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ABSTRACT OF THE THESIS

A Study of OFDM in Underwater Wireless Optical and Acoustic Communications

by ZHUORAN QI

Thesis Director:

Prof. Dario Pompili

With the development of marine applications in military and commercial fields, un-

derwater communication techniques with high transmission data rate over long-range dis-

tances are in urgent demand. Two mainstream underwater wireless communications solu-

tions are Underwater Acoustic Wireless Communications (UAWC) and Underwater Opti-

cal Wireless Communications (UOWC), which are based on acoustic and optical signals,

respectively. In this thesis, a new physical-layer architecture is proposed for high-data-rate

UOWC based on integrated hybrid Orthogonal Frequency Division Multiplexing (OFDM)

and Pulse Position Modulation (PPM) with Time-Frequency (TF) spreading. Such archi-

tecture is engineered to increase the transmission range compared to basic OFDM systems

thanks to the robustness of the nonlinear PPM modulation in wireless fading channels.

Frame error rate performance and physical-layer throughput results are obtained using a

custom-made physical-layer simulator built to emulate hardware performance. It is found

that, with the proposed hybrid OFDM-PPM modulation scheme, the range is extended by

over 10 m for a single transmitting light source, and by over 20 m for four transmitting light

sources. Moreover, with the TF-spreading, the proposed architecture can improve the cov-

erage by several folds compared to the case without spreading. Importantly, the Doppler

effect is mitigated effectively by the combination of OFDM-PPM and TF-spreading, as

ii



shown via thorough simulations. Besides, the implementation of UWAC has been studied

with a testbed using universal software radio peripheral hardware device. The OFDM-

based Single-Input and Single-Output and Multi-input and Multi-output are tested in a

water tank and the pool at Sonny Werblin Recreation Center, Rutgers University. Data

of experimental results are collected, and the performances of the testbed are evaluated.

Moreover, the performances of using spatial multiplexing and spatial diversity techniques

in a MIMO structure are analyzed.
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CHAPTER 1

INTRODUCTION

Underwater communications are of vital importance to a wide variety of underwa-

ter robotics, such as Autonomous Underwater Vehicles (AUV) [1] and unmanned sub-

marines [2]. The applications include natural resource detection, scientific ocean explo-

ration, environmental monitoring, etc. In order to facilitate all these activities, high band-

width and high information transfer rates are expected. However, compared with terrestrial

and space links, underwater wireless links turn out to be more challenging. In atmospheric

links, the Radio Frequency (RF) wave is always a good choice because of its high data

rate, high bandwidth and its fast velocity. However, even though RF wave in underwater

wireless communication can improve the data rate in short distances, it attenuates signif-

icantly with the increase of frequency especially in seawater, for radio wave cannot prop-

agate well through good electrical conductors like saltwater [3]. Therefore, there are two

categories of communication techniques proliferated in the underwater wireless communi-

cation research, based on either acoustic waves and wireless optical signals. The underwa-

ter acoustic wireless communication (UAWC) takes advantages in long coverage distance.

However, UAWC is difficult with challenges in narrow available bandwidth (limited in a

few kbps), high propagation latency, severe signal attenuation, multipath propagation delay,

and fast fading caused by Doppler effect [4]. For underwater optical wireless communi-

cation (UOWC) system, the data rate can reach in Gbps scale for the distance of a few

meters. Due to the water absorption and scatter effect caused by suspended particles, the

UOWC also suffers a high attenuation but relatively lower compared with that of RF in

long distances. Table 1.1 shows the comparison between the three underwater wireless

communication techniques.



2

Table 1.1: Comparison between different underwater wireless communication techniques

Parameters RF Acoustic Optical
Wave speed 1500 m/s 2.26× 105 km/s 2.26× 105 km/s

Propagation Latancy Moderate High Low

Bandwidth ∼ MHz ∼ kHz 10− 150 MHz

Transmission Data Rate ∼ Mbps ∼ kbps 10− 150 Gbps

Distance Up to 10 m Up to 1000 km 10− 100 m

1.1 Underwater Acoustic Wireless Communication

Due to the low attenuation of acoustic waves in water, the acoustic communications

have been widely used in the underwater environment in recent years, with a coverage

distance up to several km. However, the typical acoustic frequency band in use today is

10 − 15 kHz, so the transmission data rate is bottle-necked severely. Besides, the speed of

acoustic waves underwater is as slow as 1500 m/s, resulting in latency in the propagation.

The challenges faced by the UAWC channel [5] can be summarized as follows:

• The attenuation increases rapidly with the increase of bandwidth, and the coverage

distance largely depends on the bandwidth [6]. When the bandwidth is narrower than

1 kHz, the distance can reach up to 100 km; when the bandwidth is about 10 kHz, the

range is up to 10 km; when the bandwidth is about 100 kHz, the distance is shorter

than 100 m. On the one hand, during the propagation, the energy of acoustic signals

will be absorbed underwater and transferred into heat. On the other hand, a spreading

loss will increase with distances, leading to an increase of overall path loss.

• The noise in an underwater acoustic channel is composed of the ambient noise and

the site-specific noise. The ambient noise usually presents in the background and

can be approximated as Gaussian but not white noise. While the site-specific noise

largely depends on particular places and contains non-Gaussian components.

• As a result of reflection and refraction in the water, the multipath delay occurs in
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Figure 1.1: OFDM modulation applied in UAWC and UOWC, respectively

UAWC with a propagation latency around 10 ms [6]. Therefore, the frequency selec-

tive distortion exists in UAWC due to the delay spreading.

• The underwater acoustic channel is time-variant as a consequence of the constitu-

tional changes in the propagation medium and the motion of transmitter and receiver.

The latter is usually induced by the surface waves or the speed of AUV, which results

in signal scattering effect and Doppler shift.

One of the most favorable communication schemes in UAWC is Orthogonal frequency-

division multiplexing (OFDM), as shown in Figure 1.1. The OFDM takes advantages in

low complexity at the receiver, resilience against frequency selective fading channel, and

high bandwidth efficiency [7] by sending parallel data sequences on orthogonal subcarriers.

1.2 Underwater Optical Wireless Communication

In recent years, tremendous progress has been made in the field of the UOWC, bring-

ing advantages in terms of a wide bandwidth—in the scale of hundreds of MHz—and a

short transmission latency—in the scale of several ns. Nevertheless, the major bottleneck
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of UOWC is the high attenuation of the optical signal in the water, due to absorption or

scattering caused by particles and strong noise generated by the sunlight, which limits the

coverage of the system [8, 9, 10]. Also, the Doppler shift caused by the moving AUV

cannot be neglected due to the high carrier frequency at an optical frequency band.

In the field of UOWC, OFDM is also widely used. Another modulation scheme, called

Pulse Position Modulation (PPM), is also studied in UOWC environment. Despite the

progress in UOWC systems, problems remaining unsolved include:

• In OFDM frame structure, a large number of subcarriers are modulated indepen-

dently, leading to a high Peak-to-Average Power Ratio (PAPR) and hence the OFDM

modulation is sensitive to Inter-Carrier Interference (ICI) in Doppler channel.

• PPM has a low transmission data rate and a low spectrum efficiency.

• Channel estimation and tracking in OFDM systems consume pilot resources and re-

duce data transmission efficiency.

• Multi-Input Multi-Output (MIMO) scheme has not been considered for hybrid OFDM-

PPM in UOWC.

• Doppler effects caused by AUV speeds are not investigated in OFDM-PPM system

in UOWC.

1.3 Thesis Overview

In this thesis, the UAWC and UOWC are studied separately. For UOWC, we design

a new physical-layer architecture that can achieve significant coverage extension of sev-

eral folds compared with the ordinary OFDM system. We propose to employ a hybrid

OFDM-PPM modulation scheme. A novel Time-Frequency (TF) spreading structure is

also introduced to improve further the coverage distance based on OFDM. The results are

generated based on MATLAB simulations. Contributions of this work are as follows.
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• This is the first complete physical-layer optical architecture design with the hybrid

OFDM-PPM modulation scheme and TF-spreading as critical features in UOWC,

which aims at significantly improving the coverage distance as well as the frequency

spectrum efficiency.

• For OFDM-PPM detection, the signal is conveyed by the non-linear modulation of

pulse position in the time domain, and the receiver signal detector is to do peak

detection to recover the pulse position. The equivalent channel with PPM is found

to be additive Gaussian. Therefore the channel estimator and pilots are no longer

needed in the proposed system.

• The physical-layer evaluation of the proposed new architecture is carried out under a

realistic optical communication channel, including results of Frame Error Rates (FER)

and physical-layer throughput at varying distances and different AUV moving speeds.

• The physical-layer simulation results indicate that the system achieves several folds’

coverage extension compared with ordinary OFDM setups without spreading. The

performance degradation caused by the Doppler effect is alleviated by the combina-

tion of hybrid OFDM-PPM modulation and TF-spreading.

Note that the light source in this study is assumed to be Light Emitting Diode (LED)

sources. By adopting the LED source, the optical beam can cover all the photonic elements

at the receiver. The laser source’s positioning issue no longer exists if the LED source is

assumed. In this design, we consider a 10 GHz sampling rate for the Digital-to-Analog

Converter (DAC) at the transmitter and Analog-to-Digital Converter (ADC) at receiver for

the PPM. Therefore the MIMO receiver is assumed as a small number (one or four) of

photodetectors.

As for UAWC, the Universal Software Radio Peripherals (USRPs) and hydrophones

are deployed to transmit and receive acoustic signals. Experiments and testing are done in
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a water tank and the pool in Sonny Werblin Recreation Center, Rutgers University. The

features of the work are as follows.

• The bit streams are modulated with OFDM modulation scheme with 100 kHz band-

width in short distances. Channel estimation and Zero-Forcing (ZF) is utilized to

decode the received data.

• For experiments in the tank, 1-by-1, 1-by-2, and 2-by-2 transmission schemes are

tested. Different source codes (such as BPSK and QPSK) are tested separately. Also,

Single-Input and Single-Output (SISO), Single-Input and Multiple-Output (SIMO),

and MIMO transmission schemes are experimented. The performances of spatial di-

versity and spatial multiplexing are analyzed. The performances of Bit Error Rate (BER)

and physical-layer throughput versus distances are presented.

• For experiments in the pool, the 1-by-1 transmission scheme is tested with BPSK

modulation. The channel impulse responses are presented.

In chapter 2, we review the related works of UAWC and UOWC in recent years, includ-

ing the MIMO-OFDM acoustic transmission schemes, acoustic MIMO space-time coding

techniques, and time synchronization.

In chapter 3, we introduce the Line of Sight (LOS) UOWC channel model and design a

new optical communication architecture, which can achieve significant coverage extension

of several folds compared with the ordinary OFDM system. We propose to employ a hybrid

OFDM-PPM scheme; a novel TF-spreading structure is also introduced to improve further

the coverage distance based on OFDM modulation.

In chapter 4, we introduce the custom-made physical-layer simulator model and simu-

lation scenarios. The parameters utilized in the simulation are detailedly explained. Differ-

ent transmission schemes are tested with varying distances and different AUV speed. The

results and findings, including FER and physical-layer throughput, are analyzed.
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In chapter 5, we introduce the equipment we deploy for the UAWC testbed experi-

ments, including the hydrophones and USRP. The experimental structure is described, and

the parameters applied in experiments are presented. Four transmission schemes are tested,

which are the 1-by-1 transmission, 1-by-2 spatial diversity, 2-by-2 Space-Time Block Cod-

ing (STBC) and 2-by-2 Verticle Bell Laboratories Layered Space Time (V-BLAST). The

results and performances are presented, including BER and physical-layer throughput.

In chapter 6, we conclude from the experimental results and simulation results obtained

in chapter 5 and chapter 4, and discuss the future work of UAWC testbed experiment and

hybrid OFDM-PPM scheme improvement.
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CHAPTER 2

RELATED WORK

In this chapter, we discuss the state of art of UAWC and UOWC, including the tech-

niques of transmission schemes, channel estimation, time synchronization, channel modu-

lation, as well as hardware experiments.

2.1 Underwater Acoustic Wireless Communication

In acoustic communications, our Cyber-Physical Systems Laboratory (CPS Lab) uti-

lizes the hybrid automatic repeat request technique for reliable underwater acoustic MIMO

communication [11]. A massive MIMO hydrophone array with carrier aggregation is pro-

posed to significantly improve the coverage and data rate for UAWC systems [12]. The

underwater acoustic carrier aggregation technique has been further investigated by simula-

tions [13] and ocean experiments [14]. Adaptive underwater video transmission is proposed

via software-defined MIMO acoustic modems [15], where USRP is utilized for testbed ex-

periments.

There are existing proposals of other groups that adopt MIMO techniques in UAWC.

Authors in [16] study the underwater acoustic MIMO and SIMO channel based on a re-

motely operated experimental platform. A series of offshore experiments are done based

on the sea test base platform. The spectral efficiency gain brought by MIMO for UAWC is

quantified. In work [17], a Carrier Interferometry (CI)/OFDM system in UAWC is designed

and tested in a real underwater acoustic channel. The performances of the CI/OFDM and

OFDM are compared based on PAPR and BER. It is found that the CI/OFDM can achieve

better performance.

Regarding works on OFDM in UAWC, authors in [18] study the performance of Turbo

Product Codes (TPC) and OFDM modulation in UAWC. The BELLHOP simulation model
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has been used for getting the approximated actual response of the shallow underwater

acoustic channel. The simulation results show that OFDM modulation based on TPC

has excellent performance even in multipath and Doppler channel. The Alamouti space-

frequency block coding is applied in UAWC-OFDM system in [19]. The authors propose

an adaptive channel estimation method based on Doppler prediction and time smoothing.

It is proven that the proposed scheme achieves an average mean square error gain of 2 dB

compared with that of a single-transmitter scheme, and when the number of carriers is cho-

sen optimally, the BER can be decreased by an order of magnitude. A Minimum-Mean-

Square-Error (MMSE)-based OFDM transform-domain channel estimation is proposed for

UAWC system in [20]. The system has been tested in a real underwater acoustic channel,

with results showing that the transform-domain channel estimation can improve the perfor-

mance of the UAWC-OFDM system. A high-speed UAWC system is designed based on

OFDM in [21]. Experimental results show that it achieves data rate up to 9 kbps at 5 km

and 2.8 kbps at 10 km. Work [22] proposes a scalable OFDM design for UAWC, where

one signal design can be easily scaled to fit into different transmission bandwidth with neg-

ligible changes on the receiver. The proposed scheme achieves a data rates from 12 kbps

to 50 kbps with different bandwidth from 12 kHz to 50 kHz.

The combination of MIMO and OFDM techniques have shown advantages in under-

water acoustic communications. Authors in [23] present a MIMO-OFDM system design,

where the receiver works on a block-by-block basis. The null subcarriers are used for

Doppler compensation, and pilot subcarriers are used for channel estimation. The low-

density parity-check is utilized for channel decoding. It achieves a communication data

rate of 125.7 kbps over a bandwidth of 62.5 kHz with a spectral efficiency of 3.5 bps/Hz.

The Turbo-coded MIMO-OFDM system in UAWC environment is considered in [24]. The

authors implement the Inverse Fast Fourier Transform (IFFT) block at the transmitter and

Fast Fourier Transform (FFT) block at the receiver to realize multi-carrier modulation.

Nonlinear detector based on the ZF algorithm is applied at the receiver. Authors in [25]
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exploit the space time frequency diversity with MIMO-OFDM. It shows that when the spa-

tial diversity is low, the coded modulation schemes emphasizing higher Hamming distance

yield a lower error rate and when spatial diversity is high, coded modulation schemes em-

phasizing higher free Euclidean distance demonstrate a lower error rate.

For underwater acoustic channel estimation and equalization, the impulse noise and

large-scale single frequency noise is studied for underwater acoustic OFDM in [26]. The

authors estimate the impulse noise and large-scale single frequency noise separately. The

simulation and experimental results show that the proposed method can effectively miti-

gate noise interference. In work [27], the joint carrier frequency offset and impulse noise

is estimated with null subcarriers for OFDM in UAWC. Simulation results show that the

joint estimation of carrier frequency offset and impulse noise has a better performance than

the separated estimation. The channel equalization technique is studied for underwater

acoustic channel [28], which proposes a new variable step-size least mean square (LMS)

adaptive equalization algorithm. Authors in [29] compare different kinds of receiver win-

dow functions for suppressing narrowband interference (NBI) and finds that the raised co-

sine window can suppress the NBI and reduce the SNR. Authors in [30] also propose an

underwater acoustic OFDM channel equalizer based on LMS adaptive algorithm.

As for time synchronization in UAWC, Pseudo Random (PN) Sequence is applied to

an underwater acoustic orthogonal signal-division multiplex communication system [31].

Work [32] proposes a frame synchronization method for UAWC by involving transmitting

signal based on hyperbolic frequency modulated signal as a preamble signal and using a

correlator at the receiver to match the transmitted signal, which works with a robust cor-

relation output of the Doppler effect as well as multi-path delay. Linear frequency modu-

lation is adopted for time synchronization [33]. The scheme is implemented on the Field

Programmable Gate Array (FPGA) and is implemented in the pool test, which shows the

feasibility for the proposed scheme. Authors in [34] compare the performances of different

time synchronization algorithms for UAWC-OFDM system, including maximum likeli-
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hood (ML) algorithm based on Cyclic Prefix (CP), linear frequency modulation (LFM) and

PN-sequence. Both computer simulation and testbed results show that ML based on CP

is more sensitive to noise; PN-sequence leads to wrong judgments at receivers; LFM is

suitable for UAWC-OFDM system.

2.2 Underwater Optical Wireless Communication

Regarding works on UOWC, a great number of experiments have been done, showing

that the UOWC can achieve a high transmission data rate. Authors in [35] study the scin-

tillations of red, green, and blue laser beams in various weak turbulent water channels. The

threshold of turbulence in UOWC is learnt, and the BER is measured for the green laser,

which shows that the UWOC link can still be retrievable in turbulent underwater environ-

ment if the turbulence is below a certain threshold. The development of high repetition rate

multispectral LED optical systems for image and data transmission is discussed in [36],

where the rate reaches 100 kbps.

There are proposals discussing underwater optical OFDM applications. An LED-based

UOWC system in shallow water is demonstrated in shallow water using OFDM and bit-

loading algorithm [37], which achieves data rates of 158 Mbps in the daytime and 205 Mbps

in the night-time over a coverage distance of 10 m. Authors in [38] use Quadrature Ampli-

tude Modulation (QAM)-OFDM modulation, which achieves a data rate of 1.118 Gbps and

a spectral efficiency of 6.18 bps/Hz. Experimental works [39] have shown that an OFDM-

based laser communication system with 16-QAM modulation has achieved 8.8 Gbps trans-

mission data rate over a transmission distance of 10 m based on light injection and optoelec-

tronic feedback techniques. Work [40] proposes a 16-QAM-OFDM modulation scheme

based on underwater blue laser communications, which has shown to achieve a transmis-

sion data rate of 9.6 Gbps over a distance of up to 8 meters. The two-stage injection-locked

technique is also applied in this proposal and shows the feasibility of UOWC for long-

range and high-speed links. A probabilistically shaped 256-QAM-OFDM transmission is
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explored in [41]. The results show that it achieves 27.8% capacity improvement and a net

data rate of around 12.64 Gbps compared with bit-power loading scheme in a distance of

35 m. Work [42] demonstrates an underwater optical wireless transmission of 405 ns and

968 Mbps optical Intensity Modulation/Direct Detection- OFDM signals with a distance

of 2 m based on developed FPGA real-time transmitter. However, the ordinary OFDM

exhibits large PAPR, which results in severe nonlinear distortion during the transmission.

For works discussing underwater optical MIMO applications, the BER performance un-

der weak turbulence is analyzed for MIMO communications with Spatial Modulation (SM)

[43]. Compared with convention MIMO using repetition code, the SM achieves improved

spectral efficiency. Nevertheless, due to the differences between transmit-to-receive wire-

less links, the SM requires perfect channel knowledge for data detection, which introduces

much complexity and high cost. MIMO capacity has been analyzed for the 2-by-2 optical

system [44] and downlink underwater optical system [45]. MIMO has been proposed, and

the error rate performance has been analyzed. Impulse response modeling of the optical

MIMO channel has also been studied [46, 47]. The results show that the linear modulation

suffers Inter-Symbol Interference (ISI) resulting from the temporal spread.

As for channel equalization, work [48] proposes an efficient analog post-equalizer to

expand the bandwidth of the UOWC transmission system. A blue LED source is deployed

with a bandwidth of 4 MHz, and a decoder is deployed with a bandwidth of 100 MHz. The

proposed post-equalizer achieves a 745 Mbps transmission data rate with 64-QAM-OFDM

modulation and a distance of 2 m. Authors in [49] present an adaptive approach to channel

estimation based on Monte Carlo simulations for SISO-UOWC. On the other hand, UOWC

channel model is further studied in recent years. A non-LOS scattering channel model is

studied in work [50]. Mathematical modeling of UOWC is analyzed in work [51].

There are other transmission schemes researched for UOWC. On-Off Keying (OOK),

Pulse Amplitude Modulation, PPM, and Pulse Width Modulation are studied for the blue-

ray LED [52], where the distance is shorter than 5 m. Both simulation and real-world test-
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ing results show that PPM is more power-efficient and able to maximize the Signal-to-Noise

Ratio (SNR). Work [53] studies the communication performance of Flag Differential Pulse

Position (F-DPPM), OOK, and Differential Pulse Position Modulation (DPPM), showing

the advantages of F-DPPM in power spectral density and power efficiency. Work [54] in-

troduces the Polarization Differential Pulse Position Modulation (P-DPPM) and compares

against DPPM and OOK. The results show that it has high bandwidth efficiency and low

FER. However, MIMO and OFDM modulation schemes are not considered, so the fre-

quency spectrum efficiency and physical-layer throughput are limited. The hybrid OFDM-

PPM technique applied for free-space-optical communication is investigated in [55]. This

work shows that the OFDM-PPM is of higher power efficiency and lower PAPR compared

with ordinary OFDM, but does not consider different cases of MIMO schemes and has not

been proven for underwater communications.
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CHAPTER 3

UNDERWATER OPTICAL WIRELESS COMMUNICATION PROPOSAL

To improve the communication coverage for UOWC, we propose a new architecture

that enhances the robustness of the system by deploying the hybrid OFDM-PPM modu-

lation. First, we spread the constellation signals in the TF-domain with orthogonal codes

(e.g., Hadamard code). The OFDM modulation places the constellation signals in fre-

quency in a conjugate-symmetric way, then converts the signals from frequency-domain to

time-domain resulting in real-valued signals. Since the signals in the time domain are real-

valued, the amplitude can directly modulate the pulse position by mapping the amplitude

values into their corresponding quantized values. If each PPM frame has NPPM time slots,

there areNPPM quantized values in total while different values correspond to different time

delays.

To address the possible misalignment problem between the drifting transceivers caused

by the waves, we map the PPM frames to spatial diversity transmission scheme, where

duplicated signals are transmitted at each light source simultaneously. At the receiver,

the smoothing filter is introduced to cancel the influence of the noise. With the work of

smoothing filter, the interest signal of each PPM frame will be easily demodulated by sim-

ply analyzing the position of the maximum peak of each PPM frame. Besides, in flat fading

channel, the received signal is composed of the same PPM signals with different multipath

delay and additive noise, we only need to process it in the time domain without any channel

estimator. Therefore, the complexity and cost are reduced. Moreover, due to TF-spreading,

the Doppler effect caused by the mobile AUV is mitigated, and the SNR is improved at the

receiver as well.

We now illustrate our proposed architecture in detail, including our novel contributions,

i.e., the spatial diversity scheme based on PPM signals (Sect. 3.2), the hybrid OFDM-PPM
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Figure 3.1: Transmitted hybrid OFDM-PPM signal processing.

modulator at the transmitter and demodulator at the receiver respectively (Sect. 3.3), and

a TF-spreading at the transmitter (Sect. 3.4). Based on rigorous analyses, we derive the

formula of the theoretical signal to noise ratio with the combination of the OFDM-PPM

modulation scheme and TF-spreading.

3.1 Underwater Optical Channel

We discuss here the components of the underwater optical noise sources and model

mathematically the power of the received optical signal. The noise in the underwater op-

tical wireless communication system is composed of four main components [4]: 1) solar

background noise; 2) shot noise; 3) dark current noise; 4) thermal noise [56].

1. The solar background noise arises from reflected and scattered solar background radi-

ations during daytime observations. Assume NSolar is the power of solar background
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noise, in W,

NSolar = (ηSSaRS)2, (3.1)

where ηS is the solar irradiance in the unit of W/mm2; Sa is the aperture area of

photodetectors in the unit of mm2; RS is the receiver sensitivity in the unit of A/W.

2. The shot noise originates from the discrete nature of electric charge. Assume NShot

is the power of the shot noise, in W,

NShot = 2qIinBW , (3.2)

where q is the electronic charge of 1.6 × 10−19 C; Iin is the incident light current in

the unit of A; BW is the electronic bandwidth in the unit of Hz.

3. The dark current noise is from the random generation of electrons and holes within

the depletion region of the device. Assume NDark is the power of the dark current

noise, in W,

NDark = 2qIpdBW , (3.3)

where Ipd is the photodiode parameter in the unit of A.

4. The thermal noise is generated by the thermal agitation of the charge carriers (usually

the electrons) in the electrical and photonic devices. Assume NTher is the power of

thermal noise, in W,

NTher = 4KTBW/RLoad, (3.4)

where K is the Boltzmann constant of 1.38× 10−23 J/K; T is the temperature in the

unit of K; RLoad is the load resistance in the unit of Ω.

Hence, the total noise power in the optical channel is assumed to be Additive White
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Gaussian Noise (AWGN), which is expressed by summing these four components, i.e.,

NTotal = NSolar +NShot +NDark +NTher (3.5)

To simplify the transmission model while keeping realistic, we assume the transmission

link to be a direct LOS from the transmitter to the receiver, and the environment is assumed

to be the deep, dark and clear ocean. Considering the effect of scattering, dispersion and

beam steering, we can express the power of the received optical signal by,

PR−LOS(d) = PTransRSηTηRLp
Sa cos θ

πd2(1− cos θ0)
(3.6)

where PTrans is the transmit power at an AUV in the unit of W; ηT and ηR are the optical

efficiency of the transmitter and receiver; θ is the transmitter inclination angle in the unit of

degree; θ0 is the LED beam divergence angle in the unit of degree; d is the distance of the

range between transmitter and receiver in the unit of m; Lp is the propagation loss factor in

the unit of m−1, Lp = exp{−c(λ)d}, where c is the beam extinction coefficient, which is a

function of water type and wavelength λ. Hence, based on (3.5) and (3.6), the SNR of an

underwater optical link at a distance d in the unit of m between a transmitter and a receiver

is,

SNR(d) =
PR−LOS(d)

NTotal

=
PTransRSηTηRLp

Sa cos θ
πd2(1−cos θ0)

(ηSSaRS)2 + 2q(Iin + Ipd)BW + 4KTBW/RLoad

.

(3.7)

Note that there still might be solar background noise even in deep and dark water. The

power of solar background noise is calculated by (3.1). The values of the parameters stated

in above equations are chosen according to [57] and [58], as shown in Table 3.1. The water

is assumed to be a deep dark clear ocean with a beam extinction coefficient of c = 0.151;

the transmitting AUV is assumed to have a speed of 0.1 or 0.4 m/s. The attenuation is
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Table 3.1: UOWC Channel Model Parameters.

Parameters Value
Underwater Environment Deep, Dark Ocean

Solar Irradiance ηS 0.81 W/mm2

Aperture Area of Photodetectors Sa 0.01 mm2

Receiver Sensitivity RS 0.5 A/W

Incident Light Current Iin 25 A

Electronic Bandwidth BW 100 MHz

Photodiode Parameter Ipd 1.226× 10−9 A

Temperature T 290 K

Load Resistance RLoad 100 Ω

Transmit Power at an AUV PTrans 50 W

Optical Efficiency of the Transmitter ηT 0.9

Optical Efficiency of the Receiver ηR 0.9

Transmitter Inclination Angle θ 0o

LED Beam Divergence Angle θ0 68o

Beam Extinction Coefficient in Clean Water c 0.151
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firstly generated by (3.6); then, with Doppler shift and the effect of noise is added, which

is composed of four major noise: sources solar background noise, shot noise, dark current

noise and thermal noise. As for the optical noise model related parameters, the follow-

ing values are chosen according to [57] and [58]. The solar irradiance ηS is assumed as

0.81 W/mm2; aperture area of each photodetectors Sa is 0.01 mm2; the receiver sensitivity

RS is 0.5 A/W; the incident light current Iin is set as 25 A; the electronic bandwidth BW

is 100 MHz; the photodiode parameter Ipd is 1.226×10−9 A; the temperature T is assumed

to be 290 K; the load resistance RLoad is 100 Ω; the total transmit power PTrans at an AUV

is set as 50 W; the optical efficiency of the transmitter ηT is 0.9 and the optical efficiency

of the receiver ηR is 0.9; the transmitter inclination angle θ is assumed to be 0o; the LED

beam divergence angle θ0 is assumed to be 68o [58].

3.2 PPM-based Spatial Diversity

First, it should be noted that only one spatial stream is transmitted no matter for single

or for multiple transmitting light sources. The spatial diversity strategy is applied. As a

result, each light source transmits the same signal sPPM(t) in the current system model.

Then the received signal at the j-th photodetector rj(t) can be expressed as,

rj(t) =

NT∑
i=1

NPath∑
m=1

hij(t,m)sPPM(t− τ(m)) + nj(t), (3.8)

where hij(t,m) denotes the channel impulse response between the i-th light source and j-th

photodetector in them-th path, τ(m) denotes the time delay ofm-th path, i = 1, 2, ..., NT , j =

1, 2, ..., NR, m = 1, 2, ..., NPath. NT is the number of transmitting light sources. NR is

the number of photodetectors. NPath is the number of paths. nj(t) represents the additive

noise at the j-th photodetector.

With hj(t,m) =
∑NT

i=1 hij(t,m), the received signal at the j-th photodetector can be
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expressed by

rj(t) =

NPath∑
m=1

hj(t,m)sPPM(t− τ(m)) + nj(t). (3.9)

Assume that the synchronization is ideal, we can process the received signals by adding

them together,

r(t) =

NR∑
j=1

rj(t) =

NPath∑
m=1

h(t,m)sPPM(t− τ(m)) + n(t), (3.10)

where h(t,m) =
∑NR

j=1 hj(t,m), n(t) =
∑NR

j=1 nj(t).

Smoothing Filter: At the receiver, we introduce the moving average filter to smooth

the data. The basic idea of the moving average filter is to replace each data points with the

average of the Nsps neighboring data points. Note that Nsps is an odd number and is called

a span of the filter. Assume Nsps = 2ks + 1; then there are ks neighboring data points on

either side of the data point to be smoothed. When smoothing the p-th data point of the

received data sequence,

rsm(p) =
1

2ks + 1

ks∑
k=−ks

r(p+ k). (3.11)

3.3 Hybrid OFDM-PPM

In the wireless communication system, the OFDM has been widely used due to its

robustness against the frequency selective fading channel; the spectrum efficiency is im-

proved significantly by allowing overlapping as well. Also, the OFDM eliminates ISI

through the use of a CP. However, the OFDM is more sensitive to the frequency offset

due to the Doppler effect. As a result, ICI is introduced. Even though in UOWC where the

transmission speed is very high (as high as 2.26 × 105 km/s) and the ICI are less severe

compared with those in acoustic communication, the negative influence of ICI still exists.

It has been proven in related works [53, 54] that the PPM is quite useful in UOWC. In
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PPM modulation, data are transmitted in the form of short pulses with the same width and

amplitude, but the position of the pulses is in proportion to the amplitude of the message

signal in the time domain. Therefore, all of the interest information is concentrated on

the position of the peak per period. Moreover, the PPM modulation is nonlinear and can

be implemented non-coherently. As for the linear signal with coherent detection, where

the noise works on the transmitted symbols directly by introducing the phase offset, the

accuracy of Phase-Shift Keying (PSK) demodulation can be influenced dramatically. In

contrast, the PPM modulation doesn’t need to track the carrier phase information. Instead,

what we only care about is the peak position of the signal in each period, so that the high

cost of phase detection can be discarded. Therefore, the phase offset caused by noise hardly

has an impact on the PPM signal transmission.

Figure 3.1 depicts the hybrid OFDM-PPM modulation. First, we generate the OFDM

signal in the frequency domain, after which we transfer the signal to time-domain. Then

we modulate the signal with NPPM -array PPM. Assume the OFDM signal at time t is

a(t) ∈ [−A,A], (nTd ≤ t < (n + 1)Td, n = 0, 1, ...), the hybrid OFDM-PPM signal at

time t is sPPM(t) [55],

sPPM(t) = NPPM

NPPM∑
k=0

rect(t− ak(t)Td
NPPM

), (3.12)

where NPPM is the number of time slots in each PPM frame, Td is the frame duration of

the OFDM-PPM scheme,

ak(t) =


k, 2k

NPPM
− 1 ≤ a(nTd)

A
< 2(k+1)

NPPM
− 1,

k = 0, 1, ..., NPPM − 1

0, otherwise

(3.13)

rect(t) =

 1, 0 ≤ t < Td
NPPM

0, otherwise
(3.14)
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At the receiver in reference to (3.10), the signal can be expressed by

r(t) =

 NPPM

∑NPath

m=1 h(t− τ(m),m) + n(t), for a pulse time slot

n(t), otherwise
(3.15)

where h(t) and n(t) are the channel impulse response and additive noise at time t. Since

the detection algorithm at the receiver is to find the peak by time-domain filtering and peak

detection, it is obvious that the SNR at the receiver is improved by NPPM times.

To mitigate the multipath effect and to introduce a period for robust timing in a practical

OFDM system; the CP is designed for hybrid OFDM-PPM. To optimize the CP length,

we need to estimate the multipath effect in the optical channel. Note that the PPM is

a non-linear modulation that will affect the multipath profile. Since the OFDM signal

amplitude is determined by the pulse position in the time domain, the multipath and additive

noise in the channel will affect the pulse position detection. This effect will introduce

noise and another equivalent channel after PPM. There will be another channel profile that

has different parameters other than the time-domain multipath channel. Therefore, it is

necessary to evaluate what is the equivalent channel after the PPM modulation. A simple

characterization can be done by generating known pilot OFDM symbols to PPM then to

the multipath channel with noise, then do PPM demodulation and OFDM FFT. Then the

frequency-domain channel responses can be estimated. This operation is performed for

more than one thousand pilot OFDM symbols, and the resulting frequency-domain channel

responses are averaged to obtain the frequency-domain channel estimate. The IFFT is

performed to find the equivalent multipath channel response with PPM in the time domain.

3.4 Time-Frequency Spreading

The motivation to introduce the TF-spreading is that the SNR can be significantly

improved and the Doppler effect can be effectively defended by spreading in the TF-

domain [59]. Besides, the TF-spreading can be considered as a way to mitigate the ICI,
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especially when the AUV speed is high.

Note that, multiplexing multiple users’ signals will reduce the SNR. Given the transmit

power constraint, if multiple users’ signals are multiplexed in the spread code domain,

the per-user power will have to be reduced by the factor of the number of code-domain

multiplexed users. Reduced transmit power will subsequently cause reduced SNR at the

receiver, therefore decreasing the throughput. So in the TF-spreading, only one user’s

signal is spread at the transmitter. We now provide the SNR analysis for the TF-spreading

scheme [60].

Let us assume that the initial data bit sequence is converted from a serial to a parallel

form, after which it is spread in the frequency domain with code vi for the i-th parallel data

stream, and spread in the time domain with code u. Note that there is only one user in the

system, meaning that different data streams will not be added together on the same OFDM

subcarrier.

Let us now assume that the number of parallel data streams is Nc; the initial data is

spread in the time domain with length LT and is spread in the frequency domain with

length LF . Assuming xi is the i-th parallel data stream after serial-to-parallel conversion,

firstly it is spread in the frequency domain with code vi,

bi = vixi = [vi,1, vi,2, ..., vi,LF
]Txi = [bi,1, bi,2, ..., bi,LF

]T . (3.16)

Then each symbol in bi is spread in the time domain with code u. Thus, we get the

following transmitted signal for each subcarrier,

si = ubi = [u1, u2, ..., uLT
]Tbi, (3.17)

where v and u are orthogonal codes, such as Hadamard Code.
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The signals after TF-despreading are,

x̃i =
vHi
||vi||2

b̃i =
vHi
||vi||2

uH

||u||2
s̃i. (3.18)

Therefore, thanks to this TF-spreading technique, we can improve the SNR at the receiver

at the distance d, i.e.,

γTFS(d) =
||u||4

uuH
||v||4

vvH
SNR(d) = LTLFSNR(d). (3.19)

As stated in (3.19), the SNR after TF-despreading at the receiver is increased by LTLF

times w.r.t. the SNR of the combiner output without TF-spreading.

In this chapter, we analyze the model of underwater optical LOS channel. The compo-

nents of Noise sources are explained, and the signal power attenuation is discussed. Our

new architecture utilizes the techniques of MIMO based on the integrated hybrid OFDM-

PPM transmission scheme and TF-spreading. In the following chapter 4, we present the

simulation results of our proposed architecture with the FER and physical-layer throughput

performances.
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CHAPTER 4

PERFORMANCE EVALUATIONS OF UOWC PROPOSAL

As illustrated in chapter. 3, the hybrid OFDM-PPM and TF-spreading will improve the

SNR significantly. In this chapter, we go further on the physical-layer simulator structure

of our research by introducing in detail its parameters. Then, the simulation results of

FER and physical-layer throughput will be plotted. The structure of our physical-layer

simulator and the parameter settings of our simulator will be described. Note that Monte

Carlo simulations are used and the results of the computer simulations with 95% confidence

intervals are provided to ensure statistical relevance of the simulation results. Specifically,

in Sect. 4.1, we describe the structure of our physical-layer simulator; in Sect. 4.2, we

describe the parameter settings of our simulator; and in Sect. 4.3 we depict the results of

the computer simulations with 95% confidence interval and provide a thorough analysis.

4.1 Custom-made Physical-layer Simulator

Before designing the proposed OFDM-PPM system structure, the wireless channel with

PPM needs to be probed to characterize this channel. After channel probing, it is found that

the channel only has an additive noise term added to the signal. Therefore, there is no need

to design the channel estimator, pilots or the equalizer, since the constellation symbols

are only affected by additive noise and the demodulator can recover the signal without

performing equalization.

The structure of our custom-made physical-layer simulator is shown in Figure 4.1. At

the transmitter, we first apply the channel coding (e.g., Turbo code), then adopt the inter-

leaving technique to place the error bits sparsely in the data sequence. After base-band

modulation, a Serial-to-Parallel (S/P) conversion is adopted. Then, TF-spreading is de-

signed with orthogonal codes to spread in both time and frequency domains. Regarding
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Figure 4.1: Structure of our simulator, including both transmitter and receiver side.
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OFDM-PPM signal generation, we first generate OFDM frequency-domain symbols by

placing the constellation symbols in a conjugate-symmetric way around the zero frequency,

and then transform it into the time domain with IFFT. The conjugate-symmetric way en-

sures all real-valued time-domain signal. Then the time-domain signal is modulated with

PPM and sent through multiple light sources. The signal is transmitted to multiple trans-

mitting light sources with equal-gain transmitter diversity.

At the receiver, the time synchronization is done prior to receiver Equal-Gain Combin-

ing (EGC), and OFDM-PPM demodulation is subsequently performed. Since the equiv-

alent channel with PPM only has additive noise effect, the receiver design is simplified,

and no channel estimator or equalizer is needed. Then TF-despreading is applied to de-

code the signal to improve the receiver sensitivity and enhance the SNR at the receiver.

The de-interleaving and channel decoding are then performed. The OFDM system design

parameters in Table 4.1 are also adopted in the OFDM-PPM system.

4.2 Simulator Parameters Design

For the optical system, the optical beam is directional and does not have the effect of

the ocean surface or bottom reflection. Nevertheless, there is still a scattering effect causing

a minimal multipath delay. As shown in [6], for a UOWC system over a distance less than

100 m, the transmission delay caused by the scattering effect will be equal or less than

τmax = 10 ns. Considering the bandwidth of 100 MHz [6], we find that the introduced ISI

will only affect one sample. Therefore, the number of paths is assumed to be 2, and the

power delay varies with the distance between the AUV and buoy. The linear modulation of

the OFDM optical signal can be realized by tuning of the LED beam photonic density. In

existing optical systems adopting OOK modulation, very-high-speed ADC up to 10 Gbps

can be designed. Therefore, we propose to apply the 10 Gbps for the PPM modulation.

Due to the high cost of GHz-sampling-rate ADC, the number of photodetectors is limited

at the receiver.
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Table 4.1: UOWC Simulator Parameters.

Parameters Value
Maximum Multipath Delay τmax 10 ns

Number of Paths NPath 2

AUV Speed 0.1 m/s or 0.4 m/s

Carrier Frequency fc 4.75× 105 GHz

Underwater Optical Speed vc 2.26× 105 km/s

Number of Photodetectors NR 1 or 4

Number of Light Sources at AUV NT 1 or 4

Baseband Modulation QPSK

OFDM FFT-size KFFT 64

Length of CP TCP 20 ns

Channel Coding Rate Rchc 1/3

Time Period of OFDM Symbol TOFDM 340 ns

Length of Time-Domain Spreading LT 1 or 8

Length of Frequency-Domain Spreading LF 1, 8 or 32

Number of PPM Time Slots NPPM 100

Sampling Rate of ADC 10 GHz

Confidence Level 95%

Smoothing Filter Span Nsps 5
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The channel model is established based on [4]. Parameters for the simulator are in

Table 4.1. At the transmitter, we employ a red light LED with a carrier frequency of

fc = 4.75 × 105 GHz and an underwater optical speed of vc = 2.26 × 105 km/s. On the

number of photodetectors NR, we assume it as 1 or 4. This scale is feasible from both an

engineering and cost point of view. The channel coding rate is Rchc = 1/3. The length

of time-domain spreading LT is chosen to be 1 or 8, while the length of frequency-domain

spreading LF is chosen to be 1, 8, or 32. The number of time slots in the PPM frameNPPM

is chosen to be 100 so that the accuracy of PPM demodulation can be preserved. Note that

the maximum tolerable clock drift is 0.4 ns.

The OFDM parameters are chosen according to the underwater multipath delay profile,

as stated above. The multipath has a maximum delay of τmax. The length of CP TCP

is related to the length of the OFDM symbol TOFDM as TOFDM = αTCP , where α is a

constant. It is expected that the length of the OFDM symbol should be longer than the

length of the CP. The OFDM system parameters are chosen according to the multipath

power delay profile in underwater communication. Since the maximum multipath delay is

10 ns, we choose the CP length to be 20 ns to mitigate the ISI effect; the OFDM FFT size

is chosen to be 64 with FFT duration of 640 ns. With the OFDM system bandwidth to be

100 MHz, overall the OFDM symbol length to be 660 ns, and the subcarrier spacing to be

1.56 MHz. FFT size and a CP length are fixed; this is because practical systems generally

adopt fixed FFT size and a CP length.

4.3 Results and Findings

The major findings of the following simulation results include the coverage extension

measured by FER. In Figures 4.2 to 4.13, which are based on the OFDM-PPM and ordinary

OFDM modulation scheme, it is found that the coverage extension is improved by several

folds, comparing the basic setup with the proposed architecture. Since the PPM converts the

fading channel to additive Gaussian channel, there will be an equivalent SNR gain value
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of the PPM, which contributes to the coverage improvement. Moreover, compared with

the systems without TF-spreading, the systems with TF-spreading improve the coverage

distance significantly due to the SNR gain of TF-spreading. For example, for 0.1 m/s

AUV speed and 1-by-1 system, by the results of zero FER, the distance is increased from

6 m for ordinary OFDM without spreading, to 34 m for PPM-OFDM with TF-spreading.

For 0.4 m/s AUV speed and 1-by-1 system, the distance is increased from 0 m for ordinary

OFDM without spreading, to 32 m for OFDM-PPM with TF-spreading. For the 4-by-4

system, results also indicate several folds’ coverage extension. Under 0.1 m/s AUV speed,

the coverage is improved from 17 m for ordinary OFDM without spreading, to 49 m for

OFDM-PPM with TF-spreading. Under 0.4 m/s AUV speed, the coverage is improved

from 11 m for ordinary OFDM without spreading, to 48 m for OFDM-PPM with TF-

spreading. These coverage extensions are determined by the FER results.

A frame is defined by consecutive 160 OFDM symbols, and the frame error occurs

if a single bit in a frame is in error. There is another physical-layer performance metric

evaluated, namely physical-layer throughput. The physical-layer throughput is calculated

by,

Throughput =
2MKFFTRchc

2LTLFTOFDM
(1− FER), (4.1)

where KFFT is the FFT-size of OFDM; M the order of baseband modulation (M = 2 for

QPSK); Rchc is the channel coding rate; FER is the frame error rate; TOFDM is the period

of one OFDM symbol. Comparing (3.19) with (4.1), we can find that, even though the

SNR is improved by TF-spreading, the throughput is decreased, which shows an inherent

engineering trade-off that needs to be navigated based on the applicsation.

Figures 4.2 to 4.13 depict the performance of SISO and MIMO systems, where the FER

results indicate the coverage gain and a linear-scale is used to help emphasize the coverage

distance. Figures 4.15 to 4.20 depicts the physical-layer throughput of different transmis-

sion schemes. The SISO system is defined as one light source and one photodetector, and

the MIMO system is defined as one or four light sources and four photodetectors. The eval-
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uations are done with QPSK modulation and AUV speeds of 0.1 and 0.4 m/s. Note that, the

physical-layer simulator is built to emulate practical hardware system implementation. The

physical-layer simulation results can validate the effectiveness of our proposal and predict

the performance in the real hardware system. We can find that the coverage distance gain

of systems with four transmitting sources is twice as high as the gain of systems with only

one transmitting source, as the multiple transmitting sources enhance the robustness of the

system and solve the misalignment issues.

Figure 4.14 depicts the FER performances of systems without TF-spreading with an

AUV speed of 0.1 m/s. For 1-by-1 system, the coverage distance gain is about 15 m with

OFDM-PPM, which almost triples the coverage distance with ordinary OFDM. For the 1-

by-4 system, the coverage distance gain is about 10 m with OFDM-PPM. For the 4-by-4

system, the coverage distance gain is about 20 m with OFDM-PPM, which almost doubles

the coverage distance with ordinary OFDM. Here we find that the coverage distance gain

of systems with four transmitting sources is twice as high as the gain of systems with only

one transmitting source. The reason is that the multiple transmitting sources enhance the

robustness of the system.

To explore how Doppler effect influences the performance of our system, Figures 4.8

to 4.13 depicts the FER of OFDM-PPM and ordinary OFDM modulation systems with

0.4 m/s AUV speed respectively. Observing Figure 4.9, we find that the SISO system with

ordinary OFDM without spreading doesn’t work even at a distance as short as 1 m, and the

coverage of the other MIMO systems without spreading shrinks almost one half, which is

attributed to the high Doppler effect caused by the high AUV speed. In Figure 4.12, we

can see that there is a double coverage gain between 4-by-4 system without spreading and

system with LF = 32, LT = 8, but this two scheme only has one half coverage gain when

AUV speed is 0.1 m/s. It shows that spreading in the TF-domain can mitigate the Doppler

shift effectively. Moreover, comparing the FER performance of OFDM-PPM system with

0.1 m/s AUV speed and 0.4 m/s AUV speed, we find that the coverage distances only
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shrink slightly when AUV speed is higher. However, for an ordinary OFDM system with

higher AUV speed, the coverage distances shrink dramatically.

Figures 4.15 to 4.20 depicts the throughput performances of systems with OFDM-

PPM and ordinary OFDM modulation. Note that there are intersection points on curves

of physical-layer throughput, which are what we utilize to balance the number of photode-

tectors and the length of TF-Spreading versus distance. For 0.1 m/s AUV speed and 1-by-1

system with PPM-OFDM (Figure 4.15), the coverage distance is improved to 19 m with

a throughput of 100 Mbps by OFDM-PPM without spreading, to 30 m with a throughput

of 4 Mbps by frequency spreading, and to 34 m with a throughput of 500 kbps by TF-

spreading. For 0.1 m/s AUV speed and 4-by-4 system with OFDM-PPM (Figure 4.19),

the coverage distance is improved to 40 m with a throughput of 100 Mbps by OFDM-

PPM without spreading, to 47 m with a throughput of 4 Mbps by frequency spreading,

and to 49 m with a throughput of 500 kbps by TF-spreading. Comparing the throughput

and coverage distance of OFDM-PPM and ordinary OFDM modulation, we can find that

the maximum throughput for each setup with OFDM-PPM is the same as that with ordi-

nary OFDM. Nevertheless, the OFDM-PPM improves the coverage distance significantly

without sacrificing the physical-layer throughput. In addition, the physical-layer through-

put curves can be applied to potential system adaptation on spreading parameters. Given a

transmitter-receiver distance, the highest physical-layer throughput is determined from the

curve data, and the adaptation of the spreading parameters is achieved.

In this chapter, we evaluate the performances of hybrid OFDM-PPM transmission

scheme and TF-spreading. The proposed architecture is simulated with SISO, SIMO, and

MIMO, respectively. Both FER and physical-layer throughput is analyzed. We find that

the hybrid OFDM-PPM can improve the coverage distance by several folds, while TF-

spreading improves the transmission range with a trade-off of physical-layer throughput.

Although our proposed UOWC architecture realizes a high transmission data rate, the cov-

erage distance is still limited, while UAWC is a good choice for long-distance transmission.
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Figure 4.2: FER of 1-by-1 system with OFDM-PPM modulation when the AUV speed is
0.1 m/s

To study the properties of UAWC, a series of UAWC-OFDM experiments are done in the

chapter 5.
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Figure 4.3: FER of 1-by-1 system with OFDM modulation when the AUV speed is 0.1 m/s
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Figure 4.4: FER of 1-by-4 system with OFDM-PPM modulation when the AUV speed is
0.1 m/s



35

5 10 15 20 25 30 35 40 45

Distance (m)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
E

R

0.1m/s, 1-by-4, OFDM, no spreading

0.1m/s, 1-by-4, OFDM, spreading with L
F
 = 8

0.1m/s, 1-by-4, OFDM, spreading with L
F
 = 32

0.1m/s, 1-by-4, OFDM, spreading with L
F
 = 32, L

T
 = 8

Figure 4.5: FER of 1-by-4 system with OFDM modulation when the AUV speed is 0.1 m/s
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Figure 4.6: FER of 4-by-4 system with OFDM-PPM modulation when the AUV speed is
0.1 m/s
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Figure 4.7: FER of 4-by-4 system with OFDM modulation when the AUV speed is 0.1 m/s
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Figure 4.8: FER of 1-by-1 system with OFDM-PPM modulation when the AUV speed is
0.4 m/s
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Figure 4.9: FER of 1-by-1 system with OFDM modulation when the AUV speed is 0.4 m/s
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Figure 4.10: FER of 1-by-4 system with OFDM-PPM modulation when the AUV speed is
0.4 m/s
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Figure 4.11: FER of 1-by-4 system with OFDM modulation when the AUV speed is
0.4 m/s
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Figure 4.12: FER of 4-by-4 system with OFDM-PPM modulation when the AUV speed is
0.4 m/s
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Figure 4.13: FER of 4-by-4 system with OFDM modulation when the AUV speed is
0.4 m/s
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Figure 4.14: FER of without TF-spreading when the AUV speed is 0.1 m/s
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Figure 4.15: The physical-layer throughput of 1-by-1 system with OFDM-PPM modulation
with an AUV speed of 0.1 m/s
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Figure 4.16: The physical-layer throughput of 1-by-1 system with OFDM modulation with
an AUV speed of 0.1 m/s
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Figure 4.17: The physical-layer throughput of 1-by-4 system with OFDM-PPM modulation
with an AUV speed of 0.1 m/s
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Figure 4.18: The physical-layer throughput of 1-by-4 system with OFDM modulation with
an AUV speed of 0.1 m/s
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Figure 4.19: The physical-layer throughput of 4-by-4 system with OFDM-PPM modulation
with an AUV speed of 0.1 m/s
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Figure 4.20: The physical-layer throughput of 4-by-4 system with OFDM modulation with
an AUV speed of 0.1 m/s
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CHAPTER 5

UNDERWATER ACOUSTIC WIRELESS COMMUNICATION EXPERIMENT

To explore the properties of UAWC, we design a series of testbed-based experiments

in the tank (Figure 5.1) and the pool (Figure 5.2), respectively. In our work, to detect and

record acoustic signals, hydrophones and USRPs are utilized. The transmitted and received

data will be processed using MATLAB. The connection of hardware for UWAC system is

shown in Figure 5.3.

5.1 Hydrophones

One of the most common ways of employing UAWC is to deploy hydrophones (Fig-

ure 5.4). The underwater acoustic wave is composed of alternating compressions and rar-

efactions of the water. Most hydrophones are equipped with a certain ceramics, which

produces small-voltage signals once subjected to changes in underwater pressure. Thus the

hydrophone can measure underwater acoustic signals by recording the voltage signals from

the ceramics.

A series of highly sensitive hydrophones, called RESON TC 4013, designed by TELE-

DYNE MARINE [61], are deployed in our research. The RESON TC 4013 offers a uni-

form omnidirectional sensitivity in both horizontal and vertical planes. It can work as an

excellent transducer by making absolute sound measurements and calibrations with a fre-

quency range of 170 kHz. Moreover, it can also be deployed as an omnidirectional transmit

antenna.

5.2 Universal Software Radio Peripheral

A high-performance and scalable platform (Figure 5.5), called X-310 designed by Ettus
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Figure 5.1: Test in tank

Research and its parent company, National Instruments [62], is deployed in this research.

It contains a large Kintex-7 FPGA which provides additional space for developers to incor-

porate custom digital signal processing blocks. The USRP will be connected with a host

computer to transmit and receive signals. Each USRP board contains two channels and two

master clock rates.

5.3 Voltage Preamplifier

A voltage preamplifier (Figure 5.6), called EC6081 mk2 (VP2000) designed by TELE-

DYNE MARINE [63], is deployed in conjunction with piezoelectric hydrophones. It offers

excellent low-noise performance over the entire frequency range (up to 1 MHz). Besides,

it provides with 1Hz to 1MHz bandwidth Gain selection and 12 high-pass and 12 low-pass
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Figure 5.2: Test in pool

filters in total, which can be used for designing ideal bandpass filter.

5.4 Software

A radio-in-the-loop design and modeling environment can be provided by MATLAB by

connecting to USRP software-defined radios from Ettus Research, LLC. With Communica-

tions Toolbox, the support package, and a USRP radio (X310), practical software-defined

radios systems can be designed and verified [64, 65]. The support package includes func-

tions and system objects for connecting MATLAB to USRP-Hardware-Driver-based USRP

radios, such as SDRuTransmitter System object and SDRuReceiver System object.

To use the Communication Toolbox Support Package for USRP Radio features, com-

munication between the host computer and the radio hardware is established with an Eth-

ernet cable.
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Figure 5.3: Hardware connection

5.5 experimental Design

The structure of our testbed-based UWAC system is shown in Figure 5.7. At the trans-

mitter, we first apply the channel coding (e.g., Turbo code), then adopt the interleaving

technique to place the error bits sparsely in the data sequence. Then we do the constella-

tion mapping corresponding to the source code modulation. After baseband modulation, a

S/P conversion is adopted. Then, we generate OFDM frequency-domain symbols by IFFT.

The OFDM frames are composed of pilot frames and data frames. If we use ”P” to rep-

resent pilot frame and use ”D” to represent data frames, the structure of OFDM frames is

[P D D P D D P ...]. After space-time coding, we process the digital signals with DAC.

Then the data streams can be transmitted by transducers.

At the receiver, the time synchronization is done based on the high auto-correlation of

M-sequence. After ADC, OFDM de-modulation is performed. To decode the receive data,

channel estimation is needed to get the channel information. For MIMO transmission,

scheme, the estimated channel is calculated by ZF. As for SIMO, Maximal Ratio Com-

bining (MRC) is utilized to enhance the system robustness. After space-time decoding

and constellation de-mapping, the de-interleaving and channel decoding are subsequently

performed.

The hardware and software parameters are set in Table. 5.1. The center frequency

of acoustic signals is 100 kHz. The underwater acoustic speed is about 1500 m/s. The

number of transmit antennas is 1 or 2 in the tank and is 1 in the pool. The number of

receive antennas is 1 or 2 in the tank and is 1 in the pool. The baseband modulation is

BPSK or QPSK in the tank and is BPSK in the pool. With a wave speed of lower than
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Figure 5.4: RESON TC 4013 Hydrophone [61]

Figure 5.5: USRP X310 [62]
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Figure 5.6: VP2000 voltage preamplifier [63]

0.1 m/s, the coherence time is about 150 ms, so OFDM FFT size is chosen to be 6144. The

length of CP TCP is related to the length of the OFDM symbol TOFDM as TOFDM = αTCP ,

where α is a constant. It is expected that the length of the OFDM symbol should be longer

than the length of the CP. Since the propagation delay is around 10 ms, we choose the CP

length to be 10240 µs to mitigate the ISI effect. With the OFDM system bandwidth to be

100 kHz, overall the OFDM symbol length to be 71680 µs, and the subcarrier spacing to be

16.28 Hz. FFT size and a CP length are fixed; this is because practical systems generally

adopt fixed FFT size and a CP length.

5.6 Experimental Result

Figure 5.8 depicts the signal-to-noise ratio versus distance in the tank. The distance in

the tank varies from 13 cm to 38 cm, while the SNR varies between 40 dB and 44 dB.

Figures 5.9 to 5.16 depict the results of experiments in the tank, while Figures 5.18 to 5.23
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Figure 5.7: Underwater acoustic system structure
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Table 5.1: UAWC Experiment Parameters.

Parameters Value
Center Frequency fc 100 kHz

Underwater Acoustic Speed vc 1500 m/s

Number of Transmit Antennas NR 1 or 2

Number of Hydrophones at Receiver NT 1 or 2

Baseband Modulation BPSK or QPSK

OFDM FFT-size KFFT 6144

Length of CP TCP 10240 µs

Channel Coding Rate Rchc 1/3

Time Period of OFDM Symbol TOFDM 71680 µs

Output Samples Per Symbol at Transmitter 4

Iutput Samples Per Symbol at Receiver 4

Samples Per Frame of ADC at Receiver 1024

Confidence Level 95%

51 cm (L)

Tank size 26 cm (W)

32 cm (H)

Power Output of USRP X310 > 10 dBm

Overall Gain for the USRP Hardware Receiver Data Path 8 dB

Overall Gain for the USRP Hardware Transmitter Data Path 8 dB

Output Gain of Voltage Preamplifier 20 dB

Frequency Band of Voltage Preamplifier 10− 500 kHz

Depth in Tank Experiment 6 cm

Depth in Pool Experiment 60 cm

Wave Speed < 0.1 m/s
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depict the results of experiments in the pool. The major findings of the following results

include the BER variations from the increase of the distance, the physical-layer throughput

variations from the distances, the transmission rate and the order of baseband modification,

and the channel impulse response in the pool.

Figures 5.9, 5.11, 5.13 and 5.15 depict the BER performances of systems versus dis-

tance. For the 1-by-1 system with BPSK (Figure 5.9), the BER is 0 when the distance is

shorter than 22 cm, and the BER is lower than 0.02 when the distance is increased. For the

1-by-1 system with QPSK, the BER is 0 when the distance is shorter than 13 cm, lower

than 0.02 when the distance is between 13 cm and 22 cm, and higher than 0.04 when the

distance is longer than 26 cm. It can be found that compared with BPSK, QPSK is more

likely to be wrongly decoded with the same energy per symbol.

Figure 5.11 depicts the BER performance of the 1-by-2 system. For BPSK, the BER is

0 when the distance is shorter than 31 cm, and the BER is lower than 1.4× 10−3 when the

distance is increasing. For QPSK, the BER is 0 when the distance is shorter than 22 cm,

and the BER is lower than 1.8 × 10−3 when the distance is increase. Compared with the

1-by-1 system, the coverage distance of 1-by-2 system is greatly improved, and the BER is

decreased significantly. The reason why it performs like this is that spatial diversity helps

improve the system robustness by offering several observations of the same signal, which

mitigates the effect of a deep fading channel.

Figure 5.13 depicts the BER performance of the 2-by-2 system with STBC. The BER

is 0 when the distance is shorter than 32 cm. For QPSK, the BER is lower than 0.05 when

the distance is between 13 cm and 22 cm, lower than 0.1 when the distance is increased.

Figure 5.15 depicts the BER performance of the 2-by-2 system with V-BLAST. The BER is

between 0.2 and 0.3 when the distance is shorter than 26cm. For QPSK, the BER is between

0.3 and 0.4 when the distance is shorter than 31 cm. When the distance is 38 cm, the BERs

of BPSK and QPSK are almost the same, which is because the wireless link is already very

bad. Compared with STBC system, V-BLAST system leads to more interference since two
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different streams are transmitted simultaneously.

Figures 5.10, 5.12, 5.14 and 5.16 depict the physical-layer throughputs of systems. For

the 1-by-1 system with BPSK, the achievable physical-layer throughput is about 5.7 ×

104 bps. For the 1-by-1 system with QPSK, the achievable physical-layer throughput is

about 11.5×104 bps for QPSK, which doubles the physical-layer throughput of the 1-by-1

system with BPSK. For the 1-by-2 system and 2-by-2 system with STBC, the achievable

physical-layer throughputs are almost the same as that of the 1-by-1 system. For the 2-by-

2 system with V-BLAST, the achievable physical-layer throughput is about 0.9 × 105 bps

with BPSK, about 1.57×105 bps with QPSK, which almost double the achievable physical-

layer throughput compared with those of 1-by-1 system, 1-by-2 system, and 2-by-2 STBC

system. The reason is that multiplexing transmits different data streams with different

antennas at the same time, which improves the transmission data rate.

Figures 5.18 to 5.23 depict the results of experiments in the pool, where the wave speed

is lower than 0.1 m/s. The antennas are fixed in the center of the pool. Figure 5.18 depicts

the BER of each frame when the distance is 25 cm, and the SNR at the receiver is 7.92 dB.

It can be observed that the BER is lower than 7 × 10−5. Figure 5.19 depicts the channel

impulse response, from which we can find that the wireless link is good with low atten-

uation and low channel distortion. Figures 5.20 and 5.22 depict the BER of each frame

when the distance is 4.57 m and the SNR at the receiver is 1.32 dB and 1.20 dB. We can

observe that the BER is equal to 0 at most time, but errors occur randomly and suddenly

with BER up to 0.45. Figures 5.21 and 5.23 depict the channel impulse responses with a

distance of 4.57 m. We can find that the attenuation increases significantly compared with

that when the distance is 25 cm. In addition, compared with the channel impulse response

in the tank (Figure 5.17), the channel in the pool has less multipath.

In this chapter, we introduce the hardware equipment and experimental structure. The

experiments are done in the tank and pool, respectively. It is proven that the OFDM works

underwater acoustic environment. As for the transmission schemes, the spatial diversity
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Figure 5.8: SNR at the receiver in the tank

works in improving system robustness and coverage distance, while the spatial multiplex-

ing helps to enhance the transmission data rate.
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Figure 5.10: Physical-layer throughput of 1-by-1 UAWC
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Figure 5.11: BER of 1-by-2 UAWC
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Figure 5.12: Physical-layer throughput of 1-by-2 UAWC
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Figure 5.13: BER of 2-by-2 UAWC with STBC
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Figure 5.14: Physical-layer throughput of 2-by-2 UAWC with STBC
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Figure 5.21: Channel impulse response of 1-by-1 UAWC with a distance of 4.57 m and
SNR = 1.32 dB
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Figure 5.23: Channel impulse response of 1-by-1 UAWC with a distance of 4.57 m and
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CHAPTER 6

CONCLUSION AND FUTURE WORK

A new physical-layer system architecture for UOWC is proposed in this thesis. The mo-

tivation for this new architecture is to improve the coverage significantly. The key feature

of the proposed architecture is the integration of the hybrid OFDM-PPM modulation and

TF-spreading into the whole physical-layer framework. The architecture is realized by the

physical-layer simulator and is further validated under realistic underwater optical channel

modeling. Results indicate that the proposed hybrid PPM-OFDM with spatial diversity can

improve the coverage distance by several folds compared with ordinary OFDM setups. TF-

spreading improves the coverage distance by creating SNR gain, while the physical-layer

throughput is decreased with the increase of the length of TF-spreading. The spatial diver-

sity also helps to improve the coverage distance by enhancing the robustness of wireless

communication link. And the issue of Doppler effect can be solved effectively with the

utilization of hybrid OFDM-PPM modulation technique and TF-spreading.

In addition, the OFDM modulation has been proven in UAWC for SISO, SIMO, and

MIMO system. The increase of the order of baseband modulation will lead to higher BER

but will improve the transmission data rate as well as the physical-layer throughput. The

spatial diversity will enhance the robustness of wireless link and decrease the BER. Spatial

multiplexing will increase the transmission data rate and physical-layer throughput, but

increase the BER as a trade-off. Comparing the channel impulse responses in the tank and

the pool, we can find that the transmission in the tank suffers more multipath delay.

As future work, the maximum tolerable clock drift needs to be improved, and a syn-

chronization scheme for hybrid PPM-OFDM will be explored. An optical testbed will be

deployed to validate the proposal and the models used in simulations. Moreover, UAWC

with more transmission schemes will be tested. The number of transmit and receive anten-
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nas will be increased. To extend the coverage distance, the amplifiers will be introduced to

the transmitter. To mitigate the effect of fading channel, new pilot constructs and channel

estimation and equalization scheme will be explored. Notice that there is a trade-off be-

tween distance and physical-layer throughput with different transmission scheme, the adap-

tive transmission modulation scheme will be studied. Furthermore, an adaptive scheme for

underwater communications will be under research, namely underwater acoustic-optical

wireless communication, which aims to realize the switch between UAWC and UOWC

with optimal choices. With this adaptive transmission scheme, it will switch to UOWC in

short distances for higher transmission data rate, and switch to UAWC when long distances

are in need.
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