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LIQUID CRYSTALS IN TELECOMMUNICATIONS
SYSTEMS

W. A. Crossland', T. V Clapp, T. D. Wilkinson, 1. G. Manolis,
A. G. Georgiou, and B. Robertson

University oj Cambridge, Department oj Engineering,
Trumpington St, Cam bridge CB2 1PZ

The first liquid crystal devices have recently been installed in the f ib re optic
networks that provide the backbone of the mod em telecom mun ications system .
Most optical network dev ices are concerned with the man ipulation of the
amplitude and phase of the optical signa l. Liquid crystals ha ve the h ighestjig­
u re of merit for field add ressed electro-optic response and can have excellen t
transparenc y in the optical telecommun ications window .

Here we consider the im po rtance of liquid crystals in controlling the phase and
the state of polarisation of ligh t in these systems. We also conside r arrays of
liq u id crystal ph ase modulators, fa bricated using Le OS techn ology, in holo­
graphic swi tches and multifunction devices.

INTRODUCTION

The global link diagram for a broadband opt ical fibre transmissions system
is usually shown in a block functional form. A typical diagram is shown in
Figure 1. It extends from source transmitt er to end-rece iver and may rep­
resent a link severa l 1000's of kilometres long. Several of the "functional
blocks" illustrated may themselves be decomposed into elements which
have a logical description as functional blocks. These elements may them­
selves be composed of sub-assemblies and this recursion extends all the
way down to the component level. This sort of diagrammatic representation
is more than a useful short hand notation and it is used by the network sys­
tems designers to allocate the "link budg et" . The process of designing the
transmission syst em begins with a service quality assumption (a bit-err or­
rate and similar performance measures). The transmitter-receiver pair, in
direct linkage, is designed to assure more than adequate performance with
sufficient margin to accoun t for the summed degradation due to the fibre

' Corresponding aut hor. E-mail: wac@eng.cam.ac.uk
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364/ [25001 w: A. Crossland et al.
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FIGURE 1 Link diagram for an optical fibre transmission syste m with m links and n
wavelength charmels. (*) Signal Retiming / Reshaping/ Restoration.

transmission plus all the interpo sed elements. Whenever the signal integ­
rity is degraded to a condition where the receiver (hypothetically placed
at that point) could not give the required optical-signal-to-noise ratio then
either parti al or full signal regeneration is applied .

Avery appropriate deco mposition of the network would be to depict it as
a serial assemblage of units which split, phase adjust, amplify and route the
signals . This then reveals an und erlying physical fact that mathematically
signal tr ansmission can be described as a matrix multiplication of complex
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FIGURE 2 Open and closed eye diagrams in a telecommunications system.

transfer matrices which effect changes upon the phas e and amplitude of
encoded data streams .

Communications engineers would frequ ently choose to illustrate this via
an "eye diagram" which shows th e temporal accumulation of data in a "bit­
wide" interval of time. The decision circuit of a receiver must operate in an
open "eye" where it can (with close to zero error) distinguish between th e
O-level and th e I-level of binary encoded data-streams (multi-level encod­
ing complicate s this picture only slightly) . This is a good way to view the
consequ ences of disp ersion , jitter and other signal impairments.

The eye diagram is an ideal way to visualise the state of a signal stream
at significant nodes in the transport path. Very close to the transmitter th e
eye is open and ideally has a perfect rising and trailing edge with every bit
sequence in the stream exhibiting identical properties. For most telecom­
munications links the signalling will require a link budget to be established
which sets th e launch power and signal impairments which can be tolerated
so that th e receiver can achieve a low bit-error-rate. For high performance
broadband links the error rat e may be bet ter than 1 error in every 1015

.

By th e time th e signal has passed over several lOs of kilometres th e
combination of signal at te nuation and disp ersion resul ts in significant eye
closure. However, optical amplificatio n can recover th e signal and open
the eye sufficiently th at a receiver 's decision circuit would st ill be able to
decode the signal.

The ability to intervene in th e optical domain to revers e both the wors t
effects of at tenuation and chromatic dispersion have enabled links to be
concate nate d to upwards of 2000 km before it is necessary to do a full 3 R
(Restore jRe-amplification, Retime, Reshape) regeneration of the signal as
shown in Figure 1. In the past this would have set the spac ing of the elec­
tronic (O-E-O) regenerators but now that such large distances have been
enabled for many rou tes it is not necessary. There is now great promise
that full optical regeneration is possible.

If we look more closely at th e eye at th e receiver we can provide
interpretation of the impairments which have occurred . For the rising
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366/ [2502] W A. Crossland et at.

and tr ailing edges some "smea ring" in time is evident . Much of this is due to
th e dispersion of the signal. The differen t wavelength components of a "bit"
are being differentially delayed . This is due to the fact that for most fibre
the slope of the effective refractive index dispersion will have meant that
the shorte r wave portion had "further" to go! The chromat ic dispersion cor­
rection that is applied is very seldom accurate and so it is inevitable that
some smearing occurs . This is also true for the ortho-normal polarisation
components of the optica l signal. If a fibre were per fectly cylindrical and
symmetric th en laid out in a straight path it would be totally degenerate
with respect to polarisation state of the transmitted signal. i.e. all the light
would propagat e with a constant phase velocity. However, fibre is never
perfect and it is then cabled , spooled, strung through conduit and on poles
which breaks the symmetry. So all real installed optica l links are a concate­
nat ed sequence of pseudo-random wave-plates . It is this that leads to the
occurrence of polarisation mode dispe rsion as depicted in Figure 3. In
addit ion fibre optical non-linearity (whilst small) does cause self phase
modulation of the bits (depende nt on th eir instantaneous power) conse ­
quently some of the dispersion cannot be corrected by simple chromatic
or PM dispersion correction.

By th e time the non-linear propagation effects, signalling amplitude
decay, cross-ta lk, noise etc have all been convolved th e signal envelope
has distort ion which it may well prove impractical (possibly impossible)
to repair. However, if one had more distributed part ial restoration (in the
opt ical domain) the n th e transport distances could be improved dramati­
cally. For this to be practical very highly functional and low-cost modules
would need to be manufactured . The primary mechani sm would be accu­
rate phase cont rol combined with polarisation state intervention (ideal
for LCs) .

Simple wave-plates, like th e one shown in Figure 3, for inclusion in
opt ical trains, whether in guided wave or free-space applications , can
greatly alleviate problems associated with polarisation depend ent loss

Propagation through
birefringent media
resultsin
polarisation mode
dispersion.

In General the propagation constants for
TE~ TM i.e .

n' ff ( --> ) ~ n,ff (i)

FIGURE 3 Birefringence in waveguide struc tures.

By exchang ing the
TE and TM mode
fields the aggregate
PMDcan be
averaged to zero (for
this element).

The insertion of a half-wave plate
mid-way along the device has meant
that the optical path lengths for each

mode arenow the same.
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Liquid Crustals in Telecommun icat ion Systems 367/ [2503J

and polarisation mode dispersion. For the very highest signalling rates the
effects of polarisation mode dispersion are very severe . So much so that at
40 Gb /sec it is believed that dynamic PMD correction will be required and
that individual links may need to be shorter. In general, the birefringence
assoc iate d with these links is not predictable and may drift with time.
Hence, these prin ciples need to be applied to adaptive phase control
devices . Such elements are readily derived from liquid crystal tec hno logy,

The cost of carrying out optical to electronic conversion on these high
capacity data streams means that optical switching must be carried out
at nodes in the network in order to contro l and manage the traffic ('optical
transparent cross -conne cts') . Currently the leading technology for scalable
switches of this kind is MEMS (Microelect romechanical Systems) in which
small mirrors are used to deflect light beams between optical waveguides .
Efficien t beam deflection can also be carried out using arrays of liquid crys­
tal pixels arra nged as phase gratings or holograms [1]. This is illustrated
in Figure 4. Each pixel is in effect a waveplate. The light power deflected
by such holograms can be independent of the polarisation state of the in­
coming beam and in a perfect beam deflector of this type no photons would
be lost. The remarkable optical flexibility of liquid crystal holograms should
allow optical channels to be adaptively manipulated and contro lled in ways
that are not possible with simple mirrors.

LIQUID CRYSTAL DEVICES AS POLARISATION MODULATORS

There are many different electro-optical effects available from liquid crystal
devices . For some telecommuni cat ions applicat ions these effects must dis­
play some form of polarisation insensitivity desp ite the birefringence of
liquid crystals, as the polarisation state in an optical fibre network is often
unknown or changing with time. There are several different types of polar­
isation rotation effects and phase modulation effects, which can be used in

Pixelated LC devices
~ displaying phase <, .

holograms ~

FIGURE 4 Scalable free-space switch architecture using two holograms. Note:
The reconfigurable liquid crystal holograms are envisaged as reflective Le OS (liquid
crysta l over silicon) devices , but are shown here for simplicity as transmissive
structures.
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368/ [2504J W. A. Crossland et al.

these applications. Two of the most useful for telecommunications are
binary phase modulation with ferroelectric LCs (FLCs) and multi-level
phase modulation with nematics LCs (NLCs). In order to appreciate the
role of these effects, it is import ant to analyse the characteristics of both
FLC and NLC modulation.

A surfac e stab ilised FLC (SSFLC) cell is opt ically equivalent to a rotat­
ing retardation plate with an in plane tilt of 20, where 0 approaches the tilt
angle of the smec tic cone . We can describe the effect of a retardation plate
on an incident plane wavefront of light using Jones analysis. Elliptically
polarised light describes any input polarisation of light in a given xyz coor­
dinate system and is given by the formula:

IN = [ e~o~t~]
were b is the phase difference between the horizontal and vertical compo­
nent of polarisation and ~ is the inclination of the polarisation ellipse .
Assuming that the retardation plate is placed with its slow axis (mean mol­
ecular axis of th e SSFLC cell) at a random angle rJ. to the x-axis, its rep­
resentation in the coordinate system x'y'z' is shown in Figure 5.

Polarisation components travelling along the molecular axis experience
the extraordinary refractive index n e and components travelling normal to
it experience the ordinary refractive index n o. The phase retardation
between those two components on exit of the cell will be r = kod!'in
radians, where ko = 27[/i. is the wavenumber in the free space, d is the
thickness of the cell, and Sn. = n e - n o is the birefringence of the material
at the operational wavelength. The corresponding Jones matrix for the cell
will be:

[

e-jkodl'J.n cos'' o: + sin2 a

S = sin a cos a [e - j kodl'J.n _ 1]
sin a cos a [e - j kodl'J.n - 1] ]
e -jkodl'J.n sin2 rJ. + cos'' a

X~/f. x': slow axis (n)

/ FLC,
" molecule
,

z i z.' ~--:J • y
----- .... y ' : fastaxis (n o)

FIGURE 5 Coordinates of a molecule in an SSLLC cell.
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Liquid Crystals in Telecommunication Systerns 369/ [25051

Then , the polarisation state of the output light (after the retar dation plate)
is calculated through the relation:

OUT=S · IN

When the thickness of the LC layer is such that the overall retardation be­
tween fast and slow components is equal to tt (half-wave plate configur­
ation), then the cell acts as a perfect polarisation rotator around the
optical axis defined by the direction of the molecules . In general however,
r =1= n, and the output light is polarised into an elliptical state, which is
non-symmet rical to the inpu t sta te with respect to the optical axis. We
can take advantage of the polarisatio n rotation prop erties of an SSFLC cell
and con figure it as a binary, phase-only modulator as shown in Figure 6.
The FLC cell is placed between crossed polarisers so that the input polar­
isation bisects the two switching states of the liquid crystal. For the two
switching states in Figure 6, it is rx = 0 and rx = - 0 respectively. Hence,
we obtain two output states :

OUT (l ) = + sin(1201) . sin (kod~n/2 ) . exp( - j . const)fJ

OUT(2) = - sin(1201) . sin(kod~n/2) . exp(-j . const)fJ

It can be see n that the two components have the same polarisation state
(linear along y-axis) and the same amplitude, however they display a rela­
tive phas e difference of t: radians. The n-phase modulation is independent
of the cell parameters r and O. In this arrangement, there is an asso ciated
energy loss, which is caused by the introduction of the analyser in the
optical path of the beam. The overall optical transmission is:

polariser

SSFLC
analyser

FIGURE 6 The two switch states in a SSFLC cell.
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370/ [25061 W. A. Crossland et al .

The configuration of an FLC spatial light modulator for the implementation
of a free-space diffraction-based optical crossbar in an arrangement like the
one shown in Figure 6 (i.e. using crossed polars) was initially proposed by
O'Brien et al. [2J . Experimental demonstration, however, of a programma ­
ble binary phase -only SLM based on FLCs, capable to record in real time
compute r generated holograms (CGHs), and evaluat ion of its performance
was first report ed by Broomfield et al. [3].

It can be shown however, that the phase modulation capabilities of FLC
devices are in fact pres erved even when the polarisors are removed out of
the path of the beam. More specifically, the performance of an FLC SLM
configure d to display a binary phase hologram is independent of the input
polarisation state and it is only limited by the cell parameters , the opt imal
values being an opt ical thickness of 7[ radians and an aggregate switching
angle of 90 degrees . The principle for polarisation-insensitive operat ion
of FLC devices was first analysed and demonstrated for switchable fixed­
grating reflectors by O'Callaghan et al. [4] and described more rigorously
later by Warr et al. [5] in the conte xt of reconfigurable holographic
switches . We can easily demonstrate the validity of this concept by con­
sidering the inpu t light to be decomposed into two orthogonal polarisat ion
components, which are diffracted by the hologram in an identical way. For
both components, the pattern obtained at the replay field as well as the cor­
responding diffraction efficiency is exac tly the same, and therefore the
total intensity distribution from the two overlapping patterns remains the
same independently of the polarisat ion state of the input light.

There are an infinite number of ways to decompose the light of unknown
polarisat ion into two orthogonal, linearly polarised components. Here we
choose to decompose the input light along the two bisectors of the angle
formed by the two switc hing states of the molecular director (st ate-I
and state-2) in Figure 6. This particular choice greatly simplifies the analy­
sis. In Figure 7(a) and (c) , the two components ofthe input light are shown
separat ely, along with the two switching states of the liquid crystal and the
chosen syst em of coordinate axes. The two components are along the x­
and y- axis correspondingly and they are noted in the figure using the sym­
bols lNx and lN y.

We have already calculated the matrix S that describes the effect of the
LC film on the inpu t plane of light in the xyz coordinate system of axes. In
the first case, we consider only components of the input light polarised
along the x-axis (Le. lNx components) . Performing the calculation, we find
for th e polarisation state of the light at the output plane:

OUT = [OUT:r] = [ exp [-j(kod~n/2 ) 1 cos2 a + sirr' a ]
OUTy sin(2cx) sin(kod~n/2) exp[-j(k()d~n/2 + 7[ / 2)] .
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,;

OUTly....

OUT2y

Output Plane

y

Output Plane

OU Tlx

OUTl

OUT2y

x

OU T2X

i
®

Input Plane

Input Plane

s t a ­
t e

st a
t e

s t a - 1
t e

FIGURE 7 Orthogonal components in the binary phase state s of an SSFLC.

We note that IY. is the angle between the optical axis of the cell (molecular
director) and the x-axis of the coordinate system. OUTx and OUT y rep­
resent the polarisation components of the output light along the x- and
y-axis respectively. As expected, since the analyser is not in place anymore,
the expression for the output field contains also a non-zero component
along the direction of the x-axis. The output polarisati on components,
which corres ponding to the two switching stat es of the LC cell (state-l
and the sta te -2) , are calculated using a = 0 and a = -0 in the above equa­
tion. It is very important to observe at this point that whereas the
expression for the OUT y component is an ocld function of the angle IY. ,

the corres ponding express ion for the OUTx component is an even function
inst ead . Subsequentl y, the x-components of the light exiting the two
opposite switched pixels (see Fig. 6) will be equal and in phase at the
output plane, however, the y-components will be equal but out of phase
by a factor of n radian s. These polarisation components are shown in Figure
7b. The numb ers 1 and 2 are used to show, which switching states these
components correspond to. Arrows pointing at the same direction or at
oppos ite direction s indicate that the corres ponding fields are in -phase
or out-oj-phase respectively.

In pra ctical terms , if we start with all the energy of the input light
polarised along the x-axis , i.e. polarised along one of the two bisectors
of the FLC switching angle, only a portion of this light will in effect 'feel'
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372/ [2508] W. A. Crossland et al.

the presence of th e hologram on its way through the LC film and as a
result will be diffract ed to th e corresponding diffraction orders . More
speci fically, th e portion of the light , which , on exit from th e film, is
polarised along th e y-axis, i.e. perpendi cular to the initial polarisation
direction, will be wholly phase-modulated (with a phase shift of rr
radians between state-l and stat e-2) . The rest of the light , i.e. the x­
components of the light at th e outp ut plane, will remain unm odulat ed
and therefore will be direct ed straight to the zeroth order of the holo­
gram. The diffraction efficiency of the hologram in this cas e will exclus­
ively det ermined by the ene rgy carr ied by the y-components of the
output light. Hence th e efficiency will be:

In the above equation, which , of course, is identical to the one given ear­
lier , the symbol n., is used to note that this is the hologram efficiency
when all th e input light is polarised along the x-direction.

For th e second case , the input light is wholly polaris ed along the y­
direction (this is th e second bisecto r of the ferroelectric switching angle
- see Fig. 7c) . This case is highly symmetrical to th e previous one and
we can readily det ermine that , in this occas ion, whereas the y-polarisation
components of th e light at the output plane, (i.e. those parallel to the initial
polarisation direction) , are equal and in -phase, th e x-components are
equal but ou t-oj -phase by tt rad ians as in Figure 7d. Similarly, th e
diffraction efficiency of the hologram in this case will be given by the last
formula substituting 0 with rr/2 - 0:

We conclude from the above equation that n.; = n y, and hence the overall
diffraction efficiency of th e hologram will be also given by th e same
expression, even in the most general case of rand omly polarised input,
i.e. indep endently of th e energy distribution between its two orthogonal
polarisation components and their corresponding phase relationship.
Fina lly, since the hologram pattern is det ermined by th e distribution of
the switched states on the LC plane (hence not a property of th e inpu t
light) , this is common for both input polarisation components , and th ere­
fore the two diffraction patterns will be also identical and over lap perfectly.
This ensures that the power of eac h diffract ion order will remain the same
for all pos sible input polarisation states, and hence th e hologram is said to
operat e in a polarisation insensi tive way.
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POLARISATION INSENSITIVE PHASE MODULATION USING
NEMATIC LIQUID CRYSTALS

Polarisation insensitive holograms, useful in optical switches , can be also
recorded using NLCs. The und erlying principle has been report ed in the
literature already; in the first case for the implementation of an intra-chip
interconnection pattern useful in clock distribution among electronic chips
[6] and in the second case for wavefront correction useful in astronomical
applications for image sharpening [7]. Shutters for unpolarised light [8] and
a variable , polarisation-insensitive LC phase retarder [9] have been also
demonstrated using the same concept. Here we use the principle to gener­
ate reconfigurable pixellated multilevel phase holograms to steer the near
infrared light from single mode optical fibres such that the power in the
routed beam is independent of the state of polarisation of the incoming
light.

A pixelated planar nematic device is combined with a quarter wave-plate
(QWP) and a mirror (M) in a reflective configuration as shown in Figure 8.
The QWP is aligned with its fast axis on the x y plane and at an angle of 45
degrees away from the optical axis of the NLC layer. In the diagram, the
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///// ..

11(9) /

~ .: ." / / "./" / ..
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FIGURE 8 Arrangement for polarisation insensitive nematic phase modulation.
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optical axis of the LC coincides with the long axis of the index ellipsoid
shown. On the application of a driving voltage, this tilts out of the plane
of the cell, at an angle B.

On the first pass through the device, polarisation components along the
y-axis experience the extraordinary refractive index n e of the nematic
material, while components parallel to the x-axis only the ordinary
refractive index no. The combination of the QWP and the mirror acts as
a 90° polarisation-rotator for the two orthogonal components (-x and
-y) thus mutually exchanging their polarisation states. On the second pass
from the device , components, which where previously polarised along the
x -axis, are now parallel to the y-axis and therefore experience a refractive
index of ne whereas components previously polarised along the y-axis , are
now parallel to the x-axis and they only experience the ordinary refractive
index of the material. In that way, during the double pass through the
nematic layer, both orthogonal polarisations are subjected to the same
overall retardation.

According to Jones matrices, the polarisation of the output beam will be
given by the equation:

EmIT = T . EIN

In the above, T is the overall modulation matrix, which can be calculated
by conside ring the two passes through the system separately and
expressing its various components (LC film, QWP and mirror) in the
corresponding coordinate syst ems. In our analysis we don't include trans­
mission coefficients through glass , ITO and alignment layers. These sur­
faces modulate the amplitude and the phase of the propagating light in
an isotropic way, i.e. independ ently of the plane of polarisation. Their
contribution to the tensor T simply takes the form of a scalar coefficient
and therefore they are insignificant to the present analysis . Accordingly,
the tensor T is of the form:

N I , N 2, QI, and Q 2 are the matrices representing the effect of the LC
layer and the QWP for the first and second pass (coordinate systems
X lYIZI and X2 Y2 Z2 ) respectively. The QWP, is oriented with its fast axis
at an angle 45° with respect to the y-axis. The matrix T, provides us with
the required 'exchanging' functionality. Incorporating the matri ces for
each individual component, we calculate the overall matrix T :

T = [Til T 12]

T 21 T 22
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TIl = 0,

TI 2 = [-d (ao + a(O))]. exp[-j(dko(no + n (O)))],

T 21 = exp[- d(ao+ a(O)) ] . exp[-j(dko(no+ n( O))) ] . exp(jn) , and

T22 = 0.

and ko is the wavenumber, d is the thickness of the NLC, a repr esents the
absorptive properties of the NLC and n repr esents the refractive index of
the NLC. Finally, we get for the state of the output light:

E = [py.exp[- d(ao +a(O))] · exp[-j(dko(no + n (O)) - r+ n)l]
OUT P.r ' exp[- d(ao +a(O)) ] · exp[-j(dko(no +n( O)))]

We conclude from the last equation that, for any tilt angle the two ortho­
gonal polarisation components receive the same amount of phase retar­
dation and amplitude attenuation. As a result , a spatial arrangement of
switching stat es across the xy-plane, by means of a pixellated device
(SLM) for example, produces exactly the same holographic pattern for
both polarisation components. Consequently, the two components diffract
in a similar way thus resulting into two identical and perfectly overlapping
diffraction patt ern s. The intensity distribution of the two pattern s on the
replay field is exactly the same for the two components and therefore the
total intensit y of each diffraction spot is ultimately preserved indepen­
dently of the amplitude/ phase ration between the two input components,
thus independently of the input polarisation state. This is equivalent with
obtaining polarisation insensitivity in the operation of a holographic
switch, where the diffraction spots of the hologram are used to launch
the light into the output fibres of the switch.

In order to validat e the potential of the arrangement , in particular with
relation to its application in optical fibre-switches, a series of experiments
and simulations have been carried out aimed to demonstrate the polaris­
ation insensitivity of the proposed double-pass architecture and its capa­
bility to multi-level phase operat ion [10].

PHASE HOLOGRAMS IN TELECOMMUNICATIONS SYSTEMS

In this sect ion we describe aspects of the design of multiphase spat ially
quantised holograms for use in optical networks. These reconfigurable
holograms are written to arrays of liquid crystal pixels. Each pixel is a
phase modulator. The modulators are envisaged as being capable of 2 n
phase excursion and large arrays of such reflective pixels can be produced
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over silicon VLSI circuits using LCOS [1]. The pixel size might be of the
order of 10 microns.

A single reconfigurable holographic beam steering element might be
used in a 1: N port switch [1] (capable of multicasting and extracting
monito ring channels). In general the polarisation state of the incoming light
is unkn own, so the beam deflector should be polarisation insensitive.
Binary phase modulators using ferroelectric modula tors are in many ways
ideally suited to this tas k, but due to the symmetry of the hologram, light
is deflected into both positive and negative first order beams. This usually
means that half the light is lost . This may not be acceptable, especially in
N x N port switches (such as shown in Figure 4) where two beam deflect­
ing holograms are required. This loss can be avoided by using polarisation
insensitive multilevel phase modulators as described above. The hologram
is then analogous to a blazed grating and can in principle direct the entire
incident light into th e deflected beam with no loss of photons.

Beam deflection can be very precis e (see below) and only depends on
the pattern presented , so is both robust and reprodu cible.
The method des cribed is able of:

• Create any number of bright spots on the replay field where the output
fibres are positioned , making possible holographic beam steering switch
st ructures such as shown in Figure 4.

• Equalise the signal amplitude arriving from the input ports.
• Control the phase of the output port s.
• Reduce noise at particular points or areas on the replay field where

non-output fibres are placed thus reducing crossta lk.
• Fine-tune the hologram in order to compensa te mechanical inaccuracies.

The replay field in a 4f arrangement of a pattern of pixels, or hologram, is
given by the Fouri er transform of that patt ern [11J. For the telecommunica­
tions network components the problem is usually to design a phase
hologram in order to crea te a single spot on the replay field with a given
phase. In this case it is possible to reduce the problem from global to a
localised one by considering the useful contribution of each pixel to the
output port . The resulting hologram will be a blazed grating as shown in
Figure 9.

However, a continuous phase blazed grating can not be displayed in a LC
device without being quantised in terms of space and phase. The phase
value of the pixel in this case is chosen so the phase difference is mini­
mised. Figure 10 shows the resul t when a continuous phase blazed grating
is quantised to four phase levels. Also it shows the replay field of the holo­
gram, which now contains a different noise floor due to the quanti sation
process . This is a major problem in telecommunications applications as it

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

41
 1

1 
A

ug
us

t 2
01

2 



Liqu id Crystals in Telecommunication Systems 377/ [2513J

FIGURE 9 Hologram and rep lay field of a typical blazed grati ng (the desired port
position is in the lower right hand corner) . The replay field was evaluated taking
into account the finite hologram size.

creates unwan ted crosstalk. This noise is st ructured and has create d a peak
in the upper left corner, giving a cross talk at this point of - 20dB.

The hologram in Figure 10 is not optimal in terms of crosstalk, hence it
must be redesigned to red uce the st ructure in the noise floor. This is
achieved by cance lling out noise and creating a dark point on the replay
field where a non-output fibre is placed. This is a similar process to creating
a bright spot but in this case th ere is already some E-field at the point of
interest. Therefore it is desirable to create another spot of equal intensity
on top of it but with opposite phase in orde r to cance l each other resulting
into minimum intensity. At the same time the diffraction efficiency of the
hologram has to be affected minimally. This is achieved by adapt ing

-2Od b

-<bd b

-7Odb

-1Odb

- 30clb

- _ 8OClb

- - 6Odtl

- - 5Odb

FIGURE 10 Four phase level quantised blaze grating and associated rep lay field.
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th e value of th e pixels that contribute minimum to th e bright spot and
contribute maximum to th e dark poin t.

In any blazed grating th e pixels that contribute th e minimum to th e out­
put port are the ones on th e boundary between two regions of different
phase levels. In th ese boundaries th e disagreement between the ideal
and actual phase is maximum and thus th eir contribution is minimum
(see Fig. lla) . Similarly, pixels with maximum significance for th e dark
spot are th e ones further away from the boundaries which lie on straight
lines in th e middle of the same phas e stripes . On these lines the ideal
phase , which contributes the maximum, is equal to the actual phase value
(as in Fig. l lb) . Therefore , in order to have optimum performance it is pre­
ferred to change th e pixels th at lie on the inters ections of lines that con­
tribute minimum to the output port and maximum to the dark point
(Fig. II c) . Note that in this figur e th e pixels affected are marked in a circle.
Their act ual shape will depend on the importance of crosstalk over
efficiency. An efficiency demanding design will create ellipsoids expanded
diagonally, along the pixels' boundaries of Figure lOa. Alternatively, if
crosstalk is more important then th e ellipsoids will expand horizontally.

linesof minirrum > /

contribution to
the output pert /

/
/

lines of max imum
contribution to the
oulp~t port

(a)

Imesofmaxnnum_-r;;
~~~~:~np~th"== _

- - lines ofminirrum
- - ccntribution to the
- - non-output port

(b)

(c)

FIGURE 11 The three-phase grating required for creat ing a (a) single spot on the
replay field , ( b) a single sp ot where noise is to be reduced . (c) The optimum pixels
to be alte re d.
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It might be the case that thes e ellipsoids are so long and thin that will
merge forming a single line, diagonally or horizontally.

This design concept was verified by designing a hologram using simu­
lated annealing where the noise at a particular point was required to be
minimised. The resulting hologram followed most of the above pred ictions.
The pixels that were modified belonged on the lines which their contri­
but ion to the non-outpu t port was maximum . Even though the non-output
port was placed on top of a secondary order, the cross talk was redu ced
from an initial value of -26 dB down to -60dB with only 0.1db decrease
on the output power.

Someti mes if is desirable to redu ce the noise from a certain area instead
from par ticular point especially if fibres with large diameter are used . This
is achieved by forming an array of dark points . The quantis ed four-phase
hologram was modified using simulated annealing to form the hologram
shown in Figur e 12 where a square of low noise on the replay field was
formed . The noise within this area was reduced by 25 db even if the square
was placed on top of a secondary order.

FINE TUNING OF HOLOGRAMS

While holograms are spa tially quanti sed in terms of their pixels the replay
field is not. Instead, it is poss ible to route light to practically any point in
th e replay field with extreme accuracy by adjusting the pattern on the holo­
gram. This reduces th e need of high tolerances on the positioning of fibres
which is vital when single mode fibres are being used. Also, it can be used

- Odb

_ 5Odb

. -7Od b

- - 3Odb

· - BOdb

. - 4Odb

~ -1Odb

I
- - 2Odb

FIGURE 12 Four level blazed grating created by simulated annealing ancl its asso­
ciated rep lay field. The noise peaks has been actively supp ress ed in the algorithm.
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to compensate for mechanical vibrat ions and positional errors in the manu­
facturing, thus reducing the production costs.

In a practical demonstration of this the deflection angle was varied by
changing the pattern on a 540 x 1 FLC hologram while keeping the position
of the fibre fixed [121 . It was possible to fine-tune the hologram with accu­
racy of a fraction of a 11m and thus achieving maximum coupling into the
fibre. The spot on the replay field had a Gaussian profile (due to the
Gaussian illumination profile on the hologram) and by scanning it across
the fibre the coupling power was also varied. By knowing the theoret ical
position of the spot and the numerical apert ure of the fibre it is possible
to predict the in-coup led power. Doing so it was found that the experiment
followed with great accuracy the expec ted in-coupled power demonstrating
sub-micron accuracy movement on the spot (Fig. 13) .

The parameters of the above design , like focal distance of the lens and
wavelength , were known so it was possible to define positions on the replay
field in 11m. When these parameters are unknown is essential to use a
normalised length unit that is affected only by the hologram pattern . In
general, the maximum achievable deflect ion from a pixelated hologram
occurs when its pixels form a chequerboard pattern . This is the highest
spatial frequency which can be achieved for any hologram. Consequently,
we define the useful replay field (URF) length as the side of the square
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FIGURE 13 Measurement of the in-coupled power into the fibre when the spot was
scanne d across the waveguide.
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formed by a first order spot of the chequerboard hologram and the zero or­
der (see Fig. 14) .

A test to determine the accuracy in which a hologram can position a spot
in the replay field was run. A hologram was designed by attempting to
achieve maximum intensity at a parti cular point in the replay field. Then
a search algorithm was used to det ermine the actual spot position. Compar­
ing the actual and the desired position of the spot the positioning error (in
URF unit s) was calculate d.

It is expec te d that the error in position is dependent on where the spot
is on the replay field. This dependence is encouraged by the pixelat ed nat­
ure of the hologram, which favours spatial periods of integer numb er of pix­
els. This was proved by scanning the position of the routing beam in a linear
fashion from (0.0, 0.2) to (0.25, 0.2) in 500 steps . For each step a hologram
was designed and the positioning error was evaluated. The hologram had
intentionally only 64 x 64 pixels in order to increase accuracy errors and
reduce running times. The scanning was repeat ed multiple times and pro­
duced similar plots . One of these plots is shown in Figure 15 where the
error is plot as a function of the spatial co-ordinate u of the replay field.

It was obse rved that the error on average was very small (4 x 10- 6 URF
units) but had peaks of large error which followed a regular pattern. Errors
smaller than five times the average error were less repeatable showing tha t
they were due to statist ical aberra tions of the simulated annealing. On the
other hand, larger errors were repeatable demonstrating an incapability of
the hologram to route light effectively to these positions. Also, for small
deflections of the beam « 0.02 URF units) the error on the position was
considerably larger. Large errors occur at regular intervals because on

• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •• • • • • •

Hologra m

FT

.. .
.----.,

+

Replay Field

FIGURE 14 The unit URF is defined as the maximum horizontal or vertical dis­
tance of a first order from the zero order. The shaded area of the replay field shows
the positions where fibres can be placed .
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FIGURE 15 A plot showing the error in positioning spots in the URF.

these positions the period size is an unfavourable non-integer number of
pixels. Also, near th e zero order position , erro rs are larger because the
hologram is small relative to the spat ial period required. This makes it un­
attractive to use the area near the zero order because it will not enable
adaptive fme tuning.

We have argued that the optical functions that can be carried out by
liquid crys tal devices are remarkably well matched to many of the chal­
lenges facing telecoms and datacoms networks e.g, phase cont rol is a major
issue and no other materials match liquid crystals for the magnitude of
their electro-optic response or th eir tr ansparency. The same basic flexi­
bility in the mat erials may extend to their prop erties that are related to
wavelength dispersion and optical non-linearity.

Arrays of phase modulators, integrated with silicon VLSI using Le OS
technology app ear to allow further levels of flexibility in that beam
steering, wavefront correction, control of crosstalk and phase, and channe l
equalisation etc . appear possible in integrated device structures .

Adapting liquid crystal materials and their elect ro-optic st ructures to
these challenges has just commenced. This will hopefully go on alongside
the exploration of new device st ructure s and the considerat ion of the many
packaging and reliability issues that need to be addressed.
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