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ABSTRACT 

In this work, polarization property of Vertical Cavity Surface Emitting Laser (VCSEL) is 

investigated for 5 Gbps optical data transmission in a combined link comprising of Single 

Mode Fiber (SMF) and Free Space Optic (FSO) channel. The VCSEL considered for 

simulation is biased just above threshold with RZ current pulses to emit narrow polarized 

optical pulses. After 20km SMF link, the received power is launched into two different paths 

using an optical splitter. It is received by an InGaAs PIN photodiode in one path and a 

coupling lens in other. A split ratio of 2%, provides the minimum power required for the 

SMF link to maintain a BER ≤10-12, based on the VCSEL considered in the study. The 

remaining 98% of power is utilised for FSO transmission beyond the SMF link. The 

maximum FSO link distances under various loss combinations were found for the two 

polarised optical pulses, separately.  For BER≤10-12, under the combined influence of all 

losses, an FSO link length of 130m and 119m, for x and y polarizations are predicted.  
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I. INTRODUCTION 

VCSELs are the cost effective, low power laser diodes that find applications in many fields of 

science and engineering including Gigabit optical data communications. Also, VCSEL’s 

circular cross section aperture and low divergence angle favour Free Space Optics (FSO) 

based communication links. Integrating dielectric metasurfaces with VCSEL as in [1] for 

controlling the laser beam profiles, can be used for wide area of applications. For high speed 

photonics, VCSEL with transverse coupled cavity was modelled with optimized noise 

characteristics as in [2,3]. A low-oxide aperture diameter VCSEL structure for optical 

interconnects at 1160 nm was analyzed in [4]. The combo of VCSEL technology and 

distributed forward amplification aids the transfer of reference frequency clock signal in long 

reach RF systems, which was demonstrated as in [5]. Theoretical studies with simulation 

results related to non- linear distortions of polarization hysteresis loop in VCSEL of [6] 

would help future researchers in developing new optoelectronic systems. The work [7] 

reports a carrier reservoir splitting approach which accurately explains the intrinsic dynamic 

characteristics of MM VCSEL. An optimized oxide based aperture VCSEL model was 

simulated and fabricated in [8], which contributed a low threshold current, high speed and 

high temperature VCSEL device for various applications. VCSELs were also investigated for 

Radio over Fiber applications [9,10]. VCSEL along with their polarization properties are 

familiar in the application of quantum key distribution (QKD) as reported in [11] and in all 

optical signal processing. Refs. [12-14] reported the polarization dynamics of VCSEL 

modeling. Yokota et al [15] and Lee et al [16], have explained in their findings how 

polarization modulation (PM) is best compared with amplitude modulation (AM). According 

to them, PM, favors the chirp reduction and enhances the performance of switching 

properties of VCSEL. Hence PM is more efficient for high speed data communication. The 

effect of polarization and spontaneous noises in VCSEL output power were analyzed by      

A. Singh et al. [17]. In the trend of FSO based systems, transmitting radio waves with high 

data rates are inevitable which can be seen in the work of [18], where PDM and OCDMA 

methods are embarked in Ro-FSO link and system performances were found under various 

atmospheric conditions. Laguerre Gaussian (LG) modes with gigabit signals were transmitted 

over free space channel under various climatic conditions in PolSK-MDM-FSO system 

architecture, as illustrated in [19]. A full-duplex FSO system in [20] with auto locate and 

fully self align facility was implemented using cost effective commercial components. A new 

approach was implemented in [21], where multiple photodetector receivers with equal signal 
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combiner for improving omnidirectional receiving strength in FSO, was studied. A novel gain 

switched QCL-FSO-QWIP based communication link was simulated and performances were 

predicted for OOK, PPM and its variants in [22-28].  In our previous work [29], we employed 

1550 nm VCSEL for Hybrid SMF –FSO link, without introducing the polarization effects. 

In this work, VCSEL is simulated under two current regions, for which the optical power 

output exhibits different polarization modes. After reaching threshold, the device lases by 

means of dominant polarization ‘Y’ mode and after 5.9 mA [30],  polarization switching 

occurs after which, further increase of current results in increased power output in ‘X’ mode 

only. These modes are orthogonal to each other. Such a current based polarization 

modulation is simulated and utilised for analysing a hybrid SMF-FSO link for 5 Gb/s 

transmission. The performance is evaluated by calculating the BER and Capacity (b/s/Hz) of 

the link. 

II. STATIC CHARACTERISTICS OF DUAL POLARIZATION VCSEL   

Polarization switching (PS) is a phenomenon that exists in VCSEL and not in Edge Emitting 

Lasers, due to two orthogonally polarised Eigen modes. The circular symmetry of the 

VCSEL contributes imperfections which decide the magnitude of the two Eigen modes in the 

light output. When injection current is increased above the threshold, VCSEL lases in one 

dominant mode while other mode is suppressed. Due to birefringence, there occurs frequency 

splitting between the two Eigen modes leading to Type I and II PS. When switching takes 

place from high (Y) to low frequency (X) mode by increasing the injection current, it is said 

to be Type I PS [30-33] and the opposite mechanism is referred to as Type II PS. Generally, 

polarization switching depends on injection current and anisotropic properties. Moreover, in 

the case of external feedback mechanism, the strength and polarization angle also affects the 

switching. The spin flip model of VCSEL includes coupled rate equations of two linearly 

polarized fields, (Ex, Ey). Further, carrier rate equation contributes for both sum and 

difference between population inversions for spin-up and spin-down. Other parameters like 

cavity field normalized biased current, scaled spontaneous emission rates and fluctuations 

related to noises are used to obtain laser output power in both polarizations. The below Eqns. 

(1)-(5) depicts the concept of spin flip model in VCSEL diode adapted from [30]. 
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Using ode45 MATLAB solver, these interlinked rate equations are evaluated numerically to 

find laser parameters like polarized fields, spin based sum and differences from population 

inversions in carriers by employing 4th Order RK method. 

From Ref. [30], all the necessary values of laser parameters are taken for solving the rate 

equations. Figure 1.a shows static characteristics of laser maintained at 25oC, in which for 

different bias current, the polarized power obtained from both polarization are mapped 

correspondingly. The threshold current is found as 1.6 mA and the arbitrary electric field 

number (no unit) is also plotted in Fig.1b. Fig.1 illustrates polarisation switching behaviour in 

laser power and E field, for an injection current of 5.9 mA. 
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             (a)       (b) 

Figure 1 (a) Polarization resolved LI Curve  (b) Polarization resolved EI Curve 

Table I provides the list of VCSEL parameters used in the spin flip rate equation model. 

 

 

III. TRANSIENT CHARACTERISTICS OF POLARIZATION RESOLVED VCSEL   

The current injection and lasing of VCSEL results in x and y polarized output. For achieving 

stable state of polarization, appropriate magnitude of injection current needs to be selected. 

For low currents beyond threshold, Y polarization is dominant, while for large pulse 

amplitude, X polarization is achieved. Figure 2 shows the transient characteristics in VCSEL 

incorporating polarization switching effect, where Figs. 2.a,c and 2.b,d indicate the input 

current pulse and output optical power for 3.5mA and 8 mA, respectively. When a 3.5 mA 

step current pulse given to VCSEL, the output power exhibits an oscillatory behaviour with a 

peak value of 1.449 mW at high frequency polarization (Py) with a delay time of 0.56 ns, 

before settling to a steady value of 0.262 mW. However, the low frequency polarisation 

output (Px) is insignificant. Similarly, when a step current of 8 mA is injected to VCSEL, the 

output power reaches a peak value of 3.517 mW at low frequency polarization (Px) with a 

delay time of 0.26 ns and settles to a steady value of 0.90 mW. The high frequency 

polarisation output (Py) is suppressed in this case. The transient characteristics of polarisation 

switching in a different VCSEL laser diode [34], also indicates a similar behaviour, 

validating our simulation results. 
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          (a)       (b) 

 

 

          (c)       (d) 

Fig.2.a,c. Input Bias Current      Fig.2.b,d. Output Laser Power at 3.5 and 8 mA 

respectively. 

 

IV. BLOCK DIAGRAM OF POLARIZATION RESOLVED VCSEL-SMF-FSO LINK 

Figure 3 depicts the complete system model comprising of VCSEL, SMF and FSO blocks 

mainly. The binary data used in this simulation basically involve 27 pseudo random bit 

combinations. The laser diode is biased with RZ current pulses. Based on the operating 

current region, one polarization mode is dominant while suppressing the other. The block 

diagram has been modified with additional polarization controller (PC) and polarization beam 

splitter (PBS) as in Ref. [35,36], to ensure that one particular polarization alone is 

transmitted. The receiver remains same as it responds to intensity of the light pulses. With 

these modifications, the study is focused on the performance of hybrid fiber FSO under these 

two polarization conditions. The majority of optical power obtained after 20km SMF link is 

used for FSO transmission through a coupling lens. While the remaining power (2%) is 

detected using a InGaAs PIN photodiode for data reception. This value indicates the 

minimum power required in a 20 km SMF link for Passive Optical Network standard to 

maintain a BER ≤ 10-12. The coupling ratio is fixed for entire simulation. 
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Figure 3 Block diagram of the VCSEL-SMF-FSO based hybrid link. 

Table II provides the list of parameters used to model SMF and FSO links for the entire 

simulation. 

V. GIGABIT TRANSMISSION OVER SMF-FSO OPTICAL LINK 

The simulation is carried out for each dominant mode separately, by injecting current pulses 

of appropriate magnitude in to the device. 

A. Optical pulse transmission with Y Polarization 

For this study, a sequence of 1000 bits which basically involve 27 pseudo random bit 

combinations are taken. VCSEL is operated at 5Gbps of 2.5mA amplitude current pulses 

following RZ pattern as shown in Fig.4.a. As the polarization beam splitter allows only “Y” 

polarisation, the power in that mode alone is transmitted through the fiber. The output optical 

pulses as shown in Fig.4.b are characterised with peak power of 0.63 mW and 26.8 ps of 

FWHM. The diode detects 2% of the total generated power that is passing through the fiber.  

The eye diagram plot is shown in Fig. 4.c, from which, the Q factor, BER and capacity are 

computed. A BER of 6.05 x 10-27 is predicted, which indicates almost zero transmission error 

and a capacity of 7.84b/s/Hz is obtained using ‘Y’ polarization in the SMF link. 
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          (a)       (b) 

 

(c)      (d) 

Fig.4 (a) input current sequence (b) output laser power (c) 20 km SMF link eye diagram (d) 

530m FSO link eye diagram under Y polarization 

A coupling lens receives 98% of the generated power obtained from SMF link and transmit it 

into free space. The weather condition based attenuation affects FSO channel to a greater 

extent while its dispersion effects are least significant when comparing with SMF link. The 

receiver recovers the data from FSO link and Fig.4.d gives the corresponding eye plot. For a 

BER of 3.1 x 10-12 and capacity of 6.58b/s/Hz, the maximum transmission distance is found as 
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530m under clear sky condition with an attenuation factor of 0.7 dB/km. The eye diagram of 

FSO indicates presence of noise, when compared to SMF link. 

B. Optical pulse transmission with X Polarization 

The procedure carried out for Y polarization is repeated now for X polarization. The output 

of the polarization beam splitter corresponding to X polarization is connected to the fiber, in 

this case the diode is biased at 6mA and operated with amplitude of 2mA RZ current pulses 

as shown in Fig. 5.a. This dc bias value is selected in order to obtain stable ‘X’ polarization 

pulses. As shown in Fig.5.b, the laser output has 0.93 mW as peak optical power and 55.3 ps 

as FWHM. For transmission done using ‘X’ polarization in the 20km SMF link, the BER and 

capacity values obtained are 1.31 x 10-31 and 8.09 b/s/Hz from eye diagram plot as shown in 

Fig. 5.c. As in the previous case, the receiver recovers the data from FSO link and Fig.5.d 

gives the corresponding eye plot with a BER of 4.39 x 10-13 and capacity of 6.69 b/s/Hz for a 

maximum transmission distance of 590m. These values are slightly better than Y 

polarization, as expected, for clear weather condition. However, if a VCSEL has X 

polarization above threshold and switches to Y polarization at 6 mA, under similar 

modulation amplitudes, the results would be the same, as the amplitude of the optical pulses 

are similar under these conditions. 

 

 

          (a)       (b) 
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                                      (c)                                        (d) 

Fig.5 (a) input current sequence (b) output laser power (c) 20 km SMF link eye diagram (d) 

590m FSO link eye diagram under X polarization 

VI. IMPACT OF VARIOUS LOSSES ON FSO LINK PERFORMANCE  

The thorough link analysis of two polarization modes is carried out under FSO losses. 

Atmospheric loss is characterized by clear weather (0.7 dB/km), light fog (15.96 dB/km) and 

heavy fog (34.69 dB/km) conditions. Moreover, coupling losses for FSO transmitter or 

receiver and geometric loss in terms of receiver aperture diameter are also considered in the 

analysis. FSO distance is varied and the corresponding BER values are calculated from the 

eye diagram until a maximum BER of 10-5 is reached. 

A) Effect of atmospheric losses 

Under clear weather condition, at BER of 10-12, x and y polarization provide error free 

transmission upto 596m and 525m respectively. In the presence of light fog, these distances 

reduce to 338m and 309m, for the same polarizations. The heavy fog condition indicates a 

maximum transmission distance of 239m and 223m for x and y polarization respectively. All 

the facts are clearly depicted in Fig. 6.a. Capacity in b/s/Hz also follows a similar trend for 

clear weather, light and heavy fog conditions,  as illustrated in Fig. 6.b. 
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(a)       (b) 

Fig.6(a) BER (b)Capacity Vs FSO transmission distance for clear weather, light and heavy 

fog conditions using X and Y polarization 

B) Effect of Geometric and Coupling losses 

In this simulation, geometric loss or coupling loss alone is considered in both x and y 

polarizations. The distance at which the FSO link achieves a BER of 10-12, is determined. A 

worst case atmospheric condition (Heavy Fog) with 34.69 dB/km attenuation is also 

considered for comparison, which provides a maximum link distance of 239m and 223m 

respectively. The effect of receiver aperture diameter is studied by varying it from 180mm to 

90mm [39] and link distances of 304m and 267m, are achieved for error free transmission. 

Similarly, it is observed that a coupling loss of 10 dB from end to end FSO link, contributes 

the best performance at a link distance of 429m and 378m for x and y polarization 

respectively. The performance measure plots shown in Figs.7.a and7.b. The impact of 

atmospheric loss is more significant when compared to geometric and coupling loss, when 

considering their effects individually. 
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(a)      (b) 

Fig.7(a) BER (b)Capacity Vs Transmission Distance of FSO link under different losses 

seperately for X and Y polarization 

C) Effect of Combined Losses 

For a BER = 10-12, the maximum transmission distance possible due to combined  

effects of coupling and geometric losses are found as 216m and 189m for x and y polarization 

case. Similarly, when attenuation and coupling losses are combined, the link can produce 

error free transmission upto 199m and 184m, respectively. It is depicted in Figs. 8.a and 8.b. 

In the case of combined attenuation and geometric losses, the maximum reach is about 162m 

and 149m. 

 

(a)       (b) 

Fig.8(a) BER (b)Capacity Vs Transmission Distance of FSO link under combination of losses 

for X and Y polarization 

Jo
ur

na
l P

re
-p

ro
of



The combined effect of all the three losses under worst case scenario is evaluated, which may 

severely affect the link performance. A 34.69 dB/km heavy fog, small receiver aperture 

diameter of 90mm and end-to-end coupling loss of 10 dB are considered. A maximum FSO 

link distance of 130m and 119m for x and y polarization are achieved for a BER of 10-12. 

This is less than the other cases, as expected.  Both BER and capacity performance are 

highlighted in Figs. 9.a and 9.b. 

 

(a)      (b) 

Fig.9(a) BER (b)Capacity Vs Transmission Distance of FSO link under worst case scenario 

for X and Y polarization. 

 

VII. CONCLUSION AND FUTURE WORK 

In the present work, steady state, transient and pulse characteristics of VCSEL are 

determined by incorporating the polarization properties. From the polarization switching 

behaviour, it is evident that either polarization Px (or) Py contributes for the total power 

output of the device. A 5 Gbps data transmission for PON application, as well as FSO link 

extension beyond 20 km SMF, are investigated under individual X or Y  polarizations. For a 

transmission distance of 20 km through SMF, under RZ coding, to achieve a BER of 10-12, 

2% of the received power is to found to be sufficient. Remaining 98% is transmitted through 

free space.  The maximum FSO link distances, when considering atmospheric loss alone are 

found as 239m and 223m, for x and y polarization respectively. A worst case scenario, which 

includes maximum of all the three losses indicate a transmission distance of 130m and 119m 
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for the x and y polarisation modes, beyond the 20 km SMF link. This work can be extended 

to include polarisation effects in VCSEL for PAM-4 modulation, which is an emerging 

technique in optical communications. 
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Table I. VCSEL laser parameters[30] 

Parameter Value 

minimum active device current, Ith 1.602 mA 

carrier number at Ith, Nth 1.21 x 107 

carrier lifetime at Ith, τe 1.21 ns 

differential carrier lifetime at Ith τn 0.48 ns 

 carrier number when stimulated emission  

rate equal to the absorption condition, Nt 

10.2 x 106 

spin flip rate, γs 2600 ns-1 

linewidth enhancement factor, α 2.8 

decay rate of population inversion, γ 2.08 ns-1 

field decay rate, κ 33 ns-1 

spontaneous emission coefficient, βsp 0.003 

linear dichroism, γa dependent on current 

linear bifringence, γp 95.19 ns-1 
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Table II.  Important Parameters used for modelling hybrid SMF-FSO link [29,37]. 

Parameter Value 

Single Mode Fiber  

Insertion loss for split ratio 2/98 1 dB 

fiber attenuation factor, αf   0.2 dB/km 

fiber dispersion constant, D 17 ps/nm/km 

Free Space Optic link  

FSO coupling loss [3.5,5] dB 

beam divergence, θ 1 mrad 

optical efficiency of transmitter, τt 0.75 

transmitted aperture diameter, DT 2 mm 

optical efficiency of receiver, τr 0.75 

FSO attenuation factor, αFSO [0.7,15.96,34.69]dB/km 

receiver aperture, DR [90,180] mm 

 

The mathematical modeling of SMF, FSO links and photo detector parameters are clearly 

presented in our earlier work [29].  The received data is extracted using a Butterworth low 

pass filter of order 4 and 75% of data rate (5 Gbps) [38] as cut off frequency. 
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