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Abstract  
Vertical-cavity surface-emitting lasers (VCSELs) has become the most important light source in the booming 

market of short-reach (< 300 meters) optical interconnect (OI).  The next generation OI has been targeted at 56 

Gbit/sec data rate per channel (CEI-56G) with the total data rate up to 400 Gbit/sec. However, the serious modal 

dispersion of multi-mode fiber (MMF), limited speed of VCSEL, and its high resistance (> 150 ) seriously limits 

the >50 Gbit/sec linking distance (< 10 m) by using only on-off keying (OOK) modulation scheme without any 

signal processing techniques. In contrast to OOK, 4-PAM modulation format is attractive for >50 Gbit/sec 

transmission due to that it can save one-half of the required bandwidth.  Nevertheless, a 4.7 dB optical power 

penalty and the linearity of transmitter would become issues in the 4-PAM linking performance. 

Besides, in the modern OI system, the optics transreceiver module must be packaged as close as possible with 

the integrated circuits (ICs). The heat generated from ICs will become an issue in speed of VSCEL. Here, we 

review our recent work about 850 nm VCSEL, which has unique Zn-diffusion/oxide-relief apertures and special p-

doping active layer with strong wavelength detuning to further enhance its modulation speed and high-temperature 

(85℃) performances. Single-mode (SM) devices with high-speed (~26 GHz), reasonable resistance (~70  and 

moderate output power (~1.5 mW) can be achieved.  Error-free 54 Gbit/sec OOK transmission through 1km MMF 

has been realized by using such SM device with signal processing techniques. Besides, the volterra nonlinear 

equalizer has been applied in our 4-PAM 64 Gbit/sec transmission through 2-km OM4 MMF, which significantly 

enhance the linearity of device and outperforms fed forward equalization (FFE) technique. Record high bit-rate 

distance product of 128 Gbps·km is confirmed for optical-interconnect applications.                       
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1. INTRODUCTION 
To meet the strong demanding in construction of cloud infrastructure, optical interconnects (OIs) driven by vertical-

cavity surface-emitting lasers (VCSELs) have been widely studied and envisioned as a promising solution [1-9]. As 

compared to its competitor: Si-photonic approaches for OI [10], VCSELs based solution usually has lower power 

consumption with lower cost and it has already dominated the market for very-short-reach (VSR) (< 300 meter) OIs [1-

10]. To further enhance the modulation speed and reduce the cost of VCSELs are both important ways to meet the strong 

demand of bandwidth for next generation VSR-OIs in consumer electronics, such as, dual 4K display, 4K virtual reality 

display, and 4K 3600 video camera.  Using multiple oxide layers with oxide aperture diameter less than 6 m is usually 

necessary to reduce the parasitic capacitance, increase the optical confinement, and enhance speed performance of VCSEL 

structures [1-3,9].  Through the use of these VCSELs, energy efficient >50 Gbit/sec transmission of 850 nm VCSEL has 

been demonstrated [3-5] for VSR linking distance (< 50 meter). However, the small current-confined aperture in these 

devices would usually result in large differential resistance (> 120  and impedance mismatch between VCSELs and 

driver ICs, which may degrade eye-patterns due to microwave reflections [11]. In addition, the high operation current 

density (~43.3 kA/cm2 [5]; ~25 kA/cm2 [1,2]) and the significant stress between multiple oxide layers and surrounding 

semiconductor active layers are both issues for the reliability performances.  Furthermore, in the next-generation OI 

system, the optics transreceiver module must be placed as close as possible to the electronic integrated circuits (ICs) to 

avoid the dispersion and loss of 56 Gbit/sec electrical signal propagated on the printed circuit board. The heat generated 
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from ICs will lead to an increase in the junction temperature of VCSEL and degrades its high-speed performance. To have 

an uncooled VCSEL for >50 Gbit/sec operation is thus highly desired to meet the low-cost requirement in the above-

mentioned OI systems [12-14].      

The other important issue in the development of VCSEL is to enhance its maximum error-free transmission distance 

under high-speed modulation. For the case of > 50 Gbit/sec OOK transmission through OM4 fiber, their maximum 

transmission distance is usually less than 10 meters due to their multi-mode output optical spectra and serious modal 

dispersion in MMF [3].  The digital signal processing (DSP) techniques is one effective way to overcome such bottleneck. 

A 64 Gbps 850nm VCSEL operation over 57 m OM4 MMF using two tap feed forward equalization was experimentally 

demonstrated [4,5], opening up the possibility of a higher bit rate with longer transmission distance by employing IC-based 

signal equalization. Nevertheless, the cost and power consumption of these ICs are both issues in these OI channels.  To 

have a highly SM VCSEL with high-speed performance is thus desired to minimize the burden imposed on high-speed ICs 

for DSP and further enhance transmission distance at extremely high data rate (>50 Gbit/sec) [6,15].  Using an advanced 

modulation format onto VCSEL, such as 4- (or-8) PAM [16,17], is another promising solution to save the required 

bandwidth, minimize the modal dispersion, and enhance the transmission distance for the targeted data rate (> 50 Gbit/sec).  

However, the linearity of transmitter (VCSEL) thus becomes a major issue in such multi-level amplitude modulation 

schemes (PAM).      

Here, we review our recent work about 850 nm VCSEL with Zn-diffusion/oxide-relief apertures and p-type doping 

active layers for further enhancing its modulation-speed, transmission distance, and high-temperature performances.  

Using such unique VCSEL structure with SM performance and signal processing techniques, error-free OOK transmission 

at 54 Gbit/sec data rate through 1 km OM4 MMF has been successfully demonstrated. Besides, the volterra nonlinear 

equalizer (VLNE) is proposed to effectively enhance the 64 Gbit/sec 4-PAM linking performance of our VCSELs through 

OM4 fiber.  In spite of high computational complexity, as compared with equalizers for compensating linear distortion, 

such as feed-forward equalizer (FFE) and decision feed-back equalizer (DFE), Volterra nonlinear equalizer (VNLE) could 

effectively reduce the nonlinear distortion of optical transmission system. With VNLE, a record high bit-rate distance 

product of 128 Gbps·km (64 Gbps*2 km) is successfully demonstrated in the field of OIs communication using an 850-

nm VCSEL and 2-km OM4 fiber, with the bit-error-ratio (BER) of 6.5×10-5 (below the FEC threshold of 1.8×10-4) [18]. 
 

2. DEVICE STRUCTURE 

Figures 1 (a) and (b) show conceptual cross-sectional and top views of the studied device, respectively.  With additional 

Zn-diffusion apertures in the top p-type DBR layers, we can not only manipulate the number of optical transverse modes 

inside VCSEL cavity but also reduce the differential resistance [7,8,19].  In addition, the oxide layer for current 

confinement is removed from our oxide-relief structure by using selective wet chemical etching [7,8,19] to reduce its 

parasitic capacitance [7,8,19].  The diameters of the Zn-diffusion (WZ) and oxide-relief apertures (Wo) of the measured 

devices are specified in the figures below. The fabricated device has a ~23 m diameter active mesa, which is integrated 

with the slot line pads for on-wafer high-speed measurement, as shown in Figure 1(b).  The detail fabrication process can 

be referred to our previous work [7,8,19].  The epi-layer structure, purchased from LandMark1, is grown on a semi-

insulating GaAs substrate, which is composed of three In0.1Ga0.9As/Al0.3Ga0.7As (40/80Å ) MQWs sandwiched between a 

36-pair n-type and 26-pair p-type Al0.9Ga0.1As/ Al0.12Ga0.88As Distributed-Bragg-Reflector (DBR) layers with an 

Al0.98Ga0.02As layer (50 nm thickness) above the MQWs for oxidation.  Compared with previous work [7,19], the 

thickness of the cavity layer has been further downscaled from 1.5 to 0.5 which shortens the internal carrier transit time 

[8].  Here,  is the operating wavelength inside the VCSEL cavity. Due to the increase in the transit-time limited 

bandwidth, the low-frequency roll-off [19], which is usually the major bandwidth limiting factor of a single-mode VCSEL, 

can be minimized [8].  The Fabry-Perot (FP) dip mapping of the whole VCSEL wafer shows that the cavity resonant 

wavelength locates at around 860 nm and the detuning between the gain peak (839 nm) and FP dip (~860 nm) wavelengths 

is as large as around 20 nm. Such strong detuning would result in significant improvement in 3-dB O-E bandwidth of 

VCSEL due to the device self-heating induced red-shift of gain peak under high bias current [6,8,14].  
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Figure 1. (a) Conceptual cross-sectional views of demonstrated VCSELs. (b) Top-view of fabricated VCSEL chip.  PMGI: polymethylglutarimide. (c) 

Measured 3-dB E-O bandwidths of VCSELs with two different oxide-relief apertures (black: ~3 m; red: ~5 m aperture sizes)  under RT (solid symbols) 

and 85 ℃ (open symbols) operations. 

 

3. MEASUREMENT RESULTS 

The light output and bias voltages versus current (L-I and V-I) characteristics of VCSELs with quasi-SM (Wo=3 m) 

and MM (Wo=5 m) performances are shown in Figures 2 (a) and (b), respectively. Both devices share the same geometric 

size (Wz, and d) except for Wo. Although it is doable to achieve highly SM performance in our device structure by choosing 

the size of W0 larger than Wz, which can induce significant intra-cavity loss and strongly suppress the higher order-modes 

[19].  However, this approach would degrade the maximum 3-dB E-O bandwidth of SM VCSEL [19]. Three typical 

measured traces (devices A to C and D to F) are shown in each figure.  Thanks to our Zn-diffusion process, the measured 

differential resistance of devices A to C, even with such a small oxide-relief aperture, can be as low as 70~100 This is 

much smaller than the values typically reported (>150 for high-speed VCSELs at 850 nm with a similar size of current-

confined aperture [2,3,11].  The L-I curves with solid and open symbols represent the measurement results at RT and 

85℃ operation, respectively. We can clearly see that devices under 85℃ operation exhibit smaller threshold current than 

those of devices under RT operation.  This can be attributed to the strong wavelength detuning in our VCSEL structure 

as discussed before.  

 

 

 

 

 

 

 

 
 

Figure 2. Measured L-I-V curves of VCSELs with oxide-relief apertures of (a) 3m (devices A to C), (b) 5 m (devices D to F). The range of the 

measured differential resistance is specified on I-V curves. Solid and open symbols in L-I curves represent the measured power at RT and 85℃, 
respectively. 
 

The high-speed E-O performance of the fabricated devices was measured by a lightwave component analyzer (LCA), 

which was composed of a network analyzer (Anritsu 37397C) and a calibrated 25GHz photoreceiver module (New focus 

1481-S).  Figures 3 and 4 show the measured typical bias dependent E-O frequency responses and output optical spectra 

of devices A (quasi-SM) and D (MM), respectively under RT operation.  We can clearly see that devices A and D shows 

a very close maximum 3-dB E-O bandwidth value at around 28 and 27 GHz, respectively.  Furthermore, device A exhibits 

quasi-SM behavior with around 8 dB side-mode suppression ratio (SMSR) under 6 mA bias current.  Here, the SMSR 

value of each trace of quasi-SM device is specified.   
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Figure 3. (a) E-O frequency responses of device A (quasi-SM) measured under different bias currents and RT operation. (b) The corresponding bias 

dependent output optical spectra. 
 

 

 

 

 

 

 

 

 
 

Figure 4. (a) E-O frequency responses of device D (MM) measured under different bias currents and RT operation. (b) The corresponding bias dependent 
output optical spectra. 

As shown in Figure 1 (c), the measured E-O bandwidths under RT operations of quasi-SM and MM devices range from 

29-24 and 27-23 GHz, respectively. In addition, when the ambient temperature reaches 85℃, both devices have 3-dB 

bandwidths at around 16~18 GHz.  Such distribution in device’s speed performance is mainly due to the process variation 

in oxide-apertures during mesa wet etching and oxidation.  In addition, for the VCSEL structure we demonstrated here, 

there is a trade-off between SMSR and speed performance [19]. Our devices can have a perfect SM characteristic (SMSR> 

30 dB) under the full range of bias current at the expense of a smaller 3-dB E-O bandwidth (~24 GHz), which will be 

discussed latter.  Figure 5 (a) shows the measured received light output power vs. BER (after DFE process) of home-

made SM (NCU_SM), MM (NCU_MM), and reference V50-850M (VIS_SM) devices measured at 54 Gbit/sec under 

back-to-back (BTB) and through 1 km OM4 fiber data transmission. Here, home-made device (NCU_SM) with a perfect 

SM performance but a slightly degraded 3-dB E-O bandwidth (~25 GHz) is chosen for this transmission experiment and 

it’s measured bias dependent output optical spectra with L-I-V curve is given in Figure 5 (b).  We can clearly see that 

under full range of bias current, highly SM characteristic (SMSR>30 dB) can be sustained.  The 54 Gbit/sec data rate 

adapted 50 Gbit/sec payload and 7% forward error correction (FEC) overhead. 54 Gbit/s non-return-to-zero (NRZ) 

electrical signal with pseudo-random binary sequence (PRBS) length of 215-1 is generated through SHF 12100B Bit Pattern 

Generator.    All the devices are tested under the same peak-to-peak driving voltage (0.45 V) and the optimized bias 

current for lowest BER values of MM, SM, and V50-850 M is 6, 3, and 2 mA, respectively. The VCSELs under test are 

connected to an OM4 MMF with 1 km length.  A photo-receiver module (New Focus; 1484-A-50) with a 22 GHz 

bandwidth and 80 V/W conversion gain is adopted in our receiving side.  The output signal from receiver was captured 

in the Tektronix DPO 73304D real time oscilloscope for further offline signal processing.  The offline processing involves 

signal resampling at twice the bit rate, synchronization and decision feedback equalization (DFE) with 40 T/2 forward taps 

and 10 feedback taps. The equalizer is trained with recursive least squares (RLS) algorithm using a training sequence 

consisting of 3900 first bits of the PRBS. Q-parameter is used for the calculation of BER. As shown in Figure 5 (a), for the 

case of 1 km transmission, BER values obtained for MM and two kinds of (quasi)-SM devices are all below FEC threshold 

(BER=3.8×10-3), therefore error-free 1 km transmission can be achieved once FEC and DFE are used.  However, 

compared with the case of BTB transmission, there is a more serious power penalty in MM devices for error-free 

performance.  This result indicates that modal dispersion instead of output power of VCSELs plays a more important role 

in determining the maximum possible transmission distance for such high data rate (54 Gbit/sec) [7]. Figure 6 (a) and (b) 

shows the corresponding eye diagrams of SM, MM VCESLs, and reference device (V50-850M) for the case of BTB and 

1 km OM4 fiber transmission, respectively. 
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Figure 5. (a)  Received optical power vs. BER for MM and (quasi-)SM VCELs devices for BTB and over 1 km OM4 fiber transmission at 54 Gbit/sec. 

(b) The measured bias dependent output optical spectra of home-made highly-SM device chosen for transmission experiment.   The inset shows its L-
I-V curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. Measured 54 Gbit/s eye diagrams (after DFE processing) of (quasi-) SM and MM VCSELs for (a) BTB and (b) through 1km OM4 fiber. 
 

Although we can attain high-performance 54 Gbit/sec transmission performance under RT operation, the measured E-

O bandwidth shows significant degradation, which is around 35% (28 to 18 GHz) as shown in Figure 1 (c), when the 

ambient temperature reaches 85℃.  In order to minimize the thermal induced degradation in speed performance, we have 

demonstrated the 850 nm VCSELs with p-type modulation doped in the barrier layers of highly strained active layer [20].  

Compared with that of undoped reference, the p-doping device shows much faster modulation speed from RT to 85℃ 

operations. Furthermore, the p-doping devices shows superior L-I performance to that of undoped reference under 85℃ 

operation. Figures 7 shows the measured light output power (L) and bias voltage (V) versus current (L-V-I) characteristics 

observed at room-temperature (RT) and 85 ℃  for devices with/without p-type doping. In such figure, the traces are 

measured for two typical devices and their detail epi-layer structure is given in [20].  We can clearly see that the p-type 

doping devices exhibit a very close L-I-V performance compared to that of the reference sample without p-type doping, 

under RT operation.  In contrast, when the ambient temperature reaches 85 ℃, the devices with p-type doping show the 

superior output power performance to the undoped device.  This significant improvement in high-temperature (T) 

performance can be attributed to the fact that the electron quasi-fermi level in the p-doping device is closer to the 

conduction band minimum in the active region than in the undoped devices, which thus minimizes electron leakage and 

degradation in output power under high-T operation.   
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Figure 7. Measured (a) L-I and (b) I-V curves of demonstrated devices under RT (solid symbols) and 85℃ (open symbols) operation with (black symbols) 

and without (red symbols) p-type modulation doping in the active MQWs. Wz/Wo/d=9/6/1 m. 
 

Figures 8 and 9 show the measured bias dependent electrical-to-optical (E-O) frequency responses (under RT and 85 

℃ operation) of devices with and without p-type doping, respectively.  We can clearly see that even with the same oxide-

relief aperture, the p-doping devices show significantly faster speed performance than the undoped ones, under both RT 

and 85 ℃ operation. The solid and open symbols in Figure 10 represent the summarized measured E-O bandwidth results 

for several p-doped and undoped devices, with three different oxide-relief diameters (~3, ~5, and ~7 m), under room-

temperature (RT) and 85  ℃  operation, respectively.  The values of measured 3-dB bandwidth shown in here is smaller 

than those shown in Figure 1 (c).  This is because that the VCSELs, which have the measurement results as shown in 

Figures 8 to 10, have the 3/2  cavity design.  This would lead to a smaller optical confinement factor and E-O bandwidths 

[3].   As can be seen, there is some variation in the measured 3-dB bandwidths with each aperture size, which can be 

attributed to variations in the process.  These include uncertainty of the surface state during the p- and n-type ohmic 

contact metallization and uniformity during the wet oxidation processes. Nevertheless, there is a gradual improvement in 

the bandwidths of most devices with a downscaling of the size of the oxide-relief apertures.   Furthermore, regardless of 

the aperture size, the p-type doped devices not only exhibit a faster modulation speed under RT operation but also show 

less degradation in the O-E bandwidth when the ambient temperature reaches 85 ℃ (~20 vs. ~40%) than those of the 

undoped ones. 

 

 

 

 

 

 

 

 

 
 
Figure 8. Measured bias dependent electrical-to-optical (E-O) frequency responses of demonstrated devices with p-type modulation doping in the active 

MQWs under (a) RT (solid symbols) and (b) 85℃ (open symbols) operation. Wz/Wo/d=9/6/1 m. 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Measured bias dependent electrical-to-optical (E-O) frequency responses of demonstrated devices with undoped active MQWs under (a) RT 

(solid symbols) and (b) 85℃ (open symbols) operation. Wz/Wo/d=9/6/1 m. 
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Figure 10. Measured 3-dB E-O bandwidths of VCSELs (a) with and (b) without p-type modulation doping of the active layers for different oxide-relief 

apertures under RT (solid symbols) and 85 ℃ (open symbols) operation. The Wz/d of all the measured devices is fixed at 9/1 m. 

 

As above discussion, 8×50 Gbps solution will soon be considered as a standard for 400 Gbps linking due to its smaller 

footprint and power consumption as compared to those of 16×25 Gbps approach. Two possible modulation formats are 

NRZ and 4-PAM. NRZ has simpler electronic driving circuit that can use a limiting amplifier to reduce the nonlinearity 

stems from the temperature-dependent transfer curve, and it also has better receiving power sensitivity. Nonetheless, 

compared with 4-PAM format, NRZ requires higher modulation bandwidth that will undoubtedly increase the cost of the 

system and induce more serious modal dispersion. On the other hand, with about only half bandwidth requirement of NRZ, 

4-PAM format suffers the modulation penalty of about 4.7 dB and requires better linearity because four different levels are 

needed. However, the 4-PAM may better reach the higher data rates for next-generation applications. To date, 4-PAM 70-

Gbps transmission using an 850 nm VCSEL has been realized, but the transmission length of MMF is only 3 m, even with 

offline equalization [21]. More recently, 4-PAM 51.56-Gbps per channel transmission over 150 m MMF has been 

demonstrated in an SWDM system [22]. The limited linear operational region of VCSELs is one of the major challenges 

in applying the 4-PAM format because it may cause nonlinear distortion in a short-reach 850 nm 4-PAM transmission 

system. In spite of high computational complexity, as compared with equalizers for compensating linear distortion, such 

as feed-forward equalizer (FFE) and decision feed-back equalizer (DFE), Volterra nonlinear equalizer (VNLE) may 

effectively reduce the nonlinear distortion of optical transmission system [18]. The 
thm sample of the output signal 

waveform of the VNLE can be expressed as following: 
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Where x(m-l1) is the (m-l1)th sample of the received signal, wk(l1, l2,…lk) is the weighting factor of the kth order, and L is the 

tap number. The 1st term of Eq. (1) indicates a linear filter and the others are nonlinear filters. If we only consider 1st term 

of VNLE, the performance should similar to FFE and DFE. This experiment has taken into consideration two cases: the 

2nd-order and 3rd-order Volterra filtering. To limit the computational complexity of VNLE, we ignore the nonlinear terms 

higher than 2nd order and 3rd order, respectively. Besides, only the 3rd-order terms of l1=l2=l3 are included in the 3rd-order 

filtering to reduce the complexity; thus, extra complexity of the 3rd-order terms will be linearly proportional to 𝐿. The 

weighting factors are determined by the Wiener solution, in which the required expectation values are replaced by sample 

means of training symbols. 

Figure 11 shows the experimental transmission setup. The electrical signal is generated by Anritsu®  MP1800A Signal 

Quality Analyzer. Two independent pseudo-random-binary-sequence 7 (PRBS15) NRZ signals at 32 Gbps are generated 

and sent into the MZ1834A 4-PAM converter, which converts the two NRZ signals to one 4-PAM signal. Then, the 4-PAM 

signal is fed into the VCSEL through a 26.5-GHz bias-T (Agilent 11612A) and a GS probe. The output light is butt-coupled 

into a lensed fiber. Following 2-km OM4 fiber, the signal is directly detected by a 22-GHz photo-receiver (New Focus 

1484-A-50). The 4-PAM signal is retrieved and digitized by a real-time oscilloscope (Tektronix®  DPO77002SX) with a 

sample rate of 100 G Sample/s and a 3-dB bandwidth of 33 GHz. Offline Matlab®  DSP programs is used to equalize the 
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signal, before measuring signal-to-noise ratio (SNR) and BER. We measured the BER by two ways: the Q-factor of eye 

diagram (BER-Q) and error count via bit-by-bit comparison (BER-count).  

 

 

 

 

 

 

 

 

 
Figure 11. Experimental transmission system. 

 

  It should be noted that, in order to enjoy the large modulation bandwidth of our VCSEL without sacrifice of modulation 

efficiency, we overdrive driving-voltage range to non-linear region of L-I curve with a bias current of 9 mA, and the 

resulted nonlinear distortion will be compensated by the VNLE. Fig. 12 shows experimental results of 64 Gbps 4-PAM at 

optical back-to-back (OBTB), and Fig. 13 shows results after 2-km OM4 MMF. The left columns of Figs. 12 and 13 exhibit 

the eye diagrams, and the right columns plot amplitudes at the decision instants and their corresponding histogram. In Figs. 

12 (a) and (b), no equalization is applied, and the BER is about 3.4×10-2. Figs. 12 (c) and (d) show the experimental results 

after employing the VNLE, and the VNLE significantly improves the transmission performance with the BER of far below  

10-12. The impairment compensated by the VNLE is mainly composed of the linear inter-symbol interferences (ISI) and 

nonlinear distortion, which are respectively caused by the limited bandwidth of photo-receiver and over-driving operation 

of VCSEL, in the OBTB case. The results after 2-km OM4 fiber are shown in Figs. 13 (a)-(d). Without the VNLE, the 

estimated BER in Figs. 13 (a) and (b) is 0.13. After applying the VNLE, as show in Figs. 13 (c) and (d), the performance 

is significantly improved, and BER is lowered to about 6.5×10-5, which is below the FEC threshold of 1.8×10-4. This 

implies that the MMF-induced ISI and nonlinearity are also effectively compensated by the VNLE, making it possible to 

realize the record high bit-rate distance product of 128 Gbps·km. 
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Fig. 12 4-PAM performance at OBTB: (a) eye diagram and (b) 
amplitude distribution and histogram of decision points before 

equalization, and (c) eye diagram and (d) amplitude distribution and 

histogram of decision points after the VNLE. 

Fig. 13 4-PAM performance after 2-km OM4 fiber: (a) eye diagram and 

(b) amplitude distribution and histogram of decision points before 
equalization, and (c) eye diagram and (d) amplitude distribution and 

histogram of decision points after the VNLE. 
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4. CONCLUSIONS 

 

        By using Zn-diffusion and oxide-relief structures, high-performance single-mode 850 nm VCSELs for > 50 Gbit/sec 

transmission through 1 km OM4 fiber have been successfully demonstrated.  Compared with the reported multi-oxide 

VCSELs, our unique device structure can greatly enhance the modulation speed, improve device reliability, control the 

output optical spectra, and reduce the differential resistance (impedance) of device. All these issues play vital roles in the 

application of > 50 Gbit/sec transmission. Besides, by incorporating the p-type doping in the active layers of our VCSELs 

structures, the degradations in modulation speed and output power performances under high-temperature operation (85℃) 

can be effectively minimized.   In order to enhance the linearity for 64 Gbit/sec 4-PAM transmission by use of our device, 

VLNE technique has been firstly demonstrated in the VSR OI linking at 850 nm wavelength.  The 2-km MMF 

transmission experimentally shows BER of ~6.5×10-5 after applying the VNLE, which fits the requirement of FEC, 

demonstrating the record high bit-rate distance product of 128 Gbps·km. 
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