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Abstract—We developed and tested a nonintrusive technique for
estimating polarization-mode-dispersion-induced system penalties
based on spectral polarization measurements. Other system char-
acteristics such as power fluctuations and carrier-frequency drift
could also be monitored simultaneously. Our spectral polarimeter
works in milliseconds, and can be scaled to monitor all channels in
the C-band.
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I. INTRODUCTION

THE ABILITY to evaluate the impact of polarization-mode
dispersion (PMD) on optical communications systems

separately from other impairments is important for PMD mon-
itoring, mitigation, and compensation schemes. Many common
types of signals used for PMD-penalty estimation such as
degree of polarization (DOP), radio-frequency (RF) spectrum,
and the eye opening have been reviewed [1]. DOP has been
shown to be sensitive to noise loading, while the latter methods
require expensive equipment such as RF spectrum analyzers
and gigahertz oscilloscopes; and all these methods monitor one
channel at a time. Recently, the state of polarization (SOP)
“string” length [2] has been demonstrated to have strong cor-
relation with PMD-induced penalty in a channel. The SOP
string represents the length of the wavelength-dependent SOP
trace on the Poincarè sphere over the modulation bandwidth of
the channel. In [2], the differential group delay (DGD) and
the angle between the PSP and the launch SOP were first
measured directly, and then the string length was estimated
using a first-order approximation . While
such an extensive approach is suitable for laboratory studies,
these DGD and PSP measurements are less appropriate for live
system applications, for which the required switching of the
launch SOP among two or more significantly different states
(e.g., Mueller matrix method) departs from accepted practice.
The previously reported method for measuring high resolution
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Fig. 1. (a) Experimental setup for measuring OSNR, BER, and SOP string
length. (b) Schematic of the high resolution spectral polarimeter. (c) Depen-
dence of BER on OSNR for multiple channels and various launch SOP condi-
tions.

SOP string using heterodyne polarimetry [3] is time consuming,
requires the use of expensive test equipment, and is more suited
for the laboratory experiments. In this letter, we demonstrate
nonintrusive, near real-time estimation of PMD-induced system
penalty from direct measurements of the output SOP string
lengths using a custom built high-speed high spectral-resolution
polarimeter [4]. The spectrometer property of the polarimeter
also allows us to monitor other system characteristics such as
power fluctuations and carrier-frequency drift of the channels.
Following the laboratory experiments, the polarimeter was used
in a field trial, monitoring a route carrying live traffic between
two major U.S. cities.

II. EXPERIMENTAL SETUP AND RESULTS

In the laboratory experimental setup shown in Fig. 1(a), an
optical signal was generated by a tunable laser source with an
integrated modulator which transmitted a nonreturn-to-
zero (NRZ) pseudorandom binary sequence at 10 Gb/s. Op-
tical signal-to-noise ratio (OSNR) was controlled by loading
the signal with amplified spontaneous emission. Ten percent
of the signal at the output of the coupler was used for OSNR
measurement using an optical spectrum analyzer, and 90% was
sent via a polarization controller into a PMD source. Two dif-
ferent mechanically and thermally stabilized PMD sources were
tested separately to characterize the relationship between PMD
and system performance. One was a polarization-maintaining
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(PM) fiber with 40-ps DGD; the second was a 12-km high-PMD
fiber with a mean DGD of 30.8 ps. At the output of the PMD
source, the signal was split between a bit-error-rate tester and
a high-speed high spectral-resolution polarimeter [4]. The po-
larimeter had two main parts [see Fig. 1(b)]. The first was a fast
polarization analyzer comprised of a pair of ferroelectric liquid
crystal switchable quarter-waveplates and a fixed polarizer. The
second part utilized a virtually imaged phased array (VIPA, do-
nated by Avanex Corp.) [5] and an InGaAs line-scan camera
which allowed one full set of spectrally resolved SOP measure-
ments within 20 ms (software limited), this is the fastest spec-
tral polarimeter reported to our knowledge. In an independent
experiment, we have verified 1-ms SOP measurement time for
256 spectral components by employing external timing circuits
into the setup. The VIPA was used for its extremely large an-
gular dispersion to achieve required 3-dB resolution of 1 GHz
[6]. The high resolution is necessary to resolve the SOP varia-
tions within a 10-Gb/s dense wavelength-division-multiplexing
channel bandwidth. Other spectral polarimeter designs [7], [8]
lack substantially either in speed and/or spectral resolution.

The camera’s pixel spacing corresponds to approxi-
mately 1 GHz; 11 pixels were taken to cover 10 GHz

rad/sec of the 10-Gb/s NRZ modula-
tion bandwidth. The SOP string measured at the output of
the PM fiber ps covered a maximum distance of
2.5 rad on the surface of the Poincarè sphere,
equivalent to 0.25 rad of SOP difference between neighboring
pixels. Although for this first demonstration only one channel
was tested at a time using the VIPA-camera pair, the setup can
be modified with a two-dimensional (2-D) spectral dispersion
arrangement [9] to measure all channels in the entire -band
in parallel.

For the all-order PMD source and the back-to-back mea-
surements, signals were generated at 21 channels with 50–GHz
spacing from 193.00 to 194.00 THz on the ITU grid, and 20
different SOP states were launched for each channel. Data
were taken for OSNR, BER, and spectral SOP for each channel
and at each launch polarization state. To characterize the rela-
tionship between PMD and system performance, we measured
the change in OSNR penalty relative to the back-to-back
measurements [Fig. 1(c)], at a constant bit-error-rate (BER) of

. The same procedure was used for the pure first-order
PMD measurement by replacing the all-order PMD fiber
with the PM fiber; measurements were then taken from eight
100-GHz-spaced channels from 193.00 to 193.70 THz on the
ITU grid.

For each launch polarization condition, the measured output
SOP was plotted on the Poincarè sphere, and the distances be-
tween neighboring SOP points were summed for 11 consec-
utive points, centered at the carrier frequency. The total dis-
tance was taken as the SOP string length , measured in ra-
dians. It has been shown that the PMD-induced OSNR penalty

has a quartic relation with the first-order PMD string length
[2]. The string length for each launch

SOP was plotted against its respective OSNR penalty measured
at BER , and then fit to a quartic curve for the pure
first-order PMD data (see Fig. 2) netting the coefficients

and . A constant term of 0.35 was also observed
due to penalty spread, thus the nonzero penalty curve at 0 rad
string length. Since the pure first-order string length is known

Fig. 2. SOP “string” length versus PMD-induced OSNR penalty. Inset: OSNR
penalty spread of the SOP string-length estimation method.

to follow the quartic dependence, we assume the penalty spread
of the pure first-order PMD string length to be caused by

measurement errors. These errors are mainly due to the lim-
ited dynamic range of the camera and interpixel crosstalk due
to power domination near the carrier frequency. Since the car-
rier signal is 10 dB higher than the sidebands, the signal was
attenuated before the polarimeter to ensure that the carrier fre-
quency did not saturate the camera readouts, thus sacrificing
signal-to-noise in the SOP measurements of the sidelobes. The
polarization crosstalk can be alleviated by increasing spectral
resolution through optimization of the optical setup. VIPA has
been reported to yield 3 dB spectral resolution of 600 MHz
[10]. There is also 1 dB of uncertainty in the OSNR penalty
measurement. The penalty spread is calculated as the standard
deviation of the data points relative to the quartic fit, shown in
Fig. 2(inset). Comparing the pure first-order PMD and all-order
PMD measurements, we notice that the pure first-order data
bounds the high order data from below, which agrees with pre-
vious observations [2]. To obtain the penalty spread just due
to the high-order PMD only [Fig. 2(inset)], we subtracted the
spreading due to system error .

Next, we took a portable version of the spectral polarimeter
to an AT&T central office for monitoring four OC-192 chan-
nels on a 250-km fiber route (mean DGD ps) carrying
live data traffic between two major U.S. cities. These channels
were experiencing performance instabilities where the pre-for-
ward-error-correction (FEC) BER was fluctuating, and PMD
was suspected to be one of the causes. The polarimeter was con-
figured to allow only one channel to be measured at a time with
a tunable filter preceding the polarimeter to eliminate multiple
free-spectral ranges of the VIPA [6]. With a 2-D polarimeter [9],
all channels within the -band could be monitored in parallel.
The spectral SOP of four channels was recorded once a minute
for three days. It can be seen in polarization strings measured in
a selected one hour duration shown in Fig. 3(a) that sometimes
the strings only shift (polarization drift), while at other times
they elongate indicating a change in the PMD-induced penalty.
Fig. 3(b) showed that the string-lengths were less than 1 rad,
or that the PMD on this fiber were causing less than 3 dB of
penalty as indicated in Fig. 2. All four channels observed had
the same string length statistics which were not correlated to
the pre-FEC BER. Thus, it was concluded that the fluctuation in
BER was not caused by PMD, and the system performance was
not PMD-limited.
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Fig. 3. (a) Sample SOP strings of one OC-192 channel recorded at one-minute
intervals for over a one hour period, shown on Poincarè Sphere. (b) Variations
of the sample SOP string-lengths over time.

Fig. 4. (a) Center-frequency drift of an OC-192 channel observed using the
spectral polarimeter. (b) Normalized power spectrum of the channel measured
using the spectral polarimeter (�1 GHz/pix near pix#71); shaded regions indi-
cate weaker diffraction orders of the VIPA. (c) Optical power fluctuations of the
channel over a two-day period showing power fluctuations in the channel.

We also monitored center-frequency drift and total power
fluctuation of each channel from the available spectral po-
larimeter data. Spatial location of the center-frequency
for each channel is estimated via the mean equation

, where and are the
power reading and wavelength, respectively, of pixel number ;

and are, respectively, the starting and ending pixel numbers
designated to that channel. Fig. 4(a) shows carrier-frequency
tracking of an observed channel over a two-day period, and it
can be seen that the carrier frequency drifted by 1.5 GHz, and
was within the laser transmitter specification. The frequency
variation did not appear to contribute to the observed BER
fluctuations.

To obtain the power spectrum of a signal, two orthogonal
polarization components measured by the polarimeter were
summed. Fig. 4(b) shows a sample of normalized spectral
profile of an OC192 channel measured ten times by the spectral
polarimeter. Using a 12-bit InGaAs camera, the OSNR can
be measured up to 33 dB. For each of the observed channels,
powers were summed together from 41 pixels centered at the
carrier-frequency pixel location [e.g., pixel #71 in Fig. 4(b)]
to obtain the total power of the signal above the noise floor.
The signal peaks outside the 41 pixel range [e.g., pixel #126
in Fig. 4(b)] are due to the weaker diffraction orders of the
VIPA shown in the shaded region, which we ignored. Fig. 4(c)
shows the monitored total power over two-day period. It can
be seen that for this particular channel, the total power varied
by as much as 8 dB. The power fluctuation was verified by an
independent measurement, and the cause of the pre-FEC BER
fluctuations was identified as a loss variation and traced to a
faulty attenuator, which was eventually replaced.

III. CONCLUSION

We have demonstrated a nonintrusive PMD-induced penalty
monitoring system using the SOP string length technique. We
have shown in the laboratory and in the field that an SOP string
length measurement can monitor system penalties due to PMD.
While this has been a first-time demonstration of direct SOP
string measurement in a system, further work is need to op-
timize the relationship between spectral SOP and high-order
PMD penalty. The spectral polarimeter has also been shown to
monitor other important system characteristics such as power
and wavelength fluctuations, and we believe that it can con-
tribute to the next-generation light-wave communication sys-
tems as a versatile performance monitoring device.
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