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In-Line Polarimeter Using Blazed Fiber Gratings

P. S. Westbrook, T. A. Strasser, and T. Erdogan

Abstract—We fabricate highly blazed, polarization-sensitive On-fiber detector Fiber
fiber grating taps and show how these may be used in combination * sl 2 -
with a UV-induced fiber waveplate to form a compact, in-fiber " $ Ercaurred  Waveplate ((F)
polarimeter. We show how the polarimeter may be employed as _ﬁ_’ = = i
a feedback element to control polarization and use the feedback iy == -
loop to demonstrate the stable, broadband$ 70 nm) operation of E.-,r %:‘.. F.'m_.
the fiber polarimeter. Tihed flber __— a5, " .0
Index Terms—Gratings, optical fiber devices, , polarimetry. gratings - : *I:nd
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|. INTRODUCTION

. Fig. 1. Diagram of the all-fiber polarimeter.
ONTINUED demand for increased per-channel and ag-

gregate capacity of lightwave systems promises to make
polarization-dependent effects important design factors. Tdgfimeter is therefore the fiber waveplate which converts circu-
examples are optical PMD monitoring and compensation [y (or elliptically) polarized light into differently oriented el-
at bit rates of>10 Gb/s, and polarization interleaving [2] ofliptical states depending on handedness. These states can then
channel spacings50 GHz. In order to fully control and utilize b€ discriminated by a subsequent grating tap. The waveplate was
fiber polarization properties, an attractive polarization monitd¥ritten between the last two gratings and orientec®ah@aking
is essential. Such a polarimeter should be compact, broadbdh8, last grating sensitive to the handedness of elliptically po-
low-cost, and perform an in-line measurement with minimal idarized light. The state of polarization can then be determined
sertion loss and PDL. Numerous fiber polarimeters have bely noting that the four detector outputs are linearly related to
proposed, including one design using only fiber gratings [35(1e four Stokes parameters. A simple calibration procedure [8],
and even demonstrated using couplers [4], [11], and side-pth-Which known states of polarization are sent through the po-
ished fibers [5], [12]. In this letter, we demonstrate the fabricdgrimeter and the detector values recorded, allows determination
tion of a fiber grating-based polarimeter which promises to 1§ the matrix linking the detector values and the Stokes param-
more stable, compact, and easily fabricated than these previ6i#'s.
designs. We use its output in combination with a polarization The polarization-sensitive grating tap was achieved by setting
controller to stabilize a randomly varying polarization. Use dhe grating period (1070 nm) to phase-match core guided light
the polarization feedback loop provides a practical diagnostic@fthe measurement wavelength (1550 nm) with radiation modes
the polarimeter performance, showing that the polarimeter pfopagating perpendicular to the fiber. Because these rays travel

vides stable operation over more than 70 nm. approximately perpendicular to the light guided in the core, they
must be highly polarized in the direction perpendicular to the
plane of incidence (s-polarized), and this scattered light is there-
) ] ) . fore proportional to the s-polarized light in the grating. In order
The polarimeter employs blazed fiber gratings as highly pg; maximize the efficiency of this scattering (and, therefore, the
larization sensitive taps [6], [7] to couple light (linearly polaryetector signal), the gratings were blazed at,4&sulting in
ized along the grating tilt axis) out of the core mode directlytrong scattering into a narrow azimuthal angular range. The re-
onto a de_tector at the fiber surface.l Fig. 1 shows a schematwsgfting grating transmission spectrum had a braa@iQ0 nm)
the polarimeter. In order to determine the four Stokes paramggiation mode spectrum as shown in Fig. 2(a). Polarization ex-
ters specifying the polarization of the lightin the core, four wealnction ratios ,/P,) for a given grating were measured to be
(~0.15 dB tap) gratings scatter light at azimuthal angles’of G excess of 20 dB. Fig. 2(b) shows a volume current theory [9]
45°, 907, and—45°. These gratings alone are insufficient to deca|culation of the extinction ratio using estimates of the index
termine the state of polarization, since incident circular polarizgygdulation amplitude~£0.001) and a detector acceptance angle
tion would yield the same outcoupled light whether it was right:._1 1°) adjusted to fit the extinction ratio, along with data from
or left-hand circularly polarized. An essential element in the p¢he actual polarimeter gratings.
The intracore gratings were written in deuterium-loaded
Manuscript received April 19, 2000; revised June 27, 2000. Corning Flexcore 1060 usmg_ an e?(cimer pumped frequenc_y
P. S. Westbrook and T. A. Strasser are with Bell Laboratories, Lucent Tedhboubled dye laser at 242 nm in an interferometer as shown in
nologies, Murray Hill, NJ 07974 USA (e-mail: westbrook@Ilucent.com). Fig. 3. The blaze angle was achieved by rotating the fiber with
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NY 14627 USA. respect tp the mterferomete_r plane. Becagse the flb_er focuses
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Fig. 4. Polarization feedback loop used to test fiber polarimeter. LC: liquid
crystal; PBS: polarizing beam splitter; ECL: tunable external cavity laser.
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Fig. 2. (&) Transmission spectrum of unpolarized light through a single 45 -20 - o

blazed grating tap. Noise is due to white light source.(b) Theoretical estima
of ratio of s- to p-polarized scattered light versus wavelength plus data fro
polarimeter gratings.

M3
M2
L2
Wz .
242nm BS Lom Qplea OSA

Fig. 3. UV Interferometer used to fabricate highly tilted gratings. M: mirror;
L: lens, BS: beam splittes: fiber tilt with respect to interferometer plane.

voltages (V) Stokes values (uW)

8 is 33.7 with respect to the plane of the interferometer for ¢
45° grating tilt within the fiber core. The UV fluence in each §

beam was 120-mJ/chpulse, and exposure time was about 20! 'E

s for each grating. The fiber waveplate was also fabricated usii @

exposure to 242-nm radiation by exploiting the effect of UV-in- © 3 0 100 200 300

duced birefringence [10]. Two sequential 600-s exposures (fli Time (seconds)

ence= 120 mJ/cm pulse) yielded a-1 cm UV-induced wave-

plate with a retardation angle of order<20 Fig. 5. (a) Power at nulled PBS poi{-) with and without active feedback

from polarimeter. (b) and (c) show the measured Stokes parameters and the
polarization control signals, respectively.

lll. POLARIMETER CHARACTERIZATION

To characterize the fiber polarimeter we compared its me@-provide active stabilization of a randomly varying input po-
sured values with those measured on the Hewlett Packard 850&i&ation. The feedback loop experimentis shownin Fig. 4. The
polarization analyzer. Random polarizations spanning the grelarimeter outputis used to drive a polarization controller com-
tire Poincare sphere were simultaneously measured by eachpised of three (LC) waveplates (E-Tek) whose birefringence
larimeter and compared. The Stokes parameters agreed to witkidetermined by a control voltage. The effect of each wave-
the HP8509B accuracy of 1.5%. Moreover, since the gratipdate is to rotate the Stokes vector about an axis determined
taps were 0.15 dB, the total PDL of the device was less thag the waveplate orientation and subsequent waveplate bire-
0.15 dB measured from 1520 to 70 nm. fringence. A geometrical calculation then provides the required

A more practical test of the fiber polarimeter involved usingoltages to cause the Stokes vector to reorient toward the set
the polarimeter output as a feedback signal to drive a commepint Stokes vector. A randomly varying polarization was ob-
cial polarization controller (via a computer feedback algorithntined by passing light at 1550 nm through 10 km of Corning
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SMF28 cooling in an oven. The feedback loop set point Stokesntrol provided continuous extinction of25 dB through a
values were adjusted to minimize one port of a fiber polarizirfdber polarizing beam splitter over a bandwidth of 70 nm.

beam splitter (PBS). Fig. 5 shows the open- and closed-loop
behavior as the fiber cooled. Fig. 5(a) shows that the signal in
the minimized port of the PBS was nulled by25 dB from its
maximum value and that it quickly rose to much higher levels
without the feedback loop. Turning the feedback loop on re-[2]
stored the-25-dB extinction. Fig. 5(b) and (c) shows variations

in the measured Stokes parameters and in the liquid-crystal (LC)3]
control voltages in the open- and closed-loop states.

As a measure of the polarimeter optical bandwidth, the feed-14l
back loop was activated and the wavelength was changed ifgs)
steps of 10 nm from 1520 to 1590 nm. The stabilized power
level remained at less than25 dB for all these wavelengths
without any change in the feedback loop set point, showing thaf7
the polarimeter provides stable, accurate polarization measure-
ments over a bandwidth in excess of 70 nm. (8]

(1

[9]
IV. CONCLUSION

We have demonstrated the fabrication of an all-fiber po-

. . : . . . [y
larimeter with a unigue set of desirable features including sma
size and wavelength insensitivity. The polarimeter output was
tested by using the measured Stokes parameters in a feedbdtK
loop to convert a randomly varying polarization input to argy
specified fixed polarization output. The active polarization
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