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ABSTRACT

Jasper Display Corp. (JDC) offer high reflectivibjgh resolution Liquid Crystal on Silicon — Spatiagght Modulator
(LCoS-SLM) which include an associated controllé8I@ and LabVIEW based modulation software. Basedhis
LCoS-SLM, also called Education Kit (EDK), we prdegia training platform which includes a series pfical theory
and experiments to university students. This EDKardy provides a LabVIEW based operation softwarg@roduce
Computer Generated Holograms (CGH) to generate doasé diffraction image or holographic image, lalgo
provides simulation software to verity the expenmeesults simultaneously. However, we believe thabbust LCoS-
SLM, operation software, simulation software, tiain system, and training course can help studemtstudy the
fundamental optics, wave optics, and Fourier opticse easily. Based on these fundamental knowledbeyg could
develop their unique skills and create their nemoirations on the optoelectronic application infitere.

Keywords: Liquid Crystal on Silicon (LCoS), Spatial Light Moltor (SLM), Education Kit (EDK), LabVIEW, Optical
Simulation, Optics Education, Fourier Optics, Cotep@enerated Holograms (CGH)

1. INTRODUCTION

Liquid Crystal on Silicon-Spatial Light ModulatotCoS-SLM) has been widely used on various applceti such as
adaptive optics [1-3], holographic display [4-5]icmascopy [6-7], beam shaping [8], beam steering {#ptical
communication [10], diffractive optical element (BD[11], semiconductor equipment [12], and 3D mletyy [13]. The
major reason is that LCoS-SLM is a useful and péweoptical instrument to modulate the optical wieat
dynamically. By adjusting the driving voltage, tthegree of twist of liquid crystal molecules couleldhanged and tilted.
The light will have phase retardation when it paseough liquid crystal layer. Generally, LCoS-SlidMcapable of
accepting a video signal and converting it intockofraphic image. The video signal, also called poter generated
holograms (CGH), is one method to generate holdtcapterference patterns digitally. There are ¢hsteps to generate
CGH as below, (1) computing the virtual scatteredveifront, (2) encoding the interference patternd 8)
reconstructing the holographic image. There aretiype of LCoS-SLM, such as transmissive type affi@atve type,
respectively. The LCoS-SLM JDC offer is an electlig addressed reflective type. The reflective tyf@oS-SLM
typically has more efficient light usage and lessaaying diffraction by high aperture ratio. In atiloh, we also offer
high resolution and small pixel pitch LCoS-SLM whitcludes an associated controller ASIC and LabWIkased
modulation software. We also offer a training math which includes a series of optical theory axplegimental course.
Through the promotion of LCoS-SLM in university, @wgpect that these university students could deviieir unique
skills and spur innovations for future optoelectcoapplications through our training program. Thare mainly three
topics in our training program or experimental g@urThe first topic is “Fundamentals of LCoS-SLMhieh includes
polarization, jones matrix, and uniaxial crystaddhy. The second topic is “Wave Optics” which ireg interference,
diffraction, and dispersion phenomenon. The thaplid is “Fourier Optics” which includes spatial dreency, optical
spectrum, Fresnel diffraction, and Fraunhofer ddfion. But it is not limited. Teachers could desitheir own
experiments and then implement them on EDK.
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Figure 1 (a) shows the basic experiment setup diagbased on LCoS-SLM (EDK), and Figure 1 (b) shaokes
experiment setup photo of EDK. The first part of optical system (gray) from the coherent lightrseuto collimating
lens is collimating system which produces a plameemo illuminate the LCoS-SLM. The second panpagarization
system (red), two polarizers constrain the inputl @utput polarization state to switch SLM betweanphtude
modulator and phase modulator. The last part isnaging system (blue), the imaging lens will forr@dS-SLM image
onto screen or CCD. Our Educational Kit (EDK) fo€CaS-SLM mainly uses these three parts to compose te
experiments.
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Figure 1. (a) Basic experiment setup diagram basddC®S-SLM (EDK), and (b) Experiment setup photodaasn EDK.

2. PREVIOUS WORK — SLM BASED EDUCATION KIT

Spatial Light Modulator (SLM) is a powerful actiwptical component to change the optical wavefronekectrical
signal and had been widely investigated for marpliegtions. We use LCoS (Liquid Crystal on Silicarhich has high
reflectivity and spatial resolution as main compunaf SLM educational kit [14], and present a seé experiment to
let students know the background theory of SLM.réhere mainly three topics in our training programexperimental
course. The first topic is “Fundamentals of LCoSvELthe second topic is “Wave Optics,” and the dhiopic is
“Fourier Optics.”

2.1 Fundamentals of LCoS-SLM

LCoS-SLM has pixelated structure as micro displalge coherent light source would be diffracted totigal and
horizontal direction when the coherence light seullaminates the pixel structure of LCoS-SLM. Th@arization state
is changed by the anisotropic characteristic afilcerystal. Regarding this characteristic of ldjairystal, LCoS-SLM
can modulate the amplitude or phase of the lighantthe first topic “Fundamentals of LCoS-SLM,” weuld like to
let the university students understand these cteistics of LCoS-SLM and realize how to modulake tbasic
wavefront by using LCoS-SLM. However, the first ioncludes the polarization, jones matrix, andaxial crystal
theory. Figure 2 shows the fundamental optics bamed.CoS-SLM (EDK). The pixelated structure, amplié
modulation, phase modulation, and wavefront mothragxperiments are shown as Figure 2 (a)-(d) eetbely.
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Figure 2. Fundamental optics based on LCoS-SLM (E@&)pixelated structure, (b) amplitude modulati@) phase
modulation; and (d) wavefront modulation.

2.2 Wave Optics

In this second topic “Wave Optics,” LCoS-SLM wik applied to traditional optical experiments byyiding the phase
grating and amplitude mask. We expect to let thiveusity students know how to apply the LCoS-SLMoirthe
traditional experiments. However, the second tamitudes interference, diffraction, and dispergiyenomenon. Figure
3 shows the wave optics based on LCoS-SLM (EDK} ilffraction and interference, the Michelson ifeaesmeter,
and the dispersion experiments are shown as FR(ag(c), respectively.
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Figure 3. Wave optics based on LC0S-SLM (EDK), (#jattion and interference, (b) Michelson intedareter, and (c)
dispersion.

2.3 Fourier Optics

The third topic is “Fourier Optics” which includespatial frequency, optical spectrum, Fresnel diffcm, and
Fraunhofer diffraction. Figure 4 Shows the Foumgtics based on LCoS-SLM (EDK). The signal progasgsi
Talbot mage, and phase shift digital holographyORBare shown as Figure 4 (a)-(c), respectivelyoBESLM has
these properties of pixelated structure, high apentatio, and smaller pixel size. Hence, the L&Gb.$4 could be a
good solution to perform the Fourier experimenishsas Fresnel and Fraunhofer diffraction. Most irtgod of all,
if we want to get a high reflective and clear difftion results, we need to use a digital pattethtarmake these
pixel size as small as the wavelength range.
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Figure 4. Fourier optics based on LCoS-SLM, (a) aigmocessing, (b) Talbot mage, and (c) phase gigjftal holography..

3. NEW FUNCTION AND NEW SIMULATION SOFTWARE ON LCOS-SL M (EDK)

This EDK not only provides a LabVIEW based opematimftware to produce CGH to generate some bafiaction

image or holographic image, but also provides st software to verity the experiment resultsudtemeously. Our
LabVIEW based software also can simulate fundanhesptics, wave optics, and Fourier optics. This wdation

software not just helps students to realize therthef Jones matrix and the relationship amongaénzer, retarder,
and analyzer, but can simulate the interferendéadtion, and dispersion phenomenon. We also canthis simulation
software to simulate the optical pattern and optreavefront dynamically. However, we believe thatobust LCoS-
SLM, operation software, simulation software, thagnsystem, and training course can help studemtstudy the
fundamental optics, wave optics, and Fourier opticge easily. Based on these fundamental knowledbeg could
develop their unique skills and create their nemoirations on the optoelectronic application infiltere.

3.1 Pixelated Structure of LCoS-SLM

The objective of this experiment is to investigladev the basic structure of the SLM affects the badra of the light, by
projecting a light wave onto an LCoS-SLM that ig neceiving electrical signals. We will learn how @bserve the
maximum diffraction angle, diffraction efficiencgnd the changes in the polarization state; themthese observations
to calculate the basic parameters of the LCoS-SiMh as its pixel size, aperture ratio, and aligmntraegle. Figure 5 (a)
shows the Graphical User Interface (GUI) of pixethstructure. This EDK software is LabVIEW based anovide
multi-function and easy-to-use modulation. Figurdb® shows the GUI of calculating pixel size. ByuFer series
analysis, a periodical structure could be exprebgdtie following equation

F(x) = 52, Apel?m5* (1)

where

f e 2T iy 2

D is the period of the structure, ands thenth order of diffraction. From the equation above, ¢thiginal equation can be
broken down into several exponential functions wdififierent weights, which represent several diffegclight beams of
different orders, with the diffraction angleas,

6 =sin" () 3)
where is the wavelength of the coherent light sourcedéfrthe condition of paraxial approximation, thérection
angle will increase proportionally. Thus, using thleove equation, we can calculate the pixel peBody, first,
measuring the diffraction angle, then, substitutingith the wavelength of the light. Under the daion of a fixed
wavelength, a larger diffraction angle requiresralfer pixel period. This is why SLMs need to bedamamaller with
their dimensions made closer to the wavelengthefight.
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From the above conclusion, we know that the distiitm curve of the intensity of diffracted light @ssinc function as
below,

j—: = [sinc (%)]2 (4)
where

sinc(x) = Sin::x) (5)

lois the intensity of zero order ahds the intensity of first orded is the aperture size and also be the pixel §lze.the
period of the structure and also be the pixel pitdk the coefficien{g of thesinc function.

By calculating the diffraction angle, we can alse the following equation based on our experiments

0 = tan! ("—1) (6)

di+d;

wherex; is the distance between zero order to first ordigis the distance between LC0S-SLM to the beamtepliand
d,is the distance between the beam splitter to theesc
Figure 6 (a) shows the experiment setup photo xélaied structure. Due to the pixelated structdre@oS-SLM, a
coherent light source (532 nm) normally incidentlddoS-SLM and then the light will be reflected baskth many
diffraction orders as shown in Figure 6 (b). Basedthis software of calculating pixel size, thedgmts could fill the
blanks of parameters such as SLM to Beam Splittgr Beam Splitter to Screeml,, Diffraction angle ¢), Order of
Diffraction (n), Wavelength of the coherent light sourég ¢ero order Powelld), and first order Powet . After that,
the program can help the students to calculatePiteh Size D) and Pixel Sized). For example, the distance of
diffracted light spots between zero order to fasler &;) we measured is 2.9 cm. The distance between L$1d%+0
the beam splitterdq) and the distance between the beam splitter tedheen d,) are 5.4 cm and 30 cm, respectively.

The intensity of zero order and first order is 244W and 1.7uW, respectively. From the above parameters of our

LCoS-SLM, the diffraction angle is 0.08174 rad amignsity ratio of first order to zero order is 03124, and we can
obtain that the periodD) is 6.516um, the aperture sized) is 6.169um, and the aperture ratio is 90.2% from this
experiment.
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Figure 5. (a) LabVIEW based software GUI of pixethstructure, and (b) GUI of calculating pixel size
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order, and (c) The measurement distaiged;) from LCoS-SLM to the screen.

3.2 Amplitude Modulation

Regarding amplitude modulation experiment, we rteeldok for the alignment angle of LCoS-SLM. Weaalseed to
adjust the angles of the polarizer and the analy@eronvert LCoS-SLM into an amplitude modulatdren we can
create a simple projection system. In this expemimnstudents will learn how to use LCoS-SLM as amplitude
modulator. The LabVIEW based software GUI of anyolé modulation is shown as Figure 7 (a). In adaljtitne
students can use our Amplitude Modulation Simufasoftware to simulate the phenomenon of amplitmdeulation.
The GUI of amplitude modulation simulation is shoas Figure 7 (b). About this software of amplitudedulation
simulation, the students could fill the blank paed@ns of Polarizer Transmission Axis, Liquid Cry<fptical Axis,
Retarder Retardation, and Analyzer Transmissiors Akhe Polarizer Transmission Axis is the transnite direction of
the input polarization light. Typically, it is caeli Polarizer direction. Liquid Crystal Optical Axis the direction of
uniaxial retarder slow axis. Retarder Retardatisnthe retardation of the retarder. Analyzer Trassion is the
transmittance direction of the output polarizatiight. Typically, it is called Analyzer directiof.he experiment setup
photo is shown in Figure 8 (a), a plane wave pasgsesigh LCoS-SLM with two polarizer controllinggat and output
polarization state, an imaging lens behind the LGa® forms the SLM image onto screen. The trangmie of this
system [15-17] is
T = cos?y — sin2(B — y) sin(2p) sin? [g] @)

wherey is the angle between polarizer and analyges, the angle between the polarizer and LC direcnods is the

phase retardation related to voltage applied. Vditbross polarized configuration whighequal to 90 degree aifd
equals to 45 degree. The transmittance becomes

Ty = sin? [3]. (8)
We can get an amplitude modulator with sinusoiéaponse by this configuration. Figure 8 (b) showes ginusoidal
intensity variation by different grayscale inputrit computer.
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Figure 7. (a) LabVIEW based software GUI of amglgumodulation, and (b) GUI of amplitude modulatsdmulation.
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Figure 8. (a) Experiment setup photo of amplitudelmation, and (b) Intensity variation at differgmay level input.

3.3 Phase Modulation

Regarding phase modulation experiment, we adjustatigles of the polarizer and the analyzer to adrihe spatial
light modulator into a phase modulator. In additieve use an interferometer to measure its phasagelsa The
LabVIEW based software GUI of phase modulatiorhisven as Figure 9 (a). In addition, the studentsusour Phase
Modulation Simulation software to simulate the ptenon of phase modulation. The GUI of phase mdidula
simulation is shown as Figure 9 (b). About thistwafe of phase modulation simulation, the studeotdd fill the
wavelength of the coherent light source, pixel saed homogeneous patterns with different grayllevken, the
students can simulate the phenomenon at differdfraation distance, different focal length, andfelient x or y
direction offset. In phase modulation experimeng, uge the same optical experiment setup as amplitumdulation
experiment but change the polarizer and analyzecton to align with LC director. It means= § = 0. As a result,
the transmittance is always 1, there is no ampgituariation at this configuration. Only phase vewigth input signal.
Moreover, we would like to examine the phase mathracapability by the interference. Therefore, agel one more
mirror for offering the reference light in this eeqiment. The experiment setup photo of phase mtidnlaxperiment is
shown in Figure 10 (a). We adjust the tilt anglenofror to get a horizontal interference and them @ black/white
pattern to the LCoS-SLM. Each gray level represdiifsrent phase difference. The white parts witidually changes
its gray level from 0 to 255, and the interferepagtern will be shifted as equation below

I = 2Iy[1 + cos(ksinfy — ¢)], )
wherek is the wavenumbep, is the angle between two plane wave reflected fta@oS-SLM and mirrorg is the
phase difference between these two waves. The phésés in proportion to interference shift, thwe can measure the
phase difference by the shifted interference. Theesp difference results at different gray leveltrare shown as Figure
10 (b).
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Figure 10. (a) Experiment setup photo of phase fatida, and (b) Phase difference at different desl input.

3.4 Wavefront Modulation

The objective of this experiment is to create plaveves, spherical waves, and cylindrical waves tratel along
different directions by adjusting the wavefrontspbfise modulator. In addition, we would like torfeabout the limits
of the diffraction angle of a phase modulator.His texperiment, the students have known how toSidd as a phase
modulator in previous experiment, and they willrfe&dow to modulate the incident plane wave to cogwediverge,
and orientates to other directions. The plane wawefspherical wavefront, and cylindrical wavefranthe LC0oS-SLM
plane &y plane) can be expressed as following equations

2T .
Plane wave: e’ 25110 (10)
Spherical wave: eim(xzwz) (11)
)
Cylindrical wave (phase only changes along the y-axis): e'1z0” (12)

Whered is the angle betweenaxis and propagation direction, is the distance from diverging or converging paont
the LCoS-SLM plane. The LabVIEW based software Gfllwavefront modulation is shown as Figure 11 (a).
addition, the students can use our Wavefront MdauleSimulation software to simulate the phenomeabwavefront
modulation. The GUI of wavefront modulation simidat is shown as Figure 11 (b). Regarding this safewvof
wavefront modulation simulation, the students cdilldhe wavelength of the coherent light souraed pixel size. Then,
the students can simulate the phenomenon to ob#@vesult of different parameters by changingabserve distance,
and the wavefront type. The wavefront type incluglesie wave, spherical wave, and cylindrical walge experiment
setup photo of wavefront modulation experimentisven in Figure 12 (a). We can directly get the ghiatormation by
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substituting pixels positionx( y) data of SLM, each pixel will have its phase imfiation and each phase data
corresponds to gray level input from computer,rdslting plot are shown in Figure 12 (b).
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Figure 12. (a) Experiment setup photo of wavefrantlulation, and (b) The diffraction image resuttgifferent diffraction pattern.

3.5 Phase Shifting Digital Holography (PSDL)

The objective of this experiment is to help students understand the operational principles of phase-shifting digital
holography, as well as its device structure and method of calculating the amplitude and phase of the object wave.
Furthermore, to help students learn how to use the near-field diffraction theory to verify the calculated outcome. This
experiment for LCoS-SLM is Phase Shifting Digital Holography (PSDH). An object wave can be recorded by recording
one set interference pattern. In PSDH, we record 4 interference patterns each has different phase shift (0°, 90°, 180 °,
270 °) in reference wave. By the following equation we can get the original wave information [18]

0(x,y) = 4|RI[(IO ,T)+l(1n/—13n/)] (13)

where R is the reference wave, [ is interference of object and reference wave, and subscript 0 means the reference
interference, other value mean the phase shift in reference wave. Therefore, we use Michaelson interferometer again and
SLM is used to give phase retardation to the reference wave by giving different gray level input. The LabVIEW based
software GUI of PSDH and the GUI of reconstruction image is shown in Figure 13 (a) and Figure 13 (b), respectively.
Compare with the traditional PSDH, we can exactly change the phase of plane wave with the resolution of 8 bit depth by
using EDK software. The experiment setup photo of phase-shifting digital holography is shown in Figure 14 (a). The
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interference fringes are recorded by a CCD and these phase difference are from phase 0°, 90°, 180°, and 270 ° as shown
as Figure 14 (b). Then, we use the image reconstruction software to load these four image files and to do the
reconstruction procedure and calculation. The sample image and the reconstruct image are shown in Figure 14 (c).
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(©)

Figure 14. (a) Experiment setup photo of phaseisbitligital holography, (b) Interference fringghiase difference from phasé,0
90° 180°, and 270, and (c) Sample image and reconstruct image frenabove four interference fringes image.

CONCLUSIONS

In this paper, we have already developed multifioncand easy-to-use EDK software that was basetatVIEW
system. We would like to integrate these EDK sofenato our high reflectivity, high resolution LC&3.M to enhance
the overall performance. Based on this LCoS-SLM KEDwve provide a training platform which includesseries of
optical theory and experiments to the universitydents. This EDK software not only provides a LdbWl based
operation software to produce CGH to generate doaséc diffraction image or holographic image, bisbgrovides
simulation software to verity the experiment residimultaneously. Our LabVIEW based software cao aimulate
fundamental optics, wave optics, and Fourier oplités simulation software not just helps stude¢otsealize the theory
of Jones matrix and the relationship among of jmdar retarder, and analyzer, but can simulate itiberference,
diffraction, and dispersion phenomenon. We also ws this simulation software to simulate the @ptjgattern and
optical wavefront dynamically. However, we belighat a robust LCoS-SLM, operation software, simatasoftware,
training system, and training course can help sttgd® study the fundamental optics, wave optios, Bourier optics
more easily. Based on these fundamental knowledpey, could develop their unique skills and cretteir new
innovations on the optoelectronic application ia thture.
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