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Abstract 

Transducer array performance is widely recognized as a significant factor in deter- 

mining the accuracy of target detection and bottom imaging in sonar systems. This 

thesis proposes methods to evaluate the performance of multi-element acoustic arrays 

used in a multi-angle swath bathymetry sonar system. The evaluation of array per- 

formance is accomplished through measurements of beam pat terns, t he inter-element 

spacing, and crosstalk between array elements. The Beam Pattern Measurement Sys- 

tem developed by the Underwater Research Lab is used to produce beam patterns 

from which the inter-element spacing is estimated by applying the inverse Fourier 

Transform. The crosstalk between array elements is investigated by exciting a single 

element and measuring the phase and magnitude of induced signals on non-excited 

array elements. A coupling matrix is constructed from measurements and used to 

predict the impact of crosstalk on the beam pattern and angle-of-arrival estimation 

with some limitations. The techniques developed to evaluate array performance are 

applied to three arrays and the results are presented in this thesis. 

iii 
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Chapter 1 

Introduction 

It is recognized that the acoustic channel is the only feasible means of underwater 

communications over any appreciable distance [I]. Sonar, derived from the acronym 

for Sound Navigation and Ranging, is one of the most important applications of the 

underwater acoustic communication channel. It uses transmitted and reflected un- 

derwater sound waves to detect and locate submerged objects or measure distance. 

Over the last several decades, sonar systems have improved and are widely used to 

explore the underwater world in applications such as oceanographic research, naviga- 

tion, submarine detection, mine location and bottom mapping. 

This thesis outlines a unique bottom imaging sonar system developed by the Un- 

derwater Research Lab (URL) at  Simon Fraser University, and then focuses on the 

characteristics of the mult i-element transducer arrays used in this sonar system and 

evaluates their performance. 

Motivation for Research 

The primary objective of this research is to evaluate the performance of multi-element 

transducer arrays used in multi-angle swath bathymetry sonar systems. This evalua- 

tion includes measurement of beam patterns, estimation of the inter-element spacing, 
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and investigation of crosstalk and estimating the impact of crosstalk on array perfor- 

mance. 

The array beam pattern describes the response of the transducer array as a func- 

tion of angle relative to the array. The inter-element spacing is important because the 

accuracy of target location in a multi-angle swath bathymetry sonar depends on the 

accuracy of the measured relative positions of the array elements. The overall perfor- 

mance of the sonar system is therefore dependent on the beam pattern and knowledge 

of the inter-element spacing, and investigating these characteristics is central to this 

research work. 

Another area of focus in this work is the investigation of crosstalk in multi-element 

arrays for narrow band sonar systems. Many other aspects of array performance have 

been well analyzed including the impact of noise, pulse length, multi-path interference, 

and footprint shift effects [2, 3, 41, but crosstalk between different transducer elements 

has been either neglected or modelled with computationally complex models. For 

example, in 151 a computer model is proposed for crosstalk but it requires an accurate 

and complex geometrical description of the array. Since crosstalk can have a significant 

effect on array performance, a goal of this thesis is to propose a simple yet accurate 

experimentally based method by which crosstalk is easily measured and that does not 

require a detailed description of the array. 

1.2 Contribution and Scope of Research 

There are two major contributions of this research work. (1) An algorithm is designed 

to estimate the distance between elements of linear transducer arrays. This is accom- 

plished by applying the inverse Fourier Transform to beam pattern data collected 

from the transducer. The accurate estimation of inter-element distance is crucial to 
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estimating target location because the calculation of the arrival angle partially de- 

pends on the spacing. Prior to my research, inter-element distances of transducer 

arrays were usually assumed to be identical to their designed values, which is not 

likely correct. Furthermore, the estimation of inter-element distance makes it possi- 

ble to employ a transducer array for target location even if its internal geometrical 

parameters were previously unknown. (2) A simple and practical method is developed 

to quantitatively measure crosstalk of different transducer arrays, and to provide im- 

portant insight into its effects on transducer performance. Before this research work, 

the crosstalk level was estimated approximately from the variation between the actual 

individual beam pattern of each transducer element and the ideal one [6]. However, 

a specialized measurement system is a required to obtain beam patterns. With the 

approach proposed in this thesis, the crosstalk level can be measured with common 

test instruments (function generator and oscilloscope). Crosstalk levels can also be 

estimated by numeric methods, but these methods require detailed geometrical and 

material information for the arrays [5]. By comparison, the method proposed in this 

thesis can be used to explore crosstalk without a geometrical or material description 

of the arrays. Furthermore, the results of the crosstalk measurements give information 

related to the impact of crosstalk on beam patterns and angle-of-arrival estimation. 

In this thesis, we investigate only the steady state beam patterns and crosstalk, and 

do not consider the transient effects. Investigating the transient effects can provide a 

means to separate electrostatic and acoustic crosstalk between array elements, but is 

considered to be beyond the scope of this thesis. Also, this thesis focuses only on linear 

multi-element arrays composed of elements with a large ratio of length to thickness. 

Crosstalk in such arrays is less complicated than that in arrays with similar length 

and thickness, so the proposed methods to measure crosstalk and analyze the impact 
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of crosstalk may not be applicable to other arrays. Finally, the analysis of crosstalk 

effect on array performance is done under the assumption of an infinite boundary. 

This assumption is not always satisfied as housing effects may contribute to crosstalk. 

Thus, neglecting housing effects decreases the accuracy of estimating the impact of 

crosstalk on array performance. Nevertheless, housing effects are usually evident and 

since the goal is to design arrays without housing interactions characterizing them 

was considered not necessary. 

Outline of Research 

This thesis is organized into five chapters. This chapter introduces the principles and 

historical development of sonar systems to place my work in context. Chapter 2, 

Beam Pattern and Beam Pattern Measurement System, describes the system in the 

Underwater Research Lab at Simon Fraser University used to measure beam patterns 

of transducers. In Chapter 3, Element Spacing of Transducer Arrays, a method 

to determine distance between array elements is examined. Chapter 4, Crosstalk 

Measurement and Analysis, explains what crosstalk is, proposes a method to measure 

it, explores its causes, and analyzes its effects on transducer performance. Finally, 

Chapter 5 summarizes the research work, and suggests directions for future work. 

Background 

Sonar remotely detects and locates objects by taking advantage of the behavior of 

sound in water. There are two fundamental categories of sonar systems: passive 

or active. Passive sonars are essentially "listening" devices that respond to sounds 

emitted by objects in water. Such instruments can be used to detect seismic events, 

ships, submarines, and marine creatures - anything that emits sound on its own. 
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Active sonars are devices that produce sound waves of specific controlled frequencies 

and durations and listen for the echoes of these emitted sounds returned from remote 

objects in the water. For example, sonars used to measure ocean depths are active 

sonars because they emit a sound pulse and listen for the echo from the bottom [7]. 

The sonar systems discussed in this thesis are all active sonars. 

This section gives a brief description of sonar systems, and is divided into two 

subsections. The first one introduces the fundamental principles of an active sonar 

system; and the second one outlines the evolution of the multi-angle swath bathymetry 

sonar system specific to this thesis. 

1.4.1 Components and Principles of an Active Sonar System 

Typically, an active sonar system is composed of four basic components: a control 

and data processing device, a transmitter, a receiver, and a transducer. 

The operating sequence of an active sonar is as follows: (1) The control and data 

processing device signals the transmitter system to produce a sound pulse, or ping. 

(2) The transmitter generates an oscillating electric signal with frequency character- 

istics that can be uniquely distinguished. (3) The transmit transducer converts the 

oscillating electric signals into acoustic signals that propagate through the water. (4) 

Upon the return of the sound waves as echoes from the sea floor or other targets in the 

water, the receive transducer converts the sound waves back into electrical signals. 

(5) The receiver amplifies the electrical signals and passes them on to the control 

and data processing device. (6) The control and data processing device records and 

processes the amplified signals and then triggers the next ping [8]. 

In underwater acoustics, the transducer refers to a diversity of devices that are 

capable of providing an acoustic output in response to another form of input, or 

another form of output in response to an acoustic input. The main forms of input or 
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output are mechanical, thermal, magnetic, and electrical. For this thesis, the class of 

acoustic transducers that perform a conversion between electrical and acoustic energy 

is of interest. A transducer that converts electrical signals into acoustic signals is called 

a projector, and a transducer that converts acoustic signals into electrical signals is 

called a hydrophone. When an electrical field is applied to a projector, the projector 

will change shape, producing mechanical vibrations that are transmitted into the 

water as oscillating pressures or sound waves. Conversely, when acoustic waves arrive 

at a hydrophone, the hydrophone vibrates in response to the pressure changes and 

produces a voltage that corresponds to these changes. 

Knowledge of transducer material properties is key in determining the performance 

of the transducer. Various materials, such as nickel, terfenol and ceramic, have found 

wide use in underwater acoustic transducers [9]. The most popular materials, however, 

are piezoelectric ceramics due to their superior piezoelectrical characteristics [9]. 

Also, the shape of transducers is designed to meet specific requirements for un- 

derwater applications. For example, spherical transducers are omnidirectional while 

rectangular bars can discriminate direction. 

1 A.2 Development of Sonar Systems 

The first sonar system was invented in 1906 by Lewis Nixon, as a way of detecting 

icebergs. Interest in sonar increased during World War I to enable detection of enemy 

submarines. In 1915, Paul Langevin invented the first sonar system capable of de- 

tecting submarines. It used the piezoelectric properties of a quartz crystal to convert 

electrical signals to underwater compression waves and vice versa. Later on, with the 

invention and refinement of acoustic transducers, more advanced forms of sonar were 

developed. Historically, the simplest sonar system, the single-beam depth sounder, 
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evolved gradually to today's modern multi-beam, sidescan, swath bathymetry sides- 

can and multi-angle swath bathymetry sonars 171. 

Recently, the performance of sonar systems has improved considerably, partic- 

ularly because of the availability of high speed digital signal processing hardware 

and software. At the same time, well-designed acoustic transducers also significantly 

improve the measurement accuracy and resolution achievable. Especially, recent re- 

search by John Bird and Paul Kraeutuer used a small linear transducer array of only 

six piezoelectric elements to successfully implement a multi-angle swath bathymetry 

sonar [lo]. 

1.4.2.1 Single-Beam Depth Sounder 

The single-beam depth sounder is the earliest and most basic sonar system. It uses 

a projector to generate a sound pulse and transmit it vertically down into the water. 

The sound pulse propagates through the water, and is reflected back upon striking 

the ocean bottom. The projector which generated the sound pulse now acts as a 

hydrophone to detect the first echo. The time between the generation of the sound 

pulse and the earliest detection of the first echo is used to calculate the depth of the 

bottom, using a known velocity of sound in water. 

The single-beam depth sounder is simple and easy to build, but its characteristics 

limit the measurement to a point that is exactly under the transducer. To image an 

area of sea floor, a laborious grid of measurements is required. It also assumes the 

sea floor is relatively flat, otherwise the first echo may not be from the point directly 

below the transducer 171. 
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1.4.2.2 Multibeam Sonar 

In order to improve the single point measurement of the single-beam depth sounder, 

multibeam sonar was developed to image more than one point with a single ping. 

In this system, neighboring transducer elements interfere with each other construc- 

tively or destructively to provide specific look directions. Therefore, projector arrays 

and hydrophone arrays are capable of generating and detecting sound waves whose 

amplitudes vary as a function of angular location. Furthermore, some systems take 

advantage of electronic beamsteering, where digital signal processing is used to process 

the waves simultaneously so as to generate the effect of "steering" a beam. A major 

drawback of multibeam sonar systems, however, is that they require a large number 

of transducer elements to achieve high angular resolution, which is very costly [7]. 

1.4.2.3 Sidescan Sonar 

To minimize the cost problem encountered with multibeam sonar, sidescan sonar 

was developed to generate high-resolution images for lower cost. The fundamental 

principle of this technique is actually similar to that of a single-beam depth sounder. 

However, unlike a single-beam echo sounder which is pointed downwards and only 

records the time between sound generation and the arrival of the first return echo, 

sidescan sonar is pointed sideways and collects a time sequence of backscattered sig- 

nals after the first echo. The first bottom echo is received, followed by continuous 

returns from points further and further away from the first scatterer. By analyz- 

ing the relationship between signal magnitude and time, a sidescan sonar is able to 

yield information not only about the distance to the seabed, but also the backscatter 

strength of the seabed, thus giving clues to its material composition [ll]. However, a 

sidescan sonar can only produce two dimensional images and can not determine the 
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depth of each point in the image. 

1.4.2.4 Swath Bathymetry Sidescan Sonar 

With a two-element transducer array, swath bathymetry sidescan (SBS) sonar can 

build three dimensional underwater images. The method utilizes the phase difference 

between two transducer elements to obtain the angle-of-arrival (AOA) of targets. 

Figure 1.1 helps explain the underlying principle of SBS sonar. 

Source 

Figure 1.1: Transducer array in an SBS sonar 

As shown in Figure 1.1, two transducer elements, labeled as 1 and 2, are spaced 

with distance d. The AOA, 0, refers to the angle between the direction of the signal 

and the plane perpendicular to the hydrophone array axis, and is also named the 

physical angle. The phase difference between two adjacent elements of the transducer 

array corresponding to the signal from direction 0, is defined as the electrical angle 
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and is obtained from: 
d 

q5 = 2~-s in0  
X (1.1) 

where d is the distance between elements of the transducer array, and X = c/ f, is the 

wavelength. The sound speed, c, is approximately 1500 m/s in water. 

The position of a target is determined by the AOA together with the propagation 

time for the signal to travel from the transducer to the seabed and from the seabed 

back to the transducer. Because the transducer only contains two elements, the system 

works when only one target is present at a given distance. In other words, only one 

angle-of-arrival can be estimated. In more complex situations, where more than one 

signal arrives at the hydrophone simultaneously, the phase measurement from the 

two-element SBS system is corrupted. This produces a distorted underwater image. 

Although this limitation impairs its overall acceptance, SBS sonar is still widely used 

in less demanding bottom imaging applications [7]. 

1.4.2.5 Multi-angle Swath Bathymetry Sonar 

In 1997, John Bird and Paul Kraeutuer constructed a multi-angle swath bathymetry 

(MASB) sonar that estimates the AOA of multiple reflected signals arriving concur- 

rently at a transducer array [lo]. MASB sonar employs a transducer array consisting 

of N equally spaced elements (N is usually 6) ,  and has successfully produced three di- 

mensional images of the bottom 112, 131. The geometry for this system is illustrated 

schematically in Figure 1.2, where d is the space between two adjacent transducer 

elements, and r is the distance between the scatterers and the transducer array. 

In the MASB system, adaptive filters, such as Least Squares, Least Mean Squares, 

etc, are used to estimate the angle-of-arrival of targets from observed data. As many 

as N - 1 targets can be located using an N-element transducer array with this system. 

In the signal processing algorithms, it is assumed that the inter-element spacing is 
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Figure 1.2: N-element transducer array in an MASB sonar 

known, and that there is no crosstalk between array elements. This thesis addresses 

the situation where neither of these assumptions is satisfied, and proposes methods to 

estimate the inter-element spacing and to explore crosstalk levels between elements. 

Summing up, the historical progression of sonar systems was single-beam depth 

sounder, multi-beam sonar, sidescan sonar, SBS sonar and finally MASB sonar. It is 

the MASB and their multi-element transducer arrays that are utilized in the URL, 

and are the focus of this thesis. 



Chapter 2 

Beam Pattern and Beam Pattern 
Measurement System 

This chapter describes beam patterns of transducer arrays and the Beam Pattern 

Measurement System (BPMS) used in the Underwater Research Lab. The chapter 

is divided into three sections: the first section describes beam patterns; the second 

section describes the BPMS in detail; the last section demonstrates the graphical user 

interfaces utilized to perform beam pattern measurements and display beam patterns. 

2.1 Beam Patterns 

This section describes beam patterns and presents ideal beam patterns for an indi- 

vidual transducer element and an element that is embedded in a transducer array. To 

provide a general picture of the transducer arrays under consideration in this thesis, 

the front view and side view of a multi-element transducer array are illustrated in Fig- 

ure 2.1. A detailed description of the configuration of the multi-element transducer 

arrays can be found in Chapter 4. 

Generally speaking, the beam pattern, denoted by B(8) in this thesis, describes a 

transducer's response to a plane-wave acoustic signal as a function of angular direction 

relative to the transducer, and is determined primarily by the shape of the transducer. 
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Side view of 
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Figure 2.1 : Typical configuration of a six-element transducer array 

The beam pattern of a transducer is reciprocal, which means that the beam pattern 

will be the same whether the transducer is used as a projector or a hydrophone. Beam 

patterns are quite complex because in the real world they are three-dimensional. To 

simplify the plots, a Cartesian or polar coordinate is used to show the beam in the 

plane of interest which is perpendicular to the long dimension of the array. For ease in 

use and maximum versatility, the beam pattern plots are usually shown on a decibel 

scale. 

Transducers can be designed to have different types of beam patterns, from omni- 

directional to very narrow. For example, a spherical transducer has an omnidirectional 

beam pattern, and provides no direction discrimination, while a line transducer has 

a directional beam pattern that varies as a function of spatial angle. The width of 

the beam pattern between points 3 dB down from the peak is generally defined as 

beamwidth, and represented in this thesis by gB. Figures 2.2 and 2.3 plot an omnidi- 

rectional and directional beam pattern versus spatial angle 0 in both Cartesian and 

polar coordinates. As shown in 2.2 and 2.3, the omnidirectional beam pattern has 
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equal response in the range of [-90•‹, 90'1, and the directional beam pattern has a 

beamwidth of about 20". 

O 8  -1 -90 1 -60 -30 o 30 60 90 

e (Degree) 

( 4  

Figure 2.2: Omnidirectional beam pattern in a (a) Cartesian and (b) polar coordinate 

( 4  (b) 

Figure 2.3: Directional beam pattern in a (a) Cartesian and (b) polar coordinate 

For a line transducer with a length of L m, the bearnwidth is approximated by [8] 

where X is the wavelength, and GB is the beamwidth in degrees and depends on 

the ratio of wavelength to transducer dimension. For a directional beam pattern 
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as shown in Figure 2.3, a point with zero response (-GO in dB) is called a null and 

the beam pattern between two nulls is called a lobe. The central biggest lobe is 

called the main lobe, while the other lobes are called side lobes. As the ratio of 

wavelength to transducer dimension becomes smaller, the beamwidth decreases, and 

the main lobe becomes narrower, accompanied by an increase in the number of side 

lobes. Theoretically, the first side lobe for a uniform line transducer is at -13 dB 

[9]. Side lobes are undesirable because they can produce spurious signals from strong 

off-axis scatterers, and result in artifacts in the image. Consequently, for a particular 

application, a compromise has to be reached between the beamwidth and level of side 

lobes. Shading (varying the magnitudes of the driving signals across a transducer 

array) is used to trade off beamwidth and side lobe level for a linear transducer array 

[9]. In beam steered sonar systems, the beamwidth is typically used as a measure of 

the angular resolution. Hence, angular resolution is a function of the dimension of 

the transducer [8]. 

A rectangular transducer element is treated as a line source, with a length equal 

to the edge of the rectangular element parallel to the plane of the beam pattern under 

consideration [9]. Since the beam patterns examined in this thesis are in the plane 

perpendicular to the array, it is the width of the transducer elements as shown in 

Figure 2.1 that is considered for beamwidth. The transducer arrays (A, B and C) 

investigated in this thesis are composed of rectangular elements with small width 

compared to the wavelength. For example, the ratio of the wavelength to width is 

about 4.4 in array A. Therefore, the individual transducer element of the arrays under 

investigation is characterized by an approximately omnidirectional beam pattern. 

When a transducer element is assembled into an array as shown in Figure 2.1, its 

beam pattern is affected by the boundary or baffle. In the case that the acoustical 
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impedance of the material between the piezoelectric ceramic elements is much lower 

than that of the elements (i.e., soft baffle condition), the pattern shaping function of 

each single element is a cosine function [14] as shown in Figure 2.4, with resulting 

beamwidth of about 90". The spaces between transducer elements in arrays A, B 

and C used in this thesis are filled with corprene, Syntactic Foam, or paper with 

impedance around 41 3, 1500, and 1000 kg/ (m2 s) , respectively. Compared to the 

impedance of ceramics, which is around lo6 kg/(m2s), the impedances of the filling 

material are relatively small. Therefore, the cosine pattern shaping function applies 

to all the multi-element transducer arrays investigated in my research. 

I 

I I 
-25 - I 

€ 
I I 
I 2 -30 - I I I 
I I 

-35 - I I 
I I 

I I 
I I, 

-!?oo -50 0 50 
B (Degree) 

Figure 2.4: Cosine pattern in a (a) Cartesian and (b) polar coordinate 

2.2 Beam Pattern Measurement System 

In the previous section, the ideal beam pattern for a transducer element is presented. 

In this section, the system used in the URL to obtain beam patterns, the Beam Pat- 

tern Measurement System, is described. To depict the system clearly, this section is 

divided into seven subsections: the first subsection outlines the setup and introduces 

the primary components of the BPMS; the second subsection briefly introduces what 
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is signal and what is noise in a measurement; the third subsection presents pictures of 

three transducer arrays which are investigated and compared throughout my thesis; 

the fourth subsection characterizes the amplifier used in the BPMS; the fifth subsec- 

tion introduces important features of the A/D board; the sixth subsection illustrates 

the bandpass sampling method employed in this thesis; the last subsection describes 

the noise performance of the BPMS. 

2.2.1 Outline of the Beam Pattern Measurement System 

The BPMS in the URL is composed of a personal computer, a Field Programmable 

Gate Array (FPGA) manufactured by RPA Electronics Design [15], an A/D board 

manufactured by Interactive Circuits and System Ltd (ICS) [16], a transmitter, a 

receiver amplifier, a stepper motor, a projector and a hydrophone (array under test). 

A picture of, and an illustrative side view of the water tank used to make beam 

pattern measurements are shown in Figure 2.5. The test tank dimensions are 4m x 

4m x 2m. The projector is mounted at the lower right hand corner of the test tank, 

while the hydrophone under test is mounted on a rotating pole at the opposite diagonal 

corner at the same depth as the projector. In the URL, the projector and hydrophone 

are set with their length dimension parallel to the rotation axis for measuring beam 

patterns in the plane perpendicular to the hydrophone array long dimension. A 

stepper motor rotates the hydrophone array under test in uniform increments. For 

typical beam pattern measurements, the hydrophone is stepped in the range of [-90•‹, 

90•‹], where 0" is oriented to directly align the acoustic axis of the hydrophone array 

under test with the acoustic axis of the projector. 

A flow chart illustrating how the BPMS works is shown in Figure 2.6. The personal 

computer signals the AID board to trigger the FPGA board. Meanwhile, the clock 

signal of the FPGA is constantly sent to the A/D board to synchronize the FPGA 
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(4 
Stepper 

Tested Projector 
Hydrophox 

Figure 2.5: (a) Picture and (b) side view oT the test tank (adapted from diagram by 
R.obert Huxtable, 2005 by permission) 
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and AID board. Once the FPGA is triggered, it produces pulses and sends them 

to the sonar transmitter, which in turn generates a square wave and applies it to 

the projector. The peak to peak output voltage of the transmitter can be adjusted 

between Ov and 600v. In response to the voltage, the rectangular elements of the 

projector vibrate and produce acoustic waves that subsequently propagate through 

the water. When these acoustic waves arrive at the hydrophone, they compress and 

decompress the ceramic elements to produce a corresponding electrical signal. The 

amplifier with a computer controlled gain amplifies the signal that has been attenuated 

by the propagation loss through the tank. Afterwards, the amplified signal is sampled 

by the AID board. Finally, the PC records the digitized received signal, directs 

the hydrophone array to rotate one step (usually lo), and begins the next cycle. A 

comprehensive description of the BPMS can be found in [17]. 

Control & Data 

Gain 
Sonar Receiver 

Transmitter Amplifier 

t 

Figure 2.6: Configuration of the BPMS 
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2.2.2 Signal and Noise 

In general, the word "signal" refers to useful information conveyed by some commu- 

nications medium, while the word "noise" refers to anything else on that medium. 

Noise present in acoustic research can be classified into two categories: ambient and 

electronic. Ambient noise is the noise caused by the surrounding environment, and 

it enters the system through the transducer; electronic noise is the noise caused by 

the electronic components in the sonar system, including chips, resistors etc. The 

root-mean-square (RMS) level of noise n(t) during time interval [0, T]s is defined as: 

Generally, noise levels are compared using a decibel scale, hence, 

V ~ T m S  (dB) = 20 loglo VNrrns 

1 T 
= lologlO(T So 

The noise level of the BPMS is characterized later in this section. 

In order to describe the quality of the measurement signal environment, the signal- 

to-noise ratio, or SNR, commonly expressed in decibels, is used to indicate the signal 

strength relative to background noise. If Vs and VN represent the magnitudes of signal 

and noise respectively, SNR can be formulated as: 

K SNR = 20 loglo - 
VN 

2.2.3 Transducers 

Every transducer element has a specific resonant frequency determined by its di- 

mensions, at which its oscillation amplitude in response to an electrical or acoustic 

stimulus is maximum. Around this resonant frequency, a transducer behaves like a 
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bandpass filter, removing higher order harmonics and passing only the fundamental 

component. Transducer arrajrs consisting of a number of elements with identical res- 

onant frequencies are used in sonar systems because they are better than a single 

transducer element in regard to power radiation and directional discrimination. Fig- 

ure 2.7 pictures three transducer arrays, denoted as arrays A, B and C, analyzed and 

compared throughout this thesis. Array A was built by the URL, array B was made 

by Simrad [18], and array C was made by Benthos [19]. All three arrays are prototype 

arrays to  be used with the UR.L MASB sonar. The resonant frequencies of all these 

arrays are around 300 kHz. 

(b) (4 
Figure 2.7: Arrays (a) A, (b) B and (c) C 

A typical hydrophone signal as received by one of these arrays is depicted in Figure 

2.8. A hyclroplione signal takes time to stabilize at steady state, and the transient 

responses before and after the steady state are called the leading edge and trailing 

edge, respectively. It is evident from Figure 2.8 that during the transient response, the 

peak values of the hydrophone signal varies with time. Consequently, in the leading 

and trailing edges, the demodulated signals arriving at the same time a t  successive 
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transducer elements differ not only in phase, but also in magnitude. In order to 

guarantee that there are only phase delays among transducer elements, we locate 

the steady state, and only analyze the steady state signal while not considering the 

transient part of the signal. 

Leadmg edge Steady state 
I - A  

-1.5 L 
0 1 2 3 4 5 

Time (s) I o-' 

Figure 2.8: A hydrophone signal 

2.2.4 Amplifiers 

In the BPMS, an 8-channel amplifier is used to compensate for the energy lost during 

propagation before the hydrophone signal is digitized by the A/D board. A block 

diagram of a single amplifier channel is illustrated in Figure 2.9. 

The multiple stage amplifier shown in Figure 2.9 offers a gain of 20 to 60 dB. 

The pre-amp is a unity gain amplifier. The gain of the second amplifier is controlled 

by a voltage from the FPGA, and its amplifying range is from 0 to 40 dB. The last 

stage provides 20 dB amplification. There are losses due to the passive roll-off filters 
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Hydrophone rl-p-~p-p-jxl 
Pre- Amp FPGA Amp 

(0 dB) Gain Control (20 dB) 
(0 - 40 dB) 

Figure 2.9: Block diagram of amplifier 

in the circuit, resulting in an actual maximum amplifier gain of 19.6 dB to 53 dB. 

Also, the amplifier is driven by a f 5V DC supply, which limits the maximum output 

of the amplifier to be f 5V. Figure 2.10 describes the actual gain characteristics at a 

frequency of 300 kHz for channel 3 versus the gain command of FPGA in the range 

of 0 to 255. 

I I 
50 100 150 200 250 300 

Gain Command 

Figure 2.10: Gain vs gain command 

Also, the amplifier acts as a wide bandpass filter. Figure 2.11 shows the magnitude 

and phase of the frequency response of channel 3 over the range of [40k, 700k] at a 

gain command of 0. As suggested by Figure 2.11, the gain of the amplifier achieves 

maximum value around 160 kHz. 
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Figure 2.11: (a) Gain and (b) phase of amplifier vs frequency 

2.2.5 A/D Board 

The ICS-645 is an 8-channel, 16 bit, high-speed A/D converter PC1 board [20]. The 

ICS-645 offers external or internal clock and trigger options. In the BPMS, the AID 

board is programmed to be internal triggered, and sends out a trigger signal to the 

FPGA; an external sampling clock is applied to the A/D board from the FPGA, 

which accomplishes synchronization between the A/D and FPGA boards. 

The ICS-645 provides simultaneous sampling on all 8 channels, and therefore there 

is no phase error between channels. The highest sampling rate is 20MHzIchannel. 

The oversampling ratio of the board can be programmed to be either 1, 2, 4, or 

8. Consequently, the highest output data rate is either 20M, 10M, 5M or 2.5M Hz 

respectively. The oversampling rate we used in all beam pattern measurements is 

8. The input scale of the A/D board is [-I, +1] V giving [-32768, +32767] (16- 

bit resolution). As a result, although the analog amplifier can produce an output in 

the range of [-5, +5] V, the full input scale of the A/D board limits the maximum 

magnitude of the amplified signal to be less than 1 V. The dynamic range of the AID 
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board is 89 dB in the decimation by 8 mode [20]. 

2.2.6 Bandpass Sampling 

The bandpass sampling method employed in the BPMS to convert the bandpass signal 

to baseband is described as follows. More details about this method can be found in 

[21]. The continuous bandpass signal from the hydrophone can be represented as: 

where A is the amplitude, w, = 27rfc is the angular frequency and a is the phase 

angle. Equation (2.5) can be expanded into: 

x( t )  = A[cos (w,t)cos ( a )  - s in(w, t )s in(a)]  (2.6) 

If we assume: 

where I ( t )  and Q ( t )  are in-phase and quadrature components of the bandpass signal 

respectively. Then, Equation (2.6) becomes: 

x(t)  = I(t)cos(w,t)  - Q(t)s in(w, t )  

Conventional quadrature demodulation is implemented by mu ltiplying the incom- 

ing signal with a replica of the carrier wave and filtering out harmonic terms. This 

basic scheme is outlined in Figure 2.12. Even though the conventional demodulation 

scheme is inexpensive and simple, the mismatch of amplitude and phase between the 

I and Q channels often limits system performance [22]. The method employed in the 

URL BPMS significantly improves the coherence between two parallel channels, and 

is described as follows. 
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Figure 2.12: A conventional demodulator 

It is evident from Equation (2.8) that I ( t )  and Q(t) are obtained from sampling the 

bandpass signal x(t) at the moment of sin(wct) = 0, cos(wct) = 1 and cos(wct) = 0, 

-sin(wct) = 1, respectively. This process is illustrated in Figure 2.13. The thing to 

note is that I ( t )  and Q(t) samples are one quarter of a period apart in time, but the 

I ( f )  

envelope of a narrowband signal does not change much in this time, and therefore the 

I( t )  and Q(t) samples may be considered as being taken at  the same time. 

Considering sin(wct) and cos(wct) are out of phase by 114 period, if we sample the 

bandpass signal x(t) 4N times the frequency of fc, the first and the N + 1 sampled 

data of every period are I(t) and Q(t). For example, if fc is 300 kHz, the sampling 

frequency f, can be 1.2 MHz, 2.4 MHz, . . .. For f, = 1.2 MHz, the 1st and 2nd of 

each cycle are I (t) and Q(t); but for f, = 2.4 MHz, the 1st and 3rd of every period 

are I( t )  and Q(t), and so on. Hence, by sampling, the received signals are converted 

into baseband signals I ( t )  and Q(t), for which the magnitudes and phases can be 

AD 
Converter 

I ( n W  
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-2 I I 

Figure 2.13: Ill~stra~tion of sampling 

expressed as: 

2.2.7 Noise Description of the BPMS 

The RMS noise of the BPMS versus the gain command from the FPGA ([O, 2551) is 

shown in Figure 2.14. The measurement of noise level is accomplished by applying 

different inputs to the amplifier. Shorting out the input and leaving the input open 

approximate the minimum and maximum noise level of the system. Also shown is 

the noise level measured with a typical hydrophone, array A, connected to  the input 

of the amplifier. In addition, the noise level determined theoretically in the case of 

array A connected to the amplifier is plotted. 

The noise plotted in Figure 2.14 approximately describes the noise of the AD 
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Figure 2.14: (a) Absolute value and (b) decibel level of RNIS noise in the BPNIS 

board plus the amplified noise of the multi-st,age amplifier and hydrophone if there is 

one connected to  the amplifier. While the noise of the AD board is independent of 

the gain of the amplifier, the noise of the amplifier and hyclroplione is amplified, and 

therefore, depends on the gain of the amplifier. To aid in describing this dependence, 

the multi-state amplifier is shown schematically in Figure 2.15. The input noise No 

Figure 2.15: The multi-state amplifier 

is from the hydrophone, which is amplified with gain of G I ,  G2, and G3. The various 

noise components at each amplifying stage, nl ,  722 and ns, are added to No Finallyi 
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the noise N3 at the output of the amplifier is [23]: 

As we mentioned earlier, GI = 1, and G3 = 10, so Equation (2.10) becomes: 

The noise in the BPMS is N3 plus the noise of the A/D board which is approxi- 

mately -90 dB. Compared to the amplifier noise, whose smallest value is around -60 

dB, the A/D noise can be neglected. The dependence of the noise of the BPMS on 

the FPGA controlled gain in the range of 0 to 255 is as plotted in Figure 2.14. It 

is noted that the measured noise level is much higher than the theoretical value at 

the lower gain (16 dB difference at the gain of 0). Meanwhile, since the measured 

and theoretical noise levels are close at the higher gain, we can tell from Equation 

(2.11) that some noise, the cause of which is unknown so far, is picked up during the 

third stage amplification. Nevertheless, as shown later, the signal-to-noise ratio is 

high enough so that the difference between the measured and theoretical noise level 

does not affect measurements at the lower gain. 

Since the noise level of the system is known, the maximum signal-to-noise level 

achievable can be calculated by subtracting the noise level from the max output level 

of the system, which is 1 V. Consequently, the signal-to-noise ratio of the system is 

obtained and plotted in Figure 2.16. The thing to note is that this SNR is the raw 

SNR before any further processing, such as filtering and averaging the steady state of 

incident signals, which are explained in the later section. 

'Note that the amplifiers were those that were available for beam pattern measurements at the 
time. These amplifiers need to be redesigned for better noise performance at low gain. 
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Figure 2.16: Signal-to-noise ratio of the BPMS 

As suggested in Figure 2.16, a higher SNR, which indicates better performance 

of the BPMS in producing more accurate beam pattern measurements and angle-of- 

arrival estimations, is achieved at the lower gain. In practice, the difference between 

the effects for an SNR of 43 dB at the gain of 255 and 60 dB at the gain of 0 is not very 

significant for typical beam pattern measurements and angle-of-arrival estimations. 

2.3 GUIs of the BPMS 

We outlined the BPMS and its noise performance in the previous section. In this 

section, we focus on two routines: one is designed for making beam pattern measure- 

ments, and the other one is for displaying beam patterns. 

2.3.1 GUI for Beam Pattern Measurements 

The BPMS is controlled from MATLAB. The MATLAB Graphical User Interface 

(GUI) shown in Figure 2.17 was built to simplify the use of the BPMS. All beam 
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pattern measurements are performed through this GUI. To help explain, the GUI is 

divided into three parts as labeled in Figure 2.17, each of which will be described 

in detail in the following discussion. The parameters necessary for measurements 

can be edited in Part I. The default paranletem usually used in our beam pattern 

measurements are listed and briefly described in Table 2.1. 

Frame I1 

Frame I 

Figure 2.17: The GUI for beam pattern measurements 

In part, 11, users can control the hydrophone to align it directly with the projector, 

and also, can start or stop a measurement. This alignment is accomplished by rotating 

the stepper motor in a clockwise or counterclockwise direction. All beam pattern 
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Table 2. 
I 

Parameter 

I 
I Sound Speed 

Carrier Frequency 

Oversampling t----- 
Pulse Cycles + 

I Range 

I Number of Channels 

Amplifier Gain I------ 
Delay Step I----- 

/ Clock 

Rotate Angle 

: Beam pattern measurement parameter defaults 

Speed of sound in water(m/s) 1 1  1482 

Description Value 

Frequency at which the projector and hydrophone 
will operate 

Number of cycles that will be transmitted one ping 1 1  100 

300 kHz 

Number of samples per cycle (> 4) 

Range from which samples will be taken (m) I 

8 

Number of elements in the hydrophone 11 6 

Range at which taking samples will be ended (m) 5 

Gain of the amplifier [O, 2551 0 

Angular size between each step of the stepper motor 

Angle from which the hydrophone will start rotating -90•‹ I1 

1 

Clock signal of the A/D board (Internal/External) 

Angle at which the hydrophone will stop rotating 1 1  90" 

External 

measurements are initiated by activating "scan", and can be interrupted at any time 

by %top1'. 

I I 

Part I11 is divided into two frames to display the status of the current process 

and collected data. As a command is being executed, its information is displayed in 

Frame I; and after the operation is finished, the collected data is displayed in Frame 

11. The channel to be displayed can be selected from the radio button on the right of 

the Frame 11. The method for displaying data can be set from the popup menu above 
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Frame 11. All the methods are listed and described as follows. 

Flower plot 

The flower plot is used to align the hydrophone with the projector before a beam 

pattern measurement starts. If the hydrophone and the projector fall into line, 

there will be no phase difference across the hydrophone face. Therefore, the 

received signal of each hydrophone element supposedly differs from the others 

the least. Hence, if we assume the x axis and y axis represent the in-phase 

and quadrature component of the bandpass signal respectively, the plots of all 

channels will have the greatest overlap when the projector and the hydrophone 

are aligned. Figure 2.18 is plotted for further illustration. 

Figure 2.18(a) represents the case when the angle between the projector and 

array A is -50"; (b) represents the best case we can obtain from aligning array A 

with the projector; (c) represents the case when the angle between the projector 

and array A is 50". In these plots, the points around [O,O] represent the initial 

state without the signal arriving, and the deviation around [O, 01 is caused by 

noise; the points with the maximum distance from [O, 01 represent the data 

collected from the steady state; the lines between [O, 01 and the most distant 

points represent transient responses. In this way, the flower plot helps us align 

the hydrophone with the projector during beam pattern measurements. 

Oscilloscope plot 

The oscilloscope plot represents the signal collected from the hydrophone in the 

way an oscilloscope does. In such a plot, the x axis represents the distance 

between the hydrophone and the projector, and the y axis represents the am- 

plitude of the bandpass signal. Figure 2.19 reproduces the third channel shown 

in Figure 2.18(b) in an oscilloscope plot. 
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Figure 2.18: Flower plot at (a) 0 = -50•‹, (b) 0 = 0•‹, and (c) 0 = 50•‹, 
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-2-815 
I 

4 4.5 5 
Distance (rn) 

Figure 2.19: Oscilloscope plot 

Envelope plot 

The envelope plot represents the complex baseband signal down converted from 

the received signal. In this display, the in-phase and quadrature components 

of the bandpass signal are plotted as a function of range. The envelope plot in 

Figure 2.20 illustrates the baseband signal converted from the bandpass signal 

shown in Figure 2.19. 

-315 
I 

4 4.5 5 
Distance (rn) 

Figure 2.20: Envelope plot 
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In Figure 2.20, the plain line represents the in-phase component, and the line plotted 

in """ represents the quadrature component. It is evident that the signal contains 

leading edge and trailing edge transients before and after the steady state. In order 

to ensure that the signal is constant across all the hydrophone elements at  each ping, 

the location of the steady state response is estimated i11 the display program. 

2.3.2 GUI for Beam Pattern Display 

After a beam pattern measurement is accomplished, another GUI, designed to display 

the beam patterns (shown in Figure 2.21), is called by clicking on the display button 

of "Open Display Application" in the GUI shown in Figure 2.17. 

Frame I1 

L ~ d ~ r g  paramlcrs 

Dane laacing data 
Push TIOCSSS dala" lo display 

I L 

Y . I  UE U.I 1 

Frame I 

Figure 2.21: The GUI for beam pattern display 
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The GUI shown in Figure 2.21 is separated into three parts and two frames for 

further explanation. Part I displays the parameters that were described in the pre- 

vious subsection. Also, in Part I, users can edit variables that will be applied when 

processing data. 

The bandwidth and order in the filtering frame specify the filter that will be 

applied to the data collected from the beam pattern measurement. The filter 

allows the signal as well as noise in the signal band to pass, and removes the 

noise outside this band. The default values of the bandwidth and filter order 

are 30 kHz and 64, respectively. 

The averaging option is for determining the method to locate the steady state 

signal for averaging. This can be achieved either automatically or manually. 

Automatic averaging locates the steady state signal by finding the steepest point 

on the leading and trailing edges of the signal, and averages over 114 to 314 of 

the range between these two points. Manual averaging requires users to specify 

the start and end averaging range. 

After all these parameters are set up, clicking the button "Process Data" activates a 

series operations that are applied to the data. Each step being performed is shown in 

Frame I, and the beam pattern will be displayed in Frame 11. 

In part 11, users can select display methods from five options: flower plot, envelope 

plot, beam pattern, aperture function, and relative angle. While both the flower plot 

and envelope plot give a graphical image of the data collected at a certain angle as 

shown in Figures 2.18 and 2.20, the others represent the data collected over the whole 

scanned angular range. A detailed discussion of beam patterns, aperture functions, 

and relative angles is presented in the next chapter. 
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In part 111, users can select the data to be displayed. In the case of a flower plot 

or envelope plot, users can also choose the angle at which the data is to be displayed. 

In summary, the GUIs demonstrated in this section are utilized to make beam pat- 

tern measurements and to display beam patterns, and their use significantly simplifies 

the control of the BPMS. 



Chapter 3 

Element Spacing of Transducer 
Arrays 

In linear acoustic arrays, it is important that the spacing between line elements be of 

a certain size. Furthermore, since it is not physically feasible to  measure the inter- 

element spacing after elements are put into an array, it is desirable to  estimate the 

inter-element spacing in an electrical way. By the inter-element spacing, we mean 

the center-to-center distance between two adjacent elements. In this chapter, we 

first discuss the selection of inter-element spacing for such arrays; then, we propose 

a method to  obtain the aperture function that is further utilized to  estimate inter- 

element spacing; finally, we present experimental results for transducer arrays to  verify 

the viability of the method. 

3.1 Inter-element Spacing 

This section outlines the inter-element spacing requirement of a transducer array 

used in an MASB sonar system. The requirement of the inter-element spacing mainly 

focuses around the range of phase differences between transducer elements for signals 

coming from different angles. 

As mentioned in Chapter 1, for multi-element transducer arrays with inter-element 
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spacing of dl the phase difference between two elements in response to  a signal at  

physical angle 0 is: 

In Equation (3.1), 0 is the angle between the plane perpendicular to  array axis and 

the direction of signal, as shown in Figure 1.1. Hence, the range of 0 is [ - ~ / 2 ,  ~ 1 2 1 .  

Since the phase range is [-T, T I ,  the phase difference 4 beyond f T will be wrapped 

into [-T, TI .  The inability to  determine 2 I c ~  (Ic is an integer) differences in phase 

results in a phase  ambigu i ty .  

According to  the relationship between d/X and presented in Equation (3.1), all 

possible situations can be divided into three cases. ( I )  If the array elements are placed 

less than half a wavelength apart, i.e., d/X < 112, 4 is confined t o  a region smaller 

than f~ when 0 varies from - ~ / 2  to  ~ / 2 .  (2) If d/X = 112, then 4 is in the range of 

[-T, TI.  In both cases (1) and (2), only one 0 can be specified from a given 4.  (3) If 

d/X > 112, then 4 will reach beyond the range of f T, and it is no longer possible to  

uniquely determine 0 from a given 4.  These three cases are plotted in Figure 3.1. 

In Figure 3.1, the curve in "a" describes the case for d = X/4; the one in "." 

describes the case for d = X/2; the one in "x"  describes the case for d = A, in which 

the sections beyond f T can not be distinguished causing ambiguity. This case after 

wrapping into the range of [-T, T] is represented by the plain line in Figure 3.1. 

Consequently, the transducer array with inter-element spacing d 5 X/2 is con- 

sidered to  be suitable for target angle estimation in an MASB sonar system since 

there is no ambiguity. However, in the case of d < X/2, the differentiable phase range 

is smaller than that in the case of d = X/2. Also, the difficulty faced in manufac- 

turing transducer arrays of small inter-element spacing should be considered in the 

design. Therefore, the optimal inter-element spacing for a transducer array used in 
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I I I I I I 

- d 2  $1 O $2 d 2  
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Figure 3.1: Design of different inter-element spacings 

an MASB sonar system is typically X/2. For example, if the resonant frequencies 

of transducer elements are 300 kHz and the sound speed is 1500 m/s in water, the 

optimal center-to-center distance between two adjacent array elements is 2.5 x 

m. 

Aperture Function and Pattern Function 

The aperture function represents the hyd:rophone response or excitation along its 

length. The pattern function is the Fourier Transform of the aperture function. The 

aperture function can be used t o  measure -the approximate level of acoustic or elec- 

tric interference between transducer elemen.ts, and also, to  assess element-to-element 

uniformity and quality of the sepa.ration between transducer elements [24]. The pat- 

tern function is usually utilized t o  represent the angular response characteristics of a 

transducer. In this thesis, the aperture function; which is obtained from the pattern 

function through the inverse Fourier Transform, is utilized to  estimate the effective 
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inter-element spacing of multi-element transducer arrays. 

This section is divided into five subsections to describe the process of obtaining 

aperture functions from beam patterns. The first subsection defines the aperture 

function and pattern function, and explains the relationship between the aperture 

and pattern function, and also the relationship between pattern function and beam 

pattern; the second subsection demonstrates the feasibility of estimating the inter- 

element spacing by applying the inverse Fourier Transform to the pattern function; 

the third subsection presents the procedure that translates the measured beam pattern 

into its correspondent pattern function, from which the aperture function is obtained; 

the fourth subsection compares the magnitude and phase of beam patterns of three 

transducer arrays; the last subsection presents aperture functions for arrays A, B and 

C obtained from their beam patterns. 

3.2.1 Aperture, Pattern Function and Beam Pattern 

The aperture function and pattern function, generally represented by g(x) and G(u), 

both describe the hydrophone response. The relationship between them is analogous 

to that between a time domain function and its corresponding frequency domain 

representation [8]. The aperture function can be obtained from the pattern function 

through the inverse Fourier Transform (IFT), and the pattern function can be obtained 

from the aperture function through the Fourier Transform (FT). This relationship can 

be formulated by: 

+ a  G(u) = J-a 9(x)e-j2"xudx 

g (x) = p+," G(u) ej2"""du 
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In Equation (3.2), x is the physical width of the transducer array, and the variable u 

is: 

where 8 is the physical angle, and X is the wavelength. 

While the beam pattern B(8) describes the hydrophone response as a function of 

angle 8, the pattern function G(u) describes the hydrophone response as a function 

of the variable u. Notice that the variable u is confined to f l / X  as 19 varies over the 

range [ - ~ / 2 ,  ~ / 2 ] .  This results in a visible region [-1/X, 1 / X ]  for the pattern function 

G(u). For example, if the resonant frequency of a transducer array is 300 kHz and 

the sound speed is 1500 m/s, the visible region of G(u) is [-200, 2001 l/m, as shown 

in Figure 3.2. 

8 (rad) 

Figure 3.2: The relationship between 8 and u 

In the following paragraphs, we present the approach used for obtaining the aper- 

ture function from the visible region of the pattern function. As discussed in Chapter 

2, the Beam Pattern Measurement System in the Underwater Research Lab enables us 
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to obtain the hydrophone response as a function of physical angle 0. With Equation 

(3.3), we can convert it into the hydrophone response versus u, i.e., G(u). Applying 

the IFT to G(u), the aperture function is determined (with limitations discussed in 

the next subsection) and used to estimate the inter-element spacing of transducer 

arrays. 

3.2.2 The Aperture Function and the Visible Region of the 
Pattern Function 

In the previous subsection, the concepts of the aperture function and pattern func- 

tion, and also the relationship between them were discussed. In this subsection, we 

demonstrate that it is feasible with some limitations to obtain the aperture function 

by applying the IFT to the visible region of the pattern function G(u). 

The aperture function of a single rectangular element with a length of L = 2 x 

m is plotted in Figure 3.3, where the x axis is the physical length, and the y axis 

represents the hydrophone response. The magnitude and phase of its pattern function 

obtained by applying the FT to this aperture function are illustrated in Figure 3.4(a) 

and (b), respectively. From a mathematical viewpoint, the visible region can be 

produced by multiplying an ideal rectangular window function with the length of 2/X 

(A = 5 x m) as shown in Figure 3.5, by the central part of the pattern function, 

with the result as shown in Figure 3.6. The aperture function obtained by applying 

the IFT to the visible region of the pattern function shown in Figure 3.6 is reproduced 

in Figure 3.7 on a linear and decibel scale. 

Compared to the original aperture function shown in Figure 3.3, the one in Figure 

3.7 is distorted. This can be explained by the multiplication between G(u) and the 

rectangular window in the u domain, which corresponds to a convolution between the 

original g(x) and a sinc function in the x domain. 
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x m 

Figure 3.3: The aperture function 

(4 (b) 

Figure 3.4: The (a) magnitude and (b) phase of the pattern function 
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Figure 3.5: The rectangular window with a length of 2/X 

Figure 3.6: The visible region of the pattern function 
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Figure 3.7: The converted aperture function on a (a) linear and (b) decibel scale 

If the transducer element is shifted xo m along the x axis to [- L/2 + xo, L/2 +xo], 

its aperture function and pattern function as given by Equation (3.4) are plotted in 

Figures 3.8 and 3.9, respectively, where xo = 4 x m, and L = 2 x m. 

It is evident that the magnitude of the pattern function in Figure 3.9 is identical 

with the magnitude shown in Figure 3.4, while the phase differs. This is the same 

result as we expected from Equation 3.4. The visible region of the pattern function 

is plotted in Figure 3.10. 

Theoretically, applying the IFT to the pattern function shown in Figure 3.9 should 

obtain the shifted aperture function, while applying the IFT to the visible region of 

G(u) shown in Figure 3.10 results in a distorted aperture function with the result as 

shown in Figure 3.11. Compared to the original shifted aperture function shown in 

Figure 3.8, although the appearance of g(x) in Figure 3.11 is distorted, its central 
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x m  

Figure 3.8: The shifted aperture function 

Figure 3.9: The (a) magnitude and (b) phase of the pattern function 
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Figure 3.10: The visible region of the pattern function 

position remains identical with the original shifted g(x) at 4 x m. This makes 

it possible to estimate the position of the original aperture functions by applying the 

IFT to the visible region of the pattern function. 

Figure 3.11: The converted aperture function on a (a) linear and (b) decibel scale 

For six elements uniformly placed along the x axis as shown in Figure 3.12(a), 

the aperture functions converted from the visible regions of pattern functions are 
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plotted together in Figure 3.12(b). By comparing (b) with (a), we can tell that the 

six curves represent six rectangular elements composing the transducer array. The 

distance between adjacent curves in Figure 3.12(b) is 4 x m, which is exactly the 

distance between centers of adjacent elements of the original aperture function in (a). 

Therefore, it is viable to estimate the inter-element spacing by applying the IFT to  

the visible region of the pattern function. The next subsection describes the essential 

step for determining pattern functions from beam patterns obtained with the BPMS. 

Figure 3.12: The (a) original and (b) converted aperture function 

3.2.3 Interpolation between the Beam Pattern and Pattern 
Function 

In this subsection, we point out the necessity of converting the beam pattern into the 

pattern function, and also, a method to implement this conversion. 

As we mentioned earlier, the beam pattern B(0) can be measured with the BPMS 

and represents the level of transducer response at  a certain physical angle 0; the 

pattern function G(u) represents the transducer response versus the variable u. Due 
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to  the nonlinear relationship between 0 and u described in Equation (3.3), a uniformly 

distributed sequence of 0 will produce a nonuniformly distributed sequence of u. This 

indicates that when the observed points of B(0) distribute uniformly, those of G(u) 

distribute nonuniformly, as shown in Figure 3.13. 

Figure 3.13: (a) Beam pattern versus uniform 0 and (b) pattern function versus 
nonuniform u 

Since we will apply the inverse Fourier Transform to  G(u) not B(0) to determine 

the aperture function, it is necessary to  translate the unevenly distributed observation 

points of G(u) into evenly distributed ones. This is done through interpolation. Sev- 

eral methods of interpolation can be found in MATLAB, such as linear interpolation, 

nearest neighbor interpolation, and spline interpolation. Linear interpolation is used 

in this thesis to  convert the nonuniform observation points of G(u) to  the uniform 

ones, with the result shown in Figure 3.14. 

Future discussions in this thesis will couple measured beam patterns with aperture 

functions and it will be understood that there is this intermediate step of interpolation 

to  obtain the pattern function from which the aperture function is obtained. This 

coupling aids the discussion and reduces the number of figures. 
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Figure 3.14: Beam patters versus uniform u after interpolation 

3.2.4 Magnitude and Phase of Beam Patterns 

This subsection presents and compares experimental beam patterns of arrays A, B 

and C, from which their aperture functions are obtained. As discussed in Chapter 2, 

complex-baseband signals are obtained by applying the time-domain demodulation 

method to  data collected from a transducer array. For an  N-element transducer 

array, N sets of complex data are collected a t  each angle, and consequently, N beam 

patterns are produced while the hydrophone rotates through the range [ - ~ / 2 ,  ~ / 2 ] .  

The magnitudes of beam patterns for arrays A, B and C are plotted in Cartesian 

and polar coordinates in Figures 3.15 - 3.17, where each beam pattern is normalized 

with respect to  its maximum value and plotted on a decibel scale. Also shown is the 

expected beam pattern, which is an ideal cosine function. 

It is evident from Figure 3.15 that apart from small variations, the beam pattern 

amplitudes of the six elements in array A are quite uniform. Compared with the beam 



Chapter 3. Eleinen t Swacina of Transducer Arrays 

Figure 3.15: Magnitudes of beam patterns for array A 
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Figure 3.16: Magnitudes of beam patterns for array B 

Figure 3.17: i\dagnitudes of beam patterns for array C 
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patterns in Figure 3.15, those in Figures 3.16 and 3.17 are not as smooth. Actually, 

arrays B and C consist of twelve elements and eight elements respectively, but only 

the center six elements are represented here and used to obtain the aperture function. 

The other three elements on each side of array B and one element on each side of 

array C are designed to  make the crosstalk uniform over the center six [6]. Despite 

the careful design, the crosstalk among transducer elements is not uniform, which can 

be concluded from the ripples in the beam patterns, and will be further discussed in 

Chapter 4. 

The beam pattern measurements yield phase information. The phase of the con- 

plex data collected from each hydrophone element is the absolute phase; the phase 

difference between the absolute phase of one channel and that of an assigned reference 

channel is the relatiwe phase. Both absolute and relative phases of arrays A, B and C 

are plotted in Figures 3.18 - 3.20. In Figures 3.18(b), 3.19(b) and 3.20(b), the relative 

phases are obtained by assigning the third channel as the reference channel. Also 

shown is the expected relative phase of each channel (with marker "0"). 

Physlcal Angle of lnc~dent S~gnals (rad) 

- Ch6 ( 
5 - 5  - - i 5  a 0'5 i lil 

Phtp~cal Angle of Incident Signals (rad) 

Figure 3.18: (a) Absolute phase and (b) relative phase of array A 
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Figure 3.19: (a) Absolute phase and (b) relative phase of array B 
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Figure 3.20: (a) Absolute phase and (b) relative phase of array C 
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As demonstrated in 3.2.2, both the magnitude and phase information of the beam 

pattern are essential to  obtain the aperture function that is utilized to  estimate the 

inter-element spacing between transducer elements. It is the normalized magnitude 

and relative phase that are used to  obtain aperture functions. While the absolute 

phase measurement is affected by the different acoustic center of the transducer array 

while it rotates in the range of [ - ~ / 2 ,  ~ / 2 ] ,  the use of the relative phase mitigates the 

effect by subtracting the absolute phase of the assigned channel from the others. In 

this thesis, we always assign the third channel as the reference channel. By applying 

the IFT to magnitudes and relative phases of beam patterns of an  N-element array, 

the aperture function of the assigned reference channel is centered at  0 while others 

are located along the x-axis, as shown in the next subsection. 

3.2.5 Aperture Functions Converted from Beam Patterns 

We described the method for obtaining the aperture function thoroughly in the pre- 

vious subsections. By applying the IFT to  the visible region of the pattern function 

G(u), the aperture function is determined. (Remember the beam pattern B(0) is 

measured with the BPMS and G(u) is obtained from applying interpolation to  B(0) .) 

The aperture function shown in Figure 3.12 is used as the reference here. The 

aperture functions of arrays A, B, and C, obtained from the measured beam patterns 

shown in Figures 3.15 - 3.20, are plotted in Figures 3.21 - 3.23, respectively. 

For array A, the aperture functions concentrate over a range of 1.5 cm between 

[-1.0, 0.51 cm; for array B, the concentration is across 1.4 cm between [-0.8, 0.61 

cm; and across 1.7 cm between [-1.0, 0.71 cm for array C. From -20 dB down, all 

aperture functions fall off rapidly in the same fashion, and reach a floor at about -60 

dB. The aperture functions of these three arrays demonstrate similar characteristics to  

the reference shown in Figure 3.12. However, they are less regular than the reference, 
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Figure 3.21: The aperture function of array A 

Figure 3.22: The aperture function of array B 
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Figure 3.23: The aperture function of array C 

which indicates that the three arrays probably have a certain degree of questionable 

acoustic properties, which will be experimentally measured and discussed in the next 

chapter. 

Inter-element Spacing Estimation 

In the previous section, a method for obtaining the aperture function was described 

in detail, and also, the expected and experimental aperture functions were presented 

and compared. In this section, these aperture functions are utilized to estimate the 

inter-elenlent spacing of multi-element transducer arrays. 

3.3.1 Theoretical Results 

As we mentioned before, the distance between adjacent curves in the aperture func- 

tions represents the distance between the phase centers of adjacent elements in a 

multi-element transducer array. To improve angle estimation accuracy, the inter- 

element spacing is obtained from comparing the relative positions of the maximum 
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values of the aperture functions. For the reference estimated aperture function shown 

in Figure 3.12(b), the distance between every pair of adjacent peak values is uniformly 

0.4 cm, which is identical to the actual value of the original aperture function shown 

in Figure 3.12(a). 

3.3.2 Experimental Results 

For the experimental aperture function of array A shown in Figure 3.21, the distances 

between two adjacent maximum values from the right to the left are 0.28 cm, 0.28 

cm, 0.28 cm, 0.28 cm, and 0.27 cm; for the experimental aperture functions of array 

B shown in Figure 3.22, the distances are 0.26 cm, 0.25 cm, 0.26 cm, 0.25 cm, and 

0.26 cm; for those aperture functions of array C shown in Figure 3.23, the distances 

are 0.29 cm, 0.29 cm, 0.29 cm, 0.29 cm and 0.30 cm in sequence. Table 3.1 lists these 

results, and also the design inter-element spacing. 

Table 3.1 : Inter-element spacing measurements 

Pair 1 (cm) 

Pair 2 (cm) 

Pair 3 (cm) 

Array A 

0.28 

0.28 

1 0.28 1 0.26 1 0.29 

Pair 4 (cm) 

Pair 5 (cm) 

The measurements of the inter-element spacing of arrays A, B and C differ from 

the design values by 3.7%, 4%, and 3.33%, respectively. This close agreement between 

Design inter-element spacing (cm) 

Array B 

0.26 

0.25 

0.28 

0.27 

Array C 

0.29 

0.29 

0.27 

0.25 

0.26 

0.29 

0.30 

0.25 0.30 
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the design values and experimental results demonstrated in Table 3.1 is evidence that 

the arrays were actually constructed properly. Furthermore, because arrays A, B and 

C are constructed with transparent polyurethane, the estimated spacings shown in 

Table 3.1 were also verified by direct measurement to approximately h0.01 cm. In 

practice, the aperture function has been effectively utilized in the URL to investigate 

the relative position and inter-element spacing between transducer elements for arrays 

that are potted with opaque polyurethane. The results of six of these arrays are 

listed in Table 3.2 to further verify the suitability of the aperture function method 

for estimating the inter-element spacing. Each array is measured twice. Two results 

for each distance and the difference between them are represented by dl, d2, and 

lAdl in Table 3.2, respectively. The largest difference between the two results is 

0.0036 cm demonstrating the repeatability of the aperture function method to within 

approximately 0.004 cm. 
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of six tc 

Pair 4 

(cm> 

0.3473 

0.3475 

0.0002 

Table 3.2: Int er-elel rement: 

Pair 3 

(cm> 

0.3677 

0.3672 

0.0005 

nt spac 

Pair 1 

(cm> 

0.3614 

0.3617 

0.0003 

~g meac 

Pair 2 

(cm> 

0.3475 

0.3485 

0.0010 

Pair 5 

(cm> 

0.3380 

0.3387 

0.0007 

Array 

Array 1 

Array 2 

Array 3 

Array 4 

Array 5 

Array 6 
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Crosstalk Measurement and 
Analysis 

Although transducer arrays offer gains in radiated power and directivity over single 

element transducers, the mutual coupling between elements introduces crosstalk and 

reduces performance. For example, crosstalk leads to  errors in determining the angle- 

of-arrival of incident signals. It is usual for transducer arrays to be analyzed assuming 

an ideal array and crosstalk between elements is neglected. In practice, when the 

separation between elements is larger than one wavelength, crosstalk is weak and the 

assumption of negligible inter-element crosstalk is valid. However, for arrays with 

smaller spacing, which is necessary to  avoid grating lobes, crosstalk is an issue [25]. 

The primary focus of this chapter is a method for investigating and quantifying the 

impact of crosstalk. This chapter includes the following: 1) a brief description of the 

configuration and components of transducer arrays built by the URL; 2) a proposed 

method for measuring crosstalk; 3) experimental results are presented for different 

transducer arrays: A (built by the URL), B (built by the Simrad) and C (built by the 

Benthos); 4) factors affecting crosstalk are investigated; and 5) the effects of crosstalk 

on array performance are analyzed. 
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4.1 Transducer Array 

The typical geometry of transducer arrays used for MASB sonar and built by the 

URL is illustrated in Figure 4.1. These arrays are composed of six piezoelectric 

ceramic elements separated by an acoustically and electrically inactive material, and 

are covered and filled with a waterproof material. 

Piezoclectrical 
Ceramic 

Housing 

rcm"TTITI 'Waterproof 
Material 

1-1 Filler 

Figure 4.1: The (a) front view and (b) side view of an a.rray built by the URL 

These transducer elements embedded in arrays have a typical beamwidth of 70". 

The typical center-to-center spacing between transducer elements is X/2. Usually, 

these transducers operate a t  their resonant frequency. If the resonant frequency is 

300 kHz, the wavelength, A, is around 5 x lo-", and the transducer elemerits are 

typically designed to be separated by 2.5 x lo-% from center-to-center. 
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4.1.1 Piezoelectric Ceramic 

Piezoelectric ceramic is widely used for transducer elements because it has stable and 

suitable piezoelectric properties, and it is possible to  manufacture it in a variety of 

shapes and sizes. Piezoelectric properties of the transducer elements are obtained 

through polarization, a procedure during which the ceramic is heated t o  its Curie 

temperature and then cooled down slowly in the presence of a strong electrical field 

[26]. The electrical field is applied to the ceramic to  generate the piezoelectric effect 

in the required dimension [26], such as the thickness dimension of the transducers 

described in this thesis. Ideally, a piezoelectric ceramic element changes its physical 

shape only in the polarized dimension when an electrical or an acoustic field is applied. 

However, this is not the case in practice, since changes in other dimensions are often 

excited at the same time. Fortunately, as shown in Figure 4.1, the ceramic bars 

of transducer arrays described in this thesis are much longer than the transducer 

thickness (lengthlthickness ratio E 30). With a large length to thickness ratio, the 

frequency of vibration in the length dimension is much lower than the frequency range 

of practical interest, so the effect is negligible [26]. The ratio of the width to  thickness 

dimensions is usually much less than the ratio of the length to  thickness dimensions 

(widthlthickness ratio E 0.2), and the vibration frequency of the width dimension 

is not negligible. The crosstalk discussed in this thesis is caused predominately from 

changes in transducer width. 

4.1.2 Housing 

The piezoelectric elements of transducer a,rrays are typically mounted in a housing 

whose main function is to  provide mechanical support for the array. Aluminium is 

primarily used for array housings since it is light-weight and durable. 
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It has been determined experimentally that the housing can be a significant con- 

tributor to crosstalk 127, 281, because the acoustic waves can potentially travel back 

and forth between elements and the housing. Fortunately, an acoustic isolation ma- 

terial can be placed between the transducer elements and the housing to attenuate 

acoustic wave propagation, and consequeritly, mitigate crosstalk generated by the 

housing. 

4.1.3 Filler 

As described earlier, there should be enough separation between the housing and 

transducer elements to mitigate crosstalk mechanisms introduced by the housing. 

Similarly, there should be sufficient gaps between transducer elements of an array to 

minimize interference between elements 1291. These gaps are usually filled with an 

acoustically and electrically inactive material to prevent acoustic wave propagation 

between elements. Examples of such materials are Corprene, Sonite and onionskin 

paper 191. Corprene is employed in the URL designs due to its low cost, availability, 

reasonably low compressibility and good acoustic isolation properties. Corprene can 

not be used for deep water applications because it will ultimately compress beyond 

accepted tolerances. But for shallow water applications, depth less than 250 m, it 

works well. 

4.1.4 Waterproof Material 

A waterproof material is used to protect the piezoelectric transducer elements. This 

material is usually selected to possess approximately identical acoustic properties with 

water to reduce energy loss at the water interface. However, this causes significant 

energy loss at the interface between this covering material and ceramic elements. 

Ideally, one would want to provide a matching layer to match the acoustic impedance 
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of the ceramic to  the water. However, matching layers tend to  work well only on 

axis and not for signals off axis. Also they tend to  produce secondary resonances and 

crosstalk, both of which should be avoided. Polyurethane PR1570 is chosen as the 

waterproof covering for transducer arrays manufactured by the URL. 

4.2 Crosstalk Measurements 

This section is divided into the following five parts: 1) a description of crosstalk; 2) a 

review of methods to  analyze crosstalk; 3) a proposed method to  measure crosstalk; 

4) a comparison of the experimental results for transducer arrays A, B and C; and 5) 

a summary of the factors potentially affecting crosstalk. 

4.2.1 Electrostatic and Acoustic Crosstalk 

Depending on how crosstalk is generated, it is categorized as electrostatic crosstalk 

or acoustic crosstalk. The nature of each crosstalk mechanism is explained below by 

describing an example of a hydrophone array. 

A piezoelectric ceramic transducer element is like a capacitor because of the con- 

ducting surfaces on the top and bottom. The stored charge in the capacitor generates 

an electrical field which can couple to  adjacent elements. The electrical field gener- 

ates a voltage in nearby elements, and therefore, this capacitive coupling generates 

crosstalk. Crosstalk generated by mutual capacitive coupling between transducer 

elements is called electrostatic crosstalk. Electrostatic crosstalk is practically instan- 

taneous, and can be controlled effectively by carefully shielding the interconnection 

between transducer elements [30]. Actually, the electrostatic crosstalk is low even 

without the shield in the transducer arrays built by the URL, and does not cause 

significant variation of beam patterns. 
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A second crosstalk mechanism arises from acoustic wave propagation between ar- 

ray elements. In addition to the direct signal, each element also receives signals which 

are re-radiated by the other elements. This type of mutual coupling is called acoustic 

crosstalk. The amplitude of acoustic crosstalk depends on the magnitude of the prop- 

agating waves, and the phase is determined by the characteristics of the radiating and 

receiving element, and also the propagation delay between them [31]. Unlike electro- 

static crosstalk, acoustic crosstalk is not instantaneous and depends on the speed at  

which sound waves propagate between array elements [30]. A common approach to 

minimize acoustic crosstalk is to  fill the inter-element gaps with acoustically inactive 

material. This chapter focuses on exploring acoustic crosstalk between transducer 

elements. 

4.2.2 Review of Crosstalk Analysis Methods 

It is widely recognized that crosstalk in acoustic transducer arrays is very complicated 

and is affected by many factors, and currently, not all crosstalk mechanisms are well 

understood. As a result, it is difficult to  establish a model to  accurately reflect 

each individual crosstalk factor. Several approaches based on numerical methods and 

experimental methods have been proposed [32]. 

Numerical methods solve the fundamental electro-elastic equations governing 

piezoelectric media [5]. However, they require a complete mathematical description of 

the transducer and intensive computation if applied to  arrays large in size. Therefore, 

their application is limited to  transducer arrays for which practical computer analysis 

programs are available [5]. 

On the other hand, experimental approaches potentially can accurately measure 

the crosstalk of transducer arrays designed for specific applications. Furthermore, even 

if the internal geometrical parameters and acoustic properties of array components 
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are not available, the experimental method is suitable for exploring crosstalk inside 

the arrays. Therefore, in this thesis, crosstalk is investigated by experiment. 

4.2.3 Crosstalk Measurement System 

The proposed procedure to  measure crosstalk is to  excite a single element with a si- 

nusoidal wave, and measure the induced response on each of the other array elements. 

Comparing the magnitudes and phase differences between the driving and induced 

sinusoidal signal yields information about crosstalk between elements. The employ- 

ment of a periodic sinusoidal wave allows us to  investigate steady-state crosstalk a t  a 

specific frequency. Some literature records a method of crosstalk measurement that 

drives the elements with pulses to investigate the transient nature of crosstalk [32]. 

This thesis is limited to  steady state crosstalk measurements. Figure 4.2 illustrates 

schematically the experimental circuit used in this thesis to explore crosstalk between 

transducer elements. 

Figure 4.2: Crosstalk measurement circuit 

O 

ei ( t )  

0 

In Figure 4.2, ei ( t )  is the driving signal applied to  the i th element, and ek ( t )  is the 

induced response on the kth element caused by crosstalk between these two elements. 

Yki is the admittance representing crosstalk between the i th element and the kth 

Yki 

Element i 

Element k 

O 

ek(t) 

0 
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element [33]. 

In the crosstalk measurement system, a programmable function generator (Sony- 

Tektronix AFG 310) is used to provide the sinusoidal signal ei(t). A programmable 

oscilloscope (Tektronix 3034) is employed to  record both ei(t) and ek(t). The wave- 

forms of ei(t) and ek(t) are transferred from the oscilloscope to  a personal computer 

for subsequent analysis. Programs written in MATLAB are used to control the sys- 

tem for performing the measurements. The control of the generator and oscilloscope 

from the computer and the communication between them are accomplished through a 

national instrument General Purpose Interface Bus (GPIB) installed on the computer. 

The level of crosstalk in the array is defined as an interaction function equal to 

the ratio of the voltage across the non-driven element to the voltage across the driven 

element, and is represented by I' in this thesis. If the driven and induced signal can 

be expressed by ei(t) and ek (t), and are given by: 

where fo is the frequency of the signal, the magnitude and phase of the interaction at  

the frequency of fo  Hz, I'( fo) ,  are given by Equations (4.2) and (4.3), respectively. 

Usually, the magnitude of the interaction is 

(4.2) becomes: 

I'(fo>(dB) = 20log10(l~(fo)O 

expressed in decibels, so Equation 
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To analyze crosstalk at  different frequencies in an array, the driving signal is swept 

over a band of frequencies near the resonant frequency of the transducer elements. 

Also, the measurements are performed between all possible combinations of distinct 

transducer elements, i.e., i # k. 

4.2.4 Experimental Results 

In the following paragraphs, the experimental results of crosstalk measurements of 

transducer arrays A, B and C are presented. First, we present array A for the case 

of i = 3 as an illustrative example to  describe the crosstalk pattern. After this, the 

crosstalk in arrays A, B and C versus the frequency of the driving signal and the 

distance between elements is shown and discussed. Finally, conclusions are drawn 

from the experimental results indicating that crosstalk generally achieves a peak a t  

the resonant frequency and decreases with distance, as results from arrays A and C 

show; however, many other factors, such as internal interference, and multiple coupling 

paths, have significant effect on the crosstalk pattern, as results from array B show. 

In the crosstalk measurements performed for this thesis, the driving signals are 

sinusoidal waves with peak to  peak values of 20V over a band of frequencies near 300 

kHz. 

Figure 4.3 illustrates the results of crosstalk measurements between the 3rd ele- 

ment and the other elements in array A. The crosstalk levels between the 3rd element 

and the 2nd/4th element are similar. This symmetry is a result of the physical prop- 

erties: identical elements and equal distance between the driven element and the two 

induced elements. The difference is probably due to  asymmetrical distances between 

the 2nd and 4th element in relation to  other elements and the housing. In addition, 

the magnitude of crosstalk reaches a maximum a t  the resonant frequency, and de- 

creases for frequencies away from the resonant frequency. At the resonant frequency, 
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the amplitude of vibration of the driven element is maximized arid spurious wave 

propagation is also the largest generating the higher levels of crosstalk. 

-55; I 
2 5 3 3.5 4 

Frequency (Hz) 
10' 

I 1 
2 2 5 3 3.5 4 

Frequency (Hz) 
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Figure 4.3: (a) Magnitude and (b) phase of interaction in array A when i=3 

The frequency range while investigating crosstalk between more distant elements, 

i.e., the 3rd and the lst/5th/6th elements, is set narrower than the frequency range 

while investigating nearest neighbors, because the crosstalk levels outside of this fre- 

quency range are too low to be measured accurately by the oscilloscope. It is evident 

from Figure 4.3(a) that the coupling between the 3rd and its distant neighbors is 

smaller than that between the 3rd element a.nd its nearest ones, which indicates that 

the level of crosstalk decreases as the distance between the driven element and the 

interfered element increases. 

Crosstalk measurements while exciting the other elements in array A were made 

and the results are shown in Figures 4.4 - 4.8, where i denotes the driven element and 

k denotes the interfered element. 

As shown in Figures 4.4 - 4.8, the magnitude and phase of crosstalk over the 
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Figure 4.4: (a) Magnitude and (b) phase of interaction in array A when i=l  
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Figure 4.5: (a) Magnitude and (b) phase of interaction in array A when i=2 



Chapter 4. Crosstalk Measurement and Analysis 

-55 1 I 
2 2 5 3 3 5 4 

Frequency (Hz) 
x 10' Frequency (Hz) x lo5 

(4 
Figure 4.6: (a) Magnitude and (b) phase of interaction in array A when i=4 
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Figure 4.7: (a) Magnitude and (b) phase of interaction in array A when i=5 
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Figure 4.8: (a) Magnitude and (b) phase of interaction in array A when i=6 

-15 

measured frequency band in array A are approximately symmetric between elements 

which are equally spaced from the driven elements. Also, the crosstalk levels decrease 

n~onotonically as the operating frequency moves away from the resonant frequency 

of the transducer element. Furthermore, due to  the symmetry of the array, the mea- 

surement results while exciting the l s t ,  2nd and 3rd element are very similar to  those 

obtained when exciting the 6th, 5th and 4th element, respectively. 

The magnitude and phase difference of crosstalk were also measured for each 

element of arrays B and C. Figures 4.9 - 4.10 show the experimental data obtained 

while exciting the 3rd element and measuring the induced response on other array 

elements. The data obtained from exciting each element of arrays B and C are shown 

in Appendix A. 

- 

As shown in Figures 4.9 - 4.10, the relative magnitudes and phases of crosstalk 

tend to  vary in a less regular pattern in arrays B and C than in array A over a 

frequency range of 1200, 4001 kHz, especially in asray B. 
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Figure 4.9: (a) Magnitude and (b) phase of interaction in array B when i=3 
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Figure 4.10: (a) Magnitude and (b) phase of interaction in array C when i=3 
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In array B, the magnitude peaks correspond approximately to the resonant fre- 

quency. However, for the magnitude of crosstalk between the 3rd and 2nd/4th ele- 

ment, the magnitudes do not monotonically decrease as the frequency deviates from 

its resonant frequency. The crosstalk has local maximums at  frequencies of 250k, 

290k, and 350k Hz, and minimums a t  frequencies of 215k, 270k, and 315k Hz. These 

maximums may be caused by constructive interference from multiple acoustic waves 

generated by the housing and other elements, while minimums may be caused by 

destructive interference from multiple acoustic waves [34]. The phase difference over 

the measured frequency band varies in an  irregular pattern, in that the plots of the 

phase differently spaced elements overlap at  some frequencies. 

In array C, the crosstalk magnitudes reach a maximum around the resonant fre- 

quency, and tend to decrease as the frequency deviates further away from the reso- 

nance. 

Generally, the most common way to  display crosstalk levels in an array is to  

plot the results at  the resonant frequency versus normalized distance relative to  the 

signal wavelength [35]. Before we move on to  present crosstalk in this way, the first 

thing to  note is that we assume the actual distances between neighboring elements 

of arrays A, B and C are identical with the design values, which are 0.543X, 0.5X, 

and 0.607X as shown in Chapter 2 (A is the wavelength in water at  the frequency 

of 300 kHz). Taking array A as an example, while the 3rd element is excited, the 

measured responses on the 2nd/4th, lst/5th and 6th elements are plotted at  0.543X, 

2 x 0.543X, and 3 x 0.543X, respectively. Using this display technique, the crosstalk 

at  the frequency of 300 kHz while exciting each element and measuring the response 

on the other elements of arrays A, B and C are replotted in Figures 4.11 - 4.13. 

While Figures 4.3 - 4.10 illustrate the relationship between crosstalk and frequency, 
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Figure 4.11: (a) Magnitude aad (b) phase of interaction vs X at 300 kHz in array A 
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Figure 4.12: (a) Magnitude and (b) phase of interaction vs X at 300 kHz in array B 
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Figure 4.13: (a) Magnitude and (b) phase of interaction vs X a t  300 kHz in array C 

..................................................................... 

Figures 4.11 - 4.13 show the variation with distance. For array A, the magnitude of 

interaction between adjacent elements is about -15 dB, and is about 25 dB lower 

between elements separated by one element, and even lower between more distantly 

spaced elements. The crosstalk between the two outside elements is too insignificant 

to be observed. Therefore, for array A the main source of crosstalk is between ad,jacent 

array elements. The phase between equally spaced elements is approximately same. 

Also, it displays periodic features in that the close neighbors and the third neighbors, 

the second neighbors and the fourth neighbors have the same phase difference. Overall; 

the data plotted in Figure 4.11 show that for array A; crosstalk varies in a regular 

pattern, and is approximately the same between equally spaced elements. 

-500.$07 1 . k  1.821 2428 3.d35 
Distance (A) 

The data plotted in Figure 4.12 indicate that crosstalk of array B changes unex- 

pectedly as the distance between elements increases. The magnitude of interaction 

between the driven element and its second neighbors is about 10 dB higher than that 

between the driven element and its closest neighbors. The phase delay is not same, 



Chapter 4. Crosstalk Measurement and Analysis 

but around n difference between equally spaced elements. These results indicate com- 

plicated interference mechanisms in array B that may be caused by multiple coupling 

paths between the elements and the housing and surface layer. We conclude that 

the crosstalk in array B changes irregularly and unexpectedly through complicated 

coupling mechanisms. 

In array C, the magnitude of interaction is inversely proportional to the distance 

between elements, and is about 3 dB less between those separated by one more ele- 

ment. This indicates regular crosstalk patterns; however, multiple crosstalk sources 

are present in array C, because the magnitude of interaction between widely spaced 

elements is not significantly less than that between adjacent elements. Also, the phase 

of interaction in array C does not change as regularly as that in array A. 

The interaction data plotted in Figures 4.3 - 4.10 can also be easily represented 

with an interaction matrix I?, whose element, rki if k # i, stands for crosstalk caused 

by the i th element on the kth element; if k = i, rki is the response on the driven 

element, and is 0 dB. The interaction matrix of an N-element array has dimensions 

of N x N and is capable of representing the crosstalk between all combinations of two 

elements. The following interaction matrices represent the crosstalk levels of arrays 

A, B and C at  300 kHz. For array A, the interaction matrix a t  300 kHz is: 
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The interaction matrix of array B at  the frequency of 300 kHz is: 

The magnitudes in the above interaction matrices are on a decibel scale, and t h  

are converted into a linear scale in the following analysis. In general, the interaction 

matrix r has no special structure. However, for an ideal N-element array with no 

mutual coupling we expect an N x N identity matrix. For a symmetrical array which 

has infinite boundary conditions and well balanced crosstalk, we expect an N x N 

interaction matrix with descending terms in the same row or column. The rationale 

behind this model is the fact that in such an array, the cross coupling decreases with 

distance between elements. 

In summary, we can easily explore crosstalk in an array by exciting one element 

and measuring the response of the other elements. By investigating the crosstalk in 

transducer arrays A, B and C, it is concluded that in general terms, the magnitude 
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of crosstalk is maximum at  the resonant frequency of elements, and decreases with 

distance. However, these conclusions are not true for those acoustic transducer arrays 

with significant internal interference and multiple coupling paths. 

4.2.5 Parameters Affecting Crosstalk 

In the previous part of this section, a method for measuring crosstalk was described 

and experimental results were presented for three transducer arrays. In the following 

paragraphs, the parameters that affect crosstalk are discussed. 

The most significant observation from the experimental measurements is that 

crosstalk depends on the separation between transducer elements in an array. For 

a linear transducer array with uniform acoustic characteristics, such as array A, 

crosstalk levels are inversely proportional to  the distance between the elements. Al- 

though the crosstalk characteristics of arrays B and C are more complex than array 

A, crosstalk levels were still significantly affected by the distance between elements. 

A second observation from the experimental results is that crosstalk properties 

depend on the frequency of the driven signal. Generally, crosstalk levels peaked at the 

resonant frequency of the transducer elements, and in some cases there were multiple 

maxima resulting from other resonant frequencies depending on array dimensions. 

A third observation from the experimental results is that the relative placement 

of transducer elements in the array influences crosstalk levels. For inner transducer 

elements, crosstalk level is different than that for outer elements near the edge of 

the array, since the outer elements are more easily affected by the housing and less 

affected by the other elements than the inner elements are 1361. 

Research on crosstalk has shown that the choice of materials for the transducer 

elements and arrays has a significant impact on crosstalk levels 1371. The housing and 

surface-layer materials are key factors and contribute to  multiple coupling paths. In 
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addition, the geometry of transducer arrays also influences crosstalk [37]. 

A fifth factor affecting crosstalk is the angle-of-arrival (AOA). Studies have shown 

that crosstalk and AOA are strongly coupled [38]. Waves impinging on transducer 

elements from different angles generate waves in different directions and change the 

induced crosstalk levels. 

In summary, the crosstalk between transducer elements depends on element sepa- 

ration, the frequency and angle of the arriving signal, the relative location of elements 

in the array, and physical properties of the materials used to  construct the array. 

4.3 Impact of Crosstalk on Array Performance 

Crosstalk between array elements distorts beam patterns and degrades AOA estima- 

tions for the incident signal. Therefore, in addition to characterizing crosstalk, it is 

important to  analyze the impact of crosstalk on the beam pattern and angle esti- 

mation. In this section, degradation in array performance resulting from crosstalk 

is analyzed in three main parts. First, a theoretical crosstalk model is developed to  

predict the impact of crosstalk on array performance and is based on an admittance 

coupling matrix. Second, a method is shown that relates the elements in the cou- 

pling matrix to  elements in the measured interaction matrix. In the third part, the 

theoretical model is compared with the experimental results for transducer arrays. 

4.3.1 Theoretical Crosstalk Model 

A theoretical model is constructed to illustrate the mechanism by which crosstalk af- 

fects the output signal of array elements. A transducer equivalent circuit is introduced 

as a prerequisite for the modelling. 
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4.3.1.1 Transducer Equivalent Circuit 

Piezoelectric transducers can be modeled as an RLC circuit around resonance as 

shown in Figure 4.14 181. 

ele t i 1 

Figure 4.14: Equivalent circuit of a transducer 

We analyze the circuit in Figure 4.14 as a hydrophone in the following analysis, 

which is also valid for a projector if the voltage source E is removed. E represents the 

result of an incident acoustic pressure on the hydrophone. The series arm, LICIR1, 

represents the mechanical impedance, where L1 is the effective inductance, C1 is the 

effective capacitance, and R1 models the internal mechanical losses and radiation re- 

sistance. The parallel combination of Ro and Co models the electrical characteristics 

of the transducer, where Ro represents the electrical losses, and Co is the clamped 

capacitance of the transducer element. The transducer output voltage Vo across resis- 

tor Ro is generated from E. The electrical impedance of the transducer Z is complex 

and expressed as Z = R + jX, where R and X are the resistive and reactive com- 

ponents, respectively. For the subsequent analysis, it is more convenient to  consider 
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the transducer in terms of its admittance Y rather than its impedance 2, where the 

conductance is G and the susceptance is B. 

For the equivalent circuit shown in Figure 4.14, let the admittance of the series 

arm LICIRl be Ys and let the admittance of the parallel combination of Ro and Co 

be Yp, then 

The input admittance of the equivalent circuit referred to  the electrical side is given 

4.3.1.2 Array Crosstalk Model 

A crosstalk model for a transducer array is developed below. In this model, it is 

assumed that 1) all array elements have the same electrical admittances; and 2) the 

crosstalk between equally spaced elements is identical. Figure 4.15 shows a three- 

element array where crosstalk coupling is represented by the admittances Yl and Y2. 

Yl is the crosstalk admittance between adjacent elements, while Y2 is the crosstalk 

admittance between the two outside elements. The individual series and parallel 

transducer admittances are Ys and Yp. This diagram is analyzed to  compute the 

output voltages from each array element, Vl , V2, and V3, assuming an incident acoustic 

pressure E is acting on only the first element. 

Nodal analysis is used to  analyze the circuit in Figure 4.15, i.e. x Iin = x lout. 

The current at  each node is: 

(Node 1) Y ~ ( E - V ~ ) = Y P V ~ + Y ~ ( V ~ - ~ ) + Y ~ ( V ~ - V ~ )  

(Node 2) K ( V ~ - V ~ ) = ( Y S + Y P ) V Z + Y I ( V ~ - V ~ )  (4.6) 

(Node 3) Yl(V2-V3)+Y2(V1-V3)=(Ys+Y~)V3 
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Figure 4.15: Crosstalk circuit model 

Equation (4.6) is rewritten in matrix form as: 

where Q is the coupling matrix describing the coupling interference between elements, 

X=[&, V2, V3IT is the vector of the output signals, and S=[E, 0, OIT is the incident 

signal on the array. Substituting Y = Ys + Yp into Q gives: 
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Assuming identical admittances for each element and identical crosstalk between 

equally spaced elements, it is easy to  generalize Q for an N-element array. For 

example, for a six-element array, if Yl denotes the crosstalk admittance between a 

driven element and its first neighbor, and Y2 denotes the crosstalk between an element 

and its second neighbor, and so on, then, Q is given by: 

where: 

Q33 = Q44=Y+2Yi +2Y2+Y3 

From Equation (4.8), X is given by: 

4.3.1.3 Impact of Crosstalk on the Beam Pattern and AOA Estimation 

It is our goal to  analyze the impact of crosstalk on the array beam pattern and compute 

the estimated error in measuring AOA using the crosstalk model in Equation (4.12). 

The analysis assumes the matrix Q is known, and in a later section, it is shown how 

an estimate Q of the matrix Q is found from the measured interaction matrix I?. 

Assume an incident signal a t  angle 0 is received by a symmetrical N-element 

transducer array. Each transducer element is modelled as a point source and it is 
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assumed no crosstalk between elements. The vector of incident signals corresponding 

to  each transducer element is given by 

In Equation (4.13), a is the magnitude of the signal, 4o is the phase of the signal 

incident a t  the first channel, 4 is the phase difference of the arrival signal between 

neighboring elements, and is related to the angle 0 by: 

where d is the space between array elements, and X is the wavelength. Assuming that 

crosstalk characteristics do not change significantly and can be described by a matrix 

Q, and also because the pattern shaping function is a cosine function as described in 

Chapter 2, the output signal vector from the array is then 

For an N-element transducer array, if 0 varies over an angular range of [-90•‹, 90'1 

in steps of lo, X is a matrix with the dimension of N x 181. The relative magnitudes 

of N row vectors of X determine the N beam patterns, while the phase differences 4 

between two row vectors are used to  estimate AOAs in the range of [-90•‹, 90'1 with: 

h 4X 0 = arcsin - 
2rd 

It is important to  emphasize that both the beam pattern and estimation of the 

incident signal angle are determined by relative, rather than absolute, measurements 
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obtained from the components of X. Therefore, (4.15) can be multiplied by an arbi- 

trary constant a, without affecting the beam pattern or AOA estimation. As shown 

in section 4.3.2, the coupling matrix Q is estimated with a scale factor from the 

measured interaction matrix I? and hence is consistent with the crosstalk model. 

Given that the array output signals are modelled as shown in (4.15), the effect of 

crosstalk on array performance can be quantified by computing the average standard 

deviation of the beam pattern and AOA estimation over a range of incident angles [6]. 

In other words, the coupling matrix Q introduces amplitude and phase variations in 

the components of X and the average variation is defined as the standard deviation 

of the beam pattern (B) and AOA estimations (@ over incident angles in [01, 02]. 

The standard deviation of the beam pattern e~ and the AOA estimation error ee are 

expressed as: 

- 
A 

where il and i2 are the indexes corresponding to O1 and 02, respectively; B and 0 are 

the means of N beam patterns and N-1 pairs of AOA estimations over incident angles 

of O1 to 02. Since crosstalk seems to depend on incident angle in the measured data, 

the interval [01, 02] is restricted to f 40•‹ with hopes that crosstalk does not change 

significantly within this range. 

Calculating the standard deviation with Equation (4.17) assumes that the N ob- 

servations of arrays are random variables and uncorrelated, which they obviously are 

not. However, the standard deviation does give a measure of variation from a mean. 

It should be noted that the standard deviation is not used here in the statistical sense. 

We are simply using it as a measure of spread from an average value. In this sense, 
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it is a useful measurement even without its traditional interpretation, and indicates 

how much crosstalk affects the beam patterns and AOA estimations. 

4.3.2 Estimating Coupling Matrix 

The coupling matrix Q is required to predict the standard deviation of errors intro- 

duced in the beam pattern and AOA estimation. The matrix elements are admittances 

and in this section the unknown terms are related to the elements in the measured 

interaction matrix I?. 

Figure 4.16 shows an equivalent circuit of the measurement method for a three- 

element array and it differs from the theoretical model shown earlier in Fig. 4.15. In 

the theoretical model, the voltage Vl is different from the incident voltage E generated 

by an acoustic wave, while in the measurement, the incident voltage E is not used 

and instead a function generator is applied directly across the transducer element as 

shown in Fig 4.16. In other words, for measuring I? the driven element's voltage is 

clamped by the signal generator and in calculating Q none of the element voltages are 

clamped. The objective now is to relate these two models so that Q can be determined 

from I?. 

Applying Kirchhoff's Current Law to the measurement model gives: 

(Node 1) K = E 

(Node 2) Yl (K - V2 ) = (Ys + YP) VZ + Yl (V2 - V3) 
(4.18) 

(Node 3) Yl (V2 - V3) + Y2 (Vl - V3) = (Ys + Yp)& 

After substituting Y for the sum Ys + Yp and letting rki = Vk/V,, nodes 2 and 3 
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Figure 4.16: Circuit of crosstalk measurement 

in (4.18) are expressed as: 

(Node 2) - Yl + (Y + 2Y1)I'21 - Y1r31 = 0 

(Node 3) - Y2 - Y11?21 + (Y + Yl + Y2)I'31 = 0 

The equations in (4.19) are rearranged to solve for Yl and Y2 yielding: 

The equations of Yl and Y2 are normalized by dividing by Y to get the relative 

admittances: 
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The crosstalk matrix Q shown in Equation (4.9) is rewritten as: 

If the constant a is defined as 

then the terms in Q depend only on the ratios Yl/Y and Y2/Y. Since the ratios are 

known in terms of the interaction matrix variables as given in (4.21), Q is known 

within an arbitrary complex constant a. 

In section 4.3.1 it was shown that the beam pattern and AOA equations are unaf- 

fected by the multiplication of an arbitrary constant since relative vector components 

are used for determining these parameters. Hence, an estimate of Q denoted as is 
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found in terms of measurement variables and given by: 

The same method can be generalized to  an N-element transducer array except 

the expressions for the matrix elements in terms of the interaction matrix terms rki 
become more complex. MAPLE is employed to  manipulate expressions for larger 

matrices and used to  generate the results in subsequent sections. 

The method for estimating the coupling matrix Q is valid only if the admittance 

of transducer elements and crosstalk between equally spaced elements in the array 

are identical. In the experimental arrays A, B, and C, the transducer elements are 

approximately the same, but the crosstalk between equally spaced elements is not 

always the same. As shown in Figures 4.11 - 4.13, the crosstalk phase between equally 

spaced elements differs in arrays B and C, while both the crosstalk magnitude and 

phase between equally spaced elements in array A are approximately same. Hence, 

the theoretical crosstalk model can be compared with measured results for array A, 

while arrays B and C will require a more complex model which is beyond the scope of 

this thesis. In the next section, the theoretical model is compared with experimental 

results for array A, and comments are made on the crosstalk characteristics of arrays 

B and C. 

4.3.3 Comparing Crosstalk Model with Measurement Result 

Before comparing the theoretical model of crosstalk with the measured results for 

array A, two hypothetical arrays denoted as D and E, are first considered to gain 

insight into the impact of crosstalk on array performance. In array D, the coupling 
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matrix is assumed to be symmetrical and consists of only adjacent element coupling Yl, 

while in array El additional coupling is modelled between each element and its second 

neighbor Y2. A value of 0.1L(2/3~)Y is assumed for Yl and a value of 0.05L(4/3~)Y 

is assumed for Y2. The coupling matrices for arrays D and E are: 

The beam patterns and angle-of-arrival estimations of arrays D and E are obtained 

by substituting QD and QE into Equation (4.15) and assuming that the inter-element 

spacing d is X/2. The thing to note is that Equation (4.15) involves inverting Q, which 
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where E denotes the items too small to be represented with two significant digits. 

Compared to QD and QE, QE' and Q$ consist of more nonzero items in diagonals. 

This indicates that in addit ion to direct interference, there is also indirect interference 

between elements through neighboring elements in arrays D and E. However, it is the 

crosstalk from the adjacent and nearest two elements that dominate in arrays D and 

E, respectively. The beam pattern and AOA estimations predicted from Equation 

(4.15) are plotted in Figures 4.17 - 4.18, where the x axis represents the physical 
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angle of the signal 0 in the range of 1-90•‹, 90'1, and the y axis represents the beam 

pattern relative amplitude and estimated AOA, respectively. 

8 (Degree) 

(4 

8 (Degree) 

('4 
Figure 4.17: The predicted (a) beam patterns and (b) AOA estimations of array D 
from Q D  

In Figure 4.17, it is noticed that the beam patterns for the corresponding elements 

on each side of array D are mirror images of each other clue to the symmetrical 

geometry and crosstalk in the array. The impact of crosstalk on the outer elements 

(1 and 6) is more significant than that on the inner elements (2, 3, 4 and 5). The 

beam patterns for elements 2, 3, 4 and 5 differ slightly since adjacent element coupling 

doiniriates in array D. Similar mirror images are evident in plots of estimated AOAs. 

For array E, in which crosstalk is significant not only between adjacent elements but 

also between elements spaced by one element, the variations in the beam patterns 

aild AOAs of the inner four elements are larger than those of array D; and also, only 

the center two elements display approxinlately identical bean1 patterns in the range 

of [ - ~ / 2 ,  ~ / 2 ]  since a single driven element affects two neighboring elements on each 

side significantly. 
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Figure 4.18: The predicted (a) beam patterns and (b) AOA estimations of array E 
from QE 

It is evident from Figures 4.17 - 4.18 that with a symmetrical array structure and 

identical crosstalk between equally spaced elements, the beam patterns and estimated 

AOAs for the corresponding elements on each side are mirror images of each other. 

Only the beam patterns and AOAs of the outer elements are obviously affected if 

only one crosstalk source is dominant; if not only adjacent elements but also indirect 

neighboring elements strongly interfere each other, more elements are affected, and 

the level of the variation of the beam patterns and AOAs depends on the level of 

crosstalk. 

The crosstalk effect on AOA estimations can be reduced by averaging the N - 1 

estimates of AOA for an N-element array, which reduces the error standard deviation 

by a square root of N - 1, under the assumption that the N observations from 

each array are random variables and uncorrelated. For example, if five estimates 

a,re made for a six-element array, the spatial error rate can be reduced by under 

the assumption that the six observations from each array are random ~rariables and 
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uncorrelated. Again it is noted that the AOA estimations are not random variables 

and there is likely correlation between estimates. Nevertheless, averaging does reduce 

the spread and this is one measurement of what the resulting spread might be. 

Equation (4.17) is used to compute the average variations of beam patterns and 

AOA errors over the range of [-40') 40'1 for arrays D and E. The beam pattern 

variations are 4.22% and 4.97% respectively, and the AOA variations are 1.02', and 

1.37') respectively. The resulting error in spatial position at a given range can be 

expressed as a percentage of range by expressing the error of AOAs in radians and 

multiplying by 100%. For arrays D and E, angular errors of 1.02' and 1.37' translate 

into errors of 1.78% and 2.39%, which correspond to spatial errors of 1.78 m and 2.39 

m at a range of 100 m. Under the assumption that the six observations of arrays D and 

E are uncorrelated, the error to range ratios drop to 0.80% and 1.07% respectively. 

The beam pattern and AOA estimations calculated from the theoretical crosstalk 

model and measurement results of array A are presented and compared below. The 

coupling matrix $ A  is obtained from the experimental interactions with the result: 
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where 

QAll = QA66 = 1 + 0. 13e-'1'86 + 0.02e'0'22 + 0 .01e- '~ '~~  + E ~ 1 5  + E ~ 1 6  

QA22 = QA55 = 1 + 2 X 0 . 1 3 e j l . ~ ~  + 0.02ejO.~~ + 0 . 0 1 e - j ~ . ~ ~  + E ~ 1 5  

QA33 = QAd4 = 1 + 2 X 0.13e-j1.86 + 2 x 0.02ej0-22 + 0.01e-,i2.05 

The estimated beam patterns and AOAs, and those obtained from the measured 

data of array A are plotted in Figures 4.19 and 4.20. For both cases, the beam patterns 

and AOAs of the center four elements are approximately uniform and smooth, since 

the main source of crosstalk is from the adjacent element. 
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Figure 4.19: The predicted (a) beam patterns and (b) AOA estimations of array A 
from QA 

The variations of the beam patterns calculated from the theoretical models and 

the measured data are 5.06% and 4.56%, respectively; the corresponding spatial error 

rates are 2.20% and 2.22%, which can be reduced to 0.98% and 0.99% by averaging. 

Both the approximate shape of the beam pattern and estimated AOA, and the error 

margins for crosstalk approximately match the estimated values. The difference be- 

tween estimated and experimental data proba,bly is caused by a small housing effect 
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Figure 4.20: The measured (a) beam patterns and (b) AOA estimations of array A 

that is not considered here and the fact that crosstalk does change slightly in the 

range of angles 1-40", 40'1. Therefore, it is possible to predict the beam pattern and 

AOA variations using the interaction matrix I7 provided the crosstalk interactions are 

reasonably symmetrical, do not change much with angle, and boundary interactions 

are reasonably small. If these conditions are not met as in arrays B and C, at least 

we can identify this situation. 

In the case of asymmetrical crosstalk, as in arrays B and C, Equation (4.17) is 

only used to qumtify the variation of the beam patterns and estimated AOAs from 

the measured data. The measured beam patterns and estimated AOAs of arrays B 

and C a t  300 kHz are plotted in Figures 4.21 - 4.22. 

In Figure 4.21, the beam patterns and AOA estimations vary significantly over 

incident angles in the range of [-90•‹, 90'1. The large and frequent variation in these 

plots is due t o  significant crosstalk and multiple crosstalk sources. The average vari- 

ation of the beam patterns and spatial error rate calculated from the actual output 

signals of array B are 9.30% and 8.02%, the latter of which translates into a spatial 
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Figure 4.21: The measured (a) beam patterns and (b) AOA estimations of array B 
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Figure 4.22: The measured (a,) beam patterns and (b) AOA estimations of array C 
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error of 8.02 m at  a range of 100 m. 

As shown in Figure 4.22 for array C, crosstalk levels affect the integrity of the 

beam pattern and estimation accuracy of AOA. Similarly, over a range of incident 

angles spanning f 40•‹, the average variation of the beam patterns and spatial error 

rate of array C are 9.96% and 5.21%. 

Spatial errors can be reduced further by averaging. Therefore, the spatial error 

rates obtained from the measurements of arrays B and C would drop to 3.59%, and 

2.33%, respectively. 



Chapter 5 

Conclusions and Future Work 

The main results of this thesis are reviewed in this chapter, and some general conclu- 

sions are drawn, followed by proposed future work. 

5.1 Conclusions 

The focus of this research was to experimentally investigate the performance of under- 

water acoustic transducer arrays in terms of the beam pattern, inter-element spacing, 

and crosstalk for the special application of MASB sonars. Experimental and analytic 

methods were shown and applied to characterize the performance of three transducer 

arrays: array A built by the Underwater Research Lab, array B by Simrad, and array 

C by Benthos. 

A Beam Pattern Measurement System developed by the Underwater Research 

Lab was used to measure the beam patterns, aperture functions, and angle-of-arrival 

estimations for the three arrays. Improvements to  the measurement system have 

been made since it was last documented [17] and the updated system was described 

in Chapter 2. The system now includes a function to estimate inter-element spacing, 

a graphical user interface, and updated hardware, and the results presented in this 

work are the first published work to  take advantage of the upgraded beam pattern 
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system. 

In Chapter 3, a method to  estimate the inter-element spacing of an array by taking 

the inverse Fourier Transform of measured beam patterns was shown. Prior methods 

relied on manufacturer data, and with the proposed method, inter-element spacing 

can be accurately characterized independent of the manufacturer. Close agreement 

was obtained between design and measured inter-element spacing with the difference 

being 3.7%, 4%, and 3.33%, for arrays A, B, and C respectively. The transform 

method with beam pattern data avoids making physical measurements of the element 

placement in the array and yields similar measurement accuracy (f 0.01 cm). 

Crosstalk significantly affects array performance and prior methods for evaluating 

array crosstalk required complicated mathematical models which included geometri- 

cal, material and environmental information. In Chapter 4, an experimental method 

was proposed t o  examine crosstalk by exciting an element and measuring coupled 

signals on other non-excited array elements. The crosstalk measurements are easily 

made in a laboratory and the measurement results were further utilized in a crosstalk 

model to  predict the impact of crosstalk on array performance with some limitations. 

A theoretical crosstalk model was based on the synthesis of a coupling matrix which 

used experimental data to  compute model values without specific knowledge of the 

transducer impedance, transducer size, or array geometry. In the model, the crosstalk 

between equally spaced elements is assumed to  be the same and the coupling matrix 

is symmetrical. The crosstalk model was used to  predict the impact of crosstalk on 

beam patterns and angle-of-arrival estimations for array A and the modelled results 

were compared with experimental results. The close agreement between the modelled 

and measured results demonstrated the usefulness of the theoretical model. Crosstalk 

measurements were also made on asymmetrical arrays (B and C) and it was shown 



Chapter 5. Conclusion and Future Work 

that a more complex theoretical model is required to predict the impact of crosstalk 

with asymmetrical arrays. 

Future Work 

There are a couple of areas where the research on array crosstalk could be extended. 

The first area for future research is to model asymmetrical crosstalk effects on 

array performance. The model developed in this thesis assumed that the equally 

spaced elements have identical crosstalk coupling and in some array designs, like 

arrays B and C, this assumption is not valid. A more comprehensive model could be 

developed to model both symmetrical and asymmetrical crosstalk characteristics. 

A second area for future research is to consider how a crosstalk model could be 

utilized in signal processing to improve the accuracy of beam pattern and angle-of- 

arrival estimation. Using such a crosstalk model in sonar system signal analysis should 

improve system accuracy by compensating for crosstalk effects. 



Appendix A 

Figures of Crosstalk Measurement 

The relative magnitude and phase of interaction between all elements of arrays B and 

C are plotted in Figures A . l  - A.12. 
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Figure A.3: (a) Magnitude and (b) phase of interaction in array B when i=3 
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Figure A.4: (a) Magnitude and (b) phase of interaction in array B when i=4 
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Figure A.5: (a) Magnitude and (b) phase of interaction in array B when i=5 
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Figure A.8: (a) Magnitude and (b) phase of interaction in array C when i=2 
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