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Abstract

Some of the differences between broadband and narrowband sonar
systems applied in fisheries hydroacoustics are examined. Following a brief
discussion of the advantages and disadvantages of broadband sonar, three
different aspects of narrowband and broadband sonar systems are compared:
detection, Doppler processing, and split-beam localization. Summaries are
provided that compare representative broadband and narrowband sonar
systems.
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1 I ntroduction

Broadband sonar systems offer some advantages over the traditional narrowband fisheries sonar systems
that are predominantly used today. In the first section that follows, some of these advantages and disadvantages are
discussed. There are three specific aspects of sonar systems that then compared. First, in 83, isan examination of
the differencesin target detection between the two types of sonar systems. Then, in 84, isareview of incoherent
and coherent Doppler measurements, based on the work of Zedel. Finally, in 85, isacomparison of split-beam
localization using these different sonar systems. The final section of the paper summarizes our comparison and
provides concluding comments.

2 Advantages and Disadvantages of Broadband Sonar Systems

How is broadband different from narrowband? What are the advantages? What are disadvantages? Each
of these topicsis discussed below.

2.1  Advantagesof Broadband Sonar

There are four primary advantages of broadband sonar over the existing narrowband systems: (1) spectral
information for speciesidentification, (2) improved target detection, (3) more stable estimate of signal, and (4)
improved target resolution. Each of theseis addressed in the following three sections.

211 Speciesldentification

Recently, the fisheries hydroacoustics community has began looking at broadband (and wideband) sonar
as method for assessing fish stocks. In the plenary address at the 1995 | CES Inter national Symposium on
Fisheries and Plankton Acoustics held in Aberdeen Scotland, David MacL ennan (1996), one of the most
distinguished members of the fisheries hydroacoustics community, gave hisimpression of what might lie ahead
(pg. 515, emphasis added by SciFish):

In spite of the availability of an impressive suite of analytical tools such as neural net
processing, expert systems, and new methods of discriminant analysis, we believe that these data
processing aids cannot successfully resolve the problem of acoustically aided species identification
without being fed clues with better discrimination capabilities than are available at present. In
general, existing survey techniques do not measure many of the features that are necessary for
accurate target classification. Inthe most, general case, it may well be impractical to extract good
classification clues from an acoustics sensor that is optimized for biomass assessment. A well-
established theoremin information theory holds that the infor mation-carrying capacity of a
communications channel depends on its bandwidth. Thus, the trend toward the use of wideband
systemsislikely to be a fruitful approach.

Increasing the bandwidth in acoustical signal processing has the potential to achieve greater
overall resolution with an acoustical sensor. In essence, one improves the ability to distinguish the
individualsin a school or aggregation and perhaps even the component parts of individual animals.
Information so derived provides detail for examining structure, shape, ping-to-ping motion, and fine-
scaledistribution. Inaddition to increasing range resolution, there are other dimensionsto be
explored, such asspectral analysis of echoes using the Doppler affect to reveal target motion and
behavior.

SciFish and their strategic partner, RD Instruments, have built nearly ten broadband sonar systems for fish
identification and demonstrated repeatedly that it is capable of fish speciesidentification using the data collected.
SciFish isnow making acommercial version of the system under amutually exclusive arrangement with RD
Instruments (SciFish 2000). The later section on Classification describes the preliminary classification results we
have achieved in the Kenai River during Phase |, where we were able to discriminate sockeye from chinook salmon
90% of thetime.

SciFish 3
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212 Target Detection

Ideally, if we wanted both long detection range and fine range resol ution, we would transmit extremely
narrow pulses of exceptionally high peak power. But there are practical limits on the level of peak power one can
use. We have learned from airborne radar signal processing that we can obtain long detection ranges at reasonable
ping rates by using fairly wide pulses.

One solution to this dilemmais pulse compression. That is, transmit internally modulated pul ses of
sufficient width to provide the necessary average power at areasonable level of peak power; then “compress’ the
received echoes by decoding their modulation.

The two most common methods of coding are line frequency modulation and binary phase modulation.
Each of theseis described in the later section on Pulse Compression where we illustrate how broadband sonar can
improve the target detection by nearly 19 dB over the current narrowband systems in use today.

213 Target Size Discrimination

One of the more powerful attributes of broadband sonar systems isthe ability to exploit the time-
bandwidth product to realize improved target size discrimination. The wider the bandwidth and the longer the pulse
duration, the better the range resol ution, and hence the target discrimination. Aswe show in the later section on
Time-Bandwidth Product, the SciFish broadband sonar provides 1 cm range resolution, more than a 10-fold
improvement over the current narrowband sonar systems in use today.
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closely the coded spectrum compares with the spectrum elements, each with value 1. The transitions of the sequences
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the coded pulse spectrum relates to the length of the The top trace is the coded transmission. The first two cycles
coded pulse relative to the single element. (top left) correspond to the first code element

Figure 1. Characterization of Stable Signal Estimation with Broadband Sonar

214 Stable Signal Estimate

Broadband echoes enable more stable estimates of echo intensity. Figure 1 illustrates narrow and broad
bandwidth echoes. The assumption isthat the background scatterers are uniformly distributed and the same for
both echoes. The narrow bandwidth echo was chosen to illustrate the effects of “ Rayleigh fading”—thisis the
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substantial differencein the echo intensity between the first and second halves of the echo. In contrast, the
intensity of the broad bandwidth echo is more constant. Figure 1 shows the associated probability distributions of
echo intensity. The narrow bandwidth has a chi -squared distribution with 2 DOF while the broad bandwidth
distribution is the same but with more degrees of freedom (DOF). More DOF means less variation in intensity
plus less chance of echo intensity being near zero (the Raleigh fading).

The key point of the Figur e 1 isthat the broadband backscatter gives a more stable representation of the
scatterers actually present in the water. To understand how this broadband approach works, consider first that a
short pulse separates targets better than along pulse. Then consider the different approaches narrowband and
broadband systems use to obtain longer pulsesto profile greater distances. Narrowband systems transmit longer
pulses by simply lengthening their monochromatic pulse. The consequence is that they obtain coarser spatial
resolution. In contrast, broadband systems transmit coded pulses—the code element length is the same as the
original short pulse (seefiguresbelow). The objectiveisto retain the bandwidth of the single code element even
though coding lengthens the pulse. With the use of the signal autocorrelation, one can recover an effective pulse
length that is the same as the original short pulse.

2.2  Disadvantages of Broadband Sonar

221 Lower PRF

Longer pulses mean lower pulse repetition frequency (PRF). The difference between the pulse widths
between narrowband and broadband pul ses defines the amount of time difference. But, when taking into account
the need to wait for a complete round trip for each acoustic ping to the desired range, this limitation is not
significant.

2.2.2 Blanking Range

When the pulseis being transmitted, it is not possible to simultaneously listen. Thislimitsthe close
range of the transducer. Thefar field for the 4 degree SciFish 2000 is approximately 3 m, so the blanking range,
which is exactly aslong as the pulse, would still place targetsin the near field. Having said this, it is still well
known that sockeye salmon do tend to travel closer to the shore, so thiswould require that the transducer be aimed
downstream to provide the greatest probability of detection.

2.2.3 Increased Reverberation

Longer pulses could mean more reverberation, but with matched filter (pulse compression) detections
being used, the reverberation level is measured at the compressed timeinterval. A comparison of narrowband and
broadband reverberation estimatesis found later in this document.

224 MoreComplex Processing

It is undeniable that broadband sonar signal processing is more complex than its narrowband counterpart.
But, the signal processing that is being used iswell understood and has been applied and used in awide range of
applications. In addition, the speed of processing has grown dramatically, placing the processing requirements
well within the range of current technology. This subject is specifically addressed near the end of this document.

3 Detection

The ability to detect an echo from atarget decreases with range. Loss of echoeswith increasing range
results from lower signal -to-noise ratios (SNR'’s) for long-range acoustic signals in the riverine environment.
Whileit is difficult to characterize the acoustic condition with a simple model, the primary acoustic mechanisms
for thelow SNR include the following (Xie, 2000):

Increase of volume reverberation with range;

Amplification of ambient noise level by the time-varying gain;

SciFish 5
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Scattering and absorption of acoustic energy by fish targets, especially at heavy densities;

Acoustic shadowing by irregular topography and surface bubbles; and

Dissipation of acoustic energy with range, especially at high frequencies.
In the following sections, various aspects of this detection loss will be examined by building the sonar equation for
the riverine environment and providing comparative values for two existing narrowband and broadband sonar
systems.
3.1  Sonar Equation

All the characteristics of the sonar system, the sound transmission, and the scattering characteristics of
the objects are combined in the sonar equation. The sonar equation is usually expressed in decibels after all
guantities have been made dimensionless by the use of reference distances and reference sound pressures.

3.1.1 Basic Active Sonar Equation

The active-sonar equation for the monostatic case in which the source and the receiver are coincident and
inwhich the acoustic return of the target is back toward the sourceis:

S - 2TL+TS- (NL- DI)=DT
where:

SL = Projector Source Level

TL = Transmission Loss

TS=Target Strength

NL = NoiseLevel

DI = Directivity Index

DT = Detection Threshold

3.1.2 Broadband Active Sonar Equation with Reverberation

The basic sonar equation must be modified to include two additional termsthat are significant to the
development of abroadband riverine sonar. These are:

PG = Processing Gain from exploiting the time-bandwidth product for detection
RL = Reverberation Level, both from volume reverberation and surface reverberation

Which results in the modified sonar equation

S -2TL+TS+PG- (RL+NL- DI)=DT

3.2  PulseCompression

3.21 Linear Frequency Modulation (Chirp)

Becauseit issimilar in sound to the chirping of abird, this method of coding was called “chirp” by its
inventors. Sinceit wasthe first pulse compression technique, some people still use the terms chirp and pulse
compression synonymously.

SciFish 6
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3.2.1.1 Basic Concept

With chirp, the sonar frequency of each transmitted ping isincreased at a constant rate throughout its
length. Every echo, naturally, has the same linear increase in frequency.

The received echoes are passed through afilter. It introduces atime lag that decreases linearly with
frequency at exactly the same as the frequency of the echoesincreases. Being of progressively higher frequency,
the trailing portions of an echo take lesstime to pass through the leading portion. Successive portions thustend to
bunch up. Consequently, when the pulse emerges from the filter its amplitude is much greater and its width much
lessthan when it entered. The pulse has been compressed.

Al igthads of pulse compresson are
essemiaally matched fillering schemes
ot twhach the transmitted pulses are
coded and the received ,'lm'm are
pazsed trough @ filker whose fime-
;"rruu:'m._J.l chardcteristic is e conji-
pate (opposite} of the -c‘.'ln'l.u;'. AECENED
ECHO

ITIWAVA
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Since traling portions of echo take less Tima to pass throwgh
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s EEREEIETE]]
« R

Echoes froem closely spacad targets. & and B, arée merged but,
pecouse of coding, separate i outpat of filtar

Figure 2. Characterization of Pulse Compression. From Stimson (1983).

3.2.1.2 Incrementa -Frequency Explanation

What actually happens when an echo passes through the filter can be visualized most easily if we think of
the echo as consisting of a number of segments of equal length and progressively higher frequency. Infact, in one
form of pulse coding—incremental frequency modulation—the transmitted wave is modulated in exactly thisway.
The first segment, having the lowest frequency, takes longest to get through the filter. The second segment takes
less time than the first; the third |ess time than the second, etc.

SciFish
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Theincrements of frequency are such that the difference in transmit time for successive segments just
equalstheir width. If the segmentsare 0.1 microseconds wide, the first segment takes 0.1 microseconds longer to
go through than the second; it, in turn, takes 0.1 microseconds longer to get through than the third, etc. Asaresult
of passing through the filter, the second segment catches up wit the first; the third segment catches up with the
second; the fourth segment catches up with the third, and so on. All segments thus combine and emerge from the
filter at onetime. The output pulseisonly afraction of the width of the received echo; yet, it has may timesits
peak power.

3.2.1.3 How Range Resolution Is Improved

Figure 2 showswhat happens when the echoes from two closely spaced targets pass through the filter.
Since the range separation is small compared to the pulse length, the incoming echoes are merged
indistinguishably. In thefilter output, however, they appear separatel y—staggered by the targets' range separation.

It seemslike magic... until you consider the coding. Because of it, each segment of the echo from the
near target emerges from thefilter at the same time as the first segment of this echo. And each segment of the
echo from the far target emerges as the same time as the first segment of that echo. The difference between these
times, of course, isthe length of time the leading edge of the transmitted pulse took to travel from the first target
to the second and back.

The range resolution is thus improved by the ratio of the width of the individual segmentsto the total
width of the pulse.

3.2.1.4 Relative Merits of Chirp

Linear frequency modulation has the advantage of enabling very large compression ratios to be achieved.
In addition, it is comparatively simple. No matter when apulseis received or what its exact frequency is, it will
pass through the filter equally well and with the same amount of compression.

The principa disadvantage is adight ambiguity between range and Doppler frequency. If the frequency of
apulse has been, say, increased by a positive Doppler shift, the pulse will emerge from the chirp filter alittle
sooner than if there were no such shift. The sonar will have no way of telling whether this differenceisdueto a
Doppler shift or to the echo being reflected from adlightly greater range.

3.22 Binary Phase Modulation

Asthe name implies, in thistype of coding the frequency phase of the transmitted ping is modulated, and
the modulation is done—as in incremental frequency modulation—in finite increments. Here, though, only two
increments are used: 0° and 180°.

T

ALA

Receved pulses are passad through tapped delay hne
Saparate tap s prowided for each sepment of pulsa

DELAY LINE

Binary phasa coding of a wansmitted pulse. Pulse is marked
off into segmants; phases of cortain segmants (here, Mo, 3) are
reversed,

Figure 3. Characterization of Binary Phase Modulation. From Stimson (1983).
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3.2.2.1 Basic Concept

Each transmitted pulseis, in effect, marked off into narrow segments of equal length. The frequency
phase of certain segmentsis shifted by 180°, according to a predetermined binary code. Thisisillustrated for a
three-segment code in the figure below (Figure 3). A common shorthand method of indicating the coding on
paper isto represent the segments with + and — signs. An unshifted segment is represented by a +; a shifted
segment by a-. The signs making up the code are referred to as digits.

The received echoes are passed through a delay line, which provides atime delay exactly equal to the
duration of the uncompressed pulses, t. Thus, asthe trailing edge of a echo enters the line, the leading edge
emerges from the other end. The delay line may be implemented either with an analog device or digitally.

Like the transmitted pul ses, the delay lineis divided into segments. An output tap is provide for each
segment. Thetapsare all tied to asingle output terminal. At any one instant, the signal at this terminal
corresponds to the sum of whatever segments of areceived pulse currently occupy the individual segments of the
line.

Now, in certain of the taps, 180° phase reversals are inserted. Their positions correspond to the positions
of the phase-shifted segmentsin the transmitted pulse. Thus, when areceived echo has progressed to the point
where it completely fillsthe line, the outputs from all the tapswill bein phase. Their sum will then equal the
amplitude of the pulse times the number of segmentsit contains.

To see step-by-step how the pulse is compressed, consider asimple three-segment delay line and the
three-digit code, illustrated in Figure 4. Suppose an echo from asingle point target is received (see Figure
below). Initialy, the output from the delay lineiszero. When segment no. 1 of the echo has entered the line, the
signal athe output terminal corresponds to the amplitude of this segment. Sinceits phaseis 180°, the output is
negative: -1.

— |+ | - I
s + 1
| | ||
{ |
* TIME 4 )
+ + + ll
Phasa ravarsal, A, is 5o placed that whan 8 pulse complataly -

fills the daley ling, owtputs from all taps will be n phasa.

ooy iy %) progoess of @ ra schuimindl pise trough & mpoed deley e

Figure 4. Example of 3-Digit Binary Phase Modulation. From Stimson (1983).

Aninstant later, segment no. 2 has entered the line. Now the output signal equals the sum of segments no.
1landno. 2. Sincethe segmentsare 180° out of phase, however, they cancel: the output is 0.

When segment no. 3 has entered the line, the output signal isthe sum of all three segments. Segment no.
1, you will natice, has reached a point in the line where the tap contains a phase reversal. The output from this tap,
thereforeisin phase with the unshifted segment no. 2. The phase of segment no. 3 also being unshifted, the
combined output of the three taps is three times the amplitude of the individual segments: +3.

As segments no. 2 and no. 3 pass through the line, this same process continues. The output drops to zero,
then increases to minus one, and finally returnsto zero again.

SciFish 0
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A somewhat more practical exampleis shown in the figure below (Figure5). This code has seven digits.
Assuming no losses, the peak amplitude of the compressed pulse isseven times that of the uncompressed pulse,
and the compressed pulseis only one-seventh as wide.

DELAY LINE 1

QR 1 O

[ el R I
149208 8 4 2 0

Output produced when 7-digit phase code is passad through
tapped delay line with phase reversals in appropriate taps.

A saven-degit binary phase code.

Figure 5. Example of 7-Digit Binary Phase Code. From Stimson (1983).

3.2.2.2 Sidelobes

Ideally, for al positions of the echo in the lines—except the central one—the outputs from the same
number of taps would have phases of 0° and 180°. The range outputs would then cancel, and there would be no
range sidelobes.

One set of codes, called the Barker codes, comes very close to meeting thisgoal. Two of these have been
used in the examples above. Asyou have seen, they produce sidel obes whose amplitudes are no greater than the
amplitude of theindividual segments. Consequently, the ration of mainlobe amplitude to sidel obe amplitude as
well asthe pulse compression ratio, increases with the number of segments into which the pulses are divided—i.e.,
the number of digitsin the binary code.

Unfortunately, the longest Barker code contains only 13 digits. Other binary codes can be made
practically any length, but their sidelobe characteristics, though reasonably good, are not quite so desirable.

3.2.2.3 Limitations of Phase Coding

The principal limitation of phase coding isits sensitivity to Doppler frequencies. If the energy contained
in all segments of a phase-coded pulseisto add up completely when the pulseis centered in the delay line, while
cancelingwhenitis not, very little shift in phase over the length of the pulse can be tolerated, other than the 180°
phase reversals due to the coding.

3.3  TheTime-Bandwidth Product (TB)

One of the most important features of the time series analysisisthat for a broadband signal, a higher
time-domain resolution, 1/B, where B is the bandwidth of the signal, can be obtained through various forms of
signal processing. For asufficiently broad bandwidth of the signal (or equivaently, a sufficient short pulse
length), the different parts of an individual animal can be resolved acoustically. |dedly, in anoise-free
environment, i.e., the signal -to-noise ratio (SNR) approaches infinity, the acoustic impul se response of the target
can be obtained viaeither direct deconvolution (in the time domain) or the Fourier transform/Inverse Fourier
transform process (in the frequency domain).

A combination of electrical noise of the data acquisition system and ambient noise in the water detected
by the receiver degrades the quality of the data. Increasing the transmit power can help offset these effects but that
improvement is restricted by the limitations of the power amplifier and transmit transducers. For a constant
transmit power, the wider the bandwidth of the transmitter, the weaker the transmitted power spectral density, and
hence the lower the SNR in the spectral domain at the receiver.
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3.3.1 Time-Bandwidth and Range Resolution

Range resolution, as defined by several texts, isacomplex function of pulse envel ope shapes, bandwidth
and duration, and specific definitions of ambiguity and resolution. Inthe classical sense, the minimum achievable
range resolution is 2 of awavelength. Since transmission of %2 or 1-wavelength pulsesis impractical, the more
common definition centers around the transmitted pulse length, as:

or=1
2

where:
t = pulse length in meters
Dr = Range resolution in meters, with subscripts NB for narrowband, and BB for broadband.

This definition makes idealistic assumptions regarding the pul se shape, bandwidth, sidelobe content, and
time and spatial sampling. This method is classically employed with narrowband systems where the pul se width
(PW) and envelope energy detection determine the minimum range resolution. The pulse length is determined by
the product of the transmit time and the speed of sound in water (1500 m/sec). For the HTI Model 241, the range
resolution (Drng) using this approachiis:

Drye = (0.0002)2' (1500) = 0.15meters

For broadband systems, or processing that acknowledges the bandwidth potential, the range resolution of
such asystem is enhanced by inverse proportionality to the Time-Bandwidth (TB) product, a dimensionless
number, which accounts for some additional factors of pulse width and frequency content. Extraprocessing is
required to achieve this enhancement that recognizes the characteristics of the transmitted pulse. Here, the
minimum range resolution (Drgg) can now be expressed as.

DBB = E
where we add:
T = Transmit Time, in seconds
B = Bandwidth, in Hz
Obvioudly, range resolution is enhanced (reduced) by afactor of the TB product if the signal processing is built to
accommodate thisfactor. Thisis often referred to as signal compression, or matched filtering.
3.3.2 Comparing Narrowband and Broadband Range Resolution

For the 150 kHz SciFish sonar, the transmit time (T) for the typical 2 meter pulse is 0.0013 seconds with
50% bandwidth (75 kHz) and a TB = 97.5, resulting in a range resolution of

_ 2
D‘BB -
2. (0.0013) - (75,000)

Asacomparison, the HTI Model 241 sonar, if processed in this fashion, has atransmit time of 0.0002 for
each pulse and has a 5% bandwidth (6 kHz), with aTB = 1.2, resulting in arange resolution of

_ 3
I:].BB -
2. (0.0002) - (6,000)

=0.01meters

=0.125 meters

which shows an enhancement compared to the classical resolution (from above) of:
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Drye = (0.0002)2' (1500) = 0.15meters

From these numbers, thereis a clear advantage (over 1 order of magnitude) in resolution in extending the
bandwidth and/or pulse length. The penalty required isin complexity of the processing, afactor that has been
minimized in recent years by the prodigious advancesin high speed processors readily available in off-the-shelf
desktop and portable computers.

34  Processing Gain (PG)

34.1 PG Equation

The processing gain (PG) achieved by exploiting the time— bandwidth product of a broadband sonar is
expressed as

PG =10log,,(TB)

where
T = Transmit Time, in seconds
B = Bandwidth, in Hz

34.2 Comparing Narrowband and Broadband PG

For the 150 kHz SciFish sonar, the transmit time (T) for the typical 2 meter pulse is 0.0013 seconds with
50% bandwidth (75 kHz), resulting in a processing gain of

PG, = 10l0g,, ((75000)(0.00133)) = 20cB

Asacomparison, the HTI Model 241 sonar has atransmit time of 0.0002 for each pulse and has a 5%
bandwidth (6 kHz), resulting in a processing gain of

PG, =10l0g,,((6000)(0.0002)) =1.2d8

3.5 Reverberation Level (RL)

The backscattering of sound off the river bottom is known as bottom reverberation, and it is the primary
source of signal interfering with fish echoes. Thelevel of bottom reverberation is determined by bottom
composition and roughness, e.g. the combination of sand, gravel and rocks. For some geometries there can also be
reverberation coming from an imaging sonar, i.e. sound that has been forward-scattered from the water surface
before reaching the river bottom and backscattering via the same path. Added to this bottom reverberation, isa
volume reverberation caused by the highly efficient scattering of entrained bubbles, which are themselves
produced by episodic wind and rain events. Perhaps contrary to some views, backscattering from the water surface
itself contributes substantially less to the overall reverberation level in comparison to the above-mentioned
sources.

35.1 RL Equation

For the purpose of this exposition, assume the sonar is equipped with atime-varied-gain (TVG) function
that exactly matches spherical spreading loss, 40 log R, where R isrange from sonar. Then, the Reverberation
Level, RL, isapproximated by

RL = RLvoume + RLgottom

where
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RLopeer = 101092 £ RO
&2 cosqg

and
¢ = Speed of Sound in Water
t = compressed time
f =beam width
g = grazing angle with bottom
R =rangeto target
Computing the RL for a narrowband and a broadband sonar will illustrate the affect of reverberation on each. Let's
begin by assuming that the grazing angle is 0 degrees, resulting in
RL = 10Iogg@if R4 10|og€@if R?
e2 2 e2 g
352 Comparing Narrowband and Broadband RL

For the narrowband sonar, lets use the HT1 243 with a 4 degree beam at arange of 20 m and with a speed
of sound of 1500 m/sec. The HTI 243 has 5% bandwidth at 120 kHz, resulting in a pulse-compressed time of t =
0.075/1500 seconds. With these parameters,

RLy, =1010gf220 0070 1. 4D+ 5520, 10,0g@200 0075 1.4 - 500 15608
& 150 2180 "5 & 1500 2 180 " g

For asimilar broadband sonar, lets use the assume a 4 degree beam at arange of 20 m and with a speed of
sound of 1500 m/sec. The SciFish 2000 has a 50% bandwidth at 150 kHz, resulting in a pulse-compressed time of
t =0.02/1500 seconds. With these parameters,

RLy, =10l0g200 002 1+ 40 - 5320, 1010gf2%) 002 L % - 500_ 24148
€ 1500 2 180 " g &€ 1500 2 180 " g

3.6  Summary of Narrowband/Broadband Sonar Equation Comparison

Table 1 summarizes of the differences between the Narrowband and Broadband sonar found throughout
this section. In addition, thistable takesinto account the difference in SL between the two sonar systems.

Table 1. Summary of Narrowband and Broadband Sonar Performance

HTI 241 (NB) SciFish 2000 (BB)
+4.0 dB (2000 W) SL Difference 0.0 dB (800 W)
+0.8 dB Processing Gain (Time-Bandwidth) +20.0 dB
-0.2 dB Volume Reverberation +5.5 dB
+4.6 dB TOTAL +25.5 dB
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4 Doppler Processing

4.1  Narrowband (Incoherent) and Broadband (Coherent) Doppler M easurements, Based
Upon Zede*

Under ideal conditions, Doppler current profilers receive acoustic backscatter from anear continuous
distribution of acoustic scatterers. The backscattered signal represents a convol ution between the transmitted
pulse and some scattering function. In the simplest Doppler sonar system (the incoherent or narrowband system),
the target speed is estimated from the frequency shift observed in backscatter from asingle acoustic pulse. The
phase and amplitude of the speed estimateis related to the bandwidth of the backscattered sound. Speed
uncertainty for a narrowband system is given by (Theriault, 1986)

s = C
v dptf
where
¢ = speed of sound in water
t = pulse length in seconds
f = acoustic frequency

The bandwidth of the backscattered signal isgiven by 1/t. To increase speed accuracy, it is necessary to
increaset or f, but this cannot be done arbitrarily: acoustic attenuation increases rapidly with increasing frequency
thus limiting the maximum range, and range resolution is determined by ct/2 so that increasing t increases the
minimum length scale that can be resolved (Zedel, 1996).

Improved estimates in both speed and range resolution can be achieved with fully coherent Doppler
systems such as described by Lhermitte & Serafin (1984). Such systems analyze the phase change between
successive transmissions rather than the phase evolution (or frequency shift) on asingle transmission. If the
spatial distribution of scatterers has not changed significantly in the time between transmissions, then the change
in phaseis due only to the ‘ coherent’ motion of the scatterers (Zedel et al, 1996). In effect, the changein range to
acoustic scatterers is determined by the change in phase between successive transmissions and this allows an
estimate of the speed of those scatterers

dpft
where
¢ = speed of sound in water
Df = changein phase
t = time between pulses
f = acoustic frequency
n=0,1,2, ...

The movement of scatterers over adistance greater than a quarter wavelength cannot be unambiguously
resolved with coherent systems: this characteristic is represented by thenp/4 term above. The ambiguity
velocity

1 Thissection islargely based on the papers by Len Zedel (Zedel, et al, 1996; 1999). Hiswork in this area remains the most cogent and complete in the field.
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_C
41t
is the maximum speed that can be measured unambiguously and it usually constrains the choice of t to meet the
speed measurement requirements of any application. Range determination al so becomes ambiguous when
backscatter from more than one acoustic pulse isreceived at any time. To eliminate the range ambiguity problem,
coherent Dopplers are normally operated in amanner such that the first pulse transmitted has reached the systems

maximum range before the next pulse is transmitted. This restricts the operating range of these systemsto ct/2:
that range to which a pulse travel s before the next pulse is transmitted.

For systems operating in afully coherent mode, the system accuracy is bounded by (Zrnic, 1977)
CW;L/ 2 e4p 2 Wzt 2

4p1/4(t)1/2t

S

\

where
¢ = speed of sound in water

w= bandwidth of the coherent acoustic scatterer (the exponential term represents
the signal decorrelation and is normally close to unity)

t = time between pulses

Comparing this equation with the earlier narrowband (incoherent) system accuracy it can be seen that for the
coherent system, the code lag t provide an independent parameter that can be used to control accuracy and the
pulse transmission length t no longer affects accuracy. The sample bandwithw 1 1/t, w is determined by the time
over which backscatter from a given location will remain coherent; the decorrelation timeis 1/w. For these
systems, the sample bandwidth contributes to the error in two ways: (1) the bandwidth of sampled speeds appears
as arandom component in speed estimates, and (2) the phase becomes less accuately defined so that eventually,
meaningful phase change estimates are no longer possible. The decorrelation time defines an upper limit on the
time lag between acoustic pulses and depends on the operating frequency and the environment. Thisisan
important constraint because with coherent Dopplers, accuracy can be improved by increasing the time lag
between pulses, but only up to the limit imposed by the decorrrelation time. For most oceanographic applications,
the coherent sampling scheme is not practical; as noted by Brumley et al. (1991), the decorrelation time for a 307
kHz system is about 20 msec which would only allow a maximum unambiguous range 0 15 m.

Broadband Doppler systems represent a compromise between the coherent and incoherent processing
techniques. These systemstransmit asingle pair of acoustic pulsesin time as dictated by the speed ambiguity and
decorrelation time. Acoustic backcscatter isthen recorded for this pulse pair to the range limit of the sonar
before another pulse pair istransmitted. The received datais correlated with itself at alag corresponding to the
time between transmitted pul ses; the phase of the correlation allows an estimate of the scatterer speed just asfor
the coherent system. Thereisone significant complication in this scheme and that is that the backscatter is
received from more than one range at atime causing self interference which substantially degrades the signa to
noiseratio. Thisinterferenceisquantified by the correlation coefficient of the received signal: in fully coherent
systems, the correlation coefficient is often close to 1 while in the braodband system the correlation coefficient
istypically 0.5. High correlations can be seen in broadband systems when a single dominant scatterer is
encountered and there is consequently no interference due to backscatter at other ranges. Despite this signal
degradation, the speed accuracy of a broadband system is superior to that of a narrowband system (Pinkel et a,
1992). Coded pulses are used to retain range resolution while transmitting sufficient energy to alow the
necessary correlation computations. Accuracy is recovered because with alarge bandwidth receiver, it is possible
to realize many independent samples of the signal phase shift.

For the broadband systems, speed accuracy is given by
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s = ca(l/r?- 12
Y AftpPMY?
where

¢ = speed of sound in water
a @1.5 = scaling component to accommodate system limitations
r = correlation coefficient, typically about 0.5
t = time between pulses
f = acoustic frequency
M, = the number of samplesrealized per averaging interva

No matter what data processing mode is used, Doppler profiling systems can only measure speeds radia
to the acoustic transducer. In apractical sense, what this meansisthat a particular transducer will measure the
component of velocity resolved along the beam: well defined beams are needed to get well defined velocity
components. However, if three dimensional velocity is of interest, it is necessary to use multiple beams with
different orientations to measure multiple components of velocity. Sonar systems employing multiple
intersecting beams can achieve three dimensiona velocity measurements at a point (Lhermittee & Lemmin,
1990).

4.2  Doppler-Based Riverine Sonar

Dahl and Mathison (1984) described the use of Doppler information as atarget classification method that
could be used in rivers of the Pacific Northwest. The relative motion between fish and sound source can be
realized as a shift in frequency. The Doppler shift in the echo from afish swimming at velocity Vs is approximated

by
Of = fof V cosf
C

where

¢ = speed of sound in water,

Df = magnitude of frequency shiftin Hz

V; = fish swimming velocity in m/sec

fo = carrier frequency in Hz

f = angleformed by fish trgjectory and transducer’s MRA

The Doppler shift magnitude, either up or down from the carrier frequency, therefore depend on the
component of the fish velocity along the MRA and provides some valuable information for classifying the fish
relative to debris and other acoustic targets such as entrained bubbl es.

A crude estimate of the Doppler resolution, Ds, is (Altes, 1981)
_ 1
" TB
where
Df= magnitude of frequency shiftin Hz
B = Bandwidth of sonar systemin Hz
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T = transmission time or pulse duration in seconds

4.3  Comparing Narrowband and Broadband Doppler Resolution

For the 150 kHz SciFish sonar, the transmit time (T) for the typical 2 meter pulse is 0.0013 seconds with
50% bandwidth (75 kHz), resulting in a Doppler resol ution of

1
I:]BB = ,
0.0013" 75000

Asacomparison, the HTI Model 241 sonar has atransmit time of 0.0002 for each pulse and has a 5%
bandwidth (6 kHz), resulting in a Doppler resolution of

1
DfNB = ,
0.0002" 6000

=0.0103Hz

=0.833Hz

5 Split-Beam L ocalization

Split beam localization utilizes the phase difference between two beamsto localize atarget in the far
field. The equation used for measuring the angle off MRA is:

D .
a= ZIP; sing
where
a = phase difference between the two beams, in radians
D = distance between the two receiving elements, in meters
| =wavelength of the carrier signa being transmitted, in meters

g = Angle off MRA to thetarget, in radians

51  Split-Beam Angular Resolution

To determine the angular resolution of the 150 kHz broadband SciFish sonar, we need to express the split-
beam equation shown above in terms of amin, D, and | . To do this, we first solve for g, which resultsin the
equation

. qéal u
=sin‘xi—~
d &2pD H

For a split-beam broadband transducer with a6” ceramic that is quartered for each of the four beams, we
have a distance between receiving elements (D) of 3" = 0.075 meters.

Thewavelength (1 ) for the 150 kHz SciFish sonar is ¢/m where ¢ = speed of sound in water (1500 m/sec)
and misthe carrier frequency (150,000 Hz), resulting

To determine the minimum split-beam angular resolution, we need to determine the minimum measurable phase
(amin) between the two received signals. The discussion of thisisfound in the next section. The resulting equation
is:
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a radians

1
min — N—z-l-p
where

N = number of samples used to compute phase difference
T = time between samples

For the 150 kHz SciFish sonar, we typically use a 1024 point sampleinterval and we sample at 500,000 samples/
second, resulting in a minimum measurable phase difference of 0.152 radians.

Using these values, we can now solve for theangular resolution of the 150 kHz SciFish sonar.

q=sn€3 U_gpy 12(0'0152)(0'01)3= 0.0032 radians
820D H & (0075

or 0.185 degrees of angular resolution. If we have atransducer that produces a beam that is 8 degrees wide by 4
degrees high, then we have an effective tracking grid of approximately 40 by 20.

5.2  Phase Angle Resolution

In Burdic (1991), it isdiscussed "intuitively" that the accuracy of determination of (t; - t2) isinversely
related to the width of the autocorrelation function and the resolution of two signalsis enhanced if the width of the
correlation function is small compared with the separation in time between targets- trivial case. In another
thought process: if

N = number of samplesin our sampleinterva
T = time between samples
t = sampleinterval = NT

then, fo = 1/t isthe lowest frequency (1st bin) and t = 2 fo/n should be the minimum time difference, with the
equivalent phase angle being t /2p radians ( the 2 comes from putting 1/2 the samplesin sing, 1/2 in cosine for the
FFT).

Given,
f :}:i = lowest frequency

t N

g=2h_ 2
N N
WE Can express amin a5

a =t -1

™20 NATp

which emphasizes the advantage of using alarger number of samples N to improve our phase measurement.

6 Summary

We have analyzed several aspects of the broadband sonar system’ s performance relative to its narrowband
counterpart, including detection, the Doppler contributions to counting and classification, and split-beam
localization performance. When comparing the detection performance between two sonar systems, the HT1 Model
241 and the SciFish 2000, we realize more than 20 dB improvement in detection capability with the broadband
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sonar. When comparing the ability to measure Doppler shifts with the same two sonar systems, we find that the
SciFish 2000 is able to measure frequency differences as small as 0.01 Hz, whilethe HTI Model 241 offers
frequency resolution of 0.8 Hz — an 80-fold improvement. Finally, we show that a split-beam realization of a
broadband sonar system provides angular measurement resolution of 0.003 radians.

7 References

Altes, R. (1981). Long Range Fish School Detection Report, ORINCON Report, 1981.

Brumley, B., Cabrera, R., Deines, K. & Terray, E. (1991). Performance of a broad-band acoustic Doppler current
profiler, IEEE Journal of Oceanic Engineering, Vol. 16, pp. 402-407.

Burdic, J. (1991). Underwater Acoustic System Analysis, 2nd Ed., Springer-Verlag, New Y ork.

Chu, D. & Stantan, T. (1998). Application of pulse compression techniques to broadband acoustic scattering by
liveindividual zooplankton, J. Acoust. Soc. Am., Vol. 104, pp. 39-55.

Clay, C. & Medwin, H. (1977). Acoustical Oceanography: Principles and Applications, Wiley Interscience,
New York.

Dahl, P. (1997). Environmental acoustic and salmonid target strength properties that affect the performance of
riverine sonars, ADF& G Riverine Sonar Workshop, Anchorage AK.

Denny, G. & Simpson, P. (1998). Broadband sonar fish identication, 1998 Annual Meeting of the Acoustica
Society of America, by invitation, June 26, 1998, Seattle, WA.

Denny, G., Chapman, D., Fairchild, J., & Jacobson, R. (1999). “Assessment of a broadband acoustic fish
identification system in the Missouri River”, 2000 Annual Meeting of the American Fisheries Society, St.
Louis, MO, Poster Session.

Denny, G., Chapman, D., Fairchild, J., & Jacobson, R. (1999). Assessment of a broadband acoustic fish
identification system in the Missouri River, Report on USGS-CERC Research Project, June.

Denny, G., Chapman, D., Fairchild, J., & Jacobson, R. (2000). Assessment of abroadband acoustic fish
identification system in the Missouri River, ERIM’s Marine and Coastal Environments Conference, South
Carolina (Invited by Dr. Laura Kracker, NOAA/NOS), May.

Denny, G., deVilleroy, K. & Simpson, P. (1999). The Advantages of Broadband Sonar for Riverine Fish Stock
Assessment, ADF& G Riverine Sonar Workshop, UW Applied Physics Laboratory, Seattle, WA, February 15-
17.

Ehrenberg, J. & Torkelson, T. (1996). Application of dual -beam and split-beam target tracking in fisheries
acoustics, ICESJ. Mar. i, Vol. 53, pp. 329-334.

Flagg, C. & Smith, S. (1989). On the use of the acoustic Doppler current profiler to measure zooplankton
abundance, Deep-Sea Res. Oceanagr. Abstr., Vol. 36, pp. 1405-1408.

Foote, K. (1993). Application of acousticsin fisheries, with particular reference to signal processing. In J. Moura
and |. Lourtie (eds.), Acoustic Sgnal Processing for Ocean Exploration, pp. 371-390, Canadian Government.

HTI (1997). Hydroacoustic Technology, Inc. Model 241/243 split-beam digital echo sounder system Operator’s
Manual, Seettle, WA.

Lhermitte, R. & Lemmin, U. (1990). Probing water turbulence by high frequency Doppler sonar, Geophysical
Research Letters, Vol. 17, No. 10, pp. 1549-1552.

Lhermitte, R. & Sarafin, R. (1984). Pulse-to-pulse coherent Doppler sonar signal processing techniques, J.
Atmos. And Ocean. Tech,, Val. 1, No. 4., pp. 293-308.

MacLennan, D. (1990). Acoustical measurement of fish abundance, J. Acoust. Soc. Am., Val. 87, pp. 1-15.

MacLennan, D. & Simmonds, E. (1992). Fisheries Acoustics, Chapman & Hall, London.

Mazenksi, M. & Alexandrou, D. (1997). Active, wide band detection and localization on an uncertain multipath
environment, J. Acoust. Soc. Am., Vol. 101, 1961-1970.

Mitson, R. (1983). Fisheries Sonar, Fishing News Books, London.

Pincock, D. & Easton, N. (1978). Thefeasibility of Doppler sonar fish counting, |EEE Journal of Oceanic
Engineering, Vol. OE-3, No. 2, pp. 37-40.

SciFish 19




A Comparison of Broadband and Narrowband Fisheries Sonar Systems Report No.: SFS-01-01

Pinkel, R. & Smith, J. (1992). Repeat-sequence coding for improved precision of Doppler sonar and sodar, J.
Atmos. & Ocean. Tech., Val. 9, pp. 149-163.

Simmonds, E. & Armstrong, F. (1990). A wideband echo sounder: measurements on cod, saithe, herring, and
mackerel from 27 to 54 kHz, Rapp. P.-v. Reun. Cons. perm. int. Explor. Mer., Vol. 189, pp. 183-191.

Simmonds, E. & Copeland, P. (1986). A wide band constant beam width echosounder for fish abundance
estimation, Proc. Inst. Acoust., Vol. 8, pp. 173-180.

Simpson, P. & Denny, G. (1998a). Application of Defense Technologies to the Fisheries- Phase |1, Report No.
SFS-96-05, Phase |1 SBIR Final Report, Award No. DMI-9503656, National Science Foundation,
September.

Simpson, P. & Denny, G. (1998b). Automated Broadband I dentification of Bottomfish, Report No. SFS-96-07,
Phase Il SBIR Final Report, Contract No. 50-DKNA-6-90140, U.S. Department of Commer ce, September.

Simpson, P. & Penvenne, J. (1995). Broadband sonar applicationsto bycatch reduction, Bycatch Workshop,
Seettle WA, November.

Simpson, P. & Penvenne, J. (19964). Automated Broadband Bottomfish I dentification, Report No. SFS-95-04,
Phase | SBIR Final Report, Dept. of Commerce, Contract No. 50-DKNA-5-00096, 30 January.

Simpson, P. & Penvenne, J. (1996b). Broadband Fish I dentification Prototype, Report No. SFS-95-01, Phase |
SBIR Bridge Grant Final Report, Alaska Science and Technology Foundation, Award No. 94-4-121R,
Anchorage AK, 31 January.

Simpson, P. (1992a). The application of Anti-Submarine Warfare Technology to Fish Classification and
Monitoring, White Paper, May.

Simpson, P. (1993b). Active Broadband Acoustic Method and Apparatus for |dentifying Aquatic Life, Patent
Awarded December 27, 1993.

Simpson, P. (1994). Application of Defense Technologies to the Fisheries, Project No. SFS-94-01, SBIR Phase |
Final Report, Award No. I11-9360489, National Science Foundation, Arlington, VA, November.

Simpson, P. and Tuohey, M (1996). Broadband Freshwater Fish Identification, Report No. SFS-95-05, National
Biological Service, Great Lakes Science Center, Work Order No. 84080-6-0584, December.

Simpson, P., Tuohey, M., & Fleischer, G. (1997). Experiments with broadband fish identification, special session
on fisheries hydroacoustics, International Association of Great Lakes Researchers Annual Meeting,
Buffalo, June.

Smith, P., et al. (1989). Analysis of patterns of distributions of zooplankton aggregations from an acoustic
doppler current profiler, CalCOFI Report, p. 30.

Soule, M., Hampton, |. & Barange, M. (1996). Potential improvementsto current methods of recognizing single
targets with a split-beam echo-sounder, | CES Journal of Marine Science, Vol. 53, pp. 237-243.

Stimson, G. (1983). Introduction to Airborne Radar, Hughes Aircraft Company, Radar Systems Group, El
Segundo, CA.

Theriault, K. (1986). Incoherent multibeam Doppler current profiler performance. Part |: Estimate variance, |IEEE
Journal of Oceanic Engineering Vol. OE-11, pp. 7-15.

Tolstoy, I. & Clay, C. (1966). Ocean Acoustics: Theory and Experiment in Underwater Sound, McGraw-Hill,
New York.

Trout, G,, et a. (1952). Recent echosounder studies, Nature, Vol. 170, pp. 71-72.

Urick, R. (1983). Principles of Underwater Sound, Third Edition, Chapter 8, pg 237.

Xie, Y. (2000). A range-dependent echo-association algorithm and its application in split-beam sonar tracking of
migratory salmon in the Fraser river watershed, |EEE Journal of Oceanic Engineering, Vol. 25, pp. 387-398.

Zedd, L., Hay, R., Cabrera, R. & Lohrmann, A. (1996). Performance of asingle beam, pulse-to-pulse coherent
Doppler profiler, IEEE Journal of Oceanic Engineering, Vol 21, pp. 290-297.

Zedd, L., Stanway, J. & Edel, H. (1999). Towtank evaluation of aworkhorse ADCP for fisheries applications,

preprint.

SciFish 20




