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Introduction

This is the final report for the PMD Characterization on an Active Fiber Link which began in May 1999.
The related KUCR project number is IND18834. The Sprint award number is P.O. 21-B000016923.

For reference, text excerpts from the original proposal are included below.

Overview

We propose development of dedicated hardware for implementation of our first-order PMD adaptive
compensation system. We further propose long-term operation of this system on the KU-TIOC WDM link to
collect data on DGD and PSP variations over time. Through this effort we hope to learn more about the
dynamics of adaptive PMD compensation and to validate the principles and effectiveness of this approach. Data
collected on this project will also provide critical information on the variability of DGD and PSP (data that are
not currently available). This data is essential not only for gaining a better understanding of PMD (what factors
influence it, how fast does it fluctuate, when does it change the fastest, etc.), but also for enhancing the design of
efficient adaptive compensation systems.

The relevance of this research to Sprint is that an understanding of the dynamics of PMD will be gained. This
knowledge will be use critical for the development of specifications for future active PMD compensation
systems.

Goals
Gain an understanding of how DGD and PSPs vary over time in a terrestrial link.

Tasks

1. Revise design of adaptive PMD compensation system for efficient implementation and concept validation.

2. Collection and analysis of PMD data from the KU-TIOC link.

Milestones

e Efficient implementation of the first-order PMD adaptive compensation system using dedicated signal
processing hardware.

e Report describing the variation over time of the DGD and PSP on the KU-TIOC link.

All project objectives have been accomplished with minor deviations from the proposal.
Key findings:
e Importance of polarization scrambling in improving performance of PMD compensation.
e Improvements on basic PMD compensation architecture (DOP feedback signal, application to SCM).
e Relatively slow temporal variation of differential group delay on buried Sprint fiber.
e  Techniques developed for predicting mean PMD-induced outage rates and outage duration based on measured PMD.

During the course of this project, numerous publications were produced. A list of these follows. Copies of most of these
publications are provided in Appendix A.

In addition, a literature review was preformed regarding polarization control, polarization-mode dispersion, PMD
compensation, and related topics. The resulting bibliography is provided in Appendix B.




PMD-related accomplishments under this and related previous Sprint funded projects

Below are some highlights from the previous Sprint-funded PMD-related research along with significant patents, patent
applications, journal papers, conference papers, and presentations:

Developed novel PMD measurement technique.
Song, S., C. Allen, K. R. Demarest, and R. Hui, “A novel method for measuring polarization-mode dispersion using four-wave
mixing,” Journal of Lightwave Technology, 17(12), pp. 2530-2533, 1999.

Song, S., K. Demarest, C. Allen, "A Poincare sphere method for measuring polarization-mode dispersion using four-wave mixing
(FWM) in single-mode optical fiber," Symposium on Optical Fiber Measurements, Boulder, CO, pp. 79-82, Sept. 2000.

Using laboratory test equipment, we developed of a 1"-order PMD compensation system that incorporates polarization
scrambling to improve compensation effectiveness.
Pua, H. Y., K. Peddanarappagari, B. Zhu, C. Allen, K. Demarest, R. Hui, "An adaptive first-order polarization-mode dispersion
compensation system: theory and demonstration," Journal of Lightwave Technology, 18(6), pp. 832-841, 2000.

Pua, H.Y., C. Allen, K. Demarest, R. Hui, K.V. Peddanarappagari, "Method and apparatus to compensate for polarization-mode
dispersion," U. S. Patent Number 6,459,830 issued October 1, 2002.

Developed a custom 1"-order PMD compensation system with a faster response time.
Chimata, A.-P. and C. Allen, "Development of an adaptive polarization-mode dispersion compensation system," /77C Technical
Report ITTC-FY2003-TR-18834-02, January 2003.

Demonstrated concept of PMD compensation for subcarrier-multiplexed signals.
Hui, R., C. Allen, and K. Demarest, "Combating PMD-induced signal fading in SCM optical systems with diversity detection,"
patent application submitted to the U.S. Patent Office December 20, 2001.

Hui, R., C. Allen, and K. Demarest, "PMD-insensitive SCM optical receiver using polarization diversity," IEEE Photonics
Technology Letters, 14(11), pp 1632-1634, 2002.

Hui, R., C. Allen, and K. Demarest, "Combating PMD-induced signal fading in SCM optical systems using polarization diversity
optical receiver," OFC '02, Anaheim, CA, WQ4, pp. 302-304, 2002.

Analysis of long-term PMD measurements on single-spans of buried fiber
Richards, D.L., C.T. Allen, D.C. Hague, "Identifying polarization-mode dispersion," patent application submitted to the U.S. Patent
Office November 19, 2002.

Richards, D.L., C.T. Allen, D.C. Hague, "Identification of polarization-mode dispersion on a communication network," patent
application submitted to the U.S. Patent Office May 2003.

Allen, C.T., P.K. Kondamuri, D.L. Richards, and D.C. Hague, "Measured temporal and spectral PMD characteristics and their
implications for network-level mitigation approaches," Journal of Lightwave Technology, 21(1), pp. 79-86, 2003.

Allen, C., P.K. Kondamuri, D.L. Richards, and D.C. Hague, "Analysis and comparison of measured DGD data on buried single-
mode fibers," Symposium on Optical Fiber Measurements, Boulder, CO, pp. 195-198, Sept. 24-26, 2002.

Allen, C., P. K. Kondamuri, D. Richards, and D. Hague, "Measured temporal and spectral PMD characteristics and their
implications for network-level mitigation approaches," Proceedings of the IASTED International Conference on Wireless and
Optical Communications, Banff, Alberta, Canada, pp. 713-720, 2002.

Invited presentation: "Analysis and comparison of measured DGD data on buried single-mode fibers," presented to the International
Electrotechnical Commission, Technical Committee No. 86 (Fibre Modules), Working Group 8 (Dynamic Modules), Atlanta, GA,
March 23, 2003.

Kondamuri, P.K. and C. Allen, "Characterization of polarization-mode dispersion on buried standard single-mode fibers," ITTC
Technical Report ITTC-FY2003-TR-18834-01, November 2002.



Appendix A — Publications Produced

Copies of PMD-related publications produced under this and previous Sprint-funded PMD-related research projects.
Note that the two ITTC Technical reports (ITTC-FY2003-TR-18834-01, ITTC-FY2003-TR-18834-02) were previously
delivered and are not duplicated here.

Copies of the following publications follow:

Allen, C.T., P.K. Kondamuri, D.L. Richards, and D.C. Hague, "Measured temporal and spectral PMD characteristics and
their implications for network-level mitigation approaches," Journal of Lightwave Technology, 21(1), pp. 79-86, 2003.

Allen, C., P.K. Kondamuri, D.L. Richards, and D.C. Hague, "Analysis and comparison of measured DGD data on buried
single-mode fibers," Symposium on Optical Fiber Measurements, Boulder, CO, pp. 195-198, Sept. 24-26, 2002.

Allen, C., P. K. Kondamuri, D. Richards, and D. Hague, "Measured temporal and spectral PMD characteristics and their
implications for network-level mitigation approaches," Proceedings of the IASTED International Conference on
Wireless and Optical Communications, Banff, Alberta, Canada, pp. 713-720, 2002.

Hui, R., C. Allen, and K. Demarest, "PMD-insensitive SCM optical receiver using polarization diversity," IEEE Photonics
Technology Letters, 14(11), pp 1632-1634, 2002.

Hui, R., C. Allen, and K. Demarest, "Combating PMD-induced signal fading in SCM optical systems using polarization
diversity optical receiver," OFC '02, Anaheim, CA, WQA4, pp. 302-304, 2002.

Pua, H.Y., C. Allen, K. Demarest, R. Hui, K.V. Peddanarappagari, "Method and apparatus to compensate for polarization-
mode dispersion," U. S. Patent Number 6,459,830 issued October 1, 2002.

Pua, H. Y., K. Peddanarappagari, B. Zhu, C. Allen, K. Demarest, R. Hui, "An adaptive first-order polarization-mode
dispersion compensation system: theory and demonstration," Journal of Lightwave Technology, 18(6), pp. 832-841,
2000.

Song, S., K. Demarest, C. Allen, "A Poincare sphere method for measuring polarization-mode dispersion using four-wave
mixing (FWM) in single-mode optical fiber," Symposium on Optical Fiber Measurements, Boulder, CO, pp. 79-82,
Sept. 2000.

Song, S., C. Allen, K. R. Demarest, and R. Hui, “A novel method for measuring polarization-mode dispersion using four-
wave mixing,” Journal of Lightwave Technology, 17(12), pp. 2530-2533, 1999.
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Measured Temporal and Spectral PMD Characteristics
and Their Implications for Network-Level
Mitigation Approaches

Christopher T. AllenSenior Member, IEEEPradeep Kumar Kondamuri, Douglas L. Richards, and Douglas C. Hague

Abstract—Signal degradation due to polarization-mode dis- depends on the properties of the fiber and has been shown to
persion (PMD) effects may become significant for signaling rates vary inversely with the mean DGOAT) [3]. While the min-
of 10 Gb/s, 40 Gb/s, and beyond. To assess the utility of variousjjyum bandwidth of the PSPs in single-mode fibers (SMFs) was

PMD mitigation schemes, temporal and spectral measurements . .
of differential group delay (DGD) were made on 95 km of buried found to be always over 50 GHz [3], this bandwidth for standard

standard single-mode fiber over an 86-d period to determine the SMF is of the order of 100 GHz [1].
distribution and rate of change of high-DGD events. As expected, PMD may become a major impediment for network opera-

statistical analysis of variations in DGD indicate that excursions tors seeking to increase the per-channel data rate on long-haul
from the mean DGD by factors of 3.7 or higher have very low  finer_qgnic links. While the DGD in buried fiber had negligible

probability. For this link, the DGD varied slowly with time (having . - .
a drift time of about 3.4 d) and rapidly with wavelength. The DGD impact at 2.5-Gb/s signaling rates, upgrades to 10 Gb/s, 40

data agree well with results of similar experiments reported inthe Gb/s, and beyond will require increasingly more attention.
literature. Statistical analysis of the measured DGD data shows While there are PMD challenges facing carriers at 10 Gb/s,
that high-DGD episodes will be exceedingly rare and short-lived. these challenges are not as severe as originally feared. Major
The impact of PMD on network operations is explored and capjers are successfully deploying 10-Gb/s dense-wave-
approaches to ensure network reliability are reviewed for network length-division-multiplexed (DWDM) links across the core of

operators given the task of transporting high-bit-rate channels : . )
over fiber links with known PMD characteristics. their networks. A marked improvement in the DGD tolerance

Index Terms—Optical fiber characterization, optical fiber com- of _10'Gb/5 long-reach receivers (tf? gbout 40 ps) will likely
munication systems, polarization drift, polarization-mode disper- Satisfy most length demands, obviating the need for PMD
sion (PMD), polarization-mode dispersion outage. compensation (PMDC). Signaling rates of 40 Gb/s and beyond

will most likely require some form of mitigation in long-haul
applications, such as robust modulation schemes or PMDC.

To ensure signal quality on their fiber at higher bit rates,
N THE PHENOMENON called polarization-mode dispernetwork engineers must anticipate the impact of PMD on the
sion (PMD), birefringence in the optical fiber provides twaarious fiber routes. Design of a reliable network requires a

polarization-dependent group velocities for optical signals. fbod model of the PMD characteristics on each link. An un-
the high-coherence model of PMD (which assumes that the eferstanding of the variability of both the DGD and the PSPs is
herence time of the light source is greater than the PMD-irequired to specify appropriate transmission parameters as well
duced delays and no polarization-dependent loss), an input pisPMDC specifications. Factors such as the mean DGD, PMD
will result in two orthogonally polarized pulses that preserveorrelation time, and bandwidth, as well as second-order effects,
the shape of the original input pulse. The relative amplitudes ®fgether with performance prediction models, can provide this
these two pulses is determined by the state of polarization (SQfHerstanding. While the probabilistic properties of PMD vari-
of the input pulse relative to the fiber’s input principal states eftions are known, the characteristics of a particular link depend
polarization (PSPs). Thus, for each pulse input, two pulses arrye how it was cabled and installed. Therefore, PMD measure-
at the receiver with different arrival times, called the differentighents on installed fiber links are required.

group delay (DGDNT. This first-order model is frequency-in-  While PMD is a vector quantity, with a magnitude (DGD) and
dependent and is only valid over limited bandwidths. For wider direction (PSP), we are deliberately focusing exclusively on
bandwidths, higher order effects must be considered, resultibgD since this is a readily measured parameter on installed op-
in frequency-dependent polarization-mode dispersion [1], [4jcal networks. The statistical distribution and behavior of PSPs
The bandwidth over which the PSPs can be assumed const& been extensively studied and reported elsewhere.

. INTRODUCTION

Manuscript received April 15, 2002; revised July 30, 2002. This work was Il. PMD STATISTICS
supported by Sprint Corporations Co., L.P.
C. T. Allen and P. K. Kondamuri are with the Lightwave CommunicatiofA, Mean DGD
Systems Laboratory, Information and Telecommunications Technology
Center (ITTC), University of Kansas, Lawrence, KS 66045 USA (e-mail For long optical fibers, the PMD figure of merit typically

callen@eecs.ukans.edu). , _ _ specified is its mean DGRAT) (having units of ps) or its PMD
D. L. Richards and D. C. Hague are with the Sprint Corporation, Overlan . . . . .

Park, KS 66251 USA. coefficient(Ar)/+/L (having units of psj/km), whereL is the
Digital Object Identifier 10.1109/JLT.2003.808634 fiber length. The PMD for an installed (buried) fiber-optic cable

0733-8724/03$17.00 © 2003 IEEE
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is dominated by the inherent PMD of the bare fiber; howeve 9 ¢
the level of relaxation provided by the cabling and installatio 1o FH&
techniques also affects PMD. While the PMD in bare fiber | 11108
determined largely by the core-cladding concentricity achievi 20
during manufacture, we have found that loose-tube cabling |
sults in a lower PMD than other cabling methods, such as sI0t1E =
core cabling. In addition, mechanical stresses introduced dur & 4
cable installation (burial) also contribute to the PMD and willb 5’
affected by the installation practices used and whether the ca.E 50
is in a protective conduit.

The mean DGD for a given fiber is a constant that represel
both the average of DGD values at one time across abroad sy 7o
tral bandwidth

o8 o
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2
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0
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(A7) = LZAT (Aist) @ 1520 1540 1560 1580 1600 1620

and the average of DGD values for a single wavelength oveFig. 1. Map of normalized DGD versus wavelength and time.
long time period

A. Receiver DGD Tolerance

1 . . .
(A1) = A Z AT (A, ;) (2 The maximum-link DGD that a receiver can tolerate before
ti=1 the signal degradation becomes unacceptable depends on a

) ) variety of factors, including line bit rate, modulation format,
where A7 (), ¢) is the DGD value at wavelength and time  ,ica| signal-to-noise ratio (SNR) and receiver design. For

t. AIthpugh the mean DGD for an installed fiber is ConSta”ﬁntensity-moduIated, direct-detected (IM-DD) systems, lan-
changing environmental factors (e.g., temperature) cause th&{Bpeet al. [6] found that when the transmitted signal excites
stantaneous DGD at a given wavelength(), ) to vary ran-  41h psps equally (a worst-case condition), a 1-dB receiver
domly about that mean. sensitivity penalty results when the instantaneous DGD is
. o about 23% of the signaling time peridl,;;. For a 2.5-Gb/s
B. Maxwellian Distribution nonreturn-to-zero (NRZ) signall{;; is 400 ps), this corre-
The DGD for a given wavelength at any moment in timsponds to a tolerable DGD value of about 92 ps; at 10 Gb/s,
AT(A,t) is a random variable with a Maxwellian probabilityabout 23 ps is tolerable; and for a 40-Gb/s NRZ signal, this
density function (pdf) [4], [5] corresponds to about 5.7 ps. This maximum-tolerable DGD
level is representative of the NRZ IM-DD case; receiver DGD
PIAN N T tolerance can be improved through careful receiver design,
p(AT) = \/;?e( A7/27), whereo = <AT>\/; ®) the use of PMD-tolerant signaling formats, and the use of
forward-correction codes (FECs). Khosravani and Willner
for 0 < A7 < 4o00. Therefore, the single parametexr) fully  [7] showed that return-to-zero (RZ), chirped RZ, and disper-

specifies the distribution. sion-managed soliton signaling formats are much more tolerant
Using this distribution, the probability dfr exceeding a par- of PMD effects, compared with NRZ formats. Shiehal. [8]
ticular value can be found using and Xie et al. [9] have demonstrated a substantial increase
in receiver tolerance of DGD when the FEC is used. Modern
X long-haul, 10-Gb/s receivers using FEC or RZ modulation can
P(AT>X)=1- /P(AT)dAT- (4) tolerate about 40 ps of DGD with a 1-dB power penalty.

0

- _ _ B. Probability of Signal Outage
For example, the probability ofAr/(A7) exceeding 3.7 is E ¢ high instant DGD. sianal lit
1.3x 10~ . Expressed another way, if the mean DGD of a fiber or occurrences of high instantaneous » Sighal quality

link is 10 ps, then 99.99999% of the time, the DGD will pdnay be intolerable, resulting in a PMD-induced outage. Such
less than 37'ps ' outages may significantly affect network availability for higher

bit rates (10 Gb/s, 40 Gb/s, and higher). For a network to op-
erate with an overall availability of “five nines” (i.e., 99.999% of
availability), the desired PMD-related availability factor may be
In the design of a robust, long-haul fiber-optic network, th&seven nines” (i.e., 99.999 99%), which corresponds to a max-
relationship between the maximum achievable link length amdum-tolerable DGD 3.7 times the mean DGD. For a 2.5-Gb/s
bit rate must be considered. For link designs where the madk4-DD NRZ system with a DGD tolerance of 92 ps, this results
imum tolerable DGD is exceeded, techniques for coping with an acceptable mean DGD value of 25 ps; for a 10-Gb/s system
the effects of PMD must be explored. with a DGD tolerance of 23 ps, the acceptable mean DGD is 6.2

I1l. NETWORK DESIGN CONSIDERATIONS
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Fig. 2. Histogram of measured DGD/ mean DGD data, along with Maxwellian pdf for comparison.

DGD/mean DGD

ps; and for 40-Gb/s with a tolerable DGD of 5.7 ps, the accepif PMD-impaired channels onto spare channels that are not
able mean DGD level is 1.5 ps. For DGD-tolerant receivers (4Xperiencing PMD degradation.
ps at 10 Gb/s), this results in an acceptable-mean DGD of 10.80ne may also rely upon more traditional protection tech-

ps. nigues, e.g., SONET ring or Internet protocol (IP) routing at
layers 1 and 3, respectively. This protection can easily provide
C. Coping With PMD a guard against occasional PMD-induced outages of limited du-

) _ration. However, for this approach to be viable, the episodes of
For network operators faced with the challenge of upgrading,normally high-DGD events must be infrequent and spectrally
the channel data rate on a high-PMD link in the network, |g.qjized. To evaluate the feasibility and limits of this solution,
handful of solutions exist that will preserve the signal quality, understanding of the temporal and spectral nature of PMD is
at increased data rates. required.

_ One alternative cost solution is to selectively replace thoseringlly, there are also efficient optical networking solutions
fiber segments in the link known to be the dominant contribysfering varying degrees of protection by using an optical cross
tors to the overall link DGD, if they can be identified. Anotheggnnect with a DWDM system. Operators may then construct a
alternative cost solution is to regenerate the optical signal Ryesh-protected network and provide managed wavelength ser-
placing back-to-back terminals at the point in the link where thgces that are protected against possible PMD-induced outages.

DGD effects approach an intolerable level, thus effectively re&;jmijar to the traditional protection methods, these more recent

ducing the optical link length. _ techniques will only be viable with infrequent and spectrally lo-
Still another approach is to introduce error-correction codeglized outages.

such as FEC. In this approach, the optical data payload is
reduced incrementally in exchange for a marginal gain in PMD
tolerance.Yet another solution is to incorporate an adaptive
PMDC system [8]-[12], typically located at the receiver. Typ- Given the dynamic nature of PMD and the low probability
ical PMD compensation systems are effective at minimizingf excursions to intolerable levels, measurementaof), ¢)
the effects of first-order PMD and, in some cases, second-order buried fiber spans were made over long periods to enable
PMD. However, both first- and second-order PMDC systenmediction of the potential impact of PMD on network avail-
suffer the drawback that they reduce the effects of sigrability. Of particular interest are the frequency and duration of
degradation over a very narrow optical bandwidth. This isthese rare events. The Jones matrix eigenanalysis (JME) tech-
significant drawback for DWDM systems. For a long-hauhique was used to measure the DGD data on a 95-km span of
fiber-optic link carrying hundreds of wavelengths, a separaséotted-core, direct buried, standard single-mode (ITU G.652)
PMDC system may be required for each wavelength to provi€lber-optic cable made available by Sprint.
the desired seven-nines availability. DGD was measured roughly every 3 h at wavelengths ranging
For DWDM systems, another potential solution existsrom 1510 nm to 1625 nm with a spectral resolution of 0.1 nm
Sarkimukkaet al. [13] proposed a method for mitigating(about 12.5 GHz). Over 86 d (from November 9, 2001, through
PMD effects in a multichannel system by moving traffic offFebruary 2, 2002) 692 measurements were made on the 1150

IV. TEMPORAL BEHAVIOR OF DGD
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Fig. 3. Measured temporal variations in normalized DGD over 86 d at 155y . .
nm (top) and averaged overall 1150 frequency measurements (bottom). Fig.4. Normalized temporal ACFs o_fnormahzed DGD datg measured at 1550
nm (top) and across 1150 frequencies (bottom). Theoretical ACF curves are
fitted to the measured temporal ACFs.
discrete wavelengths. Fig. 1 shows in a color-coded format this
normalized DGD data (i.e A7/(AT)) representing 795800

shows the normalized temporal autocorrelation function (ACF)
measured values.

) ) ) ) ~_ of the DGD data measured at 1550 nm. Fig. 4 (bottom) shows
A histogram of this normalized DGD data is shown in Fig. ;f’h_e ACF for the DGD time history for frequency-averaged DGD

and is seen to have a shape consistent with a Maxwellian disffi5 Also shown in Fig. 4 are curves representing the theoretical
bution, as expected. A curve representing a Maxwellian d'Stfé'mporal ACF for DGD [14], which has the form
bution for a 1-ps mean DGD is superimposed for comparison.

1 —exp (—75”)

Note that no occurances of DGD/mean DGD greater than 3.1
were observed during this 86-d period.
. . . AFC (At) = ——————~ (5)
From Fig. 1, it is apparent that for buried fiber, DGD values 1At
do not change rapidly (i.e., no abrupt changes are seen). Fig. 3 ta
shows time histories of measured DGD data over the 86-d pgheret, is the average drift time of DGD. The drift time indi-
riod. The top plot is DGD data at 1550 nm, and the bottoghtes the time scale over which the DGD changes. Furthermore,
plot is frequency-averaged data. While the mean value of tiéen outages occur, the outage duration will be related to the
bottom plot is one (by definition), the mean value of the top pleirift time [14], [15]. Based on data collected over 86 d, the drift
is 1.088. This should not be interpreted to mean that the megfe for this fiber is estimated to be around 3.4 d. Expressed an-
DGD is changing; rather, since fewer data were used to estimgtger way, samples should be collected about once every 3 d to
the mean, there is more uncertainty in that estimate, compaggflain statistically independent DGD values on a specific wave-
with the estimate using all of the data. length; measurements collected more often are correlated.
To determine the DGD rate of change, an autocorrelationFor comparison, others have reported a range of DGD corre-
analysis was performed on the DGD time histories. Fig. 4 (tofgtion times under various fiber conditions. For spools of fiber
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Fig. 6. Normalized spectral autocorrelation functions (ACFs) of normalized

Fig. 5. Spectral variations in normalized DGD over 1150 wavelength§Gp gata measured on November 9, 2001 (top) and time-averaged overall

measured on November 9, 2001 (top), and time-averaged overall 692 tig¥ measurements (bottom). Theoretical ACF curves are fitted to the measured
measurements (bottom). spectral ACFs.

in a laboratory environment, correlation times of about 30 Mif, ;5 our observation of 3.4 d is consistent for the buried cable
on 31.6 km of fiber [16] and 3 h on a 10-km fiber [17] have beeﬂaving no above-ground segments.

reported. DGD variations on a 48-km aerial cable exhibited time i, knowledge gained from the temporal ACF analysis, we

scales ranging from 5 to 90 min, depending the air temperatyig, o interpret realistically our DGD data set. Over the 86

rate of change [18]. For submarine cables, a DGD correlatignyf ghservation, about 25 independent temporal samples per
time of about 1 h was observed on a 119-km cable [19], a%velength were collected.

[20] observed PMD changes with a period of about 2 mo on a
62-km fiber-optic cable. On buried fibers, correlation times of
at least 20 min (17 km) [21], 1-2 h (48.8 km) [18], 3 and 5.7
d (127 km) [14], and 19 h (114 km) [22] have been reported. From Fig. 1, we note that the DGD varies significantly with
The significant variation of correlation times demonstrates homavelength. In Fig. 5, the top plot shows the normalized spec-
the installation scheme impacts the temporal behavior of DGfBal variation of the first DGD data (measured on November 9,
Since temperature variations are known to cause PMD var2801), and the bottom plot shows the spectral variation of the
tions, cables in a thermally stable environment (e.g., submartimae-averaged, normalized DGD data, i.e., the normalized DGD
cable) will have long correlation times, whereas cables that edata processed using (2).

perience diurnal temperature variations (e.g., aerial cables ando determine the DGD bandwidth, spectral autocorrelation
buried cables with above-ground segments) will have correlanalysis was performed on the normalized DGD spectral data.
tion times less than 24 h. And cables in an unstable thermal dnd-ig. 6, the top graph shows the resulting normalized spectral
mechanical environment (e.g., aerial cables) will have correldCF for one spectral measurement (data collected on November
tion times dependent on both temperature and wind conditio8s2001) and the bottom shows the normalized spectral ACF for

V. SPECTRAL BEHAVIOR OF DGD
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the time-averaged data. Also shown in Fig. 6 are curves rep
senting theoretical spectral ACFs for DGD, with the form [23]

=
_{Ar2 2 s
1~ exp <%> g
— 2
ACF (Aw) =3 A2 (6) E
&
whereAw is the radian frequency ac72) representsthe vari- 3 2
ance of the DGD. : 10
s

From the measured data, the bandwidth for the normaliz: §
DGD is estimated to be about 7.5 nm, or 936 GHz. Therefor &
if the mean DGD is 1 ps and an optical channel is affected t £ 197
significant DGD, nearby channels (within about 7.5 nm) ma=

10"

8

also experience this effect. @ 10 ;
Theory and experiments [23] have demonstrated that t 10 ;
DGD bandwidth is inversely proportional to the mean DGD 1 1.5 2.5 3 35 4 4.5 5
as follows: threshold / mean DGD
4\/5 Fig. 7. Calculated outage probabilii}... and mean outage raf&,... versus
we = m (7) threshold/mean DGD.

Thus, fibers with a high mean DGD have a narrower DGD bang- . . .
width than fibers with a low mean DGD. Thus, for a fiber with a&?e mean DGD. \.Nh”eDO“t is based only on the Maxwellian

. o distribution, R, is based on measured DGD data. From our

mean DGD of 1 ps, the predicted DGD bandwidth is 900 GHzZ

. . . . measured DGD data, we calculated &p,; of 0.157 outage

which agrees well with the bandwidth found using the spec-

I ; events per year (one outage event every 6.39 y) for the case

tral ACF fit in Fig. 6 (bottom). Note that the normalized DGD : :

T : S where the threshold is three times the mean. When the threshold

bandwidth in Fig. 6 (top) is about 4 nm, which is significantly

less than the approximately 7.5-nm bandwidth seen in Fig]ssmcreased to 3.7 times the mean DGR, becomes 0.0034

(bottom). This should not be interpreted to mean that the DGCBJtage events per year, or one outage event in 1648 years.

AT o : . . Forcomparison, Naget al.[22] observed a DGD correlation
bandwidth is varying; rather, the bandwidth estimate Obtalnﬁ(rjne of 19 h and predicted that the DGD will exceed three times

using all of the data will be more accurate, since it is based QN an value once every 3.5 y. From data measured on 37 km

significantly more data points. of buried cable (with above-ground segments) having a mean

DGD of 9.44 ps, Caporet al.[24] predicted that the DGD will

VI. | MPLICATIONS FORNETWORK AVAILABILITY .
exceed three times the mean DGD once every 2.5 .

A. Mean Time Between PMD-Related Outages
In the past, the outage probabilify,,,. due to PMD effects B. Duration of High-DGD Events

has been expressed in terms of minutes per year [2]. In case$ne mean duration of DGD-induced outages can be deter-
where the drift time is measured in days and the probability gfined using statistical analysis, as well. Capenial. [24]
an outage is quite smalk,,; represents the annualized outaggnowed that the mean outage duratiog; is
probability based on long time records. Accurately estimating
the impact of the PMD on network availability requires statis- Pt
tical analysis of the DGD variability. Capoat al.[24] showed Tout = R :
how the mean time between PMD-related outages can be esti- out
mated from the temporal characteristics of DGD variations aghich has units of minutes.
the Maxwellian pdf The mean outage rate.. (deﬁned as the F|g 8 shows the calculated mean outage durafigp as a
mean number of outage events per unit time with units of evefigction of system threshold relative to the mean DGD. Since
per year) is found using [24] T, is found usingR..¢, which is cable- and installation-depen-
oo dent, T, will also be cable- and installation-dependent. For the
Rowt = lfT(threshold / for (AT)|AT|dAT (8) Case where the thre_shold is thre_e times the mean DGD on this
2 . link, the mean duration of PMD-induced outages is about 136
min. For the case where the threshold is increased to 3.7 times
where f(-) is the DGD pdf,A7’ is the time derivative of the the mean DGDY,,,; reduces to about 108 min.
DGD, andf,(-) is the pdf ofA7’. In this analysis, itis assumed Again for comparison, Nagedt al. [22] estimated a mean
that an outage results when the DGD value exceeds the threstmlthge duration (outage means DGD greater than three times
value. Caponét al.[24] observed\T andA7’ to be statistically mean DGD) between 10 and 20 min for their link. Similarly,
independent and also found tha$,,; is cable- and installation- Caponiet al.[24] predicted a mean outage duration of 56 min on
dependent. their cable. Furthermore, Bilow and Veith [15] found that while
Fig. 7 shows the calculated outage probabilty,; and the unusually long duration outages occur, the probability of occur-
mean outage rat&,,; for a given system threshold relative tarence decreases almost exponentially with outage duration.

9)

—00
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about 7.4x 1072, or, effectively, 0. In this case, it is quite un-
likely that a PMD-induced outage will ever be observed, and if
one does occur, its mean duration will be 100 min. The DGD
bandwidth will be about 90 GHz, or about 0.72 nm.

2) 10-Gb/s,(AT) = 10 ps, Receiver's DGD Tolerance 23
ps: In this case, the margin/,. will be 2.3, meaning that the
probability of the DGD exceeding the receiver’s limit is about
0.37%. For our buried cable, PMD-induced outages typically

T gyt (Minutes)
w
S
S

2501 -4 s Rt pomnnendeonood e Rt will occur about once a month and with a mean duration of about
200 ; e i ; : : ; 3 h. The DGD bandwidth will again be about 90 GHz.

: : : 3) 40-Gb/s,(At) = 3.2 ps, Receiver's DGD Tolerance 5.7
150r _____ S ps: The DGD margin}M,, in this case, is 1.8; therefore, the
100f------ foooooe Fomoee- HE. o R e probability of the DGD exceeding the receiver’s limitis 4.4%. In

H i

i i § this scenario, PMD-induced outages typically will occur about

25 3 35 4 45 5 every6d.Themeandurationwill be about4 h; however, outages
threshold / mean DGD persisting for a day may occur. The DGD bandwidth is about
2.2 nm, or 280 GHz, so in a DWDM application with 100-GHz
channel spacing, two or three channels may be affected during
each outage.

-
h
[y ..

Fig. 8. Calculated mean outage duratifify; as a function of threshold/mean
DGD.

C. Impact of High-DGD Events on Adjacent Channels

When a high-DGD episode occurs, how many DWDM chan- - - . . .
nels will be affected? For a link with a mean DGD of 5 ps, thﬁbBy examining the statistical behavior of DGD in an optical

DGD bandwidth will be about 180 GHz, or 1.44 nm. Therefore reec;iztri]gnisrlggarp deigSLf[Leed [r)on[;b?Iita f(: 2 i:ﬁgeifogéfj:rgigf,
for a DWDM system with 50-GHz channel spacing, during g 9 9 P Y, req y '

and spectral extent of high-DGD episodes can be made. Our ob-

3.7x(Ar) event, the DGD in adjacent channels may also €XPE rvations indicate that DGD varies slowly in time and excur-

rience PMD-induced signal degradation (i.e., only two or three

- . : . ions of three or more times the mean DGD are infrequent and
channels will likely be affected by a single high-DGD epISOOIefélatively short-lived. The measured DGD data indicate that for

a PMDC system to be effective on this link, the PMDC system
could have a time constant of a few hours and still keep pace

Based on these observations and analyses, certain rules Qap the DGD variations. Furthermore, since high-DGD events
be developed. An important parameter in making decisions kgre isolated spectrally, a PMDC that is tunable in wavelength
garding PMD in a network is the ratio between the receiverifay be appropriate.

VII. CONCLUSION

D. Design Rules

DGD toleranceA7rx and the link’'s mean DGD, as follows: Viable mitigation approaches depend greatly on the DGD
Arpx margin (i.e., the ratio of the receiver's maximum-tolerable DGD

M, = ———. (10) tothe link's mean DGD). For cases where the link’s mean DGD

(A7) is comparable to the receiver’'s maximum-tolerable DGD, ap-

For cases wherdZ, > 3, the frequency of PMD-induced proaches for ensuring network availability include incorpora-

outages will be low, and their duration may be brief. In thediPn of PMDC systems, shortening the link length by strategi-

cases, the approach proposed by Sarkimutka. [13] (or one cally introducing back-to-back terminal regenerators or by re-
utilizing new protection techniques) may be viable. The occuplacing fiber segments found to have excessively high-DGD
rences that may require the switching of this traffic will "keb)evels. For cases where the link’s mean DGD is less than a third

be infrequent (spanning years) and may only be necessary §bfn€ receiver's tolerable DGD, network reliability may be en-
several minutes or a couple of hours. hanced by providing a few spare channels in a DWDM environ-
For cases wherg < M, < 3, PMD-induced outages mayment' This finding is significant for network operators who may
occur with a maximum frequency of one event every few da nsider an optical networking solution whereby traffic may ef-
and a mean outage duration of 2—4 h. For cases where 2 iciently share protection bandwidth rather than extensive use of

chronic PMD-induced outages will result with durations of seJ>MDPC systems.
eral hours. In these instances, the option of applying PMD com-

pensation, interrupting the link with a back-to-back terminal re-

generator, or even replacing particular fiber segments, may berhe authors thank F. Yarkosky for his leadership and support.
appropriate.
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Abstract
Temporal and spectral measurements were made on
three different 95-km fibers within a slotted-core, direct
buried, standard single-mode fiber-optic cable over
many days to characterize DGD variability. From this
data we observed that DGD varies slowly over time but
rapidly over wavelength. This data showed good
agreement with a Maxwellian distribution.  The
frequency-averaged mean DGD varied by about 10% or
less during the periods that included significant
temperature swings. Outage analysis showed that for
system tolerances of three times the mean DGD,
outages will occur typically every 3 to 8 years with
mean outage durations ranging from about one to two
hours. From this analysis we conclude that high-DGD
episodes are spectrally localized and will be
exceedingly rare and short lived.

Introduction

Polarization-mode dispersion (PMD) may be a major
impediment for network operators seeking to increase
the per channel data rate on long-haul fiber-optic links.
While the differential group delay (DGD, or AT) in
buried fiber had negligible impact at 2.5-Gb/s signaling
rates, upgrades to 10 Gb/s, 40 Gb/s and beyond will
require increasingly more attention. While there are
PMD challenges facing carriers operating at 10 Gb/s,
these challenges are not as severe as originally feared.
Major carriers are successfully deploying 10-Gb/s
dense-wavelength division multiplexed (DWDM) links
across the core of their networks. A marked
improvement in the DGD tolerance of 10 Gb/s long-
reach receivers (to about 40 ps) will likely satisfy most
length demands, obviating the need for PMD
compensation (PMDC). Signaling rates of 40 Gh/s and
beyond will most likely require some form of mitigation
in long-haul applications, such as robust modulation
schemes or PMDC.

To ensure signal quality on their fiber at higher bit rates,
network engineers must anticipate the impact of PMD
on the various fiber routes. An understanding of the
variability of both the DGD and the principal states of
polarization (PSPs) is required to specify appropriate
transmission parameters. Factors such as the mean
DGD, PMD correlation time and bandwidth, as well as

second-order effects together with performance
prediction models can provide this understanding.

The availability of measured PMD data on installed,
buried fibers is limited. In this paper we present
measured DGD data for buried, standard single-mode
fiber to improve our understanding of the variability of
PMD. While PMD is a vector quantity, with a
magnitude (DGD) and a direction (PSP), we are only
focusing on the DGD. The statistical distribution and
behavior of PSPs has been extensively studied and is
shown to be correlated to DGD behavior [1,2].

Experimental setup

Experiments were conducted to measure the
instantaneous DGD on three different 95-km fibers (1,
2, and 3) within a slotted-core, direct buried, standard
single-mode fiber-optic cable made available by Sprint.
A polarization analyzer employing the Jones-Matrix-
Eigenanalysis (JME) method was used for
measurements at wavelengths from 1510 nm to 1625
nm with a spectral resolution of 0.1 nm (about 12.5
GHz). Measurements on fiber span 1 were repeated
approximately every 3 hrs and they were carried on for
about 86 days whereas on fiber spans 2 and 3 they were
repeated approximately every 1% hours and carried out
for about 14 and 9 days, respectively. Over the 86 days
(from Nov. 9, 2001 through Feb. 2, 2002) 692
measurements were made on fiber span 1 across the
1150 discrete wavelengths representing 795,800
measured values.  For fiber spans 2 and 3 the
corresponding number of DGD measurements is about
271,600 and 181,700.

Plots of DGD vs. wavelength and time

Figures 1, 2, and 3 show in a color-coded format
normalized DGD data (i.e., DGD/mean DGD) measured
on the three fiber spans, respectively. From the plots it
is clear that for buried fibers DGD changes with time
but not at a rapid rate. This variation is random and
differs from fiber to fiber. It is also evident that the
DGD varies significantly with wavelength and relatively
high-DGD events are spectrally localized.

A histogram of the normalized DGD data on fiber span
1, shown in Figure 4, is seen to have shape consistent
with a Maxwellian distribution, as expected. A curve
representing a Maxwellian distribution for a 1-ps mean
DGD is also plotted for comparison.
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Figure 1. Measured, normalized DGD vs. wavelength and time
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for fiber span 1 (86 days of data).
L (e

Figure 2. Measured, normalized DGD vs. wavelength and time

for fiber span 2 (14 days of data).
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Figure 3. Measured, normalized DGD vs. wavelength and time
for fiber span 3 (9 days of data).
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Figure 4. Histogram of measured, normalized DGD data
on fiber span 1.

Similar histograms were obtained for the data on the
other two fiber spans (plots not shown here) and they
also showed good agreement with a Maxwellian
distribution.
Mean DGD variation with time

To observe the time-dependent nature of DGD more
closely, 1150 DGD measurements over all wavelengths
were averaged together to obtain frequency-averaged
DGD data, denoted as <DGD>, normalized by the
overall mean DGD (averaged over both time and
frequency), denoted as <<DGD>,>. Since temperature
is a known driver in changing DGD changes, hourly air
temperature data for the region were collected as well.
The variation of frequency-averaged DGD and
temperature with time on the three fiber spans is shown
in Figures 5, 6 and 7. From Figure 5 it can be observed
that frequency-averaged DGD varies by only about
+10% over 86 days of observations that included
significant temperature swings. Since the entire length
of the fiber is buried, the diurnal temperature variations
do not represent the fiber temperature. Statistical
analyses reveal no significant correlation between long-
term temperature variations and the frequency-averaged
mean DGD.
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System outage analysis
An outage event is one which exceeds the given

threshold value of DGD, Aty,. The outage probability
Pout, €Xpressed in minutes/year, can be calculated from

the Maxwellian probability distribution function (pdf),
fi(Das

p(ar A, )=1- [t (ar)dat @)
0

and then multiplying the number of minutes in a year.
As P is based on the Maxwellian pdf, it may be
expressed as a function of one independent variable
M= Aty/(mean DGD) as P,(M) and is clearly fiber
independent and will be the same for all installations.

In cases where the probability of an outage is quite
small, P represents the annualized outage probability
based on long time records, however no insight is
provided regarding the outage rates and their durations.
Accurate estimation of the impact of PMD on network
availability requires statistical analysis of the DGD
variability. Caponi et al. [3] showed how the mean time
between PMD-related outages could be estimated from
the temporal characteristics of DGD variations and the
Maxwellian probability density function. The mean
outage rate, Ry (defined as the mean number of outage
events per unit time with units of events/year), is found
using [3]

Rou :% f,(treshola) f, (av)nfasr  (3)

where AT' is the time derivative of the DGD, and f ([} is
the pdf of AT'. Caponi et al. observed At and AT' to be
statistically independent and also found that R, is cable
and installation dependent.

Figure 8 shows the calculated outage probability, Py,
and the mean outage rate, R,y for a given system
threshold relative to the mean DGD on the three fiber
spans.
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Table 1. Predicted mean time between outages (MTBOSs) and
mean outage durations for different DGD tolerances

3*<DGD> 3.7*<DGD>
Span 1
MTBO 6.39 years 1648 years
Outage duration 136 min 108 min
Span 2
MTBO 3.25 years 833 years
Outage duration 69 min 55 min
Span 3
MTBO 7.91 years 2000 years
Outage duration 138 min 133 min

The mean duration of DGD-induced outages can be
determined using statistical analysis as well. Caponi et
al. [3] showed that the mean outage duration, Ty, iS

TOUI = I:’OLII /R out
which has units of minutes.

Figure 9 shows the calculated mean outage duration,
Tou» @S a function of system threshold relative to the
mean DGD. Since T, is found using Ry, which is
cable and installation dependent, T,y will also be cable
and installation dependent.

From the above analysis, we can estimate the mean
outage time between outages (MTBOs) and mean
outage durations for various DGD tolerances for these
fiber spans. Table 1 lists these values for system
thresholds of three and 3.7 times the mean DGD.

For comparison, Nagel et al. [4] predicted that for the
114-km buried link they studied, the DGD will exceed
three times its mean value once every 3.5 years and
estimated a mean outage duration of between 10 and 20

(4)

45 5

minutes for their link. From data measured on 37-km of
buried cable, Caponi [3] predicted the DGD will exceed
three times the mean DGD once every 2.5 years with a
mean outage duration of 56 minutes.

Conclusions

We have measured DGD data on three different 95-km
fibers within a slotted-core, direct buried, standard
single-mode fiber-optic. From these measurements we
observed that DGD varies slowly over time but rapidly
over wavelength or frequency. Episodes of higher-that-
average DGD were observed and seen to be spectrally
localized and of limited duration.

To investigate the role of changing temperature on mean
DGD variations, frequency-averaged DGD data were
compared to temperature histories. The frequency-
averaged DGD varied by only about +10% over 86 days
of observations that included significant temperature
swings.

From this data predictions were made regarding the
probability, and frequency of outage occurrence. While
the statistics of Maxwellian processes adequately
describe the annualized outage probability, further
analysis of the DGD data revealed the mean time
between outages and mean outage durations. For
outages characterized by high DGD episodes (DGD
more than three times the mean DGD), we found that
the mean outage rates and durations for these three
fibers to be similar. Our findings agree with reports by
others that DGD excursions of three or more times the
mean DGD are infrequent and relatively short lived.
This finding is significant for network operators who
must assess the impact of PMD on network reliability.

Acknowledgment

This work was funded by Sprint Corporations
Company, L. P. A special tribute is paid to Francis
Yarkosky, for his leadership and support.

References

[1] Karlsson, M. and J. Brentel, “Autocorrelation function of
the polarization-mode dispersion vector,” Optics Letters,
24(14), pp. 939-941, 1999.

Karlsson, M., J. Brentel, and P. A. Andrekson, “Long-
term measurement of PMD and polarization drift in
installed fibers,” Journal of Lightwave Technology,
18(7), pp. 941-951, 2000.

Caponi, R., B. Riposati, A. Rossaro, and M. Schiano,
“WDM design issues with highly correlated PMD spectra
of buried optical fibers,” Proc. OFC 2002, Anaheim, CA,
Thi5, pp. 453-455, 2002.

Nagel, J. A, M. W. Chbat, L. D. Garrett, J. P. Soigné, N.
A. Weaver, B. M. Desthieux, H. Bilow, A. R.
McCormick, and R. M. Derosier, “Long-term PMD
mitigation at 10 Gb/s and time dynamics over high-PMD
installed fiber,” Proc. ECOC 2000, Munich, Germany
Vol. 11(4.2.1), pp. 31-32, 2000.

(2]

(3]

(4]



Measured temporal and spectral PMD characteristics and their
implications for network-level mitigation approaches

Christopher Allen', Pradeep Kumar Kondamuri', Douglas L. Richards?, Douglas C. Hague®

'Lightwave Communication Systems Laboratory, Information and Telecommunications Technology Center (ITTC)
The University of Kansas, Lawrence, Kansas 66045
voice 785-864-3017 fax 785-864-7789 callen@eecs.ukans.edu

*Sprint Corporation, Overland Park, Kansas

Abstract— Signal degradation due to polarization-mode
dispersion (PMD) effects may become significant for
signaling rates of 10 Gb/s, 40 Gb/s, and beyond. As
expected, statistical analysis of variations in differential
group delay (DGD) indicate that excursions from the
mean DGD by factors of 3.7 or higher have very low
probability. Temporal and spectral measurements of
DGD were made on 95 km of buried standard SMF over
an 86 day period to determine the distribution and rate of
change of high DGD events. A drift time of about 3.4
days was found. The DGD data agree well with results of
similar experiments reported in the literature. Coupling
the drift time characteristic with the statistical behavior
of DGD, we conclude that high-DGD episodes will be
exceedingly rare and short lived. The impact of PMD on
network operators is explored. Approaches are reviewed
for network operators tasked with transporting high bit-
rate channels over fiber links with known PMD
characteristics.

INTRODUCTION

In the phenomenon called polarization-mode dispersion
(PMD), birefringence in the optical fiber provides two
polarization-dependent group velocities for optical signals.
In the high-coherence model of PMD (which assumes the
coherence time of the light source is greater than the PMD-
induced delays and no polarization-dependent loss) an input
pulse will result in two orthogonally polarized pulses that
preserve the shape of the original input pulse. The relative
amplitudes of these two pulses is determined by the state of
polarization (SOP) of the input pulse relative to the fiber’s
input principal states of polarization (PSPs). Thus for each
pulse input, two pulses arrive at the receiver with different
arrival times, called the differential group delay (DGD), Art.
This first-order model is frequency independent and is only
valid over limited bandwidths. For wider bandwidths higher
order effects must be considered resulting in frequency
dependent polarization and dispersion [1], [2]. The
bandwidth over which the PSPs can be assumed constant
depend on the properties of the fiber and has been shown to
vary inversely with the mean DGD, <At> [3]. While the
minimum bandwidth of the PSPs in single-mode fibers was
found to be always over 50 GHz [3], this bandwidth for
standard single-mode fiber is of the order of 100 GHz [1].

PMD may become a major impediment for network
operators seeking to increase the per channel data rate on
long-haul fiber-optic links. While the DGD in buried fiber
had negligible impact at 2.5-Gb/s signaling rates, upgrades to

10 Gb/s, 40 Gb/s and beyond will require increasingly more
attention. While there are PMD challenges facing carriers at
10 Gb/s, these challenges are not as severe as originally
feared. Major carriers are successfully deploying 10 Gb/s
dense-wavelength division multiplexed (DWDM) links
across the core of their networks. A marked improvement in
the DGD tolerance of 10 Gb/s long-reach receivers (to about
40 ps) will likely satisfy most length demands, obviating the
need for PMD compensation (PMDC). Signaling rates of 40
Gb/s and beyond will most likely require some form of
mitigation in long-haul applications, such as robust
modulation schemes or PMDC.

To ensure signal quality on their fiber at higher bit rates,
network engineers must anticipate the impact of PMD on the
various fiber routes. Design of a reliable network requires a
good model of the PMD characteristics on each link. An
understanding of the variability of both the DGD and the
PSPs is required to specify appropriate transmission
parameters. Factors such as the mean DGD, PMD correlation
time and bandwidth, as well as second-order effects together
with performance prediction models can provide this
understanding.

While PMD is a vector quantity, with a magnitude (DGD)
and a direction (PSP), we are deliberately focusing
exclusively on DGD as this is a readily measured parameter
on installed optical networks. The statistical distribution and
behavior of PSPs has been extensively studied and reported
elsewhere.

PMD STATISTICS

Mean DGD

For long optical fibers, the PMD figure of merit typically
specified is its mean DGD, <At>, (having units of ps) or its
PMD coefficient, <At>/\L, (having units of ps/Ykm) where L
is the fiber length. The PMD for an installed (buried) fiber-
optic cable is dominated by the inherent PMD of the bare
fiber; however, the level of relaxation provided by the cabling
and installation techniques also affect PMD. While the PMD
in bare fiber is determined largely by the core-cladding
concentricity achieved during manufacture, we have found
that loose-tube cabling results in a lower PMD than other
cabling methods, such as slotted core cabling. In addition,
mechanical stresses introduced during cable installation
(burial) also contribute to the PMD and will be affected by
the installation practices used and whether the cable is in a
protective conduit.



The mean DGD for a given fiber is a constant that
represents both the average of DGD values at one time across
a broad spectral bandwidth

N),
(ac) =1 > At(0, 1) 1)
N, =
and the average of DGD values for a single wavelength over
a long time period
N,

(At) :lZAr (.t,) )

t i=1
where At(A, t) is the DGD value at wavelength A and time t.
Although the mean DGD for an installed fiber is constant,
changing environmental factors (e.g., temperature) cause the
instantaneous DGD at a given wavelength, At(A, t), to vary
randomly about that mean.
When various fiber segments are concatenated to form a

single long fiber, the mean DGD of the overall fiber is found
by

3 2
<A’Et0tal> = Z<ATi >
' 3
where N is the number of segments.
Maxwellian distribution
The DGD for a given wavelength at any moment in time,

At(A, t), is a random variable with a Maxwellian probability
density function [4,5]

p(m)=\ﬁ A< i) @)

m o

for 0 < At < +o0, where
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Figure 1. Maxwellian probability density function.

Therefore the single parameter <At> fully specifies the
distribution. Figure 1 shows the Maxwellian probability
density function normalized by the mean DGD.

Using this distribution, the probability of At exceeding a
particular value can be found using

P(At>X)=1- )j(p(At)d At (6)
0

For example, the probability of At/<At> exceeding 3.7 is
1.3x107. Expressed another way, if the mean DGD of a fiber
link is 10 ps, 99.99999% of the time the DGD will be less
than 37 ps.

NETWORK DESIGN CONSIDERATIONS
In the design of a robust, long-haul fiber-optic network, the
relationship between the maximum achievable link length
and bit rate must be considered. For link designs where the
maximum tolerable DGD is exceeded, techniques for coping
with the effects of PMD must be explored.

Receiver DGD tolerance

The maximum link DGD that a receiver can tolerate before
the signal degradation becomes unacceptable depends on a
variety of factors, including modulation format, optical
signal-to-noise ratio, and receiver design. For intensity-
modulated, direct-detected (IM-DD) systems, lannone et al.
[6] found that when the transmitted signal excites both PSPs
equally (a worst case condition), a 1-dB receiver sensitivity
penalty results when the instantaneous DGD is about 23% of
the signaling time period, Ty For a 2.5-Gb/s NRZ signal
(Ty;; is 400 ps), this corresponds to a tolerable DGD value of
about 92 ps; at 10-Gb/s, about 23 ps is tolerable; and for a 40-
Gb/s NRZ signal, this corresponds to about 5.7 ps. This
maximum tolerable DGD level is representative of the NRZ
IM-DD case; receiver DGD tolerance can be improved
through careful receiver design, use of PMD-tolerant
signaling formats, and the use of forward-correction codes
(FEC). Khosravani and Willner [7] showed that RZ, chirped
RZ, and dispersion-managed soliton signaling formats are
much more tolerant of PMD effects compared to NRZ
formats. Shieh et al. [8] and Xie et al. [9] have demonstrated
a substantial increase in receiver tolerance of DGD when
FEC is used. Modern long-haul, 10-Gb/s receivers using
FEC or RZ modulation can tolerate about 40 ps of DGD with
a 1-dB power penalty.

Probability of signal outage

For occurrences of high instantaneous DGD, signal quality
may be intolerable resulting in a PMD-induced outage. Such
outages may significantly affect network availability for
higher bit rates (10 Gb/s, 40 Gb/s, and higher). For a network
to operate with an overall availability of “five nines” (i.e.,
99.999% of availability), the desired PMD-related availability
factor may be “seven nines” (i.e., 99.99999%) which
corresponds to a maximum tolerable DGD 3.7 times the mean
DGD. For a 2.5-Gb/s IM-DD NRZ system with a DGD
tolerance of 92 ps, this results in an acceptable mean DGD
value of 25 ps; for a 10-Gb/s system with a DGD tolerance of
23 ps, the acceptable mean DGD is 6.2 ps; and for 40-Gb/s
with a tolerable DGD of 5.7 ps, the acceptable mean DGD



level is 1.5 ps. For DGD-tolerant receivers (40 ps at 10 Gb/s)
this results in an acceptable mean DGD of 10.8 ps.
Coping with PMD

For network operators faced with the challenge of
upgrading the channel data rate on a high-PMD link in the
network, a handful of solutions exist that will preserve the
signal quality at increased data rates.

One alternative cost solution is to selectively replace those
fiber segments in the link known to be the dominant
contributors to the overall link DGD, if they can be identified.

Another alternative cost solution is to regenerate the
optical signal by placing a back-to-back terminals at the point
in the link where the DGD affects approach an intolerable
level, thus effectively reducing the optical link length.

Still another approach is to introduce error correction
codes, such as FEC. In this approach the optical data payload
is reduced incrementally in exchange for a marginal gain in
PMD tolerance.

Yet another solution is to incorporate an adaptive PMD
compensation system [8, 9, 10, 11, 12], typically located at
the receiver. Typical PMD compensation systems are
effective at minimizing the effects of first-order PMD, and, in
some cases, second-order PMD. However both first- and
second-order PMD compensation systems suffer the
drawback that they reduce the effects of signal degradation
over a very narrow optical bandwidth. This is a significant
drawback for dense wavelength-division multiplexing
(DWDM) systems. For a long-haul fiber-optic link carrying
100s of wavelengths, a separate PMD compensation system
may be required for each wavelength to provide the desired
seven nines availability.

For DWDM systems, another potential solution exists.
Sarkimukka et al. [13] proposed a method for mitigating
PMD effects in a multichannel system by moving traffic off
of PMD-impaired channels onto spare channels that are not
experiencing PMD degradation.

One may also rely upon more traditional protection
techniques (e.g. SONET ring or IP routing at layers 1 & 3,
respectively). This protection can easily provide a guard
against occasional PMD-induced outages of limited duration.
However, for this approach to be viable, the episodes of
abnormally high DGD events must be infrequent and
spectrally localized. To evaluate the feasibility and limits of
this solution, an understanding of the temporal and spectral
nature of PMD is required.

Finally, there are also efficient optical networking
solutions offering varying degrees of protection by using an
optical cross-connect with a DWDM system. Operators may
then construct a mesh-protected network and provide
managed wavelength services that are protected against a
possible PMD induced outages. Similar to the traditional
protection methods, these more recent techniques will only be
viable with infrequent and spectrally localized outages.

TEMPORAL BEHAVIOR OF DGD
Given the dynamic nature of PMD and the low probability
of excursions to intolerable levels, measurements of At(A,t)
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Figure 2. Map of normalized DGD vs.
wavelength and time.
on buried fiber spans were made over long periods to enable
prediction of the potential impact of PMD on network
availability. Of particular interest are the frequency and

T 1560 1600 1620

duration of these rare events. The Jones Matrix
Eigenanalysis (JME) technique was used to measure the
DGD data on a 95-km span of slotted-core, direct buried
fiber-optic cable made available by Sprint.

DGD was measured roughly every 3 hours at wavelengths
from 1510 nm to 1625 nm with a spectral resolution of
0.1 nm (about 12.5 GHz). Over 86 days (from November 9,
2001 through February 2, 2002) 692 measurements were
made on the 1150 discrete wavelengths. Figure 2 shows in a
color-coded format this normalized DGD data (i.e., At/<At>)
representing 795,800 measured values. Expressed another
way, if the 0.1-nm spectral samples and 3-hour time samples
are statistically independent, then this data set would
represent about 272 years of DGD data.

A histogram of this normalized DGD data is shown in
Figure 3, and is seen to have shape consistent with a
Maxwellian distribution, as expected. A curve representing a
Maxwellian distribution normalized to the mean is also
plotted for comparison.
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Figure 3. Normalized histogram of measured DGD data.
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Figure 4. Measured temporal variations in normalized
DGD over 86 days (top) at 1550 nm and (bottom)

averaged over all 1150 frequency measurements.

From Figure 2 it is apparent that for buried fiber DGD
values do not change rapidly. Figure 4 shows time histories
of measured DGD data over the 86-day period. The top plot
is DGD data at 1550 nm and the bottom plot is frequency-
averaged data. While the mean value of the bottom plot is
one (by definition), the mean value of the top plot is 1.088.
This should not be interpreted to mean that the mean DGD is
changing; rather since fewer data were used to estimate the
mean, there is more uncertainty in that estimate compared to
the estimate using all of the data.

To determine the DGD rate of change, an autocorrelation
analysis was performed on the DGD time histories. Figure
5(top) shows the normalized temporal autocorrelation
function (ACF) of the DGD data measured at 1550 nm.
Figure 5(bottom) shows the ACF for the DGD time history
for the frequency-averaged DGD data. Also shown in Figure
5 are curves representing the theoretical temporal
autocorrelation function for DGD [14] which has the form

1—exp(—|At|/td)
|At/t,

AFC(At) = (7)
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Figure 5. Normalized temporal autocorrelation functions
(ACFs) of normalized DGD data measured (top) at
1550 nm and (bottom) across 1150 frequencies.
Theoretical ACF curves are fitted
to the measured temporal ACFs.

where ty is the average drift time of DGD. The drift time
indicates the timescale over which the DGD changes.
Furthermore, when outages occur, the outage duration will be
related to the drift time [14,15]. Based on data collected over
the 86 days, the drift time for this fiber is estimated to be
around 3.4 days. Expressed another way, samples should be
collected about once every three days to obtain statistically
independent DGD values on a specific wavelength;
measurements collected more often are correlated.

For comparison, others have reported a range of DGD
correlation times under various fiber conditions. For spools
of fiber in a laboratory environment, correlation times of
about 30 minutes on 31.6 km of fiber [16] and 3 hours on a
10-km fiber [17] have been reported. DGD variations on a
48-km aerial cable exhibited time scales ranging from 5 to 90
minutes depending the air temperature rate of change [18].
For submarine cables, a DGD correlation time of about an
hour was observed on a 119-km cable [19], and [20] observed
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Figure 6. Spectral variations in normalized DGD over
1150 wavelengths (top) measured on Nov. 9, 2001 and
(bottom) time-averaged over all 692 time measurements.

PMD changes with a period of about two months on a 62-km
fiber-optic cable. On buried fibers, correlation times of at
least 20 minutes (17 km) [21], 1-2 hours (48.8 km) [18], 3
and 5.7 days (127 km) [14], and 19 hours (114 km) [22] have
been reported. Thus our observation of 3.4 days is consistent.

With knowledge gained from the ACF analysis, we can
now interpret realistically our DGD data set. Over the 86
days of observation, about 25 independent samples were
collected.

SPECTRAL BEHAVIOR OF DGD

From Figure 2 we note that the DGD varies significantly
with wavelength.  Figure 6(top) shows the normalized
spectral variation of the first DGD data (measured on
Nov. 9,2001) and the bottom plot shows the spectral variation
of the time-averaged, normalized DGD data.

To determine the DGD bandwidth, spectral autocorrelation
analysis was performed on the normalized DGD spectral
data. Figure 7(top) shows the resulting normalized spectral
ACF for one spectral measurement (data collected on
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Figure 7. Normalized spectral autocorrelation functions
(ACFs) of normalized DGD data measured (top) on
Nov. 9, 2001 and (bottom) time-averaged over
all 692 measurements. Theoretical ACF curves
are fitted to the measured spectral ACFs.

Nov. 9,2001) and Figure 7(bottom) shows the normalized
spectral ACF for the time-averaged data. Also shown in
Figure 7 are curves representing theoretical spectral ACFs for
DGD, with the form [23]

1 —exp(—(Ar2 ) A’ 3)

Ao’

where Ao is the radian frequency and <At>> represents the
variance of the DGD.

From the measured data the bandwidth for the normalized
DGD is estimated to be about 7.5 nm or 936 GHz. Therefore
if the mean DGD is 1 ps and an optical channel is affected by
significant DGD, nearby channels (within about 7.5 nm) may
also experience this effect.

Theory and experiments [23] have demonstrated that the
DGD bandwidth is inversely proportional to the mean DGD.

0, = 4\/5/<A1:>
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Thus fibers with a high mean DGD have a narrower DGD
bandwidth than fibers with a low mean DGD. Thus for a
fiber with a mean DGD of 1 ps, the predicted DGD
bandwidth is 900 GHz which agrees well with bandwidth
found using the spectral ACF fit in Figure 6(bottom). Note
that normalized DGD bandwidth in the Figure 6(top) is about
4 nm which is significantly less than the approximately 7.5
nm bandwidth seen in Figure (bottom). This should not be
interpreted to mean that the DGD bandwidth is varying;
rather the bandwidth estimate obtained using all of the data
will be more accurate as it is based on significantly more data
points.

IMPLICATIONS FOR NETWORK AVAILABILITY

Mean time between PMD-related outages

The mean time between PMD-related outages can be
estimated from the temporal characteristics of DGD
variations and the Maxwellian probability density function.
The DGD rate of change is characterized by the DGD drift
time, tg. This drift time may be thought of as “rolling the
dice” every t4 to obtain a new, statistically independent DGD
value. Therefore the mean time between high-DGD events
(i.e., DGD exceeding a value X) can be estimated as

Ty = t,/(k-P(At > X))

where k is a proportionality constant.

(10)

For example, Nagel et al. [22] observed a DGD correlation
time of 19 hours, and predicts that the DGD will exceed three
times its mean value once every 3.5 years. Since the
probability of the DGD exceeding three times its mean is
about 4.2x10” we can determine a value of 15 for k.

Applying (10) with a drift time of 3.4 days and a threshold
of three times the mean DGD, the mean time between high-
DGD events is about 14.8 years. For a PMD-induced outage
probability of 1.3x107 (network availability of seven nines)
the receiver should tolerate 3.7x<At>. With a DGD drift
time, ty, of 3.4 days, the estimated mean time between high-
DGD events will be about 4,700 years, making it an
extremely rare occurrence!

Duration of high-DGD events

Again from the DGD drift time, the Maxwellian
probability density function, and the temporal ACF, the
average duration of a high-DGD event can be estimated.
While the correlation time represents the time delay resulting
in a 63% reduction in the normalized ACF, smaller variations
in the ACF require significantly shorter times. Again Nagel
et al. [22] estimated a mean outage duration between 10 and
20 minutes for their link having a DGD correlation time of 19
hours. Biilow and Veith [15] found that while unusually long
duration outages occur, the probability of occurrence
decreases almost exponentially with outage duration. In
other words, when outages occur, most will be of short
duration.

Based on these findings, for the 95-km link we observed,
we anticipate the typical duration of an outage to be between
1 and 2 hours with the possibility that a prolonged outage
could persist for 1 to 1.5 days.

Impact of high-DGD events on adjacent channels

When a high-DGD episode occurs, how many DWDM
channels will be affected? For a link with a mean DGD of
5 ps, the DGD bandwidth will be about 180 GHz or 1.44 nm.
Therefore for a DWDM system with a 50-GHz channel
spacing, during a 3.7x<At> event, the DGD in adjacent
channels may also experience PMD-induced signal
degradation, (i.e., only two or three channels will likely be
affected by a single high-DGD episode).

Design rules

Based on these observations and analyses, certain rules
may be developed. An important parameter in making
decisions regarding PMD in a network is the ratio between
the receiver’s DGD tolerance, Atrx, and the link’s mean
DGD.

Aty
M <Ar> (11)

For cases where M > 3, the frequency of PMD-induced
outages will be low, and their duration may be brief. In these
cases the approach proposed by Siarkimukka (or one utilizing
new protection techniques) may be viable. The occurrences
when switching this traffic may be required will likely be
infrequent (spanning years), and may only be required for a
few minutes or as long as a day.

For cases where 2 < M < 3, PMD-induced outages may
occur about once a month with typical durations measured in
10s of minutes.

For cases where M < 2, chronic PMD-induced outages will
result. In these instances the option of applying PMD
compensation, interrupting the link with a back-to-back
terminal regenerator, or even replacing particular fiber
segments may be appropriate.

Example scenarios
10-Gb/s, <At> = 10 ps, receiver’s DGD tolerance 40 ps

In this scenario the DGD margin, M, is 4. The probability
of the DGD exceeding the receiver’s DGD tolerance level is
about 7.4x107, or effectively zero. In this case it is quite
unlikely a PMD-induced outage will ever be observed. The
DGD bandwidth will be about 90 GHz or about 0.72 nm.

10-Gb/s, <At> = 10 ps, receiver’s DGD tolerance 23 ps

In this case the margin will be 2.3 meaning that the
probability of the DGD exceeding the receiver’s limit is
about 0.37%. For a buried cable with a DGD drift time of
about 2 days, PMD-induced outages typically will occur
about once a month and last less than an hour. The DGD
bandwidth will again be about 90 GHz.

40-Gb/s, <At> = 3.2 ps, receiver’s DGD tolerance 5.7 ps

The DGD margin in this case is 1.8 so the probability of
the DGD exceeding the receiver’s limit is 4.4%. For a link
with a drift time of 2 days, PMD-induced outages typically
will occur about every third day. The typical duration will be
1 to 2 hours, however outages persisting for a day may occur.
The DGD bandwidth is about 2.2 nm or 280 GHz so in a
DWDM application with 50 GHz channel spacing, two or
three channels may be affected during each outage.



CONCLUSIONS

By examining the statistical behavior of DGD in an optical
fiber, and using measured DGD data on a buried optical
cable, predictions regarding the probability, frequency of
occurrence, and spectral extent of high-DGD episodes can be
made. Reports by others confirm our observation that DGD
excursions of three or more times the mean DGD are
infrequent and relatively short lived. This finding is
significant for network operators who may consider
providing a few spare channels in a DWDM environment to
ensure high network availability.

For cases where the mean DGD is comparable to the
receiver’s maximum tolerable DGD, approaches for ensuring
network availability include inclusion of PMD compensation
systems, shortening the link length by strategically
introducing back-to-back terminal regenerators, replacing
fiber segments found to have excessively high DGD levels, or
by utilizing an optical networking solution whereby traffic
may efficiently share protection bandwidth.
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Abstract—Subcarrier multiplexing (SCM) optical systems components on the faét) and slow(y) PSP, respectively. At
with high subcarrier frequencies are susceptible to power fading the receiver photodiode, the optical carrier beats with the op-
caused by flper polarlgatlon-mode dlspersmn (PMD). In this letter, tical subcarrier creating two photocurrent component&) =
an SCM optical receiver free of carrier fading is proposed and E.E Awt di(t) = |E. E Awlt + A
demonstrated using polarization diversity. Unlike conventional |Eez Sw|C,OS( wt) an iy (t) = |_ cuBsy| cos[Aw(t + AT)],
PMD compensators, this setup does not require a tunable optical WhereAr is the relative propagation delay between the fast and
delay line. the slow PSPs, i.e., DGD. Therefore, the total received subcar-

Index Terms—Optical communication, optical modulation, po- fi€r component in the RF domain is

larization, polarization-mode dispersion, subcarrier multiplexing
(SCM). I(t) = |Eeo Bz | cos(Awt) + | Eoy B,y | cos(Awt + AwAT).

. ) o Because of the assumption of equal power splittin@) =
I N HIGH-SPEED long-distance optical transmission SyercacEsac| = |EoyE,,|, and we have

tems using subcarrier multiplexing (SCM), to minimize the
impact of fiber chromatic dispersion, optical single-sideband I(t) = 2a(t) A(AT) cos[Aw(t + AT/2)].
(SSB) modulation has been used, which also increases the
spectral efficiency [1]. For this case, system tolerance to chrbhe terma(t) represents the digital data carried by the subcar-
matic dispersion depends on the data rate on each individtel, cos[Aw(t + A7/2)] is the recovered RF subcarrier with a
subcarrier channel. However, polarization-mode dispersiphase shifAwA7/2, andA(A7) = cos(Aw - AT/2) < 1rep-
(PMD) may become a limiting factor in this type of opticaresents the PMD-induced subcarrier fading. A complete fading
system. happens wheAr = #/Aw. A complete signal fading oc-

In an optical fiber with PMD, two distinct orthogonal po-curs in this case becauger = AT/2 where AT is the pe-
larization modes exist with different propagation constants andd of the subcarrier. PMD-induced carrier fading happens to
different group velocities. This is described as the differentiabth double-sideband and single-sideband modulated optical
group delay (DGD) between the two orthogonal principal stat&&CM signals [2], and it is indeed one of the biggest problems
of polarization (PSPs) of the fiber. Due to the statistical natupgeventing long-distance, high-capacity applications of optical
of the perturbations along the fiber, instantaneous DGD ha$S&M systems. For an SCM system with the highest subcar-
random value that generally follows a Maxwellian probabilityier frequency of 20 GHz, although the data rate on the sub-
distribution. While SCM optical modulation distributes the totatarrier may be low, the accumulated DGD in the transmission
capacity of each laser transmitter into a number of subcarriefiber has to be much smaller than 25 ps in order to avoid carrier
and therefore, the data rate carried by each subcarrier is rééating. Therefore, for most practical applications of reasonable
tively low, the impact of PMD on SCM systems is determinettansmission distance, active PMD compensation will have to
mainly by the frequency of each RF subcarrier, rather than bg used.
the bandwidth of each individual subcarrier. PMD compensation is currently an active area of fiber-optic

If we assume that the RF frequency of a subcarriefis  system research. In many adaptive PMD compensating systems
this will also be the frequency separation between the carr{8t, [4], as shown in Fig. 1(a), a polarization beam splitter (PBS)
and the subcarrier in the optical domain. During fiber transmiss used to separate the signals carried by the two PSPs. A po-
sion, both the carrier and the subcarrier are decomposed it#nzation controller (PC) precedes the PBS to align the PSPs
fast and slow PSPs. This causes a PMD-induced signal fadingiith the principal axes of the PBS. Following the PBS is a vari-
the fiber DGD is sufficiently high. To illustrate this in a simpleable delay line to compensate for the link DGD. Finally, the two
way, we assume that the optical field of both carrier and subcaptical paths are recombined, and the effects of PMD can be
rier are equally split into the fast and the slow PSPs and denetgirely compensated in the optical domain. Continuous moni-
E..,E.y, Ey, and By, as carrier and subcarrier optical fieldtoring of the residual PMD can be derived from the signal to pro-

vide feedback signal parameters for controlling the PC and the

Manuscript received May 20, 2002; revised August 7, 2002. This work Wé(@riable delay line. A liquid-crystal-based PC is commercially
supported by Sprint Communications Company LP. available with small footprint (such as the E-TEK FPCR series),

The authors are with the Information and Telecommunication Technologyhjch provides endless polarization autotracking. However, the

Center, Department of Electrical Engineering and Computer Science, University . . . . .
of Kansas pLawrence KS 66044 UgA_ 9 P Variable optical delay line in such a PMD compensator is often
Digital Object Identifier 10.1109/LPT.2002.803900. implemented using a mechanical system to provide the needed

1041-1135/02$17.00 © 2002 IEEE
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Fig. 2. Experimental setups. (a) An SCM system transmitting a nonmodulated
S 8-GHz subcarrier only. (b) An SCM system transmitting 2-Gb/s pseudorandom
Amp>—|

(L]

nonreturn to zero (NRZ) data carried on an 8-GHz subcarrier. LD: Laser
diode. MD: Optical modulator. POL: PC. PBS: Polarization beam splitter. PD:

RF Local Photodiode. (3: Square-law detector.
oscillato

.| Phase
"|__shift

a relative time delay between the waveforms carried by the two
PSP components. An RF bandpass filter is used after each pho-
todiode to select the desired subcarrier channel, followed by
an RF detector to detect the signal envelope and remove the
high-frequency subcarrier. The signals carried by the two PSPs
are recombined after the subcarrier is removed, and therefore,
PMD-induced carrier fading is eliminated.

. For phase-shift-keying-modulated SCM systems with co-

© T herent RF detection, an RF local oscillator is used to detect

the baseband signal that is carried as phase information on

Fig. 1. Block diagrams. (a) Optical-domain PMD compensation using &,cy sypcarrier component. To eliminate PMD-induced carrier

tunable optical delay line. (b) PMD-insensitive SCM optical receiver usir:\ﬁa ; . . .
polarization diversity with RF envelope detection. (c) PMD-insensitive scNRding in this type of system, a voltage-controlled phase shifter

optical receiver using polarization diversity with RF-coherent detection. can be used, as shown in Fig. 1(c). Since PMD is a relatively

slow process, the phase-tuning speed does not have to be very
DGD range. The speed, size, and reliability of this mechanidiast. This type of voltage controlled phase shifter is available
raise concerns. commercially.

Another PMD-compensating scheme in time-division-multi- To verify this concept, we have first built a system transmit-
plexing (TDM) optical systems is to shift the tunable delay linéng only a subcarrier tone without any data on it. As shown
to the electrical domain using a polarization diversity receivar Fig. 2(a), in this experiment, an 8-GHz sinusoid was applied
[5]. In this method, a tunable RF delay line has to be used afteran external optical modulator. A PMD emulator was used to
one of the two photodiodes to correct the PMD-induced DGBreate the desired amount of DGD. A PBS was used to sepa-
Compared with the optical compensation method shown in [B]te the two orthogonal PSPs and a PC was used to align the
and [4], the tunable RF delay line required in [5] is not necegrincipal axes of the PBS to the system PSPs. Two high-speed
sarily easier to implement than is an optical delay line. photodiodes were used to detect optical signals from both output

Since PMD-induced carrier fading is the major concern iarms of the PBS. A two-channel digital oscilloscope was used
SCM optical systems, we will show that polarization diversityo display the detected signal waveforms.
optical receivers shown in Fig. 1(b) and (c) are effective in elim- With the DGD value of the PMD emulator set to zero, the two
inating this carrier fading, making an RF delay line unnecessawaveforms detected by both photodiodes are exactly in phase.
The setup shown in Fig. 1(b) works for amplitude shift keyinédjusting the angle of the PBS only resulted in amplitude redis-
(ASK) SCM modulation scheme. Two photodiodes are usedtiibution between the two waveforms. By introducing a DGD
detect the two PSP components at the output of the systemuking the PMD emulator, these two waveforms are no longer in
order to ensure the alignment between the principal axis of thease, and the relative time delay between them is equal to the
PBS and the PSP of the fiber, a PC is used before the PBSvdfue of the DGD. Fig. 3 shows the measured waveforms when
the principal axis of the PBS is properly aligned with the PSRsfixed DGD is set at 62.5 ps, causing the two waveforms to be
of the optical fiber system at the carrier wavelength, the ampéixactly out of phase. Fig. 3(a) was measured when the optical
tude of signals detected by both photodiodes will not be affectagput is launched into the fiber with 50/50 splitting between the
by PMD-induced fading. The effect of PMD will be shown aswo PSPs and the principal axes of the PBS are aligned with the

Polarization
controller

Control
Circuit
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Fig.3. Measured RF waveforms at the two photodiodes using the experimeffti@ 4. Measured signal eye diagrams at the two photodiodes using the
setup shown in Fig. 3(a). Fiber system has 62.5-ps DGD. Horizontal scale: &erimental setup shown in Fig. 3(b). Fiber system has 62.5-ps DGD.
ps/div. (a) PBS aligned with fiber PSPs; signal SOP is midway between the faigrizontal scale: 200 ps/div. (a) PBS aligned with the fiber PSPs; signal SOP
and the slow PSPs. (b) PBS is midway between the two fiber PSPs; the sigiigined with the fast PSP. (b) PBS aligned with the fiber PSPs; signal SOP
SOP is also midway between the two PSPs. (c) PBS is aligned with the fitidigned with the slow PSP. (c) PBS aligned with the fiber PSPs; signal SOP is

PSPs; the signal SOP is aligned with the fast PSP. (d) PBS is aligned with fAislway between the fast and the slow PSP. (d) PBS is midway between the
fiber PSPs; the signal SOP is aligned with the slow PSP. two fiber PSPs; the signal SOP is also midway between the two PSPs.

PSPs. Inthis case, the two waveforms have equal amplitude an®n the other hand, if the principal axes of the PBS are not
opposite phase. Fig. 3(b) was obtained when the optical ingiigned with the fiber system PSPs, PMD-induced carrier fading
was launched into the fiber with 50/50 splitting between the tweould happen at both of the two detection arms. Fig. 4(d) shows
PSPs, but the principal axes of the PBS is aligned halfway lte detected waveforms when the principal axis of the PBS is set
tween the two PSPs. This is the worst case in terms of PMD efidway between the two PSPs of the fiber. In this worst case,
fect, and complete carrier fading happens at both photodiode®mplete signal fading results.

Fig. 3(c) and (d) show the measured signal waveforms whenlit is important to note that there is no tunable delay line used
the input optical signal is aligned with the fast and slow fiben this receiver. Even though carrier fading can be avoided by re-
PSPs, respectively. To avoid carrier fading at each diode, itrifoving RF phase information before adding signals from each
essential to align the principal axes of the PBS with the PSPspifotodiode, the relative delay between the two branches still ex-
the fiber system. In this case, since the optical-phase informets, which is determined by the fiber system DGD. For typical
tion is removed during photodetection, the sum of the RF sigréCM optical systems, where the data rate carried by each sub-
power detected by the two photodiodes will be constant. Tharrier is relatively low, a moderate amount of DGD will not
signal power partitioning in the two photodiodes will dependignificantly degrade system performance.
on the polarization alignment between laser source and the fibefn conclusion, we have demonstrated a carrier-fading-free op-
PSPs. tical receiver for SCM optical systems using polarization diver-

In order to demonstrate the application of this conceptty. Since a tunable optical delay line is not required in this
in SCM digital systems, a digital transmission experime®ietup, it may have advantages over optical-domain PMD com-
was conducted using the setup shown in Fig. 2(b). In thignsation.
experiment, a 2-Gb/s pseudorandom nonreturn-to-zero (NRZ)
signal was carried by an 8-GHz RF subcarrier. Again, a 62.5-ps ACKNOWLEDGMENT
fixed DGD was artificially inserted by the PMD emulator. For
simplicity, the fiber length between transmitter and receiver is
short, and no chromatic dispersion is involved in the expefoMments.
ment. When the principal axes of the PBS are aligned with fiber
system PSPs, no PMD distortion of signal waveforms results, REFERENCES
but the relative amplitude of the waveforms detected by each1] R.Hui, B. Zhu, R. Huang, C. Allen, and K. Demarest, “High-speed op-
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WQ3 Fig.2. Experimental (a) and numerical (b) cumulative probabilities of sensitivity penalty. The
emulated PMD is 39 ps. 1 W/o comp.; 2 W/simple first-order comp.; 3 Transient-state during comp.; 3’
Absolute max tracking comp.; 4 ISOP control + first-order comp.

pensation based on local maximum tracking,
with compensation based on absolute maximum
tracking and with compensation using ISOP con-
trol. The improvement brought by the latter in
comparison with an absolute maximum tracking
is obvious even if slight. Figure 3 plots DOP ver-
sus DGD with and without compensation. The
advantage of the relevant ISOP control lies in the
removal of the residual worst cases that appears
for total DGD greater than 60 ps. Thanks to this
new scheme of compensation the tolerable PMD
increases up to 37% of the bit-time (obtained by
extrapolation).*

Actually the issue of sub-optimum, in the case
of these high-DGD conditions, steps from
higher-order effects which make the maxima of
the function DOP() not to be equivalent and
make the system wander slightly from PSP align-
ment. To this regard the degree of freedom
brought by PC1 is used to decrease the second-
order effects. Indeed Figure 4 shows that these
cases undergo the most important fading of the
second-order parameter in comparison with ones
of low DGD which seem to remain the same. The

trade-off between PSP alignment and second-
order is not so tight and becomes in favor of the
former, leading to a better DOP.

5. Conclusion

A new scheme of compensation combining first-
order compensation and relevant ISOP control
was proposed. Its interest lies in the fact that it
avoids staying a long time on sub-optimum,
yielding poor performance of the compensator. It
has proved to be a good and a simple means to
improve the value of tolerable PMD in the line up
to 37% of bit-time.
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Combating PMD-induced signal fading in
SCM optical systems using polarization
diversity optical receiver

R. Hui, C. Allen and K. Demarest, The
Information and Telecommunication Technology
Center, Department of Electrical and Computer
Science, The University of Kansas, Lawrence, KS
66044

Optical sub-carrier multiplexing (SCM) is a
modulation scheme where multiple signals are
multiplexed in the RF domain and transmitted
on a single optical carrier. A significant advantage
of SCM is that microwave devices are more ma-
ture than optical devices: the stability of mi-
crowave oscillators and the frequency selectivity
of microwave filters are much better than their
optical counterparts. While a popular application
of SCM technology is analog CATV distribution,’
SCM is also considered for use in high-speed dig-
ital transmission because of its flexible bit rate
granularity and bandwidth efficiency.

In high-speed long distance optical transmis-
sion using SCM, in order to minimize the impact
of fiber chromatic dispersion, optical single-side-
band (SSB) modulation has been used which also
increases the optical bandwidth efficiency.” In
this case, system tolerance to chromatic disper-
sion depends on the data rate on each individual
sub-carrier channel. However, the impact of
PMD is mainly determined by the frequency of
each RF sub-carrier because the subcarrier fre-
quency is usually much higher than the datarate
it carries. Fig. 1 illustrates the waveforms of a bi-
nary coded SCM signal along the fast and the
slow principal states of polarization (PSPs) of the
fiber, respectively. Adding these two PSP compo-
nents on the photodiode, a complete signal fad-
ing may occur when the differential group delay
(DGD) approaches half of the RF sub-carrier pe-
riod. PMD-induced carrier fading happens to
both double sideband and single sideband mod-
ulated optical SCM signals,3 and it is one of the
biggest problems which prevents long distance
applications of optical SCM systems.

PMD compensation is currently an active area
of fiber-optic system research. In many PMD
compensator systems‘i’5 a polarization beam
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WQ4 Fig. 1. Ilustration of signal waveform of an SCM system carried by two PSPs of the optical
fiber.
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WQ4 Fig.2. Block diagram of PMD insensitive optical receiver using polarization diversity
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WQ4 Fig.3. Measurement setup. LD: laser diode, MD: optical modulator, POL: polarization con-
troller, PBS: polarization beam splitter, PD: photodiode, ()* square-law detector.
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WQ4 Fig.4. Measured eye diagrams at the two photodiode branches.

(a) PBS aligned with fiber PSP, signal SOP aligned with the fast PSP

(b) PBS aligned with fiber PSP, signal SOP aligned with the slow PSP

(c) PBS aligned with fiber PSP, signal SOP is in the middle between the fast and the slow PSPs
(d) PBS is in the middle between the two fiber PSPs.

splitter (PBS) is used to separate the signals on
the two PSPs. A polarization controller (PC) pre-
cedes the PBS to align the PSPs with the principal
axes of the PBS. Following the PBS is a variable
delay line to compensate for the link DGD. Fi-
nally the two optical paths are recombined and
the effects of PMD have been compensated en-
tirely in the optical domain. Continuous moni-
toring of the residual PMD can be derived from
the signal to provide feedback signal parameters
for controlling the PC and the variable delay line.
In such a system, the variable delay line is often
implemented using a mechanical system to pro-
vide the needed DGD range. The speed, size, and
reliability of this mechanism are raise concerns.

In order to eliminate PMD-induced carrier
fading in SCM systems, we propose to use a po-
larization diversity optical receiver as shown in
Fig. 2. In this setup, two photodiodes are used to
detect the two PSP components at the output of
the system. In order to ensure the alignment be-
tween the principal axis of the PBS and the PSP of
the fiber, a polarization controller is used before
the PBS. If the principal axis of the PBS is prop-
erly aligned with the PSPs of the optical fiber sys-
tem, the amplitude of signals detected by both
photodiodes will not be affected by PMD. The ef-
fect of PMD will be shown as a relative time delay
between the waveforms carried by the two PSP
components.

To verify the concept, an experiment was con-
ducted using a setup shown in Fig. 3. A 2-Gb/s
pseudo random NRZ signal was mixed with an
8-GHz RF carrier, this composite signal was used
to drive an external modulator. A 62.5-ps DGD
was created by a PMD emulator. Two polarization
controllers were used in the system: the first con-
troller (before the emulator) was used to adjust
signal SOP and the second controller (after the
emulator) was used for the alignment between
fiber system PSP and the principal axis of the
PBS. A dual-channel oscilloscope was used to dis-
play the waveforms detected by both photodi-
odes.

When the principal axis of the PBS is aligned
with fiber system PSP, PMD does not distort the
signal waveforms, but the amplitude of the wave-
forms detected by each photodiode depends on
the signal SOP. Fig. 4(a) and (b) show the de-
tected waveforms when the signal SOP is aligned
with the fast and the slow PSP, respectively, and
Fig. 4 (c) shows the waveforms when signal SOP
is in the middle between the two PSPs. In this
measurement, even though the amount of system
DGD is 62.5-ps, which is equal to a half period of
the RF carrier, the sum of the signal eye diagrams
detected at the two receiver arms remain inde-
pendent of the signal SOP. Because of the square-
law detection after each photodiode, which elim-
inates the RF carrier, carrier fading can no longer
happen when combining signal waveforms of the
two branches.

On the other hand, if the principal axis of the
PBS is not aligned with the fiber system PSP,
PMD-induced carrier fading would happen at
both of the two detection arms. Fig. 4(d) shows
the detected waveforms when principal axis of
the PBS is set in the middle between two fiber
PSPs. In this worst case a complete carrier fading
happened.

In conclusion, we have demonstrated a carrier
fading free optical receiver for SCM optical sys-
tems using polarization diversity. Since a tunable
optical delay line is not required in this setup, it
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may be more practical than optical domain PMD
compensation.

This work was supported by Sprint Commu-
nications Company LP.
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Optical compensation of PMD-induced
power fading for single sideband subcarrier-
multiplexed systems

C.Yu, Q. Yu, Z. Pan, A.B. Sahin, and A.E.
Willner, Department of Electrical Engineering,
University of Southern California, EEB-500, Los
Angeles, CA 90089, Email: changyuy@usc.edu

1. Introduction

Polarization mode dispersion (PMD), caused
primarily by the random birefringence of single-
mode optical fiber, is a critical challenge in the
transmission of high speed digital baseband
channels (=10 Gbit/s). A key feature of PMD is its
statistical behavior, since the relative orientation
between the state-of-polarization (SOP) of the
input signal and the principal-states-of-polariza-
tion (PSPs) of the fiber varies randomly with
time. Moreover, the differential group delay
(DGD) between the fast and slow PSP, i.e. first-
order PMD, is a random process with a
Maxwellian probability distribution. Note that
even for very-low-PMD fiber, there is still an ac-
cumulation of PMD caused by small contribu-
tions of many in-line components.

Subcarrier multiplexing has several important
applications in optical systems, including: cable
television, antenna remoting, LANs, and header
control information for packet-switched net-
works. Importantly, it has been reported that the
transmission of analog and digital subcarrier-
multiplexed (SCM) signals over fiber will also be
severely affected by PMD."” For example, in 40-
GHz optical SCM systems, the RF power is com-
pletely faded with ~12.5-ps instantaneous DGD.
The deleterious PMD-induced power-fading ef-
fect in SCM is as follows. The DGD between the
fast and slow PSP of an optical sideband in a SCM
signal causes a phase difference in the correspon-
ding received subcarrier signals in the photode-
tector. Superposition of the photo-currents may
lead to serious power fading of the recovered sub-
carrier signal due to destructive interference that
is a function of subcarrier frequency and accu-
mulated DGD.’ Furthermore, higher-order PMD
can cause additional distortion and degradation
of the transmitted signal.*> Although single side-
band (SSB) SCM system is relatively immune to
chromatic dispersion, the PMD-induced RF
power fading remains as an important problem.”

For many system conditions, robust transmis-
sion of an SCM data channel or tone necessitates

the use of some type of technique to compensate
or mitigate the power fading effects of PMD. One
published method of compensation used a typi-
cal first-order PMD compensator, which consists
of a polarization controller, a differential-group-
delay element, and a monitoring feedback loop.”
However, that method was limited since real
PMD is far from being first order and has many
higher-order components.‘i’5 Moreover, that tech-
nique was valid only for a specific average link
DGD.

We experimentally demonstrate a novel tech-
nique for compensating the PMD-induced power
fading that occurs in single sideband SCM trans-
mission systems. PMD-induced power fading can
be understood in the optical domain as caused by
the polarization state of the optical carrier being
different from that of the SSB. After transmitting
through a fiber link with PMD, we split the opti-
cal carrier and SSB signal, realign their polariza-
tion states to each other, and then combine them
at the receiver. Thus the first-order and higher-
order PMD-induced RF power fading could be
completely compensated. Our experiment shows
that RF power fading was compensated to be less
than 1.5 dB, compared to 3% of the samples ex-
hibiting greater than 15 dB of fading without
compensation. The new technique is a simple and
complete solution for PMD-induced RF power
fading, independent of the DGD of the optical
fiber link or the subcarrier frequency. It can ex-
pand to multi-channel SCM operation when the
total signal bandwidth of subcarrier frequencies
does not exceed a specified limit.

2. Concept and experiment setup

Figure 1 shows the concept for the explanation of
RF power fading induced by PMD in SSB SCM
systems. At the transmitter, the optical carrier and
SSB have the same polarization state. After prop-
agating through the optical fiber link, PMD in-

SSB Subcarrier
Transmitter PSP1
Carrier Fiber link
SSB w/ PMD

A !!! ! Aq)Carrie

Optical Spectrum

Carrier and SSB have
same polarization state

duces a phase delay between two PSPs for both
the optical carrier (A®c,,) and the SSB
(ADggp). In general, ADc, ;.. is not equal to
ADgg, so the optical carrier and SSB are in differ-
ent polarization states at the output of the fiber,
which causes RF power fading after the detection.
In particular, if the polarization state of optical
carrier is orthogonal to that of the SSB, the RF
power will be completely faded. If the polariza-
tion states can be realigned such that they are the
same for both the optical carrier and the SSB, the
PMD-induced RF power fading can be com-
pletely removed.

Figure 2 shows the experimental setup. We
first generate an 18 ~ 20 GHz double sideband
signal by externally modulating the 1550 nm op-
tical carrier. A SSB signal is obtained by using a
fiber Bragg grating (FBG) to filter out the lower
sideband. After propagation through a PMD em-
ulator, the optical carrier and SSB are separated
by another FBG. The FBG has a reflection of
99.7% for the optical carrier at the wavelength of
1550 nm, with a bandwidth of 0.1 nm. The re-
flected optical carrier passes through a polariza-
tion controller (PC) so that its polarization state
can be aligned to be the same as the SSB. Then the
optical carrier and SSB are recombined at the re-
ceiver. By adjusting the PC to maximize the re-
ceived RF power, the faded RF signal can be com-
pletely recovered after the detection.

3. Results and discussion

For the PMD emulator in the experimental setup,
firstly we used a PC and a polarization-maintain-
ing (PM) fiber with varying lengths to simulate
the first-order PMD (DGD). The power splitting
ratio was 0.5. Figure 3 shows the measured RF
power fading compared to the theoretical value,
and the compensated result. We can see that the
RF power fading is reduced to less than 1 dB after
compensation.
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WQ5 Fig.1. Explanation of PMD-induced RF power fading in a SSB SCM system in optical domain.
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METHOD AND APPARATUS TO
COMPENSATE FOR POLARIZATION MODE
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Not applicable

MICROFICHE APPENDIX
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BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention is related to the field of communication
systems, and in particular, to a system that compensates for
polarization mode dispersion in an optic fiber.

2. Description of the Prior Art

In fiber optic communication systems, a fiber that carries
optical signals contains asymmetries. These asymmetries
result in the optical properties of the fiber not being the same
in all directions. Thus, the fiber is birefringent, where the
material displays two different indices of refraction. This
fiber birefringence causes polarization mode dispersion
(PMD).

PMD is measured like a vector quantity, where a differ-
ential group delay is the magnitude of the vector and the
principal state of polarization (PSP) are the direction. There
are two PSPs associated with PMD. The two PSPs propagate
at slightly different velocities with the distribution of signal
power varying with time. PMD is a time varying stochastic
effect. PMD varies in time with ambient temperature, fiber
movement, and mechanical stress on the fibers. Compensat-
ing for PMD can be difficult because of the time varying
nature and randomness of PMD.

Prior systems that involve taking the fiber out of operation
to compensate for PMD are expensive. There have been few
systems that have attempted to compensate for PMD on
active fibers. A fiber is active when the fiber is operational
to exchange user information. One prior system uses a
polarization controller at the transmitter. The polarization
controller aligns the input state of polarization of the input
optical signal to the PSP of the fiber to reduce the signal
distortion. One disadvantage of this system is the require-
ment of timely knowledge of the PSPs, which is difficult at
best. Another disadvantage is the PSP of the fibers are
different for each receiver. When optical add/drops are
involved, this system is ineffective.

Another system uses a polarization controller prior to the
receiver. The polarization controller aligns the polarization
of one of the PSPs with a polarization filter. The polarization
controller also receives control signals from a feedback
arrangement. This system processes one of the PSPs which
is essentially free from the PMD effects.

Another system uses a polarization controller and a length
of polarization-maintaining fiber prior to the receiver. The
length of the polarization-maintaining fiber is selected so a
fixed value of differential group delay is equal to the average
differential group delay of the long fiber to minimize the
PMD effects. A disadvantage is this system only works for
a fixed value of differential group delay. When differential
group delay varies, the system does not fully compensate for
the PMD effects.
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Another system monitors the effect of PMD on an input
optical signal. The power level of a non-return-to-zero
(NRZ) optical signal’s spectral component corresponding to
one-half of the data rate indicates the PMD in a fiber link.
In one example, to monitor the PMD on a 10 Gb/s NRZ
optical signal, the system monitors the power of the spectral
component at 5 GHz. This system comprises a narrowband
filter centered at 5 GHz followed by a square-law detector
and a lowpass filter.

One problem is that none of the prior systems track
changes in the differential group delay, which is a compo-
nent of PMD. Another problem is the degraded ability to
monitor for DGD and PSPs when the input state of polar-
ization of the input signal is nearly aligned with one of the
PSPs. A system is needed that can compensate for PMD
which accounts for changes in the PMD and the problems
when the input state of polarization of the input signal is
nearly aligned with one of the PSPs.

SUMMARY OF THE INVENTION

The invention solves the above problems by compensat-
ing for PMD. A polarization scrambler scrambles a state of
polarization of an optical signal that carries user informa-
tion. A PMD compensation system then receives the optical
signal over an active optic fiber. The PMD compensation
system then measures a differential group delay and princi-
pal states of polarization of the polarization mode dispersion
in the active optic fiber. The PMD compensation system then
determines a modification of the optical signal based on the
differential group delay and the principal states of polariza-
tion of the polarization mode dispersion. The PMD com-
pensation system modifies the optical signal in the active
optic fiber to compensate for PMD based on the determi-
nation of the modification. The PMD compensation system
then transmits the optical signal.

In various embodiments of the invention, the PMD com-
pensation system measures the differential group delay and
the principal states of polarization of the PMD in the active
optic fiber by estimating the differential group delay and the
principal states of polarization of the PMD in the active optic
fiber. The PMD compensation system modifies the optical
signal by changing the polarization state of the optical
signal. The PMD compensation system modifies the optical
signal by changing the differential group delay of the PMD
in the active optic fiber.

Advantageously, the invention adapts to the time varying
nature of the PMD in the active optic fiber by measuring the
differential group delay and the principal states of polariza-
tion. Also, the invention is applied to active optic fibers so
the fiber optic communication system does not have to be
taken out of operation to compensate for PMD. The inven-
tion advantageously scrambles a state of polarization of the
optical signal to greatly improve the measurement of the
differential group delay and the principal states of polariza-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a system level block diagram of an example of
the invention.

FIG. 2 a flow chart of the operation of a polarization
scrambler and a PMD compensation system in an example
of the invention.

FIG. 3 is a system level diagram of a fiber optic commu-
nication system with a PMD compensation system including
a feedback arrangement in an example of the invention.
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FIG. 4 is a flow chart of an operation of a compensation
algorithm system in an example of the invention.

A particular reference number refers to the same element
in all of the other figures.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 depicts a system level block diagram of a fiber
optic communication system 100 in an example of the
invention. In FIG. 1, a transmitter 102 is connected to a
polarization scrambler 104. The polarization scrambler 104
is connected to a PMD compensation system 108 via an
active optic fiber 106. The PMD compensation system 108
is connected to a receiver 110.

The transmitter 102 could be any device configured to
transmit optical signals. The transmitter 102 typically modu-
lates the optical signals to carry user information. The
receiver 110 could be any device configured to receive
optical signals. The receiver 102 typically derives data from
the optical signals.

The polarization scrambler 104 is any device or group of
devices configured to scramble the state of polarization of
the optical signal that carries user information. The PMD
compensation system 108 is any device or group of devices
configured to (1) receive the optical signal over the active
optic fiber 106, (2) measure a differential group delay and
principal states of polarization of the polarization mode
dispersion in the active optic fiber 106, (3) determine a
modification of the optical signal based on the differential
group delay and the principal states of polarization of the
polarization mode dispersion, (4) modify the optical signal
in the active optic fiber 106 to compensate for polarization
mode dispersion based on the determination of the
modification, and (5) transmit the optical signal.

In operation, the transmitter 102 transmits the optical
signal to the polarization scrambler 104. FIG. 2 shows a flow
chart of the operation of the polarization scrambler 104 and
the PMD compensation system 108 in an example of the
invention. FIG. 2 begins with step 200. In step 202, the
polarization scrambler 104 scrambles a state of polarization
of the optical signal. The PMD compensation system 108
then receives the optical signal over the active optic fiber
106 in step 204. In step 206, the PMD compensation system
108 measures a differential group delay and principal states
of polarization of the PMD in the active optic fiber 106. In
step 208, the PMD compensation system 108 then deter-
mines a modification of the optical signal based on the
differential group delay and the principal states of polariza-
tion of the PMD. In step 210, the PMD compensation system
108 modifies the optical signal in the active optic fiber 106
based on the determination made in step 208 to compensate
for PMD. The PMD compensation system 108 then trans-
mits the optical signal. The operation of the PMD compen-
sation system 108 ends in step 212. The receiver 110
receives the optical signal from the PMD compensation
system 108.

FIG. 3 discloses one embodiment of the invention, but the
invention is not restricted to the configuration provided
below. Those skilled in the art will appreciate numerous
variations in a fiber optic communication system configu-
ration and operation that are within the scope of the inven-
tion. Those skilled in the art will also appreciate how the
principles illustrated in this example can be used in other
examples of the invention.

FIG. 3 depicts a system level diagram of a fiber optic
communication system 300 with a PMD compensation
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system 360 including a feedback arrangement in an example
of the invention. In FIG. 3, the PMD compensation system
360 comprises a splitter 308, a first polarization controller
310, a PMD emulator 312, a photodetector 320, a RF signal
processor 322, a compensation algorithm system 330, a link
332, a link 334, a link 336, a link 338, a second polarization
controller 340, and a PMD emulator 342. A transmitter 302
is connected to a polarization scrambler 304. The polariza-
tion scrambler 304 is connected to the splitter 308 via an
active optic fiber 306. The splitter 308 is connected to the
first polarization controller 310 and the second polarization
controller 340.

The first polarization controller 310 is connected to the
PMD emulator 312. The PMD emulator 312 comprises a
splitter 314, a link 316, and a delay component 318. The first
polarization controller 310 is connected to the splitter 314.
The splitter 314 is coupled to the photodetector 320 via the
link 316 and is coupled to the photodetector 320 via the
delay component 318. The photodetector 320 is connected to
the RF signal processor 322. The RF signal processor 322
comprises a lowpass filter 324, a square law detector 326,
and a bandpass filter 328. The photodetector 320 is con-
nected to the bandpass filter 328. The bandpass filter 328 is
connected to the square law detector 326. The square law
detector 326 is connected to the lowpass filter 324. The low
pass filter 324 is connected to the compensation algorithm
system 330. The compensation algorithm system 330 is
coupled to the first polarization controller 310 via the links
332 and 334. The compensation algorithm system 330 is
connected to the PMD emulator 312 and the PMD emulator
342. The compensation algorithm system 330 is coupled to
the second polarization controller 310 via the links 336 and
338.

The second polarization controller 340 is connected to the
PMD emulator 342. The PMD emulator 342 comprises a
splitter 344, a link 346, and a delay component 348. The
second polarization controller 340 is connected to the split-
ter 344. The splitter 344 is coupled to the receiver 350 via
the link 346 and is coupled to the receiver 350 via the delay
component 348.

A process path comprises the first polarization controller
310, the PMD emulator 312, the photodetector 320, the RF
signal processor 322, and the compensation algorithm sys-
tem 330. The components in the process path collectively
measure the differential group delay and determine the
modification of the optical signal based on the differential
group delay. The data path comprises the second polariza-
tion controller 340 and the PMD emulator 342. The com-
ponents in the data path collectively modify the optical
signal based on the determination from the process path.

In operation, the transmitter 302 transmits the optical
signal to the polarization scrambler 304. In some embodi-
ments of the invention, the transmitter 302 includes a laser
diode. The polarization scrambler 304 then scrambles the
state of polarization of the optical signal that carries user
information. Scrambling the state of polarization of the
optical signal provides the greatest probability of having the
power split between the two PSPs, while all of the power
propagating along one of the PSP has the lowest probability.
When the power is equally split between the two PSPs, the
measurements of the DGD and PSPs are greatly improved.
Thus, the polarization scrambler’s 304 scrambling of the
optical signal greatly improves the measurements of the
DGD and PSPs. In one embodiment of the invention, the
polarization scrambler’s 304 rate of scrambling is greater
than the response time of the low pass filter 324 to provide
each sample of the low pass filter 324 multiple alignments
of the optical signal.
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The splitter 308 then receives the optical signal over the
active optic fiber 306. In some embodiments of the
invention, the active optic fiber 306 includes chromatic
dispersion compensation systems, optical amplifiers, or mul-
tiple spans of optical fiber. Also, in other embodiments, the
active optic fiber 306 carries wavelength division multi-
plexed (WDM) optical signals. The WDM optical signals
are de-multiplexed prior to entering the splitter 308 in order
for the operation of the PMD compensation system 360 to
work properly. The PMD compensation system 360 may be
required for each channel for a WDM signal.

The splitter 308 splits the optical signal. The splitter 308
transfers the optical signals to the first polarization controller
310 and the second polarization controller 340. The first
polarization controller 310 receives the optical signal from
the splitter 308. The first polarization controller 310 then
changes the state of polarization of the optical signal based
on signals received from the links 332 and 334. In one
embodiment, the first polarization controller 310 aligns the
active fiber link’s 306 output principal state of polarization
with the principal state of polarization of the PMD emulator
312. The first polarization controller 310 transfers the optical
signal to the PMD emulator 312. The splitter 314 in the
PMD emulator 312 receives the optical signal and splits the
optical signal into two optical signals with orthogonal polar-
izations. The splitter 314 transmits one optical signal with
the orthogonal polarization to the link 316. The splitter 314
also transmits the other optical signal with the orthogonal
polarization to the delay component 318. The delay com-
ponent 318 delays the optical signal with the orthogonal
polarization based on signals received from the compensa-
tion algorithm system 330. The PMD emulator 312 recom-
bines the two optical signals with orthogonal polarizations
from the link 316 and the delay component 318 before
transferring the optical signal to the photodetector 320.

The photodetector 320 receives the optical signal. The
photodetector 320 converts the optical signal to an electrical
signal before transferring the electrical signal to the RF
signal processor 322. The bandpass filter 328 receives the
electrical signal. The bandpass filter 328 is a narrow pass
band centered at half the signal data rate. The bandpass filter
328 then transfers the electrical signal to the square-law
detector 326. The square-law detector 326 processes the
electrical signal and transfers the electrical signal to the
lowpass filter 324. The lowpass filter 324 receives the
electrical signal. The lowpass filter 324 converts the elec-
trical signal to a control signal before transferring the control
signal to the compensation algorithm system 330.

FIG. 4 is a flow chart of an operation of the compensation
algorithm system 330 in an example of the invention. FIG.
4 begins in step 400. In step 402, the compensation algo-
rithm system 330 sets the emulated differential group delay
of the PMD emulator 312 to an arbitrary but fixed value. In
this embodiment, the initial emulated differential group
delay is 15 picoseconds. Also, the compensation algorithm
system 330 sets the initial PMD emulator 342 differential
group delay to 0 picoseconds. In step 404, the compensation
algorithm system 330 reads the power of the control signal.
In step 406, the compensation algorithm system 330 checks
if the power at the control signal is at a minimum.

If the power at the control signal is not at a minimum, the
compensation algorithm system 330 proceeds to step 408. In
step 408, the compensation algorithm system 330 changes
the first polarization controller 310 values via the link 332
and the link 334. The link 332 carries signals that control the
0 value of the first polarization controller 310. The link 334
carries signals that control the ¢ value of the first polariza-
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tion controller 310. Once the first polarization controller 310
values are changed, the compensation algorithm system 330
returns to step 404.

If the power at the control signal is at a minimum, the
compensation algorithm system 330 proceeds to step 410. In
step 410, the compensation algorithm system 330 varies the
emulated differential group delay in the PMD emulator 312
and measures the power at the control signal. In step 312, the
compensation algorithm system 330 determines the maxi-
mum power of the control signal based on the measurements
from step 410. The compensation algorithm system 330
estimates the differential group delay of the active optic fiber
306 by using the differential group delay value at the
maximum power of the control signal. The compensation
algorithm system 330 then sets the emulated differential
group delay value of the PMD emulator 312 with the
estimated active optic fiber 306 differential group delay
value.

In step 414, the compensation algorithm system 330 reads
the power of the control signal. In step 416, the compensa-
tion algorithm system 330 checks if the power at the control
signal is at a maximum. If the power at the control signal is
not at a maximum, the compensation algorithm system 330
proceeds to step 418. In step 418, the compensation algo-
rithm system 330 changes the first polarization controller
310 values via the link 332 and the link 334. Once the first
polarization controller 310 values are changed, the compen-
sation algorithm system 330 returns to step 414.

If the power at the control signal is at a maximum, the
compensation algorithm system 330 proceeds to step 420. In
step 420, the compensation algorithm system 330 changes
the polarization controller values and the differential group
delay value from the data path from the polarization con-
troller values and the emulated differential group delay value
from the process path. The link 336 carries signals that
control the 0 value of the second polarization controller 340.
The link 338 carries signals that control the ¢ value of the
second polarization controller 340. The compensation algo-
rithm system 330 sets the 6 value of the link 336 to the 6
value of the link 332. The compensation algorithm system
330 sets the ¢ value of the link 338 to the ¢ value of the link
334. The compensation algorithm system 330 sets the dif-
ferential group delay of the PMD emulator 342 to the
emulated differential group delay of the PMD emulator 312.
The operation of the compensation algorithm ends at step
422 and returns to step 400 to continually compensate for
PMD.

The second polarization controller 340 receives the opti-
cal signal from the splitter 308. The second polarization
controller 340 then changes the state of polarization of the
optical signal based on signals received from the link 336
and the link 338. In one embodiment, the second polariza-
tion controller 340 aligns the active fiber link’s 306 principal
state of polarization with the principal state of polarization
of the PMD emulator 342. The second polarization control-
ler 340 transfers the optical signal to the PMD emulator 342.
The splitter 344 in the PMD emulator 342 receives the
optical signal and splits the optical signal into two optical
signals with orthogonal polarizations. The splitter 344 trans-
mits one optical signal with the orthogonal polarization to
the link 346. The splitter 344 also transmits the other optical
signal with the orthogonal polarization to the delay compo-
nent 348. The delay component 348 delays the optical signal
with the orthogonal polarization based on signals received
from the compensation algorithm system 330. The PMD
emulator 342 recombines the two optical signals with
orthogonal polarizations from the link 346 and the delay
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component 348 into the optical signal to compensate for
PMD. The PMD emulator 342 then transfers the optical
signal to the receiver 350. The receiver 350 receives the
optical signal to derive data from the optical signal. Those
skilled in the art will appreciate variations of the above-
described embodiments that fall within the scope of the
invention. As a result, the invention is not limited to the
specific examples and illustrations discussed above, but only
by the following claims and their equivalents.

We claim:1. A method for compensating for polarization
mode dispersion on an active optic fiber, the method com-
prising:

receiving a first optical signal that carries user informa-

tion;

scrambling a state of polarization of the first optical

signal;

splitting the first optical signal into a second optical signal

along a process path and a third optical signal;

in the process path, measuring a differential group delay
and principal states of polarization of the polarization
mode dispersion in the active optic fiber based on the
second optical signal;

in the process path, determining a modification of the
third optical signal based on the differential group delay
and the principal states of polarization of the polariza-
tion mode dispersion;

modifying the third optical signal in the active optic fiber
wherein the third optical signal is polarization mode
dispersion compensated and carries user information
based on the determination; and

transmitting the third optical signal.2. The method of
claim 1 wherein the optical signal is a wavelength
division multiplexed optical signal.3. The method of
claim 2 further comprising de-multiplexing the wave-
length division multiplexed optical signal.4. The
method of claim 1 further comprising changing the
state of polarization of the third optical signal.5. The
method of claim 1 further comprising delaying the third
optical signal.6. The method of claim 1 further com-
prising converting the second optical signal to an
electrical signal.7. The method of claim 6, further
comprising filtering the electrical signal with a band-
pass filter. 8. The method of claim 6, further comprising
processing the electrical signal through a square-law
detector.9. The method of claim 6, further comprising
filtering the electrical signal with a low pass filter.10.
The method of claim 9 wherein scrambling a state of
polarization of the optical signal is at a rate greater than
a response time of the low pass filter.11. The method of
claim 1 wherein measuring the differential group delay
of the polarization mode dispersion in the active optic
fiber comprises estimating the differential group delay
of the polarization mode dispersion in the active optic
fiber. 12. The method of claim 1 wherein modifying the
third optical signal in the active optic fiber based on the
determination comprises changing the state of polar-
ization of the third optical signal.13. The method of
claim 1 wherein modifying the third optical signal in
the active optic fiber-based on the determination com-
prises changing the differential group delay of the
polarization mode dispersion in the active optic
fiber.14. A system for compensating for polarization
mode dispersion on an active optic fiber, the system
comprising:

a polarization mode dispersion compensation system
coupled to the active optic fiber and configured to
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receive a first optical signal that carries user
information, scramble a state of polarization of the first
optical signal, split the first optical signal into a second
optical signal along a process path and a third optical
signal, in the process path, measure a differential group
delay and principal states of polarization of the polar-
ization mode dispersion in the active optic fiber based
on the second optical signal, determine a modification
of the third optical signal based on the differential
group delay and the principal states of polarization of
the polarization mode dispersion, modify the third
optical signal in the active optic fiber wherein the third
optical signal is polarization mode dispersion compen-
sated and carries user information based on the
determination, and transmit the third optical signal. 15.
The system of claim 14 wherein the optical signal is a
wavelength division multiplexed optical signal.16. The
system of claim 15 wherein the polarization mode
dispersion compensation system is configured to
de-multiplex the wavelength division multiplexed opti-
cal signal.17. The system of claim 14 wherein the
polarization mode dispersion compensation system
comprises a splitter coupled to the active optic fiber and
configured to split the first optical signal into the
second optical signal along the process path and the
third optical signal.18. The system of claim 14 wherein
the polarization mode dispersion compensation system
comprises a polarization controller configured to
change the state of polarization of the third optical
signal. 19. The system of claim 14 wherein the polar-
ization mode dispersion compensation system com-
prises a polarization mode dispersion emulator config-
ured to delay the third optical signal.20. The system of
claim 19 wherein the polarization mode dispersion
emulator comprises a splitter configured to split the
third optical signal into two optical signals with
orthogonal polarizations.21. The system of claim 19
wherein the polarization mode dispersion emulator
comprises a delay component configured to delay the
third optical signal.22. The system of claim 14 wherein
the polarization mode dispersion emulator comprises a
photodetector configured to convert the second optical
signal to an electrical signal.23. The system of claim 22
wherein the polarization mode dispersion emulator
comprises a radio frequency signal processor config-
ured to process the electrical signal.24. The system of
claim 22 wherein the radio frequency signal processor
comprises a bandpass filter configured to filter the
electrical signal.25. The system of claim 22 wherein the
radio frequency signal processor comprises a square-
law detector configured to process the electrical sig-
nal.26. The system of claim 22 wherein the radio
frequency signal processor comprises a low pass filter
configured to filter the electrical signal.27. The system
of claim 26 wherein the rate of the polarization mode
dispersion compensation system scrambling the state of
polarization of the optical signal is at a rate greater than
a response time of the low pass filter.28. The system of
claim 14 wherein the polarization mode dispersion
compensation system is configured to estimate the
differential group delay of the polarization mode dis-
persion in the active optic fiber.29. The system of claim
14 wherein the polarization mode dispersion compen-
sation system is configured to change the differential
group delay of the polarization mode dispersion in the
active optic fiber.

E * * *
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An Adaptive First-Order Polarization-Mode
Dispersion Compensation System Aided by
Polarization Scrambling: Theory and Demonstration

Hok Yong Pua, Kumar Peddanarappagari, Benyuan Zhu, Christopher Allen, Kenneth Demarest, and Rongqing Hui

Abstract—An adaptive polarization-mode dispersion (PMD) fiber segments, each having a fixed birefringence, a fixed seg-
compensation system has been developed to cancel the effecttent length corresponding to the fiber’'s random mode coupling
of first-order PMD by producing a complementary PMD vector  cparacteristic lengthiLy, ). The orientation of the principle axes

in the receiver. Control parameters for the PMD compensation f tto th tis treated d iable [1
system comprised of a polarization controller and a PMD emu- rom one segment to the next s treated as a random variable [1].

lator are derived from the nonreturn-to-zero (NRZ) signal in the At every junction between segments, the energy from each in-
channel to be compensated. Estimates of the link's differential cident pulse is split into two orthogonally polarized pulses, rep-

group delay (DGD) and principal states of polarization (PSP’s) resenting the mode coupling that occurs in fiber due to pertur-
based on this signal are reliable when the signal power is equally p4iinns in local birefringence. After several such perturbations,

split between the link’s two PSP’s; however this condition cannot th iqinal oulse b | ble of Il oul
be assumed. To meet this requirement, we scramble the state of '€ Orlginal puise becomes a large ensembie of small puises,

polarization (SOP) of the input signal at a rate much greater than dispersed in time. For the special case of a system using a light
the response time of the PMD monitor signal so that each sample source whose coherence time is greater than the PMD-induced

represents many different SOP alignments. This approach allows delays and a fiber whose optical loss is polarization indepen-
the effective cancellation of the first-order PMD effects within an dent, the PMD phenomenon in a long fiber link behaves in ac-
optical fiber channel. cordance with a high-coherence model, which incorporates the
Index Terms—Compensation equalizers, optical fiber communi-  concept of principal states of polarization (PSP’s). This means
ce_ttion, optical polarization-mode dispersion, polarization scram- that, over a limited bandwidth, the link will behave as a ran-
bling. domly birefringent optical fiber such that an input optical pulse
whose state of polarization (SOP) is aligned with one of the
I. INTRODUCTION link's two input PSP’s will emerge from the fiber’s far end as a

ngle pulse, unchanged in shape and polarized along the fiber's
rresponding output PSP. From this model, we know that an
ut pulse aligned with neither input PSP will emerge as two
Srthogonally polarized pulses, separated in time by the link's

ISPERSION in optical fiber communication system§I
degrades the optical channel signal quality by distortin
signal waveforms. In digital systems dispersion can produ
intersymbol interference (ISI). As the signal bandwidth i
increased, the effects of dispersion become more significal

Werential group delay (DGD).

If not dealt with, dispersion represents a barrier to increasin This mod_el 'S freque.ncy mdppendent and valid to first order
g . For wider bandwidths higher order effects must be con-

the channel capacity. Effective techniques have been develo o o .
either to avoid or compensate for the dominant dispersi ered resulting in frequency dependent polarization and dis-

\Fé?rsion [1], [2]. The bandwidth over which the PSP’s can be
%§’sumed constant depend on the properties of the fiber and has

polarization-mode dispersion (PMD) is particularly difficult tobeen shown to vary inversely with the mean differential group

compensate as its characteristics vary temporally. Fluctuatﬂﬁla.ly (lDGD) d[3]beWh“e thi min(;TurS be}ndwidth of ;geGPHSP,:?
environmental factors (such as temperature, wind, and atnjfp>'Ng'€-MOdE NErs was found 1o be always over z[3],

spheric pressure) can change the characteristics of PMD ;%I;él)% bandwidth for standard single-mode fiber is of the order of

hence its impact on optical channel quality. Ti GHz [1].' . tal fact h th h
The birefringence of optical fiber supports two degenerate Ime-varying environmentai factors can cnange tne mechan-

modes, each having different propagation velocities, giving ri | stress on the fiber, causing localized changes in the bire-

to PMD. To gain a better understanding of PMD, models havdngence characteristics of the fiber. This, in turn, affects the

been developed that successfully predict the statistically O%rjtgntz;\t:on of t.?te PS'tPr;s aff‘d ;hggSD o{;hei'fiﬁ’er'link.tiosr;n
served effects in fiber. In these models, a long fiber link is mogPucal transmitter with a fixe » as he link's inpu S

eled as a concatenated series of linearly birefringent Opticgp_ange orientation, the relative intensities of the two orthogonal
' pulses will vary, and, at times, all of the energy will appear in

only one pulse (resulting in no discernable PMD effects).
For long fiber links (lengths> L;), the mean PMD in-

Manuscript received October 25, 1999; revised February 23, 2000.  creases with the square root of the link length.For example, in
The authors are with the Lightwave Communication Systems Laborators)% dard sinal de fib h ical d d l
University of Kansas, Lawrence KS 66045 USA. andard single-mode fiber, the typical random mode coupling
Publisher Item Identifier S 0733-8724(00)05079-9. characteristic lengtiZ;,) is 100 m and the PMD is typically

0733-8724/00$10.00 © 2000 IEEE
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Fig. 1. Functional block diagram illustrating the adaptive PMD compensation system showing the evolution of the envelope and state of paaazatigie f
transmitted pulse as it progresses from the transmitter through the link, after the polarization controller, and as it emerges from the PMBRRbatatpass
filter; ()2: square-law detector; LPF: low-pass filter.
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0.1 ps/(km)/2 [1]. Therefore, for a typical terrestrial fiber link 1 ===
length of 500 km, the mean anticipated PMD would be 2.24 ps. 08l
This level of PMD is generally insignificant for channel data >
rates of 2.5 Gb/s or less, but would certainly be significant for [ 0.6
data rates of 10 Gb/s, 40 Gb/s, and above. 204
In order to use a fiber link with PMD to carry optical signals -
at ever increasing data rates without channel degradation, com- 0.2
pensation for PMD is necessary. While several PMD compen- 0 s :
sation approaches have been reported [4]-[6], only those that 0 50 Tlm:?:s) 150 200

fully compensate PMD in a link by tracking variations in the
DGD and PSP’s are viable. The approach presented here at-
tempts to compensate fully for the effects of PMD on a single
optical channel over a fiber link.

@

-

0.8

2
Il. ACTIVE PMD COMPENSATION ‘g 0.6

8
In the system we developed, the PMD adaptive compensa- E 04
tion system treats the PMD on the link as a vector quantity, with 0.2
DGD as the magnitude and PSP as the direction. A PMD com- 0

0 50 150 200

ponent of equal magnitude but opposite in direction is applied
to the signal in the receiver so that the vector sum results in
zero PMD. To accomplish this, an accurate and reliable tech- (b)
nigue for monitoring the PSP’s and the DGD of the fiber link

was developed, together with a means of producing a comple-

100
Time (ps)

mentary PMD vector in the receiver. A block diagram of our 1
system, shown in Fig. 1, illustrates the elements of the adaptive 0.8
PMD compensation system and shows the evolution of the en- >

velope and state of polarization for a single transmitted pulse as | 0.6
it progresses from the transmitter through the link, after the po- €04

larization controller and as it emerges from the PMD emulator.
The control parameterd. , ¢., and DG}) correspond to the
settings for compensating the effects of PMD in the link. 0
To monitor the effect of PMD on the received signal, we
adopted the method presented by Takaheisdli[4]. The power
level of a nonreturn-to-zero (NRZ) signal’s spectral component
correspondlng to qne—hglf of the data rate can S‘?rVe asan 'VL%,? 4. Eye diagrams at different locations along the link in a simulated
cator of PMD in a fiber link. For example, to monitor the PMDL0-Gb/s NRZ system: (a) transmitter output, (b) optical link output, and (c)
on a 10Gbls NRZ sgnal,the powerof the speciral compondi, Spepsein S U, s S et o e s o
at 5 GHz is monitored. Implementing this approach inVOlVQ§set to compepnsate fully for the effects of PI\?IDinthe link. P g
a narrowband bandpass filter centered at 5 GHz followed by
a square-law detector and a low-pass filter. The output signal
is maximized when the PMD affecting the optical NRZ signal I1l. COMPUTER SIMULATION
is minimized. The shape of the transfer function relating PMD
(more specifically, DGD) to the level of thimonitor signalis Computer simulations were conducted to determine the
approximately quadratic (as shown in Fig. 3). effectiveness of this approach. In the simulation, a 10-Gb/s
The compensating PMD introduced in the receiver is set INRZ signal having a known SOP was launched into a fiber link
a polarization controller and a PMD emulator. The polarizatidmaving a selectable PMD (PSP’s and DGD). At the receiver,
controller rotates the link’s output PSP’s to align with the inpuhe signal was passed through our PMD compensation system
PSP’s of the PMD emulator (which turn out to be linearly poand the power of the 5-GHz spectral component (the monitor
larized). The PMD emulator introduces the desired time delajgnal) was determined. The polarization controller was mod-
(DGD) between two orthogonally polarized optical paths bgled as a combination of two quarter-wave plates (QWP’s) and
splitting the input signal based on its polarization and preferea-half-wave plate (HWP), arranged as QWP-HWP-QWP. For
tially delaying one of the two paths before recombining the twihis arrangement, the polarization controller can be simulated
orthogonally polarized signals. Through this approach, the twaing a transformation matrix associated with only two free
output pulses that result from PMD on the link are precisely sparameters, the phase angle of the HWP and that of the first
perimposed in time, effectively undoing the effects of the link' WP, since the phase angle of the first QWP and that of the
PMD. last QWP are always18Gapart.

50 00 150 200

1
Time (ps)
(c)
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Fig. 5. Experimental setup for evaluation of the adaptive PMD compensation system. EDFA: Erbium-doped fiber-optic amplifier; fiber PC: firsrqolar
controller; PMF: polarization-maintaining fiber; HP PC: HP polarization controller.

“ay

oo
4

.,

J
‘N
r

i 0.0 paddise 22,0006 ns
2 10.0 mu/div 32.6 mU

Fig. 6. Timing relationship of two orthogonal pulses obtained from the output of the PMD emulator showing the induced DGD of 48 ps. The different pulse
levels of the signal traces indicate an unequal power splitting (approximately 70/30) between the emulator's PSP’s.

To examine how the monitor signal power varies with polatink DGD estimate of zero; otherwise variations in the PMD em-
ization controller setting, we assumed a priori knowledge of thitator DGD produces no change in monitor signal power.
link's DGD (50 ps in this case) and set the emulator's DGD We then varied the emulator's DGD and observed changes
to correspond. The monitor signal power was determined fior the monitor signal level. Fig. 3 illustrates the transfer func-
all possible settings of the polarization controller (with two deion relating emulator DGD and monitor signal level for the case
grees of freedom) to produce a surface. The coordinates of thieere the link DGD was 10 ps and the input SOP was aligned
peak of the surface correspond to the polarization controller ssttch that its power is equally split between the link’'s PSP’s. The
tings that align the link’'s PSP’s with the PSP’s of the emulataresulting curve has the expected shape, with a maximum (repre-
For the case where the input signal’'s SOP aligned such thatsenting a minimization in the overall PMD) when the emulator
power is equally split between the link's PSP’s, this procedu2GD exactly cancels the DGD in the link; that is10 ps.
produces a surface with a single peak as shown in Fig. 2. To show the effectiveness of the simulated PMD compensa-

We next examined how the monitor signal varies with DGHon system, eye diagrams of a 10-Gb/s NRZ signal were pro-
in the PMD emulator. We began by setting the emulator’s DG8uced for the signal at the transmitter, at the output of the fiber
to an arbitrary (but nonzero) value of 15 ps. In an effort to makink (but prior to the PMD compensation system), and at the
imize the sensitivity of the monitor signal to DGD variationsputput of the PMD compensation system, as shown in Fig. 4.
we deliberately misaligned the PSP’s of the link with those dfthe eye-diagrams produced from the computer simulations in-
the PMD emulator by setting the polarization controller suatiude an 8-GHz, fifth-order low-pass Bessel filter used as a
that the monitor signal is minimized. This approach is necegest-detection filter to suppress high frequency components. In
sary to resolve small values of link DGD and to accommodatke link, the DGD is 50 ps and the input SOP is oriented such
unequal power splitting between the PSP’s. For example, in et the power is equally split between the link’s input PSP’s.
case where the transmitter SOP is aligned with one of the linkifie eye at the output of the fiber link is clearly distorted, most
input PSP’s and consequently the link effectively exhibits nootably by the reduced slope at the bit transitions, resulting in
PMD, this polarization controller setting yields an unambiguows eye closure penalty of 0.8 dB compared to the eye diagram
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at the transmitter. Assuming a jitter window width of 10 ps cen- '

tered on the eye opening, the eye-closure penalty is computes
by comparing the vertical dimension of the eye opening with
that of the eye measured at the transmitter. The difference be
tween the eye diagram at the transmitter and that at the output o 5.
the PMD compensation system is negligible (0 dB eye-closure € 45}
penalty), demonstrating the effectiveness of the compensatiorﬁ
technique.

IV. EXPERIMENTAL VALIDATION .05

o 50 100 150 200 250 300
Laboratory tests were conducted to validate the results of the Time (ps)
computer simulation. Fig. 5 shows the block diagram of the lab-
oratory test setup. A 10-Gb/s NRZ signal was produced with
a bit-error rate tester (BERT) driving a Mach—-Zehnder modu-
lator to intensity modulate a 1550-nm continuous-wave (CW) 1.5
optical signal followed by a lithium-niobate phase shifter that
serves as the polarization scrambler. (The SOP input is delibe
ately aligned midway between the phase shifter’s fast and slov ~ 1;
axis so that an applied voltage results in a phase shift betwee
the two propagating waves producing a change in the outpL@ -
SOP.) Next is an erbium-doped fiber amplifier (EDFA) to boostgo'5 3
the signal level. A link DGD of 48 ps was created using 23
m of polarization maintaining fiber (PMF). To vary the power
distribution between the two PSP’s in the PMF when the po-

larization scrambler was not activated, a manually controllec

@

(paddle-type) fiber polarization controller_ was placed imm_edi- 055 %0 100 .1'50 200 250 300
ately between the EDFA and the PMF. Fig. 6 shows the signa Time (ps)

output from the PMF when a 200-ps-long pulse is launched witt,

its SOP aligned relative to the PSP’s to yield an unequal power (b)

split of approximately 70/30 in this case.

Orientation control of the receiver's PSP’s relative to 45
the PSP’s of the PMF was achieved with an HP 11896A
computer-controlled polarization controller. The polarization
controller is followed by a computer-controlled PMD emu- 1 [
lator to introduce the compensation DGD. In this device, the &
incoming optical signal is decomposed into its two orthog-
onal, linear polarization components, which propagate along §°-5'
separate optical paths that are ultimately recombined with =
their polarization states preserved. As the path length of one
of the two paths is variable while the path length of the other
is constant, various amounts of DGD can be produced, both
positive and negative. The computer-controllable JDS PE3050_
PMD emulator used in our experiments has a DGD range of ~ ©
—30to+125 ps and a resolution of 0.002 ps.

The output of the PMD emulator is connected to a pho- ()
todetectpr to Cor.lvert the S.Ignal from the optical qomam ot 19. 7. Eye diagrams for a 10-Gb/s NRZ system with equal power distribution
electronic domain. Following the photodetector is a 7.5-GHg the link’s input PSP's and 48 ps of DGD in the link measured at different
LPF. The signal is then split, one portion going to a high-speéations along the link: (a) transmitter output, (b) optical link output, and (c)
oscilloscope to monitor the signal’s eye diagram, and the ottféfD compensation system output.
portion sent to an HP 8592L microwave spectrum analyzer
where the power of the 5-GHz spectral component (the moniteMD emulator, through a sequential search process aimed at
signal) was measured. The spectrum analyzer was configuredximizing the monitor signal power.
to provide a digital output signal representing the bandlimited Fig. 7 shows the eye diagram for the signal at various points
(300 kHz bandwidth) power of this spectral component. Thia the system. First is the eye diagram of the signal output from
monitor signal is then used by a computer to determine thige transmitter. Next is the eye diagram of the signal output from
control parameters for the polarization controller and thtbe PMF for equal power splitting between the PSP’s. The most

Sl

50 100 200 250 300

150
Time (ps)
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Fig. 8. Collection of curves representing the monitor signal power versus link DGD for various signal power distributions on the input PSP’'sidPattbera
input PSP’s vary from 50/50 to 100/0 in increments of 7.14. The simulated link DGD is 20 ps.

notable effect of the 48 ps of DGD introduced by the PMF igf the input SOP with the link’s input PSP’s. For the case where
the reduced slope at the bit transitions. Finally, we show tllee SOP is aligned such that the input power is nearly evenly
eye diagram of the signal output from the PMD compensati@plit, the location of the maximum approximates the actual
system, where the quality of the eye has been largely restofimtt DGD, i.e., 20 ps. However, as the splitting ratio becomes
to its original shape. Using the transmitter output eye openingore and more unbalanced, the emulator DGD that maximizes
as a reference and a 10-ps jitter window width, the eye-closuhe monitor signal power moves progressively toward zero.
penalty of the signal at the output of the PMF is 3.8 dB, whilBinally the case where all of the power is launched along one
at the output of the PMD compensation system the eye-cBSP results in a curve that peaks at zero DGD in the emulator,
sure penalty is 0.07 dB. The difference in eye-closure pendespite the fact that the link’'s DGD is 20 ps. Hence the use
ties between the simulation and the laboratory measuremeuitghis parameter to estimate the link’'s DGD is sensitive to
may be attributed to amplitude and phase ripple in the systéhe relative alignment of the input signal’'s SOP and the link’s
transfer function (including the modulator, photodetector, elemyput PSP’s.
trical post-detection filter) in the hardware but not accounted for The relative alignment of SOP and PSP’s also affects the
in the simulation. transfer function relating the monitor signal power to the state
of the polarization controller. To illustrate this, we again present
computer simulations of the PMD compensation system as be-
V. SOP/PSP AIGNMENT EFFECTS fore. For this evaluation, we assuragriori knowledge of the
link's DGD and set the emulator’'s DGD to correspond. The
As mentioned above, the ability to monitor the state of th@onitor signal power is determined for all possible settings of
PSP’s and DGD on a link reliably is somewhat dependent dime polarization controller with two degrees of freedom to pro-
the input SOP exciting both PSP modes in the link. Instancdace a surface plot. The coordinates of the peak of the surface
where the input SOP is nearly aligned with one of the link'sorresponds to the polarization controller settings that align the
input PSP’s significantly degrades the ability of the monitorinfink’s PSP’s with the PSP’s of the emulator. For the case where
system to track the PSP’s and the DGD. the input signal’'s SOP is aligned such that its power is equally
To investigate the effects of various SOP / PSP alignmensglit between the link’s PSP’s, a surface with a single peak is
computer simulations of the PMD compensation system weareoduced as was shown previously in Fig. 3. However, as the
conducted. As before, a 10-Gb/s NRZ signal having a knovatignment between the input SOP and the link’s input PSP’s is
SOP is launched into a fiber link having a selectable PMEhanged, the shape and nature of the surface changes also. In
(PSP’s and DGD). At the receiver, the signal is passed throuBiy. 9(a) the alignment producing a 70/30 distribution of the
the PMD compensation system and the power of the monitsignal power on the PSP’s results in a surface with two unequal
signal is determined. Setting the polarization controller gmeaks. In Fig. 9(b) the alignment is changed so that all of the
that the link's PSP’s and the PSP’s of the PMD emulat@ignal power is coupled into a single PSP. In this case, two peaks
are misaligned as before, we estimate the DGD in the lirdf equal amplitude are observed, each corresponding to a case
by varying the emulator's DGD and observe changes in thehere 100% of the signal is routed through only one branch of
monitor signal level. With the link DGD set at 20 ps, Fig. 8he PMD emulator, as would be expected, and the two peaks
shows results for several cases representing various alignmeafgesent two orthogonal polarization controller settings.
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Fig. 9. Three-dimensional presentation of how the monitor signal varies with polarization controller setting with the input SOP fixed relatfilectoRBP:
(a) 70/30 signal power split onto the input PSP’s and (b) all power is launched onto one of the input PSP’s.
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Fig. 10. Eye diagrams for a simulated 10-Gb/s NRZ system with a 70/30 power distribution on the link’s input PSP’s and 50 ps of DGD in the link measured at:

(a) optical link output and (b) PMD compensation system output. The adaptive PMD compensation system is set to compensate fully for the effectshef PMD i
link and there is no polarization scrambling at the transmitter.
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VI. POLARIZATION SCRAMBLING 1.5 v

Based on these results, it is clear that the use of the mon
itor signal alone to determine the proper PMD compensatior
system settings is inadequate; knowledge of the relative align
ment between the input signal’'s SOP and the link's input PSP’s 8 | XN
is also needed. Since the link’s input PSP’s are time varyingéo'5 ZaN\
tracking with the launched signal’s SOP orientation is not pos-
sible without additional information. To overcome this chal- |5
lenge, we scrambled the SOP of the input signal at the output o
the transmitter. While the relative alignment between the SOF

and the link’s input PSP’s is still not known at any instant, we -0-8

1=

50 100 200 250 300

. . ) 150
do know that over a given interval determined by the frequency Time (ps)
of the polarization scrambler a variety of relative alignments is

realized. Additionally, for truly random SOP scrambling, the (@)

alignment having the greatest probability is where the powet
is equally split, and the lowest probability is where all of the 1.5
power propagates along a single PSP. Therefore the estimate
the proper settings for the PMD compensation system based ¢
the monitor signal is greatly improved when the input SOP is
scrambled. >
Simulation results confirm the effectiveness of this approach. 'Eo 5
When the input signal’s SOP is scrambled at a rate much greate _3;_: '
than the response time of the lowpass filter and each sample rej
resents multiple alignments, the estimate of the compensatin ¢
DGD and polarization controller setting agrees with the esti-
mates obtained when the input SOP is static and aligned suc
that the power is evenly split between the PSP’s. Fig. 10 show: - 05

1}

50 100 200 250 300

0 150
the simulated eye diagrams for the case of an unequal powe Time (ps)
split (70/30) without polarization scrambling. The eye diagram
shown in Fig. 10(a) represents the signal at the link output, (b)

prior to the PMD compensation system. The eye-closure penalt
compared to the transmitted signal as shown in Fig. 4is0.5dB 1.5
Fig. 10(b) shows the eye diagram of the signal output from the
PMD compensation system that has been configured to maxi
mize the monitor signal power. While the PMD compensation 1[g
system has improved the signal, some distortion of the eye re 2
mains and the eye closure penalty is 0.25 dB. When polarizatior 2
scrambling is present, the eye diagram at the PMD compense §°'5
tion system is identical to that shown in Fig. 4(c), with a negli-
gible eye-closure penalty.

Experimental results also demonstrate that polarizatior
scrambling improves the effectiveness of the PMD compen-

sation sy;tem. The experimental setup. described previousl -0.5 %0 700 150 200 250 300
was configured to produce an SOP alignment that resultec Time (ps)

in a power split of approximately 70/30 between the PSP’s

in the PMF. The eye diagram at the output of the PMF is (©)

shown in Fig. 11(a) and has an eye-closure penalty of 2.5 dB

compared to the transmitted eye. The eye diagram at the outpyt11. Eye diagrams of the signal received from a link having 48 ps of DGD

of the PMD compensation system configured to maximized a 70/30 power split: (a) before the PMD compensation system, (b) after the

the monitor signal is shown in Fig. 11(b). While the resuna@MD compensation system without polarization scrambling, and (c) after the
. g ) ) MD compensation system with polarization scrambling.

eye diagram is improved compared to the uncompensated eye,

the eye-closure penalty is 0.79 dB. Finally, the eye diagram

shown in Fig. 11(c) represents the case where the polarization o o N

scrambler at the output of the transmitter is activated and tifethis case, polarization scrambling improves our ability to

PMD compensation system again determines the approprig@npensate for PMD by more than 0.6 dB.

settings that result in a maximum monitor signal power. The In this experiment, the polarization scrambler was driven by

eye closure penalty for this eye diagram is 0.15 dB. Heneesinusoidal voltage with an amplitude sufficient to produce an



840 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 6, JUNE 2000

(27 Without compensation fiber chann_el. As thl§ approach relies on the PSP concept, this
= » Worstcase with compensation among various Tx SOPs compensation technique addresses only first-order PMD; con-
25} Compesation with polarization scrambler . sequently in a wavelength-division multiplexing (WDM) appli-
& & /'5 cation, a separate PMD compensation system would be required
% 2 e 1 for each optical channel.
g e
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A Poincare Sphere Method for Measuring Polarization-Mode Dispersion
Using Four-Wave Mixing (FWM) in Single-Model Optical Fiber
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Abstract: A nonlinear Poincare sphere methoed for measuring polarization-mode dispersion (PMD) using the
four-wave mixing (FWM) effect in single-mode optical fibers is presented. This method is based on the FWM-power
transfer function on the polarization states of the input signals. Average PMD can be obtained by using this method
with measurements in just a narrow optical bandwidth,

Key words: Polarization Mode Dispersion, PMD measurement, Poincare-Sphere Method, Four-wave mixing
(FWM)

I. Introduction

Polarization-mode dispersion (PMD) is one of the major limiting factors of ultrahigh-bit-rate
optical fiber communication systems. Currently, PMD is a big concern when upgrading legacy
networks of installed fiber to 10 Gb/s (QC-192) rates and higher. For example, at 10 Gb/s (OC-
192), the limit on PMD is about 10 ps [1]. Knowledge of the PMD in the fiber plant is becoming
very critical for system designs, evaluations and installations.

Measuring PMD for installed fiber still is not an easy task. The time-domain methods are
degraded by polarization state fluctuations, caused by polarization mode coupling in the fiber [2].
On the other hand, the frequency-domain method is limited by the motion-less condition. Any
motion of the measurement apparatus, especially at the ends the fibers, can totally destroy the
measured results [2, 3]. Maintaining a motionless condition is often difficult, especially with field
measurements.

Recently, a novel nonlinear method was presented for measuring PMD using four-wave
mixing (FWM) [4]. It alleviated the strict requirement for a motion-less condition. This paper
presents a new technique for measuring PMD that is based on the same nonlinear effect (four-
wave mixing, FWM) as in [4], but uses the Poincare sphere method to calculate PMD. In this
method, two signals at different frequencies are launched into the fiber under tested. The output
signals are then input to a dispersion-shifted fiber (DSF) to produce FWM. The FWM power in
the DSF is related to the arc length on the Poincare sphere and is measured to determine the PMD
value of the fiber under test. Theoretically, this method can produce a PMD value from each
measurement point on FWM power, thus it greatly reduce the signal wavelength scanning range
in the optical spectrum, though multiple measurements may be stili needed to reduce the
influence of FWM power fluctuation.

II. The theory of the method

FWM is a nonlinear process induced by Kerr effect in optical fiber. If three signals at
frequencies f; , f; and fi co-propagate through a single-mode fiber, the new frequency generated
through FWM would be f; = f; + fj - fi. For the partially degenerate case, f; = f; , the newly
generated frequency is f; = 2f; - fy. The generated FWM power depends not only on the signal
frequency separations, input signal power and fiber loss and nonlinear characteristics [3, 6, 71, but
also on the input signal polarization states [4, 8]. The FWM power transfer function on the state
of polarization (SOP) of the input pump signals can be written as [4]
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F(SOP,SOP,) =%[1+§1(a>1)052(w2)]
: (1)

1
= M@ L (D2 4 ) (D)
2[1+s] 8,7+ 8,08, 887 ]

Where 5,(w,)=[s" s’ 5’17 ands,(@,) =[5> s 51  are the normalized
vectors representing the two polarization states of the two input signals at frequencies ®; and ®,,
repectively. (1) is valid when the PMD in the fiber (measurement fiber) is small. This transfer
function has been verified by both simulation and experiments in [4].

On the surface of Poincare sphere, we can write (1) as

F (s)= %[1 + cos( ¢)]
(2)

= %[1 + cos( s)]

where ¢ is the angle between the two polarization vectors and s is the arc length between the two
end points of the two polarization vectors on the Poincare sphere. From (2), we can write s as a
function of F, that is

s=cos '(2F -1) (3)
By definition, the first-order PMD is calculated by [9]
d.
PMD =12 (4)
dw

where @is the signal angular frequency. Substituting (3) into (4), we get

1 dF
PMD = l I 5
FA-F) do

If we use wavelength instead of frequency, (5) becomes

22 dF
2mcJFA-F) dA

where A is the wavelength and c is the speed of light.

The FWM transfer function, F, is obtained by measuring the FWM efficiency as a function of
the signal wavelength separation. In real measurements, F needs to be calibrated with the zero-
PMD case to reduce the effects of chromatic dispersion in measurement fiber. The derivative in
(6) should also be replaced by a difference equation and we get

A I Ar |
e JFA—F) A 9
where AF is the change in FWM efficiency inside the small wavelength window AA. To reduce

the influence of FWM power fluctuation, multiple measurements are needed either at one
wavelength or at multiple wavelengths.

PMD =

(6)

PMD =
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I11. Experimental results

An experimental setup for measuring PMD using FWM is shown in Fig. 1. Here, a PMD
emulator was used to generate a known amount of PMD in the system and served as the fiber
under test. A 17.5-km dispersion shifted fiber (DSF) with a zero-dispersion wavelength of 1551
nm was used as the measurement fiber to produce FWM. The FWM power was measured by an
optical spectrum analyzer. In our measurements, the wavelength of one input signal was fixed at
1554.0 nm, and the other signal wavelength was varied, where the range of variation chosen
depended on the expected PMD values. During measurements, the PMD emulator was first set to
zero PMD and the FWM efficiency was measured and recorded, where the FWM efficiency is
defined as the FWM power normalized by its maximum value which occurs when the
polarization states of two input signals are aligned. This data was used for calibrating the FWM
efficiencies for the non-zero PMD cases. Fig. 2(a) and (b) show the measured FWM efficiency
vs. the signal wavelength separation for two PMD values, 10 ps and 20 ps, after calibration. The
PMD-induced periodic variations on FWM power is clearly observed when signal wavelength is
swept. The minimum measurable FWM level was limited by ASE noise.

LD PMD OSA
Emulator W—D(SQF_O'

Tunable Coupler Power

Laser PC Isolator Meter

Fig. 1 Experimental setup for measuring PMD using FWM.
LD--Laser diode;  PC--Polarization controller; EDFA--Erbium-doped fiber amplifier; DSF--
Dispersion-shifted fiber; OSA--Optical spectrum analyzer
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Wavelengh separation (nm) Wavelengh separation (nm)

Fig. 2 Normalized FWM efficiency for PMD =10 ps and PMD = 20 ps after calibrated
with zero-PMD case. (a) PMD = 10 ps, (b) PMD = 20 ps.

Fig. 3 shows measured average PMD for different given PMD. The measured mean PMD
values were obtained by averaging the measurements in different wavelength ranges, represented
by the periods of variations of FWM efficiency on wavelength, as show in Fig. 2. Four cases in
Fig. 3 correspond to 0.5, 1, 1.5 and 2 periods. The measured results for all four cases follow well
with the given values, but are mostly a little bit lower than the true PMD. This is due to
measurement errors around the notch areas of the measured FWM efficiency curve. Theoretically,
the notches of the FWM efficiency curve should have approached zero, but in experiments these
points are non-zero due to the amplified spontaneous emission in the erbium-doped fiber
amplifier (EDFA).

To estimate the optical bandwidth needed for this method, Table 1 gives the calculated
width in nanometer for each period of the FWM power variations with different PMD values. It
agrees well with measured FWM data in Fig. 2. For high PMD (> 10 ps), the period is quite

81



narrow. Thus the nonlinear Poincare sphere method can measure PMD without scanning
measurement signals in a wide optical bandwidth.

120 Table 1 The wavelength width of one period of FWM
["—e"Measured PMD in 0.5 period | power variations for different PMD values
1..i —®Measured PMD in 1-pericd o
100 i —*—Measured PMD in 1.5 periods T
1 M D 2 porods 4 | pMp
8O T e T Son U 5 20 50
2 P (ps) 10 100
é’ _
= Wavelength
width (nm)
| per 1.6 0.8 04 |0.16 | 0.08
FWM period

1 2 3 4 5
Measurements

Fig. 3 Measured mean PMD and the given PMD.
1V. Conclusion and discussion

In summary, we have presented a new Poincare sphere method for measuring PMD by using
FWM generation in single-mode optical fiber. It is based on the FWM power transfer function vs.
the polarization states of the pump signals. Compared to the traditional Poincare sphere method,
this method does not require measurement of the Stokes vectors and is less insensitive to
mechanical vibration of measurement apparatus. Compared to the nonlinear fixed polarization
analyzer method, this method does not need to scan a wide optical bandwidth and thus has fewer
requirements on the measurement fiber.

Similar to the nonlinear method in [4], this technique may also be used as an in situ PMD
measurement or monitoring method on dense wavelength-division multiplexed (DWM), traffic-
carrying fibers. If the polarization states of the transmitted signals are fixed, the FWM products in
the measurement fiber generated by wavelength channels may provide an estimate of the PMD.
This can be done either span-by-span or over several spans.
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Abstract—A method for measuring polarization-mode dis- In this method, a constant wavelength “probe” wave and a
persion (PMD) on fiber links using four-wave mixing (FWM) variable wavelength “signal” wave are launched into the test
generation is presented. This method uses a probe signal t0ghar of unknown PMD. The output signals are then input to

analyze the signal polarization state via FWM generation. The . - “ S
FWM power transfer function is derived in terms of the Stokes a low-dispersion, low PMD “measurement fiber” where FWM

parameters, and is validated using both simulated and experimen- Products are generated that depend on the PMD of the test
tal results. Based on this transfer function, PMD measurements fiber. Average PMD can then be determined by measuring

are presented that agree well with the actual PMD values. the power of the FWM products as the difference frequency
Compared to the traditional frequency-domain methods, this —f the two signals is varied, since the magnitude of FWM
new method does not require a motionless condition for the ducts d d th, larizati tat f the t
measurement apparatus. products depends upon the polarization states of the two
waves. This technique is insensitive to mechanical vibrations
and instabilities in the test equipment, since the measured PMD
depends only on the relative SOP change between the probe
and signal waves in the measurement fiber, not the position

Index Terms—Four-wave mixing (FWM), nonlinear effects,
polarization-mode dispersion (PMD) measurement.

|. INTRODUCTION coordinates of fiber or the equipment.
OLARIZATION-MODE dispersion (PMD) is one of the
major limiting factors of ultrahigh-bit-rate optical fiber Il. THE THEORY OF THE NONLINEAR METHOD

communication systems. Currently, PMD is a big concern

when upgrading legacy networks of installed fiber to 10 Gbfs. Dependence of the FWM Transfer Function

(OC-192) rates and higher. At OC-192 bit rates, the maximuom the State of Polarization (SOP)

acceptable amount of PMD is about 10 ps [1]. FWM is a nonlinear process induced by the Kerr effect in
Existing PMD measurement techniques fall mainly in tngI

X ivol ) ) ical fibers. If three signals at frequencigs f;, and f;
categories [2]. One involves time-domain measurements, ropagate through a single-mode fiber, the newly generated

includes the interferometric and optical pulse methods. Tlﬂ%quency through FWM will bef; = fi + f; — fu. For
= f; : .

other involves frequency-domain measurements, based onﬁll"@ partially degenerate casg, = f;, the newly generated
evolution of states of polarization (SOP) as a function of frqfequency isf, = 2f, — fa "I'he é’enerated FWM power
quelncy or wak\]/elength. Included in this chategory arhe the fixeganends not only on the signal frequency separation, the input
anﬁ yzer mﬁt od, t e_Jones-matle fmﬁt od, and the Pomhcasrl inal powers, the fiber loss, and nonlinear characteristics, but
sphere method. A major drawback of the time-domain metho o on the signal polarization states. The dependence of the

is that their results are degraded by polarization state fluctL’_qNM power on these parameters for the partially degenerate

tions, caused by polarization mode coupling in the fiber [2]. Oghse can be expressed as [4]-[6]

the other hand, a limitation of the frequency-domain methods
is that any motion of the measurement apparatus, especially’ewn (L) = Fi(y, o, P, Po, L)Fo(D, AN oo, Py, P, L)

at the ends the fibers, can totally destroy the measured results . F3(SOP,,SOP»). 1)
[2], [3]. Maintaining a motionless condition is often difficult, ’
especially with field measurements. Here, the first term,Fy, is called the power term, which

This paper presents a novel method for determining PMDis a function of the fiber nonlinear coefficient the fiber

a fiber link by measuring four-wave mixing (FWM) productsattenuation coefficient, the fiber lengthL, and is the input
signal powersP; (i = 1,2). The second tern¥y, is called the

Manuscript received May 10, 1999; revised September 7, 1999. This wdrWVM efficiency factor, which depends on the fiber dispersion
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is much longer than the coupling length (10-100 m in most Comparing (5) with (6), we see that they are the same
communication fiber), thed; can be written as [7] function, except that the polarization state of the 2nd, fixed
. . frequency “probe” signal in (5) replaces the polarizer trans-
F5(SOP1,S0Py) = cos®(¢) cos®(¢2) +sin® (1) sin(¢z) mission statg in (6). This suggests that an alternative to the
+ 5 sin(2¢1 ) sin(2¢2)[cos(A1) cos(A2)  fixed polarizer method would be to launch two, fixed SOP

+ sin(Aq) sin(Az)]. (2) signals into the test fiber and pass the output through a short

. L ) ) ) . measurement fiber that has both low PMD and dispersion.
This equation is valid for fiber with small PMD, since PMDAccording to (5), the FWM power generated in a low PMD
may s_ignificantly change_ the relative polarization states of t_'ﬁ'i"easurement fiber will vary with frequency changes of the

two signals along the fiber when the frequency separatigly; signal exactly as would the output of the test signal alone

between the two signals becomes large. _ passing through a fixed polarizer. This means that we can
. From the d.ef|n|t|ons. of St.okes vectors [8], we can write th€se the FWM transfer function (5) in place of tiiefunction
sine and cosine functions in (2) as (6) when calculating PMD using calculating first order PMD
Low o using (7).
cos(¢;) = 5[30 + 1] (3a) The advantage of calculating PMD using the FWM power
T ‘ produced in a separate, measurement fiber is that no special
sin(g;) = 5[3(()1) — s (3b) care need be taken to maintain a strict spatial orientation

between the test fiber and the measurement equipment (such
as a polarizer). This is because the probe wave follows the
(s(i))Q i (s(i))Q signal wave through both the test and measurement fibers and,
27 AT therefore, automatically establishes the polarization reference
sin(A;) = S3 7 (3dc) in the measurement fiber.

(5272 + (57
whereso, s1, 52, andss are the four normalized components oB- Experimental Verification of the FWM Transfer Function
Stokes vector, with the superscripstanding for the signals 1  In order to verify (5), both experiments and numerical
and 2, respectively. The normalized Stokes components satisiiyiulations were performed and compared with (5). A 17.5 km
the relation length of dispersion-shifted fiber (DSF) was used to produce

; \/ (g (g (g . FWM. The zero-dispersion wavelength of this fiber was 1551
so=\V(s1)2+ ()2 + (32 =1  (1=12). (4 nm.Two CW signals were input to this fiber, with wavelengths

(9
cos(A;) = 52 (3¢c)

Substituting (3a) to (3d) into (2), we obtain 1552.0 nm and 1552.8 nm, respectively. The polarization states
of the two input signals were varied by polarization controllers,

F3(SOP;,SOP,) = 3[1+ s 1 g 4 (D and a polarization analyzer was used to measure and record

=1[1+47 35, (5) the input polarization states of the two signals on the Poincare

sphere. The numerical calculations were performed using the
wheres; = [s8 s{P V)T ands, = [P s V)7 are  Split-Step Fourier-Transform Method [9].

the two vectors representing the polarization states of the twoFig. 1 shows the results for the case of when both signals
input signals on the Poincare sphere. were linearly polarized. Here, the SOP for one signal was fixed
To see how FWM power generated in a low PMD, lovand the SOP for the other signal varied along the equator of
dispersion measurement fiber can be used to measure the Pthi®Poincare sphere. Fig. 1(a) shows the polarization states on

in an arbitrary test fiber, we first note that, according to th@e Poincare sphere. Fig. 1(b) shows the FWM efficiency in
fixed polarizer method [3], the first-order PMD of a fiber cadB as calculated numerically, measured experimentally, and

be measured by launching a fixed SOP “signal” wave into thpgedicted by the FWM transfer function (5). For these plots,

test fiber and then passing the output through a fixed polarizttre FWM efficiency is defined as the FWM power, normalized
The output power from the polarizer is given by the expressidoy its maximum value. These results agree well except in the
T= L[ +5w) Pl (6) notch area, where the analytical curve from (5) goes to zero

2 (—oo dB) when the two signals have orthogonal polarization

wheres(w) is the SOP of the light incident on the polarizatiorstates. The simulated results at this point do not approach zero
ana'yzer an(ﬁ is the unit vector Specifying the transmissioﬁjue to the second-order FWM effects. The minimum measured

state (i.e., the pass axis of the polarization analyzer). FifsfYM power is limited by the ASE noise level. Even so, the
order PMD is then estimated using the formula [3] difference between measured maximum and minimum FWM
efficiency is roughly 15 dB, which is more than enough to
m(Ne) (7) distinguish the minima and maxima needed for determining
Aw PMD.
where (A7) is the mean PMD{N.) is the mean number of Fig. 2 shows the variation of the FWM efficiency when the
maxima and minima of th&€ curve in the frequency band polarization state of one signal is a fixed, linear state, and the
Aw, and k is the polarization coupling factor (which equalsther signal’s polarization state is varied from linear, to ellip-
1.0 when the fiber under test is a PMD emulator). tical, to circular, and back to the original linear polarization

(ATy =k
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Fig. 1. The dependence of FWM on the input signal polarization states for

linear polarization.x signal 1:e signal 2. Fig. 2. The dependence of FWM on the input signal polarization states for
linear, elliptical and circular polarizations signal 1;e signal 2.

state, as shown in Fig. 2(a). Numerically calculated, measured, .
and analytical predictions (5) of FWM efficiency are show# can be seen that the measured PMD values agree well with

in Fig. 2(b) and, again, show excellent agreement. the actual PMD values.

Ill. M EASURING PMD UsING FWM IV. CONCLUSION AND DISCUSSION

An experimental setup for measuring PMD using FWM We have demonstrated a method for determining PMD by
is shown in Fig. 3. Here, the device under test is a PMBeasuring FWM generation in a section of DSF measurement
emulator. The DSF measurement fiber is the same as tfiber placed after a test fiber. Both numerical simulations
used above for verifying the FWM transfer function. Arand experiments were performed to verify the FWM power-
erbium-doped-fiber amplifier (EDFA) was used to boost theansfer-function dependence on the polarization states of two
signal power to produce FWM in the DSF. The FWM powewaves launched into a fiber. PMD measurements were also
was measured with an optical spectrum analyzer. During therformed, with good agreement with the given PMD values.
measurements, the wavelength for one input signal was fixedLike the well-known fixed polarization-analyzer method,
at 1554.0 nm and the other wavelength was varied overttdis method uses a frequency-domain transfer function to
range that depended on the expected PMD values. Fig. 4dajermine SOP changes with frequency and, consequently,
and (b) shows the measured FWM power versus the sigtia¢ PMD. The difference, however, is that this technique
wavelength separation for PMD values of 20 and 10 pgses the FWM power generated in a separate measurement
respectively, where each is compared with the zero-PMD cafiber to track the changes of polarization of a wave with
The PMD-induced variations of the FWM power are clearlfrequency. This makes this technique relatively insensitive
observed as the signal wavelength changes, and look simttarmechanical vibrations and upset, since both the probe
to the transmission curves obtained when using the fixe@ihd signal waveforms are subjected to the same mechanical
polarizer PMD method. For the zero-PMD case, there aemvironments. Hence, the accuracy of this technique is limited
some fluctuations in FWM power, but the magnitudes of thenly by the additional PMD and dispersion added by the
variations are quite small and easily distinguished from PMDreasurement fiber itself, which is typically small in short
caused FWM magnitude variations. Fig. 5 shows the measutedgths of DSF fiber. In addition, errors can be further reduced
PMD values for different settings of the PMD simulator. Herdqy first calibrating the measurement with the zero-PMD case
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Fig. 3. Experiment setup for measuring PMD using FMD.
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An additional advantage of this technique is that it may be
possible for it to provide in situ PMD measurement or monitor-
ing on dense wavelength-division multiplexed (DWM), traffic-
carrying links. If the polarization states of the transmitted
signals are fixed, the FWM products generated throughout the
bandwidth of the channels in a separate measurement fiber
may provide an estimate of the PMD, either span by span or
over several spans.
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