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Abstract

This invention relates to a new optical geometry for using a linear variable tilter as an
optical spectral filter. An elliptical beam geometry with the minor beam axis oriented
along the linearly varying axis of the filter is used. The beam is incident at a slight angle
relative to the long axis of the beam. Ultimately this geometry produces a filter which
has minimum spectral broadening from both angular and beam extent etfects.
Furthermore, this geometry results in low back reflectance and higher input beam power
damage thresholds. The optical filter includes means for tuning a wavelength response ot
the filter. Further, the optical filter can afford Add/Drop functionality by providing

optical circulators at the input and output ports.
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OPTICAL FILTER USING A LINEAR VARIABLE FILTER WITH
ELLIPTICAL BEAM GEOMETRY

Statement Regarding Federally Sponsored Research Or Development

[0001] Not applicable

Reference To Microfiche Appendix

[0002] Not Applicable

Field of the Invention

[0003] The present invention relates generally to the field of optical filters, and more

particularly to tunable optical filters.

Background of the Invention

[0004] Linear Variable Filters (LVFs) are dielectric thin film filters similar to more
commonly used Dense Wavelength Division Multiplexing filters (DWDM). A typical
DWDM filter is a bandpass filter which allows light in a certain wavelength region, or
channel, to be transmitted and rejects all other wavelengths within a specified broader
wavelength region. These filters are generally etalon or Fabry-Perot cavity based 1n
construction. A dielectric reflective layer is deposited on a substrate followed by a cavity
layer and another reflective layer. This forms an etalon where the cavity layer thickness
determines the center wavelength of the filter and the reflectivity of the layers determines
the filter bandwidth. In order to produce a narrower filter with better out of band
rejection, more cavities are added on top of the initial cavity. Of course, in order for
multiple cavities to produce a narrower filter the cavity layers should have substantially

the same thickness.
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[0005] Linear varnable filters have wedged layers. This has the effect of shifting the filter
center wavelength along the wedge axis. As with DWDM filters multiple wedged layers

can be stacked on one another.

[0006] A LVF can be tuned to different wavelengths by translating the incident beam or

the filter in the linearly varying filter direction.

[0007] In accordance with the invention LVFs are used to create narrow bandwidth

tunable spectral filters.

[0008] It 1s an object of the present invention to provide a linear variable filter having
reduced angular and/or beam size broadening thereby minimizing the achievable filter

bandwidth.

Summary of the Invention

[0009] In accordance with the invention there i1s provided an optical filter comprising a
first lens system for converting an input beam into an output beam having a substantially
eccentric cross-section; and a linear variable filter for shifting a center wavelength
response of said linear variable filter in a wavelength varying direction, said linear

variable tilter coupled to receive the output beam.

[0010] In accordance with a further embodiment of the present invention the first lens
system comprises at least two lenses for shaping the output beam, said output beam being
substantially focussed in the wavelength varying direction and substantially collimated in
a substantially wavelength constant direction substantially perpendicular to said
wavelength varying direction. The first lens system is selected from the group consisting

of a cylindrical lens, a spherical lens, a biconic lens, a GRIN lens, an aspheric lens, and a

GRIN cylindrical lens.

[0011] In another embodiment of the present invention, the optical filter further

comprises a second lens system coupled to receive a filtered beam from the linear
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variable filter, said second lens system for recoupling the filtered beam. The second lens
system 1s selected from the group of a cylindrical lens, a spherical lens, a biconic lens, a

GRIN lens, an aspheric lens, and a grin cylindrical lens.

[0012] In accordance with yet a further embodiment of the present invention, the optical
filter comprises means for tuning the optical filter. The means for tuning can comprise
means for relatively translating the output beam and the linear variable filter in a

direction substantially normal to a propagation direction of the output beam.

[0013] In accordance with another embodiment of the invention the linear variable filter
1s tilted about an axis in the substantially wavelength varying direction. Advantageously,

this tilt 1s in a collimated plane of the beam.

[0014] In a further embodiment, the optical filter comprises first reflective means, such
as a mirror, disposed to recetve a back-retlected beam from the linear variable filter and
to direct the back-reflected beam back to said linear variable filter for providing a second

filtering.

[0015] If desired, the optical filter further comprises a first optical circulator disposed to
provide the input beam to the first lens system and to receive a beam reflected from the
linear variable filter from the second filtering, and/or a second optical circulator disposed
to receive the filtered beam from the second lens system and wherein the second

circulator has a second port for inputting an ADD beam.

[0016] In accordance with another embodiment, the inventive optical filter comprises
second reflective means for folding an optical path, the second reflective means being
disposed between the first lens system and the second lens system, such as a corner cube,

an angled mirror, or a right angle prism.

[0017] In accordance with another aspect of the invention, there 1s provided a method for
reducing at least one of a beam size broadening and an angular broadening of a linear

variable optical filter comprising the steps of providing an elliptical beam to the linear
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variable optical filter for reducing the angular broadening, orienting a minor axis of the
elliptical beam 1n a wavelength varying direction of the linear variable optical filter, and
focusing the elliptical beam in a wavelength varying direction of the linear variable
optical filter for reducing the beam size broadening, said beam being substantially

collimated 1n the wavelength varying direction corresponding to a major axis of the

elliptical beam.

[0018] In accordance with a turther embodiment, the method turther comprises the step

of providing the elliptical beam at an optimized angle relative to the major axis of the

elliptical beam.

[0019] In accordance with another embodiment, the method further comprises the step of
tilting the linear variable filter about an axis in the substantially wavelength varying

direction for minimizing a back-retlectance.

[0020] Furthermore, in accordance with the invention, there is provided, an optical filter
comprising an input port for launching an input beam comprising a plurality of
wavelengths into the optical filter, a first lens system for receiving the input beam from
the input port and for providing a substantially elliptical beam, said elliptical beam being
substantially focussed 1n a first direction and substantially collimated in a second
direction substantially perpendicular to the first direction, a linear vartable filter for
receiving the elliptical beam from the first lens system and for substantially transmitting a
selected wavelength of the plurality of wavelengths and substantially reflecting remaining
wavelengths of the plurality of wavelengths, a second lens system for receiving the
selected wavelength and for recoupling said selected wavelength, and an output port for

rece1ving the selected wavelength.

[0021] In accordance with an embodiment of the invention, the optical filter comprises
means for tuning said optical filter. The means for tuning comprise means for relatively
translating the elliptical beam and the linear variable filter in a direction substantially

normal to the propagation direction of the elliptical beam.
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[0022] In accordance with an embodiment of the present invention, the first direction 1s a
substantially wavelength varying direction and the second direction is a substantially
wavelength constant direction and wherein said linear variable filter 1s tilted about an axis

in the substantially wavelength varying direction.

[0023] In accordance with yet another embodiment of the present invention, the optical
filter further comprises reflective means for receiving the reflected remaining
wavelengths and for sending said reflected remaining wavelengths back to the linear

variable filter for providing a second filtering for the selected wavelength.

[0024] If desired, the optical filter in accordance with the present invention comprises a
first optical circulator disposed at the output port for at least one of receiving the selected
wavelength and launching another signal at the selected wavelength into the optical tilter,
and/or a second optical circulator disposed at the input port for launching the input beam
into the optical filter and for receiving at least one of the remaining wavelengths reflected
from the linear variable filter from the second filtering and the other signal at the selected

wavelength.

[0025] Advantageously, the apparatus and method in accordance with the present
invention provides an optical filter with reduced spectral broadening from both angular

and beam extent effects.

[0026] Another advantage of the present invention 1s that the geometry ot the filter

results in low back-reflectance and higher input beam power damage thresholds.

Brief Description of the Drawings

[0027] Exemplary embodiments of the invention will now be described in conjunction

with the following drawings wherein like numerals represent like elements, and wheremn:

[0028] Fig. 1 presents a schematic side view of a basic geometry of a linear variable

filter;
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[0029] Fig. 2 shows a filter transmission of an LVF vs. the wavelength for different filter

positions;

[0030] Fig. 3 shows two graphs of filter center wavelength vs. filter tilt angle for an LVFE

filter with different cavity indices of refraction;

[0031] Fig. 4 presents a schematic view demonstrating a tradeoff between filter

broadening due to angle ettects and filter broadening due to a beam width across the

LVEF;

[0032] Fig. 5 shows a schematic view of an elliptical beam incident on an LVF filter with
1ts major axis in the wavelength constant axis and 1ts minor axis in the wavelength

varying direction of the LVF;

[0033] Fig. 6a shows a schematic view of LVF coupling optics with elliptical beam

geometry 1n the horizontal (focused) plane;

[0034] Fig. 6b shows a schematic view of LVF coupling optics with elliptical beam

geometry 1n the vertical (collimated) plane,

[0035] Fig. 7 1llustrates another embodiment of an optical arrangement of LVF coupling

optics in accordance with the present invention having a folded beam path:

[0036] Fig. 8 shows a diagrammatic representation of an elliptical and a circular beam

and their angular extents;

[0037] Fig. 9 presents graphs of insertion loss vs. wavelength for a narrow band filter for

circular and elliptical beam geometry;

[0038] Fig. 10 shows graphs representing an angular and finite beam broadening as a

function of input beam radius for elliptical and circular input beams;



10

15

o
AN

CA 02369877 2002-02-01

Doc. No. 10-476 CA Patent

[0039] Fig. 11 shows a schematic view demonstrating how an elliptical beam geometry

reduces the sensitivity to walk-off effects in the tilted filter plane;

[0040] Fig. 12 shows a simplified schematic view of another optical arrangement 1n

accordance with the present invention including means for recapturing back-reflected

light; and

10041] Fig. 13 presents a schematic view of another optical arrangement in accordance
with the present invention including means for re-capturing back-reflected light and

further providing add/drop functionality.

Detailed Description of Preferred Embodiments

[0042] Fig. I presents a schematic side view of a basic geometry of a linear variable filter
100 including a substrate 120 on which three wedged dielectric reflective layers 122a-c
are deposited enclosing two wedged cavities 124a and 124b therebetween. The number
of dielectric retlective layers and cavities therebetween 1s exemplary and the invention 1s
not intended to be limited to the example presented in Fig. 1. Arrow 130 denotes the
linearly wavelength varying direction of LVFE 100 with i1ts wavelength decreasing in the
direction of arrow 130. Fig. 1 turther shows an incident Gaussian beam 110 having a
beam divergence angle 112 and an input beam diameter 114. The incident beam [ 10 1s
further shown to have a tilt (offset) angle 118 in the plane of varying wavelength.
However, as will be explained in more detail below, in accordance with the present

invention an elliptical beam geometry 1s employed in an orthogonal plane.

[0043] As beam 110 impinges upon LVF 100 it 1s filtered and a light beam 116 of a
selected wavelength 1s transmitted through LVF 100 while another portion of the input
beam 110 i1s reflected as beam 117 containing the remaining unfiltered wavelengths. A
respective wavelength is selected for filtering by translating the incident beam [ 10 or the

filter 100 in the linearly wavelength varying filter direction 130.
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[0044] Fig. 2 shows a filter transmission of an LVF vs. the wavelength for 3 ditferent
filter positions as the filter is translated in the wavelength varying direction of an LVF
filter. As can be seen from Fig. 2, a first wavelength is filtered at approximately 1525
nm, a second wavelength at approximately 1545 nm, and a third wavelength at
approximately 1565 nm, corresponding to a start position, a middle position, and an end
position of the LVF filter, respectively, as it is translated along the wavelength varying

direction.

[0045] Three factors determine the transmission characteristics of a narrow band LVF
filter. A first factor is related to intrinsic filter specifications, such as a number of
cavities, reflectances, and cavity thicknesses. The other factors relate to the geometry of

the beam incident on the filter and are explained in more detail below.

[0046] Fig. 3 shows two graphs of filter center wavelength vs. filter tilt angle for an LVE
filter with different cavity indices of refraction, viz. a low cavity index of 1.5 (sohd line)
and a high cavity index of 2.05 (dotted line). Looking at Fig. 3, 1t 1s 1llustrated that a
higher cavity index 1s advantageous in reducing a respective filter broadening due to the
intrinsic beam divergence angle. The example presented in Fig. 3 1s based on a fiber tilt
of 5 degrees und a beam divergence angle ot £0.25 degrees for a 200 tun beam
diameter. Itis clearly seen that the higher index cavity causes a smaller filter broadening,

0.4nm (50 GHz), than the lower index cavity, 0.7nm (90 GHz).

[0047] The angle of an incident beam varies the etfective cavity thickness thereby

shifting the filter center wavelength. The shift as a function of incident angle 1s given by,

AA = - A%/(2n%)

for small angles, O, where n is the cavity index of refraction. Curves of angle tuning are
shown in conjunction with Fig. 3 for a high and low index spacer material. The filter
shifting is quadratic 1n angle, therefore minimal shifting occurs for angles near normal

incidence. However some tilt 1s generally required in a filter to minimize back
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reflectance in the optical system. Fig. 3 also demonstrates that the high index material is

less sensitive to angle tuning in comparison to the lower index cavity based filter.

[0048] Gaussian beams propagating through space have a finite divergence angle which
1s mnversely related to the spot size of the beam at the focus. The divergence half angle is

given by,

04 = A/ (mw)  (inradians, small angle approximation)

[0049] where w 1s the beam radius. For example, if the beam radius is 100um. as from a

collimated beam out of an SLW 1.0 selfoc lens, the beam divergence is 0.005 rad, or 0.28°
(@1550nm). This beam divergence implies that different portions of a single Gaussian
beam are exposed to different filters. To calculate the effective filter the intrinsic filter
must be integrated over angular contributions of the beam. As shown in Fig. 3, the
effective filter broadening for a tilt angle of 5° and a 200um incident beam diameter is

approximately 0.7nm and 0.4nm for low and high index spacers respectively. Thus even

1f the intrinsic filter has a small band width it experiences angular broadening.

[0050] The following broadening mechanism is unique to linear variable filters. The
beam incident on the filter has a finite spatial extent in the linearly wavelength varying
direction of the filter. Along this direction different parts of the beam are exposed to
shightly different filters. This contribution to filter broadening depends on the size of the
beam and the linearly varying filter slope. The effective broadening of the filter can be

estimated from.,

AA = slope x 2w

[0051] For example, if the slope of the filter is Snm/mm and the beam has a radius of

100um, the ettective broadening is approximately Inm.

[0052] The finite beam broadening and angular broadening mechanisms must both be

minimized to produce a filter which approaches the intrinsic filter. The mechanisms are
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both related to the incident beam geometry and are at odds. To minimize angular
broadening the beam must be collimated, hence larger, which tends to increase the finite
beam broadening. Ultimately the optimum beam size for the narrowest possible effective
filter 1s one which balances these mechanisms. This tradeoff 1s represented conceptually
in Fig. 4, showing a schematic view demonstrating a tradeoff between filter broadening
due to angle effects and filter broadening due to a beam width across the LVF. It s seen
from Fig. 4 that if the beam diameter becomes too small, angle effects cause a
broadening, and if the beam diameter becomes too large, the size of the beam causes
some broadening. Hence, it 1s desirable to determine an optimum beam diameter so as to
reduce the tilter broadening by balancing these broadening mechanisms. The
determination of the optimum beam diameter i1s shown 1n more detail in conjunction with

Fig. 10 below.

[0053] The spectral band width of the filter will be a combination of the intrinsic filter

width, angular broadening and finite beam broadening added in quadrature as follows:

< - e —————————— . ———— ———

broadened width = \/intrinsic width” + angular broadening” + size broadening"

[0054] In accordance with an embodiment of the present invention, a beam having a
substantially eccentric cross-section 1s used, such as an elliptical beam geometry, to
minimize beam broadening and angle broadening to smaller levels than 1s possible with a
conventional circular beam. The elliptical beam geometry is shown in conjunction with
Fig. 5 presenting a schematic view of an elliptical beam 510 having a major axis 514 and
a minor axis 512. The elliptical beam 510 1s incident on an LVF filter 500 with its major
axis in the wavelength constant axis 530 and its minor axis in the wavelength varying
direction of LVF filter 500. The elliptical beam geometry provides a beam with a
diameter that is smaller or equal to the channel width in the direction of the minor axis
>12. The beam diameter in the direction of the major axis 514 1s less important since the
wavelength varying direction of the LVF filter 500 1s in the direction of the minor axis of

elliptical beam 510.

10
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[0055] Figs. 6a and 6b depict an apparatus and a method of achieving an elliptical beam
geometry on an LVF filter. Fig. 6a shows a schematic view of LVF coupling optics 600
with elliptical beam geometry in the horizontal (focused) plane to achieve an elliptical
beam geometry on LVF filter 640 and Fig. 6b shows a schematic view of LVF coupling
optics 600 with elliptical beam geometry in the vertical (collimated) plane. Light 1s
incident from a fiber of fiber tube 610 on to a cylindrical lens 620 and then through a
GRIN lens 630 onto the LVF filter 640. In the horizontal plane the combination of lenses
620 and 630 acts to focus the beam onto the LVF 640. In the vertical plane, the
cylindrical lens 620 has no focussing effect and the GRIN lens 630 collimates the light.
LVF filter 640 is translated normal to the optical axis OA to achieve a spectral tuning ot
the center wavelength of LVF 640. The output light is then coupled to an output fiber in
fiber tube 670 with a second GRIN lens 650 and a cylindrical lens 660.

[0056] Tilting the filter in the plane of the major axis of the elliptical beam and the

optical axis minimizes the back reflectance to the input optics.

[0057] Alternatively other techniques or elements are used for creating this geometry.
For example, conventional lenses, such as spherical or aspherical lenses, can be used
rather than GRIN lenses. The term conventional lens 1s used herein to denote a lens with

a focal length that is independent of the plane, horizontal or vertical, of the incident light.

[0058] Further, in accordance with another embodiment of the present invention, the

cylindrical and GRIN lens positions can be reversed to achieve the same eftect.

[0059] Fig. 7 illustrates another embodiment of an optical arrangement of LVE coupling
optics 700 in the focused plane with a folded beam path in accordance with the present
invention. An input beam is launched into input fiber 705 supported in a fiber tube 710.
A spacer 715 is used to separate the input fiber 705 and input fiber tube 710 from a
cylindrical microlens 720. The light path between the input fiber705/input fiber tube 710
and the cylindrical microlens 720 is an air gap 717 provided in the spacer 715. The
spacer 715 can be made from a glass or metal matenal, for example. If desired, a glue

material is used instead of the spacer 715. The light propagates from the cylindrical
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microlens 720 to GRIN lens 730. A glass plate 725 is used to bond the spacer 715, the
cylindrical microlens 720, and the GRIN lens 730 together. A prism 7335 1s used to
redirect the light from the GRIN lens 730 to LVF 740 by total internal reflection and
hence folding the optical path. The elliptical beam has a focus 738 at an input face 739 of
LVE 740. LVF 740 is translated by a stepper motor, for example, so as to shift the center
wavelength of LVF 740. The light exiting from LVF 740 propagates to another prism
745 that folds the light path a second time by total internal reflection. The light
propagates to output fiber 775 supported in output fiber tube 770 via GRIN lens 750 and
a cylindrical microlens 760. A spacer 765 is used to separate the cylindrical microlens
760 from the output fiber tube 770 supporting the output fiber 775. An air gap 767 1s
provided within spacer 765. The spacer 763, the cylindrical microlens 760, and GRIN
lens 750 are attached together by a glass plate 7535.

[0060] The use of glass plates 725 and 755 and spacers 715 and 765 describes one
convenient way of implementing the described elliptical beam geometry and connecting
the optical elements. The use of spacers and glass plates 1s not necessary to implement

the present invention and hence the invention is not intended to be limited to the use of

these elements.

[0061] The folded geometry in accordance with the embodiment of the invention
described 1n Fig. 7 enables the input and output fibers to be placed on the same side of the
device 700. This geometry 1s functionally equivalent to the unfolded geometry described

in conjunction with Fig. 6a and Fig. 6b.

[0062] The eftective filter produced by an elliptical beam geometry is discussed in more
detail hereafter. The finite beam broadening effect is minimized by focusing the beam to

a small spot in the linearly wavelength varying filter direction. This also generates
large beam divergence in this plane. As an example, a S0umx200um elliptical beam is
considered. A 50um focussed beam diameter has a divergence half angle of 1°. In the
collimated orthogonal plane, a 200pum beam diameter resuits in a much smaller

divergence half angle of 0.25°. The eftective angle of the beam relative to the filter is a

12
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compound angle. In the collimated direction, the beam has an incident angle of 5° from
the filter tilt. When adding an orthogonal contribution from the 1° beam divergence, the
resultant angle 1s only 5.1°. Even though the beam is highly divergent, the effective
angle of various beam contributions varies only slightly from the nominal 5°. Even
though the angular extent in the collimated plane is much smaller (£0.25°) this causes a

greater spread 1n beam angles (from 4.75° — 5.25°). A larger beam eccentricity can be

used to eliminate this factor. A graphical representation of the elliptical beam in angular

space 18 shown 1n conjunction with Fig. 8. The equivalent circular beam has input angles

ranging from 4° to 6° and hence inducing more severe spectral broadening.

[0063] Fig. 8 shows a diagrammatic representation of a circular beam 810 and an
elliptical beam 820 and their angular extents, 2deg.x2deg. and 2deg.x0.5deg.,
respectively. It 1s noted that the major axis of the elliptical beam in spatial (rather than

angular) coordinates is located along the y-axis.

[0064] By tilting the filter becomes more sensitive to angle effects as was demonstrated
heretofore 1n conjunction with Fig. 3. Arrow T denotes an offset angle of 5 degrees for
the filter and as a result of tilting the filter, a center of the circular and elliptical beam 830
1s shifted upwards along the y angle axis. When comparing an edge 840 of the circular
beam 810 to an edge 850 of the elliptical beam 820, it is apparent that the circular beam
810 has a much larger angular extent, viz. from 4 degrees at point A to 6 degrees at point
B, than the elliptical beam 820, viz. from 4.75 degrees at point C to 5.25 degrees at point
D. This demonstrates that the variation in input angle of an elliptical beam is much
smaller than for a circular beam and hence an elliptical beam geometry is used to reduce

an angular broadening.

[0065] Fig. 9 presents four graphs of insertion loss vs. wavelength for a narrow band
filter for circular and elliptical beam geometry to further demonstrate the advantage of the
elliptical beam geometry. The graph for the intrinsic, unbroadened filter is denoted with
A. However, at normal incidence the intrinsic filter is broadened by the LVF due to the

finite spatial extent of the beam, as presented in graph B. At an angle of incidence of 5°,

13
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angle broadening severely broadens the filter for the circular beam, graph C, and has a
minimal effect on the elliptical beam, graph D. With this geometry the intrinsic filter 1s
shifted substantially (1.5nm), however all the components of the beam are shifted by
almost the same amount. Therefore, the narrow intrinsic filter 1s not substantially

broadened for the elliptical beam.

[0066] As with a circular beam the optimum beam geometry results when the finite becam
extent broadening and angular broadening effects are approximately equal. Of course,
this will occur for an elliptical beam which has a much smaller minor diameter than the

equivalent circular beam ultimately resulting in a narrower spectral filter.

[0067] Fig. 10 shows graphs representing an angular and finite beam broadening as a
function of input beam radius for elliptical and circular input beams. The intrinsic
(unbroadened) filter is shown compared with the broadened filter at normal incidence for
which angle broadening is negligible. The elliptical beam geometry 1s seen to produce
less filter broadening than a circular beam when the angle of incidence is 5°. This
analysis excludes walk-off induced loss which will increase with the angle of incidence.
[t is further noted that the analysis shown in Fig. 10 assumes that the elliptical beam 1s

sufficiently collimated in its major axis and that it does not contribute to angular

broadening.

[0068] In Fig. 10 the effects of angular and finite beam size broadening are shown for
various beam radii in elliptical and circular geometries. The angular broadening for a

circular beam can be estimated by:

Alcircular = (A/2n*) (0% ax = 0% 1in)

= (AM2n°)(( 6+6g)” -( 8-89)°)

= (2A°0)/(mwn”)

14
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[0069] where O is the tilt angle, 04 1s the beam divergence angle, and w 1s the beam
radius, and n is the cavity index. This equation is based on the tilt induced wavelength
shift as seen in Fig. 3. The reduced equation assumes the tilt angle 1s larger than the
beam divergence half angle. Note that this is a necessary requirement to effectively

reduce the back reflectance.

[0070] In comparison for an elliptical beam, where the beam 1s sufficiently collimated

along the long (major) axis that its divergence can be neglected, the broadening 1s
Ahelliptical = (A/2n%)(6%max - 0°min)
= (W20)(( 6% + 0x3)12 - (67 - 6x)))
= A/[2(nw)” ]

where 0x is the beam divergence in the focused axis, 6x = A/(mtw), and w is the minor

axis beam radius. This equation assumes Ox << 0 and adequate collimation in the long

(major) beam axis. In order to assure adequate collimation in the long (major) axis, the

beam divergence, Oy, along this axis (y) must satisty:
Oy < sqrt(E)Ji<2 +6%-90,
[0072] where O is the tilt angle and Ox 1s the beam divergence 1n the focused axis.

[0073] This defines the minimum eccentricity of the beam for the elliptical beam
geometry to be most effective. The elliptical beam broadening has no dependence on the
tilt angle. In fact, it is equivalent to the broadening of a circular beam with the same

radius as the minor ellipse axis when there is no filter tilt.

[0074] In Fig. 10, the finite beam size broadening and angular broadening are added 1n
quadrature to produce a total effective broadening. For a given slope, tlt and cavity

index parameters the optimum elliptical beam has a minor axis radius of 17um and an

15
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effective broadening of 0.27nm. This compares with a circular beam broadening of over
3 times more (0.9nm) for a S0um radius. The intrinsic filter bandwidth must be added in
quadrature to the filter/angular broadening values to derive the effective filter bandwidth.
For example, 1f the intrinsic filter 1s 0.3nm, and the elliptical beam broadening 1s 0.27nm,
the effective filter 1s approximately 0.4nm wide. To derive the exact bandwidth and filter
shape, the intrinsic filter must be convolved over the spatial and angular distributions of
the beam as was done for Fig. 9. In general, if the estimated filter broadening 1s much
smaller, tor example by a factor of 3 or more, than the intrinsic filter, it will not be

substantially broadened.

[0075] Thus, the elliptical beam geometry takes full advantage in optimizing filter
performance. With this geometry a narrow bandwidth filter can be obtained whilst
maintaining good back retlectance characteristics. Furthermore, relative to a circular
beam with the same minor diameter the elliptical beam has a larger spatial extent. This
reduces the power density on the LVF filter by the aspect ratio of the beam resulting in an

increased power handling capability.

[0076] Fig. 11 shows a schematic view demonstrating how an elliptical beam geometry
reduces the sensitivity to walk-oft ettects in the tilted filter plane. Narrow band dielectric
filters have a large ettective optical thickness which induces beam walk-oft when the
filter 1s tilted, as shown in Fig. 11. The walk-off tends to have a negative effect on filter
performance and distorts the output beam. These effects are minimized when the
physical walk-ott 1s small relative to the beam diameter. The elliptical beam geometry
minimizes the negative influence of walk-oft by placing the major axis of the beam in the

plane of the tilt axis.

[0077] Fig. 12 shows a simplified schematic view of another optical arrangement 1200 in

accordance with the present invention including means for recapturing back-reflected

light. A light beam including a plurality of wavelength A4, ....4 is launched into port | of

circulator 1210. The light beam exits the circulator 1210 at port 2 and is directed towards

LVF 1220 via a cylindrical lens and GRIN lens. Both, the cylindrical lens and the GRIN

10
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lens are not shown in Fig. 12 for ease of illustration. When the light beam including the

plurality of wavelength impinges upon LVF 1220, a selected wavelength A is

transmitted through LVFE 1220 and the remaining wavelength A,...A — A are reflected

from the tilted LVF 1220 and are directed towards a mirror 1230. Mirror 1230 is

disposed approximately one focal length away from LVF 1220. At the mirror 1230, the

light beam including the remaining wavelength A,....A —A_is reflected back towards
LVF 1220. This allows tor a second filtering of remnant wavelength A_ at the LVF

1220. The remaining wavelength A,....A — A_ are then reflected back from LVF 1220

towards port 2 of circulator 1210 so that they can be re-captured at port 3 of circulator
1210. Advantageously, this optical arrangement 1200 provides a double filtering process
for a predetermined wavelength so as to ensure that no residual light of the predetermined
wavelength remains within the back-reflected light, and further it provides for a re-

capturing of the back-reflected light.

[0078] Fig. 13 presents a schematic view of another optical arrangement 1300 in
accordance with the present invention including means for re-capturing back-reflected

hight and fturther providing add/drop functionality. A beam of light including a plurality

of wavelength A,.....4 is launched into port 1 of an optical circulator 1310 and exits at

port 2 to be directed to LVF 1335 via fiber tube 1315, cylindrical lens 1320, and GRIN

lens 1330. Upon impinging on LVF 1335, a pre-selected wavelength A is transmitted
therethrough while the remaining wavelength A,....A —A_ are reflected from LVF 1335.

The retlected light beam containing the remaining wavelength 4,....4A — A travels (o a

mirror 1325, provided on an end face of fiber tube 1315, via the GRIN lens 1330 and the

cylindrical lens 1320. Mirror 1325 sends the light beam containing the remaining

wavelength A,... A, — A back to LVF 1335 where a second filtering for A_ occurs. The

remaining wavelength A,....A —A_ are directed back to port 2 of circulator 1310 via

GRIN lens 1330, cylindrical lens 1320, and fiber tube 1315 and then are circulated to port

3 of circulator 1310 to exit device 1300.

17
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[0079] The light of wavelength A_ that is transmitted/filtered through LVF 1335 is

directed to port 2 of a second circulator 1355 where it is circulated to port 3 to exit device

1300. Furthermore, in accordance with the embodiment presented in Fig, 13, a new

wavelength A can be added to the signal. The added channel A, is launched into port |
of circulator 1355 and then directed out of port 2 of circulator 1355 to port 2 of circulator
1310 via fiber tube 1350, cylindrical lens 1345, GRIN lens 1340, LVF 1335, GRIN lens

1330, cylindrical lens 1320, and fiber tube 1315. The added channel A_ is circulated

from port 2 of circulator 1310 to port 3 where it exits device 1300 together with the back-

reflected light of wavelengths A4....A -4 .

[0080] A further advantage of the tunable filter in accordance with the present invention
is its small package size. By reducing beam broadening effects, the LVF wavelength

slope (dA/dl) can be increased in the elliptical beam geometry as in comparison to a

conventional circular beam geometry. This effectively reduces the filter length required

to achieve a given wavelength tuning range.

[0081] The above described embodiments of the invention are intended to be examples of
the present invention and numerous modifications, variations, and adaptations may be
made to the particular embodiments of the invention without departing from the spirit and

scope of the invention, which 1s defined 1n the claims.

18



CA 02369877 2002-02-01

Doc. No. 10-476 CA Patent

Claims

What 1s claimed i1s:

1. An optical filter comprising:

a first lens system for converting an input beam nto an output beam having a

substantially eccentric cross-section; and
a linear variable filter for shifting a center wavelength response of said linear

10 variable filter in a wavelength varying direction, said linear variable filter coupled to

receive the output beam.

2. The optical filter as defined in claim 1 wherein the first lens system comprises at least
two lenses for shaping the output beam, said output beam being substantially focussed in
15  the wavelength varying direction and substantially collimated in a substantially

wavelength constant direction substantially perpendicular to said wavelength varying

direction.

3. The optical filter as defined 1n claim 2 wherein the first lens system i1s selected from

20  the group consisting of a cylindrical lens, a spherical lens, a biconic lens, a GRIN lens. an

aspheric lens, and a GRIN cylindrical lens.

4. The optical filter as defined in claim 2 further comprising a second lens system
coupled to receive a filtered beam from the linear variable filter, said second lens system

25  for recoupling the tiltered beam.

5. The optical filter as defined in claim 4 wherein the second lens system is selected from
the group of a cylindrical lens, a spherical lens, a biconic lens, a GRIN lens, an aspheric
lens, and a grin cylindrical lens.

30
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6. The optical filter as defined in claim 2 further comprising means for tuning the optical

filter.

7. The optical filter as defined in claim 6 wherein the means for tuning comprise means
for relatively translating the output beam and the linear variable filter in a direction

substantially normal to a propagation direction of the output beam.

8. The optical filter as defined in claim 7 wherein the means for translating 1s a stepper

motor.

9. The optical filter as defined in claim 7 wherein the linear variable filter is tilted about

an axis in the substantially wavelength varying direction.

10. The optical filter as defined in claim 7 further comprising first reflective means
disposed to receive a back-reflected beam from the linear variable filter and to direct the

back-reflected beam back to said linear variable filter for providing a second filtering,

11. The optical filter as defined in claim 10 wherein the first reflective means is a mirror.

12. The optical filter as defined 1n claim 10 further comprising a first optical circulator
disposed to provide the input beam to the first lens system and to receive a beam reflected

from the linear variable filter from the second filtering.

13. The optical filter as defined in claim 12 further comprising a second optical
circulator disposed to recetve the filtered beam from the second lens system and wherein

the second circulator has a second port for inputting an ADD beam.

14. The optical filter as defined in claim 4 further comprising second reflective means
for folding an optical path, the second retlective means being disposed between the first

lens system and the second lens system.
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15. The optical filter as defined in claim 14 wherein the second reflective means 1s one

of a corner cube, an angled mirror, and a right angle prism.

16. A method for reducing at least one of a beam size broadening and an angular
broadening of a linear variable optical filter comprising the steps of:

providing an elliptical beam to the linear variable optical filter for reducing the
angular broadening;

orienting a minor axis of the elliptical beam in a wavelength varying direction of
the linear variable optical filter; and

focusing the elliptical beam in a wavelength varying direction of the linear
variable optical filter for reducing the beam size broadening, said beam being
substantially collimated in the wavelength varying direction corresponding to a major

axis of the elliptical beam.

17. The method as defined in claim 16 further comprising the step of providing the

elliptical beam at an optimized angle relative to the major axis of the elliptical beam.

18. The method as defined in claim 17 further comprising the step of tilting the hinear
variable filter about an axis in the substantially wavelength varying direction tor

minimizing a back-retlectance.

19. An optical filter comprising:

an input port for launching an input beam comprising a plurality of wavelengths
into the optical filter;

a first lens system for receiving the input beam from the input port and for
providing a substantially elliptical beam, said elliptical beam being substantially focussed
in a first direction and substantially collimated in a second direction substantially
perpendicular to the first direction;

a linear variable filter for receiving the elliptical beam from the first lens system
and for substantially transmitting a selected wavelength of the plurality of wavelengths

and substantially reflecting remaining wavelengths of the plurality of wavelengths:
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a second lens system for receiving the selected wavelength and tor recoupling
said selected wavelength; and

an output port for recerving the selected wavelength.

20. The optical filter as defined in claim 19 fturther comprising means for tuning said

optical filter.

21. The opucal filter as defined m claim 20 whercin the means for tuning comprisc
means for relatively translating the elliptical beam and the linear varable filter in a

direction substantially normal to the propagation direction of the elliptical beam.

22. The optical tilter as defined in claim 21 wherein the first direction 1s a substantially
wavelength varying direction and the second direction is a substantially wavelength
constant direction and wherein said linear variable tilter is tulted about an axis in the

substantially wavelength varying direction.

23. The optical filter as defined in claim 22 turther comprising reflective means for
recerving the retlected remaining wavelengths and for sending said reflected remaining
wavelengths buck to the linear variable filter for providing a second filtering for the

selected wavelength.

24. The optical filter as defined in claim 23 further comprising a first optical circulator
disposed at the output port for at least one of receiving the selected wavelength and

launching another signal at the selected wavelength into the optical filter.

25. The optical filter as defined in claim 24 further comprising a second optical
circulator disposed at the input port for launching the input beam into the optical filter
and for receiving at least one of the remaining wavelengths retlected from the linear

variable filter from the second filtering and the other signal at the selected wavelength.
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