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Abstract

:

The obsolete communication systems used in the underwater environment necessitates the development and use of modern telecommunications technologies. One such technology is the optical wireless communications, which can provide very high data rates, almost infinite bandwidth and very high transmission speed for real time fast and secure underwater links. However, the composition and the optical density of seawater hinder the communication between transmitter and receiver, while many significant effects strongly mitigate the underwater optical wireless communication (UOWC) systems’ performance. In this work, the influences of chromatic dispersion and time jitter are investigated. Chromatic dispersion causes the temporal broadening or narrowing of the pulse, while time jitter complicates the detection process at the receiver. Thus, the broadening of the optical pulse due to chromatic dispersion is studied and the influence of the initial chirp is examined. Moreover, the effect of the time jitter is also taken into consideration and for the first time, to the best of our knowledge, a mathematical expression for the probability of fade is extracted, taking into account the influence of both of the above-mentioned effects for a UOWC system. Finally, the appropriate numerical results are presented.
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1. Introduction


The most common underwater wireless communication systems used acoustic waves, which are used in order to transfer the information signal, mainly because of the relatively large link lengths that can be achieved. However, these systems offer limited efficiency due to their short bandwidth, their high transmission losses, the time dependent multipath, the extended delay, the Doppler broadening and the low security level. These effects lead to intense variations in the behavior of the acoustic channel, resulting in the limitation of the system’s available bandwidth [1,2,3].



Taking into account that this technology cannot support high data rate transmission, the use of electromagnetic (EM) waves, in the range of the radio frequency (RF), has been proposed because they offer a much higher bandwidth and propagation speed. However, their inherent physical properties limit their potential. Thus, to compensate for the very high losses that they suffer from during their propagation in the underwater environment, very high-power sources are required, while the large magnitude of the antennas needed represents another disadvantage [4,5,6].



Therefore, both acoustic and RF EM waves are practically unable to sustain an underwater wireless communication system of high efficiency and stability. A potential technology that could improve their quality is the underwater optical wireless communications (UOWC). This technology can offer a significant solution with low energy consumption and very high data rate that can even reach throughputs of the order of Gbps for a link’s distance of a few hundred meters. Moreover, it is capable of preventing interferences and offers a secure connection between the transmitter and the receiver [5,7,8].



The challenge presented in the case of the optical signal lays in the severe variability of the oceanic environment, where the optical beam propagation is affected significantly mainly by absorption and scattering [4,6,8,9,10,11]. Absorption is an irreversible thermal process in which the energy of the photon is lost because of its interaction with the molecules of water and other particles, while scattering is the change in direction of the propagation of the photon and it is caused by its interaction with other particles. These factors significantly affect the maximum range of the underwater optical wireless link and consequently the reliability of the communication system.



Thus, scattering leads to spatial dispersion, which is the broadening of the cross-section of the beam, while the chromatic dispersion results in the temporal broadening or narrowing of the pulse. The chromatic dispersion, or group velocity dispersion (GVD), appears due to the frequency dependent refractive index of the medium, where the optical pulse propagates, and it has been proven that this phenomenon significantly affects the pulse propagation in fiber optics and FSO communication systems [12,13,14,15,16,17,18]. Both dispersion types, mainly, downgrade the operation of the communication systems by significantly decreasing the link’s distance. Additionally, high levels of ambient light, especially on the upper levels of the ocean, also have a negative impact on their performance, since they interfere with the optical signal during detection and can cause errors [19].



Another significant factor that hinders the smooth operation of the communication systems and the UOWC is the time jitter effect. In a theoretical basis, the receiver and the transmitter are perfectly synchronized and the detection of the received signal is accomplished exactly at the correct time, i.e., at the center of the relevant time slot, where the pulse is assumed to have its maximum amplitude. However, for communication systems with very high data rates, such as UOWC, i.e., short pulses, where the optical beam propagates through the water, the pulse detection could not be achieved exactly at the center of the time slot. This can be caused by many reasons, such as imperfect synchronization between transmitter and receiver, detection delays, scattering due to the propagation, etc. The specific effect has been thoroughly studied, mainly in fiber optics communication systems [20,21,22,23,24,25], but to the best of the authors’ knowledge, it has not yet been investigated for optical wireless communication systems, which are using longitudinal Gaussian pulses as the information carrier. Additionally, it will be shown below that the influence of this effect is very significant for the case of high data rate communication systems, such as UOWC, with very high bandwidths.



In this work, the performance of an UOWC system is studied, focusing only on the significant influence of GVD and time jitter effects. A realistic empirical model for the refraction index of seawater is used, and the corresponding mathematical expressions for the longitudinal pulse’s broadening and maximum available bit rate are derived. Moreover, the joint influence of losses, time jitter and GVD at the probability of the fade performance of the UOWC system is studied in detail for the first time for such a system, and novel mathematical expressions are derived. Thus, the next step that could follow this work would be the performance estimation that takes into account other physical phenomena as well, appearing along the underwater propagation path, but this is beyond the scope of this work.



The remainder of this work is organized as follows: in Section 2 the underwater channel is studied, while in Section 3 the mathematical models for various performance characteristics of the optical channel are extracted. Next, in Section 4, the way that time jitter could interfere with the detection process is described along with the influence of the losses, while in Section 5 the probability of fade due to the losses and the time jitter effect is estimated as a criterion of the performance of the system. Finally, in Section 6, the corresponding numerical results are presented.




2. Group Velocity Dispersion Estimation


A significant factor that degrades the performance of a UOWC system is scattering because of the decrease in the received optical power [26,27,28]. In order to estimate its influence at the UOWC performance, the seawater’s refractive index should be estimated. An accurate empirical model for the estimation of the refractive index has been introduced by McNeil [29], and is given as:


    n ( λ , T e m p , S , P ) = 1.3247 + 3.3 ×  10 3   λ  − 2   − 3.2 ×  10 7   λ  − 4        − 2.5 ×  10  − 6   T e m  p 2  + ( 5 − 2 ×  10  − 2   T e m p ) ( 4 ×  10  − 5   S )      + ( 1.45 ×  10  − 5   P ) ( 1.021 − 6 ×  10  − 4   S ) ( 1 − 4.5 ×  10  − 3   T e m p )    



(1)




where λ stands for the wavelength in nm, Temp for the temperature in °C, S for the salinity in ‰ and P for the pressure in kg/cm2. The latter can be estimated as a function of the sea’s depth as [29]:


  P = 0.05 d (  ρ 0  +  ρ d  )  



(2)




where d is the depth in meters (m),    ρ 0    the density at the surface in g/ml and    ρ d    the density at depth d in g/ml. However, for seawater conditions Temp = 0 °C and   S = 35  ‰, the Equation (2) is usually approximated as [29]:


  P ≅ 0.104 d .  



(3)







Taking into account that the angular frequency ω of the optical beam is given as a function of the optical wavelength, λ, and the speed of light inside the medium, v, i.e.,   λ = 2 π v  ω  − 1    , the refractive index of Equation (1) can be given as:


    n ( ω ) = 1.3247 + 3.3 ×  10 3     ω 2       (  2 π v  )   2    − 3.2 ×  10 7     ω 4       (  2 π v  )   4         − 2.5 ×  10  − 6   T e m  p 2  + 4 ×  10  − 5   S  (  5 − 2 ×   10   − 2   T e m p  )       + 1.45 ×  10  − 5   P  (  1.021 − 6 ×   10   − 4   S  )   (  1 − 4.5 ×   10   − 3   T e m p  )     



(4)







From Equation (4), is clear that, the seawater’s refractive index depends on the optical signal’s frequency, which indicates the manifestation of chromatic dispersion. Thus, taking into account that the propagation constant is given as [12,14,20]:


  β ( ω ) = n ( ω )  ω c   



(5)




with c being the speed of light in vacuum, from Equations (4) and (5) we can conclude in the following expression that:


    β ( ω ) = 1.3247  ω c  + 3.3 ×  10 3     ω 3    4  π 2   v 2  c   − 3.2 ×  10 7     ω 5    16  π 4   v 4  c        − 2.5 ×  10  − 6   T e m  p 2   ω c  + 4 ×  10  − 5    (  5 − 2 ×   10   − 2   T e m p  )    S ω  c       + 1.45 ×  10  − 3    (  1.021 − 6 ×   10   − 4   S  )   (  1 − 4.5 ×   10   − 3   T e m p  )    P ω  c     



(6)







Next, by expanding the propagation constant of Equation (5) in a Fourier series around the angular frequency    ω 0    and keeping terms up to the second order, we obtain [12,15]:


  β ( ω ) ≅  β 0  +  β 1   (  ω −  ω 0   )  +  1 2   β 2     (  ω −  ω 0   )   2  + …  



(7)




with    β q  =    (     d q  β  /  d  ω q     )    ω =  ω 0      for q = 1, 2, …,    β 1  − 1     represents the group velocity of the envelope of the optical pulse and    β 2    stands for the GVD parameter [12,15]. The influence of a higher order terms of Equation (7) are not taken into account because their contribution here can be assumed as negligible [12].



The inverse group velocity parameter, β1, parameter is estimated as [12]:


     β 1  =   (    d β   d ω    )   ω =  ω 0    =  1 c   [  1.3247 + 3.3 ×   10  3    3  ω 0 2    4  π 2   v 2    − 1 ×   10  7     ω 0 4     π 4   v 4      −      − 2.5 ×  10  − 6   T e m  p 2  + 4 ×  10  − 5   S  (  5 − 2 ×   10   − 2   T e m p  )  +        + 1.45 ×   10   − 5   P  (  1.021 − 6 ×   10   − 4   S  )   (  1 − 4.5 ×   10   − 3   T e m p  )   ]     



(8)




while the parameter β2 is given as [12]:


   β 2  =    (     d 2  β   d  ω 2     )    ω =  ω 0    =  1 c   [  3.3 ×   10  3    3  ω 0    2  π 2   v 2    − 4 ×   10  7     ω 0 3     π 4   v 4     ]  .  



(9)







The normalized amplitude, U(z,T), of a pulse propagating along axis z inside a dispersive medium, is given as [12,15,30]:


  i   ∂ U   ∂ z   =    β 2   2     ∂ 2  U   ∂  T 2     



(10)




where T stands for the retarded time, which is defined as   T = t −  β 1  z  , representing a time frame of the pulse propagating with the group velocity along the pulse [12,17,31,32,33].



By assuming that the UOWC system under consideration is using the envelope of a longitudinal chirped Gaussian pulse as the bit carrier, which is a realistic assumption for common optical wireless communication systems, the pulse’s initial condition is given as [12,30,34]:


  U ( 0 , T ) = exp  [  −    (  1 + i C  )   T 2    2  T 0 2     ]   



(11)




where C is the chirp effect parameter and T0 stands for the parameter that represents the half width at 1/e intensity of the pulse. A specific pulse is chirped if its carrier frequency changes with time [20]. Thus, when C is positive, the instantaneous frequency increases linearly from the leading to the following edge and it is called up-chirp, while the opposite occurs for negative values of C and is called down-chirp.



The physical meaning of chirp has to do with the broadening of the optical pulse’s frequency components, compared with the corresponding pulses without chirp. Thus, the width of the pulse in the frequency domain is given as [12]:


  Δ ω =  T 0  − 1     1 +  C 2     



(12)




where Δω stands for the half width of the pulse at the 1/e intensity point at the frequency domain of the pulse [12,30].



Using Equations (10) and (11), the mathematical expression that describes the evolution of the envelope of the normalized longitudinal Gaussian pulse into the dispersive media, is given as [12,15]:


  U ( z , T ) =    T 0       T 0 2  − i  β 2  z ( 1 + i C )     exp  {  −   ( 1 + i C )  T 2    2  [   T 0 2  − i  β 2  z ( 1 + i C )  ]     }   



(13)




and its pulsewidth, Tz, after propagation distance z, by substituting the β2 parameter through Equation (9), is given as [12,16,30]:


     T z  =  1   T 0     {     [   T 0 2  +   C z  ω 0     π 2   v 2  c    (  4.95 ×   10  3  − 4 ×   10  7     ω 0 2     π 2   v 2     )   ]   2  +           +    [    z  ω 0     π 2   v 2  c    (  4.95 ×   10  3  − 4 ×   10  7     ω 0 2     π 2   v 2     )   ]   2   }   1 / 2      



(14)







As it is perceived from Equation (14), the broadening or narrowing of the longitudinal Gaussian pulse depends on the sign of the chirp parameter. More specifically, for positive values of C, the pulse’s width always increases, while for negative chirp values, Tz decreases up to Tz,min for a specific critical propagation distance zmin, and after this point, Tz starts increasing monotonically. This critical propagation distance is estimated from Equation (14) and is given as [15,30]:


   z  min   =    | C |   T 0 2    1 +  C 2       (  3.3 ×   10  3    3  ω 0    2  π 2   v 2  c   − 4 ×   10  7     ω 0 3     π 4   v 4  c    )    − 1    



(15)




while the corresponding minimum pulsewidth is evaluated as [12]:


   T  z , min   =  T 0     (  1 +  C 2   )    − 1 / 2   .  



(16)








3. Link Performance Estimation


In optical telecommunication systems, the information signal is transmitted through the link as a coded sequence of optical pulses, which represent the bits of the information signal. Thus, the width, i.e., the duration, of the pulses determines the available bit rate, R, of the communication system. This means that it is probable that the pulse broadening induced by dispersion will complicate the signal detection procedure and lead to errors if the pulse exceeds the predefined bit slot. Consequently, the optical pulse’s broadening limits the bit rate of a stable link of length z.



For the UOWC system under consideration, which, as mentioned above, uses longitudinal chirped Gaussian pulses as bit carriers and the GVD parameter β2, it has been proven that the bit rate of the system, R, is determined through the following inequality [12]:


  2  2   T m  R ≤ 1  



(17)




where Tm represents the maximum value between T0 and Tz for transmission in distance z, i.e.,    T m  = max {  T 0  ,  T z  }  . The equality part of Equation (17) corresponds to the maximum bit rate, Rmax, of the link. Thus, the Rmax value for the UOWC link is obtained from Equation (17) and is given as:


   R  max   =    2    4  T m    .  



(18)







Next, from the Tm definition of Equation (18) and using Equation (14), the following mathematical expression for the estimation of Rmax depending on the propagation distance is obtained:


   R  max   =  {           2    4  T 0    ,       for     T z  <  T 0                   2   T 0   4   {     [   T 0 2  +   C z  ω 0     π 2   v 2  c    (  4.95 ×   10  3  − 4 ×   10  7     ω 0 2     π 2   v 2     )   ]   2  +           +    [    z  ω 0     π 2   v 2  c    (  4.95 ×   10  3  − 4 ×   10  7     ω 0 2     π 2   v 2     )   ]   2   }   − 1 / 2            for     T z  ≥  T 0          .  



(19)








4. Time Jitter and Attenuation


The instantaneous irradiance of the received pulse, Ir, is given as [15]:


   I r  =  P 0     |  u  (  z , T  )   |   2  =    P 0  B   S p   exp  [  −    T 2   A   ]   



(20)




where P0 and Sp represent the peak power of the Gaussian pulse and the total speckle surface of the optical beam at the receiver’s size, respectively [15]. Additionally, the parameters A and B are given as,   A =  T 0 2  + 2  β 2  z C +  T 0  − 2    β 2 2   z 2   (   C 2  + 1  )    and   B =   1 + 2  T 0  − 2    β 2  z C +  T 0  − 4    β 2 2   z 2   (   C 2  + 1  )     .



Here, we assume that the probability of receiving each specific bit before or after the center of the corresponding timeslot is equal and thus, in this work, the effect of time jitter is considered to be statistically described by a normal distribution with zero mean value. Obviously, according to the circumstances that are taken into account, the distribution function that is chosen to describe the time jitter effect can be different. However, the analysis that follows is unique and can be used for any other suggestion. The probability density function (PDF) of the normal distribution model with mean value    μ T    and variance    σ T 2    is given as [20,35]:


   f T   ( T )  =  1    2 π    σ T    exp  [  −      (  T −  μ T   )   2    2  σ T 2     ]  .  



(21)







Taking into account that due to the time jitter, the optical pulse is not detected exactly at the center of the optical pulse, the received irradiance does not achieve its maximum value. More specifically, the maximum intensity of each pulse is obtained at T = 0 ps and is given through Equation (20), as:


   I  max   =    P 0  B   S p   .  



(22)







Thus, the normalized irradiance of the Gaussian pulse at the receiver’s input is estimated from Equations (20) and (22), as:


   I G  =    I r     I  max     = exp  [  −    T 2   A   ]  .  



(23)







Another very significant parameter, which should be taken into account for the underwater propagation of the optical pulse, is the attenuation. Thus, if we assume that the transmitted normalized irradiance, I, reaches the unity exactly at the transmitter’s output for T = 0, then this value will decrease as a function of the propagation distance, z, due to the propagation losses [5,8,36,37], and it will be given as follows at the receiver’s input [38,39]:


  I  (  z , T  )  =  I L   I G  .  



(24)







Next, taking into account the attenuation law of Beer–Lampert [7,40], and substituting (23) into (24), we conclude that the normalized irradiance is given as:


  I  (  z , T  )  = exp  [  −   ζ z +  T 2   A   ]   



(25)




where the parameter ζ depends on the characteristics of the sea water and the parameters of the optical beam that is used in the UOWC system.




5. The Probability of Fade


A very significant performance and availability metric for the communication systems is the probability of fade, which expresses the probability of the received irradiance being lower than a specific threshold value, Ith, which constitutes a characteristic value for the receiver of each communication system and is given as [41,42,43]:


   P F  = Pr  (  I ≤  I  t h    )  .  



(26)







Taking into account Equation (25), it can be seen that for T = 0 ps and z = 0 km, i.e., without time jitter and exactly at the output of the transmitter, the parameter I is taking its highest value, i.e., I = 1, while for any other values, of T or/and z, i.e., with time jitter and for link length z, the value of I is getting smaller than one.



More specifically, taking into account only the time jitter effect at the Gaussian pulse, the time shift from the center of the time slot as a function of the normalized irradiance is estimated through Equation (23) and is given as:


  T = ±   − A ln  (   I G   )    .  



(27)







Thus, by substituting into Equation (27) the value of IG,th with that of Ith = ILIG,th from Equation (24), the time shift value which corresponds to Ith can be either +|Tth| or −|Tth| and consequently, the result of Equation (26), considering the time jitter effect and the propagation losses, for an information signal that is using Gaussian pulses, can be estimated through the following integrals:


     P F  = Pr  (  I ≤  I  t h    )  =      =    Pr  (  T ≤ −  |   T  t h    |   )  ∪ Pr  (  T ≥  |   T  t h    |     )  =    ∫  − ∞   −  |   T  t h    |      f T   ( T )  d T +    ∫   |   T  t h    |    + ∞     f T   ( T )  d T       =      =     1    2 π    σ T     {     ∫  − ∞   −  |   T  t h    |     exp  [  −      (  T −  μ T   )   2    2  σ T 2     ]  d T +    ∫   |   T  t h    |    + ∞    exp  [  −      (  T −  μ T   )   2    2  σ T 2     ]  d T        }     



(28)







Then, by solving the integrals of Equation (28) we obtain that:


       P F  =      σ T     2   {  e r f c  [     |   T  t h    |  +  μ T     2   σ T     ]  + e r f c  [     |   T  t h    |  −  μ T     2   σ T     ]   }             



(29)




where erfc(.) stands for the complementary error function.



Next, by substituting, the Tth value from Equation (27) and using Equations (24) and (25), we conclude that the probability of fade for the UOWC system under consideration, taking into account the GVD and the time jitter effect along with the water’s attenuation for longitudinal Gaussian pulse propagation, is given through the following closed form mathematical expression:


       P F  =      σ T     2   {  e r f c  [      − A  [  ζ z + ln  (   I  t h    )   ]    +  μ T     2   σ T     ]  + e r f c  [      − A  [  ζ z + ln  (   I  t h    )   ]    −  μ T     2   σ T     ]   }  ,     f o r      I  t h   ≤ 1     .  



(30)








6. Numerical Results


Following the above process and implementing it to the McNeil model for the index of refraction, below we present the corresponding numerical results, which were extracted for typical conditions, i.e., ζ = 0.151 m−1, for the case of clean ocean [37],   S = 35 ‰   and Temp = 0 °C [29]. It should be mentioned here that similar numerical results could be obtained easily for any other values of salinity and temperature according to each case, using the above derived mathematical expressions.



By using Equation (9) for the GVD parameter β2 and Equation (14), the diagrams of Figure 1 are extracted. In Figure 1, the broadening of the pulse Tz is presented, as a function of their initial duration, i.e., T0 is equal to 2 ps, 4 ps or 8 ps, for two cases of wavelength, i.e., 470 nm or 550 nm, by assuming C = 0. The results are presented for a total link length of 200 m, since it has been proven that the effective range of an underwater wireless optical system is about 150 m depending on the water’s conditions [44,45,46,47]. For a pulse in that wavelength range, the change of the initial pulsewidth can induce important alterations in the behavior of the system. This is shown in Figure 2, where pulses with various initial duration values are presented, and it can be seen that as the propagation distance increases and the initial pulsewidth decreases, the GVD’s influence is getting stronger and not negligible. Such a broadening could lead to high enough bit overlapping during the detection process and consequently, to detection errors and a decrease in bit rate. The situation can be different if an initial chirp is added to the transmitted pulse, as even a small initial chirp can greatly decrease the broadening or even shrink the pulse.



Moreover, using the maximum bit rate criterion defined in Equation (17), it is possible to observe the effect of chromatic dispersion on the maximum bit rate of the system, given by Equation (19). Figure 3 presents the variation of the Rmax of the system for two initial pulsewidths versus the signal’s propagation distance. Relative short pulses, i.e., around 2 ps, can greatly improve the efficiency of the underwater optical communication systems, despite their sensitivity to the effects of dispersion. As already discussed, adding negative initial chirp to the pulse can prevent the pulse from broadening and in some cases can result in its shrinking. Furthermore, it should be mentioned that the influence of the GVD effect is very significant for very short pulses, i.e., very high data rate transmission, even for the cases of short link lengths. More specifically, as it can be seen in Figure 3, the dependence of Rmax on the propagation distance is dominant, even for a link of a few meters, for pulses with T0 = 2 ps.



Following the procedure analyzed above, the effect of the time jitter can be investigated by extracting numerical results from Equation (30), which represents the probability of fade for the case of chromatic dispersion, and temporal deviation of the peak of the pulse. The results for various cases of the chirp parameter, the initial pulsewidth and the variance of the time jitter, while the irradiance threshold is fixed at Ith = 1 × 10−10, are presented in Figure 4 and Figure 5. It should be mentioned here that in Figure 4 and Figure 5 we present only the influence of the time jitter effect in longitudinal Gaussian pulse propagation, combined with the losses inflicted on the optical pulse during its propagation through the underwater medium. Apparently, time jitter hinders the efficient detection of the received optical pulse by inducing a kind of outage to the system. This phenomenon is even more intense for pulses with negative inserted chirp, mainly due to the fact that the negative chirp causes the longitudinal narrowing of the pulse and consequently increases its peak, and even slight deviations from the pulse’s center can significantly decrease the optical power that reaches the detector. Additionally, it is clear that the shorter the longitudinal Gaussian pulse is, the more intense the time jitter effect is. Thus, considering that the aim of the UOWC systems is to achieve the maximum possible data rates, short duration pulses are expected to be employed and as shown from Figure 4 and Figure 5, as well as Equations (28)–(30), GVD could play a very detrimental role to the performance of the system.



It should be mentioned here that all the parameters’ values for the link characteristics and the time jitter effect have been chosen in order to be realistic and to present, as clearly as possible, the influence of the time jitter effect on the performance of a UOWC system that is using longitudinal Gaussian pulses as information bits. However, it is clear that any other choice can be realized and the performance of the system can be easily estimated, by means of its probability of fade, through the Equations (29) and (30).




7. Conclusions


In this work, the influence of GVD and time jitter effect at the availability and performance of a realistic UOWC system have been jointly investigated. The time jitter effect has been modeled through the normal distribution, taking into account the corresponding assumptions, while the information bits of the communication system are assumed to be longitudinal Gaussian pulses. Thus, following the proper analysis, new closed form mathematical expressions have been derived for the estimation of the underwater system’s outage probability, taking into account the two above-mentioned effects. Next, using the derived expression in the numerical results section, the very significant influence of these two effects on the system’s performance has been shown, especially for very high data rates, even for propagation distances of a few decades of meters. Finally, many numerical results have been presented for various parameters for realistic UOWC systems.
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Figure 1. Pulsewidth of an unchirped pulse versus propagation distance for various wavelengths and initial pulsewidths. 
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Figure 2. Pulsewidth versus propagation length for various initial pulsewidths and chirp values. 
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Figure 3. Maximum bit rate, Rmax, as a function of the propagation distance for various cases of input pulsewidth and chirp at 50 m depth. 
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Figure 4. Probability of fade as a function of the propagation distance for various cases of input pulsewidth and chirp with fixed irradiance threshold; Ith = 1 × 10−10 and variance σT = 5 ps. 
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Figure 5. Probability of fade as a function of the propagation distance for various cases of input pulsewidth and chirp with fixed irradiance threshold; Ith = 1 × 10−10 and variance σT = 10 ps. 
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