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Abbreviations and notations 

SLM spatial light modulator 
LC liquid crystal 
NLC nematic liquid crystal 
MQW multiple quantum well 
PDE partial differential equation 
PSF point spread function 
CCD charged coupled device 
FDTD finite-difference time-domain 
LCM least common multiplier 
FOV field of view 
RMS root mean square 

E electric field vector 
D electric displacement field vector 
H magnetic field vector 
B magnetic induction field vector 

dielectric tensor 
magnetic permeability 
electric conductivity 

' equivalent magnetic resistivity 
n average molecular orientation in LC 
ni Cartesian component of n , i = x, y, z
i used as index 
j 1  and used as index 
k wave vector and used as index 
n isotropic refractive index and used as index 
neff effective refractive index 
ne extraordinary refractive index 
no ordinary refractive index 
c speed of light in vacuum 

wavelength of light 
optical frequency 

U complex amplitude 
angle in obliquity factor 

Pi point number i



rij distance between Pi and Pj
area in the diffracting plane 
angle of polariser and deflection angle 

x, y, z, Cartesian coordinates 
f spatial frequency 

angles in spherical coordinates 
fg Gibbs’ free energy density 
Fg Gibbs’ free energy per unit volume 

ordinary dielectricity 
extraordinary dielectricity 

ni Lagrange multiplier 
viscosity of LC 
elastic constant of LC 
electrostatic potential 

I measured intensity 
I0 maximum transmitted intensity 
Inorm normalised measured intensity 

1/e time response 
undistorted phase distribution and field-of-view 
phase distribution on SLM and steering range 

V voltage
Vth threshold voltage 

phase shift 
rotation of LC in tilt mode 

m maximum rotation in LC layer 
d LC layer thickness 
t0 time constant related to initial state of LC 

period of grating in pixels 
q number of equally spaced phase levels 

pixel pitch 
F width of fringing field in pixels 
m m:th order diffraction efficiency 
 convolution 

m peak-to-peak amplitude of sinusoidal grating 
a point spread function of phase degradation 
A transfer function of phase degradation 
F Fourier transform 
Jq Bessel function of order q
p pixel number 

estimated steering angle in tracking system 
C weight of integrating part 
R measured reflected intensity 
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1 Introduction

Research on optical phenomena has evolved since ancient times but the 
immense development in optics technology did not take off until the last 
century. With the invention of the laser in 1960 a coherent light source with 
high output power confined to a very narrow wavelength range was added to 
the toolbox of engineers and scientists. Lasers are today used on a daily basis 
in applications ranging from simple pointing devices to fiberoptic 
communication networks, CD-players, distance measurements, printers, 
spectroscopy, microscopy, atmospheric sensing, etc. Laser pointers in 
combination with detector arrays make it possible to image objects and 
scenes with high resolution, also at remote distances. Time- and phased-
based range gating can be made by use of scanning devices or even at the 
pixel level of detector arrays. As a result high-resolution 3D imaging is now 
becoming feasible1. The know-how and technology for more active control 
of light are crucial for the further development of these and related 
applications.

With simple obscuration, mirrors and lenses, the light can be forced to 
travel in different paths. In order to vary the optical properties of a system a 
dynamic control of the light is necessary. Today mechanical movement of 
lenses or mirrors commonly solves this problem. As the speed, accuracy and 
size of the devices utilising light should be optimised, there is a need for new 
improved methods to control the light. An appealing idea is to construct a 
small non-moving device that is controlled all by electronics so that it could 
act as a generic optical component. 

A hologram has the ability to recreate an optical distribution in both 
amplitude and phase. In a spatial light modulator (SLM) one can 
electronically control the amplitude and/or phase over an area usually 
defined as a pixel structure. Hence, an SLM controlling the phase of the light 
could be used as a quite arbitrary refractive component. For each electronic 
update on the SLM it could act as a completely different optical component. 
An SLM capable of both amplitude and phase modulation could therefore 
act as a dynamic hologram and thereby a 3D display2,3.

Dynamic components that can modulate only the amplitude of light exist 
today in various types of displays. The control of the phase distribution of 
light with high accuracy is, though, a more difficult task. Phase modulating 
deformable mirrors have been used in astronomy since the 1970’s to correct 
for atmospheric turbulence4. As the atmosphere changes in time, the mirrors 
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have to be adjustable so that the incoming light can be corrected in an 
adaptive manner. These mirror devices have commonly “large pixels” and 
are not well suited for applications such as beam steering. Some miniaturised 
deformable mirrors have recently been developed but they still have rather 
low spatial resolution5. Another technique to control the phase of light is to 
use liquid crystals (LCs)6. Here the reorientation of anisotropic molecules 
owing to an applied electric field gives a change in the refractive index 
experienced by certain polarisation states. LC shutters and displays are 
widely used to modulate the transmission or reflection of light using 
different configurations of polarisation optics. For some of these devices the 
polarisers can be adjusted so that pure phase modulation is obtained.  

Several potential applications have been demonstrated with this type of 
LC devices. Already in the middle of the 90’s steering of laser beams7-10 and 
the field-of-view of passive sensors were suggested11. Since then several 
research groups have demonstrated more advanced laser beam steering and 
shaping12,13. A simple but general component is tuneable LC lenses14. By 
filling a lens with LC or applying a non-uniform electric field to an LC layer, 
an adjustable lens can be constructed. This technique is interesting for small 
and cheap zoom lenses, as e.g. used in mobile telephone cameras. Ideas to 
use an adaptive contact lens or an adaptive eye lens implant have also been 
suggested15.

An interesting application where non-mechanical beam steering is 
currently used is for control of optical tweezers. Small objects can be trapped 
by strongly focusing a beam of light. Utilising phase modulating SLMs, the 
beam can be redistributed to give several focus spots. Computer control of 
the SLM makes it possible to almost arbitrarily move these focal points 
around in a 3D volume16-18. Another beam steering application is optical 
interconnects, where the ability to rapidly steer light has been utilised in 
fiber-to-fiber switches19-23. Applying different phase distributions to laser 
beams is also of interest in applications such as optical signal processing24

and holographic data storage25-27.
For passive image sensors LC SLMs have been used to steer and shape 

the incoming wave-fronts to achieve micro-scanning and foveated 
sensors28,29. By updating the phase modulation based on continuous 
measurements of the shape of the incoming wave-fronts, an adaptive optics 
system can be constructed. Conjugate correcting phase patterns are then 
mapped to the SLM in order to remove the influence of aberrations. Several 
studies of adaptive optics utilising LC SLMs have been  
published30-32.

Several different problems with LC components have also been 
investigated. The polarisation dependence has been discussed and some 
designs for polarisation independent beam steering have been presented33.
When working with broadband light sources the performance of the LC 
devices is degraded. Also for this problem designs34,35 and several methods 
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of restoration have been suggested36-38. Finally, most nematic liquid crystals 
(NLCs) have a slow temporal response resulting in an interest in 
constructing faster components. The refresh rate can be improved by use of 
so-called dual frequency materials39-41 or taking advantage of transient 
effects42.

1.1 Aims and contents of this study 
The objective of the research presented in this thesis was to investigate the 
capabilities and limitations of non-mechanical beam steering and tracking 
with NLC phase modulating SLMs. Commercially available SLMs were 
purchased for evaluation and comparison. To the best of our knowledge 
there exists today only NLC SLMs that fulfil the specifications for dynamic 
diffractive beam steering and shaping. Other interesting technologies with 
large potential are micro-mirrors and multiple quantum wells (MQWs) but 
such components are still only available within the research community. 

Three NLC SLMs were characterised with emphasis on their beam 
steering capabilities. All SLMs were fabricated by Boulder Nonlinear 
Systems Inc. The first was a two-dimensional (128 128 pixels) SLM and the 
other two were one-dimensional (4096 stripe shaped pixels) with different 
rubbing directions. 

The basic theory of diffraction needed for simulations of the device and 
beam steering is introduced in chapter 2. A description of liquid crystals, the 
three SLMs and how the LC dynamics can be modelled are presented in 
chapter 3. Since the characteristics of the SLMs are not well documented, all 
SLMs were characterised as discussed in chapter 4. Beam steering and the 
factors degrading the quality of these devices are presented in chapter 5. The 
research was also a part of a project where non-mechanical beam steering is 
combined with MQW modulators in a retrocommunication link. A first 
system demonstrating this was presented in November 2003. In chapter 6 it 
is described how the SLM can be utilised in optical free-space 
communication. Finally, the attached papers are explained and summarised 
in chapter 7. 
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2 Diffraction theory 

The optical diffraction phenomenon is the “bending of rays” that occurs 
when light passes around the edge of an obstacle. This phenomenon should 
not be confused with refraction, which can be defined as the bending of light 
when the velocity of the wave changes at an interface between different 
materials. When studying refraction the light is usually modelled as rays of 
light. These rays indicate the path of the energy propagation and can be used 
to solve many problems in optics. With relatively simple mathematics the 
behaviour of lens and mirror systems can be predicted for an ideal case. 
However, the ray model is incomplete, as it does not take the wave nature of 
light into account. In diffraction theory the light is modelled as an 
electromagnetic wave instead of a ray bundle. The mathematics become 
more difficult involving several convolution integrals that are difficult to 
solve analytically for general problems. Today the use of computers has 
made it possible to numerically solve also very complex problems utilising 
diffraction theory. 

2.1 Short history of diffraction theory 
The first report describing diffraction was published in 1665. The work of 
Grimaldi (1618-1663) showed smooth transitions from bright to dark at the 
light pattern achieved by an obscuration of a small light source. Huygens 
(1629-1695) took the first step toward a theory explaining this effect when 
he in 1678 formulated the wave nature of light. He described how every 
point on a wave-front serves as a secondary spherical wave source. From this 
assumption he could, for example, derive the laws of refraction. At the 
beginning of the 19th century the work of Young (1773-1829) further 
strengthened the wave theory as he introduced the concept of interference 
and suggested that light waves are transverse. In parallel, Fresnel (1788-
1827) developed the first theories describing the diffraction. He was able to 
predict the diffraction patterns arising from several different apertures and 
obstacles. In 1860 Maxwell (1831-1879) revealed that light is an 
electromagnetic disturbance in the form of a transversal wave. Maxwell’s 
single set of equations is today the foundation of diffraction theory. 

One major simplification solving these equations is to treat light as a 
scalar phenomenon, neglecting the vector nature of the electric and magnetic 
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fields. Under this assumption a mathematically firm foundation for 
diffraction theory was presented in 1882 by Kirchoff (1824-1887). The 
formulation was also based on two assumptions regarding the boundary 
conditions of the field that later were proved inconsistent by Poincaré (1854-
1912) and Sommerfeld (1868-1951). A modified and more consistent theory 
was presented by Rayleigh (1842-1919) and Sommerfeld. This scalar theory 
shows good results when the diffracting structures are large and when the 
field is not observed too close to the structure. In 1896 Sommerfeld also 
found a first exact solution of a non-scalar diffraction problem when he 
calculated the diffraction from a plane wave incident on an infinitely thin 
and perfectly conducting half plane43,44.

Much effort has been put into the development of methods to numerically 
solve Maxwell’s equations without the limitation of the scalar assumption. 
The initial motive for this development was to calculate the currents induced 
on the surface of airplanes and missiles by an impinging radar beam, i.e. 
radar target cross-sections. Today there are also numerous civilian 
applications by use of related theory, e.g. allocation of antennas for wireless 
communication networks, electromagnetic shielding, design of electronic 
components, etc. A major step forward was taken in 1966 as Yee presented 
the first space-grid time-domain basis for Maxwell’s curl equations45. The 
joint developments of numerical methods and computer power since then 
have made it possible to use these techniques today on complex optical 
problems where the scalar diffraction theory is not suitable46.

2.2 Scalar diffraction theory 
Because light is an electro-magnetic wave, its behaviour can be derived from 
Maxwell’s fundamental electromagnetic equations. The time dependent 
Maxwell’s equations in the absence of free charges are given by: 

E
t
B

 (1) 

H
t
D

 (2) 

0D  (3) 
0B  (4) 
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If the material is assumed to be electrically anisotropic but magnetically 
isotropic the electric field E  is related to the electric displacement D  by the 
dielectric tensor ,

ED  (5) 

and the magnetic field to the magnetic intensity field by the permeability, ,
as

HB . (6) 

Assume a propagation medium that is linear, isotropic, homogenous 
and non-dispersive. Using basic vector operations, Maxwell’s 
equations can be used to derive a wave equation: 

02

2

2

2
2

t
E

c
nE  (7) 

where n is the refractive index and c the velocity in vacuum. If n varies in 
space or if boundary conditions are imposed on the wave, coupling is 
introduced between certain components in the electric and magnetic vector 
fields. Scalar diffraction theory is thereby only valid at some distance from 
the boundaries and with a homogenous refractive index. For the 
monochromatic case, the scalar field at a position P and time t can be written 
as

tjePUtPu 2)(Re),( . (8) 

where 1j , U(P) is the complex amplitude,  is the optical frequency 
( nc ) and Re denotes the real part of a complex value. This field 
inserted in the scalar wave equation produces the time-independent 
Helmholtz equation  

022 Uk . (9) 

In this equation k is the wave number, given by 

2k . (10) 



19

Using Green’s theorem and Green’s functions, diffraction integrals can be 
derived from the Helmholtz equation. A less rigorous method is to use 
Huygen’s principle, stating that a wave-front can be described as a collection 
of point sources radiating new secondary diverging spherical waves. This 
principle together with the fact that the Helmholtz equation is linear suggests 
that the problem of calculating the field in a single point can be regarded as 
an integration of a set of spherical waves. The complex field of a spherical 
wave in point P1 originating from a point source in P0 is described by the 
equation

01
1

01

r
ePU

jkr

, (11) 

where r01 is the distance between P0 and P1. Assume a collection of point 
sources in a region  contributing to the field in P1. If each source has a 
complex amplitude U(P0) the field is given by the Huygens-Fresnel 
diffraction formula43

ds
r

ePU
j

PU
jkr

o cos1

01
1

01

, (12) 

where  is the angle between the vector r01 and the z-axis, see Figure 1. The 
factor cos  is called the obliquity factor and may vary depending on how the 
formula has been derived43.

x

z

y

diffracting plane observation plane

P
0

r
01

P
1

�

�

�

�

Figure 1 – Geometry of the Huygens-Fresnel formula given in Cartesian coordinates 
where z = 0 at the ,  -plane. 
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From the geometry in Figure 1 the obliquity factor can be expressed as 

01

cos
r
z

. (13) 

For most cases it is convenient to use Cartesian coordinates for the 
diffraction formulas. The distance r01 can then be expressed as 

222
01 yxzr  (14) 

where x and y are the coordinates in the coordinate system of the observation 
plane and  and  are the coordinates in the aperture plane (or source plane). 
This distance can be rewritten as 

22

01 1
z

y
z

xzr  (15) 

and since z is usually large (|z| >> | x- | and | y- |) Eq. 15 can be expanded 
by Taylor series. Keeping only the first two terms, the distance becomes 

22

01 2
1

2
11

z
y

z
xzr . (16) 

The expression for the distance inserted into the Huygens-Fresnel diffraction 
formula results in the Fresnel diffraction integral 

ddeeUe
zj

eyxU
yx

z
j

z
k

jyx
z

k
jjkz 2

22
2222

,, . (17) 

Aside from the first factor, this formula can be identified as a Fourier 
transform of the product between the field just after the aperture and a 
quadratic phase exponential. In the far-field the distance z becomes large 
compared with the extent of the field in the  and  directions 

221z . (18) 
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For this case the quadratic phase exponential will be approximately one and 
the field can be approximated by the Fraunhofer diffraction integral 

ddeUe
zj

eyxU
yx

z
jyx

z
k

jjkz 2
2 ,,

22

. (19) 

This consists of a Fourier transform of the field in the aperture taken the 
frequencies

z
xf x  (20) 

z
yf y . (21) 

When the complex field distribution (amplitude and phase) is known at the 
source aperture the far-field intensity distribution is easily calculated from 
Eq. 17 or 19. These theories and approximations were used to model how 
various phase shifts realised by the SLMs steer the laser beam. The problem 
of simulating the field distributions generated by the SLM modulation 
remains and will be discussed in forthcoming chapters. 

2.3 Vector description of light propagation 
The trend to scale down the size of components has resulted in many 
diffractive structures having the same scale as the wavelength of light. The 
validity of the scalar diffraction theory can then be questioned and the full 
vectorial electromagnetic fields need to be taken into account. Methods to 
numerically solve Maxwell’s equations have been developed in the radar 
community where the long wavelength has produced the need for such 
algorithms. One such algorithm is the Finite-Difference Time-Domain 
(FDTD) method that, in recent years, also has been used to solve optical 
propagation and diffraction problems. Here follows a short summary of the 
derivation of the basic expressions in FDTD. 

By writing out the vector components of Eqs 1 and 2 the following 
system of six coupled scalar equations for the three-dimensional rectangular 
coordinate system (x,y,z) are derived: 
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 (25) 
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x
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 (26) 

z
xyz D

y
H

x
H

t
D

 (27) 

where  is the electric conductivity and ‘ is the equivalent magnetic 
resistivity. These six partial differential equations (PDEs) form the 
fundament of the FDTD numerical algorithm. 

Kane Yee discretised this system of differential equations and expressed 
it as a set of finite-differences45. Yee’s algorithm is widely used due to its 
robustness and simplicity. To shorten the notation of the field in the time-
space grid, he introduced a rectangular space grid and denoted the grid 
points as 

zkyjxikji ,,,, . (28) 

Any function u of space and time evaluated at a point in this grid at a certain 
time was then expressed as 

n
kjiutnzkyjxiu ,,,,, . (29) 

Yee placed the electromagnetic field at interleaved positions as in Figure 2 
so that each E  component is surrounded by a loop of circulating H
components and each H  component by circulating E  components. By use 
of central differences for the spatial derivatives the finite-difference 
equations can be derived. 
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Figure 2 – Position of the electric and magnetic field components in the Yee space 
lattice.

The time derivatives are expressed by use of central differences in a leapfrog 
scheme: The E  field for a specific time point is calculated from the H  field 
for the previous time point. Similarly the H  field is calculated from the 
previous E  field. 

The FDTD equations are commonly expressed in E  and H , but if the 
media is anisotropic there exists some advantages of using the displacement 
field D  instead of E 47,48. The variations of the dielectric tensor  will then 
be kept outside of the FDTD algorithm. is instead introduced when 
converting the displacement field to the electrical field by the relation 

DE 1  (30) 

The drawback with this approach is that the three fields E , H  and D  have 
to be saved in computer memory for each iteration. For a lossless material 
( ’ = 0 and  = 0) and with constant magnetic permeability the finite 
difference equations will be 
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Both the electric and magnetic fields can be calculated from these equations. 
For use in practice, the algorithm must be complemented with initial values. 
The introduction of disturbances and boundary conditions are then used to 
represent a physically correct solution. For further details on these subjects 
the reader is referred to general FDTD literature46. The accuracy of FDTD 
simulations in liquid crystals compared with analytical solutions and other 
simulation techniques have been presented in several studies47-49. It has been 
shown that the FDTD method is suitable for optical simulations in 
anisotropic and inhomogeneous materials.  
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3 Phase modulation and LC SLMs 

Modifying the phase of an electromagnetic wave might appear an impossible 
task since the frequency is so high. How can the wave be delayed for such a 
short period of time that it corresponds to a part of one light-wave period? 
There exist two basic methods to alter the phase of light (Figure 3): 1) the 
physical path can be altered by a distance in the scale of the optical 
wavelength, 2) the optical properties of the medium can be altered to change 
the optical path. The relation between the phase and the physical path is for 
example used in Michelson interferometers. Changes of the physical path in 
the scale of the wavelength can be measured by combining the measurement 
beam with a reference beam and studying the interference. This type of 
device is, by nature, sensitive and difficult to make robust as they rely on 
very small precise movements. In this study the focus has been on phase 
modulating devices utilising a change in the refractive index by 
deformations in birefringent LCs. 

 (a) (b) (c) 

Figure 3 – Schematic pictures of an optical wave reflected by a mirror and how a 
shorter physical path (b) or a shorter optical path (c) can be used to introduce a 
phase shift, .

An optical phased array can be constructed by combining several phase 
modulating components7. The wave-fronts of the light can be modified into 
different shapes by controlling the spatial phase distribution, as depicted in 
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Figure 4. In theory an optical phased array would be a very nice variable 
optical component that could resemble a lens, a prism or any complex 
component by creating spherical, tilted or arbitrarily shaped wave-fronts.  

Spatial light modulators (SLMs) that modulate the amplitude of the light 
are common in various types of displays and projectors. There are not many 
commercial components available for phase modulation. The reason for this 
is probably the limited market and that the complex components are difficult 
to manufacture. 

Figure 4 – Image showing how variations in phase shift (indicated by different grey 
levels) between different pixels can modify the shape of the incoming plane wave-
fronts. 

The two dominating technologies for phase modulating SLMs today are 
micro-mechanical or membrane mirrors and liquid crystals. The mirror 
devices alter the physical path, and liquid crystal devices the refractive 
index. Multiple quantum wells (MQWs) is an interesting technology 
currently under development. The first MQW SLMs were designed for 
amplitude modulation50 but it is possible to obtain a complex modulation 
domain51,52. At least in limited wavelength regions MQWs might be used to 
produce high-speed SLMs in the future. 

3.1 Liquid crystals 
Liquid crystal materials are in a state in-between solid and liquid. This 
implies that they under some conditions have an anisotropic order but still 
maintain an ability to flow. Most liquid crystals are organic substances with 
rod or disc-shaped molecules. The liquid crystal can generally be divided 
into three phases: smectic, nematic and cholesteric. The smectic phase is in 
structure closest to the solid state with translational and orientational order. 
Nematic liquid crystals only have directional order and no long-range spatial 
structure. A nematic liquid crystal with chiral molecules (i.e. different from 
its mirror image) acquires a helical distortion and is then called cholesteric. 
The nematic phase is most suitable for electro-optical applications and is 
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widely used in commercial components. In this study all liquid crystals were 
in the nematic phase. 

The order of the liquid crystal results in an anisotropy of optical, 
mechanic, magnetic and electric properties. Nematic liquid crystals usually 
have a rod-like molecular structure with one unique axis (director). This 
uniaxial symmetry implies that the dielectric tensor, , has two different 
eigenvalues for the principles axes. This gives two different dielectric 
constants, || and , for interactions with external applied electric fields and 
two different refractive indices, ne and no, for optical waves. 

The useful property of nematic liquid crystals is that the dielectric 
anisotropy, = || - , causes the LC to interact with an external applied 
electric field. If the dielectric anisotropy is positive, the average direction of 
the material will orient as to align with the electric field. The deformation 
owing to the electric field is balanced by the viscoelastic properties of the 
LC. When the field is removed the elasticity causes the material to relax 
back to its initial equilibrium state. Any static deformation of an LC can be 
described by the three basic deformations: splay, twist and bend. The elastic 
coefficient can also be divided into three constants describing these different 
deformations, according to Figure 5. To simplify the expressions describing 
the LC or when the relative values of the elastic coefficients are unknown, 
the “one constant approximation” is commonly used, where it is assumed 
that K1 = K2 = K3 = K.

K K K1 2 3

(a) (b) (c)

Figure 5 – Schematic of splay (a), twist (b) and bend (c) deformations in a nematic 
LC.

The surface structure of the adjacent layers is used to control the initial 
equilibrium state. Rubbing the surface of the alignment layers causes the LC 
molecules close to the layer to align with the rubbing direction. In Figure 6 
the two rubbing directions are parallel producing a zero-twist state 
throughout the LC layer. A common configuration in displays is twisted, 
where the rubbing directions are perpendicular. 
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  (a) (b) 

y

x

y

x
yy

zz

No voltage Applied voltage

Figure 6 – Schematic images of a nematic zero-twist liquid crystal without (a) and 
with (b) external applied electric field. The dielectric anisotropy has been assumed 
to be positive so the directors align with the field. Pure phase modulation can be 
achieved by using incident light polarised in the y/z plane. 

3.1.1 Optical properties of uniaxial LCs 
The two principal refractive indices of an uniaxial crystal are called 
ordinary, no, and extraordinary, ne. Light propagating with the E-field along 
the optic axis will experience ne and E-field perpendicular to the optic axis 
will experience no. The birefringence is defined as the difference between the 
refractive indices i.e. 

oe nnn . (37) 

Assume that all molecules are parallel to the substrate in the initial state, no 
external field, as in Figure 6a. Linearly polarised light along the optic axis 
will then experience the extraordinary refractive index. As the electric field 
is applied the liquid crystal molecules rotate and the refractive index 
changes. For a strong external field, the material will be in a homeotropic 
(vertical) alignment and the light will experience the ordinary refractive 
index. If the rotation of the molecules in the LC is described by an angle 

y  the effective refractive index, neff, can be described by 

ynyn

nnn
eo

eo
eff 2222 sincos

. (38) 
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Because the rotation varies in the LC layer the effective refractive index that 
is experienced by light propagating through the layer is 

2

2

1 d

d
effeff dyyn

d
n  (39) 

for a layer of thickness d and with y = 0 at the centre of the layer. As the 
phase velocity in the material has been altered, the light has been phase 
delayed. For a wavelength  the phase difference will be 

2

2

2 d

d
oeff dynyn . (40) 

3.1.2 Static and dynamic deformation in NLCs 
The distribution of the rotation of LC directors for time t is described 
by, (y,t), which can be assumed to be a superposition of spatial modes as40

n
n d

yntty 12cos, . (41) 

For small rotations, < 50o, the first mode will dominate and the angular 
distribution is given with good accuracy by53

d
ytty m cos, . (42) 

Note that the expression has been divided into one time dependent part m(t),
representing the maximum molecular rotation at y = 0, and one spatial 
cosines distribution that is zero at the borders of the LC layer. There exist 
several papers and books giving expressions for different approximate 
equations for the interaction between electric fields and the elastic 
deformation of the LC6,54,55. In section 3.2 in this thesis a numerical scheme 
to calculate this interaction is described. For the simple case with a 
homogenous field and pure rotation of the molecules in the y/z plane the 
deformation of the LC can be described by analytic expressions. If the elastic 
coefficient of the LC is assumed to be K the dynamic deformation can be 
described by the Ericksen-Leslie equation as40
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where  is the rotational viscosity and Ey is the amplitude of the applied 
electric field. By use of Eq. 42 the second derivative at the centre of the LC 
layer is 

t
dy m
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2

. (44) 

For the relaxation of the LC, when the electric field is set to zero, the 
differential equation for m becomes 

yd
K m

m2

2

, (45) 

which is easily solved and results in a exponential relaxation as 

decay
om

texp  (46) 

where 0 is the initial angle and the time constant, decay, is given by 

2

2

K
d

decay . (47) 

When switching from no external voltage to a voltage, V, the interaction is 
more complicated. For applied voltages below a threshold, Vth, given by 

KVth , (48) 

there is no deformation at all owing to the electric field. For voltages well 
above this threshold the maximum molecular rotation in the centre of the LC 
layer is given by a power expansion of the Ericksen-Leslie equation and we 
obtain40



31

rise
th

th
m

tt

V
K

KK
V

VV
Vt 0

2

1

132

22

tanh1

3
22

1,  (49) 

where the time constant, rise, is given by 
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The time constant t0 in Eq. 49 depends on the initial condition of the LC. The 
static phase modulation of an LC layer, when t , can be approximated 
by a power series expansion of Eq. 38 taking Eqs 42 and 49 into account. 
The resulting expression becomes40
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3.1.3 Modulation modes of NLCs 
Depending on the alignment layers, the direction of the external electric field 
and the polarisation of the incoming light, the LC device can work in 
different modulation modes. For a zero-twist nematic component where the 
directors are parallel to the alignment layers and without any twist, pure 
phase and combinations of phase and amplitude modulation can be achieved 
by altering the polarisation of the incident light (Figure 7). 
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Figure 7 – Schematic image of the LC setup where the orientation of the polariser, 
can be altered in order to achieve different combinations of amplitude and phase 
modulation. The extraordinary refractive index is denoted ne and the ordinary no.

The complex modulation for different angles of the polariser,  and various 
phase delays can be calculated using Jones algebra, see Figure 856. As stated 
previously, pure phase modulation is achieved when the polarisation of the 
incoming light is aligned with the optical axis of the LC,  = 0o (Figure 8a). 
For light polarised perpendicular to the optical axis (  = 90o) the LC will 
neither alter the polarisation nor the phase of the light. Note that for all other 
angles, 0 o <  < 90o, the polarisation state will be changed resulting in an 
amplitude loss at the second passage of the polariser. Optimal intensity 
modulation is achieved when the polariser is set to  = 45o but as is shown in 
Figure 8b, pure amplitude modulation is not possible in this configuration. 
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Figure 8 - Polar plot of the intensity versus phase modulation of a zero twist nematic 
LC in reflective mode and with the polariser set to an angle  = 0o (a) and  = 45o

(b) relative to the optical axis of the LC. 
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3.1.4 SLMs used in this study 
In this study three commercially available reflective zero-twist NLC SLMs 
were characterised and tested for beam steering. All SLMs were purchased 
from Boulder Nonlinear Systems Inc. (BNS)57. One of the SLMs is two-
dimensional with 128 128 pixels, see Figure 9. It has a pixel pitch of 40 m
and produces a phase delay of just above 2  for 633 nm light. The voltage 
applied to each individual pixel can be controlled linearly by a 7-bit value 
(128 levels) from a computer. 

Figure 9 – Photograph of the two-dimensional SLM. 

An example of beam shaping using this device is presented in Figure 10. The 
phase grating was calculated by means of an iterative algorithm called 
Gerchberg-Saxton58. Note that the diffraction pattern in Figure 10a is 
asymmetric, which can only be accomplished by phase modulation. The 
strong zero order diffraction order in the centre of the image is due to 
reflection in the front layer of the SLM, non-optimal phase modulation and 
dead-space in-between pixels. 
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(a) (b)

Figure 10 – The measured far-field intensity distribution (a) when applying a phase 
grating (b) to the 128x128 SLM. In the phase map the difference between black and 
white indicates 2  phase modulation. The bright spot in the centre of the far-field 
distribution (a) is the zero order diffraction spot. 

The other SLMs are one-dimensional with 1 4096 pixels and with the 
rubbing direction parallel and perpendicular to the electrodes, respectively. 
The pixels are approximately 6 mm long with a pixel pitch of 1.8 m. These 
two SLMs can be controlled by 8 bit values (256 levels) and the thickness of 
the LC layer is ~7 m, which gives a phase range of more than 2  for 850 
nm. 

3.2 Modelling of NLCs 
To simulate the average orientation (director) of the LC molecules, both the 
electric field and the viscodynamics of the LC have to be taken into account. 
The electric and elastic energies tend to balance in order to minimise the 
total energy. Owing to the dielectric anisotropy of the material the electric 
field will change when the LC deforms, so it is a coupled problem of 
calculating the electric field and the LC orientation. Both problems consist 
of partial different equations (PDEs) in 3D where the LC deformation 
depends on the electric field and the electric field depends on the 
deformation via the dielectric tensor. 

A reduction from 3D to 2D is a major simplification that significantly 
reduces the computational time. When modelling the behaviour of the LC in 
the 1D SLM the electric field component along the long side of the stripe-
shaped electrodes is assumed to be zero. With this assumption the 3D 
problem is reduced and a 2D computational region is sufficient. 
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3.2.1 Director orientation 
Suitable representation of the director orientation depends on the set-up. 
When the electric field is constrained to a single plane that is parallel to the 
LC molecules it is enough to use one variable. The LC rotation will be in 
this plane and the angle of rotation is enough to describe the average 
deformation. A common representation is to use cylindrical coordinates and 
express the orientation as two angles  and , defined in Figure 11. In the 
energy minimisation this representation is only robust for small deformations 
of the LC. If  0 the angle  will be ill-defined, which might result in an 
unstable oscillating solution by use of an iterative approach (see more 
below). To avoid this instability the director can be represented by a unit 
vector n . A problem with this vector representation is that the physical 
equivalence of n = - n  is not always preserved. Several tensor methods that 
solve the problem taking this equivalence into account have been 
suggested59. These tensor methods have especially been proven more robust 
for disclinations in the director distribution. In this study no such abrupt 
changes in the LC deformation was expected and the vector method is 
adequate.

x

y

z
�

� n = (n , n , n )x y z

Figure 11 – LC director orientation described in cylindrical coordinates and as a unit 
vector n .

The Gibbs’ free-energy density is given by the sum of the elastic energy 
density and the electrostatic free-energy density. The Frank-Oseen standard 
model can be used to calculate the elastic energy density in the bulk of the 
LC. For strong anchoring at the surfaces Gibbs’ free energy is then given 
by55
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where K1, K2 and K3 are the elastic constants associated with splay, twist and 
bend deformations. The electric displacement D  is related to the electric 
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field E  by the dielectric tensor . This tensor depends on the LC director 
distribution as
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 (53) 

where ni=x,y,z are the Cartesian components of n . Gibbs’ free energy per unit 
volume for a cell is then given by 

dxdydzfF gg . (54) 

Minimisation of Fg is achieved when the Euler-Lagrange equations are 
satisfied:

inni

ziyixii
ni

F

n
F

dz
d

n
F

dy
d

n
F

dx
d

n
FF

0
,,,  (55) 

where  is a LaGrange multiplier in order to maintain | n | = 1. The 
calculation of the general case is both tedious and complex. Moreover, all of 
the constants K1, K2 and K3 have to be determined accurately and that was 
beyond the scope of this study. The common approximation that K1 = K2 = 
K3 = K was used. In our case the manufacturer of the SLM provided the 
constant K.

For this one constant approximation the Euler-Lagrange equations 
become 
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There exist several methods to solve these equations numerically59. One 
reasonable stable method is to solve by relaxation. The dynamic equation of 
the director is then used to give the dynamics of the LC. If flow effects are 
ignored and only the rotational viscosity  is considered the dynamics of the 
director can be expressed by 
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This equation can be discretised and solved iteratively by 
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where the LaGrange multiplier was dropped. The length of the vector n  is 
instead preserved by normalization after each step. Assuming symmetry in z
(owing to the stripe shaped electrodes in the 1D SLM) so d n /dz = 0 and Ez = 
0 the general formula for the components of n  will be 
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Finally all components of n  are given by the relations 

2

2

2

2
1

2
2

2

2

2
1

2
2

2

2

2
1

2

2

y
n

x
nKtnn

EEnEn
y
n

x
n

Ktnn

EEnEn
y
n

x
n

Ktnn

zzt
z

t
z

yxxyy
yyt

y
t
y

yxyxx
xxt

x
t
x

. (60) 

These equations are updated in an iterative manner until convergence and the 
equilibrium state is reached. The convergence of this method is good as long 
as the time step t is kept small. Note that the equations involve the electric 
field so E  must be updated during the calculation. 
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3.2.2 Electric field in the LC 
The electric field can be calculated by solving Laplace’s equation60

02  (61) 

where  is the electrostatic potential and  is the dielectric tensor. With a 
constant potential in the z direction (along the long stripes of the 1D SLM) 
all derivatives on z will be zero and Eq. 61 reduces to61
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This PDE can be solved numerically by several approaches but two general 
methods dominate: the finite difference method and the finite element 
method. By use of the finite difference method, the region is divided into a 
regular mesh where the equation is approximated in each point. The 
resulting algebraic equations are then usually iteratively solved. For the 
finite element method the region is divided into elements adapted to the 
boundaries. In each of these finite elements an analytical approximation of 
the solution is made to satisfy the boundary conditions and be continuous at 
every border between elements. To give the same sampling for this equation 
as for the grid in the calculation of the director distribution, the finite 
difference method was used in this study. This also simplifies the use of an 
FDTD method to calculate the light propagation through the LC. When the 
electrostatic potential has been determined the electric field can be 
numerically calculated by E  and finite differences. This relation 
connects equation 60 and 62 so they can be solved iteratively. 
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4 Characterisation of SLMs 

Documentation describing the detailed phase modulation properties of SLMs 
is usually not available, not even for commercial products. A more detailed 
investigation of a device is therefore to be recommended before use. The 
characterisation methods, along with some results, are presented in this 
section.

4.1 Voltage to phase relation 
The amplitude versus voltage response is easily measured using for example 
a photo detector and adjusting the polariser for amplitude modulating mode. 
The phase response is more difficult to experimentally determine but several 
techniques have been presented62-65.

In this study the theoretical amplitude response was used to calculate the 
phase response from the registered amplitude response. According to Figure 
8 the mode giving maximum amplitude modulation (  = 45o) also produces 
phase modulation. The relation between phase shift and amplitude is not 
linear. By use of Jones algebra the relation between measured intensity I and 
phase shift  can be derived as66

2
cos2

0II , (63) 

where I0 is the maximum transmitted intensity. Inverting this equation, a 
formula is achieved that can be used to calculate the phase response as 

0

1cos2
I
I

. (64) 

This method can also be viewed as an interferometer where the phase 
modulated polarisation mode interferes with the unmodulated mode. The 
method can be expanded using several photo-diodes or a CCD to register the 
spatial variations of the phase response. 
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Figure 12 – a) Normalised measured intensity Inorm versus voltage command U for 
the 1D SLM. b) Calculated phase shift  from the intensity Inorm (solid) and from the 
theoretical expression in Eq. 51 (dashed) for K1 = 15.9 pN, K3 = 1.73 pN,  = 0.1 
sPa, ne = 1.7316, no = 1.5312,  = 16 0, d = 14 m, Vth = 1.05 V and  = 850 nm. 

In Figure 12 the intensity and calculated phase response is shown for one of 
the 1D SLMs. The analytical expression presented in Eq. 51 can be used to 
calculate an approximate theoretical phase response 
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The phase response for an LC layer with the optical, electrical and elastic 
properties corresponding to the SLM in this study is also plotted in Figure 
12. The discrepancy between experimental and theoretical results indicates 
that there is a need for experimental characterisation if the properties of the 
device are not well known. 

4.2 Time response 
The temporal behaviour of nematic LCs is usually slow (  > 1 ms). 
Designing a system, the temporal response is a critical property. The time 
response can be experimentally characterised by use of the same setup as for 
the phase response. In this case is the voltage varied in a discrete step and 
the intensity during the switching is registered. The calculated temporal 
variations of the phase shift, when changing from low to high and from high 
to low voltages, are shown in Figure 13. By fitting exponential functions, 
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Eq. 46, the 1/e times can be calculated to rise  21 and decay  39 ms, 
respectively. 
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Figure 13 – Time response for the 1D SLM when switching from low to high 
command voltage (a) and from high to low command voltage (b). The measured 
time constants are indicated by vertical dotted lines at rise  21 and decay  39ms and 
the theoretical curve is also plotted for the decay (dashed). 

The physical properties of the LC can be used to approximate the theoretical 
rise and decay times according to Eqs 47 and 50. The theoretical decay time 
was calculated to 31 ms and the corresponding exponential response is 
shown in Figure 13b. The experimentally determined rise time is more 
difficult to compare with theoretical results as it depends on applied voltage. 
As observed in Figure 12b the voltage step, corresponding to 2  phase shift, 
can either be defined from the experimental curve or from the theoretical 
curve. Determining V from the theoretical curve results in, V  1.55V and 

rise  27 ms and from the experimental curve in, V  1.85V and rise  15 ms. 
Also note that there exist several various voltage steps that corresponds to a 
phase shift of 2  depending on the voltage offset. 
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5 Beam steering with NLC SLMs 

In this study the characterisation of the phase modulating SLMs was made 
primarily from a beam steering point of view. By applying a linearly varying 
phase delay to an optical wave the light will be deflected as if propagating 
through a prism (Figure 14). Since the time response of LC devices is related 
to the thickness of the LC layer (Eqs 47 and 50) as thin layer as possible is 
preferred. The cyclic nature of the phase is therefore commonly utilised and 
saw-tooth shaped blazed gratings with an amplitude of 2  are used. 

Phasedelay

Intensity in far-field

x

x

Figure 14 – Schemes showing how a linear phase shift deflects the beam. The phase 
distribution can be wrapped at multiples of 2  to represent a blazed grating. 

The period of the blazed grating gives the deflection angle and the linear 
phase shift results in an asymmetric far-field diffraction pattern with all 
energy on one side. The relation between the m:th order diffraction angle, 

m, and the period of the grating in number of pixels, , is given by the 
grating equation 

m
msin , (65) 

where  is the wavelength and  is the pixel pitch. The first diffraction order 
is commonly utilised for beam steering and the maximum deflection angle is 
then

2
sin 1

max,1 . (66) 



43

Most commercial 2D SLMs have a pixel pitch of 10 to 40 m resulting in 
maximum deflection angles in the range 0.4o-4.3o (for  = 500 to 1500 nm). 
Being able to apply a small phase shift over a large part of the beam makes it 
possible to steer the beam with very high accuracy. A steering accuracy 
corresponding to fractions of the beam divergence is commonly applicable, 
which is an attractive property for micro-scanning22,28.

SLMs offer an attractive complement, or for some applications even 
substitution, of today’s mechanical beam steerers. Benefits of a non-
mechanical SLM are: e.g. no moving parts, low weight, compact and low 
power consumption. 

If it were possible to generate perfect blazed gratings the theoretical 
performance of SLMs would be very good. The phase distributions 
generated by the SLMs available today are far from perfect, and the aim of 
this study was to pinpoint and understand the factors that degrade the phase 
modulation and how these affect the beam steering performance. The effects 
first studied are pixellation and phase quantisation (paper I). Small pixel 
structures relative to the thickness of the LC layer result in a cross talk 
between adjacent pixel and a so-called fringing field. Methods to 
experimentally characterise and simulate this effect, i.e. determine how the 
fringing field degrades the beam steering quality and couples light between 
polarisation modes (paper II and paper III). 

5.1 Pixellation and phase quantisation 
Continuous phase distributions cannot be realised in the studied 2D SLM 
owing to the pixel structure. The pixellation introduces a spatial quantisation 
so each phase shift will be realised on a region instead of a point. A linear 
phase shift will then result in a staircase-shaped phase distribution, according 
to Figure 15b. 
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 (a) (b) (c) 

Figure 15 – Schematic images showing the phase shift for the ideal case (a), the 
pixelated case (b) and the pixelated and quantised case (c). 

Other types of LC materials can be used to increase the speed of LC SLMs. 
In a project connected to this study it has been suggested that two binary 
ferroelectric LC SLMs can be one-to-one imaged onto each other to obtain a 
device with four phase levels according to Figure 15c67,68.

A theoretical expression for the first-order diffraction efficiency with q
equally spaced phase levels and a grating period of  pixels has been 
presented by Tan et al.69

1sinc
,lcm1sinc

1sinc 2
2

2

1 q
q

 (67) 

where lcm[q, ] takes the least common multiplier of q and . The first 
factor in this expression is related to the phase quantisation and the second 
factor to the pixel structure. The decreased diffraction efficiency owing to 
the quantisation of the phase modulation and pixellation depends on the 
period of the grating and therefore also on the deflection angle (Figure 16). 
The spikes in the diffraction efficiency occur when the periodicity, , is 
related to the number of phase levels, q, in such a way that the phase pattern 
is periodic. Patterns with short period have fewer frequency components 
resulting in a lower number of orders and higher diffraction efficiency. 
When scanning the beam spikes can be observed when two or several 
diffraction orders coincide. To experimentally investigate how a phase 
quantisation degrades the beam steering quality, the nematic 2D SLM was 
used and the number of phase levels was limited in the control software, see 
paper I. 
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Figure 16 – Theoretical diffraction efficiency versus normalised deflection angle for 
q = 4 (solid) and q =  (dashed). The maximum deflection angle max was defined as 
the diffraction angle corresponding to a binary grating with a period of two pixels. 

5.2 Fringing fields 
The structure of the Silicon backplane of the SLMs can be made very 
compact by using new semiconductor foundry techniques70. The 
birefringence of the LC materials can also be increased; hence the LC layer 
can be made thinner with maintained phase range. For the one-dimensional 
devices in this study the pixel structure had been reduced to a stripe-shaped 
structure. This enables a compact architecture and a ratio between LC layer 
thickness and pixel pitch of less than one (for the studied 1D devices 
approximately 1:4, see Figure 17). The electric field in thick LC layers 
cannot be assumed to be equal over the entire pixel. Instead the field will be 
complicated with crosstalk between adjacent pixels so the voltages on these 
pixels also alter the field71,72. An example of the simulated electric field and 
LC deformation of one of the one-dimensional SLMs is shown in Figure 
17b.
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Figure 17 – a) Schematic of a 7-pixel region of the 1D SLM where the proportions 
between pixel pitch and LC thickness is indicated. b) Simulated electric field and LC 
deformation for an applied voltage of 3V on the three pixels to the left and 2V on the 
pixels to the right. The field is shown as equipotential lines of  and the LC 
directors are indicated by short lines. 

5.2.1 Low pass filtering 
The crosstalk between adjacent pixels due to the fringing fields acts as a low 
pass filter on the phase distribution. For example, if a nonzero voltage is 
applied to a single pixel while the rest of the pixels are held at 0V the 
electric field in the LC over this single pixel will be very low. For a binary 
grating, where every second pixel is set to a voltage level and the rest is held 
at 0V, the resulting field will be a sinusoidal with low amplitude. If the ratio 
between LC layer and pixel pitch is large the binary grating is reduced to a 
constant voltage level. 
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Figure 18 – Ideal (solid) and simulated (dashed) phase shift with the approximate 
effects of the fringing field in the 1D SLM. 
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One benefit of the fringing fields is that the degrading effects owing to the 
pixel structure are reduced. This implies that the performance for low-
frequency patterns is improved. The highest realisable spatial frequency in 
the phase distribution is reduced though. For a blazed grating with sharp 
resets (fly-backs) these steps will be smoother (c.f. Figure 18) resulting in a 
lower maximum deflection angle and a redistribution of light into other 
diffraction orders. If the available phase range is more than 2  it is possible 
to amplify the high-frequency components in the applied voltage pattern to 
compensate for the fringing fields, as discussed in paper II and Ref. 73. 

One expression for estimating the diffraction efficiency of a blazed 
grating with a fringing field has been presented by McManamon et al.10

1sinc1 2
2

1
F

. (68) 

where  is the pixel period and F is the width of the fly-back region in 
pixels. The first factor is the effect of the fringing field and the second factor 
is the efficiency owing to the pixellation (compare with Eq. 67). By repeated 
simulations of LCs with different thicknesses it has been shown that the 
width of the broadening function is proportional to the thickness74. The 
simulations resulted in an empirical expression for the width of the fringing 
field as 

n
dF 5.12 , (69) 

where d is the LC layer thickness and n = ne - no is the birefringence. In 
paper II results from both experimental investigations and simulations of the 
fringing field are presented. 

5.2.2 Polarisation coupling 
If the fringing field is not parallel to the plane in which the LC molecules 
rotates the field causes an out-of-plane rotation61,72,75. In Figure 19 a 
schematic illustration of the LC affected by a fringing field in a thick LC 
layer is shown. Note how the rotation is not constrained to the y/z-plane (c.f. 
Figure 6). 
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Figure 19 – Schematic of the fringing field in an LC where voltage has been applied 
to the three electrodes on the left side (grey) but not to the rest (white). 

The twist deformation will couple light between the two polarisation modes 
and the amount of coupled energy depends on the strength and size of the 
fringing field. In Figure 20 the SLM has been observed in a microscope 
through parallel and crossed polarisers by use of broadband illumination. 
The fringing field couples light between the polarisations so the grating is 
visible for both configurations. If no fringing field were present the parallel 
polariser configuration would give a uniform bright image and the crossed 
polarisers prevent any light through producing a dark image. 

(a) (b)

Figure 20 – Microscope image of the 1D SLM with an applied 11 pixel binary 
grating, broadband light and the analyzer parallel (a) and perpendicular (b) with 
respect to the pixels. Note that the exposure time has been altered between the two 
images to give two high-contrast images. 

Variations in the polarisation of the light at the SLM result in a change of the 
polarisation states of the different far-field diffraction orders. He et al. 
showed that when a binary phase grating is distorted by a fringing field, the 
polarisation states of the positive and negative diffraction orders will be anti-
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symmetric76. An example of this effect is depicted in Figure 21. By 
simulations of the optical field at the SLM, the relation between phase 
modulation and polarisation can be studied and the anti-symmetry explained 
(paper III). 
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Figure 21 – Measured polarisation ellipses for the first three positive and negative 
diffraction orders when applying a 33 pixel binary grating corresponding to a phase 
shift of 2  to the 1D SLM. 

5.2.3 Estimating the effects of the fringing field 

Analysing how the realization of a large number of various gratings is 
degraded by the previously described effects, the rigorous simulation 
described in 2.3 and 3.2 is too slow. By creating a simple model of the 
effect, the decrease in beam steering efficiency can be estimated. 

Assume that the effect of the fringing fields on a phase distribution, x
can be described by a spatial invariant linear filter. The distorted phase 
distribution, x  can then be taken as

xaxx  (70) 

where  denotes a convolution and a(x) is the kernel of the degrading filter. 
In analogy to filter theory, this kernel is defined as the point spread function 
(PSF) of the phase distribution. Note that a(x) is the PSF of the phase and 
not of the total complex transmittance function. If the kernel is known the 
effects of the fringing fields on arbitrary phase distributions can be rapidly 
estimated. 

The effects of the fringing field can be studied by applying sinusoidal 
phase gratings having different amplitude and frequency to the SLM. A 
sinusoidal grating can be described by 
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where m is the peak-to-peak amplitude and f0 is the spatial frequency. A 
convolution by a(x) of this grating corresponds to a multiplication by the 
constant A(f0) where A is the Fourier transform of a(x). Again, by analogy 
with filter theory A is the transfer function of the phase distribution. 
Rewriting the resulting transmittance function as a series of Bessel functions, 
Jq of order q, the Fourier transform can be determined as 

0
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0
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2
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mfA
x

q
qF  (72) 

where F{} denotes a Fourier transform, fx is the spatial frequency and  is 
the delta function43. Assuming an infinite incident plane wave the diffraction 
efficiency of order q can be estimated by 

2
02 mfA

J qq . (73) 

Note that A(f) can be determined by fitting Eq. 73 to experimental data of the 
diffraction efficiencies for sinusoidal gratings of various frequencies f and 
with different amplitudes m.

5.3 Transient effects 
The viscosity of the LC results in a set of transient states when changing the 
voltage distribution applied to the SLM. Light is commonly diffracted into 
unwanted orders when switching between two blazed gratings, of different 
frequencies f1 and f2, corresponding to the deflection angles 1 and 2,. This 
is a problem for continuous beam steering since as a consequence the first 
order diffraction efficiency will fluctuate. 

Under most conditions the response can be approximated to be 
exponential, according to Eqs 46 and 49. For a change in applied voltage at 
t0 and corresponding to a phase change of  the phase shift during the 
transition can be calculated as 
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where  is the 1/e time constant. Referring to Figure 13 this approximation 
seems to be valid for the studied components. By utilising Eq. 74 and 
neglecting the voltage dependence, the phase distributions during a switch 
between any arbitrary phase distributions can be approximated. By use of 
scalar diffraction theory, the far-field intensity can be calculated, e.g. 
switching between two blazed gratings of different period. 

Because the function describing the phase distribution of blazed gratings 
includes a modulo 2  operation the optical properties during the switching 
will be complex. Simulated far-field intensities switching between two linear 
phase distributions and between two blazed gratings are compared in Figure 
22. Note that the wrapping of the blazed grating results in a transfer of 
energy to the zero and higher orders during the transition. 
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Figure 22 – Simulated far-field intensity distributions when switching from a 
deflection angle of 0.085o to 0.13o. Each row represents the intensity profile at a 
specific time. The simulated phase distributions were first calculated without phase 
wrapping (a) and then taken modulo 2  (b). The time constants   = 16 ms and 32 
ms were used for the rise and decay times, respectively. 
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The minimum first-order diffraction efficiency, min, during the switch 
between blazed gratings and for different  was determined by repeated 
simulations. The results for 1 = 8 mrad are shown in Figure 23, where it can 
be observed that the loss into the zero and higher diffraction orders varies 
with . Some pairs of blazed gratings are related in frequency as f2 = f1/N
or f2 = N·f1 where N is an integer number. For these gratings less energy is 
coupled into unwanted orders during the transition, which results in spikes of 

min (for example at = 8, -4, -5.33, -6 in Figure 23). In paper V it is 
further discussed how the applied voltage distributions can be optimised by 
studying the transient effects. 
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Figure 23 – Simulated minimum first-order diffraction efficiency during the switch 
from 1 = 8 mrad to 2 = 1 + .The time constants   = 16 ms and 32 ms were 
used for the rise and decay times, respectively. 
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6 SLM beam steerer in a free-space optical 
communication link 

The research described in this thesis is part of a project where an optical 
free-space communication link utilising non-mechanical beam steering and 
MQW modulators was demonstrated. The LC beam steerer used in this study 
has a small maximum deflection angle but can, for example work together 
with a coarse aligning mechanism. The update rate is rather slow but future 
non-mechanical devices will probably be fast, so a potential use is to 
optimise the transferred energy by compensating fast distortions such as 
vibrations and air turbulence. The use of the component can still be 
demonstrated with the only limitation of lower speed. To present an 
application for these devices preliminary experimental investigations of the 
scanning and tracking performances utilising the SLM are summarised here. 

6.1 Search and link establishment 
The performance of the SLM as a non-mechanical beam steerer in an optical 
free-space communication link was evaluated. The system can be configured 
for either open- or closed-loop when tracking an object (Figure 24 and 
Figure 25). The closed-loop configuration is most common as it tends to be 
more stable and does not rely on an initial calibration. The open-loop 
configuration is simpler and commonly gives a fast system with high signal 
levels.
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Figure 24 – a) Open-loop system. b) One possible open-loop laser tracking 
configuration with a CCD sensor and an SLM.  = field-of-view (FOV) of sensor 
and  = angular scanning range of SLM. 
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Figure 25 – a) Closed-loop system. b) One possible closed-loop laser tracking 
configuration with a CCD sensor and an SLM.  = field-of-view (FOV) of sensor 
and  = angular scanning range of SLM. 
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The final system (papers IV and V) was configured for closed-loop tracking. 
Results from an open-loop system are discussed in the following section. 
The camera (for the tracking) and photodiode (for the communication 
channel) were then mounted after the SLM according to Figure 26. In this 
mode the camera and photodiode stare with a fixed field-of-view (FOV). 
With an appropriate choice of lenses, the FOV of the sensors can be adjusted 
to be somewhat larger than the SLM FOV (deflection range). 

LA BE1

BE2

D

M

P

SLM

BS1 BS2

L L

CCD

PD

Figure 26 – A schematic of the optical transceiver setup. The beam from the 
laser (LA) is polarised (P), expanded by a factor 5 (BE1) before being cut by 
a circular aperture (D) with diameter D  6 mm. The beam is reflected onto 
the NLC SLM and then expanded by a factor 3 (BE2). The received 
reflected beam is reduced by BE2 and is then reflected by the beam splitters 
(BS1 and BS2) and focused onto the CCD and the photodiode. 

To test how the optical transceiver setup can be used for searching and link 
establishment, a 90 m long corridor with a mirror at one end was used. 
Beside the optical transceiver unit, a retro-reflector of approximately 3 cm in 
diameter, was mounted on a translation stage, as depicted in Figure 27. 
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Figure 27 – Setup used for measuring the response from a retro-reflector.  

The retro-reflector was positioned off-axis at an angle close to 0.3 mrad. The 
beam was then scanned over the FOV and the total reflected intensity, R,
was calculated for each angle (Figure 28). A very sharp response can be 
observed when the beam illuminates the retro-reflector and it is clear that the 
setup can be used for non-mechanical search and link establishment.  
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Figure 28 – Measured reflected power, R, when scanning the beam over the FOV 
with the retro-reflector off axis. The beam was compensated for static errors in the 
SLM and the angular movement of the beam was 20.6 rad for each step. 
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1.1 Tracking
Before tracking the retro-reflector the relation between retro-reflector 
position and response position in the CCD was determined. There exist 
several methods to perform the tracking, but if this relation is known a 
detected response can easily and fast be translated into the required steering 
angle. The beam was scanned over the FOV while the signal from the CCD 
was collected. After each scan the retro-reflector was moved 4 cm. Each 
CCD image was flattened to a single profile because the beam steerer only 
operates in one dimension. The profile containing the highest value for each 
scan was extracted and the resulting profiles are plotted in Figure 29. It can 
be observed that the change in retro-reflector position results in responses at 
different positions in the CCD. 
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Figure 29 - Measured reflected intensity distribution, R, when directing the beam 
toward the retro-reflector at several different positions. 

The relation between the measured position of the response and deflection 
angle could subsequently be estimated, according to Figure 30. The residue 
of the fitted line was found to be 0.56 pixels, so the relation is almost linear. 
A linear estimate to calculate the beam direction from a detected position in 
the sensor can then be used for a first simple open-loop tracking system. 
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Figure 30 – Experimentally determined relation between pixel position and 
deflection angle (circles) plotted together with linear fit. 

An integrating part was added to the control loop to increase the stability of 
the tracking. Each deflection angle, , was calculated as 

CC nn 11 , (75) 

where  is the estimated target angle from the measured position and C is the 
weight of the integrating part. This modification decreases oscillations 
owing to noise but result in problems when tracking fast targets. To 
demonstrate the tracking capability for slow-moving targets the aimed beam 
position is plotted versus the retro reflector position in Figure 31a. 
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Figure 31 – a) Aimed beam position plotted together with the retro-reflector position 
(parallel lines). b) The total measured intensity, R, during the tracking. 
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For most applications the aim of the tracking is to maximise the energy at 
the target or the reflected response. The total reflected intensity captured by 
the tracking sensor during the tracking is shown in Figure 31b. The speed 
and movement of the target can be increased if a faster SLM with larger 
steering range is used. In paper IV successful tracking at velocities up to 1 
mrad/s over an angle range of 5 mrad were presented. 
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7 Summary and conclusions of appended 
papers

7.1 Paper I - Intensity variations using a quantized 
spatial light modulator for non-mechanical beam 
steering

A two-dimensional SLM was studied in the first paper. The far-field 
intensity distribution was experimentally investigated for applied phase 
gratings of different frequencies. The experimental data were compared with 
results from simulations based on scalar diffraction theory. Effects on beam 
steering quality owing to the pixellation and the quantisation into phase 
levels were studied in detail. 

The quantisations into pixels and discrete phase levels degrade the ideal 
linear phase shift. This reduces the efficiency in the first diffraction order 
and instead the energy ends up in unwanted diffraction orders. A theoretical 
expression for the first-order diffraction efficiency presented by Tan et al. 69

was compared with an estimate of the diffraction efficiency from the root-
mean-square (RMS) phase deviation. Both methods give a decrease in 
efficiency as the frequency is increased. For the case with quantisation into 
four discrete phase levels, spikes in the diffraction efficiency were observed 
in several frequencies. 

Measurements of the far-field intensity distribution were used to create a 
simplified model of the SLM phase modulation capability. The model was 
used to simulate the far-field intensity distribution utilising scalar diffraction 
theory. The simulated results were shown to be in good agreement with the 
corresponding experimental results. The spikes in both first and zero order 
diffraction efficiency were discussed and it was shown how these spikes 
occur when several orders overlap. 
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7.2 Paper II - Fringing fields in a liquid crystal spatial 
light modulator for beam steering 

The effects of the fringing field on phase modulation and especially beam 
steering were studied in more detail in this paper. The degradation of the 
phase modulation owing to the fringing field was assumed to act as a spatial 
invariant filter. A scheme on how to determine the characteristics of this 
low-pass filter from experimental data of the diffraction efficiency was 
suggested. By measuring the zero-order diffraction efficiency for a set of 
sinusoidal phase gratings with different amplitude and frequencies the phase 
attenuations for the available frequency spectrum were determined. A 
Gaussian function was fitted to the experimental values and the 1/e value 
(half-width at a value of 1/e) was found to be 0.11 pixels-1. According to 
filter theory the effect of the fringing field on the phase modulation can 
thereby be modelled by a convolution with a 5 m wide Gaussian. 

The LC director distribution for a 2V to 3V voltage step (gives a phase 
shift of approximately 2 ) was simulated. The optical anisotropy was 
calculated from the result. This was then used in the FDTD calculation of the 
light propagation through the device. The phase distribution was extracted 
from the complex field of the emerging electromagetical wave. The 
degradation of this simulated phase modulation was found to be in excellent 
agreement with the experimental results. 

Finally, the model of the fringing field as a convolution by a Gaussian 
was used to iteratively improve the applied voltage pattern. It was concluded 
that the compensation based on the knowledge of the fringing field gives 
better first-order diffraction efficiency and especially a good suppression of 
the zero-order. 

7.3 Paper III - Polarization properties of a nematic 
liquid-crystal spatial light modulator for phase 
modulation

The fringing field in parallel-aligned NLC SLMs causes a twist deformation 
in addition to the splay and bend. It was studied how this deformation 
couples light between polarisation modes. By numerically calculating the 
deformation in the LC layer in combination with FDTD propagation of the 
light, the modulated optical field was simulated. The related far-field 
intensity distribution was calculated and the polarisation states of the light in 
the different diffraction orders were analysed. The Stokes vectors for the 
strongest diffraction orders were also experimentally investigated and 
compared with the simulated results. The experimental and theoretical 
results were found to be in good agreement. 
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It was demonstrated how simulations of the LC and optical propagation 
can be used to understand the polarisation properties of the diffracted light. 
Especially, the anti-symmetry of the polarisation states in negative and 
positive diffraction orders for a binary grating was discussed. A change in 
the direction of the twist deformation causes a phase shift in the coupled 
light of -rad. As the twist direction is related to the derivate of the phase 
shift the rotation of the polarisation will be different for positive and 
negative orders. 

7.4 Paper IV - Retrocommunication utilizing 
electroabsorption modulators and non-mechanical 
beam steering 

A novel free-space optical communication link was presented in this paper. 
The retrocommunication configuration is feasible for asymmetric links 
where one or several stationary or mobile platforms communicate. With 
retrocommunication we mean the transmittance of signals by modulated 
retroreflection. The communication signal was, in this study, created by on-
off modulation using the electroabsorption effect in multiple quantum well 
(MQW) structures. The demonstrated link utilised a one-dimensional NLC 
SLM for non-mechanical scanning and tracking of the retromodulator. The 
link was evaluated indoors at 100 m range for several velocities of the 
retromodulator and for different data rates.  

Computer-to-computer communication was accomplished utilising 115 
kbps RS-232 and the serial ports of two computers to demonstrate audio- 
and video transmission. The use of the serial ports limits the speed of the 
link but provides a simple interface for demonstrating different applications. 
Several transfers of bit sequences at rates up to 10 Mbps were presented 
together with measured bit-error ratios. Video transfer at approximately 1 
frame/s was demonstrated utilising the RS-232 interface. 

Closed loop tracking was accomplished by generating phase gratings 
based on the position of the reflection detected by a high-speed camera 
looking through the SLM. A Kalman filter was utilised to produce stable 
estimates of the deflection angle from noisy position data from the sensor. 
Several one-dimensional movements of the retroreflector at an angle range 
of 5 mrad were successfully followed. It was shown how the reflected 
intensity begins to fluctuate and decrease as the velocity increases. By use of 
faster SLMs, currently under development, the bandwidth of the tracking 
loop can be improved in future systems. Successful tracking at velocities up 
to 0.1 m/s at 100 m (1 mrad/s) were presented using the NLC SLM.  
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7.5 Paper V - Temporal properties of a nematic liquid 
crystal SLM used for beam steering and tracking 

The imperfect switching of the LC when updating the applied control 
voltages on an NLC SLM causes temporal variations in diffraction 
efficiency. In this paper the temporal properties were analysed for a beam 
steering and tracking application. The dynamic response of LCs is complex 
as it commonly involves flow effects. For minor deformations, and if the 
flow effects are disregarded, there exist approximate expressions for the 
response. A simple response function with different response times for the 
rise and relaxation processes was adopted and a combined spatial and 
temporal model of the SLM created. From this model the far-field diffraction 
efficiencies were calculated by use of scalar diffraction theory. The 
simulated results were compared with experimental quantities and the results 
were found to be in good agreement. 

The effects of the temporal intensity variations in non-mechanical 
tracking of a corner cube were investigated. It was shown that the choice of 
pixel origin on the SLM can be of importance. By setting the pixel origin to 
the centre of the illuminated region, the loss during the SLM refresh period 
was minimised. Knowledge of this type of temporal effects is of importance 
when designing systems utilising LC SLMs for non-mechanical beam 
steering.
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8 Summary in Swedish 

Spatiella ljusmodulatorer med nematisk 
flytande kristall för laserstrålstyrning 
Då lasrar idag används i många applikationer är styrning av laserstrålar av 
största vikt. Normalt används mekanisk förflyttning av linser, prismor och 
speglar för att kontrollera ljuset. Då kraven på hastighet och noggrannhet 
ökar, samtidigt som storleken på systemen krymper, är ickemekanisk 
strålstyrning ett intressant alternativ. Genom att använda sig av 
dubbelbrytningen i flytande kristaller kan fasen hos optiska vågor varieras 
med en pålagd spänning. I en så kallad spatiell ljusmodulator (SLM) har 
elektroderna en pixelstruktur och vågfrontens fas kan då skiftas olika mycket 
på olika ställen. En fasmodulerande SLM kan i teorin fungera som en 
godtycklig refraktiv komponent. Till exempel, med en sfärisk fasmodulation 
fungerar den som en lins, och ett prisma motsvaras av en linjärt varierande 
fas.

I detta arbete har tre kommersiellt tillgängliga SLM:er fyllda med 
nematisk flytande kristall studerats. Möjligheter och begränsningar för 
ickemekanisk laserstrålstyrning med dessa komponenter har utvärderats. Ett 
system för trådlös kommunikation med laser har också demonstrerats i vilket 
en SLM användes för aktiv följning av en annan kommunikationsenhet. 

En SLM var tvådimensionell med 128 128 pixlar på en area av drygt 5 5
mm2. Bredden på varje pixel var ca 40 m, vilket är flera gånger större är 
tjockleken hos lagret med flytande kristall. Fasmodulationen i området över 
varje pixel kan då antas vara konstant vilket resulterar i ett trappformat 
fasskift. Denna spatiella kvantisering och dess inverkan på 
diffraktionseffektiviteten har studerats experimentellt. En enkel modell av 
SLM:en samt skalär diffraktionsteori användes för att simulera intensiteten i 
fjärrfältet. De simulerade resultaten stämde väl överens med de uppmätta. 
Nematisk flytande kristall kan normalt generera en analog fasmodulation. Då 
flytande kristaller med diskreta tillstånd oftast har snabbare tidsrespons är 
det av vikt att studera effekter av faskvantisering. Genom att begränsa 
antalet fasnivåer i mjukvaran kunde dessa effekter undersökas 
experimentellt. Speciellt diskuterades de spikar i diffraktionseffektiviteten 
som uppkommer då flera ordningar sammanfaller i position. 
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De två andra SLM:erna var endimensionella med 4096 avlånga 
elektroder, 1,8 m  6 mm. Det betydligt kortare avståndet mellan pixlarna 
innebär att det elektriska fältet över varje pixel påverkas av spänningen på 
närliggande pixlar. Det elektriska fältet kommer då normalt att ha en 
fältkomponent parallellt med flytande kristall lagret. Två effekter orsakat av 
denna koppling av det elektriska fältet mellan angränsande pixlar har 
studerats.

Att fältet beror på spänningen hos flera pixlar minskar de tidigare 
studerade pixeleffekterna men innebär också en breddning av alla diskreta 
förändringar av fasmodulationen. Denna begränsning i realiserbara spatiella 
frekvenser på SLM:en påverkar den maximala utstyrningsvinkeln samt ger 
ljus i oönskade ordningar. Vi har föreslagit att denna effekt kan beskrivas 
som en lågpassfiltrering av fasmodulationen. Genom att simulera 
deformationen hos flytande kristallen samt numeriskt propagera den optiska 
vågen har parametrarna för detta filter uppskattats. En metod för att 
bestämma filtrets överföringsfunktion från mätningar av intensiteten i 
fjärrfältet har också presenterats. Det har vidare visats hur kunskapen om 
detta filter kan användas för att kompensera för lågpassfiltreringen genom att 
förstärka högfrekventa delar i de mönster som läggs ut på SLM:en. 

Den elektriska fältkomponent vilken är parallell med flytande kristall 
lagret kan resultera i en oönskad deformation vilken kopplar ljus mellan 
polarisationstillstånden. Genom simulering av ljusets propagering genom 
komponenten kunde också polarisationsegenskaperna uppskattas. De 
beräknade polarisationstillstånden hos diffraktionsordningarna i fjärrfältet 
jämfördes med uppmätta resultat med god överensstämmelse. 

En av strålstyrarna användes för aktiv följning i en trådlös optisk 
kommunikationslänk. Genom att detektera det reflekterade ljuset från den 
andra kommunikationsenheten med en snabb videokamera (736 bilder/s) 
kunde kontroll-loopen slutas och SLM:en uppdateras med fasmönster för att 
optimerade laserstrålens riktning. Följning i en dimension över ett 
vinkelområde av 5 mrad och hastigheter upp till 0,1 m/s på 100 m avstånd 
demonstrerades. 

Nematisk flytande kristall betraktas ofta som långsam då den har en 
typisk omslagstid efter varje uppdatering på flera millisekunder. Under 
denna tidsperiod befinner sig SLM:en i ett oidentifierat tillstånd mellan två 
mönster. De optiska diffraktionseffekterna under denna tidsperiod har 
undersökts. Genom simuleringar och experiment har det konstaterats hur 
ljuset omfördelas mellan olika diffraktions ordningar. Med kunskap om 
dessa effekter kan de mönster vilka läggs ut på SLM:en väljas för att minska 
de temporala variationerna i diffraktionseffektiviteten. 

Sammanfattningsvis har det visats hur mätningar, modeller och 
simuleringar av denna typ av komponenter kan användas för att bättre förstå 
samt förutsäga prestanda i framtida system. 
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