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Online Chromatic Dispersion Monitoring
and Compensation Using a Single
Inband Subcarrier Tone

M. N. Petersen, Z. Pan, S. Lee, S. A. Havstdeémber, IEEEand A. E. Willner Senior Member, IEEE

~ Abstract—in this letter, we demonstrate a simple technique for tones [4]; 2) adding a phase modulation at the transmitter and
dispersion monitoring by adding a single inband subcarrier tone to - measuring the phase-to-amplitude modulation conversion at the
the transmitted data signal. A measurable dispersion of up to 1200 receiver [5]; and 3) modulating the frequency of the transmitted

ps/nm is demonstrated in a 10-Gb/s channel using a 7-9 GHz sub-d ta si | and th itoring the clock oh deviai t
carrier and the addition of the subcarrier induced a power penalty ala signal an en monitoring the clock phase deviation a

of <0.5 dB. Dynamic ranges exceeding 20 dB and resolution sensi-the receiver [6].
tivities better than 10 (ps/nm)/dB are shown. With an 8-GHztone ~ We demonstrate a simple technique for dispersion monitoring

and a 15% modulation depth for 10-Gb/s signals, we show a mea- py adding a single inband subcarrier tone to the transmitted
surementrange of 975 ps/nm with a 22-dB dynamic range. We used 4515 signal. A measurable dispersion of up to 1200 ps/nm is
the monitor output signal to achieve accurate tunable dispersion . . .
com ; demonstrated in a 10-Gb/s channel using a 7-9 GHz subcarrier
pensation. - e
and the addition of the subcarrier induced a power penalty of
' <0.5 dB. Dynamic ranges exceeding 20 dB and resolution sen-
sitivities better than 10 (ps/nm)/dB are shown. 10 (ps/nm)/dB
means that a 10 ps/nm dispersion change will give rise to 1-dB
I. INTRODUCTION power change in the electrical monitor signal for this particular

IBER CHROMATIC DISPERSION has long been consigSystem. With an 8-GHz tone and a 15% modulation depth
ered a main limitation in high bit rate and Iong-distancfaOr 10-Gb/s signals, we show a measurement range of 975

optical transmission systems. With the introduction of recoRS/NM with & 22-dB dynamic range. We use the monitor output

figurable optical networking, any change in path lengths dlzégnal to achieve accu_rate.tunable dispersion compensation and
to switching will produce a different accumulation of disper_emogsétrz\tBe ? reductloln 't?],pciwer: penalthy from 2 dBf, to Iesls
sion, thereby minimizing the effectiveness of fixed chromatittt1an : .t n general, this technique has a reconfigurable
dispersion compensation solutions. Furthermore, future maintggasurement range.
nance or scalability of an optical system may change the accu-

mulated dispersion. Moreover, chromatic dispersion varies with Il. OPERATION PRINCIPLE

temperature [1], becoming a significant problem for long-dis- |, general, chromatic dispersion causes periodic power
tance transmission gf40-Gb/s signals [2], [3]. All of these Sce-faging of an RF subcarrier tone after detection by a square
narios would necessitate tunable dispersion compensation 3¢, getector [7]. The reason is that the frequency-dependent
therefore, the ability to monitor the actual data signal while “'tﬁspersion produces a deleterious time delay between the trans-
systemiis still online. For management and monitoring purposested sidebands, thereby causing serious RF power fading.
in arobust system, a flexible and cost-effective dispersion mofnjs effect is problematic for subcarrier multiplexed systems.
itoring technique could prove quite beneficial. However, RF fading can be exploited for dispersion monitoring
Of course, some level of dispersion monitoring can B¢ 5 sinusoidal subcarrier signal is added at the transmitter as
achieved by actual electronic measurement of the eye-openighne in digital systems.
penalty, Q-factor, or bit-error rate (BER). However, these fig 1 shows the basic principle of RF fading of a subcar-
methods require electronics that are fairly difficult to imyjer (one within the data band. The tone carries no data and has
plement for higher data rates. Previous reported work @hnarrow spectral linewidth that is less than a few megahertz.
optical 'Fechnlques for dispersion monitoring has included: Js_)nce the tone is within the frequency band of the data, it ex-
measuring the phase delay between two out-of-band subcarfgfiences the same dispersion as the data and can be used as a
dispersion sensor. The upper and lower side bands of the subcar-
Manuscript received August 29, 2001; revised December 17, 2001. rier will initially be inphase with each other at the transmitter.
5 M. N-kpeztgcr)%e[‘ is ‘l’)Vitthhe Reie(amh ?_e”ter(go'\/" gfcgﬂ;"a‘ University pfowever, a phase difference will accumulate during transmis-
e;m;;n, and AynEg \);{lillr?grmaarre vsitwilﬁemBZpa?nTe.ntubf Electrical Engi—Sion between the two sidebands as a result of the frequency-de-
neering—Systems, University of Southern California, Los Angeles, cpendent fiber chromatic dispersion. The degree of phase mis-

Index Terms—Chromatic dispersion, dispersion compensation
dispersion monitoring.

90089-2565 USA. , - match is related to the amount of accumulated dispersion when
S. Lee and S. A. Havstad are with Phaethon Communications, Fremont, ﬁqA .o . .
04538 USA. e subcarrier is optoelectronically detected and the subcarrier
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Fig. 2. Setup used for dispersion monitoring and compensation using inbdrigl- 3. (2) RF spectra of an 8-GHz tone in a 10-Gb/s transmission system at

tone as dispersion sensor. different amounts of accumulated dispersion. (b) RF fading due to dispersion
for a 7- and 9-GHz tone. The solid lines represent the theoretical results and the
points are experimental results.

manner. The detected photocurrent at the tone frequency will
fade according to (1) A nonlinearly chirped FBG, which has the periodicity that
varies nonlinearly along the length of the fiber, is used as a
Tf2ADL tunable dispersion compensator [8]. This FBG produces a
c ) time delay that varies nonlinearly with wavelength. When it is
stretched uniformly, the dispersion at a specific wavelength is
wherel, is the peak photocurrent; is the modulation depth, changed. The FBG is controlled by the detected RF power to
[sc is the subcarrier tone frequency,is carrier wavelength, compensate for the accumulated dispersion.
DL is the total accumulated dispersion, ang the speed of
light in vacuum. IV. RESULTS AND DISCUSSION
The dispersion monitor resolution and measurement rang
are dependent on the specific frequency of the subcarrier t

I(fsc) = Iomcos < 1)

o %n our experiment, we transmitted the optical signal through
The tone frequency determines the point of total fading, f(aj erent lengths of fiber and measured the electrical subcarrier

which unambiguous measurement requires the range of disﬁ8P—e p?wetr fotr. ea}ch transl,)m]!ssmtrr]] Iength; not'(:e'thzt we ?alnt?rl]n
sion to be within one period of fading. Therefore, the point ¢t constant optical power betore the recelver. Fig. (2) shows the

total fading is referred to as the measurement the range. Con%tés_erved electrical power spectrumfordifferentaccumulated dis-
qrsions. The total fading of the 8-GHz tone occurs at 975 ps/nm.

quently, by changing the tone frequency it is possible to sel%c . :
: ; s ; . 3(b) shows the measured and theoretical fading curves for
th ble d dth tivit dingl\y . . . :

© measurable dispersion range andthe sensifivity accordin efrequenciesof7and 9 GHz, inwhich the fading followisa

function with increasing dispersion. With a 7- and 9-GHz subcar-
rier, arange of 675 and 1200 ps/nm, respectively, is possible with
Fig. 2 shows the experimental setup used for dispersion maensitivitiesupto 10 (ps/nm)inaccordingto 1 dB of power fading.
itoring. The optical source is modulated by a combined signBased on Fig. 3(b), an important characteristic of this technique
consisting of 10-Gh/s data and a single frequency tone in tisghat the sensitivity increases for higher dispersion values since
range of 7-9 GHz. The modulation depth of the subcarrier toh@her values reside on a steeper portion of the curve.
relative to the data is 15%. The {data+ subcarrier} modulated = The subcarrier fading is also sensitive to differential group
signal is transmitted through conventional singlemode fiber deélay (DGD). However, it was experimentally verified that DGD
different lengths to simulate different amounts of accumulatedlues up to 10-15 ps do not influence the dispersion measure-
dispersion. Some optical power is tapped off before the data reent. At larger values additional fading will be observed.
ceiver in order to detect the subcarrier monitoring tone. Thisrange results in a higher sensitivity.It is possible to recon-
tone is extracted after detection by using a tunable electridgure the measurement range and sensitivity of the monitor
bandpass filter. Note that this technique uses a very simple seltypsimply tuning the tone frequency. Fig. 4 shows the relation-
and all equipment used for the dispersion monitoring systemsisip between the tone frequency and the measurable dispersion
commercially available without requiring any fast electronicsrange, in which a smaller Using the high subcarrier frequency

I1l. EXPERIMENTAL SETUP
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Received optical power (dBm) showing reduction of power penalty due to dispersion compensation.
Fig.5. Measured BERs. The inband tone is at 8.0 GHz and at 15% modulat@fe Shown in Fig. 6(b). The power penalty is reduced from 2 dB
depth. The 3-dB bandwidth of the tone is 5 MHz. to less than 0.5 dB due to the dispersion compensation.

In summary, we demonstrate a simple technique for disper-

will provide higher sensitivity. However in order not to occupy?©"" Monitoring by adding a single inband tone to the trans-
more bandwidth, the frequency cannot be out of the data bafiy(ted data. We also show tunable dispersion compensation by
On the other hand, using the low subcarrier frequency will prgSing the measured tone power as the control signal to vary a

vide a wider measurement range, but the sensitivity will not gonlinearly chirped FBG.

enough for dispersion compensation. A 3-GHz subcarrier will
for example enable a measurement range of about 7000 ps/nm,
but a 40-km transmission in single-mode fiber will cause lessl[ll
than 0.5-dB drop in the 3-GHz subcarrier power.

We evaluated the system impairment caused by the additionz]
of the subcarrier tone to the data at the transmitter. The higher
the modulation index of the subcarrier is, the higher the system
impairment will be. Fig. 5 shows the BER measurements3]
for the back-to-back and the 30-km transmission cases, with
and without the 15% modulation depth 8-GHz subcarrier. A
<0.5-dB power penalty is observed due to the inclusion of the[4]
monitor tone and complete tone fading occurs at 975 ps/nm.
Measurements for several tone frequencies in the range of 7 te5)
9 GHz found no measurable difference in power penalty.

By using the measured tone power as a control signal, we Opfe]
timize the system by stretching the nonlinearly chirped FBG that
has a dispersion range ef350 to—1000 ps/nm. We transmit
the signal through 60 km of fiber and accumulate 830 ps/nm ofl7]
dispersion. We use an 8.3-GHz tone corresponding to a mea-
surement range of 910 ps/nm. Fig. 6(a) shows the observed eye]
diagrams and electrically filtered tone before and after compen-
sation. In this experiment, a 22-dB rise in tone power is achieved
due to dispersion compensation. The BER measurement results
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