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Abstract: We demonstrate parallel high speed data transmission over single multimode fiber using
VCSELs operating in the SWDM wavelength range (850 nm — 940 nm). Total demonstrated
throughput of such system reaches 500 Gbit/s with 4-PAM modulation and 600 Gbit/s with DMT
modulation.
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1. Introduction

Growth in datacenter and cloud computing demands an increase in the density and throughput of optical
interconnects. Wavelength division multiplexing is broadly applied in telecom systems since 1990s [1]. In short reach
interconnects, an emergence of OM5 wideband fiber [2] opened an opportunity to use Short Wavelength Division
Multiplexing (SWDM) in the 850-940 nm wavelengths range. State-of-the-art directly modulated 850 nm VCSELs
can achieve up to 224 Gbit/s single channel data transmission with Discrete Multi-Tone (DMT) modulation [3] and
164 Gbit/s with 4 level Pulse Amplitude Modulation (PAM-4) [4]. Previous studies of VCSEL transmission in this
wavelength range showed the feasibility of 100 Gbit/s 4-PAM transmission for each individual wavelength [5].
Through the use of VCSELSs with increased bandwidth data rates above 100 Gbit/s could be demonstrated [6].

In this work we study simultaneous data transmission of 4x\ high bandwidth VCSELSs over a single OM5 fiber.

2. Performance of transmitters based on 28 GHz VCSELSs

During the tests performed in this work, compact VCSEL modules were used. These modules consisted of a
VCSEL wire-bonded to a high-frequency connector with very short wires, coupled into 1m long OM3 MMF capable.
The modules are capable of high-speed operation without additional electronics. In the initial test these modules were
directly attached to an SHF bit pattern generator, while the high-speed receiver integrated in a Tektronix sampling
oscilloscope with was used at the receiver side. (Figure 1)

The VCSELSs studied have high bandwidth >28 GHz and are capable of 50 Gbit/s NRZ modulation without
equalization or signal processing (Figure 1). As can be seen from the eye-diagrams, the 940nm VVCSEL has the slowest
rise time and lower bandwidth compared to other devices, which does not influence the NRZ data transmission too
much but will play a larger role in the PAM experiments.

850nm 880nm 910nm 940nm

Figure 1. Unequalized 50Gb/s NRZ eye-diagrams acquired individually on 850 nm — 940 nm VVCSELSs operated at 5 mA.

3. Experimental setup

During the PAM and DMT transmission experiments, each VCSEL was directly driven by individual channel of the
Keysight M9502A AWG. The electrical signal in the AWG was pre-equalized to compensate for the electrical channel
response of the channel, additional equalization to compensate for the optical components was applied consistent with
previous publications [4]. Signal generation for the DMT modulation is described in Ref. [3].
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Figure 2. Experimental setup

Fiber outputs of the VCSEL modules were connected through an optical isolator to a SWDM multiplexer
(Huber+Suhner COLOR-Cube). The output of the combiner was connected to a OM4 fiber of up to 100 m length.
At the receiver side, a SWDM de-multiplexer with ~30 dB separation between the channels was used. Each output of
the demultiplexer was connected to a variable optical attenuator (VOA) and a high-speed receiver (MatrlQ-O2E 1201-
1-FA, 30 GHz) with low noise amplifier (SHF 804 TL, 55 GHz). The signal was acquired with a Keysight Real Time
Oscilloscope (Infinium Radon, 245 Gs/s 110 GHz). Figure 2 shows the experimental setup. Due to the availability of
the components on the receiver side, while all channels were active during the measurements, only one individual
channel was measured at a single time. Another deficiency of the setup is a peak at 30 GHz in the electrical
characteristic of the system (Fig. 6) that influenced the BER especially at the DMT modulation.

4. Crosstalk

Figure 3 shows BER measured on an individual channel in cases where a) only one laser was active and b) all lasers
were modulated simultaneously. On all channels, the presence of the signals from other lasers has no influence on the
measured BER on the selected channel. It can be concluded that crosstalk does not impair the system, which is also
expected due to the relative high DEMUX isolation.
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Figure 3.BER measured on individual channels with other VCSELSs turned on and off.

4, Data transmission

Figure 4 shows PAM-4 eye-diagrams at 50 Gbaud (100 Gbit/s) data transmission through 50m of OM5 fiber
realized in the setup. The eye diagrams are open consistent with reference eye diagrams acquired under 50 Gbaud

NRZ modulation (Fig. 1).
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Figure 4. 50 Gbaud (100 Gbhit/S) PAM4 eye diagrams acquired on directly modulated VCSEL modules in the 850nm — 940 nm range after
transmission to 50 m of OM5 MMF.

00 100 00
Time [ps]

At 50 Gbaud (100 Gbit/s) and 60 Gbaud (120 Ghit/s), 100 m data transmission could be achieved for all channels with
BERs below 3.8E-3 HD-FEC level [7]. Data transmission up to 64 Gbaud (128 Ghit/s) could be realized with
transmission distance up to 50m with BER below 7% HD FEC level. Due to reduced bandwidth of the 940 nm VCSEL,
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100 m transmission at 64 Gbaud could be achieved for this VCSEL with BERs compatible with 20% SD-FEC [8],
while other channels showed BER below HD-FEC level. (Figure 5)
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Figure 5. BER measurements for 64 Gbaud PAM-4 (128 Gbit/s) data transmission through ~2m, 50m and 100m of OM4 fiber.

Figure 6.a shows back-to-back signal to noise (SNR) ratio of the electrical path of the system and SNR on each
individual optical channel. Among effects limiting the data throughput are the optical bandwidth of the VCSELSs,
increased noise due to optical reflections at low frequencies and a 30 GHz peak originating in the electrical path.
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Figure 6. a) Signal to noise (SNR) ratio b) bit loading and BER measured for DMT signals with gross data rate around 150 Gbit/s.

Figure 6.b. shows bit-loading for each individual channel applied for the DMT data transmission experiment.
Around 150 Ghit/s signals could be generated on each channel. A combined throughput of 600 Gbit/s can be thus
achieved with BER < HD-FEC level and potentially above that with SD-FEC.

4. Conclusion

We have demonstrated a parallel 4xA VCSELSs link in the 850-940 nm spectral range modulated with PAM-4 at
60-64 Gbaud through a100 m-long single MMF resulting in a total throughput of ~500 Gbit/s. With DMT modulation
a gross throughput of 600 Ghit/s could be achieved with BER below HD-FEC level.
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