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40 multiplexers each with a 3-dB 
1-off characteristics can be passed bandwidth of -1 nm and 
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Measured power transfer function for the two AWG multiplexers 
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TuJ6 Fig. 3. Experimental results: (a) BER vs received power after transmis- 
sion through 60, 40, 20, and 4 AWG multiplexers and (b) eye diagrams after 
transmission, 20 ps/div. 

bandwidth of 0.95 nm. The power into the transmission fiber is + 1.5 
dBm. The two erbium-doped fiber amplifiers (EDFAs) compensates 
losses of the transmission fiber and the multiplexers. The signal is recir- 
culated in the loop until the desired number of multiplexers have been 
passed and then bit error rates (BER) are measured using an optically 
pre-amplified receiver with an optical 3-dB bandwidth of 40 GHz. 
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BER curves measured for a cascade of 4,20,40, and 60 multiplexers 
are shown in Fig. 3(a). No significant penalty is seen for cascades of up to 
40 multiplexers whereas a cascade of 60 multiplexers results in a penalty 
of -4 dB. Eye diagrams for 20,40, and 60 multiplexers are shown in Fig. 
3(b). For 20 multiplexers (corresponding to 10 loop round trips) the eye 
is symmetrical with no pulse distortion and the operation is penalty free. 
For 40 multiplexers pulse distortion with a flattening ofthe bottom of the 
eye can be seen, but the operation is still penalty free. After 60 multiplex- 
ers the pulse distortion is more severe and causes a large penalty. 

Calculations based on the power transfer functions of the multi- 
plexers shows that cascading of 60 multiplexers results in a 3-dB band- 
width of -27 GHz. We believe that this narrow bandwidth in combina- 
tion with fluctuations in laser wavelength and multiplexer center 
frequency causes the pulse di~tor t ion.~ 

In conclusion, we have shown experimentally that at least 40 ar- 
rayed waveguide multiplexers with a 3-dB bandwidth of - 1 nm can be 
cascaded penalty free at 10 Gbit/s provided that the wavelength of the 
signal laser is well aligned in the passband of the multiplexers. 
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Improvement of NRZ signal transmission through 
phase modulation 
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Dispersion maps are required for successful nonreturn to zero ( N U )  
transmission, as they allow signals to avoid the deleterious effects of 
four-wave mixing while still experiencing an average dispersion that is 
nearly zero. These maps work quite well when the power in a single 
channel is low, <0.05 mW (path averaged), and the dispersion map is 
short, less than a few hundred kilometers. However, when the power 
increases or the length of the map increases, pulses with a fixed phase 
tend to compress or expand, distorting the output signal. One wishes to 
use the largest signal power possible before distortion occurs to avoid the 
deleterious effects of spontaneous emission noise from the Er-doped 
amplifiers. Moreover, in wavelength-division multiplexed (WDM) sys- 
tems, only one channel can be perfectly compensated in a short disper- 
sion map; the others are compensated at the end of the transmission and 
thus experience a long effective dispersion map. Therefore, finding ways 
to minimize the distortion is of critical importance. Here, we will show 
that phase modulation greatly diminishes the signal distortion at high 
powers and with long maps, which in turn can be used by the system 
designers to improve the system performance by operating with higher 
powers. This approach was suggested by the recent results of Bergano et 
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TuJ7 Temporal shape of three consecutive 1 bits surrounded by Os for 
(a) the initial pulse, (b) at 10,000 km with dispersion compensation at the end the 
transmission, (c) at 10,000 km with initial compensation, and (d) at 10,000 km 
with split compensation. All signals at the end of transmission were filtered by a 
40-GHz Bessel filter. The dashed lines show the time slots. 
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TuJ7 A 16-bit (0010110010111100) pulse train at 10,000 km after 
filtering by a 40-GHz Bessel fdter. The dashed curve is the initial pulse train, 
(a) without modulation, (b) with bit-synchronous amplitude modulation and 
phase flip, and ( c )  with bit-synchronous sinusoidal phase modulation. 

Fig.2. 

showing that bit-synchronized phase modulation improves system 
performance. 

We studied computationally a single-channel 10-Gbit/sec NRZ 
pulse stream with a path-averaged power of 0.1 mW. We used a span of 
normal dispersion fiber at D, = -2 psinm-km as the transmission span 
and a span of anomalous dispersion fiber at 17 ps/nm-km as the com- 
pensation span, with a total dispersion of zero. At the end of the trans- 
mission, a 20th order Bessel filter is used. 

We considered three different compensation schemes for the dis- 
persion. In the first, the compensation span is after the transmission 
span; in the second, it is before the transmission span; and in the third, it 
is split. Figure 1 shows our simulation results for a sequence ofthree 1 bits 
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