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ABSTRACT

The information capacity of dense wavelength division multiplexing (DWDM) opt ical systems is reviewed. The
e®ect of optical beat interference of closely spaced optical carriers sets the limit on the allowed channel spacing
even in the absence of nonlinear e®ects. Present DWDM networks operating at 10.7 Gb/sin the C and L bands
region have channel spacing no less than 25 GHz. We show that this limit is a constraint and smaller spacing
may not be allowed without further optical and electrical pulse shaping.
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1. INTRODUCTION

Although wavelength division multiplexing (WDM) has been a known technology for several years, its early
application was restricted to providing wide channel spacing in commercial systems. Accurate wavelength control
of the transmitters as well as high selectivity optical ¯lters allow the network to operate at precise wavelengths
making dense wavelength division multiplexing (DWDM) the transmission technique of choice. Recently, laser
sources and optical multiplexer and demultiplexer technologies have been developed where optical carriers can be
densely packed and integrated into a single ¯ber with multiple simultaneous high data rates such as 10 Gb/s, 40
Gb/s and higher rates. The optical spectral density in DWDM systems can be increasedby various techniques:
i) bandwidth e±cient modulation ii) wider optical bands and iii) closely packed optica l channels in the available
optical transmission band.1, 2 A combination of all these techniques is very attractive in e±ciently designing
high capacity networks. Interferometric crosstalk due to optical beat between various optical carriers has been
reported. Various works, both theoretical and experimental have shown signi¯cant bit error rate degradation
due to the optical beat interference.3{5

In this paper, we discuss the limit in channel spacing in 10.7 Gb/s DWDM systems.We show, experimentally
and by simulation, that the channel spacing is reduced to 12.5 GHz, a goal sought by various DWDM equipment
vendors, the resultant optical beat interference (OBI) cause the optical signal to noise ratio (OSNR) to degrade
dramatically when the channel spacing is less than 14 GHz and no electronic pulse shaping is used. Section
II describes the experimental set up constructed to show how optical beat a®ects transmitted data stream and
determine the limit on the channel spacing and the associated power penalties. The channelspacing limit is
measured and is varied to quantify its e®ects on the integrity of the optical signal to noise ratio. Section III
compares the results from the experiment and simulation, and Section IV gives the conclusion.
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Figure 1. Experimental Set-up A) Sinusoidal signal B) Pseudorandom bit sequen ce; LD1: Laser Diode 1 (¯xed wavelength
DFB laser), LD2: Laser Diode 2 (external cavity tunable laser), MZM : Mach-Zehnder modulator, PPG: Pulse Pattern
Generator, SGN: Signal Generator, VOA: Variable Optical Attenuator, OC : 3-dB Optical Coupler, OSA: Optical Spectrum
Analyzer, RX: Receiver, OSC: Oscilloscope, ESA: Electrical Spectrum Analyzer.

2. EXPERIMENTAL SETUP

The experimental setup is shown in ¯gure 1. In this set-up, two laser sources were usedto represent two adjacent
channels in a DWDM network. Laser source 1 (LD1) is a tunable external cavity laser source with wide tuning
capability of its center wavelength from 1480.000 nm to 1610.000 nm; the vendor speci¯ed linewidth is less than
10 MHz. The second laser is a ¯xed wavelength distributed feedback laser source with a mode suppression ratio
of 37 dB and a center wavelength at 1532.223 nm. Light from the ¯xed wavelength source is directed through
a polarization controller and is externally modulated by single arm chirp free Mach Zehnder modulator. Both
sinusoidal and pseudorandom sequences were used as the diagnostic signals. A 3-dB opticalcoupler combined
the output light from the tunable modulated laser and the ¯xed CW laser source. One side of the output of the
coupler is fed to an optical spectrum analyzer for further measurements. Light fromthe tunable laser source
is sent through a variable optical attenuator (VOA), which is used to equalize the input powers to the optical
coupler. The output of the detector is detected by a PIN receiver, which can be considered linear in the frequency
range of interest. The receiver output was displayed on the RF spectrum analyzer and a personal computer was
used to read the RF spectrum analyzer output. The output of optical detector was also fed to an oscilloscope to
get the eye diagram of the modulation data signal.

3. RESULTS AND DISCUSSION

The center wavelength of laser source 1 (¸ 1) which is a ¯xed laser was 1532.223 nm. The center wavelength of
the laser source 2 (̧ 2) was set at 1532.24 nm so that the channel spacing in terms of frequency (¢º ) was 12.17
GHz. The wavelength of tunable source was increased with increments of 0.02nm. Both the powers at the input
of optical coupler were adjusted to 0 dBm using VOAs. Laser source 1 was externally modulated with 10 GHz
sinusoidal signal, we monitor the output signal RF signal as we change the wavelength of laser source 2. The
observed signal was completely distorted when the channel spacing is 9.8 GHz or less corresponding to a (̧ 2) =
1532.30nm. The optical spectrum and the electrical spectrum which consist of boththe channels are shown in
¯gure 2 at a beat frequency of 9.8 GHz with out any modulated signal from both the experiment and simulation.

As the channel spacing was increased, slight improvement in the retrieved signal wasobserved from here on.
At a channel separation of 14.5 GHz, the signal is distortion free and the optical beat interference is harmless



Figure 2. The optical and RF spectrum observed without modulation at a beat frequ ency of 9.8 GHz: Optical spectrum
(from a. simulation and b. experiment) 2. RF specrum (from c. simulati on and d. experiment)



Figure 3. Input signal, RF spectrum and the retrieved signal with 10GHz sinusoi d message signal at a beat frequency of
14.95 GHz (starting from top): Input signal (from A. simulation and B. expe riment) RF spectrum (from C. simulation
and D. experiment) and Received signal (from E. simulation and F. expe riment).



Figure 4. Input eye, RF spectrum and the retrieved eye with 10 Gb/s pseudoran dom data signal as the modulating
signal at a beat frequency of 14.95 GHz (starting from top): Input signal (fr om A. simulation and B. experiment) RF
spectrum (from C. simulation and D. experiment) and Received signal (from E. simulation and F. experiment).

even when the modulation index was increased to 60%. First we have used sinusoidal signal as a message signal
which was modulated to ¯xed laser and the wavelength of the tunable laser was varied. As the wavelength of the
tunable laser was increased, the distortion e®ect caused by optical beat on the message signal reduced and at a
beat frequency of 14.95 GHz (̧2 = 1532:34nm), the received signal was good with minimal e®ect of optical beat
interference. The same experiment and simulation was also carried out with 10Gb/s pseudorandom sequence
modulated to ¯xed laser and it was seen that the message could not be retrieved untilthe spacing between two
lasers was about 15 GHz. Figure 4 shows the electrical spectrum and the retrieved eye diagram of the 10Gb/s
pseudorandom sequence at a beat frequency of 14.95 GHz from both experiments and simulation.

4. CONCLUSION

In this paper we have shown experimentally and by simulation that the optical beat between two channels in a
DWDM network has a considerable e®ect on the message streams and in turn limits the channel spacing. We
set the limit on the channel spacing and it cannot be less than 15 GHz in a DWDM network with message
streams at 10 Gb/s in order to have negligible e®ect of optical beat interference. Thechannel spacing of 15 GHz
is much less than the one used in a commercial DWDM network, which is around 40 - 50 GHz. Thus we can say
that the channel spacing can be reduced to 15 GHz for a good performance of DWDM network with increased
accommodation of channels.
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