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Abstract

:

This paper proposes a semiconductor optical amplifier (SOA)-based multilevel polarization shift on–off keying (MPS-OOK) transmission for free-space optical (FSO) communication. At the transmitter end, the MPS-OOK signal is modulated with a constant linear state of polarization (SOP) at the high-intensity level and various SOPs at the low-intensity level in order to improve the spectral efficiency (SE) with the transmitted power efficiency. At the receiver end, first, a polarization-independent SOA was introduced to optically suppress the turbulence-induced scintillation effect and equalize the intensities of the various SOPs in the deep gain saturation state without polarization distortion. Then, a linear polarizer (LP) with a high extinction ratio (ER) was deployed to convert the equalized SOPs into a known intensity. Finally, the converted MPS-OOK signal was detected using a single photodiode (PD) and distinguished using a multilevel fixed-threshold decision (M-FTD). The proposed technique was evaluated using experiments. A Mach–Zehnder modulator (MZM)-based fading simulator was introduced to emulate the turbulence-induced scintillation effect. The experimental results demonstrated that the scintillation effect was effectively mitigated and the SE was improved by up to 2 bit/s/Hz using the proposed four-level polarization shift on–off keying (4PS-OOK) transmission.
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1. Introduction


Free-space optical (FSO) communication has been widely researched in recent decades due to its characteristics of a high data rate, wide bandwidth, low power consumption, less mass, an unlicensed spectrum, and high security [1]. However, the system performance is impaired by the severe fluctuations in the received signal intensity caused by the atmospheric turbulence-induced beam scintillation effect, which is the major issue in FSO communication [2]. The state of polarization (SOP) maintains a stable state in the atmospheric turbulence channel using a spatially coherent plane wave [3]. Therefore, the application of polarization has been extensively studied to improve the performance of FSO communication systems.



The polarization division multiplexing (PDM) technique has been studied to improve the capacity of FSO communication systems via the application of multiple polarizations [4,5]. However, the performance is distorted by the scintillation-effect-induced intensity fluctuations. The polarization shift keying (PolSK) method has been researched to mitigate the scintillation effect via the estimation of SOPs using knowledge of the Stokes parameters [6,7]. However, the performance is significantly degraded in the peak and deep-fading parts of the scintillation effect. Furthermore, PolSK is inefficient in the transmitted optical power compared to on–off keying (OOK). FSO communication is an average-power-limited system due to the average power limitation characteristics of the optical amplifiers [8]. Thus, polarization shift OOK (PS-OOK) was studied in our previous work to effectively mitigate the scintillation effect with the transmitted power efficiency [9]. However, the spectral efficiency (SE) of PS-OOK is the same as the conventional OOK due to the application of two SOPs. Higher-order modulation techniques, such as pulse-amplitude modulation 4 (PAM-4), multilevel polarization shift keying (MPolSK), and multilevel phase-shift keying (MPSK), have been researched to improve the capacity of FSO communication systems [5,7,10]. Therefore, it is preferable to improve the SE of PS-OOK via the transmission of multilevel SOPs.



In this study, we proposed a semiconductor optical amplifier (SOA)-based multilevel polarization shift on–off keying (MPS-OOK) transmission for FSO communication. At the transmitter end, the MPS-OOK signal was modulated with a constant SOP at the high-intensity level and various SOPs at the low-intensity level in order to enhance the SE with the transmitted power efficiency. At the receiver end, a polarization-independent SOA and a linear polarizer (LP) were applied to detect the MPS-OOK signal. First, the scintillation effect was optically mitigated using the polarization-independent SOA in the gain saturation state based on nonlinear gain characteristics. Then, the intensities of the various SOPs were equalized in a much deeper gain saturation state without polarization distortion. Then, an LP with a high extinction ratio (ER) was deployed after the SOA to transform the equalized SOPs into the various intensity levels. Finally, the transformed MPS-OOK signal was detected using a single photodiode (PD) and distinguished using a multilevel fixed-threshold decision (M-FTD). The proposed technique was evaluated in experiments under the Mach–Zehnder modulator (MZM)-based fading-simulator-accommodated scintillation effect. The experimental results illustrated that the SE was enhanced by up to 2 bit/s/Hz with effective scintillation mitigation using the proposed four-level polarization shift on–off keying (4PS-OOK) transmission.




2. Operating Principle


Figure 1 shows the block diagram of the proposed technique. At the transmitter end, the multilevel linear SOPs are modulated into the OOK signal. A laser diode (LD) with a continuous wavelength (CW) is polarized into the linear SOP of   45 °   using a polarization controller (PC). The polarized laser beam is split into two orthogonal x- and y-polarizations using a polarization beam splitter (PBS). The   s _ 1 [ t ]   and   s _ 2 [ t ]   signals are modulated using MZMs with electrical signals   d _ 1 [ t ]   and   d _ 2 [ t ]  , respectively. This is represented by the following:


          d _ 1 [ t ] =   1 ,               0 ,               0 ,               0 ,     ⋯         d _ 2 [ t ] =   0 ,           1 ,   cos ( α ) ,   cos ( β ) ,       ⋯                   s _ 1 [ t ] =    p  s _ 1 [ t ] _ 1   ,        p  s _ 1 [ t ] _ 0   ,        p  s _ 1 [ t ] _ 0   ,        p  s _ 1 [ t ] _ 0   ,     ⋯         s _ 2 [ t ] =    p  s _ 2 [ t ] _ 0   ,  p  s _ 2 [ t ] _ 1   ,  p  s _ 2 [ t ] _ cos ( α )   ,  p  s _ 2 [ t ] _ cos ( β )   ,     ⋯         ,    



(1)




where    p  s _ 1 [ t ] _ 1     and    p  s _ 1 [ t ] _ 0     are the bit powers of   s _ 1 [ t ]  , and    p  s _ 2 [ t ] _ 0    ,    p  s _ 2 [ t ] _ 1    ,    p  s _ 2 [ t ] _ cos ( α )    , and      p  s _ 2 [ t ] _ cos ( β )     are the bit powers of   s _ 2 [ t ]  . The signal   s _ 2 [ t ]   is attenuated using a variable optical attenuator (VOA).   s _ 1 [ t ]   and the attenuated   s _  2 ’  [ t ]   are combined using a polarization beam combiner (PBC) to generate the MPS-OOK signal   s [ t ]  . The SOPs of   s [ t ]   were determined by the power ratio between   s _ 1 [ t ]   and   s _  2 ′  [ t ]  , which is given by the following [3]:


  S O  P  s [ t ]   =   arctan ( s _ 1 [ t ]  /  s _  2 ’  [ t ]   ) × 180 ° / π =   arctan ( s _ 1 [ t ]  /  (   s _ 2 [ t ]  /   G  V O A     )   ) × 180 ° / π ,  



(2)




where    G  V O A     is the degree of attenuation from the VOA. Therefore, the MPS-OOK signal is modulated with a constant SOP at the high-intensity level and various SOPs at the low-intensity level with the transmitted power efficiency. The ER of the MPS-OOK is determined by    G  V O A    , and the SOPs of the MPS-OOK are dependent on   d _ 2 [ t ]  , the ER of the MZM, and    G  V O A    . The MPS-OOK signal suffers the scintillation effect in the turbulence channel. At the receiver end, the polarization-independent SOA is deployed to mitigate the scintillation effect and equalize the intensities of the various SOPs in the deep gain saturation state without the distortion of the SOPs. The scintillation effect is effectively mitigated by the nonlinear gains from the SOA since the high dynamic gain frequency (around 10 GHz) of the SOA is much higher than the scintillation effect (less than a few kHz) [1,11]. Then, the intensities of the various SOPs are equalized by the high dynamic gains in a much deeper gain saturation state. An LP is applied after the SOA to transform the knowledge of the SOPs into various intensity levels. The intensity spacing of the transformed MPS-OOK signal is determined by the degree of the SOPs. The MPS-OOK signal is detected via a single PD and decided using an M-FTD. Consequently, the various SOPs are detected under effective scintillation mitigation using the proposed technique.




3. Experiments and Results


The experiments were divided into two parts. The proposed MPS-OOK modulation was verified without the scintillation effect. Furthermore, the proposed SOA-based MPS-OOK detection was compared to the conventional OOK detection under different scintillation effects.



Figure 2a shows the experimental setup of the MPS-OOK modulation. The wavelength of the LD was set to 1550 nm. The SOP was set to   45 °   using PC1. A PBS was used to obtain optical beams with orthogonal polarizations. Data1   d _ 1 [ t ]   and data2   d _ 2 [ t ]   were imported into the radio-frequency (RF) ports of MZM1 and MZM2, respectively. The bias voltages of MZM1 and MZM2 were set to the quadrature points in order to have large ERs. An optical delay line (ODL) was used to match the bit synchronization between the optical signals from MZM1 and MZM2. VOA1 was set to 15 dB to have the optimized ER and SOPs for the MPS-OOK signal [9]. An MPS-OOK signal was generated by combining two signal branches using the PBC. Figure 2b depicts the experimental setup of the SOP measurement. PC2 was used to match the optical axes between the MPS-OOK and the PBS. VOA2 and VOA3 were applied to measure the average powers of orthogonal polarizations. The PC2 was altered to provide equal values for VOA2 and VOA3 under the transmission of the MPS-OOK with a single SOP of   45 °   in order to match the optical axes between the MPS-OOK and the PBS. The SOPs of the modulated MPS-OOK were calculated using the power ratio between VOA2 and VOA3 via   SOP = arctan   VOA 2 / VOA 3   × 180 ° / π  . Figure 2c illustrates the experimental setup of the SOA-based MPS-OOK detection. An MZM-based fading simulator was introduced to emulate the scintillation effect [9,12]. The modeled time-varying intensity fluctuation signal and MZM were used to establish the fading simulator. Based on the Kolmogorov power-law spectrum and Taylor frozen turbulence hypotheses, the time-varying intensity fluctuations were generated from the temporal spectrum of the log-amplitude fluctuations [13]. Then, the random phase information was modulated into the temporal spectrum. Then, it was transformed into the time domain using an inverse Fourier transform. Finally, the normalized time-varying intensity fluctuations signal was modeled using first-order Rytov approximations [9,14]. The modeled signal was imported into the RF port of the MZM to accommodate the scintillation effect into the traveling optical signal. The degree of the scintillation effect was measured in terms of the scintillation index    σ I 2  =      I 2     /     I   2    − 1  , where    σ I 2    indicates the normalized variance of the intensity fluctuations [14]. Figure 3a illustrates the MZM-based fading-simulator-emulated scintillation effect with a    σ I 2    of 0.11 in the time domain. A time-varying intensity fluctuation signal was observed. Figure 3b illustrates the frequency domain of the accommodated scintillation effect, which was dominated by the low-frequency components. Figure 3c shows that the accommodated scintillation effect fit well with the lognormal distribution, which is the widely used statistical model for weak turbulence. Therefore, the scintillation effect was effectively emulated by the MZM-based fading simulator. Since SOPs keep a stable state in the turbulence channel, the MPS-OOK signal suffers the scintillation-effect-induced intensity fluctuations. Thus, it was sufficient to emulate the turbulence channel using the MZM-based fading simulator in this study.



An erbium-doped fiber amplifier (EDFA) was applied to improve the received optical power. The polarization-independent SOA was applied to optically mitigate the scintillation effect and equalize the intensities of the various SOPs in the deep gain saturation region. PC3 was deployed to match the optical axis between the MPS-OOK and the LP (Fiber-Optic In-Line Polarizer, POL-001, General Photonics, CA, USA). The LP was used to convert the various SOPs into different intensity levels. The transformed MPS-OOK signal was detected using a single PD and decided using an M-FTD. The symbol rate was set to 1.25 Gsymbol/s, as shown in Table 1.



Table 2 and Table 3 illustrate the measurement of SOPs of the modulated three-level polarization shift on–off keying (3PS-OOK) and 4PS-OOK.   d _ 1 [ t ]   and   d _ 2 [ t ]   were coded according to Equations (1) and (2). The SOPs of the modulated 3PS-OOK and 4PS-OOK were calculated using the power ratio between VOA2 and VOA3. Regarding 3PS-OOK, the high-intensity level was modulated with SOPs of   0 °   and the low-intensity level was modulated with SOPs of   60 °   and   85 °  . Regarding 4PS-OOK, the high-intensity level was modulated with SOPs of   0 °   and the low-intensity level was modulated with SOPs of   48.2 °  ,   70.5 °  , and   85 °  .



Figure 4 shows the eye diagrams of the proposed 3PS-OOK and 4PS-OOK transmissions. The experiments were conducted without the scintillation effect to provide a clear measurement of the eye patterns. The average input power at the PD was set to −3 dBm using VOA5 to reduce the PD noise. The eye patterns of the OOK were observed for the modulated 3PS-OOK and 4PS-OOK. The average input power at the SOA was configured to 2 dBm using VOA4 in order to have a deep gain saturation. The eye diagrams after the SOA show that the intensities of the various SOPs were effectively equalized by the gain-saturated SOA. The eye diagrams of the 3PS-OOK and 4PS-OOK were measured after the LP. Two and three levels of nearly balanced vertical eye-opening were observed for the 3PS-OOK and 4PS-OOK, respectively. Thus, the knowledge of the SOPs was effectively transformed into the various intensity levels. Therefore, the 3PS-OOK and 4PS-OOK were effectively modulated and detected using the proposed technique.



Figure 5 shows the bit error rate (BER) performance of the OOK, two-level polarization shift on–off keying (2PS-OOK), 3PS-OOK, and 4PS-OOK transmissions under    σ I 2   ’s of 0.11 and 0.59. The scintillation effect was accommodated using the MZM-based fading simulator. The BERs were calculated using a fixed-threshold decision (FTD) under the variation of the average input powers at the SOA. The average input power at the PD was set to –3 dBm using VOA5 to reduce the PD noise. Regarding the OOK transmission, the BERs were initially enhanced in the gain saturation state of the SOA due to the scintillation effect mitigation by the nonlinear gains. However, the BERs were decreased in the deeper gain saturation state due to the ER degradation of the OOK during the process of scintillation mitigation. Regarding the 2PS-OOK transmission, the BERs were improved with the increase of the average input powers at the SOA since the degraded ER was recovered by the filtering of the polarization of bit “0” using the LP. Regarding the 3PS-OOK and 4PS-OOK transmissions, the intensities of the various SOPs were equalized by the SOA in the deep gain saturation state, and the equalized SOPs were converted into the different intensity levels by the LP. Thus, the BERs of the 3PS-OOK and 4PS-OOK were improved with the increase of the average input powers at the SOA. Poor BER performances of 3PS-OOK and 4PS-OOK were observed for lower average input powers at the SOA due to the ineffective intensity equalization of the various SOPs. The BERs of the 3PS-OOK and 4PS-OOK were close to the 2PS-OOK for the higher average input powers at the SOA due to the effective intensity equalization of the various SOPs in the deep gain saturation state. Furthermore, much higher average input powers at the SOA were required for a    σ I 2    of 0.59 compared to a    σ I 2    of 0.11 since a deeper gain saturation was needed for a    σ I 2    of 0.59 in order to effectively mitigate the scintillation effect. Figure 6 shows the SEs of the proposed technique at a BER of   1     ×       10   − 3    . The received MPS-OOK signal had a high signal-to-noise ratio (SNR) due to the large output power at the SOA; therefore, the SE of the proposed technique was dependent on the average input powers at the SOA and the strength of the scintillation effect. The SE was calculated using     log  2 M    under the effective scintillation mitigation, where  M  indicates the number of levels of the SOP [15,16]. For the average input power at the SOA of less than −4 dBm, the SE was similar to the OOK and 2PS-OOK with    σ I 2   ’s of 0.11 and 0.59. Regarding the average input power at the SOA of −2 dBm, the SE was improved by up to 2 bit/s/Hz with a    σ I 2    of 0.11. For an average input power at the SOA of 6 dBm, the SE was enhanced by up to 2 bit/s/Hz with an    σ I 2    of 0.59 as well. Consequently, the SE was improved by up to 2 bit/s/Hz under effective scintillation mitigation using the proposed technique with the average input power at the SOA of 6 dBm and a symbol rate of 1.25 Gsymbol/s. The SE can be improved by coherent detection instead of direct detection using an M-FTD, and it can be further enhanced by using an MZM with a larger ER, an SOA with lower amplified spontaneous emission (ASE) noises, an LD with a narrower linewidth, and a PD with a higher sensitivity [15,17].




4. Conclusions


In summary, we proposed an SOA-based MPS-OOK transmission for FSO communication. At the transmitter end, an MPS-OOK signal was modulated with a constant SOP at the high-intensity level and various SOPs at the low-intensity level for the sake of the SE enhancement with the transmitted power efficiency. At the receiver end, a polarization-independent SOA was used to optically suppress the scintillation effect and equalize the intensities of the various SOPs in the deep gain saturation state using the high dynamic nonlinear gains without the polarization distortion. An LP with a high ER was applied after the SOA to convert the equalized SOPs into the different intensity levels. The converted MPS-OOK signal was detected using a single PD and distinguished using an M-FTD. The proposed technique was verified via experiments. An MZM-based fading simulator was used to accommodate the different scintillation effects. The experimental results demonstrated that the SE was enhanced up to 2 bit/s/Hz with effective scintillation mitigation using the proposed technique. Therefore, it has high potential and is a feasible technique for FSO communication.
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Figure 1. Block diagram of the proposed technique. CW: continuous wavelength, LD: laser diode, LP: linear polarizer, M-FTD: multilevel fixed-threshold decision, MPS-OOK: multilevel polarization shift on–off keying, MZM: Mach–Zehnder modulator, PBC: polarization beam combiner, PBS: polarization beam splitter, PC: polarization controller, PD: photodiode, SOA: semiconductor optical amplifier, SOP: state of polarization, VOA: variable optical attenuator. 
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Figure 2. Experimental setup of the (a) MPS-OOK modulation, (b) SOP measurement, and (c) SOA-based MPS-OOK detection. 
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Figure 3. MZM-based fading-simulator-emulated scintillation effect with a    σ I 2    of 0.11: (a) time domain, (b) frequency domain, and (c) distribution. 
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Figure 4. Eye diagrams of the proposed 3PS-OOK and 4PS-OOK transmissions without the scintillation effect. 
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Figure 5. Bit error rate (BER) performance of the on–off keying (OOK), two-level polarization shift on–off keying (2PS-OOK), 3PS-OOK, and 4PS-OOK transmission: (a)    σ I 2    of 0.11 and (b)    σ I 2    of 0.59. 
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Figure 6. Spectral efficiencies (SEs) of the proposed technique at a BER of   1     ×       10   − 3    . 
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Table 1. Parameters used in the experiments.
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	Parameters
	Values





	Wavelength
	1550 nm



	Bias voltage of the MZM
	Quadrature point



	Turbulence channel
	MZM-based fading simulator



	    σ I 2    
	0.11, 0.59



	VOA1
	15 dB



	Symbol rate
	1.25 Gsymbol/s
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Table 2. SOPs of three-level polarization shift on–off keying (3PS-OOK).
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	   d _ 1 [ t ]   
	1
	0
	0



	   d _ 2 [ t ]   
	0
	0.15
	1



	SOP
	   0 °   
	   60 °   
	   85 °   
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Table 3. SOPs of the four-level polarization shift on–off keying (4PS-OOK).
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	   d _ 1 [ t ]   
	1
	0
	0
	0



	   d _ 2 [ t ]   
	0
	0.1
	0.25
	1



	SOP
	   0 °   
	   48.2 °   
	   70.5 °   
	   85 °   
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