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ABSTRACT 

DATA MULTIPLEXING IN VECTOR ACOUSTIC COMMUNICATION:  

SYSTEM DESIGN AND EXPERIMENTS 

by 

Erjian Zhang 

Acoustic particle velocity channels, which are vector components of the acoustic field, 

have been recently explored to achieve communication purposes underwater. Vector 

sensors and transducers that can utilize acoustic particle velocity channels have compact 

multichannel designs, which are perfect for compact size underwater platforms. In this 

dissertation, an underwater acoustic multiple-input multiple-output (MIMO) 

communication system featuring orthogonal frequency division multiplexing (OFDM) and 

frequency shift keying (FSK) modulation is discussed. By transmitting multiple 

independent data streams simultaneously over several channels within the same bandwidth, 

the proposed MIMO system increases the transmission rate. A variety of components of 

the system such as vector transducers and algorithms for synchronization, channel 

estimation, MIMO detection, channel coding, etc., are designed and implemented. 

Parameters of acoustic particle velocity channels and system performance are measured 

and studied via experimental data for various conditions and configurations, to understand 

the performance of the developed vector MIMO system. 

 On the other hand, wireless data communication and telemetry during drilling deep 

oil and gas wells are important enablers for safe and timely drilling operations. The 

transmission of information through drill strings and pipes using sound waves is a useful 

and practical approach. However, given the limited available bandwidth, transmission rates 

are typically smaller than what is needed. In this dissertation, a new method and system 



 

 

are proposed to increase the transmission rate over the same bandwidth, by deploying more 

than one actuator. Upon using multiple actuators, several data streams can be transmitted 

simultaneously. This increases the data rate without the need for additional bandwidth. The 

experimental results of a testbed with two actuators are presented, where the transmission 

rate is doubled with no bandwidth increase. A strain sensor receiver and accelerometer 

receivers are used to separate and demodulate the two data streams. It is demonstrated that 

it is possible to recover the data in the new faster system benefiting from two actuators, 

while having about the same bit error probability performance as a one-actuator system. 

Various combinations of strain and acceleration sensors are considered at the receive side. 

Due to some properties of strain channels (e.g., smaller delay spreads and their less-

frequency-selective behavior) presented in this dissertation, it appears that a strain sensor 

receiver and an accelerometer receiver together can offer a good performance when 

separating and demodulating the two actuators’ data in the testbed. Overall, the 

experimental results from the proposed system suggest that upon using more than one 

actuator, it is feasible to increase the data rate over the limited bandwidth of pipes and drill 

strings.  
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CHAPTER 1 

INTRODUCTION 

 

Electromagnetic waves are the most common used media in terrestrial wireless 

communication systems. However, there are environments that electromagnetic waves 

suffer from high propagation attenuation. Underwater and oil/gas well applications are two 

examples where acoustic signals are the better candidate to achieve reliable wireless 

communication.  

 

1.1 Overview of Underwater Acoustic Communication 

1.1.1 Introduction of Underwater Acoustic Communication 

 

The market of wireless underwater acoustic communication is anticipated to grow to about 

$3 billion in the next few years [1]. This market includes applications such as 

environmental monitoring, pollution monitoring, climate recording, hydrography and 

oceanography, with end users ranging from oil and gas to military and defense, homeland 

security, scientific research and development, and marine1. The underwater medium is a 

complex propagation environment [2]. Given the very limited underwater acoustic 

bandwidth, typically in the order of kHz, data rates of underwater communication systems 

are much smaller than terrestrial wireless communication systems. Upon transmitting 

multiple data streams over an available bandwidth, i.e., data multiplexing, data rate can be 

increased. Data multiplexing in wireless systems utilizing electromagnetic waves was first 

accomplished using multiple individual transmitters (multiple antennas) [3]. Using certain 

properties of electromagnetic waves, polarization multiplexing and orbital angular 
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momentum multiplexing were also devised for data rate increase in wireless terrestrial 

systems [4, 5]. Given the strong attenuation of electromagnetic waves in underwater 

environments, acoustic waves are proper carriers of information in underwater 

communication systems. In existing underwater systems, data are modulated on acoustic 

pressure, which is the scalar component of acoustic field, using one scalar transmitter. To 

increase data rate, multiple individual scalar transmitters were used to multiplex data for 

underwater communication [6]. However, given the voluminous size of a communication 

modem carrying several transmitters, many modern underwater platforms such as medium 

and small autonomous and unmanned underwater vehicles [7] do not have the option of 

communicating via multiple transmitters. 

1.1.2 Introduction of Acoustic Particle Velocity Channel and Vector Transducers 

 

Acoustic particle velocity is a vector quantity whose magnitude in each axis is spatial 

gradient of acoustic pressure in that direction [8]. Communication via acoustic particle 

velocity channels using vector transducers has been recently studied for underwater 

systems [9]. A compact vector transducer can measure or excite acoustic particle velocity 

and acoustic pressure, all co-located at a single point in space. In addition to the acoustic 

pressure channel [10, 11], acoustic particle velocity channels provide extra channels for 

communication [9, 12, 13]. To utilize these channels, vector transducers are used, which 

can transmit and receive both pressure and particle velocity signals [9, 13, 14].  

Different characteristics of these channels such as capacity [15, 16], delay and 

Doppler spreads [17], instantaneous mutual information [18] and possible correlations [19] 

have been studied to date.  

 



 

3 

1.2 Acoustic Communication in Drill Strings of Oil and Gas Wells Application 

When drilling to reach underground oil and gas reservoirs, drilling operators on the ground 

need to have information on parameters such as temperature, pressure, etc., at the bottom 

of wellbores. This is crucial for safe and timely drilling of wells. Such parameters are 

measured using some sensors downhole, and are communicated to surface platforms via a 

variety of techniques [20]. Mud pulses, electromagnetic waves and acoustics waves have 

been used for information transmission. For a review and comparison of different methods, 

interested readers can refer to [21]. Mud pulses data rate is usually few bits/sec only, 

whereas electromagnetic waves experience strong attenuation. Acoustic transmission of 

such information through drill strings is a viable and useful method. The limited available 

bandwidth [22], however, is a limiting factor on the achievable data rates. 

 

1.3 Contributions 

In this dissertation, a system for underwater acoustic communication is proposed and 

experimentally demonstrated that upon utilizing the unique physics of underwater 

acoustics, it is feasible to multiplex several data streams from a single transmitter. For 

example, by multiplexing two or three data streams, we double or triple the transmission 

rate over a given bandwidth, using only one transmitter. The key idea is to devise a method 

which benefits from the vector nature of the underwater acoustic field for data multiplexing 

and rate increase. In this chapter, we present a method and implement a system accordingly, 

to modulate multiple data streams on underwater acoustic particle velocity components, 

with particle velocity being the aforementioned vector field to explore. The fundamental 

difference between the introduced approach and other underwater acoustic communication 
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methods and systems is that they modulate data merely on the acoustic pressure, which is 

the scalar component of the acoustic field. 

For drill strings of oil and gas wells applications, using multiple actuators is 

proposed, to transmit several data streams simultaneously over the same bandwidth, and 

then separate and demodulate them at the receive side. This allows for data rate increase 

and optimal utilization of the small available bandwidth. In fact, using two actuators on a 

drill string testbed, we have shown that data rate can doubled, by transmitting two data 

streams simultaneously, without increasing the bandwidth. While two piezoelectric 

actuators are used in this dissertation’s experiments, one can use magnetostrictive actuators 

[22-24] as well. 

 

1.4 Organization 

This dissertation is organized as following: 

In Chapter 2, a 2×1 multiple-input single-output (MISO) underwater system is 

introduced, where two independent data streams are sent thru two particle velocity channels.  

Experimental results are presented and analyzed, to explore the performance of the 

proposed vector transmitter and compare it to an array of two scalar transmitters. 

Chapter 3 presents underwater experimental results on two vector acoustic 

communication systems: A 3×1 multiple-input single-output (MISO) system and a 1×3 

single-input multiple-output (SIMO) system. The MISO system utilizes the three x-

velocity, y-velocity and pressure channels to transmit three independent data streams, so, 

tripling the transmission rate. On the other hand, the SIMO system benefits from data 

reception via the three x-velocity, y-velocity and pressure channels, to improve link quality. 
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In both systems, the bit duration is chosen to be long enough so that there is no inter-symbol 

interference (ISI) to mitigate. Experimental feasibility of a 3×1 vector MISO system using 

a vector transducer transmitter is demonstrated first. Later, experimental data of a 1×3 

vector SIMO system having a vector transducer receiver is discussed, to understand its 

improved performance compared to a 1×3 fully scalar conventional SIMO system which 

has three spatially-separated scalar receivers, i.e., regular hydrophones.  

To further increase the data rate, a method to modulate a third data stream on the 

same vector transmitter is explored in Chapter 4. The implemented system utilizes OFDM 

with zero-forcing (ZF), minimum mean square error (MMSE) and Maximum Likelihood 

(ML) detection. Carrier frequency offset (CFO) and channel responses are estimated using 

null and pilot tones, respectively. The preliminary results are shown in this chapter. To test 

the system robustness against Doppler effect, the transmitter is manually moved back and 

forth during the experiments, to mimic the drifting in realistic environment. 

The details on OFDM implementation and how tripling data rate is done can be 

found in Chapter 5. The performance of both FSK and OFDM underwater acoustic system 

are tested in real ocean environment. Results of both systems are presented and discussed. 

 In Chapter 6, using multiple actuators is proposed for applications in drill strings 

of oil and gas wells, to transmit several data streams simultaneously over the same 

bandwidth, and then separate and demodulate them at the receive side. The experimental 

testbed is explained. Channel measurements and communication test results are presented 

as well.  

Finally, the conclusion and remarks are given in Chapter 7. Thoughts on the future 

research and the possible study directions are provided also. 
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CHAPTER 2 

UNDERWATER COMMUNICATION USING VECTOR TRANSMITTER  

 

To explore the feasibility of using vector transmitter for underwater communication, FSK 

modulation is the first to consider due to its simplicity, so that the focus can be concentrated 

more on understanding the properties of particle velocity channels and vector transducers. 

In this chapter, a 2×1 multiple-input single-output (MISO) underwater system is 

introduced, where two independent data streams are sent thru two particle velocity channels. 

Moreover, physically, there is only one vector transmitter being used. 

 

2.1 Transmission of Two Data Streams Using A Two-Channel Vector Transmitter 

The top view of a 2×1 MISO acoustic vector system is shown in Figure 2.1. There is one 

vector projector [9] with four scalar elements at the transmit side, labeled by A, B, C and 

D, with spacing TxL , and a scalar sensor (hydrophone) at the receive side. The four channels 

in Figure 2.1 are labeled as Ah , Bh , Ch  and Dh . When TxL is small, elements A and B 

operate as a dipole in x-direction, and elements C and D operate as a y-oriented dipole. The 

pressure-equivalent particle velocity channels are given by [9, 25] 

                                    
( ) ( )

( ) ( )

1

1

,

,

x

Tx A B

y

Tx C D

h jkL h h

h jkL h h

−

−

= −

= −
                                               (2.1) 

where 1j = − ,  2 /k  =  is the wavenumber, 0/c f =  is the wavelength, c  is the 

speed of sound and 0f  is the carrier frequency. More details of the pressure-equivalent 

particle velocity channels can be found in Chapter 5. 
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Figure 2.1 Top view of the proposed 2×1 MISO underwater acoustic communication 

system. The transmitter Tx is a vector projector and the receiver Rx is a scalar sensor. 

 

 

Upon transmitting two signals thru the above two particle velocity channels, the 

received signal can be written as 

                                    
1

2

.x y
s

r h h n
s

 
 = +  

 
                                                      (2.2) 

Here 1s  and 2s  are two independent FSK modulated signals and n  is the acoustic 

pressure ambient noise. Note that bit duration Tb is chosen to be long enough, so that the 

channels in (2.2) can be considered as frequency-flat, causing no inter-symbol interference 

(ISI).   

The block diagram of the receiver is shown in Figure 2.2, which includes two non-

coherent binary FSK (BFSK) demodulators, to recover the signals 1s  and 2s . 

 

 

 

L
Tx

 

A 

B 
Rx 

y 

x 

Tx 

h
A
(h

B
) 

h
C
 

C 

D h
D
 



 

8 

 

Figure 2.2 Block diagram of two non-coherent BFSK demodulators [26] at the receive 

side of the 2×1 MISO underwater acoustic communication system. 

 

 

2.2 Initial Experimental Results 

2.2.1 Experiment Setup 

 

In the experiments, BFSK modulated signals are generated by MATLAB® and then 

applied to one vector projector or two scalar projectors using a D/A converter controlled 

by MATLAB® Data Acquisition Toolbox™. Received signals are captured by one scalar 

hydrophone connected to an A/D converter controlled by MATLAB® Data Acquisition 

Toolbox™. The carrier frequency is chosen to be 0 20.2f =  kHz. The bit duration is set at 

0.1bT =  s, to ensure that in one of the experiment setups, lab water tank, we have rmsbT  , 

where rms  is rms multipath delay spread of the tank [27]. The frequency spacing f  is 

chosen to be 100 Hz, to keep BFSK frequencies orthogonal.  The vector projector with four 

elements acts as two dipoles, to transmit two independent data streams, simultaneously. 

2.2.2 Lab Test Results 

 

The MISO system with one vector projector and one scalar sensor receiver is first tested in 

the lab water tank, as shown in Figure 2.3b. As shown in Figure 2.3a, a fully scalar MISO 
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system is also considered for comparison, which consists of two scalar projectors and one 

scalar sensor receiver. The transmitters and receiver in both systems are separated by about 

1m in the same lab water tank. Each transmission in the experiments is 5 minutes long for 

each MISO system.  

     
a b 

Figure 2.3 Two MISO systems in the lab water tank. a: Two scalar projectors and one 

scalar receiver; b: One vector projector and one scalar receiver.   

 

 

  
(a) SNR is about -15dB (b) SNR is about -13dB 

Figure 2.4 Spectra of the received signals for both MISO systems, measured in the lab. 

 

 

Bit error rates (BERs) of the MISO systems are shown in Table 2.1. With similar 

received signal-to-noise ratios (SNRs), the vector system shows zero or very close to zero 
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BER. The smaller size of the vector projector compared to the two scalar projectors 

together is another advantage of the proposed vector system. To better understand the BER 

results, the spectra of the received signals are shown in Figure 2.4. 

Unbalanced power distribution is observed in both systems. After inspecting the 

received signals and the demodulated bits, one can observe that all errors occurred at 

frequencies which had lower spectral magnitudes. This means that Figure 2.4 explains the 

BER results in Table 2.1.  

Table 2.1 Experimental BER Performance of the MISO Systems in the Lab 

 

Transmitting System SNR (dB) BER 

Two scalar projectors -15.3 0.02 

One vector projector -15.2 <0.001 

Two scalar projectors -13.7 <0.001 

One vector projector -13.6 0.006 

 

2.2.3 Pool Test Results 

 

The same MISO system with one vector projector and one scalar sensor receiver is also 

tested in a large pool, where the transmitter and receiver are placed at the same depth, about 

15 m far apart. The fully scalar MISO system with two scalar projectors and one scalar 

sensor receiver is also deployed in the pool, for comparison purposes. Other parameters 

remain the same as those considered in the lab experiments. BER results and received 

signal spectra of both MISO systems in the pool are shown in Table 2.2 and Figure 2.5, 

respectively. 

With the same received SNR, the vector system exhibits a lower BER, which may 

be attributed to the frequency content of the received signals shown in Figure 2.5. The last 
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frequency in the fully scalar system spectrum, the top panel of Figure 2.5, has a very small 

magnitude, which causes many errors. In addition to lower BER, the compact size of the 

transmitter is another benefit of the vector system. 

Table 2.2 Experimental BER Performance of the MISO Systems in the Pool 

 

Transmitting System SNR (dB) BER 

Two scalar projectors -9.6 0.028 

One vector projector -9.7 <0.001 

 

 

Figure 2.5 Spectra of the received signals for both MISO systems, measured in the pool. 

 

 

2.3 Conclusion 

In this chapter, the simultaneous underwater transmission of two independent data streams 

using a two-channel acoustic vector transducer is considered, where two independent FSK 

signals are sent thru two orthogonal particle velocity channels. Lab and pool experiments 

demonstrate that the proposed vector system offers zero or very low bit error rate, 
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compared to a fully scalar system with two individual scalar transmitters. The compact size 

of the vector transmitter is another advantage which makes it particularly suitable for small 

underwater vehicles and platforms. 
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CHAPTER 3 

UNDERWATER COMMUNICATION USING VECTOR RECEIVER  

 

In this chapter, underwater experimental results on two vector acoustic communication 

systems are presented: A 3×1 multiple-input single-output (MISO) system and a 1×3 

single-input multiple-output (SIMO) system. The MISO system utilizes the three x-

velocity, y-velocity and pressure channels to transmit three independent data streams, so, 

tripling the transmission rate. On the other hand, the feasibility of utilizing a vector receiver 

in underwater communication system is explored. The SIMO system benefits from data 

reception via the three x-velocity, y-velocity and pressure channels, to improve link quality. 

In both systems, the bit duration is chosen to be long enough so that there is no inter-symbol 

interference (ISI) to mitigate.  

The rest of the chapter is organized as follows. In Section 3.1, experimental 

feasibility of a 3×1 vector MISO system using a vector transducer transmitter is 

demonstrated. Experimental data of a 1×3 vector SIMO system having a vector transducer 

receiver is discussed in Section 3.2, to understand its improved performance compared to 

a 1×3 fully scalar conventional SIMO system which has three spatially separated scalar 

receivers, i.e., regular hydrophones. Concluding remarks are provided in Section 3.3. 

 

3.1 The 3×1 MISO System with a Three-Channel Vector Transmitter and One 

Scalar Receiver 

 

The feasibility of a 3×1 MISO system using a vector transmitter is presented in this section 

via underwater experiments. The MISO system modulates three independent binary FSK 
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(BFSK) signals on the three x-velocity, y-velocity and pressure channels, to triple the 

transmission rate. 

3.1.1 Experimental Setup 

 

Experiments are performed in a large pool. Transmitters and receiver are about 13 meters 

apart. Our vector transmitter includes the same ring transducer [28] with four segments 

which used in Chapter 2 to modulate the x and y components of acoustic particle velocity, 

plus a co-located scalar transducer to modulate the acoustic pressure, as shown in Figure 

3.1. They are about 30 cm deep in water. The vector transmitter can be considered as two 

orthogonal dipoles that modulate two independent BFSK signals 1s  and 2s  on x-velocity 

and y-velocity channels, plus modulating the third BFSK signal 3s  on the co-located 

pressure channel. This means that three independent data streams are transmitted 

simultaneously by a three-channel vector transmitter, to triple the data rate. A single scalar 

hydrophone is used as the receiver.  

 

Figure 3.1 Vector transmitter of the MISO system includes a ring transducer (left) with 

four segments which acts as two orthogonal dipoles for two independent data streams, plus 

a nearly co-located scalar transducer (right) for the third data stream. The transducers are 

at the same depth and there is no spacing between them. 
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The MISO system equation can be written as 

                                                       

1

2

3

.x y

s

r h h h s n

s

 
  = +   
  

                                                     (3.1) 

Here r  is the received signal, xh  and yh  are the particle velocity channel coefficients in x 

and y directions, respectively, h  is the pressure channel coefficient, 1s , 2s  and 3s  are three 

independent BFSK modulated signals, and n represents noise at the receiver. 

 

Figure 3.2 Block diagram of a non-coherent BFSK demodulator for three independent data 

streams. 

 

 

The resonance frequency for the ring transducer is 20.41 kHz when used as two 

dipoles. Since BFSK is used for signal modulation, two frequencies are assigned to 

represent 0’s and 1’s for each data stream. These frequencies are 20.2, 20.3, 20.4, 20.5, 

20.6 and 20.7 kHz for simultaneous transmission of three independent data streams. 

Sampling rate at both the transmit and receive sides are fixed at 100k samples/sec. To avoid 

ISI, bit duration bT  is set to 0.1 sec., to be much longer than the delay spread caused by 

multipath propagation. In each experiment, 6000 bits are split into three equal-length data 
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streams and transmitted simultaneously. The receiver records not only the signal 

transmission, but also the noise before and after the transmission. Block diagram of the 

non-coherent BFSK demodulator [26] that used for three data streams is shown in Figure 

3.2. 

3.1.2 Experimental Results 

 

Table 3.1 presents the bit error rate (BER) of the MISO system for different transmit signal 

amplitudes. Here the amplitude means the amplitude of the BFSK sine waveform applied 

to each transmitter. As expected, BER decreases as the signal amplitude is increased. 

Table 3.1 BER Performance of the MISO System for Different Transmitting Amplitudes 

 

Signal Amplitude (V) BER 

0.6 0.1338 

1 0.0042 

2 <0.0001 

 

Figure 3.3 shows the corresponding spectra of the received signal r  in Equation 

(3.1), for different transmit signal amplitudes. These spectra also show that the amplitudes 

at FSK frequencies increase when the same signal amplitude at the transmitter side over 

two particle velocity and one pressure channels is increased. 

The table and the spectra both demonstrate the feasibility of using a compact 

multichannel vector transmitter to simultaneously modulate co-located particle velocity 

and pressure channels, to increase the transmission rate, instead of using an array of 

multiple spatially separated scalar transmitters. 
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Figure 3.3 Spectra of the received signal r  in (1) for the 3×1 MISO vector system, for 

transmit signal amplitudes 0.6 V, 1 V and 2 V, respectively. 

 

 

3.2 The 1×3 SIMO System with One Scalar Transmitter and A Three-Channel 

Vector Receiver 

 

The advantages of a 1×3 SIMO system using a vector receiver is presented in this section 

via underwater experiments, compared to a 1×3 fully scalar conventional SIMO system 

which has three spatially separated scalar receivers, i.e., regular hydrophones. The SIMO 

vector system benefits from data reception via the three x-velocity, y-velocity and 

pressure channels, to improve link quality. Another advantage is the small size of the 

receiver, as it measures three co-located channels. 
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3.2.1 Experimental Setup 

 

Locations of the SIMO transmitter and receivers are shown in Figure 3.4, where the 

transmitter and receivers are about 15 meters apart. The SIMO system equations can be 

written as 

                                                        .x x x

y y y

r h n

r h s n

r h n

     
     

= +     
     
     

                                               (3.2) 

Here r , xr  and yr  are the received pressure, x-velocity and y-velocity signals, respectively, 

h  is the pressure channel coefficient, xh  and yh  are the particle velocity channel 

coefficients in x and y directions, respectively, s  is the BFSK modulated signal, n is the 

pressure noise, and xn and yn  represent particle velocity noises in x and y directions, 

respectively. 

 

Figure 3.4 Locations of the transmitter and the receivers in the pool. 

Transmitter 

Receivers 
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The frequencies 20.2 kHz and 20.3 kHz are used to represent 0’s and 1’s, 

respectively, in the BFSK signal. Sampling rate at both the transmit and receive sides are 

fixed at 100k samples/sec., and bit duration 0.1bT = s. 

The block diagram of the multichannel receiver is shown in Figure 3.5, which is a 

non-coherent BFSK demodulator with equal gain combining [26, 29]. The receiver 

combines the measured particle velocity and pressure signals. 

 

Figure 3.5 Block diagram of a non-coherent BFSK demodulator with a three-channel 

equal gain combiner. 

 

 

3.2.2 Experimental Results 

 

Noise characteristics of a vector communication receiver are discussed in [12], including 

smaller particle velocity noise powers. To investigate this matter using experimental data, 

in Figure 3.6, measured noise powers are presented in all channels of the 1×3 SIMO vector 

system, as well as a benchmark 1×3 fully scalar conventional SIMO system which has 

three spatially separated scalar receivers, i.e., hydrophones. One can observe that in the 

vector system, the two velocity noise powers are much smaller than the pressure noise 
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power (Figure 3.6, top panel). Additionally, pressure noise powers in the fully scalar 

system are all high (Figure 3.6, bottom panel). Different noise level for the 3rd pressure 

channel of the scalar system, CH3 in Figure 3.6, bottom panel, could be because the first 

two scalar receivers in the scalar system, CH1 and CH2, are exactly the same, whereas the 

3rd scalar receiver is different. Therefore, the receive voltage response (RVR) of the 3rd 

scalar receiver might be different from the first two scalar receivers. 

The transmit signal amplitude in both vector and scalar systems is set to be 0.6 V. 

Since velocity and pressure channels can have different signal and noise powers, to study 

the received signal-to-noise ratio (SNR) in each system as a measure of link quality, the 

received average SNR per channel is defined as follows [12] 

                                 ( )/ / / 3x x y y

h n h n h n =   +  +                                           (3.3) 

where h , x

h  and y

h  are the signal powers in the pressure, x-velocity and y-velocity 

channels, respectively, and n , x

n  and y

n  are the corresponding noise powers. To 

measure SNR in each channel, multiple signal transmissions are made, and each is 75 sec. 

long. Figure 3.7 shows multiple measurements of individual SNRs, i.e., 1010log ( / )h n  , 

1010log ( / )x x

h n   and  1010log ( / )y y

h n   as well as the average SNR per channel 

1010log ( ) , for both systems. 

One can observe in Figure 3.7, top panel, that in the vector system, the two velocity 

SNRs in CH2 and CH3 are about 10 dB higher than the pressure SNR in CH1. Additionally, 

comparison of the two systems in Figure 3.7 reveals that the average SNR   of the vector 

system is about 10 dB higher than the average SNR of the fully scalar conventional system. 
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One can also observe in Figure 3.7 that for repeated similar transmissions, 

measured SNRs in velocity channels are more stable, compared to SNRs in pressure 

channels which exhibit higher variance. This might be related to the directional beam 

pattern of acoustic dipoles [30] which generate velocity signals in our vector receiver 

system, whereas scalar sensors in the fully scalar receiver system which generate pressure 

signals have omni-directional beam patterns. 

 
Figure 3.6 Measured noise powers in all channels of the 1×3 SIMO vector system (top), 

as well as measured noise powers in all channels of the benchmark 1×3 SIMO fully scalar 

conventional system (bottom). 

 
Figure 3.7 Measured individual and average received SNRs for the 1×3 SIMO vector 

system (top) and the benchmark 1×3 SIMO fully scalar conventional system (bottom). 
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3.3 Conclusions 

In this chapter, feasibility and advantages of underwater communication using acoustic 

vector transducers are studied via experiments. These transducers utilize acoustic particle 

velocity channels. It is demonstrated that using a multichannel compact vector transducer 

transmitter, multiple independent data streams can be simultaneously transmitted, to 

increase the transmission rate and achieve high speed communication. It is also shown that 

upon using a multichannel compact vector transducer communication receiver, significant 

SNR improvement can be obtained, compared to a conventional communication receive 

array, composed of spatially separated scalar sensors. Small size of vector transducers 

makes them particularly suitable for small platforms and underwater sensor networks with 

small transceivers. 
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CHAPTER 4 

A MULTIPLE-INPUT MULTIPLE-OUTPUT ORTHOGONAL FREQUENCY 

DIVISION MULTIPLEXING UNDERWATER COMMUNICATION SYSTEM 

USING VECTOR TRANSDUCERS 

 

The feasibility of utilizing the vector transmitter and receivers in underwater 

communication are demonstrated in Chapters 2 and 3. To fully take the advantage of data 

multiplexing, and further increase the data rate of the system, orthogonal frequency 

division multiplexing (OFDM) modulation technique is considered in this chapter. 

In previous chapters, two data streams modulated on one vector transmitter is 

demonstrated. To further increase the data rate, a method to modulate a third data stream 

on the same vector transmitter is also explored. The implemented system utilizes OFDM 

with zero-forcing (ZF), minimum mean square error (MMSE) and Maximum Likelihood 

(ML) detection. Carrier frequency offset (CFO) and channel responses are estimated using 

null and pilot tones, respectively. The preliminary results are shown in this chapter. The 

details on OFDM implementation and how tripling data rate is done can be found in 

Chapter 5. To test the system robustness against Doppler effect, the transmitter is manually 

moved back and forth during the experiments, to mimic the drifting in realistic environment. 

 

4.1 OFDM System Parameters and Experimental Setup 

Tests for the OFDM system are conducted in both water tank and pool. The signal source 

is one multi-mode ring transducer working as vector transmitter, which can transmit two 

or three data streams simultaneously, shown in Figure 4.1. Same system parameters are 

used in both environment and listed in Table 4.1. Two sets of receivers are used. Receiver 
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set A includes four hydrophones, two Omni transducers and one spherical transducer. All 

four hydrophones and two Omni transducers are used as scalar receivers, and the spherical 

transducer is used as a three-channel vector transducer, which leads to nine total receiving 

channels. Receiver set B includes eight well-matched scalar hydrophones. All different 

types of the receiver are shown in Figure 4.2. OFDM Signals are transmitted multiple times 

in both environments and every transmission contains 50 OFDM blocks with preamble and 

postamble, as shown in Figure 4.3. 

Table 4.1 System Parameters for The Experiments 

 

Center frequency 
cf = 20.4 kHz 

Bandwidth B = 8 kHz 

Subcarrier spacing f = 7.8 Hz 

OFDM block duration T = 128 ms 

Sampling frequency 
sf = 200k samples/sec 

Modulation type QPSK 

Bandwidth efficiency  = 0.37, 0.73, 1.10 

(bit/s)/Hz 
Data rate R = 5.86, 8.78 kbps 

Number of subcarriers K = 1024 

Number of pilot tones 
dK = 256 

Number of null subcarriers 
nK = 96 

Time guard interval 
gT = 25 ms 
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Figure 4.1 Multi-mode Ring Transducer. 

   

Figure 4.2 All types of the receivers used in the experiments. From left to right are a scalar 

hydrophone, an omni scaler transducer and a spherical vector transducer.  

 

 

Figure 4.3 Structure of the transmitted OFDM signals. 

 

4.2 Performance Results of Receiver Set A 

4.2.1 BER Performance with Two or Three Data Streams in Water Tank 

 

In water tank, the transmitter and receivers are about 1 m apart, as shown in Figure 4.4 for 

receiver set A and Figure 4.5 for receiver set B. The water depth in the tank is 

approximately 20 cm.  Due to the space limitation, multiple receivers are placed on the 

horizontal plane at the same depth as the transmitter in the water tank. Signal power is unit 

for each data stream when generated and later be properly scaled up to keep the transmitting 

voltage amplitude at 0.5 V at the output of the DAC for three data streams cases and directly 

applied to the transmitter. The same scaling factor would be used in two data streams cases 

Pre-amble 
OFDM 

block 1 

OFDM 

block 2 

OFDM 

block 50 
Post-amble … 

      



 

26 

to ensure the same signal power for each data stream across all scenarios. When 

transmitters and receivers are static in the tank, the water tank has low noise and almost no 

doppler, which makes the result under this scenario can be used as a benchmark to test the 

OFDM system. Bit error rate (BER) and corresponding Signal-to-noise ratio (SNR) will be 

reported. For each receiver, the signal power of one OFDM block is calculated by using 

the amplitude of the pilot carriers for each data stream, and the noise power is calculated 

based on the amplitude of the null carriers [31]. Signal and noise power are averaged over 

50 OFDM blocks for each transmission and averaged again over all the receivers to 

mitigate the difference among the receivers. Therefore, one SNR will be reported for each 

data stream each transmission. All the performance reported in this chapter has been 

verified by doing multiple transmission and can be reproduced. 

 

 

Figure 4.4 The water tank used for experiments, with ring transducer on the right and 

receiver set A on the left. 
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Figure 4.5 The water tank used for experiments, with ring transducer on the right and 

receiver set B on the left. 

 

 

Table 4.2 BER Performance of Two or Three Data Streams in Water Tank with Receiver 

Set A 

 
  Static in Water Tank Manually Drifting in Water Tank 

Rx set A SNR 

(dB) 

BER SNR 

(dB) 

BER 

  ZF MMSE ML ZF MMSE ML 

2x9 
DS1 25.09 <0.0001 <0.0001 <0.0001 10.75 0.0030 <0.0001 <0.0001 

DS2 26.19 <0.0001 <0.0001 <0.0001 11.53 0.0022 <0.0001 <0.0001 

 DS1 24.38 0.1811 0.0267 <0.0001 9.38 0.4313 0.0133 0.0003 

3x9 DS2 25.50 0.1140 0.0206 <0.0001 10.18 0.4296 0.0074 0.0002 

 DS3 24.91 0.4460 0.0113 <0.0001 9.74 0.4902 0.0069 0.0064 

 

 

The summary of SNR and BER performance are shown in Table 4.2. The BER after 

decoding are shown in the table. Both receiver sets are tested for two data streams and three 

data streams scenarios. BERs for individual OFDM blocks in one transmission are shown 

in Figure 4.6 and Figure 4.7. Figure 4.8 shows a typical CFO estimation in tank using the 
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method introduced previously. Since the transmitter and receiver are static in the tank, CFO 

searching are done within [-1, 1] range with 0.1 Hz step size, and the estimation results are 

almost a constant over the entire transmission, and the reason for the non-zero estimation 

is caused by the asynchronized transmitter and receiver clock source.  

 
Figure 4.6 Bit error rates of individual blocks for 2I9O-OFDM, in water tank. 

 

 
Figure 4.7 Bit error rates of individual blocks for 3I9O-OFDM, in water tank. 
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Figure 4.8 CFO estimation of one trial for 3I9O-OFDM, in water tank, corresponding to 

Figure 4.7. 

 

 

To simulate the water drifting happens in the real environment, some tests are done 

while the transmitter is moving in the direction towards the receiver back and forth slowly. 

The result summary with drifting is shown in Table 4.3. The corresponding BERs for 

individual OFDM blocks in one transmission are shown in Figures 4.9 and 4.10. With the 

movement of the transmitter, the CFO searching range is extended to [-4, 4] to ensure the 

correct CFO could be captured during the process. The step size remains 0.1 Hz. 
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Figure 4.9 Bit error rates of individual blocks for 2I9O-OFDM, in water tank with manual 

drifting. 

 

 
Figure 4.10 Bit error rates of individual blocks for 3I9O-OFDM, in water tank with manual 

drifting. 
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Figure 4.11 CFO estimation of one transmission for 3I9O-OFDM, in water tank with 

manual drifting, corresponding to Figure 4.10. 

 

4.2.2 BER Performance with Two or Three Data Streams in Pool 

 

Tests in this subsection are done in the pool in a similar way compare to those are done in 

the tank. Instead of placing all the receivers on a horizontal plane, both receiver set are 

mounted vertically. Receiver set A is illustrated in Figure 4.12. Hydrophones of receiver 

set B are equally spaced with 7.5 cm between elements. The transmitter and receivers are 

about 5 m apart, as shown in Figure 4.13. The transmitter is placed 1 m deep in the pool 

and the center of the receiver array is at about the same depth. Same scaling method used 

in water tank is utilized to keep the signal power of each data stream the same for a fair 

comparison. Transmitting voltage amplitude is kept at 0.5 V at the output of the DAC, 

which after the PA & MN can be amplified to about 121 V and applied to the transducer.  
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Figure 4.12 Illusion of receiver set A in pool. 

 

 

The summary of SNR and BER performance are shown in Table 4.3. The BER after 

decoding are shown in the table like the water tank results. Both receiver sets are tested for 

two data streams and three data streams scenarios in the pool as well. BERs for individual 

OFDM blocks in one transmission are shown in Figures 4.14 and 4.15. Figure 4.16 shows 

a typical CFO estimation in tank using the method introduced previously. 

 

Figure 4.13 Experimental setup in pool. 
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Table 4.3 BER Performance of Two or Three Data Streams in Pool Using Receiver Set A 

 
  Static in Pool Manually Drifting in Pool 

Rx set A SNR 

(dB) 

BER SNR 

(dB) 

BER 

  ZF MMSE ML ZF MMSE ML 

2x9 
DS1 14.91 0.1205 <0.0001 <0.0001 10.75 0.0030 <0.0001 <0.0001 

DS2 13.73 <0.0001 <0.0001 <0.0001 11.53 0.0022 <0.0001 <0.0001 

 DS1 14.95 0.3048 0.0223 0.0009 9.38 0.4313 0.0133 0.0003 

3x9 DS2 11.97 0.2363 0.0131 0.0020 10.18 0.4296 0.0074 0.0002 

 DS3 13.42 0.4820 0.0224 0.0029 9.74 0.4902 0.0069 0.0064 

 

 
Figure 4.14 Bit error rates of individual blocks for 2I9O-OFDM, in pool. 

 

 
Figure 4.15 Bit error rates of individual blocks for 3I9O-OFDM, in pool. 



 

34 

 
Figure 4.16 CFO estimation of one transmission for 3I9O-OFDM, in pool, corresponding 

to Figure 4.15. 

 

 

To test the CFO estimation function, similar drifting compare to the tanks tests has been 

added in the pool. The movement of the transmitter in the pool has a larger range compare 

to the tank drifting test due to the nature of a larger pool and longer transmitter/receiver 

distance. 

 
Figure 4.17 Bit error rates of individual blocks for 2I8O-OFDM, in pool with manual 

drifting. 
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Figure 4.18 Bit error rates of individual blocks for 3I8O-OFDM, in pool with manual 

drifting. 

 

 

 
Figure 4.19 CFO estimation of one transmission for 3I9O-OFDM, in pool with manual 

drifting, corresponding to Figure 4.18. 

 

 

4.3 Performance Results of Receiver Set B 

Similar Tests are done in both water tank and pool by placing receiver set B (eight scalar 

hydrophones) with receiver set A, where the transmitter setup remains same. The distance 

between the transmitter and the receivers is kept the same.  
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4.3.1 BER Performance with Two or Three Data Streams in Water Tank 

 

The summary of SNR and BER performance with receiver set B in water tank is shown in 

Table 4.4. The BERs for individual OFDM blocks in one transmission are shown in Figures 

4.20 and 4.21. Figure 4.22 shows a typical CFO estimation in pool when transmitter and 

receivers are static. 

 

Table 4.4 BER Performance of Two or Three Data Streams in Water Tank with Receiver 

Set B 

 
  Static in Water Tank Manually Drifting in Water Tank 

Rx Set B SNR 

(dB) 

BER SNR 

(dB) 

BER 

  ZF MMSE ML ZF MMSE ML 

2x8 
DS1 15.04 0.0019 <0.0001 <0.0001 8.32 0.0024 <0.0001 <0.0001 

DS2 15.44 0.0027 <0.0001 <0.0001 8.12 0.0029 <0.0001 <0.0001 

 DS1 15.84 0.0372 0.0002 <0.0001 6.58 0.3118 0.0277 0.0157 

3x8 DS2 15.62 0.0128 0.0001 <0.0001 6.70 0.2782 0.0177 0.0148 

 DS3 15.32 0.4352 0.0002 <0.0001 6.58 0.4764 0.0160 0.0614 
 

 
Figure 4.20 Bit error rates of individual blocks for 2I8O-OFDM, in water tank. 
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Figure 4.21 Bit error rates of individual blocks for 3I8O-OFDM, in water tank. 

 

 

 
Figure 4.22 CFO estimation of one trial for 3I8O-OFDM, in water tank, corresponding to 

Figure 4.21. 
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With adding drifting, the result for receiver set B in water is shown in Figures 4.23 

and 4.24. Figure 4.25 shows a typical CFO estimation in pool with drifting. 

 
Figure 4.23 Bit error rates of individual blocks for 2I8O-OFDM, in water tank with manual 

drifting. 

 

 
Figure 4.24 Bit error rates of individual blocks for 3I8O-OFDM, in water tank with manual 

drifting. 
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Figure 4.25 CFO estimation of one trial for 3I8O-OFDM, in water tank with manual 

drifting, corresponding to Figure 4.24. 

 

 

4.3.2 BER Performance with Two or Three Data Streams in Pool 

 

The pool result summary is shown in Table 4.5. The BERs for individual OFDM blocks in 

one transmission are shown in Figures 4.26 and 4.27. Figure 4.28 shows a typical CFO 

estimation in pool when transmitter and receivers are static. 

Table 4.5 BER Performance of Two or Three Data Streams in Pool with Receiver Set B 

 
  Static in Pool Manually Drifting in Pool 

Rx set B SNR 

(dB) 

BER SNR 

(dB) 

BER 

  ZF MMSE ML ZF MMSE ML 

2x8 
DS1 16.70 0.0020 <0.0001 <0.0001 11.93 0.0025 0.0001 <0.0001 

DS2 16.59 0.0027 <0.0001 <0.0001 12.39 0.0045 0.0005 0.0001 

 DS1 11.65 0.1213 0.0827 0.0260 8.59 0.2130 0.1515 0.1117 

3x8 DS2 13.78 0.0428 0.0192 0.0094 9.43 0.1608 0.0954 0.0748 

 DS3 11.55 0.4617 0.0337 0.0640 9.70 0.4410 0.0766 0.1467 
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Figure 4.26 Bit error rates of individual blocks for 2I8O-OFDM, in pool. 

 

 

 
Figure 4.27 Bit error rates of individual blocks for 3I8O-OFDM, in pool. 
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Figure 4.28 CFO estimation of one trial for 3I8O-OFDM, in pool, corresponding to Figure 

4.27. 

 

 

The results in the pool with manual drifting are shown in Figures 4.28 and 4.29. 

The CFO estimation corresponding to Figure 4.29 are shown in Figure 4.30. 

 

Figure 4.29 Bit error rates of individual blocks for 2I8O-OFDM, in pool with manual 

drifting. 
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Figure 4.30 Bit error rates of individual blocks for 3I8O-OFDM, in pool with manual 

drifting. 

 

 

Figure 4.31 CFO estimation of one trial for 3I8O-OFDM, in pool with manual drifting, 

corresponding to Figure 4.30. 
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4.4 Conclusions and Summary 

In this chapter, an OFDM underwater communication system is implemented by using 

vector transmitter and receiver. With a reasonable SNR, the implemented system can 

achieve solid BER performance with doubling or even tripling the data rate by just using 

one single vector transmitter.  Even with an artificial drifting added, the system shows a 

decent tolerance against Doppler effect.  

When even higher data rate is required for certain application, one can use two 

vector transmitters simultaneously to quadruple the data rate. Here a preliminary result is 

given. With four data streams transmitted by two vector ring transducer and received by 

receiver set A mentioned previously, one can achieve the BER performance listed in Table 

4.6 in both water tank and pool, with 4kHz bandwidth. The estimated CFO of the pool 

result ranges from -2.5 Hz to 1.7 Hz. Without proper power amplifier at the time of the 

experiments, the tests are conducted where transmitters and receivers are just 1m apart, to 

achieve reasonable SNR. Furthermore, the results listed are obtained by using ML 

detection method. With the number of data streams increased, one may need a greater 

number of receiving channels to separate the data streams properly without increase the 

computational complicity. Here, a multi-channel vector transmitter can be a good candidate 

to increase the receiving channels without increasing the number of physical devices. 

Table 4.6 BER Performance of Four Data Streams in Water tank and Pool with Receiver 

Set A 

 
  Static in Water Tank Manually Drifting in Pool 

Rx set A 
SNR (dB) 

BER 
SNR (dB) 

BER 

  ML ML 

4x8 

DS1 19.93 <0.0001 16.70 <0.0001 

DS2 20.58 <0.0001 15.05 <0.0001 

DS3 15.39 <0.0001 15.76 0.0010 

DS4 16.12 <0.0001 14.96 0.0049 
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All the experiments conducted so far are all for the preparation of ocean field tests. 

In the next chapter, a detailed system structure and technique explanation will be given, as 

well as the ocean field test results for both OFDM system and FSK system. 
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CHAPTER 5 

PARTICLE VELOCITY DATA MULTIPPLEXING VIA ONE VECTOR 

TRANSMITTER FOR UNDERWATER COMMUNICATION 

 

 

5.1 Acoustic Particle Velocity Channel and Vector Transmitter 

To modulate data on a specific acoustic particle velocity component, e.g., x axis 

component, we propose to acoustically induce data into water at the transmit side such that 

from the viewpoint of the receive end, spatial gradient of the acoustic pressure along the x 

axis becomes convolved with the data. This means modulating the data on the x component 

of acoustic particle velocity. To explain the proposed particle velocity modulation method, 

we use dipoles.  

Consider two dipoles along x and y axes (Figure 5.1a), each composed of two 

closely spaced scalar transmitters. To modulate a signal or data stream 1s  on the x-dipole, 

we propose the poles A and B (Figure 5.1a) to transmit 1s  and 1s− , respectively. To 

understand why this proposed method modulates 1s  on the x particle velocity component, 

let Aqh  and Bqh  represent the acoustic pressure channel impulse responses between A and 

B and a scalar receiver q, respectively (Figure 5.1a). Therefore, the received signal can be 

written as superposition of convolution of 1s  and 1s−  with Aqh  and Bqh , respectively, i.e., 

Aq 1 Bq 1 Aq Bq 1( ) ( )r h s h s h h s=  +  − = −  , where   is the convolution. On the other hand, 

q oq /xh h x=    is the x particle velocity, i.e., the spatial gradient of oqh , where oqh  is 

acoustic pressure channel impulse response between the point “o” (Figure 5.1a) and the 

scalar receiver q. Given the small spacing ABd  between A and B, finite difference 
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representation of the spatial gradient results in q oq Aq Bq AB/ ( ) /xh h x h h d=    − , i.e., q

xh  is 

proportional to Aq Bqh h− . By substituting this into the received signal equation we obtain 

q 1

xr h s=  . This is a key result which demonstrates that upon using the proposed method, 

the signal or data stream 1s  is indeed modulated on the x particle velocity channel q

xh . 

Similarly, a second signal or data stream 2s  can be simultaneously modulated on the y 

particle velocity channel q

yh . As two examples of such underwater communication 

channels, 5

xh  represents impulse response of an x particle velocity channel between a 

transmitting x-dipole and hydrophone number 5 of a receiving scalar array (Figure 5.1c), 

whereas 1

yh  represents impulse response of a y particle velocity channel between a 

transmitting y-dipole and hydrophone number 1 of the same receiving scalar array (Figure 

5.1c). Overall, the proposed idea means particle velocity multiplexing of two data streams, 

to double the data rate. Since the transmitter (Figure 5.1a) modulates data on x and y 

components of a vector quantity, i.e., the acoustic particle velocity, we call it a vector 

transmitter. In principle, a third dipole can be added along the z axis, to modulate a third 

signal or data stream 3s  on the z particle velocity, to triple the data rate. However, as 

explained later, we triple the data rate by devising a specific method that still uses the 

vector transmitter as is (Figure 5.1a), without adding a third dipole. 

With the proposed vector transmitter composed of two dipoles (Figure 5.1a), we 

propose two-dipole and three-dipole vector receivers (Figure 5.1b), and an array of five 

spatially-separated hydrophone scalar receivers (Figure 5.1c) for comparison purposes 

(practical implementation of the vector transmitter using a ring device and the vector 

receivers using ring and sphere devices is discussed in the next paragraph). There are 10 
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particle velocity-based communication channels in each system (Figure 5.1b, 5.1c). To 

name all these channels originating from the vector transmitter, we use superscripts to 

indicate the transmitting dipoles, and subscripts to identify the receiving dipoles and scalar 

hydrophones (Figure 5.1b, 5.1c). For example, ,sphere

y

zh  is the communication channel when 

a y-dipole transmits, and z-dipole of a sphere receives (Figure 5.1b). 

To implement the proposed vector transmitter, we note that a dipole can be built 

using a ring with two electrodes [32]. To build the proposed vector transmitter having two 

dipoles (Figure 5.1a, 5.1b, 5.1c), we use a ring with four electrodes. Receivers include a 

similar ring (Figure 5.1d, right), which measures x and y particle velocity components, as 

well as a sphere [33] (Figure 5.1d, right), acting as a three-dipole receiver, measuring x, y 

and z particle velocity components. These two are our proposed and custom-made vector 

receivers. As a reference for comparison, we also use an array of spatially separated scalar 

receivers (Figure 5.1e, right), which are regular hydrophones that measure the acoustic 

pressure. Since the ring and sphere vector receivers (Figure 5.1d) provide 5 receiving 

channels, 5 hydrophones are considered in the scalar array receiver accordingly (Figure 

5.1e). We use our custom-made vector and scalar devices (Figure 5.2) to implement Figure 

5.1d and 5.1e system configurations in underwater experiments. An important advantage 

of a vector receiver such as a sphere (Figure 5.2) over an array of spatially separated scalar 

receivers is its compact size, as it measures multiple particle velocity components at a 

single point in space. This is particularly important for modern medium and small 

underwater platforms and modems. 
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a        

b 

 

c 

 

Figure 5.1 The proposed particle velocity double data multiplexing system for 

underwater acoustic communication via one vector transmitter and various number of 

vector or scalar receivers. a, Schematic representation of the proposed vector transmitter 

for particle velocity data multiplexing. There are two dipoles along the x and y axes. 

Since using the two dipoles and the method proposed in the main text, the transmitter 

modulates two data streams 1s  and 2s  on the x and y components of the acoustic particle 

velocity, a vector quantity, we call it a vector transmitter. This new transmitter doubles 

the transmission rate via data multiplexing. As demonstrated later, it can multiplex a 

third data stream 3s  to triple the transmission rate. b, Illustration of two out of ten vector 

particle velocity-related communication channels in the proposed fully-vector system. 

The system is composed of two transmitting dipoles (implemented using a ring device 

explained later), two receiving dipoles (implemented using another ring device) and 

three receiving dipoles (implemented using a sphere device explained later). This is a 

2×5 system. As two out of ten fully-vector communication channels in the system, ,ring

x

xh  

in yellow is the communication channel utilized when the x-dipole transmits and the x-

dipole of the ring receives, whereas ,sphere

y

zh  in purple is the communication channel used 

when the y-dipole transmits and the z-dipole of the sphere receives. We have measured 

impulse responses of all these ten channels (Extended Data Figure 5.2). c, Illustration of 

two out of ten semi-vector particle velocity-related communication channels in the 

proposed semi-vector system. The system is composed of two transmitting dipoles 

(implemented using a ring device explained later), and five receiving scalar 

hydrophones. This is a 2×5 system. As two out of ten semi-vector communication 

channels in the system, 5

xh  in green is the communication channel used when the x-

dipole transmits and hydrophone number 5 receives, whereas 1

yh  in red is the 

communication channel utilized when the y-dipole transmits and hydrophone number 1 

receives. We have measured impulse responses of all these ten channels as well. 
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d 

 

e

 
 

f

 
 

g 

 

Figure 5.1 (continued) d, The proposed fully-vector underwater communication system 

implemented with one ring vector transmitter acting as two dipoles (Figure 5.1b, left), 

one ring vector receiver (two dipoles, Figure 5.1b, right) and one sphere vector receiver 

(three dipoles, Figure 5.1b, right), providing five receive channels in total. Two bold 

arrows represent simultaneous transmission of two data streams, therefore, this is a 2×5 

system. The average bit error rate (BER) is obtained by averaging over five trials, and 

each trial includes transmission of fifty OFDM blocks per each data stream. e, The 

proposed semi-vector underwater communication system implemented with one ring 

vector transmitter acting as two dipoles (Figure 5.1c, left) and five hydrophone scalar 

receivers, a 2×5 system, considered for comparison. f, A fully-vector system with one 

ring vector transmitter, one ring vector receiver and two sphere vector receivers, 

providing eight receive channels (a 2×8 system). g, A semi-vector system with one ring 

vector transmitter and eight hydrophone scalar receivers, a 2×8 system, considered for 

comparison. 
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a 

 

b 

 

Figure 5.2 Custom-made vector and scalar devices to implement Figure 5.1d and 5.1e 

system configurations in underwater communication experiments. a, The ring vector 

transmitter to multiplex two or three data streams. b, A similar ring device used as the ring 

vector receiver, the sphere vector receiver, and the scalar array receiver composed of five 

hydrophones. By adding or removing some devices on the receive side, we implement other 

system configurations (Figure 5.1f, 5.1g, 5.7a, 5.7b, and 5.9) for various other underwater 

communication experiments. 

 

5.2 Vector OFDM and FSK Systems Implementation 

5.2.1 Vector OFDM System Implementation and Methods 

 

The vector OFDM system implemented in sea experiments has several functional blocks 

(Figure 5.3). After coding each source binary data stream using a convolutional encoder, 

they are mapped to quadrature phase shift keying (QPSK) constellation points (other 

coding techniques and constellations can be used as well). Then pilot tones are added for 

channel estimation, followed by inverse fast Fourier transform (IFFT). The multi-channel 

digital-to-analog converter (DAC) converts the data to the analog OFDM signals 1( )s t  and 

2 ( )s t  for double data multiplexing, or 1( )s t , 2 ( )s t  and 3( )s t  for triple data multiplexing. 

Using the proposed particle velocity modulation methods presented earlier in this chapter, 

the OFDM signals are applied to the vector transmitter as follows: for double data 

multiplexing, 1( )s t  and 1( )s t−  are applied to the poles A and B (Extended Data Fig. 6, the 
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Vector Transmitter block), respectively, whereas 2 ( )s t  and 2 ( )s t−  are applied to the poles 

C and D, respectively; and for triple data multiplexing, 1 3( ) ( )s t s t+  and 1 3( ) ( )s t s t− −  are 

applied to the poles A and B, respectively, while 2 3( ) ( )s t s t+  and 2 3( ) ( )s t s t− −  are applied 

to the poles C and D, respectively. 

 

 

Figure 5.3 Block diagram of the implemented vector orthogonal frequency division 

multiplexing (OFDM) system in underwater communication experiments, for double or 

triple data multiplexing over a given bandwidth, using one vector transmitter. 

Abbreviations in some blocks are: QPSK (quadrature phase shift keying), IFFT (inverse 

fast Fourier transform), DAC (digital-to-analog converter), ADC (analog-to-digital 

converter), BPF (bandpass filter), STO (symbol timing offset), and CFO (carrier frequency 

offset). The vector transmitter and receivers and the scalar array receiver correspond to 

Figure 5.1b and 5.1c. 

 

The signals received by vector receivers and a scalar array of one wavelength λ-

spaced hydrophones are collected by a multi-channel analog-to-digital converter (ADC), 

followed by bandpass filter (BPF) to remove out-of-band noise. To estimate symbol timing 

offset (STO), we use a filter matched to the chirp signal included at the beginning of each 

transmitted frame that consists of fifty OFDM blocks. Carrier frequency offset (CFO) and 

channel responses are estimated using null and pilot tones, respectively [6]. After 
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performing fast Fourier transform (FFT), data on OFDM tones are detected using the 

minimum mean square error (MMSE) method [34], and then converted back to binary data 

streams using the QPSK demodulator, followed by the Viterbi decoding algorithm. 

OFDM parameters of the system are 1024 tones (subcarriers) over the bandwidth 

from 18.4 kHz to 22.4 kHz, which include 256 pilot tones for channel estimation and 96 

null tones for noise power estimation and CFO estimation. Each transmission trial (frame) 

contains 50 OFDM blocks, each OFDM block length is 256 ms, with 25 ms guard time 

intervals between each two consecutive OFDM blocks in one frame. 

5.2.2 Vector Non-Coherent FSK System Implementation and Methods 

 

To demonstrate the feasibility of particle velocity data multiplexing using one vector 

transmitter and FSK signaling, we transmit two 4FSK-modulated data streams 1( )s t  and 

2 ( )s t , one transmitted from the A-B dipole and the other from the C-D dipole (Figure 5.4). 

To implement this two-channel vector transmitter, we use a ring device. Using another ring 

device as a two-channel vector receiver, we obtain two signals ( )xr t  and ( )yr t  (Figure 

5.4). To benefit from this multi-channel signal reception, we use non-coherent equal gain 

combing [26]. To address channel frequency selectivity, we use frequency hopping, by 

dividing our 18.4 - 22.4 kHz bandwidth to several hopping groups. 
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Figure 5.4 Block diagram of one implemented vector frequency shift keying (FSK) system 

in underwater communication experiments, for double data multiplexing over a given 

bandwidth, using one vector transmitter. Abbreviations in some blocks are: FH (frequency 

hopping), DAC (digital-to-analog converter), ADC (analog-to-digital converter), and BPF 

(bandpass filter). The vector transmitter and receiver are two transmit dipoles and two 

receive dipoles, respectively. 

 

5.3 Vector OFDM and FSK Systems Ocean Test Results 

5.3.1 Vector OFDM System Ocean Test Results 

 

Using orthogonal frequency division multiplexing (OFDM) pilot tones and a least squares 

technique (see Section 5.2.1), we measured impulse responses (Figure 5.5) of all the ten 

vector particle velocity-based communication channels in the proposed fully-vector system 

(Figure 5.1d), from 18.4 kHz to 22.4 kHz. Experiments were conducted in late September 

of 2018, in shallow waters off Woods Hole, MA. The single vector transmitter and the 

receivers were placed 15 m below the water surface, with the receivers maintained at one 

location. For the transmitter location we examined various distances from the receivers. 

Since our power amplifiers were not strong enough, the longest range for coherent 
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communication turned out to be about 26 m. At this range, average signal-to-noise ratios 

(SNRs) were below 9 dB, and sometimes were as low as about 6 dB. However, still we 

could demodulate the data, to demonstrate the feasibility of particle velocity data 

multiplexing using one vector transmitter. Later in this chapter we show that at a longer 

range of 65 m and with about 1 dB SNR, particle velocity data multiplexing is feasible 

using power-efficient non-coherent frequency shift keying (FSK) modulation. 

 

Figure 5.5 Magnitudes of measured impulse responses of all the ten vector particle 

velocity-related communication channels in the proposed fully-vector system (Figure 5.1d), 

over one OFDM block. In the system we have one ring vector transmitter, one ring vector 

receiver and one sphere vector receiver. Tx and Rx in the above figures stand for transmitter 

and receiver, respectively. The Tx ring has two dipoles, x-dipole and y-dipole, the Rx ring 

similarly has two dipoles, x-dipole and y-dipole, and the Rx sphere has three dipoles, x-

dipole, y-dipole and z-dipole. Figures in the left column are measured impulse response 

(IR) magnitudes of the channels between the Tx ring x-dipole and the dipoles of the Rx 

ring and Rx sphere, whereas figures in the right column are measured IR magnitudes of the 

channels between the Tx ring y-dipole and the dipoles of the Rx ring and Rx sphere. 
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Figure 5.6 Bit error rates (BERs) of OFDM blocks in two data streams multiplexed by the 

vector transmitter in the proposed fully-vector system with different number of vector 

receivers (Figure 5.1d and Figure 5.1f). a, BERs with one ring vector receiver and one 

sphere vector receiver, providing five receive channels (the 2×5 system in Figure 5.1d). b, 

BERs with one ring vector receiver and two sphere vector receivers, providing eight 

receive channels (the 2×8 system in Figure 5.1f). We observe that by using one additional 

vector receiver, many more OFDM blocks are demodulated with zero BER. 

 

a 

 
b 
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The implemented system utilizes OFDM with minimum mean square error 

(MMSE) detection (see Section 5.2.1). Average bit error rate (BER) of the 2×5 fully-vector 

system is 9.2E-3 (Figure 5.1d), obtained by averaging over five trials, and each trial 

includes transmission of fifty OFDM blocks per each of the two data streams. The average 

SNR is 7.5 dB. As a reference, average BER of the 2×5 semi-vector system is 11E-3 

(Figure 5.1e), with an average SNR of 8.9 dB. With slightly better performance, key 

advantage of the vector receiver is its compact size, as it does not use an array of spatially 

separated scalar receivers. Nevertheless, both systems demonstrate the feasibility of 

demodulating two data streams, multiplexed and transmitted by one vector transmitter over 

the same bandwidth. Since typically more receivers are needed to decrease BER [6, 35], 

we add a three-channel sphere vector receiver (Figure 5.1f), which reduces the average 

BER by about an order of magnitude, from 9.2E-3 to 0.71E-3. This comes from having 

more OFDM blocks demodulated with zero BER (Figure 5.6). Similarly, by adding three 

hydrophone scalar receivers (Figure 5.1g), the average BER decreases by about an order 

of magnitude, from 11E-3 to 0.8E-3. This BER reduction again shows the developed vector 

transmitter can work with both vector and scalar receivers. To study the effect of higher 

SNRs, and since our power amplifiers were not strong enough, we had to reduce the range 

in some experiments, to increase SNR. In the 2×5 fully-vector system (Figure 5.1d), 

average SNR is increased from 7.5 dB at the original longer range to 18 dB at 9 m, resulting 

in a two order of magnitude BER reduction from 9.2E-3 to 0.07E-3. 

With the increased SNR at the shorter range, now we can examine the system 

performance with smaller number of receive channels. With a three-channel sphere vector 

receiver, the 2×3 system (Figure 5.7a) exhibits an average BER of 0.039E-3. This is 
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obtained using a maximum likelihood (ML) detector, as the MMSE detector provides a 

higher BER due to the small number of receive channels, which is three here. A sphere 

decoder can be used instead, which offers near ML performance, with less computational 

complexity [36]. To see how far we can go in terms of reducing the number of receive 

channels, now we use a ring receiver. With a two-channel ring vector receiver, the 2×2 

system (Figure 5.7b) provides an average BER of 0.23E-3. Comparison of some typically 

observed OFDM blocks BERs for the 2×3 and 2×2 fully-vector systems (Figure 5.8) 

reveals that the ring vector receiver exhibits few more OFDM blocks with non-zero BERs 

than the sphere vector receiver. 

a

 

b

 

Figure 5.7 The proposed particle velocity double data multiplexing system for underwater 

acoustic communication via one vector transmitter and a three-channel or two-channel 

vector receiver. a, A fully-vector underwater communication system with one ring vector 

transmitter and one sphere vector receiver, providing three receive channels. Two bold 

arrows represent simultaneous transmission of two data streams; therefore, this is a 2×3 

system. The average bit error rate (BER) is obtained by averaging over five trials, and each 

trial includes transmission of fifty OFDM blocks per each data stream. b, A fully-vector 

underwater communication system with one ring vector transmitter and one ring vector 

receiver, providing two receive channels, a 2×2 system. 

 

 

To multiplex and transmit three signals or data streams 1s , 2s  and 3s  from the same 

vector transmitter (Figure 5.1a), to triple the data rate, we propose to modulate them on the 

x and y components of acoustic particle velocity as follows: the poles A and B (Figure 5.1a) 

transmit 1 3s s+  and 1 3s s− − , respectively, and the poles C and D (Figure 5.1a) transmit 
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a 

 
b 

 
Figure5.8 Bit error rates (BERs) of OFDM blocks in two data streams multiplexed by the 

vector transmitter in the proposed fully-vector system with a three-channel or two-channel 

vector receiver (Figure 5.7a and Figure 5.7b). a, BERs with one sphere vector receiver, 

providing three receive channels (the 2×3 system in Figure 5.7a). b, BERs with one ring 

vector receiver, providing two receive channels (the 2×2 system in Figure 5.7b). We 

observe few more OFDM blocks with non-zero BERs, when using a vector receiver with 

a smaller number of channels. 
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2 3s s+  and 2 3s s− − , respectively. The rationale behind this modulation method is that we 

envision a third dipole whose first pole is composed of A and C, and its second pole consists 

of B and D. This third dipole allows to modulate the extra signal or data stream 3s , in 

addition to 1s  and 2s . To implement the method, we present a system (Figure 5.9) which 

consists of one vector transmitter and three vector receivers. The average BER of this 

system is 0.2E-3, obtained using an ML detector. Examination of some typically observed 

OFDM blocks BERs for the three multiplexed data streams (Figure 5.10) demonstrates that 

most of the OFDM blocks are demodulated with no error. Motivated by the specific way 

we modulate 3s  together with 1s  and 2s , we have also developed a computationally 

inexpensive successive interference cancellation algorithm combined with MMSE 

detection, which offers a trade-off between system performance and complexity (data not 

shown), a matter of interest in some applications. Another option is a computationally 

inexpensive near-ML sphere decoding detection algorithm [36]. 

 

Figure 5.9 The proposed particle velocity triple data multiplexing system for underwater 

acoustic communication via one vector transmitter and an eight-channel vector receiver. A 

fully-vector underwater communication system with one ring vector transmitter, one ring 

vector receiver and two sphere vector receivers, providing eight receive channels. Three 

bold arrows represent simultaneous transmission of three data streams (triple data 

multiplexing), therefore, this is a 3×8 system. The average bit error rate (BER) is obtained 

by averaging over five trials, and each trial includes transmission of fifty OFDM blocks 

per each data stream. 
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Figure 5.10 Bit error rates (BERs) of OFDM blocks in three data streams multiplexed by 

the proposed vector transmitter and demodulated by an eight-channel vector receiver 

(Figure 5.9). BERs with one ring vector transmitter, one ring vector receiver and two sphere 

vector receivers, providing eight receive channels (the 3×8 system in Figure 5.9). Most of 

the OFDM blocks are demodulated with zero BER. 

 

  

5.3.2 Vector FSK System Ocean Test Results 

 

The experimental results provided in previous subsection are obtained using coherent 

OFDM signaling and demodulation. This subsection presents experimental results that 

demonstrate the feasibility of particle velocity data multiplexing using one vector 

transmitter, together with non-coherent FSK signaling and demodulation. The 

implemented vector non-coherent FSK system (see Section 5.2.2) includes one ring vector 

transmitter to multiplex two data streams, and a similar two-channel ring vector receiver. 

With no channel coding in the feasibility study, average BER is 1.65E-02, obtained by 

averaging over five trials, and each trial includes transmission of 900 bits per each of the 

two data streams. The average SNR is 1.2 dB. 
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5.4 Conclusion 

In summary, physics-based communication concepts for multiplexing multiple data 

streams over the same bandwidth to increase data rates, using underwater acoustic particle 

velocity field components, are introduced and verified through experiments. 
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CHAPTER 6 

DATA MULTIPPLEXING IN DRILL STRINGS OF OIL AND GAS WELLS 

USING MULTIPLE ACTUATORS 

 

Other than underwater communication, acoustic transmission is a viable and useful in 

applications such as oil and gas wells operations. In this chapter, using multiple actuators 

is proposed, to transmit several data streams simultaneously over the same bandwidth, and 

then separate and demodulate them at the receive side. This allows for data rate increase 

and optimal utilization of the small available bandwidth. In fact, using two actuators on a 

drill string testbed, it can be shown that data rate can doubled, by transmitting two data 

streams simultaneously, without increasing the bandwidth. While two piezoelectric 

actuators are used here, one can use magnetostrictive actuators [23, 24, 37] as well. 

The rest of this chapter is organized as follows. The experimental testbed is 

explained in Section 6.1. Channel measurements and communication test results are 

presented in Sections 6.2 and 6.3, respectively. Section 6.4 provides some concluding 

remarks. 

 

6.1 The Experimental Testbed 

The drill string testbed shown in Figure 6.1a is composed of two steel pipes connected 

using a coupling. Length and diameter of each pipe are about 1.5 m and 10 cm, respectively, 

whereas length of the coupling is about 9 cm. The two transmitters are piezoelectric 

transducers shown in Figure 6.1a. Receivers are shown in Figure 6.1b and include one 

strain sensor, PCB model 740B02, and one triaxial accelerometer, PCB model 356B21. 

These two sensors are needed to separate and demodulate the two data streams sent out 
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simultaneously by the two transmitters, to double the transmission rate.  The strain sensor 

measures fractional particle displacement along the drill pipe x axis [23], whereas the 

triaxial accelerometer measures particle accelerations along x, y and z axes [23]. The strain 

sensor is used because of the smaller delay spread and therefore less frequency selective 

behavior of strain channels [24], which can improve data detection and reduce bit error 

rate. The triaxial accelerometer is used to explore performance of the three orthogonal 

acceleration channels for data detection. Frequency responses and impulse responses of all 

these channels are measured and studied in the next section. A schematic drawing of the 

entire testbed is provided in Figure 6.1c. 

  
a b 

 

c 

Figure 6.1 The drill string testbed: a, Two piezoelectric transmitters labeled as Tx 1 and 

Tx 2; b, Two receiver sensors, including one strain sensor labeled as Strain, and one triaxial 

accelerometer labeled as Triaxial; c, Schematic drawing of the testbed. 
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6.2 Experimental Results on Channel Measurements 

Orthogonal frequency division multiplexing (OFDM) is used for signal transmission. Each 

actuator has transmitted from 2 to 6 kHz, using 1024 subcarriers, including 128 pilot tones 

for channel estimation and 96 null tones for noise power estimation. Each OFDM symbol 

duration is 256 ms, with 25 ms guard time interval in between. A least squares method is 

used for channel estimation [31], whereas for data detection a hard minimum mean squared 

error (MMSE) algorithm is used (see the Appendix B). The used modulation and coding 

are quadrature phase shift keying (QPSK) and convolutional coding. 

Magnitudes of frequency responses of the channels measured by the receiving 

sensors in Figure 6.1b are presented in Figure 6.2. One can observe that the strain channel 

has a nearly flat frequency response, whereas the acceleration channels frequency 

responses exhibit more frequency selectivity. The unequal strain and acceleration 

magnitudes in Figure 6.2 can be attributed to different sensor sensitivities: 50 milliVolt/µε 

for the strain sensor and 10 milliVolt/g for each channel of the triaxial accelerometer [23]. 

Here µε represents the strain magnitude unit in micro fractional particle displacement, 

whereas g = 9.8 m/sec2 is the gravity acceleration, used as the unit for particle acceleration 

magnitude. A method is discussed in [23] to scale readouts of the strain and acceleration 

sensors according to their sensor sensitivities, such that strain and acceleration signals 

magnitudes can be compared using the same unit. Here, for simplicity we use sensors 

readouts as they are, for demodulating and detecting the transmitted data. 

To better understand the less frequency selective behavior of the strain channel 

compared to the acceleration channels, these channels are examined in time domain as 

well, by looking at their inverse Fourier transforms. Magnitudes of impulse responses of 



 

65 

the channels measured by the receiving sensors in Figure 6.1b are presented in Figure 6.3. 

It is noteworthy that the strain channel impulse response has a shorter duration, compared 

to the acceleration channels which have longer durations, behaviors that are also observed 

in [23, 24]. Given the properties of Fourier transform, the short duration of the strain 

impulse response corroborates the relatively flat strain frequency response. 

 

 
Figure 6.2 Magnitudes of frequency responses of channels measured by the receiving 

sensors in Figure 6.1b. 

 

 

 
Figure 6.3 Magnitudes of impulse responses of the channels measured by the receiving 

sensors in Figure 6.1b. 
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6.3 Experimental Results on Communication and Data Detection 

In this section, first we present communication results on one actuator transmitting one 

data stream. These will serve as some benchmarks. Then we provide communication 

results on two actuators transmitting two data streams simultaneously, to double the 

transmission rate over the same bandwidth. 

6.3.1 One Actuator Transmitting One Data Stream 

 

In this section, we consider experiments where Tx 1 in Figure 6.1a has transmitted, over 

the bandwidth of 2 to 6 kHz, fifty OFDM symbols in a row, repeated five times to have 

multiple trials. With the same transmit power per actuator throughout the entire chapter 

and in all the experiments, measured bit error rates (BERs), i.e., bit error probabilities, for 

various receiving sensors at different positions identified in Figure 6.1b are presented in 

Figure 6.4. For each sensor at each position, five BERs and their average are provided, 

obtained from five trails. We observe that quite often BERs of the strain sensor receiver 

are smaller than BERs of the accelerometer receivers. 

The signal-to-noise ratio (SNR) for each BER data point of Figure 6.4 and their 

average over five trials are provide in Figure 6.5. The SNR reported throughout this chapter 

is obtained by calculating the ratio of the power of pilot sub-carriers to the power of null 

sub-carriers [31]. In most cases, we observe that SNRs of the strain sensor receiver are 

smaller than SNRs of the accelerometer receivers. This can be attributed to the sensitivity 

of the particular strain sensor we have used, which produces weaker signals compared to 

the accelerometer signals, as discussed in the previous section. 

Smaller BERs of the strain sensor receiver, while having smaller SNRs, can be 

related to the relatively flat strain channel frequency response in Figure 6.2. This makes 
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equalization and data detection simpler and more accurate, compared to the non-flat and 

frequency selective behavior of the acceleration channels frequency responses in Figure 

6.2. 

To better understand the data presented in Figures 6.4 and 6.5, their measurement 

results averaged over five different receiver positions are listed in Table 6.1. It is observed 

that the BER of the strain sensor receiver is smaller than the BERs of the accelerometer 

receivers. This can be attributed to the relatively flat strain channel frequency response in 

Figure 6.2, which renders equalization and data detection more accurate, compared to the 

frequency selective and non-flat acceleration channels frequency responses in Figure 6.2. 

Smaller SNR of the strain sensor receiver can be related to the sensitivity of the specific 

strain sensor used in the experiments, which produces signals weaker than the 

accelerometer signals, as mentioned in Section 6.2. 

 
Figure 6.4 Bit error rates of various receiving sensors at different positions, with one 

actuator transmitting one data stream. The receivers are a strain sensor and a triaxial 

accelerometer with x, y and z channels. The piecewise linear graphs represent average 

BERs of each sensor versus the sensor position. 
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Figure 6.5 Signal-to-noise ratios of various receiving sensors at different positions, with 

one actuator transmitting one data stream. The receivers are a strain sensor and a triaxial 

accelerometer with x, y and z channels. The piecewise linear graphs represent average 

SNRs of each sensor versus the sensor position. 

 

 

Table 6.1 Average BERs and SNRs of Various Receiving Sensors, with One Actuator 

Transmitting One Data Stream 

 

Receiving Sensor BER SNR (dB) 

Strain 2.7E-04 2.4 

X-Acceleration 2.2E-03 5.2 

Y-Acceleration 1.1E-03 6.5 

Z-Acceleration 3.5E-03 5.5 

 

6.3.2 Two Actuators Simultaneously Transmitting Two Data Streams 

 

Here we consider experiments where Tx 1 and Tx 2 in Figure 6.1a have both transmitted 

simultaneously and with the same power, two different sets of data, over the same 

bandwidth of 2 to 6 kHz. More specifically, each actuator has transmitted fifty OFDM 

symbols in a row, repeated five times to have multiple trials. This simultaneous 

transmission of two data streams doubles the transmission rate, without any bandwidth 

increase. To separate and demodulate the two data streams at the receive side, we use two 
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receiving sensors: the strain sensor and the triaxial accelerometer. Since the latter has the 

three x, y and z acceleration channels, there are six possible receiver configurations using 

two channels: strain and x-acceleration, strain and y-acceleration, strain and z-acceleration, 

x-acceleration and y-acceleration, x-acceleration and z-acceleration, and y-acceleration 

and z-acceleration. Details of the data separation and detection method are discussed in the 

Appendix B. Measured BERs and SNRs for these six receivers at different positions 

identified in Figure 6.1b are presented in Figures 6.6 to 6.11, respectively. For each receiver 

at each position, five BERs, five SNRs and their averages for each of the first and the 

second data streams are provided, obtained from five trails. 

To compare performance of these six 2×2 systems with two transmitting actuators 

and a two-channel receiver, we consider the best performance of the one actuator system 

of the previous subsection as a benchmark. According to Figure 6.4, lowest average BERs 

are below 10-3 for the system with the strain receiver, for average SNRs less than 4 dB at 

various receiver positions. Based on Figure 6.7 and compared to this benchmark, the two-

actuator system using the strain and the y‐ acceleration receivers offers the best 

performance among the six two-actuator systems. This is because in all the receiver 

positions its average BERs are less than 10-3, with average SNRs close to or less than 4 dB. 

The second best two-actuator system appears to be the one which utilizes the strain and the 

x‐acceleration receivers, whose BERs and SNRs are shown in Figure 6.6. 

It is noteworthy that average BERs of the two-actuator systems that do not use the 

strain sensor receiver are all greater than 10-3 at all positions, for average SNRs ranging 

from 1.5 to 9 dB (see Figures 6.9 to 6.11). As discussed in the previous section, this can be 

related to the relatively flat strain channel frequency response, which makes equalization 
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and data detection simpler and more accurate, compared to the non-flat and frequency-

selective behavior of the acceleration channels. 

To better comprehend the data presented in Figures 6.6 to Figure 6.11, their 

measurement results averaged over five different receiver positions and over two data 

streams are provided in Table 6.2. It was observed that when the strain sensor was one of 

the receivers, the BER tended to be smaller. This held true even for strain and z-

acceleration in Table 6.2, if the abnormally high BERs in Figure 6.8 for this receiver pair 

at 40 cm were not included in the average, which updated the BER and SNR for this 

receiver pair in Table 6.2 to 2.6E-04   and 3.4 dB, respectively. Overall, these smaller BERs 

can be attributed to the relatively flat strain channel frequency response, which made data 

recovery and equalization simpler and more effective, compared to the acceleration 

channels which were non-flat and more frequency selective. 

Table 6.2 Average BERs and SNRs of Various Receiving Sensor Pairs, with Two 

Actuators Simultaneously Transmitting Two Data Streams 

 

Receiving Sensor Pair BER SNR (dB) 

Strain and X-Acceleration 7.1E-04 3.0 

Strain and Y-Acceleration 2.9E-04 3.1 

Strain and Z-Acceleration 1.3E-02 3.6 

X- and Y-Acceleration 3.1E-02 4.3 

X- and Z-Acceleration 4.5E-02 4.7 

Y- and Z-Acceleration 3.6E-02 4.9 

 

 

6.4 Conclusions 

In this chapter it is demonstrated that using two actuators, one can transmit two data sets 

simultaneously through drill strings and pipes, to double the transmission rate in such 

communication media. Experimental bit error probability performance of the proposed 

two-actuator new system on a testbed is shown to be about the same as a system that uses 
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only one actuator, which therefore can offer only half of the data rate of the new system. 

Upon using more actuators, one can increase the data rate further. For example, three 

actuators can triple the data rate. 

Although only a two-channel receiver is proposed and used in this chapter to 

separate and demodulate data of the two actuators, one can use more receiving channels 

and sensors to improve the system performance. The benefit of having a multi-channel 

receiver with one actuator is discussed in [23, 37]. 

In this chapter, various combinations of strain and acceleration sensors are 

considered at the receive side. Due to some properties of strain channels such as smaller 

delay spreads [24] and their less frequency-selective behavior presented here, it appears 

that a strain sensor receiver and an accelerometer receiver together can offer a good 

performance, when separating and demodulating the two data streams transmitted 

simultaneously by the two actuators. 

While not discussed here, one can use the additional actuators to induce redundancy 

at the transmit side to reduce bit error probability, using space-time codes, space-frequency 

codes, etc. 
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Figure 6.6 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are a strain sensor 

and x-channel of a triaxial accelerometer. The piecewise linear graphs represent average 

BERs and SNRs for each of the two data streams versus the receiver position. 

 

 

 
Figure 6.7 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are a strain sensor 

and y-channel of a triaxial accelerometer. The piecewise linear graphs represent average 

BERs and SNRs for each of the two data streams versus the receiver position. 
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Figure 6.8 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are a strain sensor 

and z-channel of a triaxial accelerometer. The piecewise linear graphs represent average 

BERs and SNRs for each of the two data streams versus the receiver position. 

 

 

 
Figure 6.9 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are x-channel and y-

channel of a triaxial accelerometer. The piecewise linear graphs represent average BERs 

and SNRs for each of the two data streams versus the receiver position. 

 



 

74 

 

 
Figure 6.10 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are x-channel and z-

channel of a triaxial accelerometer. The piecewise linear graphs represent average BERs 

and SNRs for each of the two data streams versus the receiver position. 

 

 

 
Figure 6.11 BERs (top) and SNRs (bottom) at different receiver positions, with two 

actuators transmitting two data streams simultaneously. The receivers are y-channel and z-

channel of a triaxial accelerometer. The piecewise linear graphs represent average BERs 

and SNRs for each of the two data streams versus the receiver position. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORKS 

 

In this dissertation, new idea regarding acoustic communications is introduced and 

developed by using the acoustic vector transmitter and vector receivers. Both FSK and 

OFDM communication systems has been designed and implemented for different 

applications. Signal and noise power characteristics, doppler spread and BER performance 

of such systems are also investigated. Via extensive experimental work under different 

scenarios, the performance of a MIMO vector system is studied and compared with single 

and multiple pressure sensor receivers. 

In Chapters 2 and 3, the feasibility of using a vector transmitter and a vector receiver 

for underwater communication is studied respectively via FSK modulation in controlled 

environments, such as water tank and pool.  The BER comparisons between a scalar 

transmitter and a vector transmitter shows that one can utilize vector transmitter for data 

multiplexing without physically adding more devices and any performance penalty. It also 

shows hydrophone array can be replace by a vector receiver with no performance issue, 

while vector occupies less space.  

To further increase the data rate and effectively utilize the limited bandwidth in 

underwater environment, a MIMO OFDM system benefitting vector transmitter and 

receivers is designed and implemented. The BER performance is investigated under 

controlled environments. Using multiple setup, the potential of a vector MIMO OFDM 

system is explored.  
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In Chapter 5, the field test results are shown. By being tested under real ocean 

environment, the idea of data multiplexing via underwater acoustic particle velocity field 

components for underwater communication is verified.  

Later in Chapter 6, based on the successful experience with the underwater 

communication system, the attempt of data multiplexing using vector receivers shows 

encouraging results.  

For future work, more effective channel coding can be implemented to further 

improve the system proposed in this dissertation. Also. the potential of using multiple 

vector transmitters can be an interesting direction to explore. The implementation of the 

current system is still preliminary. More integration can be done to achieve real-time 

demodulation. 
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APPENDIX A 

EXPERIMENTAL RESULTS ON SYNCHRONIZATION WITH CHIRP 

SIGNALS USING A VECTOR SENSOR RECEIVER  

Chirp signals, also known as linear frequency modulated signals, are widely used for 

synchronization, signal acquisition, and frame detection in underwater communication 

systems. This is due to the peak at the output of the chirp matched filter at the receive side. 

In low signal-to-noise ratio (SNR) scenarios, however, this peak can be buried in noise, 

which results in major synchronization errors and system performance loss. While a scalar 

array of spatially separated hydrophones can increase SNR to improve synchronization, 

the size of the array may not be suitable for small platforms. Acoustic vector sensors, on 

the other hand, are small-size devices that can serve as multichannel communication 

receivers. In this appendix, performance of a vector sensor receiver for synchronization 

using a chirp signal is studied.  

The experimental setup is as follows: A scalar omni projector used for transmission; 

One receiver is a three-channel vector sensor; Another receiver is a three-hydrophone 

scalar vertical array with λ element spacing (used as a scalar receiver benchmark). 

Transmitter and receivers are 20 m apart, as shown in Figure A.1. Linear frequency 

modulated chirp signal s(t) is used. Chirp duration, bandwidth, amplitude: 200 ms, 2 kHz 

(19-21 kHz), 1 V. 100 chirps transmitted, with 200 ms gap between each two subsequent 

chirps, as shown in Figure A.2. 
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Figure A.1 Transmitter and receiver positions. 

 

 

 
Figure A.2 First four out of one hundred transmitted chirp signals. 

 

 

For the 1x3 vector system, received signals can be written as  

                                                    

( ) ( ) ( )

( ) ( ) ( ) ( ) ,

( ) ( ) ( )

x x x

y y y
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                                       (A.1) 

One vector receiver and 

a vertical array of three 

hydrophones 

One scalar transmitter 
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where h ’s and n ’s represent channel impulse responses and noise terms, respectively, and 

  represents convolution. Similarly, for the 1x3 scalar system, the received hydrophone 

signals can be written as 

                                                    

1 1 1

2 2 2

3 3 3

( ) ( ) ( )

( ) ( ) ( ) ( ) .

( ) ( ) ( )

r t p t n t

r t p t s t n t

r t p t n t

     
     

=  +
     
          

                                       (A.2) 

Since multiple signals are received, a combining method can be helpful for 

processing the signals. Selection combining [35] and normalized combining are both 

deployed separately at the receiver, to study the performance of the 1x3 system with a 

vector sensor receiver, as well as the 1x3 system with three scalar receivers (hydrophones). 

For selection combining, the received signal power is first calculated at each 

receiver according to 

                                                                 
21

( ) ,i i

T

P r t dt
T

=                                                   (A.3) 

where T  is the signal duration. 

The receiver that has the maximum power is selected and then applied to the filter 

matched to the chirp signal ( )s t . The output of the matched filter can be written as 

                                                              *

max( ) ( ) ( ),Pt r t s t =  −                                             (A.4) 

where max ( )Pr t  has the maximum power. The matched filter output using selection 

combining is shown in Figure A.3.  

For normalized combining, each received signal is first normalized and then 

combined, as follows: 
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                         (A.6) 

Afterwards, the combined signal is applied to the matched filter. 

 
Figure A.3 The matched filter output using selection combining with one hydrophone 

output as benchmark shown on top panel. 

 

 
Figure A.4 The matched filter output using normalized combining with one hydrophone 

output as benchmark shown on top panel. 
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By measuring covariance matrices of the vector and scalar array receivers, we observe the 

vector receiver channels are less correlated than the vertically-separated acoustic pressure 

channels. This can explain the vector receiver better performance, which provides three 

nearly uncorrelated signals. 

                         
vector
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E r r r r
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= =    
        

C                         (A.8) 

The experimental results indicate that a compact vector sensor receiver can significantly 

enhance the output of the filter matched to the chirp signal. This is because the proposed 

vector matched filter significantly suppresses the noise and provides a sharp peak at the 

output. This is particularly important for synchronization and signal acquisition in 

underwater communication systems operating in low SNR environments.  
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APPENDIX B 

MMSE MIMO DETECTION METHOD USED IN OFDM SYSTEM 

Here it is shown how in the experiments the two data streams transmitted via OFDM by 

the two actuators are separated and detected using two received signals and an MMSE 

algorithm. The system model with rxN  receivers and txN  transmitters can be written as 

r = Hγ +n . (B.1) 

In the above equation for the  -th OFDM data sub-carrier, 1[ ( ) ( )]
rx

T

Nr f r f =r  is the 

received signal vector, T is the transpose, 1[ ( ) ( )]
tx

T

Nf f  =γ  is the transmitted symbol 

vector, 1[ ( ) ( )]
rx

T

Nn f n f =n  is the noise vector and H  is the rx txN N  channel matrix 

11 1

1

( ) ( )

( ) ( )

tx

rx rx tx

N

N N N

H f H f

H f H f

 

 

 
 

=  
 
 

H . (B.2) 

In the experiments, elements of γ  are independent QPSK symbols, 2txN =  

corresponds to the two transmitting actuators, and 2rxN =  refers to any of these two 

receivers: strain and x-acceleration, strain and y-acceleration, strain and z-acceleration, x-

acceleration and y-acceleration, x-acceleration and z-acceleration, and y-acceleration and 

z-acceleration. To recover the two transmitted symbols in γ  at each sub-carrier from the 

corresponding 2 1  received signal vector r  in (B.1), an MMSE detector [38] is used in 

the experiments 



 

83 

( )
1

ˆ ˆ ˆ ˆˆ H H
−
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Σ . (B.4) 

In equation (B.3), γ̂  includes the MMSE-based symbol estimates, Ĥ  is the estimated 

channel matrix H  in (B.2), obtained using a least squares method [31], H is the transpose 

conjugate, and Σ̂  in equations (B.3) and (B.4) is the estimated rx rxN N  diagonal receiver 

noise covariance matrix., in which the noise variances are obtained using the null sub-

carriers received by the receivers [31]. 

The above MMSE detector is a linear method, so, highly desirable in practice due to its 

low computational complexity. Upon using a nonlinear method such as a maximum 

likelihood method, detection performance and BERs can be improved, at the cost of higher 

computational complexity [38]. 
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