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Abstract

The enumeration of fish is of critical importance to the management
of both commercial and sport fisheries in Alaska and worldwide. Cur-
rent methods for riverine fish enumeration are inaccurate and unreliable.
Improved fish counting accuracy in Alaskan rivers by acoustic methods is
required.

A split beam sonar system in the presence of noise is modeled. The
sonar system including the received sonar pulse, receiver system, transducer
beam pattern, propagation losses, and noise are modeled. An analysis of the
effects of noise, pulse duration and sampling frequency on the uncertainty
in fish location is presented.

Signal to noise ratios less than 5 dB can cause significant errors in the
calculation of received signal phase. A stationary fish with a signal to noise
ratio of 15 dB has approximately + 0.001 degrees of uncertainty in the
angles of arrival. Reducing the SNR to 3 dB the uncertainty increases to &

3.6 degrees in the angles of arrival.
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Section 1: Introduction 1
1 Introduction

The enumeration of fish is of critical importance to the management of both commer-
cial and sport fisheries in Alaska and worldwide. Current methods for fish enumera-
tion and sonar counting are inaccurate and unreliable. Tower counts are not practical
for large scale surveys and are only usable in clear, shallow river coﬁditions, a rarity
in Alaska. Careful examination is required to improve the accuracy of fish counts in

Alaskan rivers using acoustic methods.

1.1 Scientific Background

Several different methodologies [MacLennan et al., 1992] exist for using sonar to count
fish. The oldest and most widely used is the single beam sonar. Early systems con-
sisted of a transmitter/receiver, a pulse generator, and a chart recorder. In this
configuration, a pulse is transmitted and the receiver waits for returned echoes. The
echoes are recorded with the chart recorder, with darker marks corresponding to
higher target strengths. The returned echoes are arranged on the chart as a function
of target range. Early systems provided only a qualitative measure of fish or biomass
density. As electronics technology progressed, the single beam systems became more
sophisticated. Current single beam echosounders use color displays and variable fre-
quencies to provide better visualization of the fish. Color displays make classifying
different returned echo levels much easier for the novice user. Variable frequencies
allow the user to choose a signal with a wavelength that is appropriate to the fish and
medium.

Counting fish populations using a single beam sonar can be done using techniques

called echo integration and echo counting
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[MacLennan et al., 1992]. These two commonly used (indirect) methods for obtaining
stock size estimates depend on the acoustic size of the individual fish [Ehrenberg 1981].
Echo integration is a simple technique where all of the energy in the returned echoes
is summed. This integrated energy is then divided by an average energy expected for
one fish, providing a more quantitative measure of the number of fish present. Several
problems exist with echo integration. The sea bed must be removed from the echoes
to be integrated, which can lead to errors if the fish being counted are near the sea
bed. The average fish echo energy that is assumed can lead to large errors in the fish
count because fish target strength can vary by as much as 30 dB depending on the
orientation of the fish in the transducer beam. In the case of fish which are sparsely
distributed in the water, as opposed to clumped in schools or layers, it may be possi-
ble to detect the echoes from individual fish. The count of these echoes might be used
to determine the density of fish within the acoustic beam[MacLennan et al., 1992].
The indirect techniques of fish counting are susceptible to numerical and statistical
errors and do not work well in many cases of interest [Traynor and Ehrenberg 1990].
In order to better quantify the target strength of individual fish, the direction of
arrival of the returned echo is measured. Knowledge of the direction of arrival of the
returned echo allows the system to compensate for the transducer beam factor and
allows individual fish to be tracked. Furthermore, the angular location data provided
with split-beam systems can also be used in conjunction with the tracking data for
fixed location acoustic systems to provide estimates of fish swimming speed, location
in the water column, and direction of travel [Ehrenberg and Torkelson 1996]. Two
sonar systems are commercially available for performing these measurements. The
dual-beam sonar echosounder uses a wide beam and a narrow beam transducer to

obtain an target strength estimate. The narrow beam transducer is used to transmit
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the pulse, and both the wide and narrow beam receivers listen for an echo. The
echoes reflected from single fish are received simultaneously on the narrow-beam and
wide-beam transducers [Traynor and Ehrenberg 1990]. The effects of the transducer
beam factor are then removed providing a better estimate of the fish target strength.
The split beam sonar system extends the dual-beam system to four receivers. In the
split beam case, four receivers listen for returned echoes. In the split beam system,
the use of four receivers allows left /right and up/down angle of arrival measurements.
It has been shown that, in theory, the split beam system will have superior per-
formance to the dual beam in the presence of noise [Traynor and Ehrenberg 1990].
There can often be a considerable amount of reverberation present in the received
signals [Ehrenberg and Torkelson 1996]. Reverberation noise, in conjunction with
background and receiver noise can corrupt the received signal and produce errors in
the phase and time delay measurements. The split beam system is more difficult
to implement than the dual beam technique. The hardest part (of the split beam
system) is implementing the hardware and/or software for measuring the phase dif-
ference between the signals received on the two half beams [Ehrenberg 1983]. The
quality of the backscattering cross section estimates obtained using the split beam
system will be determined by the quality of the measurements of the up/down and
left /right angles of arrival measurements [Ehrenberg 1981]. A better understanding
of split beam sonar is thus required for reliable measurement of fish counts in Alaskan

rivers.

1.2 Contributions of present work

This research concerns the modeling of a split beam sonar system in the presence of

reverberation modeled as Gaussian random noise. Analysis and interpretation of the
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modeled. signals is presented. The objective of the first part of this thesis is to present
a realistic model for the split beam sonar system. The received sonar pulse, receiver
system including transducer beam pattern, propagation losses and noise are modeled.
The transmitted sonar pulse is modeled as a rectangular pulse with finite rise and fall
times modulated with a cosine waveform at a given frequency. The receiver system is
modeled as a rectangular array of 4 identical receivers. Spreading loss, beam factor
and fish orientation are also modeled. Noise is modeled as a Gaussian random process
with zero mean and standard deviation based on the signal to noise ratio.

The second part of the thesis is an analysis of the effects of noise on the uncertainty
in fish location. The effects of pulse duration and sampling frequency are discussed.
Fish uncertainty is examined by simulating a stationary fish and obtaining samples
of the fish location estimate in the presence of noise. Simulating the target location
in this manner produces a range of possible fish locations that represent the range of
uncertainty in the estimate. We give examples of fish tracks with known positions.
The fish track is simulated with noise and the uncertain locations are presented. Fish
tracks are also simulated and compared with data collected in 1995 from Chandalar
River, Alaska. This data provides [x y z| fish coordinates as well as beam factor and
target strength estimates.

We show that noise in the split beam system can be a significant source of error
in the calculation of the returned phase when the signal to noise ratio is less than
5 dB. For a stationary fish with a signal to noise ratio of 15 dB, the uncertainty in
the location estimate is approximately 4 0.001 degrees in the left /right and up/down
arrival angles. Decreasing the signal to noise ratio to 3 dB causes the uncertainty in
arrival angle to increase to + 3.6 degrees. The errors in the case where the signal to

noise ratio is 15 dB are due only to phase measurement errors, while the errors in the
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3 dB case are due to both phase measurement and range estimate errors which lead
to phase wrap. Both of the range and phase must be measured accurately to obtain
an accurate fish location estimate.

The thesis is organized as follows, Chapter 2 presents a description of the split beam
sonar system and the model developed, Chapter 3 is an analysis of the split beam
system using the model developed, Chapter 4 is the Conclusions and Discussion of
results including suggestions for further research, Chapter 5 is an Appendix containing
the derivations used in the sonar model. The numerical simulations provided in this
thesis were performed using Matlab software. A listing of the source code for Matlab
M-files used to perform various simulations as well as how they are used to calculate

various parameters are provided in a separate report [Ayers 2001].
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2 Sonar System Model

2.1 Description of a Split Beam Sonar

2.1.1 Objective and Geometry of Sonar Model

The objective of the split beam system model is to determine fish location using
simulated fish echo data. The split beam echosounder has a transducer which is
divided into four quadrants as shown in figure 1. The target direction is determined
by comparing the phase of the signals received by each quadrant. The transmission
pulse is applied to the whole transducer, but the signals received by each quadrant
are processed separately. Suppose the four quadrants are labeled "1’ to ’4’ as in figure
1. The angle 6; to the target in Xg-Zg plane is determined by the phase differences
(1 -2) and (3 - 4), which should be the same. Thus the summed signal (1 + 3)
is compared with (2 + 4) in the simulations. The angle 6, is in Yz-Zr plane and
is similarly determined by the phase difference between (1 + 2) and (3 + 4). The
two angles define the target location uniquely. The target strength is estimated from
the transducer sensitivity in the relevant direction, namely the beam pattern which
is determined by calibration. There are two sources of directional uncertainty in
the split beam sonar system. Uncertainties in the measured phase due to noise can
cause inaccurate fish location measurements. Ambiguities in the received phase due
to phase wrap can also lead to error in the fish location measurements. Suppose
the difference in the path lengths from quadrants ’1’ and 2’ to a particular target
location is D. If the path length difference for another target location is D + A, the
relative phase of the two signals would be the same. This problem can be avoided to
a large extent by good transducer design and the application of thresholds which the

detected signals must exceed [MacLennan et al., 1992]. The measured phase is used




Split Beam Transducer

Figure 1. Geometry of the split beam sonar system. Signals received from the four
transducer quadrants 1-4 have phase differences which determine the angles 6, and 6,
of the target direction.
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to determine the direction of arrival of the pulse. The phase error due to noise
can be improved by using a filter to reduce the amount of noise present in the inci-
dent signal at each receiver before making the phase measurement. Range difference
and/or SNR threshold criteria are used to discriminate between the various phase

wrap ambiguities.

2.1.2 Sonar Transducer Beam Pattern

The transducers used in split beam sonar systems are often constructed as an array
of individual elements. In a typical transducer each element consists of four ceramic
tubes with steel head and tail masses which are designed to ensure efficient transfer of
energy into the water. The ceramic tubes are held together by a prestressing bolt. A
low density backing material ensures that most of the acoustic energy is transmitted
in the forward direction into the water. This type of transducer is reversible, it may
be used either to transmit or receive sound waves [MacLennan et al., 1992]. The
simulated transducer is modeled as a rectangular array with M = 32 elements in the
Xr direction and N = 32 elements in the Yz direction, where Xg and Yx are the x and
y river coordinate directions discussed later. The modeled elements of the transducer
A

array are separated by d),d; = 5 meters. An analytic beam pattern function is used

to calculate the beam pattern [Skolnik 1962].

sin(22% sin §;)  sin(2Z% sin )

b(0:,6,) = a . A 1
(6,62) msin(™ sinf;) nsin(ZZ sin 6,) M)

Where b(61,0,) is the two-dimensional gain, m and n are the number of individual
elements in the Xg and Ygr directions, d; and d, are the separation between array
elements in the Xz and Yg directions, A is the acoustic wavelength, 6, is the off-axis

angle in the Xg-Zp plane and 6, is the off-axis angle in the Yz-Zg plane. The beam
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pattern of the entire array is calculated on transmission, and the beam pattern of
each of the four quadrants is used for reception. Because the transducer modeled is
symmetrical, the individual receivers have % elements in the X and % elements in

the Yg directions.

2.1.3 Path Length Differences and Phase Wrap

The electrical phase is measured at each receiver. The measured phase can be trans-

formed to a path length to the target by:

Dpotn = M2) @

where D, is the path length, A is the acoustic wavelength of the signal, and ¢
is the measured phase. Using the calculated path length, the difference in path
length between each receiver can be calculated. The path length differences allow
the angle of arrival of the wavefront to be calculated in two dimensions. Since the
phase returned is inherently modulo 27, the path length is modulo A. Figure 2 shows
how the phase wraps for phases greater than +m with respect to location in the

beam. This phase ambiguity causes an ambiguity in the calculation of the direction

(]

of arrival of the pulse. The ambiguity arises because a phase ¢ corresponds to n = £

possible locations, where a is the receiver quadrant center-to-center separation and
A is the acoustic wavelength. The phase ambiguity can be removed by using range
difference and echo level thresholding techniques. Another problem associated with
phase wrap occurs when the phase measured by the first receiver wraps before the
phase measured on the second receiver. Figure 3 shows how the phase changes for
two receivers separated by a = 10 cm as a target fish moves across the transducer

beam.




Figure 2. Beam pattern and phase wrap. As the fish moves through the beam of
the transducer, the path length difference changes continuously, but the measured
phase wraps when the phase exceeds +n. For a rectangular array, the first phase
wrap occurs at the same location as the first sidelobe of the transducer.

01



—— Receiver 1 Phase
- - —- Receiver 2 Phase

— R@celver 1 Phase
- - — Recelver 2 Phase
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Figure 3. Phase “lead” on two receivers. A discontinuity occurs when the phase
measured on one receiver wraps before the phase measured on the second receiver.
This is corrected by noting which side of the beam the fish is on and adding the
appropriate offset.

It
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Depending on which side of the beam the fish is on, one phase will always "lead"
the other. The discontinuity due to phase "lead" can be corrected by noting which
side of the beam the fish is on and adding 180 degrees of phase to the signal that
is lagging. Adding this phase offset ensures that the difference between the received
phases do not have errors due to phase wrap.

Using the time delay of the returned echo, the range to the fish can be estimated
for each receiver.

Ry=— (3)

where R; is the range to the fish, ¢ is the speed of sound, and #; is the time delay of
the pulse. These ranges are used to calculate a fish location estimate. The estimated
fish location is then used to determine which phase wrap the fish is in. The accuracy
of the time delay measurement is limited by the accuracy of the pulse arrival time
measurement. Since the pulse is modified by transmission through the river, the
shape and magnitude of the pulse can be changed. Therefore, the exact arrival time
is difficult to measure. Noise in the sonar system makes calculation of pulse arrival
time very difficult when the signal to noise ratio is less than 3 dB. In these cases, the
phase wrap determination can fail, leading to large errors in the fish location estimate.
When the signal to noise ratio is greater than 3 dB, the phase wrap can be determined
with sufficient accuracy to remove the phase wrap ambiguity. Another technique for
removing the phase wrap using the echo level exists [MacLennan et al., 1992]. If the
fish is modeled as an isotropic reflector, then we can determine which lobe of the
beam the fish is in by its echo level. If the transducer used is a linear (or rectangular)
array, then the first null in the beam pattern will occur at the same point as the first

phase wrap (Figure 2).
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A well designed transducer will have the level of the sidelobes well below the level
of the main lobe. If this is the case, then the phase wrap ambiguity can be eliminated
by rejecting all echoes below some threshold. An ideal transducer would put the
sidelobe levels below the receiver threshold so that the only returns received were
in the main beam of the transducer. There is a problem with using this method to
remove the phase ambiguity. A fish is not an isotropic reflector, in fact, the target
strength of a fish can vary by as much as 30 dB depending on the orientation of the
fish in the beam. If the echo level is the only method used to determine whether
or not the phase is wrapped, then echoes where the fish is in a low target strength

orientation can be mistaken for echoes returned from a sidelobe.

2.1.4 Sonar Pulse Model

The sonar pulse incident on the receiver is modeled as a finite duration cosine pulse
with finite rise and fall times. The cosine pulse rise and fall are modeled as a
modulated half-period cosine wave on either side of a modulated rectangular pulse
[Pham 1999]. Figure 4 shows a 120 kHz noise-free pulse with a pulse duration of 66.6
us, rise and fall times of 41.6 us and a sampling frequency of 1.2 MHz. Where the
pulse duration Tp is defined as the pulse period where the amplitude of the pulse is
at 100% of it’s peak value, T is the time taken for the pulse to pass from 0% to 100%
of it’s peak value or from 100% to 0% of it’s peak value and Tp is the time from the
initial transmission of the pulse to pulse reception.

Reverberation and background noise are modeled together as Gaussian random

noise.




A ER A S {ii 45
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5

Figure 4. Example of a simulated 120 kHz sonar pulse. The parameters of the
pulse are Amplitude = 1 Volt, T, = 86.6 ps, Ty =41.6 ps, T, =83.3 ps, f= 1.2 MHz, ¢
= (0 degrees.

14!
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Noise is modeled as an ergodic Gaussian random process [Carlson 1986] with zero

mean and standard deviation:

A
o= J2SNR )

Where A is the maximum signal amplitude and SNR is the signal to noise ratio
of the received pulse. Figure 5 shows an unfiltered pulse with same parameters,
but with a signal to noise ratio of 5 dB. We have used a bandpass filter to reduce
the noise in the received signal. A rudimentary adaptive filter was developed but
was not pursued because of time constraints. Instead, a simple FIR (Finite Impulse
Response) band-pass filter is used to reduce noise in the received signal. Every filter
has an intrinsic amplitude and phase response associated with it. In general, if the
phase response of the filter is not corrected, then the phase values of the received
signal will be changed and the original received phase will be lost. The calculation of
angle of arrival relies on the relative phase measured at each receiver. Since this is the
case, the phase introduced by filtering will cancel out when the phase differences are
calculated. The demodulated sonar pulse is also filtered in the receiver model. A FIR
low-pass filter is applied to the demodulated pulse, providing noise rejection. Noise
in the demodulated pulse is of critical importance to the calculation of fish location.
The range to each receiver is calculated from the pulse delay of the demodulated pulse
at each receiver. If the pulse is too noisy to give a good estimate of range, then the
location estimate made from these ranges will be inaccurate and wrong phase wrap
ambiguity will be chosen. Appendix provides a discussion of the filter coefficients
used in the low-pass and band-pass FIR filters. The pulse carrier frequency used in

most commercial riverine split beam sonar systems ranges from about 100 kHz to

about 420 kHz.




Figure 5. Example of a simulated nolsy 120 kHz sonar pulse. The parameters of
the pulse are Amplitude = 1 Volt, T, = 66.6 us, T, =41.6 ps, T, =83.3 s, f, = 1.2
MHz, ¢ =0 degrees, SNR =5 dB

91
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The choice of carrier frequency affects the attenuation of the signal in the water
and the target strength of the fish. The choice of carrier frequency is based on several
factors including the size of the fish, the range and angular resolution required and
the attenuation level allowed (based on the signal to noise ratio and the maximum
expected range of the fish).

The sampling frequency of the receiver analog to digital converter is important in
the split beam system. It directly affects the quality of the fish location estimate.
When noise is present in the system, low sampling frequencies can lead to poor
phase measurements. Without filtering of the modulated pulse, we have observed
that a sampling frequency of approximately f; =~ 10f, is required for accurate phase
and range measurements, where f; is the sampling frequency and f. is the carrier
frequency. If the received, modulated pulse is filtered, then f; ~ 5f. is adequate.
Choosing higher sampling frequencies minimizes these errors.

The duration of the sonar pulse affects the accuracy of the measured phase. Phase
is calculated by the in-phase/quadrature method [Carlson 1986]. This method aver-
ages over the pulse duration. Therefore a longer pulse provides more averaging and
thus more noise reduction. The trade-off is in the system resolution. The resolution
of a sonar system is defined as [MacLennan et al., 1992]:

cT
Tmin = = (5)
Where z,,;, is the minimum distance for two objects to be separated and still be
resolved as discrete objects, 7 is the pulse duration, and ¢ is the speed of sound in
water. Typical pulse durations in commercial split beam sonar systems range from

about 0.1 ms to 1 ms, corresponding to a resolution of 7.5 cm and 75 cm respectively.
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The. amplitude of the transmitted pulse is arbitrary in this model. The parameter
of interest is the signal to noise ratio, and not the absolute amplitude of the pulse.
The noise level is calculated relative to the amplitude of the pulse. In this thesis the
received pulse is modeled with unit amplitude.

The rise and fall times of the pulse are a function of the fish flesh and swim bladder
interfaces. The values for these parameters are not modeled and a single, constant
value of 0.1 ms is assumed for all of the simulations. Because the rise time of the
pulse directly affects the measured pulse delay, changes in the rise time of the received
pulse will influence the calculated range. These errors will make it more difficult to
determine the phase wrap of the received signal and could result in phase wrap errors

in the fish location estimate.

2.1.5 Sonar Equation and Calculation of Signal to Noise ratio (SNR)

The signal to noise ratio of the pulse is dependent on range, transducer beam pat-
tern, signal attenuation, fish target strength, reverberation level and background
noise. Receiver noise is neglected in this treatment, since the receiver noise level
is typically much lower than that of the background river noise and reverberation.
All of the calculations in this treatment assume that the fish is in the far field of
the transducer. The far field range can be estimated using the following equation
[MacLennan et al., 1992].

Ry = — (6)

Where R, is the approximate range to the far field condition, a is the transducer
width or height, and A is the acoustic wavelength. If the array is a rectangular then

the larger of the two dimensions should be used to calculate the far field range.
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The signal to noise ratio is calculated by: [MacLennan et al., 1992]

SNR,ed = SNR,o; + TL + BF + TS (7)

where:

SNR, .. = Received SNR Level (dB)

SNR,.; = Reference SNR Level (dB)

TL = Transmission Loss (dB)

BF = Beam Factor (dB)

TS = Target Strength (dB)

SNR;.s is the SNR of a received pulse with a target strength of 0 dB located at a
unit distance from the transducer (TL = 0 dB and BF = 0 dB). The transmission
loss calculation assumes that the wave is far away from the transducer and can be
modeled as a spherical wave. It includes the effects of spreading loss and attenuation.

The expression for the one-way spreading loss is given by:

loss = 20log ;iff (8)

Where Ry is the range to the target fish and R,.; is the reference range (1 m). The
attenuation is given by a empirical equation based on the frequency of the transmitted
pulse, temperature of the water and the salinity of the water [Urick 1983]. The beam
factor is given by the equation 1. The target strength of the fish is a function of the
orientation of the fish with respect to the incident wave normal vector k as shown in
figure 6 and is defined by the angles 6, and ¢;. The return from the fish is calculated
at the point on the fish where the incident wave falls normally. Target strength

is modeled using previous results which indicate that for fish with swim bladders
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(salmon have a swim bladder), most of the target strength contribution comes from
the swim bladder [Sonwalker et al., 1999]. The expression for target strength is given

by:
R, R,

TS =10log 9)

where:
A?B2(C?

R\R; = [(A2 cos (¢k)2 = i (¢k)2)sin (0k)2 + C?cos (Hk)Z]z

(10)

A, B and C are the ellipsoidal axes of the simulated fish’s swim bladder. A is one half
of the length of the swim bladder in the direction from fillet to fillet, B is one half
~ the length of the swim bladder in the direction from from belly to dorsal fin and C is
one half the length of the swim bladder in the direction from nose to tail of the fish.
0; and ¢, are the incidence angles shown in figure 6. The noise level is calculated
using the modeled received SNR level and the amplitude of the transmitted pulse.
The noise level is:

N4z = 0 - SNRyp (11)

The equation above assumes that the unit amplitude for the transmitted pulse as

described in Section 2.1.4.



Kincident

Figure 6. Angles of incidence 6, and ¢,. Target strength is a function of incidence angles
0,, ¢, and is calculated using a recently developed model. [Sonwalker et. al. 1999]
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2.2 Simulation Model

The computer simulation performed in this thesis models a split beam system and
measures the uncertainty in fish location under noisy conditions. To perform this,
Matlab m-files were written to model different parts of the sonar system, simulate
the received pulse and implement various signal processing and analysis techniques.

Figure 7 is a description of the pulse parameter calculations. These parameters are
used to simulate a received sonar pulse for a fish with a given location and orientation.
The user is required to input values for fish location [x y z], reference signal to noise
ratio SNR,., fish orientation [f, ¢ 0.1, fish size [L W H], number of transducer
elements (M, N) and transducer element separation (di, dz). The fish location is
used to calculate the path length to the fish from each receiver quadrant. The one-
way transmission loss due to spherical spreading is calculated by applying equation
8 to the fish location. The fish target strength is calculated by equation 9 and is a
function of the fish orientation and size. The transducer beam factor is calculated
by equation 1 and is a function of the number of transducer array elements and the
separation between those elements. The sonar equation (equation 7) is applied using
the transmission loss (TL), target strength (TS) and beam factor (BF) results. The
phase [¢; - ¢4] and time delays [, - 74] are calculated based on the distance to the

fish using equations 16 and 17.

2.2.1 Coordinate system and fish orientation

The fish location in this model is described using both Cartesian and spherical coor-
dinates. A vector [x,y,z] describes the fish location in Cartesian coordinates, while a

vector [R, 8, ¢] describes the fish location in spherical coordinates.



Phase ¢, - ¢, and Pulse
Delay 1, - 1, Calculation

Path Length Calculation
R, R, Ry and R,

Pulse Generation using:
b1 - ba Ty - T4 SNR ¢\

Sonar Equation
SNR,., = SNR + TL + TS + BF

v

]

5

Spreading and Elliptical Fish ' Rectangular
Attenution Transducer Array
Model
Losses Model
1 t
Orientation - [0y, ¢p, 6,01 Elements - M, N

Fish Location input [x y Z] l

SNR,; input

Fish Size - [L W H] Separation - d, d,

Figure 7. Pulse parameter calculation flow diagram. This diagram shows the steps
in producing the parameters for a modeled pulse. Bold type indicates user specfiied
inputs.
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The angle of arrival measurement used in this thesis is described in terms of two
angles, 0; and 6,. These are the left/right and up/down angles off of the acoustic
axis. The simulations in this thesis are performed primarily in Cartesian coordinates,

where the angles #; and 6 can be related to [x y z] by:

6, = arctan = (12)
z
_ Y

6, = arctan = (13)
2

The calculated fish location estimates are converted from Cartesian coordinates to
8, and 6, for the figures in the thesis. The angles #; and §; can be related to the
spherical angles # and ¢ by an approximation [Ehrenberg 2000]:

If we assume that R > x and R >y, then

~ arcsin v/tan? 6; + tan? 6, (14)

tan 6,

) (15)

= arctan
¢ g (tan 0,

Where 8 is the spherical angle made between the vector [x y z] and the z-axis, and
é is the counterclockwise angle of [x y z] projected into the xy plane measured from
the positive x axis. Three different orthogonal coordinate systems are used in the
model.

The river, sonar and fish systems are defined as shown in figures 8,9 and 10.

The river coordinate system [Xr Yz Zg| is defined with the z-axis perpendicular
to the river bank and pointed away from the sonar location. The y-axis is vertically

upward, and the x-axis is given by the right hand rule.




River Bed

AYg

Sonar Location

N\

A,

River Bed

River Coordinate System [Xg Ygr Zg]

Figure 8. River coordinate system. The Z; axis is perpendicular to the river bed
and points away from the sonar location. Yy points vertically upward and X is
given by the right hand rule.
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River Bed
Yr A Zy
Ys
Zs
Sonar Location O

4,
Xr:Xs

River Bed

Sonar Coordinate System [Xg Yg Zs]

Figure 9. Sonar coordinate system. Zg is in the direction of the sonar beam axis. Yg
is in the Y - Z plane perpendicular to Zg and X is given by the right hand rule. 6g is the

angle of tilt in the Y - Z; plane.

9¢



Fish Coordinate System [X; Y Z]

Figure 10. Fish coordinate system. The fish coordinate system is defined with Z_ in
the direction of the fish tail to head. The Y, axis is perpendicular to the Z. axis and in
the direction of the dorsal fin, X; is given by the right hand rule. 6, and ¢, are the
spherical angles associated with the fish system. 6., (not shown) is the angle of roll
about the Z_ axis.

LT
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The sonar system is defined to allow the sonar to be tilted downward into the
river, as is usually the case. Zs is in the direction of the sonar beam axis. Ys is in
the Yr — Zg plane and perpendicular to Zs. X is given by the right hand rule. The
angle 6, is the angle of tilt of the sonar beam axis in the Yz — Zg plane.

The fish coordinate system is defined with Zr in the direction of the fish tail to
head. The Y axis is perpendicular to the Zr axis and in direction of the dorsal
fin, and the X is given by the right hand rule. The angle 6, is the spherical angle
between the Yg axis and the Zg axis. The angle ¢ is the angle between the Xg
axis and the projection of the Zr axis into the Xg-Zg plane. 6,0ll is the angle of roll
about the Zr axis. The dorsal fin is oriented vertically upward and thus 6,0ll is equal
to zero for all of the simulations in this thesis.

The appendix provides a thorough discussion of the transformations between the

coordinate systems.

2.2.2 Path Length Calculation

To measure the uncertainty in the location of fish, a fish is assumed to be located at
[x y z] and the path length to the fish is calculated from the center of each receiver
to the point on the fish where the incident wave falls normally. The fish is modeled

as a point target for the path length calculation. Path lengths are calculated by:

Dyath = /(z — 20)* + (y — %0)* + 2* (16)

Where D, is the path length to the receiver, [x y z] is the assumed location of the

fish, and zo and yo are the x and y locations of each receiver, zo = 0 for the receivers
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in this model. The path lengths are converted to phase values by applying:

¢ = modulo(szDpath, 27) (radians) (17)

Where ¢ is the phase of the received pulse and ) is the acoustic wavelength. The
path lengths that are calculated are used to produce time delays for the pulse model.
These time delays describe the range of the fish. The round trip pulse delay is:

ig= —2-213 (seconds) | (18)

Where ¢, is the time delay in seconds, R is the path length to the receiver, and c is
the speed of sound in water. The speed of sound in water is assumed to be 1500 m/s
for all of the simulations performed in this thesis.

Figure 11 shows the received pulse generation algorithm. The calculated values for
quadrant phase, time delay and SNR, .4 are used to simulate a received sonar pulse
using user specified parameters. The pulse carrier frequency f., pulse rise/fall time
t,, pulse duration T, and the pulse sampling frequency f, are all input by the user.
The received pulse at each receiver quadrant is then split into two signals. The first
signal is FIR band-pass filtered and used to calculate the received phase. The second
signal is demodulated and FIR low-pass filtered. The demodulated signal is used to

estimate the time delay in the fish location estimate.

2.2.3 Modeled pulses

A noisy pulse is generated for each of the four receiver quadrants using the time delay
t; and phase ¢ calculated from the known fish location. A constant value of 0.1 ms

is assumed for rise/fall time and 1 ms is assumed for the pulse duration.




Pulse demodulation

FIR band-pass filter

Received modulated pulses:
S4(t) - s4(t)

*

FIR low-pass filter

I

Received demodulated
pulses:syy(t) - s44(t)

Modulated Cosine Pulse
Model

I

\ 4

Calculated Pulse Parameters:
¢1 = ¢4! Ty =Ty sNchvd

Input Pulse Parameters:
f. - pulse carrier frequency
t. - pulse rise/fall time
T, - pulse duration

f, - pulse sampling frequency

Received
modulated and
demodulated
pulses used to
measure fish
location

Figure 11. Received pulse generation flow diagram. This diagram shows the steps
in producing the modeled pulse incident at each receiver. Bold type indicates input

parameters.
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The four pulses are modulated with a carrier waveform at a frequency of f. = 120
kHz and sampled at a frequency f; = 1.2 MHz. Noise is then added to the pulses using
the signal to noise ratio calculated from the fish orientation, fish location, transducer
beam factor, and source level. The equation describing the pulse with Tgp = TF = 0
is:

s(t) = cos(2m fo(t —ta) + @) + n(t) ta <t < (ta+Tp) (19)
s(t) = n(t) otherwise (20)

where s(t) is the noisy pulse, n(t) is the Gaussian noise, f. is the carrier frequency, t4

is the pulse delay, ¢ is the pulse phase, and T, is the pulse duration (see figure 4).

2.2.4 Range Estimation

The range to the fish from each receiver is estimated using the round trip pulse delay.
The pulse delay is measured from the demodulated noisy pulse. Figure 12 shows
a demodulated pul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>