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Abstract: We experimentally study the impact of symbol ratetransmission performance. From
34.7 to 74.7Gbd SNR decreases by ~1.5dB; hardwadenanlinear transmission effects cause

0.7dB and 0.8dB respectively. NLC benefit decrsagéigher rates. © 2020 The Author(s)
OCI S codes: (060.1660) coherent communications; (060.2330) fiptics communications.

1. Introduction

Digital coherent technology opened the door for@Q@ansmission over transoceanic distance, anddberal C+L
amplification doubles the capacity of a singlerstiraf optical fiber [1]. More than 200 or 400 trpoaders are needed
to populate a single fiber pair in C- or C+L-banbRA system respectively using 100 Gh/s transmisslmamnels.
Operating at higher rates is attractive from a teainequipment perspective. Increasing the payfmerdwavelength
through the increases in the symbol rate resultsvier channels and fewer components, translatittga reduction
of terminal cost, operational cost, and space. &juar at 400 Gb/s compared to 100 Gb/s can potlyrsiapport the
same fiber capacity using ¥ of the channel speeifjoipment. Data rates of 400Gb/s and higher Heen
extensively used in transmission demonstrations waasoceanic distances [2-6].

In this paper we experimentally quantify the paedmierformance losses at high symbol rates caboigddrdware
and transmission effects. We study transmissiofopaance dependence on channel symbol rate in asgstem by
varying the symbol rate from ~34.7 to ~74.7 GBd av&hsuring channel performance with and withoutinearity
compensation. Using 4D-HS-9/12-56 APSK modulationmiat, the back-to-back SNR penalty increases from ~
dB (34.7 GBd) to ~1.3 dB (74.7 GBd). After 7,603 kransmission, Q-factor and effective SNR decrehyek.16
dB and 1.5 dB respectively as symbol rate increfeas 34.7 to 74.7 GBd. The SNR degradation is cusegd of
~0.7 dB BtB penalty and ~0.8 dB penalty from noadintransmission effects. The observed decreask@benefit
with the increase of the symbol rate is causedbydecrease in DBP benefit.

2. Experimental Setup

Fig. 1 shows the schematic of the transmission raxieet. The WDM signals are divided into three greua single
measurement channel driven by a 100 GS/s DAC, drgaails each having 4 channels driven by a 92@®&C,
and flat ASE noise loading over the entire 9.74 TH2_ bandwidth. The measurement channel is modiilatth a
dual polarization 1/Q modulator driven by a 100 &BAC with 44 GHz BW. The 2 loading rails have ei¢hodd
and 4 even) lasers that are modulated by two spalrization 1/Q modulator driven by a 92 GS/s DAR®larization
division multiplexing (PDM) of the 2 loading rails emulated with a split and delay technique witm8 delay. The
number of channels in the loading section varigh thie channel symbol rate as shown in Table Tderto maintain
the modulated spectrum bandwidth at ~350 GHz. Teasmrement channel, even and odd loading railsaarging
the same data but are delayed with respect to @heh to de-correlate adjacent channels. Wavefanagenerated
off-line to produce raised cosine spectra iti0.001.
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Fig. 1: Schematic of thtransmission experime. Table =: Experiment paramete
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Fig. 2a: BtB Q-factor o;ysn?l?g?;;ormat vs OSNRiderent Fig. 2b: BtB SNR penalty at 25% FEC thresholdyrsalsol rate.

We use the hybrid shaped (HS) 4D-HS-9/12-56 APSK ufadbn format in this study that was characteriied
previous experiments [7-9]. The format is desigtedpproach the Shannon limit and to improve thigyuof our
nonlinear compensators. The format employs two €eden outer FEC code (LDPC) and an inner nonli9éb2
code. The 9/12 code varies the probability distidhuof the constellation points (probabilistic phray), resulting in
56 constellation points of the 2D symbol. The radliihe constellations are optimized based on Gashstribution
(geometric shaping). The FEC code used is a quaticdQC) LDPC; and the LDPC frames are desigraaddint
polarization coding. The information bit-streamaisruncated Z-1 PRBS pattern. An additional 1.67% symbols are
added as pilots. The channel information rate (@ngpall codes and pilots) increases from ~246 Gb/s529 Gh/s
as the symbol rate increases from 34.7 to 74.7 GBHle 1). The details of the modulation format &BPC can be
found in [7, 8].

The coherent receiver is based on adfiical hybrid, 70 GHz photo detector, 200 GS#tdi sampling scope
and offline DSP. The receiver DSP is comprised athliraditional optical coherent techniques to cengate for
linear effects as well as algorithms targeting ivedr (Kerr) effects. The traditional DSP chainlugies chromatic
dispersion compensation, clock recovery, polariratmode dispersion compensation, carrier frequesftset
compensation and carrier phase estimation (CPE)n&dinearity compensation (NLC), we apply a comaltion of
techniques: single channel digital back propagafi2BP) is performed with 2 steps per span followgdast LMS
equalizer and generalized filter. The details eftttree NLC techniques and the receiver DSP cdaurel in 7, 9].

The circulating loop testbed is described in detafl7]. The testbed consists of twelve 52.8 knefispans with
0.150 dB/km loss, 20.9 ps/nm/km dispersion, andiB? effective area, all at 1550 nm. Amplification i®pided
by C and L-band EDFAs with a signal bandwidth of49THz. Total C+L band power launched into transiois
fibers is 22.5 dBm, which is near optimum power whadl three NLC techniques applied. loop synchronous
polarization controller is used to randomize pdalation evolution in the loop testbed.

3. Experimental Results

Fig. 2a shows the measured Q-factor vs OSNR in-b@atlack (BtB) with noise loading for different shwi rates.
To minimize the effects of OSNR variations anddatisons of the transmitter with symbol rate, thedulation loss
of the dual-polarization I/Q modulator is kept camg by varying the driving power to the modulatéig. 2b shows
the BtB penalty (relative to the theory curve ig.R2a) at the error correction threshold (4.1 dBE BtB penalty
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Fig. 3e: Pre-emphasis of 56 APSK format across symbol 1. Fig. 3k: Performance vs symbol rate after 7,60:.
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increases from ~0.5 dB (34.7 GBd) to 1.3 dB (74Bt}{> We estimate the BtB SNR limit of our transeritand
receiver decreases from 23.6 dB to 19. 1 dB asythwol rate increases from 34.7 GBd to 74.7 GBd.
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Fig. 4a: -Stage NLC benefit vs distar across symbol rat Fig. 4b: NLC anc DBP-only benefit vs symbol rafai two distance

We perform transmitter power pre-emphasis usingoamof channels in the center of the C-band aft603 km
transmission. The power of a group of 5, 7 or 9 utated channels are varied at the transmitter.| poeaemphasis
bandwidth ranges between 300 and 385 GHz as showakile 1. Fig. 3a shows a center channel perfoceaiith
3-stage NLC compensation vs received OSNR aft€d37kén, and Fig. 3b shows the performance vs symaielat
nominal power (0-dB pre-emphasis) for the casels anid without 3-stage NLC compensation. For thesasing 3
stage NLC, performance degrades by ~1.5dB SNR{B.T} as the symbol rate increases from 34.7GBd t6GBd.
This SNR degradation is comprised of ~0.7 dB inseda BtB penalty and ~0.8 dB increase in nonlitearsmission
penalty. For the cases without NLC, the Q-fact@rddes by 0.95dB from 34.7GBd to 74.7GBd. Despidricreased
non-linear transmission penalty at higher symbtdsathe benefits of NLC decrease by 0.3dB as show#ig 4b.
Most of the reduction in NLC benefit is from DBP.ZAB decrease) which we attribute to the largezatéf of PMD
at larger symbol rates. High symbol rate transmissat transoceanic distances may benefit from stibca
modulation with DBP performed separately on thecantiers. We further explore channel performance [dhC
benefit vs transmission distance from 633.6 km, 803 km. Fig. 4a shows that the 3-stage NLC bemafiteases
with transmission distance. Fig. 4b shows NLC bignsfchannel symbol rate for 4 cases as indicet¢ke legend.
4. Conclusions

We experimentally study transmission performangeeddence on channel symbol rates ranging fromt®4-74.7
GBd. We use the 4D-HS-9/12-56PASK multi-dimensiocatled modulation format based on hybrid shaping in
experiments. As the symbol rate increases from &Bd, BtB SNR penalty increases by ~0.7dB. Aft&03, km
transmission distance these penalties increasétdBLSNR and 1.16 dBQ respectively. The SNR degjian after
the transmission, apart from the B2B penalty, issed by ~0.8 dB penalty from nonlinear transmissiffects. The
NLC benefit drop comes predominantly from a deczess DBP compensation benefit. This makes subaarrie
multiplexing an attractive solution for higher syohlpate signals in order to fully utilize NLC wifbBP.
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