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Abstract—Progress in optical networking has stimulated
interest in optical performance monitoring (OPM), particularly
regarding signal quality measures such as optical signal-to-noise
ratio (SNR), Q-factor, and dispersion. These advanced monitoring
methods have the potential to extend fault management and
quality-of-service (QoS) monitoring into the optical domain. This
paper reviews OPM applications and techniques, while examining
the role of OPM as an enabling technology for advances in
high-speed and optically switched networks.
Index Terms—Fault detection, networks, optical fiber communication, optical performance monitoring (OPM).

I. INTRODUCTION

D

URING the past decade, optical transport has enabled
the rapid growth of data traffic in the network backbone.
Further increases in capacity are gained by moving to dense
wavelength division multiplexing (DWDM) with large channel
counts. Optical performance monitoring (OPM) is essential
for managing such high capacity optical transmission and
switching systems. Examples of functions that require OPM
include amplifier control, channel identification and signal
health assessment. Ultralong haul and optically switched
networks promise improved operations, reduced footprint and
cost. However, these benefits come with the added complication
required by managing transparent networks and have stimulated
interest in OPM for enhanced fault management applications.
The need for fault management capability in the physical layer
is also driven by transmission requirements for very high bit
rate systems. While clear advantages have been identified for
increased transparency and bit rates, these trends place tighter
constraints on the engineering rules and transmission margins
[1]. OPM is a potential mechanism for relieving this tension
both through improved control of transmission and physical
layer fault management. New optical layer functionality such
as dynamic reconfiguration and link level restoration also
introduce a level of complexity that may require advanced
OPM capabilities. All of these issues bring focus to OPM as an
enabling technology for next generation optical networks.
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The topic of OPM has been discussed in the literature since
the early 1990s and the term itself has taken on multiple definitions [2]–[9]. In this paper, we adopt a broad definition of OPM:
physical layer monitoring of the signal quality, i.e., for the purpose of determining the health of the signal in the optical domain. Performance monitoring traditionally refers to monitoring
at the SONET/SDH layer for bit/block error rates (BERs) and
other quality-of-service (QoS) measures. The primary application of performance monitoring is to certify service level agreements between the network operators and their clients. OPM
involves the monitoring of physical layer performance, which
is not necessarily correlated with digital performance, although
much work has gone into identifying OPM techniques that can
be used in QoS applications.
An underlying theme in OPM is the notion that for transparent networks, one might envisage service level agreements
certified through OPM. As performance monitoring and QoS
measures migrate into the physical layer, OPM might be used
to realize new methods of managing traffic. Routing decisions
based upon OPM is one possibility [2], [3]. High capacity and
priority traffic can be dynamically tuned to high-performance
optical channels. Interactions between OPM and higher-level
element management systems (EMS) and network management
systems (NMS) become a critical issue. Questions arise such as
what information should be passed around the network in order
to keep the network management scalable. These aspects have
been addressed in recent OPM drafts within the IETF [10].
In optical transport systems, the physical layer performance is
more closely tied to fault management and control applications
than digital QoS applications. Control of optical transmission is
the first key application area for OPM. Several early field trials
used OPM methods for control of transmission [4], [5]. Today
the primary application is amplifier gain balancing. In fact, one
can argue that if a physical signal impairment can be monitored, then why not use the monitor signal for active compensation or regeneration? Compensating for gain ripple in long-haul
transmission using optical channel monitors is an example of
this. Polarization mode dispersion (PMD) is another impairment
that is perhaps best handled through compensation. Certainly
it would be impractical to use maintenance calls to manually
tune amplifier settings or dispersion compensators. There is obviously a gray area between monitoring in physical layer control
systems to maintain healthy operation and physical layer performance monitoring or OPM. Traditional electronic performance
monitoring also finds use in control and fault management applications in addition to QoS, so it is not surprising that OPM is
used across these application areas as well.
At present, monitoring of performance in the physical
layer (i.e., OPM) primarily involves a combination of in-
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dividual component alarms, aggregate power, and in some
cases optical channel monitoring (OCM). Component alarms
include monitoring of parameters such as amplifier pump laser
power or temperature controller limits. In this case, OPM is
indirectly realized through the assumption that if all of the
components are working correctly, then the signal must be
good. This is a very powerful technique that largely comes
for free, but unfortunately there are signal failures that violate
this assumption. OCM includes measurements of channel
power, presence, and wavelength. From an OPM perspective,
channel monitoring and also aggregate power monitoring is an
extension of component alarms in that it indirectly measures
signal quality. The term OPM is often applied to OCM devices
with the additional capability of monitoring the OSNR as well
as other signal quality measures such as chromatic dispersion,
PMD, or jitter. In band channel monitors that are sensitive to the
per-channel signal-to-noise ratio (SNR) are referred to as signal
quality monitors. Techniques such as Q-factor monitoring are
perhaps the closest optical analog of the electronic performance
monitor.
Prior reviews of OPM are found in [6]–[11]. Early references
to OPM were included in the details of several advanced optical
networking research initiatives such as NUTEK and MONET
[4], [5]. A number of papers focusing on fault management [12],
[13] and transparent networks [14]–[16] have dealt with optical
layer monitoring. Recent work has examined applications of
OPM techniques [9], [17] and system demonstrations [18], [19].
The literature on optical monitoring techniques, however, is extensive and references are given below.
II. OPM REFERENCE MODEL
OPM can be broken down into three layers, as shown in Fig. 1.
The first layer is transport or WDM channel management layer
monitoring, which involves a determination of the optical domain characteristics essential for transport and channel management at the WDM layer. For example, real time measurements of
channel presence, wavelength registration, power levels and the
spectral OSNR are transport layer measurements. The second
level is the optical signal or channel quality layer monitoring,
which locks onto a single wavelength and performs signal transition sensitive measurements. Examples of features that can be
analyzed in the signal quality layer are the analog eye and eye
statistics, Q-factor, the electronic SNR, and distortion that occurs within the eye due to dispersion and nonlinear effects. The
third level of OPM involves monitoring the data protocol information, protocol performance monitoring (PPM). This includes
digital measurements such as the BER, when used to infer properties of the analog optical signal.
There are several methods of implementing OPM in a line
system. i) the nondisruptive dedicated monitor: where the signal
is tapped on a WDM fiber and the monitor is shared among
many wavelengths on a single fiber (either through polling or
in parallel); ii) the disruptive shared monitor: this is the case in
which one of multiple optical fibers can be switched to a monitor so the monitor is shared, but the monitoring is disruptive as it
takes the fiber offline. This case can also be used to poll multiple
fibers. Nondisruptive fiber polling can be implemented by com-
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Fig. 1. Three layers of OPM: transport monitoring, signal quality monitoring,
and protocol monitoring.

bining i) and ii). iii) the in-line monitor: the full optical signal is
transmitted through the monitor and a nondestructive measurement is performed. This approach is most effective when the
signal is demuxed into single channels and is often integrated
with optical regeneration devices [20].
III. WINDOW OF OPERABILITY
The drive for greater bandwidth and lower cost has led to the
rapid technological evolution of optical communications. This
growth, which is achieved by transporting more bits/s longer
distances, is resisted by the physical and practical limitations of
the technology. Chraplyvy and Tkach first developed the notion
of a window of operability for a transmission system [21]. As
the capacity of a network increases, effects such as gain ripple
and dispersion reduce this window. New technology is developed to keep the window open. Ultralong-haul distances and
the evolution to transparent mesh networks threaten to close the
window of operability due in part to the complexity of managing
these networks. The introduction of 40 Gb/s modulation, likewise poses new challenges for optical systems. In this case, however, it is the increased impact of transmission impairments such
as chromatic dispersion, PMD, and nonlinearities that tighten
the window [22]. OPM is one potential means of widening this
window and enabling rapid growth of these new technologies.
IV. OPTICAL IMPAIRMENTS
Optical impairments can be classified into three broad categories: i) noise; 2) distortion; and 3) timing.
1) Noise: random signal fluctuations that are often
treated as a Gaussian process and can be signal level
dependent.
2) Distortion: modification of the average signal waveform, for example, the average waveform of the marks
and spaces taken separately. Distortion may be signal
level and pattern dependent and can lead to bursty errors and BER floors.
3) Timing: fluctuations in the time registration of the bits.
Timing jitter can occur as quickly as bit-to-bit or accumulate over many bit periods.
Within these categories are innumerable root causes, with
many degrading effects that manifest in more than one cate-
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gory. The root causes cannot be specified in advance because
they include all of the various modes of component failures. It
is helpful to further divide impairments into either component
fault effects or optical transmission impairments.
A. Component Faults
Component faults include individual or multiple component
malfunctions, improperly installed or configured equipment,
and damage or intrusion to the network. Impairments due
to such faults are as diverse as the components and network
designs deployed in the field and cannot be comprehensively
cataloged. Kartalopoulos recently cataloged the more common
component failure modes in DWDM systems [11]. To appreciate the range of possibilities, consider for example optical
amplifier failure modes. Failing pump lasers will result in
reduced power at particular points in the transmission path or
within internal sections of the amplifier. Subsequent amplification can convert these low power levels into excess noise that
will show up in the optical spectrum. Unstable pump lasers can
also result in excess noise on the signal, but in this case it may
not show up in the optical spectrum. If the power control loop
on a pump laser fails and it runs high, then the signal levels
will be high, which can enhance a host of nonlinear effects
in transmission, such as cross-phase (XPM) or self-phase
modulation (SPM).
In transparent networks, optical components replace
electronic switches, multiplexers, and regenerators, which
traditionally include SONET/SDH layer performance monitoring. By introducing the optical components with reduced
monitoring capability, one is trading off the additional capital
equipment expense of including optical monitoring (to replace
the electronic monitoring) against increased operating costs due
to more difficult troubleshooting. This tradeoff is acceptable as
long as the two costs scale the same. It is not clear how the cost
of troubleshooting a network scales. In the past, this tradeoff
was required in some sense because optical performance
monitoring was prohibitively expensive. More recently critical
optical technologies such as tunable filters and spectrometers
have become more available and have made many optical
monitoring options more economical.
B. Transmission Impairments
In addition to faulty network operation, there are many
well-known and perhaps countable disparaging effects of
optical transmission that are always present and must be
minimized or controlled. The most prevalent effects are given
in List 1. The last two effects in List 1 are transmission
impairments in networks with transparent switches or add-drop
multiplexers. In principle, all of these effects are controlled
through the network design. Engineering rules and transmission
margins are established to account for the worst-case impact of
each impairment on a particular system.
List 1. Notable transmission impairments:
1) amplifier noise;
2) amplifier distortion and transients;
3) chromatic dispersion;
4) polarization-mode dispersion;
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5) fiber nonlinearity induced distortion and crosstalk
(SPM, XPM, four-wave mixing (FWM), stimulated
Rayleigh, and Brillouin scattering);
6) timing jitter;
7) polarization effects;
8) interference effects (MPI);
9) pump laser RIN transfer;
10) optical filter distortion;
11) linear crosstalk.
In order to achieve long link lengths, optical impairments
such as amplifier noise, chromatic dispersion, and polarization
mode dispersion are carefully controlled. Interchannel interactions accumulate noise as a function of distance and the number
of channels. Prediction, monitoring, and control of nonlinear
impairments are complicated by interactions between impairments. The impact of XPM is dispersion dependent. Therefore
the network performance is dependent on the channel configuration and distance.
While distance is a primary driver for increased optical monitoring to mitigate transmission impairments, the use of optical
switching elements will affect the way in which different impairments need to be monitored. For example, in static point-topoint systems chromatic dispersion might only be monitored
to verify correct network installation or for in-service compensation. In a reconfigurable network, chromatic dispersion may
need to be monitored for faults because the accumulated dispersion and its impact will change as the network changes. Furthermore, in an optical switching environment the individual
channels will have unique histories and thus performance and
accumulated impairments should be measured on a per channel
basis. Single-channel impairments are also less likely to be correlated with component alarms, particularly for components that
act on the entire WDM band. For these reasons, functions such
as wavelength routing and network reconfiguration may require
advanced per-channel OPM to assist in the diagnosis of failures.
V. NETWORK MAINTENANCE
Another area that could significantly impact the cost of operating an optical network is the maintenance and troubleshooting
procedures. Troubleshooting is often a trial and error process
and the cost is likely to scale rapidly with the number of sites
visited and components tested. Many intangibles can come into
play here such as locked repeater huts or incorrect measurements, both of which would require repeated truck rolls. Long
delays can occur because parts are shipped to the wrong place.
Troubleshooting will be especially difficult if the maintenance
teams cannot obtain accurate information concerning the signal
routes and channel configurations. This reality of managing a
large network places a greater premium on accurate and automated performance information about a network. The closer
such monitoring can put the repair teams toward identifying
the problem, the less opportunities will arise for unnecessary
expenses.
The impact of active optical components must also be considered. For example, dynamic gain equalization balances the
optical power across the optical spectrum. Therefore, the power
evolution through the network is a complex function of the state
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of the system. Excess tilt caused by degraded amplifier performance will be compensated in the next repeater with dynamic gain equalization capability. Therefore the network is
self-healing and the degradation may not set off alarms until a
complete loss of signal occurs. As components are replaced or
removed during troubleshooting, the active components will respond such that the system is no longer the same and the effect of
the change is not easily interpreted. Also, nonlinear interactions
between the channels will create performance variations that
are dependent on the network configuration. While self-healing
is certainly beneficial, it makes troubleshooting more difficult
without adequate monitoring. A clear view into the network
through OPM techniques is a solution to these complications.
Any business case for OPM is complicated by the fact that it
results in higher capital expense that must be recovered through
savings over time in operational expenses. In the case that OPM
is strictly required, clearly this is not an issue—OPM becomes
an enabler for the adoption of new technology. If OPM is viewed
as a means to reduce operating costs, a strong business case is
needed in order to overcome the initial cost of deployment. Even
if improved fault management is possible, a given carrier may
not be able to realize the full benefit. For example, if a carrier
has a blanket service contract or billing structure, then the cost
savings will be difficult to identify. On the other hand, if a carrier
bills by the truck roll and OPM reduces the number of truck
rolls, then the savings are clear and quantifiable.
VI. FAULT MANAGEMENT IN OPTICAL NETWORKS
Fault management refers to the identification, diagnosis, resolution, and tracking of faults in a network. Here we use a broad
definition of fault to include any negative performance due to
improper system or component behavior. The fault is recognized
when a component or monitor alarm is triggered or a customer
report is filed. Many faults are self-healing or can be resolved
through software techniques such as remotely rebooting a circuit pack. Bit error alarms at the network end terminals or in
the customer equipment are the primary fault indications. Fiber
cuts, for example, will result in alarm indication signals and
trigger a repair response.
In optical network fault management applications, one typically needs to localize and diagnose a fault that is triggered by
an alarm at the end terminal. Ideally, this function is automated
through software.
For a monitor to be effective it must be able to detect the fault
that caused the end terminal alarm. For this purpose, the monitors must have equal to or better sensitivity than the end terminal
receiver, where sensitivity is defined relative to a particular impairment. For a given monitor, the sensitivity requirements will
also vary depending on where the monitor is used in the network. Noise builds throughout the network and distortion follows the dispersion map. The combination of both noise and
distortion at a given location will determine the sensitivity requirements for that location.
Amplified spontaneous emission (ASE) noise from optical
amplifiers is added by a nominally fixed amount in each span.
For monitoring near the transmitter side of the network, there
will be less noise on the signal and therefore in general a monitor
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Fig. 2. OSNR versus distance. Fault at the 8th repeater site drops the end
terminal BER to 10 and OSNR after site 8 follows the bottom curve after
the onset of the impairment.

can more easily pick out a noise increase. The opposite is true
near the receiver, where more noise has accumulated. ASE noise
is often quantified by the optical signal-to-noise ratio (OSNR),
which is the ratio of the signal power to the ASE noise power in a
0.1-nm optical bandwidth. Fig. 2 illustrates the monitoring situation for ASE noise. The representative optical network consists
of OPM units at various amplifier and OADM sites. For a 30
span network, the OSNR will evolve according to the top curve
(squares). This represents the noise level readouts of the OPM
units under normal operating conditions. If we consider for example excess noise introduced by a faulty OADM device at the
eighth repeater site, the OSNR will then drop as shown in the
graph. All monitors along the network after the faulty component will readout values along the bottom curve (circles). Thus,
if an alarm is triggered by the transponder unit at the end of the
network, then each OPM unit will show a drop in performance
back to the OADM unit. The fault is localized at the OADM unit
as the first site that registers a performance drop.
Although much research has been directed toward understanding the various optical impairments in a network and
what their implications are for the end-to-end performance,
very little work has examined the implications on monitoring.
Recently the sensitivity requirements for monitoring ASE noise
in a 10 Gb/s system were determined [9]. The sensitivity is
set by the minimum tolerable performance degradation at the
end terminal. This will vary from network to network. If the
normal performance variations in a network are quite large
over the course of a day, for example, then this will set the
desired sensitivity. An impairment that is smaller than these
normal fluctuations will be difficult to detect and in general
should be negligible. On the other hand, if the network is quite
stable, then other considerations may determine the sensitivity
requirements such as the desired size of the margin between
when the monitoring can detect an impairment and when that
impairment becomes service effecting. Kilper and Weingartner
introduced a generic metric of one order of magnitude BER
degradation at the end terminal. Furthermore, a threshold of
BER was used for determining the error-free condition.
Note that this metric provides as much as three to four orders
of magnitude advanced warning before the service effecting
BER levels are reached when FEC is used.
Sensitivity requirements must be derived for other signal
quality measures. Often monitoring techniques are analyzed
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as test and measurement devices and not as network OPMs.
For an OPM device, the network manager needs to know that
it has the sensitivity required to localize the root cause of bit
errors registered at the end terminal and which impairments are
covered by the monitor.

TABLE I
SUGGESTED OPM PARAMETERS

VII. OPTICAL PERFORMANCE MONITORING TECHNIQUES
Interest in optical monitoring first took hold in the early 1990s
with the introduction of WDM systems. As people began to
think more about optical networks rather than optical transmission systems, it became clear that a solution would be needed
for the monitoring problem. This was particularly true of undersea transmission systems because of the high repair costs and
larger capital budgets. A major challenge in submarine systems
has been to locate amplifier failures. Several techniques were
developed including low-frequency modulation of the amplifier
pump lasers for supervisory signaling, loop-back methods, and
tone modulation [23]–[25]. In terrestrial WDM systems, particularly with the use of optical add-drop multiplexers, there has
been interest in measurements of the optical spectrum for managing channel reconfiguration and discovery. Economical techniques for measuring the optical spectrum only became available in the latter half of the 1990s and therefore tone based techniques were the first used for monitoring WDM channels. Advanced OPM or signal quality monitoring, which measures the
per channel SNR, has been vigorously pursued in laboratories
as a next-generation monitoring technique.
List 2. Physical layer measurements for OPM:
1) average power (per wavelength or aggregate);
2) peak power;
3) pulse/bit shape;
4) eye diagram;
5) intensity/field autocorrelation (including higher order);
6) amplitude power spectrum (RF spectrum);
7) polarization state;
8) optical spectrum (wavelength);
9) amplitude histogram (synchronous and asynchronous);
10) V-curve (Q-factor)/BER;
11) polarization-mode dispersion (DGD, including higher
order);
12) chromatic dispersion;
13) phase/optical carrier characteristics.
One strength of electronic monitoring is that the required parameters that are monitored have been standardized. There have
been several attempts to identify a standard set of OPM parameters. This is challenging because OPM is physical layer monitoring and therefore the required OPM depends strongly on
the physical network design—for all of the reasons described
above! Furthermore, all electronic PM measurements can be
implemented in a single chip. Different OPM parameters often
require different monitors and certain parameters may require
costly technology. Therefore OPM is still highly constrained by
the available optical monitoring technology. List 2 is a list of
many possible measurements that can be made on an optical
signal. From these measurements there is an even larger list
of signal quality parameters that one might consider for standardization. On the other hand, optical channel monitoring is

becoming more common in WDM systems and may be well
adapted to standardization. Frequently suggested OPM parameters are given in Table I.
Each of the advanced parameters would be measured using a
unique monitoring technique, as described below. One might expect that OPM parameters would be reported in much the same
way that electronic monitoring is reported. Average values and
high and low tide levels can be periodically recorded and read
out. Monitors at network elements can be read by the network
management software through an optical supervisory channel.
A. Advanced OPM
Advanced optical performance monitoring techniques are
sensitive to the SNR of the optical signals. In general these
techniques can either be analog or digital. Digital techniques
use high-speed logic to process digital information encoded on
the optical waveform. Measurements on the digital signal are
used to infer the characteristics of the optical signal. Digital
methods have the strongest correlation with the BER, but
are usually less effective at isolating the effects of individual
impairments.
Analog measurement techniques treat the optical signal as an
analog waveform and attempt to measure specific characteristics of this waveform. These measurements are typically protocol independent and can be subdivided further into either time
domain methods or spectral methods. Time domain monitoring
includes eye diagram measurements and auto- or cross-correlation measurements. Spectral methods must be broken down into
optical spectrum and amplitude power spectrum (also referred
to as the electrical or RF spectrum) measurements. The optical
spectrum is conveniently measured using highly sensitive optical techniques and can provide optical noise information. Unfortunately, the connection between the optical spectrum and the
signal quality is not particularly strong. The amplitude power
spectrum is a better measure of signal quality because it measures the spectrum of the signal that is encoded on the optical
carrier (assuming intensity on-off keying modulation). Noise
and distortion on the amplitude power spectrum will usually directly translate to impairments on the signal.
Many monitoring techniques based upon the amplitude
power spectrum are facilitated by the use of spectral tones.
These narrowband monitor signals are superimposed on the
data signal and used as monitoring probes. The most common
low-frequency technique involves placing an RF sinusoidal
modulation on the optical signal at the transmitter. Because
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the tone is at a single, low frequency it is easy to generate and
process using conventional electronics. Each WDM channel is
assigned a different RF frequency tone. The average power in
these tones will be proportional to the average optical power
in the channel. Thus, the aggregate WDM optical signal on
the line can be detected and the tones of all the channels will
appear in the RF power spectrum in much the same way they
would appear in the optical spectrum. Furthermore, the noise
between the tones will be proportional to the optical noise,
except in the cases mentioned later. The clear advantage here
is that an image of the optical spectrum is encoded on the
electrical (or RF power) spectrum for convenient monitoring
[4], [8], [26]. Additionally, the monitoring of RF tones can be
used for measuring the accumulation of chromatic dispersion
and PMD on a digital signal [27]–[29]. An historical difficulty
with the tone monitoring techniques is the occurrence of ghost
tones. These are tones written from one channel to another
through the cross-gain modulation in the optical amplifiers.
Thus, even after a channel has been dropped at an OADM, its
tone will appear on the optical line because it was transferred
to other channels that are still present. High-frequency tones
do not have a ghost tone problem because the tones are too fast
for the amplifiers to follow [8], [30], [31].
Many spectral techniques have the advantage that they can
be implemented with narrowband electronics. Even though high
frequencies might be used, the narrow bandwidths will reduce
the cost of the electronics. Furthermore, if the detection bandwidth can be narrowed as well, then the sensitivity can be increased. Sensitivity is a critical issue in monitoring because opwithout amplifitical power levels are typically below 10
cation. With optical amplification the optical power levels per
channel are still below 1 mW, which is low for many advanced
monitoring techniques.
1) OSNR Monitoring: Perhaps the most direct method for
implementing advanced optical performance monitoring is to
perform OSNR monitoring. Often signal (average) power monitoring is required for gain equalization and other network functions. Common technologies for spectral OCMs are fiber FabryPerot filters, fiber Bragg grating filters, free-space and MEMS
diffractive optics, and dielectric thin film filters. Several techniques have been developed that do not directly measure the
optical spectrum or focus on wavelength monitoring [32]–[35].
Modulation tone techniques have also been used as a low-cost
alternative to spectral measurements. In principle, these same
techniques that measure signal power can also be used to obtain the optical noise power, which is extrapolated from the
power level adjacent to the channel. This approach works well
if the optical noise can in fact be obtained from the power level
adjacent to the channel. This condition is not true for many
important types of optical noise including multi-path interference effects, amplifier pump laser RIN transfer noise, and four
wave mixing. Furthermore, there are two general cases in which
spectral monitoring becomes problematic: dense WDM channel
packing and OADM/OXC networking [36]. Fig. 3 illustrates
the difficulty with dense channel packing. Monitoring 10 Gb/s
RZ modulated channels on a 50 GHz ITU grid (0.1 nm resolution), there is little spectrum available for monitoring between the channels. The actual noise level shown near 1566 nm,
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Fig. 3. Optical spectrum of 50 GHz spaced 10 Gb/s RZ modulated DWDM
channels with 17 dB and 32 dB OSNR.

where a channel has been turned off, is very different from the
minimum optical power between the channels. In the mesh optical networking situation (with OADMs and OXCs), adjacent
channels will have different histories and hence different optical noise powers. Therefore, not only does one need space between the channels, but there needs to be sufficient spectrum
to measure two adjacent and independent noise levels. Filtering
associated with the optical cross-connect devices will shape this
background as well. For 10 Gb/s signals, a spacing of 100 GHz
or more is needed for spectral OSNR monitoring, and the success of such monitoring will depend on the filters and modulation format used in a particular system. Despite these limitations
on signal quality monitoring, OSNR monitoring is an excellent
measure of optical amplifier performance. Even if the noise on
individual channels cannot be resolved, the noise level outside
the WDM band can be monitored [37], [38]. Amplifier failure or
degradation, which is a prevalent source of signal degradation,
can be monitored and located within a network through OSNR
techniques. In fact, OSNR techniques are frequently used for
troubleshooting network faults.
Other OSNR monitoring techniques have been developed that
measure the noise power within the individual channel optical
bandwidth. The challenge in this case is to discriminate between
the noise and the signal. This is particularly difficult because a
data signal is random and therefore has the appearance of noise
by most measures. One approach is to use the optical polarization [39]–[41]. In principle, an optical signal will have a well-defined polarization, whereas optical noise will be unpolarized.
Therefore, the polarization extinction ratio is a measure of the
optical SNR. Unfortunately, optical signals are not well behaved
with respect to polarization. Although PMD effects can be compensated, polarization scattering in ultralong-haul systems results in fast bit-to-bit polarization fluctuations that are impractical to track [42].
Another approach to in-channel OSNR monitoring is to
use the amplitude power spectrum of the data and monitor at
spectral locations at which the signal is not present. This can
involve monitoring at low frequencies, high frequencies, or at
special null locations within the spectrum. Optical subcarrier
monitoring has been used to directly measure the OSNR and
correlate the optical measured value to the electrical SNR
seen by the receiver [30]. This approach has an advantage
in that it involves monitoring on the actual data signal as it
has propagated along the impairment path of the signal itself.
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For frequencies above approximately 1/4 of the bit rate, the
monitoring signal will be sensitive to both distortion and noise
[27].
High- and low-frequency monitoring are essentially out of
band techniques in that they measure the electrical noise power
at a frequency outside the electrical spectrum of the data.
Both methods are often used in conjunction with electrical
tones, as described above. Low-frequency monitoring suffers
because it is susceptible to low-frequency noise tails. There are
low-frequency pattern dependent fluctuations and cross-gain
modulation artifacts due to optical amplifiers for example.
Furthermore, many noise sources (e.g., MPI noise) have a large
low-frequency tail, which would exaggerate the strength of the
noise in a low-frequency measurement. At the high-frequency
end, these same noise sources are underestimated relative
to ASE noise, which is flat with frequency. High-frequency
measurements are more sensitive to dispersion effects, due to
high-frequency fading. Each of these approaches suffers in
fault localization applications, because they do not directly
measure the noise on the signal and instead rely on the notion
that the noise extrapolates to high or low frequencies.
Electronic spectral measurement techniques that measure the
noise within the data spectrum are most promising for fault
management applications, because they measure the noise directly on the data. Several approaches have been proposed in
this respect, including: framing signal monitoring [43], homodyne signal nulling [44], and 1/2 clock frequency constellation
monitoring [45].
2) Dispersion Monitoring: High-bit-rate transmission systems are susceptible to deleterious optical-fiber-based effects,
such as chromatic dispersion and PMD. These impairments can
create significant signal distortion and lead to BER floors; thus,
isolating the accumulation of these effects may be valuable in
network management and control. Noise monitoring by itself is
only effective for fault localization if distortion and timing jitter
are sufficiently controlled that they can be neglected. In today’s
networks, fibers and other dispersive components are precharacterized for CD and PMD and the transmission link engineered
to accommodate or correct for this value. Errors in the network
record, failures in dispersive components, and improperly installed network elements are potential sources of dispersion-related faults. These problems are often handled in static networks
through offline testing during installation. As bit rates increase
and optical switching is employed, more emphasis is placed on
embedded dispersion monitoring. Increased sensitivity to environmental effects has driven the development of active compensation devices. In reconfigurable optical networks different
signals can traverse different paths at different times and, thus,
the target dispersion becomes time dependent. Keeping track
of dispersion in a dynamically changing environment can become prohibitively difficult without embedded monitoring. The
routing of individual wavelengths requires wavelength selective components, which are often dispersive. The use of these
and other dispersive elements introduce a new set of component
failure modes that might benefit from monitoring.
Using a dispersion monitor together with noise monitoring
provides a highly effective combination for both fault localization and diagnosis (i.e., determining the root cause). Indeed,
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Fig. 4. Chromatic dispersion measurements based on optical subcarrier
multiplexing. (a) Course delay measurements and (b) normalized fine delay
measurements.

it may be desirable for management systems to mitigate or
compensate these degrading effects separately. In a system that
utilizes OCM and active dispersion compensation for control
of transmission, this OPM combination might be implemented
with little additional hardware.
Real time dispersion monitors that can measure the amount
of distortion can be used to trigger alarms or feedback to active dispersion compensators [27]. The literature on dispersion
monitoring is extensive and readers are directed toward several
reviews for a comprehensive treatment of the subject [27], [46].
Here we provide a brief overview of several techniques that are
of interest for OPM.
a) Chromatic dispersion monitoring: Chromatic dispersion is a well-understood effect that arises from the
frequency-dependent nature of the index of refraction in an
optical fiber, and is one of the main impairments that limit the
performance of optical fiber systems. For robust high-bit-rate
systems, it is essential that dispersion be compensated to within
tight tolerances. Several techniques have been demonstrated for
real-time chromatic dispersion monitoring to enable dynamic
dispersion compensation and may be applied more generally
as OPM techniques. One method is to detect the conversion
of a phase-modulated signal into an amplitude-modulated
signal due to chromatic dispersion [47]. A second method
is inserting a subcarrier (RF tone) at the transmitter. The
subcarrier approach measures the resulting delay of the subcarrier sidebands relative to the baseband and can be used to
measure the accumulated dispersion with fine and medium
accuracy without knowledge of the signal transport history
(see Fig. 4) [8], [30], [31], [48]. These two methods are simple
and applicable to WDM systems, but require modification
of the transmitter. Also based on the dispersion-induced RF
power fading effect, an alterative technique is extracting the
bit-rate frequency component (clock) from photo-detected
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Fig. 5. Chromatic dispersion monitoring using vestigial sideband (VSB)
filtering.

Fig. 6. Technique to monitor PMD: (a) Frequency sweep over the pulse
spectrum. (b) Corresponding motion of the Stokes vector on the Poincaré
sphere [54].

data and monitoring its RF power [49]. This technique does
not require modification of the transmitter, but is bit rate and
modulation format dependent. Although this approach cannot
isolate chromatic dispersion, like other tone fading techniques
it is sensitive to a variety of distortion effects including PMD
and pulse carver misalignment, which is advantageous for fault
localization.
Another powerful technique is detecting the relative group
delay between the upper and lower vestigial-sideband (VSB)
signals in transmitted data [50]: the lower and upper vestigial
sidebands are obtained by tuning an optical filter away from the
optical spectrum center of the double-sideband data (see Fig. 5).
Since the two optical sidebands occupy different wavelength
ranges, fiber chromatic dispersion induces a relative group delay
between the lower and upper VSB signals. This group delay can
be measured through clock recovery and phase-sensitive detection. This technique requires no modification at the transmitter,
is highly sensitive, is unaffected by PMD, fiber nonlinearity,
and transmitter chirp, and can be applied to WDM signals by
sweeping the optical filter.
b) Polarization-mode-dispersion monitoring: PMD is
a limitation in optical communication systems due to either
the PMD of the fiber plant, particularly for high-PMD legacy
fiber, or of in-line components [46]. PMD is based on the
concept that the same spectral component of optical data
splits on two orthogonal states of polarization [i.e., principal
states of polarization (PSPs)] within a fiber and these two
spectral copies travel down the fiber at slightly different speeds.
Deleterious PMD effects are stochastic, time-varying, temperature-dependent, and worsen as the bit rate rises. Moreover, the
instantaneous first-order PMD [i.e., differential group delay
(DGD)] follows a Maxwellian probability distribution, always
with some finite possibility of a network outage.
A number of monitoring techniques have been demonstrated
to provide appropriate control signals for PMD mitigation. Several techniques are based on spectral analysis such as RF tones
[28], [29], [51]–[53]. A given optical frequency component
splits on two orthogonal PSPs and each replica travels down the
fiber with a different speed that dephases these replicas. This
effect reduces the corresponding spectral component in the
detected RF power spectrum through destructive interference.
As described earlier, these techniques can be effective as
generalized distortion monitors, but cannot isolate a given
impairment. By filtering out several spectral slices from the

baseband signal and measuring the S-parameters, however, one
can isolate the differential group delay as shown in Fig. 6 [54].
This technique can yield real-time measurements of the DGD
without knowledge of the signal transport history.
Another technique involves measuring the phase difference
between two optical frequency components for the two orthogonal PSPs [55]. This technique requires polarization tracking at
the receiver to be able to find the PSPs so the phase can be measured. Monitoring techniques based on measuring the degree of
polarization (DOP) of the signal [56], [57] have the advantage of
not requiring high-speed circuits and are insensitive to the other
degrading effects [58]. However, DOP-based techniques suffer
from the following disadvantages: i) a small DGD monitoring
range for short pulse RZ signals, ii) a lack of sensitivity for NRZ
signals, and iii) they are affected by higher-order PMD. These
limitations can potentially be overcome by centering a narrowband optical filter at either the optical central frequency or one
of the signal’s sidebands [59].
3) Q-Factor/BER: The preferred parameter to use for fault
management is the BER. Indeed this is precisely the parameter
used in electronic networks. Since it is the same metric that is
used at each network end-terminal for QoS, it is sensitive to the
same impairments that affect the QoS. In fault localization, one
hopes to identify the location of the cause of the BER degradation. In order to implement this in optical networks today,
one would effectively need to terminate the optical line with a
transponder (O/E/O) on every channel and thus remove all of
the advantages of optical networking. An alternative solution is
to use polling. Instead of an entire bank of transponders, in this
case only the receive side of a single transponder is used and a
tunable optical filter sequentially polls each WDM channel and
even multiple fibers in a repeater. In order for this approach to
be nonintrusive, the monitor either must work off of a 1–2% optical tap or it must be placed at a location in which a larger tap
might be tolerated such as mid-stage in an optical amplifier. If a
large tap loss is required, an optical preamplifier can be used to
overcome this loss. In fact, a 20 dB tap loss is similar to the loss
on a single span and therefore the combination of optical tap and
filter/preamp front end is roughly equivalent to terminating the
line one span farther down and conducting performance monitoring on the full signal.
One difficulty for using this type of BER monitoring in
optical networks is that the signal is typically error free within
the network. When the BER is monitored at a transponder,
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error-free signals are not a problem because the signal is
regenerated and impairments will not accumulate. For OPM
at an amplifier site the signal is only amplified and not fully
regenerated, therefore, noise will pass through and continue to
accumulate. The result is the situation in Fig. 2. Measurement
of the BER at the location of the fault (near site 8) would result
in an error free measurement. When the signal reaches the end
terminal, however, due to accumulated noise it is not error free
and the performance degradation on the BER is observed. In
order to detect the degradation within the network, one solution
is to use noise loading. In this case, noise is intentionally added
to the signal in order to bring the BER to a measurable level
and then the additional noise caused by the impairment can be
detected.
Another solution to the low sensitivity of BER monitoring is
to use Q-factor monitoring [60], [61]. The Q-factor is obtained
by adjusting the decision threshold voltage of the monitor receiver away from the optimum level so that errors are recorded.
Once an error rate is generated, changes to that rate can be monitored and small degradations become visible. Several such techniques have been developed for measuring the Q-factor [62],
[63], one in particular involves comparing the output of a variable decision circuit with a fixed optimized reference decision
circuit [62].
The Q-factor is essentially the SNR. If it is measured using a
receiver, then it is precisely the electronic SNR. If measured by
other means such as optical sampling [64], then it is the in-band
optical SNR. It is defined as the difference between the average
value of the marks (ones) and of the spaces (zeros) divided by
the sum of the standard deviations of the noise distributions
around each.
The Q-factor measurements described above require some
form of clock recovery. In some cases this may not be desirable
either because of the cost of the recovery electronics or the need
to support (in a truly transparent sense) an unwieldy number of
bit rates. Also, if the eye is heavily impaired within the network,
for example due to a strong dispersion map, clock recovery may
not be possible. In these situations, asynchronous Q-factor estimation techniques can be used [17], [63], [65], [66]. Asynchronous histograms are generated by simply recording the amplitude histogram without any regard to timing. This histogram
will differ from a synchronous histogram because the transition
points will fill in the center of the histogram. This additional data
makes it difficult to extract both the average values on the marks
and spaces, as well as the noise distributions around each. A
number of techniques have been devised to extract the parameters in the Q-factor calculation. Asynchronous histograms work
best for NRZ format data, in which the rails are well defined.
Because of the strong correlation between Q-factor and BER,
this measurement is highly effective for fault management.
Q-factor is sensitive to the same impairments that impact the
end terminal receiver with the appropriate sensitivity. Although
the cost of this approach may be high for many embedded
network-monitoring applications, a portable unit can be a
valuable tool in troubleshooting faults particularly to target the
rare complication that is not identified by embedded OCMs.
4) Timing Jitter: Timing jitter is difficult to monitor and
compensate. It is usually left to the regeneration devices to deal
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with jitter. Timing jitter faults are most commonly associated
with the transmitter and can be addressed by monitoring at the
transmitter. Generalized SNR monitors such as the Q-factor
and BER are indirectly sensitive to jitter and could be used to
identify a localized source of jitter.
VIII. CONCLUSION
Exhaustive monitoring is possible with an unlimited budget.
Although the future of optical networks is difficult to predict, the
value of OPM increases with increasing transparency. Networks
are evolving in ways that make higher levels of OPM desirable
if not required. Numerous technologies have been developed to
address this OPM need. The challenge going forward will be
to apply these techniques with the right balance between monitoring coverage, sensitivity, and cost.
REFERENCES
[1] V. W. S. Chan, K. L. Hall, E. Modiano, and K. A. Rauschenback, “Architectures and technologies for high-speed optical data networks,” J.
Lightwave Technol., vol. 16, pp. 2146–2168, 1998.
[2] B. Ramamurthy, D. Datta, H. Feng, J. P. Heritage, and B. Mukherjee,
“Impact of transmission impairments on the teletraffic performance of
wavelength-routed optical networks,” J. Lightwave Technol., vol. 17, pp.
1713–1723, 1999.
[3] R. Friskney, K. Warbrick, S. Poliakoff, and R. Heath, “Link-based photonic path performance prediction and control,” in Europ. Conf. Optical
Commun. (ECOC), 2002.
[4] G. R. Hill et al., “A transport network layer based on optical network
elements,” J. Lightwave Technol., vol. 11, pp. 667–679, 1993.
[5] W. T. Anderson et al., “The MONET project—a final report,” J. Lightwave Technol., vol. 18, pp. 1988–2009, 2000.
[6] G. Bendelli, C. Cavazzoni, R. Girardi, and R. Lano, “Optical performance monitoring techniques,” in Europ. Conf. Optical Commun.
(ECOC), vol. 4, 2000, p. 113.
[7] R. Habel, K. Roberts, A. Solheim, and J. Harley, “Optical domain performance monitoring,” in Conf. Optical Fiber Commun. (OFC), 2000,
p. 174.
[8] G. Rossi, T. E. Dimmick, and D. J. Blumenthal, “Optical performance
monitoring in reconfigurable WDM optical networks using subcarrier
multiplexing,” J. Lightwave Technol., vol. 18, pp. 1639–1648, 2000.
[9] D. C. Kilper and W. Weingartner, “Monitoring optical network performance degradation due to amplifier noise,” J. Lightwave Technol., vol.
21, pp. 1171–1178, May 2003.
[10] J. Strand and A. Chiu, IETF Draft-ietf-ipo-Impairments-05.
[11] S. V. Kartalopoulos, Fault Detectability in DWDM. New York: IEEE,
2001.
[12] C.-S. Li and R. Ramaswami, “Automatic fault detection, isolation, and
recovery in transparent all-optical networks,” J. Lightwave Technol., vol.
15, pp. 1784–1793, 1997.
[13] C. Mas and P. Thiran, “An efficient algorithm for locating soft and hard
failures in WDM networks,” IEEE J.Select. Areas Commun., vol. 18, pp.
1900–1911, 2000.
[14] M. Bischoff, M. N. Huber, O. Jahreis, and F. Derr, “Operation and maintenance for an all-optical transport network,” IEEE Commun. Mag., pp.
136–142, Nov. 1996.
[15] M. W. Maeda, “Management and control of transparent optical networks,” IEEE J. Select. Areas Commun., vol. 16, pp. 1008–1023, 1998.
[16] M. Medard, S. R. Chinn, and P. Saengudomlert, “Node wrappers for QoS
monitoring in transparent optical nodes,” J. High Speed Networks, vol.
10, pp. 247–268, 2001.
[17] I. Shake and H. Takara, “Averaged Q-factor method using amplitude histogram evaluation for transparent monitoring of optical signal-to-noise
ratio degradation in optical transmission system,” J. Lightwave Technol.,
vol. 20, pp. 1367–1373, 2002.
[18] M. Petersson, H. Sunnerud, B.-E. Olsson, and M. Karlsson, “Multichannel OSNR monitoring for WDM networks,” in Europ. Conf. Optical Commun. (ECOC), 2002, p. 1.1.6.

KILPER et al.: OPTICAL PERFORMANCE MONITORING

[19] A. Richter, W. Fischler, H. Bock, R. Bach, and W. Grupp, “Optical
performance monitoring in transparent and configurable DWDM networks,” in IEE Proc.—Optoelectron., vol. 149, 2002, pp. 1–5.
[20] P. S. Westbrook, T. H. Her, B. J. Eggleton, S. Hunsche, and G. Raybon,
“Measurement of pulse degradation using all-optical 2R regenerator,”
Electron. Lett., vol. 38, pp. 1193–1194, 2002.
[21] A. Chraplyvy, “Discussion at Optical Fiber Communication Conf.
(OFC) Sunday rump session in early 1990s ,” unpublished.
[22] F. Forghieri, R. W. Tkach, and A. R. Chraplyvy, “Fiber nonlinearities
and their impact on transmission systems,” in Optical Fiber Telecommunications IIIB, I. P. Kaminow and T. L. Koch, Eds. San Diego, CA:
Academic, 1997, pp. 69–114.
[23] M. Murakami, T. Imai, and M. Aoyama, “A remote supervisory system
based on subcarrier overmodulation for submarine optical amplifier systems,” J. Lightwave Technol., vol. 14, pp. 671–677, 1996.
[24] D. A. Fishman and B. S. Jackson, “Transmitter and receiver design for
amplified lightwave systems,” in Optical Fiber Telecommunications
IIIA, I. P. Kaminow and T. L. Koch, Eds. San Diego, CA: Academic,
1997, pp. 196–264.
[25] K. Chan, C. K. Chan, F. Tong, and L. K. Chen, “Performance supervision for multiple optical amplifiers in WDM transmission systems using
spectral analysis,” IEEE Photon. Technol. Lett., vol. 14, pp. 705–707,
2002.
[26] K.-P. Ho and J. M. Kahn, “Methods for crosstalk measurement and reduction in dense WDM systems,” J. Lightwave Technol., vol. 14, pp.
1127–1135, 1996.
[27] A. E. Willner and B. Hoanca, “Fixed and tunable management of
fiber chromatic dispersion,” in Optical Fiber Telecommunications IVB,
I. Kaminow and T. Li, Eds. San Diego, CA: Academic, 2002, pp.
642–724.
[28] T. Takahashi, T. Imai, and M. Aiki, “Automatic compensation technique
for timewise fluctuating polarization mode dispersion in in-line amplifier systems,” Electron. Lett., vol. 30, pp. 348–349, 1994.
[29] G. Ishikawa and H. Ooi, “Polarization-mode dispersion sensitivity and
monitoring in 40-Gbit/s OTDM and 10-Gbit/s NRZ transmission experiments,” in Conf. Optical Fiber Communication (OFC) 1998, 1998, pp.
117–119.
[30] M. Rohde, E.-J. Bachus, and F. Raub, “Monitoring of transmission impairments in long-haul transmission systems using the novel digital control modulation technique,” in Europ. Conf. Optical Commun. (ECOC),
2002.
[31] T. E. Dimmick, G. Rossi, and D. J. Blumenthal, “Optical dispersion
monitoring technique using double sideband subcarriers,” IEEE Photon.
Technol. Lett., vol. 12, pp. 900–902, 2000.
[32] M. Teshima, M. Koga, and K. I. Sato, “Performance of multiwavelength simultaneous monitoring circuit employing arrayed-waveguide
grating,” J. Lightwave Technol., vol. 14, pp. 2277–2286, 1996.
[33] L. E. Nelson, S. T. Cundiff, and C. R. Giles, “Optical monitoring using
data correlation for WDM systems,” IEEE Photon. Technol. Lett., vol.
10, pp. 1030–1032, 1998.
[34] K. J. Park, S. K. Shin, and Y. C. Chung, “Simple monitoring technique
for WDM networks,” Electron. Lett., vol. 35, pp. 415–417, 1999.
[35] C. J. Youn, S. K. Shin, K. J. Park, and Y. C. Chung, “Optical frequency
monitoring technique using arrayed-waveguide grating and pilot tones,”
Electron. Lett., vol. 37, pp. 1032–1033, 2001.
[36] D. C. Kilper, S. Chandrasekhar, L. Buhl, A. Agarwal, and D. Maywar,
“Spectral monitoring of OSNR in high speed networks,” in Europ. Conf.
Optical Commun. (ECOC), 2002, p. 7.4.4.
[37] K. Asahi, M. Yamashita, T. Hosoi, K. Nakaya, C. Konishi, and S. Fujita, “Optical performance monitor built into EDFA repeaters for WDM
networks,” in Optical Fiber Communication Conference. Wash.,
D.C.: Opt. Soc. Amer., 1998, vol. 2, 1998 OSA Tech. Dig. Series, pp.
318–319.
[38] H. Suzuki and N. Takachio, “Optical signal quality monitor built into
WDM linear repeaters using semiconductor arrayed waveguide grating
filter monolithically integrated with eight photodiodes,” Electron. Lett.,
vol. 35, pp. 836–837, 1999.
[39] M. Rasztovits-Wiech, M. Danner, and W. R. Leeb, “Optical signal-tonoise ratio measurement in WDM networks using polarization extinction,” in Europ. Conf. Optical Commun. (ECOC), 1998, pp. 549–550.
[40] S. K. Shin, K. J. Park, and Y. C. Chung, “A novel optical signal-to-noise
ratio monitoring technique for WDM networks,” OSA Trends in Optics
and Photonics (TOPS), vol. 54, pp. 182–184, 2000.

303

[41] J. H. Lee, D. K. Jung, C. H. Kim, and Y. C. Chung, “OSNR monitoring
technique using polarization-nulling method,” IEEE Photon. Technol.
Lett., vol. 13, pp. 88–90, 2001.
[42] B. C. Collings and L. Boivin, “Nonlinear polarization evolution induced
by cross-phase modulation and its impact on transmission systems,”
IEEE Photon. Technol. Lett., vol. 12, pp. 1582–1584, 2000.
[43] W. G. Yang and J. H. Sinsky, “SONET framing recognition using
modulation domain analysis,” IEEE Photon. Technol. Lett., vol. 13, pp.
1127–1129, 2001.
[44] C. J. Youn, K. J. Park, J. H. Lee, and Y. C. Chung, “OSNR monitoring
technique based on orthogonal delayed-homodyne method,” IEEE
Photon. Technol. Lett., vol. 14, pp. 1469–1471, 2002.
[45] H. Stuart, “Signal-to-noise ratio monitoring of optical data using narrowband RF analysis at the half-clock frequency,” in Conf. Optical Fiber
Communication (OFC), 2003, pp. 407–409.
[46] H. Kogelink, R. M. Jopson, and L. E. Nelson, “Polarization-mode dispersion,” in Optical Fiber Telecommunications IVB, I. Kaminow and T.
Li, Eds. San Diego, CA: Academic, 2002, pp. 725–861.
[47] A. Chraplyvy, R. Tkach, L. Buhl, and R. Alferness, “Phase modulation
to amplitude modulation conversion of CW laser light in optical fibers,”
Electron. Lett, vol. 22, pp. 409–411, 1986.
[48] M. N. Petersen, Z. Pan, S. Lee, S. A. Havstad, and A. E. Willner,
“Online chromatic dispersion monitoring and compensation using a
single inband subcarrier tone,” IEEE Photon. Technol. Lett., vol. 14,
pp. 570–572, 2002.
[49] G. Ishikawa and H. Ooi, “Demonstration of automatic dispersion
equalization in 40 Gb/s OTDM transmission,” in Europ. Conf. Optical
Commun. (ECOC), 1998, pp. 519–520.
[50] Q. Yu, Z. Pan, L.-S. Yan, and A. E. Willner, “Chromatic dispersion monitoring technique using sideband optical filtering and clock phase-shift
detection,” J. Lightwave Technol., vol. 20, pp. 2267–2271, 2002.
[51] R. Noe, D. Sandel, M. Yoshida-Dierolf, S. Hinz, V. Mirvoda, A.
Schopflin, C. Gungener, E. Gottwald, C. Scheerer, G. Fischer, T.
Weyrauch, and W. Haase, “Polarization mode dispersion compensation
at 10, 20, and 40 Gb/s with various optical equalizers,” J. Lightwave
Technol., vol. 17, pp. 1602–1616, 1999.
[52] S. M. R. M.S. M. R. Motaghian Nezam, Y.-W. Song, A. B. Sahin, Z.
Pan, and A. E. Willner, “PMD monitoring in WDM systems for NRZ
data using a chromatic-dispersion-regenerated clock,” in Conf. Optical
Fiber Communication (OFC), 2002, pp. 200–202.
[53] H. Y. Pua, K. Peddanarappagari, B. Zhu, C. Allen, K. Demarest, and
R. Hui, “An adaptive first-order polarization-mode dispersion compensation system aided by polarization scrambling: theory and demonstration,” J. Lightwave Technol., vol. 18, pp. 832–841, 2000.
[54] G. Bosco, B. E. Olsson, and D. J. Blumenthal, “Pulsewidth distortion
monitoring in a 40 Gbit/s optical system affected by PMD,” IEEE
Photon. Technol. Lett., vol. 14, pp. 307–309, 2002.
[55] B. W. Hakki, “Polarization mode dispersion compensation by phase diversity detection,” IEEE Photon. Technol. Lett., vol. 9, pp. 121–123,
1997.
[56] F. Roy, C. Francia, F. Bruyere, and D. Penninckx, “Simple dynamic polarization mode dispersion compensator,” in Conf. Optical Fiber Communication and the Int. Conf. Integrated Optics (OFC/IOOC), vol. 1,
1999, pp. 275–278.
[57] S. Lanne, W. Idler, J.-P. Thiery, and J.-P. Hamaide, “Fully automatic PMD
compensation at 40 Gbit/s,” Electron. Lett., vol. 38, pp. 40–41, 2002.
[58] N. Kikuchi, “Analysis of signal degree of polarization degradation used
as control signal for optical polarization mode dispersion compensation,” J. Lightwave Technol., vol. 19, pp. 480–486, 2001.
[59] S. M. R. M.S. M. R. Motaghian Nezam, L.-S. Yan, J. E. McGeehan, Y. Q.
Shi, A. E. Willner, and S. Yao, “Wide-dynamic-range DGD monitoring
by partial optical signal spectrum DOP measurement,” in Conf. Optical
Fiber Communication (OFC), 2002, pp. 924–926.
[60] N. S. Bergano, F. W. Kerfoot, and C. R. Davidson, “Margin measurements in optical amplifier systems,” IEEE Photon. Technol. Lett., vol. 5,
pp. 304–306, 1993.
[61] ITU-T Recommendation O.201.
[62] R. Wiesmann, O. Bleck, and H. Heppner, “Cost effective performance
monitoring in WDM systems,” in Conf. Optical Fiber Communication
(OFC), 2000, pp. 171–173.
[63] J. D. Downie and D. J. Tebben, “Performance monitoring of optical networks with synchronous and asynchronous sampling,” in Conf. Optical
Fiber Communication (OFC), 2001.

304

[64] I. Shake, H. Takara, S. Kawanishi, and Y. Yamabayashi, “Optical signal
quality monitoring method based on optical sampling,” Electron. Lett.,
vol. 34, pp. 2152–2154, 1998.
[65] N. Hanik, A. Gladisch, C. Caspar, and B. Strebel, “Application of amplitude histograms to monitor the performance of optical channels,” Electron. Lett., vol. 35, pp. 403–404, 1999.
[66] I. Shake, H. Takara, K. Uchiyama, and Y. Yamabayashi, “Quality
monitoring of optical signals influenced by chromatic dispersion in a
transmission fiber using averaged Q-factor evaluation,” IEEE Photon.
Technol. Lett., vol. 13, pp. 385–387, 2001.

D. C. Kilper, photograph and biography not available at the time of publication.

R. Bach, photograph and biography not available at the time of publication.

D. J. Blumenthal, photograph and biography not available at the time of
publication.

D. Einstein, photograph and biography not available at the time of publication.

T. Landolsi, photograph and biography not available at the time of publication.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 22, NO. 1, JANUARY 2004

L. Ostar, photograph and biography not available at the time of publication.

M. Preiss, photograph and biography not available at the time of publication.

A. E. Willner (S’87–M’88–SM’93) received the
B.A. degree from Yeshiva University, New York,
and the Ph.D. degree in electrical engineering from
Columbia University, New York.
He has been with AT&T Bell Labs and Bellcore,
and is a Professor of electrical engineering at
the University of Southern California. He was
Photonics Division Chair of OSA; Program Cochair
of the OSA Annual Meeting; Program Cochair of
CLEO; Steering and Technical Committee of OFC,
Program committee member of ECOC. He has more
than 300 publications, including one book. His research is in optical fiber
communication systems.
Prof. Willner is a Fellow of the Optical Society of America (OSA) and was
a Fellow of the Semiconductor Research Corporation. He has received the
NSF Presidential Faculty Fellows Award from the White House; the David and
Lucile Packard Foundation Fellowship; the NSF National Young Investigator
Award; the Fulbright Foundation Senior Scholar Award; the IEEE LEOS Distinguished Lecturer Award; the USC/Northrop Outstanding Junior Engineering
Faculty Research Award; the USC/TRW Best Engineering Teacher Award;
and the Armstrong Foundation Memorial Prize. He was Vice-President for
Technical Affairs for IEEE LEOS; a member of the LEOS Board of Governors;
Cochair of the OSA Science and Engineering Council; General Chair of the
IEEE LEOS Annual Meeting; Editor-in-Chief of the JOURNAL OF LIGHTWAVE
TECHNOLOGY; Editor-in-Chief of the IEEE JOURNAL OF SELECTED TOPICS
IN QUANTUM ELECTRONICS; Guest Editor of the JOURNAL OF LIGHTWAVE
TECHNOLOGY Special Issue on wavelength-division multiplexing; and Guest
Editor of the IEEE JOURNAL OF QUANTUM ELECTRONICS

