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Underwater optical wireless communications (UOWC) performance is affected by turbulence. However, not much 
research has been carried out to estimate the probability density function (PDF) of the received optical power. In 
this paper, we investigate the turbulence effect on UOWC using a new experimental setup with a variable link span 
in a water pool. Different turbulence levels are created by changing the temperature and the rate of an injected water 
flow in the pool in order to obtain the PDF. Results show that lognormal distribution fits well with the measured PDF 
up to the scintillation index value of 0.07. In UOWC systems the link span is one of the main factor influencing 
fluctuations of the received optical power, which has not been investigated. In this work, we obtain the scintillation 
index and turbulence induced power loss for a range of turbulence strengths and for a transmission link span of up 
to 12 m. Finally, we show that there is a good agreement between the experimental and simulated results. © 2018 
Optical Society of America 

OCIS codes: (060.4510) Optical communications; (010.4455) Oceanic propagation; (010.7060) Turbulence; (290.5930) Scintillation.  
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1. INTRODUCTION 
Underwater optical wireless communications (UOWC) is an emerging 
technology, which can provide high-speed communications within the 
blue-green wavelength band. However, there are a number of 
environmental factors, which limit the performance of UOWC links. 
Most of the experimental investigations reported on UOWC have 
focused on the effect of absorption and multiple scattering on the 
propagating optical beam [1-5]. In addition, in recent years we have 
seen experimental investigation of the underwater turbulence and its 
effects on laser-based UOWC and imaging systems [6-14].  

The use of the precise probability density function (PDF) of the 
received optical power is important in system modeling and bit error 
rate (BER) analysis [15]. However, not much experimental research has 
been reported on this within the context of UOWC systems. Lognormal 
distribution has been adopted in recent theoretical works with no 
experimental verifications [16-18]. In [19] the PDF of the received 
optical power for a UOWC link of 1 m long injected with bubbles was 
obtained [19]; however, the fluctuations in the optical power level due 
to bubbles was not considered as in the general case of underwater 
turbulence. In [20] heaters were used to create a temperature gradient 

of roughly 0.025  ̊C per cm, which corresponds to weak turbulence with 
a scintillation index (SI) of less than 0.02 over a 1 m long water tank. In 
[21] for a temperature difference of up to 20  ̊C between both ends of a 
channel (i.e., a 1 m long water tank) a SI of 0.1 was reported and it was 
shown that the PDF of received signal fitted well with Gamma and 
generalized Gamma distributions. However, in [21] the generated 
turbulence was not uniform throughout the water tank and therefore 
the propagating laser beam did not experience the same channel 
conditions. In [7], the influence of turbulence on the propagating laser 
beam was investigated in clear ocean water over a vertical path length 
of 8.75 m, where the index of refraction structure constant was 
extracted from the beam deflection; but with no results for the 
irradiance PDFs.  

Due to the limitations of above mentioned experimental conditions 
including bubble injection, short length water tank and non-uniform 
turbulence, there is the need for detailed experimental tests and 
measurements in order to obtain the PDF of the received optical power. 
In this paper, we have developed an experimental test bed for UOWC 
where uniform turbulence is created by means of injecting water along 
the optical beam propagation path within a water pool over a 
transmission range of up to 12 m. A range of turbulence levels was 



created by changing both the temperature T and the flow rate of the 
injected water Q in order to determine PDFs of the received optical 
power, the SI variations and the turbulence induced power loss for a 
range of link spans. Note that, in UOWC systems, the link span is one of 
the main factor influencing the received power fluctuations under 
turbulence conditions; however, to the best of our knowledge no 
research on the effects of turbulence over longer channel spans have 
been reported yet. Finally, we compare the measured results with 
generated data based on the model given in [22] and show that there is 
a good correlation between them.    

2. MEASUREMENT SETUP 
Fig. 1 shows the schematic block diagram and the experimental test-bed 
used in this work. At the transmitter (Tx), we used a fiber-pigtailed laser 
diode (LP520-SF15) at a typical wavelength of 520 nm, which was 
driven with a constant current source. A 3-axis microblock stage was 
used to align the laser output beam with the focal point of a bi-convex 
lens, which was used for beam collimation. Two identical periscopes 
were used at the Tx and the receiver (Rx) to launch the collimated 
optical beams into and out of the water pool. A bi-convex lens focused 
the light beam into an optical Rx composed of a Si photodetector and a 
transimpedance amplifier (PDA10A-EC). The field of view (FOV) of the 
Rx is calculated as [23]. The Rx’s output voltage was converted into a 
digital format using Advantech USB-4716 data acquisition module at a 
sampling frequency of 5 kHz.  

We used an indoor water pool with the dimensions of 3×1.77×100 
m3. The pool water temperature was between 22-23  ̊ C during the 
measurement campaign and its attenuation coefficient was measured 
to be 0.03 m-1 using a UV-2100 spectrophotometer at a wavelength of 
520 nm, and multiple scattering was considered to be negligible. All the 
key system parameters adopted are listed in Table 1. The optical devices 
both at the Tx and the Rx sides were attached to configurable optical 
benches. While the Tx stage was fixed, the Rx was positioned on a 
moveable carriage platform located above the pool. 

Table 1. System parameters 
Parameter  Value 
Underwater 
channel 

Link span 
Water temperature 
Attenuation coefficient 
Water depth 

3.5,5,7,10,12 m 
22-23  ̊C 
0.03 m-1 
1.77 m 

Periscopes Pipe length 
Pipe diameter 

1.5 m 
12.5 cm 

Laser diode Wavelength 
Maximum power 

520 nm 
15 mW 

Optical Rx Output voltage 
PD active area 
Wavelength range 
PD responsivity 
Gain 
Small signal bandwidth 

0-10 V 
0.8 mm2 
200-1100 nm 
0.44 A/W 
104 V/A 
150 MHz 

Lens Type 
Diameter 
Focal length of Tx & Rx 

Bi-convex 
50.8 mm 
100, 150 mm 

ADC Sampling frequency 5 kHz 
 

 
(a) 

 
(b) 

Fig. 1. The UOWC system: (a) the block diagram, and (b) the 
experimental test-bed  

To create turbulence within the pool along the laser beam propagation 
path, we used a pipe with the length and diameter of 12 m and 3 cm, 
respectively, which was suspended 5 cm below the propagating laser 
beam, see the block diagram in Fig. 1(a) and the experimental test-bed 
in Fig. 2. To create a uniform turbulence, regular small holes of a 2 mm 
diameter at a spacing of 20 cm were made on the pipe facing upwards 
to inject water flow into the pool along the laser beam propagation path. 
One end of the pipe was attached to a hosepipe with a valve while the 
other end was blocked to ensure water being injected from the holes. 
We created a uniform turbulence along the laser beam propagation 
path by injecting cold and hot waters through the pipe at T of 22  ̊C and 
55  ̊C, respectively and also by changing the Q (i.e., 200 mL/s, 180 mL/s 
and 90 mL/s). 

 

 

Fig. 2.  Pipe installation exactly below the laser propagation path in a 12 
m link span 
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3. RESULTS 
We carried out measurements for link spans of 3.5, 5, 7, 10 and 12 m 
with and without turbulence. Fig. 3(a) shows the measured output 
signal voltage Vi normalized to its mean value for a 12 m link span, T = 
55 ̊ C and Q = 180 mL/s. It is clear from Fig. 3(a) that, in addition to high 
frequency fluctuations due to turbulence, there is also some low 
frequency fluctuations. The low frequency fluctuations, which is called 
beam wandering, was mostly due to uncontrolled mechanical vibration 
of both the Tx and Rx optical benches and the periscopes during data 
acquisition, which needs addressing. 

 
(a) 

 
(b) 

Fig. 3. For a 12 m link span, T = 55 ̊ C and Q = 180 mL/s (a) Vi as a 
function of time, and (b) Vi /Vf  as a function of time 

    To reduce beam wandering, Vi was normalized to its local average Vf , 
see Fig.  3(b) and Fig. 4 [7, 24]. The local average of Vi was obtained by 
passing Vi through a 3rd order Butterworth low-pass filter with a very 
low cut-off frequency of 0.04 Hz. Note that, the beam wandering induced 
fluctuations is below 0.04 Hz. Thus, after normalization the signal 
amplitude variation was considered in the SI calculation implicitly.  

 

Fig. 4. Vi normalization 

 

A. PDF of the received optical signal 
In this section, PDFs of the ratio of the Vi /Vf  for four different turbulence 
states - state 1 (no injected water), state 2 (T = 22 ̊ C, Q = 90 mL/s), state 
3 (T = 22 ˚C, Q = 200 mL/s) and state 4 (T = 55 ˚C, Q = 180 mL/s) - over 
a link span of 12 m are investigated. Fig. 5 compares the measured data 
with the lognormal distribution and the simulated results using the 
model in [22] for all states for a 12 m link span. ∆z and Ri are the width 
of consecutive turbulent layers and the radius of curved boundaries as 
defined in [22]. All the key system model parameters are shown in Table 
2. 

Table 2. System model parameters 
Parameter Value 

The refractive index variation range 
for each layer 
Link span 
Beam width 
Rx aperture diameter 
Δz 
Ri 

q 

[1.3365– Δn/2, 1.3365 
+ Δn/2] 
3.5, 5, 7, 10, 12 m 
15 mm 
50 mm 
5 cm 
0.01×|Ln (q)| 
random number  
∈ [0, 1] 

In these plots we show the fitted well-known lognormal PDF 
distribution on the measured and simulated PDFs, which is given by 
[25]: 
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The results show that, the lognormal distribution match well with 
both the experiment and simulated data for up to SI of 0.07 for a 12 m 
link span for all states, thus confirming the accuracy of the proposed 
model. Similar results were observed for other link spans, which are not 
presented here.  
    The refractive index variation Δn is one of the important factor 
influencing the turbulence strength as in the model reported in [22]. By 
adapting the model of [22] to the four turbulence states, Δn values are 
1e-6, 4.4e-6, 7e-6 and 308e-6 for the states of 1, 2, 3 and 4, respectively. 
Note that, for the state 4 turbulence is due to both high T and Q, thus the 
highest Δn variation was observed. 

B. SI variation with the link span 
Fig. 6 compares the measured and the simulated SI values as a function 
of the link span using the model in [22] for the states 1, 2 and 3. The SI 
values are obtained using the following equation:  

22
2

2I

I I

I
σ

−
=

    (2) 
where I is the Vi /Vf  . As shown, SI increases with the link span for all 

states, and the measured values are very close to the predicted 
(modelled) data. For the state 1, we measured the natural turbulence of 
the pool water, which is more pronounced for the 10 and 12 m link 
spans. 
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Fig. 5. PDFs of the experimental and simulated data fitted with lognormal distribution for a 12 m link span and for states:  (a) 1, (b) 2, (c) 3, and (d) 4 

 

Fig. 6. Experiment and predicted SI values versus the link span for the 
State 1, 2 and 3 

C. Turbulence induced power loss 
The measured and predicted turbulence-induced power losses as a 
function of the states for a range of link spans (i.e., 3.5, 7 and 10 m) are 
depicted in Fig. 7. Note that, in here we determined the average value of 
the measured signal for different states for a specific link span and then 
normalized it to the average of the measured signal of the state 1 for the 
same link span and then compared the relative values. As shown in Fig. 
7, higher power losses are observed for the state 4 with the highest 

measured and simulated SI values. Note that, for the state 4 the received 
optical beam area is larger than the Rx lens due to the simultaneous 
effects of beam spreading, beam wandering and scintillation, which 
results in the increased power loss compared to the other three states. 
This presents a noticeable power loss under high scintillation indices. 

 

Fig. 7. Turbulence induced power loss in the experiment and model in 
4 states 

4. CONCLUSION 
In this research the effect of turbulence on the UOWC system was 
investigated. A uniform turbulence was created by injecting water along 
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the optical beam propagation path within a pool to obtain the PDF of the 
received optical power. Different turbulence strengths were created by 
changing the temperature and the injected water flow rate. We showed 
that under different turbulence strengths there is a good fit between the 
PDFs of the experimental data with the lognormal distribution up to a 
scintillation index of around 0.07 over a 12 m link span. Variations of the 
scintillation index with the link span for a range of turbulence strengths 
were also presented. In addition, it was shown that the link experienced 
high power loss under turbulence. Finally, the experimental results 
were compared with our previously proposed turbulence model 
demonstrating a good match between them, thus confirming the 
accuracy of the proposed model. 
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