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Abstract

:

In this paper, we have investigated and reported the performance of free-space optical (FSO) links operating in adverse atmospheric conditions. Since FSO links share operational similarity with fiber communication; hence, we believe that a cost-effective FSO framework can play a significant role in the transparent integration of high-speed network access backbones with the end-users. Different modulation formats, complemented with spatial diversity techniques, are discussed in this paper to strategize performance optimization of FSO links. Using bit error rate (BER) and signal-to-noise ratio (SNR) as performance metrics, it was found that binary phase-shift keying (BPSK) qualifies as the best technique modulation technique delivering SNR gain of 10 dB over on–off keying (OOK) operating link under similar channel conditions. Further performance optimization was achieved using space diversity reception wherein SNR witnessed a gain of 3 dB gain over the single-channel FSO link. In terms of application, the proposed model can help in developing a citizen-centric smart city ecosystem that can support seamless communication between heterogeneous smart devices.
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1. Introduction


1.1. Preliminaries


Over the past few years, communication technology and related innovations have taken a huge leap in transforming the meaning of connectivity. Today we are surrounded by a range of diverse communication technologies like smartwatches, smartphones and smart T.V., etc., to name a few, and all such devices demand seamless data connectivity for an optimized and rich user experience. With the exponential growth of data demand and an anticipated similar aggressive trend in the near future, it is believed that existing radio-frequency (RF) infrastructure will face an acute spectrum shortage in coping with the exponential increase in user data demands [1,2,3,4]. The advent of optical fiber communication or light-wave communication as it may be commonly known is, although a promising contender in delivering high-speed data networks, then it falls short on key features like end-user mobility. Furthermore, installation and maintenance costs of optical fiber links make them economically unviable for the majority of the end-users, and it is for the same reason that despite being within a mile distance from fiber networks, approximately 75% of households in North America do not have access to fiber bandwidth [4,5,6]. As shown in Figure 1, free-space optical communication, which essentially a subclass of optical wireless communication (OWC) technology, uses the atmosphere as an unguided medium for the propagation of optically modulated information signal. Using a set of electrical-to-optical and optical-to-electrical circuits, FSO systems are capable of transmitting user information onto an optical carrier and then convert back to the electrical domain at the receiver. Since the underlying hardware and transmission mechanism used in FSO systems is very much the same as in light-wave networks, hence the FSO links are capable of delivering high-speed access of the order of Gbps to the end-users [1,4,6]. Miscellaneous advantages of FSO link include: (a) plug-and-play installation behavior, (b) installations costs approximately 1/10th of the fiber links, (c) ultra-wide bandwidth, (d)unmatched user data security, and (e) license-free spectrum [1,7,8].



Rising urbanization, population expansion, elevated living costs and desire for better living standards has created an urgent need for optimum usage of resources through the creation of smart cities. Smart cities are designed to look after the welfare of their citizens through the optimum distribution of benefits while ensuring sustained development. An intelligent traffic system is one such example wherein the traffic lights are managed dynamically to ensure a smooth and safe flow of traffic, thus reducing commuting time and carbon emissions. Figure 2 illustrates a smart city framework in which FSO links have been proposed to serve citizens with high-speed data access in different possible ways. Case A, for example, shown in Figure 2, illustrates end-to-end optical bandwidth connectivity to far-flung and remote locations through the use of FSO relay nodes. Since FSO links can be used as plug and play devices with line-of-sight (LOS) connectivity hence, in adverse geographical conditions where installing RF links or digging earth for laying fibers is an arduous task, FSO links can serve as an ideal solution. The use of amplify-and-forward relay nodes to connect end-users with fiber backbone has also been proposed in [7]. Another possible application of FSO systems towards smart cities can be developing intelligent traffic mechanisms. The hybrid-FSO links have been previously shown to be interoperable with RF and visible light communication (VLC) standards [9]. Case B, shown in Figure 2, proposes the application of FSO to serve fast-moving traffic and pedestrians with data connectivity through RF and VLC links. The data aggregation of traffic intensity through technology feature such as the Internet of things (IoT) can be used to manage service lanes, traffic lights and related infrastructure to ensure smooth traffic flow [9,10,11]. The third and most significant application will be that of cost-effective data connectivity to residential/individual users. Here as well, in case C, the FSO operating in the 780–1600 nm range can be downconverted to the VLC spectrum range, i.e., 375–700 nm, thus providing end-users optical connectivity. Thus, in the different examples shown in Figure 2, FSO links can be used to extend the optical carrier used in the existing high-capacity fiber backbone and core network to the end-users with having the need to install an expensive light-wave network.



Although 5G networks are being extensively being worked out to serve the needs of futuristic smart city systems, however, increasing bandwidth crunch will mean shifting towards millimeter-wave configuration. In such architectures, the RF links become increasingly directional, power-hungry and a reduction in serviceable range/area. As a result, the actual data rates may drop significantly as compared to theoretical ones [12]. The proposed link is, however, aimed at serving heterogeneous devices and networks through its ability to converge with backbone networks. The FSO link will, therefore, not only provide cost-effective connectivity on account of the use of unlicensed spectrum but also deliver data rates that, in a true sense much higher than the ones that can be achieved from 5G networks.



Despite the array of features and potential applications, FSO systems are yet to see large-scale commercial deployment. This is primarily because FSO is a LOS communication link where the atmosphere serves as the propagation medium, and thus, the presence of meteorological phenomena like rain, fog, snow, haze, and dust can result in significant signal degradation on account of absorption and scattering [1,2,3,4]. While the absorption of information-bearing photons leads to loss of power delivered at the receiver, scattering may lead to loss of LOS configuration, thus triggering erroneous data recovery at the receiver in both cases.



Furthermore, even on clear sunny days with negligible aerosols, FSO links can still suffer from a severe impairment. This impairment can be attributed to random fluctuations in the refractive index of the propagating medium and is commonly known as atmospheric turbulence. Temperature fluctuations and/or mixing of hot and relatively cold air masses causes the formation of pockets of varying density known as eddies along the propagation path. The turbulence eddies, as shown in Figure 3, are capable of causing intensity and phase fluctuations in information-carrying photons, thus, at times leading to irreparable loss of information [7]. Over the years, various mathematical models like gamma–gamma, log-normal, k-distributed and negative exponential models have been investigated and proposed to characterize the impact of turbulence atmosphere on FSO signal [1,2]. Depending upon the severity of intensity scintillations caused to the presence of turbulence eddies, the turbulence may be categorized as weak, moderate or strong. While the log-normal model of best suited for received signal characterization during weak turbulence conditions, the negative exponential model is best suited for strong turbulence conditions only; however, the gamma–gamma model has been experimentally found to be approximately ideal for turbulence conditions ranging from weak to strong [1,3]. For the same reason, the performance analysis of the FSO link proposed here has been investigated, assuming that the channel is characterized by the gamma–gamma model.




1.2. Literature Survey and Research Motivation


The process of modulating the information signal is an important aspect accomplished to achieve connectivity between the transceivers. The choice of modulation technique has a very critical role in determining the quality of the received signal and, subsequently, the information extraction at the receiver. Out of the various modulation techniques available, on–off keying (OOK) is most popular in FSO systems because of its sheer simplicity and cost-effective setup [3,4,5,13]. OOK-enabled FSO systems, however, perform miserably bad as channel conditions (turbulence) severity increases from weak to strong. Since atmospheric turbulence can cause unpredictable fluctuations in the intensity of the received signal; hence, amplitude modulated systems experience high bit error rates (BER) in such conditions [1,2,3]. The BER performance improvement in FSO links has been shown with the use of hybrid modulation schemes like pulse-position modulation (PPM) and sub-carrier modulation (SIM); however, the requirement of strict receiver coherence through carrier synchronization significantly add to system complexity and cost escalations [14,15,16]. Adaptive sub-carrier and polarization modulation schemes have also been reported to deliver seamless FSO link connectivity, but this virtue is limited only to moderately noisy and weak turbulence channels only [17,18]. Use of line coding techniques like a return to zero (RZ), non-return to zero (NRZ) and alternate mark inversion (AMI) along with modulation schemes like amplitude shift keying (ASK), OOK, PPM, etc. has also been proposed as a complementary measure to overcome the disastrous effect of channel turbulence [19,20]. Some higher-level modulation techniques like quadrature amplitude modulation (m-ary QAM) schemes with coherent detection have been reported for significant improvement in BER over turbulence FSO link; however, the main issue with coherent links is a requirement of carrier synchronization at the receiver, which adds to system complexity [21]. Apart from the choice of modulation schemes, diversity techniques have also been found to be an effective tool in mitigating the effect of atmospheric turbulence in FSO links. As in radio-frequency (RF) based transmission, diversity refers to the transmission of modulated information over multiple channels to improve the link reliability. The temporal diversity, for example, involves the transmission of the same information multiple times with the objective of creating redundancy and the option to choose the best information packet at the receiver. This technique not only requires longer signal processing times but also leads to inefficient use of communication resources owing to redundant transmission required each time. Spatial diversity, on the other hand, overcomes this issue by using multiple transmitters and receivers, which will engage in simultaneous transmission of information, thus overcoming the delays experienced in time diversity systems. On the receiver side, there are three different techniques to combine the diversity signals, i.e., equal gain combining (EGC), maximal ratio combining (MRC) and selection combining (SC). Both EGC and MRC require precise phase information in order to ensure the constructive addition of received signals, thus making this system a complicated one. SC meanwhile uses the receiver branch with the highest signal-to-noise ratio (SNR) among all the branches, which is equivalent to selecting the branch with the highest light intensity making it much easy, simple and less complex. T. Joseph et al. in their paper [22], proposed the use of OOK FSO links with spatial diversity and reported performance enhancement over weak and moderate turbulence regimes; however, it was also reported that for overcoming turbulence regimes, the number of receivers should be increased which in turn may increase system complexity. Pham Tien Dat et al. in their paper [23], proposed optical wireless communication system integrated with the mm-wave system for 5G network. They used the OFDM technique for high-speed indoor communication. They have transmitted 40 Gbps radio signals over the 100 GHz band. However, the OFDM technique needs a transmitter and receiver to be coherent, which makes its architecture complex. Similarly, Nguyen et al., in their research work [24], investigated and put forward an idea of microwave photonic link, which integrates optical fiber, FSO and radio link to deliver all-time link connectivity. The idea in [24] is about using a modulation format that can ensure seamless connectivity among different communication networks.



Thus, for the same reasons as discussed here, we investigated the performance of the FSO link using different modulation formats, benchmarked with OOK, which are simple, cost-effective and user-friendly. The modulation formats were chosen with the intent to develop an FSO framework that can readily converge with different communication networks. Furthermore, spatial diversity with two transmitters and two receiver configurations (2 × 2) was also used to strengthen the system performance over the turbulence channel. The rest of the paper is categorized into the following different sections. Section 2 elaborates on the turbulence theory. Section 3 provides the mathematical analysis of different modulation techniques, while the investigation results are reported in Section 4. Finally, the concluding remarks can be found in Section 5.





2. System Design


Atmospheric Turbulence and Gamma–Gamma Channel


Random variations in pressure and temperature along the propagation path cause the refractive index ( η ) of the medium to vary abruptly, thus leading to scintillation losses. Turbulence theory: The optical field radiation traversing in the atmosphere experiences the intensity and wavefront, as shown in Figure 3. Mathematically, the refractive index at any distance L in space is related to channel parameters in the following manner [25]


  η    ( L )  = 1 + 77.6   P  ( L )     T e   ( L )    ×   10   − 6    



(1)




where P is the atmospheric pressure in millibars, Te is the temperature in Kelvin. The variations in channel refractive index of the medium, also known as optical turbulence, can be mathematically related to temperature in-homogeneities by the parameter    C n 2   , also known as the refractive index structure parameter. Although the value of    C n 2    varies with altitude (h) and wind velocity (v) as well as shown in Equation (2) [25],


   C n 2   ( h )  = 0.00594    (   v  27    )   2     (    10   − 5    )    10   exp  (    − h   1000    )  + 2.7 ×   10   − 16   exp  (    − h   1500    )  + Â  (    − h   100    )   



(2)




where Â is the nominal value of    C n 2    (0) at the ground in m−2/3, and h is the altitude in meters. For the sake of analytical simplicity,    C n 2    can be written as a function of temperature structure constant    C T 2    as:


   C n 2  =   ( 79 ×  10  − 6   P /  T 2  )  2   C T 2   



(3)







As a general rule of channel characterization in FSO links,    C n 2    defines the severity of turbulence strength.    C n 2    in the typical range of 10−12 m−2/3 signifies strong turbulence conditions while    C n 2    in the range of 10−15 m−2/3 and 10−17 m−2/3 signify moderate and weak turbulence regimes [1,7].



Various channel models have been proposed in the recent past to mathematically quantify the impact of channel turbulence on the received signal. Out of the different proposed turbulence models, the gamma–gamma channel model is considered to be most reliable because this model exhibits close to ideal convergence between analytical and experimental results for all forms of turbulence regimes, i.e., strong, moderate and weak. This model considers the effect of small scale (scattering) and large scale (refraction) eddies of the propagating optical signal. The probability density function (PDF) of received light intensity (I) as determined from the gamma–gamma function can be represented as [1,8,9].


  P  ( I )  =   2    (   α β   )      α + β  2      Γ  ( α )  Γ  ( β )     I   (    α + β − 2  2   )     k  α − β    (  2    α β  I    )  ;   I > 0  



(4)




where, α and β represent the effective number of large- and small-scale eddies, respectively.    k n    (.) is the modified Bessel function of the 2nd kind of order (  α − β  ), and Γ (.) represents the gamma function. The parameters  α  and    β    can be individually written as a function of Rytov variance    σ R    as:


  α =    [  exp  (    0.49  σ R 2       (  1 + 1.11  σ R    12  5     )     7 6       )  − 1  ]    − 1    



(5)






  β =    [  exp  (    0.51  σ R 2       (  1 + 0.69  σ R    12  5     )     5 6       )  − 1  ]    − 1    



(6)




where,    σ R 2  = 1.23  C n 2   k  7 / 6    L  11 / 6    , here, L is propagation channel length and k is propagation constant,   2 π / λ  . BER of an optical signal in the gamma–gamma channel can be determined using:


   P e  =   ∫  0 ∞  P  (   I 2    γ ¯    )  P  ( I )  d I  



(7)




where,   P  (   I 2    γ ¯    )    represents the signal-to-noise ratio (SNR) at the receiver, while   P  ( I )    is probability density function (PDF) of received irradiance of FSO link through the gamma–gamma channel model as expressed in Equation (4).





3. Modulation Techniques


In this section, we shall discuss various modulation techniques that will be used to analyze the performance of the proposed FSO link under different turbulence regimes.



3.1. On–Off Keying


OOK can use either non-return-to-zero (NRZ) or return-to-zero (RZ) pulse formats. In NRZ-OOK, the absence of peak optical represents a digital symbol “0”, whereas the transmission of an optical pulse of peak power PT represents a digital symbol “1”.



BER of OOK is given by:


   P  OOK   = Q  (       E b    2  N 0       )   



(8)




where Eb/N0 is referred to as SNR per bit.



The average energy per bit Eb calculated as Eb = 2(RPr)2Tb, where R is photodetector responsivity, Pr is average received optical signal power, Tb is bit duration, and N0/2 is double-sided power spectral density determined as, N0 = 2qIB, where, q is the electron charge, and IB is the average photocurrent generated by the background light.



The performance of the OOK-modulated FSO link under different turbulence regimes can be determined by substituting P(I) from Equation (4) and bit error rate from Equation (8) into Equation (7). Using different values of the refractive index structure    C n 2   , Rytov variance (σ2) for different channel conditions can be determined. The σ2 can be further used to calculate the impact of turbulence eddies represented by α and β in Equations (4) and (6), respectively. The received irradiance (P(I)) can then be calculated and substituted further in Equation (7).



Using the procedure explained here, the link performance of the FSO link for the rest of the optical modulation formats explained in Equations (9)–(13) can also be determined by using them in Equation (7).




3.2. Binary Phase-Shift Keying


BPSK is the simplest form of PSK where the carrier phase represents only two-phase states. BER of BPSK is given by:


   P BPSK  =  1 2  erfc  (       E b     N 0       )   



(9)








3.3. Differential Phase-Shift Keying


DPSK modulation technique combines the PSK technique with differential encoding. In DPSK, the phase of the signal is advanced by 180° when symbol 1 is transmitted while it remains unchanged during symbol 0 transmissions. BER of DPSK is given by:


   P DPSK  =  1 2  exp  (  −    E b     N 0     )   



(10)








3.4. Gaussian Minimum Shift Keying


GMSK is the modulation technique where the frequency of the carrier wave (Gaussian pulse shape) is varied in accordance with the modulating signal. BER of GMSK is given by:


   P GMSK  = Q  (      2 δ  E b     N 0       )  ,    δ  = 0.68  



(11)








3.5. Quadrature Amplitude Modulation


In QAM, the amplitude and phase of the carrier wave are varied in accordance with the message signal with a capacity of transmitting k bits of information.


  k =   log  2   M  ;   where ,    k  = 16 , 64 , 256    bits   










  For   16 - QAM ,   M = 16 ,   k =   log  2  16 = 4 bits  











BER of GMSK is given by:


   P QAM  =  3  2 k   erfc  (      k  E b    10  N 0       )   



(12)








3.6. Dual Header-Pulse Interval Modulation (DH-PIM)


DH-PIM is the modified form of pulse interval modulation, which empty slots between two pulses. In DH-PIM, pulses of different lengths are used in the head slot. Slot error of DH-PIM is given by:


   P  se , DHPIM   =    (    3 α  2   )   [  1 + erf  {     (  b −    S t     )      2  σ n 2       }   ]  +  [     (  4 L − 3 α  )   2   ]   [  1 − erf  (  b −    σ n 2     )   ]    4 L    



(13)









4. Results and Discussions


Using Equations (4) and (7)–(13), we shall investigate the BER performance of the proposed FSO link using different modulation techniques discussed previously. The performance of the link was analyzed for turbulence conditions ranging from weak to strong. The investigation reported in this section can be broadly divided into two cases, links without spatial diversity and links with spatial diversity. Although it is well established from the reported literature that OOK modulated links are simple to design but lack the necessary fidelity, especially when the turbulence conditions vary from moderate to strong, however for the sake of quantitative comparison, we have considered the OOK scheme apart from other modulation techniques as well. Various link parameters that were used during the design and analysis of the proposed link are listed in Table 1.



For single-channel FSO link operating in weak turbulence conditions, the BER performance of different modulation techniques for varying receiver SNR (dB) is shown in Figure 4. Similar investigation has also been extended to moderate and strong turbulence conditions as shown in Figure 5 and Figure 6, respectively. For all the cases of FSO link without space diversity reception technique (SDRT) shown in Figure 4, Figure 5 and Figure 6, we observe that out of all the investigated modulation formats, BPSK exhibits outstanding BER performance, followed very closely by 256-QAM and GMSK. Table 2 provides greater insight into the performance of different modulation formats in FSO links for weak, moderate and strong turbulence link conditions. Table 2 and Figure 4 shows that to achieve target BER of 10−8, OOK requires 19.9 dB SNR at the receiver, while the observed SNR requirements for DPSK, GMSK, 256-QAM, and BPSK are 10 dB, 9.2 dB, 8.4 dB, and 8 dB, respectively. The performance improvement of BPSK over OOK in a weak turbulence scenario is approximately 59%. Figure 5 shows the BER performance of different modulation techniques in the moderate turbulence channel. To achieve the BER of 10−8, the SNR requirements for OOK, DPSK, BPSK, GMSK, and 256 QAM are 33 dB, 15.3 dB, 14.3 dB SNR, 16.8 dB SNR, and 15.1 dB, respectively. The performance improvement of BPSK over OOK in the moderate turbulence scenario is approximately 56%. A similar characteristic of BER performance is also seen in Figure 6, where, in the strong turbulence scenario to achieve the BER of 10−8, the SNR requirements for BPSK were the least at 19.5 dB while DPSK, GMSK, and 256-QAM had their SNR requirements at 21.5 dB SNR, 23 dB SNR, and 21 dB SNR, respectively. Hence, BPSK performs better than all other modulation techniques in all turbulence regimes channels, providing a significant SNR gain of almost 25 dB over OOK, even under strong turbulence conditions. Hence, the performance improvement of BPSK over OOK in a weak turbulence scenario is approximately 54%.



Figure 7 shows the BER performance of different modulation techniques with 2 × 2 SDRT order and streamline the BER comparison single-channel link, i.e., without SDRT, which has also been illustrated in this figure. Significant SNR gain is observed in Figure 7 when SDRT links are compared with/without SDRT ones. To achieve the BER of 10−8 spatial diversity, OOK needs 8.8 dB SNR, and this SNR falls significantly to 5.1 dB in the case of the 2 × 2 BPSK link. Therefore, from the analysis, it can be seen that the FSO links with spatial diversity deliver improved SNR gains in contrast to single-channel links. The BER analysis discussed in Figure 7 was extended to moderate and strong turbulence conditions in Figure 8 and Figure 9, respectively. Table 3 outlines the performance of different modulation techniques under various turbulence regimes for FSO links with and without spatial diversity. It may be seen from Table 3 that under all possible cases discussed here, it is the BPSK modulation technique that requires minimum SNR (dB) at the receiver to deliver the target BER performance. Furthermore, decent SNR gains (dB) are observed across all modulation formats when single-channel links are complimented with SDRT.




    Percentage     ( % )  gain =    (   Gain   without   SDRT   in   regime   )  −  (   Gain   with   SDRT   in   regime   )     Gain   without   SDRT   in   regime    × 100   



(14)





Figure 10, Figure 11 and Figure 12 highlights the BER performance of DH-PIM with and without SDRT under weak, moderate, and strong turbulence channels. To achieve the target BER of 10−8, DH-PIM modulated FSO link without SDRT will require 79 dB SNR at the receiver which falls to 32 dB in presence of spatial diversity thus yielding a significant gain of approximately 47 dB. Similarly, as seen from Table 4, under moderate and strong turbulence conditions, the SNR gain achieved with SDRT is 17 dB and 11 dB, respectively.




5. Conclusions


During the analysis of the BER performances of different modulation techniques at various turbulence scenarios, i.e., weak, moderate and strong, it can be concluded that BPSK modulated links delivered an improved SNR gain of more than 10 dB over OOK links operated under similar conditions. Additionally, with the spatial diversity technique, BPSK modulated links witnessed further improvement in SNR gain to up to 25 dB over moderate and strong regimes. Furthermore, it can be concluded that among different modulation techniques investigated here, the BPSK FSO link combined with the 2 × 2 space diversity technique gives improved BER performance of 42% over others. The techniques used in the above analysis are simplex modulation techniques, which are very cost-effective. With the help of these techniques, we can integrate a set of devices into smart cities. With the considered link design parameters such as 155 Mbps of transmission speed, over 1 km of link range and moderate diversity order, the proposed link will be capable enough to support a hybrid communication model with last-mile capabilities. Moreover, for areas with rough and hostile terrain, where setting up RF infrastructure or digging fibers is very difficult, the proposed 1.2 km-long FSO links can be used in serial arrangement to reach out to the end-users. In the future, these modulation techniques can also be integrated with FEC techniques for further improvement in the links.
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Figure 1. Block diagram of signal modulation, propagation and detection in free-space optics (FSO) link. 
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Figure 2. Smart city plan with optical connectivity to end-users. 
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Figure 3. Formation of turbulence eddies leading to random fluctuation and ruptured wavefront in FSO links. 
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Figure 4. Bit error rate (BER) performance of different modulation formats without space diversity reception technique (SDRT) in a weak turbulence channel. 
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Figure 5. BER performance of different modulation formats without SDRT in a moderate turbulence channel. 






Figure 5. BER performance of different modulation formats without SDRT in a moderate turbulence channel.



[image: Photonics 07 00132 g005]







[image: Photonics 07 00132 g006 550] 





Figure 6. BER performance of different modulation formats without SDRT in a strong turbulence channel. 
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Figure 7. BER performance of different modulation formats with SDRT and without SDRT in a weak turbulence channel. 
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Figure 8. BER performance of different modulation formats with SDRT and without SDRT in a moderate turbulence channel. 
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Figure 9. BER performance of different modulation formats with SDRT and without SDRT in a strong turbulence channel. 
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Figure 10. BER performance of dual header-pulse interval modulation (DH-PIM) with SDRT and without SDRT in a weak turbulence channel. 
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Figure 11. BER performance of DH-PIM with SDRT and without SDRT in a moderate turbulence channel. 
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Figure 12. BER performance of DH-PIM with SDRT and without SDRT in a strong turbulence channel. 
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Table 1. Link design parameters.
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Parameter

	
Range/Value






	
Link length [26,27]

	
1.25 km




	
Refractive index structure (   C n 2   ) [28,29,30]

	
10−12 m−2/3 (strong turbulence)




	
10−15 m−2/3 (moderate turbulence)




	
10−17 m−2/3 (weak turbulence)




	
Spatial diversity order [26,31]

	
   2 × 2   




	
Photodetector responsivity [27,32]

	
1 A/W




	
Operating wavelength [27,30,32,33]

	
1550 nm




	
data rate (rb) [3]

	
155 Mbps




	
Transmitter aperture [27,34]

	
20 cm




	
Receiver aperture [34,35]

	
20 cm
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Table 2. SNR values (in dB) for modulation techniques without SDRT at BER 10−8 for weak, moderate and strong regimes.
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	Modulation

Technique
	Weak

Turbulence
	Moderate

Turbulence
	Strong

Turbulence





	OOK
	19.9
	33
	45.2



	DPSK
	10
	15.3
	21.5



	BPSK
	8
	14.3
	19.5



	256 QAM
	8.4
	15.1
	21



	64 QAM
	9.4
	17.3
	23.5



	16 QAM
	11
	20.7
	28



	GMSK
	9.2
	16.8
	23
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Table 3. SNR values (in dB) for modulation techniques with SDRT and without SDRT at BER 10−8 for Weak, moderate and strong regimes.
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Modulation Technique

	
Weak Turbulence Regime

	
Moderate Turbulence Regime

	
Strong Turbulence Regime




	
Without SDRT (dB)

	
With SDRT (dB)

	
SNR Gain (%)

	
Without SDRT (dB)

	
With SDRT (dB)

	
SNR Gain (%)

	
Without SDRT (dB)

	
With SDRT (dB)

	
SNR Gain (%)






	
OOK

	
19.9

	
8.8

	
55.7

	
33

	
26

	
21.2

	
45.2

	
37.2

	
17.69




	
DPSK

	
10

	
5.25

	
47.5

	
15.3

	
13

	
15

	
21.5

	
18

	
16.27




	
BPSK

	
8

	
5.1

	
36.25

	
14.3

	
12.5

	
12.5

	
19.5

	
17

	
12.82




	
256 QAM

	
8.4

	
5

	
40.47

	
15.1

	
13.2

	
12.5

	
21

	
18.2

	
13.33




	
64 QAM

	
9.4

	
5.6

	
40.42

	
17.3

	
15

	
13.2

	
23.5

	
20.2

	
14.04




	
16 QAM

	
11

	
6.5

	
40.9

	
20.7

	
18

	
13

	
28

	
24.8

	
11.42




	
GMSK

	
9.2

	
5.7

	
38

	
16.8

	
14.6

	
13

	
23

	
20

	
13.04
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Table 4. SNR values (in dB) for DH-PIM with SDRT and without SDRT at BER 10−8 for weak, moderate and strong regimes.
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	Modulation Technique
	Weak Regime
	Moderate Regime
	Strong Regime





	DH-PIM without SDRT
	79
	Above 100
	Above 100



	DH-PIM with SDRT
	32
	83
	89
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
BER

100

10®

—&— BPSK with SORT
4~ 256-QAM with SDRT
—#— DPSK with SORT
" GMSK with SORT
—%— 64.QAM with SORT
% 16.0AM with SORT
—®— 00K with SDRT
———BPSK

e 256-0AM

DPSK

GMSK
——ssqam
———160aM

00K

1010

15
SNR(dB)

20

2 30






media/file4.png
FSO Link

Relay
Node

Remote
Connectivity

<&
-

Geographical

Obstruction iti
ﬂ Smart Cities
"\
: 8

Satellite
Link

.)))

Backbone

Network
6 FSO Link
el
RF-Optical Ring
Interconversion
RFand loT
infrastructure
w Last-Mile
> Connectivity
FSO Link






media/file18.png
BER

wili== BPSK with SDRT
ceelee 256-QAM with SDRT
weild== DPSK with SDRT
o GMSK with SDRT
il 64-QAM with SDRT
el 16-QAM with SDRT
il OO K with SDRT

— B PSK
e 256 -0 AM
DPSK
GMSK
64-QAM
16-QAM
00K

SNR(dB)

35 40 45

o0





media/file21.jpg
BER

10

10

107

10

10

107

—+— DHPIM with SDRT
—— DHPIM /o SDRT

50 60
SNR(dB)

100





media/file3.jpg





media/file22.png
BEER

10°

107"

—+— DHPIM with SDRT
DHPIM wio SDRT

70 80 90






media/file19.jpg
BER

10 20 30 4 5 6 70 8 9 100





media/file7.jpg
BER

5 10 15 20 2
SNR(dB)





media/file10.png
BER

1074

1078

1010

m— BPSK
e 2 56-QAM
DPSK
GMSK
64-QAM
16-QAM
00K

10

15

20
SNR(dB)

25

30

35

40





media/file14.png
BER

10°

=== BPSK with SDRT
sl 256-QAM with SDRT
~—— DPSK with SDRT
~ GMSK with SDRT
—#— 64-0AM with SDRT
il 16-QAM with SDRT
——i— OOK with SDRT
BPSK

e 256-QAM

DPSK

GMSK

64-QAM

16-Q.AM

00K

15
SNR(dB)

20

25 30





media/file11.jpg
BER

5 10 15 20 25 3 3 4 45 50
SNR(dB)





media/file6.png
IDEAL RUPTURED

WAVE FRONT WAVE FRONT
; é
_—
OPTICAL 7 : PHOTO
SOURCE —> —> DETECTOR
\ —>
COLLIMATING Q Q : .
LENS ! !

A
\ 4

TURBULENCE EDDIES





media/file15.jpg
BER

10?2

10

100!

8~ BPSK with SDRT

—8—DPSK with SDRT
- GMSK with SDRT
—®—64.QAM with SDRT
8 16.QAM with SDRT
—8— 00K with SORT
——BPSK

e 256-0AM
———DPsK

GMSK
——64QAM
——16.0AM

00K

- 256-QAM with SORT

10 15 20 2 30 35
SNR(dB)

40





nav.xhtml


  photonics-07-00132


  
    		
      photonics-07-00132
    


  




  





media/file16.png
BER

== BPSK with SDRT

el 256-QAM with SDRT

weil== DPSK with SDRT
o GMSK with SDRT
il 54-Q AM with SDRT
el 16-QAM with SDRT
w00 K with SDRT
— B PSK

e 256-QAM

DPSK

GMSK

64-QAM

16-QAM

00K

SNR(dB)

30 35

40





media/file2.png
Transmitter Section Receiver Section

X 7?

\ Atnm-sphem

PN

Optics

Optical h | Ad iti
Modulati Channe versities
(LED/Laser) (Turbulence, Attenuation,
Scattering, Absorption,
) Optical
Background noise) Detecti
[Photodiodes)
Information
Information (Estimated)

EEsEEREEREEE illillillih






media/file20.png
BER

—+— DHFPIM with SDRT
DHPIM wio SDET
10° .
107 .
107" -
10° .
-m'-: I I | I [ ] ] ]

10 20

30 40 50 60
SNR(dB)

100





media/file23.jpg
BER

10

10

10

10°*

10

10

—+—DHPM with SDRT
——DHPIM wio SDRT

10

SNR(dB)

100





media/file5.jpg
IDEAL RUPTURED
WAVE FRONT WAVE FRONT

e |
\ —

PHOTO
DETECTOR

coLLMATING
LENS

TURBULENCE EDDIES





media/file24.png
EER

10"

10"

10

107

107"

—+— DHFIM with SDRT

DHPIM wio SDRT

10

20

30

SMNR(dB )

70 80 90

100





media/file1.jpg
‘Transmitter Section Receiver Section

Channel Adversites

(Turbulence, Atienuation,
Scattring Absorpton,
Background noke)






media/file12.png
BER

1074

coh

10

1078

10710

m— BPSK
e 256 -QAM
DPSK
- GMSK
64-0QAM | |
16-QAM
00K
b -
| | | % "% | | | |
10 15 20 25 30 35 40 45

SNR(dB)

o0





media/file9.jpg
BER

5 10 15 20 2 E) 35 40
SNR(dB)





media/file0.png





media/file8.png
BER

1074

m—— B PSK
e 256-QAM
DPSK
GMSK
64-QAM
16-QAM
00K

10

15
SNR(dB)

20

25





media/file17.jpg
BER

100

104

10

100!

—&—BPSK with SORT
- 256.QAM with SORT
~—®— DPSK with SDRT
" GMSK with SDRT
—®— 64-0AM with SORT
& 16.0AM with SORT
—®8— 00K with SDRT
BPSK

e 256-0AM

DPSK
~GMSK
———s40AM
———16:0AM

—— 00K

0 15 20 25 %
SNR(dB)






