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Abstract. Underwater optical wireless communications (UOWC) have gained 

attention due to the advantages they offer that can greatly alter the performance 

of a link. But such systems are affected by absorption and non predictable fac-

tors that may decrease the availability and the reliability of the system. In this 

work, the bit error rate (BER) of an underwater optical link with heterodyne de-

tection modulated with M-QAM technique in presence of turbulence and point-

ing errors will be investigated. This investigation will lead to a closed form 

mathematical expression for the BER as a function of link parameters, that is 

very important in order to deploy an effective link. Various numerical results 

will also be presented for the reliability of the system. 

Keywords: Underwater Optical Communications, BER, Gamma distribution, 

Turbulence, Pointing Errors. 

1 Introduction 

Optical wireless communications have attracted research and commercial interest 

due to the plenty advantages they offer that fulfill the requirements of modern net-

works [1]-[3]. Such advantages are the high bit rate they can achieve in low opera-

tional and installation cost. Such systems are point to point links that use a laser beam 

in order to transmit a signal between a receiver and a transmitter. So, the use of nar-

row beamwidth laser for transmitting information creates a license free communica-

tion link. Such systems were mostly used for terrestrial and satellite communications 

(FSO/sat-FSO) [1],[2],[4], but during the last few years, optical wireless communica-

tions have also been applied for underwater communications in order to solve the 

problem of low bit rate in relative short distances[5]-[11]. On the other hand, the laser 

beam that propagates along the water is affected by various factors that decrease the 

performance of the system. The main factor that decreases the possibilities of UOWC 

systems is the strong power absorption of the laser beam. Another important and non 

predictable factor that affects underwater OWC systems is the presence of turbulence 



that creates power fluctuations at the receiver due to the local variations of the refrac-

tive index, a phenomenon called scintillation[5], [8]- [15]. In order to investigate how 

the link is affected by turbulence, various statistical distributions are used depending 

on the turbulence strength[13],[16]. In this work, that weak turbulence is assumed, 

gamma statistical distribution is suitable to model the channel [17]. Another factor 

that deteriorates the performance of an underwater OWC system is the misalignment 

between the transmitter and the receiver due to vibrations that come from various 

sources mostly from internal mechanisms of the vessel. The statistical distribution of 

Beckman's model is used in order to model the fluctuations of pointing errors [18]-

[21]. The modulation technique that will be used in this OWC system, is the quadra-

ture amplitude modulation (QAM), that is an extensively used modulation scheme in 

modern communication systems [22]-[25]. The demodulation of QAM system will be 

deployed using heterodyne detection, a technique that presents many advantages as 

high sensitivity and better frequency selectivity in case of wavelength division multi-

plexing [8]. In order to investigate how turbulence and pointing errors affect the per-

formance of the system described, a closed form mathematical expression for the bit 

error rate (BER), will be extracted. BER is an important metric for the reliability of a 

communication system [16], [23]. In section II, the underwater channel will be ana-

lyzed and in section III the BER of the system will be calculated. Finally in section IV 

the corresponding numerical results will be presented. 

2 Underwater Channel Modeling 

main unpredictable factor that affects UOWC communications is the oceanic tur-

bulence that is the chaotic change of pressure and flow velocity of the water. This 

phenomenon is responsible for variation of several characteristics of water through 

which the laser beam of an UOWC system propagates, creating lack of homogeneity 

of the refraction index. So the power that the receiver intercepts presents fluctuations, 

a phenomenon called scintillation. Such fluctuations may lead to deterioration of the 

performance of the system depending on its impact. A parameter that measures the 

strength of this effect is turbulence structure constant, Cn
2
, that can be calculated us-

ing the following equation [5],[8]: 
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where ω is the magnitude of the spatial frequency, 

 2
1 2 3( , , ) ik exp 0.5 (L s) /i s kL           , k is the wave number, L is the dis-

tance between the transmitter and the receiver and Φn(ω) is given as [5],[8]: 
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where ε is the rate of dissipation of kinetic energy per unit mass of the fluid, w 

provides the ratio of temperature to salinity contributions to the refractive index spec-

trum, v is the kinematic viscosity and 4/3 1/3 2 3/2 0.58.284 12.978v v       , 

[5],[8]. 

In order to investigate how the turbulence affects the performance of the system, 

various statistical models are used to model the channel depending on the turbulence 

strength [10]-[13]. A suitable model for weak turbulence is the gamma distribution 

and the pdf as a function of irradiance, It, is given by the following equation, [17]: 
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where Γ(.), signifies the Gamma function and parameter ζ can be estimated as[17]: 
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with σ
2

p being the power scintillation index which is the normalized variance of the

received optical power, I, and can be calculated using the following equation [13], 

[17], [22]: 
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where 
2 / (4L)d kD , k=2π/λ is the optical wave number, λ is the operational 

wavelength of the link, D is the aperture diameter of the receiver and L is the distance 

between the transmitter and the receiver. Parameter δ
2
, is the Rytov variance given as, 

[13]: 
2 2 7/6 11/61.23 nC k L   (8) 

Due to the narrow beamwidth of the laser beam that UOWC systems use, there 

must be a precision in the alignment between the receiver and the transmitter. But 

several phenomena like mechanical vibrations of the system or rip currents in the 

water may cause pointing errors that lead to power fluctuations at the receiver. In 



order to investigate this pointing errors, Beckmman's model is suitable and accurate to 

model the channel and its pdf as a function of Irradiance, Ip, is given by the following 

equation [18]-[20]: 
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with g being the ratio between the equivalent beam radius at the receiver, wzeq, and 

the pointing error displacement standard deviation, σs, and is given by the following 

equation [15]-[17]: 
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The parameter wzeq can be calculated using [18]-[20]: 
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where wz is the beam waist, / 2 zu r w and  
2

0 (u)A erf with wz represents

the radius of the Gaussian beam on the receiver plane. 

In order to investigate both turbulence and pointing errors effect, a combined pdf 

will be extracted using the following mathematical property [19]: 

|(I) ( | ) (I )dI
t tI I I t I t tf f I I f   (12) 

where I=ItIp. 

Substituting equations (3) and (9) in (12), the combined pdf for weak turbulence 

strength and pointing errors will be given as [18]: 
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The combined pdf can be expressed as a function of the instantaneous SNR, μ, and 

the average SNR, ξ, using the following equation for the case of heterodyne detection 

systems, [8],[19]: 

I



 (14) 

So applying random variable transformation in equation (13) using equation (14), 

the combined pdf as a function of SNR will be given by the following equation: 
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3 Bit Error Rate Calculation 



A very important metric concerning the performance of a link is the bit error rate 

that represents the probability of receiving an error bit at the receiver. The modulation 

technique that is assumed to be applied in the underwater link will be M-QAM with 

heterodyne detection.  

The BER for the received M-QAM signal is given by[22], [24]: 
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Using equation (16), the average BER can be obtained by averaging over the com-

bined distribution of equation (15) : 
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The above integral can be solved by expressing the erfc(.) function using Meijer G 

function and  after some mathematical manipulations [26] the BER of an underwater 

optical link in a channel with weak turbulence and pointing errors using M-QAM 

modulation will be given as: 

  

 

1/2 2

2 0

2

2,2
3,3

20

8 1 1
( )

3 log (M) A ( )

1
0, ,4 1

2
3

1, 1, 1

av

M g
P

g
G

g




  






  
 



 
  


     

(18) 

4 Numerical Results 

In this section the results of the average BER, Pav, will be presented for an under-

water optical communication system using M-QAM modulation technique according 

to equation (18). We have chosen three to values for the modulation index M=4 and 

16 and three values for the ratio of temperature to salinity contributions to the refrac-

tive index, w=[-0.05, -1, -3], the rate of dissipation of kinetic energy per unit mass 

ε=[10
-1

, 10
-2

, 10
-4

]m
2
/s

3
 and the viscosity, v=[0.01, 0.002, 10

-5
]. All values were cho-

sen for low values of the scintillation index m
2
 [5]. The wavelength of the laser beam 

is assumed to be λ=532nm, the aperture diameter of the receiver D=1cm and the dis-

tance L=80m. Concerning the pointing errors, we assume normalized spatial jitters 

with equal to σx/r=0.05 and σy/R=0.1.   



Fig. 1. Average BER of UOWC for 4-QAM 

In Fig. 1, the BER of the underwater OWC system for 4-QAM is presented as a 

function of links parameters. It is clear that as parameters w, ε and v are not stable, the 

BER of the system may change even for 2 orders of magnitude. More precisely, as the 

absolute value w increases, the performance of the system decreases, as the BER be-

comes higher. Furthermore, the reliability of the system increases when parameter ε, 

decreases. Viscosity also affects the BER of the systems as the systems performs 

better for lower values of v. 



Fig. 2. Average BER of UOWC for 4-QAM 

In fig. 2, the corresponding results of BER are presented in case of 16-QAM. It is 

clear that the system's performance deteriorates as the BER increases and as in figure 

1, the system's BER strongly depends on link's and channel's parameters. 

5 Conclusions 

In this work we derived a closed form mathematical expression for the BER of an 

underwater optical link modulated with M-QAM with heterodyne detection that is 

affected by weak turbulence and pointing errors. According to the results presented, 

UOWC systems are strongly depended on oceanic turbulence and pointing errors, so 

the choice of link parameters must be careful in order to deploy a communication 

system with high performance. 

Acknowledgment: This project has received funding from the European Union’s 

Horizon 2020 research and innovation program under grant agreement No: 777596  

References 

1. Ghassemlooy Z., Popoola W.O. "Terrestrial Free-Space Optical Communications". Net-

work Layer and Circuit Level Design, Eds S. Ait Fares and F. Adachi. 2010.

2. Henniger H., Wilfert O. "An Introduction to Free-Space Optical Communications".

Radioengineering, Vol 19, No 2, pp 203-212. 2010.



3. M. Alzenad, M. Z. Shakir, H. Yanikomeroglu and M. Alouini, "FSO-Based Vertical Back-

haul/Fronthaul Framework for 5G+ Wireless Networks," in IEEE Communications Maga-

zine, vol. 56, no. 1, pp. 218-224, Jan. 2018.

doi: 10.1109/MCOM.2017.1600735

4. P. Gopal, V. K. Jain and S. Kar, "Performance analysis of ground to satellite FSO system

with DAPPM scheme in weak atmospheric turbulence," 2012 International Conference on

Fiber Optics and Photonics (PHOTONICS), Chennai, 2012, pp. 1-3.

doi: 10.1364/PHOTONICS.2012.WPo.43

5. Y. Baykal, "Scintillations of LED sources in oceanic turbulence," Appl. Opt.  55, 8860-

8863 (2016).

6. Shlomi Arnon, "Underwater optical wireless communication network," Opt. Eng. 49(1)

015001 (1 January 2010)

7. H. Kaushal and G. Kaddoum, "Underwater Optical Wireless Communication," in IEEE

Access, vol. 4, pp. 1518-1547, 2016.

doi: 10.1109/ACCESS.2016.2552538

8. Y. Fu and Y. Du, "Performance of heterodyne differential phase-shift-keying underwater

wireless optical communication systems in gamma-gamma-distributed turbulence," Appl.

Opt.  57, 2057-2063 (2018).

9. K.P. Peppas, A.C. Boucouvalas, Z. Ghassemloy, “Performance of underwater optical wire-

less communication with multi-pulse pulse-position modulation receivers and spatial di-

versity”,  IET Optoelectronics, 2017, DOI: 10.1049/iet-opt.2016.0130

10. Kostas P. Peppas, Anthony Boucouvalas, Zabih Ghassemlooy, Mohammad Khalighi,

Kostas Yiannopoulos, and Nikos Sagias, “Semiconductor Optical Amplifiers for Underwa-

ter Optical Wireless Communications”, IET Optoelectronics, vol. 11. No 1, 2017, pp. 15-

19, DOI: 10.1049/iet-opt.2016.0010

11. Anthony Boucouvalas, Kostas P. Peppas, Kostas Yiannopoulos, and Zabih Ghassemlooy,

“Underwater Optical Wireless Communications with Optical Amplification and Spatial

Diversity”, IEEE Photonics Technology Letters, 2016, vol 28, no 22, pp. 2613-2616.

12. L. Andrews, R. Phillips, C. Hopen, and M. Al-Habash, "Theory of optical scintillation," J.

Opt. Soc. Am. A  16, 1417-1429 (1999).

13. A.K., Majumdar. "Free-Space Laser Communication Performance in the Atmospheric

Channel". Optical and Fiber Communications Reports, Vol. 2, pp 345-396. 2005.

14. S.S. Muhammad, P. Kohldorfer and E. Leitgeb, Channel Modeling for Terrestrial Free

Space Optical Links , ICTON 2005, Vol. Tu.B3.5, pp. 407-410, 2005.

15. X. Zhu and J.M. Kahn, “Free-space optical communication through atmospheric turbu-

lence channels”, IEEE Transactions on communications, vol.  50, no. 8,  pp. 1293-1300,

2002.

16. Nistazakis H.E., Tsiftsis T.A., Tombras G.S. "Performance Analysis of Free-Space Optical

Communication Systems Over Atmospheric Turbulence Channels". IET Communications

vol. 3, pp 1402-1409. 2009.

17. B. Epple, "Simplified Channel Model for Simulation of Free-Space Optical Communica-

tions," in IEEE/OSA Journal of Optical Communications and Networking, vol. 2, no. 5, pp.

293-304, May 2010. 

doi: 10.1364/JOCN.2.000293

18. Ninos, Michalis & E. Nistazakis, Hector & G. Sandalidis, Harilaos & Stassinakis, Argyris

& Tombras, George. (2018). Block error rate performance of OOK free-space optical links

over gamma–gamma turbulence channels with generalised non-zero boresight pointing er-

rors. IET Optoelectronics. 10.1049/iet-opt.2018.5055.



19. H. Sandalidis, T. Tsiftsis, and G. Karagiannidis, "Optical Wireless Communications With

Heterodyne Detection Over Turbulence Channels With Pointing Errors," J. Lightwave

Technol.  27, 4440-4445 (2009).

20. F. Yang, J. Cheng and T.A. Tsiftsis, “Free-space optical communication with nonzero

boresight pointing errors”, IEEE Transactions on Communications,  vol. 62, no. 2, pp.

713-725, 2014

21. R. Boluda-Ruiz, A. García-Zambrana, C. Castillo-Vázquez, and B. Castillo-Vázquez,

"Novel approximation of misalignment fading modeled by Beckmann distribution on free-

space optical links," Opt. Express  24, 22635-22649 (2016).

22. A. Bekkali, C. B. Naila, K. Kazaura, K. Wakamori and M. Matsumoto, "Transmission

Analysis of OFDM-Based Wireless Services Over Turbulent Radio-on-FSO Links Mod-

eled by Gamma–Gamma Distribution," in IEEE Photonics Journal, vol. 2, no. 3, pp. 510-

520, June 2010.doi: 10.1109/JPHOT.2010.2050306

23. Goran T. Djordjevic & Milica I. Petkovic (2016) Average BER performance of FSO SIM-

QAM systems in the presence of atmospheric turbulence and pointing errors, Journal of

Modern Optics, 63:8, 715-723, DOI: 10.1080/09500340.2015.1093662

24. H. E. Nistazakis, A. N. Stassinakis, H. G. Sandalidis and G. S. Tombras, "QAM and PSK

OFDM RoFSO Over$M$-Turbulence Induced Fading Channels," in IEEE Photonics

Journal, vol. 7, no. 1, pp. 1-11, Feb. 2015,Art no.7900411. doi:

10.1109/JPHOT.2014.2381670

25. H. E. Nistazakis, A. N. Stassinakis, G. S. Tombras, S. S. Muhammad and A. D.

Tsigopoulos, "K modeled turbulence and nonlinear clipping for QAM OFDM with FSO

and fiber serially linked," 2014 20th International Conference on Microwaves, Radar and

Wireless Communications (MIKON), Gdansk, 2014, pp. 1-4.

26. V.S. Adamchik and O.I. Marichev, The Algorithm for Calculating Integrals of

Hypergeometric Type Function and its Realization in Reduce System, Proc. Intl Confer-

ence on Symbolic and Algebraic Computation, pp. 212-224, Japan, 1990.


