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Optical Performance Monitoring in Reconfigurable
WDM Optical Networks Using Subcarrier
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Abstract—Optical performance monitoring (OPM) is an impor-
tant approach to determine the quality of optical channels within
an optical core network without passing data through optoelec-
tronic regeneration at the monitor points. Using this approach,
the quality or “health” of signals can be determined at arbitrary
points in a network without knowledge of the transport history of
the data or the details of the transmission path. We report experi-
mental results on the use of subcarrier multiplexing (SCM) to per-
form a variety of monitoring functions including chromatic disper-
sion monitoring, wavelength registration, power monitoring, and
signal-to-noise ratio (SNR) monitoring.

Index Terms—Chromatic dispersion, optical networks, optical
performance monitoring, power monitoring, signal-to-noise ratio
monitoring, transmission performance, wavelength division multi-
plexing (WDM), wavelength registration.

. INTRODUCTION

HE DRIVE for high-bandwidth transparent Wavelengtrll(
division multiplexing (WDM) optical networks has

optical crossconnects, etc. At any point within the network,
each wavelength channel will have a different transport history
including path and network elements that were traversed. As
wavelengths are dynamically added to and dropped from the
network, and switched between different fibers, the transport
history will dynamically change. These dynamic changes will
also drive the need for adaptive compensation techniques for
gain equalization, chromatic dispersion compensation and po-
larization mode dispersion (PMD) compensation. Performance
monitors that provide feedback for closed loop control of com-
pensation elements will be critical. Additionally, component
and fiber degradation and environmental changes will make
it very difficult to manage these networks based on statically
mapped network element and fiber properties.

Optical performance monitoring (OPM) is an approach that
allows measurement of channel health and degradation without
nowledge of the origin or transport history of the data. Direct
measurements of, for example, BER are difficult as data pat-

spurred a need to develop new techniques to monitor Chanﬂe%s are not truly random and only a small percentage of optical

performance and degradation without requiring optoele

ﬁbwer can be monitored without degrading the through-going

tronic-optic (OEQ) conversion in the data path. Current Opticgllgnal. Yet sufficient power must be available for the monitor

network performance monitoring relies on SONET line termj
nating elements (LTES) to determine the bit error rate (BE

be able to perform as well as the end point receiver in de-
termining the BER. An alternative approach is to monitor var-

a_ndclg-f?ctor ffrom b'tls Il_rét)esrlea\{ed within the S_Ol\_IETf_ft;ame %%ous qualities of the data (e.g., chromatic dispersion, polariza-
simple loss of signal ( ) using power monitoring fiber @P%on mode dispersion, crosstalk, jitter, extinction ratio, channel

Causels Olf sgnbal—to—nmse_ (S'}I]R) (rj]egradat_m_n an? d"c_’tort'nger, SNR) indicative of channel degradation. It may also be
are caicu atle | y mee:(sulrmg the ¢ aracter.|st||cs 0 Igfctlve ?@éjsirable to characterize parameters of a data channel for cor-
p_asswe_ophcg networ € ements (e.g., optical amplifier NOIF&ctive measures (such as dispersion compensation) or for net-
flgqre, fiber dlspers.|0n) In advar)ce. However, qext generati Ibrk management purposes such as downgrading a channels bit
optlc_:al network_s will be_dynamlc (e.g., dynamic wavelengt te or reporting degradation to the network management system
routing) and signals will traverse different complex path(iNMS) for alarm correlation and fault location

consisting of fibers, amplifiers, optical add/drop multiplexers, In the OPM approach, the monitoring technique needs to op-

erate on a signal that has traversed the optical path with the
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including in-band signaling [4] and out-of-band signaling on measure relevant parameters for adaptive network elements and
separate control wavelength. In comparison with transmittiige overall health of DWDM signals.

information on a separate wavelength, the subcarrier pernistorically, the requirement to “recover’ bits at every
wavelength approach supports distributed network contrigétwork element has dominated the network architecture.
with a synchronous recovery of wavelength identificationfraditional OEO regenerators [illustrated in Fig. 1(b)] have
wavelength power, and control data, using a common circyirovided the means to analyze bits with various tradeoffs
The subcarrier portions of the transmitters and receivers danthe cost, complexity, scalability, and reliability of WDM

be fabricated using low cost monolithic-microwave integrataggeneration points. The multichannel optical amplifier is an
circuit (MMIC) technology that has been developed for wireexample of DWDM network elements that provides benefits
less communications [2] or simple fiber-optic technigqueshat outweigh the need to look at bits. PXCs and OADMs will
Potential limitations to OSCM include fiber nonlinearities an#de used to groom wavelengths and fibers and have the potential
dispersion and detector saturation. However, crosstalk duet@clleviate the need to OEO terminate every lightpath at each
fiber four-wave mixing [5] is low as there is a single subcarrigtetwork element. The OPM approach more closely follows
per wavelength and the relative power of the subcarrier comgbe configuration in Fig. 1(c) where a portion of the optical
nent is much less than the baseband component of the optR@WVer is removed from the fiber and converted to an electronic
signal. Signal cancellation and fading due to dispersion can $ignal for performance monitoring after possible optical signal
overcome using suppressed carrier receivers as describe®'RF€Ssing. The problem that arises when trying to implement
this paper and in [6] and single sideband subcarrier modulatiblf @PProach in Fig. 1(c) results from the need to measure the

techniques [7]. Monitoring of many subcarrier channels usiffffformance with minimal disturbance to the signals in the
a single photodetector can be achieved with new high-pow&te" The OE interface used at the tap must have a better sen-
traveling wave photodetector designs [8] sitivity than a receiver used to recover the signal downstream.

In this paper, we describe several techniques for monitori;”]iIiS is possible if the tap receiver is optically pre-amplified
’ : : : . a d the downstream losses and distortion are limited.
key parameters of optical signals using SCM signals. Tech-

niques for monitoring WDM channel power, optical SNR, and The channel BER is one of the most important parameters to
accumulated dispersion are presented. The intent of this paf@sure and is in general the most difficult to measure directly
is to describe a set of optical subcarrier-based measuremdff< Signal at the output of a power tap. Qualities of the signal
that can be used to determine the health of WDM basebafifie" than the BER that can be measured using OPM include:

channels. * SNR and Q Factor monitoring

 Extinction Ratio Monitoring
» Loss and power monitoring
Il. OPTICAL PERFORMANCEMONITORING « Dispersion monitoring (Chromatic and PMD)

* Nonlinear distortion monitoring
Future WDM optical networks will utilize dynamic wave- « Channel equalization

length routing to implement “lightpaths” [9], [10] through « Crosstalk monitoring

optical nodes using components like photonic crossconnects. Wavelength registration

(PXCs), optical add/drop multiplexers (OADMs), optical am- « Network state monitoring

plifiers (OAs), adaptive gain equalizers (GEs), and dispersion « Clock monitoring in 2R regenerators
compensation (DC) elements, as illustrated in Fig. 1(a). It is « Bit rate monitoring

expected that switching these lightpaths optically will have a gtimation of the BER from parameters like the Q-factor can

positive impact on cost, network utilization, and managementj, performed if the eye closure is due to Gaussian-like noise

the.networking .Iayer [11]_ gnalogous to the impact on co;t thfé’tr)urces only [12]. The presence of hon-Gaussian noise sources,
erbium-doped fiber amplifiers (EDFAs) had on regeneration g ,sqtaik and distortion mechanisms will lead to errors in esti-

transmission links. ~__mating the BER using the Q-factor. It may be possible to utilize
Animportantissue in network management and survivabiligyher SNR degradation and signal distortion factors to estimate

is the ability to measure the performance of optical data, dgje BER, as shown in Fig. 2. The latter is not a subject addressed
tect degradation and failures, and provide means of failure l0Ganis paper.

tion and isoIat.ion. The optica_lliperformance moqitoring (OPM) The primary causes of degradation of the BER that can be
approach deviates from traditional approaches in several wayg nitored using OPM include:

Presently, link parameters (e.g., dispersion, loss) are quantified

on a link-by-link basis, typically under static conditions. The  Noise: Caused by random signal fluctuations that can be
proposed OPM approach measures the condition of signals at treated as a Gaussian process and can be signal level depen-
various points within the network without detailed knowledge  dent. Examples include optical amplifier noise and laser
of the lightpath or the network elements and links that it tra-  noise.

verses in a real-time dynamic environment. Only the resulting Distortion: Caused by nonlinearities or fiber dispersion ef-
effects of SNR degradation and distortion are measure and uti- fects that may be signal level and pattern dependent and
lized in determining the channel performance. This approach is can lead to bursty errors and BER floors. Examples include
illustrated in Fig. 1(a) where various OPM elements are used to laser, optical amplifier and fiber nonlinearities, laser diode
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Fig. 1. (a) lllustration of a reconfigurable WDM optical network with various network elements and placement of OPM elements. Performancegrasimitprin
(b) OEO regeneration and (c) optical power tap approaches.

tection must distinguish between channel loss and “strings
BER of zeros” transmission.
Estimation . .
Frequency Monitoring: Frequency selective elements
ﬂ\ and frequency agile sources must be within 1% of channel
Dispersion SNR Power Q-Factor bandwidth. This standard must be applied to stabilization
Monitor Monitor Monitor Monitor of frequency dependent components
Ot O (E [ll. SUBCARRIER SIGNALS FOR MONITORING
ptical Power

Tap In this paper we report several OPM techniques based on op-

tical subcarrier multiplexing (OSCM). The strengths of this ap-
proach lie in the simplicity of using double sideband subcar-
rier signal transmission and the fact that these signals travel
the complete optical path with the baseband signal to be mea-
bit pattern dependent response, receiver bit pattern depsured. The subcarrier signals can be recovered using techniques
dent response, chromatic and polarization mode dispeélescribed below that are immune to fiber dispersion induced
sion, in-band crosstalk, out-of-band crosstalk, and phafeling. Since a unique subcarrier frequency can be allocated
induced intensity noise. to each wavelength, a complete set of subcarrier multiplexed
Crosstalk: It is important to mention that interferometricsignals can be recovered from a WDM optical stream using a
and nonlinear crosstalk are bit pattern effects that may single photodetector. The use of subcarriers can be contrasted
may not be treated as noise. This depends on the numbetwbther approaches using low frequency pilot tones for wave-
interfering terms and the nature of the interfering signalkength registration [13]. However, pilot tones limit the amount
Other issues that must be addressed with any performanéé@formation that can be carried on the monitor to several tens
monitoring technique include those listed below. of kilohertz limits the number of tones that can be placed below
Power Detection:Techniques to identify loss of signal anda digital signal and the resolution with which certain parameters
changes in optical power for power equalization. Power diie dispersion can be measured.

[
>

Fig. 2. Potential utilization of various OPM metrics to estimate the BER.
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IV. SCM GENERATION AND DETECTION

Several methods have been published for the generati | BasebandData
of hybrid baseband/SCM signals. These include combinin

baseband and subcarrier signals electronically followed & v

direct laser modulation [14] or combining these signal: Dual Arm Mach Zehnder
electrooptically with a differentially driven Mach-Zehnder Laser Modulator -
integrated-optic modulator [15]. Using a single modulato

to generate the baseband data and the subcarrier results i rY

power penalty that can be minimized provided the subcarri
amplitude is sufficiently small. In our experiments we measure Subcarrier
a power penalty to the baseband data of between 0.5 and 2 Signal at fic
depending on the amplitude of the subcarrier signal relative -
the baseband signal. In the work described in this paper, the

differentially driven modulator method was used. A schematféd: 3. Hybrid baseband data/SCM transmitter.
diagram of the hybrid baseband/SCM transmitter is shown in

Fig. 3. In our transmitter, the baseband data and the SCM sigiighin a specified tolerance for all transmitters in the network.
are encoded on the optical carrier by means of a dual-affRis scheme can also be used for channel identification since
Mach—Zehnder LiNb@ electro optical modulator with a 3 dBjt js possible to determine what wavelengths are present on a

bandwidth of 18 GHz. The baseband data was encoded on gfign link by simply detecting which subcarrier frequencies are
arm of the modulator, while the other arm was driven with gresent.

16.7 GHz RF tone. In some of the performance monitoring
experiments, the subcarrier tone was also amplitude modulated\/l'
to provide information beyond that available with the pure DSB
subcatrrier.

Demultiplexing and detection of the SCM signal may be ac- Monitoring of SNR on a per-channel basis is needed to ac-
complished at any point within the network by tapping a sma#€ess the health of signals that have traversed optical amplifiers
portion of the transmitted signal. Detection of the SCM signand loss elements. Different wavelengths follow different paths,
involves either electrical bandpass filtering after photodetectigfough various elements with wavelength dependent gain or
or optical pre-filtering prior to photodetection. For DSB subloss. As a consequence, the SNR may vary from channel to
carrier transmission, optical pre-filtering can be used for carriehannel and from point to point in the network making moni-

suppression prior to detection in order to overcome signal fadit@fing and control of SNR key to all optical networking.
caused by fiber dispersion [6]. A common method of measuring SNR relies on optical spec-

trum analysis wherein the noise level is measured adjacent to
the signal wavelength and the OSNR is calculated by interpo-
lation [18], [19]. The accuracy of this technique is degraded by

The knowledge of which wavelengths are currently on e presence of multiple filtering elements in the signal path.
WDM link and their relative power are important parameterSpectral shaping caused by these elements leads to unbearable
for optical networks. Optical amplifiers tend to favor som@nderestimation errors. Several other OSNR measurement tech-
wavelength channels at the expense of others introducifigues have recently been reported [20]-[23].
power differences since small differences in power following Subcarriers provide a reliable and simple means for moni-
one amplifier will be exaggerated as many amplifiers are oftésring the OSNR. The OSNR can be determined by measuring
concatenated. Even carefully designed wavelength flatten@é electrical carrier-to-noise ratio (CNR) at the detector. The
links can have problems brought about by aging componentdSNR is given by

An optical power monitor tap that uses high-frequency sub-
carriers [16] is depicted in Fig. 4. Shown in this figure is a Brss CNR
tap capable of monitoring four wavelengths simultaneously. In OSNR = Av
this approach, each wavelength carries with it a unique DSB
subcarrier frequency. This permits monitoring of all channgthere
powers without the need for demultiplexing in the optical do- CNR carrier-to-noise ratio as measure with an electrical
main and separate detectors for each wavelength. Since the sub-  spectrum analyzer with resolution bandwidslz s 4 ;
carrier power relative to the channel power is fixed at the trans-Ar  optical bandwidth;
mitter, variations in the channel power due to wavelength de-m  modulation depth of the subcarrier.
pendent gain or loss can be immediately detected as variati@tgiation (1) is valid when the noise of the photodetector is neg-
in the subcarrier power. A power monitor of this type has bedigible and the optical noise is dominated by the amplifier spon-
used within a feedback loop with an acousto-optic tunable filtéaineous-spontaneous beat noise. The resolution bandwidth of
to equalize the per wavelength power in a WDM experimettte spectrum analyzer may be reduced in order to improve the
[17]. It is necessary that the ratio between optical signal powaccuracy and increase the sensitivity of the monitor. This in-
and RF power in the corresponding subcarrier signal be fixeteases the measurement time.

OPTICAL AND ELECTRICAL SIGNAL TO NOISE RATIO
MONITOR

V. CHANNEL IDENTIFICATION AND POWER MONITOR

)

m2
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When the input power is too low, the photodetector electricatultiplexed signal. An optical variable attenuator is used to con-
noise is significant and has to be calibrated out. In this regimeol the power injected into the EDFA to vary the output signal

(2) is still valid but with and effective CNR given by

)

NppBes.
ONReg = <CNR—1 — —Lo—Bsa @

Psom

whereNpp, is the photodetector noise power spectral density(.

A. Experimental Results

to noise ratio. A small part of the signal power is tapped out
through a 90/10 coupler and a tunable filteéx( = 0.8 nm)
is used to select the proper channel. A broadband high-speed
photodetector followed by a front-end amplifier is used for op-
toelectronic conversion. Finally, an electrical spectrum analyzer
ESA) is used to measure the CNR. The OSNR is also measured
with a conventional optical spectrum analyzer.

The results of the measurement are reported in Fig. 6. This
technique can predict the OSNR with less than 2 dB error over

The experimental set-up is shown in Fig. 5 and the transmiti@most 25 dB range and less than 1 dB where the OSNR is less
architecture of Fig. 4 was used to generate the DSB subcartiggn 20 dB, a critical range. The measurement is accurate even
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scalar product between the states of polariza-
tion of the optical carrier and of the subcarrier

whose effect is to produce an effective modula-
tion depth lower the actual one.

when the input power to the photodetector is changed providEiS results in an underestimation of the OSNR. &priori

that the resolution bandwidth of the photodetector is propef§?owledge of the modulation depth together with the measure-
adjusted. For OSNR higher than 30 dB, our method divergB¥nt of/o can be used to calibrate this error out.

from the optical technique since, as shown in Fig. 7, the am-
plifier starts to saturate and the hypothesis supporting (1) is not
valid.

Fig. 7. OSNR measured with an optical (squares) and electrical (triangles)P’© * PSCM
spectrum analyzer (left scale) and EDFAs gain (right-scale) in function of
the EDFA input power.

VIl. CHROMATIC DISPERSIONMONITOR

In this section,we describe two methods for monitoring the
accumulated dispersion affecting a data channel without recov-
ering the baseband data. The first method is extremely simple to

It is well known that fiber chromatic dispersion inducegmplement but is limited to the measurement of small amounts
fading in double sideband subcarrier signals, which can maRkeaccumulated dispersion. The second method involves a more
this type of measurement impractical for link distances beyo§@mplex tap monitor but is capable of more accurately mea-
several tens of kilometers. Possible solutions are to eitHf#ing very large amounts of dispersion.
transmit and detect single sideband subcarriers [7] or to use
suppressed carrier optical receivers based on optical filters [24]. Subcarrier Ratio Method

~ PMD causes a wavelength dependent variation of the polarqp, thjs technique, we take advantage of what is usually con-
ization state. Therefore, at the receiver, the expression for singjgered a liability of subcarrier multiplexing, namely, the fading
sideband subcarrier photocurrent will be of the subcarrier signal that occurs as a result of accumulated
dispersion. As the subcarrier signal traverses a dispersive fiber
link, the subcarrier sidebands experience a relative phase delay
that increases with the accumulated dispersion. This phase delay
reduces the received subcarrier power measured at the detector.

B. Chromatic Dispersion and PMD

Iscm (Po - Psem) mio cos(wsemt + ¢) 3

where subcarrier anaular frequency: If the sidebands accumulate a total phase delay] ¢fie sub-
“scM . . 9 q Y carrier power measured at the detector goes to zero. In a simple
Io optical carrier photocurrent; fiber span of loss per unit length, length L, and dispersion
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Fig. 9. Subcarrier ratio method dispersion monitor.

coefficientD, a subcarrier signal with initial powet, and fre- The subcarrier tone is amplitude modulated by a low frequency
quencyf will have a detected power signal. The transmitter architecture is the same as was described
in [15] where it was used to encode labels on data packets.
The spectrum of the transmitter output (depicted in the inset
of Fig. 3) shows the double sideband nature of the subcarrier
signal. When this signal is propagated through dispersive fiber,
whereA is an unknown constant that accounts for the loss afi§k dispersion induces a relative time delay between the subcar-
gain elements that the signal experiences. rier sidebands given by [25]
The received power will go to zero when

2 02
P = Ae=F cos? <77TDL)\ / )

c

(4)

)\2
c At = fsc > DL. )
C

It is important to note that (4) and (5) are only valid when By measuring the relative phase delay between the side-

subcarrier signal is not chirped. Upon examination of (5) Wbeands, itis possible to determine the amount of dispersitin (
§ oduct) the baseband signal has experienced.

see that higher frequency subcarrier signals fade faster (\A}?t . . .
less accumulated dispersion) than lower frequency signals. tE%tt .'2 Igfzr;g?:" g()a;r;gttﬁg ;??;Z'g?tﬁesusgz:{ K'ar: fﬁgt:eng
illustrate this effect, (4) is plotted in Fig. 8(a) as a function of ' 9 P ! u ying  Very

for subcarrier frequencies of 9.6 GHz and 10.4 GHz. For the p nr;(s;lrttll\:ﬁart:z?asn:;rgjgr:énii)?:rr?eu'sifga?rl; F;err?;?e Sefgosas;g:]eé
we letA = 1550 nm, D = 18 ps/nmkm, andagp = 0.2km=1. Y P Y

S . IirHits the maximum dispersion that can be measured to the pe-
If we prepare a subcarrier signal at the transmitter compose

of two subcarrier frequenciey and £, then it is possible to riod of the subcarrier signal. It is possible to overcome this limit

measure the accumulated dispersion this signal (and the b%g measurement of high values of dispersion by measuring the

band data signal as well) has experienced by simply measurlne‘%“:jly experienced by the relatively low frequency modulation

the ratio of the electrical power at frequengyto that at fre- aﬁgplied to the sub(_:arrier signal. In this case the time de_Iay_be-
quency/s received at the monitor point. This way we avoid th een the modulation on the upper and lower sidebands is given
dependence of measured power upon the unknown faictor y [25]

A dispersion monitor tap that implements this technique is 2
shown in Fig. 9. The output of the dispersion monitor is given At =2fsc— DL. (8)

as
In this way, the range of the measurement is extended to de-

L, <7rDL)\2ff> / ) <7rDL)\2f22> lays comparable with the period of the modulation applied to
R=cos" | ———— cos” | ———= 1} f1 < f2. (6) . : .
c ¢ the subcarrier signal, much longer than in the previous case.
The tap architecture we developed for monitoring accumu-
Equation (6) is plotted in Fig. 8(b) as a function bfwith |ated dispersion combines these two techniques to make pos-
A = 1550 nm, D = 18 ps/nmkm, f; = 9.6 GHz, and sijble the measurement of a wide range of dispersion with high
f2 = 10.4 GHz. Equation (6) uniquely determines the accuesolution. A schematic diagram of the tap architecture is shown
mulated dispersion up to a maximuf. product ofc/2A% f3.  in Fig. 10. Referring to the figure, a portion of the optical signal
is removed from the trunk fiber, divided into two and transmitted
through optical filters that suppress the upper and lower side-
In this technique, a DSB subcarrier signal is combined witbands, respectively. Following the filtering, both signals are de-
the baseband data at the transmitter, as illustrated in Fig.tdcted and the baseband data is removed using electrical band-

B. Optical Side-Band Suppression Method
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one output providing an input to a phase detector and the ott 0r E

output being directed to an amplitude demodulator. Thephe . E . ., + . . v o 0 Wy v 100 T
detector produces a signal proportional to the phase differer 0 20 40 60 80 100

Length (km)

between the subcarrier signals. This provides a fine measu
ment of dispersion as explained earlier, according to (7). The o '
outputs of the amplitude demodulators are directed 0 a secdfiL;  Fesits 1 prelol uiol oferimens () Nesoure some dele
phase detector that provides a coarse measurement of diSRgis line is the theoretical delay given by (7). (b) The dashed lines are upper
sion. The coarse measurement may be used to resolve phaaseower bounds for the course measurements fine delay versus fiber length
ambiguities in the fine measurement. A clock recovery stepd&er it has been unwrapped and the ambiguities resolved.

only necessary when data is encoded on the subcarrier. In th~*
case the recovered clock is input to the second phase detecto 230
obtain the coarse measurement. 200

1) Experiment and SimulationA proof of principle experi-

1

ment was conducted to validate this approach. The transmitter g 150
the experiment made us of an 18 GHz LiNpMach—Zehnder 5 100
modulator to simultaneously encode baseband 2.5 Gb/s data ¢ E 5

a 16.4 GHz subcarrier on a 1560-nm wavelength DFB laser. T}
subcarrier was amplitude modulated with a dc offset, 410-MH 0
sinusoidal tone.

The optical signal was propagated through varying lengtr

250

A

\

—

o 4

LAY UL R LA RN RAREE LALRY AR LN RARRS LLRAE LALRN RAL

of step index, single mode fiber to simulate differéht prod- 200 - )—;
ucts. At the end of the link the signal was optically amplified 3
and splitinto two. On one arm the baseband data were detect: g_ 150 E
while the other was input to the dispersion monitor. The dispe’ 2z 100 3
sion monitor followed the design illustrated in Fig. 10 with the g 50 E
exception that following the electrical bandpass filters the sic 3
nals were amplified and input to a sampling oscilloscope. Th 0 =
waveforms were acquired with the oscilloscope and transferre P N T R B S ]
to a computer where the phase detection and demodulation fur 0 20 40 60 80 100

tions were performed in software. The most critical elements i Length (km)

the dispersion monitor are the optical filters that perform the

sideband rejection. In our experiment these were tunable baﬁl9= 12. Results of simulation and experiment. (a) Measured coarse dglay (
compared to the results of a simulation (solid line). (b) Simulation showing

pass ﬁ“?rs (FWHM equal to 0.2 nm) adeSteq to provide MaXredicted coarse phase measurement with optical filters providing 30 dB of
imum rejection of the unwanted sideband while producing miwideband rejection.

imum attenuation of the desired sideband. Unfortunately, one of

these filters did not perform as well as the other. The upper filtiine) is the theoretical curve given by (7). The coarse delay has

provided 24.3 dB of rejection but the lower filter provided onlypeen divided in two [(7) and (8) differ by a factor of two] so that

14.8 dB of rejection. both the coarse and the fine measurements can be compared to
Fig. 11 shows the results of the demonstration of the dispéie same theoretical curve. The dashed lines are upper and lower

sion monitor. In Fig. 11(a), the coarse and fine delays are plottedunds for the coarse measurement obtained by adding (sub-

as a function of fiber length. Also plotted in the figure (the solittacting) one half of the subcarrier period to (from) the theoret-
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ical curve. Provided the coarse delay measurements fall withir4]
these bounds it is possible to correctly determine the proper
order of the fine phase measurements. Fig. 11(b) shows the fin
phase data after it has been unwrapped. Evident in the figure are
some errors that resulted from coarse phase measurements that
exceeded the limits shown in Fig. 11(a). We have determined®
through system simulation that these errors are a direct result of
the poor sideband extinction obtained from the sideband rejec-
tion filter. Fig. 12(a) shows the results of our simulation where [7]
measured results are shown as points and the solid line is the
output of the simulator. Excellent agreement between simula-
tion and experiment is obtained. Fig. 12(b) shows the coars€s]
delay as a function of length that would be obtained (according
to our simulation) with filters that provide 30 dB of sideband
suppression. Results from the simulator show that using thggj
coarse measurement it is possible to resolve the ambiguities in
the fine measurements to a time delay equal to the full period
of the modulation applied to the subcarrier. This delay is equivm]
alent to that produced by about 500 km of standard fiber or an
equivalentD L product of 9167 ps/nm.

(11]

VIIl. CONCLUSIONS
We have proposed and demonstrated the concept of opticah

performance monitoring using optical subcarriers where the
health of WDM channels may be determined without prior
knowledge of the data route and network elements that
lightpath traverses. This approach is critical to next generation
WDM dynamically reconfigurable networks where the history
of traffic at any point is unknown and the dependence oril4l
OEO regenerators is decreased. OPM techniques can be used
to report degradation and failures to network management
systems for fault isolation and network restoration. We havél5]
presented experimental results for a set of OPM functions
including multichannel power monitoring, optical signal to
noise ratio monitoring and chromatic dispersion monitoring[16]
Results for OSNR monitoring with less than 2 dB error over
25 dB dynamic range were presented. Two techniques were
presented for chromatic dispersion monitoring with capabilitieg; 7;
to perform course and fine measurements over a dynamic range
of 250 ps.

[18]
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