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SYSTEMS AND METHODS OF ABERRATION CORRECTION IN
OPTICAL SYSTEMS

FIELD OF THE INVENTION

[0001] The present invention relates to optical aberration correction and in
particular to a diffraction grating that corrects for optical aberrations in a
wavelength selective switch device. While some embodiments will be
described herein with particular reference to that application, it will be
appreciated that the invention is not limited to such a field of use, and is
applicable in broader contexts.

BACKGROUND

[0002] Any discussion of the background art throughout the specification
should in no way be considered as an admission that such art is widely known
or forms part of common general knowledge in the field.

[0003] Optical systems inherently suffer loss in signal information due to
various forms of optical aberration. In smaller, simpler optical devices, beams
can be propagated along trajectories closely parallel to the optical axis. In
these “paraxial” configurations, aberrations are small and can generally be
ignored in practice. However, as more complex devices are built to perform
advanced functions, the need to propagate beams off-axis and outside the
paraxial region is becoming increasingly important. In these “higher order
optics” situations, a number of monochromatic optical aberrations become
more distinct. In particular, off-axis curvature of the focal plane of optical
elements becomes a concern. So too does spherical aberration and optical

coma.

[0004] The degree of the aberrations is generally related to the size and profile
of the optical beams in the system. In wavelength selective switch (WSS)
devices it is often advantageous to reshape the beam profile to be highly
asymmetric. For example, in liquid crystal on silicon (LCOS) based switches,
elongated beam profiles are advantageous for efficiently switching many
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wavelength channels simultaneously. Larger and more asymmetric beams

generally experience higher aberrations than smaller symmetric beams.

[0005] The asymmetric nature of certain WSS designs means that the beam
spot incident onto the switching engine (LCOS, MEMs mirrors etc.) can have
significant aberrations, including optical coma. As the push for smaller beam
spots to achieve sharper channels increases, these aberrations limit the
potential of these off-axis systems.

[0006] In spectrometer-type optical systems, aberration correction is often
made by moving to a two mirror Czerny-Turner system. This system gives
equal and opposite aberrations for each mirror reflection, allowing a symmetric
Gaussian spot to be focused at the image plane. This type of solution is
possible in a WSS system, but it comes with drawbacks: the second mirror
adds cost to the system; the design creates a larger spatial footprint for the
optical setup; and the optical alignment procedure is more complex. These all
move against the design goals for new WSS products.

SUMMARY OF THE INVENTION

[0007] It is an object of the invention, in its preferred form to provide systems
and methods of aberration correction in optical systems.

[0008] In accordance with a first aspect of the present invention, there is
provided a diffraction grating for use in an optical system, the grating including
an array of spaced-apart diffraction lines configured to spatially separate
wavelength channels within incident optical beams and also to impart a
predefined phase change to the optical beams to at least partially correct the
beams for optical aberrations present in the optical system.

[0009] The array of diffraction lines preferably defines a phase profile which at
least partially reverses aberrations to optical beams by the optical system. The
spacing of adjacent diffraction lines preferably varies as a function of position
across the grating in a dimension of diffraction based on the optical aberrations
to optical beams present in the optical system. The diffraction lines preferably

have a curvature that varies across the grating based on the optical aberrations
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to optical beams present in the optical system. The optical aberration to optical
beams preferably includes one or both of optical coma and spherical aberration
of optical beams.

[0010] In accordance with a second aspect of the present invention, there is

provided an optical switch, including:
at least one input port for projecting an input optical beam;
at least one output port for receiving an output optical beam;

switching optics for selectively switching the optical beam along
predetermined paths between the at least one input port and the at least one

output port; and
a diffractive element configured for:
i.  spatially separating wavelength channels within the optical beam;

ii. imposing a predetermined phase change to the wavelength
channels to at least partially correct for optical aberrations to the

input optical beam.

[0011] In accordance with a third aspect of the present invention, there is
provided a method of generating an aberration correcting phase profile for use

in an optical system, the method including:

a) in a model of the optical system, inserting a phase manipulating element
at a first predetermined point, the variable phase manipulating element

having a controllable phase profile;

b) measuring properties of optical beams at a second predetermined point in

the optical system; and

c) varying the phase profile of the phase manipulating element such that the
measured beam properties substantially match predetermined reference
beam properties.
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[0012] Step b) preferably includes calculating the M? value of the optical beams
at the predetermined point in the optical system. Step c) preferably includes
varying the phase profile to substantially minimize the sum of the M? values.

[0013] The phase profile is expressed as polynomials. The step of minimizing
the sum of M? values is preferably performed by selectively modifying weight

terms of the polynomials.

[0014] The reference beam properties are preferably indicative of an ideal

Gaussian beam.
[0015] The method of the third aspect preferably includes the further step:

d) ftranslating the phase profile into a corresponding diffraction grating

profile.
[0016] The method of the third aspect preferably further includes the step of:
e) writing the grating profile onto a diffraction grating substrate.

[0017] The first predetermined point is preferably at or adjacent the position of
a diffraction grating in the optical system. The second predetermined point is

preferably at or adjacent a switching device in the optical system.

[0018] In accordance with a fourth aspect of the present invention, there is
provided a method of reducing optical aberrations of optical beams in a

wavelength selective switch, the method including:

utilizing a diffractive phase correction element to substantially reverse
aberration effects to the optical beams provided by said switch.

[0019] The diffractive phase correction element is preferably a diffraction
grating having a plurality of spaced-apart diffraction lines and wherein the
diffraction lines define a profile that provides for substantial reversal of the
aberration effects to the optical beams.

[0020] The spacing of the diffraction lines is preferably specified to impart a
predefined phase change to the optical beams.
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[0021] In accordance with a fifth aspect of the present invention, there is
provided a phase correcting element for use in an optical system, the element
including an array of phase manipulation elements, wherein the manipulation
elements impart a predefined phase change to optical beams to at least
partially correct the beams for optical aberrations present in the optical system.

[0022] In accordance with a sixth aspect of the present invention there is
provided a diffraction grating having a grating profile configured to diffract
optical beams and impose a phase change to the beams to at least partially

correct the beams for optical aberrations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Preferred embodiments of the invention will now be described, by way of

example only, with reference to the accompanying drawings in which:

FIG. 1 illustrates an exemplary diffraction grating having a grating profile

configured to correct for optical aberrations;
FIG. 2 illustrates schematically the optical layout of an exemplary WSS device;

FIG. 3 illustrates a graph of three exemplary Gaussian filter shapes having spot
sizes (bandwidths) of 8 GHz, 12 GHz and 16 GHz respectively;

FIG. 4 illustrates irradiance (power) and phase graphs of the beam spot in the

image plane of an exemplary model WSS device;
FIG. 5 illustrates a graph of the filter shape for the model WSS device of Fig. 2;

FIG. 6 illustrates an exemplary process flow of the steps performed to
determine a required diffraction grating profile which compensates for

aberrations in an optical system;

FIG. 7 illustrates a graph of an example phase profile calculated at a surface in

a simulated WSS system;

FIG. 8 illustrates a graph of an irradiance profile of an imaged beam passed
through a simulated WSS system, both with and without a phase aberration

correction:
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FIG. 9 illustrates a graph of a phase profile of an imaged beam passed through
the simulated WSS, both with and without a phase aberration correction;

FIG. 10 illustrates a graph of the overall filter shape of the simulated WSS
device without aberration correction applied; and

FIG. 11 illustrates a graph of the overall filter shape of the simulated WSS
device with aberration correction applied.

DETAILED DESCRIPTION

[0024] Embodiments of the invention will be described herein with specific
reference to correcting optical aberrations in wavelength selective switch
(WSS) devices. However, the person skilled in the art will appreciate that the
principles described herein are applicable to other optical systems and devices.
The embodiments described herein relate to defining a diffraction grating with a
grating profile that imposes a specific phase change on optical beams to
correct for optical aberrations.

General overview

[0025] Referring to Fig. 1, there is illustrated schematically a diffraction
grating 1 for use in an optical system. The diffraction grating includes a
substrate 2 and an array of elongate diffracting elements 3 arranged in a
grating profile across substrate 2. Each diffracting element includes a relative
degree of curvature across the face of grating 1 (including zero curvature).
Exemplary diffracting elements are diffraction lines and include grooves or
ridges for a reflective grating, or slots for a transmissive grating. The grating
profile imparts a predefined phase change to incident optical beams to at least
partially correct the beams for optical aberrations present in the optical system.

[0026] The grating profile formed on grating 1 is defined based on the optical
aberrations to the optical beams that propagate through the optical system and
is different for each optical system. The amount and type of optical aberrations
in the optical system are determined through an initial measurement procedure

described below. The spacing of adjacent elements 3 varies as a function of
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position across substrate 2 in the diffraction dimension (x-axis) based on the
optical aberrations measured in the initial procedure. Furthermore, diffracting
elements 3 have a curvature that also varies across substrate 2 in the
diffraction dimension based on the optical aberrations measured in the initial
procedure.

Overview of exemplary WSS framework

[0027] With reference to Fig. 2, a general overview of WSS devices will now be
described. Fig. 2 illustrates schematically an exemplary WSS optical switching
device 4 configured for switching input optical beams from three input optical
fiber ports 5, 6 and 7 to an output optical fiber port 9. It will be appreciated that
device 4 is reconfigurable such that input ports 5, 6 and 7 are able to be used
as outputs and output port 9 used as an input. The optical beams are indicative
of WDM optical signals, as mentioned above. On a broad functional level,
device 4 performs a similar switching function to that described in US Patent
7,397,980 to Frisken, entitled “Dual-source optical wavelength processor” and
assigned to Finisar Corporation, the contents of which are incorporated herein
by way of cross-reference. The optical beams propagate from input ports 5, 6
and 7 in a forward direction and are reflected from an active switching element
in the form of a liquid crystal on silicon (LCOS) device 11 (described below) in
a return direction to output port 9. In other embodiments, other types of active
switching elements are used in place of LCOS device 11, including arrays of

individually controllable micro-electromechanical (MEMs) mirrors.

[0028] Device 4 includes a wavelength dispersive grism element 13 for spatially
dispersing the individual wavelength channels from an input optical beam in the
direction of a first axis (y-axis). It will be appreciated by persons skilled in the
art that the dispersive element is not limited to a grism configuration, but may
be any type of diffraction grating element. Grism element 13 operates in a
manner described in US Patent 7,397,980. That is, to spatially separate the
constituent wavelength channels contained within each optical beam in the y-
axis according to wavelength. Grism 13 includes a diffraction grating portion
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which, in addition to the spatial diffraction function, also at least partially
corrects beams for optical aberrations present in device 4.

[0029] A lens 15 is positioned adjacent to grism 13 such that the optical beams
traverse the lens both prior to incidence onto grism 13 and after reflection from
the grism. This double pass of lens 15 acts to collimate beams in the direction
of a second axis (x-axis). Similarly, in propagating between input ports 5, 6
and 7 and LCOS device 11, the beams reflect twice off a cylindrical mirror 17.
Mirror 17 has appropriate curvature such that each dispersed channel is

focused onto the LCOS device in the y-axis.

[0030] The dispersed wavelength channels are incident onto LCOS device 11,
which acts as a reflective spatial light modulator to actively independently steer
each channel in the x-axis. At the device level, LCOS device 11 operates in a
similar manner to that described in US Patent 7,092,599 to Frisken, entitled
“Wavelength manipulation system and method” and assigned to Finisar
Corporation, the contents of which are incorporated herein by way of cross-
reference. As mentioned above, in other WSS designs, other types of switching
element are used in place of LCOS device 11, such as micro electro-
mechanical mirror (MEMs) arrays.

Overview of aberrations in WSS devices

[0031] In the frequency domain, optical devices can be characterized in terms
of a bandpass filter shape that describes the filtering effects that a device
imposes on optical beams. The bandpass filter generated by a WSS can be
expressed as the convolution of the aperture formed at the image plane with
the optical transfer function of the device. In modeling an optical system, the
aperture is typically chosen to be a rectangular function, and so any features in
the overall filter shape are generally defined by the optical transfer function,
which is in turn defined by the shape of the focused beam spot in the frequency
dispersed axis.

[0032] Since conventional WSS systems use single mode optical fiber inputs,
an ideal aberration free WSS should also have a beam spot with a Gaussian
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distribution at the image plane. This will create a well defined, symmetric,
bandpass filter where the sharpness of the edges is determined by the size of
the spot in the image plane. Fig. 3 illustrates three exemplary Gaussian filter
shapes for optical spot sizes (in the frequency domain) of 8 GHz, 12GHz and
16GHz respectively. Here, the spot size is referenced to the dispersion of the

device.

[0033] When optical aberrations are taken into account in the system, the beam
spot deviates from a perfect Gaussian, and these imperfections are mirrored in
the shape of the corresponding filter shape of the device. The imperfections in
filter shape arising from optical aberrations degrade the system performance
for parameters such as the optical filter width. Fig. 4 illustrates modeled
irradiance (power) and phase plots of the spot in the image plane of an
exemplary WSS device (modeled in the Radiant Zemax optical modeling
software). The majority of the irradiance is observed to lie between £0.05 mm.
Over the same range in the phase profile, a sharp feature at the left edge is
observed, which corresponds to a side lobe in the irradiance profile. These
spectral features, caused by the optical aberrations, affect the resulting filter
shape that is defined by the beam spot (optical transfer function). The resulting
filter shape for the modeled WSS device is illustrated in Fig. 4.

[0034] Example optical aberrations commonly experienced in WSS devices
include spherical aberration and optical coma. Spherical aberration arises from
the imperfect focusing of curved lenses and mirrors. Optical rays that strike the
periphery of a lens or mirror are focused to a closer point than rays passing
through the center of the lens/mirror. Therefore, spherical aberration is realized
as a radial position dependent focusing. Optical coma occurs when optical rays
strike a mirror or lens at an angle to the optical axis or at off-axis positions. The
result is that individual rays experience a variation in magnification over the
optical element and the rays are not focused to the same point in the image
plane. In WSS device 4 of Fig. 2, coma is dominant as the system has a strong

off-axis nature, where the beam strikes mirror 17 away from the centre of
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curvature twice before it strikes the image plane. Spherical aberration is also
present to a lesser extent.

[0035] WSS device 4 of Fig. 2 uses a single mirror design, which is
advantageous for maintaining a small optical footprint and reducing the number
and complexity of components. However, this design uses cylindrical mirror 17
in an off-axis configuration, which leads to coma aberrations on the beam (as
well as spherical aberration that will generally be present in these systems). In
some cases, system designers are willing to incur the loss in optical
performance associated with these aberrations. However, in more sensitive
optical systems, there is a desire to more tightly control the aberrations to
reduce these penalties.

[0036] Two-mirror WSS systems (such as the Czerny-Turner monochromator
approach) are able to passively compensate for coma effects by undoing the
aberrations of a first mirror with a pass of the second mirror. However, these
types of systems have disadvantages associated with additional alignment

complexity, larger optical footprint and increased cost.

[0037] The present invention incorporates aberration correction into a single
mirror, off-axis WSS system, such as that illustrated in Fig. 2, by adding or
modifying an existing phase correction element to the system that essentially
undoes aberrations on the beam and pre-biases negative aberrations for those
predicted further along the optical path. Embodiments of the invention
described herein incorporate the phase correction into the diffraction grating
element (e.g. grism 13 of Fig. 2), where small changes to the line-spacing of
the grating can create a phase profile on the optical beam. It will be
appreciated that in some embodiments, certain aspects of phase correction
can also be incorporated in other ways such as programming a phase function
into LCOS device 11. In a further embodiment, phase correction is
incorporated into a two-mirror design to provide additional aberration correction
over and above that provided by the symmetric mirror design.
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Description of aberration correction diffraction grating

[0038] To achieve aberration correction in a single mirror WSS system, the
present invention utilizes a diffraction grating having a grating profile that is
specified based on the optical aberrations present in the optical system (WSS
device). In the case of device 4 of Fig. 2, the grating profile of grism 13 is
specified to impart a predefined phase change to optical beams to at least
partially correct the beams for optical aberrations present in the optical system.
In particular, the shape and spacing of adjacent diffraction grooves is a function
of position across the substrate in the diffraction dimension according to a
variation profile that is based on the amount of optical aberration in the optical

system.

[0039] In one embodiment, to determine the required grating profile which
compensates for aberrations, method 600 of Fig. 6 is performed. Method 600
will be described with reference to device 4 of Fig. 2. However, it will be
appreciated that method 600 is able to be applied to other optical systems that

include a diffraction grating or equivalent diffractive element.

[0040] At step 601, the optical device is modeled using computer software such
as the Radiant Zemax optical design software. In the model, at step 602, a
reconfigurable phase surface is added in place of grism 13. In some modeling
software, the phase surface is able to be implemented directly as a surface
having phase properties that can be specified. In other modeling software, the
phase surface is implemented by way of an object having a controllable phase
profile. In each case, the phase surface provides a reconfigurable two-
dimensional phase profile, which can be varied to accommodate for optical
aberrations in the device. In effect, the phase modifying element can be
considered as a controllable reference diffraction grating. Following insertion of
the phase surface, various beam properties are measured at the LCOS
switching device 11, such as the size and position of a beam waist.

[0041] In some embodiments, real data on optical aberrations in an optical
system is obtained using a calibration diffraction grating having conventional
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grating characteristics without aberration correction. In one particular
embodiment, a reconfigurable diffraction grating is used and the initial
calibration steps for determining the optical aberration compensation is
performed with the reconfigurable grating in a first ‘reference’ state. The
appropriate corrective grating profile is then determined and the diffraction
grating is changed into a second ‘operating’ state using the corrective grating

profile.

[0042] At step 603, from the measured beam information, M? values of the
beam at LCOS device 11 (image plane) are calculated in the y-axis for desired
wavelengths across the spectrum. M? is an optical beam quality measure
defined as the ratio of the beam parameter product (BP) of the measured beam
to that of an ideal Gaussian beam. BP is the product of the divergence angle of
the optical beam (half-angle) and the radius of the beam at its narrowest point
(the beam waist). The ideal case for a WSS system is to have M? =1 and the
beam waist located at the image plane for all wavelengths and polarizations.

[0043] At step 604, a mathematical optimization routine is implemented to
minimize the sum of the M? values obtained in step 603, while maintaining
beam waist position. The phase profile of the phase surface described in
step 602 is represented as a combination of polynomials and the phase profile
is varied by modifying weight terms of the polynomials. In some embodiments,
the polynomials are linear polynomials of degree 1. In other embodiments, the
phase profile is represented by other mathematical expressions and higher
degree polynomials including Zernike polynomials. In some embodiments,

other minimization techniques are employed.

[0044] Zernike polynomials are a set of polynomials which are orthogonal over
the area of a unit disk, and are generally expressed in polar coordinates. In
optics, they are known to be used to describe aberrations on an optical beam.
Along with modifying the weight terms for these polynomials, some optical path
lengths in the device are also allowed to change within system calibration
constraints during the optimization routine. This is done to maintain the beam

waist location at the image plane. By minimizing the sum of M? values, the
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optimization procedure defines the system with the fewest aberrations at the
image plane.

[0045] At step 605, with the optimized Zernike terms known, a phase profile (P)
is constructed at the phase surface which defines the required phase change
to an optical beam at that surface to compensate for aberrations in the system.
In embodiments described herein, two key Zernike terms are utilized: a term
characterizing the coma aberration; and a term characterizing the spherical
aberration/focus. However, in other embodiments, other combinations of

Zernike terms are used which describe various other optical aberrations.

[0046] Phase profile (@) of the beam at the phase surface is calculated using
the following summation of weighted Zernike polynomials:

N
® =M ) 2mAZ;(p,p)
i=1
where: M is a diffraction order,
A are the Zernike weights calculated in Zemax,
N is the number of Zernike terms in the series
Z are the Zernike polynomials, each of which are a function of the polar co-

ordinates p and @.

[0047] The first 15 Zernike polynomials used in these calculations are shown in

the table below:
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[0048] An example phase profile (@) calculated from simulating device 4 of

Fig. 2 is shown in Fig. 7. For this particular optical system, the phase extends

to £10 radians over the size of the component. The particular phase profile will

be dependent on the optical system being used and will generally be different

for each system.

[0049] In another embodiment, a polynomial series in (x,y) coordinates is used

which gives rise to the following phase profile:

N
(I) = MZAlPl(x,y)
i=1

[0050] Wherein A; are the weights for each polynomial term P;. In this

embodiment, Pi=1, P,=x, Py=y, Ps=x° Ps=xy, Ps=y? P-=x°....etc. So phase
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corrections terms can easily be added in x, y or both dimensions simply by
changing the weight of any of these polynomial terms.

[0051] Referring again to Fig. 6, finally at step 606, the phase profile (®) is
translated into a corresponding diffraction grating profile. The overall phase for
the diffraction grating profile is represented as the sum of the phase variation of
the standard diffraction and the phase profile of the aberration correction. The
latter is the required phase change to an optical beam at that surface to
compensate for aberrations in the system calculated in steps 604 and 605. The

overall phase @, is represented as:

q)Total = q)Grating + q)Aberration-

[0052] The phase for the physical grating is related to the line (e.g. groove,

ridge or slot) density of the diffraction grating as follows:
Dgrating(X,¥y) = 2m.Line Density .y

[0053] over the aperture of the diffraction grating. In this embodiment, the
standard diffraction grating is defined in the y dimension only. The aberration
correction (@ aperration) IN this case is in polar co-ordinates but, in the general
case, this is in Cartesian co-ordinates. A simple conversion between polar and
Cartesian can be used to project into the correct co-ordinate space. Once the
expressions are in the same co-ordinate space, an addition of the polynomial
terms is used to find ®rq, . Finally, the n™ grating line is defined (along the y-

axis in this case) by the following:
cI)Total = 27n

[0054] where n is an integer. This relationship comes from the basic definition
of a diffraction grating, where each line represents a shift of 21 in phase. The
end result is a variable line spacing, where the variation from the standard line
spacing is determined by the phase profile of the aberration correction.

[0055] The profile is written into the diffraction grating of grism 13 (or, in the

case of another optical system, into the corresponding diffractive device) in a
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conventional manner such as photolithographic and mechanical etching
technigues. In one embodiment, the steps of method 600 are coded as
software in instructions that are performed by a processor. That processor may
be in communication with the machine or device that performs the etching of
the physical diffraction grating.

[0056] To achieve the required diffraction grating profile, the spacing of
adjacent diffracting elements (such as diffracting grooves) is varied as a
function of position across the substrate in the dimension of diffraction based
on the optical aberrations measured in the simulated optical system. In some
embodiments where the diffracting elements are elongate (such as
mechanically etched grooves, ridges or lines) the elements have a curvature
that varies across the substrate based on the optical aberrations present in the
optical system.

[0057] The resulting diffractive grism 13 (or equivalent diffractive device)
spatially disperses each wavelength channel and imposes phase changes to
each channel to compensate for optical aberrations that are imposed on the
beams before and after grism 13. The grating optimization routine described
above is also able to correct the total dispersion of the spectrum, as well as
control the spot size of the beam at the image plane.

[0058] Results from a simulated WSS similar to device 4 of Fig. 1 will now be
described with reference to Figs 8 to 11. Referring initially to Fig. 8, there is
illustrated the irradiance profile of an imaged beam (the centre wavelength of
the C-Band) passed through the simulated WSS both with and without an
applied phase aberration correction. Fig. 9 illustrates the corresponding phase
profile for the same simulated WSS. Comparing the curves in Fig. 8, it can be
seen that, with the phase correction in place, the beam spot more closely
represents a Gaussian shape while maintaining approximately the same spot
size. The strong side lobes are removed and the spot is significantly more
symmetric around the centre of the beam. Comparing the curves in Fig. 9, the
phase of the beam in the image plane shows a similar improvement when the

aberration correction is put in place. The sharp features at the edge of the
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beam are significantly reduced in magnitude, and the phase profile is flatter

overall.

[0059] Referring to Figs 10 and 11, the overall filter shape of the simulated
WSS device is shown, as measured by a selected wavelength channel passed
through the device. Fig. 10 illustrates the filter shape of two orthogonal
polarization states without aberration correction applied. The uncorrected filter
shape illustrates similar features to that seen in the irradiance profile of Fig. 8:
a side lobe on the channel and significant asymmetry to the profile as a whole.
The left edge of this channel is sharper than the right edge. Fig. 11 illustrates
the filter shape of the same two polarization states when the aberration
correction is applied. As observed, the channel filter shape is substantially
more symmetric and lacks edge features. The filter shapes match very closely
to the ideal filter shapes shown in Fig. 3 (which are simply the convolution of an
ideal Gaussian beam with a rectangular aperture) and the two polarization
states more closely conform with each other.

CONCLUSIONS

[0060] It will be appreciated that the disclosure above provides various systems
and methods of aberration correction in optical systems.

[0061] In embodiments of the present invention, phase correction is
incorporated into the diffraction grating in a WSS. The phase correction is
achieved by subtly changing the line spacing and curvature of the diffraction
lines of the diffraction grating as a function of position. The phase correction
profile of the diffraction grating provides a phase adjustment to the optical
beams, undoing the aberrations already present, and pre-biasing negative
aberrations for those that will be present later in the optical path. This
aberration correction allows the focused spot at the image plane to be made
smaller and more symmetric, leading to sharper channel profiles. Significantly,
these improvements can be made with a small change to an existing optical
device or system. Embodiments of the invention do not require a more complex

WSS design, or additional correction elements.
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[0062] Embodiments of the present invention incorporate the aberration
correction advantages associated with two-mirror WSS systems into the
simpler more efficient designs of single-mirror WSS systems. Simulated results
of embodiments of the invention show that the beam spot and optical filter have
an improved symmetry and the phase is flatter at the focal plane.

[0063] It will be appreciated that the techniques applied herein are applicable to
optical elements other than the single diffraction grating used in a WSS. For
example, in one embodiment, an optical element separate to the diffraction
grating is able to be incorporated into a WSS and a modified phase profile

etched into the element.

Interpretation

[0064] Throughout this specification, use of the term “element” means either a
single unitary component or a collection of components that combine to
perform a specific function or purpose.

[0065] Throughout this specification, use of the terms “beam spot” and “spot”
means the optical beam profile as viewed in a cross-section across the
direction of beam propagation. By way of example, a Gaussian beam will have

a circular beam spot.

[0066] Throughout this specification, use of the terms “correction” and
‘correcting” in the context of aberration correction mean that the optical
aberrations in the system are at least partially corrected or compensated for

when compared to a system without aberration correction.

[0067] Reference throughout this specification to “one embodiment”, “some
embodiments” or “an embodiment” means that a particular feature, structure or
characteristic described in connection with the embodiment is included in at
least one embodiment of the present invention. Thus, appearances of the
phrases “in one embodiment”, “in some embodiments” or “in an embodiment”
in various places throughout this specification are not necessarily all referring

to the same embodiment, but may. Furthermore, the particular features,
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structures or characteristics may be combined in any suitable manner, as
would be apparent to one of ordinary skill in the art from this disclosure, in one
or more embodiments.

[0068] As used herein, unless otherwise specified the use of the ordinal
adjectives "first", "second", "third", etc., to describe a common object, merely
indicate that different instances of like objects are being referred to, and are not
intended to imply that the objects so described must be in a given sequence,

either temporally, spatially, in ranking, or in any other manner.

[0069] In the claims below and the description herein, any one of the terms
comprising, comprised of or which comprises is an open term that means
including at least the elements/features that follow, but not excluding others.
Thus, the term comprising, when used in the claims, should not be interpreted
as being limitative to the means or elements or steps listed thereafter. For
example, the scope of the expression a device comprising A and B should not
be limited to devices consisting only of elements A and B. Any one of the
terms including or which includes or that includes as used herein is also an
open term that also means including at least the elements/features that follow
the term, but not excluding others. Thus, including is synonymous with and
means comprising.

[0070] It should be appreciated that in the above description of exemplary
embodiments of the invention, various features of the invention are sometimes
grouped together in a single embodiment, Fig., or description thereof for the
purpose of streamlining the disclosure and aiding in the understanding of one
or more of the various inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the claimed invention
requires more features than are expressly recited in each claim. Rather, as the
following claims reflect, inventive aspects lie in less than all features of a single
foregoing disclosed embodiment. Thus, the claims following the Detailed
Description are hereby expressly incorporated into this Detailed Description,
with each claim standing on its own as a separate embodiment of this

invention.
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[0071] Furthermore, while some embodiments described herein include some
but not other features included in other embodiments, combinations of features
of different embodiments are meant to be within the scope of the invention, and
form different embodiments, as would be understood by those skilled in the art.
For example, in the following claims, any of the claimed embodiments can be

used in any combination.

[0072] In the description provided herein, numerous specific details are set
forth. However, it is understood that embodiments of the invention may be
practiced without these specific details. In other instances, well-known
methods, structures and techniques have not been shown in detail in order not
to obscure an understanding of this description.

[0073] Similarly, it is to be noticed that the term coupled, when used in the
claims, should not be interpreted as being limited to direct connections only.
The terms "coupled" and "connected," along with their derivatives, may be
used. It should be understood that these terms are not intended as synonyms
for each other. Thus, the scope of the expression a device A coupled to a
device B should not be limited to devices or systems wherein an output of
device A is directly connected to an input of device B. It means that there
exists a path between an output of A and an input of B which may be a path
including other devices or means. "Coupled" may mean that two or more
elements are either in direct physical, electrical or optical contact, or that two or
more elements are not in direct contact with each other but yet still co-operate

or interact with each other.

[0074] Thus, while there has been described what are believed to be the
preferred embodiments of the invention, those skilled in the art will recognize
that other and further modifications may be made thereto without departing
from the spirit of the invention, and it is intended to claim all such changes and
modifications as fall within the scope of the invention. For example, any
formulas given above are merely representative of procedures that may be
used. Functionality may be added or deleted from the block diagrams and

operations may be interchanged among functional blocks. Steps may be
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added or deleted to methods described within the scope of the present

invention.
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What is claimed is:

1. Adiffraction grating for use in an optical system, the grating including an
array of spaced-apart diffraction lines configured to spatially separate
wavelength channels within incident optical beams and also to impart a
predefined phase change to the optical beams to at least partially correct the
beams for optical aberrations present in the optical system.

2. Adiffraction grating according to claim 1 wherein the array of diffraction lines
defines a phase profile which at least partially reverses aberrations to optical

beams by the optical system.

3. Adiffraction grating according to claim 2 wherein the spacing of adjacent
diffraction lines varies as a function of position across the grating in a
dimension of diffraction based on the optical aberrations to optical beams

present in the optical system.

4. Adiffraction grating according to claim 2 or claim 3 wherein the diffraction
lines have a curvature that varies across the grating based on the optical
aberrations to optical beams present in the optical system.

5.  Adiffraction grating according to any one of the preceding claims wherein the
optical aberration to optical beams includes one or both of optical coma and
spherical aberration of optical beams.

6. An optical switch, including:

at least one input port for projecting an input optical beam;
at least one output port for receiving an output optical beam;

switching optics for selectively switching the optical beam along
predetermined paths between the at least one input port and the at least one
output port; and

a diffractive element configured for:
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12.

13.
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i.  spatially separating wavelength channels within the optical beam;

ii. imposing a predetermined phase change to the wavelength
channels to at least partially correct for optical aberrations to the

input optical beam.
A method of generating an aberration correcting phase profile for use in an
optical system, the method including:

a) in a model of the optical system, inserting a phase manipulating element
at a first predetermined point, the variable phase manipulating element

having a controllable phase profile;

b) measuring properties of optical beams at a second predetermined point in
the optical system; and

c) varying the phase profile of the phase manipulating element such that the
measured beam properties substantially match predetermined reference
beam properties.

A method according to claim 7 wherein step b) includes calculating the M?

value of the optical beams at the predetermined point in the optical system.

A method according to claim 8 wherein step c) includes varying the phase
profile to substantially minimize the sum of the M? values.

A method according to claim 9 wherein the phase profile is expressed as
polynomials.

A method according to claim 10 wherein the step of minimizing the sum of M?
values is performed by selectively modifying weight terms of the polynomials.

A method according to any one of claims 7 to 11 wherein the reference beam

properties are indicative of an ideal Gaussian beam.

A method according to any one of claims 7 to 12 including the further step:
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16.

17.

18.

19.

20.

21.
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d) translating the phase profile into a corresponding diffraction grating
profile.

A method according to claim 13 including the step of:

e) writing the grating profile onto a diffraction grating substrate.

A method according to any one of claims 7 to 14 wherein the first
predetermined point is at or adjacent the position of a diffraction grating in the

optical system.

A method according to any one of claims 7 to 15 wherein the second
predetermined point is at or adjacent a switching device in the optical system.

A method of reducing optical aberrations of optical beams in a wavelength

selective switch, the method including:

utilizing a diffractive phase correction element to substantially reverse

aberration effects to the optical beams provided by said switch.

A method according to claim 17 wherein the diffractive phase correction
element is a diffraction grating having a plurality of spaced-apart diffraction
lines and wherein the diffraction lines define a profile that provides for

substantial reversal of the aberration effects to the optical beams.

A method according to claim 18 wherein the spacing of the diffraction lines is

specified to impart a predefined phase change to the optical beams.

A phase correcting element for use in an optical system, the element
including an array of phase manipulation elements, wherein the manipulation
elements impart a predefined phase change to optical beams to at least
partially correct the beams for optical aberrations present in the optical

system.

A method of reducing optical aberrations in a wavelength selective switch, a
phase correcting element for use in an optical system or a method of

generating an aberration correcting phase profile for use in an optical system
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substantially as herein described with reference to any one of the
embodiments of the invention illustrated in the accompanying drawings
and/or examples.
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