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ABSTRACT 
 

There are inherent tradeoffs in size, weight, and adaptability for many military imaging 

systems.  In some cases, active optical devices provide new alternatives external to the 

traditional trade-space.  Applications of interest include remote wide-area surveillance, 

tactical use of high altitude and space-based sensors, remote navigation of unmanned 

ground and air vehicles, and night vision systems.   

 

My goal is to demonstrate that by augmenting or replacing static dioptric, catatropic, or 

catadioptric optical designs, mechanical complexity can be reduced while either 

maintaining or increasing performance in three areas: 

 

• Spectral Resolution 

• Spatial Resolution 

• Magnification 

 

I present here three different imaging systems to showcase these capabilities.   
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I.  INTRODUCTION 

Increased Spectral Bandwidth: Spectral Resolution 

Axial (or longitudinal) chromatic aberration is simply a variation in focal length f(λ) with 

wavelength.  In addition to the  spectral response of the focal plane array/film, it is often 

the limiting factor determining the useable spectral bandwidth of a transmissive system, 

especially near the optical axis, [1] Ch 3.  In the case of a positive refractive lens, shorter 

wavelengths will have a shorter focal length than longer wavelengths.  Wherever we 

place the image plane, all but one of the wavelengths will be out of focus (at least in the 

geometric approximation).   

 

Solutions obviously exist to this problem, but difficulties arise when the application 

dictates 

(a) wide spectral range, and  

(b) a compact transmissive design, or  

(c) the ability to spectrally discriminate. 

 

Traditionally, more lenses with different glass types are added in order to increase the 

spectral bandwidth over which the system meets some required metric (e.g. diffraction 

limited, detector limited, minimum spatial resolution, etc.).   Mechanical color wheels 

can also be used in conjunction with an adjustable focus if spectral discrimination is 

desired, typically over a narrow field of view.  
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I have developed and demonstrated an alternate solution1 using liquid crystal (LC) based 

polarization interference filter (PIF) to isolate a narrow spectral region of interest and LC 

lenses to correct the aberration (defocus) over that spectral region. The end state is a 

transmissive system that is compact, requires no macro-moving parts, and has the ability 

to spectrally resolve an image.   

 

My near term goal is to use this research to complement recent advances in indium 

gallium arsenide (InGaAs) focal plane array technology.  The ability of InGaAs 

photodiodes to function at room temperature with high responsivity over the range 0.9-

1.8 µm make them an ideal choice for imaging in the short wavelength infrared (SWIR).  

Recent (DARPA funded) efforts to extend the responsivity to shorter wavelengths has 

resulted in “VisGaAs” focal plane arrays that can simultaneously image in the near 

infrared (NIR: 0.75-1.0 µm) and visible (0.4-0.75 µm) [2].  I hope to develop a compact 

imaging system that will complement this detector. 

 

Prior Art: 

Previous efforts at realizing a compact, nonmechanical, spectrally broad-band imaging 

system have tended to focus on the use of acousto-optic tunable filters or tunable 

polarization interference filters without any active optic compensation (see for example 

[3] and [4]).  In such a system, the emphasis is on capturing the image a spectral band at a 

time, not on correcting the chromatic aberrations within that band.  Another alternative is 

                                                 
1 Sandia National Laboratories is currently in the process of patenting this concept, based on my efforts. 
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to encode the wavefront in the pupil plane with a phase mask such that the system is 

isoplanatic, or nearly so, throughout the depth of focus for a wide range of wavelengths.  

In this manner, the point spread function remains constant and the desired image can be 

de-convolved via post-processing [5, 6].  The drawback to this approach lies in the 

reduction in the MTF that occurs to make the system isoplanatic.  There is a loss of 

information relative to an aligned system at any one wavelength, in return for an increase 

in information across a wide range of wavelengths [7].      
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Multi-Spectral Foveated Imaging System: Spatial Resolution 

 

Often in military applications, a wide field-of-view (FOV) is required in order to observe 

as much of the surroundings as possible.  However, target identification and tracking 

necessitates high resolution.  An optical designer is thus faced with the challenge of 

maintaining high image quality across the entire FOV. Complex designs utilizing 

multiple optics are typically used in fast (i.e. low F/#) systems to minimize off-axis 

aberrations, but even the best, well-corrected systems have a limited FOV.  Because of 

the multiple optical elements that are required, these systems are often heavier and 

bulkier than narrower FOV systems. The complexity can be minimized with a slower 

system but at the expense of either light gathering ability or overall length.  

 

My solution to this problem is to utilize a reflective liquid crystal spatial light modulator 

(SLM) to correct the wave front in the pupil plane of a simple optical system with a wide 

FOV. This correction is only valid for a narrow portion of the entire FOV, the 

instantaneous field of view (IFOV), but its location can be changed according to the user 

needs.  The term “foveated” imaging originates from the operation of the human eye, 

where a limited area within a few degrees of the point of gaze is highly resolved and 

resolution falls off rapidly with increasing field angle.   
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The limitation of the liquid crystal spatial light modulator is that the phase correction is 

done modulo-2π.  This means that the applied phase map is valid at only one wavelength 

(or narrow range of wavelengths).   In order to image multiple wavelengths, in a manner 

that is consistent with my dissertation goals (smaller, lighter weight, non-mechanical, 

wide FOV) I integrated a modified, switch-able polarization interference filter into a wide 

field-of-view foveated imaging system.  The end state was an imaging system composed 

of three lenses with 60º full-field-of-view, and capable of imaging across one of three 

spectral channels within the visible wavelength regime.  It has potential for use as a 

remote wide area surveillance system. 

 

Prior Art: 

Previous efforts at “foveated” imaging have demonstrated monochromatic wave front 

correction to better than λ/2 for 2 and 3 element systems out to ±30º [8], [9], and [10].  

The only actively compensated polychromatic systems (that I am aware of) have focused 

on narrow field of view imaging for astronomy [11-13].  
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Liquid Crystal Lens Nonmechanical Zoom: Magnification   

 

A zoom lens is simply an optical system that changes the magnification or focal length of 

an imaging system while keeping the image plane stationary.  Conventional technology 

requires a zoom lens to have multiple optical elements and uses cams or gears to adjust 

the spacing between those elements in order to vary the optical magnification.  

Mechanical zoom lenses such as those found on 35 mm cameras typically take a second 

or more to vary magnification and are restricted to magnifying the area along the optical 

axis (i.e. the system must be directly pointed at the area to be magnified).   

 

Innovative concepts like pneumatic actuation can significantly increase the speed at 

which lens spacings can be changed, but the area-of-interest must still be on-axis, and the 

size and power requirements of the pneumatic actuators makes them undesirable in many 

applications.  To magnify an area-of-interest that is not on-axis, a fast steering mirror can 

be positioned in front of the system, but this increases both the size and power 

requirements of the system.   

 

I investigated the use of two transmissive active elements to change magnification while 

maintaining resolution and subsequently demonstrated a 5X change in optical 

magnification without moving lens elements, as well as off-axis magnification.  The end 

state was a system with an order of magnitude shorter overall length, relative to any 

nonmechanical zoom imaging system previously published.   
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Prior Art:  

Conceptually, nonmechanical zoom imaging had been proposed (and patented) as early 

as 1989 [14].  The earliest (theoretical) analysis of a zoom imaging system based on two 

pixilated liquid crystal spatial light modulators was done in 1992 [15], albeit without any 

experimental results—in large part, I am sure, because of the lack of commercially 

available devices with sufficiently small pixels.  The first demonstrated nonmechanical 

zoom imaging system was published in 2004, and utilized reflective LC SLMs [16].  All 

subsequent efforts used deformable membrane mirrors or reflective spatial light 

modulators, and were thus reflective in nature with a narrow FOV (∼ 2-3º) [17-19]. 

 

 



 17

II.  DEFINITIONS AND METRICS 

A.  Definitions 

F-Number:   

This is defined as the effective focal length of the system divided by the diameter of the 

entrance pupil.  Diffraction dictates that the spot size produced by an (aberration free) 

optical system is: 

NA
FDAIRY

λλ 22.1/#44.2 ==  

Pixel Limited Imaging: 

For my dissertation, I will assume that the image is captured by a focal plane array with 

pixel dimension δx × δy.  A decrease in diffraction-limited spot size below the minimum 

pixel dimension (DAIRY << δMIN) serves little purpose. 

 

Spectral Pass-Bands: 

The full-width-half-maximum of the wavelength range of interest.  I will adhere to the 

following spectral labels:  

• Ultraviolet (UV) - less than 0.35 µm 

• Visible (VIS) - 0.35 to 0.7 µm (350 to 700 nm) 

• Near Infrared (NIR) - 0.7 to 1.1 µm 

• Shortwave Infrared (SWIR) - 1.1 to 2.5 µm 

• Thermal Infrared (TIR) - 8.0 to 16.0 µm 
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y 

y 
z z’ 

PP’ 

Transverse Magnification:  The ratio of the image/object chief ray heights, measured at 

the object and image planes.  Used for finite conjugate systems.    

z
z

y
ym ''

==  

 

 

 

Figure 1: Magnification at Finite Conjugates 
 

Where z and z’ are measured with respect to the principal planes.   For an infinite 

conjugate system (z >> z’), the precise object distance is ill-defined, and it is more 

appropriate to design around changes in angular magnification.  

 

Angular Magnification:  The ratio of the object-space paraxial chief ray angle to the 

image-space paraxial chief ray angle.  These angles are measured with respect to the 

entrance pupil diameter and exit pupil diameter. 

 

Field-of-View (FOV):  The angular subtence of the object as seen from the entrance 

pupil  [20].  The Lagrange Invariant dictates that: 

ynuyun −=ℵ  

IMIMEPEP yuyu −==ℵ                          
PlaneImage         Pupilce    Entran

 

…where I have assumed the object and image space indices of refraction are the same. 
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θHFOV 

yEP 

NAIM

yIM

Applied to a “real” zoom imaging system, we get the following relationships [21]: 

2
EP

EP
Dy =   and   2

DET
IM

Wy =  

 

 

 

 

Figure 2: Field-of-View and Focal Length 
 

22
sin DET

IM
EP

HFOV
W

NA
D

−=θ ,  but 
f

D
NA EP

IM 2
=  

HFOV

DETW
f

θsin2
=∴  

The change in focal length for our infinite conjugate system is proportional to the inverse 

of the change in the half field-of-view (HFOV): 

UNZOOMED

ZOOMED

ZOOMEDHFOV

UNZOOMEDHFOV

f
fZoomRatio ==

)sin(
)sin(

θ
θ  

  

Space-Bandwidth Product: 

A measure of the number of channels an imaging system can transmit is given by the 

space-bandwidth product (SBP) [22-24], defined here as: 

yx
yxSBP

δδ ⋅
∆⋅∆

=  
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∆x and ∆y indicate the spatial extent of the image for a (fixed) field of interest.  δx and δy 

are either the Airy disk cross-sections (see below) used to map that image, or the pixel 

dimensions of the focal plane array—whichever is the limiting resolution.  For a true 

increase in the information about the field we are magnifying, it is necessary that the SBP 

increase.  I will require then that: 

1>
UNZOOMED

ZOOMED

SBP
SBP  

The extent to which we actually increase our information is thus given by this ratio, and 

not simply the increase in magnification/zoom ratio.  For systems that are not detector-

limited (and none of mine were), this implies that: 

( )
( )

( )
( )UNZOOMEDAIRY

ZOOMEDAIRY

ZOOMEDAIRY

UNZOOMEDAIRY

UNZOOMED

ZOOMED

D
D

ZoomRatio

or

D
D

f
fRatio  SBP

>

>⋅= 1 

 

More simply put, if  we get an “N×” increase in image size but our spot size increases by 

the same factor, then we have achieved optically (and at great expense) that which we 

could have achieved via post-processing at the focal plane array.   
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Throughput or Etendue: 

A requirement of many film-based zoom systems is that the F/# remain constant, or 

nearly so, through the entire zoom range [25].  The reason for this is that the F/# dictates 

the image plane irradiance (E).  Combined with the exposure time (∆t), this gives the 

exposure of the film (H):  

( )2/#4
'

F
LE π

=    tEH ∆= '  

Though desirable, I did not necessarily restrict myself to solutions of this sort, since all of 

my systems are based on focal plane arrays whose gain and thus requisite exposure I 

control. 
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B.  Metrics 

"To measure is to know." 

–Lord Kelvin, 1883 

 

Wherever and whenever possible, I made it my goal to determine metrics for each of my 

imaging systems, quantify those metrics, and then tie those metrics back to qualitative 

performance.   

 

Point Spread Function: 

The point spread function (PSF), is the fundamental measure of a systems ability to map 

a point in object space to a point in image space [26].  All of my imaging systems were 

built in the lab and contained focal plane arrays for image capture.  This made the PSF an 

attractive metric for two reasons: 

(1).  The measuring apparatus was built in (the focal plane array). 

(2).  Point sources were readily available in the form of pinholes, light-emitting 

diodes, or collimated laser light.   

 

The PSF is widely used by the astronomy/adaptive optics community for the same 

reasons, albeit the point source in question is in this case a guide star.  Measuring our 

terrestrial imaging systems in the same terms puts them on common grounds with regards 

to publications and presentations.  
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The biggest limitation of the point spread function as a metric was my ability to sample 

the true PSF.  In this I was limited by the pixel size on the focal plane array.  Throughout 

my dissertation I have included pictures of the PSF in two and three dimensions, usually 

alongside a horizontal or vertical cross-section.  These later are the basis for my 

measurement of the full-width at half-maximum. 

    

Full-Width a Half-Maximum (FWHM): 

The Full-Width at Half-Maximum (FWHM) is the single metric I most often used to 

quantify the PSF.  By definition, it is the spatial width in one dimension at half the 

measured peak value.  It is often compared to: 

(1). The Airy Disk diameter: two times the distance to the first minima of a J1 

Bessel function (see below). 

(2).  The pixel-dimension of the focal plane array. 

 

Strehl Ratio:  

The Strehl ratio of an imaging system is defined as the ratio of the peak value of the 

measured PSF to the ratio of the peak value of the diffraction-limited PSF at a given 

wavelength and F/#.  The diffraction-limited PSF is given by: 

2
1

/2//2
)/2//2(2

)0()( ⎥
⎦

⎤
⎢
⎣

⎡
⋅⋅

⋅⋅⋅
=

EFFiEP

EFFiEP
i frD

frDJ
IrI

λπ
λπ

 , where 
22

iii yxr +=  

When normalized to unity over the entire array (Σi I(xi,yi) = 1), the ratio of the peak 

values I(0,0)MEASURED/I(0,0)AIRY is the Strehl ratio.   
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Unfortunately there is a great deal of ambiguity/variability in how one actually 

determines this ratio [27].  In order to compare the theoretical and measured PSF, each 

must be normalized to unit energy in one or two dimensions.  This normalization 

obviously then depends on the number of sampled points (or pixels) and greatly dictates 

the resultant peak value.  The area/width over which this should be done to accurately 

depict the PSF and yet not overly exaggerate the effect of noise in the system is a subject 

of a great debate within the astronomy community and beyond the scope of my 

dissertation. 

 

Accordingly I have employed Method 3 of Reference [27] and [28], and reported herein.  

I have taken the FWHM of the PSF and fit a Gaussian function with the same FWHM 

and spatial sampling interval given by: 

( )
)2ln(8

           e      wher          
2

exp)( 2
2

2

2

⋅
=⎥

⎦

⎤
⎢
⎣

⎡
−=

FWHMr
I
rI

O

σ
σ

 

The FWHM of the diffraction limited spot is given by: 

D
fFWHM AIRY ⋅

=
π

λ  3915.1*2  

The ratio of the peak values thus generated is the Strehl ratio I have used.  It correlated 

well with the independently measured optical path difference (OPD) and modulation 

transfer function (MTF), where those measurements were made.  
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Modulation Transfer Function (MTF) 

The modulation transfer function (MTF) is related to the PSF via a Fourier transform, and 

is a measure of an imaging systems ability to accurately map spatial frequency content 

from the object plane to the image plane [29].  As such it is an excellent measure of 

imaging performance.  It can be directly calculated from the modulation from a 

sinusoidally varying test pattern of frequency υ, via: 

)()(
)()()(

νν
ννν

MINMAX

MINMAX

II
IIMTF

+
−

=  

Figure 3 depicts such a directly measured MTF for one of my imaging systems: 

 

Figure 3: Example MTF: Foveated Imaging System (On-Axis) 
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Unfortunately several difficulties arise and/or assumptions must be made when 

attempting to directly measure the MTF.  Not the least of these difficulties regards the 

degree of isoplanatism within the portion of the field of view that one is trying to evaluate 

and obliquity factors at large field angles.  These can (and did) lead to variations in 

spatial resolution and irradiance across the width and height of an appropriately-sized 

sinusoidal test target.  Lastly the focal plane array response at different irradiances and 

different wavelengths must be characterized or assumed to be linear [30]. 

 

Since my goal was to independently verify my PSF measurements, simply Fourier 

transforming the results of these measurements would not provide me with any additional 

information.  Where possible, I instead used images of a 3x3” USAF 1951 resolution test 

target illuminated in transmission.  To account for the fact that there are higher order 

spatial frequency components besides the fundamental frequency of any given 

group/element (i.e. they are square waves, not sinusoids), I used the following 

relationship [31]: 
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where S denotes the Fourier transform of the output/input.
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The following metrics pertain to the performance of some of the individual liquid crystal 

(LC)  devices I used to build my imaging systems, in particular the LC filters and the LC 

lenses… 

 

Passband 

The spectral region from [Center Wavelength - FWHM] to [Center Wavelength + 

FWHM]. 

 

Response Time 

The time it takes to switch from one wavelength to another (liquid crystal polarization 

interference filters) or from one focal length to another (liquid crystal lenses). Several 

factors affect this, including the liquid crystal relaxation time from “charge” to “no 

charge” states under various ambient temperatures and the calculation time of the 

electronics controller box, which must send the correct voltages to each LC element for 

each, as well as the frequency and amplitude of the voltages themselves.  

 

Transmission 

The percentage of linearly polarized light, oriented so that maximum transmission is 

attained, passing through the filter relative to the amount which entered. Since the 

entrance element of the filter is a linear polarizer, transmission of randomly polarized 

light is half that of linearly polarized light in the correct orientation.  
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III. ACTIVE OPTICS:  CAPABILITIES AND LIMITATIONS 
 

The active optical components utilized in my research relied on birefringent liquid crystal 

materials to alter either the phase or the polarization of the incoming wavefront.  

Birefringence, or optical anisotropy, refers to a variation in refractive index with 

molecular orientation relative to the polarization state of incoming light.  Many 

crystalline materials exhibit such properties.  The most general case is biaxial 

birefringence, where there exist three non-degenerate refractive indices (nX, nY, nZ).  

When two of these three are degenerate, the material is uniaxial, and these two indices 

are the ordinary index of refraction, no.  The non-degenerate index is the extraordinary 

index of refraction, ne.  The LC’s optical axis is defined as the direction of propagation 

such that the molecule behaves isotropically, that is the k vector of a propagating EM 

field is parallel to the extraordinary axis.  A uniaxial material can be further classified as 

having positive birefringence (ne – no) > 0 or negative birefringence (ne < no) [32], Ch. 

15.  All of my imaging system’s optical axes were, by design, normal to the LC optical 

axis. 

 

Liquid crystal (LC) materials, as the name implies, occupy a phase state in between an 

isotropic liquid and an anisotropic crystalline solid.  The sub-class of LC material of 

interest for my applications are Nematic (NLC), which are uniaxial birefringent.  The 

application of an external E field induces a dipole in the NLC molecule, which in turn 

interacts with the external electric field to produce a torque and a rotation of the optical 
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axis. To prevent migration within the LC material, NLCs are driven by an AC voltage. 

Since the dipole moment is induced, not permanent, it changes sign with a change in sign 

of the external electric field, and the torque retains its direction.  The LC molecule stops 

its rotation when the torque exerted by the external electric field is balanced by the elastic 

torque exerted by the surrounding LC molecules [22], Ch. 7. 

Dipole: d = qÿr  Torque: t = d × F 

Figure 4: Dipole in an External Electric Field 
 

The bulk behavior of NLC molecules is such that their optical axes tend to align parallel 

to one another.  Boundary conditions can be established by polishing alignment layers on 

the plates enclosing the LC material.  I exploited this in one of two ways:  

Phase 

The first mode is an untwisted NLC configuration used in the spatial light modulators and 

liquid crystal lenses, wherein the fore and aft alignment layers are parallel.  This is 

known as the electrically controlled birefringence mode, and is utilized for pure phase 

modulation of a linearly polarized input.  Application of an external electric field results 

in a change in the index of refraction given by [33], Ch. 6: 
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where θ is the angle between the optical axis and the k vector (see Figure 5). 

E
+ q

- q 

d 

τ 



 30

 

Figure 5: Uniaxial Birefringent LC without (a) and with (b) an External Electric Field. 
 

Polarization 

The second mode is a twisted nematic liquid crystal (TNLC) configuration, wherein the 

alignment layers are orthogonal.  In this configuration the optical axis of the LC 

molecules twist in a helical manner through 90º.  For a linear polarized (LP) input 

parallel to the first alignment layer, this helical twist will rotate the state of polarization 

through π/2, via a waveguide effect.   

 

Figure 6: Twisted Nematic Liquid Crystal 
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When a voltage is applied, the optical axes all reorient parallel to the direction of 

propagation, and the state of polarization remains unchanged.  When the output passes 

through an analyzer orthogonal to the input, the result is a light valve…allowing light 

through in an uncharged state and blocking it in a charged state [33].   A TNLC 90º is 

used in conjunction with polarization interference filters to actively control the pass-band 

of the digital tunable filters used in my polychromatic systems. 

 

A.  Liquid Crystal Lenses 

Liquid crystal lenses are made with either patterned electrodes or gradient polymers in 

order to produce an inhomogeneous electric field across the LC material [34].  The goal 

is to produce a tunable lens with electrically controllable focal length.   

 

Figure 7: Liquid Crystal Lens 
 

Figure 7 depicts one of the liquid crystal lenses used in my nonmechanical zoom system.  

The focal length is varied by aligning the LC molecules to spatially vary the index of 



 32

refraction in a quadratic fashion across the radius of the lens, similar to the OPD of a 

glass lens.  The advantages of such devices over LC SLMs:   

• relatively shorter focal lengths. 

• lack of higher orders due to phase wrapping (modulo 2π). 

• wider spectral bandwidth.    

The spectral bandwidth of an LC lens is simply limited by dispersion in the liquid crystal 

itself, and that dispersion must be considered in the design process. 

The disadvantages of such devices include: 

• They can essentially be used to impart a change of focus only, i.e., they 

cannot impart arbitrary phase correction. 

• Slow temporal response due to the increased LC layer thickness. 

   

Theory 

The liquid crystal lenses I evaluated and subsequently utilized in my nonmechanical 

zoom system employed an Aluminum circular electrode surrounded by two transparent 

indium tin oxide (ITO) electrodes.  In between these conducting layers are glass 

insulators and the liquid crystal layer itself, as shown in Figure 8 below.  The LC 

molecules are all aligned with their extraordinary indices of refraction oriented parallel to 

the x-axis.  Two AC square waves are applied to the device, one between the top and 

bottom ITO electrodes (V1), and one between the circular electrode and the bottom ITO 

electrode (V2).   
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Figure 8: Liquid Crystal Lens Geometry 
 

The square waves are 100 Hz in frequency and are in phase.  The resulting voltage 

distribution within the LC lens for typical values of V1 and V2 (10V and 70V, 

respectively) are shown below [35]. 

 

Figure 9: Equi-potential lines in LC Lens 
 

The resultant electric field varies radially, and is given by E = -—V.  An incident plane 

wave experiences maximum retardance at the lens center, and less at the edges.  Ideally 

we want to achieve a quadratically varying phase profile given by φ = exp[-ik(x2+y2)/2f].  
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Besides voltages V1 and V2, there are several additional factors that determine how 

closely each LC lens approximates this desired phase profile, including: 

• LC layer thickness. 
• Glass thickness 
• Aperture diameter. 
• Desired focal length. 

The relationship between the diameter of the hole-patterned electrode and drive voltage 

to achieve a specific focal length is graphically illustrated in Figure 10(a).   Intuitively it 

makes sense that with larger apertures and fixed voltages/thicknesses, the focal length 

would increase.  When one increases the LC layer thickness, keeping the other physical 

parameters constant, a larger drive voltage is required to maintain a fixed focal length, as 

shown in Figure 10(b).     

 

(a).  V1 = 20, V2 = 50, Thickness = 127 µm.       (b).  V1 = 20, f = 20 cm, Dia. = 3.5 mm. 
 

Figure 10: Relationship between Aperture Diameter, fEFF, V2, and LC Thickness 
 

What remains to be seen is the relationship between these values and wavefront error.
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Characterization 

HoloChip, LLC gave us 12 lenses, 3 different diameters and 4 thicknesses: 

   
         Thickness 
Diameter 

 
50.8 µm 

 
76.2 µm 

 
101.6 µm 

 
127 µm 

2.5 mm 41 42 43 44 

3.5 mm 45 46 47 48 

4.5 mm 49 50 51 52 

 

We evaluated 7 of 12 lenses, with 1 bad lens and 6 lenses characterized.  In doing so, we 

tried a large combination of drive voltages (V1: 20-100V and V2: 50-250V).  I looked at 

the wavefront error and relative on-axis irradiance and decided to fix V1 at 20 V.  We 

then characterized six lenses in three areas: 

   

On-Axis Irradiance: I measured on axis irradiance relative to total incident irradiance for 

a given focal length.  Metric: Highest relative on-axis irradiance (light in a bucket). 

 Focal Length:  I varied V2, measuring distance at which on axis irradiance was a 

maximum. Metric: Minimum focal length, defined as the distance at which on-axis 

irradiance was at least 20% of incident. 

Aberrations: I then selected two lenses with best F/# and relative on axis irradiance and 

obtained wavefront error for the shortest focal length.  Metric: OPD <  1 λ. 
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On-Axis Irradiance and Focal Length:  The test apparatus is depicted in Figure 11: 

 

Figure 11: LC Lens Focal Length and Irradiance 
 

We first illuminated the LC lens with a collimated HeNe (λ = .632 µm) and measured the 

total irradiance exiting the clear aperture.  Having fixed V1, we then varied V2 and 

measured the resulting focal length by translating a 150 µm pinhole in x, y, and z until we 

achieved a maximum reading on the detector/power meter.  As we reduced the focal 

length, aberrations increasingly blurred the focused spot.  I defined the minimum focal 

length as the distance at which this maximum was at least 20% of the total irradiance 

measured in an unpowered state. 

 

Figure 12 depicts the result for five of the most promising LC lenses.  Based on their 

relatively short focal lengths and high on-axis irradiance, we selected LC lenses 47 and 

48 for further characterization. 
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Figure 12: Focal Length vs. V2 
 

Aberration Analysis:  To quantify the wavefront error of the LC lenses, we set up the LC 

lenses in front of a Zygo with a positive reference sphere, as shown in Figure 13.   

 

Figure 13: LC Lens Wavefront Measurement 
 

By placing the focused spot from this reference sphere at the front focus of the LC lens 

and then reflecting the collimated light off a flat mirror we were able to create an external 
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reference leg.  In order to enable measurements at various focal lengths we inserted a 

positive lens on a translation stage between the flat mirror and the LC lens. 

 

When power is applied to the LC lens, the distance that this positive lens needs to be 

moved to re-collimate the light onto the flat mirror is given by: ( )
0

2

Zf
ZZ

LC

O

−
=∆ . This 

relationship is graphically illustrated in Figure 14: 

 

Figure 14: OPD with Variable Focus 
 

To independently verify our previous focal length measurements, we applied the 

appropriate V1 and V2 voltages, and translated the positive lens until the OPD was a 

minimum.  Measuring ∆z, we then calculated and compared the short focal lengths for 

LC 47 and 48, with the following results: 
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LC 47 Irradiance OPD LC 48 Irradiance OPD 
 7.3 cm 7.0 cm  7.0 cm 7.15 cm 
 8.5 cm 8.5 cm  7.8 cm 8.0 cm 
 10.0 cm 9.96 cm  10.0 cm 9.8 cm 

 
The aberrations for the minimum focal length for each lens are shown below: 
  

 
 

Figure 15: OPD LC 47, f= 10 cm.  WPV = .75 λ 
 

 
 

Figure 16: OPD LC 48, f = 7 cm.  WPV = .61 λ 
 
The corresponding Zernike coefficients are: 
 

Zernike Coeff.  LC 47, f = 10 cm LC 48, f = 7 cm 
Power Z3 .078 .023 
X Astigmatism Z4 .021 .007 
Y Astigmatism Z5 -.037 .000 
X Coma Z6 .047 .092 
Y Coma Z7 .136 .094 
Spherical Z8 .031 -.153 
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B.  Liquid Crystal Spatial Light Modulators 

Like the LC lens, liquid crystal spatial light modulators (LC SLM) used in a 

monochromatic application imposes a user-controlled, spatially varying optical path 

difference across the wave front.  With an LC SLM however, the OPD is adjusted by 

changing the index of refraction on a pixel-by-pixel basis [36].   Because it is pixilated, 

the SLM has more flexibility than the LC lens and can be used to compensate higher 

order wave front aberrations.  The LC layer in an SLM is also typically much thinner 

(order(s) of magnitude) than an LC lens, which enables faster response times but limits 

the maximum OPD.   

 

Theory 

At a molecular level the LC SLM operates on exactly the same principles as the LC 

lenses.  They utilize birefringent liquid crystals, an AC external electric field, and an 

induced dipole moment from that electric field, to rotate the parallel aligned molecules in 

the axis of polarization, see Figure 17.  However, these devices are only required to 

achieve a 2π phase depth.  For a reflective LC SLM this is reduced by half, via a double 

pass at each pixel, necessitating much less LC material.  
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Figure 17: LC SLM Molecular Orientation 
 

The primary difference between these two types of devices is that the variance in the 

electric field is achieved via pixilation.  This pixilation enables much greater flexibility in 

spatially varying the phase, but also imposes two significant limitations (relative to LC 

lenses): 

• Signal-to-Noise 

• Phase Gradient 

 

The first limitation is a reduction in signal (throughput) and increase in noise (diffraction 

artifacts) due to the opaque transistors surrounding each pixel.  These opaque areas are 

necessary because of the transistors required to locally vary the electric field, see Figure 

18.  The figure of merit used to quantify the degree of opaqueness is fill factor…the 

percentage of each pixel that is available for phase modulation. 
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Figure 18: LC Reflective SLM Pixilation Scheme 
 

Of equal importance is the fact that these opaque areas are periodic in nature—leading to 

diffraction effects.   The ability of the SLM to correct aberrations depends on the 

maximum OPD, total number of SLM pixels, and the spectral bandwidth of the system. 

 

I had access to two LC spatial light modulators during the course of my research.  Both 

devices were made by Boulder Nonlinear Systems (BNS).  The first was a commercially 

available reflective LC SLM and the second was a custom transmissive LC SLM 

developed by Boulder Nonlinear for Sandia National Laboratories and the Defense 

Advanced Research Projects Agency (DARPA).  The liquid crystal material had a large 

difference in refractive index (∆n =.4 @ λ = 632 nm) between the high and low voltage 

states, enabling a reduced thickness and faster temporal response. 
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Figure 19: Boulder Nonlinear Systems Reflective and Transmissive LC SLM 
 

I used the reflective SLM in the multi-spectral foveated imaging system.  It had the 

following characteristics: 

• Pixel Pitch:  15 µm 

• Number of Pixels: 512 × 512 

• Phase Modulation: 2π at λ = 0.632 µm 

• Clear Aperture: 7.68 mm (width/height) 

• Fill Factor:  83%  

I used the transmissive LC SLM in the nonmechanical zoom imaging system and it had 

the following specifications: 

• Pixel Pitch:  15 µm 

• Number of Pixels 1280×1024 

• Phase Modulation: 3π at λ = 0.632 µm 

• Clear Aperture: 15.36 mm  

• Fill Factor:  56%  



 44

The most significant limitation imposed by pixilation of the phase map, is on the 

achievable phase gradient of the LC SLM.   Spatial light modulators quantize the desired 

phase correction (electronic addressability) and sample it spatially (pixel size), see.  All 

of the reflective spatial light modulators I characterized had 8 bits of phase addressability 

(per 2π).  This exceeded the spatial resolution of the LC pixels, and thus sampling was 

my limiting constraint. 

 

Figure 20: Discrete vs. Continuous Phase Sampling 
 

Quantization and sampling can be combined into one figure of merit, the phase gradient 

across the pupil. The phase gradient across the pupil must obey: ∇φ(r,θ) ≤ 2π/N, where N 

= minimum sample, the smallest number of pixels per/2π phase change.   
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N = 4 

N = 8 

A blazed grating has the following diffraction 

efficiencies:  

 

The choice of which of these limits to meet 

impacts image quality.  It is important to first 

quantify the phase gradient distribution. 

  Example:  Defocus and Tilt (512 x 512 SLM)       

 

 

 

 

 

 

 

For 35 λ of defocus:   

100% meets Nyquist 

82% meets N = 4 

21% meets N = 8 

For 35 λ of tilt:   

100% of the pupil meets Nyquist. 

 

Figure 21: Phase Gradient: 35 λ Tilt or Defocus 
 

N Efficiency ∇φ 

2 40% 3.14 

4 81% 1.57 

8 95% .785 
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With the summation of tilt and defocus,  

we can see that the area meeting N = 4  

has been reduced (from 82%  to 75%).   

 

 

 

Figure 22: Phase Grad: 35 λ Tilt and Defocus 
 

What remains to be investigated is how this affects image quality.   This is entirely 

dependent on the image system, and as such is discussed in this context in Chapter VI.  

 

The LC in the reflective SLM was an experimental high-birefringence material developed 

by Prof. S.T. Wu of the University Central Florida for DARPA and Sandia National 

Laboratories.  It was thus the first component requiring characterization. 
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Characterization 

The LC molecular rotation is a non-linear function of pixel voltage, and the index of 

refraction is a non-linear function of wavelength [36].  Thus the LC SLM must be 

characterized at each voltage for each wavelength of interest.  For the reflective SLM, λN 

= .486, .532, and .632 µm.  The end result of any effort at characterization is a voltage 

look-up table that takes a linear input (desired phase/8 bit integer) and applies the 

appropriate voltage to achieve the correct amount of rotation for a linear phase at the 

output: 

 

 

The voltage at a pixel location is given by the difference between the transparent top 

plane (always 2.5 Volts) and the reflective backplane.  The voltage on the backplane 

pixel is determined by an (8 bit) .bmp file, and thus the top and bottom potential 

difference is:  

VVGrayscaleV 5.25255 −⋅⎟
⎠
⎞⎜

⎝
⎛=∆  

For example, a pixel programmed with grayscale 0 (or 0 Volts) would produce a 

maximum electric field (of 2.5 V) across the liquid crystal.  A pixel programmed with 

grayscale 255 (5 Volts) would produce a difference of -2.5 V across the LC. Due to the 

polarity independence of the LC rotation, 8 bits over 5 V actually limits us to 7 bits (128 

levels) of phase response.  

Desired 
Phase  
Profile 

8-Bit 
Integer Voltage Rotation = 

Index n(λ) 
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To characterize the voltage/phase of my LC SLM I used the following: 

 
 

Figure 23: Diffraction from LC SLM Grating. 
 

I applied a 2 pixel period binary phase grating to the spatial light modulator and captured 

the corresponding diffraction pattern in the far field.  The far-field diffraction pattern 

from a binary phase grating is given by: 

2UI =  
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Where I have assumed a unit amplitude incident plane wave, n is the 8 bit phase depth, 

and σ0 is the spatial frequency of the phase grating.  By looking only at the relative peak 
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irradiances, it is possible to determine the actual phase depth at wavelength λN.  Figure 24 

depicts the 0th, 1st, and 3rd order irradiances for a 0→π grating.   
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Figure 24: Numerically modeled (MATLAB®) diffraction pattern 0 → π 
 

The diffraction patterns from π  2π are the same but in reverse order.  Figure 25 shows 

that the ratio of the diffracted orders, 3rd/(0th + 1st), at each phase 0 2π yield a 

(Gaussian-like) curve: 
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Figure 25: Diffraction Order Ratios (0th, 1st, and 3rd). 
 

By looking at this ratio for a linear increasing voltage input, it is possible to develop a 

lookup table containing the actual 8 bit integer/voltage values that will result in the 

desired profile.  For the vendor supplied LC SLM drive software/device this required the 

following assumptions: 

• Each device is capable of at least 2π of phase: ( ) π
λ
πφ 22

0

≥⋅−=∆ tnn OE  

• The ratio of the 3RD /(0TH + 1ST) reaches a maximum at π. The ratio monotonically 

increases between 0 and π, and monotonically decreases between π and 2π. 

• The look-up tables must have 256 discrete values....even though there are 

typically less than this number of actual phase steps (∼6 bits). 
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Figure 26 depicts this grayscale mapping process at λ = .532 µm. 
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Figure 26: Grayscale Mapping, Desired (left) and Actual (right). 
 

 

 

Example: In this particular look-up table (LUT), desired grayscale value 88 maps to an 

actual grayscale value of 27 to achieve the appropriate phase: 
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The resultant RGB look-up tables for one reflective spatial light modulator are show 

below in Figure 27.  It is graphically evident that the dynamic range, originally reduced 

from 8 bits to 7 bits, is further degraded (~6 bits).  Specifically, the red LUT has 66 

discrete values, the green LUT has 59, and the blue LUT has 52. 

 

 

Figure 27: RGB Reflective LC SLM Look Up Tables 
 

 

LUT                 

Desired : 0… 82 83 84 85 86 87 88 89 90 91 92 93 94 95 …255

Actual : 0… 25 25 26 26 26 27 27 27 28 28 28 29 29 29 …127
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Figure 28 shows the diffraction ratio results for a linearly increasing grayscale input (0  

255) that is passed through an experimentally determined look-up table (λ = 486 nm).  

The correlation coefficient for this fit was R[Theory (t), Meas. (m)] = .9972, where 

∑
∑
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−−
= 22 )()(

))((
mmtt
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Figure 28: Lookup Table Correlation (λ = 486 nm). 
 

The transmissive LC SLM came characterized at λ = 0.632 µm.  Since I planned to use it 

monochromatically, I used the manufacturer’s look-up table.  The resulting measured 

performance using this LUT is shown below in Figure 29.  The top depicts the diffraction 
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pattern from a 2π phase grating.  The 0TH order efficiency is only 15%, due to the low fill 

factor.   

 

 

Figure 29: Transmissive LC SLM Performance 
 

The bottom is the interference pattern for a linear phase ramp input (0 2π). 

2π 0π π 
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C.  LC Lens and LCSLM Comparison:  Defocus 

Because both LC spatial light modulators and lenses each have distinct capabilities and 

limitations, it is instructive to compare their capacity to correct defocus, the priority 

aberration for most of my imaging systems.   If we analyze the number of fresnel zones 

in the pupil plane, defined as the number of radial zones containing a phase difference of 

N×2π for an on-axis image point, the maximum power (inverse focal length) for an SLM 

is given by [24]: 

MAXMINMINMAXMIN
MAX ρρ

λ
ρρρ

λφ
×∆

≈
∆−×∆

=
2

2
2

2
2  

Where ∆ρMIN is the minimum number of pixels per 2π multiplied by the pixel size, and 

ρMAX is the radius of the clear aperture.  If 22 MINMAXMIN ρρρ ∆>>×∆ , then it follows that: 
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Note that the minimum F/# is independent of the clear aperture.  It depends only on the 

pixel size, sampling interval, and wavelength.  At λ = .632 µm, with a pixel size of 15 

µm, a minimum sampling size of 4 pixels/2π, and a clear aperture radius of 3.84 mm (e.g. 

the BNS reflective LC SLM), the fastest F/# we could hope to achieve is F/48.  The best 

LC lens we measured (LC 48) had a focal length of f = 70 mm and a diameter of 3.5 mm, 

or F/20.  Thus, LC lenses are clearly the active optic of choice for correcting defocus…if 

one does not care about a slow temporal response. 
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D.  Color Filters 

Both the LC lenses and the LC SLM suffer from chromatic aberrations, by virtue of the 

fact that they rely on dispersion to impart their desired phase profiles.  As has been 

mentioned, these chromatic effects become an order of magnitude greater when the phase 

correction is done modulo-2π.  To overcome this limitation, I investigated a number of 

devices which would allow me to image only a narrow range of wavelengths in a manner 

that was consistent with my dissertation goals: wide FOV, non-mechanical, and compact.  

Initially my emphasis was on VIS wavelengths (.4-.7 µm), with the idea that whatever 

method I chose would ultimately need to extend into the NIR, and potentially SWIR.   

 

An obvious (and cheap) method for color imaging is the use of a color-filtered focal 

plane array.  Unfortunately this results in a loss of spatial resolution, each pixel being 

capable of imaging only one narrow range of wavelengths (e.g., an RGB Bayer pattern).  

Alternatively, one could opt for a three (or more) chip imaging system, but this 

necessitates spatially separating the different color channels.  I discarded both methods as 

being inconsistent with my desired end-state.  The former, because I was trying to 

demonstrate an increase in spatial resolution for two of the three systems I built, and the 

later I discarded because it would not lend itself to a compact mechanical design.  Both 

methods also entail increased complexity for more than 3 wavelength ranges. 
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Previous efforts at non-mechanical spectral filtering in an adaptive optical imaging 

system utilized acousto-optic tunable filters (AOTF) [11].  Wavelength selectivity was 

accomplished via diffraction from a variable frequency acoustic standing wave. The 

advantages of such a device are tunability and narrow pass band.  Typical disadvantages 

of AOTFs are large packaging size, small clear aperture, and small acceptance angles—

none of which were consistent with my design goals. 

 

To overcome these drawbacks, I used application-specific polarization interference filters 

(PIFs), both continuous (tunable) and discrete (digital) PIFs.  The benefit is a reduction in 

thickness and an increase in the useable field of view.  The primary drawback to PIFs is 

the loss associated with an unpolarized input (50%).  Since I was using polarized light for 

the other LC active optics, this was not an added disadvantage.  

 

Theory 

Lyot Filters 

Polarization interference filters rely on birefringent materials placed between a polarizer 

and analyzer.  This birefringence performs both the wavefront shearing and OPD 

necessary for interference of a linearly-polarized input, while the analyzer provides the 

requisite recombination.  The number of birefringent layers, layer thicknesses, amount of 

birefringence, and orientation relative to the polarizer and analyzer dictate the pass-

bands.  For instance, a single uniaxial retarder at α = 45º between parallel/perpendicular 
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polarizers yields a transmission spectra given by TX = Cos2(π∆nd/λ) [33].   See Figure 

30, below: 

 

Figure 30: Uniaxial Retarder between Polarizer and Analyzer 
 

Filters have been constructed that are simply the addition of multiple such stages, each of 

geometrically increasing retarder thicknesses but with the same birefringence and 

orientation, a concept first described by B. Lyot in 1933 [37], and illustrated below in 

Figure 31 for a 5-stage filter.  The output is the product of the individual sinusoids: 

 

 

Figure 31: Five Stage Lyot Filter 
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Solc Filters 

Solc et.al, later improved upon the basic Lyot design by introducing multiple retarders 

between a single polarizer and analyzer, albeit with different birefringent orientation [38]. 

With the addition of birefringent LC material in the individual stages of both types of 

filters, the narrow spectral pass-band of the filter can be tuned via an applied voltage 

[39].  Commercial devices based on both Lyot and Solc analog filters are currently 

available.  I evaluated two models manufactured by Cambridge Research and 

Instrumentation (CRI), both tunable Lyot-type with a 20 mm entrance aperture and a 7.5º 

HFOV.  The VIS model had a wavelength range from 0.40 – 0.72 µm, and the NIR 

model had a wavelength range from 0.65-1.10 µm.  The manufacturer specified 

transmittance for both are depicted in Figure 32 and Figure 33. 

 

Figure 32: VIS Solc Tunable Filter 
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Figure 33: NIR Solc Tunable Filter 
 

In general, analog filters suffer from significant drawbacks for my applications, not the 

least of which are throughput, filter thickness, and field-of-view. The polarizing film in 

each filter stage typically has approximately a 10% transmission loss. Filters with high 

finesse and acceptable dynamic range generally have poor peak transmission and are 

bulky.  In the Solc filter, bandpass tunability requires that each multi-order retarder is 

fully tunable. So in practice, throughput is often not significantly improved, because the 

insertion loss of each polarizer is traded for the additional LC cell losses.   A more viable 

alternative has been developed by ColorLink, Inc. for use in the VIS, with the potential 

for extension to the NIR and SWIR.     
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Digital Tunable Filters (DTFs) 

DTFs use digitally driven LC devices as wavelength-neutral polarization switches for the 

random-access selection between a pre-defined set of spectral profiles.    

 

Figure 34: VIS Digital Tunable Filter (DTF) 
 

Like the Lyot filter, DTFs represent the product of independent filter stages. However, 

the task of generating a high-quality bandpass is almost exclusively confined to a single 

element: a Solc-type passive retarder stack (RS) placed in each stage.  The retarder stack 

is typically a multi-layer laminate of bulk transparent stretched polymer (birefringent) 

retarder films.  The LC layer simply provides (digital) access to the passband of each 

retarder stack.   

RS2 LC2RS1 LC1 RS2 LC2RS1 LC1

 

Figure 35: DTF Block Diagram 
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Unlike the LC material in the SLMs and lenses, this LC layer has its front and back 

alignment layers with orthogonal orientations.  The result is that the bulk orientation of 

the LC molecules ne axis rotates helically through 90º, a configuration known as twisted-

nematic (TN).  The wave guiding effect this has on a LP input is that exploited for 

amplitude modulation in LC displays.  In this case, when a 90º TNLC polarization switch 

is placed directly adjacent a retarder stack, between polarizing films, the spectrum can be 

electronically switched between a band-pass spectrum and the complementary notch 

spectrum.  It is not unusual for a driven TN device between crossed polarizers to have a 

light leakage below 0.1% (at normal incidence).  The localization of the filtering to the 

retarder stack reduces complexity/size and eliminates calibration [40].   

    

It is generally the case that nematic LC devices operated as digitally switched elements 

have one voltage state that is substantially more/less chromatic than the alternate state.  A 

90-degree TNLC device has a self-compensation feature, such that the driven state is very 

nearly isotropic.  Conversely, it requires substantial effort to design a TN device that 

provides a wavelength independent conversion of input linearly polarized light to the 

orthogonal polarization. Practically, TN devices with reasonable switching speed have a 

relatively high degree of chromaticity to their polarization conversion spectrum. This has 

the effect of compromising the performance of the retarder stack, most notably by 

reducing dynamic range. The driven state is thus used to generate the bandpass profile, 

such that this spectrum is minimally compromised [40]. 
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Characterization 

I have evaluated a visible version of ColorLink's DTF, customized with an additional 

passive (Solc) PIF, which narrows the bandwidth of each channel from the active stage.  

The clear aperture of this device is 35 mm, the total thickness (passive and active stages) 

is 15 mm, and it accepts a cone angle of F/2.2 or higher (HFOV ≤ 13º).       

 

Figure 36: Digital Tunable Filter (DTF) Pass-Band 
 

 

Figure 37: Passive Polarization Interference Filter Pass-Bands 
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Figure 36 and Figure 37 show the theoretical transmission for the active and passive 

stages respectively.  I subsequently confirmed their combined transmission spectra with a 

spectral transmission analyzer: 

 

Figure 38: Combined Transmission from DTF and PIF 
“Blue”:  475 ± 5 nm. “Green”: 538 ± 9 nm. “Red”: 631 ± 13 nm. 

 
 

Note that this is only for the visible range, as the source moved towards longer 

wavelengths (> 800 nm), the polarizers within the DTF and PIF become isotropic, and 

thus no interference occurs.  This necessitated the addition of an NIR cut-off filter. 
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IV.  INCREASING THE SPECTRAL BANDWIDTH OF A SIMPLE NIGHT VISION 

MONOCULAR 

Transmissive optical systems suffer from chromatic effects that impose a trade-off 

between the width of the usable spectrum and the number of optical components.  I have 

developed a novel concept that uses active optical components to overcome these 

limitations.  These active elements make possible a simpler and more compact imaging 

system that has the added benefit of being spectrally selective. 

 

The refractive index (n) of a material is wavelength (color) dependent.  If the imaging is 

to be done over more than one wavelength (or narrow-band of wavelengths), then these 

differences in refractive index, n(λ), will lead to variations in effective focal length,  f(λ), 

as shown for a simple lens:   

 

 
Figure 39: Axial Chromatic Aberration in an F/2, BK7 Singlet 

λ = 0.486  1.8 µm    
∆f = 2.5 mm

∆f = 0.8 mm 
λ = 0.486  0.656 µm   
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Further image degradation associated with dispersion results from transverse chromatic 

aberrations and the wavelength dependence of the so-called monochromatic aberrations 

(especially at large field angle) [41].  Solutions exist to these problems, but difficulties 

arise when one needs: 

 
- to image over a wide spectral range (∆λ > 600 nm), AND… 

- a compact, transmissive optical design, OR… 

- to spectrally resolve their image (i.e. image only one spectral region at a time). 

 

Traditionally, lens designers introduce more degrees of freedom to the design to address 

this issue.  More lenses with different glass types are added in order to increase the 

spectral bandwidth over which the system meets some required metric (e.g. diffraction 

limited, detector limited, minimum spatial resolution, etc.).   Alternatively one can use 

fewer optical elements, a mechanical color wheel, and an adjustable focus, especially if 

spectral discrimination is desired. 

 

I developed an alternate solution using liquid crystal-based polarization interference 

filters to isolate a narrow spectral region of interest and LC lenses to correct the focus 

over that spectral region.  This approach completely removes the need for mechanical 

components.  The end state is a transmissive system that is compact, requires no 

macroscopic moving parts, and has the ability to resolve an image over a wide spectral 

range. 
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Methodology 

 

The general approach I explored is graphically depicted above.  I used: 

- liquid crystal-based tunable color filters to select the imaging wavelength of interest, 

- liquid crystal lenses to correct the wavefront error (focus) at that wavelength, 

- an appropriate wide-band focal plane array (e.g., Vis-InGaAs), adjusting the integration 

time to compensate for the responsivity of the material. 

 

Motivation 

My long-term goal is to use this research to complement recent advances in indium 

gallium arsenide (InGaAs) focal plane array technology.  The ability of InGaAs 

photodiodes to function at room temperature with high responsivity over the range 0.9-

1.8 µm make them an ideal choice for imaging in the short wavelength infrared (SWIR).  

Recent (DARPA -funded) efforts to extend the responsivity to shorter wavelengths has 

resulted in VisGaAs™ focal plane arrays that can simultaneously image in the SWIR, 

near infrared (NIR: .75-1 µm), and visible (VIS: .4-.75 µm), [2] and [42].  The 
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responsivity of these new materials is shown in Figure 40.  Commercial devices based on 

these efforts have just become available in 2006. A, B   

 

Figure 40: Spectral Response of InGaAs and VisGaAs [2] 
 

Figure 41 is a comparison of images taken with traditional InGaAs and VisGaAs focal 

plane arrays [42].  The traditional InGaAs (a) clearly cannot detect the visible 

illumination (text) from the computer screen, although there is an NIR component from 

the fluorescent backlight.  The VisGaAs (b) can detect both the visible imagery as well as 

the infrared component from a hot soldering iron that has been introduced into the field 

of view.   The problem of imaging across such a broad spectral range is two-fold.   

 

 
                                                 
A Sensors Inc.:  www.sensorsinc.com  
B Indigo Sytsems Inc.: www.indigosystems.com  
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The first has already been discussed: chromatic aberrations.   

                                       

(a). InGaAs                                         (b). VisInGaAs 

Figure 41: Comparison of (a). Traditional InGaAs, and (b). VisInGaAs 
 

The SWIR rays from the soldering iron are out of focus in (b). As the author of this 

article pointed out: “The lens used to collect these images is a visible lens that also has 

high IR transmission. It works well as either a visible-only lens or an IR-only lens but 

can’t function well when performing simultaneous imaging of both spectral regions” 

[42].  Passing the wavelength range of interest and then correcting for focus at the center 

of the range virtually eliminates this aberration.   

 

Transmissive lens designs are available that attempt to cover the entire regime,A but they 

are complex and fail to address the second problem—the unequal spectral responsivity of 

the detector.  Note in Figure 41 (b), that the soldering iron (SWIR) is also clearly 

saturating the detector, relative to the VIS signal from the monitor.  Compensating for 

this problem requires some a priori knowledge about the spectral composition of the 

                                                 
A Coastal Optics, Inc: www.coastalopt.com  
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scene of interest.  A camera based on a VisGaAs focal plane array lends itself well to 

future night vision systems, as evidenced by the following night sky spectral radiance 

chart (left).  Note that current night vision devices (GEN III-IV) cut-off at approximately 

0.85 µm [43]. 

 

 

 
Figure 42: Night Sky Radiance  and Throughput [43] 

 

When the detectors spectral response characteristics are taken into account, we get the 

throughput at right (normalized by the in-band maximum).  Under a full moon, the SWIR 

component is only two times greater than the VIS, but under other phases it is anywhere 

from 5-10 times greater.  Without a mechanism for compensating the unequal weighting 

of these spectral components, information will be lost.  By imaging a spectral band at a 

time, the gain of the camera can be adjusted to achieve maximum contrast for that band.   
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One of the collateral benefits of imaging spectral bands sequentially is the ability to 

spectrally discriminate the image.  

 

                
         

(a). VIS                                                                 (b). SWIR  
 

Figure 43: Spectral Discrimination of a Camouflaged HMMWV 
 
 

The figure above dramatically illustrates the difference such discrimination can make on 

the battlefield [44].  Figure 43 (a) depicts a camouflaged vehicle in the VIS and (b) the 

same vehicle in the SWIR.  Because the reflectivities of the various paints are different at 

longer wavelengths, the camouflage is much less effective. 
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Design 

In order to demonstrate this concept, I set up a simple 50mm focal length imaging 

system, as show in Figure 44, below.  Since the LC lens cannot apply a negative focal 

length, I aligned the system for best focus at λ = 450 nm.    

 

Figure 44: F/6 Refractive Imaging System w/LC Lens and Filter 
 

I used a silicon-based CCD camera, with 4.4 x 4.4 µm pixels and the following spectral 

response: 

 

Figure 45: Silicon Responsivity 
 

For this system, I thus restricted my observations to the range: 0.45 µm ≤ λ ≤ 1.05 µm. 

3º HFOV 

Polarization 
Interference 
Filter 

Plano-Convex 
fEFF = 50 mm 

LC Lens 

CCD 
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The geometrically predicted on-axis RMS spots (uncorrected) in the range 0.45-1.05 µm 

are show below.  For reference, the Airy diameter at each wavelength is also show. 

 

 

Figure 46: VIS Geometric PSF (Uncorrected) 
 
 

 

Figure 47: NIR Geometric PSF (Uncorrected) 
 

Note that the increase in spot size is a non-linear function of wavelength, dictated by the 

dependence of the focal length on the non-linear dispersion of the glass in question (in 

this case BK7).   
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Performance 

 

Figure 48: Increased Spectral Bandwidth Imaging System 
 

To measure the PSF I used a point source (D ≤ .5 mm) at a distance Z = 1500 mm, with 

the calibrated spectral shown in Figure 49.  This source was chosen for its relatively flat 

output over the wavelengths of interest. 

 

Figure 49: Standard Lamp Spectral Output 
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Figure 50 depicts the measured PSF, uncorrected (i.e. without any voltage applied to the 

LC lens), at λ = 0.45 µm.  This is best focus for the system.  On axis it is near the 

diffraction limit (DAIRY = 6.5 µm) and also close to the limits of my ability to sample with 

a 4.4 µm x 4.4 µm pixel. 

 

Figure 50: Best Focus λ= 0.45 µm 
 

When the source is coherent (as with a true point source) and the aberrations are 

sufficiently low, diffraction effects dominate.  In this case, geometrical optics does not 

give an accurate prediction of the point spread function.  Instead, a Fourier transform of 

the exit pupil yields functionally correct results.  Figure 51 depicts the theoretical and 

measured PSF over the range .650-1.05 µm.   Note that, in the interest of brevity, I have 

limited my images to discrete snapshots at the wavelengths shown.  Actual measurements 

were made in 0.10 µm increments from 0.45 1.05 µm. 
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Figure 51: VIS-NIR Uncorrected PSF 
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Figure 52: Corrected PSF 
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Rayleigh scattering from the liquid crystal molecules is manifested in an increased 

FWHM of the PSF at shorter wavelengths, shown in Figure 52.  It is also evident in an 

attendant reduction of the Strehl ratio, as shown in Figure 53.  This reduction in 

performance in the VIS regime for thick LC lenses (> 10 µm) has been observed as early 

as 1979 [45].   Note that at 0.45 µm the LC lens is off and the system is aligned for best 

focus.  Without any voltage to the lens, the scattering is reduced, resulting in a higher 

Strehl ratio. 

 

Figure 53: Strehl Ratio vs. Wavelength 
 

These Strehl ratios, corresponded to an OPD of between 0.5 1.0 λ of error [1].  While 

dismal for astronomy, the corrected PSF served quite well for my imaging purposes 

across the IFOV, as shown in Figure 54 (VIS) and Figure 55 (NIR).  These figures depict 

static on-axis images of a 7.5 cm USAF 1951 resolution target, back illuminated, , and 

represent approximately a 2º field of view.   
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Figure 54: VIS Resolution Target Images 
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Figure 55: NIR Resolution Target Images 
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Note that the low signal-to-noise at long wavelengths (e.g., 1.05 µm) resulted because I 

was forced to switch to a narrow-band source (equipment failure) and not because of the 

camera/lens/filter throughput.  The above images were taken at fixed voltages (V1 and 

V2), with at least 60 seconds between frames. 

 

In addition to the scattering at shorter wavelengths, the other major drawback to LC 

lenses as an active optical component are the slow response and relaxation times of the 

LC molecules.  For the static images depicted above, I initially used values for V1 and V2 

in the range 50-150 V, as specified by the manufacturer.  The response time between the 

off state (λ = 0.45 µm, V1 and V2 = 0) and a corrected state was on the order of 20-25 

seconds.  The relaxation time was typically between 17.5 – 22.5 seconds. 

 

 The relaxation time is independent of the applied voltage and increases as the square of 

the LC layer thickness [46].  However, increasing the voltages V1 and V2 (in an 

appropriate ratio) can increase the response time.  To explore this possibility across the 

entire range of allowed voltages, I wrote a MATLAB program that measured the 

encircled energy for a point source image as a function of V1, V2, andλ.  The results for λ 

= 0.65 µm and 1.05 µm are shown in Figure 56.  In this figure the false color (blue-min, 

red-max) represents the encircled energy over a 13.2 µm square centered on the chief ray, 

normalized by the peak value across the entire range.  I was limited by my equipment (a 

computer, GPIB interface, function generator, and amplifier) to ∆t = 0.333 seconds, ∆V = 

±5 V, V1MAX = 200 V and V2MAX = 400V.   
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Figure 56: LC Lens Drive Voltage and Encircled Energy 
 

 
Figure 57:  Quadratic Fit Coefficients for Drive Voltage V2 

 
 

As shown by the dashed line in Figure 56, V2 = f(V1) followed a quadratic fit 

(appropriate for a quadratic phase distribution) given by:  

)()()( 312
2

112 λλλ CVCVCV +⋅+⋅=  

λ 1.05 0.85 0.75 0.65 0.55 
C1 : 9.651E-03 7.639E-03 5.860E-03 4.905E-03 2.637E-03 

C2 : 0.146 0.128 0.188 0.111 0.106 

C3 : 39.108 40.187 39.874 39.150 39.965 
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In order to more quickly change between spectral bands, I shifted the range of drive 

voltages along this family of quadratic curves to the high voltage regime shown in Figure 

58 (V1: 100-200V, V2: 150-250 V).   

 

Figure 58: Continuous Drive Voltage Curves 
 

I then linearly interpolated along a fit between the intercepts of these curves (e.g., Curve 

A, Figure 58-Subset) to achieve spectrally continuous (∆λ = ± .01 µm) imaging.  This 

enabled me to switch bands with a response time of approximately 1 second and the 

image quality was comparable to that achieved in the static case.   I look forward to 

displaying real-time video at my dissertation defense. 
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V.   A MULTI-SPECTRAL FOVEATED IMAGING SYSTEM FOR PERIMETER 

SURVEILLANCE 

 
One of the most difficult tasks for an optical designer of wide field-of-view (FOV) 

imaging systems is maintaining high image quality across the entire FOV. Complex 

designs utilizing multiple optics are typically used in fast (i.e. low F/#) systems to 

minimize off-axis aberrations, but even the best, well-corrected systems have a limited 

FOV.  Because of the multiple optical elements that are required, these systems are often 

heavier and bulkier than narrower FOV systems. The complexity can be minimized with 

a slower system but at the expense of either light gathering ability or overall length.  

 

 

Figure 59: Foveated Imaging System 
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Methodology 

One solution to this problem is foveated imaging, wherein a liquid crystal spatial light 

modulator (LCSLM) is used to selectively enhance resolution in a wide field-of-view 

imaging system.  By placing the SLM in the pupil plane of the system, one can correct 

for the aberrations at a given field angle.  This correction is only valid for a narrow 

portion of the entire FOV, the instantaneous field of view (IFOV), but its location can be 

changed according to the user needs.  The term “foveated” imaging originates from the 

operation of the human eye, where a limited area within a few degrees of the point of 

gaze is highly resolved and resolution falls off rapidly with increasing field angle.  

Previous systems have demonstrated such wave front correction for 2 and 3 element 

systems out to ±30º [8-10].  The limitation of this configuration is that the phase 

correction is done modulo-2π.  This means that the applied phase map is valid at only one 

wavelength (or narrow range of wavelengths).   However the LC SLM can be adjusted to 

correct for any wavelength.  To implement this multi-spectral approach in a manner that 

was consistent with my dissertation goals (smaller, lighter weight, non-mechanical, wide 

FOV) I utilize the aforementioned switch-able polarization interference filter (DTF).   

 

Motivation 

Figure 59 depicts a foveated imaging system built jointly by Sandia National 

Laboratories, Boulder Nonlinear Systems Inc., the Naval Research Laboratories, the 

University of Central Florida, and Narrascape LLC.  It was funded under the Defense 

Advanced Research Project Agency as part of their Bio-Optic Synthetic Systems 
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Program, and is ideal for remote, wide-area surveillance (perimeter security).  Selective 

spatial and spectral enhancement has the potential for decreasing the bulk and complexity 

of the optical train.  It also lends itself to data compression.  Since the IFOV is the only 

part of the image with high spatial resolution, the pixels on the focal plane array can be 

selectively binned to match the information content, thus also reducing data transmission 

and processing requirements. 

 

Design 

Figure 60 depicts the polychromatic design, with the active filter between the plano-

convex lens and the camera.  The system specifications are: F/# = 5.25, Effective Focal 

Length = 26 mm, and FOV = ± 30°. 

 

Figure 60: Multi-Spectral Foveated Imaging System 
 

As shown in Figure 61 and Figure 62, the system creates an image that is well corrected 

within the IFOV, while peripheral areas are aberrated and appear blurred. The IFOV can 
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be changed dynamically on a millisecond time scale, such that any area within the entire 

field of view of the system can be highly resolved.  The liquid crystal spatial light 

modulator allows us to correct the off-axis aberrations that would have otherwise limited 

the useful FOV of an otherwise simple imaging system.  

 

 

Figure 61: Monochromatic Foveated Image of Los Angeles International Airport (60º FOV). 
 

The only drawback is that this is within a very narrow wavelength range. 
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Figure 62: Corrected and Aberrated Images 25º off axis, IFOV = 3º, λC = 632 nm. 
 

If the required wavefront correction is less than the dynamic range of the LC layer, the 

spectral bandwidth is simply limited by dispersion in the liquid crystal itself, similar to 

the LC lens.  If, on the other hand, the required wavefront correction is greater than the 

dynamic range of the SLM, correction must be done modulo 2π, [47] and [48].  In this 

case, the optical bandwidth over which the system can operate with diffraction-limited 

performance is severely limited [13].  My first task in designing a multi-spectral system 

was thus to determine the trade-space for the spectral bandwidth and the PSF.  

 

The system was originally designed for a center wavelength of 632 nm, using a static 

band-pass filter of ±10 nm.  To characterize its polychromatic performance, I replaced 

the 632 nm band-pass filter with a series of static filters above and below the designed 

wavelength (in 10 nm increments) and measured its PSF, while maintaining the 632 nm 

phase map.  The results are depicted in Figure 63, below.    

Corrected Aberrated 
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Figure 63: PSF as a Function of Wavelength 
 

The trend for the measured and predicted PSFs is the same. The discrepancy between 

them is a result of the fact that the SLM is modeled in an optical ray-tracing program 

(Zemax) as a pure phase element.  It does not take into account diffraction or scattering, 

and thus the general broadening above and below the designed wavelength.  At the 

designed wavelength, the two are strongly correlated.  The filter at each measured 

wavelength had a full-width at half-maximum (FWHM) of 10 nm.  Based on this data 

and subjective image evaluation, I determined that the maximum permissible pass-band 

at any given channel was λC ± 12.5 nm.  This enabled me to then specify the custom 

passive PIF center wavelengths/passbands to be used in conjunction with the DTF.  

ColorLink then delivered the final system with the following channels: Red: 631 ± 13 

nm. Green: 538 ± 9 nm. Blue:  475 ± 5 nm.   
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Previous efforts at non-mechanical spectral filtering in an adaptive optical imaging 

system utilized acousto-optic tunable filters (AOTF) [11-13].  Wavelength selectivity was 

accomplished via diffraction from a variable frequency grating.  The advantages of such a 

device are tunability and narrow pass band.  Typical disadvantages of AOTFs are large 

packaging size, small clear aperture, and small acceptance angles. 

 

I modeled the SLM in ray tracing software using a grid phase surface.  The tangential 

wave front errors for this system at a 25º field point and at each center wavelength (R, G, 

and B), are shown in Figure 64 and Figure 65.   The ordinate is the optical path difference 

in waves and the abscissa is the normalized pupil radius.  The “tangential” plot is a 

measure of the OPD for the vertical cross-section of the pupil and the “sagittal” plot is 

likewise for the horizontal cross section.  

 

Figure 64: Uncorrected Tangential Wavefront Error.  Scale is ± 50λ. 

42

25
…1.7x increased OPD 
at shorter λ. 
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Figure 65: Uncorrected Sagittal Wavefront Error.  Scale is ± 50λ. 
 

These plots show the uncorrected errors, i.e. no wave front correction is being done with 

the spatial light modulator. With the SLM on and the correct phase map applied, the 

wave front error is greatly reduced.  The residual wave front errors after correction, for 

the same field point (HX = 0º, HY = -25º field point), and at each center wavelength are 

shown in Figure 66 and Figure 67.  Note the three orders of magnitude change in scale.   

 

These wave front errors are related to the spot size (via a Fourier transform), but are valid 

only for the center wavelengths.  Of immediate concern is how the spot size varies within 

the pass band (λC  ± ∆λ) of each channel.   
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Figure 66: Corrected Tangential Wavefront Error.  Scale is ± 0.2 λ. 
 

 

Figure 67: Corrected Sagittal Wavefront Error.  Scale is ± 0.2 λ. 
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The corresponding RMS spot size (predicted by ray tracing), for each wavelength, across 

the FWHM of each spectral channel is shown below in.  The Airy Disc diameter across 

the same range is also plotted for reference. 

 

Figure 68: PSF FWHM as a Function of Wavelength, λC = 631 ± 13 nm. 
 

 

Figure 69: PSF FWHM as a Function of Wavelength, λC = 538 ± 9 nm. 
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Figure 70: PSF FWHM as a Function of Wavelength, λC = 475 ± 5 nm. 
 

Thus, the RMS spot size should be below the Airy Disc diameter for a majority of the 

spectral range of each channel, indicating that the system is limited by diffraction and not 

the aberrations of the system.  Furthermore, the spot size should be within our detector 

pixel size of 15 µm.   

 

Performance 

Figure 71 through Figure 73 depict static images taken with an appropriate phase 

correction for the wavelength of interest at a 25º field point.  For comparison, the same 

field point is shown in an aberrated state. Note the reduction in signal-to-noise as the 

spectral pass-band moves towards shorter wavelengths. 
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Figure 71: 25º Foveated Imaging, λC = 631 ± 13 nm. 

Aberrated 

Corrected 
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Figure 72: 25º Foveated Imaging, λC = 538 ± 9 nm. 
 

Aberrated

Corrected



 97

 

Figure 73: 25º Foveated Imaging, λC = 475 ± 5 nm. 
 

Aberrated

Corrected
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Note that the red and green subset images (IFOV) are unaltered.  The contrast on the blue 

subset image has been adjusted to accommodate the reduced dynamic range in the IFOV, 

due to the lower signal-to-noise in that channel.  The reduction in signal-to-noise is result 

of a combination of factors, not the least of which is the lower peak transmittance in that 

channel and the narrower FWHM (10 nm).  Added to this difficulty is the fact that the 

CCD in question has a reduced spectral response at lower wavelengths.  All of these 

factors are graphically summarized in Figure 74 below. 

 

Figure 74: Multi-Spectral Foveated Imaging System, Spectral Transfer Function 
 

My difficulties in the “blue” channel, however, do not end there.  Referring back to 

Figure 64, you will note that the peak wave-front error for a 25º field point at the edge of 

the pupil (ρ = -1) is increased by a factor of 1.7X at shorter wavelengths.  The net effect 
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on the phase gradient in the pupil plane and the ability of the LCSLM to reproduce this 

phase gradient are depicted in Figure 75. 

 

 

Figure 75: "Red" and "Blue" Phase Gradient in the Pupil 
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There is an approximately 10% reduction in the amount of area that meets 4 pixels per 

wave.  As I discussed in Chapter IV.A., the areas of the pupil outside this criteria are 

effectively under-sampled and poorly corrected, further contributing to a reduction in 

signal-to-noise.   The PSFs at 25º for each wavelength are show below: 

 

 

 
Figure 76: Corrected and Uncorrected "Red" PSF, λC = 631 ± 13 nm. 

OFF

ON 
FWHM = 26 µm 
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Figure 77: Corrected and Uncorrected "Green" PSF, λC = 538 ± 9 nm. 
 

OFF

ON 
FWHM = 27 µm 
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Figure 78: "Blue" PSF Corrected and Uncorrected, λC = 475 ± 5 nm. 

 

 

By applying the appropriate correction at the instantaneous wavelength of interest, this 

system clearly has the ability to spectrally discriminate a scene with color content.  This 

ability is qualitatively depicted in Figure 79. 

OFF

ON 
FWHM = 33 µm 
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Figure 79: Spectral and Spatial Discrimination. 
 
 
For each pass-band, the bottom image shows the resolution bars without correction.  With 

the correct phase map all of the bars become somewhat more resolved, but particularly 

those at the designed wavelength.  Note the spectral discrimination between color maps 

as well as the spatial variation in resolution, even within the IFOV.  The dimensions of 

this bar chart exceeded the angular subtence over which the system was isoplanatic.    

Red Green Blue 
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Figure 80: Multispectral Scene from Northern Afghanistan (2005) 
 

Figure 80 shows a scene from Northern Afghanistan.  Because of the relative 

monochromatic nature of the base image, the spectral content was exaggerated for effect, 

as shown in the subset images.   The intent of this research is to ultimately provide a path 

toward a multi-spectral system with three channels: one each in the VIS, NIR, and SWIR.  

With the exception of the DTF (filter) all of the active components are currently capable 

of operating in these regimes.  There are also no physical reasons why a custom DTF 

could not be designed and built to cover the same. 

 

-25° +25°
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Figure 81 thru Figure 83 show the implications that this spectral/spatial discrimination 

might have for perimeter surveillance.   

 

Figure 81: "Red" Channel at +25º 
 

 

Figure 82: "Green" Channel at +25º 
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This system is able to clearly discriminate the differences between the “blue” camouflage 

of the U.S. forces and the “green” of the Afghan National Army, from the “red” of 

potential threat forces.   

 

 

Figure 83: "Red" Channel at -25º 
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VI.  A COMPACT (TRANSMISSIVE) NONMECHANICAL ZOOM IMAGING 

SYSTEM FOR UAV APPLICATIONS 

 

Zoom imaging systems have been a goal of designers since the early part of the last 

century. A host of techniques have been employed to achieve the goal of variable 

magnification while maintaining constant image plane location.  With the advent of 

electronic focal plane arrays has come the proliferation of digital magnification, popular 

in so many consumer electronic devices.  Digital magnification is simply post processing 

after the image has been captured, provides no increase in information, and is not the 

subject of my dissertation.  The goal of this research is, and has been, to achieve true 

optical magnification without recourse to macro mechanical moving parts—specifically 

motion between the individual optical elements.   

 

Methodology 

Previously, nonmechanical zoom (NMZ) systems have been demonstrated using 

reflective SLMS or deformable mirrors only [16-18, 49].  By their nature reflective 

components do not lend themselves to wide FOV or compact designs.  Instead, I explored 

the range of transmissive nonmechanical zoom designs, with a minimum of two and a 

maximum of five optical elements.   
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Motivation 

The applications of this are numerous, from space-based imaging systems where mean 

time to failure of moving parts is always a concern, to unmanned aerial vehicles, where 

size, weight, and total track of the system are also constrained. 

 

Design 

The system was assumed at the outset to be operating at infinite conjugates (z = -∞).  All 

elements are, initially, treated as “thin” lenses.  A nonmechanical zoom system requires 

two variable power elements.  For a given back focal distance (BFD) and element 

spacing (t12), we have 1 variable parameter…the power of a single element.  The second 

variable power element must be solved to maintain a constant image plane (see Figure 

84):  

 

Figure 84: Two Element NMZ System 
 

There are two factors to first consider when designing a NMZ system with only two 

active elements, their aperture sizes and their range of dioptric powers.    

Z1’ 

Z1  

Z2 = Z1’ - t12

Z2’ 

t12 
φ1 φ2 
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I will start with aperture size because it was ultimately the factor which dictated the 

devices I could use to build a realistic system.  

 

Aperture Size 

Consider the simple system shown in Figure 85, in two limiting cases: 

UNZOOMED  φ1 OFF (0 Diopters), φ2 ON (Max Diopters):  This dictates the BFD of the 

system and the minimum focal length (maximum optical power).  BFD
1

12 =φ  

ZOOMED  φ1 ON (Solve), φ2 OFF (0 Diopters): Combined with the separation t12, this 

dictates the maximum system focal length (minimum optical power).  
12

12
1

tBFD +
=φ  

 

Figure 85: Zoomed and Unzoomed, Two Element System 

t12 

φ1

BFD 

f1 

φ2

f2 
φ1 φ2

DSTOP 

A B C 

Zoomed 

Unzoomed 
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This simple system is thus capable of continuous zooming action and has a zoom ratio of: 

BFD
BFDt

f
fZoomRatio +

== 12

2

1  

Referring to Figure 85, and ignoring for now the actual device constraints, there are three 

regions one can place an aperture of fixed diameter DSTOP: 

A. object space, to include the front surface of the first element 

B. intermediate space 

C. image space, to include the front surface of the second element 

The impact each of these has on the resulting spot size and the space-bandwidth ratio is 

an important design consideration. 

 

Region A leaves the entrance pupil diameter unchanged for all zoom configurations.  The 

implication is that the diffraction-limited spot size linearly increases with focal length.  

The consequences for a system which is not detector-limited are thus: 

( )
( )     1            12

2

1 ==→
+

==
RatioD

ZoomRatioRatio  SBP
BFD

BFDt
f
f

D
D

AIRYUNZOOMEDAIRY

ZOOMEDAIRY  

Thus we have not increased the information content in the zoomed case.  However, one 

can envision systems which are pixel-limited.  In such a case, the diffraction-limited spot 

size is below our ability to sample in an unzoomed configuration, and the optical 

transverse magnification does impart additional capability. 
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Region B:  Locating the aperture stop in the intermediate space a distance d from the first 

element, results in the same diffraction-limited spot size in the unzoomed case.   

However, in the zoomed case, the entrance pupil is magnified.  The Airy disk ratio is: 

( )
( ) BFD

BFDdt
D
D

UNZOOMEDAIRY

ZOOMEDAIRY +−
= 12  , where 0 < d < t12 

ZoomRatioRatioSBP

BFDdt
BFDtRatioBP

<<

+−
+

=

 1

:region ...in this

 S
12

12

 

 

Region C:   Placing the stop at the last element, or between the last element and the 

image plane, results in an entrance pupil magnification ratio that is equal to the zoom 

ratio, and thus a constant F/# system throughout the zoom range: 

( )
( ) ZoomRatio

BFD
BFDtRatioBP

D
D

UNZOOMEDAIRY

ZOOMEDAIRY =
+

== 12 S    and      1  

It is only in this last case that we get a true increase in information content that is equal to 

the change in transverse magnification.  In order of preference then, one would ideally 

like to design a system with the stop in Region C, Region B, and not at all in Region A.  

This impacts device selection.  The Holochip LC lenses all have essentially the same 

clear aperture (3.5 ±1.0 mm).  With the stop at the rear LC lens, zooming the system 

resulted in an order of magnitude increase in necessary diameter at the first active 

element.  It is for this reason that I eventually chose to design around the transmissive LC 
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SLM as the first element (despite its limited range of dioptric power) and an LC lens as 

the second element. 

 

Dioptric Power:  [14, 15, 19, 50] 

The dioptric range of these two active elements was:   

(1). LC lenses:  φ = 0→10 D 

(2). transmissive LC SLM: φ = ± 2.75 D. 

…this later range was dictated by the pixel size of the LC SLM and assumes at least 2 

pixels/2π at the edge of the clear aperture (please see my discussion an active optics 

capabilities and limitations, Ch IV.B).  If one wishes to apply tip/tilt or correct for higher 

order aberrations with the SLM, then the amount of power must be reduced. 

 

For two elements, the system power is given by:
BFD

t 112
12

1 φ
φ

−
= .    Since the BFD is fixed, 

the zoom ratio is given by:  

UNZOOMED

ZOOM

ZOOM

UNZOOMED

t
tZoomRatio

−

−

−
−

==
112

112

1
1

φ
φ

φ
φ  

The element spacing t12 and the minimum and maximum dioptric power of the first 

element (φ1-ZOOM  φ1-UNZOOMED) completely determine the zoom ratio.  To overcome the 

fact that (these) LC lens only add power, one can use a static lens in direct contact to 

provide an appropriate DC offset.  Thus for a range of ± 0.5 D:    

φ1 = φ1-DC + φ1-AC = -0.5 D + 0 1.0 D. 
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The zoom ratio and spacing also dictate the dioptric range of the second element (φ2-AC), 

though not its DC offset.  This is a fixed relationship and cannot be alleviated by the 

introduction of intervening (static) optical components.  For a chosen 

minimum/maximum optical power in the first element, one can then determine an 

element spacing appropriate for the range of power available on the second element.  I 

limited φ1-MIN = -2.15 D and φ1-MAX = 2.15 D, giving me 10 pixels/wave at the edge of the 

LC SLM.  There was no DC offset for this front element.  Limiting the dioptric range on 

the SLM would also allow me to correct higher order aberrations and introduce XY tilt.  

The zoom ratio, element spacing, and dioptric range ∆φ2 are completely specified: 

 

Figure 86: Nonmechanical Zoom Ratio and Element Spacing 
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Choosing t12 = 313 mm, the zoom ratio is 5X.  Based on these choices, ∆φ2 = 7.82 D, 

well within the capabilities of the LC lenses.   

 

What remain to be determined are the absolute values of the system optical power (i.e. 

φMAX  φMAX/ZoomRatio) and the offset of the second element, φ2-DC (the static lens).   

The BFD dictates both absolute values.  It is at this point easier to visualize this choice in 

focal length units (mm) for the optical elements, as shown in Figure 87. 

 

 

Figure 87: Nonmechanical Zoom Focal Length and Element 2 Offset 
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The maximum focal length of the second element is dictated when the LC lens is off (φ2 

is a minimum).  In other words it is the focal length of the static lens that provides the DC 

offset for the LC lens.   

 

 

Figure 88: NMZ Second Element Specifications 
 

Choosing the BFD so that it is at an available focal length (f2-DC = 50 mm), dictates the 

focal length range of the second element and the system.   This is graphically depicted 

above in Figure 88 and below Figure 89. 
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Figure 89: Nonmechanical Zoom System Focal Range 
 

In the process of making the aforementioned choices, I modeled the system in Zemax to 

ensure that the on-axis ray bundle was with the limits of both the LC SLM (element 1) 

and the LC lens (element 2)  this later being the system stop.  The first order system 

specifications were:  

TOTR = 350 mm  fSYS = 22  117 mm   

t12 = 312.5 mm   f1 = (0) DC  ±  (466 mm) AC 

BFD = 37.5 mm  f2 = (50 mm) DC + (∞ 128 mm) AC 
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Zemax 

I modeled the LC SLM as a 1mm thick piece of glass with a Zernike phase surface in the 

middle, and the LC lens as a 3 mm thick piece of glass with a paraxial surface in the 

middle.   For the static element I chose a plano-convex 50mm focal length lens, oriented 

with the convex side to the right, minimizing the principal pane shift of the rear group 

due to the chance in focus of the LC lens (I compensated for the increased aberrations 

with the LC SLM)   It is depicted on an anamorphic scale in Figure 90. 

 

 

Figure 90:  F/10, 5X Nonmechanical Zoom System 
 

Note the slight change in values from the first order design.    The system I built only had 

three states, but was theoretically capable of continuous zooming action through the 

entire range. The un-vignetted FFOV for the three states was 1.0º, 2.5º, and 5.0º 

(fMAX fMIN).  The OPD plots on-axis and at the maximum field point for each 

configuration are Figure 91. 

 

 

312.5

STOP 

39 

fSLM = [-466,0,466] mm

f2STATIC = 50 mm 

fLC = [125,150,365] 

fEFF = [23,41,105] mm
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Figure 91: 5X NMZ OPD Plots.  Scale is ±0.05 λ 
  

 

In all cases the theoretical PSF was below the diffraction limited Airy disk of 16 µm.  

The predominant aberrations were spherical and coma, a fact I confirmed and 

accommodated for in my actual system with the transmissive LC SLM.  The Zernike 

coefficients for the actual spherical correction was Z8 = -14, -15, and -7 (fEFF = 23  105 

mm). 

fEFF = 23 mm 

fEFF = 41 mm 

fEFF = 105 mm 
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Performance 

The measured PSF (monochromatic λ = 0.632 µm) at each of the three zoom settings are 

shown below in Figure 92.  The fact that the system was operating at a constant F/# is 

evidenced by the consistency between zoom settings.  Figure 93 and Figure 94 are on-

axis images of a 75×75 mm object (the same 3”×3” USAF resolution target) at a distance 

of 2.5 m from the front element.  The image plane was 5×5 mm with a pixel size of 4.4 

µm.   

 

These images were taken with a relatively broad-band filter (λ = 0.650 ± 0.025 µm) filter 

and polychromatic source.  This was necessary because I could not mechanically align 

the transmission axis of the SLM and the LC lens, requiring the introduction of an 

additional polarizer between the two elements.  This reduced my throughput and made a 

wider pass-band a necessity.  Since I was applying such a high degree of focus on the LC 

SLM (high spatial frequency) the chromatic aberrations across this wavelength range 

were significant, and explain the discrepancy between the near diffraction-limited PSF 

measurements and the systems actual imaging performance. 
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Figure 92: NMZ PSF 
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These images are not digitally magnified and are displayed here in the correct 

proportions.  For each image I captured out to the fully vignetted field point which was 

±0.75º, 1.50º, and 2.75º (a relative change of 3.7 from low-magnification to high 

magnification).  Thus the images were 0.68, 1.10, and 2.20 mm square.   

 

 

Figure 93: USAF 1951 Images: fEFF = 23 and 41 mm 
 

The change in effective focal length was 105/23 = 4.56X.  The vertical extent of Group 0 

was:  0.64 mm at fEFF = 23 mm  and 9.68 mm at fEFF = 105 mm.  Thus the actual 

change in transverse magnification was approximately 4.65X.   
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Figure 94: USAF 1951 Images fEFF = 105 mm 
 

Because I was significantly below the Nyquist rate of two pixels per wave on the SLM in 

the high magnification state (fEFF = 105 mm), I decided to explore off-axis magnification.  

The results are depicted below in Figure 95. 
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Figure 95: Off-Axis Magnification fEFF = 105 mm. 
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Note the slight degradation in image quality from the on-axis case to the edges of the 

field.  This shift in the IFOV required increasing spatial frequency content on the SLM, 

eventually exceeding the Nyquist sampling rate and reducing the signal-to-noise.   

Nonetheless, the results were encouraging and, at a minimum, validate this unique 

capability embodied in a nonmechanical zoom system. 
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VII.  CONCLUSIONS 
 

Increasing the Spectral Bandwidth of a Simple Night Vision Monocular 

I conceived and built a wide spectral band refractive imaging system composed of one 

static element and two active elements: an LC lens and a tunable PIF.  The useable range 

of this system, without compensation, was 0.100 µm (0.45-0.55 µm).  With the active 

optics it was 0.600 µm).  The limiting factor in the later case was the responsivity of the 

detector, which could be easily overcome with the addition of a VisGaAs camera.    

 

Drawbacks to the system I demonstrated include scattering at short (VIS) wavelengths, 

the narrow field-of-view imposed by the tunable PIF, the requirement for different 

tunable PIFs for different bands of interest, high LC drive voltages, and the relatively 

slow temporal response of the LC lenses that limited me to approximately 1 

frame/second.    

 

The narrow FOV and need for multiple PIFs could (and I hope will) be addressed by the 

development of a DTF polarization interference filter, customized for the bands of 

interest [40].  The scattering and slow response times are issues that can be virtually 

eliminated by the use of liquid crystal polymer composites, wherein the LC material is 

stabilized within a polymer network producing uniform alignment (reducing scattering) 

and mechanically stressing the molecules to produce higher birefringence and faster 
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response times [51].    Dramatic reductions in drive voltage have been achieved by the 

suspension of submicron ferroelectric particles in nematic LCs [52].   

 

Multi-Spectral Foveated Imaging System 

I successfully demonstrated a wide field-of-view (± 30º) combat imaging system with 

variable resolution anywhere within the FFOV.  The IFOV was user controlled and could 

spectrally discriminate within the scene of interest and within one of three pre-determined 

spectral channels.   These channels were all within the VIS regime, but like the increased 

spectral bandwidth, the same concepts could certainly be extended into NIR and SWIR.  

 

Clear limitations exist, however, at the short end of visible spectrum.  This was evidenced 

by the reduced efficacy in “blue” of the digital tunable filter.  Future systems will most 

likely have the lowest wavelength channel centered on 550 nm, enabling both an 

increased peak transmission and wider bandwidth.  

 

The optimization routine I used to derive the pupil plane correction for this system started 

with the phase correction predicted by Zemax, blazed modulo-2π.  Rather than trying to 

mechanically align to this phase map, I then developed an optimization routine that 

looked at the encircled energy of the PSF at a given field angle (image of an LED) and 

then iterated through a percentage of the Zernike coefficients from the starting phase 

map.  This was time consuming and less than optimal.  Algorithms have been developed 

using the “parallel gradient descent” method for closed-loop PSF optimization.  These 
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have characteristics uniquely suited for use with pixilated LC SLM and they are an order 

of magnitude faster than the techniques I employed [53].  I have subsequently used this 

type of algorithm in a MEMS-based foveated system. 

 

Nonmechanical Zoom Imaging System 

I outlined a concise first order design methodology for a nonmechanical zoom imaging 

(NMZ) system composed of two active elements and two static elements in direct 

contact.   I delineated the clear aperture trade space for such a system and the impact this 

had on the space-bandwidth product—the true measure of the increase in information for 

any zoom system.  Using this as a basis I designed and built a system composed of three 

elements, one static and two active, with an approximately 5X increase in transverse 

magnification.  This was (to my knowledge) the first LC-based transmissive system built, 

and was at least an order of magnitude smaller in overall length and larger in full field of 

view, than previous reflective NMZ systems.  By keeping the applied correction on the 

SLM well below the Nyquist sampling rate, I was able to correct for higher order 

aberrations and misalignment errors.  I was also able to demonstrate off-axis 

magnification.   

 

Issues that need to be addressed include improving the voltage resolution applied to the 

LC lenses.  I was limited to ±5 V, which represents as much as 25% of the applied 

voltage, depending on the focal length.  This is easily fixed with better electronics.  More 

pressing is the need to increase the clear aperture of these lenses.   
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For the transmissive LC SLM, there needs to be a concerted effort to increase the fill 

factor.  Not shown in my images at high magnification was the “ghosting” at the edges of 

the field, a direct result of the low 0TH order diffraction efficiency.  I need to quantify the 

reduction in PSF with increasing spatial frequency on the SLM and implement the 

aforementioned parallel gradient descent algorithm.  For both the LC SLM and LC 

lenses, efforts need to be made (and are) to develop polarization insensitive devices via 

crossed phase modulators.  

 

The zero power SLM state should be at a higher magnification (by use of a DC offset on 

this element).  For future systems it would be good to also design around a zero voltage 

state, i.e. the system should have at least one state with good imaging characteristics 

should the LC SLM and LC lens fail/lose power.   

 

Lastly, I need to examine designs based on more than two active elements.  Having made 

the effort to integrate two such devices into an imaging system, the increased incremental 

overhead (size, weight and power) would be minimal and I believe the gains would be 

tremendous. 
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