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(57) Abrege(suite)/Abstract(continued):
prescribed range of levels, and an optical output port for collecting a predetermined fraction of said optical signal recelved from said

optical phased matrix array; a method of compensating for phase distortions Including the steps of. (a) determining a plurality of
transfer functions relating said level of each said pixel to the phase variation each said pixel introduces to light from said input
optical signal which Is incident thereon; and (b) controling the level of selected ones of said pixels in accordance with a
corresponding transfer function such that said fractional signal recelved at said output port is modified In phase to substantially

compensate for optical phase distortions arising from said optical phased matrix array.
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(57) Abstract: In an optical system including an optical input
port for projecting an input optical signal onto an optical phased
matrix array, an optical phased matrix array including a plurality
of individually addressable pixels thereon, each said pixel being
drivable within a prescribed range of levels, and an optical output
port for collecting a predetermined fraction of said optical signal
received from said optical phased matrix array; a method of com-
pensating for phase distortions including the steps of: (a) deter-
mining a plurality of transfer functions relating said level of each
said pixel to the phase variation each said pixel introduces to light
from said input optical signal which is incident thereon; and (b)
controlling the level of selected ones of said pixels in accordance
with a corresponding transfer function such that said fractional
signal received at said output port is modified in phase to sub-
stantially compensate for optical phase distortions arising from
said optical phased matrix array.
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OPTICAL CALIBRATION SYSTEM AND METHOD

FIELD OF THE INVENTION

[ 0001 ] The current invention relates to calibration methods for optical devices, and 1n
particular to calibration methods for reconfigurable optical wavelength processing devices for

use in telecommunications applications which incorporate a liquid crystal spatial light modulator

(SLM).
10002]
BACKGROUND OF THE INVENTION

[ 0003 ] The recent growth in the demand for broadband services has resulted in a pressing
need for increased capacity on existing communication channels. The increased bandwidth ot
fiber optic communication networks is still often insufficient to cope with this demand without
utilizing the ability of these fibers to carry large numbers of individual communication channels,
each identified by a discrete wavelength and each channel with a known bandwidth and
separation from its adjacent channels. This technique is known as dense wavelength division
multiplexing (DWDM) and standard channel designations for public networks are set by the

International Telecommunications Union for channel spacings ranging between 200 GHz and

12.5 GHz.

[ 0004 ] The disadvantage associated with DWDM networks is that the increasing density ot

wavelength channels places increasing demand on network functionality for connecting the
individual channels to individual destination points on a dynamic basis, and for the ability to add
or drop an individual wavelength channel into or out of the optical signal. Currently these
functions are primarily performed by electronic techniques but the demand for increased network
speed and bandwidth calls for the development of techniques to perform these functions in the

optical domain.

[0005] Two main techniques that have been developed to address this need are optical beam
deflectors such as micro electromechanical (MEMS) mirror arrays or liquid crystal spatial light
modulators (SLMs). Optical fibers deliver an input DWDM signal to a device, where the

wavelength channels are demultiplexed with appropriate optics and directed to the beam
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detlector. The deflector routes the individual channels to a desired one many output ports. Since
this routing 1s performed in free space it allows multiple signal beams to be simultaneously

interconnected with minimal cross-talk between data channels.

| 0006 | As the demand for communications bandwidth increases, it will be required that more
optical data channels are included on each optical fiber. This is likely to occur in stages and it
will be common to see optical fibers carrying 32 individual wavelength channels in the same
network as fibers carrying up to 128 wavelength channels or more. Standard liquid crystal
devices are limited in the pixel density and fill factors that can be efficiently manufactured, thus
severely limiting their functionality in DWDM applications. MEMS devices on the other hand

can be manutactured with higher pixel densities. However, these devices are then limited to use

1n
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switching signals containing a predetermined number of channels i.e. a MEMS device that has been constructed
for use in a system containing 64 individual wavelength channels cannot then be readily used where the signal

contains 128 wavelength channels.

[ 0007 ] A relatively recent advancement in liquid crystal devices 1s the Liquid Crystal on Silicon (LCoS) SLM.
The LCoS device is a reflective device where a liquid crystal is sandwiched between a transparent glass layer with

a transparent electrode and a silicon substrate divided into a 2-dimensional array of individually addressed pixels.

L.CoS technology enables very high resolution devices with pixel pitch on the order of 10 - 20 um and optical fill
factors greater than 90%. Because of the high pixel densities possible with LCoS devices they have traditionally
found application in high-definition display systems such as data and video projectors. The high pixel resolution
and fill factors possible however, makes them uniquely suited to a channel by channel switching device which can
be dynamically reconfigured to accommodate higher density DWDM applications.

[ 0008 ] A difficulty in transplanting this technology arises when the operating environments of LCoS devices in
display applications is compared with that of telecommunications applications. In display applications, the LCoS
is exposed to high intensities of light, including significant quantities of ultraviolet (UV ) light. Thus, the typical
lifetime of a display device only ranges between 5 to 10 years. Telecommunications components for deployment
in a public communications network typically are rated for a useable lifetime of around 20 to 25 years. Also, they
are generally only exposed to low intensities of light in the near infrared region. Thus, there are different failure
mechanisms for the liquid crystal components between the technologies that must be accounted for and
understood before deployment.

[ 00091 In display applications, such as high definition data and video projectors and televisions, calibration
schemes for liquid crystal SLM components are focused on the brightness and contrast response of the SLM, and
to check for pixel failure. They specifically concentrate on the phase response of the individual liquid crystal
pixels to give a desired attenuation of incident light in order to display an image. The calibration is not typically
concerned with corrective capabilities for the whole optical system in the device, nor is it usual to provide factors
in the calibration for the long-term stability of the liquid crystal component to ensure that it remains relatively
insensitive to phase variations or degradation over time.

[0010] The use of liquid crystal devices in telecommunications applications still requires a calibration of the
phase response. This calibration, however, needs to be much more rigorous in order to accurately apply complex
wavefront modification functions to the device. The functions may perform the multiple-port routing of
wavelength channels, along with aberration correction functionality for the supporting optical system. Problems
that can occur in the application of liquid crystal devices to DWDM switching applications can be attributed not
only to irregularities in the liquid crystal device itself such as irregular phase response between pixels, but rather
to aberrations from the surrounding optical elements as well. For example, surface irregularities of the optical
elements or slight misalignments of the optical system are common causes of wavefront aberration. Since the
system generally requires large beam sizes (>5 mm) to provide the required spectral resolution for a 50-GHz
channel spacing, it displays significant sensitivity to these effects. Edge effects in the SLM pixels can also
adversely affect the device performance. Consequently, it 1s necessary to have accurate knowledge of the

individual pixel response across the whole face of the SLM.
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[0011] Another of the challenges that needs to be overcome with liquid crystal technology 1s
the temperature stability over a broad range of operating conditions. The phase response of the
liquid crystal can vary significantly over typical operating temperatures for telecommunications

devices which need to be accounted for and corrected.

SUMMARY OF THE INVENTION

[0012] It 1s an objective of the present invention to provide a method of calibrating an optical

device including a liquid crystal element for use in optical telecommunications networks.

[0013] In accordance with a first aspect of the present invention, there is provided an optical
system including: an optical input port for projecting an input optical signal onto an optical
phased matrix array, the optical phased matrix array including a plurality of individually
addressable pixels thereon, each pixel being drivable within a prescribed range of levels, an
optical output port for collecting a predetermined fraction of the optical signal received from the
optical phased matrix array; there is provided a method of compensating for phase distortions in
the optical system including the steps of:

(a) determining a plurality of transfer functions relating the level of each pixel to the
phase variation each pixel introduces to light from the input optical signal which
1S incident thereon; and

(b) controlling the level of selected ones of the pixels in accordance with a
corresponding transfer function such that the fractional signal received at the

output port is modified in phase to substantially compensate for optical phase

distortions arising from the optical phased matrix array.

[0014] Preferably, the transfer functions are implemented in the form of a series of lookup

tables relating the level of each the pixel to the phase variation each the pixel introduces to light

from the optical signal which is incident thereon.

(0015] Preferably, the transfer functions further include substantial compensation for the

optical phase distortion arising from the overall optical system.

10016] Preferably, the optical system further includes an optical dispersion element for

spatially separating wavelength signals from the optical signal.
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|0017] Preferably, the method further includes the steps of:
(c) determining a further transfer function relating the wavelength signals to the
pixels they are incident thereon; and
(d) associating selected ones of the pixels in accordance with the transfer function to
5 the wavelength signals such that the phase of selected wavelength signals can be

independently modified in accordance with requirements.

10018] Preferably, the optical system includes a plurality of output ports and the method
further includes the steps of: '
(e) determining a plurality of routing transfer functions relating the coupling between
10 the input port and the output ports; and
(f) controlling the level of selected ones of the pixels in accordance with the routing

transfer tunctions

such that at least a fraction of selected ones of the wavelength signals 1s directed

to at least one of the output ports.

15  [0019] Preferably, the method further includes the steps of:

(g) determining a further transfer function relating the optical power of the
wavelength signals that 1s coupled to optical output ports adjacent the desired
output port to the amplitude and phase imparted to the wavelength signals due to
multiple reflections in the optical system; and

20 (h) modifying the routing transfer functions to substantially cancel the optical power

on the adjacent output ports.
[0020] Preferably, the optical system further includes a plurality of input ports.

[021] Preferably, the method 1s utilized in a testing phase by testing selected regions of the

optical phased matrix array.

25  [0022] Preferably, the optical phased matrix array is a liquid crystal spatial light modulator.

[0023] Preferably, the optical phased matrix array 1s a liquid crystal on silicon spatial light

modulator.
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10024 ] In accordance with a second aspect of the present invention, there 1s provided an
optical system including: an optical input port for projecting an input optical signal onto an
optical phased matrix array, the optical phased matrix array including a plurality of individually
addressable pixels thereon, each pixel being drivable within a prescribed range of levels, an

optical dispersion element for spatially separating wavelength signals from the optical signal, an

optical output port for collecting a predetermined fraction of the optical signal received from the

optical phased matrix array; there is provided a method of selecting a desired one of the

wavelength signals including the steps of:

(a) determining a transfer function relating the wavelength signals to the pixels they

are incident thereon: and

(b) associating selected ones of the pixels in accordance with the transfer function to
the wavelength signals such that the phase of the selected wavelength signals can

be independently modified in accordance with requirements.

[0025] Preferably, the wavelength signals are standardized wavelength bands designated for

telecommunications networks.

10026] Preferably, the wavelength signals are designated by spacings of one of 200 GHz, 100
GHz, 50 GHz, 25 GHz, or 12.5 GHz.

100271 Preferably, the pixel associations are reconfigurable according to requirements.

[0028] Preferably, the pixels in a selected region of the optical phased matrix array are

associated with wavelength signals separated by a particular spacing and other pixels in other

selected regions of the optical phased matrix array are associated with wavelength signals
separated by different spacings according to requirements. Preferably, the particular spacing and

the different spacings are each selected from the group of 200 GHz, 100 GHz, 50 GHz, 25 GHz,
or 12.5 GHz.

[0029] Preferably, the transfer function 1s implemented in the form of a lookup table relating

wavelength signal to the pixel each wavelength signal 1s incident thereon.

[0030] In accordance with a third aspect of the invention, there is provided an optical system

including: an optical input port for projecting an input optical signal onto an optical phased
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matrix array, the optical phased matrix array including a plurality of individually addressable
pixels thereon, each pixel being drivable within a prescribed range of levels, and a plurality of
optical output ports, each for collecting a predetermined fraction of the optical signal received
from the optical phased matrix array; there is provided a method of minimizing variations in the
fractional signal collected by the output ports including the steps of:

(a) determining a plurality of pixel transfer functions relating the level of each pixel
to the phase variation each pixel introduces to light from the input optical signal
which 1s incident thereon;

(b) determining a plurality of routing transfer functions relating the coupling between
the 1input port and the output ports;

(¢) determining minimum and maximum levels of the phase variation; and

(d) controlling the level of selected ones of the pixels in accordance with a
corresponding routing transfer function where the routing transfer function is
constrained between the minimum and maximum levels such that at least a
fraction of the optical signal is directed to at least one of the output ports and

variations in the fraction of light collected by the output port is minimized.

[0031] Preterably, the routing transfer functions are substantially insensitive to variations in
the pixel transfer functions. More preferably, the minimum and maximum levels are

reconfigurable to adjust for variations in the pixel transfer functions.

(0032] In accordance with a third aspect of the invention, there is provided an optical system
including: an optical input port for projecting an input optical signal onto an optical phased
matrix array, the optical phased matrix array including a plurality of individually addressable
pixels thereon, each pixel being drivable within a prescribed range of levels, an optical output
port for collecting a predetermined fraction of the optical signal received from the optical phased
matrix array, a plurality of pixel transfer functions relating the level of each pixel to the phase
variation each pixel introduces to light from the input optical signal which is incident thereon,
and at least one routing transfer function describing the phase variation to be imparted by
selected ones ot the pixels to thereby couple the fraction of the optical signal between the input

port and the output port, where the routing transfer function is constrained between selected
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minimum and maximum levels; there is provided a method of minimizing time-varying

variations including the steps of:
(a) providing a detection element at the output port, with the detection element being
responsive to time-varying variations in the fraction of the optical signal collected
S by the output port; and
(b) modifying the maximum and minimum levels to substantially minimize the time-

varying variations.

[0033] Preferably, the optical system further includes a plurality of optical output ports, each
output port including a corresponding detection element, and a plurality of routing transter
10 functions to couple selected fractions of the optical signal between the input port and at least one

selected output ports in accordance with requirements.

[0034] In accordance with a fourth aspect of the invention, there 1s provided an optical
system including: an optical input port for projecting an input optical signal onto an optical
phased matrix array, the optical phased matrix array including a plurality of individually

15  addressable pixels thereon, each pixel being drivable within a prescribed range of levels, an

optical output port for collecting a predetermined fraction of the optical signal
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received from the optical phased matrix array, a plurality of pixel transfer functions relating the level of each pixel
to the phase variation each pixel introduces to light from the mput optical signal which is incident thereon, an
optical dispersion element for spatially separating wavelength sl gnals from the optical signal, a wavelength
transfer function relating the wavelength signals to the pixels they are incident thereon to defined regions of pixels
for independent modification of the wavelength signals, and at least one routing transfer function describing the
phase variation to be imparted by selected the regions to thereby couple a fraction of the wavelength signal
between the input port and the output port; there is provided a method of attenuating a selected fractional

wavelength signal including the steps of:

(a) determining a plurality of equalization transfer functions relating the phase variation of selected pixels
in the selected region to the amount of attenuation achieved on a selected wavelength signal;
(b) selecting a suitable equalization transfer function to give the required attenuation on a selected

fractional wavelength signal; and

(c) applying the selected equalization transfer function in conjunction with the routing transfer function to
attenuate the fractional wavelength signal in accordance with requirements.
[0035] Preferably, the selected equalization transfer function causes the fractional wavelength signal to be
directed away from the output port by a known distance thereby attenuating the light collected by the output port

in accordance with requirements. More preferably, the selected equalization transfer function causes a selected
portion of the fractional wavelength signal to be directed away from the output port thereby attenuating the light
collected by the output port in accordance with requirements. Even more preferably, the selected equalization
transfer function modifies the phase of selected portions of the wavelength signal such that the modified portions
destructively interfere with other portions of the wavelength signal by a known amount thereby attenuating the

amount of light collected by the output port in accordance with requirements.
[0036] Preferably, the optical system includes a plurality of output ports and step (b) further includes selection

of an equalization transfer function for attenuation of a selected wavelength signal that does not cause a significant

fraction of the optical signal to be collected by another of the optical output ports.

[0037] In accordance with a fifth aspect of the invention, there is provided an optical system including: at least
one optical input port and at least one optical output port; a liquid crystal spatial light modulator including a
plurality of individually addressable pixels thereon; wherein the input port delivers an optical input signal
comprising of a plurality of wavelength signals to the liquid crystal spatial light modulator and wherein the
modulator couples the optical signal to the output port; there is provided a method of calibrating the optical system

including the steps of:
(a) performing a background calibration of the spatial light modulator and the optical system; and

(b) performing an efficiency calibration to optimize the coupling of a selected portion of the optical input
signal between the input port and the output port as a function of wavelength; such that the pixels of
the spatial light modulator can be operated as a dynamically reconfigurable grid.

[ 0038 ] Preferably, the background calibration of step (a) includes analysis of wavefront distortions and optical
aberrations of at least the spatial light modulator. More preferably, the background calibration further includes the
correction of wavefront distortions and aberrations by appropriate modification on a pixel-by-pixel basis of the

wavefront of light that impinges on the spatial light modulator.
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10039 ] Preferably, the method results in a plurality of tabulated coefficients describing at least one of:
(i) the optical phase response of the individual pixels of the spatial light modulator;
(ii) a plurality of holographic phase modulation functions, which when applied to the pixels of the spatial
light modulator, provides directional control of light which is incident on the pixels to couple the
light between an input port and an output port of the optical system; and

(iii) a plurality of phase variation functions for control over the coupling efficiency of the light between

the input port and the output port.

Preferably, the method further includes a plurality of transfer functions to reconstruct the phase variation

functions from the tabulated coefficients in accordance with requirements.

[ 0040 ] Preferably, the tabulated coefficients describing the optical phase response includes temperature specific

information.
[ 0041 ] Preferably, the calibration method is a self-calibration method.
[ 0042 ] Preferably, the phase variation functions are formed from a holographic phase function.
[ 0043 ] Preferably, step (b) of the method includes the steps of:
(b1) performing a calibration of the phase retardance response to an optical signal of the spatial light

modulator on a pixel-by-pixel basis; and

(b2) performing a calibration of the dispersion characteristics of the optical signal with respect to one axis

of the spatial light modulator.
[ 00441 More preferably, the data obtained from step (b1) is retained and reprocessed using the results of step

(b2).
[ 0045] Preferably, the optical system includes a plurality of optical output ports and step (c) of the method

includes the steps of:

(c1) determining a further plurality of tabulated coefficients and transfer functions to couple a required

fraction of the optical signal to each of the output ports;
(c2) determining a plurality of first modification functions to modify the transfer functions of step (cl) to

substantially account for non-uniformity across the surface of the spatial light modulator for each the
output port; and
(¢3) determining a second modification function to modify the transfer functions of step (cl) to

substantially minimize the effect of cross-talk on adjacent ones of the output ports.

[ 0046 ] Preferably, the spatial light modulator is a liquid crystal spatial light modulator. More preferably, the

spatial light modulator is a liquid crystal on silicon spatial light modulator.

[ 0047 ] Preferably, the plurality of phase holograms and the plurality of phase variation function are

substantially insensitive to variations in the response of the spatial light modulator.

[ 0048 ] Preferably, the optical system includes a detection element at the output port to monitor variations in the

response of the spatial light modulator.
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BRIEF DESCRIPTION OF THE FIGURES
[ 0049 ] Further features and advantages of the present invention will become apparent from the following
detailed description of preferred embodiments of the invention, taken in combination with the appended drawings
in which:
[0050] Fig. 1 is a method for calibrating an optical device including a liquid crystal SLM for use in optical
telecommunications and networking applications;
[0051] Fig. 2 is a graph showing a typical output power response curve with respect to phase change imparted
on the light in the optical device by the liquid crystal SLM for switching and dynamic channel equalization
operations.
0052 ] Fig. 3 is a typical phase hologram used for switching I ght between optical ports of the optical device.
[0053] Fig. 4 shows a plurality of calibration tables each describing a region of a liquid crystal spatial light
modulator;
[0054] Fig. 5 shows a perspective view of an optical layout for calibration regions of a spatial light modulator;
00551 Fig. 6 is a method for calibrating the phase retardance characteristics of a liquid crystal SLM using the
optical layout of Fig. 3.
[0056] Fig. 8 shows a typical graph of optical loss at a known wavelength as a function of pixel level on a

liquid crystal SLM obtained from the phase retardance calibration.

10057] Fig. 9 shows a typical graph of relative phase response of a liquid crystal SLM derived from the graph
of Fig. 7.

00587 Fig. 9 shows a typical graph of absolute phase response derived from the graph of Fig. § and the choice
of the maximum and minimum phase levels for a particular wavelength.

[0059] Fig. 10 shows a typical graph of the maximum and minimum phase levels obtained for all wavelengths
of interest.

[ 0060] Fig. 11 shows a typical graph of the available liquid crystal SLM phase response for all wavelengths
derived from the graph of Fig. 10.

[0061] Fig. 12 shows a typical calibration curve for a particular wavelength obtained from the phase retardance
calibration.

[0062] Fig. 13 shows a typical graph of optical loss as a function of wavelength for a comb signal used in the
dispersion calibration.

[ 0063 ] Fig. 14 shows an enlarged view of a particular wavelength channel from the graph of Fig. 13.

[ 0064 Fig. 15 shows a calibration function describing the wavelength and the pixel of incidence along the
dispersion axis of the SLM.

0065] Fig. 16 is a method for determining the optimum switching functions of the optical device.

[0066] Fig. 17 shows a typical range of linear and quadratic switching functions used in the loss optimization
calibration method of Fig. 16.

[0067] Fig. 18 is a method for processing the data obtained from the method of Fig. 16 to obtain the optimum
parameters for the switching functions.

[ 0068 ] Fig. 19 shows a graph used to find the optimum linear phase coefficient in the method of Fig. 18.
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[ 0069 ] Fig. 20 shows a calibration function describing the optimum linear phase coefficient as a function of
wavelength.
[ 00701 Fig. 21 shows a graph used to find the optimum quadratic phase coefficient in the method of Fig. 18.
[0071] Fig. 22 shows a calibration function describing the optimum quadratic phase coefficient as a function of
wavelength.
[0072] Fig. 23 shows a graphical representation of the calibration tables derived from the loss optimization
calibration.
[0073] Fig. 24 shows the typical optical power distribution on the SLM of a particular wavelength channel in
the switching axis.
[ 00741 Figs 25— 27 show examples of dynamic channel equalization functions for controlled attenuation of the
optical power coupled to a particular output port of the optical device
[0075] Fig. 28 shows the typical optical power distribution on the SLM of a particular wavelength channel in
the dispersion axis.
100761 Fig. 29 shows an expanded view of a few wavelength channels and the SLM pixel levels for directional
control of particular channels in the dispersion axis.

[0077] Figs 31— 33 show further examples of dynamic channel equalization functions.

DESCRIPTION OF PREFERRED AND OTHER EMBODIMENTS

10078 ] The preferred embodiment of the current device is a reconfigurable optical wavelength processor for use
in telecommunications network applications. The optical processor uses a liquid crystal SLM (preferably a LCoS
SLM) as an optical phased-matrix coupling device to couple selected wavelength channels contained in at least
one optical input signal to at least one output port. The input and output ports, and the particular wavelength
channels coupled between them, are chosen as required for the routing of signals in the telecommunications
network. To ensure that the device is adaptable over a range of possible network configurations, the SLM 1s
implemented as a dynamically reconfigurable grid. The individual pixels in the grid each modify the phase (or
wavefront) of an incoming input beam in such a way that the beam is directed efficiently to a desired output port.
[0079] A self-calibration technique is described where the calibration of the optical processor is performed
after the device has been constructed. This enables the calibration to provide corrective capabilities for
irregularities and aberrations arising from both the active SLM and the supporting optical system of lenses,
mirrors, diffraction gratings etc. The wavefront distortions caused by these aberrations can be corrected by
appropriate tailoring of the wavefront phase by the liquid crystal SLM.

10080 ] The full calibration of the device involves a number of separate procedures as shown in Fig. 1, with

each step including a number of calibrations:

° a calibration of the background characteristics 10 of the SLM and the optical system;
. a calibration 20 to optimize the switching functions of the optical processor; and
. calibration of appropriate dynamic channel equalization (DCE) functions 30 that can

efficiently be applied for attenuation of a particular wavelength channel as required.

[0081 ] The first step in the background calibration 10 1s a calibration of the phase retardance characteristics of
he SLM 11. The aim of this calibration is to determine the response of a liquid crystal SLM to a voltage level
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across its individual pixels and the phase change imparted on to an incident beam of light of a given wavelength.
This is necessary as the SLM invariably will have imperfections such as non-flat surfaces or non-uniform liquid
crystal thickness across its face. The phase retardance calibration when complete will allow the SLM to be set
such that the same phase change is applied to light striking any part of the SLM. The phase image provides a
uniform background onto which subsequent phase functions can be added to perform the required switching
operations. The phase retardance calibration is important to account for inhomogeneities in the SLM and present a
situation where light impinging anywhere across the surface will undergo the same phase change.
[ 00821 The next step is a calibration of the dispersive characteristics 12 of the optical system in relation to the
SLM. The optical system, in directing the light to the SLM, uses dispersion elements to separate out the
wavelengths in the input signal and image them along one axis (subsequently referred to as the dispersion or
x-axis) of the SLM. The dispersion calibration thus provides the necessary data to be able to select a particular
wavelength (or group of wavelengths) and know which part of the SLM to modify in order to affect that
wavelength. This can be used to identify and lock the pixels of the SLM to the ITU standardized wavelength
channel designations for any choice of channel spacing. It is even possible to have multiple standardized grids
incorporated in the same device, for example, part of the SLM can be configured to receive 100 GHz channels
whilst different parts of the SLM can be configured to receive 50 GHz wavelength channels. The particular
channels can easily be reconfigured to the different standards dynamically as the network requirements evolve.
[0083] The relationship between the wavelength of light and the SLM pixel that the wavelength is incident on
is, to a first approximation, a simple linear function ranging between the initial and final wavelengths of the design
region (in this case the telecommunications bands) mapped to the SLM pixels in the dispersion axis. However,
this ideal case does not usually occur in practice, since the dispersion of the optical system is typically not
uniform. Therefore, since the phase retardance calibration 11 relies on wavelength information, the results of the
dispersion calibration are used to reprocess the data (13) and provide an accurate background image on the SLLM.
[ 0084] The phase retardance and dispersion calibrations 11 and 12 are necessary to generate a starting position
from which to add functionality to the device. To perform the required functions, ie the switching of particular
wavelength channels from at least one input port to one of a number of output ports, a number of further
calibrations are advantageous. These calibrations would primarily be directed to ensuring optimization of the
switching functions with regard to parameters such as total light throughput on a target output port, cross-talk
between output ports, and the extinction ratio between adjacent wavelength channels or the noise floor.

[ 0085] The main switch optimization (20) calibration functions are:
e aloss optimization calibration 21; and
e areflection calibration 22,
[0086] Starting from the uniform background phase profile from the phase retardance and dispersion

calibrations, the phase function for each switching operation is of the form

0(x, 3, 2) = 0 (5 7, 2) + 0 0aa (5, 7 2) + €, (3, 9)

where x and y are positional indicators for each pixel on the SLM, p 1s a parameter used to indicate the desired
output port, oy, (x,y,p) and ¢gu.a(x.y,p) are linear and quadratic phase functions (derived from linear and quadratic
coefficients m(x,p) and k(x,p) respectively from the loss optimization calibration procedure) of the phase ramp,

and §,.n(x,y) is a reflection phase function which is a sinusoidal modulation derived from the reflection calibration.
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The pixel index x corresponds to pixels along the x-axis or dispersion axis described above and the pixel index y
corresponding to pixels along the orthogonal y-axis. The y-axis 1s referred to as the switching plane as it is along
this axis that a particular phase ramp is applied to the SLM in order to switch light of a particular wavelength A,
and direct it to the desired output port, p.
[0087] The next aspect of the calibration process that may be considered is concerned with dynamic channel
equalization (DCE) of the wavelength channels. While state-of-the-art optical communications technology
provides optical amplification with extremely uniform gain across the DWDM channels, very small insertion loss
variations within any component can result in much larger power variations between channels in a long fiber-optic
link. Also, polarization-dependent gain and loss effects can cause time-dependent power variations between
channels. Therefore, it is necessary to be able to dynamically adjust the attenuation characteristics of the
wavelength channels in response to these power variations. In order to maintain uniform transmission quality
across all DWDM channels in optical telecommunications systems, DCE is used to equalize these sources of time,
temperature and channel-count dependent insertion loss variations. DCE functions can also be used to selectively
control output power for any pass-through channel, or to attenuate or block a channel completely on any or all of
the output ports.
[ 0088 ] DCE calibration is required since there are a vast number of possible DCE functions available, some of
which may be suitable for a small subset of wavelength channels and output ports but not for some other subset, or
may only be suitable for a particular range of attenuation. Thus, a library of DCE functions is usually required,
along with a calibration table to indicate which DCE function 1s suitable for a particular wavelength channel being
output to a particular port with a certain amount of attenuation.
[ 0089 ] The phase functions that are used to define the switching functions of the optical processor are primarily
a holographic phase ramp function for directional control of the individual wavelength channels. Added to this
directional phase function is a number of phase variation functions (not necessarily including the DCE functions)
designed primarily to reduce the optical power coupled to particular output ports. The phase variation functions
can be optimized for the target port and provide attenuation of the optical power in a particular wavelength
channel, or reduction of cross-talk on any of the other output ports. The variation functions can be designed such
they are:

e continuous along the full length of the ramp in the switching axis; or

e repetitive or constrained within a known period eg between the resets of a modulus function.
0090 ] Since each of the wavelength channels typically is incident on between 3-6 pixels of the SLM along the
dispersion axis, the variation functions can also be designed to operate along that axis for a particular channel

(refer to Figs 28 and 29 and later discussion thereof).
[ 0091 ] The calibration methods described also provide long-term operational stability of the optical processor.

To achieve this, the phase functions for the switching operations are designed such that small variations in the
phase response of the liquid crystal SLM have little or no effect on the phase imparted to the incident light. The
phase image functions are designed to minimize the sensitivity to absolute phase. Fig. 2 shows a graphical
representation of this. The optical power coupled between an input and an output port is dependent on the phase

shift imparted by the pixels of the liquid crystal SLM (line 40). The calibration process aims to find these phase

functions where, when confined between minimum and maximum phase levels Omin and duax, the sensitivity of the
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coupled optical power to the phase is minimal. @, and dmax define a phase value Qopt (41) (= Gmax = Pmin) which is

usually chosen to be about 2 radians, however, benefits of choosing a smaller operating range can be identified,

for example, faster switching times. Next, the calibration process determines the optimum form of the

holographic phase functions that, when constrained between the limits of Qmin and Gpax, facilitates the switching
operations of the optical device without affecting the coupling efficiency. The addition of DCE functionality to
the phase holograms attenuates the optical power and thus alters the phase response as seen by curve 42. The
DCE functions however may advantageously be chosen such that they retain the relative insensitivity to absolute

phase response.

[0092] Fig. 3 shows an example phase hologram switching pattern 50 for a simple switch operation. The

hologram is constrained between ¢, (43) and Qmax (44) to give a modulus function. In the unlikely event that the

phase response of the liquid crystal SLM changes over time (dopt changes) it is possible that the change will be
nonlinear with respect to the applied voltage. This could result in a phase hologram similar to 51 as opposed to
the ideal hologram 50. If this occurs, the device may exhibit a time-varying modulation of the op"tical output
coupled into the output ports, at the frequency of the alternating drive voltage applied to the pixels. This effect1s

commonly referred to as flicker and is due to increased sensitivity of the liquid crystal to absolute phase. To
correct for this, Gmin and dmex can be automatically adj usted relative to the change in ¢, such that the device
retains its overall insensitivity to absolute phase and therefore extending its useable lifespan.

[0093] The long-term stability can be improved further by including other techniques such as closed loop
monitoring of the phase response. This monitoring can be done whilst driving the pixel voltage at a particular
frequency, and then modifying the phase functions to minimize the flicker at that frequency, thus locking the
calibration to the optimum phase insensitive function.

[0094] A further modification in the phase retardance and dispersion calibrations can be added by considering
the response of the optical device as a function of temperature. The optical device in use will typically be required

to function efficiently within a range of predetermined operating temperatures. These temperatures are dictated by

relevant Standards documentation and typically lie within a range of about 0°C to about 70°C however these limits

can be more extreme depending on the particular application.

[0095] Within this range of operating temperatures, the phase response of the liquid crystal SLM can vary
significantly. Also, other effects such as thermal expansion of optical elements within the device can also affect
the optical alignment or introduce wavefront distortions as the light passes through the optical elements of the
device.

[0096] To counter for these effects, the device can be heated in a controlled manner and the calibration

procedures described above can be repeated, thus generating a number of calibration functions for each

temperature, say in steps of 5°C or 10°C, which can be called on as necessary. In this case the optical processor
includes a temperature sensor in order to determine the calibration data required.

[ 0097 ] It can readily be appreciated that, in order to accurately charactenize the liquid crystal SLM for all
situations, there is a requirement to store a very large amount of data. This data 1s intrinsic to each individual
SLM and the particular optical irregularities and peculiarities of each individual optical device. It 1s not practical
to store massive library files for every individual device. Due to the switching speeds required for a

reconfiguration of the network (typically <100 ms but possibly as quick as 10 ms), device specific calibration data
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is advantageously stored in the memory of the control circuitry for each individual device. The difficulty arises in
that this memory capacity is limited due to space and processing requirements. Thus, 1t is advantageous to have a
method of fully characterizing, with minimal data, an optical device including a SLM with a large number of
individually addressable pixels, and identifying an algorithm that uses this data to accurately reconstruct a phase
image on particular regions of the SLM device to perform the required operations of the optical processor.
[0098] Thus, to keep the amount of data characterizing the optical device to a minimum, in the preferred
embodiment, the calibration data is not stored on a pixel-by-pixel basis for every possible configuration. Instead,
the calibration process produces a series of tables containing calibration coefficients that define a series of image
functions. These functions describe the appropriate images to be applied to the SLM to achieve a particular
routing or switching operation. The calibration also contains suitable algorithms which take the information in the
tables and generates the phase image on the SLM as required.
Phase Retardance Calibration
101007 The purpose of this calibration is to determine, on a pixel-by-pixel basis, a range of grey levels that can
be used to impart a minimum phase change as required to light impinging on the SLM within a particular
operating wavelength range. Fig. 4 shows schematically a liquid crystal SLM 100 which has individually
addressable pixels e.g. 105 on its surface. The pixels each are driven to one of a number of grey levels to modify
the light incident on that pixel. The level is determined according to the voltage difference between a transparent
indium-tin-oxide (ITO) (or similar) layer on the top surface of the SLM and the voltage applied to each particular
pixel on the back surface. Using 8-bit coding and suitable voltages, it is assumed that each pixel can be driven to
one of 256 levels (designated as levels 0 — 255). The actual voltages corresponding to each level is determined by
the SLM control circuitry and is not dealt with directly in this calibration. Each of the 256 gray levels imparts a
phase change to light passing through the cell.
10099 ] The SLM is divided into a number of regions 110 in the switching axis. These regions are used in order
to characterize different parts of the SLM individually. In regions where most of the energy in the light strikes the
SLM, a number of closely spaced apertures for fine characterization are used. Towards the edges, where the
energy in the beam is less intense, the regions can be spaced further apart and interpolation routines used to
approximate for intermediate pixels.
0101 ] The optical system used to calibrate the SLM is shown in Fig. 5 and includes an input port 121 to
deliver 11 ght to the SLM, a dispersion element 122 to separate the incident light with respect to its wavelength, and
a series of lenses and mirrors 123 to direct the light to the SLM. The optical system also includes an output port
124 for collecting and monitoring the light after being processed by the SLM. The optical mput signal 125 used
for the calibration process is a broadband source containing wavelengths within the operating regime of the SLM
(for DWDM applications, this is typically between 1533 and 1565 nm). The configuration of the optical system
used causes the light to be dispersed in the x-axis (shown in Figs 4 and 5). This axis will be referred to as the
dispersion plane of the system.
[0102] Light from the broadband source is first delivered to the SLM where it is reflected to the output port 124
and the optical signal (specifically the loss in dB at the output port) is monitored on an optical spectrum analyzer
(OSA). The light source used is typically an amplified spontaneous emission (ASE) source giving light in the

region of interest. The output signal is referenced to the known characteristics of the ASE source to give a relative
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loss measurement. A tunable laser source and detection system can be used instead of the white light source and
OSA combination to illuminate the SLM and hence obtain more precise and accurate data.
[0103] The dispersion of the optical system 1s designed such that the beginning of the wavelength range of
‘nterest strikes the SLM near one edge 131 and the maximum wavelength sirikes near the other edge 132 along the
x-axis. In this manner it is possible to extract information about each of the individual pixels in the x-axis as a
function of wavelength. In the first instance, it is assumed that the wavelength is a linear function between one
edge of the SLM and the other edge. This ideal situation however does not occur in practice (this is addressed by
the dispersion calibration described below), therefore, it is advantageous that the data obtained from this phase
retardance calibration is processed at least twice; first with a linear function relating the pixels along the dispersion
axis to a wavelength, and secondly with a calibrated pixel to wavelength function.
[0104] The beam striking the SLM from each wavelength channel is an elongate Gaussian beam with its major
axis along the y-axis of the optical system. This axis will also be referred to as the switching axis.
[0105] To define the regions (110 of Fig. 4) during the calibration procedure, a slit 135, oriented along the x-
axis, is placed in front of the SLM to only allow the light to impinge onto, and be reflected from, a particular

region. The width of the slit is typically about 500 Jm; however, it can be larger or smaller depending on the

optical throughput and the signal to noise ratio at the output port. The slit is either manually or electronically
moved upwards in the y-direction across the face of the SLM and the calibration performed at each stop position
corresponding to a particular region 110. Since the beam intensity near the edges (in the y-axis) is low, the
apertures describing these regions can be constant functions. This has little effect on the efficiency of the
calibration and has the benefit of reducing the data storage requirements of the final calibration information. A
linear polarizer 136 aligned at 45° is also used in front of the slit 135 to analyze the polarization of the light
reflected from the SLM 100.

[0106] The steps in the method for recording the data for the phase retardance calibration is shown in Fig. 6.
The slit is placed in position for the first region (110 of Fig. 5) to be measured in step 151 and all the pixels on the
SLM are set at the minimum gray level in step 152. The optical loss as a function of wavelength is then recorded
(153) using an optical spectrum analyzer or similar element and the pixel level is incremented by one (1) at step
154. The loss is recorded for all pixel levels (steps 153 to 155) and repeated for each region.

[0107] The procedure of Fig. 6 results in a table of data (represented schematically as 140 in Fig. 4) which
records the optical loss for every wavelength as a function of the grey level applied to the pixels of the SLM. A
similar table is generated for every region used in the calibration. For each region, the loss as a function of pixel
level for each wavelength of interest (for example corresponding to the center wavelengths of optical channel

contained in a DWDM signal) is extracted from the corresponding table. This gives a series of data plots (a
typical plot 160 is shown in Fig. 7), with each corresponding to a particular wavelength channel A,.

[0108] The amount of loss recorded in the optical signal is proportional to the phase change imparted to the
light by the pixels of the SLM and this is depicted in the raw Phase-to-Pixel Level relationship 161 of Fig. 8.

There is again a plurality of data curves similar to 161 corresponding to the phase change imparted to each

wavelength channel A, by the SLM.
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101091 The raw phase change 161 can be “unwrapped” to obtain a smooth curve 162 of relative phase change
such as that shown in Fig. 9. This data curve 162 can now be used to generate a known phase change to a beam of

light (at that particular wavelength A,) by applying the corresponding gray level to the relevant pixels of the SLM.
[0110] The maximum phase threshold 164 for each wavelength, Ouresn(A), i determined by first finding the

maximum phase in the corresponding Phase vs. Pixel Level data plot (at point 165). Since the rate of change in
the phase (A with respect to pixel level L (ie A¢/AL) is quite small in the region near the maximum, ¢gyesr(A) 18
thus taken to be the phase at the maximum minus an arbitrary constant 166. This constant is typically on the order
of 0.2 radians.

[0111] The minimum phase threshold, ¢,,(A) 167, is found in a similar fashion where the arbitrary constant 1s
chosen sufficiently large to ensure that ¢,,;,(A) is above the noise floor that occurs at Jow levels (usually
corresponding to high pixel level drive voltages).

101127 Fig. 10 shows plots of typical values of Oupresn(A) (180) and ¢,,,;,(A) (181) plotted with respect to
wavelength. To minimize the number of discontinuous phase jumps between adjacent pixels in the image on the
SLM (which result in multiple unwanted diffraction orders in the reflected beams), the maximum threshold ¢,,,,(A)
is defined as straight line 182. This also permits the amount of data to be stored in the final calibration to be
significantly reduced. However, it may be advantageous to the operation of the SLM to be able to generate a

phase change of between zero and about 27 for every wavelength of interest 1e,

D resh (}“) -0 (7\-) > 2T,

[0113] Depending on the particular SLM being calibrated, a situation can occur where the maximum phase

Ouresu(M) does not give a large enough phase change over the entire wavelength range due to issues such as non-
flatness or thickness non-uniformities of layers of the SLM . An example of this occurring is seen in Fig. 10 at
183 (the length of arrows 184 corresponds to a phase change of 27). To correct for this, a function ¢,,,,{(A) (185) 1s

defined that gives a sufficient phase change over all wavelengths. This function 185 1s defined with a smooth

curvature to avoid large phase jumps between adjacent pixels which causes scattering of the reflected light. By
subtracting §,,,(A) 181 from ¢,,,,(A) 185 the available phase change 186 (shown in Fig. 11), that the SLM can
access as a function of wavelength is found. In practice, the minimum phase change requirement 187 for all
wavelengths is usually selected to be slightly larger than 27 (say, for example, 2.27) to allow for possible

degradation in the SLM response over time.

[0114] Referring back to the individual phase to level data plots (Fig. 9) for each individual wavelength

channel, the data is truncated at pixel levels Ly(A,) (168) and Ly,(A,) using the ¢p:,(A) (181 of Fig. 10) and ¢,,4.(A)
functions (185 of Fig. 10) to give a data plot similar to 190 shown in Fig. 12 for each wavelength channel A,,.
[0115] A curve fitting function 191 is applied to the data to obtain a smooth Phase-to-Level function for each
wavelength. Example functions that can be chosen for the fit are multiple-order polynomial, Gaussian, sin(x)/x or
other similar functions where the chosen function is the one which gives the best fit to the curve. The curve fitting
function is then broken into a piecewise linear function describing the Phase-to-Level relationship. Interpolation
of the appropriate linear segment is used to calculate the pixel level for the desired phase. It is found that the
piecewise linear function with 17 or 18 linear sections 192 gives only a small error in the Phase-to-Level

conversion compared with a multiple-order polynomial or other fitting function. More or fewer linear sections
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192 can be used as necessary considering the data storage capability of the device and the accuracy requirements
of the final calibration.
[0116] The above procedure is then repeated for each of the regions used to characterize the different areas of
the SLM and the data for each region is stored in a multi-dimensional lookup table. This calibration table includes
a number of ‘pages’, where each page corresponds to a calibration region of the SLM (i.e. each region 110 of
Fig. 4). On each page is recorded the phase thresholds and coefficients characterizing the piecewise lmear

functions that describe the Phase to Level relationship (similar to that depicted in Fig. 12) for each of the
wavelength channels A,. The gray level that each individual pixel needs to be set at to give a desired phase change

can then found by interpolation from these functions.

[0117 ] After the calibration over all regions is finished, the data for each step is stored, and used in the
calibration of the dispersion characteristics of the device as described below. The initial measurement data (ie the
optical loss as a function of wavelength) is stored at this stage as well since it is advantageous to re-process this
data using the results of the dispersion calibration. This is to obtain a more accurate phase retardance calibration
that can be obtained by using the linear Pixel-to-Wavelength assumption in the first instance.

[0118] Now, for a certain phase change required at a particular wavelength, the level for each individual pixel
is calculated by interpolation of the piecewise linear function corresponding to that wavelength. This repeated for
all of the regions used to characterize the cell, thus resulting in a phase profile across the SLM for the pixels
corresponding to that wavelength channel.

Dispersion Calibration

[0119] This calibration aims to accurately determine the relationship between the wavelength (or frequency) of
light striking the SLM and the pixel value along the dispersion axis. That is, it provides the necessary data to be
able to select a particular wavelength (or group of wavelengths) and know which part of the SLM to modify in
order to affect that wavelength. This can be used to identify and lock the pixels of the SLM to the ITU
standardized wavelength channel designations for any choice of channel spacing. The linear first order
approximation used in the initial processing of the phase retardance calibration is necessary since the results of
that calibration are required to obtain an accurate calibration of the dispersion characteristics.

[0120] As before, light from a white light source is delivered to the SLM and reflected to a known output port
which is monitored on an OSA. In this case however, selected groups of pixels across the face of the SLM in the
dispersion axis, each of about 3 or 4 pixels wide are activated such that the light striking those pixels is dropped
from the monitored output port. The spacing between the pixel groups is varied depending on the resolution
desired. About 20 to 30 groups across the SLM are usually adequate. The center pixel of each group is recorded.
This channel index can be an integer or a floating point number between zero and the maximum number of pixels
(for example 256 or 512), depending on the number of pixels activated in each group.

[0121 ] The signal measured on the OSA at the monitored output port is a comb-like signal 300 1n the
wavelength range of interest (Api, — Amax) Similar to that shown m Fig. 13: Each of the individual channels 310 1s
extracted as shown in Fig. 14 and analyzed separately by fitting the data to a suitable function 315 eg. a Gaussian
or Lorentzian function. From the fitting parameters, the center wavelength (or frequency) of the channel is
ascertained and plotted against the channel index recorded earlier for the corresponding group of pixels. This 1s

depicted as data points 320 in Fig. 15 for an SLM with X pixels in the dispersion (x) axis.
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[00100] The data 320 is next fitted to a multi-order polynomial function 321 so that the corresponding
wavelength (or frequency) of each individual pixel can found by interpolation from the fitting function. This
information is then stored as a 2-dimensional array which is then called upon to identify the pixel corresponding to
the center of a desired wavelength band in subsequent calibrations and calculations. In particular, this calibration
is used to re-process the data obtained from the phase retardance calibration described above.
[0122] Once the dispersion characteristics are known, the ITU standardized channel designations can be
overlaid with the calibration and the corresponding SLM pixels locked to operate on the designated channels for a
particular standard. The device can also be dynamically adapted to accommodate the standardized channel
designations for a network operating with a different grid as required, or even to accommodate wavelength
channels operating under different standard grids simultaneously eg a 100 GHz channel can coexist in a 50 GHz or

200 GHz network (provided of course that none of the wavelength channels overlap).

Loss Optimization Calibration

0123 ] This calibration aims to determine the correct phase profile to apply to the SLM device in order to
efficiently deliver a particular wavelength channel into a desired output port. It s used to optimize the loss for
signals directed to each fiber by finding the exact displacement required for optimal transmission.

[0124 ] The phase profile which results from this calibration is of the form

d)LossOpt (x9y9 p) = ¢lz'n (xay: p)+ (I)quad (xi’y’p)

and consists of the addition of a linear phase profile ¢;;,(x,y,p) and a quadratic phase profile ¢,,qq(x.y,p) in the
switching axis of the SLM. The phase profiles describe the phase that each individual pixel in the x and y axes of
the SLM are driven to and thus direct light from an optical input port to any of the optical output ports p.

[0125] The linear phase profile has the form

0 (%, 7, ) =mlx, p)y
where m(x,p) is the linear phase coefficient and y is the pixel index of the SLM 1n the switching plane.

[0126 ] The quadratic phase profile is introduced to compensate for the curvature error of the SLM surface and

has the form

- -2

(Y —1)
¢quad(xaysp)=k(x9p)‘ Y
o\ 2

where k(x,p) is the quadratic coefficient, and Y is the total number of pixels used to generate the phase profile in

the switching plane of the SLM. This form of the quadratic phase centers the quadratic profile in the center of the
SLM where curvature of the top layer of the device is most likely to occur.
10127 ] The loss optimization calibration procedure can be divided into two parts — Measurement and Data
Analysis:

Measurement:

e Create a phase profile image to apply to the SLM that is the sum of both a linear and a

quadratic phase profile.
e Measure the optical loss for light sent to a particular output port for each of the wavelength

channels of interest using an OSA.
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e Repeat with a range of linear and quadratic coefficients centered around theoretical values
derived from the geometry of the device.
e Record all measurement data.
Data Analysis:
e Extract Loss vs. Linear-Phase-Change for a fixed quadratic value at each wavelength.
e Find optimum coupling efficiency (minimum loss) from the Linear-Phase by interpolation.
e Repeat above for the full range of quadratic phase coefficients.

e Find optimum coupling efficiency over the quadratic values at each wavelength by
interpolation.
[0128] These procedures are then repeated for each wavelength for output on a specific output port, and then

the entire process is repeated again for each of the output ports in the system. The overall loss optimization

procedure is depicted in Fig. 16 where Port is the current output port, Lin Coeffis the linear coefficient of the

ramp function ¢y, and Quad_Coeff is the quadratic coefficient of the ramp function ¢.q.

0129 ] For each output port, 420, a linear phase profile 1s calculated 421 to deflect light to that port on
reflection from the SLM. This phase ramp is described by a linear coefficient m(x,p) 421. 1o find the linear
coefficient to give the optimum coupling to the output port a range of values of m(x,p) about the theoretical

calculated value is generated (422). A range of quadratic coefficients k(x,p) 1s also generated (423) and the optical

loss as a function of wavelength is recorded (424). The optical loss is recorded as a function of wavelength for

. each value of m(x,p) (425) and k(x,p) (426). The data for this wavelength channel is then processed (427) (using

the procedure outlined in Fig. 18). The procedure is then repeated for each output port or switch position required.
[00101] The results of the calibration are look-up tables (520 of Fig. 23) representing the optimum coupling
efficiency as a function of wavelength channel for each optical output port. The parameters stored for this are the
optimum linear and quadratic phase coefficients for maximum coupling as a function of wavelength for each
output port.

[ 00102] As can be appreciated, the measurement processes for this calibration technique results in the
generation and analysis of a large amount of data. For each output port or switch position, the SLM has to be
calibrated for each wavelength channel present in the input optical signal. Within each wavelen gth channel, the
calibration process requires the generation of a number of quadratic phase profiles on the SLM (440 of Fig. 17)
indexed by coefficients k;, ks, ks, ..., k,, and for each quadratic coefficient, the addition of the quadratic profile
with a range of linear phase profiles (450 of Fig. 17) indexed by coefficients m;, m,, m;, ..., m,. Each data setis
essentially a function describing the optical loss with respect to wavelength measured using an optical spectrum
analyzer. Typically, the calibration will use about ten or eleven linear phase profiles and about the same number
of quadratic profiles for each wavelength channel and port combination. More or less can, however, be used to
improve accuracy or decrease the data handling requirements as necessary. This element that for each optical port
output, the loss optimization data-space considered consists of 121 functions describing the optical loss with
respect to wavelength.

[0130] The data processing stage outlined in Fig. 18 1s the primary method for reducing the data handling

requirements of the calibration function. It involves a number of calculations that performed after all of the data

corresponding to a single output port has been acquired. Firstly, referring to Fig. 19, for each wavelength A, a
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series of datasets 505 is generated corresponding to Loss vs. Linear-Phase-Coefficient curves, each indexed by the

series of quadratic coefficients k; — k,. From this graph, the optimum linear phase coefficient (at line 510) can be

determined. Similar figures are generated for successive wavelength channels A, and the optimum linear phase
extracted for each channel to generate the graph 511 shown in Fig. 20.

[0131] Referring again to Fig. 19, to find the optimum quadratic phase coefficient, the loss at the intersection
between line 510 and each of the individual datasets 505 is found (515) and plotted to give the graph shown in Fig.
21. A curve-fitting process is applied to the datum points 515 to give line 516, from which the quadratic phase
coefficient resulting in the optimum coupling efficiency is determined (517). This process is again repeated for
each of the wavelength channels A, and the optimum quadratic phase coefficient is recorded with respect to
wavelength 520 as shown 1n Fig. 22.

[0132] The data used to generate the graphs of Figs 20 and 22 are tabulated into an array 520 recording the
optimum linear and quadratic phase coefficients for each wavelength. This array is stored in memory and the
remainder of the calibration data can be deleted.

[0133] The above process is then repeated for each of the remaining output ports and similar arrays of
calibration data generated. When completed, the output from the loss optimization calibration is in a form
substantially similar to that shown in Fig. 23, i.e. a 3-dimensional data array. Each of the 2-dimensional arrays
520 corresponds to one of the available output ports and records the optimum linear phase coefficient 521 and
quadratic phase coefficient 522 for each of the wavelength channels corresponding to the wavelength index 523.
[0134] To slightly reduce the data precision requirements further, the wavelength can be expressed as a
wavelength channel index determined from the dispersion calibration previously considered. In this way, only a
single data point is used to describe each individual wavelength channels, 1.e. the pixel index in the dispersion axis
that corresponds to the center of each wavelength channel.

[0135] In use, in the switching of a particular wavelength channel A, the control software of the wavelength
processing device firstly reads the port that the channel is to be directed to and calls up the appropriate page from
the loss optimization calibration data corresponding to that port. The control software next reads the linear and

quadratic coefficients and creates a phase profile to apply to the pixels of the SLM corresponding to the
wavelength channel A,,. The phase profile is formed mto a modulo 27 function of the pixel levels necessary to
generate the required phase shift since it is recognized that a phase shift of 27 is equivalent to a phase shift of zero

i.e. each time the phase profile reaches 2, it is reset to a phase shift of zero and repeated. This is then added to

the background phase level image from the phase retardance and dispersion calibration functions to be applied to

the relevant pixels of the SLM.

Reflection Calibration
[0136] The primary purpose of the reflection calibration is to define a phase variation function which will

counteract interference effects from multiple surfaces of the liquid crystal SLM device and from other surtaces
within the optical system. It is also useful in minimizing the cross-talk between adjacent output ports due to light
being pres ént in higher diffraction orders after reflection from the SLM.

[0137] The ITO layer on the top surface of the SLM has a reflection coefficient typically of about 0.5%.

Reflections from this layer can lead to two types of unwanted coupling eftects:
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e reflection from the top surface of the ITO layer which does not pass through the liquid
crystal and thus its phase is not modified by the SLM; and
e light which has been reflected from the back plane of the SLM (ie has passed through the
liquid and had its phase modified) is reflected off the ITO layer and back through the liquid
crystal. The reflected light has its phase modified a second time which results in a strong
reflection being seen at the fiber array at twice the desired displacement.
[0138 ] Other unwanted reflections and interference effects of a similar nature can occur throughout the optical
system, however the reflections from the ITO layer are a hi ghly prominent factor in cross-talk between channels
due to the additional phase modulation that the light sees on the second pass though the liquid crystal.
[0139] To correct for these effects, the ability to add multiple phase patterns together to create the final phase
profile is exploited. A weak sinusoidal variation 1s added onto an existing phase profile (ie a holographic phase

profile calculated from the loss optimization calibration step previously).

[0140] The sinusoidal modulation can be adjusted in both amplitude A(x) and initial phase ¢(x) (ie the phase at

pixel 0) and is described by

0,0 (5,3) = AG)sin(y, (53 )+ G uaa (59, )+ 80 ()

[0141] The goal of the phase variation function dren is to deliberately couple a small fraction of the light into an
adjacent optical fiber port where an unwanted signal is present. By suitable adjustment of the amplitude 4(x) and
initial phase () of the light whilst monitoring the adjacent port, an appropriate combination of parameters can
be found. A(x) is increased until the light coupled to the adjacent port is as strong as that of the unwanted

reflections, and d,(x) is varied such that the light is out-of-phase with the unwanted reflections, thereby canceling

them out by destructive interference. The coefficients 4(x) and do(x) are calibrated for each wavelength channel,
although usually, only one output port and its adjacent output port need to be considered. The same coefficients
are then used to apply a sinusoidal modulation to be to each of the phase profiles from the loss optimization
calibration. This approach is valid since the output ports are usually equidistant from their nearest adjacent ports
at a particular wavelength.

Dynamic Channel Equalization

10142] An optical device offering DCE functionalities that can be electronically controlled and software-
configured, offers valuable agility in its capacity to rapidly respond to changing network or system conditions, as
well as providing simplicity in control and configuration processes. The device's ability to control the optical
power of 100 wavelength channels or more in a compact module eliminates the need for multiple discrete
components to control each individual channel, thus greatly reducing the complexity of the optical system.
[0143] Two of the main methods for providing DCE functionality on a per-channel basis are:

e modification of the propagation direction of the light to affect the coupling efficiency with

the output port; or

e blocking or canceling a known fraction of the light.
[0144] Modification of the propagation direction slightly changes the displacement of the focused spot with
respect to the output port, thus reducing the coupling efficiency of the light into the port. This technique, whilst

valid, is very sensitive due to the typically Gaussian profile of the beam (similar to that shown in Fig. 24 with
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respect to the switching axis of the SLM). Very small displacements can generate very rapid and large changes m
the attenuation. This method is also very sensitive to the alignment of the device itself. Small degradations of the
optical components over time can cause large variances in the original designed attenuation characteristics. A
further drawback with respect to diffractive devices is that, as the beam containing the most optical power 1S
displaced, the higher order beams are displaced proportionally to both the displacement and the order of the
diffracted beam. For example, the next highest order beam is displaced by twice the distance, and whist there may
only be a small amount of power in this order, it can still be significant on the scale of the extinction ratio
requirements in telecommunications systems. Thus, with this method, there is a large probability that these high
order diffracted beams will coincide with other output ports and cause cross-talk between the output channels.
10145] DCE functions of this type can be implemented by slightly changing the linear coefficient m(x,p) in the
phase profiles applied to the SLM — in effect, slightly rotating the phase profile. Fig. 25 shows a phase profile 610
which has been calibrated for optimum coupling to an output port. (As previously mentioned, the phase profile
actually applied to the SLM pixels is usually a modulo 27 profile, however the profiles in Fig. 25 and subsequent
profiles are not shown as modulus functions for clarity.) The DCE phase profile 611 has been rotated about the
center pixel ¥/2 of the SLM in the switching axis. The function defining this particular DCE function 1s

b (x,9,p,2)=0(x v, P )( do(x, p.g) d¢(x: P;g)
oot -11p) 2

where dd(x,p,g)/2 is the amount of phase rotation at the extreme pixels of the SLM. The change in phase d¢
(x,p,g) is a function of:

e the pixel, x, in the dispersion plane of the SLM;

e the output port, p; and

e the attenuation, g, required on the particular wavelength channel.
[0146] A variation on the displacement type DCE function that is easy to implement using a phase-based SLM
is, instead of displacing the entire beam in one direction, to displace parts of the beam in opposite directions. An
example phase profile which can be used in this case is shown in Fig. 26. The original phase profile 610 is split
into two independent profiles 615 and 616 at a particular pixel 617. The separating pixel 617 is usually chosen to
coincide substantially with the center of the beam profile striking the SLM. In this manner, approximately half of
the light is slightly displaced in one direction and the other half is displaced in the opposite direction. This choice
however can be arbitrary. This method does provide substantial attenuation control in certain situations by
independent adjustment of the amount of rotation 1n each part of the phase profile without the extreme sensitivity
of the previous case. However, large deviations from the initial phase profile 610 are occasionally necessary
which result in substantial amounts of scattered light and hence cross-talk on other output ports.
[0147] A further variation of displacement-based DCE function using the phase-based SLM is to couple a
fraction of the light in a particular channel into a higher order diffraction order. This method does not actually
alter the direction of the light, but rather redistributes the optical power in the diffraction orders, thus making it
insensitive to long term alignment issues of the device. An example of a phase profile that can be used to
implement this DCE is shown in Fig. 27. A square wave modulation is added to the original phase profile 610 to
give the new DCE profile 620. The amplitude and phase of the additional modulation is modified to couple the
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desired amount of light into the higher diffraction order and thereby attenuate the light coupled into the output
port. A sinusoidal modulation can also be implemented in a similar fashion.
[0148 ] A further variation again, is to take advantage of the finite width of the beam at the dispersion axis of
the SLM. Fig. 28 shows the relative optical power of the spatially separated wavelength channels 625 at the SLM
in the dispersion axis. The group of wavelength channels 626 is expanded in Fig. 29 which also shows the relative
pixel level on each of the individual pixels. Each wavelength channel typically impinges on about 4 pixels in the
dispersion axis (eg wavelength channel 630 is incident on the 4 SLM pixels 631). By varying the pixel level
across the wavelength channel in this axis, the focused beam at the output port can be displaced substantially
orthogonally to the axis of the fiber array. This is similar to the method shown in Fig. 25 of generating a phase
ramp, but in the orthogonal dimension. This method significantly decreases the probability of higher order beams
causing cross talk in the other output ports. However, due to the small number of pixels involved in the process
per wavelength channel, the technique provides only very coarse attenuation control.
[0149] The second DCE method of blocking a fraction of the light is generally more difficult as it can require
moving parts in the device. A variation on this theme using a liquid crystal SLM that acts on the phase of the
light, is to destructively interfere a portion of a particular wavelength channel with itself. The light is thus
attenuated according to the amount of destructive interference. This can be done by delaying the phase of one
portion of the beam with respect to the other and causing a partial cancellation of the light in a controlled fashion.
This method is again insensitive to long-term alignment issues since it does not rely on the accurate alignment of
the focused beam spot with the output port. An example of a phase profile to implement this DCE function 1s
shown in Fig. 30. The fraction of the beam which sees the phase profile 625 is delayed with respect to the fraction
of the beam that sees the phase profile 626. The amount of phase delay is controlled by the depth of the step 627.
The phase step 627 can be configured to occur at any SLM pixel as required. The drawback with this method is
that large phase steps cause the light scatter and produce cross-talk on the other output ports of the device.
[0150] There are a vast number of other possible phase profiles. A few more examples are shown using a
sinusoidal modulation in the central portion of the beam (Fig. 31) or a periodic modulation (a square wave in Fig.
32 and a sinusoid in Fig. 33) which has been constrained between the resets of the directional modulo 2n phase
function.
[0151] Due to the large number of DCE functions that are available, a calibration is advantageous to identify
suitable functions for a given situation. Itis very likely that different functions are required for each separate
output port and for a certain range of attenuation on that port. The DCE is likely to be the most time consuming
calibration since all the ports are usually monitored to ensure acceptable cross-talk and extinction levels are
achieved on each port. DCE functions also may be chosen that are insensitive to phase variations in the same way
as the phase hologram functions used for the fundamental switching operations.
10152] The calibration methods described herein, and/or shown in the drawings, are presented by way of
example only and are not limiting as to the scope of the invention. Unless otherwise specifically stated, individual
aspects and components of the calibration methods may be modified, or may have been substituted therefore
known equivalents, or as yet unknown substitutes such as may be developed in the future or such as may be found
to be acceptable substitutes in the future. The calibration methods may also be modified for a variety of

applications while remaining within the scope and spirit of the claimed invention, since the range of potential
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applications is great, and since it is intended that the present calibration methods be adaptable to many such

yvariations.

[0153] It will be appreciated that the methods described above at least substantially provide a suite of

calibration techniques and methods for optimizing an optical device including a liquid crystal element for

telecommunications applications.
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CLAIMS:

1. Inan optical system including:

an optical input port for projecting an input optical signal onto an optical phased matrix
array, said optical phased matrix array including a plurality of individually addressable
pixels thereon, each said pixel being drivable within a prescribed range of levels, and

an optical output port for collecting a predetermined fraction of said optical signal
received from said optical phased matrix array;

a method of compensating for phase distortions including the steps of:

(a) determining a plurality of transfer functions relating said level of each said pixel to
the phase variation each said pixel introduces to light from said input optical signal
which is incident thereon; and

(b) controlling the level of selected ones of said pixels in accordance with a
corresponding transfer function such that a fractional signal received at said output
port 1s modified in phase to substantially compensate for optical phase distortions

arising from said optical phased matrix array.

2. A method as claimed 1n claim 1 wherein said transter functions are implemented in the
form of a series of lookup tables relating said level of each said pixel to the phase variation

each said pixel mtroduces to light from said optical signal which 1s incident thereon.

3. A method as claimed 1n claim 1 wherein said transter functions further include substantial

compensation for the optical phase distortion arising from the overall optical system.

4. A method as claimed 1n claim 1 wherein said optical system further includes an optical

dispersion element for spatially separating wavelength signals from said optical signal.

5. A method as claimed in claim 4 further including the steps of:

(¢) determining a further transfer function relating said wavelength signals to the pixels

they are incident thereon; and
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(d) associating selected ones of said pixels in accordance with said transfer function to
said wavelength signals such that the phase of selected wavelength signals can be

independently modified in accordance with requirements.

> 6. A method as claimed 1n claim 5 wherein said optical system includes a plurality of output
ports and said method further includes the steps of:
(e) determining a plurality of routing transfer functions relating the coupling between
said nput port and said output ports; and
(f) controlling the level of selected ones of said pixels in accordance with said routing
10 transfer functions such that at least a fraction of selected ones of said wavelength

signals 1s directed to at least one of said output ports.

7. A method as claimed in claim 6 further including the steps of:
(g) determining a further transfer function relating the optical power of said wavelength
15 signals that 1s coupled to optical output ports adjacent the desired output port to the
amplitude and phase imparted to said wavelength signals due to multiple reflections
in said optical system; and
(h) modifying said routing transter functions to substantially cancel said optical power

on said adjacent output ports.

20
8. A method as claimed in claim | wherein said optical system further includes a plurality ot
input ports.
9. A method as claimed in claim 1 wherein said method is utilised in a testing phase by
25 testing selected regions of said optical phased matrix array.

10. A method as claimed in claim 1 wherein said optical phased matrix array is a liquid

crystal spatial light modulator.

30
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11. A method as claimed 1n claim 1 wherein said optical phased matrix array is a liquid

crystal on silicon spatial light modulator.

12, A method as claimed in claim 1 wherein a selected one of the plurality of transfer

functions 1s adapted to modify the phase of the input optical signal such that the fractional

signal received at the output port is attenuated.

13. A method as claimed 1n claim 1 wherein in step (b), the level of selected ones of said
pixels are controlled in accordance with one or more corresponding transfer functions to

modity the phase of said optical signal such that the optical signal is directed to the output
port.

14. A method as claimed 1n claim 13, wherein the optical signal comprises a plurality of
wavelength channels and the level of selected ones of said pixels are controlled to couple

selected wavelength channels to said output port.

15. A method as claimed in claim 1 wherein the optical system comprises a plurality of

output ports and the method comprises determining a further transfer function for

optimization of cross-talk between output ports.

16. A method as claimed 1n claim 15, wherein the further transfer function comprises a phase

variation function optimized for a target output port and adapted for reduction of cross-talk

on any of the other output ports.

17. A method as claimed 1n claim 1, wherein the optical system comprises a plurality of
output ports and the method comprises determining a further transfer function for

optimization of the extinction ratio between adjacent wavelength channels.

18. In an optical system including:
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an optical input port for projecting an input optical signal onto an optical phased matrix
array, said optical phased matrix array including a plurality of individually addressable
pixels thereon, each said pixel being drivable within a prescribed range of levels,
an optical dispersion element for spatially separating wavelength signals from said optical
signal, and
an optical butput port for collecting a predetermined fraction of said optical signal
received from said optical phased matrix array;
a method of selecting a desired one of said wavelength signals including the steps of:
(a) determining a transfer function relating said wavelength signals to said pixels they
are incident thereon; and
(b) associating selected ones of said pixels in accordance with said transfer function to
said wavelength signals such that the phase of said selected wavelength signals can

be independently modified in accordance with requirements.

19. A method as claimed in claim 18 wherein said wavelength signals are standardized

wavelength bands designated for telecommunications networks.

20. A method as claimed in claim 18 wherein said wavelength signals are designated by

spacings of one of 200 GHz, 100 GHz, 50 GHz, 25 GHz, or 12.5 GHz.

21. A method as claimed in claim 18 wherein said pixel associations are reconfigurable

according to requirements.

22. A method as claimed in claim 18 wherein the pixels in a selected region of said optical
phased matrix array are associated with wavelength signals separated by a particular spacing
and other pixels in other selected regions of said optical phased matrix array are associated

with wavelength signals separated by different spacings according to requirements.

23. A method as claimed 1n claim 22 wherein said particular spacing and said different
spacings are each selected from the group of 200 GHz, 100 GHz, 50 GHz, 25 GHz, or 12.5
GHz.
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24. A method as claimed in claim 18 wherein said transfer function 1s implemented in the
form ot a lookup table relating wavelength signal to the pixel each said wavelength signal 1s

incident thereon.

25. In an optical system including:

an optical input port for projecting an input optical signal onto an optical phased matrix
array, said optical phased matrix array including a plurality of individually addressable
pixels thereon, each said pixel being drivable within a prescribed range of levels, and

a plurality of optical output ports, each for collecting a predetermined fraction of said
optical signal received from said optical phased matrix array;

a method of minimizing power variations in said fractional signal collected by said output
ports including the steps of:

(a) determining a plurality of pixel transfer functions relating said level of each said
pixel to the phase variation each said pixel introduces to light from said input optical
signal which is incident thereon;

(b) determining a plurality of routing transfer functions relating the coupling between
sald input port and said output ports by selection of appropriate levels of
predetermined ones of said pixels;

(c) determining minimum and maximum levels of said phase variation; and

(d) controlling the level of selected ones of said pixels in accordance with a
corresponding routing transfer function, said routing transfer function being
constrained between said minimum and maximum levels, to direct at least a fraction
of said optical signal to at least one of said output ports such that said power

variations in the fraction of light collected by said output port are minimized.

26. A method as claimed in claim 25 wherein said routing transfer functions are substantially

insensitive to phase variations in said pixel transfer functions.

27. A method as claimed in claim 25 wherein said minimum and maximum levels are

reconfigurable to adjust for phase variations in said pixel transfer functions.
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28. In an optical system including:

an optical input port for projecting an input optical signal onto an optical phased matrix
array, said optical phased matrix array including a plurality of individually addressable
pixels thereon, each said pixel being drivable within a prescribed range of levels,

5 an optical output port for collecting a predetermined fraction of said optical signal

recerved from said optical phased matrix array,

a plurality of pixel transfer functions relating said level of each said pixel to the phase
variation each said pixel introduces to light from said input optical signal which is
incident thereon, and

10 at least one routing transfer function describing the phase variation to be imparted by

selected ones of said pixels to thereby couple said fraction of said optical signal
between said input port and said output port, where said routing transfer function 1s
constrained between selected minimum and maximum levels;

a method of minimizing time-varying variations including the steps of:

15 (a) providing a detection element at said output port, said detection element providing a
detector signal responsive to time-varying variations in said fraction of said optical
signal collected by said output port; and

(b) moditying said maximum and minimum levels to substantially minimize said time-
varying variations in response to said detector signal thereby substantially

20 ' optimizing the performance of said optical system.

29. A method as claimed in claim 28 wherein said optical system further includes a plurality
of optical output ports, each output port including a corresponding detection element, and a
plurality of routing transfer functions to couple selected fractions of said optical signal

25 between said mput port and at least one selected output ports in accordance with

requirements.

30. In an optical system including:
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an optical input port for projecting an input optical signal onto an optical phased matrix
array, said optical phased matrix array including a plurality of individually addressable
pixels thereon, each said pixel being drivable within a prescribed range of levels,

an optical output port for collecting a predetermined fraction of said optical signal
recerved from said optical phased matrix array,

a plurality of pixel transfer functions relating said level of each said pixel to the phase
variation each said pixel introduces to light from said input optical signal which 1s
incident thereon,

an optical dispersion element for spatially separating wavelength signals from said
optical signal,

a wavelength transter function relating sard wavelength signals to said pixels they are
incident thereon to defined regions of said pixels for independent moditication of said
wavelength signals, and

at least one routing transfer function describing the phase variation to be imparted by
selected said regions to thereby couple a fraction of said wavelength signal between
said input port and said output port;

a method of attenuating a selected fractional wavelength signal including the steps of:
(a) determining a plurality of equalization transfer functions relating the phase variation

of selected pixels 1n said selected region to the amount of attenuation achieved on a
selected wavelength signal;
(b) selecting a suitable equalization transfer function to give the required attenuation on
a selected said fractional wavelength signal; and
(¢) applying said selected equalization transfer function in conjunction with said routing
transfer function to attenuate said fractional wavelength signal in accordance with

requirements.

A method of attenuating a selected fractional wavelength signal as claimed in claim 30

wherein said selected equalization transfer function causes said fractional wavelength signal
to be directed away from said output port by a known distance thereby attenuating the light

collected by said output port in accordance with requirements.
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32. A method of attenuating a selected fractional wavelength signal as claimed in claim 30
wherein said selected equalization transfer function causes a selected portion of said
fractional wavelength signal to be directed away from said output port thereby attenuating

the light collected by said output port in accordance with requirements.

33. A method of attenuating a selected fractional wavelength signal as claimed in claim 30
wherein said selected equalization transfer function modifies the phase of selected portions
of said wavelength signal such that said modified portions destructively interfere with other
portions ot said wavelength signal by a known amount thereby attenuating the amount of

light collected by said output port in accordance with requirements.

34. A method of attenuating a selected fractional wavelength signal as claimed in claim 30
wherein said optical system includes a plurality of output ports and step (b) further includes
selection of an equalization transfer function for attenuation of a selected wavelength signal
that does not cause a significant fraction of said optical signal to be collected by another of

said optical output ports.

35. A calibration method for an optical device including the steps of:

(a) providing an optical system including at least one optical input port and at least one
optical output port, where said input port delivers an optical input signal comprising
of a plurality of wavelength signals to a liquid crystal spatial light modulator
including a plurality ot individually addressable pixels thereon that substantially
couples said optical signal to output port;

(b) performing a background calibration of said spatial light modulator and said optical
system; and

(¢) performing an efficiency calibration to optimize the coupling of a selected portion of
said optical input signal between said input port and said output port as a function of
wavelength;

such that said pixels of said spatial light modulator can be operated as a dynamically

reconfigurable grid.
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36. A method as claimed 1n claim 35 wherein the background calibration of step (b) includes
analysis of wavefront distortions and optical aberrations ot said spatial light modulator and

said optical system.

37. A method according to claim 36 wherein said background calibration further includes the
correction of said wavefront distortions and aberration by appropriate modification on a

pixel-by-pixel basis of the wavetront of light that impinges on said spatial light modulator.

38. A method as claimed 1n claim 35 wherein steps (a) and (b) result in a plurality of
tabulated coefticients describing:

(1) the optical phase response ot the individual pixels of said spatial light modulator;

(11) a plurality of holographic phase modulation functions, which when applied to the
pixels of said spatial light modulator, provides directional control of light which is
incident on said pixels to couple said light between an input port and an output port
of said optical system; and

(111) a plurality of phase variation functions for control over the coupling efficiency of

said light between said input port and said output port.

39. A method as claimed 1n claim 38 further including a plurality of transfer functions to
reconstruct said phase variation functions from said tabulated coefficients in accordance

with requirements.

40. A method as claimed 1n claim 38 wherein said tabulated coefficients describing said

optical phase response includes temperature specific information.

41. A method as claimed 1n claim 35 wherein said calibration method 1s a self-calibration

method.

42. A method as claimed 1n claim 38 wherein said phase variation functions are formed from

a holographic phase function.
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43. A method as claimed in claim 35 wherein step (b) includes the steps of:
(b1) Performing a calibration of the phase retardance response to an optical signal ot
said spatial light modulator on a pixel-by-pixel basis; and
(b2) Performing a calibration of the dispersion characteristics of said optical signal with

respect to one axis of said spatial light modulator.

44. A method as claimed in claim 43 where the data obtained from step (bl) 1s retained and

reprocessed using the results of step (b2).

45. A method as claimed in claim 35 wherein said optical system includes a plurality of
optical output ports and step (¢) includes the steps of:

(cl)determining a further plurality of tabulated coetficients and transter functions to
couple a required fraction of said optical signal to each of said output ports;

(c2)determining a plurality of first modification functions to modify said transfer
functions of step (c1) to substantially account for non-uniformity across the surface
of said spatial light modulator for each said output port; and

(¢3)determining a second modification function to modify said transfer functions of step
(c1) to substantially minimise the effect of cross-talk on adjacent ones of said output

ports.

46. A method as claimed 1n claim 35 wherein said spatial light modulator 1s a liquid crystal

spatial light modulator.

47. A method as claimed in claim 35 wherein said spatial light modulator 1s a liquad crystal

on silicon spatial light modulator.

48. A method as claimed 1n claim 38 wherein said plurality of phase holograms and said
plurality of phase variation function are substantially insensitive to variations in the response

of said spatial light modulator.
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49. A method as claimed in claim 38 further including a detection element at said output port

to monitor variations in the response of said spatial light modulator.
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