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Abstract: The impact of nonlinear interference (NLI) is experimentally investigated in the ultra-

wide bandwidth regime. For signal bandwidths up to 7.3 THz it is confirmed that NLI continues to 

accumulate as predicted by the Gaussian-Noise model. 
OCIS codes: (060.4510) Optical communications; (060.2310) Fiber optics  

 

1. Introduction  

Extending the usable spectrum beyond the conventional C band can increase the throughput in optical fiber 

communication systems. Recent experimental demonstrations have shown systems capable of transmitting 49.3 Tb/s 

over 9100 km by using a parallel configuration of C and L band erbium-doped fiber amplifiers (EDFAs) [1]. As the 

bandwidth is further increased in the continuous search for higher capacity systems, penalties induced by nonlinear 

effects will be a limiting factor in system performance, and their impact can be predicted using a variety of 

analytical models [2,3]. The accuracy of these models has been assessed for several transmission fiber types and 

modulation formats using experimental data [4,5]. Good agreement between the model predictions and experimental 

results as a function of distance for C band systems have been reported [6]. However, the growth of nonlinear 

distortions or interference (NLI) as a function of transmitted bandwidth has not been investigated to date for systems 

currently of interest: high spectral efficiency formats, Nyquist channel spacing and bandwidths beyond 3.5 THz [7]. 

In this work, we address this open question experimentally by investigating the accumulation of NLI for ultra-

wideband fiber transmission using Nyquist shaped, polarization multiplexed, 64-ary quadrature-amplitude 

modulated (PM-64QAM) channels. The growth of NLI was studied for different transmitted signal bandwidths 

ranging from 40 GHz up to 7.3 THz, and compared with predictions from the Gaussian-Noise (GN) model. 

2.  Experimental setup and methodology  

A schematic of the experimental setup used is shown in Fig. 1. Seven external cavity lasers (ECLs, nominal 

linewidth 100 kHz) were connected to two independent ‘IQ’ optical modulators driven by the amplified outputs of 

92 GS/s digital-to-analog converters (DACs). A digital root raised cosine (RRC) filter with 0.1% roll-off was used to 

spectrally shape the signals and pre-emphasis was applied to overcome the electrical response of the transmitter 

components. The modulated channels were combined and then polarization multiplexed (PM) using a PM emulator 

to form a 740 GBd PM-64QAM super-channel. The super-channel signal was subsequently combined with 

spectrally-shaped amplified spontaneous emission (SS-ASE) noise, used to emulate additional interfering channels, 

allowing a range of transmission bandwidths to be investigated. The validity of this methodology was verified in [8]. 

The spectrum of the transmitted 7.3 THz bandwidth signal of can be observed in the inset of Fig. 1. For 

transmission, a single-span recirculating optical fiber loop was used. Optical amplification within the transmission 

loop was carried out in parallel for the C and L bands using EDFAs with nominal noise figures of 5 and 6.5 dB 

 
Fig. 1. Experimental setup. 



respectively. The loop consisted of two acousto-optic modulators (AOMs), a loop synchronous polarization 

scrambler (PS), and three pairs of EDFAs. The fiber span was 101 km of Corning® Vascade® EX2000 Fiber with a 

total loss of 16.2 dB. A wave shaper (WSS) was used as and adjustable gain flattening filter to compensate for any 

gain tilt in the system. 

At the receiver the optical signal was amplified and a band-pass filter of 120 GHz, centered at 1550 nm, was 

used to select the channel of interest. A separate ECL was used as the local oscillator, and detection was carried out 

in a digital coherent receiver followed by digital signal processing as in [9]. 

Signal to noise ratio (SNR) was used as the performance metric of the system. The theoretical performance of 

the system was calculated for the same experimental configuration, with the coherent GN model ((1) in [2]) being 

used to calculate the NLI. The impact of the spectral gap (4 nm, Fig. 1 inset) due to the amplification process was 

included in the GN model calculations. The SNR was calculated as the ratio between the signal power and the sum 

of the noise components (transceiver limit, ASE and NLI) as detailed in [5]. The transceiver limited SNR was 

experimentally measured in the back-to-back configuration without noise loading and the ASE noise contribution 

was included by adding the noise from the loop EDFAs. 

3.  Results and discussion 

In order to analyze the accumulation of NLI over different bandwidths the system performance was evaluated after 

fiber transmission at a fixed distance of 1010 km, corresponding to 10 spans. This distance provides enough 

accumulated dispersion for the GN model assumptions to be valid. The propagated bandwidths used in the 

experiment were 40, 280, 600,1200, 2500, 4100 and 7300 GHz with the results shown in Fig. 2 (a). Towards the 

highly nonlinear regime, for a fixed signal launch power, a penalty in SNR can be observed with increase of 

transmission bandwidth, as expected. For instance, at a launch power of 4 dBm per channel (maximum signal power 

for C+L band signals due to EDFA limitations) the difference observed in SNR between the transmission 

bandwidths of 40 GHz and 7.3 THz is approximately 2.7 dB. The theoretical predictions of system performance 

(solid lines) are shown together with the experimental results. The model is confirmed to give an accurate, slightly 

pessimistic prediction of performance in the nonlinear regime for the all evaluated bandwidths. 

Fig. 2 (b) shows the degradation in SNR at the optimum launch power versus transmitted bandwidth at a 

transmission distance of 1010 km. It can be observed that the SNR is degraded due to NLI according to a 

logarithmic law as the bandwidth is increased, as described in [2], and no clear saturation point can be determined 

up to the measured bandwidth of 7.3 THz. The total SNR reduction due to NLI observed at optimal signal launch 

power between the transmission of a single channel and 7.3 THz is 2.3 dB. It can also be observed, that half of this 

total SNR penalty occurs when increasing the bandwidth from 40 to 600 GHz corresponding to approximately 10% 

of the total transmitted bandwidth. Additional bandwidth increases lead to smaller SNR degradations on the channel 

under test due to the increased separation in frequency, and hence walk-off, from the evaluated channel. 

Continuously increasing the signal bandwidth from 4.2 to 4.8 THz is not possible due to the spectral gap required to 

split the optical signal for amplification, therefore, no additional SNR degradation are observed in this region. 

Beyond 4.8 THz, signals in the L-band do contribute further NLI noise to the evaluated channel.  

  
Different metrics have been proposed to design and characterize communication systems. Using an approach 

from information theory, the mutual information (MI) between the received and transmitted symbol has been 

 
Fig. 2. Performance of the transmission system. (a) Different transmitted bandwidths after 1010 km, (b) SNR degradation as a function of 

bandwidth. Markers represent experimental data and solid lines theoretical predictions. 

 



suggested as a figure of merit for optical systems [9,10]. MI represents the maximum achievable information rate at 

which a system can reliably transmit information (herein under the assumption of Gaussian noise statistics, which 

we inherently assume to be a reasonable approximation for the GN model). NLI determines the optimum signal 

launch power, and therefore the performance at different distances will be influenced by the transmitted bandwidth. 

To study the impact of this, MI was measured at different distances for the transmission of 280 GHz and 7.3 THz 

bandwidth signals, with the results presented in Fig. 3. At short transmitted distances, below 300 km, only a small 

difference between the performance for both bandwidths (~0.3 bit/symbol) arises, since the system is largely 

dominated by transceiver limitations. At longer distances, the central channel MI is significantly reduced for wide 

bandwidth transmission due to the increased NLI. For example, at 2500 km the MI from the 7.3 THz system has a 

penalty of approximately 1.1 bit/symbol, corresponding to 1.8 dB in SNR, compared to the transmission of 280 GHz 

bandwidth signals. This means only a ~16% decrease in achievable information rate with a ~2500% increase in 

bandwidth. Due to the nonlinear relationship between SNR and MI, we find the fractional model accuracy to be 

improved when considering MI, as can be observed in Fig. 3 (solid lines). Therefore, as achievable throughput is 

ultimately the quantity of interest, we consider that the GN model is accurate at estimating central channel 

performance at optimum launch power, even in ultra-wide bandwidth transmission systems. 

 

4.  Conclusions 

The accumulation of nonlinear impairments was studied for long haul transmission systems with signal bandwidths 

of up 7.3 THz. It was observed that SNR monotonically decreased with signal bandwidth at optimum launch power, 

in line with predictions from the GN model. Further, we note that the model is especially accurate when considering 

the achievable information rate of the transmission system; observed for all transmitted bandwidths considered 

herein. Using this metric we conclude that even with the monotonic increase of NLI with signal bandwidth, 

increasing the signal bandwidth still appears among the most promising solutions to continue the development of 

high capacity systems. 
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Fig 3. Mutual information as a function of transmitted distance for the propagation of 280 GHz (green) and 7.3 THz (black). Markers for 

experimental data and solid lines for theoretical predictions. 

 


