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 

Abstract— We experimentally demonstrate the generation of 

107-Gbit/s net-rate optical discrete multitone (DMT) signal using 

a 1.5-µm single-mode vertical cavity surface emitting laser 

(VCSEL) with modulation bandwidth of 22-GHz. Utilizing a 

nonlinearity-tolerant channel equalization algorithm for digital 

signal processing (DSP), total net-rates of 726.6-Gbit/s over 2.5-km 

dispersion-uncompensated 7-core fiber and 533.1-Gbit/s over 10-

km dispersion-compensated 7-core fiber below 7% overhead 

hard-decision forward error correction (HD-FEC) limit have been 

experimentally achieved with a 1.5-µm VCSEL based intensity-

modulation direct-detection (IM/DD) system. The features of the 

1.5-µm single-mode VCSEL, 2.5-km/10km multi-core fibers and 

fan-in/fan-out modules are presented. Besides, the Volterra series-

based nonlinearity-tolerant channel equalization algorithm, which 

improves the signal-to-noise ratio (SNR) with more than 5-dB, is 

mathematically described and experimentally validated. The 

results have demonstrated that 1.5-µm single-mode VCSEL and 

multi-core-fiber-based transmission can be a promising candidate 

to solve the capacity challenges in short-reach optical 

interconnects. 

 
Index Terms— Vertical cavity surface emitting laser (VCSEL), 

discrete multitone (DMT), multi-core fiber (MCF), digital signal 

processing (DSP), Volterra series model, nonlinearity-tolerant 

channel equalization. 
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I. INTRODUCTION 

ITH the massive deployment of novel Internet 

applications, the high capacity requirements have put a 

great pressure on datacenter networks. According to the 

prediction from Cisco Ltd. [1], most of the datacenter traffic 

will stay within the mega datacenters and high data rate short-

reach interconnections are highly demanded especially for 

intra-datacenter networks. According to [2], the data rate per 

channel will improve from 25-Gbit/s to 100-Gbit/s or even 

higher for next generation Ethernet interfaces in intra-

datacenter networks, and the total data rate of the interface is 

expected to be 400-Gbit/s or even higher. As a result, optical 

fiber communication is considered as an attractive technology 

to solve this capacity bottleneck [1]. Moreover, to meet the 

ever-increasing capacity requirements while keeping a low 

deployment cost, optical intensity-modulation direct-detection 

(IM/DD) system are preferred thanks to its low system cost. 

Among the methods proposed to realize the high capacity and 

low-cost datacenter interconnects, vertical cavity surface 

emitting laser (VCSEL) based optical links together with 

advanced modulation formats are recognized as a promising 
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candidate thanks to their high spectrum efficiency, low power 

consumption and ease of integration into VCSEL arrays [3]. 

100-Gbit/s short-reach interconnects have been experimentally 

demonstrated employing short-wavelength VCSELs and 

multimode fibers (MMF), together with advanced modulation 

formats, such as pulse amplitude modulation (PAM), discrete 

multitone (DMT), or carrier-less amplitude and phase 

modulation (CAP) [4-8]. However, the MMF transmission 

distance is limited, up to a few hundred meters. To the best of 

our knowledge, the longest transmission distance is 550-m 

MMF with 106-Gbit/s net-rate per channel [8] at hard-decision 

forward error correction (HD-FEC) limit. Meanwhile, long-

wavelength (LW, e.g. 1.5-µm) and single-mode (SM) VCSELs 

have gained increasing interests thanks to the lower power 

consumption, low transmission loss in silica-based optical 

fibers and compatibility with mature dense wavelength division 

multiplexing (DWDM) devices [9], which is desired in the long 

term to support future Terabit and beyond interconnects in a 

mega-datacenter. Several research works achieving high data 

rates with LW VCSELs have been reported [10-13]. In [10], a 

74.8-Gbit/s net-rate LW SM-VCSEL link is demonstrated with 

real-time 3-level electrical duo-binary modulation. [11] 

achieves 87.5-Gbit/s net-rate over 0.5-km standard single mode 

fiber (SSMF) (79.2-Gbit/s over 4 km SSMF) at 20% overhead 

HD-FEC with a 1.5-µm VCSEL and DMT modulation. In [12], 

81.6-Gbit/s net-rate PAM-4 transmission is demonstrated over 

1.6-km SSMF with a 1525-nm SM-VCSEL. Besides, [13] 

reports a 56-Gbit/s net-rate DMT transmission over 12-km 

SSMF. Nevertheless, the IM/DD system using cost-effective 

and high-speed LW SM-VCSEL to reach 100-Gbit/s net-rate 

per lane is still challenging even for short-reach 

communications. 

Meanwhile, spatial division multiplexing (SDM) is widely 

recognized as a key enabling technology to increase bandwidth-

density for optical interconnects [14]. The current datacenter 

network using either individual fibers or fiber ribbons are 

costly, bulky, hard to manage and not scalable. Such issues can 

be addressed by introducing multi-core fiber (MCF) based 

SDM transmission. Therefore, the use of VCSELs and MCF to 

realize multichannel transmission is a promising solution for 

cost- and energy-effective high-speed optical interconnects 

[15].  

This paper is an extension of [16] providing further analyses. 

In this paper, we significantly extend the previous work by: 1) 

elaborating the features of key components including the 1.5-

µm SM-VCSEL, MCFs and fan-in/fan-out modules; 2) 

introducing theoretical derivations of the nonlinearity tolerant 

digital signal processing (DSP) flow; 3) showing the DSP flow 

optimization process with experiments; 4) extending the results 

with 10-km 7-core MCF transmission. In the experiments, we 

have demonstrated the generation of optical DMT signal of 

107-Gbit/s net-rate (gross 114-Gbit/s), using a 1.5-µm SM-

VCSEL with direct modulation bandwidth of 22-GHz. To 

overcome the nonlinearities that come from the VCSEL and the 

optical link, we have utilized a nonlinearity tolerant DSP flow 

to improve the transmission performance. The experimental 

results show that, after 2.5-km dispersion-uncompensated 7-

core MCF optical DMT transmission, the maximal achieved 

core net-rate is 105-Gbit/s (gross 112.3-Gbit/s when cyclic 

prefix overhead and channel equalization pilot overhead have 

been considered) and the total net-rate is 726.6-Gbit/s (gross 

777.5-Gbit/s). After 10-km dispersion-compensated 7-core 

MCF, the maximum achieved core net-rate is 83.1-Gbit/s (gross 

88.9-Gbit/s) and the total net-rate is 533.1-Gbit/s (gross 570.5-

Gbit/s). To the best of our knowledge, this is the highest DMT 

net-rate ever achieved by means of LW SM-VCSEL 

technology. 

The remainder of this paper is structured as follows: Section 

II shows the operational principles including the features of LW 

SM-VCSEL, 7-core MCFs, fan-in/fan-out modules and 

nonlinearity tolerant DSP flow. Section III shows the 

experimental setup and Section IV shows the system 

optimization and MCF transmission performance. 

II. OPERATIONAL PRINCIPLES  

High-speed optical short reach interconnects need careful 

design of the optical devices, transmission link and DSP flow. 

In section II-A, the feature of the 1.5-µm SM-VCSEL is 

presented. In section II-B, the feature of the 7-core MCFs and 

the fan-in/fan-out modules are depicted. In section II-C, the 

mathematical derivation of the nonlinearity tolerant DSP flow 

is provided.  

A. 1.5-µm Single Mode VCSEL 

 

 
(a) 

 

 

(b) 
 

Fig. 1. (a) The experimental probing setup and (b) the VCSEL structure. 
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The experimental probing platform setup and the VCSEL 

structure are shown in Fig. 1 (a) and Fig. 1 (b), respectively. 

The VCSEL die is electrically driven via a 100-µm GSG 50-

GHz probe. The light generated in the VCSEL is coupled into a 

single-mode lens fiber. There was no temperature controller 

(TEC) used in the setup. This 1.5-µm SM InP-based VCSEL 

uses an ultra-short semiconductor cavity (~1.5-µm) and two 

distributed Bragg reflectors (DBRs) to enhance its bandwidth 

[9]. The optical gain is provided by an active region with seven 

AlGaInAs quantum wells and current confinement is achieved 

by a p+ –AlGaInAs/n+ –GaInAs buried tunnel junction (BTJ) 

of 4-µm. The reduced cavity length allows the operator to 

minimize the photon lifetime by maintaining single-mode 

operation, and an involved doping profile has been used to 

overcome parasitic limitations and thermal issues. The 

particular VCSEL used in the experiments is a 1541.2-nm laser, 

with a maximum optical output power after probing of 1-dBm. 

The VCSEL is optimized for a 50-Ω impedance to minimize 

reflection.  

 

Fig. 2 (a) shows the measured P-I-V curves of the VCSEL. 

This 1.5-µm SM-VCSEL shows an impedance of 54-Ω at 10-

MHz and 63-Ω at 10-GHz. The threshold current is ~1.5-mA, 

and the maximum optical output power is at ~8-mA. With a 

VCSEL current larger than 8-mA, the optical power decreases 

due to thermal heating of the VCSEL. The optical spectrum is 

shown in Fig. 2 (b), measured at a bias current of 7-mA. Fig. 2 

(c) presents the small-signal S21 responses of the electrical–

optical–electrical conversion. The maximum bandwidth of 22-

GHz and an optimum flat response is reached with a bias 

current of around 7~8-mA, where however the VCSEL optical 

output power starts to degrade due to thermal heating. More 

properties and design principles of the 1.5-µm SM-VCSEL can 

be found in [9]. 

B. 7-core MCFs and Fan-in/Fan-out Modules 

In the experiments, we have adopted 2.5-km 7-core MCF and 

10-km 7-core MCF for demonstration of high-speed optical 

links. The cross-section view of the 2.5-km 7-core MCF used 

for our experiments is shown in Fig. 3 (a). The stack and draw 

process is applied to fabricate 7-core homogeneous MCFs, and 

therefore, the properties of different cores are almost the same. 

The MCF is designed for short-reach communications with 

ultra-low crosstalk [17,18]. The cladding diameter of the MCF 

is 150-μm and the average core pitch is 41.5-μm, respectively. 

The crosstalk between adjacent cores is suppressed to be as low 

as −45dB/100km. The attenuation loss is less than 0.2-dB/km 

at 1.5-µm and the chromatic dispersion of the MCF is 17.1-

ps/nm/km.  

 
The low-loss and reliable connectivity between MCF and 

SSMFs is also of great importance for the MCF based optical 

links by using fan-in/fan-out modules. The fabricated fan-

in/fan-out module is shown in Fig. 3 (b). In the development of 

fan-in/fan-out modules, we have developed proprietary 

technology [17] of chemical etching to reduce the length of 

transition region sharply and to keep a uniform etched diameter 

long enough for fiber bundle fabrication. The crosstalk between 

adjacent cores in the fan-in/fan-out modules is measured to be 

less than -50dB. The insertion loss per fan-in/fan-out is less than 

1.5 dB. 

C. Nonlinearity-tolerant DSP Flow 

Although VCSEL presents an attractive solution for high 

data-rate, cost-effective and energy-efficient optical links, the 

VCSEL can exhibit nonlinear behaviors, especially for high 

bias currents, due to the internal heating [19]. Moreover, the 

DMT signals have a large dynamic range because of the high 
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Fig. 2. (a) The P-I-V curves, (b) optical spectrum and (c) small-signal S21 

responses of VCSEL. 
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Fig. 3. (a) The cross-section view of the 2.5-km 7-core MCF and (b) the 

fabricated fan-in/fan-out module. 
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peak-to-average ratio (PAPR), which making them more 

vulnerable to nonlinearities. Besides the modulation 

nonlinearities of VCSELs, the nonlinearities of the short-reach 

DMT optical link also come from other sources, such as inter-

subcarrier mixing in square-law detection of photo detector, and 

electrical amplifiers due to the high PAPR of the DMT signal.  

To mitigate such detrimental effects from system 

nonlinearities, a nonlinearity-tolerant DSP flow for optical 

DMT transmission in VCSEL based short reach optical link is 

required. The DSP flow of the transmitter and the receiver in 

our system is shown in Fig. 4. 

 
Except for the channel equalization, the DSP flow is similar 

to a conventional DMT system. In the transmitter, a mapping 

module is used to transform the binary data in different 

subcarriers to QAM symbols. Meanwhile, the bits and power 

loading with Chow algorithm [20] is utilized at the transmitter 

to enhance the capacity of the DMT system with the spectrally 

shaped (always low-pass filtering property) channels. After 

mapping, the inverse fast Fourier transform (IFFT) module 

transforms the frequency domain symbols into time domain to 

realize the DMT modulation. Then, cyclic prefix (CP) is 

inserted to reduce the influence of inter-symbol interference. At 

the receiver, the DSP flow after synchronization corresponds to 

the reversed process of the transmitter DSP flow, except the 

channel equalization.  

The channel equalization is composed of linear equalization 

(LE) and nonlinear equalization (NE). First, the signal after the 

FFT module passes through the pilot based one-tap LE, which 

is used to compensate the fiber chromatic dispersion and to 

reduce the system additive Gaussian noise influence [21]. We 

assume that P(m,l) represents the pilot carried with subcarrier 

index m at the i-th symbol, P’(m,l) represents the corresponding 

received pilot. The number of pilots is Np, and the estimation of 

the linear channel response at the m-th subcarrier is expressed 

as: 

 
1

( ) ( , )/ ( , ) /
pN

pl
H m P m l P m l N


 （ ） .               (1) 

The number of the total DMT symbols is denoted as Ns, and 

the index l of the pilots corresponds to: 

( 1) / 1,   1,...,s p pl k N N k N     .       (2) 

After LE, the signal is equalized with H(m). Assuming that 

R(m, l) represents the received data with subcarrier index m at 

the i-th symbol, the data Y(m,l) after LE is expressed as: 

( , ) ( , ) / ( )Y m l R m l H m .                    (3) 

After LE, Y(m, l) is equalized with a nonlinear equalizer. 

Here, a simplified Volterra series nonlinear model [22, 23] is 

used for estimating the nonlinearity components, which 

considers only the 2nd-order and partially the 3rd-order terms. 

In time domain, the transmission model is expressed as follows: 
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where n is the index of time domain samples, x(n) is the 

transmitted DMT signal, w is the additive Gaussian noise 

originating from the device background noise and channel 

impairments, hK(…) (K>0) is the K-th order Volterra kernel 

corresponding to the linear (K=1) or nonlinear (K>1) channel 

responses, and MK is the memory length of K-th order effect. 

Since linear distortions (w and h1) have been well compensated 

with a low complexity and low overhead [21] LE in (3), we only 

consider h2 and h3 in (4) for nonlinear compensation. The 

nonlinear compensation is an iterative process. At the first 

iteration, Y(m, l) is fed to a decision-feedback module followed 

by a IFFT re-modulation module to estimate the transmitted 

DMT samples x(n), which are denoted as x’(n). Then, the 

nonlinear kernels are estimated [23] by a recursive least square 

(RLS) algorithm using the training symbols. 

After obtaining the nonlinear kernels with the RLS algorithm 

and training symbols, the signal with nonlinear distortions is 

equalized by subtracting the nonlinear noise using (5) with 

estimated h’. 

2 2

3 3 3

1 1

2

0

1 1 1

3

0

'( ) ( )

           ( , ) '( ) '( )

           ( , , ) '( ) '( ) '( )

M M

i j i

M M M

i j i k j

y n y n

h i j x n i x n j

h i j k x n i x n j x n k

 

 

  

  

 

     

      

 

  

 

  

. (5) 

The delay factor α of the nonlinear equalizer is inserted to 

change the position of the reference taps in (5). After 

equalization with (5), y’(n) is utilized as the input for decision-

feedback module for the next iteration until the loop comes to 

the predefined iteration loop number. 

III. EXPERIMENTAL SETUP 

The experimental setup is shown in Fig. 5. In the 

experiments, the length of the IFFT and CP are set to 1024 and 

16, respectively, and the first subcarrier was set to null. The 

binary sequence used to generate the DMT symbols is random 

sequence generated from MATLAB software. There are 140 

DMT symbols generated for transmission. The generated DMT 
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Fig. 4. DSP flow of the transmitter and the receiver 



 5 

signal has a PAPR of ~ 11-dB. For simplicity in the DSP 

implementation, the memory length M2 and M3 of NE are kept 

equal. The VCSEL bias current is set to 7.8-mA as a trade-off 

between bandwidth, linearity and output optical power. There 

is no temperature controller (TEC) used in the setup. The 

measured central wavelength of the probed VCSEL is 1543.2-

nm and the captured output optical power is 1-dBm.  

 
The DMT signals are generated with MATLAB software and 

loaded into a 92-GSa/s digital to analog converter (DAC, 

Keysight AWG M8196A, 3-dB bandwidth 32-GHz). The 

output amplitude of the DAC is 720-mV (peak-to-peak 

voltage). The clipping ratio at the transmitter is set to 0.7 to 

improve the output signal-to-noise ratio (SNR) from the DAC. 

The signal from the directly modulated VCSEL is fed into a 

booster Erbium-doped fiber amplifier (EDFA) with fixed 

output power of 14.8-dBm to compensate the insertion loss of 

optical coupler.  The signal is split in a fan-in module of a 2.5-

km 7-core MCF or a fan-in module of a 10-km 7-core MCF, 

using one 1:2 optical coupler cascaded with two 1:4 optical 

couplers, where the last port is used for optical back-to-back 

(B2B) measurements. The optical delay lines (0.5 to 10 meters) 

are used to de-correlate the signals to emulate a practical system 

using seven independently modulated VCSELs. After the MCF 

transmission, the signals are detected individually after a fan-

out module. No any dispersion compensation fiber (DCF) is 

used after the 2.5-km 7-core MCF transmission, while a fixed 

DCF (-159 ps/nm) is employed after the 10-km 7-core MCF. 

The signal is amplified by an EDFA for pre-amplification since 

the sensitivity of the employed PIN is low. An optical tunable 

filter (OTF) is utilized to filter out the amplified spontaneous 

emission (ASE) noise. A 90-GHz PIN photo-detector (PD, 

sensitivity: 0.5-A/W) is used at the receiver. A variable optical 

attenuator (VOA) is used before the PD for bit error rate (BER) 

curves. The electrical signal resulting from this direct-detection 

is amplified by a 65-GHz linear electrical amplifier with 11-dB 

gain and captured by a 160-GSa/s digital storage oscilloscope 

(DSO, 3-dB bandwidth 63-GHz).  

The measured system response with optical B2B, 2.5-km 7-

core MCF and 10-km 7-core MCF are shown in Fig. 6. Here, 

the best (highest 3-dB bandwidth) and the worst (lowest 3-dB 

bandwidth) cores are shown. The response for 10-km 7-core 

MCF based system is equipped with DCF. It can be observed 

that the B2B and 10-km MCF cases are low-pass filtering 

channels with more than 10-dB attenuation within 30-GHz. The 

low-pass filtering property of optical B2B case is caused by the 

VCSEL response the chirps of the VCSEL. Besides, the low-

pass filtering property of 10-km MCF case is also caused by 

partial chromatic dispersion compensation from DCF. Thus, 

bit-power loading can help improve the system capacity and 

spectrum efficiency. In the experiments, 300 subcarriers and 

225 subcarriers are used for B2B and 10-km MCF cases, 

respectively. In contrast, there is only ~ 5-dB of SNR variation 

of 2.5-km MCF within 30-GHz. This is because of the chirp 

induced spectral broadening of VCSEL. It means that to some 

extent the positive chromatic dispersion of the MCF 

compensates the chirps of VCSEL [24]. Thus, bit-power 

loading does not help much and 16QAM with 330 subcarriers 

are used for 2.5km MCF demonstration. 

 

IV. RESULTS AND DISCUSSIONS 

In this section, first, the performance of optical B2B 

transmission case is demonstrated to show the optimization 

process of the nonlinearity tolerant DSP flow for optical DMT. 

After that, the transmission performance over 2.5-km and 10-

km 7-core fibers is shown, respectively. 

A. Optical B2B Performance Optimization 

 
The performance of the one-tap LE versus the LE pilot 

overhead is first demonstrated and shown in Fig. 7. The 
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received optical power (RoP) is 7-dBm. The performance limit 

of LE is calculated by treating all the DMT symbols as pilots. 

It can be seen that the mean SNR is improved by ~ 2.8-dB with 

only one pilot, and the performance is improved gradually by 

increasing the number of pilots. Finally, with 10% pilots 

overhead, the SNR can be improved by ~4-dB. In the 

experiments, we choose 5% pilots overhead (7 pilots) for LE as 

a trade-off between performance and system overhead. 

 
The optimization of the NE is carried out after LE. The mean 

SNR under different memory lengths and after different 

iterations in the optical B2B case is shown in Fig. 8. The 

number of training symbols and the delay factor α are set as 8 

and 3 respectively. The SNR without NE is also shown for 

comparison. With increased memory length, the mean SNR 

obviously improves. This is because more nonlinear kernels are 

considered in (5) resulting in a larger reduction of the nonlinear 

distortion. The SNR improvement by NE saturates when the 

memory length is larger than 9. Besides, the SNR is also 

improved with the process of NE iterations. There is a large 

improvement of SNR between the first and the second iteration, 

but the increment in SNR gain diminishes after 3 iterations, 

illustrating that the RLS algorithm has converged to the optimal 

achievable solution. With 3 iterations and a memory length of 

9, a SNR gain of ~3.1-dB is achieved by NE.  In the experiments, 

we choose memory length of 9 and iteration number of 4 for the 

NE to get the best transmission performance.  

 
The impact of the delay factor α and the number of training 

symbols on the performance of the NE is also experimentally 

investigate and shown in Fig. 9. The SNR improvement by NE 

saturates when the number of training symbols exceeds 4, 

indicating that the training overhead of the nonlinearity tolerant 

DSP is limited. The optimal range of α is 1~3 regardless of the 

actual number of training symbols. In the experiments, we 

choose 4 training symbols and delay factor α of 3 for NE. 

The SNR at the receiver is probed using a 16-QAM 

modulated DMT signal with 300 modulated subcarriers and 

shown in Fig. 10. The average SNR of the B2B case is 13.16-

dB and it is improved to 16.87-dB after LE and further 

improved to 20-dB after NE. The channel equalization 

improves the mean SNR with ~ 7-dB. Compared to the 

measured system frequency response, it can be seen that the 

system response can be well recovered after LE and NE.  

 
The spectrally-shaped channel is shown in Fig. 10, where the 

SNR is lower at high subcarrier frequencies. Adaptive bits and 

power loading is used to further increase the system capacity. 

The bits and power loading profiles of optical B2B transmission 

based on the probed SNR are shown in Fig. 11. More bits are 

allocated at low frequency region because of high SNR and 

more power are allocated at high frequency region to 

compensate the channel loss. 

 
The transmission performance of optical B2B case is shown 

in Fig. 12. The measured BER in function of the RoP at the PD 

input is shown in Fig. 12(a). It can be seen that the performance 
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Fig. 9. Mean SNR versus delay factor and the number of training symbols 
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Fig. 10. Probed SNR versus frequency for optical B2B case 

Fig. 11. Bits and power loading profiles at optical B2B transmission 
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after NE is significantly improved compared to the ones without 

any equalization or with only LE. The constellation graphs (i.e., 

without any equalization, with only LE and with both LE and 

NE) are shown in the insets (b)-(d) of Fig. 12. The BER lower 

than the threshold of the 7% HD-FEC of 3.8E-3 [25] is achieved 

with NE. For B2B, the achieved net data rate is 106.9-Gbit/s 

with bit and power loading and 94.2-Gbit/s without bit and 

power loading. 

 

B. 2.5-km and 10-km MCFs Transmission Performance 

 
The probed SNR of the worst core (core #6) of 2.5-km MCF 

is shown in Fig. 13. The average SNR of 2.5-km MCF 

transmission is 12.1-dB and it is improved to 13.1-dB after LE 

and to 17.4-dB after NE. The channel equalization improves the 

mean SNR with ~ 5-dB. Thus, NE is effective in compensating 

the link nonlinearities, which otherwise cause inter-subcarrier 

mixing. However, since the channel is not a typical spectrally-

shaped channel according to the observation in Fig. 6 and the 

variation of SNR is severe, bits and power loading is not 

adopted for 2.5-km MCF case. 

 
The transmission performance of 2.5-km 7-core MCF case is 

shown in Fig. 14. A BER lower than the threshold of the 7% 

HD-FEC of 3.8E-3 for all 7 cores is achieved with NE. For 2.5-

km MCF transmission. By adjusting the subcarrier numbers 

slightly, we have achieved gross-rates of 110.9-Gbit/s, 112.3-

Gbit/s, 112.3-Gbit/s, 109.3-Gbit/s, 110.9-Gbit/s, 110.9-Gbit/s, 

and 110.9-Gbit/s at 7 different cores, respectively. Thus, the 

total system capacity with 2.5-km 7-core MCF is 777.5-Gbit/s 

(net-rate 726.6-Gbit/s). 

 
The probed SNR of the worst core (core #2) after 10-km 

MCF transmission is shown in Fig. 15. The average SNR of 10-

km MCF transmission is 13.4-dB and it is improved to 16.0-dB 

after LE and 18.6-dB after NE. The channel equalization 

improves the mean SNR with ~ 5-dB. Since the channel is a 

typical spectrally-shaped channel, bits and power loading is 

adopted for 10-km MCF case. 

The transmission performance of 10-km 7-core MCF case is 

shown in Fig. 16. The BER lower than the threshold of the 7% 

HD-FEC of 3.8E-3 for all 7 cores are achieved with NE. For 

10-km MCF transmission without bits and power loading, we 

have achieved gross-rates of 75.6-Gbit/s, 75.6-Gbit/s, 73.2-
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Fig. 12. (a) Performance comparison: BER versus RoP with various 
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Gbit/s, 75.6-Gbit/s, 77.3-Gbit/s, 73.2-Gbit/s, and 73.2-Gbit/s at 

7 different cores, respectively. It leads to the total system 

capacity is 524.1-Gbit/s (net-rate 490.3-Gbit/s). For 10-km 

MCF transmission with bits and power loading, we have 

achieved better results, i.e., gross-rates of 88.3-Gbit/s, 77.1-

Gbit/s, 76.4-Gbit/s, 88.9-Gbit/s, 80.2-Gbit/s, 75.1-Gbit/s, and 

84.5-Gbit/s at 7 different cores, respectively. Thus, the total 

system capacity is improved to 570.5-Gbit/s (net-rate 533.1-

Gbit/s). 

 

 
V. CONCLUSIONS 

In this paper, we have experimentally demonstrated 

nonlinearity tolerant high-speed optical DMT transmission over 

2.5-km and 10-km 7-core MCFs using a 1.5-µm SM-VCSEL, 

with direct modulation bandwidth of 22-GHz. By employing 

nonlinearity tolerant DSP flow, the mean SNR has been 

improved by more than 5-dB compared with the system without 

channel equalization. The achieved net data rates are 

summarized in table. I. To the best of our knowledge, this is the 

highest DMT net-rate ever achieved by means of LW SM-

VCSEL technology, which is a promising candidate to address 

the capacity challenges for future high-speed and cost-effective 

datacenter networks. Besides, since DMT is one of the 

multicarrier modulation schemes, which shares similar signal 

processing flow with modulation for mobile communications 

(e.g. OFDM), the proposed scheme also provides a high-speed 

solution for future mobile (e.g. 5G) access networks, such as 

analog radio-over-fiber systems. 
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