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1. Abstract 

Optical processing systems often require compact high frame rate Spatial Light Modulators (SLMs)1,2,3,4, usually with 
application specific modulation requirements in the complex plane5,6,7,8. In this paper we discuss several advances at Boulder 
Nonlinear Systems (BNS) toward this goal, including our Liquid Crystal (LC) on VLSI 128x128 analog SLM9, and our 
multispectral hybrid incoherent to coherent converter.  We also present the analysis of optical modulation possibilities when 
utilizing Zero Twist Nematic (ZTN) and planar aligned Chiral Smectic LC (CSLC) on a reflective backplane.  Finally we 
present the design of a multispectral optical correlator for machine vision applications such as food inspection, security, or 
manufacturing inspection. 

Keywords: spatial light modulators, optical correlators, liquid crystal displays, manufacturing inspection, optical processing, 
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2. VLSI Spatial Light Modulators 

The LC-VLSI approach yields an SLM that is reflective in nature.  Combining this with the optical modulation properties of a 
ZTN or planar aligned CSLC can result in several forms of modulation.  Using the configuration of Figure 1, we have 
analyzed the operating curves that are feasible.  We are taking a ZTN device to be a pure variable birefringence device and 
the CSLC device to be a pure rotative device.  The different forms of modulation are obtained by changing the state of 
polarization on the SLM using quarter-wave and half-wave plates.  Operating curves for some of the more interesting cases 
are shown in Table 1. 
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Figure 1.  A possible architecture for a reflective LC device (λλλλ/2 and λλλλ/4 are passive retarders). 

In Figure 1, E0 is the input field linearly polarized along the x-axis, txxE0 and txyE0 are the two orthogonal linear polarized 
outputs exiting the polarizing beam splitter cube.  Also, α1 and α2 are the λ/2 and λ/4 retarder orientations, respectively, α is 
the optical axis orientation of the variable LC modulator, and Γ is the retardance of the LC modulator in a round trip. 



Table 1. Some possible modulation curves using LC-VLSI devices. 

Case LC 
type 

LC retard. 
(Γ in rad) 

LC opt. axis 
(α in rad) 

λ/2 opt. 
axis (α1 
in rad) 

λ/4 opt. 
axis (α2 in 

rad) 

txxE0 txyE0 

1 CSLC π −π/8 −> π/8 0 0 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Real

Imaginary
 -1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary

2 CSLC π −π/8 −> π/8 π/16 π/8 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 -1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 

3 CSLC π −π/8 −> π/8 π/8 0 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 -1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary

4 NLC 0 - 2π 0 0 0 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 -1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary

5 NLC 0 - 2π 0 π/8 0 

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 -1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Real

Imaginary
 



The passive retarders are used to obtain any polarization state prior to the LC modulator.  These different polarization states 
are what enables the various forms of modulation obtainable from the LC device.  Results indicate that a broad set of 
operating curves is achievable with the retroreflected light, relative to light in the orthogonal polarization.  CSLC devices 
used in this configuration are limited to real-axis only curves in the orthogonal polarization, Cases 1 and 2.  Conversely, 
additional operating curves such as phase-only in the Quarter/Half/Quarter (QHQ) configuration10 are achievable for light that 
exits x-polarized, Case 3.  In general, the ZTN device produces an operating curve which is circular with the center 
determined by the input state of polarization.  Case 4 represents phase-only modulation and Case 5 is maximum amplitude 
modulation with a ZTN device.  Figure 2 shows some 128x128 analog SLM imagery demonstrating some of the modulation 
possibilities and the resultant far field diffraction patterns.  These far field diffraction patterns show the 0th and 1st orders.  
Note the lack of a DC component in both the binary-phase grating and the sinusoidal-amplitude binary-phase grating.  Also 
note the absence of the higher frequency spikes in the sinusoidal-amplitude binary-phase grating. 
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Figure 2. 128x128 analog SLM imagery demonstrating real-axis modulation as shown in Cases 1 and 2 of Table 1, 
a) and b) are a sinusoidal-amplitude binary-phase grating and the corresponding far field diffraction 
pattern, c) and d) are the binary-phase grating, and e) and f) are the binary-amplitude grating. 

2.1. 128x128 analog spatial light modulator 

The 128x128 analog SLM was fabricated with the LC-VLSI approach yielding a reflective SLM with 16,384 pixel elements 
(see Figure 3).  The pixel pitch, or center-to-center spacing, is 40 µm resulting in an active array size of 5.12 x 5.12 mm. The 
theoretical full-frame load time of the VLSI chip is approximately 25 µsec, but has only been tested to 102.4 µsec.  This 
results in a tested continuous full-frame load rate of 9766 Hz, or equivalently 1.3 gigabits/sec.  However, this does not include 
time for the LC to optically respond to the electric field, or for actual viewing time.  For a CSLC device, the typical response 
time (10% to 90% modulation) will be approximately 50 - 150 µsec, which is mainly a function of electric field strength and 
temperature.  For LC film thickness’ appropriate for modulators operating in the visible band, the response time will be close 
to 50 µsec.  Thus with a 50 µsec LC response time and a view time of 100 µsec, an entire frame time will consume 
approximately 250 µsec, or a rate of 4 kHz.  In addition, the CSLC needs to be DC balanced to avoid damage to the 
modulator.  This means that a “true” image and then an “inverse” image must be written in succession, resulting in a further 
reduction in the frame rate by a factor of two, or equivalently a rate of 2 kHz (see Figure 4). 



For a ZTN device the rise time can be comparable to a CSLC, while the fall time limits the frame rate to approximately 
1 kHz.  Note that a nematic modulator responds to the amplitude of an AC field, unlike a CLSC device which responds to the 
polarity.  Therefore, writing the “true” and “inverse” imagery is the normal mode for driving the nematic, resulting in a static 
image.  This is an advantage that the ZTN has over the CSLC device.  A sample time line for a ZTN device can be seen in 
Figure 5. 

 

 

 

 

Figure 3. Picture of 128x128 analog SLM mounted in ceramic pin grid array carrier. 
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Figure 4. Time line for typical 128x128 analog CSLC-SLM operation. 
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Figure 5. Time line for typical 128x128 analog NLC-SLM operation. 

There are currently three different sets of electronics for the 128x128 analog SLM.  The first set is the Camera Board (BNS 
128SA-BC) which is designed to interface directly with a Dalsa 128x128 high-speed CCD camera (CA-D1-0128A).  The  
camera feeds 8-bit digital data directly to the SLM via the Camera Board at the maximum camera speed of 830 
frames/second.  Each successive frame is inverted in order to DC balance the SLM.  The data is passed through a Look-Up 
Table (LUT) in order to linearize the output of the SLM.  This is due  to the intrinsic nonlinearity of the modulation versus tilt 
angle curve, as well as the nonlinearity in the tilt versus voltage curve.  This combination of features results in a sophisticated 
optically addressed SLM (OASLM), or an incoherent to coherent converter.  The use of the LUT allows for functionality that 
typical OASLMs do not offer.  This incoherent to coherent converter also offers the ability to perform more sophisticated 
processing of the sensed data prior to display on the SLM.  For instance, edge-enhancement of the image can easily be 
performed with the addition of a convolution kernel with no loss in throughput. 

The second set of electronics is the Filter Board (BNS 128SA-BF), designed for driving the filter SLM of an optical 
correlator.  This board currently stores up to 128 4-bit digital images.  Each image, after being sent to the SLM as a “true” 
image, is then inverted and this inverted image is then sent to the SLM.  In this fashion the SLM is automatically DC balanced 
to prevent damage to the LC.  In addition, each image is passed through a 4-bit to 8-bit converter upon being sent to the SLM 
in order to linearize the output of the SLM.  Any sequence of filters stored on the board can be cycled at a rate of 9766 Hz 
into the SLM. During the coming year, we will upgrade this board to increase the amount of image memory from 128 images 
to 1024 images. 

The third board is the 8-bit Board (BNS 128SA-B8).  This board stores up to 64 8-bit images which are fed directly to the 
SLM.  There is no LUT on this board for linearizing the SLM response.  The user must perform any desired linearization 
prior to loading the 8-bit images into memory.  This board is also capable of loading any sequence of images at a continuous 
rate of 9766 Hz.  The 8-bit board does not automatically invert images for the sake of DC balancing the SLM.  This must be 
done by the user and the inverted images must also be loaded into memory.  Therefore there is effectively only enough 
memory for 32 different images in the 8-bit board.  The Filter Board does this inversion on the fly and hence does not suffer 
the same factor of two decrease in effective storage space. 

3. Multispectral optical correlator 

A multispectral optical correlator is currently being developed for use as an automated inspection system.  In general, optical 
filtering is used to enhance contrast, assuming an a-priori knowledge of the object’s spectral characteristics.  For instance, in 
product inspection, multiple wavelengths are used to enhance the defects, which can be characterized by a fairly narrow 
wavelength range.  For instance, a Red Delicious apple will have defects such as scabbing that shows readily in the red band, 
and sub-surface bruising which is more readily detected in the near-IR.  Our system utilizes a high speed CCD camera fitted 
with a dedicated LC tunable optical filter for capturing the imagery of the test samples.  This imagery is then fed to an optical 
correlator.  The output of the optical correlator is analyzed with software algorithms to determine the presence or absence of 
defects in the samples.  If a defect is detected, the defective samples can automatically be removed from the line. 



A block diagram of the multispectral optical correlator is shown in Figure 6.  This consists of an LC tunable optical filter 
mounted to the front of a high speed CCD camera (Dalsa CA-D1-0128A).  This filter is polarization interference base and can 
sequence between bands in 25 µs using nematic materials.  The digital data from this camera is then fed directly into the 
128x128 analog Camera Board (BNS 128SA-BC) which is limited by the speed of the camera (~830 Hz).  The Camera Board 
feeds the input SLM of the correlator.  The filter SLM of the correlator is driven with filters stored in the Filter Board (BNS 
128SA-BF).  The correlation plane is then detected with a second Dalsa 128x128 camera.  This data is fed to a postprocessing 
board for analysis.  The output of the postprocessing board is then analyzed by software to determine the presence or absence 
of defects. 
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Figure 6. Block diagram of multispectral optical correlator. 

As a demonstration of this technique, the LC tunable optical filter was placed in front of the high frame rate Dalsa camera in 
our incoherent to coherent converter.  The LC-SLM was then imaged using a laser source and standard CCD camera, some 
sample pictures are shown below.  Figure 7a is an image of red and green paper clips as seen through the incoherent to 
coherent converter with no LC tunable optical filter in place.  Figure 7b is the same scene with the LC tunable optical filter set 
to pass only red light.  Note that the green paper clips are no longer visible due to the high dynamic range of the filter.  Figure 
7c shows the same scene with the LC tunable optical filter set to pass only green light.  The green paper clips are now visible, 
while the red paper clips have vanished. 



 

 

 

a) b) c) 

Figure 7. Incoherent to coherent converter images, a) has no LC optical filter, b) has the LC optical filter set to 
pass red light only, and c) has the LC optical filter set to pass green light only.  The converter hardware was operating 
at 410 frames/sec. 

4. Summary 

We have analyzed many of the possible modulation curves achievable with a reflective ZTN or planar aligned CSLC device 
and shown laboratory results for some of these curves implemented with our 128x128 analog SLM.  We have also shown 
results of our 128x128 analog SLM used in conjunction with a high speed CCD camera to implement an incoherent to 
coherent converter.  This system is only limited by the speed of the high speed camera, currently ~830 Hz and is easily 
adaptable for implementing some simple image processing algorithms such as convolutions without any reduction in 
throughput.  In addition, we have shown this system implemented with an LC tunable optical filter in front of the CCD 
camera, yielding the input subsystem of a high speed multispectral optical correlator.  The addition of this filter will enhance 
the defects in many multispectral inspection applications. 

We are currently fabricating a 512x512 analog SLM.  This device is currently being fabricated on VLSI with a pixel pitch of 
15 µm yielding a total reflective active area of 7.68 x 7.68 mm.  The device will have a theoretical full frame load time of 
102.4 µsec, a rate of 9766 kHz, or equivalently a simulated throughput of over 20 gigabits/sec.  These SLMs should be 
available by mid-July. 
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