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Performance Analysis of Linear Optical Amplifiers
iIn Dynamic WDM Systems

E. Tangdiongga, J. J. J. Crijns, L. H. Spiekman, G. N. van den Hoven, and H. de Waardt

Abstract—\We demonstrate the performance of linear optical __ _ _ _ _ Transmitter - - Nodel _ _
amplifiers (LOAs) in a dynamic and reconfigurable wavelength-di- I
vision-multiplexing (WDM) system. Eight WDM channels, each 2311 Skm |

I

I

channel running at 10 Gb/s, are transmitted through two cas- | 10Gbps | ssMF |

caded LOAs. Power transient immune add-drop capability is | |

demonstrated by switching four of the eight channels at rates | KISZ . @ |

of 10-100 kHz without affecting the bit-error-rate (BER) or eye | |

pattern. The same WDM system trial using erbium-doped fiber | « SZ O T
: 7\'8 External :
I |

amplifiers instead of LOAs shows identical BER performance for
the eight-channel case, but deteriorated eye patterns and bit error

penalties for the channelabb—broP configuration. Modulator

Index Terms—EDFA, gain dynamics, metropolitan networks,

optical amplification, wavelength-division multiplexing. Receiver
I Optical
I. INTRODUCTION : Pre-Amp P
MPLIFICATION in metro and access systems is be BER H ZS
coming the enabling factor to meet the price/performani| Tester :
targets of next-generation optical networks [1]. New optici | Att3
functions, such as channel adding and dropping, switchir | Receiver
and routing of signals, introduce loss in network nodes. A2 | Sensitivity

optical amplifier technology is required that enables faithfu
amplification of the signal, regardless of data rate and chanpg 1 experimental setup of8 10-Gb/s WDM system using linear optical
count, even under dynamic conditions. The linear opticahplifiers.

amplifier (LOA) has been specifically designed to meet the

requirements of next generation networks [2].

Being a single-chip, InP-based amplifier, it has size and ¢
advantages over conventional amplifier technologies. Unlike tR
semiconductor optical amplifier (SOA), which suffers from gain
compression leading to crosstalk and distortions in optical sys- II. WDM SYSTEM TRIAL
tems [3], the LOA is linearized to enabling faithful amplifi-
cation of the optical signal. Especially important for dynamig
systems, the LOA gain is fixed, i.e., independent of the inst

o'ii, nt immune behavior is demonstrated in a LOA-based WDM
ystem without any means of external transient control.

Fig. 1 shows schematically the experimental setup of a WDM

stem using LOAs. A detailed description of a packaged LOA

) AR . module can be found in [1], [2]. To concentrate purely on the

taneous input power, making it immune to power transients {'ba performance in a multichannel environment, an optical

the network.. . . . _system was built up with optical attenuators, simulating fiber,
In the previous vyc_)rk described in [2], major performa_nce dIgnd node losses. The experimental setup has four optical nodes:

ferences were notified between a LOA and an EDFA in termite transmitter, two intermediate, and one receiver node. In

of transu?nt \r/sge\;l)nse ton de'\t/r|]ce Ieve(lj. Ig It_l”(ll)sAIeFter, the pe(;f%[é h intermediate node, we used an optical variable attenuator
mance ot a system with cascade S IS assessed aix( t1,...,Att3) to simulate optical losses caused by optical

compared t.qasystem .W'Fh Er-doped fiber amp||f|_ers (EPFA odes. The transmitter node consisted of eight distributed
The capability of amplifying multiple channels without interyo e ynack Jasers that generated continuous-wave (CW) signals
channel crosstalk is shown, and for the first time power traebaced at 200 GHz in the 1549.2-1560.6 nm range. The CW
signals were multiplexed and modulated simultaneously at
Manuscript received November 21, 2001; revised March 19, 2002 10 Gb/s with a pseUdorandom bit sequence (PRBS) of length
) , ) . 31 i
E. Tangdiongga and H. de Waardt are with the COBRA Research Institu?e, — 1. The Slgnals were coupled 05 km'$0 ps/nm) of

Telecommunications Technology and Electromagnetics Group, Eindhowgtandard single-mode fiber (SSMF) to produce decorrelated bit
University of Technology, NL-5600 MB Eindhoven, The Netherlands (e-maipatterns at the output of the transmitter node.

E-gagggiog?igr?s@lt_“eﬁ”')s' cknan. and G. N. van den Hoven are with Gengs 1€ Modulated signals entered the first intermediate node
Corporation, NL-5652 AC. Eindhoven, The Netherlands. {Rode1) where they were attenuated by the first attenuator
Publisher Item Identifier S 1041-1135(02)06264-X. (Attl) and then boosted by the first LOA (LOA1) to a total
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average power of3 dBm. Next, the signals were sent into the

second intermediate node (Node2) which is constructed wkig. 3. BER performance of eight WDM channels using (a) LOAs and
the second attenuator (Att2) and the second LOA (LOA2). THR) EDFAs.
total power at the output of Node2 was adjusted+® dBm.

The current injected into the LOAs was about 350 mA. Aftefas caused by the beat product of the signal and spontaneous

Node2 the signals were coupled to the receiver node. emission of the cascaded optical amplifiers. With a receiver
In the receiver node, an optical demultiplexer was used to S@Rmsitivity of — 33 dBm and a laser power af 2 dBm per

arate the WDM signals, followed by an optical attenuator (Att®hannel, the total loss budget was 46 dB of which 10 and 13 dB

and an optically preamplified receiver. The optically preamp r¢yere caused by Nodel and Node2, respectively.
ceiver consisted of an EDFA gain block, a 0.8-nm bandwidth op-

tical bandpass filter, a 10-Gb/s receiver module, and a clock/data
recovery module. The received signal was evaluated with a bit-
error-rate (BER) analyzer to determine the performance of theTo assess the transient response behavior of the WDM
LOA-based WDM system. For BER measurements we usedystem, the laser source 1, 3, 5, and 7 in Fig. 1 were switched
nonreturn-to-zero (NRZ) data pattern and the receiver sensit and off continuously at switching rates between 10 and
tivity was measured at the input of the optically preamplified00 kHz. These rates of a few tenths of milliseconds anticipate
receiver. The LOAs in the experiment exhibit a gain of 13 dBhe switching times of the next generation of the MEMS-based
a noise figure of around 8 dB, and polarization dependent gauavelength cross-connectsawb—DROP multiplexers [4].
of 0.5 dB. Fig. 4 shows eye patterns of inner channel 4 when the
Fig. 2 shows spectra of the eight WDM channels as observedd-numbered channels are switched on/off at 20 kHz. Other
in the output of the transmitter node (a), and in the input of thehannels were observed to perform similarly. It can be seen in
receiver node (b). No visible gain tilt is present in the sign&lig. 4(a) that the eye patterns for the system trial using EDFAs
spectrum. This is due to the very flat gain spectrum of individuahow noise-like distortions due to gain transients, which are
LOAs. The averaged optical signal-to-noise ratio (OSNR) aftarresult of poor dynamic behavior [5]. In contrast to the case
two LOAs is approximately 32 dB, enabling performance asf using EDFAs, the eye patterns observed in the LOA system
sessments dBER = 10~? or better. trial, as depicted in Fig. 4(b), shows a clear open eye, which is
Fig. 3 shows measured BER curves of the eight channelsidentical to the nonswitched case, with no visible degradation
the WDM system in Fig. 1 with LOAs (a) as well as EDFAsat all. The absence of signal degradation in a switched environ-
(b). For each case, back-to-back (BB) measurements, imgnt is a result of the absence of gain transients in the LOA
without intermediate nodes, are shown. All eight channels hadevice [2].
an identical BER performance. Fig. 3(a) shows the BER curvesFig. 5 presents the measured BER performance of channel
of the LOA-based eight-channel WDM system. The BER for the dynamic wavelengthbb—DROP system. The curves
performance of each WDM channel is in general very closhow an extra power penalty of about 1 dB for the WDM system
to the BER performance of the WDM system using EDFAsising EDFAs as a result of the EDFA gain transients. For the
This extremely identical performance is due to the fact that th€®A-based WDM system no observable additional penalty due
LOAs have uniform gain characteristics over a large bandwidtio. the 20-kHz switching was found. It is important to note here
The gain per channel is large enough to suppress the destructiiag for the EDFA-based system the decision threshold of the
effects of optical noise on the demultiplexed WDM signals 8ER analyzer had to be adjusted dynamically to achieve reason-
the receiver. Compared to the BB receiver sensitivity, a powable performance whereas the LOA-based system had a constant
penalty of approximately 1 dBBER = 10~Y) was measured decision threshold, making a simpler and low-cost receiver de-
for the system using LOAs and EDFAs. This small penaltgign possible.

Ill. ADD-DROP EXPERIMENT
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showed similar system performance for a cascade of two LOAs
and EDFAs, demonstrating WDM capability of LOA-amplified
optical networks.

To simulate a dynamic and reconfigurable WDM environ-
ment, four of the eight wavelength channels were switched on
and off at kilohertz speeds. The eye patterns and BER curves
of the WDM system using EDFAs showed additional signal
degradation due to amplifier gain transients. The LOA-based
WDM system showed no observable signal degradation due to
the switching. The absence of gain transients in LOAs enables
the way to truly dynamic optical networks with fast protection
switching, dynamic routing, anebD—DROP capabilities.
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