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Abstract—This paper proposes a simple method to monitor
both optical signal-to-noise ratio (OSNR) and polarization-mode
dispersion (PMD) simultaneously using a polarization-scrambling
module followed by polarization beam splitting. OSNR and PMD
are obtained from interaction terms between two orthogonal po-
larization arms. Monitored OSNR and PMD are independent of
each other. Experimental results are demonstrated in a 10-Gb/s
nonreturn-to-zero (NRZ) system with OSNR from 18 to 36 dB
and PMD from 0 to 70 ps.

Index Terms—Degree of polarization, optical communica-
tions, optical polarization, optical signal-to-noise ratio (OSNR),
polarization-mode dispersion (PMD).

I. INTRODUCTION

key challenge for future deployment of high-performance

optical networks is that many systemic issues are not
static and tend to vary with time, including the following:
1) temperature changes; 2) reconfigurable optical networking;
3) wavelength drifts; and 4) periodic repair and maintenance.
These changes will cause variations in several signal-quality-
related parameters, such as optical signal-to-noise ratio (OSNR)
and polarization-mode dispersion (PMD). Therefore, perfor-
mance monitoring of signal quality may be required in order
to manage, diagnose, and repair a network. A key feature of
performance monitoring would be the isolation of the specific
parameter being affected, rather than a simple alarm that moni-
tors the overall degradation of the signal.

In particular, we consider the performance monitoring of
OSNR and PMD. OSNR degradation can occur due to any
signal power fluctuations or changes in optical-amplifier-noise
characteristics. PMD effects are stochastic, time varying, and
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temperature dependent. Moreover, the degradation may also
change rapidly due to the fiber’s nonlinear birefringence.

If there were a desire to monitor both OSNR and PMD,
the typical solution would be to have two different and dis-
tinct monitoring implementations. It would be advantageous
to have one module that could monitor both OSNR and PMD
in a straightforward fashion. Different approaches to moni-
toring OSNR and PMD individually has been reported in the
literature [1]-[13]. Traditional OSNR monitoring using a high-
resolution spectrum analyzer is costly, inconvenient, and some-
times inaccurate [2]. The bit error rate (BER) can be correlated
to the OSNR only within a certain range [3]. The degree of
polarization (DOP) has been used to monitor not only PMD
[4]-]6], but also OSNR [7], [8]. However, the OSNR and PMD
(depolarization) monitoring affect each other significantly
[71, [8]. PMD-insensitive OSNR monitor schemes that use
either precise polarization control or narrow-band optical fil-
tering have been proposed [9], [13]. Very recently, a scheme
that can monitor both PMD and OSNR information has been
demonstrated using enhanced radio-frequency (RF) spectral dip
analysis assisted with a local large differential group delay
(DGD) element [14].

In this paper, a simple configuration that provides both
OSNR and PMD information simultaneously using polarization
scrambling and orthogonal polarization detection is proposed
and demonstrated. A narrow-band optical filter is inserted in
one optical path. By measuring the power fluctuation of the two
orthogonal polarization channels, optical noise and depolariza-
tion effects can be decoupled and, therefore, the contribution
of amplified spontaneous emission (ASE) and PMD or nonlin-
ear birefringence can be obtained at the same time. Using a
10-Gb/s nonreturn-to-zero (NRZ) transmission system, it is
shown that monitored OSNR from 18 to 36 dB is not sensitive
to PMD. Meanwhile, the monitored PMD from 0 to 70 ps is
also independent of OSNR.

II. POLARIZATION-BASED OSNR MONITOR

In a typical transmission system, compared to the polar-
ized signal, optical noise is depolarized, thus, by measuring
the optical power of polarized signal and unpolarized noise
background, we can obtain the DOP of the signal and the
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Configurations of OSNR/PMD monitor. (a) Simple approach with OSNR and PMD dependent to each other. (b) Proposed approach consists of one

polarization scrambler, one polarization beam splitter (PBS), two photodiodes (PD1 and PD2) and two electrical operational amplifiers (G1 and G2).

relative OSNR information by the relationship as OSNR =
DOP/(1 — DOP), as shown in Fig. 1(a). The polarization con-
troller is used to find the minimum and maximum optical power
by aligning to either the state of polarization (SOP) of the signal
or its orthogonal state to the polarizer. Note that the demul-
tiplexer [dense-wavelength-division multiplexing (DWDM)]
here works as a series of optical filters with a certain band-
width, and the monitored OSNR depends on this bandwidth
value. Since the DOP of the signal after transmission may
also vary with the PMD of the link, the derived OSNR will be
affected by the PMD accordingly.

In order to decouple the effect and monitor both the OSNR
and PMD simultaneously, we propose a new configuration as
shown in Fig. 1(b). Only one polarization scrambler that can
scramble the input polarization state to cover the Poincare
sphere is shared by many wavelength-division-multiplexing
(WDM) channels, while previous approaches need one polar-
ization controller (or polarization stabilizer) for each channel.
After the demultiplexer, the desired channel will be split into
two arms using a polarization beam splitter (PBS). In one
arm, there will be an optical bandpass filter with a bandwidth
narrower than the channel spacing used to further reduce
the effects of optical noise. One photodiode is used in each
arm to detect the power fluctuations. After optical—electrical
(O/E) conversion, additional electrical operational amplifiers
with different gain factors (G; and G5) are used to increase
the sensitivity and provide the corresponding voltage outputs
(V1 and Vg)

Assuming the power contributions of the signal and noise
are Ps and Py and that the depolarization factor along the link
introduced by PMD and nonlinear birefringence is J, we then
can write the power fluctuations of the two arms as

VimaX = G4 [Ps(1 — 6) 4+ 0.5Py] (1)
VP = G1[Psd 4 0.5Py] )
VvaaX = GQ [Pg(l — 5) + 050&PN} (3)

VoM = Go[Psd + 0.5aPy] “4)

where « is the noise power filtering factor of the narrow-band
optical filter. We can easily get

M) +(2):
1) —=(2):

Vlmax + Vlmin _ Gl(PS + PN)
ymax _ymin — ¢ [Pg(1 — 26)]

®)
(6)
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Fig. 2. Experimental setup for OSNR and PMD monitoring. Att.: optical
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(3)+(4): V"™ 4 V3" = Ga(Ps +aPy) (7
(3)—(4): V™™ —Vp"" = GyPs(1-26).  (8)
Furthermore, G * (5) — G * (7) produces
1 J/max + Vmin J/max + Vmin
Py — 1 1Y 2
e 2] o

then from (5) and (9), we can get

Pg

1 |:V'2max + ‘/2min

« max
- l1—« G2 G (Vl +

_ Gl ‘Gmin):| . (10)

Thus, the OSNR is

Gl (‘/2max + V2min) _ an (Vlmax + Vlmin)
G2 (Vlmax + ‘/1min) o Gl (Vzmax + ‘/2min)
(11D

S _Fs _
N~ Py

Let Vl = (1/2)(Vlmax + ‘/'1min> and E — (1/2)<V'2111ax +
Vanin) “and the OSNR changes to

S GiVa—aGaV;

2 gty (12)
GV — G Vs

N

This signal-to-noise ratio (SNR) only depends on the average
value of V7 and V5. It is excluded from all the effects of PMD,
nonlinear birefringence, and the imperfection of PBS.

From (6), (9), and (10), we can calculate the depolarization
term ¢ as

( 1 7‘/1 ) (13)

a)
(%)
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Measurement results (OSNR only) using the simple approach described in Fig. 1(a) where the filter has a 3-dB bandwidth of (a) 1.0 nm and (b) 0.5 nm.
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Fig. 4. Comparison between PMD-dependent OSNR monitoring approach and the new approach. (a) Monitoring results using only one polarizer (i.e., one arm of
the PBS); PMD has a significant effect on the OSNR monitoring results. (b) OSNR monitoring results of the proposed approach using polarization beam-splitting

approach (PMD independent).

One may always adjust the amplification gain so that (G; =
G2). Therefore, we can get the simplified expression

5 _Vezahh (14)
N ViV
1— Vmax_vmin
sl Az (i -V (15)
2 2(Va — alh)

This depolarization factor can be used to monitor the PMD
effect along the transmission link.

III. EXPERIMENTAL RESULTS

To show the effectiveness of our approach, we put differ-
ent monitor modules after a 10-Gb/s NRZ (23! — 1 PRBS)
transmission link, as shown in Fig. 2. A piece of polarization-
maintaining fiber (PMF) is placed along the link with a po-
larization controller before it to align the input polarization
states with 45° to each of the two principal states of the PMF.
The OSNR of the link is varied by changing the input power

into the erbium-doped fiber amplifier (EDFA). Monitored
OSNR values are compared with the measurement results using
an optical spectrum analyzer (OSA) with a 0.1-nm resolution.

First, we use the equivalent DOP method in Fig. 1(a) to
monitor OSNR only (without PMD). Two optical filters with
different bandwidths (3-dB bandwidth of 1.0 and 0.5 nm,
respectively) are used, and the monitored OSNR values are
compared with the ones measured using OSA. Fig. 3(a) and (b)
shows the linear relationship between the DOP method and
OSA measured results. We can see that, without PMD in-
volved, the monitored OSNR can be accurate after initial linear
calibration according to the bandwidth of the optical filter or
demultiplexer.

However, in the case that PMD gets involved, we com-
pare the difference using the proposed module. As shown
in Fig. 4(a), if only one arm is used (a polarizer followed
by a photodetector), we can get the OSNR information from
(Vimax — Vimin)/Vimin. Similarly, and as expected, without
PMD, the monitored OSNR is correlated with OSNR very well
(linear relationship), but when PMD (here DGD ~ 70 ps) is
introduced, the monitored results will change dramatically. On
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the contrary, using the proposed approach [Fig. 4(b)], even
when large DGD is involved, we still can get the monitored
OSNR results to be close to the one without PMD. Since the
1.0-nm filter bandwidth cannot accommodate WDM systems
with less than 100-GHz channel spacing, in the comparison, we
use the 0.5-nm filter as the DWDM demultiplexer, and another
filter with ~ 0.3-nm bandwidth for the narrow-band filtering
[before PD2 in Fig. 1(b)]. Different narrow-band filters can be
used according to various requirements; however, the factor «
should be calibrated before real measurements.

As mentioned in the previous section, we can also monitor
PMD using (6). Fig. 5(a) and (b) shows the PMD monitoring
results. The depolarization here is mainly due to the DGD of
the PMF. In Fig. 5(a), we show that as the OSNR changes,
the monitored depolarization factor remains constant (< 5%),
and the relationship between the depolarization factor and the
DGD in Fig. 5(b) provides an effective method to gather the
PMD information of the link. For an NRZ signal, the depolar-
ization factor can vary from 0 to 0.2 as DGD changes from
0 to ~ 70 ps. The depolarization can be considered as the re-
duction of the signal’s DOP, which is format dependent [for ex-
ample, the return-to-zero (RZ) data format normally has higher
DOP sensitivity than the NRZ signal]. The results measured
here for NRZ data are consistent with previous reported results
where polarization scrambling is applied [4]. Note that, as we
get the OSNR and PMD simultaneously, we can separate the
degrading effects due to optical noise or depolarization, which
is highly desirable for network designers and operators. In
addition, when the link has nonnegligible PDL, the monitored
results will be affected due to the measurement fluctuations
of the signal power. This problem may be partially solved by
applying polarization scrambling at the input of the link.

IV. CONCLUSION

This paper proposed and demonstrated a novel and simple
approach that can monitor two important parameters, optical-
signal-to-noise ratio (OSNR) and polarization-mode dispersion
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PMD monitoring results. (a) Depolarization factor (¢) in (13) and (15) as DGD ~ 70 and 44 ps under different OSNR values. (b) Depolarization factor

(PMD), simultaneously using polarization scrambling and po-
larization beam splitting. The monitored OSNR is not sensitive
to the link PMD, while the monitored PMD is also independent
of OSNR. Isolation of these two parameters will enable network
operators to determine separately the contribution of optical
noise and depolarization (or PMD) along the link.

ACKNOWLEDGMENT

The authors would like to thank L. Lin and J. Chen for the
mechanical design and device packaging, also X. Zhang from
Auxora Inc. for providing the filter.

REFERENCES

[1] H. Suzuki and N. Takachio, “Optical signal quality monitor built into
WDM linear repeaters using semiconductor arrayed waveguide grating
filter monolithically integrated with eight photodiodes,” Electron. Lett.,
vol. 35, no. 10, pp. 836-838, 1999.

D. C. Kilper, S. Chandrasekhar, L. Buhl, A. Agarwal, and D. Maywar,

“Spectral monitoring of OSNR in high-speed networks,” presented at

the Eur. Conf. Optical Communication (ECOC), Copenhagen, Denmark,

2002, Paper 7.4.4.

[3] W. Weingartner and D. C. Kilper, “OSNR monitoring for fault
management in high speed networks,” presented at the Eur. Conf.
Optical Communication (ECOC), Copenhagen, Denmark, 2002,
Paper 7.4.5.

[4] L.-S. Yan, Q. Yu, A. B. Sahin, and A. E. Willner, “Differential group

delay monitoring used as feedforward information for polarization mode

dispersion compensation,” IEEE Photon. Technol. Lett., vol. 14, no. 10,

pp. 1463-1465, Oct. 2002.

N. Kikuchi, “Analysis of signal degree of polarization degradation used

as control signal for optical polarization mode dispersion compensation,”

J. Lightw. Technol., vol. 19, no. 4, pp. 480-486, Apr. 2001.

S. Kieckbusch, S. Ferber, H. Rosenfeldt, R. Ludwig, C. Boerner,

A. Ehrhardt, E. Brinkmeyer, and H. G. Weber, “Adaptive PMD compen-

sation in 160 Gb/s DPSK transmission over installed fiber,” presented

at the Optical Fiber Communication (OFC), Los Angeles, CA, 2004,

Paper PDP32, Postdeadline Paper.

M. Petersson, H. Sunnerud, M. Karlsson, and B.-E. Olsson, “Performance

monitoring in optical networks using Stokes parameters,” IEEE Photon.

Technol. Lett., vol. 16, no. 2, pp. 686—688, Feb. 2004.

[8] J. H. Lee, D. K. Jung, C. H. Kim, and Y. C. Chung, “OSNR monitor-
ing technique using polarization-nulling method,” IEEE Photon. Technol.
Lett., vol. 13, no. 1, pp. 88-90, Jan. 2001.

[2

—

[5

—

[6

—

[7

—



3294

[9] J. H. Lee and Y. C. Chung, “Improved OSNR monitoring technique
based on polarization-nulling method,” Electron. Lett., vol. 37, no. 15,
pp- 972-973, 2001.

[10] W. Chen, S. Zhong, Z. Zhu, W. Chen, and Y. Chen, “Integrated
performance monitoring PLC circuit for WDM system,” presented at
the Optical Fiber Communication Conf. (OFC), Atlanta, GA, 2003,
Paper FJ4.

[11] C. J. Youn, K. J. Park, J. H. Lee, and Y. C. Chung, “OSNR monitor-
ing technique based on orthogonal delayed homodyne method,” IEEE
Photon. Technol. Lett., vol. 14, no. 10, pp. 1469-1471, Oct. 2002.

[12] C.-L. Yang, S.-L. Lee, H.-W. Tsao, and J. Wu, “Simultaneous channel and
OSNR monitoring using a polarization-selective modulator and an LED,”
IEEE Photon. Technol. Lett., vol. 16, no. 3, pp. 945-947, Mar. 2004.

[13] M.-H. Cheung, L.-K. Chen, and C.-K. Chan, “PMD-insensitive OSNR
monitoring based on polarization-nulling with off-center narrow-band
filtering,” IEEE Photon. Technol. Lett., vol. 16, no. 11, pp. 2562-2564,
Nov. 2004.

[14] G.Lu, M. Cheung, L. Chen, and C. Chan, “Simultaneous PMD and OSNR
monitoring by enhanced RF spectral dip analysis assisted with a local
large DGD element,” presented at the Eur. Conf. Optical Communication
(ECOC), Stockholm, Sweden, 2004, Paper We4.P.092.

L.-S. Yan (5°99-M’05) received the B.E. degree in optical engineering from
Zhejiang University, Hangzhou, China, in 1994, and the Ph.D. degree in
electrical engineering from the University of Southern California (USC), Los
Angeles, in 2005.

From 1994 to 1999, he was working on solid-state lasers at the North China
Research Institute of Electro-optics. He joined the Optical Communications
Laboratory (OCLAB) at USC in September 1999. His main research inter-
ests are enabling technologies for long-haul wavelength division multiplexing
(WDM) systems and polarization effects in fiber transmission. He is now a Se-
nior Scientist at General Photonics Corporation, concentrating on polarization,
timing, and spectrum control. He is the author and coauthor of more than 90
papers in international journals and conference proceedings.

Dr. Yan is a member of the IEEE Lasers and Electro-Optic Society (LEOS)
and the Optical Society of America (OSA). He is one of the recipients of LEOS
Graduate Fellowship in 2002.

X. Steve Yao (M’97) received the M.S. and Ph.D
degrees in electrical engineering/electrophysics from
the University of Southern California, Los Angeles,
in 1989 and 1992, respectively.

He is the Chief Technology Officer of General
Photonics Corporation, a company that provides the
most complete product selections for polarization

I~ and timing control for telecommunications and sen-
sor industry. He has authored more than 30 referred
journal publications. He has given invited speeches
in numerous major photonics-related conferences
and authored a book chapter in RF Photonic Technology in Optical Fiber Links
detailing his breakthrough research in optoelectronic oscillator for generating
10 GHz and higher frequency signals. He holds more than 30 issued U.S.
Patents, 15 pending applications, and 29 NASA’s innovation awards. He worked
at NASA’s Jet Propulsion Laboratory from 1990 to 2000, concentrating on the
research and development of microwave photonic devices and systems, where
he invented the optoelectronic oscillator for generating the world’s cleanest 10-
80 GHz signals. He was responsible for the design and demonstration of the
X -band fiber optic antenna remoting system for NASA’s Deep Space Network.
Prior to JPL, he was an Optical Engineer at ADC Fiber Optics (a division of
ADC Telecommunications) from 1985 to 1987, responsible for developing the
first generation of fiber optic wavelength division multiplexing (WDM) devices.

Dr. Yao served as a member of the Technical Committee in the Optical
Fiber Communications conferences (OFC). He was the organization committee
member for the Microwave Photonics Conference in 2000. Two products based
on his inventions have won the Photonics Circle of Excellence Award for
2000 and 2001, respectively. The award is given to the top 25 most innovative
products around the world each year.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 10, OCTOBER 2005

Y. Shi (M’03), photograph and biography not available at the time of
publication.

Alan E. Willner (S’87-M’88-SM’93-F’04) re-
ceived the Ph.D. degree from Columbia University,
New York.

He has previously worked at AT&T Bell Labo-
ratories and Bellcore. He is currently Professor of
Electrical Engineering at the University of Southern
California (USC), Los Angeles. He has contributed
to more than 500 publications, including one book.

Prof. Willner is a Fellow of the Optical Society of
America (OSA). He has received the NSF Presiden-
tial Faculty Fellows Award from the White House,
the Packard Foundation Fellowship, the NSF National Young Investigator
Award, the Fullbright Foundation Senior Scholars Award, the IEEE Lasers
& Electro-Optics Society (LEOS) Distinguished Traveling Lecturer Award,
and the USC University-Wide Award for Excellence in Teaching. His pro-
fessional activities have included: President-Elect of IEEE LEOS, Editor-in-
Chief of the JOURNAL OF LIGHTWAVE TECHNOLOGY, Editor-in-Chief of the
IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, Co-
Chair of the OSA Science and Engineering Council, General Co-Chair of the
Conference on Lasers and Electro-Optics (CLEO), General Chair of the LEOS
Annual Meeting Program, Program Co-Chair of the OSA Annual Meeting, and
Steering and Program Committee Member of the Conference on Optical Fiber
Communications (OFC).



