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Abstract: The misalignment of mobile underwater wireless optical communication (UWOC) systems,
compounded by turbulence in underwater scenarios, is a practical problem that can be resolved
through various means. This work describes a pulse-position-modulation-based (PPM-based) diffusedline-of-sight UWOC system that offers a solution to this issue. PPM is found to be power-efficient
and, in terms of bit-error-ratio performance, outperforms on-off keying modulation and orthogonal
frequency-division multiplexing modulation in complex dynamic underwater channels. Through indoor
experiments and outdoor deployment, we validated the robustness of the proposed PPM-based mobile UWOC system. This work sheds light on the practical implementation of UWOC networks for
relieving the strict positioning-alignment-and-tracking requirements when an underwater apparatus is
transmitting or receiving signals on the fly.
Index Terms: Underwater wireless optical communication, mobile underwater communication, pulseposition modulation, remote-operated vehicles.

1. Introduction
Underwater sensor networks (USNs) are essential components in the growing demand to monitor the oceans for commercial, scientific, and military purposes. Establishing real-time, energyefficient, and low-cost USNs is a far-reaching topic of research. The Internet of Underwater Things
(IoUT) aims to interconnect sensor nodes with each other in real-time, forward the sensory data to
sink nodes or autonomous underwater vehicles (AUVs), then bring the data back to a ship or land
[1], [2]. Conventionally, underwater acoustic communication is the most applicable technology [3].
Acoustic waves have a long working distance, allowing communication between underwater sensor
nodes without precise alignment. However, acoustic waves suffer from severe propagation delays,
high power consumption, low bandwidth, and low data transmission rates [4]. Radio frequency
(RF) waves are mainly used for shallow-water communication and communication between buoys
and database stations on land. However, they are significantly attenuated in the ocean and can
only transmit over several tens of meters in water [5], [6]. Applications of RF waves in underwater
scenarios are thus limited by this short working range.
Underwater wireless optical communication (UWOC) offers a transformative alternative for IoUT
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because of its high transmission speeds (∼ 2.25 × 108 m/s), high bandwidth (GHz), high power efficiency, and medium-range working distances (tens to hundreds of meters) [7]–[14]. These merits
are favorable for increasing the capacity of the UWOC system, which results in the possibility of
building large-scale USNs. The modulation scheme also plays an important role in UWOC. Shen et
al. achieved an On-off keying (OOK)-based UWOC system over 20-m working distance with a 1.5Gbit/s data rate [11]. In 2018, Liu et al. reported a 3.2-Gbit/s OOK-based UWOC system along a
2.3-m water channel [15]. Recently, Wang et al. demonstrated a 100-m OOK-based UWOC system
with a 500-Mbit/s data rate [12]. These three OOK-based schemes were tested in stationary
scenarios with ideal alignment. Similarly, studies that applied Pulse-position modulation (PPM)
and orthogonal frequency-division multiplexing (OFDM) modulation have demonstrated high data
rates and relatively long-distance communication in stationary indoor-setup. For instance, Oubei
et al. demonstrated an OFDM-based UWOC system at a data rate of 4.8 Gbit/s over a distance of
5.4 m [16] as featured in Nature Photonics [17]. Later, Xu et al. proposed a 46-m UWOC system
using 10-MHz PPM signals transmitted along polyvinyl chloride tubes [18], and also developed a
5.5-Gbit/s UWOC system in a 21-m water channel using OFDM signals [9].
However, the real aquatic environment is complex. Absorption, scattering, and turbulenceinduced fading produce an unpredictable dynamic optical channel. Studies that use well-aligned
setups and being conducted in static channels are impractical in a real environment. To augment the performance of UWOC systems, absorption and scattering, as well as bubble-induced,
temperature-induced, and salinity-induced turbulence effects, have been studied [19]–[23]. To
evaluate the practical UWOC performance, the pointing-acquisition-and-tracking (PAT) issues need
to be evaluated. The Lincoln Lab at Massachusetts Institute of Technology demonstrated a tracking
system on a remotely operated vehicles (ROVs) to solve the alignment issue for line-of-sight (LOS)
UWOC systems [24]. In addition, the non-line-of-sight (NLOS) configuration has been proposed
to relieve the alignment requirements [25]–[28]. Related to the mobility issue, only one free-space
study has been reported—a color-clustered free-space visible light communication network [29].
The rapid movement of the transmitter and receiver, and the scintillation of signals in the presence
of waves will significantly impact the performance of UWOC network. Boosting applicability of
UWOC systems in real scenarios, such as AUV-based UWOC systems interconnecting with
stationary or mobile underwater nodes [13], requires the investigation of methods to mitigate
the effects related to the mobility of underwater nodes in the presence of waves.
In this paper, we present the first experimental characterization of how mobility affects a broadbeam laser-based underwater communication system by emulating the changing speed and position of a mobile apparatus across the beam. The broad-beam established a diffused-line-of-sight
(DLOS) mobile UWOC system, which was used to validate and confirm the adaptability of PPM
in complex dynamic underwater channels. The bit error ratios (BERs) performance of PPM, OOK,
and OFDM at a data rate of 125-Mbit/s data rate were tested along a 10-m free-space channel
and in four different emulated water types in a 1.5-m underwater channel. Finally, the robustness
of the PPM-based UWOC system is validated by deploying it in a diving pool. A 5-m error-free
transmission was achieved in a stationary test, and a 1.7-m error-free transmission was achieved
in a mobile test. Our results show that by using PPM, a DLOS UWOC system carried by an ROV
could be more reliably applied in real underwater scenarios.

2. Modulation Schemes
2.1. On-off Keying
The simplicity of OOK leads to its ubiquity for direct-detection intensity modulations in optical
communications. For a bit rate Rb , the duration of a rectangular pulse is T = 1/Rb . An optical pulse
represents “1” bit and no pulse signifies a “0” bit. The bandwidth of OOK is inversely proportional to
the pulse width T [30], [31]. The additive white Gaussian noise, assuming maximum likelihood (ML)
detection, and neglecting intersymbol interference (ISI), is the classic problems when determining
the error probability for OOK [32]. The white Gaussian noise in the channel is assumed to have a
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spectral power N0 . Each signal is confined to the interval [0, T ) to prevent ISI. The BER of OOK
is given by [31]:
P
dmin
)
BER = Q( √ ) = Q( √
N0
N0 Rb

(1)

where Q is the tail distribution function of the standard Gaussian distribution, P is the average
optical power constraint of the transmitter, and dmin is the minimum Euclidean distance between
the modulated signals [33]:
Z
2
dmin = min [Pi (t) − Pj (t)]2 dt
(2)
i6=j

T

The power efficiency of OOK provides a benchmark for comparing the power efficiencies of
various modulation schemes. The power required by OOK to achieve a certain BER is:
p
(3)
POOK ≡ N0 Rb Q−1 (BER)
For other modulation schemes, the power required to achieve the same BER is [33]:
P =(

dOOK
)POOK
dmin

(4)

where dOOK is dmin for OOK signals.
2.2. Pulse-Position Modulation
Digital pulse time modulation (PTM) techniques fall into two categories, namely isochronous
and anisochronous [33]. PPM is the most commonly used PTM in optical communications. The
interval of each optical pulse is T = log2 (L/Rb ), which is partitioned into L subintervals, where L
is the number of symbols used. The duration of the subintervals is T /L. When transmitting one
of L non-negative signals {p1 (t), p2 (t), , pL (t)}, each P {t} is no less than 0, and the average of
P {t} is no greater than P . The average signal power is L1 Σi P (t) ≤ P [33], [34]. There is exactly
one optical pulse emitted in these L chips. For any L > 2, PPM consumes less optical power than
OOK. However, increasing L increases the bandwidth requirement [30]. The PPM signal equation
is as follows [33]:
L−1
X
KT
X(t) = LP
ck p(t −
)
(5)
L
k=o

where ck is the PPM codeword. According to (2) and (4), signals are equidistant with [31]:
d2 = 2LP 2

Log2 L
Rb

(6)

Thus, the power required by PPM to achieve the same BER as OOK is approximately [33]:
r
2
PP P M
dOOK
≈
=
POOK
dmin
L × Log2 L

(7)

and so, when L is greater than 2, PPM requires less power than OOK.
2.3. Orthogonal Frequency-Division Multiplexing
OFDM is an effective multicarrier modulation technique that mitigates the multipath ISI caused
by a dispersive channel, but requires complex computation [32], [33]. The use of multiple orthogonal subcarriers to simultaneously transmit parallel data streams enables significantly greater data
rates, and thus offering a wider bandwidth. Dynamic subcarrier allocation also helps to improve the
data rate. Another merit of OFDM is that it transfers the complexity of transmitters and receivers
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from the analog to the digital domain. A block diagram of OFDM is shown in Fig. 1. Orthogonal
subcarrier frequencies, a set of equidistant discrete carriers, are selected by an inverse fast
Fourier transform (IFFT) after implementing a serial modulation scheme such as M-ary quadrature
amplitude modulation (M-QAM) or M-ary phase shift keying. IFFT converts the frequency domain
input signals into time-domain output signals. A cyclic prefix (CP) is added further to limit the
effect of ISI [35], [36]. The OFDM signal can be expressed as:
X(t) =

N
−1
X

xk e

j2πkt
T

,0≤t≤T

(8)

k=o

where N is the number of subcarriers.

Fig. 1. Block diagram of OFDM.

The probability of a bit error, Pe , in any signal constellation depends on the M-ary signaling
scheme [37]:
Pe ≈ N̄dmin Q(

dmin
)
2σ

(9)

where N̄dmin is the average number of nearest neighbors, defined as neighbors at minimum
distance. Because (A/σ)2 = 2Ep /N0 , (9) can be rewritten using the substitutions:
(

dmin 2
d2 A2
d2 2Ep
d2 2Eb
) = min
= min
= min
2
2
2σ
4A σ
4Ep N0
4Eb N0

(10)

where the energy per transmitted bit, denoted Eb , is equal to the energy in the pulse, Ep . A is
the radius of the constellation. We define the power efficiency of the modulation scheme as:
ηp =

d2min
Eb

Finally, the nearest-neighbor approximation of (9) is expressed as:
r
ηp Eb
Pe ≈ N̄dmin Q(
)
2N0
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In this study, OOK, 4-PPM, and 4-QAM OFDM are implemented in the mobile UWOC system.
The 4-QAM OFDM scheme has a power efficiency of 4. The power efficiency of OOK is 2, and
4-PPM exceeds the power efficiency of OOK when L is greater than 2. Thus, 4-PPM and 4-QAM
OFDM have higher power efficiency than OOK.

3. Experimental Setup and Results
3.1. Experimental Setup
The emulated mobile and fixed nodes are tested in the laboratory testbed and outdoor pool.
Measurements are taken on the fly with the mobile receiver translating at varying speed along
the direction perpendicular to the axis of the broad propagating laser beam. The broad-beam
laser further establishes a DLOS configuration, which can facilitate alignment for a mobile UWOC
network. The designed DLOS UWOC system is composed of a transmitter, a receiver, a modulator
and a demodulator. PPM, OOK, and OFDM schemes were employed in the experiments. The
signals were pre-generated by MATLAB and uploaded to an arbitrary waveform generator (AWG,
Tektronix AWG70002A). In particular, the parameters of 4-QAM OFDM are as follows: the bit
number of the pseudorandom binary sequence (PRBS) is 220 − 1; the IFFT size is 1024; the cyclic
prefix number is 10; the number of subcarriers for frequency gaps near direct current is 2; and the
number of OFDM symbols is 152 (including two training symbols for timing synchronization and
four training symbols for channel equalization). After being transmitted through a 25-dB amplifier
(AMP, Mini-Circuits ZHL-6A+), the modulated signal is sent through a bias-Tee (Bias-T, Tektronix
PSPL5580) to the transmitter, which generates white light by using a blue laser, and is hereinafter
called a white-light laser (SaNoor Technologies, SNWL-3A). The bias current of the white-light
laser was set to 610 mA in the experiments.
After propagating through different types of channels, the directly modulated optical signals were
detected by a Si variable-gain avalanche photodetector (APD, Thorlabs, APD430A2/M). Finally,
after filtering out the DC part by using a DC block, the output signals were captured by a mixedsignal oscilloscope (MSO, Tektronix DPO 72004C) and demodulated offline by using a MATLAB
program. Fig. 2 shows the experimental setup of the indoor testbed.

Fig. 2. Laboratory testbed for studying how mobility affects signal integrity based on the modulation
schemes of OOK, PPM, and OFDM. The APD is translated at varying speeds to emulate the mobility
scenario of a mobile and fixed free-space or underwater nodes in sections 3.3 and 3.4, respectively.

3.2. System Characterization
The light–current–voltage characteristics, CIE 1931 diagram, and beam shape with the power
distribution of the white-light laser were presented in previous work [14], and the threshold current

Vol. xx, No. xx, June 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

Page 5

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JPHOT.2020.3030544, IEEE
Photonics Journal
IEEE Photonics Journal

Volume Extreme Ultraviolet Holographic Imaging

and voltage were set to approximately 380 mA and 3.5 V, respectively. To enhance the bandwidth
of the system, the white-light laser was covered with a premium hard-coated 500-nm shortpass
filter (Thorlabs, FESH0500) to cut off the green–red wavelengths from phosphorus when illuminated with the blue laser. The spectrum and bandwidth of the laser before and after adding the
filter are shown in Figs. 3(a) and 3(b), respectively. Fig. 3(a) shows the peak wavelength at 450
nm originating from the blue laser. In Fig. 3(b), the laser’s frequency response was measured
by using a vector network analyzer (Agilent, E8361C), which was pre-calibrated prior to the
measurements by using an electronic-calibration module (Agilent, 85093-60010). Since identical
laser and measurement equipment with the work of [38] were used and tested at the same time,
the optical spectrum and frequency response of the laser were adapted from [38]. The -3-dB
bandwidth is up to 1 GHz with the shortpass filter, compared with the 14 MHz measured without
the shortpass filter.

Fig. 3. (a) Spectrum of a white-light laser generated by having a blue laser illuminating a phosphor
plate, mounted with and without a short-pass filter; (b) Frequency response of the laser mounted with
and without a short-pass filter. [38]

3.3. Effects of Mobility in Free Space
We firstly fixed our DLOS-configuration setup in a free-space scenario over a 10-m channel.
The three selected modulation schemes were tested in well-aligned and off-aligned stationary
scenarios. The APD was mounted on a mobile platform and aligned so as to achieve the best
performance in stationary scenarios. The diffused laser output optical power distribution is shown
in Fig. 4 after propagating 10 m. The highest optical power density is 11.08 µW/cm2 at the
center and reduces to 6.93 µW/cm2 at a lateral distance of 20 cm. The BER of the different
modulation schemes at different data rates is shown in Fig. 5(a). The main parameters of the
three modulation schemes are listed in Table I. Under the same received optical power and
bandwidth, OFDM achieves the highest data rate due to its high spectral efficiency, as expected.
OOK has higher bandwidth efficiency than PPM, and thus showed a higher data rate than PPM.
To increase the system robustness and investigate the effects of mobility on system performance
without any interference from power and bandwidth, the test data rate was set to 125 Mbit/s. The
eye diagrams and constellation maps of the three selected modulation schemes at 125 Mbit/s
and at the maximum data rate are shown in Fig. 6.
Before investigating the mobility effects, the system’s BER performance was measured when
the APD was fixed at different lateral distances away from the well-aligned center position. This
case is considered the reference group because it records the system’s performance in stationary
scenarios. By comparing this data group with the follow-up mobile-case tests (reported in the next
subsections), we can easily observe the differences in the two cases’ performance and monitor
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Fig. 4. The diffused broad-beam laser’s optical power distribution after a propagation distance of 10
m. The highest optical power density is 11.08 µW/cm2 at the center of the optical plane. On the same
optical plane, the optical power density is 6.93 µW/cm2 at a lateral distance of 20 cm.

Fig. 5. (a) BER vs. data rate at the center of the diffused broad-beam in a well-aligned stationary
free-space scenario. (b) BER performance at different off-aligned positions in a stationary free-space
scenario at a fixed data rate of 125 Mbit/s.
TABLE I
M AIN

PARAMETERS OF THE THREE MODULATION SCHEMES

Parameters

OOK

PPM

OFDM

Data rate of signals

125 Mbit/s

781 Mbit/s

125 Mbit/s

391 Mbit/s

125 Mbit/s

800 Mbit/s

Net data rate of signals

-

-

-

-

110 Mbit/s

701 Mbit/s

Number of subcarriers

-

-

-

-

51

41

Sampling rate of AWG

125 MSa/s

781 MSa/s

250 MSa/s

781 MSa/s

1.25 GSa/s

10 GSa/s

Sampling rate of MSO

625 MSa/s

6.25 GSa/s

1.25 GSa/s

6.25 GSa/s

6.25 GSa/s

50 GSa/s

how mobility impacts the UWOC performance.
The BER performance was tested with a 125-Mbit/s data rate, as shown in Fig. 5(b). The graph
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Fig. 6. Eye diagrams of OOK, PPM, and constellation maps of OFDM at 125 Mbit/s and at the
respective maximum data rates.

shows that PPM has a lower BER than both OOK and OFDM when the APD is located away from
the well-aligned center. Due to the high power efficiency at the same data rate, PPM achieves
better BER performance than OOK and OFDM when the received optical power is decreasing.
PPM offers superior performance when the receiver is not in the optimally aligned situation, i.e.,
with weaker received optical power. Higher sensitivity to the weaker pulse makes PPM more
robust in this situation.
Following the stationary offset test, the BER performance was tested with a moving receiver, i.e.,
the off-aligned scenario. The APD was mounted on the mobile platform, and the motor speed of
the platform controlled the moving speed of the APD. The motor speed was set to 500 r/min, 1000
r/min, or 1500 r/min (denoted S500, S1000, and S1500, respectively), and the moving speed of
the laser was 0.86 m/s, 1.72 m/s, or 2.58 m/s, respectively. The BERs were then measured as the
photodetector passes the horizontal distances of 25 mm, 50 mm, 75 mm, and 100 mm from the
well-aligned center location. Specifically, the BER performance of the three selected modulation
schemes with different moving speeds and at different lateral offset positions is shown in Fig. 7.

Fig. 7. BER performance of PPM, OOK, and OFDM at different moving speeds and lateral offsets.
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None of the three modulation schemes could be detected within the FEC limit when the moving
speed was 2.58 m/s (S1500), so this is not shown in Fig. 7. The variance of the pulse amplitude
is too large to ensure that the BERs are within the FEC limit. The PPM characteristic of amplitude
modulation enhances the performance when the received power is weak. OOK and OFDM are
not as sensitive as PPM to the pulse amplitude variance—OFDM requires a high signal-to-noise
ratio (SNR) to perform reliably, and OOK is a power-modulated scheme, which requires sufficient
received optical power to guarantee its performance. The results reveal that PPM outperforms
OOK and OFDM under the mobile scenario in free space. At faster moving speeds, the superiority
of PPM is more pronounced. Thus, PPM has demonstrated its robustness in dynamic complex
channel situations.
3.4. Effects of Mobility in Underwater, and Deployment
To verify the superiority of PPM in situations of unsteady movement in underwater environment,
we tested the system by passing the laser beam through a 1.5-m water tank filled with 30 L
of pure water (type I) obtained from a water deionizer (MilliQ Academic). The data collection
was performed with clean water and repeated in emulated pure seawater, coastal ocean water,
and turbid harbor water. These emulated liquids were formed by adding a commercial antacid
preparation (MaaloxTM ) that produced suspensions of Al(OH)3 and Mg(OH)2 . The total attenuation
coefficient c corresponding to these liquids is 0.043 (pure seawater), 0.298 (coastal ocean water),
and 2.19 (turbid harbor water). Accordingly, 26 µL, 179 µL, and 1316 µL of Maalox were added
to the 30 L of pure water. The volume of Maalox to be added was based on the work of Laux
et al. [39]. In addition to the measurements from these four types of water, the data collected
in the stationary scenario was used as the control group. The data collected in the mobile case
could be compared with the control group data, allowing the differences caused by mobility effects
to be distinguished. Due to the shorter beam propagation distance, the laser’s diffuse angle was
fixed; thus, the illumination area was smaller than that in the free-space case. All three modulation
schemes achieved BERs below the FEC limit within a 35-mm lateral offset distance. The BER
performance was tested when the APD passed the center point and at 25-mm and 35-mm offsets.
In the pure water and the emulated pure seawater and coastal ocean water, the BER performance
indicates that the PPM, OOK, and OFDM signals are error-free with a 125-Mbit/s data rate. The
BER performance of each modulation scheme in the emulated turbid harbor water is shown in Fig.
8. This proves the robustness of simple modulation such as OOK and PPM in a turbid channel,
which has a low SNR.

Fig. 8. BER performance of PPM, OOK, and OFDM in emulated turbid harbor water in the stationary situation.
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Like the experiments in free space, the mobile platform’s motor speed was then set to 500
r/min, 1000 r/min, or 1500 r/min. The experimental procedures were repeated in all four water
types. The results are shown in Fig. 9. In pure water, all three modulation schemes were error-free
in all situations at 125 Mbit/s. The performance of OFDM degrades as the turbidity of the water
increases. The multi-line graphs show that PPM and OOK achieve a better BER performance
than OFDM when the UWOC system has a fast-moving receiver.

Fig. 9. BER performance of PPM, OOK, and OFDM in four emulated water types in the mobile situation.

To validate the robustness of the PPM-based UWOC system demonstrated on a laboratory
testbed, a field test was conducted in an outdoor diving pool. All the tests were conducted at a
depth of 1.2 m, and the deployment scenario is shown in Fig. 10. The receiver was mounted in
a capsule that was carried by a BlueRoboticsTM ROV. With our self-designed payload, this was
upgraded to a Class-2 ROV. The transmitter was placed in a stationary capsule on the other
side of the pool. In a stationary test, the maximum working distance of the deployment was 5 m.
The peak-to-peak voltage of the received signal was 138 mV, and error-free communication was
achieved. The eye diagram of PPM received at 5 m is shown in Fig. 11(a). In the mobile case,
a working distance of 1.7 m could be achieved with error-free performance. The peak-to-peak
received voltage was 500 mV. The eye diagram of the 1.7-m PPM case is shown in Fig. 11(b).
In both cases, these are open-eye diagrams. However, difficulties with the ROV control (holding
positions and precise movement control) means that setting up communication connections took
a long time. In addition, maintaining communication connections was challenging. In a dynamic
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underwater channel, PPM outperforms complex modulation schemes. It also helps to alleviate the
PAT issues of underwater alignment and presented excellent prospects for future IoUT networks.

Fig. 10. Deployment setup in the pool showing the receiver- and transmitter-carrying ROVs. The ROVs
carry either an APD 210 or a white-light laser in air-tight capsules.

Fig. 11. Eye diagram of PPM in the diving pool with (a) 5-m working distance in stationary case and
(b) 1.7-m working distance in mobile case.

4. Conclusions
This paper reports the first experimental study of how mobility affects UWOC systems by focusing on the performance of various signal modulation schemes when a communication apparatus
is moving at varying speeds. We propose the use of PPM in the case of a mobile link in complex
dynamic underwater channels taking advantage of DLOS broad beam laser-based communication.
The reduced BER performance of PPM in the free-space channel and indoor turbid-water channel
when compared with OOK and OFDM validates the feasibility of the proposed approach. We
showed that although the simplicity of OOK makes it less vulnerable in complex underwater
channels, this scheme suffers from low bandwidth efficiency and poor power efficiency. In a static
channel, although OFDM achieved a high data rate because of its high bandwidth efficiency,
this scheme requires a high-SNR channel to ensure good performance. PPM is therefore robust
against the effect of mobility, allowing a mobile underwater communication apparatus to establish,
on the fly, a reliable link with a fixed node. Moreover, it is power-efficient compared with OOK and
OFDM. The deployment of an ROV carrying a UWOC system in an outdoor pool demonstrates
the applicability of the PPM-based DLOS UWOC system. We have shown that a PPM-based
mobile UWOC system is feasible in retrieving data from stationary sensor nodes. When used
in conjunction with DLOS and broad-beam laser-based communication, the PPM’s robustness is
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essential for relieving the strict PAT system requirements in establishing practical stationary and
mobile UWOC networks.
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