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1. INTRODUCTION

A major technological hurdle for optical computing and optical pattern

recognition is the current state of performance of spatial light modulators

(SLM's). The slow response, low resolution, and poor visibility of spatial

light modulators have significantly limited their application in optical

computing and pattern recognition.

Progress in spatial light modulator technology has been forthcoming

over the past few years. Performance characteristics, such as response

time, resolution, and visibility, have been steadily improving in SLM's.
Some commonly considered SLM's for pattern recognition purposes include

magneto-optic SLM's121, deformable mirror devices[3, microchannel SLM'sI4],

and ferroelectric LC devices[l,5-61. This communication discusses the per-

formance characterizations of the newest of these SLM's - optically addressed
ferroelectric LC devices.

1l. DEVICE CONSTRUCTION

The basic construction and theory of operation of the optically-addressed

ferroelectric liquid crystal (FELC) SLM, fabricated by the University of
Colorado - Boulder and displaytech, Inc., is similar to the Hughes LCLV[7].
A sketch of the FELC device is shown in Figure 1. Hydrogenated amorphous

:ilicon is used as the photosensor and the ferroelectric liquid crystal
(SCE9)[81 is smectic C*. Typical operation of the FELC SLM requires the

application of a 17V peak-to-peak amplitude of a 1.5 KHz square wave with
a 2V DC offset.

The laboratory grade device did not have dielectric coatings nor use

optical flats for the sandwich structure. The absence of the dielectric
coatings allowed for the unwanted transmission of the write beam through

the liquid crystal. A great deal of unmodulated light was transmitted by
the device when it was addressed using broadband white light. Experimentally,

it was found that green light was well absorbed while still providing enough

activation energy for the amorphous silicon photosensor. The device was
operated with an incident write light of 300 pW/cm 2 intensity and 514.4 nm
wavelength. This intensity corresponds to the lower limits of the device,

capable of operating between 0.2 and 60 mW/cm 2 write light intensity. The
reflectivity of the FELC SLM was also limited by the absence of a dielectric

mirror to be 23%.
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Figure 1. Schematic representation of the optically-addressed
ferroelectric liquid crystal spatial light modulator.
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III. RESOLUTION MEASUREMENTS

The resolution of the ferroelectric SLM was measured using the optical

system depicted in Figure 2. A USAF resolution transparency was imaged 1:1

on the write side of the FELC SLM using a 50 mm focal length imaging lens
(54 m dia.) and a collimated beam of light provided by an Argon laser. The
read beam, spatially filtered and collimated using standard laboratory

techniques, was provided by a HeNe laser source (X=632.8 nm). Lens L2, a

192 mm focal length bi-convex doublet (54 mm dia.), was used to image the
modulated light from the FELC SLM onto the CCD camera. The location of this

lens was chosen so that a 2:1 imaging ratio occurred between the modulator
and the camera. The polarizer and half-wave plate were adjusted for maximum

image visibility at the CCD plane. The transmission of any write light

(X=514.5 nm) through the device was immeasurable at the CCD plane.

Figure 3 is a photograph of the resolution chart's image at the CCD
plane. This photo was taken from a monitor connected to the camera. The

least resolvable order is the third element in group 5. The resolution of
this element corresponds to 40.3 Ip/mm. The resolution measurement techniques

and results compare favorably to previously published results [1,9]. The

modulator was temporarily replaced with the USAF resolution chart, a "chrome-

on-glass" transparency, to verify that any optical components or the CCD were
not the limitation to this resolution. The least resolvable order corres-

ponded to>50 lp/mm for this arrangement. Therefore, the maximum imaging

resolution of the FELC device was determined to be 40.3 lp/mm. A photo-

detector was then inserted to determine the corresponding write light incident

on the modulator to achieve this resolution. The write light intensity was
measured to be 260 pW/cm 2 at the FELC write plane. The read light, though

not as important, was measured to be 55 pW/cm 2 at the FELC read plane.

Other researchers have obtained higher values for the spatial resolution

of ferroelectric liquid crystal spatial light modulators by using a pair of
coherent beams to write a holographic interference pattern on the write side

of the device, and observing the far-field diffraction pattern of the re-

flected read beam.* Multiple orders of diffraction are usually observed. It
has been assumed that the binary response of the smectic U* ferroelectric

liquid crystals maps the incident sinusoidal fringe pattern into a square
wave output. Therefore, each diffraction order was taken to present one
harmonic component of the Fourier decomposition of a square wave. The

highest observed diffraction order then gave the highest spatial frequency

resolved on the device, as an integral multiple of the spatial frequency of

the incident pattern.

* Personal communication with Dr. Garret Moddel, Electrical and Computer

Engineering Dept. and Optoelectronics Computing Systems Center, University

of Colorado - Boulder, Boulder, CO 80309.
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However, the extraction of spatial frequency information from the

diffraction pattern of the read beam is problematic, since, for spatial

frequencies of interest, the FELC SLM acts as a thin phase grating; i.e.,

it operates in the Raman-Nath regime. A grating is normally considered to

be "thin" when the following condition is met[101:

(dX/A 2 ) << ()

For typical parameters of liquid crystal grating layer thickness (d = 3 Pm),

HeNe read beam (A = 632.8 nm), and incident sinusoidal interference pattern

period (A = 25 pm for a 40 lp/mm input pattern), the thin grating condition

is easily met, even though the grating is several wavelengths thick.

The most striking characteristics of a sinusoidal thin phase grating is

that it exhibits multiple diffraction orders even if there is only one spatial
frequency component in the grating. Obviously, linear superposition still

holds, and higher harmonics in the grating will contribute to the diffraction
pattern, but the presence of highe: order diffraction modes from a thin grat-

ing is not sufficient proof of higher spatial frequencies in the grating.

IV. VISIBILITY MEASUREMENTS

Visibility is a measure of the quality of an image produced by a system.

Following Michelsonill], visibility is defined as

v = Imax - Imin (2)

Imax + 'min

where Imax and Imin are the maximum and minimum intensities of the resulting

image. The optical system shown in Figure 4 was implemented to measure the
visibility of the FELC modulator. Initially a totally dark vs. a totally

bright image was written to the modulator with a photodetector located at

the imaging plane P. The variation in the energy measured in plane P
corresponded to a visibility of 0.90.

The visibility of the optically-addressed FELC modulator will improve
with the use of optical flats, instead of glass plates, for the sandwich

structure. The glass plates of the laboratory grade modulator created an

interference pattern of Newton's rings in the image plane. These rings
increased the average of the background noise thus increasing the value of

'min observed with the photodetector. The visibility of the signal detected
by the photodetector may also be reduced by sufficiently intense read beam

illumination. The read beam was attenuated well below the saturation level

of the detector to negate this effect.

The USAF resolution transparency was then reimaged 1:1 on the modulator.
The photodetector in plane P was replaced with a Pulnix TM-540 CCD camera

and lens L2, a 254 mm f.l. biconvex lens (54 mm dia), was located so that a

1:1 imaging occurred between the modulator and camera. The video output of
the camera was channeled to a video analyzer and chart recorder. The video

analyzer/chart recorder allowed for the scanning of a horizontal or vertical
line of video across the modulator's image of the resolution chart.

6
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Video traces across each resolvable set of bars comprising the groups

and elements of the chart were performed. These traces corresponded to a

measurement of the visibility for varying spatial frequencies. This data

essentially comprises a Contrast Transfer Function (CTF) of the optical

system. The CTF is a measure of the amplitude response of a system to

varying square-wave spatial frequency inputs.[121 However, CTF's of sub-

systems cannot be cascaded to evaluate the performance of an overall system.

The Modulation Transfer Function (MTF) is a quantitative measure of

image quality. The MTF describes the ability of a lens or optical system,

as a function of spatial frequency, to transfer an object visibility to the

image. The MTF is the amplitude response of a system to varying sine-wave

spatial frequency inputs. Furthermore, MTF's permit the cascading of the

effects of subsystems in determining the performance of an overall system.

The CTF and MTF responses of a lens or system are related by [13]:

MTF = M(f) = IH/41 {C(f) + C(3f)/3 - C(5f)/5 + C(7f)/7 ..... } (3)

where f is the spatial frequency and C(f) is the visibility measured for a

known spatial frequency.

The CTF of the system shown in Figure 4 was measured using the video

analyzer/chart recorder described above. This CTF includes the effects of

the modulator, camera, and the intermediate optical components. Equation (3)

was used to determine the MTF of the system. Only the first four terms in

the series expansion was used which corresponded to the collection of approx-

imately 98% of the energy arriving at the optical system. The remaining

energy is modulated at higher harmonic frequencies of the bar chart funda-

mental frequency. The resulting MTF is shown in Figure 5a. This MTF curve

should not be interpreted as the MTF of the modulator alone. The MTF of the

camera and intermediate optics must be removed from this curve to determine

the MTF of the FELC device. The FELC device was replaced with the "chrome-

on-glass" transparency of the USAF resolution chart. This transparency

served as a high resolution test input to the system shown in Figure 4. The

video analyger and chart recorder were again utilized using the techniques

described above to measure the CTF. The MTF was calculated from this CTF

and is also shown in Figure 5a. The MTF of the SLM was determined by

dividing the total MTF by the optical system MTF. The results are shown in

Figure 5b. The curves shown in Figure 5 are empirical "best-fit" approxi-

mations to the data.

8
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V. IMAGING RESPONSE MEASUREMENTS

The response time of the ferroelectric LC SLM was measured using the

optical system shown in Figure 6. This experimental system differs from

the systems used above to measure the resolution and visibility. The

response time experiment utilized a broadband white light source for the

write beam illumination. A green band-pass filter was used in conjunction
with this source but a significant amount of near-IR light was transmitted

through this filter and consequently through the ferroelectric liquid 0

crystal layer. An electronic shutter was used to cycle the write beam "on"

or "off" on the modulator. The polarizer and half-wave plate shown in the

read beam were adjusted for maximum image visibility at plane P. A photo-
detector was positioned at P with the output of the detector sampled by an

A/D acquisition board located inside a 80286 microprocessor-based computer.

Prior to collection of data from this system, the response limitation

of the shutter, detector, and A/D acquisition was determined. The detector
was positioned in front of the shutter of the write beam, which was cycled

open and closed every 40 milliseconds. The A/D board sampled the output
of the detector every 0.2 milliseconds during this cycling. The rise and

fall times were determined to be approximately I millisecond each for the
shutter/detector combination. Therefore, the detector, shutter, and A/D

acquisition process should not limit the response measurement of the

modulator until approximately 500 Hz.

Figure 7 is a plot of the modulator response from the optical system

shown in Figure 6. The shutter was cycled open and closed at a 25 Hz

frequency. The high frequency modulation on the response curve is due to

the device being driven by a 1.5 kHz square wave voltage. The reason that

the output of the device oscillates at this frequency is that the device is
at least partially erased during the forward-bias portion of the square wave
cycle. Ideally, the device would be completely erased during every forward

bias period but the photoconductive effects of the amorphous silicon photo-
sensor presently limits this response. The large amplitude of this high
frequency modulation obscured the rise and fall times of the optical response.

Analog filtering was employed prior to the A/D sampling to more clearly

determine the optical response of writing to the modulator vs the electrical

response due to the driving frequency of the device. Several low-pass filters

were utilized. The cutoff frequency of these filters included 500, 200, and

100 Hz. Comparison of the resulting response curves with these varying

filters revealed no characteristic change in the shape of the optical
response while successfully suppressing most of the high frequency modula-

tion.

Figure 8 shows the optical response of the ferroelectric liquid crystal

modulator using a low-pass analog filter with a 100 Hz cutoff frequency.
Figure 9(a) and 9(b) are magnified portions of the response curve emphasizing

rise and fall times respectively. The rise time, measured from the baseline

to the maximum value, was 10.0 milliseconds. The fall time, from maximum

value to the baseline, was 7.3 milliseconds. The cycle time is 17.3 milli-
seconds which corresponds to approximately 60 Hz. This response was taken

near the optimal visibility of the modulator with approximately 0.6 mW/cm
2

incident on the write side of the device and includes any photoconductive

10
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Figure 7. Graphical representation of the modulator's response in the
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effects due to the properties of the photosensor. This response time differs

from previously published researchI 1 which sacrificed maximum visibility

and low write light intensities for orders of magnitude increases in response.

Response time is also measured as a function of 10%-90% rise and 90%-10%

fall from maximum to minimum read-out intensity. This device has a corres-

ponding 10%-90% rise time of 4.6 msec and 90%-10% fall time of 3.8 msec for

a cycle time of 8.4 msec or approximately 120 Hz. However, this response

does not occur at optimum visibility.

The optical response of the modulator was also measured as a function

of the write light intensity by inserting various neutral density filters

in the write beam and repeating the above experiment. For write light in-

tensities varying beLween 0.1 and 0.6 mW/cm2 , the rise time increased with

decreasing intensity and conversely the fall time decreased with decreasing

intensity. The cumulative effect of the rise and fall times resulted in the
cycle time remaining constant throughout this range. The rise time decreases
with increasing write light intensity because the rate at which the FELC is
charged negatively during the (reverse biased) write period is proportional

to the write light intensity. As photons are absorbed in the hydrogenated

amorphous silicon, mobile charge carriers are created which polarize the
FELC. Therefore, the FELC charges faster if the write light is brighter.
The reason that the fall time increases with increasing write light intensity

is that there is more charge to remove from the FELC before the voltage
becomes positive again and the device is erased. Since erasing occurs under

forward bias, the rate at which the FELC is discharged is independent of
write light intensity. Therefore, when the FELC is charged more negatively

during the write period (as it is with brighter write light), it takes

longer to discharge during the erase period.

Another commonly quoted measure of response time is the decay constant.

The decay constant is the time to rise and fall to within l/e (63%) of its
equilibrium value. Using this definition, the decay constant of the optically-

addressed FELC modulator was measured as approximately 9 milliseconds. The
decay constant of several liquid crystal televisions which have been used

for optical processing have recently been measured and were found to vary

between 37 and 150 milliseconds at optimal image visibility.f141

1
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VI. MODULATION RESPONSE OF READ BEAM AS A FUNCTION OF WRITE LIGHT

INTENSITY

Recently, the effect of a nonlinear matched filter in optical cooaralat,,r

architectures has been investigated.115-191 The operation has been computer

simulated for both joint transform and classical matched filter correlators.

The nonlinearity of most spatial light modulators typically utilized in these

correlators has not been experimentally measured. The results of some

experiments which show a nonlinear response of the modulated read beam as

a function of the write light intensity for the optically addressed ferro-

electric LC SLM are presented in this section.

The experimental system shown in Figure 10 was used with the FELC SLM.

A HeNe laser was spatially filtered and collimated using standard laboratory

techniques. A half-wave plate in conjunction with a mirror and a beam-

splitter (BS) was used to effectively divert this beam to the read side of

the modulator. A spatially filtered and collimated beam from an Argon ion

laser was used as the write beam source. Prior to the polarizing beamsplitter

(PBS) in the write beam, a variable beamsplitter (VBS) was inserted to adjust

the intensity of the write beam. A half-wave plate in conjunction with the
PBS was used to divide the light into two equal intensity beams. One of these

beams was used to write to the SLM while the other beam was used to monitor

the intensity of the write beam by using an NRC model 815-SL power meter

(Detector #1). Furthermore, the read beam reflected from the SLM was imaged

into a second NRC power meter (Detector #2).

The modulated read beam was measured for varying write light intensities
when the FELC SLM was operated in "maximum contrast" and "phase-only" modes.

The maximum contrast state was determined by inserting a USAF resolution

chart at plane P. This chart was then imaged onto the write side of the

SLM using lens L2, a 50 mm focal length TV imaging lens. The polarizer in

the read beam and the driving frequency of the FELC SLM were adjusted to
achieve maximum contrast at detector #2. Maximum contrast was qualitatively

determined by temporarily replacing the detector with a CCD camera and

visually assessing the resultant image. Once maximum contrast was achieved,
the resolution chart was removed and the variable beamsplitter was adjusted

while write and read beam intensities were measured from detector #1 and

detector #2, respectively. The FELC SLM was then adjusted to operate in a
"phase-only" mode. This mode was determined by reinserting the resolution

chart at plane P and adjusting the polarizer in the read beam until no

apparent contrast was evident. Although the contrast of the read beam was

minimized, some amplitude modulation was evident in the read beam. The chart
was then removed and the write and read beam intensities were recorded for
various write light intensities. The results of these "maximum contrast"

and "phase-only" measurements are shown in Figure 11.

The results presented graphically in Figure 11 definitively show regions

of nonlinear response of the modulated read beam as a function of the write

beam intensity. Research is currently being performed to determine the

effects of thic nonlinearity on the spatial frequencies written to this

spatial light modulator. Perhaps the nonlinearity may be utilized to effec-

tively tailor spatial frequency variations for optimal performance of an optical
processing architecture. The effects of this nonlinear spatial frequency tailor-

ing on optical correlator architectures are currently being studied.

15
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mostly" mode.

17



VII. CONCLUSIONS

Several performance characteristics of an optically-addressed ferro-

electric spatial light modulator have been experimentally measured. These
characteristics include response time, resolution, and visibility. The

laboratory grade modulator was able to resolve at least 40 lp/mm at a

visibility of 0.9. Furthermore, the device responded to an update of the
input image occurring every 17 milliseconds at maximum visibility.

Several modifications are desired in future generations of this
modulator. These modifications include the use of a dielectric mirror and
optical flats. The dielectric mirror would isolate the read and write

beams, thereby reducing the sensitivity of the write light required. The
optical flats will minimize or eliminate the Newton's rings formed in the
image read from the device. This modification will improve the visibility
of the image read from the modulator. It is believed that the above

mentioned modifications can be successfully achieved with currently avail-
able technology and equipment.

1
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