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Sorting through thelore of phase mask options— perfor mance
measur es and practical commer cial designs

Michael J. O’ Callaghan’

Displaytech, Inc., 2602 Clover Basin Drive, Longmont, Colorado 80503

ABSTRACT

Phase masks are needed in Fourier-transform holographic data storage systems (HDS) to reduce the range of light
intensities projected into the Fourier plane. The range of light intensities must match the dynamic range of the
hol ographic storage medium and of the full HDS system. Descriptions, mathematical models, and tests of a variety of
phase mask types have been reported in the literature: pixelated phase masks, non-pixelated phase masks, and axicons.
Lacking, however, has been a systematic way of comparing the relative merits of phase mask types in order to make
sound choices. To address this problem, performance criteria are proposed for both the Fourier plane and for the output
image plane (e.g. the margin by which 1's can be distinguished from 0's). The criteria are useful both for comparisons
and for design optimization. A new numerical model has been developed enabling quantitative comparisons to be made
between the predicted performance of the various phase mask types. The mode reported here enables more extensive
investigations than could be carried out with previously reported models, including investigation of systems in which
multiple bits of data are encoded by each pixel using light intensity modulation. The viability of using non-pixelated
phase masks integrated with spatial light modulators is also examined. The use of non-pixelated (continuous random)
phase masks ingtead of the more common pixelated phase masks would eiminate the need for costly precision latera
alignment, and integration eliminates the need for precise positioning in an image plane. These advantages would
enable smaller, cheaper, high performance HDS optical systems.
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1. INTRODUCTION

Very early in the development of holographic data storage (HDS) it became apparent that system performance would be
limited by storage media dynamic range. Phase masks were proposed as a means to even out the brightness distribution
in the Fourier plane, thus relaxing storage media requirements’. Since then a variety of phase mask types have been
proposed and investigated®®. Their effectiveness for re-distributing Fourier plane optical energy has been studied, as
wel| as both the benefits and the adverse consequences for fidelity of recalled data pages™ ** " %2,

How can an HDS system designer go about sel ecting atype and design of phase mask? Thereisa substantial body
of published work on particular types, but there has been no common measure that readily allows comparison of one
type or design to another (athough one author® proposes a measurement that might be used for that purpose).
Displaytech has undertaken development of spatia light modulators (SLMs used as write-heads in HDS systems) that
will contain an integrated phase mask in order to support companies that are currently working to commercialize HDS
technology™. Integration of the phase mask into the SLM shrinks the size of the HDS optical system and diminates
costly, high-precision opto-mechanics that is otherwise needed to accommodate a discrete phase mask; this makes the
complete HDS drive both smaller and cheaper. How do we choose which type of phase mask to use with the SLM?

To help answer this question we have defined performance metrics for both the Fourier plane and the recalled
image plane, and we've carried out numerical simulations of various phase masks to compute values for these metrics.
In addition to computing metrics useful for comparing one phase mask to ancther, we' ve been able to combine metrics
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to show that there is a tradeoff between data storage density and the degree of Fourier plane dynamic range reduction.
Using the tools devel oped for this study, we' ve also carried out initid investigations into issues concerning the use of
gray scalein SLMs (multiple brightness levels per pixd).

2. THE FOURIER PLANE PROBLEM

In holographic data storage systems an SLM is used as the write head that transforms electronic data into optical data.
Most commonly, the 1's and 0's of a binary data set are represented by SLM pixels (Figure 1) that are either ON
(transmissive) or OFF (opaque). Rather than directly storing an image of the SLM, typical HDS systems instead project
the optical Fourier transform of the SLM image 9] SLM] into the storage medium®. The Fourier transform consists of a
central (DC) spot representing the average brightness of all pixelsin the SLM, plus a surrounding region (referred to as
the AC portion) that contains information about the spatial distribution of ON and OFF pixels. For atypical data set in
which roughly half of the pixels are ON and half are OFF, the ratio of the central spot’s brightness to that of the
surrounding region in the Fourier planeis proportional to N for atwo-dimensional SLM consisting of NxN pixels.
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Figure 1. (a) Displaytech 1280x768 SLMs. (b) Photomicrograph of SLM pixels. (c) Smulated Fourier plane
light intensity and recalled data without a phase mask (top) and with (bottom). The 60db “hot spot” (eliminated
by the phase mask) is not reproduced on readout due to the storage medium’s finite dynamic range, thus
degrading recalled data. For simplicity SLMs are shown here as transmissive instead of reflective, and the
reference beam that interferes with the data beam within the storage medium is not shown.

For a 1000x1000 pixel SLM, the central DC spot of a typical data set’s Fourier transform will be on average 10°
times brighter (60dB) than light in other parts of the Fourier transform. The problem isthat it is difficult to accurately
record and recall a wavefront having such an extreme dynamic range. The top portion of Figure 1(c) shows the
simulation of a recalled SLM image in which the bright DC spot has been lost due to dynamic range limitations. The
loss of DC information has made it virtually impossibl e to distinguish between ON and OFF pixels when detecting only
the image' s brightness.

The job of the phase mask is to redigribute light from the O-dimensional point-like DC spot into a broader 2-
dimensional distribution, so that information about the DC part of the SLM has an amplitude that is more similar to the
AC part (which in general is spread over a broad 2-dimensional area). The phase mask impresses a spatially varying
phase on light leaving the SLM without affecting the brightness of the ON/OFF pixels; light in the Fourier plane then
becomes a convolution of the transforms of the SLM and phase mask: 9]SLM]CFPM]. Convolution blurs the DC spot
so that it occupies a much greater area, thus making it dimmer. The bottom portion of Figure 1(c) shows a simulation of
the improvement in ON/OFF discrimination produced by a pixelated binary phase mask, the relative phase of each pixel
has been randomly set to a value of O or Ttradians.

3. PHASE MASK TYPES

One way to implement a phase mask is to fabricate a window whose thickness tw(x,y) varies throughout the SLM
aperture. The phase function for a window in air is @X,y) = 2r(nw - Dtw(X,y)/A where ny is the window's index of
refraction. Three general classes of phase masks discussed in the literature are illustrated in Figure 2: pixelated™ > ®
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masks.

, non-pixelated® & °, and axicons'® %. Axicons can be considered to be a special case of non-pixelated phase

— ] [

pixelated non-pixleated axicon

Figure 2. Illlustration of pixelated, non-pixelated, and axicon phase masks.

In pixelated phase masks phase delays vary in discrete steps and are constant over an area of one or more SLM
pixels. Non-pixelated phase masks have the virtue of not needing to be accurately aligned with pixels of the SLM, a
property shared with conically shaped axicons.

The relative phase delays of individual pixels in a pixelated phase mask can be chosen randomly. However,
choosing phase values without restriction enhances interpixel crosstalk in recalled images™ " *8, thus degrading the
distinction between ON and OFF pixels. This has lead to the use of “pseudo-random” phase masks® or to placing
restrictions on allowable patterns of neighboring 1'sand 0's" 8. In pseudo-random masks an upper limit is placed on
the size of phase difference alowed between neighboring pixels, in effect limiting the spatial frequency content of the
phase mask. We use the ratio A/Ttto characterize phase mask designs where A is the maximum allowed pixel-to-pixel
phase change. In addition to being used for pixelated and non-pixelated phase masks we also use this ratio to
characterize the phase slopes of axicons.

Examples of Fourier transforms of two phase masks types are shown in Figure 3. At l€eft is the Fourier transform
of a uniform window (i.e. no phase variations), in the center is the Fourier transform of an axicon, and &t right is the
transform of a pixelated random binary phase mask (phase delays of 0 and ). All of the Fourier transform energy of
the uniform window is focused to a diffraction limited (O-dimensional) spot of light. Axicons redistribute light to fall
within the diffraction limited width of the 1-dimensiona curve of a circle. Pixelated and non-pixelated phase masks
redistribute light to fall within a 2-dimensional area whose extent is dictated by the spatial frequency content of the
phase mask.

Figure 3. These plots show the |Fourier transforms)® of three types of phase mask for a 100x100 pixe SLM.
Left: a uniform window (i.e. no phase mask). Center: an axicon. Right: a random binary phase mask. Spatial
frequencies of up to £2fyax are shown wherefyax = 1/2p and p isthe pixel pitch.

4. FOURIER PLANE PERFORMANCE MEASURES

Using Fourier optics®, and neglecting a leading phase factor, the light's electric field U(x, y) in the Fourier plane can be
written as the scaled two-dimensional Fourier transform? of the field u(x, y') leaving the SLM:
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Thefield U(x,y) isproportional to the convolution of the Fourier transform of the SLM with the Fourier transform of the
phase mask. Here sisthe scale factor for the particular optical system configuration, and [ represents the convolution
integral. For a single-lens Fourier transform system in which the SLM and Fourier plane are a distance f from a lens of
focal length f (Figure 4), the scale factor is s= Af. The scale factor relates spatial frequency (fy, f,) in the input plane
(X', y") to position in the Fourier plane: (x, y) = (sf, sfy). Thefunction expli @X, y)] represents the phase mask.

W,

Nl
i)

| f f f f

Figure 4. Illugtration of asimple model for the optica path of an HDS system’ sread and write beam paths. The
storage medium would be located a the position of the aperture. The reference beam has been omitted.

The effect of the phase mask can be seen clearly by re-writing u(x, y) asthe sum of two parts.

1
Wey

u(x y)=a(xy)+u u=

H u(x, y)dxdy 2)

Weréefer to L](x, y) as being the AC part of u(x, y) and to U as being the DC part, We_y is the width of the square SLM.
Thefield in the Fourier plane can now also be written as the sum of two parts.

U(xy)= —i—SU@‘;[F’M] -i—sg’s[ﬂ] [ PM] 3)
=Upc (X: y) +U ¢ (X' y)

This expression shows that light in the Fourier plane can be understood as consisting of DC information that has been
scattered to have a distribution proportional to the phase mask’s transform, plus the transform of AC information that
has been convolved with the Fourier transform of the phase mask. The action of the phase mask on the DC information
is extreme, because it maps light from a O-dimensional distribution (the DC spot) onto a1 or 2-dimensional distribution.
The phase mask’ s effect on AC information is less dramatic because it merely redistributes information that was already
spread out in 2-dimensions.

For high fidelity recording by an HDS medium of limited dynamic range we want the amplitude distribution of the
redistributed DC spot (convolved with the phase mask) to be as similar as possible to the phase-mask-redistributed AC
information. Ideally, their average values would be roughly equal to one another in order to ensure that both types of
information fall within the storage system’s dynamic range. The function po(lI) can be used to characterize the
distribution of optical power among the various light intensities | present in the Fourier plane.

dP(I ©
p()=EW o<1} @
Here Py is the total optical power at the Fourier plane. We can use p(I) to determine the mean light intensities of the
DC and AC light digtributions, and to define a dynamic range performance metric ‘R (measured in dB) which depends
on their ratio.
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(Lac) [0 [ poc (1)l

Here Ipc refers to [Upcf and lac refers to [Uacf. Of course the real Fourier plane light intensity is proportional
[Uac + Upcl, but Ipc and Iac nevertheless serve our purpose of comparing the relative amplitudes of redistributed AC
and DC information.  In the case of no phase mask we have (I, ) ON?*{l,.) and we have R 010logN’ (60dB for a
1,000%1,000 SLM). As a phase mask becomes more and more effective its R value decreases. In the case of perfect
hot spot suppression we would have (1) O(l ,.) and so R J0dB. The goal of the phase mask design is to produce
an R value that falls within the capahilities of the storage system, e.g. if the storage system dynamic range is 30dB then
we want R < 30dB. Aswill be shown, making R smaller than necessary may not be desirable because of its effect on
interpixel crosstalk.

Figure 5 shows dynamic range values R calculated for a range of phase dopes A. Masks with larger values of A
distribute DC energy over larger areas and are more effective at attenuating the hot spot. Fourier-plane light intensities
were computed for a 100x100 pixel SLM whose pixels were set to randomly selected values of 0 or 1. The width of the
Fourier plane region included in the computations was equal to 55/p, i.e. 5 times the width of the 1%-order diffraction
pattern. Computations were done for an SLM whose pixel width wis equal toits pitch p (100% fill factor), i.e wip = 1.

Although not shown, R values decrease for small pixel fill factors. Whether for AC or DC, the mean values of the
power distribution can be shown to be equal to Z I /Z I, where the I;; values are intensity samples in the

Fourier plane. Recall that (1,.) and (I,.) areaverages of the power distribution functions pac(l) and opc(l); they are
not areal averagesin the Fourier plane.

Fourier Plane Performance for 100x100 Pixels
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Figure 5. Calculated dynamic range values R for arange of phase slopes, four types of phase masks, and for an
SLM without a phase mask. These values were computed for 100x100 pixe SLMs, an estimated axicon curve
for 1000x1000 pixel SLMsis shown for comparison. Only the axicon and no-mask curves depend on SLM size.

It is apparent (and no surprise) that the random binary phase mask with R [10dB is the most effective for reducing
the brightness of the DC hot spot. The pixelated pseudo-random phase mask is only dightly more effective than its
non-pixelated counterpart. The benefit of not needing to align the continuous phase mask with the SLM’ s pixels seems
to come at very little cost to performance. The axicon is the weakest performer — unlike the other mask types its
effectiveness goes down (R gets larger) as the number of pixelsin the SLM grows: R ~ 10logN. However, the ability
of the phase mask to reduce the Fourier transform’s dynamic range is only one consideration. We also need to
understand how phase masks affect interpixel crosstalk in the recalled image of the SLM.
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5. OUTPUT IMAGE PERFORMANCE MEASURES

Again using Fourier optics, the electric field of the recalled wave front can be written as a convolution of the input field
u(x,y)exp[i ¢(x,y)] with asinc function that is the Fourier transform of a square aperture of width W.

2 .
u'(xy)= _a—ﬁi nc(a’i,alJ [ (- x,— y) €4 a =PV (6)
p p P S
The ratio «a relates the width of the Fourier plane aperture W, (~ width of the hologram) to the width of the Fourier
transform. The highest spatial frequency present in the SLM data fyax is equal to 1/2p where p is the SLM’s pixel
pitch; at a =1 the hologram apertureis just large enough to pass light corresponding to fyax.

Figure 6 shows simulations of a recalled data page as the Fourier plane aperture shrinks from a=10to a =1 (the
ratio of pixel width to pitch is0.9 in thisexample). At a=10it iseasy to distinguish between ON and OFF pixels. At
a =1, however, it looks as though it may no longer be possible to distinguish between the ON and OFF states due to
severe interpixel crosstalk. Note that this simulation does not include additional degradation that might be caused by
storage medium imperfections (e.g. dynamic range limits) or by other HDS system imperfections. In order to maximize
data storage density, the Fourier plane aperture size a might be set to the smalest possible value that allows
discrimination of ON and OFF states. What is the minimum value of a that alows accurate discrimination between ON
and OFF pixels? How is the minimum useful aperture sze affected by the presence of a phase mask?
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Figure 6. Computed examples of recalled images of a 16x16 pixel data pattern for Fourier plane aperture sizes of
a =10, 5,2, 1.67,1.33, 1.0. Theratio of pixel widthto pitchis0.9. Thisiswithout a phase mask.

To answer the above questions we first ook at histograms of pixel brightness. We assume that the SLM is viewed
by an image sensor (camera) whose pixel pitch and width exactly match that of the SLM. Signd levels for individual
camera pixels are computed by integrating the spatially varying light intensities falling on their apertures, with a spatial
resolution ranging from 1/10 to 1/15 of a pixel pitch. Histograms of camera pixe signals are show in Figure 7 for a
128x128 pixel system with no phase mask.
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Figure 7. Histograms of camerasignas computed for two Fourier plane aperture sizes. The SLM and camera
each contain 128x128 pixelswithw/p = 1. Left: a=1. Right: a=2.

The ON and OFF pixds are easily distinguished from one another at an aperture size of =2 and they are just
barely distinguishable at a=1. In order to distinguish ON from OFF we require that the minimum ON signa seen by
the camera be greater than the maximum OFF signa. Figure 8 shows computed minimum-1 (minimum ON) and
maximum-0 (maximum OFF) signals for a range of Fourier plane aperture sizes a, and with and without a random
binary phase mask. Without a phase mask the maximum-0 and minimum-1 curvescrossat a = 1. Thisis the aperture
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size that is just large enough to pass the highest spatial frequency present in the data (fuax = 1/2p). Adding the phase
mask increases interpixel crosstalk. To offset the increased crosstalk we must use a larger Fourier plane aperture, as
illugrated by the fact that the maximum-0 and minimum-1 curves cross at alarger value of a in this case.
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Figure 8. Curves of minimum-1 and maximum-0 vs. aperture a with no phase mask (left) and with arandom
binary phase mask (right). The calculations are for a64x64 pixel SLM withw/p = 1.

For each type of phase mask and for a range of phase slopes A we can use curves such as shown in Figure 8 to
determine the minimum aperture size required for a bit-error-rate (BER) of 0, i.e. the smallest aperturethat allows usto
accurately distinguish between ON and OFF pixelsin each case. Figure 9 shows computed minimum a’s for the phase
masks considered here (for a 100x100 SLM). Since larger values of a mean that a larger Fourier plane aperture is
needed, we might conclude that smaller values of a are best because they allow for higher data storage densities.
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Figure 9. These curves show the minimum aperture size a needed to distinguish 1's from 0’ s as the phase mask’ s
maximum phase change per pixel A is varied. The value A = 0 corresponds to no phase mask. The random
binary phase mask is shown for reference, it isindependent of A. The SLM sizeis 100x100.

Assuming that each pixel of the SLM represents 1-bit of data, the data dengity o in the Fourier planeis given by
o= N?W,? where W, = as/p is the area of the minimum Fourier plane aperture needed to distinguish 1's from O's.
Recalling that the SLM width is W = Np we can write the following expression for data density.

ag

2
= Wau g_1
a’s o, a’

(")

Here 0; isthe data dendity at o = 1. Figure 10 shows the data of Figure 9 re-plotted as o/0; vs. A in order to show the
tradeoff between data storage density and phase mask “strength” (recall that larger A's produce smaller R's). Apart
from the random binary phase mask, the pixelated pseudo-random phase mask shows the least penalty in storage density
while the continuous pseudo-random phase mask and axicon show the greatest penalty.
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Figure 10. These curves show reductions in data density caused by enhanced interpixel crosstalk as the phase
mask’s maximum phase change per pixel A increases. The vaue A =0 corresponds to no phase mask. The
random binary phase mask is shown for reference —it does not depend on A. Curves are independent of N.

6. FOURIER PLANE/OUTPUT PLANE TRADEOFFS

In previous sections we' ve described separate phase mask performance measures for the Fourier plane and the output
plane. By combining the hit density vs. A data of Figure 10 with the R vs. A data of Figure 5 we can eliminate A to
produce plots of hit density vs. dynamic range R. The resulting curves are shown in Figure 11. In general, for
R > ~3dB, we see that pixelated pseudo-random phase masks allow for the highest bit density while axicons have the
lowest bit density. Unlike curves for the other phase masks, axicon performance becomes poorer as the size N of the
SLM increases.
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Figure 11. Plots of data storage density vs. Fourier plane dynamic range R for an SLM size of 100x100. The R
value of the axicon increases as 10log N, R values of the other mask types are independent of N.

Given the dynamic range limit of a particular HDS system, Figure 11 can be used to determine which phase mask
types can be used. For example, suppose that the mean light intensity of DC information in the Fourier plane must be
no more than 10 times brighter than the AC information (this limits us to R < 10dB) and that we want o/g; > 0.75.
Only the pixelated pseudo-random phase mask satisfies these requirements. If the HDS dynamic range were instead
greater than about 16dB then any phase mask type other than random binary could be used, at least for an SLM size of
100x100. If we were considering a 1000x1000 SLM then the axicon curve would shift to the right by 10dB (Raxicon ~
10logN), so an axicon could only be used in HDS systems having a dynamic range greater than about 26dB. Although
not shown here, R values decrease for pixel fill factors of less than 100% (w/p < 1).
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7. GRAY SCALE CONSIDERATIONS

So far we' ve considered only HDS systems which encode one bit of data per pixel. If the SLM pixels are capable of
multiple modulation states (e.g. gray scale) then each pixel can represent more than 1-bit of data, potentially increasing
data storage density. Figure 12 (no phase mask) shows histograms of camera pixe signas computed for o = 1 and for
two pixel sizes, wp =1 andwp = 0.5. Each SLM pixel was randomly set to one of four equally spaced intensity values
(0, 1/3, 2/3, 1). We seethat although an aperture size of o = 1 was sufficient to distinguish two states (ON and OFF), it
isinsufficient to distinguish more than two states unless the pixd fill factor isreduced. The penalty for reducing w/p to
0.5 in a system with matching SLM and camerais that optical throughput drops to (1/2)*x(1/2)* = 1/16 of the 100% fill
factor case. The alternative is to increase the size of the Fourier plane aperture, the penaty being some loss in storage
density.
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Figure 12. Computed histograms of camera pixe signals for a 64x64 SLM and camera in a two-bit per pixel
HDS system. Thetop two plots are for apixd size of wip = 1. Top left shows individual histograms for the four
input signd levels, top right shows the undivided histogram of signals. The lower plots are for a pixel size of
w/p =0.5.

8. SUMMARY

Performance metrics have been defined here which alow quantitative comparisons of phase mask designs, and which
show tradeoffs that must be considered when selecting which mask type to use in an HDS system. In particular, these
metrics show that reduced dynamic range in the Fourier plane comes at the cost of reduced data storage density. The
storage density penalty can be lessened by reducing the pixe fill factor (Wwp)?, this however trades increased storage
density for reduced optical throughput and signal-to-noise ratio. The use of gray scale in an SLM requires a larger
Fourier plane aperture size (lowering storage density, at least partidly offsetting gains from using gray scale) or
reductionsin fill factor.

A topic not yet considered is data-dependent phase mask performance. For example, when using a binary phase
mask with a 1-bit-per-pixel SLM there will always be exactly one data pattern whose Fourier transform is completely
unaffected by the mask (i.e. no hot spot suppression), and many patternsthat are only weakly affected. System designs
must take thisinto account to ensure that worst case data pages do not have an unacceptably high bit error rate.
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