OSA/OFC/NFOEC 2011
NWA2.pdf

100Gb/s dual-carrier DP-QPSK performance after WDM

transmission including 50GHz Wavelength Selectivet&es

L. E. Nelson and S. L. Woodward
AT&T Labs — Research, 200 Laurel Avenue South, Istioln, NJ 07748
"lenelson@research.att.com

S. Foo, M. Moyer, D. Yao, and M. O’Sullivan
Ciena Corporation, 3500 Carling Avenue, Ottawa, ®itt, Canada K2H8E9

Abstract: Using a real-time intradyne receiver, we charémtethe tolerance of a 100Gb/s dual-carrier
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1. Introduction

Reconfigurable Optical Add/Drop Multiplexers (ROABMare being widely deployed in metro, regiona] Eomg-
haul optical networks. ROADMs afford carriers thdvantages of reconfigurable optical networks,udiclg the
ability to remotely rearrange wavelength connediahintermediate sites to meet new traffic demayudskly and
efficiently. In the near future, ROADMs will be deged in networks carrying 100Gb/s channels orbth@Hz ITU
grid. Therefore, the tolerance of 100Gb/s chantelshe filtering from 50GHz wavelength-selectiweitshes
(WSS), the optical switch “building block” of a R@M, is important. Several studies of the filteripgnalties of
100Gb/s single-carrier dual-polarization quaterramgse-shift-keyed (DP-QPSK) signals have beenrtegaising
offline processing [1-3]. Using a filter with nemactangular passband, reference [1] reported grofiiant penalty
of the 27.75-Gbaud return-to-zero (RZ) DP-QPSK aigmtil the 3-dB bandwidth dropped below ~30GHe[d], a
127Gb/s single-carrier RZ DP-QPSK signal was pasisemligh ten liquid-crystal-based WSSs with coneated
bandwidth of 36GHz FWHM, where each WSS had foortter super-Gaussian shape and ~45GHz FWHM.

In this paper, we used a 115.2Gb/s signal comprigetivo 57.6Gb/s DP-QPSK carriers (each at 14.4u@pa
separated by approximately 20GHz and studied liésance to cascaded filtering. Multi-carrier tranission has the
advantage of operating at a lower baud rate, withiwai complexity of optical OFDM or the optical-saj-to-noise
(OSNR) requirements of higher-order modulation fatsn This may become increasingly important ascbia
rates increase to 400Gbps and beyond. For theGb% dual-carrier signal, the tolerance to thei@afrequency
separation as well as the offset of the centeheftivo carriers relative to the filter center wasasured, for back-
to-back and after transmission through two and rteéaro-electromechanical (MEMs)-mirror-based WSSk
addition, the 115.2Gb/s signal was transmittedn@lavith 112Gb/s dual-carrier neighbors, througkl@km
standard single-mode fiber (SSMF) and ten WSSsntierstand its performance in a WDM environment.e Th
measurements showed less than 1dB difference uireefOSNR for carrier frequency separations betwiegand
26GHz, and that for 20GHz carrier separation, #@er of the dual-carriers could be detuned3@Hz.

2. Experimental Setup

The experimental configuration for WDM transmissittmough fiber spans and WSSs is shown in Fig.The
signal under test (at 193.40THz, denoted channelak generated and received using two pre-praslugiiade
Ciena eDC100G-LH transceivers, previously descringd]. Two 57.6Gb/s DP-QPSK carriers, nominapaced
by 20GHz, are combined in a 3dB coupler, resuliimga dual-carrier 115.2GHz channel having a sudfity
compact spectrum to allow placement in the 50GHz ¢fid. For these experiments a PRBS of lendthl avas
used as the test data, and the modulators’ bidages and RF drive levels are optimized automé#yicdin the
receiver, a 3dB coupler splits the incoming sigaatl sends it to two coherent receivers utilizinffedent LO
frequencies. Coherent detection can receive destagrier from within a multi-carrier signal byrtimg the local
oscillator (LO) near the desired carrier and filigrthe resulting signal electronically, enabliregeption of the
desired carrier without optical filtering [4]. Eadoherent receiver uses four single-ended detetdorsceive the
four signal components that are orthogonal in aeptghase and polarization. The signals are digitiaed then
processed in real-time using a custom ASIC, asribestin [4,5]. As shown in Fig. 1, the system-gptalso
included 79 loading channels on the 50GHz gridiltaHe C-band, including four 112Gb/s dual-carri2P-QPSK
loading signals on both sides of the channel-utekst-and seventy-one 56Gb/s DP-QPSK channels\atl@reyths
above and below the group of nine 100Gbps char{eets Fig. 2a). The loading wavelengths were coetbhand
modulated such that adjacent channels and adjaeeriers passed through different modulators aseans of
decorrelation. In addition, loading channels weeamsmitted through decorrelating fiber before gecmmbined
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together and, thereafter, combined with the sighannel in WSS-1. Noise loading (to vary the reegiOSNR)
was provided by the filtered amplified spontaneeunsission from an optical amplifier. WSS-10 was du$er
demultiplexing the channel-under-test before tleeireer input of tunable transceiver #2.

The transmission line consisted of nine 100-km spzin

SSMF (average 20.5dB loss and PMD < 0.dks) and iy Er e fLoading channels ]
two-stage erbium-doped fiber amplifiers (EDFA), ! ;
launching +18dBm into the spans (-1dBm/channehe T égga
WSSs were arranged and configured to emulate adrdink | %
which the channel-under-test would undergo maximum ! s fFen
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filtering by ten WSSs and yet would be transmittéth -
50GHz spaced neighbors in all nine fiber spans for b _
maximum inter-channel nonlinearities. At the EDFA ¥l cmimma - = 100 km SSMF

mid-stage after span 1, WSS-2 dropped a pair of
100Gbps channels from each side adjacent to the
channel-under-test. These four dropped channete we
amplified, passed through ax8 passive splitter, and
then added to the express signals using a 3dB eoupl
before span 2 and using WSS-3 to WSS-9 before spans
to 9, respectively. The ten WSSs wenres,1 C-band,
commercially available modules; the measured
passbands and group delays (GD) 'werg quite uniformig 1: Set-up for WDM transmission experiments. Lasers
across all ,ten WSSs, as shown in Flg. 3. For thgbélea with “a” (“b") are shifted up (down) from. the ITU
concatenation of WSS1-10, the bandwidths at -3, -1Qnannel frequency by one-half of the carrier separation.

and -20dB were 35.7, 39.6, and 42.2GHz, respegtivel

Measured PDLs of each individual WSS (for the cledumder-test at 193.4THz) were less than 0.05dB.

3. Results

The frequencies of the 57.6Gb/s DP-QPSK carriershef channel-under-test could be controlled, athgwi
investigation of the performance of the 115.2Gkiammel relative to the carrier separation and eamwifsets.

Measurements of bit-error-ratio (BER) versus OSN&evmade for both carriers, both with and withdu t
transmission fiber and WSS 2-9, as the carrierrs¢ipa was varied. From these BER curves the reqUDSNRs
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U Fig. 3: (2) Measured passbands and (b) GD of the ten
-40p individual WSSs and for the cascade of WSS-1 through

1548 1549 Wajj:r?gm(nm) 1561 1562 WSS-10, when in Add/drop mode. GD’s shown where
normalized gain is > -30dB. The averages over the 10 WSS
of the bandwidths at -3, -10, and -20dB were 45.1GHz,
50.8GHz, and 56.2GHz, respectively. The average center
wavelength was 1550.119nm (defined as the average of the
wavelengths at -3dB) with standard deviation of 0.006nm.

Fig. 2: (a) Optical Spectrum at span 9 output. Inset:
expanded view of 100Gb/s channels at booster output. (0.1nm
RBW) (b) Normalized gain of WSS-10 in Add/drop and
Express modes and of WSS-2 through WSS-9 in Add/drop
mode.
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(ROSNRS) necessary to achieve a pre-FEC BER dffdi0each carrier were calculated and then averamettain
the ROSNR for the 115.2Gb/s channel. Figure 4 st ROSNR as a function of the frequency seperati the
two carriers, with the dual carrier signal centevedhe ITU channel (the average frequency of Weedarriers was
193.40THz). Simulation results also are includadFig. 4 and show good agreement with measurements.
Simulations transmit random data of length gre#tten 2000 baud on each sub-carrier at the spedciieder
spacing and channel offset through measured offilial transfer functions. System optical noiseérijected before
the last WSS and the received pre-FEC BER is obthly direct error counting on approximately 80,080d. In
addition to measurement results when the WSSs imeaeld/drop mode, Fig. 4 also shows measurementtses
when all channels used the express path through 2¥&&ee Fig. 2b). After transmission throughl@dtnd the
ten WSSs there was no difference between the neEhOSNR for these two different configurationd\$s 2-9,
as could be expected based on Fig. 2b.

Measurements and simulations were also performeldeagual carriers’ center frequency (the averagguency of
the two optical subcarriers) was offset from th& Igrid (i.e. 193.40THz), with a fixed 20 GHz sef&ra between
the two carriers. Curves labeled “full channel’Hig. 5 show how the ROSNR (average of the two cariers’
ROSNRs when the full channel’s BER is®}(saries as the center frequency of the channdeianed (for fixed
20GHz separation) for transmission through two tmdWSSs in add/drop mode (and no fiber) and forsmission
over 900km and 10 WSSs in add/drop mode. Usingdnee BER data, Fig. 5 also shows the measured @SNR
the full channel when each subcarrier had a BEROSf plotted against that subcarrier's frequency. &ample,
the circled point in Fig. 5 was computed using shene raw data as was used to compute the two menisted
with arrows. Close agreement between measurenagntssimulation was found. As expected, when the tw
carriers are detuned so that their optical frequeschigh, then errors due to carrier 1 (the higfrequency
subcarrier) dominate. When the carriers are detunethe opposite direction, then the errors on ltheer-
frequency carrier dominate. The results show fhiathis case of 20GHz carrier separation, thedess than 1dB
ROSNR difference foe3GHz detuning of the center of the dual-carriemnfrthe center of the cascaded filters’
passband.
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Fig. 4: The ROSNR of the dual-carrier 115.2 Gb/s channel to
achieve a BER of 10 as the separation between the carriers

Fig. 5: ROSNR of the dual-carrier 115.2Gb/s channel for 107
BER as the signal was detuned from the ITU grid while
maintaining 20GHz carrier separation. Also shown is the
ROSNR when each of the two carriers has 10° BER.

was varied.
Markers: measurements; solid curves: simulations without
fiber.

4. Conclusions

We have characterized the tolerance of a 115.2@ldcarrier DP-QPSK signal to carrier frequenepagation
and frequency offset after transmission throughS@@Hz WSSs, including with 900km SSMF transmissicttn
100Gbps dual-carrier neighbors. For carrier fregyeseparations between 17 and 26GHz, there wagHas 1dB
difference in ROSNR. For a fixed 20GHz carrieraagtion, the center of the dual-carriers could btuged by
+3GHz, where as expected, the increase in the RO&iINRe attributed to filtering penalties imposedtmncarrier
closest to the band edge. Simulations of theopmidince without fiber transmission are in closesagrent with
measurements results.
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