U NIVERSITY & | &

OF
WOL LONGONG

A Comparison of Binaural Ultrasonic
Sensing Systems

A thesis submitted in fulfillment of the
requirements for the award of the degree

Doctor of Philosophy
from

UNIVERSITY OF WOLLONGONG

by

Benjamin David Stanley
B. Sc. (Hons), Australian National University

School of Information Technology and Computer Science
December 2003



(© Copyright 2003
by
Benjamin David Stanley

All Rights Reserved



Declaration

I, Benjamin David Stanley, declare that this thesis, submitted in fullfil-
ment of the requirements for the award of Doctor of Philosophy, in the
School of Information Technology and Computer Science, University
of Wollongong, is wholly my own work unless otherwise referenced or
acknowledged. This document has not been submitted, in whole or in
part, for qualifications at any other academic institution.

Benjamin David Stanley
December 13, 2003



When | first started ... | wrote “the Asdic is a feminine, fickle and impredictable
instrument”, but on reconsideration | withdraw this libellous statement. The Asdic is
very reliable as an instrument. What is impredictable is the behaviour of the sound

waves in the sea.

The account of a British naval officer
using the Asdics system to locate a
sunken British submarine in 1951,
from Hackmann4§].



Abstract

Autonomous robotic systems have been under development for a number of years. This devel
opment is being driven partly by the need to explore the processes and logic that humans use i
accomplishing repetitive tasks and partly by the need to provide probes and vehicles in environ-
ments that present threats to humans. It is this need to send robots into harsh environments whic
has provided the impetus for this thesis to explore the use of binaural ultrasonic sensastior
agentsthereby enabling them to take the placdiving agents In all, five sensor systems were
built and investigated. Two systems were based upatthed filtes with Barker codes. The first
used quadrature demodulation while the second used unsynchronised demodulation. The remail
ing three systems usembntinuous tone frequency modulatsignals. The first was implemented

with a discrete Fourier transformspectral estimator, the second witiae-Walkerspectral esti-
mator and the third usinglaast squares modified Yule-Walkgpectral estimator.

The construction, implementation and testing of these five sonar systems reveals that there i
no clear preferred system despite the significantly different methodologies adopted to determine
the basic time of flight and received power information. The more classiaalhed filtessystems
have superiodistance of flighprecision compared to the newamntinuous tone frequency modu-
latedclass. However it is clearly demonstrated thatdbetinuous tone frequency modulatddss
is able to insonify a larger area and operate with a bsitgral to noise ratioOnce calibrated, this
class of sonar is able to at least equal the performance oh#tehed filtecclass.

The thesis focuses on the rigorous determination of the range and bearing tuple from both the
theoretical or model viewpoint and the experimental viewpoint. A rigorous theoretical develop-
ment of both thanter-aural distance differen@nd theinter-aural power differencmethods of
computing bearing and the resolution of the correspondence problem are included. Experimen
tal work was undertaken to validate the models and to provide data on which comparative study
may be based. The conventional metric quantities were acquired with a large level of redundancy
thereby allowing the determination of strong statistics associated with accuracy, precision anc
resolution.

This thesis shows that, while there are performance differences between the systems, the s
lection of the best system is application dependent. In this work the aim is to empliptic agent
with a sensory system enabling it to function in the placelofiag agent especially in a harsh or
dangerous environment. For this purpose the system suggested by this thesistia@ous tone
frequency modulatedonar system with Eeast squares modified Yule-Walksgpectral estimator.
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FMCW, Frequency Modulated Continuous Wave. A frequency modulated continuous wave sig-
nal, used in radar literature to refer to CTFM, p. 3.

GUI, Graphical User Interface. ~ The current standard for building human computer interfaces
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IAD, Inter-aural Amplitude Difference. A method of calculating the direction of an incoming
echo by using the difference between the log amplitude of the left and right echoes,
p. 323.

IDD, Inter-aural Distance Difference. A method of calculating the direction of an incoming
echo by using the distance difference between the left and right echoes, p. 301.

IDFT, Inverse Discrete Fourier Transform. Method of performing an inverse Fourier transform
upon discrete data, p. 220.

IFD, Inter-aural Frequency Difference. A method of calculating the direction of an incoming
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p. 301.

IID, Inter-aural Intensity Difference. A method of calculating the direction of an incoming echo
by using the difference between the log intensity of the left and right echoes, p. 323.
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Such a filter may produce a response of unbounded duration when excited by an im-
pulse input, p. 175.

IO, Input and Output. A hardware device allowing a computer to input and output signals or
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IPD, Inter-aural Power Difference. A method of calculating the direction of an incoming echo
by using the difference between the log power of the left and right echoes, p. 323.

ITD, Inter-aural Time Difference. A method of calculating the direction of an incoming echo by
using the time difference between the left and right echoes, p. 301.

LED, Light Emitting Diode. Electrical component which emits monochromatic but not coherent
light, p. 13.

LPF, Linear Predictive Filter. A linear filter which seeks to predict the next point in a sequence,
given all of the previous points as input, p. 212.
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LSMYW, Least Squares Modified Yule-Walker. A modern method of performing spectral anal-
ysis by directly utilising more than the minimum number of discrete values of the
autocorrelation of the signal, p. 217.

LTI, Linear Time-Invariant. A system which only performs linear transformations, which are not
a function of time, p. 52.

MA, Moving Average. A system which computes the next output point based upon the current
and previous input points. The system function, inzlptane, is composed entirely
of zeroes, p. 210.

MF, Matched Filter.  Refers to a sonar system utilising a filter which has been matched to the
expected received signal. In this thesis the signal is a Barker coded sinewave, p. 139.

MMW, MilliMetre Wave. A form of radar using frequencies around 30 gigahertz, p. 19.

PEF, Prediction Error Filter. A linear filter formed by taking the difference between the Linear
Predictive Filter (LPF) output, and the actual value of the next point in the sequence,
p. 213.

PFA, Probability of False Alarm. The probability of detecting a target when no target is physi-
cally present, p. 266.

PSD, Power Spectral Density. ~ Power per unit frequency, p. 207.

QD, Quadrature Demodulation. A technique for demodulation which assumes that the carrier
frequency is approximately four times the sampling rate, p. 151.

SNR, Signal to Noise Ratio. = Power per hertz of signal divided by power per hertz of noise,
p. 140.

SSR, Signal to Sidelobe Ratio. ~ The ratio between the maximum power level in the main lobe
and the maximum side-lobe power level, p. 142.

STP, Standard Temperature and Pressure. The standard temperature and pressure is defined
to beT, = 29315 K andp,, = 101325 kPa, p. 228.

TB, Time-Bandwidth product. The product of the duration and bandwidth of a signal, p. 63.
TOF, Time Of Flight.  Time of sonar flightr, usually from the transmitter to the receiver, p. 25.

UD, Unsynchronised Demodulation. A technique for demodulation by rectification and low-
pass filtering, p. 152.

VCYV, Variance CoVariance.  The variance covariance matrix contains variances down the diag-
onal, and covariances between different terms in the off-diagonal positions, p. 455.

YW, Yule-Walker. A modern method of performing spectral analysis by directly utilising the
autocorrelation of the signal, p. 212.
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Re[l] Autocorrelation of a sequence, evaluated atithdag, p. 214.
s(t) Signal as a function of time and perhaps other variables, p. 388.
sy (1) Demodulation signal as a function of time, p. 39.

S (1) Upper demodulation signal as a function of time, p. 45.

Sy (1) Lower demodulation signal as a function of time, p. 45.

Sout (1) Output signal as a function of time, p. 39.

s (t) Received echo signal as a function of time, p. 39.

5 (1) Transmit signal as a function of time, p. 38.

t(l) Time of sample numbédrin seconds, p. 195.

o(t) Impulse function, p. 388.

() Upper demodulation signal phase as a function of time, p. 43.
Ogq (1) Lower demodulation signal phase as a function of time, p. 43.
o (1) Transmit signal phase, p. 37.

79 (@) Group delay of a filter, in seconds, p. 175.

O(w) Filter phase delay, in radians, p. 176.

Xm(T) Maximum signal to noise ratio, p. 398.

2 (f) Power spectral density as a function of frequency, p. 209.
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Greek Symbols

B

Ad

Af

At

P

Absorption of sound by the air in nepers per metre, p. 421.

Absorption of sound by the air in decibels per metre, p. 421.

Receiver skew angle in sonar head in degrees, p. 126.

Curve fit parameters, p. 452.

The ratio of specific heatS,/C, at constant pressure and constant volume, p. 228.

Spacing between DFT spectral lines when converted to distance of flight, in metres,
p. 196.

Spacing between samples in output from DFT in the frequency domain, in hertz,
p. 195.

Spacing between samples in input to DFT in the time domain, in seconds, p. 195.

Angle from x axis of coordinate system, usually used witko form a coordinate
(r,0).

The bearing fronP,- to Ty, p. 303.
Wavelength in metres, p. 101.

Sweep rate in herfzp. 37.

Volume density of material in kgn—3, p. 385.
Sonar time of flight in seconds, p. 39.
Radial frequency in rad™1, = 2z f, p. 385.

Scaled radial frequency in rag, = 2z f /{5, p. 209.

PAL, Programmable Array Logic. A programmable component for performing logical opera-

R

tions upon digital signals, often with reference to a clock signal, p. 78.

RMS, Root Mean Square.  The root mean square of a set of observations is equivalent to the

standard deviation, p. 267.
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Notations

S

*

E{}

9

Im {}

Re{}

Symbols
A

N

Anti-logarithmic addition A@ B = log{exp(A) + exp(B)}, p. 50.
Complex conjugatez®, of z, p. 194.
Convolution, f (t) xg(t), of two functionsf (t) andg(t), p. 55.

Correlation,f (t) xg(t), of two functions,f (t) andg(t), which is defined in terms of
the convolution ag (—t) «g(t), p. 141.

Estimated valu& of x, p. 213.
Expectation valuek: {g(x)}, of a function,g(x), p. 213.

Fourier transform,7 {g(t) }, of a function,g(t). The transformed function is capi-
talised, and the independent variablevisp. 193.

Imaginary part of a complex number, p. 387.
Mean valueg, of variablex, p. 67.

Real part of a complex number, p. 387.
Reversal of a matrix or vector, p. 405.
Transpose of a Matrix or vector, p. 218.

Z transform,Z {g(t)}, of a function,g(t). The transformed function is capitalised,
and the new independent variablejp. 208.

Transducer sensitivity (dimensionless), p. 390.

Molecular absorption caused by the vibrational relaxation.gfilNnepers per metre,
p. 423.

Molecular absorption caused by the vibrational relaxation.gfi®nepers per metre,
p. 423.

Transducer radius in metres, p. 101.

Signal bandwidth in hertz, p. 42.
Demodulated sighal bandwidth in hertz, p. 42.
Phase offset in radians, p. 45.

Speed of sound in air in a1, p. 39.

Speed of sound in air in s, at zero frequency, p. 424.
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fs

fsd

Speed of sound in air in As1, calculated using temperatueg(Ty), p. 229.

Speed of sound in air in As~1, calculated using temperature and pressy(®&,, hr),
p. 229.

Correlation coefficient between two quantiteeandb, p. 264.

Statistical confidence interval, where 0.66 corresponds to one standard deviation,
p. 450.

Speed of sound in air in ns~ 1, calculated using temperature, humidity, pressure and
frequency, p. 426.

Distance of flight in metres, referring to the total path length out and back, p. 39.
Maximum operating sonar travel distance (not range) in metres, p. 42.

Offset distance of receivers in sonar head figgp in metres (base length), p. 133.
Offset distance of transmitter in sonar head frigpin metres, p. 133.

Frequency in hertz, p. 101.

Transmit frequency sweep start frequency in hertz, p. 37.

Upper demodulation sweep start frequency in hertz, p. 43.

Lower demodulation sweep start frequency in hertz, p. 44.

Transmit frequency sweep end frequency in hertz, p. 37.

Upper demodulation sweep end frequency in hertz, p. 43.

Lower demodulation sweep end frequency in hertz, p. 44.

Bus frequency common to both chirp generator and capture cards, p. 169.
Carrier frequency for the Barker coded signal, p. 142.

Enhancement factor, p. 426.

Un-demodulated frequency in hertz correspondind.tg, p. 167.

Un-demodulated frequency in hertz corresponding to 0 DOF, p. 167.
Vibrational relaxation frequency of Nin Hz, p. 423.

Vibrational relaxation frequency of Qin Hz, p. 423.

Sampling frequency of a digitally sampled signal, p. 209.

Sampling frequency after decimation, p. 183.
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Psat

Pz

Sampling frequency of received signal, in hertz, p. 169.
Sampling frequency of transmitted signal, in hertz, p. 169.
Absolute humidity as a mole fraction, in %, p. 422.

Relative humidity, the ratio between the partial pressure of water vapor and the satu-
ration pressure, expressed as a number between 0 and 100 (%), p. 229.

Imaginary number,/—1, p. 193.

Matched filter scaling constant, p. 399.

Wavenumber or inverse wavelength in rad p. 101.

A positive integer, p. 171.

The molar mass, in kgnolfl, p. 228.

CTFM maximum range ratio (dimensionless), p. 42.

Number of samples in the time domain input to DFT, p. 194.
Number of samples in the frequency domain output from DFT, p. 195.
Divisor of bus clock to obtain receive sampling frequency, p. 169.
Divisor of bus clock to obtain transmit sampling frequency, p. 169.
Number of samples received in one sweep pefiggp. 169.

Number of samples transmitted in one sweep pefiggp. 169.
Number of poles in rational model, p. 209.

Root-mean-square air pressure of a radiating source in pascals, p. 422.
Dynamic air pressure in pascals, p. 384.

Head centre point, halfway between the two receivers, p. 131.
Static air pressure in pascals, p. 228.

Reference ambient air pressure, p. 422.

Saturation vapor pressure in pascals, p. 230.

Complex pressure field in pascals, p. 384.

Source strength in rs, p. 385.

Number of zeros in rational model, p. 209.

The universal gas constant, inrdol™t- K1, p. 228.
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r Radius from centre of coordinate system, usually used @ith form a coordinate
(r,0), p. 302.

r’ Used in the derivation of the radiating plane piston model (Sedi@h for the dis-
tance from the pointr,0) to an infinitessimal element. Also represents approxi-
mately the distance from the head centre pdit,, to the target. The precise defini-
tion is that the length o, T,, is equal to 2, p. 386.

I'max Maximum CTFM range in metres, p. 42.

Ty Reference ambient temperature, p. 422.

T Temperature of the triple point of water in Kelvin, p. 422.

Ta Absolute air temperature in Kelvin, p. 229.

Tort Duration of samples in time domain over which the DFT is taken, p. 195.

Tio CTFM output signal duration in seconds, p. 41.

Tice Definition of the melting point of ice, which is also used to convert ffo@elsius to
Kelvin, p. 229.

Tmax The time at which the echo from a targetatx will arrive, in seconds, p. 41.

TSig Time over which all echoes are present in the demodulated CTFM output, in seconds,
p. 42.

Tsw Sweep time in seconds, p. 37.

t Signal time in seconds, p. 384.

tp Periodic time in seconds, used in the definition of periodic waveforms, p. 37.

U, Speed amplitude of vibrating surface in 1%, p. 386.

z A complex nhumber, composed of real and imaginary parts, p. 208.
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Chapter 1

Introduction

1.1 Aim

The English wordobot is relatively new. It entered the language in 1923 and is derived from a
Slavonic stem which is related to the Greek word for w@® [ A common meaning is

A machine devised to function in place of a living agent; one which acts automat-
ically or with a minimum of external impulse.

Theliving agentreferred to above is usually a human being who is equipped to sense the environ-
ment in which he is situated, to remember and recognise objects in this environment, to perceive
geometrical relationships between these objects, and to make reasoned use of this information.

By way of example thdiving agentplays a sport, called orienteeringhich exercises the
skills of sensing and navigation. THiging agentis given a map and a compass, placed in an
unfamiliar environment, and expected to navigate his way to a series of points. To succeed, the
living agentmust utilise sensory information to localise his position based on the observed position
of landmarks in his environment, plan a route to the goal, navigate along the planned route, anc
avoid any obstacles which may appear in his path.

Thus if arobotic agents to sense and navigate in an environment in placeliofray agent it
must be equipped with the appropriate sensors, especially those which emulate sight. In additior
therobotic agentis usually expected to construct and use its own map as it traverses and explores
its environment.

This thesis aims to probe and investigate the use of two binaural sonar systeistthed
Filter (MF) sonar system and th@ontinuous Tone Frequency Modulated (CTFaéhar system,
as a technique to sense the environment, in much the same way as sight is used by human
thereby allowing theobotic agento function in place of théiving agent Situations where this is
desirable include performing dull and repetitive work, or functioning in an environment hazardous
to humans such as is found in coal mines or nuclear reactors.

1.2 Goals

Theliving agentreferred to above uses a complex process, usually described as vision, to navi-
gate. This process incorporates the imaging and recognition of objects, the measurement of the
distance from the agent, the measurement of a bearing relative to a fixed or defined direction, an
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the identification of the texture and colour of the surface. This information is processed by a visual
sensory system to provide a picture of the environment.

Visual sensors estimate the bearing of an object from the position of that object in the image.
For nearby objects range is estimated by measuring the difference in position of the object between
two images. When distant objects present identical projections in both images, range estimates are
performed using geometric cues.

Sonar sensory systems are not unlike visual systems in that binaural range measurements are
needed to obtain range and bearing information. Sonar systems compute bearing by utilising the
difference between binaural range measurements, or by other novel means. This provides the two
observational types which must be recorded for a two dimensional environment.

Matched filters have long been recognised in the field of radar as being a useful method for
increasing the power of the transmitted signal, by lengthening the chirp, while maintaining the
ability to resolve close targets. The matched filter sonar system utilised in this study replicates and
extends the previous work of Peremah6§.

A measure of the ability of a sonar system to provide a suitable system for object recognition,
localisation and navigation in a living agent is given by ba®d. All members of the suborder
microchiroptera use sonar to hunt and navigate. While not blind, their eyes are generally very
small and their vision is poor. Bats utilise many different types of call, depending upon whether
they are hunting, flying in a densely forested area, or flying in open space (828 [The calls
have various features in common wiiTFM sonars. ThusCTFM sonar is a technology utilised
effectively by aliving agentto perform navigation tasks.

The goals of this thesis are therefore:

1. to build aMF binaural ultrasonic sensing system,
2. to build aCTFM binaural ultrasonic sensing system,

3. to investigate the ability of thBIF andCTFM sonar systems to measure range and bearing,
and to quantify their performance, and

4. to determine the best system or systems to emulate sight as a sensmifoti@agent

These goals will be demonstrated using untextured targets such as plane surfaces, corners and
poles, which produce a well-defined echo replicating the transmitted signal. The consideration of
textured surfaces, which have a filtering effect upon the transmitted signal, is beyond the scope of
this thesis. This topic is the work of other laboratory members.

Achieving these goals will provide the basis for a sensor which should provide sufficient infor-
mation to facilitate mapping and navigation, in a precise, robust, and reliable manner. In addition,
it should be able to operate in both benign and hostile environments.

1.3 Continuous Tone Frequency Modulated Sonar

Continuous tone frequency modulatednar has two major components. The first, continuous
tone, refers to the uninterrupted transmission of a sinusoidal signal. The second, frequency modu-
lation, refers to the changing of the frequency of the sinusoid with time. Air sonars typically use a
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frequency range of 40-100 kHz, which falls within the ultrasonic rardgé]|[ For this reason air
sonars are commonly called ultrasonic sensors.

The CTFM sonar operates in three stages. The first stage is to playTR& signal through
an ultrasonic transducer which projects the sound. In the second stage the sound is reflecte
by objects in the environment. In the third stage the reflected sound is heard by the ultrasonic
receivers. The frequency modulation of the echo signal allows the time of flight to be measured.
As sound propagates at a constant velocity in air, the path distance can be calculated. The theol
of operation ofCTFM sonar is described in detail in Chapger

The following three sections briefly trace the development of air sonars.

1.3.1 Sonar Origins

When the Titanic sank with great loss of life in 1912, due to a collision with an iceberg, several
people began to work seriously on a navigational aid using underwater sound. The first working
system, constructed by Fessenden, detected the echo from an iceberg at a range of two miles
1914.

At the onset of the First World War, in 1914, U-boats were used with great effectiveness by
the Germans, because they could not be located. This prompted the British to develop the firs
underwater listening devices, which listened passively for the sound of the U-boat’s propellers
and machinery. As these were ineffective when the submarine machinery was halted, the Britist
set about developing an active sonar echo location device. Utilising some technology from the
other allies, the Asdics system was developed. The first successful test was in March 1918, whe
a submarine was detected at 500m. The Asdics system utilised a quartz piezoelectric transduce
and could indicate the range. However, the war ended before Asdics was deployed. (Hackman
[49] describes Asdics as a codeword. The first three letters refer to the Anti-Submarine Detection
committee, while the ics was added to make it into a noun. This forms a word unrelated to the
operation of the device, so as to keep its operation a secret during wartime.)

The Second World War saw the further development of the Asdics system, which gained the
ability to determine the bearing of the submarine. These systems used a pulse as the transir
signal, which was shortened as development progressed so as to improve the accuracy of the ecl
features. At the end of the Second World War in 1945, ship based sonars could detect submarine
at 1.2km, while the submerged submarine could detect a ship at 24 km.

During the Second World War, there was intensive research into new sonar technologies. In
the 1940s the benefits of continuously transmittingquency Modulated (FMjonars were recog-
nised. Kurie B6] details eleven benefits over the conventional pulse systems of the time, including
being in constant contact with the target. However, the degiMdonar could not be built due
to the limitations of the electronics technology available. Development dfkhsonars flagged
during the 1950s due to the introduction of chirped pulses, from radar, together with pulse com-
pression techniques in the receiver. This led to theFditdsonars being calle@ontinuous Wave
Frequency Modulated (CWFMpnars to differentiate them from the new chirfpéd sonars. The
CWFM sonars are referred to &equency Modulated Continuous Wave (FMCl#y) the radar
literature, with the tern€TFM being adopted more recently.

The construction of £ TFM sonar requires an accurate and linear frequency modulator, and



4 CHAPTER 1. INTRODUCTION

a spectral analyser. The only spectral analyser available at the time was a bank of filters tuned to
a range of different frequencies. These requirements hampered the develop@é&RNbEonars
until digital techniques, such as the high speed digital frequency synthesiser drakthieurier
Transform (FFT)became available.

(Early sonar history taken from Hackman#8]. CTFM information from Hayes48] and
de Roos 80]. History of the development of radar may be found in referent6sl29 134.)

1.3.2 CTFM Air Sonar as a Sensory Aid for Humans

Kay [68, 69] began investigatin€ TFM sonars in 1959 by comparing them with pulse systems.
Inspired by the bat’s ability to navigate effectively in the dark, Kay sought to provide this ability
to visually impaired persons. The first such system was a hand-held probe acting as a sonic torch
[7Q]. This device gave promising results, and Kay began an extensive research program in 1966
to produce a wearable system. The first step was to build transducers which work effectively in
air [90]. The second step was to display the sonar signal in a form suitable for interpretation by
a visually impaired person. Rowell2( determined that the most suitable form was to supply
an auditory signal to the user through headphones. The sonar signal is demodulated to provide
the auditory signal, which contains one tone for each reflecting target. Close targets produce low
frequency tones while distant targets produce high frequency tones. The auditory signal is encoded
in this way because the human ear is well suited for discriminating different tones, but is unsuited
to detecting the duration of a tone or gap corresponding to the time of flight. Bearing information
is presented to the hearer by the difference in the volume between each ear. The sonar system
is worn by the user as a special pair of glasses. This couples the user’'s head movement with
movement of the sonar beam, forming a tightly coupled perceptory system.

The product of this research, the ultrasonic glasses, was first built commercially inA974 [
67]. More recently the KASPA model, which is worn as a headband, was introduced (Rigure
Many blind people have successfully used these systems as a substitute for their loss of vision
(Kay [74]). Users of the ultrasonic glasses have been able to perform independent navigation
in their neighbourhoods by sensing and recognising hedges, moving cars, poles, and many other
objects. Competent users are able to recognise composite objects which have previously only been
observed separately, for example a vine growing over a trellis, or a table tennis table, described by
one individual 3] as

. atable with a fence on top of it.

Furthermore Pivac (from RowelllR(), a blind university student who learnt to use ultrasonic
glasses, reports

Perhaps for the first time, since the need for vision, | have become aware of the
relationship between the environment and myself. A relationship characterized by
the “Self-Concept” in which | have more certainty in realising the distance, speed and
grandeur of objects, moving or otherwise. Due to this factor, | find myself concen-
trating more on my own physical plane when moving through crowds. Previously, it
was necessary to concentrate on the position of people and what they might do. But
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(a) KASPA head unit (b) Wearing a KASPA system

Figure 1.1: The KASPA navigational aid for the blind, manufactured by SonicVision. This system
was developed by Leslie Kay.

with the use of usg [ultrasonic glasses], | can obtain this information well in advance
and therefore, am able to consider which for me would be the most suitable mode of
bypassing as it were, gracefully.

Thus Pivac was able to perform path planning in a complex environment, demonstrating that
CTFM sonars supply a sufficient amount of information to a huthang agentto perform navi-
gation tasks.

1.3.3 CTFM Air Sonar as a Robotic Sensory System

Given the success @¥TFM systems as sensory organs liging agents various researchers have
worked onCTFM sensors for use bgobotic agents While these appear at first to be the same
problem, theobotic agentfaces extra difficulties. The sonar systems useliMiyg agentspresent
the sonar signal, after some pre-processing, to a neural processor in order to utilise the informatio
present in the signal to recognise objects and assess their poBitibotic agentsnust replicate
this object recognition and position estimation in a robust and reliable way. This task is assignec
to the sensory system.

Kay [72] has attempted to build a 2D sensor suitable for useropatic agenutilising Fourier
transform analysis. Davie28] worked on building a 3BCTFM sonar for use by ebotic agent
also utilising Fourier transform analysis. Politis1fl] used CTFM sonar to recognise surface
texture. Harperg5, 56, 93] used aCTFM sonar interfaced to a computer to recognise different
species of plants based on many individual features exhibited by the echo. In these works, Politi
and Harper demonstrated the ability to recognise landmarks, which are unique locations within
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the environment. Landmark recognition facilitates localisation, or the estimation of the current
position of therobotic agenton a previously recorded map. RatnédJ] worked on long dis-
tance navigation by following the border between a pathway and a lawn using a beam-forming
CTFM sonar, allowing navigation between recognised map-based plant landmarks. Pb#is [
has worked on recognising planes, edges and corners utilising their frequency respdD$ehd a
sonar.

Thus previous work has demonstrated that a variety of tasks may be accomplishedbtia
agentusing aCTFM sonar.

1.4 Outline

This thesis aims to develop and quantify the performance of several sonar systems. The thesis is
divided into five parts.

Partl reviews the foundation material from the literature upon which this research is built.

In particular Chapte® reviews previous research on precision sonar systems for useobyptic

agent This serves to inform us in our choice of sensor. Chaptailates, discusses and analyses
previous work onCTFM sonars for use by eobotic agent Chapter4 describes the path of the

sonar signal from the signal generator in the transmitter, through the sensor head, environment,
and receive processor, to the detector in the receiver. It shows how each element within the path
may be modelled as a filter, and describes the effect that each element has upon the sonar signal. It
also shows how the limiting precision and resolution characteristics of the sonar may be related to
the system bandwidth. Thus Padraws together the foundations from the literature for the work
developed in Pail .

Partll of this thesis deals with the supporting equipment adopted to reach the goals listed in
Sectionl.2 Chaptel5 describes the experimental setup in which the experiments were made. The
invariant nature of this setup was essential as experiments became more complex and demanding.
This chapter also discusses the software architecture which was adopted to support the construc-
tion of several different kinds of sonar system by connecting together individual building blocks.
Chapter6 reviews the properties of ultrasonic transducers and derives the transducer filter func-
tion. It also contrasts the properties of two available types of transducers. Chasaains how
the transducers were combined to form an integrated sensor which is capable of measuring both
the range and bearing of targets, and describes the selection of the transducers.

Partlll of this thesis concentrates on the sob&tance Of Flight (DOFsub-system, compris-
ing the operation of the sonar signal and the extraction of individual echoes from the signal. This
sub-system produces distance of flight and echo power measurements as its output. This part of the
thesis considers several different solutions to this problem, as described by Eiguhebegins
with Chapter8, which details the operation and construction of two matched filter sonar systems.
The first system, which replicates previous work, utilises a Quadrature Demodulation system, and
is designated MF-QD. The second system utilises an unsynchronised demodulator, and is desig-
nated MF-UD. Subsequent to this matched filter work;Te&-M sonar system was implemented
usingDigital Signal Processing (DS®chniques, and is described in Cha@erheCTFM sonar
system produces a signal containing one tone per target. Therefore spectral analysis is required
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Chapter 8 / Chapter 9
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Figure 1.2: Several alternative ways of building a sdb@F sub-system are evaluated in Piirt

of this thesis. Begin at the top and choose a complete path to reach the bottom. The stage
traversed may be assembled to build a complete dofdF sub-system. This diagram illustrates
only one channel. A multi-channel system would perform the same processing for each channel.
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to extract information about each target. This part of the thesis investigates three different meth-
ods of performing spectral analysis ©ff FM echoes. The first, which replicates previous work,
uses aiscrete Fourier Transform (DFTThe complete sonar system is designated CTFM-DFT,
and is described in Chaptéd. The second, th&¥ule-Walker (YW) parametric spectral analysis
method, is described in Chaptkt, and is designated CTFM-YW. A closely related third method,

the Least Squares Modified Yule-Walker (LSMYVgprametric spectral analysis method desig-
nated CTFM-LSMYW, is also discussed in Chaptér Chapterl2 focuses on obtaining a reliable
value for the speed of sound, and demonstrates that it is necessary to continuously compensate the
sonar for variations in the speed of sound if accuracy is to be maintained. Chapmpeantifies

and compares the performance of the five diffel20t sub-systems, in terms of their precision,
cross-correlation, and resolution.

PartlV of this thesis deals with the bearing calculation sub-system. This sub-system takes the
distance of flight measurements from separate sonar channels and fuses them into a single estimate
of the position of the reflecting object. The position is calculated in the form of range and bearing,
thereby allowing aobotic agentto navigate as required in Sectidr2. In particular Chaptet4
details two independent methods of calculating the bearing to an object. The first method utilises
the Inter-aural Distance Difference (IDDThe second utilises the log power difference between
the echoes detected by each receiver, oditer-aural Power Difference (IPDThese pieces of
information are independent. This chapter also details the results of experiments which quantify
the bearing measurement performance of each of the five sonar systems. QBatitersecond
chapter in this part, describes the method of forming a robust and reliable relationship between
echoes from the left and right channels. This utilises the agreement between the two different
methods of bearing calculation for a given echo relationship. It is this agreement which allows
the construction of a robust and reliable sensor as required by SdcionVhen agreement
is established, the independent estimates of bearing are fused to obtain a more precise bearing
estimate. The results of calculations in Chagteindicate that the MF-UD sonar system provides
the most robust echo relationships.

PartV of this thesis, Conclusion, discusses the results in terms of the aims and goals set in
Chapterl. The best sonar system overall, out of the five systems evaluated in this thesis, is found
to be the CTFM-LSMYW sonar system.

1.5 Contributions

The aim of this thesis is to build an air sonar sensory system to enaidiletéic agento function in
place of aliving agent In meeting the aim, this thesis makes several contributions to knowledge,
which can be summarised as follows:

e A robust statistical quantification and comparison of the accuracy, precision and resolution
of five sonar systems in range and bearing is performed.

¢ Arobust and reliable method of solving the correspondence problem, utilising two different
methods of bearing calculation, is demonstrated. Robust statistical criteria are developed
for accepting or rejecting an echo pairing between the two channels.
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e This thesis performs an in depth study of both classicaland-regressivepectral analysis
techniques as applied ©TFM sonar systems for the extraction dittance of flightand
echo power data.

e A method of self-calibrating the speed of sound continuously from temperature observations
is developed.

These contributions combine with previous work to form an air sonar system which meets the
goals listed in Sectiof.2
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Chapter 2

Review of Robotic Location Sensing Technology

This chapter collects and summarises, from the literature, properties of various sensors which hav
been investigated for use lbgbotic agents These sensors produce measurements of objects in
the environment of theobotic agent Each of these measurements can be appraised by several
criteria: accuracy, precision, and resolution. These criteria are defined in S2dtion

The criteria are used to compare some of the many different types of sensors which have bee
studied and investigated for use byobotic agent These include:

¢ infra-redLight Emitting Diode (LED)sensors,
e scanning laser range-finders,
e microwave and millimetre wave radars, and

e ultrasonic sensors.

These sensors possess widely differing attributes and capabilities. The remainder of this chapte
characterises each sensor and summarises the state-of-the-art performance for each type. Partict
attention has been paid to ultrasonic sensors, providing an introduction for this research.

2.1 Criteria for Comparison

The sensory comparison focuses on range and bearing as the measured quantities. The three me
criteria used to assess the measurements are defined as follows:

Accuracy: How close the measurement is to the true value. An accurate measurement is free
from bias (Eisenhart3g]) (Figure2.1).

Precision: The precision of a measurement is the standard deviation of a set measurements
Precise measurements are usually repeatable with a high probability (Eis&hafEig-
ure2.1).

Resolution: The minimum separation which may be measured between two objects before the
two separate objects appear to fuse into one. The Rayleigh criterion (Giaédidlafbi-
trarily defines this to be when the maximum of one pattern coincides with the first minimum
of the other, producing a dip in the sum of the two patterns (Figue

13



14 CHAPTER 2. REVIEW OF ROBOTIC LOCATION SENSING TECHNOLOGY
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Figure 2.1: The difference between precision and accuracy, shown with normal probability density
functions. Precise measurements have a small standard deaation are therefore more likely

to be close to the mean. Accurate measurements have the mean close to the true value, and are
therefore unbiased.

Three additional minor criteria are assessed for completeness. These are:

Minimum: The minimum value which may be measured by the sensor.
Maximum: The maximum value which may be measured by the sensor.

Quantisation: Some sensors can only produce measurements in multiples of some quantity. This
may be because of a design decision to return measurements as an integer, or due to a more
fundamental property of the sensor.

According to Eisenhart3g], the accuracy of any sensor is unknown, as it is impossible to
know the true value. It is possible to use statistical methods to estimate how close a measurement
is to the true value (standard error of the mean, Appemgdibut most authors do not do this.
Therefore the accuracy of sensors is not compared. Authors often quote the precision and call it
accuracy.

The minimum and maximum bearings measurable by a sensor are always the same, so the
half beam width is quoted instead. With these fundamentals in place, the precision, resolution,
minimum and maximum will be listed for the range, and the precision, resolution and beam width
will be listed for the bearing of each sensor. The quantisation will be noted where relevant.

2.2 Infra-Red LED Sensors

Flynn [40] describes an infra-red LED obstacle sensor for mobile robots. It operates by continu-
ously emitting infra-red light, and sensing the brightness of the returned signal. The power of the
radiation is governed by ar? spreading loss. Furthermore, the lustre of the reflecting surface
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Figure 2.2: Resolution with sinc functions, which commonly occur whenCiiserete Fourier
Transform (DFT)is used for spectral analysis. Two different sinc functions (coloured), corre-
sponding to two frequencies, are added together to obtain the observed spectral amplitude. Th
distance between the centres of the two sinc functions is marked. The two frequencies are re
solvable when the sum exhibits a dip, which occurs when the maxima of one sinc function is
superimposed over the minima of the other.

affects the amplitude of the reflected light. These concerns are held in common with both the
sonar and radar problems. As the sensor cannot measure distance, it is unable to tell the differenc
between a close, poorly reflecting object, and a distant, highly reflective object. As the sensor
can only detect light or dark, its operation is limited. Bearing precision can be improved by using

optical elements to reject light returning from outside the region of interest. Flynn used parabolic
reflectors to achieve this.

Ward [135 describes an alternative mode of operation where the light is not emitted from the
robotic sensor, but from beacons in the environment. A ring of IR receptors can then coarsely
report the bearing of the beacons (Figarg).

The specifications, shown in Tal?el, are adapted from Flyni{].

2.3 Scanning Laser Range-Finders

Many laboratories have recently acquired scanning laser range-finders manufactured by SICK
[121] (Figure2.4). The 2D version returns an array of range measurements, pregi¢i@omm,

at 025° increments in a plane. While this sensor provides accurate information, it is incomplete.
In particular the scan is taken in a plane, so it fails to return information on anything which does
not intersect that plane. For example, scanning at chest height does not reveal the presence
a table or a chair. Furthermore, scanning fences with vertical bars may fail because the beam
from individual scanning positions may fail to illuminate the bars - thus there is a spatial sampling
problem. It is difficult, at present, to extract features from the point cloud which is returned from
the scanner. The 3D version addresses the plane sampling problem, but introduces a new proble
akin to vision: how should all the range information be processed to recognise objects?

The propagating light wave is diffusely reflected by most objects in our environment. However,
some objects reflect light specularly or allow it to pass straight through, such as windows, mirrors,
and still water. The difficulty of detecting such objects using a light-based sensor is not limited to
sensors forobotic agents This author has known birds to fly into a window and knock themselves
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Figure 2.3: Infra-red beacon sensor. Each small box contains an infra-red detector which is cov-
ered by a small slit. The sensors detect light from beacons placed in the environment. This sensor
was used on a Yamabico mobile robot.

Table 2.1: Properties of infra-red LED sensors.

Range

precision none The sensor only provides a thresholded light level
output.

resolution -

min -

max -
Bearing

precision -| Coarse if no optical elements are used, but good with
optical elements.

resolution -
beam width -
Benefits
Extremely low costRequires common LEDs and a small amplifier and thresholding
circuit, as well as a few digital computer inputs.
Beacons:Can detect simple LED beacons placed in the environment (V&)
Wall Detection: Effective at detecting the ends of walls when scanned with|the
parabolic reflector.
SpeedFast.
Problems
Coarse measurementgery coarse range and bearing measurments.
Ambiguity: Ambiguity between range and reflectivity of objects.
Visibility: Mirror-like surfaces in some orientations will reflect the light away from
the sensor and evade detection. Similarly, clean glass surfaces will allow the light to
pass through without reflecting.
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Figure 2.4: The scanning laser range-finder manufactured by SICK Corporation. This is the 2D
version.

out. Presumably the birds are fooled by the window reflecting the bushland scene behind. Thus th
deficiency is not attributed to a problem with the sensor, but to the properties of the propagating
wave and its interaction with the target.

The properties of the SICK scanning laser range-finder are summarised ir2Table

2.4 Radars

Radar technology has much in common with sonar technology, and historically many technolog-
ical advances were first implemented in radar and then migrated to sonar. This section first give:
a brief review of radar technology, and then turns to the application of radar as a mobile robot
sensor.

2.4.1 Technology

Radar as a technology is a well researched and mature fieldViFitechniques used within this
thesis are standard radar techniques. Also well established are FM sweep chirps, which are relate
to the CTFM technique evaluated in this thesis. The difference lies in the signal length and the
receive processor.

Radar systems usually allow the simultaneous measurement of target range, velocity, bearin:
and azimuth. The range and velocity information are separated by using specially crafted signals
receive processors and detectors. While these capabilities are interesting, the measurement
target velocity was not included in any of the systems evaluated here as it does not seem importar
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Table 2.2: Properties of the SICK scanning laser range-finder.

Range
precision +10mm | Data sheet quotes=10mm, however Bailey 7]
states that quantisation errors-680mm were ob-
served.
resolution -1 Only one range is returned at each position.
min -
max -
Bearing
precision 025° - 1° | The (quantised) bearing sampling grid is user se-
lectable.
resolution -| Twice the selected bearing quantisation.
beam width +90°
Benefits

Reliable: Reliably senses most objects.
Correspondence problenThe measurement is performed using one laser beam, so
there is no need to associate returns from separate channels.
Speed:Scans may be repeated tens of times per second. The bottleneck is the serial
line out of the device, so finer and larger scans take longer to read.
Problems
Interpretation: It is difficult to extract features from the point cloud returned by the
sensor.
Water and GlassPuddles or lakes can reflect the laser light away if the water is|flat,
introducing a blind spot. Clean glass is not reliably detected, but dirty glass is.
2D planar: 2D version only senses objects in a plane. Objects just outside the plane
escape notice.
Artifacts: False readings along steep edges.
Dust: Possible false readings from rain, steam and dust particles.
Sampling:Spatial sampling problem means that picket fences and similar objects can
remain undetected. The sensor beams are so tightly focussed that the positions of the
beam do not combine to cover the sensing volume, in either the 2D or 3D version.
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in our application and would have dramatically increased the system complexity.

The techniques utilised in radar also have broad applicability to robust, high precision air sonar
systems. The interested reader is referred to Berkowifiz $kolnik [127] and Rihaczec]18 for
discussion of the techniques used and the benefits they provide.

2.4.2 Application to Mobile Robots

Microwave radar is useful for a long or medium range outdoor sensor. Clark and Durrant-Whyte
[23] used a microwave radar to localise a container-moving vehicle for use in shipyards. Langer
[87] built a MilliMetre Wave (MMW) radar as a sensor for a self-driving highway vehicle. This
radar unit uses the synthetic aperture technique (EI&2hiih the receiver to measure the bearing
of targets. Delphi31] developed a commercial car radar system, which uses a mechanically
scanned beam for detecting the bearing of targets.

Many radars use Brequency Modulated Continuous Wave (FMCS8ignal, which is similar
to theCTFM signal used in this thesis.

The results summarised in Talde8are reported by Lange8}] from an experiment conducted
in an open area test site using a single target with a radar cross section of approximately 7m

2.5 Ultrasonic Sensors

Ultrasonic sensors, in general, operate by insonifying (defined to be similar to illuminating, but
with sound, Kay 74], also ensonify in Kinsler{8]) an area, and measuring the time taken for

an echo to return. The signal may be of many different types, including impulses and continuous
signals. Ultrasound has a wavelength between 17 mm &1di8 for the frequencies of 20kHz to
100kHz commonly used in air.

Ultrasonic sensing systems for use in air may be classified according to how many elements
are used in their construction and the type of encoding used for the signal. There are several mai
configurations of ultrasonic sensors. The main configurations, in increasing order of complexity,
are:

1. A sensor with one transmitter and one receiver, possibly combined into single transducer
sensor, and possibly mechanically scanned.

2. Ring arrays with transducers used separately or fired in unison. This configuration elimi-
nates scanning.

3. A sensor with a small number of transducers pointing in the same general direction and usec
in unison.

4. Atransducer array, using either transmit or receive beam-forming (synthetic aperture), pos-
sibly with electronic scanning control.

The properties of the ultrasonic transducer used in the system are often crucial to the results
Therefore the type of ultrasonic transducer is recorded where the information is known.
The following sections discuss several different ultrasonic sensing systems.
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Table 2.3: Properties 0fiIMW radar as reported by Langed].

Range
precision +0.12m | Theoretical precisior-0.112m.
resolution 093 m
min -
max 180m| Range depends upon the radar cross section of the
target. Quoted results were 80m for people, 180m
for cars, and 200 m for trucks.
Bearing
precision 00y
resolution 3 | Only applies to targets which cannot be resolved in
range.
beam width +6° | Would have been wider but suffered from budget
constraints.
Benefits

Reliable:Returns data for most target types which are placed within the sensor beam.
BeaconsRoad markings can be replaced with radar reflective tapes, and beacons can
be placed into the environment, similar to the current optical retro reflectors, to aid
reliable sensing for navigation.
Harsh EnvironmentsWorks in the dark and is immune to wind, rain, dust and fpg,
making it well suited for use outdoors.
No moving partsUses electronic scanning to measure bearing, so there are nojmov-
ing parts to break down.
Volume sensorThe radiation fills the volume, and there is no spatial sampling as
with laser range-finders.
SpeedProvides readings 10 times per second according to stated requirement
Problems
Ghost targetsPoor sidelobe suppression in bearing, which causes ghost targets from
outside the main beam.
Narrow vertical beam:The road can rise or dip outside of the&rtical extent of
the beam used by this sensor, but increasing the beam width leads to sensing unde-
sired targets such as overhead bridges. No facility is provided for resolving objects
vertically.
Weak targets suppressedtwo targets have the same range, and have different radar
cross sections (i.e. a motor cycle next to a truck), then the weaker target will be lost
in the sidelobes of the stronger target, and will not be observed by the sensor. This
effect is amplified by the very wide bearing sidelobes of this sensor.

2
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Figure 2.5: The Polaroid transducer. The black grille covers a mylar film with a gold conductor
deposited on one side. The radius of the active area of the transduce ieih6 See Sectioh.8
for details.

2.5.1 Polaroid Type

The Polaroid CorporationlP] developed an ultrasonic range-finder for auto-focusing their cam-
eras. The range-finder uses a single electro-static transducer (Bigute transmit and receive a

sine wave packet of about 10 cycles (100 mm). The transducer requires a bias voltage to be applie
before it can be used as a transmitter or receiver.

When the sonar is fired, a timer is started. This timer is stopped when a received echo exceed
a pre-set threshold and the rangas computed from the time of flight, and the speed of sound,
¢, byr = ct/2. The object which caused the echo lies upon a spherical surface (Rigurehose
extent is defined by the sonar beam width.

Polaroid supply a standard kit containing the signal conditioning circuits on a small board. The
circuitincludes a time dependent gain, empirically calibrated to compensate for spreading loss an
air absorption. The circuit detects the received echo by comparison with a fixed threshold level.
The timer circuit is usually supplied by the user. The properties of the sensor are summarised ir
Table2.4.

2.5.2 HiSonic Sensor

The HiSonic sensor built for the Yamabico mobile robot by Ohted] is similar to the Polaroid
sensor. It uses a Murat8§] piezo-electric transmitter-receiver pair, part numbers MA40A5S
and MA40A5R. These transducers have only a small active area, but do not require a bias voltage
Besides using different transducers from the Polaroid system, the circuit also uses an exponentiall
decaying threshold. Changing the detection threshold from a constant to a modelled variable ha
the joint outcomes of reducing the effect of crosstalk from the transmitter to the receiver, and
increasing the sensitivity to more distant targets. The sensor could detect small reflectors at :
maximum range of Bm and larger targets,.Dm wide, at a maximum range of5m. The
experience of this author with this sonar system indicates that careful adjustment of the decay
threshold and offset time are required to achieve this range.

Insufficient data is provided on the HiSonic sensor to form a table of properties.
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Table 2.4: Properties of the Polaroid ultrasonic range-finder kit.
Range
precision +1mm
resolution -| Only measures the range to the closest target.
min 100mm| The receiver circuit must be turned off while the
transmitter is active.
max 5m| Typical
Bearing
precision +15° | The object position must be estimated by combining
measurements from different known positions.
resolution -
beam width  +15°
Benefits

Reliable: Reliably senses most objects.
SpeedMeasurements may be repeated at 30 Hz for a maximum range of 5m.
Low cost:Circuit is small and simple to build.

Problems
No angle estimateThe data from the sonar sensor is usually interpreted to
come from the same horizontal plane as the transducer, so echoes coming fror
steps in the floor or door jambs cause confusion to the mapping system. Th
of bearing measurement requires additional complexity in the mapping syste
objects must be observed from multiple positions to determine their location.
Corner Detection: According to Kleeman §2], measurements taken by a sing

transducer sonar sensor cannot tell the difference between a wall and a corner,

Objects obscuredAs the sensor can only measure the range to the closest o
more distant objects are effectively obscured.

have

n small
e lack
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bject,




2.5. ULTRASONIC SENSORS 23

Target
Transducer
0 z(m

-0.1

1 )
0 x (m)

(a) Geometry (b) Surface containing reflecting point

Figure 2.6: The geometry of a single transducer sonar system. (a) Shows a target, and th
range which will be measured by the sensor. As the single transducer provides no informa-
tion about the target bearing, the target may lie anywhere on a circular annulus (black). How-
ever, the sonar energy is constrained in a beam, so the object is most likely to be in the regior
marked in grey. (b) Shows the possible position of the object in 3D, with the transducer visible at
{x,y,z} = {0Om, O0m, Om}.

2.5.3 Plant and Target Recognition with CTFM Sonar

Harper b6] demonstrated that it is possible to recognise plant species ugiig-# sonar (Fig-
ure2.7). That work was intended to be used for landmark recognition for long range navigation.
Other work was done by PolitisL]L1, 117, which recognised corners, planes and edges from
their echo signatures. Both of these systems use a single transmitter and single receiver sens
configuration, andCTFM electronics from Leslie Kay7[3].

2.5.4 Measuring Bearing with a Single Receiver

Yata constructed and evaluated a direction-finding sonar system using a transmitter and a singl|
receiver [L42 143 144). It operated by transmitting a broad-band impulse response signal, and
exploited the frequency dependent beam pattern (Sedi@i8and6.3.3 to estimate the bearing

of the target. The estimation of frequency is performed using the zero-crossing period of the
second oscillation in the received echo. This method simplifies the signal processing considerably
compared to traditional methods. The zero-crossing period was used to find the target bearing i
a look-up table. The properties of this very simple sonar system are summarised i2.5able

This author is saddened to learn of Yata's untimely death.



24 CHAPTER 2. REVIEW OF ROBOTIC LOCATION SENSING TECHNOLOGY

(a) whole system (b) head

Figure 2.7: The head, driver electronics, and headphones comprising the reSg&&idiprobe

system used by Harper for recognising plants. This unit was supplied by Leslie Kay. The central
element on the head is a transmitter, flanked by two angle-adjustable receivers. While this unit
is binaural, and capable of measuring bearing, only one receiver channel was necessary for plant

recognition work.

Table 2.5: Properties of the single receiver direction measuring system built by Yata.

Range
precision -| Not stated.
resolution -| Not stated.
min - | Not stated.
max - | Not stated.
Bearing

precision +0.95° | For target at Bm. Depends upon target range.
Bearing precision i60.66° for target at (m.

resolution -| Not stated.
beam width 8 | Results only presented fer4°.
Benefits

Simple:Uses a simple hardware design.
Multiple targets:Can detect multiple targets in one observation.

Problems
Overlap: Can not resolve targets with overlapping or interfering echoes.
Noise:Not robust against noise.

remains. Yata overcomes this by using a bias angle, but this reduces the op
beam width of the sensor.

Direction ambiguity: The sensor can only measure the angle of the target from the
normal of the sensor. If the target is assumed to lie in the plane, then a sign ambiguity

erating




2.5. ULTRASONIC SENSORS 25

Table 2.6: Properties of the ring sensor system built by Yata.

Range
precision -| Not stated.
resolution 170mm
min -
max 5m| The increased range over the HiSonic sensor is at-
tributed to the use of a horn.
Bearing
precision +0.8°
resolution -
beam width 360 | Sensor system operates in a complete circle around
the robot.
Benefits
Simple:Uses a simple hardware design.
Speed.Update rate of 10Hz.
Multiple targets:Can detect multiple targets in one observation.
Problems
Complexity: The main difficulty is the construction, calibration and maintenancg of
30 sets of sonar circuitry.

2.5.5 Direction Finding Sonar Ring

Yata also built a 30 element sonar ring which can measure the bearing to several targets simultant
ously [142 145. Yata utilised piezo-electric transducers from Murata, model numbers MA40S4T
and MA40S4R. The ring is comprised of 30 transmitter and receiver pairs. All of the transmitters
are fired simultaneously, providing a 366€ircular wavefront. This eliminates the need for se-
guential transmission found on other ring sensors. The echoes on all of the receivers are analyse
together to detect and estimate the bearing of targetsviwyof flight Her work had its roots in

the HiSonic system mentioned in Secti®b.2 and utilises an exponentially decaying threshold
level in its receiver. Unlike the HiSonic system, the receiver records samples of the output of the
thresholding comparator, producing a 1-bit representation of the signal. The properties of Yata’s
ring sensor are reviewed in Talies.

2.5.6 Impulses and Template Matching

Kleeman and Kucg2] have developed several impulse ultrasonic sensors capable of measuring the
range and bearing tuple of multiple targets. This sonar type has been further refined by Zlong [
and Heale$9]. The system utilises the Polaroid 7000 series electrostatic transducer. Transmission
is performed by applying a 300V, L& impulse to the transmitter. Thus the sonar transmits the
impulse response, having a packet duration g §0=quivalent to a length of Z¥mm. A template
matching system is used in the receiver. There are several configurations used, depending upc
whether two or three dimensional sensing is required. The two dimensional configuration uses twc
transmitters and two receivers, while the three dimensional configuration uses three transmitter
and three receivers. As the signal is quite short, one transducer in each configuration is used &
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both a transmitter and a receiver. The receiver uses a 1 MHz sampling rate.

The sonar system measures the target bearing by triangulation. The templates are used to com-
pensate for the effects of the transducer’s response at different bearings. Additionally, this system
can reliably classify targets as being a corner, plane or edge in a two transmission observation (2D
version). The usual pod@ignal to Noise Ratio (SNRYxperienced with impulses is overcome by
boosting the transmitter power well above the normal limits, and using large transducers.

Kleeman and Kuc§2, Section 9] provide experimental results for absolute accuracy. Their
experiment consists of measuring the acoustie of flightand geometricatlistance of flight A
line is then fitted to an x-y plot. The slope of this line is claimed tacp2. This procedure will
remove any bias in the fitting process. As the experiment was specifically designed to detect any
bias in the sonar system, this is considered to be a serious weakness. Therefore their accuracy
figure of 0.8 mm is brought into question.

The precision of£0.1 mm to+0.2 mm given for this sonar system appears to have been mea-
sured in a room with still air. A separate figure #0.4mm is given for turbid air driven by
fans.

The properties of this sonar system are summarised in Bahle

Hong [62] reports the development of a cheaper, simpler version of this sensor with a range
accuracy of 20mm and bearing precisionde?°. Hong found that the precision, identification
range and resolution of closely spaced targets were compromised due to the very low 59kHz
sampling rate.

2.5.7 Barker Codes and Matched Filters

Barker codes were devised as a way to increase the energy of the transmitted signal, so as to
improve the signal to noise ratio in the receiver. They originally came from radar. The extra
energy is inserted by increasing the length of the transmitted signal. Usually, this would result in
poor range resolution. However, the matched filter in the receiver compresses the signal into an
impulse at the point where the echo starts. This allows echo signals which overlap to be resolved
as separate targets.

This idea was applied to robotic sensing by Perem&@8 [L09. He used a single transmitter
and three receivers, all using Polaroid transducers. The sensor is able to detect multiple targets,
and measure their range and bearing tuple. Since multiple receivers are used, the echoes from
each channel which correspond to a single target must be identified before the direction angle to
the target can be estimated. Additionally, this sensor attempts to estimate whether the target is a
plane, corner or edge reflector. The properties of this sensor are described i@.8able

2.5.8 3D CTFM Ultrasonic Sensor

Davies P8 built and evaluated several 3DTFM ultrasonic sensor systems using two different
types of transducer. The first type of transducer was reported as the Warwick transducers, but no
performance information is available. The second type of transducer was manufactured by Kay.
Custom circuitry was used for transmit, receive, demodulation and sampling. A dediigitd

Signal Processing (DSRhip was used to perform theast Fourier Transform (FFTanalysis
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Table 2.7: Properties of the Kleeman and Kuc impulse ultrasonic sensor system.

Range
precision +0.1mmto+0.2mm | Precision is range dependent. Figures given up to
5m range for still air. Accuracy of:0.8mm is
claimed for ranges less than 4m. See notes in text.
resolution 10mm
min - | Not stated, but will have a minimum range due|to
turning off the receive circuit during transmission
max 8m | For optimally aligned plane target.
Bearing
precision 4+0.1° | Accuracy claimed to be.@° over+10°.
resolution -| Targets separated in range can be resolved in hear-
ing, even if the bearing is the same (unless ob-
scured).
beam width +1T1°
Benefits

Reliable: Reliably senses most objects.
SpeedProvides measurements in real time.
Multiple targets:Can detect multiple targets in one observation.
Classification:classifies planes, corners and edges in a double-transmision observa-
tion.

Problems
Noise: The energy level in the impulse signal is quite low, so the system will be
vulnerable to disruption by noise. Leslie KayZ suggests that this can be quite
significant in industrial environments.
Parameters:The template matching space is multi-dimensional, including bearing,
range, and temperature as factors.
Calibration: The template matching is dependent upon the impulse response of the
individual transducers used.




28 CHAPTER 2. REVIEW OF ROBOTIC LOCATION SENSING TECHNOLOGY

Table 2.8: Properties of theatched filteisonar system built by Peremans.

Range
precision +1mm | Precision degradation of up to10mm for overlap-

ping echoes. The sonar packet is 415mm long.
resolution -
min -
max 4m| Not stated, but results given up to 4m.

Bearing
precision +0.6°
resolution

Resolution of targets in bearing is impossible when
echoes are not resolvable in range.

beam width  £12°
Benefits
Reliable:reliably detects most targets.
Multiple targets:Can detect multiple targets in one observation.
Classification:classifies planes, corners and edges in a double-transmision observa-
tion.
Problems
Classification: The classification of targets from a single observational location
proved to be unreliable. Sensor motion was found to overcome this (Peretiéh)s

of the demodulated signal. Davies describes some interpolation techniques which were used to
improve the precision of the sensor. The software used is derived from the BAT system of Leslie
Kay.

Davies’ systems measure range, bearing and elevation anglelaosengural Distance Dif-
ference (IDD)andInter-aural Power Difference (IPDHowever, the evaluation does not provide
range or bearing precision. Instead, the evaluation is carried out in Cartesian coordinates in terms
of Euclidean distances. Precisions of betweelmym and 42 mm are reported, depending upon
the bearing measurement technique. The errors appear to be largely in the bearing estimate. The
IDD technique provides smaller errors than HR® technique in Davies’ results.

Davies also describes degradation in system performance when a fan is used to add wind noise,
and describes the adverse heat effect of a soldering iron placed underneath the sonar path. Some
textured surface work is also included.

No table of results is included for Davies’ work due to the form in which the results are
presented.

2.5.9 CTFM Sonars forRobotic Agentdy Leslie Kay

Although Leslie Kay is best known for his pioneering work in the us€®FM air sonar systems

for use byliving agents he has also adapted his sonar technology for uselimgtic agents His

early work [72] utilised a synthetic aperture technique to focus the transmitted beam. The beam
was then scanned from left to right. Echoes detected at each scanning position could be uniquely
attributed to a reflector at that bearing. Each 8€an was completed in 15ms. The properties of
such a system are summarised in Tebk
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Table 2.9: Properties of the scanning ar€lyM sonar systems built for robotic use by Kay.

Range
precision -
resolution 6 mm| At 100kHz.
min -
max -
Bearing
precision +0.4° | Determined by beam width, which is four wave-
lengths or 14mm. Bearing precision calculated at
1m range. Calculated at 100kHz.
resolution 08° | Width of focal point is four wavelengths or 14 mm.
Bearing resolution calculated at 1 m range.
beam width +15° | Area over which the beam is scanned.
Benefits
Speed:Completes one scan in 15ms. The sonar demodulation is implemented in
analogue circuits, and the demodulated output requireskilyprocessing.
Image: Provides a range image of the insonified area.
Object classificationprovides information which has been used by Politi$7 to
recognise reflector types and by Harp&h][to recognise plant species.
SNR:CTFM provides a high signal to noise ratio as it uses a continuously transmitted
sigral.
Continuous ContactThe CTFM sonar system can maintain continuous contact with
the target, as it transmits continuously.
Problems
Construction: The construction is complicated by the number of elements in the
beam-forming array. The large number of circuits driving the array elements must be
carefully arranged to reduce crosstalk.

More recent work T3] demonstrates a BAT computer program which processes the demodu-
latedCTFM echoes from a binaural sonar system such as that shown in Rgliand computes
the range and bearing of targets. The receivers are splayed to supp&btheethod of calculat-
ing bearing. In this system a wide beam is transmitted, and the binaural echo information must be
used to compute the bearing of targets. No performance evaluation is described for this system.

2.5.10 CTFM Arrays

Ratner L17] used aCTFM sonar array built by Leslie Kay (Figu28) to recognise and localise
plants from a mobile robot. This extends the work of Harper described in S&tdh The array

is used as a synthetic aperture array transmitter witlhalam width. The vertical dimension is
unconstrained, giving a fan shaped beam which is electronically scanned. The sensor was used
perform long range navigation by detecting and following the grass-concrete interface at the edge
of a path.
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Figure 2.8: ACTFM sonar head with a transmit beam-forming array (top), which is electronically
steerable. The four transducers mounted below are the receivers. They are angled to support
bearing computation from th&D.

2.6 Combined Visual and Sonar Sensor

Akbarally [3] describes an unusual combination of a monocular visual sensor and a sonar sensor.
The sonar sensor is similar to that previously described in Se2tthf In Akbarally’s work, the
weaknesses of each sensor are complemented by the strengths of the other.

Most of Akbarally’s thesis describes the operation of the sensor. Only one experiment was
conducted to test the accuracy, [Section 5.10.3]. The sensor produces a wire model of the
observed scene. The accuracy experiment compares the lengths of these line segments with lengths
measured by a ruler. Thus the range and bearing precision have not been independently assessed.

The properties of Akbarally’s combined visual and sonar sensor are summarised i@.Table

2.7 Properties of Ultrasound

The physical properties of ultrasound determine the benefits and limitations common to many
ultrasonic sensor systems. These properties affect all of the ultrasonic sensors in E8&ction

Non-Normal Surfaces are Invisible

Ultrasound is reflected specularly from smooth surfaces. If a smooth plane surface reflects the
ultrasound away from the receiver, then it will not be detected (Figu#)e Note that the corner
produces a small ech®%]. The reflection from the edge is subjected to two spreading losses -
first the spreading loss due to the ultrasound radiating from the transducer, and then the spreading
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Table 2.10: Properties of the combined sonar and visual sensor system built by Akbarally. These
results are slightly worse than those mentioned for the sonar sensor inZl@bteit the results
quoted in that table are for more recent work.

Range
precision  +0.15mm | Accuracy claimed to be-0.8 mm.
resolution -
min -
max 6m
Bearing
precision +0.05° | Bearing precision at 1 m range.
resolution -
beam width -
Benefits
Complementary sensor$he range measuring deficiency of the monocular vision is
complemented by the range measuring ability of the sonar.
Detects multi-pathSome sonar paths strike multiple objects, leading to the detection
of phantom targets by the sonar sensing system. The vision processing systen| can be
used to check that a target is present in the image at the coordinates reported by the
sonar system, thereby eliminating multi-path reflections.
Atmospheric compensatiofhe sonar system uses impulses and template matching,
but the pulse shape changes with atmospheric conditions. Akbarally described a
method of compensating the pulse shape for the atmospheric variation.
Problems
Slow processing:The sensor takes 90s to process a scene, with most of the time
being consumed in processing the visual sensor data.
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Figure 2.9: An object with plane reflectors which directs most of the sonar energy away from the
transducer. The transmitter produces radiating spherical waves (red) which strike the target. The
plane reflections (black) are reflected away from the receiver. The edge diffraction (grey) radiates
in all directions, and is the only signal to reach the receiver. The detected echo power, for plane
and corner reflectors, is governed byrar spreading loss and air absorption. The detected echo
power from edge diffraction is governed by iarf spreading loss in addition to the air absorption.

For many sonar systems, this will put the echo below the noise floor and the detection threshold,
making such an object invisible to the sonar sensor except at close range. This topic is discussed
further in Chapted. For clarity, diffraction from the other edges is not shown.

loss due to the ultrasound re-radiating from the corner. This additional spreading loss makes the
reflections much weaker than those from corners and suitably oriented planes, and thus may not
be detected by the receiver.

Ultrasonic Echo Features are Localisation Beacons

The physical features which return echoes are usually room features. Thus the echoes produce a
higher ratio of relevant information to clutter than other sensors returning information on a dense
grid such as vision or 3D laser range-finders. The information present in the ultrasonic signal may
be extracted precisely without the use of fine sampling grids.

Visibility of 3D Corner Reflectors

Three dimensional corner reflectors have been shown by Hé?jgd be a useful room feature

for robot localisation, because they have the same echo power as planes but without the problem
of specular reflection. Echoes from corner reflectors may be seen over a wide range of positions
relative to the orientation of the corner, allowing them to be used as beacons for robot localisation.
An environment with few ultrasonic reflectors may have artificial 3D corner reflectors installed as



2.8. CONCLUSION 33

beacons to allow robotic navigation.
The use of 3D corners in radar and optics is well known. Their use in sonar, to provide similar
control and calibration, should be encouraged.

Volume Sensor

The area of insonification is broad, and echoes will be returned from objects in a wide field of
view. This allows more area to be sensed in a single reading than with narrowly defined sensor:
such as a 2D laser range-finder or a phased array beam-forming ultrasonic sensors.

In previous work, this last point has been considered a disadvantage. However, modern tech
niques allow the bearing of individual targets to be measured directly in a single or double trans-
mission, eliminating the need to use a narrow beam to reduce the position uncertainty of sense
objects. Indeed, having a larger area of insonification allows more information to be extracted in
a single measurement.

2.8 Conclusion
This review shows that the following desirable properties should be incorporated into the sensor:

e The sensor fills or insonifies the volume to be interrogated rather than digitally scanning the
volume.

e The sensor should be self-insonifying, like radar, and not dependent, like most optical sys-
tems, on an external source.

e The sensor should be able to probe a significant object space with accuracy, precision ant
reliability.

e The scan data can be quickly and reliably processed.

Of the sensors reviewed only the impulse sonar, Barker codes with a matched filter, @id-ie
ultrasonic sensors are able to fulfil the above criteria. The impulse sonar system has been we
documented elsewher87, 21, 59. The matched filter an€TFM systems appear to be able to
transmit more power and hence may be able to probe a large volume. Investigating these type
of sonar system appears important. Additionally, @M systems have been shown to support
target and plant identification, making them suitable for localisation tasks.

Precisions of betweeit0.1 mm and+1mm in range are reported. This sets a precision goal
for the systems in this work. Furthermore, resolution between objects separated by 6 mm to 10mn
is reported for state of the art systems, setting the resolution goal for this work.

The bearing precisions and resolutions are much more poorly understood than the range corr
ponent and thus a major contribution can be made by providing a rigorous study of range anc
bearing process and their interaction.

It is desired that the sonar system operate robustly in both benign and hostile environments
For an ultrasonic sensor system, hostile elements are ultrasonic noise, wind, and uneven tempe
ature. Ultrasonic noise may be overcome by increasing the amount of power in the transmittec
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signal, such as is used by theatched filtersonar system and in thHeTFM systems discussed
previously. The hostile elements of wind and uneven temperature affect the propagation of the
ultrasound itself, so there is little that can be done to improve system performance where these
are concerned. However, these problems are reduced considerably by operating in indoor environ-
ments. In addition to the requirements of operating in a hostile environment, the system chosen
should be able to support the recognition of landmarks and other reflector types. Other work
described in this chapter indicates tkkatFM sonar systems are able to fulfil these requirements.
With all these considerations, theatched filteandCTFM sonar systems were selected for further
study and comparison in this thesis.

While cheap and simple sensors may be preferred by robotics researchers for application, the
comparison between the capabilities of the various sensors shown here demonstrates that there is
a cross-correlation between sensor complexity and the quality and quantity of useful information
returned. In selecting sonar systems for study in this thesis we have chosen to emphasise capa-
bility over cost and complexity, so as to perform fundamental research into the capabilities of the
ultrasonic sensor.



Chapter 3

Operation of CTFM

This chapter draws together the fundamental theorZarfitinuous Tone Frequency Modulated
(CTFM) from the literature into a coherent mathematical framework to build an understanding
of Continuous Tone Frequency Modulated (CTF8&nars. This information is used to support
design decisions which will be made in Chapté@nd?, and also provides the theory necessary
to understand the digit@ TFM sonar implementation described in Chajger

The chapter begins with an overview of 8@ FM sonar system. It then reviews the transmit
signal and the mathematics used to generate it. Finally, it reviews two techniques for demodulating
the received echoes: single and dual demodulation. Thus the chapter assembles the theory
CTEM into a coherent mathematical framework.

3.1 Overview

A single channeCTFM sonar system is shown in FiguBel. The sweep generator provides the
ultrasonicCTFM signal for use by both the transmitter and demodulator. The signal is transmitted,
reflected by objects in the environment, and returns to the receiver. The demodulator produces a
output frequency in the audible range, with frequency being proportional to the distance of flight.
Each target produces a unique frequency. Thus the range measurement problem becomes a spec
analysis problem when@TFM sonar is used.

Transmitter

Transmit
Signal

Sweep Generator

Demodulation

Sound Receiver Signal
waves Demodulated
Received \ Output
Signal Signal

Demodulator

Figure 3.1: Overview of a simpl€TFM sonar system.

35
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Figure 3.2: Example of a frequency sweep as (a) time-frequency plot, and (b) time-amplitude plot.
The time-frequency plot shows the change in frequency of the signal over time. False sweep times
and frequencies have been used for clarity in these plots.

The following two sections describe the operation of the sweep generator and the demodula-
tor in detail. In particular, two different methods of demodulation are discussed. Discussion of
spectral analysis is postponed until Chapt@dand11.

3.2 Transmit Signal

The sweep generator in FiguBel produces a transmit signal and a demodulation signal. This
section focuses on the transmit signal.

The transmit signal is &TFM signal which is transmitted continuously while the sonar is
operating. The frequency is modulated according to a sawtooth function (see Bigurdhe
transmit sweep frequendy(t) is determined by the following three equations:

f () = fo+utp (3.1)
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Figure 3.3: The transmit signal and received echo for a single target, showing the important fea-
tures of the signal. The echo delay, or time of flight, is labelled. &he signals used in this thesis
nominally usef, = 100kHz andf, = 50kHz with a sweep period Gk, = 0.165s, as discussed in
Chapter.

fl — fO
= 3.2
H=— (3.2)
tp = remainde(t) , (3.3)
TSW

where the subscript has been used to denote transmit signdlsienotes frequency, and the
subscripts 0 and 1 denote the start and end of the sweep. Thus, the sweep start and stop frequenc
are denoted by, and f; respectively. The sweep time is denotedTay, while u is the sweep
rate, in Hertz per second. The variablelenotes the periodic time in seconds, and is constrained
by 0 <ty < Tsw due to its definition. This is what causes the sawtooth to repeat with p&giod
The transmit signal frequendy (t) has units of Hertz and is shown in FiguBe3. Note thatu is
negative, indicating a downward sweep, which is the standard configurati@irfex systems
(Kay [71]).

The transmit signad; (t) is written

s (1) =sin(¢ (), (3.4)

where¢ (t) denotes a phase, with the subsctiptenoting the transmit signal. The relationship
between the phaske(t) and frequencyf (t) is developed in the remainder of this section.
For a signal with constant frequency, the phagg) is known to be

¢ (1) = 27 ft. (3.5)
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This does not hold for a variable frequency suchfds). Oppenheim et. al.104, Section 7.6]
describe the principle of instantaneous frequency for such cases. They suggest that (phase
should be regarded as the integral of instantaneous frequédngyi.e.

o(t) = 27:/; £(t) dt. (3.6)

In the case of constant frequency, suchfgs) = f, this reduces to3.5. In the case of the
sweeping transmit frequendy(t) , substituting 8.1) into (3.6) yields

t

o (t) = 27:/0 (fo+ pitp) dit.
Applying a change of variablds= tp, over the range & t < Tsy, and integrating yields
¢ (t) = 2m fotp + muts. (3.7)

Allowing t to increase oveflg, would give the swept frequency a different phase offset at the
beginning of every sweep. The omission of the phase offset is of no concern as the sweep is stored
in a digital memory and simply repeated exactly for every sweep, and is computed so that there is
perfect matching between sweeps (Sec8dd). Substituting 8.7) back into @.4) gives the final
transmit signal

5 (t) = sin(2r fotp+ mutd) (3.8)

with u andt, being calculated by3(2) and @.3) respectively. An example plot of this signal is
shown in Figure3.2b.

Formula B.8) is used wherever a frequency sweep is required, substituting appropriate values
for f, and f;. The sweeps usually occur over a bandwidth of one octave, such that the higher
frequency is twice the lower one. All sweeps in B&FM system use the same value fy,.
Interestingly, 8.8) may be regarded as a constant frequency signal with a time varying phase
modulation. Thus phase modulation and frequency modulation are equivalent in this context.

3.3 Demodulation

The demodulation stage of tl&TFM sonar system transforms the ultrasonic frequencies of the
sonar signal by lowering the frequency. In Kay’s aid for the visually impairddl the demod-
ulated output signal is in the audible frequency range. When the demodulation output is to be
interpreted by the sensory system ofadotic agent the demodulation output may cover any
convenient frequency range, unledsvang agentmust listen to the signal during testing.

3.3.1 Single Demodulation

In single demodulation the demodulation sweep, which is identical to the transmitted signal, is
multiplied with the received echo signal in the time domain. This produces sum and difference
frequencies, which may be clearly seen in FigB4 The distance of flight information is con-
tained in the difference frequency. If the demodulation sweep and the echo sweep have the same
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Figure 3.4: The operation of a single demodulat®iFM sonar.

slope, i, constant for the duration of the swe@&g,, then the difference frequency will be con-
stant. For this to happen, the transmit signal must have a perfectly linear frequency sweep, and th
reflecting object must be stationary relative to the sonar system.

The time domain multiplication also produces a sum frequency, but this signal is of no use
so it is filtered out using a low pass filter. The demodulated intermediate signal contains steps
which correspond to the travel time from the transmitter to the target and back. The low pass filter
mentioned previously also removes the top of these steps, leaving a signal with periodic gaps ir
its spectrum, as shown at the right of Fig3ré.

It is important to obtain a qualitative understanding of the relationship betwedbistence
Of Flight (DOF)and the output signal. Consider first an echo viltbF d = 0. Such a signal is
identical to the transmit signal, and thus also the demodulation signal. The difference frequency
is thus zero. More distant targets may be considered by sliding the receive sawtooth to the right
This increases the difference between the frequencies of the received and demodulation signal
so the demodulated difference frequency increases for more distant targets.

DOF Calculation

This section explains how to compute th®F from the demodulated output frequency. First, let
d denote the distance of flight and etlenote the speed of sound. Then the time of flightay
be calculated by

T= (3.9)

The received signad (t) is demodulated by multiplying it with the demodulation sigsalt)
thereby giving the demodulator output sigeg} (t):

Sout (t) = 5 (1) 5 (1), (3.10)

In single demodulation, the demodulation siggglt) is identical to the transmit signgl(t). The
received signal is regarded simply as a time-delayed version of the transmit signal for this simple
analysis, so

St)=s(t—1). (3.11)
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These two modifications bring us to

Sout(t) = (1) - s (t—d>- (3.12)

c

Substituting 8.4) into (3.10 and applying a trigonometric identity yields

Sut(t) = sing () -sing (t—g) (3.13)

% [cos{(pt (t) — ¢ (t - i) } —cos{(pt (t) + ¢ (t - i) H . (3.14)

The frequency sum term on the right is of no interest, and is eliminated by the low pass filter.
Rewriting 3.14) to reflect this yields

Sout (t) = ;cos{q)t(t)—q)t (t—d>} (3.15)

c

It has been established that the frequencg,0f) is related to th&OF d. The frequency o, (t)
may be extracted by using the definition of instantaneous frequ&m)yirf the reverse form:

()= 520 (0). (3.16)
Applying this tosyy (t) gives:
foal) = 5 (60 (t-5)) (37)
— R <t - g) (3.18)
— 4 u-remainde(TtSW) gy u-remainde<tT_s 3) (3.19)

This formula corresponds to the stepped difference frequency in the middle graph of Eigure
The pulse comes about because of the difference in the time that the step of the remainder functions
affects the signal. The longer interval may be written as

d
fout (t) = ,UT, T<t<Tsw (3.20)

Remembering that is negative for a downward sweep, this formula yields a negative frequency
for positive distancal. Noting that negative frequencies cannot be distinguished from positive
frequencies without using a complex signal representation, the negative frequency may be safely
ignored and the absolute value of the frequency is taken. Thus the final relationship between the
demodulation output frequency and th®Fd is

wd d <<,
fou)=4 ¢ ¢c="—= "W 3.21
out (! { 0, otherwise 3-21)

The frequency is constant but is discontinuous with time, as depicted in RBglréhe frequency
fout (1) is zero wherd = 0, and increases witth, as required.
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Figure 3.5: Multiple echoes and associated demodulation output signals. Note that echo time:
have been increased and the maximum range ratjo has been set ta®for clarity.

Signal Available for Spectral Analysis

The demodulation output frequendy, (t) only appears after the time of flight It subsequently
disappears at the end of the sweep tilgg This section explains how to calculate the length of
the interval where the frequendy (t) will always exist, even for distant targets.

The demodulation output frequendy,; (t) exists for the time of the demodulation outpt,
= Tsw—d/c. The duration of this frequency is a critical factor in measuring it accurately. The
time T, , must be as long as possible to overcome the limitations dbtberete Fourier Transform
(DFT), which will be discussed along with other relevant considerations in Chafiter

The sonar has a maximum working range, which is a factor in the design of the frequency
sweep. All echoes with distances of flight

d=ncTw+4, 0<A<CTgy

wherenis an integer, will be ambiguous. The spreading losses and air absorption limit the practical
maximum range of the sonar system. The sweep Tiggés normally set to be much longer than

this practical maximum range, so the ambiguity is never an issue. The ambiguity distance in the
sonar system described by this thesis is 55m.

The spectral analysis of the signal is improved if analysis is begun after all of the echoes have
arrived, as this avoids processing partial signals. The maximum range of the sonar is set by «
design parameter, the maximum range tifpgy (Figure3.5). This is selected with regard to the
maximum distance from which echoes can be picked up by the sonar. The maximum range time
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TmaxiS specified as a fraction of the sweep tifg by the maximum range ratioy, :
Tmax= My Tsw. (3.22)

The sonar described in this thesis usgs= 0.068. The signal timé"Sig over which all echoes of
a signal will be simultaneously available for processing is the time from the maximum range echo
Tmax to the end of the demodulation sweeplaf:

Tsig = Tow— Tmax= Tsw- (L —Myr). (3.23)

This is the amount of signal available for spectral analysis.

Maximum Range

The maximum distance of fligltl,ax which the sonar can measure is
dmax - CTmaX - Cmr TSW' (324)

The maximum rangénax is
e d";x - Cm;TSW, (3.25)
where the approximation is required due to the head geometry. All distance computations refer
to distance of flight along the complete sonar travel path to avoid the geometrical error incurred
when using range.
The maximum range of the CTFM sonar discussed in this thesi8&ni, as discussed in

Chapter.

Signal Bandwidth

For a given choice of, and f;, the transmit signad, ; (t) has a bandwidth

The sonar discussed in this thesis uses a bandwidth of 50 kHz, so broadband transducers are
required. This is a requirement for any worki@y FM sonar. The properties and selection of
transducers is discussed in Chaier

The bandwidth of the demodulated sigrig), is related to the signal bandwidBby

B, = MyB. (3.27)

This is also the bandwidth available to the spectral analysis stage.

3.3.2 Dual Demodulation

The single demodulation scheme previously described has an interval where no echo signal is
present, commonly called blind time. This presents a problem to systems which need to continu-
ously track a target, and also to humans listening to the signal who become bothered by the gaps
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Figure 3.6: The operation of a dual demodulatiofFM sonar. The separate demodulation
sweeps, along with the signals they produce through the demodulation process, are shown in blac
and grey for clarity.

(de Roos BQ)). It also presents a problem to the spectral analysis stage, which will be discussed
in ChapterslOand11.
The scheme of dual demodulation, first described by Gough and de Bgpsiges two de-
modulation sweeps to fill the gaps present in the single demodulation output signal (Eigure
The two demodulation sweeps are arranged to provide the illusion of a single demodulation sweej
over two sweep periods. When the received echo is demodulated using this signal, two sets 0
sums and differences are produced. In particular, the two difference signals join together, produc
ing a continuous constant frequency where they overlap. It is this continuous frequency which is
selected as the output of the dual demodula@diM sonar. It retains the property of increasing
frequency in proportion to increasing distance of flight. However, B€& no longer corresponds
to zero frequency, and the output frequency range is higher than for a single demodulation systen
The next few sub-sections provide a theory of operation for dual demodu@libivi sonars,
based on information from HayeS§).

Dual Demodulation Sweeps

The demodulation sweeps (Figusg) must both have the same slogpeas the transmit signal, and
must be separated by the sweep bandwRltihe upper and lower demodulation sweeps will be
denoted by subscripti0 andd1 respectively. Thug,, (t) and¢,, (t) represent the phases of the
upper and lower demodulation sweeps, dgdt) and f;, (t) represent their frequencies. These
are defined similarly to those of the transmit signal, but with an extension of the notation for the
sweep frequencies. The first subscript continues to denote start (0) and end (1), while the secon
subscript denotes the first (upper) sweep with 0 and the second (lower) sweep is denoted by 1.
The frequencies of the sweeps are now determined using the notation. The starting frequenc
foo Of the top demodulation sweep may be freely chosen. As the choifyg détermines the fre-
guency band of the demodulated signal, it is discussed in detail in S@€c€ionhe end frequency
of the upper sweeph,, may be found by subtracting the sweep bandwilfrom the sweep start
frequencyf,,. Using 3.26) for B and removing the absolute value functigni§é negative) gives



44 CHAPTER 3. OPERATION OF CTFM

150 [ ; ; ; 1
foo —
125 | fao (O -

100 | 1

75 [

Frequency (kHz)

50 |

25 ¢ Tsw 2Tsw 1

0 0.1 0.2 0.3
Time (s)

Figure 3.7: Definition of parameters of the dual demodulation swéggs) and f, (t).

The start frequency of the second swefgp must be identical to the end frequency of the first
sweep, thus

And finally the end frequency of the second swéep calculated similarly to3.29), is

The sweep periodsy is the same as that used for the transmit signal, which remains the same as
for single demodulation.
The upper demodulation sweep has a phase defined similayAo (

Pgo (1) = 2 fogtp + mut]. (3.31)

To maintain the illusion that the dual demodulation sweep consists of a single sweef,frtom
f,, with period 7, the time domain signal join between the upper and lower sweeps atjme
must be continuous. This is achieved by matching the phase of the two signals at that point. The
phase of the lower sweefp, (t) is matched to the phase of the upper sweégit) at the joining
point:

Py (Tsw) = @0 (Tsw) - (3.32)

As (3.3 requires that the signals are periodiclig the signal at = Ty is identical to that at = 0,
o)

O41 0) = dq0 (Tsw) - (3.33)
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The phase of the lower demodulation swegp(t) is defined similarly to §.7). Noting from
(3.16 that frequency is the derivative of phase, it is possible to add an arbitrary coﬁgtmmhe
lower demodulation signal phagg, (t) without affecting the frequenciy, (t). Thus the phase of
the lower demodulation signa);, (t) becomes

0y (1) = 27 fgtp + Uty +C,. (3.34)

Using 3.33 and @.31) to solve forC¢, and temporarily ignoring the periodicity requiremeBu3j
gives

Pgs (0) = C¢ = g0 (Tsw)
= 2nfyoTsw+ TuT2,

.
= 21T <f00+ ”ZSW>

Thus the final definition of the lower demodulation sweep pligsét) is

T
Oy (1) =2ty tp + nutg + 21 Tsw- <f00+ “;"") , (3.35)

which is matched exactly to the end of the upper demodulation sweep. Thus the upper demodula
tion sweeps,, (), derived from 8.31) and a relationship similar t@(4), is

Syo (1) = sin (27 fogtp + mputd) (3.36)
and the lower demodulation swesggp (t), derived in a similar manner fron839), is

Sy (1) = sin <2nf01tp+ s + 27 Tsw: (f00+ “;SW» : (3.37)

Demodulation

The demodulation proceeds similarly to that for single demodulation, except that the demodulation
signal is now composed of two sweeps:

Sy (t) = Syo (1) +541 (1) -

The demodulation signal is multiplied with the received signal:

sl = 05 (3.38)
= (Syo(®) +541 (1) s (1) (3.39)
= Sgo®) s () +55 (1) -5 () (3.40)

The derivation proceeds similarly to that for single demodulation - the received signal is substituted
for one which is a time delayed replica of the transmit signal. Substitudirig)(into (3.40 yields

Sout () =Sy (1) - (t - 2) +55, (1) -5 (t - d) . (3.41)

c
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Substituting the phase representation of these signals3mtd) gives
: : d
Sout(t) = siNgy (t) - singy <t - C>

+8ingy, (t) - sing (t—i). (3.42)

Expanding this using a trigonometric identity and ignoring terms with phase sums (which are

filtered out) yields
1 d
att) — Leos{og -4 (- 2))

+;cos<¢d1(t) — <t— d)) (3.43)

The frequency of the first of these signals may be computed using instantaneous freGuEfcy (

fout(t) = 2:::88'[ <¢do(t)_¢t<t_:>>

= %dm—no—g>

t—d
= f00+u-remainder<_|_t> — fo—u‘remainde< T C) .

sSwW sw

This corresponds to the upper difference frequency (grey signal) on Figairelrhe frequency
corresponding to the signal available for spectral analysis is
ud
fout () = foo_ fo“‘ S T<t<Tsw (3.44)
The lower demodulation output frequency may be calculated by repeating the process with the
part of 3.42 corresponding to the lower demodulation signal.
Equation 8.44) relates the target distance to the output frequency from the demodulator. Note
that the final result forf, (t) is constant during the signal interval, being independett $ince
U is negative, an increase in range brings about a reduced frequency. However, there is now a
frequency offset, and zero distance now corresponds to a constant frequency which can be adjusted
at design time by choosind,,. The negative frequency ambiguity which occurred for single
demodulation does not occur here as long as the condition

foo—fo= = = M Tsw (3.45)

is met.

Some Benefits of Dual Demodulation

The dual demodulation technique has filled in the gap in the demodulated sighgl att <
Tsw+ d/c and periods thereafter which was present in simple demodulation. There is also phase
continuity in the demodulated output signal at the sweep pefligd, However, there will be a
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phase discontinuity at the travel timme= d /c and integral periods of the sweep tiffig thereafter.
This affects the spectral analysis of the signalD#yT (Chapterl0) and also byyW (Chapterll).

The biggest advantage of dual demodulation is that it provides a continuous signal for spectral
analysis. There is a possibility of continuously tracking this frequency in order to continuously
monitor the position of a moving target. However, there is a phase discontinuity in the frequency
at the end of the echo interval, which causes high precision spectrum estimators to lose precisio
in their output.

3.4 Conclusion

This chapter has collected from the literature the theory behind the operation GfTtitld sonar
types: single demodulation and dual demodulation systems. The single demodulation technique i
simpler to implement, but has a 'blind time’ in its output which may be a problem to the spectral
analyser or to the human listener. The dual demodulation sonar eliminates this problem, but doe
not eliminate a phase discontinuity in the demodulation output. The dual demodulation technique
was selected for use in the remainder of this thesis.

While the techniques outlined in this chapter are well documented in the literature, drawing it
all together into the coherent mathematical framework presented here is the work of this author.
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Chapter 4

The Signal Path

This chapter collects together various results from the literature to build a thorough understanding
of the elements through which the sonar signal passes, and the various domains that are availab
in which to describe and analyse those signals. It describes the effect that each element, from th
transmit signal generator to the detector in the receiver, has upon the signal. This in turn provide:
an understanding of the operation of the sonar system and the information about the objects in th
environment that can be extracted from the echo signal. The elements of the physical sonar path al
modelled by the sonar equation. The processing stage within the receiver is also examined. Thu
this chapter describes all of the signal transformations performed between the signal generator ar
the detector.

Typical sonar echo returns vary over several orders of magnitude. Analysis of such signals
is impractical in the linear domain, so several alternative domains which aid the analysis of the
signals and the discussion of the sonar path are discussed. Furthermore, the alternative domai
reduce time domain convolution to simple arithmetical operations, which further simplifies system
analysis.

The last two sections analyse the precision and resolution of the sonar in termsigiileo
noise ratioandtime-bandwidth productSome implications for the design of the transmit signal
and the receive processor are also described.

4.1 Domains

The sonar signal, and the elements of the path which determine what will be received, can be
analysed in any of several domains. The principal domains are the time domain, the complex
frequency domain, the decibel total power domain and the decibel power frequency domain. The
relationships between these domains are summarised in Fiduréhe domains may be grouped
in two different ways. The first grouping is by time domain, frequency domain and total signal
power. These groupings are separated horizontally in FigureThe second, orthogonal, group-
ing is by amplitude, linear power and decibel power. These groupings are separated vertically in
Figure4.1 As an example of how to use the diagram, the power spectral density, which is usually
expressed in decibels, may be found by first taking the Fourier transform of the time domain am-
plitude signal, obtaining a complex amplitude frequency domain signal, and then performing the
20log,,|z| operation to convert to power in decibels.

The different domains are useful for solving different problems, or providing different views

49
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Figure 4.1: The relationships between the time and frequency domains, and the power and decibel
power domains. Ovals represent signals, while boxes represent operations and transformations.

of the same problem. For example, the beam-forming operation of the transducer upon a particular
signal may be found in the time domain by performing a convolution between the signal and the
beam-forming impulse response as described by Kuc and S&gelQonvolution is an integral
transform. However, when the signal and the impulse response are transformed into the frequency
domain using the Fourier transform, the effect of the filter upon the signal may be found by mul-
tiplying the two together (Bracewellf]). The resulting time domain waveform may be found by
taking the inverse Fourier transform. As efficient implementations of the Fourier transform exist,
this procedure is often faster than direct time-domain convolution. Furthermore, the analysis and
interpretation of the signals is made easier.

The decibel domain is useful as it transforms multiplication into addition, and division into
subtraction, which further simplifies some problems. However, when non-decibel units are added,
the corresponding operation upon decibel units is the anti-log addition function

A® B =log{exp(A) +exp(B)},

which could not be considered to be a simplification. In most cases where the decibel domain is
applied, the® operator is not required.

Many quantities dealt with in decibels are transfer coefficients from the input to the output of
a system and are therefore dimensionless, which simplifies this problem.

4.2 The Sonar Equation

The sonar equation describes the elements forming the path of the signal from transmitter input to
the receive processor output. The sonar equation allows the maximum range of the sonar system to
be determined. Furthermore, performance limitations can be identified, quantified and addressed.
The sonar equation is derived in several texts under different contexts. For a radar derivation, see
Berkowitz [11], while maritime sonar is treated by Nielset0[] and Kinsler [/§].
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Figure 4.2: The reference path of the sonar signal, showing the principal effects upon the signal
Not all possible physical effects are included. The numbered elements are discussed in the text.

The reference sonar path is shown in Figdt2 The reference path is composed of ten
elements which are listed in order from the model input to the model output.

10.

. The electrical signal is first transformed into acoustical energy by the process of transduction

within the transmitter. This process is a function of frequency. It is independent of range
and bearing.

. The transducer vibrations are coupled into the air with a directional component. This is

transmit beam-forming.

The radiating pressure waves become spherical in the far field, and suffer a spreading los:
and a propagation delay.

. The air absorbs some of the energy on the outward path.

. The sound is reflected by the target. The reflected sound energy depends upon the area ar

sound reflectivity of the target. These two items collectively are also known as the sonar
cross-section.

The sound suffers spherical spreading loss and propagation delay on the return path.

. The air absorbs some of the energy on the return path.

. The returning sound energy excites the diaphragm of the receiver in a manner which depend:

upon the incident angle. This is receive beam-forming.

. The diaphragm vibration is transformed into electrical energy by the process of transduction

in the receiver.

The receive processor amplifies the signal while rejecting noise, providing processing gain.

Those effects not explicitly considered above may be regarded either as noise or perturbation
from the reference model of Figude2. The potential sources of noise are as follows:
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1. Environmental noise and interference, such as air-conditioners, music and industrial ma-
chinery.

2. Electrical noise in the receive amplifiers.
3. Quantisation noise in thBAC.

4. Processing noise.

The noise amplitude combines additively with the signal. While the last three elements are under
the control of the system designer, the environmental noise is not. Although these separate noise
sources are recognised, they will not be incorporated into the model.

Potential sources of perturbation from the reference model of FgQrare:

1. Air currents.

2. Non-uniform air temperature, leading to refraction of the sound, causing bending in the
sonar path.

Davies P8, Section 7.2, p66] notes that hot objects such as 1) the surface level of a hot cup
of coffee and 2) a hot soldering iron are invisible to sonar. It appears that the effect is due
to refractory path bending, similar to that found in under-water sonar systems (Kingler [
Chapter 15]).

Dealing with effects such as these requires knowledge of the air temperature field in the vicinity
of the direct sonar path, so that the refraction may be computed. This problem is outside the scope
of this thesis.

Having considered the physical part of the signal path, the electrical part is now considered.
The received signal is processed by the receiver before being passed to the detector. The detector
usually operates by finding the peak in the output of the receive processor. The target will only be
detected if the peak exceeds the detection threshold, which is necessary to reject noise and prevent
detection of false targets.

The modelling of the signal path outlined here assumes that each of the elements in the path
behaves in a linear fashion, and that frequencies within the signal are not shifted by any element
in the sonar path. That is, the elements are assumedltimbar Time-Invariant (LTI)systems.

The transmitted signal has now been modified by both delays and shape changes in the time
domain, by a change in the shape of the power spectra and of the phase response in the frequency
domain, and by a change in echo signal power in the power domain. Each of these features may
be exploited to extract information about the position and characteristics of the target from the
processed echo signal.

Four different representations of the sonar equation are now reviewed. While these represen-
tations are equivalent in some respects, each form provides information which is useful in one
situation or another.
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4.2.1 Power Domain

Consider now the power contained within an echo from a single target. The elements of the signa
path may be combined to form the sonar equation. The effect of each element is integrated ove
the bandwidth of the signal to obtain the total effect, and any travel or filter delays are ignored.
This yields the power which can be expected at the detector. The method of combination may be
performed in either the power domain or the decibel power domain. The power domain is treated
in this section, while the decibel power domain will be treated in Seetiar

When the signal elements are combined in the power domain, i.e. total signal power in Fig-
ure 4.1, multiplicative composition is used to describe the effects of each element. The sonar
equation in this domain is

2\ 2 1 \?2
pR:pT.{bT.(e_O‘> (475[’2> 'GC'bR'pG}‘ 4.1

The curly braces distinguish the path elements from the model input and output, which are:

Prs the received power (model output), and

Pr, the transmitted power (model input).

The terms inside the curly braces correspond to the numbered path elements shown id.Bigure

b, is the transmitter beam-forming coefficient and transduction (path eIeBnd
@.
r is the target range.

is the spreading loss. Two terms are included, one for the outward path and another

4mr2
for the return path (path eleme and@).
e is the mean absorption of sound by the air over the signal spectrum, over the range to
the target. One absorption term is required for each direction (path ele@mmd
@).
O¢ is the sonar cross-section of the target (path eler@l)t
br is the receiver beam-forming coefficient and transduction (path eletand
©).
Ps is the processing gain in the receiver (path elen@b.

These terms will be explained in more detail in Secdo® For terms which include a frequency
component, the power contribution is determined by integrating the frequency component over the
signal bandwidth.
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4.2.2 Decibel Power Domain

Equation &.1) can be converted into decibels of power, the total signal power in decibels block in
Figure4.1, using the relationship 101gg(x). In this domain, the multiplications are transformed
to additions, and squares transformed to multiplication by two. The sonar equation in this form is

RP=TP+{TB—2AL—2SL+ TS+ RB+PG}. (4.2)
The curly braces distinguish the path elements from the model input and output, which are:

RP, the received power (model output), and

TR, the transmitted power (model input).

The terms, including references to the numbered path elements shown in 4@guee:

TB, the transmitter beam-forming and transduction (path eIen@tand @),
AL, the absorption loss over range (path eIemand@),

SL, the spreading loss for range to target (path elem@sand@),

TS the target strength or cross section (path elel,

RB the receiver beam-forming and transduction (path elel@mnd @), and
PG, the processor gain (path eIem@).

The principal benefit of this form is that, for example, a 10dB increase in the transmitted power
can be seen to directly provide a 10dB increase in the received power. This simplifies system
analysis, once the correct parameters for the system at hand have been determined.

The echo excesgE, being the amount of signal power in excess of the detection threshold
DT, is

EE=RP-DT. (4.3)

The detection threshold is a user specified parameter. It should be set by reference to the noise
power at the input to the detector. Further guidance on setting the detection threshold may be
found in Van Trees132 Chapter 2]. The topic will be discussed further in Secfi2.4

Plots

The power in decibel form provides a convenient form for plotting the sonar equation, as several
of the terms change magnitude by large amounts as a function of range. While features of a small
order of magnitude become invisible on a linear plot, they are exposed in full detail in a decibel
plot.

A plot of the received power, incorporating the terms4®), for on-axis targets, is shown in
Figure4.3. The graph indicates the received signal power as a function of range for two types of
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Figure 4.3: The dependency of the received echo power on range, for a target which is movec
along the principal axis of the sensor. This diagram assumes that the transmitter and receive
are co-aligned, and that the path angles at the transducers are negligible. It also assumes ur
transduction.

target, a point reflector and a plane reflector. The equations defining the curves will be discusse
in Section4.3. The available signal must exceed the detection threshold before a target can be
detected. Thus the graph indicates that point reflectors will become invisible to such a sonatr
system at ¥ m, while plane reflectors will become invisible ab#. The shape of the curves
cannot be altered, but the range may be improved by shifting the vertical relationship between the
received power curves and the detection threshold. For example, if the noise floor is dominatec
by electrical noise in the receiver, then reducing electrical noise and hence the detection threshol
will allow the range to be extended. A similar effect may be obtained by increasing the transmit
power or improving the processing gain, which shifts up the received power curves.

Plots of the individual terms of the sonar equatidt?) are shown in Figurd.4. The terms
are discussed individually in Sectidn3.

4.2.3 Time Domain

A third representation of the sonar equation which we will examine is in the time domain. The ef-
fect of individual elements is represented by impulse response fun¢tipnehich are convolved
(denotedk) with the signal to obtain the output. This form explicitly represents the delay of the
signal path, as the impulse responses contain Kronecker deltas, including offsets, to represer
delays. The response of the system is

Sec(t) = Strans(t) * hpath (1), (4.4)

where
Sec(t) is the received signal after processing (model output),

Srans(t) is the transmit signal (model input), and
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Figure 4.4: Graphs of the terms found in the sonar equation. The top panel shows the only term
which depends upon bearing, which is the transducer beam-forming term. This must be included
twice, once for the transmitter and again for the receiver. The bottom panel shows the range
dependent terms, being the two-way spreading loss and the two-way air absorption. The two-way
spreading loss depends upon the cross-seafigmf the target. The point reflector is the weakest
possible reflector, while the plane reflector is the strongest possible reflector. Other reflectors fall
somewhere in between these two, depending upon their cross-section. The air absorption depends
upon the temperature, humidity and pressure. The curves shown are calculatedGoarzD
10325kPa, with humidity as marked, and averaged over the frequency range 50-100 kHz. The
graph shows that the spreading loss is the dominant term.
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hpath(t) is the impulse response of the path model, described 15y ljelow.

The path elements of the sonar equation are represented by

hpath(t) = htrans(9T7 t) * I’]rad (ra t) * hair (t)
*htarget (t) * Pag (r, 1) hy (1) (4.5)
*Nrec (Og,t) * Nproc (t) -

The path elements o#(5) can be related to the numbered path elements shown in FHggras
listed below.

hrans(O7, t) is the impulse response of the transmitter, incorporating transduction and beam-
forming (path element@ and@).

h,q(r,t) is the impulse response corresponding to spherical spreading loss and propagatior
delay. The delay is modelled by(t —r/c), wherec is the speed of sound (path
element@ and@).

The air is assumed not to be dispersive. Fidgtir2 shows the variation in the speed

of sound to be @5m-s~! over the frequency range 50-100 kHz. If we use the mean
value of the dispersive correction when calculating the speed of sound (this will be
discussed in Sectioh2.2.3, then the non-dispersive assumption is valid in air.

h, (1) is the impulse response of the air (path eIemand@).

harget (1) is the impulse response of the target reflection, incorporating the sonar cross-section
(path elemen@).

hrec (6, 1) is the impulse response of the receiver, incorporating transduction and beam-forming

(path element and @).

Nproc (t) is the impulse response of the receive processor (path el@ht

This form represents each element of the path as a filter. The filters are applied to the transmi
signal by convolution, and the received signal is determined. The shape of each impulse respons
function determines how the signal is re-shaped as it passes through the element. Elements ha
ing non-delta impulse responses are the air absorptign(t), the transmitterhyans (61, t), the
receiver,hrec (6, t), the processoproc (), and the response of the targhtyge: (t), in the case
where the target surface has texture, which is outside the scope of this thesis. The other elemer
the spherical propagation and travel delay, (r, t), is independent of frequency, and has a purely
impulsive time dependency. The effects of the shaped impulse responses are, in general, mol
easily analysed in the frequency domain.

The impulse model, like the power model, is commutative, and the path elements may be
re-ordered as convenient for computation.

Turning now to the benefits and drawbacks of the time domain representatidrbpfit is
noted that the convolution form is relatively inefficient to compute. If the model is only required
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to predict the echo from a single target, then only the echo portion of the signal need be computed,
and the representation ¢£.5) is adequate for computation. However, when working with longer
signals, improved efficiency may be obtained by moving to the freq