 

between the wavefront at the hologram plane and the wavefront at the pattern 

plane. In general, the Fourier transform of an interconnect pattern has complex 

amplitude information; this implies that a hologram needs to modulate both the 

amplitude and the phase of the incident wave. However, fabrication consider

ations limit the hologram to modulate only one of these characteristics. Since 

some information is then lost, there is no analytic solution for most hologram 

designs. In some cases, an analytic solution with amplitude-only information 

can be designed. However, these holograms can produce diffraction patterns 

only with certain symmetries (see section 3.2). In most cases, more flexibility is 

desired and instead, the design process becomes a large optimization problem to 

search for the solution with the lowest error and the best approximation to the 

desired pattern. 

3.2 Amplitude vs. phase modulation 

A hologram can modulate either the amplitude or the phase of an incident 

wavefront. An amplitude modulation hologram is simply a mask that blocks or 

attenuates specific portions of a wavefront. A phase modulation hologram is 

completely transparent, but uses index of refraction changes to modulate the 
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optical path difference between specific portions of a wavefront. There are no 

fabrication techniques that permit the simultaneous and independent modula

tion of both phase and amplitude. A statistical study has shown, however, that 

the phase of a wavefront carries the majority of the information about an image.^^ 

The choice of an amplitude modulation hologram restricts the variety of 

interconnect patterns that can be created. In general, a hologram, H, is a complex 

valued modulation function represented by 

H(x)=H,(x) + Hi(x) , (3-1) 

where is the real part and H. the imaginary part. The definition of an ampli

tude modulation hologram is that the imaginary part, is identically zero; the 

hologram is a real-valued function. The Fourier transform of a general real-

valued function, is a Hermitian function (even real part and odd imaginary 

So, an amplitude hologram can only produce interconnect patterns, p, that are 

even functions (i.e. I p(x) I = I p(-x) I). If an arbitrary interconnect pattern is 

required, then the pattern must be shifted away from the optical axis. The even 

pattern symmetry is still enforced, but the symmetric pair is shifted off the axis 

in the opposite direction such that the two images do not overlap (see figure 3-1). 

In addition to being a real-valued function, the amplitude modulation is also 

restricted to being all positive; negative modulations are not physical. Conse

quently, there is a large, on-axis (or DC) component to the diffraction pattern. 

The central ordinate theorem states that the value of the DC frequency in a Fou

rier transform is given by the integral across the original function,^' 

P(0)= jHr(x) dx . (3.2) 
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Since is all positive, the sum can become quite large, which results in a bright 

spot in the exact center of the diffraction pattern (see figure 3-1). In fact, the on-

axis spot will always be the brightest spot in the pattern. 

0 

Z 

Figure 3-1. An example amplitude hologram and diffraction 
pattern. The pattern is forced to have even symmetry, 
and there is a large signal on-axis. 

The diffraction efficiency of an amplitude modulation hologram suffers from 

three different losses. First, part of the incident wavefront is absorbed by the 

hologram. Second, part of the transmitted energy is forced into a symmetric 

pattern, and third, energy is lost into the large on-axis signal. If the interconnect 

pattern can be designed as an even function, then of course the symmetric image 

is not a problem, but the large on-axis signal is still a difficulty. 

A phase hologram does not have the same restrictions on interconnect pattern 

geometry as the amplitude hologram. The definition of a phase-only hologram, 

is that it has a constant amplitude transmission; this condition is defined math

ematically by 

|H(x)|-=H,^(x)-i-H,^(x) = l . (3-3) 

The phase-only limitation does not project any obvious restrictions onto the 

interconnect pattern. Arbitrary patterns can be created on-axis without the 

^ s 
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problem of a forced sjnnmetry . One exception to this rule is a hologram that 

uses only two phase values in the design, 0 and K. The values of the complex 

exponential for these two phases, are "1" and "-1"; the design is again a real-

valued hologram, and a symmetric pattern is again forced to exist. 

For a phase hologram, the value of the DC location can be controlled. Again 

using the central ordinate theorem, the value of the on-axis position is calculated 

as. 

Since the integral is over complex exponentials, terms that are out of phase re

duce the integral, and thus the strength of the DC component. The diffraction 

efficiency of a phase hologram can be much higher. All of the incident light is 

transmitted, and there is neither a symmetric pattern nor the requirement of a 

DC signal competing for energy (see figure 3-2). 

p(0)= dx 

(3-4) 

• 2 

Figure 3-2. An example phase hologram and diffraction 
pattern. The pattern can be arbitrary, and the on-axis 
irradiance can be controlled. 
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A phase hologram has many advantages over an amplitude hologram. A 

phase hologram allows greater flexibility in the design of interconnect patterns, 

and it can be used in on-axis geometries without the problem of a bright DC spot. 

In addition the diffraction efficiency promises to be much higher. For these 

reasons, phase holograms are the preferred method of wavefront modulation for 

most interconnect applications. 

3.3 Pattern layout 

The first step in designing a computer generated hologram, is to define the 

pattern for the desired diffraction pattern. Some problems require "shaping" a 

beam into a continuous distribution (such as Gaussian, Super-Gaussian, or flat

top),but the focus of this research is on producing interconnect patterns, also 

known as spot-arrays or fanouts^*^. An interconnect pattern consists of light 

"spots" falling at locations specified on a regular two-dimensional grid. The 

interconnect is defined as a light "spot", since ideally the energy diffracted to a 

location should be tightly confined, and not spread into neighboring intercormect 

areas. The amount of energy that is diffracted into an interconnect spot is de

fined to be the "weight" for that location. Interconnect patterns can be specified 

with either binary or analog weights with no added complexity to the hologram 

design. While arbitrary interconnect patterns do not complicate the design 

process, attention to the layout of the pattern can help ensure better performance 

in the hologram solution. 

Initially the designer must decide upon the diffraction angles that are needed 

for the interconnect pattern. The angles, 9j, at which diffraction orders propa

gate from a CGH are given by the grating equation. 
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D[sm(ejj)-sm(0i)] = mA. ; m = 0,±1,±2,... , (3-5) 

where D represents the period of the grating, X the wavelength of light, 9^ the 

angle of incidence for the incoming light, and m the order number. In the litera

ture for CGH design, there is confusion over how the labeling of interconnect 

locations corresponds to the diffraction orders of the hologram. For this research, 

it was decided that the period of the hologram, D, will be defined to be the size 

of a pixel, Ax^. This definition means that higher integer orders (m=l, 2,...) 

represent angles at which duplications of the interconnect pattern are centered. 

The m=0 order defines the central order in the diffraction pattern, and the indi

vidual interconnect locations, are specified by fractional orders (e.g. m=l/8). The 

hologram can independently control only the interconnects that diffract into the 

orders between m = ±1/2. According to equation 3-5, with normal incidence the 

steepest diffraction angle for an interconnect location (m = 1/2) is given by 

• (3-6) 

For a given wavelength, the size of the hologram pixel alone determines the 

angular extent of the interconnect pattern. For a pixel size of 5A., the maximum 

angle is 5.7°. 

Because the holograms are designed on a computer, both the hologram phase 

function and the interconnect pattern are finite, sampled distributions. The 

angular extent of the interconnect pattern is already determined by the hologram 

pixel size; the sampling of the pattern (the number of pixels used to represent it) 

determines the angular resolution with which interconnects can be specified. 

Since the interconnect pattern and hologram are related by a Fourier transform, 

the size of the array that is used to specify the intercormect pattern determines 
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the size of the array of the hologram design; using more pixels in a hologram 

design gives better angular resolution within its central diffraction pattern. On a 

computer, discrete Fourier transforms are used to simulate the propagation 

between the hologram plane and its diffraction pattern. The relationship that 

exists between these two domains is given by, 

1 1 

Axj, 
= N (3-7) 

where AXj^ is the sampling period in real space (hologram pixel size), is the 

sampling period in Fourier space, and N is the number of samples in one dimen

sion. The left-hand side of equation 3-7 is known as the "space-bandwidth 

product" (SBWni'). Despite the fancy name, it is just a measure of the number of 

pixels used in a hologram design (rewriting 3-7 shows that, 1/A^ = N Ax,^ which 

determines the extent of real space that is used in the DFT, and 1/Ax,^ = N A^, 

which determines the spatial frequency bandividth that is used in the DFT; there

fore the product 1/A^ ^ space-bandwidth product). A second equation 

is needed to relate the spatial frequency of Fourier space to real coordinates in 

the diffraction plane, 

, (3-8) 

where Ax^ is the sampling period in the diffraction pattern, k is the wavelength 

of light, and d is the propagation distance (for an explanation of how equation 3-

8 comes out of Fourier optics, see section 2.5). Combining equations 3-7 and 3-8 

reveals that the angular resolution in the diffraction pattern, A0j, is determined 

by the number of pixels used in the hologram design. 
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(3-9) 
d  NAXh  •  '  

Once the positions of the interconnects have been defined, the weights can be 

specified by putting values into each location of the pattern array. Consider a 

binary intercormect pattern such as shown in figure 3-3a. Every location in the 

array has a specified target value. As was stated before, the Fourier transform of 

this pattern is most likely not a phase-only function. Some amplitude informa

tion will be lost, such that even the optimum hologram solution will show some 

error. A phase-only hologram was designed for this pattern, and its diffraction 

pattern is shown in figure 3-3b. 

a) 

Figure 3-3. A binary intercormect pattern a) and the best 
approximation to it b) from a phase-only hologram 
design. 

There are significant differences between the ideal interconnects and the pre

dicted diffraction pattern for the design. The binary "1" weights are not very 

uniform, and there is energy in the "0" weights. The design does not look very 

good. However, if additional SBWP is used in the specification of the pattern, the 

results can be improved. 

Consider a second design in which the same binary interconnect pattern is 

specified in only the center portion of a larger array (see figure 3-4a). If the outer 
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locations in the pattern remain unspecified, then the hologram design algorithms 

can use these locations as extra degrees of freedom, or compensators, to optimize 

the performance in the region of interest. Figure 3-4b shows an intercormect 

pattern designed with this technique. 

• 

b)| 

Figure 3-4. An interconnect pattern with extra SBWP a) and 
the best approximation to it b) from a phase-only holo
gram design. The gray region in figure a) represents 
extra degrees of freedom for the design. 

The performance of the designed interconnects is much improved. The error that 

is seen in figure 3-3b has been pushed outside the region of interest by the holo

gram optimization routines. The accuracy of the interconnect pattern has been 

much improved, at the expense of intentionally throwing away some light into 

the surroimding region. Also, notice that the diffraction angles for the patterns in 

figures 3-3 and 3-4 are not identical. If the hologram pixel size has not changed, 

then the angles of the intercormects in figure 3-4 have been compressed towards 

the optical axis. 

Each pixel in the hologram design is represented by a single sample point. In 

reality, however, each pixel will be made as a finite square region. The effect of 

this square pixel is to introduce an amplitude modulation envelope that reduces 

the energy in the higher orders of the diffraction pattern. The exact form of the 
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envelope is a sine profile centered on axis (see section 2.7). This amplitude enve

lope could be modeled in the optimization by representing the square shape of 

the pixels with increased sampling; however, this would use more SBWP and 

substantially increase the design time. Since the effect of the profile is known 

analytically, it can be countered in the initial layout of the interconnect pattern. 

The desired interconnect weights can be pre-compensated to account for this 

expected attenuation. The weights are boosted by precisely the same factor by 

which they will be reduced in the diffraction pattern (see figure 3-5). 
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-5 0 5 
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Figure 3-5. Interconnect weights are pre-compensated for a 
non-uniform attenuation, a) A desired binary weighted 
interconnect pattern, b) The weights are designed so that 
the amplitude envelope across the diffraction pattern 
(dotted line) reduces the interconnect energy to the 
desired values. 

In summary, the layout of an interconnect pattern has substantial impact on 

the eventual hologram design. The diffraction angles that are required determine 

the feature size of the hologram. The SBWP that is used to layout the pattern 

determines the size of the hologram and the angular resolution in the diffraction 

pattern. Additional SBWP can also be used to help the optimization routines 
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find more accurate solutions, and a pre-compensation of the interconnect weights 

can be used to correct for the effect of square pixel profiles while keeping the 

dimensions of the problem to one sample per hologram pixel. 

3.4 Hologram optimization 

Once an interconnect pattern has been specified, a CGH must be designed to 

produce that pattern as accurately as possible. However, there is no analytic 

method for determining a phase-only hologram for an arbitrary intercormect 

pattern. One solution is to simply discard the amplitude information from the 

Fourier trarisform of the pattem (i.e. set the magnitude equal to 1). However, 

better solutions can be found if more ingenious algorithms are used to transform 

the complex values into a set of phase-only modulations.^^ The design becomes 

an optimization problem, in which the phase delay from each pixel in the holo

gram is an independent variable. A typical hologram design may consist of 32 x 

32 pixels, or 1024 independent variables; this is clearly a large, multivariate, 

nonlinear optimization problem (the relationship between a pixel's phase delay 

and its effect on the interconnect pattem is nonlinear). Since the search space for 

the hologram is so vast (a 1024-dimensional space), it is impossible to evaluate 

every possible hologram design. Even if there are only two choices for the value 

of the phase at each pixel, there are still greater than 10^°° possible holograms. 

More sophisticated optimization methods need to be used. 

It is easy to imagine that such a large search space is littered with local 

minima solutions. Therefore, the optimization routines that are most successful 

in CGH design are those that consider global solutions and are not easily trapped 

by local minima. Many algorithms have been proposed, including genetic algo
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rithms^^, simulated annealing^^'^^, and phase retrieval algorithms^^"^. In this 

research, three algorithms were considered for the optimization of CGH designs: 

Gerchberg-Saxton phase retrieval, random search, and a conjugate gradient 

optimization. None of these methods is sufficient to handle hologram design for 

every possible constraint. Each method has its own particular advantages, 

which makes it appropriate for a different set of problems. The combination of 

the three algorithms, however, provides a strong set of tools to permit the optimi

zation of holograms for a wide variety of conditions. 

3.5 Gerchberg-Saxton algorithm 

The Gerchberg-Saxton algorithm was originally developed as a phase re

trieval technique that searches for the phase relationship that exists between a 

pair of irradiance distributions.^" The irradiance of a wavefront is found from the 

square magnitude of the field, which discards all information about the phase. A 

phase-retrieval algorithm attempts to recover that phase information by observ

ing the irradiance of the field in two different planes. The propagation of the first 

distribution into the second reveals information about the phase of the wave-

front. In the Gerchberg-Saxton algorithm, it is assumed that the observation 

planes are separated by a great distance, such that the two wavefronts are related 

by a Fourier transform relationship (Fraunhofer diffraction). The method is an 

iterative procedure that searches for phase distributions that are self-consistent 

between the two planes. If the phase in both the real and Fourier domains is 

allowed to vary continuously, then the method is proven to converge to a stable 

solution. The solution is believed to be unique to within a constant phase off

set.''® 
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The Gerchberg-Saxton algorithm (also known as "iterative Fourier transform 

algorithm" - IFTA) is perfectly suited for CGH design. The designs are Fourier 

transform holograms, meaning that the wavefront exiting the CGH and its dif

fraction pattern are related by a Fourier transform. Further, the designer knows 

the irradiance distribution of the field in two planes, and wants to know the 

phase information that relates them. The irradiance distribution in the hologram 

plane is known to be constant; the hologram carmot modulate amplitude. The 

irradiance distribution in the diffraction plane is defined by the desired intercon

nect pattern. The algorithm begins in one domain with the known irradiance 

distribution, and assumes an initial phase condition to accompany it. This pro

vides a complex field with modulus and amplitude information. That complex 

field is then Fourier transformed to find the distribution it predicts in the other 

domain. At this point the irradiance distribution that is predicted will not be 

what is desired. The modulus information of the distribution is reset to the 

desired values, while leaving the phase information unchanged. This modified 

field is then Fourier transformed back to the original domain, and the new pre

dicted distribution is compared to the target. Again, the modulus information is 

reset to the desired pattern, and the phase is left unchanged. This process is 

repeated many times until the phases have reached a stable self-consistent con

figuration. The resultant phase in the hologram domain represents the hologram 

solution. The phase in the diffraction pattern is irrelevant, since only the irradi

ance pattern is important. Figure 3-6 shows a representation of this optimization 

process. 
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Diffraction pattern 
modulus phase 

2 ? 

Figure 3-6. The Gerchberg-Saxton algorithm. The modulus 
information in each domain is enforced, while permitting 
the phases to vary continuously in a search for a stable 
configuration. The modulus in the hologram domain is 
constrained to be coristant, the modulus in the diffraction 
domain is constrained to be the square root of the desired 
interconnect pattern (A = I'''-). 

The Gerchberg-Saxton algorithm is normally started in the domain of the 

diffraction pattern, so that all of the light-energy begins within the pattern. This 

leads to solutions with high diffraction efficiency. The modulus information is 

defined by the interconnect pattern, but an initial phase distribution must be 

assumed. Typically either constant or random phase is used as the initial condi

tion. In problems where the entire diffraction plane is constrained to be part of 

the interconnect pattern, the phase solution is unique and different initial condi

tions will eventually find the same design (the difference is in the amount of time 

required to find it). However, as was discussed in section 3.3, using additional 

degrees of freedom in the interconnect pattern can lead to more accurate solu

tions (see figure 3-4). When additional SBWP is used, only the modulus 

information within the region of interest is constrained by the algorithm. Unfor

tunately this destroys the uniqueness of the solution, and the final performance is 

very dependent upon the choice of the initial phase distribution. As will be 

discussed in section 3.8, the initial phase distribution can be chosen more intelli

gently than as just a random pattern. 

Hologram 
modulus phase 

FT 

F T '  
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Besides the choice of initial phase, the user has only one other way to control 

the Gerchberg-Saxton algorithm—that is by the choice of which locations in the 

diffraction pattern are to be constrained (the region of interest). As the algorithm 

iterates, instead of enforcing the modulus values across the entire diffraction 

plane, only values defined within the critical region are enforced; other values 

are left unaffected. In this way, a more accurate solution can be found for some 

parts of the diffraction pattern, at the expense of efficiency and extra SBWP. The 

G-S algorithm is not controlled by a merit function. A merit function is typically 

used in an optimization routine to define what makes a "good" solution. A merit 

function gives the designer flexibility to tailor the solution to balance any num

ber of criteria. An accurate solution might be desired, but so might a specific 

diffraction efficiency, or a hologram that only uses certain values of the phase. 

These criteria can all be balanced within a single merit function. However, the G-

S algorithm works exclusively towards pattern accuracy (ov^er the indicated 

region of interest). This is at the expense of diffraction efficiency or any other 

consideration. 

The proof of convergence for the G-S algorithm requires that the phases be 

allowed to vary continuously. Consequently, the algorithm finds hologram 

solutions with continuous phase delays. However, the fabrication process used 

for many CGHs can produce only a finite number of values for the phase delay. 

The continuous phase solution can simply be quantized, but this introduces 

errors and reduces the performance.^ If the algorithm can be made to search in a 

quantized phase space, then better solutions can be found. Such an extension has 

been suggested for the G-S algorithm.^^ While the algorithm iterates, the phase 

in the hologram domain is gradually quantized. Initially, continuous phase 
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values are allowed. As time goes on, phases that fall within ±5 radians of a 

quantized phase value are forced to that level; other values are left to wander in a 

continuous domain. Gradually the range of 5 is increased until eventually every 

phase value is forced to one of the quantized levels. This technique has been 

implemented and investigated for the design of quantized-phase holograms. 

While the conditions that prove convergence for G-S have been violated, in 

practice the technique does converge, and most often to solutions that show 

improvement over simple quantization of the continuous design. 

Other extensions have also been applied to the Gerchberg-Saxton algorithm. 

One enhancement permits the retrieval of phase information in a lossy or noisy 

propagation environment.^^ Another modification to the algorithm enables G-S 

to find continuous phase solutions that can be unwrapped to have a smooth 

continuous surface without phase cuts or singularities.^ The Gerchberg-Saxton 

algorithm is an extremely powerful technique for the design of computer gener

ated holograms. It rapidly finds high efficiency solutions with good accuracy. 

The method can also be coerced to find quantized phase solutions. Its main 

limitation is that it cannot be controlled by a merit-function that optimizes solu

tions for arbitrary conditions; accurate interconnect weights are sought 

exclusively, at the expense of diffraction efficiency. 

3.6 Random search algorithm 

The random search algorithm is a simplified version of simulated annealing 

optimization."*^ Simulated annealing borrows its philosophy from an optimiza

tion process created by Mother Nature. Consider the case of cooling a 

homogeneous material. The position of each atom is an independent variable (a 
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10^ dimensional problem !), and the combination of these positions specifies the 

net energy configuration of the material. The ideal, lowest energy, configuration 

is a crystal. To create this state, the material must be heated to a high tempera

ture and then cooled, or annealed, very slowly so that the atoms are allowed to 

explore the combinations of their positions in searching for the lowest energy 

configuration. If the material is cooled too rapidly, the atoms will be trapped in 

disarray, which represents a higher energy state. However, if the material is 

cooled slowly enough, the crystalline state will be realized. This idea can be 

extended for use in global optimization of large dimensional problems. The 

values of the independent variables are analogous to the atomic positions, and 

through a merit function, their combination represents the energy of the state. 

Random changes can be made to the variables and their effect on the energy 

evaluated. Changes that reduce the energy are always kept, changes that in

crease the energy are kept with a probability determined by the Boltzmann 

distribution, P(AE) = A high temperature for the state, means that in

creases in energy can be accepted with high probability. This permits the 

variables to fully explore the solution space in looking for a global minimum. 

Gradually, however, the temperature is reduced, so that only better solutions are 

accepted with high probability. Simulated annealing can be very successful in 

finding optimal solutions for large dimensional problems. However, it is often 

time consuming, and success depends greatly upon the choice of an appropriate 

annealing schedule. 

The random search algorithm uses the same approach for hologram optimiza

tion. Random changes are made to the hologram design, and the effect on the 

diffraction pattern is calculated. The difference however, is that the "annealing" 
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part is removed; the algorithm works at '0' temperature and only accepts changes 

that improve the design. The reason for this is that t)^ically random search is 

used to refine a design that is already near a good solution. The algorithm is not 

used to find a globally optimum solution, only to improve the results within the 

neighborhood of the current solution. 

Every time a single pixel change is made, a new diffraction pattern needs to 

be calculated. It can be very time-consuming to compute an FFT each time; 

instead, a more efficient update scheme has been developed that determines the 

effect of the pixel change only across the region of interest in the diffraction 

pattern.^'' From the definition of a DPT, it can be shown that the effect of a single 

phase change (from to hologram pixel (x,y), changes the diffraction 

pattern at location (u,v) by Ad, where 

Calculating the effect of pixel phase changes by equation 3-10 shows dramatic 

improvements in the speed of the random search technique. 

One of the advantages of the random search algorithm is that its progress is 

defined by a merit function. The designer can specify what are the qualities that 

make for a "good" hologram design, and the optimization will proceed according 

to this goal. A merit function typically defines a "good" design to be one that 

+sm(27c(xu + yv))[sm(0o) - sm[(^Q + A^)] 
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produces the most accurate interconnect weights within the region of interest. 

This quality is defined mathematically by calculating the square error between 

the achieved weights, d,^, and the ideal pattern weights, 

err = I(dk-spk)~ . (3-11) 
k 

A scaling factor, s, is included, which can be either a fixed or dynamic value. If s 

is fixed to a constant value, then it instructs the merit function to search for 

accurate interconnect weights at a particular diffraction efficiency. However, 

more commonly the diffraction efficiency of a good solution is not known. If s is 

made a variable during optimization, only the relative accuracy of the weights is 

important to the merit function. The particular scaling factor at any point in the 

the design can be found by minimizing equation 3-11 with respect to s, 

^err  = -2^pk(dk-spk)  = 0 (3.12)  

Solving for s reveals that, 

IdkPk 
s = — 

• P-13) 
k 

The scaling factor of equation 3-13 can be calculated at each iteration, and used in 

the merit function of equation 3-11 to optimize for intercorvnect accuracy alone. 

In effect, this mimics the optimization goal of the Gerchberg-Saxton algorithm. 

Another important advantage of the random search algorithm is that it can be 

used to search directly in a quantized phase space. When making random pixel 

changes, the algorithm only considers changes to values that are allowed by the 
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quantization of the design. This is a fairly unique quality of the random search 

optimization method, which can only be approximated when using Gerchberg-

Saxton. 

3.7 Conjugate gradient algorithm 

The conjugate gradient algorithm belongs to a family of general nonlinear, 

multivariate optimization routines.^® The algorithm is not a global optimization 

routine, but instead searches for the local minimum closest to its initial condi

tions. For this reason the method is not appropriate for general hologram 

optimization. It is used best in a more indirect role, which is to find initial condi

tions for the other search routines (see section 3.8). 

The conjugate gradient algorithm minimizes a function of many variables 

using a two step iterative technique: 

1. Find a search direction, q^, that points 

to a new position in the solution space 

Xn+l =Xn+Ctnqn 

2.Optimize the step size, a^,, to find . (3-14) 

a minimum along q^, such that 

f(Xn+l)^f(Xn) 

The independent variables in the problem are represented by a vector, x^. First a 

direction in the solution space is chosen, and then a one-dimensional optimi

zation is performed along that direction, represented by the step size, The 

new variables, x^^^, represent a position in the solution space with a smaller 

value of the error function than before. This process is repeated many times until 

a minimum is located to within some precision. The task of the conjugate gradi
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ent algorithm is to determine efficient search directions, The one-dimensional 

optimization of is handled by either an interval reduction or interpolation 

method, such as a bisection or Newton's method.^® Initially the search follows 

the direction of steepest descent, calculated as the gradient of the current posi

tion, As the algorithm progresses, newer search directions are calculated 

based upon previous search directions and previous gradients. There are at least 

three different techniques used to update the search directions^®, one of which is 

presented here. The current search direction, is updated using information 

from the previous search direction, j, and gradients, and j, 

In ~ Pn1n-1 ~ §n 

^ ( g n - g n - l ) - g n  

ISn-lT 

Occasionally during an optimization, the search vector, is reset to a simple 

gradient and the search vectors rebuilt. This ensures that parts of the solution 

space do not become excluded from the search. 

To calculate the gradient vector, the algorithm uses numerical differentiation 

•, . f(x + A)-f(x-A) 
= • (3-16) 

2A 

Two function evaluations are required to find a single derivative. This means 

that if there are pixels in a hologram design, then there are 2N^ DFTs required 

to determine the gradient for a single iteration of conjugate gradient. Alterna

tively, the update method of equation (3-10) could be used, but this is still 

expensive. For this reason, conjugate gradient is limited to use with very small 

hologram designs, or as an indirect technique (see section 3.8). 
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The conjugate gradient algorithm is proven to find the exact minimum for a 

quadratic shaped merit function in N iterations, where N is the dimension of the 

problem. If the hologram has ISP pixels, then iterations are required. A more 

general technique based upon Newton's method can be used for exact quadratic 

termination in a single iteration. However, this requires calculating a second 

derivative matrix, which scales as function evaluations (DFT's) per iteration, 

which is approximately the same computational requirement 

The conjugate gradient algorithm is a good multivariate nonlinear optimiza

tion routine, but its use for hologram design is limited. The algorithm does not 

consider global optimization, and it can only design holograms with continuous 

phase values. However, like the random search routine, one advantage is that it 

can be controlled by a user-defined merit function. Unfortunately, the number of 

independent variables (SBWP) used in a hologram design (1024 or more) signifi

cantly increases the calculation time for the conjugate gradient algorithm. The 

use of conjugate gradient optimization in this research has been limited to find

ing good initial conditions for use with the other algorithms. 

3.8 Initial phase optimization 

One of the most important factors for success in any optimization, is knowl

edge of the problem. Even rough ideas of good initial conditions, intervals of 

uncertainty, or locations of local minima can aid immensely in finding better 

solutions more rapidly. Earlier in this chapter it was stated that hologram opti

mization is normally started in the plane of the intercormect pattern, which 

ensures that the design begins with a high efficiency. However, the interconnect 

pattern only defines the modulus of the diffraction pattern, it specifies nothing 
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about the phase. Typically the initial phase is set to a random distribution, so 

that the Fourier transform information gets diffused across the hologram plane. 

However, the pattern phase represents an additional degree of freedom, and if 

optimized, can be used to produce superior hologram designs. 

The interconnect pattern defines the modulus of the wavefront in the diffrac

tion plane, I p(x) I, as the square root of the interconnect weights. The phase of 

the interconnect pattern, 4>p(x), can be optimized, so that the combined complex 

amplitude, p(x), produces the most phase-onli/ Fourier transform, P(u), 

Ideally the modulus of the Fourier transform, I P(u) I, would be a constant, 

which would indicate that a phase-only hologram could produce the desired 

interconnect pattern with no error. In general however, some residual amplitude 

information will remain in the Fourier transform, P(u). In order to form a phase-

only hologram, H(x), this information is discarded. By optimizing the pattern 

phase, however, the errors that result from discarding the remaining amplitude 

information can be minimized. 

The initial phase of the interconnect pattern only needs to be optimized where 

the weights are nonzero. This can be a relatively small number of independent 

variables, certainly much smaller than the SBWP of the problem. Since this 

optimization problem has a much smaller solution space than was encountered 

in direct hologram optimization, the conjugate gradient search is aptly suited to 

solve it. 

P(u) = FT{p(x)} 
(3-17) 
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To optimize the interconnect phase distribution, a random phase pattern is 

assumed to start. A conjugate gradient algorithm is then used to optimize the 

phases such that the Fourier transform looks like a phase-only function. This 

condition is expressed mathematically by the following merit function. 

A ratio is formed between the standard deviation of the hologram modulus, cy, p,, 

and the average hologram modulus, < IPI >. When this error is minimized, the 

hologram will have as close to a constant modulus distribution as possible. 

Consider the example for the interconnect pattern shown in figure 3-4. The 

interconnect weights are first pre-compensated for the sinc-squared modulation 

(see figure 3-7a), and then paired with a random phase distribution. The Fourier 

transform, P(u), is calculated for this distribution to see what it predicts for a 

hologram design. The values of the Fourier transform are plotted in the complex 

plane in figure 3-8a. The modulus values show a lot of variation and the 

transfrom is far from being a phase-only function. Significant error will result 

from mapping these values into a phase-only hologram, represented by the unit 

circle in figure 3-8. 

Next the pattern phase is optimized using the conjugate gradient algorithm 

and the technique discussed in section 3.7. The initial phase distribution that is 

optimized for the intercormect pattern is shown in figure 3-7b. The phases are 

adjusted according to the merit function in equation 3-18, until the resulting 

transform, P(u), is as phase-only as possible. The values of the Fourier trans

form, P(u), are plotted in the complex plane in figure 3-8b. The modulus values 

7 11/2 

(3-18) 
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are much improved, and the transform looks significantly more like a phase-only 

solution. There will obviously be less error in mapping these values onto the 

phase-only circle. 

Figure 3-7. The optimized intercormect pattern. The sinc-
compensated modulus information is shown in a), and 
the optimized phase distribution is shown in b) with a 
grayscale over 0 to In radians 
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Figure 3-8. Hologram modulations required for two differ
ent initial interconnect pattern phase conditions; a) 
random phase, and b) optimized phase. The values are 
plotted in the complex plane; the unit circle represents 
phase-only information. 
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Despite the much improved approximation to a phase-only hologram, the 

performance of this hologram is not very good. If the remaining amplitude 

information seen in figure 3-8b is discarded and the hologram reconstructed, the 

interconnect pattern in figure 3-9 is seen. 

Figure 3-9. The interconnect pattern predicted from a holo
gram designed only by initial phase optimization; a) the 
intercormect pattern, b) the hologram phase 

It is obvious that the interconnects are not very uniform. However, the pattern is 

very efficient. Most of the light appears to have stayed within the desired orders. 

This design provides a good starting point to use for additional optimizations. 

Optimization of the interconnect pattern phase gives a very good initial 

condition for the hologram design. Normally there are still significant errors 

between the hologram design and the ideal pattern, so additional optimization is 

necessary. Occasionally however, an intercormect pattern will be found for 

which optimization of the pattern phase leads to an exact phase-only hologram 

solution. In these cases initial phase optimization is effectively a design algo

rithm. Unfortunately, it is difficult to tell what symmetries or conditions exist 

within these interconnect patterns that leads to phase-only Fourier transforms. 

More work could be done in this area, which may lead to better pattern layout. 
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3.9 Diffraction efficiency 

The diffraction efficiency is another important parameter of hologram design. 

The diffraction efficiency measures the ratio of light energy diffracted into the 

desired orders, to the total amount of light energy transmitted by the hologram. 

Ideally, the designer would like this ratio to be '1'; signifying that 100% of the 

illumination diffracts into the desired pattern. However, there are two physical 

effects that limit the maximum efficiency that can be obtained with a phase-only 

hologram design. 

It was noted in the previous section that optimizing the phase of an intercon

nect pattern can lead to high efficiency initial conditions for further 

optimizations. Wyrowski has proven that this same technique provides a mea

sure of the maximum possible efficiency that can be obtained for a particular 

interconnect pattern (as produced with a phase-only hologram).^^ The derivation 

argues that the remaining error between the Fourier transform of the optimized 

interconnect pattern, P(u), and a phase only function (hologram H(x)), leads to a 

fundamental loss in efficiency that can't be recovered. The solution obtained by 

discarding the amplitude information from the Fourier transform of the opti

mized pattern, P(u), results in a maximum-efficiency hologram, H(x). The 

maximum efficiency, Hmax' calculated as 

where <> denotes an average over all pixels.^'' As an example, consider the 

interconnect pattern optimized in the previous section. If the interconnect pat

tern is paired with a constant phase distribution and Fourier transformed, 

\max (3-19) 
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equation 3-19 predicts a maximum efficiency of only 33.1%. If a random phase 

profile is used, the efficiency improves to 63.6%. If the optimal phase profile is 

used, the maximum efficiency is found to be 92.3%. Although the pattern is 

maximally efficient, it has significant accuracy errors (see figure 3-9). In order to 

correct these errors, additional hologram optimization should be performed.^^ 

The hologram that results from optimizing the intercormect phase has continu

ous phase levels (see figure 3-8b). There are normally additional errors 

introduced if only quantized phase can be used in the hologram.^^'^" Therefore, 

the calculation from equation 3-19 should be considered only as an upper limit 

on the hologram efficiency. 

There is a second fundamental effect that reduces the diffraction efficiency; 

some light energy is lost into the propagation of higher orders. Because the 

holograms are thin pixelated stn.ictures, Fourier theory predicts that additional 

images of the interconnect pattern will be duplicated at larger diffraction angles 

(see section 2.7). Fortunately however, there is a sinc-squared modulation enve

lope that reduces the amount of energy in the higher orders. In fact, the "zeros" 

of the envelope fall precisely on the centers of the duplicated patterns (similar to 

the "missing" order effect of a binary grating with 50% duty cycle). While the 

energy in these higher orders is low, it is still finite and reduces the overall effi

ciency of the central order (see figure 3-10). 
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Figure 3-10. The diffraction pattern shows duplications of 
the interconnect pattern propagated at higher orders, a) 
A logarithmic plot of an output plane showing the pres
ence of higher orders, b) Interconnects with larger 
diffraction angles lose more efficiency to higher orders 
under the attenuation envelope. 

As an example, consider the intercormect pattern in figure 3-4. Earlier it was 

found that the maximum efficiency solution for this pattern, is 92.3%. However, 

if the energy lost to higher orders is also considered, then the maximum effi

ciency drops to 80.2%. This is a more realistic estimate of the highest efficiency 

that can be realized for this intercormect pattern. 

The efficiency loss to higher orders is very dependent upon the interconnect 

pattern layout. If the interconnects can be kept closer to the optical axis, then a 

higher efficiency design is possible. Consider the energy in the higher orders of 

the 'o', 'x', and 'z intercormects shown in figure 3-lOb. The 'o' interconnect is 

designed on the optical axis (order m=0), and its higher orders fall at very low 

energy points under the attenuation envelope. Interconnects 'z and 'x' however, 

are designed with larger diffraction angles, and more efficiency is lost into the 

higher orders of these points. To illustrate this numerically, consider an intercon
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nect pattern consisting of a single point. There is an analytical phase-only solu

tion for this design, a blazed grating. In the event that the interconnect is 

centered on the optical axis (order m=0), it can be realized with a perfect 100% 

efficiency (the hologram becomes nothing more than a smooth, flat surface). If 

the interconnect is shifted to the highest diffraction order (m= 1/2), the efficiency 

is only 40.5% (the hologram becomes a binary phase grating, which has many 

orders). Higher efficiency patterns can be realized by keeping the diffraction 

angles small. 

3.10 Hologram replication 

A diffraction pattern is reconstructed by computing the Fourier transform of 

its hologram design. The calculation is preformed on a computer, using a 

sampled version of the design and a discrete Fourier transform (DFT). One 

artifact of a DFT calculation is that the distribution to be transformed is assumed 

to be infinitely periodic. The Fourier transform of a sampled-periodic function is 

another sampled-periodic function. Consequently, the DFT of a hologram design 

shows the diffraction pattern to be composed of perfect delta function intercon

nects. In reality, a hologram has a finite aperture and is not infinitely periodic. A 

finite aperture produces a broader, point-spread function (PSF) about each inter

connect center. The PSFs of adjacent interconnects will overlap and coherently 

interfere to alter the energy distribution in the diffraction pattern. To simulate 

this on the computer, a hologram design is centered in a larger array of "0" val

ues. This explicitly models a finite aperture by providing a larger empty space 

surrounding the hologram; it is no longer replicated over all space. From the 

expression for the space-bandwidth product of a DFT (equation 3-7), it can be 
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seen that by increasing the dimension of the hologram plane, the sampling of the 

diffraction plane becomes finer (A^ = 1 /(N AX|^)). If a single copy of the holo

gram design is centered in an array of "0"s and its diffraction pattern calculated, 

an image similar to figure 3-12a is seen. The diffraction pattern is corrupted by 

speckle, and it is difficult to resolve the individual Lnterconnect locations. The 

problem is that the point-spread function is very broad, and each intercormect is 

designed to have an independent phase value. The coherent interference be

tween these interconnect PSFs shows a good deal of speckle; this effect is also 

known as "crosstalk" (see figure 3-11). 
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Figure 3-11. Crosstalk between adjacent interconnects (cen
tered on 'o's) due to a) a single hologram with no zero 
padding and b) either 4x4 hologram replications or a 
single design with 4 times zero padding. 

B-field distribution Irradiance distribution 
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One solution to the crosstalk problem, is to use a larger aperture hologram. 

This is equivalent to using a smaller f-number lens to reduce the spot size of the 

point spread function. However, a larger hologram design means using more 

SBWP, and more computer design time and storage. The increased SBWP is 

reflected in the diffraction pattern space as "zero padding" between the intercon

nects. The extra SBWP is used to separate adjacent interconnects with buffers of 

zero weighted locations. By buffering the interconnects, the tails of each PSF do 

not interfere as strongly (see figure 3-llb). But again, designing a larger holo

gram requires more time. 

An alternative solution to the crosstalk problem is to simply use replications 

of the fundamental hologram design. This trick can be understood by thinking 

about the behavior of the DFT calculation. In calculating a diffraction pattern, 

the DFT predicts perfectly isolated point interconnects by assuming infinite 

hologram replications. Supposedly then, a large but finite number of hologram 

replications should approach this behavior. Figure 3-12b shows the simulated 

diffraction pattern from 4x4 hologram replications. Each interconnect location 

is more isolated, and the crosstalk is reduced. 

Figure 3-12. Two reconstructions of a hologram design, a) A 
single replication of the hologram shows a diffraction 
pattern corrupted by speckle, b) 4x4 replications of the 
hologram show more isolated intercormects. 
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3.11 Pattern symmetries 

It was mentioned in the previous section, that there is an equivalence between 

using hologram replications, and explicitly "zero-padding" an interconnect pat

tern. If the designer is not careful about laying out an intercormect pattern, then 

this relationship can cause problems with the optimization. 

Consider a design that uses a SBWP of 32 pixels, to interconnect to 4 pixel 

locations (see figure 3-13a). If the interconnects are evenly spaced across the 

diffraction plane, then the orders for the interconnects will be, m = (-16/32, -8/ 

32,0/32, +8/32). This pattern can be equivalently expressed using a SBWP of 

only 4 pixels, with interconnects located at orders m = (-2/4, -1/4,0/4, +1/4), see 

figure 3-13b. The additional SBWP of the larger design is not being used; the 

additional interconnect locations that are made available are not exploited. The 

SBWP is only being used for "zero padding" between interconnects. 

Figure 3-13. Zero padding an interconnect pattern increases 
the SBWP. a) An interconnect pattern with zero padding 
can be represented equivalently by b) a smaller, funda
mental pattern. 

The example pattern in figure 3-13a shows a factor of 8 increase in SBWP that 

is not being used. The Gerchberg-Saxton algorithm "recognizes" this periodicity 
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in the pattern. For such a pattern, G-S finds a hologram solution that is simply 8 

X 8 replications of a smaller fundamental design (see figure 3-14). Nothing has 

been gained by using the larger array size; no additional degrees of freedom are 

used in the optimization. 

a) b) I 

Figure 3-14. Gerchberg-Saxton optimizes a hologram with 
wasted SBWP as replications of a smaller, fundamental 
design, a) A hologram optimized for the intercormect 
pattern in figure 3-13a, is just seen to be 8 x 8 replications 
of the design b), optimized for the equivalent pattern in 
figure 3-13b. 

There are two good ways to break the symmetry in the hologram design, and 

e.xploit the extra degrees of freedom available with the larger SBWP solution. 

The first technique ruins the periodicity in the interconnect pattern, while the 

second ruins the symmetry in the hologram design. One technique is to add an 

interconnect to the pattern which cannot be described equivalently with a reduc

tion in SBWP. For example, a nonzero weight can be added in order location m = 

+13/32. This order carmot be factored down to something that is representable 

by a smaller design. A danger of this example, however, is that it is really the 

separation between the orders that is important, and not their absolute positions. 

If each of the intercormects in the example of figure 3-13a is shifted by +1/32 to 
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orders m = (-15/32, -7/2)2, +\fyi, +9/32), these orders can't be factored either, 

but the solution is the same as in 3-14a, only with an additional linear phase 

factor (a shift in real space is seen as a linear phase factor in Fourier space). The 

hologram is no longer periodic, but there are still no new degrees of freedom. 

The periodicity must be broken by introducing a spacing between interconnect 

locations that cannot be factored. The periodicity needs to be explicitly broken in 

both the X and y axes of the hologram. 

While adding an extra interconnect to break the symmetry seems simple, it 

can reduce the diffraction efficiency by explicitly requiring some light to go to an 

unused location. Also, there may be no good place in the pattern to put this 

dummy weight. There is a second way to break the symmetry, and that is to 

make the change directly in the hologram solution. It is clear from figure 3-14 

that the symmetry is represented in the hologram domain as replications of an 

equivalent smaller design. A quick use of the random search optimization will 

randomly change a few pixels in the design and destroy this perfect symmetry. 

Once the symmetry is broken, Gerchberg-Saxton is free to use all of the SBWP 

independently in looking for a better design solution. This approach is more 

attractive, as it can be used to make very minor changes, just enough to break-

free the optimization routine, without intentionally sacrificing efficiency. 

3.12 Design example 

In this section, the design principles that have been described above will be 

applied to a particular example. A continuous-phase hologram will be designed 

to implement the interconnect pattern pictured in figure 3-3a. This pattern is a 

binary weighted interconnect pattern known as the "GO" pattem. The goal for 
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the design is to find a hologram that will create this diffraction pattern with 

accurate weights and good efficiency; however, more emphasis will be placed on 

accurate weights than diffraction efficiency. Three statistical measures of perfor

mance will be calculated at each stage in the design to quantitatively evaluate the 

current solution: diffraction efficiency (DE), contrast ratio (CR), and the non-

uniformity of the binary-"!" weighted interconnects (al). The contrast ratio is 

calculated as the ratio of the average weight of the "1" interconnects, to the aver

age weight of the "0" interconnects; this measures how well the light in the "0" 

weighted orders is suppressed. The non-uniformity in the "l"s is calculated as 

the standard deviation of the weights in the "1" interconnects, which measures 

the accuracy of the design. 

The "GO" pattern is a 16 x 16 array of "1" and "0" weighted interconnects. The 

pattern is centered within a larger 32 x 32 array, in order to allow additional 

degrees of freedom for the optimization routines. This larger array also deter

mines the SBWP that is used for the hologram design. The 32 x 32 pattern is 

shown in figure 3-15a. In addition to enforcing the weights of the "GO" pattern, a 

2 pixel-width border of "0" weights will also be enforced around the outside of 

the pattern. This is to buffer the pattern from the light that will be used as com

pensators in the error region outside the central region of interest. The "0" 

weights that will be enforced are shown in figure 3-15b. The union of the "1" and 

"0" patterns defines the region of interest (ROI) for the intercormect pattern (see 

figure 3-15c). The weights that fall within this region will be enforced during 

optimization, and the other locations will be free to vary during the design opti

mization. Of the 1024 total interconnect positions, 400 lie within the ROI; 64 of 

the interconnects are weighted as "l"s, and 336 are weighted as "0"s. 



89 

• • 
• 
• • 

Figure 3-15. Definition of the "GO" interconnect pattern, a) 
The "1" weights that will be enforced, and b) the "0" 
weights that will be enforced, combine to specify c) the 
region of interest for the interconnect pattern. 

The design process is begun by optimizing the phase of the interconnect 

pattern to produce the most phase-only Fourier transform (see section 3.8). Ini

tially the interconnect weights are pre-compensated for the sinc-squared 

amplitude envelope, and a conjugate gradient search is used to predict the opti

mal phase for each interconnect. The optimized pattern was shown earlier in 

figure 3-7. The result is Fourier transformed, and the remaining amplitude 

information is discarded to give an initial hologram solution that has the maxi

mum possible diffraction efficiency (see figure 3-16a). When this hologram 

solution is reconstructed, the accuracy of the weights is poor (see figure 3-16b). 

This initial solution shows a DE = 80.2%, a CR = 140, and a al = 0.16 (16%). 



Figure 3-16. First step in the optimization procedure, initial 
phase optimization, a) Hologram design, b) interconnect 
pattern weights, c) logarithm of interconnect weights. 

In the second stage of the design process, the Gerchberg-Saxton algorithm is 

used to improve upon the design. The current hologram solution is used as an 

initial condition for the Gerchberg-Saxton search. G-S is instructed to optimize 

the values of the interconnect weights only within the ROI defined in figure 3-

15c. In order to enforce more accurate weights within the ROI, the algorithm 

distributes some energy into outer-lying interconnect locations as compensation. 

The G-S algorithm converges to a new solution after roughly 20 iterations. A 

reconstruction of this hologram reveals a DE = 65.5%, a CR = 43800, and a cyl = 

1.2%. The hologram and reconstruction are shown in figure 3-17. Some effi

ciency has been sacrificed for increased accuracy. The error has been selectively 

distributed into the surrounding interconnects that were left unconstrained. The 

result looks good, and is a significant improvement over the initial solution. 
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Figure 3-17. Second step in the optimization procedure, G-S 
algorithm used over the ROI. a) Hologram design, b) 
interconnect pattern weights, c) logarithm of interconnect 
weights. 

The worst characteristic of the solution of figure 3-17 is the 1.2% non-unifor

mity within the "1" weights. To improve this number, a second G-S optimization 

can be performed, in which only the "1" weighted interconnects are used as the 

ROI. This tells the algorithm to concentrate only on equalizing the "1" weights. 

Unfortunately this allows for the possibility of some energy to be reassigned into 

the dark regions. However, the solution is already very close to what is wanted, 

and after only 5 iterations the algorithm converges to a new solution. The new 

hologram is reconstructed, and the statistics reveal a DE = 64.8%, a CR = 191100, 

and a d = 0.52%. The weights of the "l"s have been made more accurate, and 

remarkably, the contrast ratio has also improved. Again, some efficiency was 

sacrificed for an improvement in accuracy. The hologram and reconstruction are 

shown in figure 3-18. The performance seems very good, and additional optimi

zations will only reduce the diffraction efficiency further. The solution is 

accepted as the final hologram design. 
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Figure 3-18. Final step in the optimization procedure, G-S 
algorithm used over the "1" weights, a) Final hologram 
design, b) intercormect pattern weights, c) logarithm of 
intercormect weights. 

3,13 Conclusion 

The design of computer generated holograms is a large optimization problem. 

The analytical relationship between a hologram and its far-field diffraction pat

tern is a Fourier transform. In hologram design, it is the diffraction pattern that 

is known and the hologram that is sought. In general, the Fourier transform of 

the diffraction pattern will be a complex function with phase and amplitude 

modulation. Unfortunately, fabrication considerations restrict a hologram to 

modulate only one characteristic of the wavefront, amplitude or phase. Phase 

modulation is of primary interest since it allows a greater flexibility in the layout 

of interconnect patterns, and it has the potential for larger diffraction efficiencies. 

In this case, the Fourier transform of the desired diffraction pattern must be 

translated into phase-only information. In general there will not be an exact 

phase-only solution, and instead an optimal solution is sought that minimizes 

the reconstruction error. 
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Some technique can be applied to the design of an interconnect pattern to 

help ensure good hologram solutions. The weights of the interconnects can be 

pre-compensated to adjust for a sinc-squared modulation envelope in the diffrac

tion pattern. Stronger weights can be designed closer to the optical axis, to 

obtain better diffraction efficiency in the solution. Additional space-bandwidth 

product can be used in the layout of the interconnect pattern, to give the optimi

zation algorithms more degrees of freedom for improving pattern accuracy. 

However, by increasing the SBWP the designer has to be careful that the inter

connect pattern does not become periodic; otherwise the additional SBWP will 

not be used efficiently. Greater SBWP can also be used to produce smaller point 

spread functions and confine the energy within interconnect locations. Unfortu

nately, a larger SBWP requires more computational resources, and an equivalent 

technique is simply to use more replications of a smaller design. 

Optimization of the hologram phase is a large, nonlinear problem. The solu

tion space is cratered with local minima, so that either global optimization 

algorithms must be used, or good ideas of initial conditions are needed; in this 

research both have been used. The optimization routines that are used are the 

Gerchberg-Saxton phase retrieval method, a random search technique, and a 

conjugate gradient algorithm. Gerchberg-Saxton works quickly to find high 

efficiency solutions with good accuracy. Unfortunately it is not controlled by a 

merit function, and it finds hologram solutions with continuous phase delays. 

Gerchberg-Saxton can be adapted to find designs with quantized phase, but it is 

a somewhat approximate solution. The random search algorithm is a less sophis

ticated manner of optimizing a hologram, but it is controlled by a user-defined 

merit function, and it can search directly in a quantized phase space. The conju
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gate gradient techruque does not scale well to the large dimensional search 

spaces that are common in hologram design, but it can be used to determine 

high-efficiency initial conditions for the other two search methods. 

The optimization of the initial pattern phase also provides an estimate of the 

maximum possible diffraction efficiency. The efficiency is reduced from that 

estimate by losses into higher diffraction orders that propagate from pixelated 

holograms. However, designs that keep the diffraction angles of the intercon

nects small can minimize this loss. 

The design of phase-only computer generated holograms can lead to very 

good approximations to the desired interconnect patterns. As long as some 

trade-off in diffraction efficiency can be accepted, the interconnect weights within 

a subregion of the diffraction pattern can be made with high accuracy. 
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4. OPTICOMP DESIGN PROJECT 

4.1 Introduction 

OptiComp Corporation (Zephyr Cove, NV)^^ has an interest in using free-

space optical interconnects to implement optical computing.The company 

believes that optical interconnects offer more bandwidth, lower loss, and larger 

fanout than is available with electrical counterparts. OptiComp has exploited 

this advantage by designing an architecture in which large fanout optical inter-

cormects can implement arbitrary boolean logic. The architecture is an 

optoelectroruc equivalent of a programmable logic device. Using this architec

ture, OptiComp has built a computer (DOC II - Digital Optical Computer 11)^^ in 

which a linear array of lasers is globally interconnected to a linear array of photo-

detectors via a spatial light modulator (SLM). Each laser is individually 

addressable and represents a single bit of information. The light from each laser 

is expanded to illuminate a different row of pixels in the spatial light modulator 

(SLM). The SLM performs binary amplitude modulation and either blocks or 

transmits the information bits. Each column of the SLM is then imaged onto a 

different element in the detector array. Each detector effectively 'OR's together 

the processed information from each bit of the input word. Each detector mea

sures a different boolean combination of the input bits, as controlled by the 

pattern in the SLM. The system is most efficient at performing operations with 

large fanouts and fanins.^^ DOC II was built for a 32 bit input data word, and a 

clock rate of 100 MHz (the logic programmed into the SLM can be reconfigured 

at a rate of 500 The system is capable of a maximum fanout of 128, and a 

maximum fanin of 64. The maximum fanin or fanout in high speed CMOS 
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circuits is limited to betweeri 5 arid Larger numbers of fanouts and fanins 

can lead to more efficient algorithms and logic designs.^^'"*^ One study has shown 

that optimal improvements can be made in logic circuits, if fanouts of as large as 

85 are available."*^ 

A newer generation of the digital optical computer (DOC HI) is currently 

under development at OptiComp.^^-"^ DOC in seeks to significantly increase the 

density of optical interconnections, by interconnecting a 2-D array of laser 

sources, to a 2-D array of detectors. The main advantage of DOC HI, is its com

pact size and higher repetition rate.^^ DOC IE replaces the 1-D array of edge 

emitting lasers, with a 2-D array of vertical cavity surface emitting lasers 

(VCSELs). The 1-D photodetector array is also replaced by a 2-D array. The 

logic, which was previously controlled by the spatial light modulator, is now 

performed by a 2-D array of computer generated holograms. This compact 

combination of devices, is called a "high performance optoelectronic computer" 

(HPOC) module (HPOC has a volume of ~ 4 cm^ compared to a 4' x 3' optical 

table used for DOC 11).^^ The HPOC device is slated to operate with a 32 bit 

input data word, and a clock rate of 1 GHz.^^ The maximum number of fanouts 

and fanins are both fixed at 64. The logic operation of the module cannot be 

reconfigured djmamically, as it is frozen into the static weights represented by 

the CGH array. The operation of the HPOC module is discussed in more detail 

in section 4.2. 

OptiComp Corporation subcontracted the job of designing the two dimen

sional array of interconnect holograms to the University of Arizona. The 2-D 

array of hologram designs is referred to as a "multifaceted hologram array", with 

each independent CGH in the array referred to as a "subhologram". In designing 
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a multifaceted hologram array, there are additional considerations that are not 

relevant to the design of an individual hologram (see chapter 3). All of the 

subhologram designs are intended to be used together in parallel. Consequently, 

all of the subholograms must be designed according to some common measure 

of performance. In particular, it is important that the irradiance of the intercon

nects from each subhologram be uniform. The intercormect weights produced by 

one subhologram should not be stronger than the others. Therefore, each 

subhologram should be designed to have the same diffraction efficiency per 

interconnect. In this chapter, the techniques developed for the design of multi-

faceted hologram arrays are discussed. Results are presented for the 

multifaceted arrays designed for the OptiComp HPOC module. 

4.2 HPOC module 

The OptiComp high performance optical computer (HPOC) module functions 

as a programmable logic device. A programmable logic device implements 

arbitrary boolean logic by using the sum of products rule. Initially, a truth table 

is used to define the bit patterns that lead to a positive response in the logic. 

These bit patterns are formed through an "AND" operation, with each individual 

pattern known as a "minterm". Next, the minterms are combined through a 

single "OR" operation, so that if the input bits satisfy any one of the minterm 

conditions, the result of the logic is positive. Figure 4-1 illustrates an example 

with a  3 bit  input ,  Xg x^ Xj ,  and i ts  logical  output ,  y^.  
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Xq XJ X^ yg 

0 0 0 0 
0  0  1 0  
0 
0 
1 
1 

1 
1 

0 1 
1 1 

0 0 0 
1 1 
0 0 
1 0 

— yo 

Figure 4-1. Truth table and logic diagram demonstrating the 
sum of products rule used in a programmable logic 
device. 

In terms of boolean algebra, this same logic operation can be written as a sum of 

products, 

yo = + XoX|X2 + XoX|X2 . (4-1) 

Light is good at performing "OR" operations, either there is light present on a 

detector, or there isn't. However, the "AND" operations that are used in equation 

(4-1) present a problem. Fortunately, using deMorgan's rule,""* the same expres

sion can be rewritten as. 

yo = (XQ + x^ + xo) + (XQ + xx + X2) + (xo + x^ + X2) , (4-2) 

where the products become inverted "OR" operations ("NOR"). 
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In the HPOC implementation of a programmable logic device, the input bits 

are represented by laser diodes, the fanout of the bits is performed by computer 

generated holograms, and the logic gates are implemented as a photodetector/ 

"smart pixel" array (see figure 4-2). 

VCSEL Array 

Figure 4-2. OptiComp HPOC module. A 2-D array of lasers 
is globally interconnected by a 2-D array of CGHs to a 2-
D array of photodetectors (based on a similar figure in 
reference 31). 

Each input bit is represented by two laser sources; one laser represents the logic 

state of the bit, and the other represents its complement. Each VCSEL illumi

nates a different CGH design, which distributes the information of that bit onto 

selected locations in the detector array. Which detectors receive information 

depends upon the logic operation, and is designed into the CGH as an intercon

nect pattern. Simultaneously, the CGH array illuminates the detector plane with 

the interconnect pattern from each input bit (what is not shown in figure 4-2, is a 

Fourier lens after the CGH array, allowing for translation-invariant design of the 
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subholograms). Eac±i detector sums the result of the intercormect fanin to deter

mine its logical state ("OR" operation: light, 1, or no-light, 0). In parallel, each 

detector calculates a different "minterm" in the sum of products rule (equivalent 

to the "AND" gates in figure 4-1). The minterm products are calculated, but it is 

their sum that represents the final output. Each detector contains amplification 

circuitry that thresholds and inverts its signal to mimic the "NOR" operation in 

equation 4-2. Since the detected signal is inverted, it is really the "no-light" mea

surements that are critical to the application. A detector with no-light must be 

easily distinguishable from one with some light. The detector circuitry is used to 

drive another VCSEL, which creates an optical output signal. This "smart" detec

tor array is called a "DANE" cell, for detection, amplification, negation and 

emission. The optical output of the DANE cell can then cascade through a sec

ond HPOC module, to perform the sum of the individual "minterm" products. 

Of course multiple combinations of the "minterms" can be calculated simulta

neously. The output of the second HPOC module represents the final result of 

the logic. 

The laser sources in the HPOC module are an 8 x 8 array of individually 

addressable vertical cavity surface emitting lasers (VCSELs). The VCSELs are 

grown in a GaAs/AlGaAs material and designed to operate at a wavelength of 

0.850 jim.^^ The individual VCSELs are arrayed on the chip with a center-to-

center spacing of 512 |im. The multifaceted hologram array is also an 8 x 8 array, 

with centers separated by 512 |im. The CGHs are surface relief elements fabri

cated in PMMA (plexiglass, index = 1.49) with continuous phase depths. The 

detector array is an 8 x 8 array of metal-semiconductor-metal (MSM) photo-
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diodes grown monolithicaily in GaAs with their amplification/negation cir

cuitry.^^ The detectors are also spaced by 512 (im, with an active area of 150 [im 

square. 

The design of the multifaceted hologram array determines the particular logic 

of the HPOC module. OptiComp has engineered several interconnect patterns to 

implement different digital operations, including addition, multiplication, and 

switching. The design of the multifaceted hologram arrays for these applications 

will be discussed. 

4.3 Pattern layout 

Each subhologram in the multifaceted array needs to interconnect to an 8x8 

array of evenly spaced detector locations. This gives a minimum SBWP of 8x8 

pixels for the subhologram design. However, it is better to avoid using the on-

axis (DC) location as an interconnect position, since its weight is very sensitive to 

errors in fabrication. To avoid the on-axis spot, the number of interconnect 

locations is increased by a factor of 2x2, so that the DC location can be designed 

to fall in-between detectors (see figure 4-3). The SBWP is increased by another 

factor of 2x2 to give an error region which can be used during optimization to 

compensate for better interconnect accuracy over the detector region of interest. 
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Figure 4-3. Design of the HPOC interconnect patterns. The 
black squares indicate detector locations, and the black 
circle shows the location of the hologram DC spot. The 
gray region represents the error-region which can be 
used as compensation during optimization. The white 
squares will be enforced as locations of zero energy. 

The number of pixels used to represent the interconnect pattern (32x32) 

defines the SBWP of the hologram design. The illumination wavelength from the 

VCSELs is A, = 0.850 (im, and the hologram pixel size is chosen to be AXj^ = 4 |im 

(to keep the pixel size to wavelength ratio from becoming too small, = 4.7). These 

three values uniquely determine the angles of the different hologram diffraction 

orders. Equation 3-9 predicts an angular separation between adjacent intercon

nect locations of A0j = 0.38°. In order for the interconnect spots to overlap the 

HPOC detectors (separated by 512 ^im), the light will have to propagate a dis

tance of 3.855 cm beyond the hologram. 

Each subhologram is limited to an aperture size of 512 p.m (determined by the 

spacing between VCSELs). The fundamental hologram design consists of 32, 

four micron pixels, or a 128 |im size. This dimension leaves room for 4x4 replica

tions of the fundamental design. The replication will improve the performance 
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of the hologram by concentrating the energy from each interconnect and reduc

ing crosstalk (see section 3.10). The overall size of the multifaceted array (8x8 

subholograms) is 4.096 mm square. 

4.4 Obstacles to multifaceted CGH design 

The design of a single computer generated hologram was discussed in chap

ter 3. However, the design of a multifaceted hologram array introduces a new 

complication into the problem; each of the 64 individual holograms must imple

ment its interconnects with a common diffraction efficiency. Since the 

subholograms in the multifaceted array are used in combination, the interconnect 

weight from each separate design must be the same. This is not a simple prob

lem. For example, each laser source may require a different number of fanouts. 

A subhologram that interconnects to only one detector location will naturally be 

more efficient than a design that has to distribute its energy between 64 detectors. 

There is also a problem that arises from the geometries of the different inter-

cormect pattems. Even if two holograms have the same number of fanouts, the 

shape of the intercormect pattern alone can cause a significant difference in 

diffraction efficiency. In section 3.9 it was discussed that a maximum diffraction 

efficiency can be calculated for an interconnect pattern, based only upon its 

geometry. A pattern geometry whose Fourier transform largely resembles a 

phase-only function, will have an inherently higher diffraction efficiency. Fur

ther, it was shown that interconnects designed to propagate at large diffraction 

angles lose more light into higher orders. A "moment" can be defined for each 

interconnect pattern (see equation 4-3, later in this section) that indicates how 
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much energy will be lost into the higher orders. A pattern with intercormects 

closer to the optical axis will have a smaller "moment" and allow a higher effi

ciency in its design. 

A successful multifaceted hologram array has a common diffraction efficiency 

per interconnect between all of its subhologram designs; for the OptiComp 

applications a uniformity of ±5% was specified. However, there are three effects 

within CGH design that make this a challenging goal: different numbers of 

intercormects (fanouts), different pattern geometries, and different pattern "mo

ments". The simplest way to visualize these effects is via an example. 

OptiComp specified a set of interconnect pati:ems that would enable the 

HPOC module to multiply two 3-bit numbers. For this problem there are 12 

inputs; two 3-bit numbers and their complements. Of the 64 VCSEL lasers avail

able in the HPOC module, only 12 will be used as inputs for this application. 

Figure 4-4a shows which VCSEL locations within the array will be used. Each 

VCSEL illuminates a unique subhologram, which distributes the information in 

that bit to different locations in the detector plane. Twelve separate hologram 

designs are needed for this application, using the same positions in the multifac

eted hologram array as are used in the VCSEL array (see figure 4-4a). The 

interconnect pattern produced by each subhologram is determined by the 

minterms of the logic operation, and are shown in figure 4-4b. Each minterm is 

measured by a different detector, the locations of which are shown in figure 4-4c. 
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Figure 4-4. The inputs, interconnect patterns, and outputs 
required for the first stage of the 3-bit multiplier applica
tion. a) 12 VCSELs in the input array are used, requiring 
12 unique hologram designs; b) the interconnect patterns 
required of the holograms, and c) the detector locations 
that are used to calculate minterms. 

A cascade is made through a second HPOC module to sum the minterm 

products and complete the multiplication of the two numbers. The detector 

locations used in the first stage (35 total) negate their signals and re-emit light 

from VCSELs located at the same positions in the second module (see figure 4-

5a). These VCSELs illuminate 35 holograms, whose interconnect patterns are 

shown in figure 4-5b. Finally, the detectors used to measure the results of the 

second cascade represent a six-bit number, the result of the multiplication (see 

figure 4-5c). 
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Figure 4-5. The inputs, interconnect patterns, and outputs 
required for the second stage of the 3-bit multiplier 
application, a) 35 VCSELs in the array are used, requiring 
35 unique hologram designs; b) the interconnect patterns 
required of the holograms, and c) the final detector loca
tions that represent the six-bit result of the multiplication. 

The second array of holograms (figure 4-5b) provide interconnections only to 

single detector locations. Blazed gratings are used for this design without worry

ing about the diffraction efficiency uniformity. The more interesting design 

problem is the multifaceted array for the first stage of the application (figure 4-

4b). These intercormect patterns illustrate all of the trends that make it difficult 

to design a multifaceted hologram array with a common diffraction efficiency. 

The patterns have different numbers of interconnects, the minimum has a fanout 

of 6, and the maximum a fanout of 18. The patterns also have wildly different 
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geometries, and some patterns are designed closer to the optical axis than others. 

If holograms are designed for each of these patterns independently, the results 

would show a large spread in diffraction efficiencies. 

Initially the phase was optimized for each of the 12 interconnect patterns. As 

was described in sections 3.8 and 3.9, this procedure results in a hologram design 

with the maximum possible efficiency for the pattern. Briefly, the technique 

searches for phase values to accompany the interconnect weights, such that the 

Fourier transform of the pattern looks as close to a phase-only function as pos

sible (see figure 3-8). After the optimization the maximum efficiency for each 

pattern is predicted. The data are presented in table 4-1 under the heading "Max 

DE", and show a range of maximum efficiencies from 93.8% down to 83.8%. This 

range reflects the influence of the interconnect pattern geometry on the efficiency 

of the hologram design. In general, it appears as if the designs with more inter

connects lead to larger predictions of the maximum efficiency. This makes sense, 

as there are more unknown phase values that are used as degrees of freedom in 

the optimization. 

There is also a second effect that limits the maximum efficiency of the design; 

energy loss to higher diffraction orders. Section 3.9 showed that the larger the 

diffraction angle of an interconnect, the more energy it loses into its higher orders 

(see figure 3-10). Consider the definition of a pattern "moment", p, 

I 

P = ZWirf  ^ (4 .3)  
i=l  

that measures the amount of energy in each interconnect, W^, weighted by how 

far it propagates from the optical axis, r^. (The calculation is really of a second 
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moment (r^), but it will be referred to simply as the pattern "moment".) The 

value of the moment combines the effects of both the number of interconnects in 

the pattern, and their distance from the optical axis. The value of the average 

interconnect moment for the pattern (p/I), gives an indication of how much 

efficiency will be lost to higher diffraction orders. Patterns with low average 

moments keep the interconnects near the optical axis and lose less energy. Table 

4-1 shows the change in the maximum efficiency predictions when losses due to 

pattern moments are included (see the heading "Mod DE"). 

Pattern # Ints Moment <Moment> Max DE(%) Mod DE(%)! Fin DE(%) <DE>(%) 

(2,3) 10 348 34.8 89.4 79.5 46.9 4.69 

(2,4) 9 322 35.8 89.0 78.4 42.1 4.67 

(2,5) 6 84 14.0 93.4 89.1 43.9 7.31 
(3,3) 10 332 33.2 90.4 81.0 45.8 4.58 

(3,4) 9 242 26.9 86.2 78.8 39.8 4.42 
(3,5) 6 148 24.7 83.8 77.1 41.1 6.86 

(4,3) 14 492 35.1 92.2 81.5 50.0 3.57 

(4,4) 16 472 29.5 91.5 82.9 51.1 3.19 

(4,5) 18 476 26.4 93.6 86.1 53.2 2.96 

(5,3) 14 492 35.1 90.3 80.3 45.8 3.27 

(5,4) 16 488 30.5 91.6 83.3 38.8 2.42 

(5,5) 18 420 23.3 93.8 86.3 47.3 2.63 

Avg. 4.2 

+/-a 1.6 (37% 

Kev: # Ints 

Vloment 

<.Vloment> 

Max DE 

Mod DE 

Fin DE 

<DE> 

Number of interconnects in pattern, I 

Moment of the interconnect pattern 

Average moment = Moment/1 

Maximum diffraction efficiency calculated for the interconnect pattern geometry 

Max DE modified to account for losses of energy to higher diffraction orders 

Final diffraction efficiency of design, solution modified for accurate weights 

Average diffraction efficiency per interconnect for the pattern = Fin DE / I 

Table 4-1. Diffraction efficiency predictions for independent 
designs of the 12 interconnect holograms required for the 
3 bit multiplier application (see figure 4-4b). 
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While the diffraction efficiencies look fairly high for the hologram solutions, 

the accuracy of the weights is very bad. Optimization of the interconnect pattern 

phase gives a maximally efficient solution, but it doesn't give any guarantee that 

the energy is distributed in the way the design intended. The accuracy of the 

patterns shows a large 20% average non-uniformity in the weights of the "1" 

interconnects, and there is significant energy in the "0" weighted locations (see 

figure 4-6). 

Figure 4-6. Interconnect pattern from a maximally efficient 
hologram solution, a) Typical example, the (4,5) pattern 
and b) the logarithm of the image 

Additional optimization is performed independently on each hologram 

design to improve the interconnect accuracy. To improve the solution, several 

iterations of the Gerchberg-Saxton routine are used, enforcing the interconnect 

weights only over the detector region of interest. However, it can be seen from 

figure 4-6b, that the hologram solution has a certain symmetry locked into it; 

there is no energy being placed into every other pixel of the design. The inter

connects have been laid out on a pattern grid which has increased the SBWP of 

the design, but not taken advantage of it in a useful way. Before Gerchberg-

Saxton is used, a random search algorithm is applied to break this symmetry and 

make all of the degrees of freedom available to the design (see section 3.11). The 
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effect on the diffraction efficiency of the design due to these additional optimiza

tions is shown in table 4-1 under the heading "Fin. DE". The effect on efficiency 

is quite significant, but the accvuracy of the solutions is greatly improved; the non-

uniformity in the "1" weights is now only 0.5% and the "0" weights contain much 

less energy (see figure 4-7). 

Figure 4-7. Interconnect pattern from a hologram solution 
optimized for pattern accuracy, a) T5^ical example, the 
(4,5) pattern and b) the logarithm of the image 

The final hologram designs represent the highest efficiency solutions that 

could be found with good accuracy in the intercormect weights. However, these 

solutions were all found independently for each subhologram and it is very 

unlikely that the efficiency per interconnect is uniform amongst the designs. The 

final column in table 4-1 (<DE>) shows the value of the diffraction efficiency per 

interconnect for each of the 12 designs. There appears to be a strong correlation 

between the pattern moment and the average efficiency of the design (see figure 

4-8). Apparently the patterns with the largest moments represent the poorest 

solutions that were found. 
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Figure 4-8. The diffraction efficiency per interconnect of the 
12 independent hologram solutions plotted according to 
the pattern moment. Larger moments lead to lower 
efficiency solutions. 

The goal for the multifaceted array was to have a common interconnect effi

ciency within ± 5% error. However, designing all of the holograms 

independently shows a non-uniformity of ±37%. The causes for the poor global 

uniformity are the different number of fanouts between patterns, and the pattern 

geometries and moments. There needs to be more coupling between the designs 

to ensure that the solutions satisfy a global figure of merit. 

4.5 CGH design with a global scale factor 

In the previous section, the subholograms for a multifaceted array were 

designed independently. The performance of each individual interconnect pat

tern is very good, but there is very poor uniformity between the different 

designs. For the multifaceted array to have good performance, each 

subhologram must produce interconnect weights with the same diffraction 

efficiency. The independent hologram designs do not come close to satisfying 

this criterion, but they do provide a useful starting point from which to advance. 
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The independent subholograms were each designed to be as maximally 

efficient as possible while maintaining good interconnect accuracy. The plot in 

figure 4-8 shows that some designs are inherently more efficient than others; 

unfortunately, a uniform efficiency is sought. Since the low efficiency designs are 

already at the peak of their performance, it is the high efficiency solutions that 

must be changed in order to satisfy the global requirement. The efficiency of the 

better designs must be reduced to match the performance of the worst case. It is 

always easy to throw away light, but the light must be thrown away in a con

trolled manner. The light must be thrown away while maintaining a highly 

accurate interconnect solution. 

In order to reduce the efficiency of the solutions with higher efficiency per 

interconnect, a combination of optimization algorithms is used. Initially a ran

dom search optimization is used, since it has the advantage that it can be 

controlled by a merit function. The merit function can be defined so that the 

algorithm searches for an accurate solution with a specific diffraction efficiency 

(see equation 3-11). While random search is good at making rapid improvements 

to a poor design, it is very slow at "squeezing" performance out of a design that is 

near its ideal solution. The method of randomly trying changes is not very quick 

when most changes are for the worse; random search is only used until it slows 

down significantly. At this point, the hologram design has been moved into the 

neighborhood of a lower efficiency solution, but other algorithms are better 

suited to quickly finding the local optimum. The Gerchberg-Saxton algorithm is 

used to rapidly improve the accuracy of the pattern within the neighborhood of 

the new solution. Fortunately, this solution has been moved close to the desired 

efficiency. This technique can be used to reduce the efficiency to the desired 
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value in one large step, however, better control is seen if it is repeated in several 

smaller steps. This two-step optimization has proven to be very robust in reduc

ing the efficiency of a hologram solution, without reducing its accuracy. This 

method was applied to each of the 12 independent holograms to bring their 

efficiencies into agreement with the lowest DE/intercormect design. The perfor

mance of the new designs is shown in figure 4-9. 
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Figure 4-9. Comparison of independent and global design of 
the subholograms in the 3-bit multiplier multifaceted 
array, 'o' represents the independent solutions, and 'x' 
represents the globally modified solutions. 

Figure 4-9 shows that the global hologram designs have a much more uni

form diffraction e.fficiency per interconnect. The mean and standard deviation 

from all 12 designs predict an <DE/Interconnect> = 2.42% ± 0.01%, which corre

sponds to a non-uniformity error of only 0.4%—defirutely better than the 5% 

allowed. In addition to being globally uniform, the accuracy of each interconnect 
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pattern is excellent. The average non-uniformity within the "1" weights is 0.6%, 

and the average contrast ratio is 6x10^. The multifaceted array was designed 

with very good global uniformity, without sacrificing the accuracy of the indi

vidual intercormect patterns. The final hologram desigris and reconstructions are 

shown in figure 4-10. 

Figure 4-10. Final multifaceted hologram design for the three 
bit multiplier application, a) Hologram phase designs 
(grayscale 0 to In), b) predicted interconnect patterns 

The second stage of the three-bit multiplier operation requires holograms 

with only 1 interconnect (see figure 4-5b). These holograms can be designed 

analytically as simple blazed gratings. Figure 4-5a shows that 35 different holo

grams are required, however only six of them are unique (see figure 4-11). 
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Figure 4-11. Blazed grating designs for the second multifac-
eted array in the 3-bit multiplier application, a) 
Hologram phase (grayscale 0 to 2K) and b) predicted 
reconstructions 

The grating designs yield diffraction efficiencies of (87.4%, 93.2%, 97.4%, 99.5%, 

99.5%, 97.4%); the differences can be attributed to the different moments of the 

interconnects. Although these grating designs do not show a uniform intercon

nect weight to within ± 5%, it was decided that the solutions were adequate due 

to the high contrast ratios and simple design technique. However, the same two-

step optimization process could be used to find a more globally uniform solution. 

The final detail of the multifaceted array design concerns the holograms in 

the unused portions of the array. Figures 4-4a and 4-5a show that only a fraction 

of the 64 total subholograms are used for the application. The unused hologram 

locations could be left empty, however any light that illuminates these areas will 

combine to produce a bright DC spot, in the center of the interconnect patterns. 

To prevent this, the unused hologram locations are instead filled with a design 

that diffracts all of the incident energy out of the detector region. This "blank" 

hologram design works quite well, with a predicted diffraction efficiency of less 

than 0.04%. The design and its reconstruction are shown in figure 4-12. 



Figure 4-12. The "blank" hologram design, a) Hologram 
phase (grayscale 0 to 2K), and b) its predicted intercon
nect pattern 

This completes the design of two multifaceted hologram arrays. One array 

consists of simple blazed gratings, while the other uses larger fanouts to imple

ment the logic in a three-bit multiplier application. Twelve unique designs are 

required in this array, with the other 52 subholograms filled with the "blank" 

design. The finished designs show very good accuracy in the interconnect 

weights, in addition to a very uniform efficiency between designs. The global 

optimization was accomplished in two steps. Initially each hologram was de

signed independently to be as efficient as possible. In the second step, the higher 

efficiency solutions were reduced in order to equal the performance of the worst 

design. The efficiencies were reduced in a controlled manner to maintain good 

accuracy in the pattern. This technique was very successful and is a strategy that 

was employed in the design of many other multifaceted hologram arrays. 
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4.6 4-bit Adder design 

The OptiComp Corp. provided a set of intercormect patterns that enable the 

HPOC module to perform the addition of two 4-bit numbers. In this application, 

the inputs to the problem are a little different. The bits of the numbers are not 

used directly as inputs to the problem; instead the partial sums and partial car

ries that are computed from the bit-wise addition of the numbers are the inputs. 

In the first stage of the logic, seven of the 64 HPOC inputs are used. The active 

VCSEL locations are shown in figure 4-13a, and their corresponding interconnect 

patterns are shown in figure 4-13b. The detector locations that are used are 

shown in figure 4-13c. 

a) b) c , |h .  

Figure 4-13. First stage of the 4-bit adder operation, a) 
VCSEL locations used as inputs, b) interconnect patterns 
encoded in the multifaceted array, and c) the detector 
locations used to compute minterms. 

The cascade through the second HPOC module finishes the operation by 

computing the sum of the minterms. The 10 detectors used in the first module 

invert their signal and re-emit light in the second module(see figure 4-14a). The 

corresponding interconnect patterns are shown in figure 4-14b. Again, one-to-

one interconnects  are al l  that  are needed and blazed grat ings can be used for  

these designs. The detector locations that represent the output are shown in 

figure 4-14c. 



118 

a) b) c) 

Figure 4-14. Second stage of the 4-bit adder operation, a) 
VCSEL locations used as inputs, b) intercormect patterns 
encoded in the multifaceted array, and c) the detector 
locations used to compute the result 

The design of the first multifaceted hologram array (see figure 4-13b) requires 

a global optimization technique. Each of the seven unique subholograms is first 

designed independently to be as efficient as possible. The diffraction efficiency 

per interconnect in each design is plntted in figure 4-15; the designs are not ver}' 

uniform. The designs with higher efficiencies are then optimized to reduce their 

efficiency per interconnect but still maintain good interconnect accuracy. The 

results of the global optimization are plotted in figure 4-15. 
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Figure 4-15. Corriparison of independent and global design 
of the subholograms in the 4-bit adder multifaceted array, 
'o' represents the independent solutions, and 'x' repre
sents the globally modified solutions. 

DE vs. Moment for individual and global designs 

The globally modified hologram solutions show a much better uniformity in 

efficiency per intercormect; the average is <DE/Interconnect> = 13.7% ±0.2%, 

which has a global non-uniformity of ± 1.5%. The individual hologram perfor

mance is also very high. The average contrast ratio in the intercormect patterns is 

4x10^, and the average non-uniformity among the "l"s is only 0.02%. The holo

gram designs and their intercormect patterns are shown in figure 4-16. 



Figure 4-16, Multifaceted hologram design for the 4-bit 
adder application, a) Hologram phase (grayscale 0 to 2K) 
b) predicted intercormect patterns, and c) logarithm of 
predicted interconnects 
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4.7 8-bit Adder design 

The OptiComp Corp. also provided a set of interconnect patterns to enable 

the HPOC module to perform the addition of two 8-bit numbers. In the first 

stage of the logic for this application, fifteen of the 64 HPOC inputs are used. 

The active VCSEL locations are shown in figure 4-17a, and their corresponding 

intercormect patterns are shown in figure 4-17b. The detector locations that are 

used are shown in figure 4-17c. 

Figure 4-17. First stage of the 8-bit adder operation, a) 
VCSEL locations used as inputs, b) interconnect patterns 
encoded in the multifaceted array, and c) the detector 
locations used to compute minterms. 

The cascade through the second HPOC module finishes the operation by 

computing the sum of the minterms. The 36 detectors used in the first module 

invert their signals and re-emit light in the second module. The intercormect 

patterns are all very simple, and similar to the 4-bit adder example, they are not 

shown here. The patterns are all one-to-one interconnects, so blazed gratings are 

used for these designs. 

The design of the first multifaceted hologram array (see figure 4-17b) requires 

the global optimization technique. Each of the fifteen unique subholograms is 

first designed independently to be as efficient as possible. The diffraction effi

ciency per interconnect of each design is plotted in figure 4-18; the designs are 
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not very uniform. The designs with higher efficiencies per iiiterconnect are then 

optimized further to match the DE/interconnect of the design with the lowest 

value. The results of the global optimization are also plotted in figure 4-18. 
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Figure 4-18. Comparison of independent and global design 
of the subholograms in the 8-bit adder multifaceted array, 
'o' represents the independent solutions, and 'x' repre
sents the globally modified solutions. 

The globally modified hologram solutior\s show a much better uniformity in 

efficiency per interconnect; the average is <DE/Interconnect> = 3.94% ± 0.06%, 

which has a global non-uniformity of ± 0.8%. The individual hologram perfor

mance is also very high. The average contrast ratio in the interconnect patterns is 

1x10^, and the average non-uniformity among the "l"s is only 0.2%. A few of the 

hologram designs and their interconnect patterns are shown in figure 4-19. 

DE vs. Moment for independent and global solutions 
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Figure 4-19. Multifaceted hologram design for the 8-bit 
adder application, a) Hologram phase (grayscale 0 to 2K) 
b) predicted interconnect patterns, and c) logarithm of 
predicted interconnects 

4.8 4x4 Crossbar switch design 

The OptiComp Corp. provided a set of interconnect patterns to enable the 

HPOC module to perform the simultaneous switching of 4 input ports among 4 

output ports. In this application, the inputs to the problem are arranged in rows. 

Each row of VCSELs represents a different input signal and routing information; 

the input signal is presented in the third column, and the remaining four bits in 

the row determine the routing of the signal (see figure 4-20a). Each row of data 

remains isolated throughout the process. The logic is identical on each row, only 

the inputs are different (this is a SIMD parallel architecture: Single Instruction, 

Multiple Data). In the first HPOC module, twenty of the 64 inputs are used. 
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The active VCSEL locations are shown in figure 4-20a, and their corresponding 

interconnect patterns are shown in figure 4-20b. The detector locations that are 

used are shown in figure 4-20c. 

•  •I  ibi  :  

a) I b) c) 

Figure 4-20. First stage of the 4x4 crossbar switch, a) VCSEL 
locations used as inputs, b) interconnect patterns en
coded in the multifaceted array, and c) the detector 
locations used to compute minterms. 

The cascade through the second HPOC module directs the input signal into 

one of the four output ports. The 16 detectors used in the first module invert 

their signals, and re-emit light in the second module (see figure 4-21a). The 

interconnect patterns are shown in figure 4-21b. The patterns are all one-to-one 

intercormects, so blazed gratings are used for these designs. The detector loca

tions that represent the four output ports are shown in figure 4-21c. 
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a) b) c) 

Figure 4-21. Second stage of the 4x4 crossbar switch, a) 
VCSEL locations used as inputs, b) interconnect patterns 
encoded in the multifaceted array, and c) the detector 
locations used to represent the result 

The design of the first multifaceted hologram array (see figure 4-20b) requires 

the global optimization technique. Each of the twenty unique subholograms is 

first designed independently to be as efficient as possible. The diffraction effi

ciency per interconnect of each design is plotted in figure 4-22. Once again, the 

desigr\s are not very uniform. The designs with higher efficiencies are then 

optimized further to reduce their DE/intercormect. The results of the global 

optimization are also plotted in figure 4-22. 
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DE vs. Moment for individual and global designs 
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Figure 4-22. Comparison of independent and global design 
of the subholograms in the 4x4 crossbar multifaceted 
array, 'o' represents the independent solutions, and 'x' 
represents the globally modified solutions. 

The globally modified hologram solutions show a better uniformity in effi

ciency per interconnect; the average is <DE/Interconnect> = 17.6% ± 0.4%, which 

has a global non-uniformity of ± 2.2%. The individual hologram performance is 

also very high. The average contrast ratio in the interconnect patterns is 2x10 

and the average non-uniformity among the "l"s is only 0.004%. The hologram 

designs and their interconnect patterns are shown in figure 4-23 for one row of 

the crossbar switch. 



Figure 4-23. Multifaceted hologram design for the 4x4 cross
bar switch, a) Hologram phase (grayscale 0 to 2K) b) 
predicted interconnect patterns, and c) logarithm of 
predicted interconnects 

4.9 8x8 Crossbar switch design 

The OptiComp Corp. also provided a set of interconnect patterns to enable 

the HPOC module to perform the simultaneous switching of 8 input ports 

among 8 output ports. In this application, the inputs to the problem are arranged 

in rows; each row of VCSELs represents a different input signal and routing 

information; the input signal is presented in the fourth column, and the remain

ing six bits in the row determine the routing of the signal (see figure 4-24a). The 

implementation is exactly the same as the 4x4 switch, just enlarged. In the first 

stage of the logic, 56 of the 64 HPOC inputs are used. The active VCSEL loca

tions are shown in figure 4-24a, and their corresponding interconnect patterns are 

shown in figure 4-24b. The detector locations that are used are shown in figure 4-

24c. 



Figure 4-24. First stage of the 8x8 crossbar switch, a) VCSEL 
locations used as inputs, b) interconnect patterns en
coded in the multifaceted array, and c) the detector 
locations used to compute minterms. 

The cascade through the second HPOC module directs the input signal into 

one of the eight output ports. The 64 detectors used in the first module invert 

their signals and re-emit light in the second module. The interconnect patterns 

are similar to those in the 4x4 switch, and are not shown here. Eight of the final 

detector locations are used, each representing one of the output ports. 

The design of the first multifaceted hologram array (see figure 4-24b) requires 

global optimization. Each of the 56 unique subholograms is first designed inde

pendently to be as efficient as possible. The diffraction efficiency per 
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interconnect in each design is plotted in figure 4-25. The designs with higher 

efficiencies are then put through a second optimization. The results of the global 

optimization are also plotted in figure 4-25. 
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Figure 4-25, Comparison of independent and global design 
of the subholograms in the 8x8 crossbar multifaceted 
array, 'o' represents the independent solutions, and 'x' 
represents the globally modified solutions. 

The globally modified hologram solutions show a much better uniformity in 

efficiency per interconnect; the average is <DE/Intercormect> = 7.26% ± 0.2%, 

which has a global non-uniformity of ± 2.8%. The individual hologram perfor

mance is also very high. The average contrast ratio in the interconnect patterns is 

5x10^^, and the average non-uniformity among the "l"s is only 0.03%. Several of 

the hologram designs and their intercormect patterns are shown in figure 4-26. 



Figure 4-26. Multifaceted hologram design for the 8x8 cross
bar switch, a) Hologram phase (grayscale 0 to 2K) b) 
predicted interconnect patterns, and c) logarithm of 
predicted interconnects 

4.10 Large fanout test design 

The final set of intercormect patterns provided by the OptiComp Corp. does 

not perform a specific function, other than to evaluate the capabilities of the 

HPOC module. This test problem uses all 64 of the input VCSELs, and intercon

nects each source with 32 fanouts apiece. All 64 of the detectors are used, and 

each detector receives a fanin of 32 interconnects. The dense interconnections 

required of the multifaceted hologram array is intended to challenge the limits of 

both the design techniques and the performance of the HPOC module. Each 

interconnect pattern is very similar; a sample is shown in figure 4-27. For the 

VCSEL source at the position shown in figure 4-27a, it should interconnect to the 

detectors surrounding it according to the pattern shown in figure 4-27b. Each 
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VCSEL connects to an identical pattern, which shifts with its position in the 

array. Interconnects that fall off the edge of the detector region wrap back 

around from the opposite side. 

a) b) -

Figure 4-27. Sample interconnect pattern for the large fanout 
test. For the VCSEL location shown in a) the interconnect 
pattern shown in b) should be produced. The same 
interconnect pattern shifts with VCSEL position. 

The design of the multifaceted hologram array requires a global optimization 

technique. Each of the 64 unique subholograms is first designed independently 

to be as efficient as possible. The diffraction efficiency per interconnect in each 

design is plotted in figure 4-28. For this problem, the independent designs actu

ally appear reasonably uniform. This is understandable, since most of the 

circumstances that lead to a difficult multifaceted array design are absent; each 

subhologram interconnects to the same number of detectors, the pattern geom

etries are all very similar, and the pattern moments do not vary much. In fact, 

the individual designs show a global non-uniformity error of only 4.3%; the 

design goal is already satisfied. However, for the sake of interest, the designs 

with higher efficiencies were put through a second optimization to reduce their 

performance while maintaining good interconnect accuracy. The results of the 

global optimization are also plotted in figure 4-28. 
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Figure 4-28. Comparison of independent and global design 
of the subholograms in the large fanout multifaceted 
array, 'o' represents the independent solutions, and 'x' 
represents the globally modified solutions. 

The globally modified hologram solutions show a better uniformity in effi

ciency per interconnect; the average is <DE/Interconnect> = 1.80% ± 0.04%, 

which has a global non-uniformity of ± 2.3%. The individual hologram perfor

mance is also very high. The average contrast ratio in the interconnect patterns is 

4x10'-, and the average non-uniformity among the "l"s is only 0.001%. A sample 

hologram design and its interconnect pattern are shown in figure 4-29. 

OE vs. Moment for individual and global designs 
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Figure 4-29. Sample hologram design for the large fanout 
multifaceted array, a) Hologram phase (grayscale 0 to 
2K) b) predicted interconnect pattern, and c) logarithm of 
predicted intercormect 

4.11 Conclusion 

OptiComp Corporation has proposed an optoelectronic programmable logic 

device known as an HPOC module. The HPOC module uses two-dimensional 

arrays of lasers and detectors to send and receive binary bits of information. The 

sources and detectors are connected by a two-dimensional array of computer 

generated holograms, which provides large free-space optical interconnections. 

The HPOC architecture is capable of performing many different operations, such 

as addition, multiplication and switching. It is the interconnect patterns pro

duced by the hologram array that determines the operation of the module. The 

array of holograms is referred to as a multifaceted hologram array. 

The design of a multifaceted hologram array is more complicated than the 

design of a single hologram. All of the hologram designs will be used together in 

parallel during the operation of the HPOC module. It is important that the 

interconnect weights produced from one subhologram be the same as those 

produced by all the others; the diffraction efficiency per interconnect needs to be 
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globally controlled among all of the designs in the multifaceted array. There are 

three main obstacles to this goal. If a hologram produces a larger number of 

interconnects than another design, the power in each spot will naturally be lower. 

The geometry of each interconnect pattern also leads to different predictions for 

the efficiency that can be encoded with a phase-only hologram design. And 

lastly, the further a pattern's interconnects are placed from the optical axis, the 

more energy is lost into higher diffraction orders. This effect is related to the 

"moment" of the intercormect pattern. 

A design technique was developed to overcome these obstacles and create 

good multifaceted hologram arrays with uniform diffraction efficiency per inter

connect. Initially each hologram in the array is designed independently to be as 

efficient as possible, but with accurate interconnect weights. The results of the 

independent designs are then compared, and the design with the lowest effi

ciency per interconnect is recognized as the limiting case in the array. The 

solutions with higher efficiencies are systematically lowered, until they show an 

equal performance in terms of efficiency per interconnect. It is always easy to 

throw away light, but the light must be thrown away without sacrificing the 

accuracy of the interconnect pattern. A two step optimization procedure was 

described for accomplishing this. A random search is used to move the holo

gram solution into the neighborhood of the target diffraction efficiency. Once 

near this solution, a Gerchberg-Saxton routine is used to quickly improve the 

accuracy of the pattern. The technique has been applied to the design of many 

multifaceted hologram arrays and has been shown to work well. The global 

diffraction efficiency of a multifaceted array can be made very uniform, without 

sacrificing performance in the accuracy of the individual interconnect patterns. 
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5. SPIDER 3.0 

5.1 Introduction 

SPIDER 3.0 is a computer aided design tool, useful for the design of computer 

generated holograms and diffractive optical elements.®- The name SPIDER is an 

acronym for Software Package for Interconnect Design, Evaluation and Recon

struction. SPIDER evolved from a series of computer programs that were written 

during investigations into CGH design. Programs were written one at a time as 

needed, to keep pace with the requirements of the research. Some programs 

were written to perform hologram optimization, others to calculate and evaluate 

diffraction patterns. Eventually there existed a fairly complete and useful suite 

of tools. A graphical interface was added to coordinate the activities of the indi

vidual programs and make them easier to use; the result is SPIDER 3.0. This 

chapter will explain the features and capabilities of SPIDER. 

SPIDER was developed to provide the optical interconnect designer with a 

complete environment for pattern layout, optimization, and analysis. The layout 

features permit interconnect patterns to be arranged in arbitrary patterns on a 

square grid. The interconnects can have either digital or analog weights. The 

optimization features in SPIDER are especially appropriate for designing phase-

only, Fourier transform holograms for use as large fanout intercormects. The 

program is also capable of forming diffractive optics with more conventional 

roles, such as lenses and gratings. The analysis features in SPIDER simulate the 

illumination of holograms, in order to predict diffraction patterns in the near and 

far fields. SPIDER can also include the effects of aberrations in the incident 
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wavefront, and can calculate statistics from diffraction patterns to predict effi

ciency and accuracy of the interconnect weights. All of these various features of 

SPIDER are available from within a common graphical user interface. 

SPIDER 3.0 works exclusively with phase-only diffractive optics. It is as

sumed that the phase modulation comes from a surface-relief pattern formed on 

a substrate. These surface-relief patterns are not continuous surfaces; rather, they 

are represented as square pixels sampled at periodic intervals. The phase delay, 

or depth, of each pixel location may be quantized to one of 'n' discrete values, or 

it may be a continuous value. The pixel phase values may be wrapped to a 0 to 

2tz range, or to any other range of different scale. Figure 5-1 shows examples of 

several different surface relief profiles generated with SPIDER. There are several 

routines in SPIDER that manipulate the hologram designs in ways that maintain 

the phase-only condition. These routines include combining multiple designs 

into a single optic. The next sections will describe in more detail the particular 

abilities and features of SPIDER 3.0 

Figure 5-1. Example surface-relief patterns created with 
SPIDER, a) A sampled surface-relief pattern with con
tinuous phase values, b) The same surface with 
continuous phase wrapped between 0 and 2K. C) The 
same surface with phase wrapped and then quantized to 
4 discrete values. 
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5,2 Interconnect pattern layout 

SPIDER allows interconnect patterns to be designed with binary or analog 

weights. For binary weights, there is a convenient graphical interface that can be 

used for the layout. A bitmap editor presents a square array of blank pixels to 

the designer, who selects the locations that are to serve as "1" (i.e. on) intercon

nects in the diffraction pattern. The center pixel of the array is always the 

on-axis, or DC location, and is defined as the m = 0 order in the diffraction pat

tern. The edge pixels in the bitmap are defined as the orders m = ± 1/2, and the 

other pixels represent linearly interpolated fractional orders (see section 3.3). 

Figure 5-2 shows an example of a pattern layout. 

SPIDER accepts patterns with analog intercormect weights as well. However, 

there is no convenient graphical interface to layout analog interconnects. A text 

file must be created that contains the real number value of the weight at each 

location. The file contains the data in row/column order, with one entry per line. 

In addition to an interconnect description, the designer must also create a 

second pattern, which acts as a mask. The mask pattern, which is always binary, 

indicates which of the locations in the output pattern are constrained, and which 

may be used as compensators. The mask pattern defines the interconnect region 

that is critical to the application. During optimization, SPIDER will freely change 

weights in the locations the mask specifies as unconstrained, in order to obtain 

more precise weights in the critical interconnect region. Accurate solutions are 

found if the mask pattern gives SPIDER sufficient degrees of freedom. Figure 5-2 

shows example intercormect and mask patterns. 
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Figure 5-2. Example iriterconnect and mask patterns created 
with SPIDER, a) The pattern defines the locations of the 
"1" (light) and "0" (dark) interconnects in the output 
plane, b) The mask defines the locations in the pattern 
whose weights will be enforced during optimization. 
The on-axis location is the pixel to the lower right of the 
intersecting diagonal lines. 

5.3 Optimization algorithms 

SPIDER 3.0 provides three optimization algorithms for the design of com

puter generated holograms: Gerchberg-Saxton (G-S), random search, and 

conjugate gradient search. Alone, none of these methods is sufficient to solve all 

of the possible design problems. The combination of the three, however, gives 

SPIDER a strong set of tools to optimize holograms under a variety of different 

constraints. The three algorithms may be used individually or successively in the 

search for optimal solutions. Each of the methods has distinct advantages which 

makes it appropriate for different types of problems (see chapter 3 for details of 

these different design techniques). Together, the three routines can optimize 

holograms with continuous or quantized phase and find solutions which empha

size interconnect accuracy, diffraction efficiency or a combination of the two. 
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The conjugate gradient algorithm is most effective at finding superior initial 

conditions for the other two routines. The initial phase that it predicts leads to 

high efficiency solutions. This phase can be found repeatedly from different 

starting points. Conjugate gradient is also capable of finding exact solutions for 

intercormect patterns that have phase-only solutions. One limitation, however, is 

that the conjugate gradient routine searches in a continuous phase space. Quan

tization can only be applied at the end, which can degrade hologram 

performance. 

The Gerchberg-Saxton method is extremely quick at finding highly accurate 

solutions, but is proven to converge only when continuous phase levels are used 

in the design.^" Quantization can be applied after optimization to find designs 

with a discrete number of phase delays, again with the possibility of performance 

degradation. Alternatively, a form of "quantization annealing" has been added to 

G-S, which can be used to search in a quantized space (see section 3.5). While 

experience shows that this is effective, there is no proof that it will always im

prove solutions. Another limitation to G-S, is that it works without reference to a 

merit function, so it cannot be instructed to balance efficiency with accuracy. It 

seeks accurate interconnect weights at all costs. Tj^ically however, G-S will find 

solutions with high efficiency if started with a good initial condition. 

Random search is a less intelligent manner of optimization, but has the dual 

advantages of merit function control and direct searching in a quantized space. 

Random search is used most effectively to improve or "tweak" designs that have 

degraded due to quantization of continuous-phase solutions. It can also be used 

to perturb design solutions that have settled into annoying symmetries (see 

section 3.11). The merit function control in random search allows the designer to 
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balance diffraction efficiency with accuracy, or even to target a specific efficiency. 

This last functionality is especially valuable when desigriing holograms that 

must have an absolute efficiency per interconnect. 

Figure 5-3 shows an example hologram designed using all three of SPIDER's 

optimization routines. The optimization was performed with five consecutive 

applications of the various algorithms. 

Figure 5-3. A 32x32 pixel, continuous-phase hologram de
signed with SPIDER 3.0. The hologram was designed to 
create the interconnect pattern of figure 5-2 with a 31% 
diffraction efficiency. 

5.4 Generate optics 

SPIDER includes several routines for making common diffractive optical 

elements, such as lenses, blazed gratings, and aberration profiles. These designs 

require no optimization, as each has an analytic, phase-only solution. The design 

process consists of appropriately sampling the specific phase function. 

Lenses are sampled according to a true spherical wavefront. Any segment of 

a lens, on or off-axis, can be sampled independently. During generation of the 

lens, SPIDER gives a warning if the sampling rate for the specified lens segment 

leads to aliasing errors. Figure 5-4a shows an on-axis diffractive lens. 
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Blazed gratings are sampled from a linearly sloped phase surface. Separate 

grating periods are entered for each of the two axes. Aliasing errors are not 

reported for the sampling of gratings, because a single, user-defined spatial 

frequency composes the entire design. Figure 5-4b shows a blazed grating. 

Aberration wavefronts are sampled from the unique first and third-order 

Seidel aberrations that remain when field dependence is ignored. The wavefront 

aberrations are: tilt (W^jj), defocus (W^^), spherical (W^_,q), coma (W^j) and 

astigmatism (W^). SPIDER prompts for coefficients and axes for each term, and 

the phase profile is sampled from their net sum. The sign convention used, 

assumes that a positive defocus error applied to a converging wavefront, trans

lates the best image plane towards the wavefront. SPIDER does not report 

undersampling errors for aberration wavefronts; the phase profiles should al

ways be inspected visually for aliasing. Figure 5-4c shows an aberration phase 

profile of an astigmatic wavefront. 

Figure 5-4. Sample diffractive elements generated with 
SPIDER 3.0. a) A diffractive lens, b) a blazed grating, 
and c) an astigmatic wavefront error. Each of the ele
ments has continuous phase values, and is wrapped into 
a 0 to 27: range. 
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5.5 Propagation and reconstruction 

SPIDER 3.0 includes two routines for simulating and analyzing the diffraction 

from its hologram designs: "Reconstruct" and "Propagate." With these two pro

grams the diffraction pattern may be visualized at any distance beyond the optic. 

Statistics on the diffraction efficiency and the accuracy of the interconnect 

weights are calculated. While both "Reconstruct" and "Propagate" simulate 

diffraction from hologram designs, they each serve a uruque purpose in the 

SPIDER environment. 

"Reconstruct" is used to examine the diffraction pattern of a hologram as 

observed in the far field. This is the same scaled distribution as would be seen in 

the rear focal plane of a Fourier-transform lens. The reconstructed patterns can 

be calculated under a variety of illumination conditions, including plane or 

Gaussian wave illumination and different numbers of hologram replications. In 

addition, the sampling resolution of the diffraction plane can be specified to 

show different amounts of detail. "Reconstruct" is best used to illuminate the 

fan-out holograms generated with SPIDER. These fan-out holograms are all of 

the Fourier-transform variety. "Reconstruct" calculates their interconnect pat

terns in the plane that yields the desired performance. Performance is 

determined from the difference between the reconstructed and the ideal patterns 

over some masked region of interest. Root-mean-square (RMS) error and diffrac

tion efficiency are calculated. The diffraction efficiency calculation includes the 

effect of the higher orders propagated by the hologram, but these are not shown 

in the output diffraction pattern. Figure 5-5 shows some reconstructed images of 

the hologram design shovm in figure 5-3. 
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Figure 5-5. Reconstructed images of the hologram design of 
figure 5-3. a) 4x4 replicatioris illuminated with a plane 
wave (logarithm) b) 2x2 replications illimiinated with a 
Gaussian wave (logarithm) c) Intercormect weights 
calculated from (a). RMS error of "l"s = 0.8%, diffraction 
efficiency = 30.7% 

"Propagate" is used to examine the diffraction pattern of a hologram at arbi

trary positions behind the optic. The pattern can be simulated in the near 

through far fields, as well as on or off the optical axis. For near-field propaga

tion, an angular spectrum method is applied; for further distances, a 

Rayleigh-Sonunerfeld or Fresnel diffraction integral is used. "Propagate" can 

predict diffraction patterns with increased spatial resolution, or an increased field 

of view, or both. "Propagate" can also model illumination with a plane or Gauss

ian wavefront. It does not calculate interconnect statistics. "Propagate" is best 

used with holograms that include some optical power of their own, for example 

designs that include a diffractive Fourier lens (a design that reconstructs itself in 

a given focal plane with a fixed scale). "Reconstruct" will calculate the diffraction 

pattern in the far field, which is highly defocused. "Propagate", on the other 

hand, will simulate the diffraction pattern in the precise plane of best focus. 

Since holograms with optical power are not periodic, "Propagate" does not sup

port the illumination of multiple hologram replications. Figure 5-6 shows some 

diffraction patterns predicted by "Propagate" 



Figure 5-6. Diffraction patterns from the hologram design of 
figure 5-3 calculated with "Propagate", a) Defocused in 
front of the ideal image plane b) Ideal image plane in the 
presence of comatic illumination 

5.6 Hologram management 

SPIDER 3.0 includes a set of six routines that are used for miscellaneous 

hologram manipulation. These programs enable the user to alter the hologram 

phase by methods ranging from simple scaling and shifting to quantizing, un

wrapping and combining. The "Combine Optics" routine is used to multiply two 

designs together into a single phase-only design. If one design is larger than the 

other, the smaller will be replicated an integer number of times to match the 

dimensions, if possible. If designs with different feature sizes are to be com

bined, one must first increase the resolution of the larger features, by using the 

"Duplicate Pixels" routine. "Duplicate Pixels" simply replicates each sample 

point an integer number of times. In addition to combining designs in an over

lapped fashion, designs may be assembled side-by-side in a patchwork fashion 
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using the "Quilt Holograms" program. "Quilt Holograms" can be used, for ex

ample, to replicate a design an integer number of times before combining it with 

a larger Fourier lens. 

The "Scale Phase" routine can be used to shift, scale and wrap the phase 

values of a design. Shifting and wrapping can be used to change the location of 

the phase jumps within a design. One researcher has argued that this simple 

modification can optimize the performance of a design.®^ Scaling the phase can 

be used to model the wavelength sensitivity of a design. A relative change in 

wavelength. A,, will produce a proportional change in phase delay, (j). 

where (1)^^ and are the designed phase delay and wavelength. 

"Quantize Phase" is used to constrain designs to a finite number of discrete 

values. This routine will wrap all values between 0 and 2n (using "Scale Phase" 

however, the functionality can be extended to apply quantization over a larger 

phase range). Lastly, "Unwrap Phase" is used to form a continuous phase sur

face out of a hologram with phase jumps. Again, this program assumes the wrap 

window size is 0 to 2K, but "Scale Phase" can be used to make it arbitrary. 

Examples of "Scale Phase" and "Quantize Phase" can be seen in figure 5-1. 

Examples of other hologram management routines can be seen in figure 5-7. 
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Figure 5-7. Results of hologram management routines, a) 
"Quilt Hologram" used to assemble 9 separate designs 
into a multifaceted array, b) "Combine Optics" used to 
overlap the array in a) with the lens of figure 5-4. c) 
"Scale Phase" used to wrap the phase in b) into a 0 to Ztc 
window. 

5.7 Fabrication 

SPIDER 3.0 contains a limited set of routines to help prepare finished designs 

for fabrication. The difficulty in preparing for fabrication, is knowing how to 

specify the information in a useful way. Mask houses and fabrication facilities 

may request the data in different formats. Rather than predicting the variety of 

standards that might be used, SPIDER exports its data to a simple text file, which 

may be read by other programs (e.g. Matlab, IDL, Mathematica) for subsequent 

conversion or manipulation. Conversely, SPIDER can also import data from text 

files generated by other programs. This allows SPIDER to analyze and manage 

hologram designs that it is not equipped to generate. While, in general, SPIDER 

defers file conversion to other programs, it does contain a routine to transform a 

phase design into a text file of pixel heights. The designer specifies a wave

length, X, and substrate index, n, and the routine converts the phase values, 0, 

into pixel heights, h. 
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• (5-2) 

Notice that higher index materials will lead to thinner surfaces. A reflection 

hologram can be generated by specifying an index of n = -1. 

5.8 Display capabilities 

SPIDER 3.0 has two routines for graphically displaying hologram designs and 

diffraction patterns. One program provides two-dimensional image display and 

processing, "xHolo", and the second provides three-dimensional rendering of 

surfaces, "xHolo3D". 

The two-dimensional program, "xHolo", displays hologram and diffraction 

images in grayscale, false color, or logarithmic grayscale colormaps. Images can 

also be zoomed or demagnified. "xHolo" has some processing routines that can 

be used to perform arithmetic, shifting, reorientation, binning, and cropping on 

images. "xHolo" can also gather statistics on any subregion of an image. Bitmap 

masks can be used to determine integrals, averages, standard deviations, and 

maximum/minimum values from a selection of points. 

"xHoloSD" is used to render three-dimensional surface representations of 

two-dimensional data. The image is formed using the standard pixel ordering 

for X and y coordinates and the pixel value for the z-dimension. The z-dimension 

can be scaled independently of x and y by changing the displayed aspect ratio. 

The image can be rendered with any perspective as seen from the surface of a 

sphere centered about the model. The field of view can also be zoomed to show 

more or less detail. Figure 5-1 shows examples of "xHolo3D"s abilities. 
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Both display programs can produce Encapsulated PostScript files of their 

images. These files can be easily printed on any PostScript capable printer, and 

imported into documents as graphics. All of the figures in this section (excluding 

5-2 and 5-8) were generated with the display programs in SPIDER 3.0. 

5.9 Batch mode operation 

In the previous sections, SPIDER 3.0 has been discussed in the context of its 

graphical user interface. Although SPIDER is very friendly in this mode, all of its 

routines have an equivalent command line interface. The benefit of ruiming 

SPIDER with text input, is that it may be run non-interactively. Batch jobs can be 

setup to run unattended over nights or weekends. The graphical interface to 

SPIDER is very convenient for designing a few holograms, or for trying new 

ideas. More serious projects however, may require optimizing 50 or more inde

pendent designs. In this situation, command scripts can be written to perform 

the work automatically in the batch mode operation of SPIDER. This batch mode 

operation was indispensable in completing many of the design tasks described in 

chapter 4. 

5.10 Development details 

SPIDER 3.0 exists as a suite of independent programs that fit together into a 

single cooperative environment under the control of one parent program. The 

parent program presents the graphical interface to the user, but delegates all 

serious computation to sub-programs or child programs. The entire SPIDER 3.0 

suite consists of 20 individual programs (25,000 lines of code), each of which 

performs a single operation; table 5-1 details this separation of functionality. 
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Each of the programs is designed to be self-sufficient, and can be compiled and 

nm independently of the others. When SPIDER is used in graphical interface 

mode, it simply gathers the input, starts the appropriate sub-program, and dis

plays the results when it has finished. This separation of function allows SPIDER 

to work in a highly parallel fashion. Multiple tasks can be performed simulta

neously, without waiting for the return of prior results. 

Each program in SPIDER 3.0 was developed in the C programming language 

under the UNIX operating system.^^-^^ The C / UNIX combination was selected 

partly out of convenience, but more importantly, because it offers a standard, 

portable programming environment. A single set of source code can be (and has 

been) compiled and executed successfully on a wide-variety of machines. The 

UNIX environment also provides standard mechanisms for communication 

between the parent SPIDER program and its child processes. This communica

tion between programs is critical for the SPIDER GUI environment. 

Communication is implemented by having one program spawn another, and 

then create inter-process pipes to pass data back and forth. In this way, the GUI 

parent program can start and control the sub-programs, and the sub-programs 

can report results back to the main GUI window. 

Because it was built in a modular manner, only three of SPIDER's programs 

contain any graphical user interface programming: the main parent program, 

"spider", and the two display programs "xHolo" and "xHoloSD". The graphics 

are implemented using the X Window System with the X Toolkit and the MOTIF 

widget set.^"''^ There are many advantages to using X for SPIDER's graphics. 

The X Window System has become a software standard on workstations, and 

gives a portable graphics-programming interface that is understood by comput
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ers from dozens of different manufacturers. Secondly, the X Window system is a 

network-based graphics protocol. This mearis that a program can be run on a 

remote workstation, but controlled and displayed on a local PC or terminal. 

The surface renderings of "xHolo3D" were added using a software standard 

for three-dimensional graphics, OpenGL.'^" OpenGL is a programming model 

from Silicon Graphics that is designed to be independent of the windowing 

system used; the same source code can be compiled to display 3D graphics on X 

Window under UNIX, or say Microsoft Windows under NT. However, this 

means that more programming must be present to couple OpenGL to the X 

Window system; this software is known as the GLX extension to the X protocol. 

If a particular display is not configured with GLX, then SPIDER will not be able 

to show its three-dimensional graphics. 

Figure 5-8 shows a screen shot of SPIDER 3.0 in action. 

Program Furiction 

spider 
xHolo 
xHolo3D 
aberrations 
addHolo 
convAscii 
convFiles 
diffG rating 
diffLens 
duplPixels 
gsphase 
initphase 
phasemask 
propagate 
quantPhase 
quiltHolo 
reconstruct 
rsphase 
scalePhase 
unwrapPhase 

GUI control for SPIDER 3.0 
2-D image display and processing 
3-D image display 
Generate vvavefronts with Seidel aberrations 
Combine holograms by overlapping the phase 
Import data from a text file to a SPIDER format 
Export data from a SPIDER format to a text file 
Generate blazed gratings 
Generate diffractive lenses 
Increase the sampling resolution of a design 
Optimize a CGH using the Gerchberg-Saxton technique 
Optimize a CGH using the conjugate gradient technique 
Export a file of etch depths from a phase design 
Perform arbitrary propagation through a hologram 
Quantize the phase values of a design 
Combine multiple holograms in a side-by-side fashion 
Propagate through a hologram to the Fourier plane 
Optimize a CGH using the random search technique 
Scale, offset and wrap the phase values of a design 
Unwrap the phase values of a design with 2n jumps 

Table 5-1. A breakdown of SPIDER 3.0 into its individual 
programs and functions 
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Figure 5-8. A screen shot of SPIDER 3.0. Pictured are the 
main parent window (showing text results), a dialog box 
for creating a diffractive optic, and the "xHolo" and 
"xHolo3D" display programs. 

5.11 Conclusion 

SPIDER 3.0 developed out of a collection of independent programs that were 

written during research into computer generated holograms. Features were 

added program by program as needed until there existed a fairly comprehensive 

collection of routines. At this point, a graphical user interface was written to 

coordinate the actions of all the individual pieces. Now, SPIDER 3.0 exists as a 

sophisticated CAD tool for the design of diffractive optical interconnects. It runs 
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under a UNIX environment, and is being distributed freely on the world wide 

web. SPIDER 3.0 has generated international interest since its release, and is 

currently available for 4 different platforms: Digital Unix, Sun Solaris, SGI Irix, 

and HP/UX. To obtain a copy, visit the following web address: 

http://www.opt-sci.arizona.edu/medopt/opticalComputing.html 
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6. FABRICATION 

6.1 Introduction 

A phase-only computer generated hologram is made by transforming the 

phase delays from a design into corresponding index modulations on the surface 

of a substrate. As a wavefront passes through the material, relative phase delays 

develop between different parts of the wavefront, depending upon the optical 

path length each section encounters. (The optical path length is defined as the 

product of the material's index of refraction, n, and the modulation depth, d.) A 

large optical path length delays the phase of the wavefront more than a shorter 

length (see figure 6-1). 

"b 
(j)i=knbd-h 00 

(t)2=knad + (t)^ 
( n a > n b )  

Figure 6-1. Phase delay due to index variation 

The amount of phase delay, A4), depends upon three parameters: illumination 

wavelength, "k, modulation strength. An, and the modulation depth, d, 

A(|) = <1)2-01 = k(na-n^jd = k An d . (6-1) 

Rewriting this equation in terms of the modulation depth, d, reveals, 

A0 A. d = (6-2) 
2K An 

Equation (6-2) shows that larger index changes. An, can lead to thinner elements. 

For example, consider a substrate with indices n^ = 1.5, and ni^ = 1.25 (An = 0.25). 

In order to impart a phase delay of In, the modulation must be made to a depth 
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of, d = 4A.. However, the rear surface of the substrate could be coated with a 

reflecting material, and the structure used in reflection mode. In this case, a 

double pass is made through the structure, and a maximum depth of only Ik is 

required. This factor of two makes reflection hologranas thinner, which can lead 

to more accurate fabrication. 

The lateral dimension of the index modulation is known as the hologram 

feature size (or pixel size). The fabricated hologram features must not be too 

large, nor too small. Features that are too large lead to very small diffraction 

angles, which make it difficult to resolve the intercormect pattern. Features that 

are too small become transparent to the wavefront, and are seen only as a bulk 

effective index.'^^"'^^ Light cannot propagate spatial information finer than a 

wavelength, X. If hologram features are made smaller than this, the light carmot 

respond to each pixel individually, rather it responds to the average or effective 

modulation across many features. Appropriate hologram feature sizes range 

from roughly the wavelength of light, X, to 20^ (if visible light is used, this means 

pixel sizes on the order of 0.5 microns to 10 microtis). However, the use of fea

tures on the order of the wavelength is problematic. The hologram design 

techniques that are used, apply a scalar model of diffraction that assumes large 

pixel sizes (relative to k). If this assumption is violated, then some error will 

certainly exist between the predicted behavior and the actual behavior. A com

mon rule of thumb is that scalar diffraction theories are accurate when the 

hologram feature size is larger than about lOA..®'''®® To avoid the discrepancy 

between the predicted and actual behavior, a more rigorous diffraction model 

could be used in the design process. However, in most circumstances it is too 
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computationally expensive to design holograms this way.®^'^° Therefore, practical 

holograms are typically designed with scalar models, and some performance 

difference is expected between the fabricated holograms and their designs. 

To summarize these requirements on the dimensions of a CGH, a typical 

hologram surface profile (for visible wavelength), will have square pixels with 

features on the order of 2-5 pm, and depths of 0.5-2 |im. These are small struc

tures, and fabrication of these profiles requires precise micro-fabrication 

techniques. 

6.2 Fabrication techniques 

Many different strategies have been employed to fabricate the index modula

tions needed for diffractive optical elements. Some techniques permit the 

fabrication of a continuous range of phase delays, others limit the designer to 

only a finite number of values. Some techniques are capable of producing 

smooth, continuous index profiles, others are limited to producing pLxelated 

profiles that change only at regular periodic intervals. Some techniques can 

write upon a curved surface, others are limited to planar surfaces. Some tech

niques work with a variety of substrate materials, others are limited by special 

properties of the mediimn. There are many factors that can be used to categorize 

fabrication techniques; however, they seem to organize logically into two main 

classes: those that attempt to modulate the material's index directly, and those 

that attempt to modulate the index indirectly, through the creation of a surface-

relief pattern. Of these two categories, the surface-relief approach has been much 
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more actively pursued; it's methods can be further subdivided according to the 

details of how the surface is formed. Figure 6-2 shows a chart of the techniques 

used in the fabrication of diffractive optical elements. 

DOE Fabrication 

Surface Relief Index Modulation 

Ion exchange in glass Phase SLM's 

Deformable mirrors Surface machining Lithography 

Diamond turning Laser ablation Direct pattem Mask pattern Holographic pattern 

Analog Digital Analog Digital 

Figure 6-2. Outline of phase-only DOE fabrication techniques 

6.3 Index modulation 

Some computer generated holograms are fabricated by directly modulating 

the index of refraction of a host material. Figure 6-2 identifies two techniques 

that are used to accomplish this: ion-exchange in glass, and spatial light modula

tors that modify the index of refraction electronically. The ion-exchange in glass 

technique is useful for producing static diffractive elements with a planar inter-

face.^^'^^ Apertures are placed over a glass substrate, through which a molten salt 

is allowed to diffuse, locally changing the index of refraction. Modulation 

strengths have been reported of An = 0.049 to 0.27 These values require 

modulation depths of 20^ - 4^. The isotropic nature of the diffusion process 

produces index profiles that "balloon" out from under the aperture opening; that 
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is, the diffusion is as active in the lateral directions as it is downwards. A conse

quence of this effect is the creation of continuous, graded-index profiles. A 

carefully designed binary mask can take advantage of this modulation profile to 

create simple analog phase patterns. However, additional masking and diffusion 

steps are needed to create more complicated grating structures.^^ The goal of this 

fabrication technique is to produce continuous index profiles, so the idea of a 

pixel size is somewhat inappropriate. However, features confined to several 

microns can be made for the thinner holograms. A further reduction in feature 

size can be obtained if an electric-field is used to preferentially drive the ion-

exchange process downward.^^ 

Spatial light modulators (SLMs) that affect the phase of a wavefront have also 

been used to produce index modulated holograms.^'^'^^'^^ SLMs rely upon tempo

rary electro-optical effects, which allow phase delays to be modified in time as 

well as space. Some types of phase SLMs take advantage of the strong natural 

birefringence of liquid-crystal materials. When an electric field is applied across 

the liquid, the molecules reorient themselves to align with the field, and thus 

change the effective index presented to a linearly polarized beam.^^ One type of 

SLM uses the optical activity of liquid-crystals to rotate the incident polarization 

into one of two 180° opposed directions; this has the effect of encoding binary 

phase delays.^^ Other types of SLMs are capable of producing continuous phase 

delays between 0 and In these devices, the phase delay is specified by care

fully rotating the axis of the birefringent liquid crystal, until the desired effective 

index is presented to the wavefront. This strong control over the index of refrac
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tion, translates directly into continuous phase modulation. A maximum index 

modulation strength of An = 0.2 has been reported for these liquid crystal de

vices, leading to hologram thicknesses of 5X..^^ 

Whichever type of liquid-crystal is used, a SLM is constructed by confining 

the liquid into a thin, uniform sheet. The spatial modulation across the sheet, is 

then controlled by either optical or electrical signals. If electrical control is used, 

the sheet is subdivided into cells (pixels) that can be individually addressed by 

transparent electrodes. Unfortimately, electrically addressed SLMs have fairly 

large pixels and a low SBWP (e.g. 128 x 128 array of 200 |im pixels).^^ An opti

cally addressed modulator, on the other hand, is controlled by imaging a pattern 

onto the backside of the liquid crystal. The image is converted into a charge 

pattern by a photosensitive material, which creates the necessary voltage across 

the liquid crystal. Optically addressed modulators are capable of much higher 

resolutions (e.g. 5-20 |im pixels, over a 2 cm square area).^^ 

6.4 Surface relief fabrication 

The more common method of hologram fabrication, is the formation of sur

face relief patterns on a substrate. With reference to figure 6-1, this technique 

works by setting the index nj^ = 1; essentially, the index modulation is obtained 

by replacing substrate material with air. Depending upon the material, the index 

modulation can be larger than those stated in the previous section. For glass, a 

typical value may be An = 0.5, for a semiconductor such as gallium arsenide, the 

value may be An = 2.3 (although this material is opaque to visible wavelengths). 

Additionally, the relief structures can be mirrored and used in reflection, in 

which case the incident and exit medium is the same; mathematically, the exit 
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medium is represented with an effective index of n^^ = -n^ (sign change upon 

reflection). Reflection holograms exhibit large modulation strengths. When 

reflection occurs on the air side of the boundary, the modulation is An = 2.0. 

When reflected from the substrate side, the modulation becomes even larger. An 

= 2n. The strong index modulations that are obtained from surface relief holo

grams, lead to the fabrication of thirmer holograms {Ik - A,/4 deep). Thin 

holograms behave more like the models that are assumed in their design, and 

exhibit better performance. Figure 6-3 shows an example of a surface-relief 

pattern necessary to encode a realistic hologram design. 

Figure 6-3. a) A grayscale representation of a phase-holo-
gram design (grayscale 0 to 2K), and b) the surface relief 
structure that will implement it. 

There have been a variety of techniques used to produce surface-relief holo

grams. These techniques can be classified according to the specific method used 

to shape the surface (see figure 6-2). Some surfaces are deformed adaptively, and 

can be reshaped. Other surfaces are patterned permanently, either by direct 

machining or through the use of lithographic techniques. The lithographic 

methods are very popular, owing to the fact they use the same equipment and 

techniques that are used in the fabrication of semiconductor circuits. 
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Some spatial light modulators have been built, that use an array of small, 

deformable mirrors to modulate the phase of a wavefront.^^-^""'^'^^ Rather than 

using liquid crystals, these SLMs rely upon an electromechanical effect, which 

can translate the surface of a miniature mount by electrical control. Each pixel 

holds a single mirror segment, which is mechanically isolated from all of the 

others. The mount can be made to piston up and down, to implement a variable 

phase delay. When all of the mirrors are considered together, a surface-relief 

pattern can be created to implement hologram designs in reflection. Because a 

reflection mode is being used, the index modulation is effectively An = 2.0 . The 

mirror pixels have been made in sizes of 50 - 25 jim, in arrays of 128 x 128 ele

ments.^™ These deformable mirror devices have the advantage of being 

reconfigurable, but have the disadvantage of low SBWP. 

Some diffractive optics have been fabricated by direct micro-machining of a 

surface. Two techniques have been developed: diamond turning,and laser 

machining.In each of these approaches, material is directly removed from 

the substrate surface, either by a hard-tipped diamond tool, or by a high-energy 

laser beam that can directly ablate material. Both techniques can produce, 

smooth, continuous surface profiles; however, a diamond tool is restricted to one-

dimensional or circularly symmetric patterns.One strong advantage of a 

diamond tipped machining tool, is that it can write diffractive designs into 

curved surfaces. 

Lithography is perhaps the favorite means for fabricating computer generated 

holograms. A lithographic process consists of two basic steps. First, a pattern is 

generated and exposed into a photoresist; second, that pattern is developed and 

etched. Although there are only two steps involved with lithography, the variety 
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of implementations that exist is truly impressive. In the first step, pattern expo

sure, optical and particle beam sources have been used from low to high energy, 

including visible light^°®'^°^, uv^^°, x-ray"^ electron beams"^, and proton 

beams The source exposes a pattern into the photoresist either by imaging a 

mask of the pattern"", contact printing through the mask^"'', raster-scanning the 

focused source in the shape of the pattem^^"', or by representing the pattern via 

the coherent interference of two or more wavefronts^"^. Once the pattern has 

been exposed in the photoresist, it is then etched by one of the following meth

ods: wet chemical etching^^"*, reactive ion etching^"^'"^ or ion milling^^^. 

In many instances, the result of an exposure and etch is to produce a depth 

pattern with only two different levels. In these cases, the process can be repeated 

by aligning a separate binary mask (or scaiming a write-beam) over the first 

pattern, and repeating the process. In separate applications of the process, the 

pattern is etched to a different depth. In this way, n separate processing steps can 

produce 2" distinct depth levels; these lithographic methods are referred to as 

"binary". There are other techniques that can produce continuous depth levels 

with only a single application of the lithographic process. These methods either 

expose the photoresist through a grayscale mask^''^-^^ or use a variable energy 

write beam to directly pattern the surface"^-""*; these lithographic methods are 

referred to as "analog". 

In this research, holograms were produced via two different types of litho

graphic processes. One technique was a multiple-mask binary lithography 

process. The fabrication work was performed by the Honeywell Technology 

Center under a DARPA sponsored CO-OP program.Designs were re

stricted to three binary masks, leading to surface-relief structures with up to 
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eight distinct depths. Another process used for fabrication was analog direct-

write e-beam lithography, which was performed at the NASA Ames Jet 

Propulsion Laboratory (JPL).In this process, a single surface patterning, 

combined with a wet etch, yields a surface with continuous depth levels. This 

direct-write technique was used for the majority of the holograms studied in this 

research. The rest of this chapter will describe these two fabrication methods in 

more detail, including an analysis of the resultant surface quality and process 

errors. 

6.5 Multiple-mask photolithography 

Multiple-mask photolithography was used with contact printing exposure to 

produce diffractive optics with eight distinct depth levels. To fabricate eight 

depths, three different binary amplitude masks are required. Each mask was 

generated by exposing chrome on glass with an e-beam writing machine to 

produce a binary amplitude pattern. Since the patterns were to be exposed by 

contact printing, the masks were written at a 1:1 scale. To print a single mask 

into the substrate surface requires four steps: exposure, development, etching, 

and cleaning. The exposure process requires first depositing a thin layer of 

photoresist material (0.25 ^m) on top of the substrate surface. The binary ampli

tude mask is then placed in contact with the surface, and a shadow print is made 

into the resist by exposing with an energy source. The next step is to develop the 

photoresist. The regions of the photoresist that were exposed through the mask 

are chemically altered from those that were obscured by the mask. A chemical 

bath is used to selectively remove either the exposed or the unexposed resist 

("positive" or "negative" process), leaving the substrate improtected in some 
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places. In the next stage, an ion etching process rennoves material from the sub

strate. However, where the photoresist remains, the surface is protected from 

etching. In this way the unprotected locations are selectively etched to the same 

depth. The absolute depth is controlled by varying the etching time. Finally, a 

second chemical bath strips the remaining photoresist from the surface, and a 

binary-level relief structure is left. Figure 6-4 illustrates these steps in the photo

lithography process. To obtain a larger number of depths in the relief structure, 

additional lithography cycles can be used, employing different mask patterns 

and etching to different depths. Tjq^ically, the shallow depths are written first. 

This keeps subsequent photoresist layers thinner, which will more faithfully 

record the image of the contact print. One of the difficulties in using multiple 

masks, is aligning subsequent mask patterns to the results of previous etches. 

Registration often needs to be maintained to within submicron accuracy. An

other difficulty is that each mask level is etched independently; this can lead to 

varying accuracy in the realization of each depth. 

Expose Develop Etch Clean 

Figure 6-4. Processing steps in the fabrication of a multilevel 
diffractive element using binary mask photolithography. 
From left to right: expose, develop, etch, clean. Repeat
ing the process can add more depth levels to the surface. 
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The Honeywell/DARPA DOE Foundry run investigated making the fabrica

tion of DOE elements more cost effective by combining the jobs from many 

different designers onto a single wafer. For this reason, a few rules and restric

tions were established. It was decided that the fabrication process would be 

limited to three binary masks, capable of forming up to eight different depth 

levels. Further, the depths would be etched to optimize the hologram perfor

mance for a wavelength of A. = 850 nm. Fused silica would be used for the 

substrate material; the index of refraction of fused silica at this design wave

length, is n = 1.4525 . Putting these numbers into equation 6-2 gives the etch 

depth for each mask level, as shown in table 6-1. 

mask# phase delay depth (run) 

1 K 939.2 
2 K / 2  469.6 
3 k / 4  234.8 

Table 6-1. Etch depths for Honeywell hologram 

The minimum hologram pixel size was dictated to be 1.5 |im. Given these guide

lines, an eight phase level hologram was designed to produce the "GO" 

interconnect pattern (see section 3.12). The design was then broken down into 

three binary phase delay masks (see figure 6-5), translated into 'GDS IT data 

format (used for specifying mask sets in VLSI electronics fabrication), and sent to 

Honeywell. During fabrication, two copies of this design were made, one with a 

1.5 |im pixel size, and the other with a 3.0 ^im pixel size. Replications of each 

hologram were made to fill a 1.5 x 1.5 mm area (30 x 30 for the small size pixels, 

and 15 x 15 for the large). 
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Figure 6-5. Phase design and binary mask set for "GO" holo
gram, a) 8 level phase (grayscale 0 to 77c/4) b) n, c) K/2., 
and d) 7c/4 mas^. 

The holograms were fabricated at Honeywell, and sent back with a report 

detailing the measured process errors.'^^ The report specifies the following errors 

on mask mis-registration, and etch depth. 

mask# misalignment (|im) ideal depth (nm) depth error (nm) 

1 0.14 ±0.09 939.2 -21 ±10 
2 0.22 ±0.11 469.6 -12 ±4 
3 - 234.8 1.6 ±1.3 

Table 6-2. Honej^ell reported fabrication errors 

Honejrwell monitored the errors at representative locations on the wafer, but 

they are not guaranteed to reflect the real errors for the designs. Misalignment 

errors lead to telltale signs of residual lips and cliffs around the pixel edges (see 

figure 6-6). 

Figure 6-6. Simulated effect of mask misregistration using 
error estimates reported by Honeywell 
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To further characterize the fabrication process on our holograms, both 

samples were placed in a scanning electron microscope (SEM) and imaged at 

high magnification. The results show very smooth flat pixel surfaces; however, 

the misregistration errors significantly impact the pixel profile, especially at the 

1.5 fi.m scale (see figure 6-7). 

Figure 6-7. SEM images of Honeywell fabricated holograms, 
a) 3.0 |im pixels, b) 1.5 |Jin pixels. 

The SEM images give a qualitative evaluation of the fabrication method, but 

they do not provide any quantitative information about the depth accuracy. To 

perform a more detailed analysis on the surface structure, the samples were 

placed in an atomic force microscope (AFM). An AFM maps a surface profile by 

delicately dragging a spring-loaded stylus across the sample, and recording the 

tip displacement as a function of position. In this way, a two dimensional raster 

scan across the sample can build up an image of the surface profile. Figure 6-8 

shows the AFM images of the Honeywell hologram surfaces. 
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Figure 6-8. AFM images of Honeywell fabricated holograms, 
a) 3.0 |im pixels, b) 1.5 ^im pixels. 

A plot of a single scan line across the 3.0 |im sample shows the flat pixel tops, 

but also reveals a weakness with the APM measurement technique (see figure 6-

9a). In places where there is a deep but narrow trench, the stylus tip never gets 

to the bottom of the pixel. This occurs when the aspect ratio of the trench is 

greater than that of the AFM stylus. The side of the stylus contacts the steep 

pixel sidewall, impeding the tip from following the true surface (see figure 6-9b). 

Unfortunately, this means that measurements of the deep pixels have more error, 

and sidewalls appear more gradual. This also implies that the measurement of 

the smaller 1.5 |i.m pixels is very suspect. Because the SEM image of the smaller 

pixel surface also looks very bad, attempts to further characterize this design 

were abandoned. However, the larger pixel design was analyzed further. 

Figure 6-9. Errors in AFM measurement, a) sharp edges are 
smoothed, and steep, narrow gaps are measured too 
shallow; b) these effects are due to interference of the 
AFM stylus with the surface; dashed line represents the 
measured profile. 
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A histogram of the measured surface depths is shown in figure 6-10. The 

histogram shows eight, sharp spikes at regularly spaced intervals, indicating 

accurate and uniform pixel depths across the measured sample. Some of the 

broadening in the histogram peaks is due to the AFM measurement error at pixel 

In addition to these general surface characterizations, it is useful to evaluate 

how faithfully the fabrication produced the desired hologram on a pixel by pixel 

basis. In order for the measurements to be compared to the design, the AFM data 

must be reduced to a collection of single values that represent the pixel depths. 

This was accomplished using a MATLAB routine written by Dan Wilson at JPL. 

A two dimensional grid with spacing equal to the pixel size is aligned atop the 

measured AFM surface depths (see figure 6-lla). The depth of each pixel is 

found by averaging the measurements that lie within each box of the grid. How

ever, to avoid errors due to poor grid placement or AFM measurement errors at 

pixel edges, only the center 50% was used in the average. The average pixel 

depths can then be assembled into an image and compared with the design 

values (see figure 6-llb). 

edges. 

Depth Cum3 

Figure 6-10. Histogram of surface depths for the Honeywell 
hologram with 3.0 |im pixels 
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Measured Designed 

Figure 6-11. Pixel-by-pixel comparison of Honeywell holo
gram fabrication, a) A grid overlays the AFM data, and 
depths are averaged, b) averages are compared to design. 

With the measurement data reduced to this form, the fabrication process can be 

characterized quantitatively. Statistics on the pixel depths were gathered accord

ing to design level; for example, all of the pixels that were designed to implement 

a K phase delay were taken together in a single statistical group. The results are 

presented in table 6-3, and graphically in figure 6-12. The measured depth levels 

compare very well to design values. However, the measurements for the deepest 

three levels are considered to be inaccurate because of the difficulty of the AFM 

with measuring deep pixels. This problem is compounded by the mask 

misregistration errors, which effectively reduces the area of the pixel surface. 

level # depth err. (<Meas.> - Design) (nm) i Std. Dev. of depth (nm) 
0 9 9.8 
1 17 13 
2 -4.5 13 
3 -0.8 19 
4 -21 18 
5 -59 77 

6 -137 104 

7 -269 141 

Table 6-3. Measured Honeywell fabrication errors (values in 
italics style are uncertain) 
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Avg. Depth vs. Level - Honeywell 

Level # 

*:Deslgned 

o:Measured 

Std. Dev. of depth vs. level - Honeywell 

b) 
Level # 

10.05 

Figure 6-12. Measured depth and standard deviation of 
depth for hologram fabricated by Honeywell; the dashed 
lines show uncertain data, a) Average depth error, b) 
standard deviation of depth 

It can be predicted from this data, that the individual mask levels were misetched 

by -30 nm {K mask), -13 run (7c/2 mask), and +8 nm (7u/4 mask). These results 

correspond with the reported processing errors from Honeywell (see table 6-2). 

The hologram surface measurements show that very accurate etch depths are 

possible with multiple-mask lithography. All of the depth errors were measured 

to be less than 50 rim, which corresponds to a wavefront error of less than )i/35. 

In addition, the pixel surfaces are very smooth and uniform, as can be seen by 

the small standard deviations for each level. The main problem with the fabrica

tion is the misregistration of the binary masks, which leads to unusual pixel 

profiles, and limits the number of depths that can be made. 

6.6 Analog direct-write e-beam lithography 

Analog direct-write lithography is different from binary-mask lithography in 

two important ways: first, a mask is not used to pattern the surface, and second, 

with a single exposure and etch process, continuous depth levels can be ob

tained. With analog lithography, however, the final surface relief pattern remains 
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in the resist, and is not trarisferred into the substrate. (Attempts have been made 

to do a transfer etch, but these attempts have as yet proved unsuccesful.)^^^ 

Therefore, the resist must be thick enough to accommodate the entire pattern; 

two microtis is sufficient for most holograms. To get the photoresist layer this 

thick, it is baked onto the substrate surface in three incremental steps. The resist 

that is used is polymethyl methacrylate (PMMA, plexiglass). PMMA has an 

index of refraction n^ = 1.491, and an Abbe number v = 57.2 . With this informa

tion, it is calculated that the index of refraction at the design wavelength of X = 

850 nm is close to 1.475. According to equation 6-2, depths of up to 1.79 fim will 

be necessary for a 2K phase delay. The photoresist is not exposed all at once, as is 

the case with a pattern mask, iristead the exposure is performed by a scarming 

electron beam. The e-beam focus is raster scaimed across the surface of the resist, 

writing a specific pattern point by point. As the beam is scanned, its dwell time 

is controlled as a function of position. The dwell time determines how much 

energy is deposited into each portion of the resist. The e-beam energy interacts 

with the PMMA by breaking cross-linked chemical bonds, which increases the 

solubility of the resist. The more energy that is deposited, the faster the material 

will etch (etch rate is proportional to the exponential of dose energy). After the 

exposure, the PMMA is processed by a wet-etch in acetone. The acetone dis

solves the material at different rates, according to how much e-beam energy dose 

it received. With the etch rates carefully controlled across the resist, a constant 

etching time will naturally produce a surface with a continuous number of depth 

levels. Figure 6-13 illustrates the process. This fabrication work was performed 

at NASA's Jet Propulsion Laboratory QPL) in a collaboration with Drs. Paul D. 

Maker, Daniel W. Wilson, and Richard E. Muller. 
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e-beam 

Expose Etch 

Figure 6-13. Hologram fabrication by analog, direct-write e-
beam lithography. The photoresist is exposed by a 
scaniiing variable energy e-beam; the amount of energy 
deposited locally adjusts the solubility of the material. A 
single exposure and etch process can produce continuous 
depth levels. 

Before a hologram pattern is sent to the e-beam to be written, there is signifi

cant data processing that must be completed. The combination of pure acetone 

and PMMA leads to a very aggressive etching technique, which is needed to 

respond to the exposure differences used in analog lithography.^^® To realize 

accurate depths, the absolute dose exposure at every position in the resist must 

be very well controlled. Unfortunately, experiments show that energy is not 

deposited only where the e-beam spot is focused. Rather, the dose profile is 

better modeled by two effects: the direct spot contribution, combined with a 

broader Gaussian distribution (10 |im range) due to scattered electrons. The 

scatter distribution is known as the "proximity effect" (see figure 6-14). 

e-beam 

Figure 6-14. The dose profile due to a focused e-beam. There 
is a direct contribution from the spot shape, combined 
with a Gaussian distribution due to scatter. 
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The proximity effect leaks significant energy into neighboring regions of the 

photoresist, and can dramatically alter the dose exposure and the resulting sur

face depths. In order to account for the proximity effect, the desired dose pattern 

must be deconvolved from the dose point response function, in order to deter

mine the dose to write. This dose correction can require significant 

computational resources if the pattern is large. The dose pattern is typically 

sampled to a two micron resolution for the deconvolution, and DFT routines 

have been written to handle array sizes as large as 8192 x 8192 (16 x 16 mm 

pattern). However, larger aperture holograms can be made if replications of a 

small design are used. Discrete Fourier transforms naturally assume that the 

pattern under consideration is infinitely periodic. If a single copy of a small 

hologram design is dose corrected, identical replications of it can be written 

identically without the need to explicity correct over the larger optic. Replica

tions were used with many designs in order to more easily fabricate 

large-aperture holograms. The trade-off from using hologram replications, 

however, is that pixels written near the edge of the aperture will not receive the 

correct dose and will be developed incorrectly. (In binary lithographic processes, 

lower contrast resists are used, which typically do not respond to the secondary 

dose from the proximity effect.'^® In these cases no dose correction is needed, 

and larger pattern sizes can be written directly without extra data manipulation.) 

Once the pattern has been corrected for the proximity effect, the doses are 

sent to the e-beam controller to be exposed into the photoresist. One unfortimate 

aspect of the JPL e-beam controller is that it is only equipped to handle a maxi

mum of 64 different dose exposures (known as "shot ranks") during a single 

writing session. This means that the corrected doses must be quantized into one 
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of 64 discrete values. There is no scientific reason for this, it is simply that the 

software designers did not envision using the e-beam in this way, and it was 

believed that 64 shot ranks would be sufficient. However, even though the shot 

ranks are quantized, the subsequent convolution of the dose pattern with the 

dose point-spread function does not allow one to say that the surface depths are 

similarly quantized. But, neither are the depths truly continuous, for it is not 

possible to fabricate arbitrary values; the depth levels are "quasi-continuous." A 

simulation of the shot rank quantization effect shows that the depth levels are 

affected by roughly a 25 nm random height error. This imposes an effective 

vertical resolution of 25 nm on the fabrication technique. The lens settings se

lected on the e-beam machine establish a lateral resolution of 100 nm (smaller 

spot sizes are possible, but at the cost of a reduced field size). 

After the photoresist is exposed, it is etched in an acetone bath. The etching is 

controlled by pouring acetone on to the substrate for a fixed time, and stopping 

the development abruptly with a blast of nitrogen gas. The hologram is then 

tested optically to determine if more development time is needed. To help with 

this decision, an additional hologram design is included on the wafer, whose on-

axis diffraction order goes to 0 for ideal development. The on-axis diffraction 

order is very sensitive to development errors and is a good gauge of the etch 

depth. Two additional copies of the test design can be added to the wafer, which 

receive either 5% more or less dose exposure than normal. The zero-order dif

fraction spot of these designs help to ensure good development, by warning 

when the correct etch is approached or overshot. 

To get a direct comparison of the two fabrication technologies (multiple-mask 

vs. direct-write), the same holograms that were made by Honeywell were made 
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by JPL. The hologram is a 32 x 32 pixel design that produces the "GO" intercon

nect pattern; it is quantized to eight phase levels, and it was made with both 3.0 

and 1.5 |im pixel sizes. The deigns were replicated 12 x 12 times for the large 

pixels, and 20 x 20 times for the smaller pixels. Even though the JPL fabrication 

process produces continuous phase levels, eight levels were simulated in order to 

produce a direct comparison of the two fabrication methods. (JPL also fabricated 

additional designs that exploited the continuous phase advantage of their tech

nology, see section 8.5.) The holograms were placed in an SEM to obtain an 

image of the surface quality (see figure 6-15). The images show very clean, 

square pixel profiles, but there is a problem with surface roughness, especially in 

the deeper pixels. 

m 

Figure 6-15. SEM images of JPL fabricated holograms, a) 3.0 
|i.m pixels, b) 1.5 fim pixels 

The holograms were placed in an AFM to obtain a quantitative analysis of the 

surface depths (see figure 6-16). Again the AFM had difficulty recording accurate 

data from the deep pixels, especially for the smaller 1.5 |im design; so only the 

larger pixel hologram was analyzed further. 
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Figure 6-16. AFM images of JPL fabricated hologram sur
faces, a) 3.0 |im pixels, b) 1.5 ixm pixels. 

A histogram of the depths measured in the AFM scan shows the existence of 

eight distinct pixel heights (see figure 6-17). However, compared to the 

Honeywell fabricated holograms, there is a much broader distribution of heights 

centered about each discrete level, especially at deeper pixels. This broadening is 

greater than that due to AFM measurement error, it is because the analog litho

graphic process is being used to emulate the discrete steps formed with binary 

lithography. With analog lithography there appears to be a significant amount of 

depth error. The fact that only eight depth levels should be present makes this 

easy to see. 

0.75 
Depth CuMJ 

Figure 6-17. Histogram of JPL hologram surface depths 

As with the Honeywell analysis, individual pixel depths were averaged from 

the AFM data, so that they could be directly compared to the design (see figure 6-

18). 
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Measured Designed 

Figure 6-18. Pixel-by-pixel comparison of hologram fabrica
tion compared to design. 

Statistics were gathered according to the pixel depth level to characterize how 

precisely the depths were fabricated. The average depth for each level is plotted, 

compared to design depths, in figure 6-19, along with the standard deviation 

about each average. The numbers are presented in table 13-4. Again, the deep 

pixels were not measured accurately by the AFM, and those data are presented in 

italics in the table, and with dashed lines in the figure. 

level # depth err. (<Meas.> - Design) (nm) Std. Dev. of depth (nm) 

0 -60 13 
1 -14 17 
2 13 19 
3 17 20 
4 29 23 
5 15 28 
6 -13 49 

7 -75 113 

Table 6-4. Measured JPL fabrication errors (values in italics 
style are uncertain) 
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Avg. Depth vs. Level - JPL Std. Dev. of depth vs. level - JPL 

£0.5 
':Designed 

o:Measured 

Level If Level It 

Figure 6-19, Measured depth and standard deviation of 
depth for hologram fabricated by JPL; the dashed lines 
show Lmcertain data, a) Average depth error, b) standard 
deviation of depth 

The results show that the depth levels are fabricated with less precision than 

the Honeywell fabrication process, both in terms of average depth and random 

error. These data also indicate that the hologram was underdeveloped by 1.0%, 

which is actually quite good considering the nature of the etching process. A 

better development would scale the average depth levels to match the design 

values more closely; however, it would not affect the random depth error. 

To check the AFM measurement accuracy, a second copy of the JPL 3.0 |im 

pixel hologram was taken to WYKO Corporation and measured with a white-

light surface profilometer. The WYKO RST surface profilometer was used with a 

high magnification microscope objective to image the surface features (see figure 

6-20a). The measurement was taken much more quickly than the AFM measure

ment, as the profilometer images an entire field simultaneously, whereas the 

AFM must do a time-consuming raster scan of the field. The measurement 

results were binned and averaged, to get a pixel-by-pixel comparison (see figure 

6-20b). The data were subjected to the same analysis techniques as described in 

the preceding sections. 



179 

Measured 

Figure 6-20. Pixel-by-pLxel comparison from WYKO mea
surement. a) The raw surface measurement, and b) the 
pixel averages are compared to design 

The level statistics are given in table 6-5, and plotted in figure 6-21. The 

results predict a 1.1% underdevelopment of the hologram, in good agreement 

with the AFM data. Additionally, however, the profilometer is able to see clearly 

to the bottom of the deep pixels, and provides valid measurements over the 

whole range of depths. It is clear that the random depth error is a real effect of 

the JPL fabrication procedure, and that the effect gets worse the deeper the etch. 

The only drawback to the optical measurement is that the surface heights are 

reported in 20 run increments; the resolution is not as good as the AFM. 

level # i depth err. (<Meas.> - Design) (run) Std. Dev. of depth (rmi) 
0 2 17 
1 24 22 
2 34 21 
3 23 31 
4 13 44 
5 -26 48 
6 -33 52 
7 -37 65 

Table 6-5. JPL fabrication errors measured at WYKO 
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Avg. Depth vs. Level - JPL (WYKO) Std. Dev. of depth vs. Level - JPL (WYKO) 

:Designed 

o;Measured 

Level # 

b) 
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Figure 6-21. Measured depth and standard deviation of 
depth for JPL hologram measured by WYKO. a) Average 
depth error, b) standard deviation of depth 

6.7 Conclusion 

Diffractive optics that are designed to work with visible wavelengths require 

micron-scale feature sizes and depths in order to produce reasonable diffraction 

patterns. Micro-fabrication technologies are required to produce surface modula

tions at this scale. A wide variety of techniques has been used to create 

diffractive optical elements. Some approaches directly modify the index of 

refraction of a substrate material, while others try to remove material to produce 

a surface-relief profile. Within these camps, there are methods that can produce 

static, fixed patterns, and others that can be dynamically reconfigured. Of all the 

techniques, surface-relief patterning by lithographic means is the most common. 

Its popularity can be attributed to the fact that it shares the same equipment that 

is used for semiconductor fabrication. Two different varieties of lithographic 

fabrication were compared in this research: the first was a multiple-mask binary 

process, and the second was an analog direct-write process. Multiple mask 

lithography uses several binary amplitude masks to image overlapping patterns 

into a substrate surface. By separately etching each mask pattern to a different 
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depth, multiple discrete depth levels can be achieved on the surface. The analog, 

direct-write technique does not use a mask to pattern the resist, rather it scans 

the surface directly with a focused electron beam. The position of the beam is 

controlled very accurately, while simultaneously controlling the amount of en

ergy that is deposited by varying the dwell time. The rate at which the resist 

etches depends upon the energy dose it receives during exposure. By exposing 

for different development rates as a function of position, continuous depth levels 

are naturally obtained with a single etch. Both fabrication methods have been 

shown to produce good holograms, however, each has particular strengths. The 

multiple-mask process produces very accurate depths, with smooth pixel sur

faces, but suffers from misaligriment of the mask levels, and is limited to a finite 

number of depths. The analog direct-write process produces very good pixel 

profiles, and can create continuous depths, but there is more error in achieving 

those depths; there is also a problem with surface roughness. This section has 

characterized the fabrication processes by directly measuring hologram surface 

quality. Another determination is to measure how well the holograms perform 

optically. This analysis can be found in section 8.5. 
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7. MEASUREMENT SYSTEM 

7.1 Introduction 

A coherent illumination system was built to allow for the careful measure

ment of the performance of fabricated diffractive optical elements. The 

performance is determined by illuminating a hologram with a known wavefront, 

and recording the diffraction pattern that is formed. Unfortimately, there are 

many parameters that vary with different hologram designs (dimensions, feature 

size, wavelength) that change the properties of the diffraction pattern. With each 

new set of hologram parameters, the measurement system needs to be corre

spondingly changed. To keep the measurement system compatible with the 

variety of diffractive optics that were produced, the measurement system was 

designed to control many properties of the incident wavefront, and of the result

ing diffraction pattern. 

The measurement system can be broken down into two different segments: 

the illumination arm, and the reconstruction arm (see figure 7-1). The illumina

tion arm steers and combines two laser beams, and adjusts their power to a 

suitable level. The reconstruction arm then shapes the profile of the incident 

wavefront, illuminates the hologram, and records the diffraction pattern. The 

two arms together, are capable of tailoring the wavelength, amplitude, polariza

tion, curvature, shape and size of the illumination wavefront to a particular 

hologram design. The sculpted wavefront is used to illuminate a hologram, 

whose diffraction pattern is formed on the face of a CCD camera and is digitally 

recorded. The system allows the final image to be scaled, translated and rotated 

to accurately align with the pixels of the CCD camera. The measurement system 
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aiso includes an optical microscope for visual iiispection of a hologram surface. 

This aids in focus, alignment and identification of scratches and other defects. 

The measurement system has proven to be quite versatile in measuring the 

performance of a variety of diffractive optics. 

He-Ne laser 

MMF 
MO 3 

<• \ PBS1 

Poll 
• PD 

PBS 2 
\ 

DIcxje laser 

ND SF 

0 I 
LI ARA 

L4 

0 
L2 

Microscope 

0 
Pol 2 L3 Holo 

CCD 

V 
ARA adjustable rectangular aperture ND : neutral density filter 
CCD CCD camera PBS : pellicle beam splitter 
Holo test hologram PD : photodetector 
L lens Pol : polarizer 
MMF multimode fiber SF : spatial filter 
MO microscope objective 

Figure 7-1. A diagram of the coherent illumination system 
built for measuring diffractive optics. The illumination 
arm consists of the lasers and optics up through the 
spatial light filter; the reconstruction arm constitutes the 
remainder of the system. 
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7.2 Illumination arm 

The illumination arm of the measurement system is concerned with manipu

lating two laser sources into good quality beams for use as incident wavefronts. 

Two lasers are used in the system, a 633 nm He-Ne gas laser, and an 847 nm 

AlGaAs diode laser. The output of the He-Ne laser is a low-divergence, circular 

Gaussian beam, which is linearly polarized. The diode laser is an edge emitting 

device, which is noted for producing beams that have high-divergence, elliptical 

Gaussian profiles, and astigmatism.The output of the diode laser is controlled 

by using two microscope objectives to immediately capture the beam and couple 

it into an optical fiber; the output of the fiber acts as a new light source with a 

circular profile, and lower divergence. However, the optical fiber that is used is a 

thick, multimode fiber, and the output suffers from speckle due to modal disper

sion. Modal dispersion is caused by different group velocities among the guided 

wave modes supported in the fiber.While traveling the length of the fiber, the 

different modes become de-phased and their coherent interference produces 

speckle. Modal dispersion could be eliminated by using a single-mode fiber 

instead; however, in this application the beam eventually passes through a spa

tial filter (SF) which isolates the lowest order mode. Since the SF produces clean 

illumination, a multimode fiber is used because it is easier to couple light into its 

wider core region. The output of the fiber is collimated with a third microscope 

objective. The modal dispersion frustrates attempts to collimate the beam, but it 

is controlled as well as possible. From this point, the He-Ne and diode laser 

beams are combined, and they propagate colinearly through the rest of the sys

tem. 
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The remaining optics in the illumination arm of the system combine the two 

laser beams, modulate the amplitude, and spatially filter the wavefront into a 

smooth illumination profile. The two laser sources are combined by using a 

pellicle beam splitter ('PBS 1' in figure 7-1). To get a pair of beams to travel 

colinearly, it is sufficient to make them overlap at any two points in space. The 

first fixed point is determined by overlapping the beam reflections that are seen 

on the surface of the beam splitter. The refelections of both laser beams are then 

observed on another optical surface further down the beam path. The pellicle 

beam splitter is tipped and tilted to bring the reflection of the diode beam into 

coincidence with the reflection of the He-Ne beam. The advantage of using a 

pellicle beam splitter over another type of splitter is its thinness. A pellicle beam 

splitter employs a membrane that acts like a very thin (5 |im) parallel plate; 

tipping and tilting a parallel plate this thin does not significantly deviate the path 

of the He-Ne beam passing through it. This means that the first overlap point 

will not change while the second is adjusted. This method of combining the 

beams provides sufficient accuracy for the beams from both lasers to pass 

through the same spatial light filter without realignment. Figure 7-2 illustrates 

the quality of the beam overlap. The figure shows images of the two illumina

tion beams as seen in the plane of the hologram. No realignment was made to 

the system between the images; the diode laser is seen to reproduce nearly the 

identical distribution as the He-Ne laser. 



Figure 7-2. Images of a square illumination profile (0.75 mm 
edge) in the plane of the hologram, a) Irnage taken with 
the He-Ne laser active, and b) image taken with the diode 
laser active. The accuracy of the beam overlap is demon
strated here; no realignment was made to the system 
between these images. 

A polarizer, 'Pol 1', and neutral density filter, 'ND', are included in the illumi

nation arm to control the power of the laser sources. It is important to have good 

control of the beam power so that the CCD camera does not saturate. The cam

era controller provides 16 bits of analog to digital conversion, but requires a 

minimum exposure time of 5 seconds (there is no shutter). If there is too much 

light, the CCD camera will saturate; if there is not enough light, the full dynamic 

range of the camera is not exploited. Longer exposures could be taken, but this 

leads to an incresead sensitivity to background signal. A better solution is to 

have the control to increase or decrease the power of the beam. A neutral density 

filter is used to provide a constant power reduction, while the polarizer 

(mounted in a rotation stage) gives variable control. Typically, too much light is 

available with the lasers and an ND filter of 3 is used (10"^ power transmission). 
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The polarizer is very effective in adjusting the power of the polarized He-Ne 

beam, but it does not affect the diode beam as strongly However, the power of 

the diode laser can also be controlled by adjusting the laser drive current. 

Finally, the laser sources pass through a spatial light filter to smooth and 

expand the beam. The filter removes undesirable higher frequencies from the 

beam and provides a smooth, expanding spherical wavefront. This wavefront is 

then passed on to the reconstruction arm of the system. 

7.3 Reconstruction arm 

The reconstruction arm of the system illuminates the hologram with the 

desired wavefront profile and measures the reconstructed diffraction pattern. 

The shape of the illumination profile is always rectangular and its size deter

mines the number of hologram replications that are illimiinated. The size of the 

profile is also important to ensure that light does not overfill the hologram and 

form a bright spot in the center of the diffraction pattern. Therefore, the size of 

the profile must be variable to accomodate the size of the particular hologram 

being measured. An aperture could be placed in physical contact with the test 

hologram to mask the regions that are not to be illuminated. However, contact 

with the hologram could cause permanent damage to its surface. A better solu

tion is to image an aperture onto the hologram. Imaging avoids the risk of 

damage and also allows the size and shape of the profile to be easily changed 

(see figure 7-3). 
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ARA Holo 

Figure 7-3. A rectangular apertiure is imaged onto the holo
gram to provide an easily adjustable illumination profile. 

The holograms that are measured in this system are of the Fourier transform 

variety; the best diffraction patterns are seen in the far field. Rather than observ

ing a reconstruction at infinity, a lens can be used to form the Fourier transform 

of the hologram in its rear focal plane (see section 2.6). The scale of the recon

struction depends upon the diffraction angles of the orders, and can be calculated 

from the hologram's feature size, Ax^, the illimiination wavelength, X, and the 

focal length of the lens, f (see section 2.7). If the entire diffraction pattern is to fit 

into the CCD detector area, the scale of the reconstruction must not be too large. 

Similarly, if the CCD is to provide good resolution of the diffraction pattern, the 

reconstruction scale must not be too small. Since different holograms are likely 

to have different diffraction angles, the Fourier transform system should allow 

for a scalable reconstruction. This can be accomplished if the hologram is placed 

between the Fourier lens and its focal plane (see section 2.6). Adjusting the 

distance between the hologram and the focal plane changes the scale of the 

reconstruction (see figure 7-4). 
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Figure 7-4. The hologram output is reconstructed in the rear 
focal plane of the Fourier transform ler\s. If the hologram 
is placed between the lens and focus, the reconstruction 
scale can be adjusted by changing the separation, d : 
I  =  d X  /  A X [ ^  

Unfortunately, if the hologram location can be changed to modify the recon

struction scale, this makes it difficult to image an aperture mask onto the 

hologram. As the hologram is translated along the optical axis, the image of the 

illumination aperture will become defocused. The aperture can be kept in focus 

with the hologram if it is also moved to a new position (that satisfies the imaging 

equation), however, this will also produce a change in image magnification (see 

figure 7-5). A magnification change will alter the number of replications that are 

illuminated or can overfill the hologram, flooding the on-axis interconnect with 

extra light. What is needed, is an imaging system that provides a fixed magnifi

cation as the conjugate planes are changed; such an imaging system exists in the 

form of an afocal lens. 
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Figure 7-5. A possible reconstruction system. As the holo
gram is translated to adjust the reconstruction scale on 
the CCD camera, the aperture must be translated to keep 
its image focused on the hologram. Unfortvmately, the 
new object/image planes also give a different magnifica
tion, m = z'/z. 

An imaging afocal system is the same as a telescope, but used with objects 

close to the objective lens. When a telescope is used in its standard configuration 

to view distant objects, it presents a virtual image to the eye with magnification 

power, MP. When a telescope is used to view objects close to the objective lens 

(within a distance of (MP+l)*f^), it produces a real image with constant magnifi

cation -1/MP (see figure 7-6)}~ This demagnification factor means that a large 

square aperture can be setup, and the telescope will reduce its image to an appro

priate size in the hologram plane. 

A z / M P -

h i J  h / M P  

f" 1 f' i— 

ARA Holo CCD 

Figure 7-6. The imaging properties of an afocal system. 
Magnification is independent of the conjugate planes, the 
chief ray is telecentric in object and image space. 
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The first-order imaging properties of the afocal system determine the magni

fication and location of the aperture image. Two equations are needed to 

calculate these propeties, the magnification power of a telescope, MP, 

MP = f- , (7-1) 

which is the ratio of the focal lengths of the objective and eye lenses, and the 

familiar imaging equation (rewritten to solve for image position). 

The position of the aperture image can be found by calculating the object and 

image planes, z and z', for each of the two lenses. Assume that the aperture is 

placed near the front focal plane of the objective leris, with an offset, Az, 

Zo=- ( fo+^ )  •  ( 7 -3 )  

By equation 7-2, the corresponding image plane for the objective lens, z^', is 

located at the position, 

+ . (7-4) 

The image from the objective lens, zj, is then used as the object for the eye lens, 

Zg = -(fg + f ^ - zj), which expands to. 

Ze  = - _(MP f . f  ̂  
(7-5) Az 

where equation 7-1 has been used to substitute for f^. By a second use of the 

imaging equation, the final image from the eye lens, zj, can be seen at. 
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This calculation shows that as the aperture, z^, is shifted by an amount Az, the 

final image position, z^', shifts by a scaled amount Az/MP^. In most imaging 

systems, as the conjugate planes change, so does the magnification of the image. 

However, an afocal system is teiecentric in both object and image space, so every 

pair of conjugate planes has equal magnification. The magnification of the 

system, m^, can be found from the product of the two single lens magnifications, 

^ • <7-7) 

The calculation of the system magnification verifies that, regardless of the shift in 

the object position, the image will always have the same magnification, -1/MP 

(see figure 7-6). If the afocal system is constructed with two identical lenses, then 

MP = 1 and a great simplification results. The absolute value of the image mag

nification becomes unity, m^ = -1, and the position of the image plane shifts 

identically with the offset of the aperture, z^' = f^-Az. This is a convenient result. 

The hologram and aperture can be translated together to change the scale of the 

diffraction pattern, without affecting the size or focus of the illumination profile. 

It is this lens design, an afocal system with MP = 1, that was built for the 

characerization of test holograms. First the rectangular aperture is adjusted to 

the size of the desired illumination profile. Next the hologram is translated to 

adjust the reconstruction scale, and finally the aperture is offset by the same 

amount to maintain focus (see figure 7-7). Figure 7-2 shows an example of the 

rectangular illumination profiles that are imaged onto the hologram using this 

optical system. 
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Figure 7-7. Final design of the reconstruction arm of the 
measurement system, an afocal system with MP = 1. 

Before the beam is incident upon the hologram, a polarizer, 'Pol 2', is inserted 

into a collimated space of the beam to control the polarization of the illumination 

profile. 

After the hologram is illuminated, the diffracted light propagates directly 

onto the face of a CCD camera, which digitizes and records the irradiance pat

tern. The diffraction pattern itself can be rotated, scaled and translated to 

produce any suitable orientation on the face of the camera. The CCD camera is 

mounted on a three-axis translation stage, so that it can be precisely positioned in 

the best image plane, and centered on the optical axis. The scale of the diffrac

tion pattern can be adjusted by moving the hologram nearer or farther from the 

camera, as was discussed earlier (see figure 7-4). Additionally, the hologram is 

mounted in a rotation stage, so that the diffraction pattern can be aligned with 

the axes of the camera's pixels. All of these adjustments taken together, give the 

user fine control over the presentation of the measured image. 

The CCD camera is made by Princeton Instruments, and is cooled with a 

combination of an air fan and a thermoelectric mount to -40 °C. Cooling the 

camera reduces the thermal noise, and creates a more sensitive measurement.^^ 

The CCD element has a 512x512 pixel area, with a pixel resolution of 15 [im (7.7 
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mm square active area). The camera has no shutter, but uses a frame transfer 

technique to halt the exposure while the image is digitized. For this reason, 

exposure times and signal strengths are limited by the digitization rate. The 

camera controller can digitize the image values to 12 bits of resolution at a rate of 

1 MHz (= 0.25 second exposure), or to 16 bits of resolution at a rate of 50 KHz (= 

5.25 second exposure). In all the measurements that were taken, the higher-bit 

resolution was used. The longer exposure time unfortunately means that the 

signal level must be reduced to prevent the camera from saturating; unfortu

nately, turning down the source power decreases the signal to noise ratio. To 

improve the measurement, baffling is applied around the camera to reduce its 

exposure to background signal. 

7.4 Monitor optics 

A second pellicle beam splitter, 'PBS 2', was added to the system to allow two 

additional components of illumination control: a power monitor, and an inspec

tion microscope. From figure 7-1, it can be seen that the beam splitter reflects a 

fraction of the wavefront upwards as it emerges from the rectangular aperture; 

this light is captured by a lens, and directed onto a photodetector. This photode-

tector allows the user to monitor power fluctuations in the lasers over the course 

of the measurements. It is important to know the power in the illumination 

beam for calculating diffraction efficiencies. 

Figure 7-1 shows that the beam splitter also sends a portion of the wavefront 

downwards. This light comes from a wavefront traveling backwards through the 

system from reflections off of the hologram surface. The hologram plane and the 

aperture plane are at conjugate image planes of the imaging system of lenses 'L2' 
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and 'L3'. Light that travels backwards from the hologram will be re-imaged at 

the location of the rectangular aperture. The beam splitter samples a portion of 

this reflected wavefront and folds it downwards so the image appears outside of 

the main reconstruction arm. A microscope is placed directly in front of this 

image of the hologram plane, to visually inspect the hologram and the illumina

tion profile. The illumination profile is seen directly from the Fresnel reflections 

off the hologram substrate. The hologram, however, emits no light of its own, 

and must be backlit to be seen. There is very little room to place a light source 

between the hologram and the CCD camera, but a mini-mag lightbulb taken 

from a flashlight works well. 

Visual inspection of the hologram plane is useful for identifying scratches, 

dust, and other flaws, but it has also shown to be invaluable for getting the 

system into good alignment. By observing the hologram plane, the image of the 

rectangular aperture can be brought sharply into focus, the size of the aperture 

can be adjusted to illuminate the desired number of replications, and the location 

of the aperture can be shifted so that its image is completely within the holo

gram. Of course, being done by eye, all of these adjustments must be done using 

the visible He-Ne laser source. If the infrared diode laser is needed for the actual 

measurement, it can be switched on after alignment, with confidence that it will 

reproduce the same distribution (see figure 7-2). Figure 7-8 shows a photograph 

taken through the inspection microscope of a hologram and illumination profile 

together. 



Figure 7-8. Photograph of a hologram (right) and illumina
tion profile (left) as seen through the inspection 
microscope. The profile is translated off of the hologram 
so each can be seen more clearly. The numbered axis 
comes from a reticle in the eyepiece of the microscope. 

7.5 Special configuration 

The measurement system described above is appropriate for measuring 

Fourier transform holograms, which reconstruct in the far field or in the rear 

focal plane of a lens. However, the system should also be able to measure holo

grams that reconstruct in specific locations without the assistance of additional 

optics. These holograms may be lenslets, Fresnel holograms, or Fourier holo

grams that include their own transform lens within the diffractive structure. In 

any case, a modification is needed to the standard illumination system presented 

above. 

To measure these "self-imaging" holograms, the ideal illumination profile is a 

truncated plane wave. The best diffraction patterns are reconstructed at fixed 

distances from the holograms, so there is no adjustment to the pattern scale that 

can be done. The camera must be placed a fixed distance away from the design. 

To incorporate these differences only a single change needs to be made to the 
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previous design: the lens, 'LI', must be moved to collimate the light exiting from 

the spatial light filter. This change does not aHect the imaging properties of the 

afocal system, however, before where the image of the aperture had a converging 

phase front, it is now replaced by a planar phase front (see figure 7-9). 

B O  f  0  - -  0  

SF LI ARA L2 L3 Holo 

CCD 

Figure 7-9. The measurement system modified to measure 
holograms with optical power. The lens 'LI' has moved 
to collimate the output from the spatial filter, 'SF'. 

7.6 Measurement technique 

A methodology has been developed to ensure consistent and accurate holo

gram measurement. To take a good measurement, the camera must be carefully 

aligned with the optical system, the profile of the illumination beam must be 

shaped, and the hologram must be positioned to produce a diffraction pattern 

aligned with the camera. For carrying out the measurements, the test hologram 

is mounted into a rotation stage, which is put onto a three-axis translation stage. 

This is mounted in the illumination system directly in front of the CCD camera 

(see figure 7-1). Initially the hologram is translated out of the path of the illumi

nation beam, such that the light passes through a transparent part of the 

substrate. The camera is then translated in three dimensions until the beam's 

best focus lands in the center of the camera's detector area. This aligns the cam

era with the optical axis of the measurement system, and places the detector in 

the plane that will show the best reconstruction of the hologram. During this 



198 

alignment, the aperture, which controls the shape and size of the illumination 

profile, is fully opened to produce a beam with a large numerical aperture. This 

reduces the depth of focus of the beam, and gives better ser^sitivity in positioning 

the camera. 

The next step in the measurement preparation is to translate the aperture 

along the optical axis until its image in the hologram plane is sharply focused. 

The focus is monitored by looking through the measurement system's inspection 

microscope at the reflections off the hologram substrate (see figure 7-8). When a 

sharp image of the aperture is seen, then the relative positions of the hologram 

and the aperture are recorded for later use. 

Next, the test hologram is translated into the path of the illumination beam. 

The size of the limiting aperture can be viewed through the inspection micro

scope while it's adjusted to form a square beam profile that illuminates the 

desired number of hologram replications (see figure 7-8). It is important that the 

beam profile not overfill the hologram aperture. Light that "leaks" around the 

edges of a hologram will be focused into the center of the detector, which reduces 

the sensitivity of the measurement The inspection microscope is also used to 

examine the hologram surface for scratches or other defects. 

The hologram's diffraction pattern is now visible on the CCD detector. How

ever, it is likely that the pattem geometry does not align well with the CCD 

pixels. The diffraction pattem is already centered on the CCD array, but it may 

need to be rotated with respect to the CCD pixels. The hologram is rotated in its 

mount until the axes of the diffracted interconnect pattem align with the axes of 

the CCD pixels. The scale of the diffraction pattem can be changed by adjusting 

the spacing between the hologram and the camera. One must scale the size of 
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the diffraction pattern until the interconnect locatior\s are spaced by an integer 

number of CCD pixels (between 5-15 for most measurements). This makes the 

image aiialysis much simpler. The hologram is translated along the optical axis, 

until an appropriate reconstruction scale is seen on the CCD detector. However, 

translating the hologram along the optical axis will defocus the image of the 

illumination profile. Due to the unique properties of the imaging system, the 

aperture image can be quickly refocused by moving the aperture to reproduce 

the same separation from the hologram as was recorded earlier. And by design, 

the magnification of the aperture image will not change. 

The last adjustment before the measurement, is to set the irradiance of the 

diffraction pattern. To take full advantage of the CCD measurement sensitivity, 

the brightest point in the reconstruction should be brought as close to saturation 

as possible. The power of the illumination beam can be adjusted by modulating 

the laser power itself, or by rotating one of a pair of crossed polarizers. 

At this point, the measurement is ready to be taken. The reconstructed holo

gram image is recorded by the CCD camera, digitized, and sent to a computer for 

processing. Baffling around the camera is used to limit its field of view and 

reduce background signal and scatter. Nevertheless, some background light still 

gets into the system. To further improve the measurement, a second exposure is 

taken during which the illumination beam is blocked, to obtain a measure of the 

noise and background signal strength. This background image is then subtracted 

from the diffraction pattem measurement. This is an important step, for it in

creases the sensitivity of the low-light measurement. This image is then divided 

by a flatfield image for the camera. The flatfield image describes the relative 
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responsivity of each pixel in the CCD array. Dividing the image by the flatfield 

removes systematic variatioris due to the camera. This processed image repre

sents the final measurement. An example measurement is shown in figure 7-10. 

Figure 7-10. A measured hologram reconstruction (a) and its 
logarithm (b). 

7.7 Conclusion 

A flexible coherent illumination system has been built to measure a wide 

variety of diffractive optical elements. The system is capable of tailoring the 

wavelength, amplitude, polarization, phase, size and shape of the illumination 

profile to match the properties needed for a particular hologram. The system 

uses an afocal lens arrangement to image a rectangular aperture onto the holo

gram as an illumination profile. Using an image of an aperture allows for more 

flexibile adjustments and will not damage the hologram as a contact mask can. 

The hologram reconstructions are measured by a CCD camera and they can be 

scaled, rotated and translated to create any suitable orientation. The system can 

be configured to characterize Fourier transform holograms, or holograms that 

con t a in  focus ing  e l emen t s .  F ina l l y ,  t he  sy s t em inc ludes  a  pho tode t ec to r  fo r  

monitoring power fluctuations in the illumination and a microscope for visual 
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inspection of the hologram surface. The designed measurement system has 

proven to be quite versatile and successful in the characterization of diffractive 

optical elements. 
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8. MEASUREMENT RESULTS 

8.1 Introduction 

Diffraction patterns were measured from many fabricated holograms using 

the optical system described in chapter 7. The holograms that were measured 

represent a wide variety of different uses for diffractive optics. Some designs 

implement traditional grating and lens functions. Other holograms serve less 

traditional roles and produce spot arrays useful for optical interconnects. Of the 

intercormect holograms measured, the majority produced spot arrays with bi

nary interconnect weights; a few, however, produced analog or "grayscale" 

weighted interconnects. A third variety of hologram combines the two functions 

of focusing and spot-array generation. In addition to performing different func

tions, the measured holograms also have a variety of different physical 

characteristics. Some holograms were designed for near-infrared wavelengths, 

others for visible. Some holograms were fabricated at Honeywell by multiple-

mask binary lithography; however, the majority were fabricated at JPL by analog, 

direct-write lithography. Most of the holograms use the advantage of the con

tinuous depth levels provided by the latter technology, but some holograms use a 

limited number of depths. The holograms also have different pixel sizes, num

bers of replications, and limiting apertures. In short, the measurements evaluate 

hologram performance under a variety of different conditions. 

A diffraction pattern is recorded using the measurement technique described 

in section 7.6. However, as an image, it represents only a qualitative measure of 
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the hologram performance. It is the values of the intercormect weights, which 

must be extracted from the image to provide a numerical evaluation of the holo

gram. An example diffraction pattern measurement is shown in figure 8-1. 

Figure 8-1. A measured hologram recor^struction (a) and its 
logarithm (b). 

Values of a diffraction pattern's interconnect weights are extracted from the 

image by computer processing. An intercormect weight is interpreted to be the 

signal strength that would be measured by a point detector at some location in 

the reconstruction plane. This means that the power that would fall across the 

detector area must be integrated to represent its total response, or weight. In this 

research, it is assumed that there is a two-dimensional array of point detectors, 

which cover the diffraction pattern. There is no "dead space" between detectors, 

so that all of the light contributes to one intercormect weight or another. This 

assumption of close-packed detectors is not necessary (and perhaps not even 

realistic), it is just a decision that was made to standardize the image analysis. In 

fact, if the active area of each detector is smaller, crosstalk effects are reduced and 

measured performance improves. However, a smaller detector size also makes 

alignment more critical, which can lead to poorer measured performance. In any 

event, the assumption of zero dead space between detectors provides a lower 



204 

limit on the measured performance. To calculate each detector response, a grid is 

drawn across the diffraction pattern measurement, and the signal within each 

box is integrated. The integral represents the weight of the interconnect at that 

position; this process is called "binning" (see figure 8-2). To make binning easier, 

it is important to have the correct rotation and scaling of the diffraction pattern, 

as it is difficult to integrate over fractional pixels. 

Figure 8-2. "Binning" of a diffraction pattern gives the effec
tive interconnect weights, a) A grid is placed across the 
measured image, and the signal in each box is integrated 
to find b) the interconnect weights; c) logarithm of these 
interconnect weights. 

From the image of the interconnect weights, statistics can be gathered about 

the hologram performance. Three of the important statistics are the accuracy of 

the interconnect weights, the contrast ratio of the pattern, and the diffraction 

efficiency. For binary weighted interconnects, statistics are gathered separately 

for the "1" and "0" interconnects, namely their averages and standard deviations. 

The averages are used to calculate the contrast ratio that is achieved between a 

"1" interconnect weight and a "0" weight (CR = <l>/<0>). Because the data are 

compared in a relative fashion, the data are usually normalized so that the <1> is 

fixed to be equal to 1.0 . This provides a quick way of comparing different mea

surements. The standard deviations of the interconnect weights represent the 
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uniformity with which the weights are realized. The standard deviation (a) is 

reported, along with the maximum and minimum values. The on-axis (DC) 

position is commonly avoided as an intercormect location, because its value is so 

sensitive to errors. The DC position is not included in the statistical results, but is 

measured and reported separately as an indication of etch accuracy. Table 8-1 

shows these statistics gathered for the interconnect weights shown in figure 8-2b. 

Filename #rs ! <1> : cl (%)| #0'sl <0>*E-4I oO'E-t Cnt Rto j DC ; DE MaxO ; Mini -Vlaxl 

p5hl(4,3)j 14 : 1.0 i 6.741 50 ) 92.8 i 75.6 107.8 : 0.20 ! 28.7% : 3.6 E-2 : 0.867 1.14 

Key: 

#l's The number of "one" weiglited interconnects in the measured pattern 

<1> The average value of the "one" interconnects in the pattern, usually fixed to 

Cll The standard deviation of the "one" interconnects 

#0's The number of "zero" weighted interconnects in the measured pattern 

<0> The average value of the "zero" interconnects in the pattern 

aO The standard deviation of the "zero" interconnects 

Cnt. Rto. The pattern contrast ratio, calculated from <l>/<0> 

DC The value of the on-axis interconnect location 

DE Diffraction efficiency 

MaxO Value of the largest "zero" weighted interconnect 

Mini Value of the smallest "one" weighted interconnect 

Maxl Value of the largest "one" weighted interconnect 

Table 8-1. Interconnect statistics gathered from the image in 
figure 8-2b. 

The diffraction efficiency (DE) is also measured from the hologram. The 

efficiency is determined from the ratio of the power in the desired intercormect 

orders to the total power in the entire diffraction pattern. The power in the 

intercormects is measured easily by just adding together their weights. However, 

it is not possible to measure the total power from the same image, because a 

significant portion of the diffraction pattern is not recorded by the CCD; higher 

diffraction orders propagate at steeper angles and miss the active area of the 
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camera. To measure the total power, a second image is recorded. The total 

power is measured by translating the hologram out of the path of the illumina

tion profile, such that the beam passes straight through the substrate, onto the 

CCD detector. This puts all of the beam power into a tight focus on the center of 

the detector and saturates the camera. However, the camera can be defocused 

until the power spreads out enough across the CCD that saturation is avoided. 

From this image, a simple integral of the signal represents the total power of the 

transmitted beam. Notice, however, that the beam still passes through the holo

gram substrate, so that Fresnel reflection losses are not included in the 

measurement of diffraction efficiency. The diffraction efficiency measurement is 

also corrected by a background subtraction and a flatfield normalization. The 

diffraction efficiency measurement was not taken for every hologram, but it is 

reported when known. 

8.2 Measurement uncertainty 

To determine the uncertainty in the hologram measurements, a repeatability 

experiment was performed. The same hologram was aligned, illuminated and 

measured seven different times. The experiment was performed over the period 

of a week to include the effects of the laboratory environment. It is very time 

consuming to realign the optical system for every measurement; however, it is 

the only way to get a comprehensive estimate of the measurement uncertainty. It 

is believed that actual uncertainties should be pattern dependent. But due to the 

amount of time involved, realistically this uncertainty measurement carmot be 
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performed for every unique hologram design. It is felt, however, that the results 

from this one experiment give a reasonable idea of the precision of the illumina

tion system and the measurement technique. 

The hologram that was measured produces the "GO" interconnect pattern. It 

was fabricated at JPL with 3.0 |im pixels and continuous depth levels for a wave

length of A. = 0.633 |im. Approximately 11 x 11 replications of the hologram 

design were illuminated in every measurement. While these data do characterize 

the measurement uncertainty, they do not provide any information about overall 

measurement bias. Table 8-2 presents the data for the measurements, and figure 

8-3 shows the binned interconnect images for each of the seven trials. 

Filename #1'S 1 <1> Ol(%)| #0'si <0>*E-4l a0*E-li Cnt Rto DC ! DE MaxO Mini Maxl 

jpl8_l i 63 1.0 7.931 192 i 149.8 ,114.7 66.7 1.74! 56.49% 7.4 E-2 0.880 1.20 

jpl8_2 ; 63 1.0 8.11 ; 192! 102.7 ' 89.4 97.4 ; 1.64 j 59.76% i 5.3 E-2 0.860 : 1.21 

jpl8_3 : 63 1.0 : 7.251 192] 101.3 I 97.9 98.7 I 1.651 60.45% 5.4 E-2 0.859 i 1.22 

jpl8_4 63 i 1.0 8.58! 192! 128.3 126.9 78.0 i 1.62 j 58.64% 7.1 E-2 0.858 1.25 

jpl8_5 63 ' 1.0 8.00! 1921 125.5 104.1 79.7 ' 1.62! 58.42% i 5.8 E-2 0.838 1.25 

jpl8_6 63 1.0 7.09 1921 123.3 i 89.6 81.1 1 1.63 i 59.93% ; 4.6 E-2 0.838 1.20 

jpl8_7 63 1.0 6.38 i 1921 108.3 86.0 92.3 1.77! 54.61% 4.4 E-2 0.873 1.13 

average 1.0 7.62 119.9 101.2 84.9 ^ 1.67' 58.95% 5.7 E-2 0.858 1.21 

+/ -0  0.75 i 17.3 15.1 11.7 0.06 1.43% 1.2 E-2 0.016 0.04 

Table 8-2. Pattern statistics demonstrating measurement 
uncertainty 

The results of the study are summarized in the average and standard devia

tion (a) rows of table 8-2. The measurement of the uniformity of the "1" 

interconnects, al, shows a modest deviation of 10% of its average. The diffrac

tion efficiency, on the other hand, shows good reproducibility, and is uncertain 

by only 2% of its average. The contrast ratio is the most sensitive measurement. 
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It is calculated by division with a small denominator; small changes in the de

nominator lead to large changes in the quotient. The contrast ratio has a 

deviation of 14% of its average. 

•I L • •-•V'-i 
"a 

a "-fLiiit' 

a a 

Figure 8-3. The seven measured "GO" interconnect patterns 
used for determining measurement uncertainty. 
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8.3 Replication sensitivity 

When looking at measurement data from hologram reconstructions, it is 

important to know the number of hologram replications that were illuminated to 

form that image. The number of illuminated replications can greatly affect the 

performance statistics. As was explained in section 3.10, using more replications 

of a hologram provides a tighter focus for the light that is diffracted into each 

interconnect location. The interconnect energy becomes more isolated and pro

vides more accurate weights. When fewer replications are used, the light 

distribution broadens about each intercormect position, and the energy becomes 

redistributed into speckle-like effects (see figure 8-4). 

Measurements were made to quantify the effect of replications on hologram 

performance. The GO interconnect hologram was used in these experiments. The 

hologram was fabricated at JPL with 3.0 |im pixels and continuous depth levels 

for a wavelength of A. = 0.633 |im. Four measurements were made, each using a 

different number of hologram replications: 11,5,3, and 1. The size of the illumi

nation aperture, and thus the number of replications used, is set by a looking at 

an image of the aperture through a microscope. Unfortunately, this technique is 

somewhat arbitrary and the true number of replications illuminated during a 

measurement is only approximate. This is one source of error in the measure

ment system. As can be seen from the data below, the pattern statistics are quite 

sensitive to the number of hologram replications illuminated, especially when 

the number is small (see table 8-3). 
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# Reps #1'S I <1> : al {%)! #0'si <0>*E-4! a 0*E-4 Cnt Rto i DC! DE 1 MaxO Mini Maxl 

11x11 63 i 1.0 8.06 1 192; 132 1112 I 75.6 ' 1.73 i 6.5 E-2 0.85 1.16 

5x5 : 63 i 1.0 9.38! ^92 i 129 •131 77.3 1.76; 1 7.0 E-2 0.81 1.26 

3x3 63 { 1.0 15.191 192 i 201 237 ; 49.7 ; 1.72! : 1.1 E-l 0.71 1.42 

1x1 63 i 1.0 22.931 1921 468 ;696 ! 21.4 1.36 i ; 4.3 E-l 0.54 1.55 

Table 8-3. Statistics showing the measurement sensitivity to 
the number of illuminated hologram replications. The 
data are taken from the images shown in figure 8-4. 

- 3 x 3  - 1 x 1  

Figure 8-4. Measured effects of illuminating different num
bers of hologram replications (logarithmic grayscale). 
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8.4 Polarization sensitivity 

The measurement system allows control over the polarization of the wave-

front incident on a hologram. A quick experiment was undertaken to see if the 

hologram reconstructions were sensitive to the beam polarization. The GO holo

gram was used in this experiment. The hologram was fabricated at JPL with 1.5 

[im pixels and continuous depth levels for a wavelength of A, = 0.633 pm; ap

proximately 18 X 18 replications were illuminated. In scalar theory, the 

holograms are inserrsitive to polarization. A smaller pixel size was chosen for 

this experiment, to maximize the likelihood that any polarization effects would 

be noticed. "S" and "P" states of linear polarization were produced, and measure

ments of the corresponding diffraction patterns were taken (see figure 8-5). 

The measurement results show that there is no significant difference in the 

reconstructions due to the polarization of the illumination profile. This is not 

particularly surprising, since the holograms are basically crossed gratings with a 

phase modulation that shows no preferred axis. The measurement results are 

shown in table 8-4. 

Polariztn. #i's; <1> al (%)i #0's 1 <0>*E-4i CT 0*E-4 Cnt Rto } DC i DE MaxO Mini Maxl 

"P" 63 1.00 9.89 i 1921 159.9 84.6 63 2.171 58.8% 5.3 E-2 0.80 1.23 

"S" 63 : 1.00 9.86 1921 181.1 ; 96.1 55 2.11 i 57.1% 5.6 E-2 0.76 1.22 

Table 8-4. Statistics showing the sensitivity of hologram 
reconstructions to the polarization of the illumination 
wavefront. 
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Figure 8-5. Measured interconnect patterns from a) "P" and 
b) "S" polarized illumination 

8.5 Honeywell vs. JPL "GO" holograms 

Measurements were made to compare the optical performance of holograms 

created with two different fabrication techniques. One set of holograms was 

fabricated by the Honeywell Technology Center using multiple-mask photoli

thography (see section 6.5). The other set of holograms was fabricated by the 

NASA Jet Propulsion Laboratory (JPL) using analog, direct-write e-beam lithog

raphy (see section 6.6). Two different holograms were designed to implement the 

GO interconnect pattern (see section 3.12); one design uses continuous depth 

levels, while the other is limited to only eight discrete levels. Honeywell could 

only produce the eight-level design and made two copies of it, one with a 3.0 jim 

pixel, and the other with a 1.5 |im pixel. Both of the Honeywell holograms were 

optimized for an illumination wavelength of A. = 0.850 (im. The fabrication tech

nique used at JPL provides much more flexibility in the variety of holograms that 

can be made on the same wafer. JPL fabricated 8 holograms, creating all possible 

designs from the combination of phase levels (8-level or continuous), illumina

tion wavelength (X. = 0.850 jim or 0.633 |im), and pixel size (3.0 |im or 1.5 M.m). 

The identification of these holograms is shown in table 8-5. 
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Holo. ID j Wavelength (nm) | # Phase levels } Pixel size (txm) 

HNWL_1 i 0.850 1 8 ! 1.5 

HNWL_2 ! 0.850 8 3.0 

JPL_1 0.850 8 1.5 

JPL_2 0.850 8 3.0 

JPL_3 0.850 C 1.5 

JPL_4 0.850 C 3.0 

JPL_5 0.633 8 1.5 

JPL_6 0.633 8 3.0 

JPL_7 0.633 c ! 1.5 

JPL_8 I 0.633 C i 3.0 

Table 8-5. Identification of GO hologram designs 

The diffraction patterns from each of these holograms were measured, and 

statistics were gathered for the resulting interconnect weights. For the 3.0 |im 

pixel holograms, roughly 9x9 replications were illuminated; 18 x 18 replications 

were used for the 1.5 jim pixel designs. The measurement statistics are shown in 

table 8-6, and the images in figure 8-6. 

Filename f f l ' s  <1> al (%)i #0'S: <0>*'E-4I a  0*E~1 Cnt Rto DC! DE MaxO Mini Maxl 

HNWL_1 6 3  1.0 21.92! 192! 538 391 18.6 1.94; 36.7% 2.7 E-1 0.40 1.90 

HNWL_2 63 1.0 11.57! 1921 229 142 43.6 1.581 53.9% 1.0 E-1 0.68 1.37 

JPL_1 63 1.0 19.83 i 192 490 209 20.4 1.07! 41.0% 1.5 E-1 0.57 1.68 

JPL_2 63 : 1.0 11.87 192! 194 120 51.6 0.05! 52.0% 8.1 E-2 0.79 1.39 

JPL_3 63 1.0 ' 11.69 1921 135 172 74.1 3.99! 44.0% 1.3 E-1 0.70 1.26 

JPL_4 63 1.0 8.28! 192 j 172 103 58.1 2.58 i 57.0% 7.5 E-2 0.85 1.21 

JPL_5 63 1.0 ' 15.671 192i 181 125 55.4 : 0.09 j 49.2% 6.2 E-2 0.66 1.47 

JPL_6 63 1.0 i 9.16! 1921 183 103 54.6 ' 0.121 52.2% 6.8 E-2 0.83 1.30 

]PL_7 63 1.0 ; 9.57; 192' 161 86 62.1 2.13 i 53.0% 5.5 E-2 0.77 1.23 

JPL_8 63 1.0 7.62 i 1921 120 101 83.4 1.67 i 59.0% 5.7 E-2 0.86 1.21 

Table 8-6. Statistics comparing measurements of Honeywell 
and JPL "GO" holograms 

When holograms made with identical fabrication parameters are compared 

(see table 8-5), the statistics show that there is not much difference in perfor
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mance between the two fabrication technologies. The two equivalent holograms 

made by Honeywell and JPL show very similar performance results; obviously it 

is not the difference in fabrication method that is limiting the optical perfor

mance. However, the data show convincingly that there are significant 

performance gains to be had by using continuous depth levels, larger pixel sizes, 

and shorter wavelengths in the hologram design. The use of continuous depth 

levels leads to superior phase-only hologram designs. The advantages of larger 

pixels is twofold. Larger pixels allow for more accurate fabrication (recall the 

hologram surface images of figures 6-7 and 6-15), and they more closely satisfy 

the approximations of the scalar propagation methods used in the design proce

dure. Lastly, using a shorter wavelength makes the hologram features larger in 

comparison, further improving the scalar theory assumptions. All of these trends 

are indicated very clearly in the data in table 8-6, with the largest improvements 

coming from the move to continuous phase levels, followed by the move to 

larger pixel sizes, and lastly the use of a shorter wavelength. 



HNWL_1 HNWL 2 

JPL_5 

JPL_7 

JPL_6 

JPL_8 

Figure 8-6. Interconnect weights measured from the 10 
different hologram designs that compare fabrication 
parameters. 
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8.6 Analog weighted interconnects 

A series of holograms was created to produce intercoruiects with analog 

weights (not just simple ones and zeros). Five holograms were designed to 

implement interconnect weights in a grayscale ramp pattern, each with a differ

ent grayscale resolution. The simplest hologram implements interconnect 

weights with grayscale values from 16 to 256 in steps of 16. The most compli

cated design implements weights from 1 to 256 in steps of 1. The series of 

holograms generate grayscale patterns with 16, 32, 64,128, and 256 levels. 

The holograms were fabricated at JPL with continuous depth levels, 4 |im 

pixel features, and etched for a wavelength of X, = 0.633 |J.m. The measurements 

were taken by illuminating approximately 3x3 replications of each design. The 

measured interconnect patterns are shown in figure 8-7. Because the weights are 

no longer simple ones and zeros, the statistics are reported in a different fashion. 

An overall RMS error is calculated for each pattern, which describes the average 

deviation of the measured interconnect weights from their target values. The 

statistics are shown in table 8-7. 

Filename # grays RiMS #0's : <0> oO DC MaxO MinVal MaxVal 

grl 16 6.19 240 0.30 0.40 4.6 1.89 13.9 266 

gr2 32 5.93 224 0.57 0.47 12.3 1.93 8.87 254 

g'"3 64 9.84 192 1.03 0.99 19.2 4.78 4.92 263 

gr4 128 12.8 128 2.91 1.79 32.8 8.14 1.87 270 

g" 256 15.4 0 - - 81.4 - 1.71 286 

Table 8-7. Statistics from measurements of grayscale ramps 
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grl gr2 gr3 

gr4 gr5 

Figure 8-7. Measurements of the grayscale ramp intercon
nect weights 

Figure 8-8 shows plots of the measured weights from each grayscale ramp 

pattern compared with their target weights. Of the five holograms measured, 

only the simplest 16-level grayscale ramp achieved a monotonically increasing 

pattern of weights. It is also evident from the graphs, that the RMS error is really 

a function of the target weight. The larger the target weight, the greater the error 

in its realization. These data also suggest that the larger the density of intercon

nects in a pattern, the greater the error. This follows logically from the idea of 

interconnect crosstalk. If more space-bandwidth product is applied to this prob

lem, either in the form of more hologram replications, or more zero padding 

between interconnects, crosstalk, and thus the error, will be reduced. 
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16 level grayscale ramp 32 level grayscale ramp 

100 200 
Ideal Weight 

300 

® 200 

ra 100 (U 

100 200 
Ideal Weight 

64 level grayscale ramp 128 level grayscale ramp 

100 200 
Ideal Weight 

300 

"S 150 

100 200 
Ideal Weight 

256 level grayscale ramp 

Ideal Weight 

Figure 8-8. Plots of measured grayscale weights compared to 
target weights for the images in figure 8-7. 
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The last measurement of an analog weighted pattern shows a grayscale image 

of a desert vista with a cactus and rock formation (see figure 8-9). This hologram 

was fabricated at JPL with 2 (im pixels and continuous depths for a wavelength 

of A. = 0.633 |im; 3x3 replicatior\s were illuminated. The image has a large num

ber of densely packed intercormects, with target grayscale weights from 1 to 256. 

As the trend analysis of figure 8-8 suggests, this image has a large amount of 

error. An RMS pixel error of 44 was measured. 

Figure 8-9. Intercormect weights measured from a grayscale 
desert vista. 
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8.7 OptiComp's multifaceted hologram arrays 

A "multifaceted" hologram refers to a combination of individual hologram 

designs spatially arrayed into a larger structure. This array of subholograms can 

be used in combination with source and detector arrays to implement optoelec

tronic boolean logic (see section 4.2). While each subhologram in a multifaceted 

array is designed individually, the application requires that the holograms be 

used in combination to interconnect to the same detector locations. This means 

that each subhologram must produce interconnect weights with the same abso

lute diffraction efficiency; the weight of a binary "1" interconnect must be the 

same no matter which hologram it comes from. Great pains were taken in the 

design of the multifaceted arrays to ensure that the predicted efficiency per 

interconnect was equal across all patterns, regardless of the interconnect number 

or geometry (see section 4.4). 

Each OptiComp multifaceted array is composed of 64 subholograms as

sembled into an 8 X 8, close-packed array. The OptiComp application requires a 

two-level cascade of interconnects, which means that two multifaceted holo

grams are needed to implement every function. Not every application uses all 64 

subholograms in its multifaceted array; some of these locations could be left 

blank. However, if these sites are left blank, then stray light could be imaged into 

the center of the interconnect pattern and reduce performance. Instead, these 

unused sites are filled with a "blank" hologram design that diffracts all incident 

light outside of the interconnect region (see figure 4-12). The second multifaceted 

array always consists of simple grating designs (i.e. interconnections to a single 
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detector location, see figure 4-11). Since the "blank" hologram design and the 

grating designs are common to every OptiComp application, their performance 

was measured once. The results are presented in table 8-8. 

The multifaceted arrays were fabricated at JPL with continuous depth levels, 

4 |im pixel size, and optimized for a wavelength of A, = 0.850 |im. For all of the 

measurements presented in this chapter, each subhologram within the array was 

measured separately, and 3x3 replications were illuminated. The way that the 

statistics are presented is changed to reflect the fact that the entire multifaceted 

array must conform to a common "global" irradiance measure. The value of the 

average binary "1" intercormect (<1>), is now scaled so that the values measured 

from all patterns average to 1.0 . Further, the diffraction efficiencies are divided 

by the number of "1" interconnects in the pattern. This gives a more direct com

parison of designs that intercormect to different numbers of locations. The 

measurements from the grating and "blank" holograms are presented in table 8-8; 

the images are shown in figures 8-10 and 8-11. 

Filename #l's <:1> ! al (%)| #0's i <0>*E-4! aO*E-4! Cnt Rto DC DE MaxO 

Gratings 

p2h2 (2,1) 1 0.97 - 63 ; 4.71 ; 14.9 2059 0.001 74.0% 7.5 E-3 

p2h2 (2,2) 1 1 1.00 - 63 1 6.40 16.5 1557 O.OOl 76.1% 7.5 E-3 

p2h2 (2,4)1 1 1.02 ^ - 63 i 5.94 16.5 1722 0.002 78.1% 7.6 E-3 

p2h2(2,5)i 1 1.01 - : 63 6.14 i 15.5 • 1642 0.004 77.0% 6.9 E-3 

p2h2 (2,6) 1 I 1.04 - 63 6.33 : 15.9 : 1640 0.002 79.3% 7.3 E-3 

p2h2(2,7)i 1 0.99 : - : 63 1 6.23 1 15.4 : 1591 0.002 75.7% 7.2 E-3 

p2h2 (2,8) i 1 0.97 - 63 1 4.49 13.4 ; 2166 0.004 74.3% 6.8 E-3 

Global Avg. 1.00 . 5.75 15.4 1 1740 0.002 76.4% 7.3 E-3 

+/-a 0.03 0.80 1.1 ' 243 
1 

0.001 1.9% 3.4 E-4 

Blank Design 1 

blank 1 0 

; 1 

- ! 64 ; 5.5 3.0 

i 

0.010 < 0.8% 2.1 E-3 

Table 8-8. Statistics from the grating and "blank" holograms 
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The grating measurements show very high contrast ratios, and very dark "0" 

measurements (see figure 8-11). It was stated earlier in this chapter that the 

measurement bias was not quantified; however, the corisistency of these mea

surements gives confidence that the bias is at least low enough to permit 

measurements of contrast ratios of 1500:1. It is interesting to note the relative 

strength of the "1" interconnect in these grating measurements. There is a corre

lation between the interconnect weight, and the distance of the intercormect 

location from the optical axis. This is a demonstration of the effect the pattern 

"moment" has on diffraction efficiency (see section 4.4). The closer the pattern 

can be kept to the optical axis (small diffraction angles), the higher will be its 

theoretical maximum diffraction efficiency. (The diffraction efficiencies of the 

gratings are actually greater than reported, > 90%. However, the statistics only 

report the amount of light falling onto a specific detector area; some of the light 

in the diffraction order falls off of this area and thus is not included in the effi

ciency measurement.) The "blank" hologram also shows good performance, with 

less than 0.8% of the incident light finding its way onto the detector locations (see 

figure 8-10). 

Figure 8-10. Measured images from the "blank" hologram 
(a), and its logarithm (b). The DC point is exaggerated by 
the image grayscale. 



(2,1) (2,2) (2,4) 

(2,8) 

Figure 8-11. Measured images from the grating multifaceted 
array 
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8.8 3-bit multiplier multifaceted array 

A multifaceted array was designed to implement digital multiplication of two 

3-bit words (see section 4.4). The multifaceted array uses 12 of its 64 subholo-

grams for unique designs; the other 52 locatioris are filled with the "blank" 

hologram. Each of these 12 unique designs was measured; statistics are pre

sented in table 8-9, and the images are shown in figure 8-12. 

Filename 1 #l's <1> ;cl (%)| #0'sl <0>*E-4i(j0*E-4CntRto| DC iDE/(#rs)| MaxO , Mini Maxl 

p5hl (2,3)! 10 0.90 4.261 54 57.1 i 51.7 : 157 i 0.151 1.96% 2.0 E-2 0.83 0.97 

p5hl (2,4) 9 0.92 5.921 55 48.3 1 39.5 i 192 0.18 i 2.02% 2.0 E-2 0.85 1.04 

p5hl (2,5) 6 0.84 7.221 58 43.6 • 38.2 1 193 0.201 1.84% 2.3 E-2 0.77 0.93 

p5hl (3,3) I 10 0.99 4.161 54 74.7 ; 68.0 ; 132 0.211 2.16% 3.1 E-2 0.92 1.06 

p5hl (3,4) 9 1.05 3.741 55 69.2 j 62.2 ! 151 ; 0.221 2.28% 3.7 E-2 0.99 1.11 

p5hl (3,5) j 6 1.00 4.36 i 58 55.7 i 53.4 179 0.22 2.18% 2.6 E-2 0.94 1.07 

p5hl (4,3) i 14 0.94 6.74 i 50 87.2 : 71.0 : 108 0.19 2.05% 3.4 E-2 0.81 1.07 

p5hl (4,4) 1 16 1.03 4.651 48 97.8 i 89.4 : 105 0.17 2.24% 3.8 E-2 0.95 1.13 

p5hl (4,5) i 18 1.03 8.49 i 46 94.4 79.1 109 i 0.14 2.26% 4.2 E-2 0.89 1.21 

p5hl (5,3) 1 14 1.11 5.58 i 50 100.3 ; 78.6 111 0.17 2.43% 3.5 E-2 1.00 1.22 

p5hl (5,4) i 16 1.09 4.92! 48 108.0 I 88.0 101 : 0.19! 2.38% 4.3 E-2 , 0.98 : 1.21 

p5hl (5,5) 1 18 1.11 10.26 i 46 123.6 112.4 90 1 0.20! 2.43% 5.1 E-2 0.87 1.35 

Global Avg. 1.00 5.861 80.0 ; 69.3 1 136 0.191 2.19% 5.1 E-2 0.77 1.35 

+ /-CT 0.09 1.99' 25.7 21.9 37 0.03 i 0.19% 

Table 8-9. Individual and global statistics for the holograms 
in the 3-bit multiplier multifaceted array 

The design goal for this multifaceted array was to create a global standard 

deviation of the "1" interconnects of 5%; every interconnect produced by the 

array should have the same weight to within 5% of all the others. The measure

ments show that the average non-uruformity within a pattern is 5.9%, but the 

non-uniformity between pattern averages is 9%. If these values are added in 

quadrature, then the global standard deviation of the "1" interconnects is 10.8%. 

The patterns with larger interconnect densities perform poorer on average. 



(23) (24) 

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

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

Figure 8-12. Measured interconnect patterns from the holo
grams in the 3-bit multiplier multifaceted array 
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8.9 8-bit adder multifaceted array 

A multifaceted array was designed to implement digital addition of two 8-bit 

words (see section 4.7). The multifaceted array uses 15 of its 64 subholograms for 

unique designs; the other 49 locations are filled with the "blank" hologram. Five 

of the 15 unique designs were measured; statistics are presented in table 8-10, 

and the images are shown in figure 8-13. 

Filename | #l's 1 <1> ial (%)l #0's| <O>*E-4!0O*E-4CntRto 1 DC 1 DE/(#l's)! MaxO Mini •Vlaxl 

p4hl(5,l) 8 ; 1.11 i 12.31 i 56 j 72.0 1 67.9 154 1 0.721 3.41% : 2.6 E-2 0.82 1.30 

p4hl(5,5)i 4 1 0.96 4.40 60 1 41.7 : 37.7 231 0.52 2.97% j 1.6 E-2 0.89 1.00 

p4hl (5,8) I ; 1.05 1 - • 63 I 20.8 16.0 • 505 1 0.461 3.24% 1.1 E-2 - -

p4hl (6,5) i 16 0.90 1 6.86 i 48 1 61.3 : 52.6 146 0.35 i 2.76% 2.0 E-2 0.81 1.04 

p4hl (6,7) i 12 0.98 3.03: 52 41.4 29.5 237 0.38! 3.03% i 1.4 E-2 0.93 1.03 

Global Avg. 1.00 6.65 1 47.4 40.7 255 0.48 i 3.08% 1 2.6 E-2 0.81 1.30 

+ /-CT 0.08 4.09' 19.8 20.1 146 0.15! 0.25% ! 

Table 8-10. Individual and global statistics for the holograms 
in the 8-bit adder multifaceted array 

The global standard deviation of the "1" interconnects is 10.4%. The large 

value of the DC location indicates that this array may not have been properly 

developed. 



(5,1) (5,5) (5,8) 

(6,5) (6,7) 

Figure 8-13. Measured images from the holograms in the 8-
bit adder multifaceted array 
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8.10 8x8 crossbar multifaceted array 

Amultifaceted array was designed to implement simultaneous crossbar 

switching of 8 input channels to 8 output channels (see section 4.9). The multi-

faceted array uses 56 of its 64 subholograms for unique designs; the other 8 

locations are filled with the "blank" hologram. Eight of the 56 unique designs 

were measured; statistics are presented in table 8-11, and the images are shown in 

figTore 8-14. 

Filename • #l's t  <1> ol (%)| #0's! <0>»E-4lo0*E-4Cnt Rto | DC iDE/(#rs) MaxO Mini Maxl 

p2hl(l,7) i  4 0.92 5.61 60 i 20.6 22.3 : 445 0.151 4.65% 8.5 E-3 0.87 1.00 

p2hl (2,6) 1  4 1.01 4.45 i  60 ; 32.0 31.0 ; 315 0.14 i 5.12% 1.1 E-2 0.95 1.07 

p2hl (3,5) ^ 4 : 0.90 3.14 i  60 I  28.4 35.0 ^ 318 : 0.13: 4.59% 1.8 E-2 0.88 0.95 

p2hl (4,4) 1 8 1.09 7.47; 56 47.9 41.9 228 0.041 5.53% 1.7 E-2 0.90 1.16 

p2hl (5,3) i  4 1.02 4.501 60 . 30.8 ; 36.6 331 0.06 i  5.18% 1.8 E-2 0.97 1.08 

p2hl (6,2) i  4 1.03 4.03; 60 ' 27.3 26.7 376 : 0.05 j  5.22% 1.0 E-2 0.98 1.09 

p2hl(7,l)! 4 0.99 6.84 i 60 • 19.2 : 23.5 518 ; 0.061 5.04% 8.3 E-3 0.92 1.08 

p2hl (8,1) 1  4 1.04 3.141  60 1  16.4 i  19.8 : 634 0.06 i 5.28% 

C
O

 06 

E-3 1.00 1.08 

Global Avg. 1.00 4.90! 27.8 29.6 : 395 0.09 i  5.07% 1.8 E-2 0.87 1.16 

+/-CT : 0.06 1.61: 9.9 : 7.8 131 ' 0.051 0.32% 

Table 8-11. Individual and global statistics for the holograms 
in the 8x8 crossbar multifaceted array 

The measured results for this multifaceted array are better than the others. 

The contrast ratios are high, and the global standard deviation in the "1" intercon

nects has fallen to 7.7% The number of interconnects is not very large in this 

application, which likely accounts for the improved performance. 



(1,7) (2,6) (3,5) 

(7,1) (8,1) 

Figure 8-14. Measured images from the subholograms in the 
8x8 crossbar multifaceted array 
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8.11 Lenslet multifaceted array 

A 32 X 32 array of lenslets was designed for OptiComp and fabricated at JPL. 

Each lerislet is identical, and has a focal length of 3.855 cm, and a square aperture 

of 512 |Jin on a side (f/# = 75). The lenslets were made with continuous depth 

levels, 2 jim pixel features, and optimized for a wavelength of A, = 0.850 p.m. To 

measure the performance of the lenses, the illumination system had to be modi

fied to account for the fact that this design has optical power (see section 7.5). 

The Fourier transform lens is no longer needed, because the diffractive optic is 

reconstructed at a finite distance, not at infinity. A 7 x 7 subarray of lenslets was 

illuminated with an apodized plane wave, and the diffraction pattern was re

corded in the focal plane (see figure 8-15). 

The center-to-center separation between focal spots was measured to be 512.5 

(xm. The diameter of the first dark ring in each focal spot, was measured to be 10 

CCD pixels, or 150 |im. The diameter of the Airy disk pattern for a circular lens 

of the same f/# would be 156.2 fim. The diffraction efficiency measurement was 

difficult, but predicts an average of 97% ± 6%. 

Figure 8-15. Focused spots measured from a 7 x 7 array of 
lenslets (a), and its logarithm (b) 
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8.12 Multifaceted array with diffractive Fourier lens 

An experiment was performed to see if the Fourier lens used to reconstruct 

the hologram patterns could be incorporated into the hologram design itself as a 

diffractive lens. For this experiment, one of the OptiComp multifaceted holo

gram arrays was chosen (see section 4.10), and each subhologram was modified 

by the addition of a diffractive lens segment into its phase design. Since each 

subhologram must interconnect to the same set of detector positions, a different 

segment of the Fourier lens is needed, depending upon the subhologram's posi

tion in the array. To reduce the e-beam write time, only 8 of the 64 subholograms 

were used in this experiment. The subholograms used include one directly 

centered on the optical axis, and another at the comer furthest from the axis. The 

appropriate segments of the Fourier lens were then designed for each hologram, 

as a function of its position in the multifaceted array. The lens segments are 

shown in figure 8-16. 

It is clear from figure 8-16 that the aliasing errors have become a problem for 

the lens segment at the extreme off-axis position. To improve the results, the lens 

segments were sampled at twice the resolution of the hologram pixels before the 

phases were combined (hologram features 4 |j.m, lens features 2|im). The ques

tion is whether the extreme off-axis hologram will focus as accurately as those 

on-axis. Each hologram was measured separately, using the illumination system 

as modified to accomodate diffractives with optical power (see section 7.5). The 

statistics on interconnect performance are given in table 8-12. A direct compari

son of the measurements from the two extreme holograms (on and off axis) is 

shown in figure 8-17, and all of the images are shown in figure 8-18. 



(4,2) (4,4) 

Figure 8-16. Diffractive Fourier lens segments sampled for 
multifaceted array 



(4,4) (1,1) 

Figure 8-17. Measured images from the on-axis hologram 
pattern (4,4), and the extreme off-axis hologram pattern 
(1,1). The logarithm of each image is shown underneath 
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(4,2) (4,4) 

Figure 8-18, Measured ir\terconnect patterns from the eight 
holograms in the multifaceted array with a diffractive 
Fourier lens 
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Filename | #l's | <1> CTl (%) #0's| <0>*E-4| a 0*E-4 Cnt Rto DC DE/(#l's)| MaxO Mini Maxl 

pi(1,1) i 32 j 0.91 11.74 32 1 86.3 i 56.6 105.1 0.002 1.26% 1 2.4 E-2 0.75 1.12 

pi (1,3) ! 32 ! 0.88 12.10 32 133.3 ilOl.7 66.0 0.014 1.22% 1 4.7 E-2 0.71 1.14 

pi (2,2) i 32 ^ 0.85 9.37 32 157.1 I139.7 53.9 0.012 1.18% 1 7.8 E-2 0.71 1.03 

pi (2,4) 32 : 1.09 10.35 3 2 !  112.1 1 92.2 96.9 0.009 1.51% 5.1 E-2 0.90 1.39 

pi (3,1) 32 1 0.98 9.45 32 ! 92.9 i 66.7 105.0 0.005 1.36% i  3.6 E-2 0.82 1.21 

pi (3,3) , 32 i 1.03 10.88 32 102.4 ! 112.7 100.6 0.005 1.44% 6.7 E-2 0.72 1.30 

pi (4,2) ! 32 I 1.08 8.49 32 116.8 ilOl.7 92.8 0.008 1.51% ! 5.7 E-2 0.86 i 1.25 

pi (4,4) ! 32 i  
i i 

1.19 5.59 32 ! 
i  

125.5 106.2 94.8 0.062 1.66% i  6.0 E-2 1.07 : 1.33 

Global Avg. 1 1.00 9.75 

i 
1 
! 115.8 1 97.2 89.4 0.014 1.39% : 7.8 E-2 0.71 1.39 

+ / - a  , 0.12 2.08 
1 

23.0 1 26.1 19.0 0.019 0.17% 

Table 8-12. Individual and global statistics for the multifac-
eted array with diffractive Fourier lens. 

The data show a global standard deviation in the "1" intercoruiect weights of 

15.5%, and a contrast ratio less than 100. These results are poorer than those of 

the previous multifaceted array measurements; however, it is not obvious if the 

larger error is due to the diffractive lens segments or the larger number of inter

connects. From the trends that have been noticed, it is suspected that the larger 

density of intercormects is the main contributor to the larger error. 

To verify the quality of the interconnect overlap, all of the images were com

bined to show the effect of the simultaneous illumination of every hologram (see 

figure 8-19). The interconnects align well onto the same detector positions. 

There are two positions in particular that each intercormect pattem has in com

mon. A study of these two positions revealed that all of the interconnects (one 

from each hologram) lie within +/- 20 |im of the detector center. The detectors 

are spaced by 512 ^im and have a 150 x 150 |im active area. This confirms that all 

of the lens segments functioned well. 
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Figure 8-19. Overlap of interconnects when all 8 holograms 
are illuminated simultaneously (a), its logarithm (b), and 
the interconnect pattern (c). 

While there are two detectors that every hologram connects to, there are also 

two detectors that no hologram connects to. In the OptiComp application, it is 

actually the detectors that receive no light that are critical to success. The ability 

to detect the difference between 0 interconnects and any interconnects is the 

important factor. Whether it can be determined if there are 1 or 8 interconnects 

incident on a detector is unimportant. The image of the overlapping intercon

nects was binned to extract the values of the interconnect weight from each 

detector (see figure 8-19c). The two detectors with no interconnects have an 

average weight of 0.073, or better than 1/10 of a "1" interconnect. The multifac-

eted array performance is good enough to distinguish these "zeros". 
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8.13 Conclusion 

The diffraction patterns from a wide variety of holograms were measured. 

The holograms ranged from simple gratings and lenses to spot array generators 

that produced interconnects with binary and analog weights. The results 

showed that these computer generated holograms are insensitive to polarization, 

at least to the level of the measurement sensitivity. It was also shown that the 

two fabrication processes that were compared performed essentially the same. 

However, the advantage of using continuous depth levels can lead to significant 

performance gains. Performance is also improved by using a larger pixel to 

wavelength ratio. Statistical performance of the holograms was also seen to be 

better when more replications were used, and when fewer intercormects (and 

greater spacing between them) were used. In addition, interconnects with stron

ger weights exhibit more error in the measurements. 

Several multifaceted arrays were evaluated, and it was seen that the global 

uniformity between the designs was poorer than expected. Again, this was 

especially so for holograms that produced dense interconnect patterns. Measure

ments on a grating array confirmed that the pattern "moment" does limit the 

maximum diffraction efficiency of a design. If interconnect weights can be kept 

closer to the optical axis, then they can be implemented with greater efficiency. 

Unfortunately, this contradicts the idea of keeping the intercormects well-spaced 

for increased uniformity. Lenslets were tested and shown to have excellent 

performance as both on and off-axis focusing elements. Lastly several intercon

nect patterns from a multifaceted array were overlapped simultaneously to study 
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the behavior for the OptiComp application. Statistically, this array showed the 

poorest performance of all those measured, however, the results were still suc

cessful. 

While the hologram diffraction patterns show good results in general, there is 

a significant difference in performance between the predicted statistics, given in 

chapters 3 and 4, and the measured statistics, given here. The next chapter con

siders a number of possible sources of error that may help explain this 

discrepancy in performance. 
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9. ERROR ANALYSIS 

9.1 Introduction 

Hologram performance measurements differ significantly from simulated 

predictions. This is not surprising since there are a number of dissimilarities 

between the conditions assumed in simulation, and those actually encountered in 

the laboratory. These differences, or errors, may help explain some of the dis

crepancy in performance that has been observed. In this chapter, the term "error" 

is used in reference to any effect that deviates the performance of the intercon

nect pattern from ideal conditions. The errors that affect the performance of an 

interconnect pattern can be attributed to one of four distinct sources: theory, 

design, fabrication, and measurement. The theory that is used to predict holo

gram diffraction makes a number of assumptions. The hologram is modeled as 

an infinitely thin structure with perfectly square pixels that impart exact phase 

delays on a wavefront. The profile of the illumination beam is assumed to be a 

perfect square of uniform irradiance and constant phase. The diffraction of light 

from the hologram is modeled by a scalar wave theory, which assumes the light 

has a wavelength much smaller than the hologram feature size. The diffraction 

pattern is calculated in the exact plane of best reconstruction without noise or 

background signals. Clearly, all of these assumptions are invalid to one degree or 

another. In this chapter, each of these errors is examined individually to deter

mine its impact on the optical performance of the hologram. The errors are then 

combined to determine if together they can explain the results measured for 

interconnect performance. 
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9.2 Design errors 

There is no analytic method for designing phase-only holograms to produce 

arbitrary interconnect patterns. Instead, hologram design is a large optimization 

problem that searches for solutions that will minimize reconstruction error. In 

most cases, the use of continuous phase levels in the design permits very good 

solutions with highly accurate, but not perfect, weights. The ideal pattern has 

perfect intercormect uniformity, represented by a '0' standard deviation in the 

weights. The ideal pattern also has an infinite contrast ratio, and 100% diffrac

tion efficiency. A hologram design carinot achieve this idealized performance, 

and the errors due to optimization introduce the first departure from perfection. 

This design error establishes the fundamental limit on hologram performance; 

the results for the "GO" hologram design are shown in table 9-1. 

Name i #rs I <1> ! al(%)| SO'sj <0>*E-4I oO*E-4 Cnt Rto i DC i DE , MaxO ; Mini Maxl 
Ideal 63 1.0 ! 0.0 i 1921 0.0 ; 0.0 

Design i 63 i 1.0 i 0.52! 192! 0.052 ! 0.079 ; 191100 

1.0 ; 100% 0.0 1.0 1.0 

0.999 i 63.8% i 5.5 E-5 0.987 1.01 

Table 9-1. Hologram design performance compared to ideal 
(see table 8-1 for a key to the column headers) 

The results presented in table 9-1 for the hologram design assume that an 

infinite array of hologram replications are illuminated; obviously this can never 

be true. When a finite aperture is applied to the hologram, the point spread 

function that determines the shape of each interconnect changes from a delta 

function into a broadened distribution with infinite extent. In the case of a 

square aperture, the particular distribution is a sine function. The energy in each 

interconnect is no longer isolated; rather the tails of the sine profile "leak" energy 

into locations where it is not wanted. The interconnect pattern becomes cor-
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rupted. The redistribution of energy between interconnects is known as 

"crosstalk". The smaller the aperture, the broader the sine profile, and the more 

the reconstruction suffers (see figure 9-1). The effect of crosstalk on the "GO" 

pattern is modeled for different numbers of replications, and the results are 

shown in table 9-2. As more and more hologram replications are used, the per

formance asymptotically approaches the limit of the infinite array (see figure 

9-2). 

Figure 9-1. The effect of a finite hologram aperture on the 
intercormect PSF. a) Ideal interconnects have perfect 
isolation, but b) a finite hologram size broaderis the PSF 
and introduces crosstalk between adjacent interconnects. 

Replica tns. #l's ; <1> 1  crl ( % ) j  #0'si <0>*'E-4I oO*E-4! Cnt Rto DC j  DE MaxO Mini ; Maxl 

oo X oo 63 1.0 0.52! 192; 0.052 0.079 191100 0.9991 63.8% 5.5 E-5 0.987 1.01 

C
O

 >
i 00 

63 1.0 3.08 i  192' 45.8 68.9 ; 218 0.97 I  62.37o 3.6 E-2 0.949 1.07 

4 x 4  63 1.0 6.05 i 192! 91.9 137 109 0.95 ' 
1  

60.7% 7.2 E-2 0.907 1.13 

2 x 2  63 1.0 11.8 192 i  183 264 54.7 0.90 ; 58.0% 1.4 E-1 0.824 1.25 

Table 9-2. Effect of hologram replications on "GO" intercon
nect performance 

The effect of finite replicatioris is seen to have a strong effect on each of the statis

tics, with the exception of the value of the DC location and diffraction efficiency. 

The redistribution of light about the interconnects "leaks" some energy into the 

zero locations, reducing the contrast ratio. The broadened distributions also lead 

to coherent interference between adjacent interconnects, which readjusts weights 

and affects the uniformity of the intercormect weights. Clearly, since the energy 
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is distributed more broadly, the diffractiori efficiericy is reduced, although this is 

a relatively small effect. The reality of a finite hologram aperture reduces holo

gram performance significantly. 

Some designs have been optimized under the assumption that a finite num

ber of replications will be used. In this case, the crosstalk between interconnects 

is considered, and becomes necessary to establish the proper weight at each 

intercormect location. This optimization technique is much more time consum

ing. Also, it only improves the uniformity of the design; other properties, such as 

contrast ratio, still suffer degradation. The performance of such a design opti

mized for a finite number of replications is shown in figure 9-2. 
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Figure 9-2. A plot of reconstruction error vs. the number of 
illuminated hologram replications. The 'o' data show the 
behavior for a "normal" hologram design, in which the 
best performance is for x replications (dot-dash line). 
The 'x' data show the behavior for a hologram design 
optimized for performance at 2x2 replications. 
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Figure 9-2 shows that a hologram optimized for a finite number of replications is 

very sensitive to the appropriate aperture size. However, only the uniformity of 

interconnect weights is improved by this technique, and as will be shown later in 

this chapter, it is doubtful that this advantage would be seen in a measured 

hologram result. 

9.3 Simulation errors 

The diffraction models that are used to optimize hologram performance 

employ a number of idealized assumptions to simplify the calculation. However, 

these assumptions are not always valid, and some of the performance difference 

between measurement and simulation can be attributed to these approximations. 

The hologram is modeled as an infiiutely thin phase plate. It is also assumed that 

the wavelength of the incident light is much smaller than the hologram pixel 

size; tj^ically a factor of 10 or more is assumed.^^-^ In reality, however, the 

hologram is a three dimensional structure, and designs are often fabricated with 

pixel sizes ranging between IX and lOA.. This means that a more detailed model 

of light propagation should be used to simulate hologram diffraction. Unfortu

nately, it is too computationally expensive to implement a rigorous, vector, E&M 

solver for three dimensional problems of this size.^^-^ While the pixel size to 

wavelength ratio may not be large enough for simple Fourier optics to apply, 

neither is it small enough to worry about sub-wavelength grating effects; instead, 

the ratios of interest place these holograms in an intermediate region. Perhaps in 

this intermediate range a more sophisticated model of propagation can be satis

factorily applied without resorting to the full-rigor of a finite-element Helmholtz 

equation solver. 
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Hologram diffraction was simulated with a beam propagation method 

in order to model the effects of the thick, three-dimensional holo

gram structure. The propagation model ignores the wave interaction with 

surface boundaries, but is otherwise rigorous in free-space. As a result of mate

rial transparency, there is no means in this model for the cross-coupling of 

polarization states, and the propagation method is inser\sitive to wavefront 

polarization. The hologram structure is represented by a "lumped model", in 

which it is split into a stack of several infinitely thin phase plates (see figure 9-3). 

Figure 9-3. The "lumped model" trarislates hologram depth 
into a stack of layers, each of which acts as an infinitely 
thin phase plate. 

The BPM simulation steps through the hologram layers one at a time, first 

applying phase delays and then propagating the wave to the next layer. The 

phase delay due to a layer is calculated from the integral of the optical path 

distance from the previous layer. This phase delay is multiplied into the wave-

front, which is then propagated in free-space over the distance to the next layer. 

The propagation between layers is accomplished with an angular spectrum 

technique, which correctly handles evanescent wave propagation (see section 

2.2). When the wave has passed through all of the layers in the stack, a simple 

Fourier transform technique is used to propagate the result to the far field. It has 

been found experimentally that in order for BPM to produce stable, convergent 

results, the lateral sampling of the hologram should be increased to approxi

mately A,/4. The data from this experiment are shown in table 9-3, in which the 

"GO" hologram performance has been simulated using different numbers of 
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samples per pixel. In this simulation, the wavelength is X = 0.633 |im, the pixel 

size is 3.0 pn, infinite replications of the design are illuminated, and 32 steps are 

made through the depth of the "lumped-model" hologram. 

sn\pls/pi>! #l's 1 <1> i  ol { % )  #0'si <0>*E-4! aO*E-4! Cnt Rto i DC i DE MaxO Mini •Vlaxl 

1x1 63 i 1.00 1 0.65 192 0.1 ; 0.1 73342 i 
1 

0.981 63.78% 7.0 E-5 0.99 1.01 

2x2 63 ! 1.00 I 0.85 192! 0.3 0.3 34829 i 0.97! 63.76% 1 1.8 E-4 0.98 1.02 

4x4 ' 63 1 1.00 1 1.61 1921 1.1 i 1-4 8814 0.981 63.57% i 8.1 E-4 0.97 1.04 

8x8 63 ! 1.00 1 2.90 1921 4.1 ; 5.1 2429 i 1.23 62.10% 3.2 E-3 0.93 1.06 

16x16 63 : 1.00 2.98 192 i 5.0 1 6.2 1985 : 1.511 61.28% ! 3.8 E-3 0.92 1.07 

32x32 63 1.00 3.00 1921 5.2 : 6.4 1912 1.581 61.24% 4.0 E-3 0.92 1.07 

64x64 63 : 1.00 3.01 192! 5.3 : 6.5 1887 : 1.60 61.24% i 4.0 E-3 0.92 1.07 

Table 9-3. Simulation of "GO" hologram performance using a 
different number of samples per pixel in the beam propa
gation method. The results converge when the hologram 
pixels are sampled with a resolution of ?./4 or less. 

A similar study was performed to examine the sensitivity of the beam propa

gation method to the number of steps taken through the depth of the hologram. 

It was observed that the sampling in this direction is just as critical; a sampling of 

A./4 shows convergence in the modeling results. The experiment was performed 

on the "GO" hologram, with a wavelength of A. = 0.633 p.m, a pixel size of 3.0 p.m, 

infinite replications, and a lateral sampling increase of 32 times (~A,/7). The data 

for this study are shown in table 9-4. 
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:ps ! #l's 1 <1> iCTl(%)i#0'sl <0>»E-4l oO*E-4! Cnt Rto DC! DE ; MaxO Mini Maxl 

1 I 63 1.00 0.52 j 192 i 0.05 0.08 191104 1.001 63.77% i 5.4 E-5 0.99 1.01 

2 i 63 i 1 j 1.00 ! 1 2.361 192 j 2.9 3.4 3446 1.47 61.23% 2.3 E-3 0.94 : 1.05 

4 ! 63 ! 1 ; 1.00 i 
1 2.78 j 192! 4.5 5.5 2245 1.52 j 61.11% 1 3.3 E-3 0.92 ! 1.07 

S ! 63 I 1.00 1 2.93 192 5.0 6.1 2013 1.56 61.17% i 3.8 E-3 0.92 1.07 

16 63 ^ 1.00 ^ 2.98! 192! 5.2 6.3 1938 1.57! 61.22% i 3.9 E-3 0.92 1.07 

32 ' 63 : 1.00 2.991 192! 5.2 6.4 1917 1.58 i 61.23% i 4.0 E-3 0.92 1.07 

64 • 63 i 1.00 1 3.001 1921 5.2 6.4 1915 1.581 61.24% 4.0 E-3 0.92 1.07 

Table 9-4. Simulation of "GO" hologram performance using a 
different number of steps through the hologram in the 
beam propagation method. The results converge when 
the hologram depth is sampled with a resolution of A,/4 
or less. 

The accuracy of the beam propagation method (BPM) can be verified by 

comparing it to a rigorous couple wave analysis (RCWA). Both methods were 

used to analyze a simple binary phase grating with 50% duty cycle. The surface 

relief was modeled in a material with index 1.5, and illuminated at normal inci

dence with a wavelength of 0.5 |im. These parameters require a modulation 

depth of 0.5 [im. The size of the grating period was varied to investigate perfor

mance from the Fourier regime down to wavelength scales. The pixel sizes used 

were, lOA., 5X,, 3A,, IX, and Xk (the grating period is simply twice the pixel dimen

sion). The performance was quantified by observing the relative efficiencies of 

the diffracted orders. A simple Fourier analysis of the grating predicts that the 

order efficiencies will be independent of the pixel size, and only the diffraction 

angles should change. Because the grating has a 50% duty cycle, Fourier analysis 

also shows "missing orders"; all of the even numbered diffraction orders have 

precisely 0 efficiency (see table 9-5). 

The grating was analyzed using the beam propagation method. The pixel 

sampling was increased by a factor of 32, and 16 steps were made through the 
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hologram depth. The results show that as the pixel size shrinks, higher diffrac

tion orders vanish, which reflects the fact that diffraction angles cannot exceed 90 

degrees. Also, the efficiencies of the DC order and the missing orders become 

nonzero. The weights of the odd numbered orders do not show much variation. 

The numerical results are presented in table 9-5. 

Dan Wilson at JPL modeled the diffraction through the binary grating using a 

rigorous coupled-wave analysis (RCWA)^^^-^^. Both TE and TM polarizations 

were considered, and both reflected and transmitted orders were calculated. To 

compare the results with the BPM method, the average of the TE and TM results 

was calculated, and the efficiencies were normalized to the total amount of trans

mitted light. As the pixel sizes shrink, the RCWA analysis shows the 

disappearance of higher orders, and increasing amounts of light in the "missing" 

orders. The numerical results are shown in table 9-5. 
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Order Efficiencies (%) 

Pix Sz/X 1  0 +1 +2 i  +3 +4 +5 +6 +7 +8 +9 +10 

Fourier Analysis 

All I 0 40.56 0 

1  

4.54 0 1.65 0 0.860 0 0.534 0 

BPM Analysis 

10 . 0.089 40.55 0.090 4.525 0.091 1.641 0.092 0.843 0.094 0.511 0.095 

5 ; 0.380 40.97 0.385 4.573 0.396 1.621 0.400 0.745 0.359 0.293 0.067 

3 ; 1.067 41.30 1.095 4.557 1.086 1.261 0.170 

2 t 2.377 41.80 2.450 4.227 0.341 

1 8.622 44.76 0.925 

RCWA Analysis 

10 0.085 40.94 0.085 4.526 0.087 1.611 0.075 0.805 0.093 0.470 0.097 

5 0.349 41.31 0.357 4.473 0.382 1.493 0.420 0.624 0.446 0.319 0.000 

3 1.010 41.85 1.061 4.361 1.247 0.978 0.000 

2 2.384 42.82 2.669 3.322 0.000 

1 11.015 44.49 0.000 

0 96.29 

97.15 

100 

100 

100 

100 

97.66 

100 

100 

100 

100 

Table 9-5. Data showing the order efficiencies for binary 
phase gratings with different pixel size to wavelength 
ratios. The results are predicted using Fourier methods, a 
beam propagation method, and rigorous coupled wave 
analysis. The gray colored data indicates diffraction 
angles steeper than 30°; BPM does not perform well at 
steep angles. 

The results indicate that the BPM method gives accurate predictions when the 

pixel size is IX or greater. Additionally, the BPM predictions are most accurate 

for orders with diffraction angles less than 30°. Figure 9-4 shows a plot of the 

RMS error between the efficiencies predicted by RCWA and the two other tech

niques. For both Fourier and BPM methods, the errors are calculated considering 

only the orders with diffraction angles less than 30°. 
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Figure 9-4. RMS error of the predicted order efficiencies for 
scalar and BPM propagation methods at different pixel 
sizes. 

While BPM yields adequate accuracy when predicting efficiencies for diffrac

tion orders with angles less than 30°, this is not really a restriction for most 

CGH's. CGH's are designed to work with fractional diffraction orders, which 

never stray far from the optical axis. In fact, all CGH interconnect locations are 

botmd by the orders m = ±1/2. BPM can predict accurate interconnect patterns 

across the central order of most CGH designs. 

BPM also extends the range of predictable hologram performance from pixel 

sizes greater than lOA,, down to nearly IX. Most CGH's fall between these limits. 

Electromagnetic solvers place no limit on pixel size, however, the added com

plexity of these methods limits the size of the problem that can be modeled. With 

today's computers, rigorous calculations are limited to two-dimensional prob

lems with low space bandwidth product. BPM provides accurate diffraction 

calculations for practical CGH designs while maintaining the ability to model 

large, three-dimensional problems of real interest. 

Now that the behavior of the beam propagation model is understood and 

trusted, it can be applied to some hologram designs. Earlier results in table 9-4 
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show the predictions from a BPM analysis of the "GO" hologram design with a 

pixel size of 4.75X. The performance results show significant differences when 

compared to the results from a simplified Fourier technique (equivalent to the 

performance shown for 1 step in table 9-4). The non-uniformity of the "1" inter

connects has increased from an ideal 0.5% to 3.0%. The contrast ratio has fallen 

by two orders of magnitude, and there is a large change in the DC value. 

Another simulation was performed to explore the response of BPM to differ

ent values of the pixel size to wavelength ratio. As the pixel becomes much 

larger than a wavelength, the performance simulations should approach the 

values predicted by a simple Fourier approach. The "GO" hologram design that 

has been explored in the previous BPM studies, has a pixel size of 4.75^. A pixel 

size of lOA, should give results similar to predictions from a Fourier analysis. The 

"GO" hologram was modeled with pixel  s izes  of  1 .5  | im,  3.0 | j .m,  and 6.0 | im {2AX,  

4.75A., and 9.5A,). All three cases were submitted to analysis by the beam propaga

tion method, with infinite replications, a pixel sampling increase of 32, and a 

hologram depth resolution of 16 steps. The results are compared in table 9-6, and 

images of the simulated interconnect patterns are shown in figure 9-5. 

Pix Sz/^ Si's I <1> al (%)i #0'si  <0>"'E-41 csO*E-4: Cnt Rto I DC' DE MaxO : Mini Maxl 

Fourier 63 1.00 1 0.52! 192! 0.052 0.08 ,191100 i 1.001 63.8% : 5.5 E-5 0.987 . 1.01 

9.5 63 1.00 ^ 1.52! 1921 1.3 1.5 7826 1 ' 1.22 62.53% 1 9.6 E-4 0.96 1.03 

4.75 63 1.00 ! 2.99 1921 5.2 6.4 i 1917 1.58 j 61.23% ' 4.0 E-3 0.92 1.07 

2.4 63 1.00 ! 5.951 192 i 21.2 1 26.2 i 472 2.45 i 58.88% i 1.7 E-2 0.83 1.14 

Table 9-6. Simulations of the "GO" hologram diffraction 
using the beam propagation method with different pixel 
sizes. 
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Figure 9-5. Interconnect patterns predicted from the GO 
hologram using the beam propagation method and 
different pixel sizes: a) 9.5^, b) 4.75X. and c) 2AX 

According to strict Fourier theory, the size of a hologram pixel should not 

impact the quality of its interconnect pattern, only its scale. However, the beam 

propagation method shows that when the pixel size becomes smaller than 10?l, 

the performance is altered significantly. To understand why the beam propaga

tion method is sensitive to pixel size, the phase of the wavefront was studied as it 

propagates through one slice of the 3-D hologram structure. Images of these 

results are shown in figure 9-6 for two different pixel size to wavelength ratios. 
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Figure 9-6. The phase of a wavefront as it propagates 
through the thickness of a hologram structure. A wave 
with uniform phase is incident at the bottom of the struc
ture and propagates upwards in the figure. Two different 
pixel sizes are shown, a) 4.75A,, and b) 2AX (the scale in 
the lower figure is larger by a factor of two) 

The wavefront is seen to have constant phase at the bottom of the hologram, but 

as it propagates through the structure, it picks up different delays depending 

upon the amount of material in the column. Notice, however, that the phase 

does not respond exactly to the square pixel profiles, especially where there are 

large discontinuities. A wavefront can only propagate spatial frequency informa

tion of 1/X or lower. When the hologram pixels have frequencies higher than 

this, they are filtered out. This is especially obvious in figure 9-6b. The phase of 

the wavefront that reaches the top of the structure shows the net effect of the 

hologram modulation. This phase is compared to the designed phase delay in 

figure 9-7. As can be seen, the sharp transitions between pixels have been 

smoothed. 



Designed phase delay 

4.5^ pixel size 

2.4A. pixel size 
Mr f - i: 

Figure 9-7. Comparison of designed phase delays with the 
simulated response from two holograms with different 
pixel sizes (grayscale 0 to In). 

Instead of looking at only one slice through the hologram, the phase delay 

comparison can be made for the entire 2-D wavefront exiting the hologram. 

These resul ts  are  presented in  f igure 9-8,  for  pixel  s izes  of  4.75A. and 2AX.  

Figure 9-8. Images of the wavefront phase as modulated by 
three different hologram pixel sizes (grayscale 0 to 2tz). a) 
Pixel size » X, b) pixel size = 4.75A,, and c) pixel size = 
2Ak (the scales have been adjusted so that the images are 
the same size). 

Clearly, the wavefront cannot propagate the higher frequencies represented by 

sharp pixel edges. The results in figure 9-8 imply that perhaps the effect of the 

beam propagation model is equivalent to a simple low-pass filter applied to the 

hologram design. However, this filtering operation is effectively a beam propa

gation method using only 1 step. These results were presented in table 9-4, and 
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they show that a simple filtering shows the same performance as a Fourier 

propagation model. This makes sense, since filtering the wavefront just removes 

the higher frequencies of the Fourier transform, which is the same as removing 

the higher orders in the diffraction pattern; there is no effect on the lower orders. 

Apparently there is more happeriing throughout the depth of the hologram than 

just a simple smoothing. 

The data suggest that perhaps a thinner hologram would show performance 

more similar to the results predicted from Fourier propagation. A thinner holo

gram can be made, if a larger index modulation is available. To explore this 

possibility, the "GO" design was analyzed with the beam propagation method 

using three different values for the hologram index modulation: An = 0.5,2.0, 

10.0 . The index modulation of 0.5 corresponds to a transmission hologram in 

glass, and uses a maximum depth of 2X. The index modulation of 2.0 corre

sponds to  a  ref lect ion hologram used in  air ,  and uses  a  maximum depth of  X/2.  

The index modulation of 10 represents a very thin hologram, A./10, which 

should closely model the behavior of an infinitely thin phase plate. Each design 

uses a pixel size of 4.75X, uses infinite replications, and 16 steps through the 

depth. The data from the simulations are shown in table 9-7. 

An #1'S ! <1> al (%)! #0'si <0>*E-4! (jO*E-4! Cnt Rto DC : DE . MaxO Mini Maxl 

oo 63 ^ 1.00 i 0.52! 192: 0.05 0.08 i 191104 1.00 i 63.77% 5.4 E-5 0.99 1.01 

10 63 1.00 ; 0.61! 192! 0.15 0.16 ! 68730 1.06 63.38% 1 7.8 E-5 0.99 1.01 

2.0 1 63 ! 1.00 ! 1.38 1921 1.1 1.3 j 9240 1.221 62.53% ; 8.1 E-4 0.96 1.03 

0.5 : 63 1 1.00 I 2.99 i 192 i 5.2 6.4 1 1917 1.581 61.23% 1 4.0 E-3 0.92 1.07 

Table 9-7. Simulated performance results for different index 
modulations and hologram thicknesses 
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According to these results, the hologram will perform better if it can be made 

thinner. This is an interesting result. It claims that even with a pixel size to 

wavelength ratio of 2.4, ideal Fourier performance can be approached, if the 

hologram structure can be made thin enough. This implies that it is actually the 

aspect ratio of the hologram pixel that is important and not its absolute dimen

sion. 

The beam propagation model shows trends in its predictions that give confi

dence in its accuracy. Large hologram pixels give results that agree with Fourier 

techniques, and smaller pixels give results that agree with rigorous coupled wave 

analysis. The method is sensitive to a design's pixel size and depth; pixels with 

small aspect ratios perform similarly to predictions from Fourier analysis. While 

the beam propagation model is still not a rigorous vector propagation model, it 

does seem adequate for the analysis of holograms with pixel sizes on the order of 

a fev\' wavelengths. An attractive feature of the beam propagation model is that 

it can be applied to large three-dimensional problems of real interest. 

9.4 Fabrication errors 

All of the hologram performance simulations have assumed that the designed 

surface relief is perfectly fabricated. This assumption implies that pixels are 

made with perfect, square profiles and precise depths. In chapter 6 the surface 

quality of several fabricated holograms was analyzed. From the scanning elec

tron microscope images of the JPL fabrication technique (see figure 6-15), it is 

seen that the square pixel shapes are good, but there is some problem with sur

face roughness, and non-vertical sidewalls. Measurements from an atomic force 

microscope reveal that there is also a random depth error with the fabrication of 
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each pixel depth (see figures 6-17,6-19, and 6-21). The random depth error is 

seen to be a function of pixel depth; the deeper a pixel, the more error there is 

between its designed depth and what is fabricated. JPL holograms are etched on 

a trial-and-error basis. When the DC order of a test hologram is nulled to zero 

(or as close to zero as a visual observation permits), then the etch is stopped. 

This technique unfortimately allows for etching errors of ± 2%. An etching error 

in the JPL fabrication techruque results in a linear scaling of all phase delays. 

These random depth and etch errors appear to be the dominant flaws in the JPL 

fabrication technique. These two fabrication errors were modeled to determine 

their individual effects on the optical performance of the hologram. 

The random depth error in a fabricated hologram was characterized by an 

atomic force microscope and corroborated by a white light profilometer. The 

designed depth of each pixel incurs some amount of random error during the 

fabrication procedure. The statistics of the random error are seen to be a function 

of the designed pixel depth (see figure 6-21b); deeper pixels are made with less 

precision. A fabricated pixel depth, d^, can be modeled by its ideal value, d^, 

offset by some random error, e(dj) 

d f = d i + e ( d i )  .  ( 9 - 1 )  

The random error is assumed to have Gaussian statistics (see figure 6-17), with a 

standard deviation, a(dj), that depends upon the designed pixel depth 

p(e|di) = (27ca^(di)) exp[-x^ /2a^{di))  .  (9-2) 
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The standard deviations of the depth error were measured for a hologram (see 

figiure 6-21b) and fit to a straight line. The equation of this line determines the 

values for the standard deviation in the depth model, 

a(d,) = 10nm+35nm(di/LS/iw) . (9-3) 

The depth error model is applied by independently perturbing each pixel in a 

hologram design. The particular errors are randomly calculated according to the 

statistical model presented in equations 9-1 through 9-3. The altered hologram is 

then reconstructed in the far field to observe the effects of the error on the inter

connect pattern. Since the simulated error is dependent upon the particular 

errors calculated for each pixel, the depth error model is applied many times, 

and statistics are gathered on the average hologram performance. The "GO" 

hologram design was investigated with this model, assuming infinite replications 

and a simple Fourier reconstruction. The results are shown in table 9-8, and a 

representative interconnect pattern is shown in figure 9-9. The results show the 

average error calculated from many independent applications of the error model, 

and the standard deviation, a, about each average. 

Filename #l's <1> al (%)i #0's| <0>*E-4i  oO*E-4 Cnt Rto, DC, DE MaxO Mini Maxl 

No Error , 63 : 1.00; 0.521 1921 0.05 ! 0.08 1191104 | 1.00! 63.77%, 5.4 E-5 0.99 1.01 

Avg. Error! 63 ; 1.00 | 5.38 i  192{ 12.5 ; 13.6 800 | 1.00 j  62.65% 7.9 E-2 0.86 1.16 

±c ! 0.67 i 0.49 i 1.1 31 I 0.08 i 0.45% : 

Table 9-8. Average performance statistics for the "GO" holo
gram perturbed by random depth errors 
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• • • • • 

Figure 9-9. An interconnect pattern reconstructed from the 
"GO" hologram perturbed by random depth errors 

The random depth error model shows a strong effect upon the uniformity of 

the intercoruiect pattern and its contrast ratio. The DC point remains unaffected, 

as expected from the '0' mean of the error statistics. While each individual depth 

error is small (< 50 nm, or A,/25), the combination of all errors contributes signifi

cantly to the overall degradation of hologram performance. 

Another source of error in the JPL fabrication technique is an over or under-

etching of the hologram. The hologram surface relief is obtained during a single 

wet-etch in acetone. Different parts of the photoresist are etched at different rates 

according to the amount of e-beam exposure they received. The etch rates are 

determined so that after a fixed development time each pixel reaches its design 

depth. However, the development time is not well calibrated, and the etching 

time is determined by the visual observation of a test hologram; development 

errors of ±2% are common. An erroneous etch simply changes all of the holo

gram depths by a common scale factor. This is equivalent to illuminating a 

design with a different wavelength of light. This error can be easily modeled to 

determine the effect of mis-etch on the optical performance of a hologram. 
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Again, the "GO" design was used for the experiment with infinite replications and 

a Fourier propagation model. The results for ± 1%, 2% and 3% mis-etching are 

shown in table 9-9. 

Etch Error #i's: <1> cl (%)| #0's <0>*E-4| oO*E-l! Cnt Rto j DC 1 DE MaxO Mini Maxl 

-3% 63 1.00 1.981 192 1.5 1.7 6623 i 1.66 63.27% 1.1 E-3 0.93 1 1.04 

-2% 63 1.00 1.39 192 0.7 0.8 14205 j 1.411 63.48% 5.0 E-4 0.95 ' 1.03 

-1% 63 1.00 ! 0.85 j 192 0.2 0.3 i 46107 i 1.191 63.64% ! 1.7 E-4 0.98 ' 1.02 

No Error 63 1.00 1 0.52 192 0.1 0.1 .191105 1.00! 63.77% ; 5.4 E-5 0.99 1.01 

1% 63 1.00 0.79! 192 0.2 0.3 • 46627 1 0.82 63.87% 1.4 E-4 0.98 1.02 

2% 63 ' 1.00 i 1.351 192 0.7 0.8 : 14128 1 0.671 63.92% j 4.3 E-4 0.97 ' 1.05 

3% 63 1.00 1.96 192 1.5 1.6 : 6505 0.541 63.94% 1 9.8 E-4 0.95 1.07 

Table 9-9. Simulated effect of hologram mis-etch on the 
performance of the GO interconnect pattern 

These results show that a mis-etch of a few percent is less harmful to most 

hologram performance metrics than the random depth error. The one exception 

is the strength of the DC value. It is very sensitive to accurate etching. This 

sensitivity is a good reason to avoid using the on-axis order for an interconnect 

location because its weight is very difficult to control. 

9.5 Measurement errors 

The process of measuring a hologram reconstruction is also not exact; it 

introduces some error into the results. Noise and background scatter can add 

signal to the "0" intercormects; poor optical alignment and beam quality can 

increase the crosstalk between interconnects and reduce the measured perfor

mance. Of particular concern, are the effects of errors in the illumination profile. 

Simulations assume the illumination profile is a perfectly uniform plane wave 

apodized to the square shape of the hologram aperture. In the real measurement 

system, the illumination profile is neither uniform nor perfectly square. Addi
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tionally, there may be aberratior\s in the phase of the wavefront. The optical 

illumination system is strictly on-axis, so only defocus and spherical aberration 

are a major concern. All of these errors will alter the shape of the point spread 

function (PSF) of the intercormects. A broadening of the PSF will lead to in

creased crosstalk and speckle; more light will "leak" into the region of the "0" 

interconnects. The effect of defocus, spherical aberration, and nonuniform illu

mination were investigated for their effect on hologram reconstruction. 

The holograms are Fourier transform designs, which means that the best 

recoristruction is seen in the far field. However, a lens is used in the measure

ment system to map the far field to the rear focal plane of the lens (see section 

7.3). If the camera is not placed in this same plane to record the diffraction pat

tern, then some defocus error will be present in the reconstruction. The simplest 

way to simulate this, is to add a defocus error into the phase of the illumination 

wavefront, but still propagate to the ideal focus. This study was undertaken to 

investigate the sensitivity of the hologram reconstructions to a defocus error of 

up to ± 3 mm. A slow beam is used in the reconstruction system (NA = 0.02), so 

the depth of focus is large and helps to reduce the effect of defocus error. The 

"GO" hologram design was used as the subject of the study, with infinite replica

tions and Fourier reconstruction models. The performance statistics for this 

study on defocus error are shown in table 9-10, and an image of the defocus 

effect is shown in figure 9-10. 
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Defocus #l's 1 <1> 1 CTl (%) #0's <0>*E-4i oO*E-4l Cnt Rto i DC i DE MaxO Mini Maxl 

-3.0 mm 63 1.00 j 4.25 192 11.8 i 25.0 i 1 1 849 ! 0.99 j 
1 

63.39% 9.0 E-3 0.89 1.11 

-1.5 mm 63 l.OO 1.85 192 2.3 ; 4.8 j 4315 1.00! 63.70% 1.8 E-3 0.94 1.05 

No error 63 : 1.00 0.52 192 0.05 1 0.08 1 191106 ! 1.00 63.77% 5.2 E-6 0.99 1.01 

+1.5 mm 63 1.00 ! 1.68 192 1.8 3.7 5663 i 1.00 63.70% 1.5 E-3 0.95 1.04 

•1-3.0 mm 63 1.00 ^ 3.09 192 6.6 ; 13.9 1522 : 0.99! 63.57% 5.4 E-3 0.92 1.08 

Table 9-10. Simulated effect of defocus error on the perfor
mance of the intercormect pattern 

b)| 

Figure 9-10. Simulated effect of a +3 mm defocus error on 
the "GO" interconnect pattern, a) Logarithm of diffraction 
pattern, and b) biimed interconnect weights. 

Image 9-lOa shows that the shape of each interconnect begins to spread with 

defocus, leading to interference between one another and additional energy in 

the dark interconnect locatioris. However, the statistics show that the perfor

mance isn't affected dramatically, relative to the other errors studied, until a 

rather gross defocus error of ± 3 mm is encountered. 

Spherical aberration in the illumination beam will have an effect similar to the 

defocus error. Spherical aberration is just a defocus error that changes magni

tude with the position of the wavefront in the pupil. Spherical aberration is the 

only nonzero third order aberration in the measurement system, since the optics 

are used on-axis. The effect of spherical aberration is to broaden the point-spread 
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function of each interconnect location. The light energy is redistributed into dark 

locations, and coherently interferes anaong the bright intercormects to reduce 

uniformity. To minimize the effects of spherical aberration one can compensate 

partially with defocus. A defocus error, AW^jq/ with magnitude 

^^020 "J ̂ 040 , (9-4) 

produces the smallest RMS spot size from the spherically aberrated wavefront. 

This models the natural defocus that would be added to the measurement system 

during alignment. The "GO" hologram design was used for the study with infi

nite replications and Fourier propagation techniques. Different amounts of 

spherical aberration, 0.1,0.2 and 0.5 waves, were simulated in the illumination 

beam. The appropriate amount of defocus was also added (see eq. 9-4). The 

results of the study are shown in table 9-11, and an image of the spherical aberra

tion effect for 0.5 waves is shown in figure 9-11. 

Sph. Ab.(A.)i  #l's <1> CTl (%)i #0'si <0>*E-4| cjO*E-4! Cnt Rto i  DC ! DE iMaxO Mini Maxl 

-0.5 63 1.00 8.551 1921 87.4 170.0 114 0.93 j  61.11% 1.1 E-1 0.84 1.23 

-0.2 63 1.00 4.59 192 i 15.7 33.5 637 0.991 63.28% 1.9 E-2 0.90 1.13 

-0.1 63 1.00 ' 2.49 192 i  4.0 ^ 8.5 2506 ' 1.00 i  63.65% ' 4.4 E-3 0.93 1.06 

Mo error 63 1.00 0.52 1921 0.05 0.08 191105 • 1.001 63.77% 5.4 E-5 0.99 1.01 

0.1 63 1.00 2.46 i 192; 3.9 8.3 2536 • 1.00 ! 63.65% 3.7 E-3 0.93 1.06 

0.2 63 1.00 4.77; 192: 15.2 : 31.5 658 0.99! 63.28% i  1.4 E-2 0.89 1.12 

0.5 63 1.00 9.64! 192! 81.9 ; 151.6 122 0.96 61.23% 8.7 E-2 0.85 1.34 

Table 9-11. Simulated effect of spherical aberration on the 
performance of the intercormect pattern 



Figure 9-11. Simulated effect of a +0.5 wave spherical aberra
tion error on the "GO" interconnect pattern, a) Logarithm 
of diffraction pattern, and b) birmed interconnect 
weights. 

The data show that spherical aberration errors can have a significant effect on 

the interconnect performance, even when the pattern is observed in the RMS best 

focus position. Fortunately, the apertures of the holograms are small, and a 

spherical aberration of only 0.055 waves is predicted for the illumination system. 

Clearly this amount of aberration will not have a large effect on the interconnect 

statistics. 

In the simulations of hologram performance, it is assumed that the illumina

tion profile has a uniform irradiance across its aperture. However, figure 7-2 

shows an image of the quality of the illumination profile generated by the mea

surement system; the profile has some obvious variation across it. Variation in 

the illumination profile will alter the shape of the point-spread function (PSF) 

that is convolved with every interconnect location. As has been shown before, a 

larger PSF leads to poorer performance. However, the structure within the mea

sured illumination profile appears to be low frequency information. Low 

frequencies should not lead to much broadening of the PSF, only a subtle redistri

bution of the energy near the interconnect centers. It is not expected that this 
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profile will play much of a role in measurement error. The nonuniform illumina

tion profile that was measured, is large enough to fill 9 x 9 replications of the 

"GO" hologram design. This profile was used as the incident wavefront in a 

simulation of hologram performance. For comparison, 9x9 design replications 

were also illuminated with a uniform profile of the same shape, see figure 9-12. 

The statistical results from the simulations are shown in table 9-12. 

Figure 9-12- Modulus and phase used in the simulation of 
nonuniform illumination errors, a) A measurement of 
the nonuniform beam profile, and b) the phase hologram 
it illuminates. Note the low frequency of the amplitude 
modulation in comparison to the variation in phase, c) 
The ideal, uniform illumination profile used in simula
tions. 

III. Profile #l's : <1> al (%)j #0's! <0>*E-t! aO*E-}j Cnt Rto i DC j DE MaxO Mini Ma.xl 

Uniform 63 1.00 2.74 i 192 i 40.9 : 61.8 244 : 0.98 62.38% 3.3 E-2 0.95 1.06 

Nfon-unif. 63 1.00 2.64 i 1921 19.7 38.0 509 ' 0.98 i  63.07% 1.4 E-2 0.94 1.08 

Gaussian 63 1.00 ! 2.721 192; 10.3 8.95 967 0.97' 62.60% 5.0 E-3 0.96 1.11 

Table 9-12. Simulated effect of nonuniform illumination on 
the performance of the interconnect pattern 

It was suspected that the performance would not be harmed much by the 

nonuniform illumination profile. In fact, the performance improved - especially 

in the measure of contrast ratio. This may be due to the partial apodization of 
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the illumination profile, as seen in figure 9-12a. As the edges of the beam profile 

are softened, the high frequency "tails" that extend out from the interconnect PSF 

are reduced. Less energy is distributed into dark areas, and the contrast ratio 

improves. To confirm this presumption, a Gaussian beam profile was used to 

simulate the illumination of 9x9 hologram replications. In this model the 1/e^ 

points of the beam irradiance were designed to fall at a diameter of 8.5 replica

tions (to ensure good apodization of the illumination profile). The illumination 

modulus is shown in figure 9-13a. As table 9-12 shows, Gaussian illumination of 

the hologram increases the contrast ratio substantially. The difference between 

the point spread function for a square and Gaussian profile is shown in figure 9-

14. There is less "leakage" of energy between interconnect locations for an 

apodized illumination profile. 

Figure 9-13. Modulus and phase of the nonuniform illumi
nation simulation. A Gaussian beam profile (a) 
illuminates 9x9 hologram replications (b) 



Figure 9-14. A comparison of the point spread function due 
to a square illumination profile (a), and a Gaussian pro
file (b). Shown are logarithmic images of some adjacent 
interconnects. The PSF "tails" are reduced for the 
apodized Gaussian profile, leading to better energy 
confinement. 

The measurement errors that were considered do not detract considerably 

from the hologram performance when compared to other sources of error. Only 

when extreme amounts of defocus or spherical aberration are present does the 

performance show degradation comparable to the amounts seen from other 

sources. 

9.6 Combination of errors 

Many sources of error have been examined to determine their effects on 

hologram performance. Errors have been investigated due to the design process 

itself, due to the use of a limited number of replications, due to inappropriate 

assumptions of Fourier propagation, due to fabrication errors and due to mea

surement system error. While it is insightful to examine these effects 

individually, the measured hologram performance actually exhibits the com

bined effect of all these errors together. In order to predict measured hologram 

performance, the effect of individual errors must be combined. 
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Two approaches are taken to predict the effect of the combined errors. The 

first approach gathers the statistics from individual error simulations, and com

bines them into a numerical prediction. The second approach directly simulates 

the reconstruction of a hologram design that includes all appropriate errors. 

Ideally both prediction and simulation will agree with each other, and with the 

measurement. 

The first approach is to combine the errors together statistically, to predict 

their effect on the final hologram performance. The performance measures of 

greatest interest are the intercormect accuracy, al, and the contrast ratio, CR. In 

previous sections, the effect on these two statistical measures was reported for 

each type of error. The goal is to combine these measures in a way that predicts 

the net effect of all the errors. It will be assumed that all of the different errors 

are statistically independent. 

The intercormect accuracy is represented by the non-uruformity in the "1" 

weights, al. If the non-uniformity effect from each error source is independent, 

then it is expected that each value of CTI should simply add together in quadra

ture. Statistical independence implies that if one source of error reduces the 

weight of a particular interconnect, a second error has an unbiased chance of 

raising that weight again (or lowering it further). In this way, the total non-

uniformity, does not compound so quickly, but increases as. 

(9-5) 
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where each term m the sum, al,^ comes from a different source of error affecting 

the hologram. Combining standard deviations in quadrature is appropriate for 

the addition of independent random variables; the justification is provided by 

the central limit theorem of probability theory. 

Contrast ratio is calculated as the ratio of the average "1" interconnect weight 

to the average "0" interconnect weight (CR = <l>/<0>). However, since the data 

are usually scaled to force the average "1" interconnect to be 1.0 exactly, contrast 

ratio is really just the reciprocal of the average "0" weight. Again, if the different 

sources of error are considered as independent effects on the holograms, the <0> 

statistics would be expected to simply add together. The additional energy that 

is thrown into the dark regions from one error, adds together with energy from 

other errors. Initially this assumption is difficult to accept; the light adds coher

ently and can lead to either constructive or destructive interference. However, 

while there will be some redistribution of the energy due to coherence effects, 

statistically it is believed that the total amount of energy will stay in the "0" 

interconnect region. Accepting this, the total average "0" weight compounds 

additively, as 

(Ototal) ^ (9.5) 

where each term in the sum, <0,^>, comes from a different source of error affect

ing the hologram. Again, the central limit theorem justifies this technique for 

determining the statistical average from a combiniation of independent random 

variables.'^'* 

As an example, the net performance for two holograms with the following 

sources of error will be calculated: design error, 4x4 finite replications, random 
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depth error, etch error, and the error from a small pixel to wavelength ratio. The 

two holograms under investigation are the "GO" hologram design, one with a 

4.75A. pixel size, and the other with a 2.4A, pixel size. The effect of errors on these 

holograms have been calculated and reported in earlier sections of this chapter. 

Here, the results will be combined according to equations 9-5, and 9-6, to predict 

net hologram performance. Table 9-13 reviews the individual statistics calculated 

for each source of error. 

4.75A. pixel 2.4^ pixel 
Source of Error i CTl(%) <0>*E-4 al(%) i <0>*E-4 

Design 0.5 0.05 same same 

Random depth 5.4 13 same same 

-3% etch 2.0 2 same same 

4x4 Replication 6.0 92 same same 
1 

BPM analysis ; 3.0 5 6.0 i 21 

Table 9-13. Individual statistics due to different errors in the 
"GO" hologram design. 

For the 4.75A. pixel design, the net non-uniformity, given by equation 9-5, is 

found to be = 8.8%. The net average "0" interconnect, given by equation 9-

6, is found to be <0[QJ3|> = 112 *10"*, which gives a contrast ratio of, CR = 1 / 

<0(otai> = 89 . The lAX pbcel design, predicts = 10.3% and CR = 78. Both 

pairs of numbers appear to be reasonable, and they will be compared with simu

lation results later. 

One advantage of this statistical prediction, is that it is easily determined 

which source of error is the dominant term. It is clear from table 9-13, that repli

cation error is the dominant source of reduced contrast ratio, and depth errors, 

small pixel sizes and replication are all significant in reducing interconnect accu

racy. It is also clear that the design error is insignificant; it is not an important 
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factor in hologram performance. Another insight provided by the statistical 

prediction, is that reducing one source of error can only improve the hologram 

performance to the level determined by the net combination of the remaining 

error sources. This means that simply increasing the number of hologram repli

cations can not improve performance to arbitrary levels (as shown in figure 9-2); 

the other sources establish a larger-error limit. In the event that all errors could 

be eliminated, the design error becomes the fundamental performance limit. 

A second approach was used to analyze the effect of combined sources of 

error on hologram performance. In this approach, a model of the hologram is 

simulated with all of its errors. The simulation includes a finite number of repli

cations, random depth and etch errors, and a BPM analysis of diffraction through 

the hologram structure. Of course this can lead to very large problem sizes. 

Consider the 32 x 32 pixel "GO" hologram design; increase the array size 4 x 4 to 

model replications, increase another factor of 2 x 2 to zero pad the array (so the 

increased replications are effective), and increase pixel sampling 8x8 times for 

good BPM convergence. The result is an array of 2048 x 2048 complex words, 

consuming 32 MB of disk and RAM. The wavefront represented by this data 

array is then subjected to many FFT's as it is propagates through the 16 depth 

layers of the "lumped-model" hologram. While this problem is decidedly large 

and time consuming, it can still be performed (overnight), which is a credit to the 

BPM technique. Special FFT routines were written to manipulate data arrays on 

disk rather than in memory; this enables the BPM program to handle array sizes 

up to 8192 X 8192, provided that 512 MB of disk space are available. 
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As a test case, the "GO" hologram design was replicated 4x4 times, mis-etched, 

perturbed with random depth errors, and analyzed using BPM for two different 

pixel sizes, 4.75^ and 2.4^; the results are given in table 9-14. 

Pixel/A. #l's : <1> gl (%)| #0's| <0>*E-4i aO*E-4! Cnt Rto i DC! DE ; MaxO Mini : Maxl 

4.75 : 63 ; 1.0 ! 8.56, 192! 112.3 142.7 89 i 1.951 58.3% ; 7.9 E-2 0.764 1.22 

2.4 63 ' 1.0 i 10.1 I 1921 133.8 ;150.7 75 i 3.101 55.5% • 8.7 E-2 0.707 1.25 

Table 9-14. BPM simulation results of combined hologram 
errors. Two designs with different pixel sizes are consid
ered, 4.75X and 2.4A, 

For the larger pixel size, the simulation shows a non-uniformity of 8.6% in the 

"1" interconnects, and a contrast ratio of 89; these results compare very well with 

the previous statistical predictions of al = 8.8% and CR = 89. For the smaller 

pixel size, the simulation shows a non-uniformity of 10.1% in the "1" intercon

nects, and a contrast ratio of 75; these results also compare very well with the 

statistical predictions of al = 10.3% and CR = 78. These results give good confir

mation of the statistical predictions technique of combining errors. 

While it is much more time consuming to perform a full simulation than use 

the prediction technique, a simulation provides more information. The simula

tion provides statistics on the diffraction efficiency and the weight of the DC 

location as well. The simulation also provides images of the expected intercon

nect pattern, see figure 9-15. 



Figure 9-15. "GO" interconnect patterns simulated in the 
presence of multiple errors. Shown are reconstructions 
from holograms with pixel sizes of a) 4.75X and b) 2.4^ 

The agreement between results of the simulation and statistical methods gives 

confidence that the effects on hologram performance due to multiple sources of 

error can be predicted. 

9.7 Error models compared with measurements 

Now that the error models have been thoroughly investigated, it is appropri

ate to compare their predictions with measurements. In this section, the results 

of error simulations are compared with measurements for three different holo

gram designs. In order to produce the most faithful comparisons, the fabrication 

errors and the measurement conditions were modeled as closely as possible. In 

each of the three examples, the performance due to hologram errors is first pre

dicted by the statistical approach, then simulated with the beam propagation 

method. Finally, these performance results are compared with what was mea

sured in the lab and reported in chapter 8. 

For the first comparison, the "GO" hologram design was used. In section 8.5 

measurements were presented for this design, which was fabricated with con

tinuous depth levels, a 3.0 |im pixel size, and etched for a wavelength of 0.633 
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H.m (see table 8-6). In this measurement, roughly 8x8 replications were illumi

nated. The independent effects of these errors on the "GO" pattern have already 

been calculated and presented in this chapter. The statistical prediction method 

was used to combine these effects to predict realistic hologram performance. 

Secondly, the beam propagation method was used to simulate hologram perfor

mance in the presence of these combined errors. In table 9-15 the results of these 

calculations are compared to the measured data from table 8-6; images of the 

simulation and the measurement are compared in figure 9-16. 

Method #rs! <1> ! ctI (%)| #Q's! <0>"E-4i oO*E-<! Cnt Rto i DC; DE MaxO ; Mini Vlaxl 

Prediction | 7.0 ' | 65 - • 154 j • 

Simulation! 63 1.0 j 6.781 192| 64.0 i 72.9 156 ; 1.73! 59.9% i 4.0 E-2 0.804 1.16 

Msrmnt 63 : 1.0 i 7.621 192i 120 ilOl > 83.4 i 1.67 i 58.9% i 5.7 E-2 : 0.86 1.21 

Table 9-15. Prediction, simulation and measurement of the 
"GO" hologram performance in the presence of error 

Figure 9-16. Comparison of the "GO" interconnect pattern, a) 
measurement, and b) simulation with errors 

The prediction and simulation results are in very good agreement, but the 

measured performance is poorer than both. This indicates that there are sources 

of error still missing. For example, there was no model of measurement error 
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included in the simulation, and it is known that there is significant uncertainty in 

the measurement itself (see section 8.2). However, the majority of the measured 

performance can be explained by the error models included in the analysis. 

The same prediction and simulation techniques were applied again, to calcu

late performance for a different pattern. For this experiment a subhologram from 

the OptiComp 8x8 crossbar switch was used (see section 8.10). The hologram 

was made with a 4 |im pixel size, and etched for a wavelength of 0.850 ^im. 

During the measurement, roughly 3x3 hologram replications were illuminated. 

Since this is a new pattern, the individual effects of each error source had to be 

recalculated. The amount of performance degradation is dependent upon the 

geometry and density of the interconnect pattern. The effects of individual errors 

for this design are shown in table 9-16. 

Source of Error al(%) <0>*E-4 

Design 0.02 0.09 

Random depth 1.3 2 

-2% etch 0.6 I 0.4 

3x3 Replication ; 0.6 18 

BPM analysis 0.6 2 

Table 9-16. Effects of individual errors on the performance 
of the p2hl (5,3) subhologram. 

These results confirm that the effects of individual errors on hologram perfor

mance are strongly pattern dependent. This interconnect pattern is less dense 

than the "GO" pattern, and shows very little degradation in comparison (see table 

9-13). The prediction, simulation and measurement of hologram performance 

are shown in table 9-17. A comparison of the measured and simulated intercon

nect patterns is shown in figure 9-17. 
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Method i #l's i <1> cl {%)i #0's| <0>*E-4 aO*E-4! Cnt Rto DC i DE MaxO : Mini i Maxl 

Prediction ( i 

Simulation 1 4 1 1.0 

Msrmnt 4 1.0 

1.7 i 

1.7 : 60 

4.4 i 60 

22.5 

23.2 

30.2 

i  445 

41.2 432 

35.9 1 331 

j 

0.061 21.4% 

0.061 20.7% 

1 

2.9 E-2 j  0.972 1.02 

1.8 E-2 : 0.947 1.06 

Table 9-17. Prediction, simulation and measurement of the 
p2hl (5,3) subhologram performance in the presence of 
multiple errors 

Figure 9-17. Comparison of the p2hl (5,3) interconnect 
pattern, a) measurement, b) log of measurement, c) 
simulation, and d) log of simulation 

Again, the prediction and simulation results show good agreement, but the 

measured performance is consistently poorer. However, the fact that the calcula

tions always predict slightly better performance is a good sign. This indicates 

that some source of error (perhaps measurement) is still missing in the analysis. 
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The predictions can at least be used as a more realistic upper bound on hologram 

performance. Another encouraging sign, is that in the data and in the images, 

the weight of the DC component has been correctly predicted. 

To further confirm the validity of the comparisons, the analysis was per

formed a third time with yet another pattern. In this example, another 

subhologram from an OptiComp multifaceted array was chosen. A design from 

the 3-bit multiplier application was used (see section 8.8). The hologram was 

made with a 4 |im pixel size, and etched for a wavelength of 0.850 }im. During 

the measurement, roughly 3x3 hologram replications were illuminated. The 

effects of individual errors for this design are shown in table 9-18. 

Source of Error CTl(%) <0>*E-4 

Design 0.04 0.001 

Random depth 2.5 5 

-2% etch 0.7 0.5 

3x3 Replication [ 0.9 1 33 

BPM analysis 4.3 4 

Table 9-18. Effects of individual errors on the performance 
of the p5hl (2,4) subhologram. 

These results show the unique effects of individual errors on this particular 

hologram design. This pattern has about twice as many intercormects as the 

previous design, so its performance is affected more strongly by errors. The 

prediction, simulation and measurement of hologram performance are shown in 

table 9-19. A comparison of the measured and simulated interconnect patterns is 

shown in figure 9-18. 
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Method i #l's I <1> j gl (%)! #0's| <0>*E-4l oO*E-4 Cnt Rto j DC I DE j MaxO ! Mini i Max 1 

Prediction i ! 5.1 | I 43 j ' 235 | j \ 

Simulation; 9 1.0 j 4.9 i 55 ; 45 j 45 221 i 0.02j 16.6% I 2.0 E-2 ; 0.919 1.08 

Msrmnt 9 1.0 ^ 6.4 I 55 52 i 43 192 : 0.02 i 18.2% i 2.1 E-2 • 0.914 1.13 

Table 9-19. Prediction, simulation and measurement of the 
p5hl (2,4) subhologram performance in the presence of 
error 

Figure 9-18. Comparison of the p5hl (2,4) intercormect 
pattern, a) measurement, b) log of measurement, c) 
simulation, and d) log of simulation 

The prediction and simulation results show good agreement, but the mea

sured performance is again worse. It does appear, however, that the calculations 

can be used to set valid upper bounds on real hologram performance. 
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9.8 Conclusion 

There is a large discrepancy between the performance of measured holograms 

and the performance predicted from simple reconstruction models. The discrep

ancy can be attributed to differences between the ideal conditions assumed in 

simulations, and the real-world conditions that exist in the lab. These sources of 

errors can be broken down into four categories: design error, simulation error, 

fabrication error and measurement error. Specific errors within each group have 

been identified and investigated to determine their effect on hologram perfor

mance. Three of the most significant errors identified are the crosstalk due to a 

finite number of hologram replications, the random depth errors from the fabri

cation process, and the use of an inadequate diffraction model during design. 

The beam propagation method was shown to be a more accurate model for 

calculating hologram performance when pixel sizes approach the scale of the 

wavelength. While BPM does lack the rigor of an electromagnetic solver, its 

main advantage is that it can model large, three dimensional problems, which 

gives a better prediction of hologram performance for designs of real interest. 

During a hologram measurement, all of the error sources are present simulta

neously. Two methods were developed to add the effects of individual errors 

and predict their combined effect on hologram performance. One method is a 

brute-force simulation, in which each of the errors models is included in the 

hologram design. The second approach assembles the statistical results from 

each individual error to give a prediction of their combined effects. The two 

methods show very good agreement for all of the cases considered. The statisti

cal approach has the advantage of being easy to calculate. It is simple to analyze 

the effect of each error independently and then combine the statistics afterwards. 
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It is much more time corisuming to simulate the diffraction from a hologram with 

all of its errors. However, the advantage gained from the simulation technique is 

a more thorough analysis and an estimate of the expected output. 

Finally, the simulations and predictions of hologram performance were com

pared with the measurements from actual holograms. Because of the nature of 

the errors, the predictions have to be recalculated for each hologram design. 

Densely packed interconnect patterns are more susceptible to errors. In each 

example considered, the predictions explained a large part of the degradation in 

measured hologram performance, but not all of it. There is some source of error 

that is still not accounted for. The first instinct is to attribute the remaining error 

to measurement. Indeed, measurement error was not included in the simula

tions, and it is known to be significant. However, of the possible sources of 

measurement error considered, none looks as if it can explain the remaining 

amount of performance error. The fact that error models consistently predict 

better performance than is measured is still useful. The simulations can provide 

a realistic estimate of the upper limit on hologram performance. 
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10. CONCLUSION 

10.1 Summary 

This dissertation has considered the use of computer generated holograms for 

the implementation of large fanout, free-space optical interconnects. Hologram 

design algorithms were studied and applied to the creation of multifaceted 

hologram arrays for an optoelectronic logic processor. Hologram solutions were 

foimd with high diffraction efficiency and very accurate interconnect weights. 

With enough space-bandwidth product and sacrifice of some diffraction effi

ciency, accurate interconnect patterns can be designed for high density fanouts 

with arbitrary geometries. In addition, the global diffraction efficiency of a 

multifaceted array can be made very uniform without sacrificing any perfor

mance in the accuracy of the individual interconnect patterns. A computer aided 

design tool, SPIDER 3.0, was developed to facilitate the tasks of optimizing and 

characterizing computer generated holograms. 

Two fabrication methods were used in the production of diffractive optics. 

Multiple-mask photolithography produces very accurate surface depths, but 

suffers from problems with mask mis-registration. In addition, it can only create 

a discrete number of phase levels. Analog direct-write e-beam lithography 

produces very accurate pixel profiles and can create continuous depth relief 

patterns. However, it shows larger depth errors. While the hologram surface 

characteristics are interesting, the only important evaluation of the fabrication 

procedure, is how well the devices perform optically. Identical designs with a 

few discrete phase levels were fabricated with the two processes. Statistically, the 
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two diffraction patterns show very little difference. However, if the direct write 

technique is allowed to produce designs with continuous depths, substantial 

improvements can be seen in the diffraction patterns. 

Many fabricated holograms were measured with a coherent illumination 

system. In general, the performance of the fabricated devices was found to be 

significantly iiiferior to what had been predicted by scalar diffraction models. A 

few trends are obvious from the measurements. Holograms which have larger 

pixel size to wavelength ratios perform better. Diffraction patterns which have 

fewer intercoruiects, or at least more space between the interconnects, also func

tion better. Illuminating a larger number of design replications also leads to 

better results. 

Several error models were studied in an effort to understand the reasons 

behind the reduced performance of measured holograms. The most significant 

sources of error come from interconnect crosstalk due to finite hologram aper

tures, random depth errors in the fabrication process, and an inadequate 

mathematical model of the diffraction process used in the hologram designs. In 

order to achieve significant diffraction angles in the interconnect patterns, holo

gram feature sizes are made only a few times larger than the illumination 

wavelength. This situation violates the assumptions made in Fourier optics. To 

get greater accuracy, a more rigorous model of diffraction is needed. A beam 

propagation method was applied to study the effects of the hologram depth on 

the diffraction pattern. It was seen that the errors increase as the aspect ratio of 

the pixels increases. Thirmer holograms lead to better agreement with the Fou

rier analysis. 
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The combined effect of the error models was simulated for several different 

di^action patterns. The predictior\s were then compared to measurements. In 

every case, the error models predicted a large part of the performance degrada

tion that was observed in the measurements. However, there is still a gap that 

remains between predictions and measurements; measurements still show con

sistently poorer performance. The predictions from the error models can be 

considered as realistic upper limits on actual CGH performance. 

Despite the fact that measured performance is worse than the designs sug

gest, for some applications the results are acceptable. For digital applications 

that only require binary interconnect patterns, the fabricated hologram perfor

mance was adequate. However, for analog applications that require accurate 

grayscale weighted interconnects, the results are much less promising. Only 

with very large amounts of space-bandwidth product could such holograms be 

considered. Even then, fabrication errors may prove to be insurmountable. 

10,2 Future work 

At this point, real CGH performance is limited by errors in fabrication and 

theory employed in the design algorithms. The optimization routines themselves 

perform very well; phase-only hologram solutions can be found that predict 

phenomenal performance statistics. However, there is still opportunity to look 

for symmetries in interconnect pattern layout that lead to phase-only Fourier 

transforms. Most of the future work should concentrate on trying to reduce the 

effects of the dominant errors. The beam propagation method gives a better 

simulation of a hologram's diffraction pattern. A logical step would be to include 

BPM into an optimization routine; perhaps its predictions can be used to find 
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better solutions. BPM results also indicate that thinner holograms should per

form better; this suggests that holograms should be made for reflection when 

pixel sizes become small. Surface measurements also indicate that thinner holo

grams can be made with greater fidelity, thereby reducing fabrication errors. In 

this circumstance, hologram surface roughness may become a significant effect, 

although it is not immediately obvious how it would be manifested. The rough

ness shows correlation on scales smaller than a wavelength. Perhaps an effective 

medium theory can treat this as a random phase delay. Or, perhaps the rough

ness acts as a random scatterer, giving the pixel some amoimt of amplitude 

modulation. Finally, in order for CGHs to fulfill the promise of being small, 

cheap optical elements, replication should be investigated. It is possible that 

effects from replication could dominate the errors currently measured in the 

diffraction patterns. Until the severity of replication errors is quantified, it could 

be fruitless to attempt further improvements in the master. 

With the growing application of optoelectronics, optical communications, and 

integrated optics, diffractive optical elements are becoming increasingly popular. 

Diffractive optics promise small and inexpensive elements capable of manipulat

ing light in remarkable ways. Considering the current methods employed in the 

design and fabrication of diffractive optical elements, that promise appears to be 

bright. 
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