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ABSTRACT OF THE DISCLOSURE

The invention relates to an optical waveguide device for monitoring a characteristics
of light, e.g. a wavelength. The device incorporates a waveguide, such as an optical fiber, with an
embedded tilted Bragg grating operating in a regime of wavelength detuning. The grating 1s
designed to disperse light azimuthally in two or more different directions about the fiber axis,
said directions changing with wavelength. A photodetector array 1s provided for detecting the
azimuthal distribution of light. A processor coupled to the photodetector array determines

wavelength information from the detected azimuthal distribution of the out-coupled light.
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OPTICAL DEVICE INCORPORATING A TILTED BRAGG GRATING

TECHNICAL FIELD

[01] The present invention generally relates to waveguide devices for measuring a
characteristic of light, and more particularly to waveguide Bragg grating based devices out-

coupling azimuthally dispersed light for measuring its spectral characteristics.

BACKGROUND OF THE INVENTION

[02] Tilted, or blazed Bragg gratings formed in optical waveguides, and in particular — in
optical fibers are known for their ability to out-couple light propagating in the waveguide into a
leaky mode exiting the waveguide in one or more locations along the waveguide length, thus
providing an optical tap or taps. In many optical systems, such a grating-based optical tap is

useful in capturing and monitoring a signal passing through the optical waveguide.

[03] U.S. Pat. No. 5,061,032, issued to G. Meltz et al., discloses a particular optical fiber tap
arrangement that utilizes a blazed, chirped refractive index grating selected to redirect light
guided 1n the fiber such that it comes to a focus at a point outside of the fiber. The patent also

discloses that the angle of the external path of the redirected light to the fiber axis that results in

the constructive interference 1s peculiar to the respective central wavelength ().

[04] The wavelength-dependent tap taught by Meltz et al required a relatively large blaze
angle, preferably at least 22 degrees, to achieve the desired redirection of the light guided in the
fiber core to light in space outside of the fiber. This relatively large blaze angle was found to
result in polarization sensitivity, when the fraction of light that 1s redirected by the grating
depends on the polarization of the incident guided hight. US Patents 5,832,156, 5,850,302 and
6,002,822 issued to Strasser et al disclose dispersive optical taps for wavelength monitoring,
wherein the undesirable polarization sensitivity of the tapped fraction was reduced by using
blazing angles that are smaller than 15 degrees for coupling the guided mode to one or more
cladding modes. Appropriate coupling means, comprising €.g. a glass prism, are further provided
for coupling the cladding modes to radiation modes and for dispersing the out-coupled light

along the fiber axis in dependence on the wavelength; an array of photodetectors disposed
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outside of the waveguide along the fiber axis is provided for determining spectral content of the

guided mode in dependence on the light signal location along the array.

[05] One of the drawback of the dispersive tap taught by Meltz et al is that it requires
special optical coupling or optical beam modifying elements, in addition to the blazed grating, to
out-couple light from the optical fiber. A recent US patent 6,885,792 issued to Eggleton et al,
discloses a wavelength monitoring system éomprising a series of discrete blazed gratings for
first spatially separating individual wavelength bands within the optical fiber along its axis and
for out-coupling these spatially-separated bands from the fiber guiding mode to radiation modes,
and then detecting theses out-coupled bands 1n the near field using inexpensive detecting
apparatus, without any, or at least most, optically modifying elements. However, this solution
requires forming multiple gratings along the fiber length, which increases the tap size and grating

writing complexity.

[06] Several prior-art fiber-optic devices exploit the polarization sensitivity of the light
out-coupled by a blazed, or tilted, Bragg grating having a large tilt angle. These devices employ
tilted fiber Bragg gratings that out-couple light in different azimuthal directions about the fiber
axis. For example, US patent 6,211,957 to Edorgan discloses an in-line polarimeter comprising
four consecutive blazed grating inscribed with four different orientations to the fiber axis
(O.degree., 90.degree. and 45.degree., 135.degree.) and UV-induced waveplates, for determining
four Stokes parameters. Since cach grating 1n this device out-couples light in one azimuthal
direction, a relatively complex gratings and photodiodes arrangement 1s required for the
polarimeter to function. US patent 6,591,024 to Westbrook discloses an in-line fiber device using
blazed gratings that combines the wavelength sensitivity of the in-plane, or longitudinal out-
coupling angle with azimuthal polarization sensitivity to provide a combined
spectrometer/polarimeter fiber device. In all these devices, each of the Bragg gratings couples
light predominantly in one azimuthal direction defined by the grating tilt orientation within the

fiber, with the coupling efficiency dependent on the tilt orientation relative to a polarization

plane of the incident light.
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[07] Recently, 1t was shown that a blazed Bragg fiber grating can be formed 1n an optical
fiber so that 1t out-couples monochromatic light simultaneously 1n two different azimuthal
directions, or two spatially separated intensity maxima, which were found to be sensitive to the
light polarization (J. Peupelmann, E. Krause, A. Bandemer and C. Schéffer, "Fibre-polarimeter
based on grating taps,” Electron. Lett. 38, 1248-1250, 2002). This effect was attributed by the
authors to the lens effect of the fibre surface leading to differently orientated grating regions in
the fibre core during the grating inscription process, resulting in the coupling out of different
states of polarization (SOPs) in different directions, which can be viewed as a simultaneous
formation of two blazed gratings in the fiber during the grating inscription. US patent 6,816,260
1ssued to Peupelmann et al discloses an in-line polarimeter that exploits polarization sensitivity
of these intensity maxima to reduce the number of blazed gratings required for performing
polarization state measurements. However, the inventors did not provide any teaching of

wavelength sensitivity of the azimuthal separation of the maxima.

[08] An object of the present invention 1s to provide an in-line fiber-optic spectrometer

that uses azimuthal distribution of out-coupled light for spectral measurements.

[09] It 1s another object of this invention to provide a compact waveguide Bragg grating
device for measuring a characteristic of light propagating therein using wavelength dispersion of

the light coupled out of the waveguide 1n a transverse to the waveguide direction.

[10] It 1s another object of this invention to provide an in-line tilted Bragg grating based

fiber-optic spectrometer having a photodetector array positioned normally to the fiber axis.

SUMMARY OF THE INVENTION

11] In accordance with the invention, a device for measuring a characteristic of light
propagating t herein 1 s provided, c omprising a w aveguide for s upporting the light p ropagating
therein, the waveguide having an optical axis, a Bragg grating formed in the waveguide for
coupling at least a portion of the light out of the waveguide through a side surface thereof, and
for dispersing the at least a portion of the li‘ght azimuthally about the optical axis in dependence
on a wavelength of the light, photo-detecting means disposed to receive the at least a portion of

the light from the Bragg grating for detecting an azimuthal distribution of light coupled out of the
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waveguide about the optical axis; and, processing means for receiving information from the

photo-detecting means for determining the wavelength from the detected azimuthal distribution

of light.

[12] In one aspect of the invention, the Bragg grating 1s designed to operate in a pre-
determined wavelength range substantially detuned from a Bragg wavelength corresponding to a
maximum coupling efficiency of the Bragg grating, and acts as a wavelength sensitive dispersion

element, spreading the radiated light of different wavelengths azimuthally about the fiber axis.

[13] In accordance with another aspect of this invention, the Bragg grating is designed for
directing substantial portions of the light coupled out of the waveguide 1n at least two different
directions about the optical axis, wherein said two different directions are characterized by
variable azimuthal angles that change when the wavelength changes, and wherein the processing
means of the device are programmed for determining 1) a wavelength value according to an
azimuthal angle of the light coupled out of the waveguide, and 11) a polarization characteristic of

the light from relative magmitudes of said portions of the light.

[14] Another feature of the present invention provides a method of determining a
wavelength of light propagating in a waveguide, comprising the steps of: providing a tilted
Bragg grating in the waveguide for coupling at least a portion of the light out of the waveguide to
form out-coupled light, wherein the tilted Bragg grating in the waveguide 1s charactenized by a
Bragg wavelength substantially different from the wavelength of the light, and has at least a
period selected so as to direct a substantial portion of the out-coupled light in a direction which
rotates about an optical axis of the waveguide by a substantially non-zero azimuthal angle when
the wavelength of the light changes; determining a value of the azimuthal angle using photo-
detecting means sensitive to the azimuthal angle of the out-coupled light; and, determining a
value of the wavelength from the value of the azimuthal angle using pre-determined calibration

data.

BRIEF DESCRIPTION OF THE DRAWINGS

[15] The invention will be described 1n greater detail with reference to the accompanying

drawings which represent preferred embodiments thereof, wherein:
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[16] FIG. 1 1s a diagram of a prior-art in-line fiber spectrometer;
[17] FIG. 2 is a diagram illustrating spatial dispersion of the out-coupled light for the

prior-art in-line fiber spectrometer shown in FIG. 1;

[18] FIG. 3 is a 3D view of a double-peak distribution of an out-coupled light for a prior-

art polarimeter comprising a specially-formed fiber Bragg grating;

[19] FIG. 4A is a schematic diagram showing a side view of a Bragg grating based device
for measuring wavelength-sensitive azimuthal distribution of the out-coupled light according to

the present invention,;

[20] FIG. 4B is a schematic diagram showing a front view of the Bragg grating based
device shown 1n FIG. 4A;

[21] FIG. 4C is a schematic diagram showing a front view of the Bragg grating device

having a circumferential photo-diode array.

[22] FIG. 4D is a schematic diagram showing a front view of a planar embodiment of the

Bragg grating device shown 1n FIGs. 4A-C.

[23] FIG. 5A is a vector diagram illustrating the coupling of light out of the Bragg grating
based device shown 1n FIG. 4A;

[24] FIG. 5B is a projection of the vector diagram shown in FIG. 5A on a plane normal to

the optical fiber axis;

[25] FIG. 6 is a diagram showing simulated distributions of the out-coupled light in a
plane normal to the fiber axis for a centered-type spatial grating response in dependence on the

wavelength detuning parameter |Ky/k;

[26] FIG. 7 is a diagram showing simulated distribution of the out-coupled light 1n a plane
normal to the fiber axis for a split-type spatial grating response in dependence on the wavelength

detuning parameter |Ky/ky;
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[27] FIG. 8 is a diagram showing simulated distributions of the out-coupled light 1n a
plane normal to the fiber axis for a split-type spatial grating response for three different

wavelength values;

[28] FIG. 9 is a graph showing approximate simulated wavelength dependence of the
angular separation between maxima of the two nearest side-lobes in the azimuthal distribution of

the out-coupled light for various grating periods providing the split-type grating response.

[29] FIGs. 10A-C are diagrams illustrating effect of incident light polarization on the
azimuthal distribution of the out-coupled light for the split-type spatial grating response in

dependence on the polarization orientation.

DETAILED DESCRIPTION
[30] Referring first to FIG. 1, a prior-art in-line fiber spectrometer typically includes a

chirped blazed fiber Bragg grating (FBG) 14 formed in an optical fiber 12, and a photodetector
array 24 for receiving light out-coupled from the fiber 12 by the grating 14. Additional coupling
optics, e.g. a glass prism 23 having a reflecting surface 25, and an index-matching medium 22
between the glass prism 23 and the fiber 12, can be used for directing light out of the fiber
cladding onto the photodetector array, in particular for gratings with low blaze angle. The
chirped fiber Bragg grating 14, in cooperation with the coupling optics, directs light out of the
fiber 12 at an angle to the fiber axis which depends on the wavelength, and focuses 1t at

wavelength-dependent locations along the fiber axis on the photodetector array 24, as 1llustrated

in FIG. 2.

[31] Note, that in these prior-art FBG-based devices, the azimuthal distribution of the out-
coupled light, which corresponds to a vertical direction in FIG. 2, has a single, relatively wide
maximum, and its shape in a transverse to the fiber direction 1s substantially wavelength-
independent. Peupelmann et al, in US patent 6,816,260, disclosed that a blazed FBG can be
formed so to couple light into two spatially-separated intensity maxima about the fiber axis.
These two maxima are shown in FIG. 3, where the y coordinate is orthogonal to the fiber axis
and corresponds to the transverse direction with respect to the fiber axis, and the x coordinate 1s

directed along the fiber axis. These azimuthally-separated maxima were found to be polarization-
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sensitive, but no wavelength sensitivity of their relative separation was reported. Peupelmann et
al attributed the existence of these maxima to a lens effect of the fiber surface leading to a
formation of differently orientated grating regions in the fiber core during the grating inscription
process, resulting in the coupling out of different states of polarization (SOPs) in different
directions; the proposed mechanism can be viewed as a simultaneous formation of two blazed

gratings 1n the fiber during the grating inscription.

[32] We have found, however, that for a certain combination of blazed grating
parameters, blazed, or tilted Bragg gratings having uniform grating orientation and characterized
by a single tilt direction and tilt angle, can out-couple light in multiple a zimuthally-separated
directions, or intensity maxima, with their angular separation being substantially wavelength-
dependent. Advantageously, the wavelength sensitivity of the azimuthal angle between these
intensity maxima enables providing a compact in-line FBG-based spectrometer and other
wavelength-sensitive devices, as described hereinafier in this specification in sufficient detail to

enable one skilled in the art to practice the invention.

[33] An exemplary embodiment of the waveguide Bragg grating device for measuring a
characteristic of light propagating therein is shown in FIGs. 4A and 4B. A tilted FBG 110 is
formed within an optical waveguide in the form of an optical fiber 100 in such a way that, when
light at a wavelength A propagating along the fiber 100 impinges upon the FBG 110, at least a
portion of it, which is hereinafter referred to as the out-coupled light and is schematically shown
in F1G. 4A with an arrow 120, 1s coupled out of the fiber 100 through a side surface thereof 170,
and dispersed by the FBG 110 azimuthally about an optical axis 150 of the fiber 100 in
dependence on the wavelength A. This 1s accomplished by selecting the FBG parameters so that,
for a pre-determined operating wavelength range, the FBG 110 operates substantially away from
the Bragg condition of maximum out-coupling efficiency within a specific wavelength detuning

range, as described in detail hereinafter.

[34] The Bragg grating 110 1s thereby adopted for directing a substantial portion of the
light coupled out of the waveguide 1n a direction characterized by an azimuthal tap angle ¢ in a
plane normal to the optical axis 150 of the waveguide 100, wherein said azimuthal tap angle

changes when the wavelength A changes within the pre-determined wavelength range.
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[35] Note that in the context of this specification, the words “dispersed azimuthally about
an optical axis” in reference to the out-coupled light, mean that the out-coupled light is directed
along one or more o ptical p aths h aving d iffering p rojections onto a p lane crossing the Bragg
erating normally to the optical axis depending on the wavelength; the words “azimuthal angle”
or “azimuthal tap angle” are used herein to mean an angle between one of said projections and a
pre-defined direction in the plane normal to the optical axis. The words “azimuthal distribution
of light” or “azimuthal distribution of light about the optical axis” are used herein to mean the
out-coupled light intensity as a function of the azimuthal angle. The terms “tilted” and “blazed”,
in reference to a Bragg grating, are deemed equivalent in the context of this specification, and are
used therein interchangeably to mean a Bragg grating having planes of equal phase of the
refractive index modulation that are not perpendicular to the optical axis, but are tilted towards

the optical axis; these tilted planes, which are spaced by a grating period A, are hereiafter

referred to as the grating planes.

[36] Photo-detecting means 130, preferably in the form of an array ot photo-detectors,
such as a photodiode array, is disposed transversely to the optical fiber 100 so to detect the
azimuthal distribution of the out-coupled light, and/or variations thereof when the wavelength
A changes. In other embodiments, the photodetector array 130 can be disposed in other
orientations to the fiber 100, and optically coupled thereto so to detect the azimuthal distribution
of the out-coupled light. In one embodiment shown in FIG. 4C, the photo-detector array 130 1s
disposed circumferentially about the optical fiber 100 in close proximity thereto to receive the
out-coupled light in the near field, with an optional index matching medium 160 disposed
between the photodiode array 130 and the optical fiber 100. In other embodiments, the photo-
detecting means 130 may be formed using a plurality of photo-detecting elements spaced apart
from each other both along the optical axis 150, and transversely thereto, so to detect the
azimuthal distribution of the out-coupled light about the optical axis 150, wherein different
portions of the out-coupled light originate from different locations along the fiber axis 150. The

optical fiber 100 is preferably single-mode. However, in other embodiments the optical fiber 100

can be multi-mode.

[37] One or more characteristics of the azimuthal distribution of the out-coupled light

detected by the photo-detector array 130, or of a change 1n this distribution in dependence on
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changing A, is communicated to processing means 140, which is coupled to the photo-detector

array 130 for determining at least the wavelength A from the detected azimuthal distribution of
light. The processing means 140 can be embodied as a suitably programmed microprocessor with
memory, and/or a suitably programmed Field Programmable Gate Array device (FPGA), or other
appropriate hardware as would be known to those skilled 1n the art, and 1s generally reterred to
hereinafter as the processor 140. In a preferred embodiment, the processor 140 includes an
analog to digital converter (ADC) at the input for converting the electrical signals recetved from
the photodiode array 130 to a digital form. In other embodiments, the processor 140 can employ

hardware suitable for all-electrical or all-optical analog or digital signal processing.

[38] In one embodiment, the tilted Bragg grating 110 1s formed so that for a non-polarized
incident light, the out-coupled light 1s directed primarily along two or more optical paths
spatially separated about the optical axis 150, e.g. the paths 120, and 120, separated by a non-

zero variable azimuthal angle A¢ as shown 1n FIG. 4B 1n projection onto a plane normal to the
fiber axis 150, with the azimuthal separation angle A¢ being dependent on the wavelength of the

out-coupled light A. When the wavelength A of the incident light changes, the optical path
directions 120, and 120, change, so their projections on the normal to the fiber plane rotate about
the optical axis 150 in opposing directions, e.g. either towards or away from each other,
depending whether the wavelength increases or decreases, as will be described 1n detail
hereinafter in this specification. If the incident light 1s linearly polarized, depending on the
polarization orientation, out-coupling of the light along one of the two optical paths 120, ; can be

suppressed for a certain azimuthal angle of that optical path, so that the out-coupled light is

predominantly directed in a single, however wavelength-dependent, direction.

[39] Independently on the polarization, the FBG 110 acts as a wavelength sensitive
dispersion element, spreading the radiated light of different wavelengths azimuthally about the
fiber axis, as will be described hereinafter more 1n detail. Relative presence of the wavelength A
in the incoming light can be identified by the processor 140 by appropniate processing of the
electrical signals received from the photodiode array 130. For example, in one embodiment the
processor 140 receives electrical signals from each of the photodiode elements of the photodiode

array 130, said electrical signals being proportional to optical power received by corresponding

photodiode elements according to their position 1n the array 130, and then finds intensity maxima
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of the out-coupled light and their positions along the array using one or more known peak
finding algorithms, and finally 1dentifies wavelength composition of the out-coupled light
comparing the peak positions using e.g. a pre-determined look-up table containing saved

calibration values.

[40] As should be clear from the preceding functional description of the exemplary
embodiments of the optical device of to the present invention, functioning of the device 1s based

on wavelength sensitivity of the azimuthal distribution of the out-coupled light, which

substantially changes its shape when the light wavelength changes. Note, that the prior-art tilted
Bragg grating based devices will not normally exhibit this behavior in their target operational
wavelength range. As will be described hereinbelow, in order for the Bragg grating to disperse
the out-coupled light in different directions about the waveguide axis depending on the

wavelength within a pre-determined wavelength range, the grating’s parameters, and especially

the grating period A, have to be specifically selected for the target wavelength range. In
particular, the grating 110 has to have a Bragg wavelength which 1s shifted away, or substantially
de-tuned from the pre-determined target wavelength range of the device operation. The
following section of this description presents a theoretical description for the azimuthal
distribution of the out-coupled light and its dependence on the waveguide and grating
parameters, enabling one skilled in the art to design the Bragg grating with characteristics

required for functioning of the device of the present invention.

Theory

[41] The coupling of light out of a tilted Bragg grating can be analyzed using a so-called
volume current method (VCM). The VCM 1s a perturbation analysis tool rooted 1n the Huygens-
Fresnel principle, which 1s useful for solving waveguide radiation problems that result from
small refractive index fluctuations. In this method, a Bragg grating 1s modeled as a distribution
of dipoles that re-radiate the energy supplied by an incident electromagnetic wave, e.g. the light
propagating in the optical fiber 100 or, in another, e.g. planar, optical waveguide. This method
has been successfully used for many applications. Its application to tilted Bragg gratings has
been described by Li et al in an article "Volume Current Method for analysis of tilted fiber

oratings,” J. Lightwave Technol. 19, 1580-1591, 2001.

10
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[42] The azimuthal distribution of light coupled out of a an optical fiber by a tilted Bragg
orating, and the dependence of this distribution on the light wavelength, has been further
analyzed in considerable detail in an article entitled “Shaping the radiation field of tilted fiber
Bragg gratings”, by R. Walker et al, published in J. Opt. Soc. Am. B, vol.22, No 5, May 2005,
and co-authored by the inventors of the current invention. A brief description of the analysis and

1ts main results are given herein below.

[43] Before proceeding with the description of the results of the VCM analysis of distribution
of light coupled out of a fiber by a tilted Bragg grating, it should be noted that several
assumptions have been made in derivation of formulas and mathematical expressions given 1n
this specification, which can therefore in some cases give qualitative rather than quantitative
descriptions of the corresponding relationships. They are nevertheless useful for illustrating main

features of the azimuthal distribution of the out-coupled light and relationships between this
distribution, the grating parameters and characteristics of the guided light, and as guidelines 1n
device design. Once the guidelines are established, device parameters can be further optimized
for a particular application using standard engineering techniques known to those skilled in the
art, for example using a combination of rigorous numerical analysis employing one of
commercially available software packages for waveguide and beam propagation analysis, and

experimental determination of key waveguide parameters.

[44] In particular, results described hereinafter have been derived using the following

assumptions:

[45] a) the waveguide wherein a tilted Bragg grating 1s formed is a single mode optical fiber
with a step index profile, having a core of radius ac.. and refractive index ngee = ng, a cladding

having a cladding radius aciaading =>> acore, and a cladding retractive index ngjaq , with a small core-

cladding index ditference /5§ <<1, 6. =1-n’, , /n’

core ?

[46] b) the tilted Bragg grating is a relatively weak sinusoidal one-dimensional uniform index
modulation of the fiber core, with the index modulation amplitude on << ngy, and an infinite

length along the fiber axis;

11
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[47] c) the guided mode's longitudinal field component is neglected and the guided wave's

polarization is assumed to be normal to the fiber axis;

[48] d) the out-coupled radiation is detected at some distance from the fiber axis 150, so
that
rk, >> =
[49] Vizs (1)
[50] where r is a radial distance from the fiber axis to a point where the radiation 1s

detected, and k,1s a magnitude of a transverse component o f the radiation w avevector 1n the
cladding Kout , | Kout | = 277104/, as shown in FIGs. SA,B. For A <2um, condition (1) 1s typically

satisfied a few microns away from the fiber core.

[51] FIG. 5A shows a vector diagram illustrating coupling of light out of the optical fiber
100 by the tilted Bragg grating 110, in reference to a rectangular coordinate system (x,y,z) having

axis z directed along the optical fiber axis 150. The grating 110 is further characterized by a tilt
angle & and a modulation period A, as shown in FIG. 5A. The orthogonal axis y 1s selected so
that the plane (y,z) includes a grating vector K, which is directed normally to the grating planes
and has an amplitude K = 27/A. FIG. 5B shows a projection of the vector diagram shown on

FIG. 5A on the (x,y) plane.

[52] Light propagates in the fiber 100 in the form of a guided mode characterized by an

effective refractive index n.z; and has a wavevector k; = 2nn,5/A directed along the fiber axis z,

as shown in FIG. 4A. The Bragg grating 110 couples this fiber-guided mode to a continuum of

radiating modes, each with the wavevector ko, directed in a different direction out of the fiber

core, i.e. characterized by a different combination of a longitudinal tap angle &, and an

azimuthal angle ¢; these angles are shown in FIG. 5 for a particular Kk, Note that the azimuthal
angle ¢ is defined herein as an angle between a projection & of the wavevector Ko onto the plane

(x,y), which is normal to the fiber axis z 150.

12
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[53] The guided mode is coupled most efficiently to a radiating mode having a
wavevector Koue = KouBrage, Which satisfies the well-known vector Bragg equation (2), also

referred to in the art as the phase matching condition:
[94] ki+ K= koutBragg : (2)

[55] The wavevector Kouprage lies in the (y,z) plane normal to the grating planes, and

defines a direction of maximum out-coupling efficiency, which corresponds to the azimuthal
angle ¢ = 90°. Equation (2) defines also the Bragg wavelength Apnge , 1.€. the wavelength
corresponding to the highest out-coupling efficiency of the Bragg grating.

[56] If the wavevector Ko, deviates from Kouprage , the coupling efficiency generally
decreases as a result of a destructive interference of light scattered from different portions of the
erating 110. This decrease typically becomes more severe, as the number of participating grating
periods increases in a particular direction. Since the grating 110 is much more localized mn the
transverse y direction than in the longitudinal z direction, the coupling efficiency falls off much
faster when a detuning vector Kiew = (KoutBrage - Kout) is directed along the longitudinal z axis,
than when it is normal thereto. Therefore, in the theoretical description hereinbelow 1t 1s assumed
that the detuning vector K. lies in the (x,y) plane, as shown in FIG. 5B, and its amplitude Kiew

is referred to hereinafter as a detuning parameter.

[57] With the aforestated assumptions (a) - (d), the Poynting vector of the radiation field

can be written 1n the following form:

A

. gk,ckE} (A,
[58] S~ B0 o p e 25| (3)
der \ kr y,
[59] where E, is the electric field amplitude of the guided light, on 1s the index

modulation, kg is the free space wavevector magnitude (27t/A) and:

[60] K=¢&non; Kk, :\[kgng - A A=k, -K,; K, :Tcosé

13
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[61] A magnitude S=|S| of the Poynting vector (3) is a function of the azimuthal angle ¢,

which defines the azimuthal distribution S(¢@) of the optical power of the out-coupled light. This

azimuthal distribution 1s also referred to hereinafter in this specification as the grating response

S(d).

[62] The factor £} in equation (3) describes polarization effects, 1.e. effects which depend
on a particular polarization of the guided light incident on the grating 110. In the case of a

linearly polarized light, it depends on a polarization angle 6 between the guided electric field and

the +x axis, as described by the following expression (4):
[63] f, =N +k’sin’ (5~ @), (4)

[64] The azimuthal distribution of the out-coupled light 1s defined by the factor £, , via the

detuning parameter Kpew:

[65] K. =K?+k>—2Kk sing (5)

14 B 2
[66] f2 — _I_<_ new a‘IO (ua)] I ({< new a) _ua‘]l (ua)‘] 0 (K new a) (6)

N K o, 1t

. > - 2m . - 2m b
[67] In e quations ( 5), (6) u=km/n0 -n, , K, = . sin¢, k, —-—-K—sm s a 1sthe

core radius, and J, denotes a Bessel function of the first kind of order v.

[68] According to expression (3), the grating's angular and wavelength response S(¢,4) 1s
proportional to a product of a polarization dependent dipole — type scattering response described
by the factor fi, and the interference characteristic f; resulting from the grating's periodic

structure.

[69] The polarization-dependent factor f;, when plotted in polar coordinates as a function

of the azimuthal angle ¢, 0<¢<2x, has a figure-eight shape typical for a dipole-type response,
with two opposing maxima in azimuthal directions that are orthogonal to the polarization plane

of the incident light. If the guided light incident on the grating 1s non-polarized, the dipole

14
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component fj is independent of the azimuthal angle ¢, and the shape of the radiation field profile

S(9) 1s determined by the grating's interference properties through the factor /. The description
hereinbelow 1s focused primarily on this azimuthal distribution of the out-coupled light, i.e. the

light intensity distribution in a plane normal to the z axis 150 of the fiber 100, and on the
dependence of this distribution on the wavelength A, more particularly — on the wavelength

detuning (A-Apragge), due to the interference effects.

General characteristics of the f, term

[70] General characteristics of the azimuthal distribution of the radiation field profile
S(9), as determined by the interference factor f,(¢), will now be analyzed in dependence on the
wavelength A of the incoming hight. In doing so, it 1s convenient to present the azimuthal
distnibution S(¢@ 1n terms of a normalized function f,(¢) and three normalized unitless

parameters au, ki/u and Kyk;:

D)-DJ,(D 2
M1 S = Do SEROERORO]
a C°-D

[72] Where D = au, and C 1s a normalized detuning parameter defined by equation (7a):

YT \ K\
[73] C=K ,a=au —’-—] 1-2] — sin¢+(-——') . (7a)

\ U \ kr y, kt
[74] In equations (7) and (7a), parameter D=au represents characteristics of the

waveguide, such as a, ny and negr, at the wavelength of interest A, while parameter k/u relates the

longitudinal tap angle & .. to the waveguide's effective and core refractive indices ng and ne,

respectively, and 1s therefore both waveguide- and grating-dependent. The ratio Ky/k,, on the

other hand, 1s a measure of the wavelength detuning (A-Apage), With Ky/k; = 1 for A = Aprage, Kk
<1 for A > Aprage, and Ky/k; > 1 for A < Apragy.

[75] Analysis of equations (7), (7a) shows that this ratio, via the normalized detuning

parameter C, defines to a large degree the azimuthal dependence of the out-coupled light

intensity S(@)~f2(@). Moreover, 1t turns out that the very shape of the azimuthal light distribution

15
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S(¢#) may change when the ratio [K/k,| deviates from 1, 1.e. in the case of a sufficiently large

wavelength detuning. These changes, and corresponding regimes of operation relevant to the

aforedescribed embodiment of the invention, will now be described with reference to FIGs. 6,7
illustrating an evolution of the azimuthal distribution of non-polarized light S(@) ~ f2-norm(¢) When

the ration K/k; decreases from unity.

[76] We found that, as the wavelength A deviates from the Bragg value Aprage and the ratio

K/k| departs from unity, the grating operation alternates between two characteristic regimes

defined by differing shapes of the azimuthal distribution of the outpolled light:

[77] A) first, when the wavelength detuning is small and the ratio [K/k;| 1s equal or close
to 1, the function f> (¢) is approximately single-lobe, with the main peak aligned along the y-axis
and having a maximum at ¢ = 90°, x =0, as shown in FIG. 6, and in accordance with the

direction of the wavevector Koupraee Of the radiating mode satisfying the Bragg condition (2). As
the ratio |K/k,| further deviates from unity with increasing wavelength detuning, the magnitude
of this central peak decreases; simultaneously, a number of smaller side lobes symmetrically
positioned on both sides o f the main 1 obe, w hich m agnitude 1s s ubstantially 1 ess w avelength-
dependent than the central peak magnitude, become more prominent compared to the central

peak, as shown in the bottom chart (b) in FIG. 6; this type of the azimuthal Bragg grating

response S(¢) will be referred to hereinafter as the centered response;

[78] B) if the wavelength detuning continues to increase, the magnitude of the central

peak of the function S(¢) becomes at first about equal to, and then smaller than the magnitudes
of the two adjacent side lobes, resulting at first in a three-peak azimuthal distribution of the out-
coupled light changing to a two-peak distribution, wherein the Bragg grating 1s directing most of

the out-coupled light in two different directions about the optical axis; importantly, the azimuthal
angle Ad separating these two different directions substantially depends on the wavelength A,

and decreases as the absolute value of the wavelength detuning increases; in effect, in this regime

the initially un-polarized guided light is directed by the grating 110 along two directions, which

rotate around the fiber axis when the wavelength A changes; this type of the azimuthal response

S(¢) of the titled Bragg grating is referred to hereinafter as the split response.

16
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[79] When the wavelength detuning increases further, the two largest side lobes
symmetrically-located about the y-axis merge, forming again a centered single-lobe response,
wherein a main central peak of a considerably reduced magnitude aligned with the y axis 1s
surrounded by a next pair of smaller side-lobes symmetrically spaced about the central peak and

directed each in a different, wavelength-sensitive azimuthal direction about the optical axis z. As
K/k; moves further away from unity, the response S(¢) will alternate between these two

regimes. Hereinafter, the consecutive cycles of alternating centered and split responses are

labeled with an integer counter i, with ;=1 corresponding to a range of the |[Ky/k;| ratio from unity,

i.e. zero wavelength detuning, to a [Ki/k value when the first two side lobes merge to form a

new central peak.

[80] FIGs. 6,7 illustrate the aforedescribed general behavior of the azimuthal distribution
S(d) of the out-coupled light when the wavelength A decreases from the Bragg value Apragg. By
way of example, the following fiber and grating parameters are assumed: a = 4.1 um,
ne/np=0.99793, ny = 1.4493, £=45°; the wavelength A of the incident light varies 1n the vicinity
of 1.55 um. FIG. 6 shows evolution of the grating azimuthal response function S(¢) ~ f2(¢) in the

(x,y) plane with increasing wavelength detuning, or decreasing |Ky/k;, within the first two non-

adjacent |Ky/ky ranges, i = 1,2, corresponding to the centered-type response. Similarly, FIG. 7
shows evolution of the function S(¢) ~ f(¢) with decreasing |K/k;|, within the first two non-

adjacent |[Ky/k¢| ranges, i = 1,2, corresponding to the split-type response.

[81] Turning first to FIG. 6, we note that, when the ratio [Ki/k,| decreases from 1 to 0.74
and from 0.547 to 0.453, the magnitude of the central peaks 601 and 602, respectively, of the

azimuthal response function substantially decreases. This amounts to decreasing of the grating

coupling efficiency when the wavelength A detunes from the Bragg value Apage, Which 1s well-

know in the art. Although the wavelength sensitivity of the S(¢) peak magnitude can potentially
be used for wavelength monitoring, power and polarization fluctuations of the fiber-guided

incident light may obscure the wavelength sensitivity of such monitoring.

[82] Turning now to FIG. 7, we see that when the ratio |K/k;| changes between 0.687 and
0.547, i=1, and between 0.453 and 0.283, i=2, the primary effect of the changing detuning 1s to

change the azimuthal width of the grating response S(¢), rather than to change its magnitude.
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More particularly, increasing wavelength detuning within these ranges of the ratio |Ky/k;| leads to

the response S(¢) changing from a three-lobe shape for |Ky/ki| = 0.687, i=1, and 0.453, i=2, to a
two-lobe shape for |K/ki between 0.640 and 0.594, and between 0.340 and 0.396, with the
azimuthal separation between the outer, or side lobes of the response decreasing with increasing

of the wavelength detuning, or [K/k| changing away from unity, until the side lobes merge 1n a

single peak centered at x=0, for |Ky/k, = 0.547 and 0.283.

[83] To the best of our knowledge, this regime of operation of the tilted Bragg grating

110, wherein the Bragg wavelength of the grating 1s substantially detuned from the wavelength A
of the incident guided light, so that the grating directs substantial portions of the out-coupled
light, and preferably most of the out-coupled light, in at least one of two distinct azimuthal
directions, which change when the wavelength 1s changed so that the azimuthal angle separating

these directions substantially depends on the wavelength detuning, has not been heretofore

described 1n the art.

[84] Advantageously, the tilted Bragg grating 110 operating in this split-response regime
enables wavelength monitoring by detecting changes in the azimuthal peak position and/or their

azimuthal separation, which obviates the aforementioned difficulties related to optical power and

polarization fluctuations.

[85] Note that the wavelength-detuned operation of the tilted Bragg grating in the regime

of the split azimuthal response 1s characterized by a reduced coupling efficiency compared to

operating at zero wavelength detuning, as can be seen e€.g. by comparing magnitudes of the S(¢)
responses shown in the top plots of FIGs. 6 and 7. This, however, may often be acceptable and

even advantageous, if only a small portion of the fiber-guided light is to be tapped off for the

wavelength monitoring.

[86] By way of example, FIG. 8 illustrates the narrowing of the azimuthal separation

between the two largest side lobes for a split-type grating response S(¢), when the wavelength A

of the incident light changes, for the exemplary set of grating and fiber parameters indicated 1n
this FIG.. Peaks 801 and 802 are the two largest side lobes of the grating response S(¢)

corresponding to the guided light wavelength A = 1.530 um, and their maxima are separated by
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an azimuthal angle o = 42.5°; peaks 811 and 812 are the two largest side lobes of the grating
response corresponding to A = 1.550 um, and their maxima are separated by a smaller azimuthal
angle oo = 36°; the peaks 821 and 822 are the two largest side lobes of the grating response

corresponding to A = 1.570 um, and their maxima are separated by a still smaller azimuthal angle

o =26°.

[87] Turning now back to FIGs. 4A, B, in the preferred embodiment of the present
invention the tilted fiber Bragg grating 110 is designed to operate in the aforedescribed regime
(B), wherein the grating has a split-type response, so to direct substantial portions of the out-
coupled light in two different directions 120,, about the optical axis 150, and wherein the
azimuthal angle there-between changes when the wavelength A changes. To ensure that the
grating 110 provides the split-type azimuthal distribution of the out-coupled light in the target
wavelength range, the grating period A has to be selected so that the Bragg wavelength Appage 1S
outside of the target wavelength range, and the wavelength detuning parameter [Ky/k;| 1s within
one of specified ranges, as described hereinabove. Additionally, both the coupling efficiency of

the grating 110, and the wavelength sensitivity of the azimuthal separation angle A¢ depends on

the grating and fiber parameters ¢, u and & which enables their optimization for enhance the

device performance. Detailed general guidelines in selecting the grating and fiber parameters
based on the analysis of equation (3) are given in the article "Shaping the radiation field of tilted

fiber Bragg gratings,” J. Opt. Soc. Am. B, 22 (5), pp. 962-974, 2005, which is included herein by

reference.

[88] By way of example, FIG. 9 shows a set of simulated plots summarizing the
dependence of the azimuthal peak separation angle A¢ on the wavelength A for a set of tilted
Bragg grating 110 having differing periods A, each said period selected so to provide the split-

type azimuthal response in a target wavelength range between 1.50 um and 1.58 pm at
successively stronger wavelength detuning, as indicated by the successively increasing values of
the counter i. These or similar plots, after an experimental verification and, 1f required, suitable
adjustments of the period values for the target wavelength range, can be used for selecting the

period of the Bragg grating 110, and to form a look-up table to be stored in the processor 140

memory.
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[89] Note, that in the description given hereinabove with reference to FIGs. 6-9, the
polarization effects were not considered, as the incident light guided by the fiber 100 was

assumed to be non-polarized. If the guided light incident upon the Bragg grating 110 1s instead
linearly polarized, the grating azimuthal response S(¢) is modified by the additional dipole-like

factor £1(¢-8). For the split-type two-lobe and three-lobe response, as shown, e.g. in FIGs. 7 and
8, this leads to a different polarization dependence of the portions of the light tapped from the

fiber 110 in different azimuthal directions corresponding to different peaks in the grating

azimuthal response S(¢). The polarization dependence of the split-type response is illustrated in

FIGs. 10A-D, showing the functions f;(¢@), f>(¢) and their product f1(@)f2(¢), which defines the
azimuthal distribution of the out-coupled light S(¢@), for different polarization (SOP) directions of

the out-coupled light. As shown in this figure, the polarization dependence of the peak
magnitude may lead to substantial asymmetry in the azimuthal distribution of the out-coupled
light, and even to an almost complete disappearance of one of the peaks, but not both of them

simultaneously. Therefore, in one embodiment the processor 140 is programmed to determine
the wavelength A from a position of one intensity maximum along the photo-detector array 130,

which corresponds to a lobe of the split response momentarily least affected by the polarization
of the guided light and therefore having largest intensity, and by comparing this position to the

calibration data.

[90] In other embodiments, the processor 140 is programmed to associate each pixel, 1.e.
each photo-detecting element, of the detector array 130 with a certain wavelength, and determine

the presence of that wavelength from an amount of power detected by the pixel, or attributed to 1t

by a data processing algorithm used e.g. to reduce noise. In one embodiment, the processor 140
is further programmed to associate the wavelength with two non-adjacent pixels, or non-adjacent

groups of pixels of the photo-detector array 130, e.g. symmetrically located in the photodetector

array 130 about the optical axis 150 preferably at a substantially equal distance therefrom, each
to receive a different light portion of the two light portions 120, 120, of the split-type grating
response shown in FIG. 4B. In this embodiment, the photo-detector array 130 is etfectively
divided in two separate sections, each sensitive to one of the two azimuthally directed beams
120,, 120,, ensuring that at least one of the beams 120,, 120, will be detected irrespectively of th

incident light polarization. The relative power difference detected between the two pixels

20



CA 02526604 2005-11-10

Doc No: 102-17 CA Patent

associated with the same wavelength can be used for the determination of the state of
polarization of the incident light. Signals from either of the two pixels, as well as their

combination to increase signal to noise ratio, can be used to detect the presence of the

wavelength of light.

[91] Accordingly, the present invention provides a method of determining a wavelength

of light propagating 1n a an optical fiber 100, comprising the steps of:

[92] 1) providing a tilted Bragg grating 110 in the fiber 100 for coupling at least a portion
of the light out of the fiber to form out-coupled light, wherein the tilted Bragg grating 110 in the

waveguide 1s characterized by the Bragg wavelength Apnge, substantially different from the

wavelength A of the light, and has the period A selected so as to direct a substantial portion of the
out-coupled hight 1n a direction which rotates about an optical axis of the waveguide by a

substantially non-zero azimuthal angle when the wavelength of the light changes;

[93] 11) determining a value of the azimuthal angle using photo-detecting means sensitive

to the azimuthal angle of the out-coupled hight; and,

[94] m) determining a value of the wavelength from the value of the azimuthal angle

using pre-determined calibration data.

[95] Of course numerous other embodiments of the device and method of the present
invention may be envisioned without departing from the spirit and scope of the invention. For
example, the differing polarization sensitivity of the portions of light directed along the different
lobes of the split-type grating response enables one to provide an embodiment of the device with
the functionality of a wavelength-sensitive polarimeter, wherein the processor 140 1s
programmed for determining polarization characteristics of the incident light from relative
magnitudes of the portions of light as detected by the photo-detector 130, and wherein more
than one tilted Bragg grating can be used. In other embodiments, other types of optical
waveguides can be used in place of the optical fiber 100, provided that a suitable tilted Bragg
grating can be formed therein. One such embodiment is shown in FIG. 4D, wherein the optical

waveguide 100 1s formed 1n a planar substrate 190 of a suitable optical material, e.g. silica.
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WE CLAIM:
1. A device for measuring a characteristic of light within an operating wavelength range, the

2.

3.

+.

ax1s.

device comprising:

a waveguide for supporting the light propagating therein, the light having a
wavelength within the operating wavelength range, the waveguide having an

optical axis;

a Bragg grating formed 1n the waveguide for coupling at least a portion of the light
out of the waveguide through a side surface thereof, and for dispersing thereby

formed out-coupled light azimuthally about the optical axis;

photo-detecting means disposed for detecting an azimuthal distribution of the out-

coupled light about the optical axis;

wherein the Bragg grating has a period selected for providing a maximum out-
coupling efficiency at a Bragg wavelength located outside of the operating

wavelength range, and so that the azimuthal distribution of the out-coupled light 1s
substantially wavelength dependent and changes when the wavelength 1s changed

within the operating wavelength range; and,

processing means for receiving information from the photo-detecting means for

determining the wavelength from the detected azimuthal distribution of the out-

coupled light that was coupled out of the waveguide by the Bragg grating.

A device according to claum 1, wherein the Bragg grating is tilted relative to the optical

A device according to claim 1, wherein the photo-detecting means comprises a

photodetector array disposed transverse to the optical axis.

A device according to claim 3, wherein the photodetector array comprises two different

photo detecting elements disposed at a substantially equal distance from the optical axis.
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. A device according to claim 1, wherein the Bragg grating has a period selected for
directing a substantial portion of the light coupled out of the waveguide in a direction
characterized by an azimuthal tap angle 1n a plane normal to the optical axis of the
waveguide, wherein said azimuthal tap angle changes when the wavelength changes

within the operating wavelength range.

6. A device according to claim 5, wherein the processing means 1s programmed for
determining a wavelength value from the azimuthal tap angle of the light received by the

photo-detecting means.

7. A device according to claim 5, wherein the Bragg grating 1s for directing substantial
portions of the light coupled out of the waveguide 1n at least two different directions

about the optical axis, wherein each of said two different directions is characterized by a

variable azimuthal angle which changes when the wavelength changes.
8. A device according to claim 7, wherein the processing means are programmed for:

a) determining a wavelength value from at least one of the variable

azimuthal angles of the light coupled out of the waveguide, and

b) determining a polarization characteristic of the light from relative

magnitudes of said portions of the light.
9. A device according to any of the claims 1 to 8, wherein the waveguide 1s an optical fiber.
10. A device according to claim 9, wherein the optical fiber 1s single-mode.
11. A device according to claim 9, wherein the optical fiber 1s multi-mode.

12. A device according to claim 9, wherein the photo-detecting means comprises a photo-
detector array disposed circumierentially about at least a portion of the optical fiber

circumiference.

13. A device according to any of the claims 1 to 8, wherein the waveguide 1s a planar single-

mode optical waveguide.
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14.

13.

16.

17.

18.

19.

A device according to any of the claims 1 to 8, wherein the waveguide 1s a planar mutli-

mode optical waveguide.

A device according to any of the claims 1 to 8, wherein the processing means comprises a
microprocessor suitably programmed for determining the wavelength from the detected

azimuthal distribution of light.

A device according to any of the claims 1 to 8, wherein the processing means comprises a
Field Programmable Gate Array device (FPGA) suitably programmed for determining the

wavelength from the detected azimuthal distribution of light.

A device according to any of the claims 1 to 8, wherein the processing means comprises a

memory device for storing calibration data.

A device according to claim 17, wherein the calibration data comprises a look-up table

relating an azimuthal tap angle to a wavelength.

A method of determining a wavelength of light propagating in a waveguide, comprising

the steps of:

providing a tilted Bragg grating in the waveguide for coupling at least a portion of
the light out of the waveguide to form out-coupled light, wherein the tilted Bragg
erating 1n the waveguide 1s characterized by a Bragg wavelength substantially

different from the wavelength of the light, and has at least a period selected so as to

direct a substantial portion of the out-coupled light in a direction which rotates

about an optical axis of the waveguide by a substantially non-zero azimuthal angle

when the wavelength of the light changes:

determining a value of the azimuthal angle using photo-detecting means sensitive

to the azimuthal angle of the out-coupled light; and,

determining a value of the wavelength from the value of the azimuthal angle using
pre-determined calibration data.
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