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Abstract—The authors describe a fast spectral polarimeter
operating in the lightwave communications band capable of mea-
suring both state-of-polarization and degree-of-polarization of
hundreds (up to thousands) of spectral components in parallel
within milliseconds. In this paper, the design incorporates fast
switching ferroelectric liquid crystals for polarization component
selection on the 100-µs scale. Dispersion elements and an arrayed
detector are used for wavelength-parallel sensing. Bandwidth of
coverage can be scaled from a single wavelength-division multi-
plexed channel to more than 100 nm, and 256 spectral polarization
measurements in under 1 ms are verified. Finally, a calibration
algorithm is used to minimize measurement error. This instrument
offers unprecedented sensing capability relevant to the monitoring
and compensation of polarization-related impairments in high-
speed lightwave communications.

Index Terms—Degree-of-polarization (DOP), polarimetry,
polarization-mode dispersion (PMD).

I. INTRODUCTION

S PECTRAL polarimetry, or the measurement of
wavelength-dependent polarization, has many interesting

applications in the fields of science, medicine, and engineering.
Within the last couple of decades, the explosive growth in
the communications industry triggered new utilizations of
spectral polarimetry for various types of system performance
monitoring, e.g., polarization-mode dispersion (PMD) monitor-
ing and compensation [1]–[4]. Current commercial polarization
sensing products are mostly single channeled. It is possible to
perform multiwavelength polarization measurements by using
a single-channel polarization analyzer and a tunable optical
filter or tunable laser, but the resulting data acquisition rate is
severely constrained by the tuning and settling speed of the
filter. Several lab-fabricated spectral polarimeters have been
reported recently [5]–[11] due to the increase in interest for
such a device. These spectral polarimeters were all reported
with various design objectives: Some claimed high spectral
resolution, some claimed broad bandwidth, and others claim
small form factor. However, the reported spectral polarimeters
all lack in speed—from seconds to minutes for a set of
spectral SOP measurement. Fast spectral state-of-polarization
(SOP) and degree-of-polarization (DOP) sensing are essential
in certain high-bandwidth optical communication applications
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such as near-real-time adaptive PMD compensation applica-
tions [2], [12]. Since polarizations within a fiber have been
reported to occasionally vary on a millisecond timescale or
less [13], [14], fast monitoring techniques are needed. In this
paper, we describe a spectral polarimeter design capable of
monitoring the complete SOP and DOP for hundreds of optical
wavelength components in parallel within 1 ms with no moving
parts. A variation of this design has demonstrated simultaneous
SOP measurements of more than 1000 spectral component at
2.8-GHz resolution with more than 20-dB isolation between
spectral spacing, covering the entire lightwave communications
C-band.

In Section II, we discuss the details of our initial spec-
tral polarimeter design [15] and calibration procedure, which
allowed accurate spectral measurement of normalized SOP.
From here on out, we refer to SOP or normalized SOP as
the normalized Stokes’ vector with unit magnitude, and DOP
refers to the magnitude of the Stokes’ vector. Both simulated
and experimental results are shown to demonstrate the perfor-
mance of this device. However, this design was less suitable
for performing accurate DOP measurements. In Section III,
we demonstrate a reconfigured complete spectral polarimeter
that allows both accurate SOP and DOP measurements. We
also discuss the use of the original normalized SOP polarimeter
necessary for calibration of the new polarimeter configuration.
In Section IV, we briefly describe a high-resolution version
of the polarimeter that is capable of resolving spectral SOP
variation within each dense wavelength-division multiplexed
(DWDM) channel. Finally, we summarize in Section V.

II. NORMALIZED SPECTRAL SOP MEASUREMENT

In a typical polarimeter, the intensity of four polarization
components of interest of the light under test (LUT) are
measured—linearly polarized 0◦ (I0), 90◦ (I90), 45◦ (I45),
and the right-hand circular polarization (IRHC). The Stokes’
parameters (S0, S1, S2, and S3) describing the complete SOP of
the incident light can be determined from the four polarization
component measurements by the following equations [16]:

S0 = I0 + I90 = I45 + I135 = IRHC + ILHC (1)

S1 = I0 − I90 (2)

S2 = I45 − I135 = 2I45 − S0 (3)

S3 = IRHC − ILHC = 2IRHC − S0. (4)

There are two basic types of polarimeter designs: 1) the
division of amplitude and 2) the time sequential measurements.
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Fig. 1. FLC switching pattern.

TABLE I
SWITCHING SEQUENCE OF THE TWO-FLC POLARIMETER

Our design belongs to the latter, in which the input polarization
is typically altered using a set of adjustable waveplate(s) and
analyzed using a polarizer. By cycling through a predeter-
mined sequence of input polarization alterations, a detector
can then sequentially measure the intensities of different po-
larization components of interest at the output of the polarizer.
Our design employs two major advancements over typical
polarimeters—the use of fast switching ferroelectric liquid
crystal (FLC) retarders and a spectral disperser with an arrayed
detector. Also, because no mechanical movements are required
to make a measurement, the system is capable of precise and
repeatable measurements for each wavelength channel.

A switchable FLC retarder has two stable optic-axis orien-
tations, separated by approximately 45◦ as shown in Fig. 1,
[17], [18]. Its optic axes can be switched from one orientation
to the other with a typical 0%–90% transition time of 70 µs
[18]. Two such switchable retarders can be used to produce
four different switching states. Magneto-optic crystals have also
been shown to be used for polarization switching with an even
faster response [19], but for this report, we chose to work with
FLCs due to their availability and ease of use. After numerical
simulation on various FLC specifications and switching com-
binations, it was found through numerical simulations that two
quarter-wave FLC retarders could be used to yield a desired set
of polarization alterations. The first FLC is aligned so that the
fast axis switches between 90◦ and 135◦ and the second FLC
switches between 135◦ (equivalent to −45◦) and 0◦. As shown
in Table I, 0◦, 90◦, 45◦, and RHC polarization components can
be sequentially altered to become 0◦. A 0◦ polarizer can then be
placed subsequently to the FLCs to filter out the intensities of
these polarization components of interest to be measured.

In the experimental setup shown in Fig. 2, two zero-order
quarter-wave FLC cells (Displaytech LV1300-OEM) were used
to manipulate the polarization of the incident light, causing
different polarization components to sequentially pass the linear
polarizer. The polarizer was oriented along 0◦ because the
lowest polarization-dependent loss (PDL) for the grating was
in the TM direction (horizontal in our setup). After pass-
ing the polarizer, the light was spectrally dispersed using a

Fig. 2. Experimental setup of the wavelength-parallel polarimeter.

Fig. 3. (a) SOP measurements taken at different measurement speeds shown
on Poincarè sphere. (b) SOP measurement errors at different speeds.

600-line/mm grating and 145-mm focal length lens onto a
256-pixel linear InGaAs detector array (Sensor’s Unlimited,
SU256LX-17T1-0500-A/H). The grating was aligned at an
incident angle of ∼13◦ with ∼5◦ of dispersion angle be-
tween 1520- and 1630-nm light, and the arrayed detector had
50-µm pixel pitch and 500-µm pixel height. The spot size on
the grating was ∼12 mm in diameter. Our setup resulted in a
110-nm wavelength span from 1520 to 1630 nm falling on the
detector array with 0.4 nm of resolution at better than −20-dB
crosstalk between pixels. We chose a large wavelength span to
study wavelength dependence of our polarimeter, but a differ-
ent wavelength range and spectral resolution can be selected
by altering the spectral dispersion setup: Diffraction gratings
can yield full-width at half-maximum (FWHM) resolution of
1.25 GHz (0.01 nm) as in a typical high-resolution optical
spectrum analyzer, and a virtually imaged phased array (VIPA)
with FWHM spectral resolution of ∼600 MHz (4.8 pm) has
been reported [20]. We used our detector array with a 52-µs
readout time and with a typical total input power of 0.5 mW
(∼2 µW per pixel). By using a waveform generator as a trigger-
ing source, we were able to demonstrate the < 1-ms measure-
ment speed of the polarimeter. Fig. 3(a) shows measured SOP
data of an arbitrary polarization taken at different measurement
speeds. Four different SOP component measurements complete
one full set of SOP measurement, where the full set was taken
within the specified timescale. Each color-coded dot represents
an average of 256 spectral SOP measurements within 110-nm
wavelength span all with the same SOP. As can be shown in
Fig. 3(a) and (b), the results were consistent until the speed of
the full measurement cycle was pushed to below 0.8 ms (0.2 ms
per polarization component). We attribute the corrupted SOP
observed for 0.6- and 0.4-ms measurement cycles to insufficient
settling of the FLCs prior to readout via the array detector.

Tests were performed to examine the spectral SOP mea-
surements of the polarimeter. First, polarization-maintaining
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Fig. 4. (a) Single piece of 10-cm PM fiber used for producing wavelength-
dependent SOP. (b) Measured output SOP of a 10-cm PM fiber. (c) Measured
output SOP of two concatenated pieces of PM fibers.

(PM) fibers were used as wavelength-dependent polariza-
tion distorting element [Fig. 4(a)]. The PM fiber used had
∼3.5-mm beat length at 1550 nm, which is the length over
which an input polarization rotates through 360◦, also given
by the equation LB = λ/∆n, where ∆n (∆n ≈ 4.43 × 10−4)
is the difference in refractive index between the fast and slow
axes or principle states of polarization (PSP) of the birefringent
fiber at wavelength λ. When a polarized broadband laser source
is launched into this piece of PM fiber, it is expected that the
output polarization will spread out in wavelength and rotate
around the Poincarè sphere in a circular fashion, centered at the
PSP of the PM. When 10 cm of such PM fiber (DGD ≈ 0.15 ps)
was used, it provided roughly two full waves of phase retar-
dation difference between 1520- and 1630-nm wavelengths,
causing the output spectral SOP to loop twice around the
Poincarè sphere. When the input polarization state was changed
via a polarization controller at the input of the PM fiber, the
circle became larger or smaller on the surface of the Poincarè
sphere but always centered at the PSP. At one particular input
polarization, the resultant SOP was captured and shown in
Fig. 4(b), which agreed with expectation. To examine the valid-
ity of the polarimeter for any polarization around the Poincarè
sphere, we performed another measurement on spectral SOP
data resulting from two concatenated PM fibers with slightly
different lengths and misaligned optic axes. The PSP of this new
polarization distorter is now wavelength dependent, and hence,
the output SOP shown in Fig. 4(c) exhibits a more complicated
trajectory on the sphere as a function of wavelength, which is
as qualitatively expected.

A simple method for evaluating the SOP measurement accu-
racy of a polarimeter is to compare the measurement results
to those of a commercially available polarimeter. However,
the accuracy assessed is relative to the accuracy of the ref-
erence polarimeter. Since commercially available polarimeters
are single channeled, it is cumbersome to test each wavelength
independently using a tunable laser source or a filter. Therefore,
we performed accuracy assessment by measuring user-defined
input polarization states—0◦, 45◦, 90◦, 135◦, RHC, and LHC.
These SOP points were evenly distributed on the Poincarè

Fig. 5. Comparison of (a)–(c) simulated measurement results to (d)–(f) ex-
perimentally measured results for three of the six known test polarizations:
0◦, 45◦, and RHC. The results shown here are plotted on different zoomed-
in sections of Poincarè spheres. 90◦, 135◦, and LHC exhibited similar patterns
to 0◦, 45◦, and RHC, respectively, and are not shown.

sphere. The linear polarizations were generated by rotating a
Polarcor polarizer (< 50-dB extinction ratio) to each of the four
different linear polarization angles. The circular polarizations
were generated by using an achromatic quarter-wave plate
(QWP; OFR RMA-1/4-IR) succeeding the linear polarizer.
Both the polarizer and QWP were mounted on rotation mounts
with 10 arcmin resolution. The circularity of the produced light
was not perfect due to slight wavelength dependence of the
QWP; a quarter-wave Fresnel rhombus may be used instead of
a QWP for best achromatic results.

Fig. 5 shows both numerically simulated measurement re-
sults [Fig. 5(a)–(c)] and experimental measurement results
[Fig. 5(d)–(f)] of measuring three out of the six known test
polarizations. The SOP measurement simulations were done in
Matlab. The FLCs were simulated as Mueller matrices of bire-
fringent phase retarders with optic axes switching by exactly
45◦. The simulated retarders have quarter-wave retardance at
1630 nm to closely match the center wavelength of the actual
FLCs used. The wavelength-dependent effects of the FLCs
were taken into consideration, which resulted in the wavelength
spread as shown in Fig. 5(a) and (c) for the 0◦ and RHC
polarizations. Fig. 5(b) shows that 45◦ (same for 135◦) polar-
ization measurement happens to be wavelength insensitive for
this particular FLC arrangement. Experimentally, we can see in
Fig. 5(e) that all 256 points representing 256 different spectral
SOP samples clustered around a single spot at the 45◦ point on
the Poincarè sphere as expected. It is shown in these figures
that simulations predicted the actual measurement results very
well for the linear polarizations. There were roughly 5◦ of dif-
ferences on the Poincarè sphere between simulated and actual
measurement results for the circularly polarized lights due to
imperfectly produced circular polarization mentioned earlier
and also from nonideal FLC switching angles, which will be
discussed later. The worst case measurements were observed
for 0◦ and 90◦ measured lights—more than 10◦ of deviation on
the Poincarè sphere at extended wavelengths from the actual
SOP. Measurements around 1630 nm show close to perfect
results because of the near-exact quarter-wave retardance of the
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FLCs at that wavelength. Ideally, each step in our measurement
sequence is designed to independently yield values for I0,
I90, I45, and IRHC, respectively. However, due to nonideal
behaviors of the FLC cells, errors were introduced into the
measurements as can be shown in Fig. 5. First, the birefrin-
gences of the FLC cells were fixed; therefore, their phase
retardations varied with wavelength, resulting in a wavelength-
dependent system. Second, the FLC cells switched close to but
not exactly by 45◦ due to the physics of the liquid crystals [21].
However, these errors can be minimized by applying a software
correction algorithm to the measured data. Since the corrections
were done on a wavelength-by-wavelength basis using the same
procedure, only single-wavelength treatment will be discussed
here for simplicity.

In the first step of the calibration process, measurements for
six different reference polarization states are taken in a pro-
cedure discussed previously for testing measurement accuracy,
i.e., 0◦, 45◦, 90◦, 135◦, RHC, and LHC. More SOP points may
be used for improved calibration accuracy, but at a cost of
processing time. Those six SOP points are chosen because they
are easy to produce and symmetrically cover the entire Poincarè
sphere.

From each of the measurements at polarization state p, four
intensity values are obtained from the polarimeter, giving the
intensity vector [Ip] = [Ip

0 Ip
90 Ip

45 Ip
RHC]T corresponding to

the four states of the FLC pair in Table I. Using the fact that
the input polarization is known, the Stokes’ vector [Sp] of the
input can be constructed, e.g., for 0◦ input polarization, [S0] =
[1 1 0 0]T . By introducing a polarimeter transformation matrix
[M ] that we wish to calibrate, we can construct the following
equation [16]:

[Ip] = [M ][Sp]. (5)

The values of [Ip] are measured, whereas the values of [Sp] are
known. Since [M ] is 4 × 4, and each known input polarization
state results in four measurement values (four elements of
[I], four different input polarizations are needed to completely
determine [M ]. We use six input polarizations, which over-
constrain [M ]. Therefore, we use the estimate for [M ] with
minimum least squared error, given by

[M ] = [Iref ][Sref ]† (6)

where [Iref ] = [[I0] · · · [ILHC]] is the intensity matrix
containing measurements from all six reference polarization
states, [Sref ] = [[S0] · · · [SLHC]] contains the correspond-
ing Stokes’ vectors, and [Sref ]† = [Sref ]T ([Sref ][Sref ]T )−1 is
the pseudo-inverse of [Sref ] [22].

Once [M ] is obtained, we can calibrate any measured un-
known input polarization directly from the measured intensity
vector using the inverse of (5), i.e.,

[Sin] = [M ]−1[Iout] (7)

where [Iout] is the set of four detector readings corresponding
to the four states of the FLC pair. For a single wavelength,

Fig. 6. Corrected measurements of (a) 0◦, (b) 45◦, and (c) RHC spectral SOP
plotted on zoomed-in Poincarè spheres. (d) Respective errors compared to the
error of the raw data. 90◦, 135◦, and LHC exhibited the same error figures as
0◦, 45◦, and RHC, respectively, and are not shown here.

Fig. 7. Wavelength and polarization dependences of DOP measurements.

[M ]−1 is a two-dimensional (2-D) matrix. When performing
wavelength-parallel calibration for all wavelengths simultane-
ously, an extra dimension should be applied to the matrix
calculations to account for the multiple wavelengths.

Since we are working with ∼100% polarized light (DOP ≈
1), all SOP points show up on the surface of the unit-radius
Poincarè sphere, and we express the measurement error as the
angle between the actual and the measured Stokes’ vectors in
degrees [23].

Fig. 6(a)–(c) shows some samples of the corrected spectral
SOP on the Poincarè sphere, and the amount of SOP error is
shown respectively in Fig. 6(d). As the error figures show, after
the calibration procedures were performed on the measured
(raw) data, the corrected data of the six measurements were
much improved. The raw measurement data exhibited more
than 10◦ of error in some cases. After the calibration, 0◦ and
90◦ polarization states showed the worst measurement accuracy
with an error of roughly 2◦ on the Poincarè sphere within
the tested wavelength range. Polarization states away from 0◦

and 90◦ resulted in much more accurate measurements, and
wavelength dependence was virtually eliminated. The < 2◦ of
uncorrected error were most likely due to system noise, electri-
cal crosstalk between neighboring detector pixels, and detector
nonlinearity, which could not be removed easily (Fig. 7).
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Fig. 8. (a) Measured 0◦ polarization component. (b) Measured 90◦ polariza-
tion component.

III. COMPLETE SPECTRAL POLARIMETER DESIGN

The SOP correction procedure worked well under the as-
sumption that the LUT was near 100% polarized, in which
case s1, s2, and s3 were normalized by dividing by s0,
where s0 = (s2

1 + s2
2 + s2

3)
1/2. However, the DOP measure-

ments were not corrected. To measure actual DOP, we could
no longer assume 100% polarized light. Fig. 7 shows the
actual DOP measurements of 0◦, 45◦, and RHC polarized lights
using the DOP equation DOP =

√
s2
1 + s2

2 + s2
3/s0, where

s0 = Itotal = I0 + I90 (using the measurement values of I0

and I90). Since the LUT was polarized, DOP should be 100%,
but for polarization states such as 45◦ and RHC, the DOP
measurements exhibit up to ±10% of error within the 110-nm
wavelength range. These errors were again caused by the im-
perfect FLC switching angles and the wavelength dependence
of the device. The measurement results did not sufficiently
well preserve the orthogonality of 0◦ and 90◦ input polarization
components at each wavelength, resulting in wavelength- and
SOP-dependent errors in determination of the total power Itotal

(or S0). Since DOP is defined as power of polarized portion of
the LUT divided by the total power of LUT, DOP measurements
incurred both wavelength- and SOP-dependent errors as well.
Summarizing, these errors in DOP arise because the sum of
the measured values for I0 and I90 fail to give a sufficiently
accurate estimate of total power. (In principle, this problem
could be overcome by performing an independent spectrally
resolved measurement of total power prior to the polarizer, but
this is not compatible with our goal of a fast spectral polarimeter
design without moving parts and with only a single detector
array.)

The failed orthogonality preservation of 0◦ and 90◦ com-
ponent selections can be visualized by the simulation results
in Fig. 8(a) and (b), which shows 0◦ and 90◦ polarization
components selected by the FLC-polarizer set in the first and
second switching states of Table I. The same simulation con-
ditions were used as those shown in Fig. 5(a)–(c). In the first
switching state, the optic axes of the FLC pair are orthogonal
and have a net birefringence of 0, allowing 0◦ polarization
component to directly pass the 0◦ polarizer with no wavelength
dependence, thus showing as a dot in Fig. 8(a). However,
measuring 90◦ component [Fig. 8(b)] requires the optic axes
of the quarter-wave FLC pair to line up to form a half-wave
retarder as indicated in the second step of Table I, thus adding
up the wavelength-dependent effects of each FLC as well. It
can be shown that only at designed wavelength of the FLCs

λ = 1630 nm, the two components selected by the instrument
are exactly orthogonal, but not at other wavelengths.

In a new complete polarimetry scheme, we adapted two
new concepts to our previous SOP-only polarimeter. First, we
eliminated wavelength dependence in total power measurement
by finding a new switching combination of the FLC pair, which
allowed the measurement to better preserve the orthogonal-
ity of a pair of orthogonal input polarization components at
every wavelength. Second, we found a scheme in which our
previously designed SOP-only spectral polarimeter could be
used to measure the precise wavelength-dependent polarization
transformations involved in the operation of the new complete
polarimeter and, hence, to precisely calibrate the mapping
between raw measurement data and actual SOP/DOP.

Once again, all possible combinations of FLC switching
sequences were numerically simulated in search of an FLC
orientation, which would select orthogonal polarization states
for wavelength range near the designed wavelength of the
FLC pair. We used a new set of FLCs for this experiment,
which had quarter-wave retardance crossing at around 1600 nm.
The spectral sensing was set up to cover the C-band at that time;
thus, the simulated bandwidth was from 1525 to 1565 nm. It
was found that when the FLC pairs are oriented so that their
fast axes both switch between 67.5◦ and 112.5◦ [Fig. 10(a)],
the setup measures polarization components near 45◦ and
135◦, as well as two elliptical states with spectrally averaged
normalized Stokes’ parameters of (0.453, −0.499, 0.738) and
(0.453, 0.499, −0.738), as shown in Fig. 9(b)–(e). Since or-
thogonal polarization states show up on opposite sides of the
Poincarè sphere, the two wavelength-dependent polarization
components measured can be illustrated [in Fig. 9(b) and (c)]
as mirror images of each other on the opposite sides of the
Poincarè sphere with respect to the origin. This mirror image
behavior is in clear contrast to the data of Fig. 8. The near 45◦

(or 135◦) component and the other two elliptical polarization
components measured are all linearly independent of each other
in the Stokes’ space, necessary for determination of the Stokes’
parameters of the LUT.

Realizing that the four new polarization components (shown
in Fig. 10 as red dots) measured span the Stokes’ space, it is
possible to take SOP measurements using a new wavelength-
dependent coordinate system (V1(λ), V2(λ), V3(λ)), represented
in red axes in Fig. 10, and then transform back to the Stokes’
coordinates (S1, S2, S3), shown in blue. We defined the new
system as

v0(λ) = Itotal(λ) = I∼45(λ) + I∼135(λ) (8a)

v1(λ) = I∼45(λ) − I∼135(λ) (8b)

v2(λ) =2I∼ellip1(λ) − v0(λ) (8c)

v3(λ) =2I∼ellip2(λ) − v0(λ) (8d)

v̂1(λ) =
v1(λ)

v0(λ)
, (8e)

v̂2(λ) =
v2(λ)

v0(λ)
, (8f)

v̂3(λ) =
v3(λ)

v0(λ)
. (8g)
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Fig. 9. (a) Wavelength-parallel polarimeter with new FLC setup.
(b)–(d) Simulated results of wavelength-dependent polarization components
measured with the new FLC setup, i.e., the polarization components fully
passed by the polarizer after transformation by the FLC pair: (b) ∼45◦

component. (c) ∼135◦ component. (d) First elliptically polarized component.
(e) Second elliptically polarized component.

In (8), I∼p represents the intensity measurement of the polar-
ization component near the polarization state p, and v̂(λ) =
[v̂1(λ) v̂2(λ) v̂3(λ)]T is a normalized vector in the V coordinate
system representing the measured polarization state of the LUT
at wavelength λ.

For each wavelength, we define a linear transformation ma-
trix [Mvs]3×3 to transform SOP of the LUT measured as [v̂]3×1

back to [ŝ]3×1, i.e.,

[Mvs] =




ŝv1
1 ŝv1

2 ŝv1
3

ŝv2
1 ŝv2

2 ŝv2
3

ŝv3
1 ŝv3

2 ŝv3
3


 . (9)

The first, second, and third rows of [Mvs] are the normalized
Stokes’ vectors for coordinate axes V1, V2, and V3, respectively.
Finally, we get the normalized Stokes’ vector representation of
the SOP, i.e.,

[ŝ] = [Mvs]−1[v̂]. (10)

Since s0 = Itotal = v0, DOP is now calculated as

DOP =
√

ŝ2
1 + ŝ2

2 + ŝ2
3. (11)

At this point, SOP is calculated from directly mapping be-
tween raw measurement data and actual SOP. However, in ex-
periments, small amount of errors can be expected from various
system aspects, such as not being able to obtain perfect V coor-
dinates for each wavelength. Therefore, after [ŝ] is obtained, an
additional step of SOP correction can be used to further improve

Fig. 10. V(λ) coordinate system in the Stokes’ space. The red dots represent
the four polarization components selected by the new FLC alignment.

the accuracy of the [ŝ] measurement. Using a similar approach
as for the earlier described SOP-only polarimeter design, we
performed measurements on six known test polarization states
around the Poincarè sphere. By knowing the polarization states
measured, we determined a correction matrix [Mss] for each
wavelength to improve the raw SOP measurement, i.e.,

[ŝcorrected] = [Mss]−1[ŝ]. (12)

In our experiment, the normalized Stokes’ vectors for co-
ordinate axes V1(λ), V2(λ), and V3(λ) needed for the transfor-
mation matrix [Mvs](λ) were obtained by using the SOP-only
polarimeter described in the last section. We ran the new FLC
setup in reverse direction with a broadband amplified sponta-
neous emission (ASE) source as shown in Fig. 11(a), so that
we could measure the polarization at the input end of the new
spectral polarimeter setup [point P in Fig. 11(a)] after each
of the four FLC switching combinations; this is equivalent of
measuring the four what-would-be-selected polarization com-
ponents by the new setup containing FLC set 2 when the new
setup is run in the intended forward direction during a mea-
surement operation. In Fig. 11(b) and (c), we see that the two
nearly orthogonal polarization components selected by the new
polarimeter setup are near 45◦ and 135◦ polarizations, and the
measurements indeed nearly preserved their orthogonality over
the full wavelength band to within 1◦ on the Poincarè sphere.
The other two elliptical polarization components are plotted in
Fig. 11(d) and (e), respectively, and their spectrally averaged
normalized Stokes’ parameters are (0.444, −0.470, 0.762) and
(0.423, 0.495, −0.760), respectively. These measured results
closely agree with the simulated results shown in Fig. 9.

The less than 1◦ of error was mostly due to imperfect 45◦

switching angle of the FLCs and resulted in a small polarization
dependence of the measured Itotal. To verify this effect, we
performed a simulation of imperfectly switched FLCs. The
Itotal error (ε) calculated from summing I∼45 and I∼135 mea-
surements of test polarization states was shown in Fig. 12(a).
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Fig. 11. (a) Measuring polarization components by running the FLC setup
in reverse and measuring the reversed output with a spectral polarimeter.
(b) and (c) Zoomed-in plots of the measured ∼45◦ and ∼135◦ polarization
components to show the orthogonality preservation. (d, e) Two wavelength-
dependent elliptical components measured.

Fig. 12. (a) Polarization dependence of Itotal measurement error. Each dot
represents a polarization state; the five different spherical shells represent five
different DOP settings from 20% (inner) to 100% (outer). (b) Simulated results
showing maximum Itotal error εmax due to FLC switching angle defect, as
well as slight wavelength dependence of εmax within 100-nm range of λo.

The simulations were performed for 3240 different SOP points
around the sphere with five different DOP settings ranging from
20% to 100%, shown in dots. The amount of error ε measure-
ment for each SOP point is color coded from 0 to maximum
Itotal error εmax, and it was found that Itotal error ε has a linear
dependence only on S1 and is essentially independent of S2,
S3, and wavelength. Using the known ε and S1 relationship, it
is possible to correct for Itotal measurements with the measured
S1 values. The simulated FLCs switched between 67.5 + ∆θ
and 112.5 − ∆θ, where ∆θ is the small FLC defect in switching
angle that is directly related to the value of εmax. Fig. 12(b)
shows that εmax has a linear relationship with ∆θ and has a

Fig. 13. (a) Theoretically produced polarizations for testing S1 dependence
of Itotal. (b) S1 dependence of measured ε [color coded to match SOPs in (a)].

slight wavelength dependence of up to only 0.3% within the
100-nm wavelength range near λo ≈ 1600 nm of the FLCs.

Back to the experiment, polarization dependence of ε was
checked to see if it was in fact linearly dependent only on
S1 measurement as predicted. An ASE source was passed
through a 0◦ polarizer and a QWP to generate different test
polarization states. The QWP was rotated from 0◦ to 50◦, and
SOP measurements were taken at every 10◦. The theoretically
produced test polarization states are plotted on the Poincarè
sphere in Fig. 13(a). When the measured ε were plotted against
the theoretical S1 of the test polarization states as shown in
Fig. 13(b), the results matched our prediction of a linear depen-
dence between S1 and ε. At S1 = 1, εmax = 3%, suggesting
that ∆θ ≈ 0.4◦ based on Fig. 12(b). From an independent
experimental verification of FLC switching angles, we found
that the two FLCs in FLC set 2 had ∆θ values of 0.35◦ and
0.5◦, from which we plotted the theoretical S1 dependence of
ε. This predicts εmax = 3.25%, which is again very close to
the 3% from our measurement. Similar comparison tests were
done with only a polarizer rotating every 10◦ to produce linear
polarizations between 0◦ and 180◦, and the measured ε also
closely agreed with the theoretical value.

The 100% polarized polarization states were produced for
a first evaluation of the performance of the new polarimeter
setup. First, a Polarcor polarizer was used to produce linearly
polarized light from a ∼40-nm bandwidth ASE source. The
polarizer was rotated at every 10◦ to generate SOPs around the
equator of the Poincarè sphere. In Fig. 14(a), the small circles
represent the known test SOPs, and the tightly clustered colored
dots near or within each of the circles are corrected spectral
SOP measurements of the test SOPs; the tightness of the
clusters show that they are not wavelength sensitive. Fig. 14(c)
shows that the spectrally averaged linear SOP errors are all less
than 1.4◦ for different test polarizations, which is comparable to
our old polarimeter setup. To calculate DOP of 100% polarized
lights, raw Itotal were corrected using Itotal error versus S1

relationship shown in Fig. 13(b) to give a better estimate of
v0 (or s0). As shown in Fig. 14(e), DOP errors were reduced
to within ±3.5%. Because only a slight overall wavelength
dependence of the DOP measurement was observed within
the wavelength range of interest, the plot in Fig. 14(e) shows
spectrally averaged DOP. However, there were up to ±0.5◦ of
fluctuations in spectral SOP error and up to ±1% in spectral
DOP measurements due to the camera readout noise. Although
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Fig. 14. (a) Measurements of generated linear polarizations around the equa-
tor of the Poincarè sphere. (b) Measurements of generated elliptical polariza-
tions on the Poincarè sphere. (c) and (d) Spectrally averaged SOP measurement
errors of polarization states shown in (a) and (b). (e) and (f) Spectrally averaged
DOP measurements of 100% polarized polarization states shown in (a) and (b).

total power measurements were corrected, DOP errors were
not completely eliminated due to the small amount of error
contributed from S1, S2, and S3 measurements.

Left-hand elliptical polarization states were also tested by
placing a rotating QWP after a fixed 0◦ polarizer in the same
manner that the Itotal errors were tested earlier. The test po-
larizations produced are shown in Fig. 14(b) in a clockwise
fashion starting from 0◦ point. As shown in Fig. 14(d), SOP
errors were all less than 3.5◦, and DOP errors [Fig. 14(f)] were
all kept to below ±3.5% with unnoticeable overall wavelength
dependence, again showing a significant improvement from
the original polarimeter setup. Right-hand elliptical polariza-
tion states were also tested and showed similar measurement
accuracy.

To evaluate DOP measurements of partially depolarized
lights, we produced lights with known DOP and measured
them using the polarimeter. To generate a depolarized light
source, we first split an ASE source into two arms: with one
arm polarized using a polarizer and the other arm a completely
depolarized ASE source as shown in Fig. 15(a). The powers
in each arm were adjusted using attenuators, and the two arms
were eventually coupled back to produce partially depolarized
light with DOP ranging from 0 to 1. Actual DOP was calculated
from detector readings of power from each arm using the
equation DOP = Ppolarized/(Ppolarized + Punpolarized), where
Ppolarized and Punpolarized are the powers of the polarized and
unpolarized arms, respectively. As can be shown in Fig. 15(b),
each cluster of points within the Poincarè sphere represents one
set of 256 spectral polarization measurements of the partially

Fig. 15. (a) Setup for producing and measuring partially depolarized light.
(b) Sample measurement results of depolarized lights produced. The differ-
ent clusters show different sets of spectral SOP points with DOP varying
from 0 to 1.

Fig. 16. (a) Schematic diagram of a high-resolution spectral polarimeter.
(b) Sample spectral SOP measurement of an OC192 channel.

depolarized light. The SOP points show up inside the unit
Poincarè sphere as their DOP are less than 1. Also, their
SOP vectors are aligned as expected because there were no
movements in the setup that could cause a SOP change during
the experiment.

IV. HIGH SPECTRAL RESOLUTION CONFIGURATIONS

So far, we have covered spectral polarimetry with resolution
of tens of gigahertz. For long-haul broadband systems where
spectral polarization scrambling becomes large, it may be de-
sirable to resolve the spectral SOP profile within individual
10-Gb/s channels, which requires spectral resolution on the
order of 1 GHz. For example, such resolution enables mea-
surement of SOP strings, which have been proposed for mon-
itoring of PMD [24]. The bandwidth and resolution scalability
of our spectral polarimeter allow this device to meet various
spectral specifications. For the high-resolution requirement, we
substituted the diffraction grating with a 50-GHz free-spectral-
range (FSR) VIPA, as shown in Fig. 16(a). We took a portable
version of the high-resolution spectral polarimeter to the field
and operated it in an AT&T central office [25]. The spectral
SOP of four OC-192 channels were monitored each minute for
three days on a 250-km fiber route carrying live traffic between
two major U.S. cities. A sample of spectral SOP measurement
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Fig. 17. (a) Schematic diagram of a broadband high-resolution spectral po-
larimeter. (b) Spectral SOP measurement of 1476 spectral components nearly
covering the entire C-band.

of one of the channels is shown in Fig. 16(b). The string on
the Poincarè sphere represents a 10-GHz bandwidth of spectral
SOP taken at 1-GHz resolution. As can be shown, the spectral
SOP profile is well resolved using this polarimeter. Since
the principle of operation is the same for this high-resolution
spectral polarimeter as the ones previously described, it requires
the same calibration procedure, and the performance figures are
expected to be similar. However, due to the 50-GHz FSR of the
VIPA, this setup is only capable of measuring a single channel
at a time. A tunable filter is needed in front of the polarimeter
to monitor multiple channels, which was the method used at
the AT&T central office for monitoring those four channels.
Although the need for a tunable filter to select one WDM
channel at a time is similar to other polarimeter designs [26],
[27], our apparatus provides a high-resolution scan within each
selected channel at a speed not offered by other approaches.

An alternative method, which allows the monitoring of
multiple channels in parallel without a tunable filter, utilizes
a VIPA in conjunction with a diffraction grating as shown
in Fig. 17(a). In this setup, the VIPA periodically disperses
segments of 50-GHz bandwidth in the vertical direction, and a
1100-line/mm grating is used as a coarse disperser to separate
all the FSRs of the VIPA in the horizontal direction. Finally,
a 2-D InGaAs camera can be used to image the 2-D spectral
dispersion profile, which allows simultaneous spectral SOP
monitoring of every channel over the entire C-band (∼40 nm).
Fig. 17(b) shows a sample of the measured results of SOP
spectrally scrambled by eight concatenated sections of PM
fibers with mismatched optic axes. This particular polarimeter
setup yielded 1476 spectral SOP points with 2.8-GHz spacing
at less than −20 dB of crosstalk between neighboring points
(see [28] for a more detailed description of this design).

V. CONCLUSION

We have presented a spectral polarimeter design capable
of performing hundreds of spectral polarization measurements
within 1 ms. The SOP-only polarimeter provides spectral
SOP measurements to an accuracy of within 2◦ over most of
the wavelength within the test bandwidth of 110 nm. When
wavelength-dependent DOP measurement is also of interest,
the complete polarimeter design has been shown to measure
spectral DOP with < 3.5% accuracy within the entire C-band
at a resolution of ∼0.15 nm and shows little wavelength depen-
dence at the cost of a slightly higher SOP error. This complete

polarimeter design will allow both SOP and DOP monitoring
of every WDM or DWDM channel within the entire C-band
on a near-real-time basis. The high-resolution version of the
polarimeter design has been demonstrated to track the spectral
polarization variation and evolution within a single 10-Gb/s
DWDM channel and can be reconfigured to perform on all
channels simultaneously within the C-band at an unprecedented
speed.
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