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Abstract: We experimentally evaluate the performance of underwater wireless optical
communication (UWOC) links in the presence of different air bubbles. Air bubbles of different
sizes and densities are generated by using an air pipe in conjunction with a submersible water
pump of variable flow rate that helps break up large bubbles into smaller bubbles. Received
signal intensity measurements show that bubbles significantly degrade the performance of
UWOC links. Large bubbles completely obstruct the optical beam and cause a deep fade.
However, as the bubble size decreases, the level of deep fade also decreases because the
optical beam is less susceptible to complete obstruction, and more light reaches the detector.
We also show that beam expansion could help mitigate the performance degradation due
to the deep fade caused by air bubbles scatters in the channel.

Index Terms: Oceanic propagation, underwater wireless optical communication (UWOC),
optical wireless communication (OWC), visible light communication (VLC), diode lasers,
oceanic turbulence.

1. Introduction

Underwater wireless optical communication (UWOC) has gained a lot of interest during the last
decade and has been proposed as an alternative or complementary solution to the existing acoustic
and radio-frequency (RF) underwater wireless communication technologies. Using efficient and low-
cost light sources such as light-emitting diodes (LEDs) [1] and laser diodes (LD) [2] in the low absorp-
tion 400550 nm window of the electromagnetic spectrum in seawater, UWOC can provide orders
of magnitude more bandwidth and achieve much higher data rates for short and moderate ranges
(<100 m) [3], [4]. In UWOC links, the primary factors that degrade system performance are absorp-
tion, scattering, and turbulence. In absorption, the photon energy is lost due to the interaction of light
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Fig. 1. Experimental setup for performance evaluation of UWOC in the presence of different air bubble
sizes. (a) Actual photograph: (i) LP520-SF15 LD, (ii) water tank, (iii) DET36A photodetector, (iv) S120VC
power meter, (v) MDO3104 oscilloscope. (b) Schematic: laser diode (LD), lens (L1 = 25.4,L, = 15.29,
Ls = variable, and Ly = 75mm), focal length (F1, F2), beam size (W), and photodetector (PD).

with water molecules and other particulates. Scattering is the process whereby the photons are
scattered away from the initial path after interacting with particles and bubbles in the water. Under-
water optical turbulence (UOT) is defined as random index-of-refraction variations that affect the
beam as it propagates through a water column. The index inhomogeneity can be due to localized
temperature, salinity, or density changes in the water [5].

In recent years, there has been a significant progress of research on UWOC both theoretically and
experimentally. However, many relevant studies have mostly focused on the effects of absorption
and scattering by particles on the optical channel [6]-[9], system level design and demonstrations
[10]-[13], and underwater turbulence [14]-[16], and there is little study on the effect of air bubbles
in UWOC channels [17]. Air bubbles in the oceans are mainly produced by breaking surface
waves and rain [18]. They come in different sizes and mostly assume spherical shape in water
as reported by several authors [19]-[21]. Air bubbles contribute to many oceanographic processes
such as propagation and scattering of acoustic waves [22], organic-particle formation, and bacteria
transport [23]. When the optical signal propagates through a bubbly underwater channel, the signal’s
amplitude is distorted due to reflection and refraction at the water-bubble’s interface that causes the
light to stray into various directions. Thus, in the presence of air bubbles, the scattering properties of
the water body are significantly affected. Therefore, it is important to have a detailed understanding
on how different sizes of air bubbles affect the performance of UWOC systems. In this paper, we
experimentally study the effect of different air bubble populations on UWOC system performance.

2. Experimental Setup

Fig. 1 shows the experimental setup used to evaluate the performance of UWOC links in the
presence of different air bubble populations. The main experimental platform consisted of a glass
water tank of dimensions 50cm x 34cm x 34 cm. The water tank is three-fourths filled with either
fresh tap water or Harbor Il water. The bubble generation was ensured by a 1/4” copper pipe with 1
mm hole directly connected to the Laboratory dry air system as shown in Fig. 1(a). The air flow rate
was maintained at around 1.04 standard liters per minute (2.2 SCFH) throughout the experiment.
In addition, we used a submersible fountain pump (Haibao HB103) in front of the air pipe to break
up and produce bubbles in four different size ranges by changing the pump flow rate. Fig. 1(b)
illustrates the schematic of the experimental setup.
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Fig. 2. L—-I-V characteristics (a) and emission spectra (b) of the 520 nm green LD.

A 15 mW, single-mode continuous-wave (cw) 520 nm fiber-pigtailed green LD (LP520-SF15) is
used as the transmitter. The L-I-V characteristics of the transmitter LD at room temperature are
presented in Fig. 2(a). The LD exhibits a threshold current of around 58 mA and an optical power of
6.9 mW at 83 mA injection current. Fig. 2(b) presents the emission spectra of the LD under different
injection currents measured using a high-resolution spectrometer (Ocean Optics HR4000). A peak
emission wavelength of 515.3 nm was measured at 75 mA. The laser beam was collimated by a
25 mm plano-convex lens (Thorlabs LA1951-A) and directed down the axis of the water tank. The
collimated beam size was 4 mm in diameter. The average incident power on the water column was
around 1.2 mW, which ensures that a considerable amount of power reaches the receiver unit.

Light passing through the exit optical window was collected using a 75 mm lens (Thorlabs
LA1608) and focused into an 80 MHz bandwidth silicon PIN photodiode (PD) receiver for intensity
fluctuation measurements. The relevant specifications of the PD (Thorlabs DET36A) include an
active diameter of 13 mm?, a responsivity of around 0.19 A/W at 520 nm and a noise equivalent
power (NEP) of 0.016 pW/Hz'/2. The output of the PD was fed into a Tektronix mixed domain
oscilloscope (MDO3104) with a sampling rate of 5 GSa/s to monitor and measure the intensity of
the received signals. For bit error rate (BER) measurements, we used an avalanche photodetector
(APD) module as a receiver. The APD (Menlo Systems APD210) has an active diameter of 0.5 mm,
a responsivity of around 13 A/W at 520 nm, and a noise equivalent power (NEP) of 0.4 pW/Hz'/2.
The BER performance of the UWOC system was analyzed using a high-performance bit error rate
tester (Agilent J-BERT N4903B).

The water turbidity in the tank was varied by adding different amounts of Maalox antacid, whose
ingredients are aluminum hydroxide and magnesium hydroxide. Maalox is known to provide ex-
cellent scattering similar to real ocean particles and commonly used in laboratory experiments to
simulate different ocean water types [7], [24]. Maalox concentrations corresponding, respectively,
to clear (¢ = 0.151 m~") and Harbor Il (c = 2.19 m~') waters, were calculated and added based on
reference [7]. The values of absorption coefficient a, scattering coefficient b, and total attenuation
coefficient ¢ = a + b, for clear and harbor Il waters, are listed in Table 1.

3. Results and Discussion

We first investigated underwater wireless optical channel characteristics without air bubbles by
evaluating the BER performance of the UWOC system under four different pump flow rates. Using
two type-K thermocouple based temperature probes, the temperature variations within the water
tank were constantly monitored and found to be very stable. Fig. 3(a) shows the BER performance
as a function of received optical power at data rate of 0.622 Gbit/s for both clear ocean and Harbor
Il waters with the corresponding eye diagrams presented in Fig. 3(b) and (c), respectively. The eye
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TABLE 1

Representative Absorption, Scattering, and Total Attenuation Coefficient
Values as Measured by [24]

Water Type a(m=') b@m™") c(m™)

Clear water 0.114 0.037 0.151
Harbor Il 0.366 1.824 2.19

0.622 Gbit/s transmission

10* \ FEC limit
. Harbor I1 water (¢ = 2.19 /m)|
4 —&— 0.00 Lis
10 —4— 0.19L/s)
% '.,-‘. —p— 0.26 L/s Gandi. coiiioduan .. ico g
m]m \ ) & 033 Lss (b)
. (Clear water (¢ = 0.151 /m)|
107 —=— 0.00 s
—e— 0.19L/s
—h— (.26 L/s
10"°H—w— 033 s
-36 -32 -28 -24 -20 -16

Received optical power (dBm)
(a) (c)

Fig. 3. (a) Plot of BER as a function of received optical power at data rate of 0.622 Gbit/s for clear
ocean and Harbor Il waters. (b) and (c) Corresponding eye diagrams.

diagrams are wide open indicating an error-free communication link. As we can clearly see from
Fig. 3(a), the measured values of BER are almost equal for all four water pump flow rates in the
case of clear ocean water as well as Harbor Il water. We also analyzed the effect of high data rate
on BER for all four water flow conditions as shown in Fig. 4. Similarly, the measured values of BER
are almost equal for both clear ocean and turbid Harbor Il waters.

From Figs. 3 and 4, we can infer that circulating and moving water has no effect on the perfor-
mance of UWOC links as expected. This is due to the fact that although the circulation of our pump is
sufficiently chaotic similar to the flows in natural bodies of water being in random with eddy-current
like motions dominated by inertial-vortex forces [25], there are no changes in the index of refraction
due to localized temperature or salinity variations within the water tank, resulting in a homogeneous
optical channel. In such a homogeneous underwater channel, the optical properties are not affected
and can not be labeled as turbulent channel when light beam is propagating through despite the
water is in highly random motions, sufficiently chaotic and confused.

To investigate the effect of different air bubble sizes on UWOC links, we introduced a small
amount of air into the water tank as discussed in Section 2. By placing the pump in front of the
bubble generator, we created four different air bubble populations depending on the pump flow
rate, namely extra-large (x-large), large, medium, and small bubbles corresponding to 0.00 (pump
off), 0.19, 0.26, and 0.33 L/s, respectively. For each pump rate, bubbles photographic images
were collected using Nikon D5500 camera fitted with Tamron AF 90 mm f/2.8 macro lens that
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Fig. 4. (a) Plot of BER as a function of received optical power at data rate of 1.8 Gbit/s for clear ocean
and Harbor Il waters. (b) and (c) Corresponding eye diagrams.

looked directly into the air pipe. Subsequently, the images were processed on ImagedJ software to
calculate both size spectra and the frequency of their occurrences. Fig. 5 shows photographs and
corresponding histograms of the four air bubble populations. As the pump rate increases, the air
bubble population becomes smaller in size and larger in number as shown on the inset images
because the high pump rate helps break up the bubbles into smaller bubbles. For instance, when
the pump is off (0.00 L/s), there are approximately 22 air bubbles with an average area of 28 mm?
whereas in the case of 0.33 L/s, there are over 280 air bubbles with an estimated average area of
5.8 mm?.

Fig. 6(a) illustrates the received signal through the bubbly Harbor Il water under different bubble
sizes as captured by an oscilloscope with a sampling rate of 50 kS/s. In the presence of air bubbles,
the received signal severely fluctuates as evident from the figure. When the pump is off, the bubble
size is large enough to completely obstruct the beam creating a deep fade which is a temporary
failure of communication due to the severe drop in the channel signal-to-noise ratio (SNR). It is worth
noting that the frequency of obstruction (fluctuations) is less since the bubble population is less
as depicted in Fig. 5(a). However, the variance (Imax — Imin) Of deep fade is large because at times
the intensity drops down to zero. As the bubble breaking increases due to higher flow rates, the
frequency of fluctuations increases gradually due to an increase in bubble population size. Moreover,
the variance of fading actually decreases because as the bubbles are getting smaller, the beam
becomes less susceptible to complete obstruction and more light reaches the receiver unit. Deep
fade can be overcome by using an error-correcting code in conjunction with interleaving or simple
diversity technique such as multiple input single output (MISO). In Fig. 6(b), the performance of
the UWOC system is presented in terms of received versus transmitted optical power. We observe
that the performance degrades significantly as the bubble size decreases. Again, this is the result
of increase in the amount of air bubbles along the beam path that act as scatters. For instance, to
achieve a received power of —32 dBm, approximately a transmit power of —12 dBm is required in
the case of extra-large bubbles. However, in the case of small bubbles, a minimum transmit power
of about —3 dBm is required to achieve similar performance. These two figures (Fig. 6(a) and (b))
show that the UWOC system design can be significantly changed depending on the density and
size of air bubbles in the optical link.

To overcome the performance limitations posed by air bubbles, we propose and study the effect of
beam expansion. A Keplerian beam expander was built from off-the-shelf components, as depicted
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Fig. 7. (a)—(d) Normalized intensity of received signal at different beam sizes and bubble sizes.

schematically in Fig. 1(b). The magnification M of the beam expander is given by
=z (1)

where F1 and F» are the effective focal length of the entry and exit lenses, respectively. The originally
collimated 4 mm beam was used as the input beam into the beam expander system. A mounted
Rochester aspheric lens of 15.29 mm focal length (Thorlabs A260TM-A) was chosen as a fixed
value of Fy. We utilized 25.4, 35, 50, and 60 mm focal length lens for F, to obtain an expanded
beam of 6.6, 9.2, 13.1, and 15.7 mm beamwidth, respectively.

Received signal intensity measurements were performed at five different beam sizes under all
four bubble sizes as shown in Fig. 7(a)—(d). Note that every plot is normalized to its own maximum.
Two important observations can be made regarding Fig. 7. First, for a given bubble size, the
variance of fading decreases as the beamwidth increases. A larger beam is less prone to deep
fade as evident from Fig. 7(a) where the bubble size is the largest. As we can see from this
figure, when the beamwidth reaches 13.1 mm, the severity of drop becomes less (about 70%
drop) compared to the other three smaller beam sizes where the intensity drops down to zero
(up to 100% drop). Second, for a beamwidth of 9.2 mm or larger, the variance of fading smooths
out as the bubble size decreases. For example, we observe nearly a flat curve in the case of
15.7 mm beam when the bubbles are small. As evident from Fig. 6(a) and 7, there is a tradeoff
between mitigating the deep fade and the level of received intensity. Although the received intensity
level decreased significantly, the low fading could enable a reliable communication in underwater
wireless optical links. This figure also shows that system design depends on the relation between

Vol. 9, No. 2, April 2017 7903009



IEEE Photonics Journal Performance Evaluation of Underwater Wireless Optical

beamwidth and bubble distribution. The beamwidth should be carefully determined. Thus, beam
expansion is a potential technique to improve the performance of UWOC links in the presence of air
bubbles.

4. Conclusion

In this paper, we experimentally analyzed the performance of UWOC systems in the presence of
different air bubbles sizes. Our measurement results reveal that air bubbles deteriorate the quality
of the received signal leading to performance degradation of UWOC link. Large bubbles that are
comparable to beamwidth in size can cause a total communication failure or deep fade. In the
presence of small air bubbles, the optical beam is less susceptible to deep fade. We also showed
that beam expansion is a potential technique to improve the performance degradation of UWOC
links due to air bubbles. Our findings will assist engineers to design better transmitter systems for
UWOC applications.
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