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The difficulty of obtaining precise position, acquisition, 
and tracking (PAT) information in submerged oceanic 
environments hampers undersea missions when using optical 
light. To address this problem, various structure-assisted pre-
alignment methods have been used in UWOC field 
demonstrations [12], [14]�[16], which have yielded data rates 
that range from several kbit/s to a few Mbit/s, as summarized 
in Fig. 1. Regardless of these field trials, the cumbersome 
alignment structures and low dataset exfiltration rates limit 
the practicality of such links. Researchers are pursuing the 
complementary goals of both relieving the alignment 
requirements and increasing the data throughput of undersea 
optical communication links. One of the target applications 
of these links, which is considered in this study, is direct 
optical transmission through the water-air interface for 
connectivity between undersea and airborne vehicles. 

Direct communication across the water�air interface has 
been a long sought but challenging achievement. 
Conventional acoustic waves [17] mostly reflect off the 
water surface without transmitting, whereas RF waves 
rapidly decay in water because of their high attenuation [18]. 
State-of-the-art workarounds for this problem have been 
proposed in [10] using relay assets [19], surfacing, integrated 
acoustic RF wireless systems (translational acoustic RF 

(TARF) communications, MIT, 2019) [20], and line-of-sight 
(LOS) optical links [7], [21], [22]. However, relay and 
surfacing involve large signal delays and security concerns, 
respectively, while TARF suffers from low data rates (400 
bit/s). Furthermore, LOS optical links are vulnerable due to 
the difficulty of maintaining PAT. New system 
configurations that improve anti-jamming capabilities [12] 
are also in demand. King Abdullah University of Science & 
Technology�s (KAUST) Photonics Laboratory recently 
developed a 110 Mbit/s diffuse-line-of-sight (diffuse-LOS) 
optical communication link across a wavy water�air interface 
that showed good coverage and was resilient to misalignment 
[10]. Fig. 2 compares the limitations in the performances of 
different schemes for communications across the water�air 
interface. 

Despite their promising laboratory results, the above links 
require further investigation in actual ocean environments to 
determine their practicality. In this study, a laser-based, 
diffuse-LOS optical communication link is designed with a 
wide coverage of ~1963 cm2 at a data rate of 9 Mbit/s, a high 
speed of 850 Mbit/s when perfectly aligned, and a long 
transmission distance of 10 m in free space. The practical 
implementation of this link was tested in a canal of the Red 
Sea, which features high water turbidity and large waves. 
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FIGURE 1. (a) Woods Hole Oceanographic Institution (WHOI) bench-aligned UWOC system (from [14]), (b) Massachusetts Institute of Technology 
(MIT) & National University of Singapore (NUS) rope-aligned UWOC system (from [15]), (c) MIT swimmer-aligned UWOC system (from [16]), (d) MIT 
framework-aligned UWOC system (from [12]). 
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light laser with and without the 500-nm SPF. It is evident 
from the 450-nm peak in the laser spectrum without the SPF 
that the white light was generated from a 450-nm excitation 
laser and a broadband emission phosphor. The sudden drop 
in intensity at 500 nm in the spectrum with the SPF shows 
that it blocked the out-band light. As shown in Fig. 3(c), the 
laser had a circular beam with a Gaussian distribution for 
illumination power both vertically and horizontally. This 
circularly symmetric beam profile led to an easier signal 
search in the deployed photodetector, which could detect the 
signal in air from any direction. Fig. 3(d) shows the power 
distribution of the beam with the SPF at a transmission 
distance of 10 m, where a circular illumination area with a 
diameter of ~50 cm was formed at a divergence angle of 2.9 
degrees. A maximum light intensity of 11.2 µW/cm2 was 
recorded at the center of the coverage, indicating a weak light 
detection capability. 

FIGURE 4. The frequency response of the entire system as measured at 
a transmission distance of 10 m under different driving currents with 
(w/)/without (w/o) a 500-nm SPF. 

FIGURE 5. Experimental setup of the laser and APD-based wide 
coverage 10-m diffuse-LOS communication system. AWG: arbitrary 
waveform generator; AMP: amplifier; ATT: attenuator; PS: power 
supply; APD: avalanche photodetector; and MSO: mixed-signal 
oscilloscope. 
 

Fig. 4 shows the frequency response of the diode laser 
after propagating 10 m. The photodetector used to measure 
the frequency response was an APD210 (Menlo Systems, -3 
dB bandwidth: 1 GHz, and spectral responsivity: 5 A/W at 
450 nm). With the SPF, the bandwidth of the diode laser was 
significantly enhanced to over 1 GHz, compared with a few 
tens of MHz without the SPF. This can be explained by the 
slow phosphor conversion caused by the long lifetime of its 
excitation state, which is usually on the order of 
microseconds. As a result, the bandwidth of the phosphor-
associated laser is limited to a few MHz in unfiltered systems 

[26]. Therefore, we installed the SPF before the diode laser in 
the system design. 

Fig. 5 shows the experimental setup of the laser and the 
avalanche photodetector (APD)-based 10-m diffuse-LOS 
communication system. To simultaneously maximize the 
achievable data rates and enhance the resiliency to channel 
uncertainty, amplitude-modulated orthogonal frequency-
division multiplexing (QAM-OFDM) modulated signals 
were utilized in the system. Furthermore, our previous 
studies [10] indicated that the low signal-to-noise ratio (SNR) 
requirements and the ability to mitigate intersymbol 
interference (ISI) can be achieved using lower order QAM-
OFDM modulation schemes based on three key performance 
matrices: data rates, robustness against waves, and 
communication coverage. In this system, the QAM-OFDM 
modulations with a high spectral efficiency were generated 
offline in MATLAB and uploaded to an arbitrary waveform 
generator (AWG, Tektronix AWG70002A). The amplitude 
of the signal output from the AWG was 0.5 V. The 
parameters of the QAM-OFDM signals used in this study are 
given in Table I. 

The net data rates listed in Table I exclude the effects of 
the cyclic prefix (CP), forward error correction (FEC) 
overhead of 7%, and training symbols for channel 
equalization. The signals were then transmitted through a 25-
dB amplifier (AMP, Mini-Circuits ZHL-6A+) and a key-
press variable attenuator (ATT, KT2.5-60/1S-2S). The ATT 
was used to adjust the amplitude of the signals to be within 
the linear operating regime of the laser. Following this, the 
signals were superimposed with a direct current (DC) of 570 
mA on the laser using a bias tee (Bias-T, Tektronix 
PSPL5580). For consistency with empirical systems 
deployed underwater, the laser tested in this stage was 
mounted in a sealed laser capsule. An APD (Thorlabs 
APD430A2/M, -3 dB bandwidth of 400 MHz, and spectral 
responsivity of 32 A/W at 450 nm) was 10 m from the 
transmitter with a focusing lens (LA1027-A) mounted on a 
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TABLE I 
MAIN PARAMETERS OF THE DIFFUSE-LOS SYSTEM USING 

QAM-OFDM 
Parameters Values

Gross data rate1 976 900 700 500 300 100 50 10

Net data rate2 850 783 610 436 261 87 44 9

Coverage3 Alignment required 19.6 78.5 314 707 1964

Number of subcarriers 200 368 286 205 123 204 102 41

QAM size 16 4

Sampling rate of AWG4 1250 250 125

Sampling rate of MSO5 6250 1250 625

Number of OFDM symbols6 100 200

IFFT size 1024

Number of cyclic prefix 10

Number of subcarriers for gap 2  
1,2Units for the gross data rate and net data rate are Mbit/s 
3The units for the coverage is cm2 
4,5The units for the sampling rate of AWG and MSO are Msample/s  
6The symbols including two training symbols and four training 
symbols for timing synchronization and channel equalization, 
respectively. 
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November 20, 2019, GMT+3 at the testing location shown in 
Fig. 9. The satellite photo indicates that the water turbidity in 
the canal and the harbor was much higher than that of the 
open ocean. 

Figure 9. Location of the in-ocean testing for communications across 
the water–air interface at a canal facility at KAUST. 

FIGURE 10. (a) Field apparatus for communications across the water–air 
interface in a turbid canal. The photodetector is mounted on a slide rail, 
with a height of 1 m above the water surface, (b) the photo of the laser 
capsule is immersed into the canal water at a depth of 1.5 m, and (c) 
real-time water quality measurement system. 
 

Our experimental configuration to deploy the proposed 
communication system in a canal of the Red Sea across the 
water�air interface is shown in Fig. 10(a). The photodetector 
was mounted on a slide rail 1 m above the water surface. Fig. 
10(b) shows a photo of the underwater transmitter capsule, 
which was fixed with four ropes placed close to the canal 
wall. The divergent optical beam was sent upwards through a 
transparent acrylic window. We also measured the real-time 
water quality to determine the attenuation per unit length 
(parameter c) over time, as shown in Fig. 10(c). This was 
done using a WET Labs ACS hyper-spectral 
spectrophotometer at the same depth as the laser. Water was 
passed through the two tubes of the ACS using a submerged 
pump. The ACS instrument provided rates for spectral 
absorption and attenuation at 81 wavelengths from 400 to 
740�nm. This method has been previously used to measure 
the inherent optical properties (IOPs) of the Red Sea [27]. 
We recorded the communication performance and water 
quality at a wavelength of 450 nm for 50 min. 

A simulation was performed to theoretically analyze the 
system. Assuming the received intensity in free space is � � , 
the intensity in the water-to-air configuration (assuming the 
free-space attenuation is negligible) is attenuated by a factor 
of exp(��� � ), where �  is the attenuation coefficient and � �  is 
the traveled distance in water (1.5 m). The signal amplitude 
is directly proportional to the intensity through the 
responsivity and the load resistance, and the SNR is 
proportional to the square of the amplitude. If we assume the 
SNR of the free-space link (c = 0) is SNRo, the SNR in the 
water-to-air link is expressed as: 

                     2( ) .wcd
oSNR SNR e-=                                 (1) 

For 4-QAM signals, the symbol error probability is given 
by [28]: 

            22 ( ) ( ).sP Q SNR Q SNR= -                   (2) 

where Q(•) is the Gaussian Q-function, and the BER is 
approximated by dividing sP  by 2log 4 2=  when 
assuming Gray coding. Fig. 11 shows the simulated BER for 
different SNRo values. 

FIGURE 11. The simulated BER for different SNRo values against the 
water attenuation coefficient for 50 min. 

FIGURE 12. The simulated BER for different SNRo values against the water 

attenuation coefficient for 50 min. 

 

The results of the in-situ water quality measurements and 
communications experiment during the field trial are 
summarized in Fig. 12. The average attenuation coefficient 
from the canal water was 0.8 m-1, which suggests that water 
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