provided by Woods Hole Open Access Server

Application of pulse compression techniques to broadband

acoustic scattering by live individual zooplankton®
Dezhang Chu and Timothy K. Stanton

Department of Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543-1053

(Received 30 July 1996; accepted for publication 15 January)1998

Distinct frequency dependencies of the acoustic backscattering by zooplankton of different
anatomical groups have been observed in our previous sti@set al, ICES J. Mar. Sci49,
97-106(1992; Stantoret al., ICES J. Mar. Sci51, 505-512(1994)]. Based mainly on the spectral
information, scattering models have been proposed to describe the backscattering mechanisms of
different zooplankton groupsStantonet al, J. Acoust. Soc. Am103 236-253(1998b]. In this

paper, an in-depth study of pulse compressiB®) techniques is presented to characterize the
temporal, spectral, and statistical signatures of the acoustic backscattering by zooplankton of
different gross anatomical classes. Data collected from various sources are analyzed and the results
are consistent with our acoustic models. From compressed (@iB@utputs for all three different
zooplankton groups, two major arrivals from different parts of the animal body can be identified: a
primary and a secondary arrivdll) Shrimplike animalgEuphausiidsand decapod shrimp; near
broadside incidence onlythe primary one is from the front interfad@nterface closest to the
transducer of the animal and the secondary arrival is from the back interfé@egas-bearing
animals(Siphonophores the primary arrival is from the gas inclusion and the secondary arrival is
from the body tissue(“local acoustic center of massg) and (3) elastic shelled animals
(Gastropods the primary one is from the front interface and the secondary arrival corresponds to
the subsonic Lamb wave that circumnavigates the surface of the shell. Statistical analysis of these
arrivals is used to successfully infer the size of the individual animals. In conjunction with different
aspects of PC techniques explored in this paper, a concept of partial wave target SiPaMdH

is introduced to describe scattering by the different CP highlights. Furthermore, temporal gating of
the CP output allows rejection of unwanted signals, improves the output signal-to-nois&NERp

of the spectra of selected partial waves of interest, and provides a better understanding of the
scattering mechanism of the animals. In addition, it is found that the averaged PWTS can be used
to obtain a more quantitative scattering characterization for certain animals such as siphonophores.
© 1998 Acoustical Society of Amerid&0001-496@08)02105-3

PACS numbers: 43.10.Ln, 43.60.Cg, 43.60.Gk, 43.30.Ft, 43.30L%]

INTRODUCTION acterizing the zooplankton scattering. The broadband signals

used in these reported experiments were a linear frequency-

Zooplankton aggregations often contain a diverse Conecfnodulated signala “chirp”) that continuously covers an

tion of animals of different anatomical groups, species, an%ctave band of frequencies. A broadband scattering signal is

sizes. Because of this diversity as well as the strong depen- . . - .

) . S extremely powerful in analyzing and characterizing the sig-
dence of acoustic scattering by individual zooplankton Uponnatures of the scattered sianal which. in turn. leads to an
acoustic frequency, and geometrical and physical properties 9 ' '

of the animals, it is difficult, if not impossible, to make ac- understanding of the inherent scattering mechanisms.

curate predictions of zooplankton biomass by using a single | Therebare tvvlo m;mr domamsdln Wh'Ch b(;ogdbagd SI9-
frequency sonar. Sophisticated technology and scatteringas can be analyzed: frequency lomain and time domain.
models are required for accurate estimates of biomass. SonHr Previous studieeChuet al, 1992; Stantoret al, 1993a,

systems with two or more discrete frequencies have beeh993P, 1994a, 1994b, 199Bmainly focused on the fre-
applied successfully to biomass estimati¢tolliday et al, ~ dUency or spectral analysis. There are many advantages of

1989: Holliday and Pieper, 199@nd animal behavior esti- USing spectral analysis, such as to automatically reject the
mation (Chuet al, 1993 of simple populations containing a Noise outside the frequency band of interéstit-of-band

single species. Laboratory and shipboard experiments ir20is8. In addition to the spectral analysis, temporal analyses
volving a combination of narrow band and broadband trans@lSo provide useful information. One of the most important
ducers have been conduct@huet al, 1992; Stantoret al., features of the time series analysis is that for a broadband

1993b, 1998pand much progress has been achieved in charsignal, a higher time-domain resolution B, AvhereB is the
bandwidth of the signal, can be obtained through various

) ) ._forms of signal processing. For a sufficiently broad band-
d“Selected research articles” are ones chosen occasionally by the Editor- 9 P 9 y

in-Chief, that are judgeds) to have a subject of wide acoustical interest, width of the Si.gna(or equivalently, a S_u'fﬁCiently.Short pulse
and (b) to be written for understanding by broad acoustical readership. length, the different parts of an individual animal can be
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GASTROPOD swept from 300 kHz to 700 kHz over 2Q@s. Noise is quite
0.1 apparent in the raw time series and results in some of the
@ “hashness” in the power spectrum.

It is well known that when a long-wideband signal is
used, i.e.BT>1, whereB is the bandwidth and is the
pulse length, the output SNR can be increased by applying
pulse compressiofPC) techniques. With this process, the
length of the original signal is reduced which provides im-

o
o
5

AMPLITUDE (V)
1)
& o

-0.1 proved temporal resolution. One pulse compression tech-
100 200 = 300 400 nique, the matched filtefMF), maximizes the output SNR
TIME (us) by cross-correlating the received signal with a noise-less rep-
_40 licate of the transmit signal. Figurgq illustrates the com-
(b) pressed pulsé€CP) output after cross-correlating the received
raw backscattering time series in Figajlwith the applied
@ 50 transmit signal(details of this analysis are given in Sec.
T
pre WWMVWNVUW\ IIB). Here the output SNR and temporal resolution are
- -80 clearly improved and two distinct arrivals can be identified.
The primary arrival(larges} corresponds to the specular
~100 component of the backscattering from the front interface of
300 400 500 600 700 the animal and the secondary arriv@ircled peak corre-
FREQUENCY (kHz)

sponds to a subsonic Lamb wave that circumnavigates the
surface of the shell and sheds back to the reci&anton

1 (©) et al, 1998h. Had this been a true MF, the output would
B have been a sinc-like function. Since the scattering charac-
& 0.8 teristics of the target were not incorporated into the process-
8 0.6 ing, the actual output departs form the idealized MF output
o 0.4 (i.e., resulting in multiple highlighjs This deviation contains
Oo2 information regarding the scattering properties of the target.

Given the potential advantages of using PC techniques
350 400 450 with broadband scattered signals by zooplankton, we present

TIME DELAY (us) in this paper a study of the performance of PC processing in
FIG. 1. Single ping backscattered signal from a 2-mm-long gastrof@pd. the context of aCQUStIC scattering by zoop!ankton Wlt_h the
Time series|b) target strength versus frequenéy) compressed pulS€P) purpose of extracting more useful information acoustically.
output. The secondary arrivétircled peak is clearly seen in(c) but its  Since MF processing is, in part, a basis for this analysis, the
influence in the spectral domain is not noticeabl¢bin The transmit signal background of MF’s is given briefly in Sec. I. In Sec. Il
is a chirp signal swept from 300 kHz to 700 kHz over 206 . . ) . o T

different theoretical considerations of PC processing involv-

ing zooplankton scattering are studied. CP outputs of the
backscattering data from different zooplankton groups col-
lected from various sources are presented and analyzed in
@ic. I, and finally, the conclusions are drawn in Sec. IV in
which the advantages of using PC techniques in the applica-
tion of zooplankton scattering are summarized.

resolved acoustically. Ideally, in a noise-free environment
i.e., the signal-to-noise ratiGNR) approaches infinity, the
acoustic impulse response of the target can be obtained v
either direct deconvolutiofin the time domaihor the Fou-
rier transform/Inverse Fourier transform procéissthe fre-
quency domain

A combination of electrical noise of the data acquisition . BACKGROUND OF MATCHED FILTER PROCESSING
system and ambient noise in the water detected by the re- Matched filters are widely used in radar and sonar ap-
ceiver degrades the quality of the data. Increasing the tranglications (Price, 1956; Siebert, 1956; Parvulescu, 1961;
mit power can help offset these effects but that improvemen€Cook and Bernfeld, 1967; Clay, 1987; Thoratal, 1994,
is restricted by the limitations of the power amplifier and 1995, and their theoretical background can be found in
transmit transducers. For a constant transmit power, thenany reference¢Van Vleck and Middleton, 1946; Turin,
wider the bandwidth of the transmitter, the weaker the trans1960; Van Trees, 1968; Whalen, 1971; Robinson, 1980;
mitted power spectral density, and hence the lower the SNRVinder and Loda, 1981 In this section, only a brief review
in the spectral domain at the receiver. In zooplankton applief the theory and its application to the class of signals used
cations, especially when an individual animal is involved,in our experiments will be presented.
the received signal could be very noisy. As an example, the Matched filters are designed to maximize the output
scattered signal by a 2-mm-long gastrogbdnacina retro-  SNR for a given input SNR when noise is present. Assume
versa an elastic shelled animais shown in Fig. 1. Figure that a time seriex(t) is composed of two components: a
1(a) is the time series of the received backscattering signasignals(t) and noisen(t) [i.e., x(t) =s(t)+n(t)], and is fed
for a single ping and Fig. (b) is its power spectrum. The into a filter whose impulse response agt). The filtered
transmit signal is a linear frequency modulated sigohlrp)  outputy(t) can be expressed as
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y(t)=X(t)*a(t)=s(t)*a(t)+n(t)*a(t), (1) TIME SERIES NORMALIZED MF OUTPUT

where the symbol #” denotes convolution. The ratio of the 3%
instantaneous power of the signal to that of the noise at time g ° o8
. ~0.5
TIS o A Aor
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B (fga(t)S( — t)dt)z 2 1 ) 1 (@
~{((atn(r—t)dt)?)’ 2

Maximizing Eq.(2) with respect to the filtea(t) results
in (Whalen, 1971 -t °
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wherer , is the autocorrelation function of the random noise
andk. is a normalization constant. If the noise is whitg, 0w o 0 a0 10 2 30 40 5 60 70
becomes a delta function, the above equation reduces to TIVE (us) TIME DELAY (us)

a(t)= kCS(T_t). (4) FIG. 2. Time series and MF outputs of various kinds of signéds. (b)

Ideal chirp (300 kHz to 700 kHz up swegpwith f,=300 kHz, a=27

Such a filter is called anatched filtersince its coeffi- X10° s andT=200us. The envelopéthick line) of the MF output is
cients are “matched” to the applied signa{t). Equation computed from the Sinc function in E/). (c), (d) Gaussian-tapered chirp

. . ith B=2x10° s72 and the other parameters are the same &g)inThe
(4) shows that a MF is merew a time reversed sequence 0gnvelope of the MF outputthick line) is computed from Eq(10). (e), (f)

the original signal. Since a convolution with a time reversedactually measured chirp signal received in the calibration mode illustrating

function is mathematically equivalent to the correlation withthe system response to the transmit signal givetainin each plot in the

that function without time reversal. a MF is also referred toright column, the thick solid line is the demodulated MF output and the thin
L . line is the full rectified MF output before demodulation.

as acorrelator. Substituting Eq(4) into Eg. (1) and drop-

ping the time shiftr, we have

y(t) =x(t)xs(—t) term acts as a carrier signal whose angular frequency is the
center angular frequency of the original chiryyt aT),
=kgs(t)*s(—t)+k:n(t)*s(—t) while the term involving the Sinc function is the envelope of
the MF output. An example of the time serigét) and its
— kel o) +keS(D@N(1), (5) P e &)

corresponding MF output are shown in FigaRand (b),
where “®” stands for correlation and{(t) is the autocor- where fy,=300kHz, a=27x10°s% and T=200us
relation function of the signai(t). For white noisen(t), the (these parameters are sometimes used in our zooplankton
second term in Eq5) tends to zero. It can be proven that the scattering experiments The resultant bandwidth is about
time-domain resolution of a MF output is approximately 400 kHz. The envelope of the MF output is computed from
equal to 1B, and the processing gain—the ratio of outputthe Sinc function in Eq(7) and plotted with the thick solid
SNR to input SNR is proportional toBT, whereB is the line. Strong sidelobes are observed in Figb)2which are
bandwidth andT is the pulse length of the applied signal due to the sharp edges of the signal.
(Turin, 1960. In reality, due to the nonuniform band-limited frequency
One of the widely used signals to provide a high pro-response of most transducers such as the ones used in our
cessing gain is a chirp signal because of its uniform coveragexperiments, the transmitted signal is typically tapered on its
of frequencies within a given band. An ideal “up-sweep” rising and falling edges. Such a signal can be reasonably
chirp, a signal whose instantaneous frequency increases lipproximated by an untapered chirp signal given by Ep.
early with time, can be represented in the following form: modulated by a Gaussian envelope symmetric abstit/2

coq wot + at?), O<t<T, _ — B(t—T/2)?
u(t)= dwo _ ) 6) Ug(t)=u(t)e AT C)
0, otherwise, _ _
whereg is a constant that controls the degree of tapering. For

wherewo, o, andT are the initial angular frequency, Sweep /a1s.1 the analytical expression of its MF output becomes
rate, and pulse length, respectively. It can be shown that fo(Appendix A

JaTs>1, the analytical expression of the MF output of Eq.

(6) is approximately 1 \/ﬂ . )
= /2L o [(BP+ad)i2p]r

Ry(7)=1 cog (wo+ aT)7]Sing aT), @ RiN=27 N g ¢ COS{(wo+aT)r].( |

9

wherer is the time delayR;(7) is the autocorrelation func-

tion of a continuous signal modulated by a rectangular win-  The limiting condition of /BT>1 corresponds to the
dow function and is defined in more general terms in Egcase when the leading and trailing edges of the chirp are
(A2) of Appendix A. The Sinc function in Eq7) is defined negligibly small at the beginning and end of the window
as Sinck)=sin(X)/x. The above approximate expression isfunction, respectively; that is, the windowed signal has the
based on the conditions thatxT>1 and7<T. The cosine appearance of varying smoothly in time. The MF output in
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Eqg. (9) has the same carrier signal as the untapered chirp. Basic scattering equations

case but with a Gaussian envelope given by For a backscattering geometry, ignoring the attenuation

1 27 ol 22 in water, the far field received pressure time sepggt) for
Rend 7)== \[ 5 € [FTHaf2Bl7, (10 an individual target due to a point source is
4T B

Figure Zc) and (d) shows this Gaussian tapered chirp t) = So(t—to) “f (t 11
time series and its MF output with a tapering coefficignt Podt) r2 o). 1

_ 2 L e i
=2x10° 572, where the thick line is the envelope computed,\here t,=2r/c, r is the distance between the transmitter

using Eq.(10). For the purpose of comparison, the actual(receivey and the target, and is the sound speed in water.

received transmit sign_al u_sed during our 1994 crui;e and it§0(t) is the source function anti,(t) is the backscattering
MF output are shown in Fig.(8) and(f). The modulation of jn5ise response of the target. Its Fourier transférgf)

its amplitude is due to the frequency response of the combigyy e expressed in terms of the backscattering amplitude

nation of the acoustic transducers and the data acquisitiop _ \yhich is the Fourier transform of the scattering impulse
system described in Stantat al. (1998a. The thick solid response ., as

line is the envelope of the MF outp(ite., demodulated MF
outpud. As expected, the Gaussian modulation widens the
main lobe and reduces the sidelobe levels of the MF output

[Fig. 2d) and(f)]. Comparison of the time series and the MF whereS, is the Fourier transform of the source functigp

output of the Gaussian tapered chirp with those of the actual . o
. . - . : and k is the wave number of the transmit signd®,
received signal indicates that the Gaussian tapered chirp de-

. : ; =5,e"/r is the incident wave at the target. For far field
scribes the actual received signal reasonably well. o s
applications,P, can be treated as a plane incident wave.

Notations of lower case and upper case are chosen to be
II. BASIC CHARACTERISTICS OF consistent with the convention for time/frequency Fourier
PULSE-COMPRESSED SCATTERED SIGNALS pairs. HereF s corresponds to the backscattering amplitude
) o ) fps in our previous papers involving scattering mod@s.,
Since the scattering impulse response of a target is typigiantonet al, 1993a, 1993b, 1993b
cally unknown, it is, in general, impossible to determine @ Target strength is defined in terms of the differential

real “replicate” of the received scattered signal and hence,ackscattering cross sectien, and the backscattering am-
the signal will never be truly “matched” as in the case de-yjiiyde F . as(Clay and Medwin, 1977

scribed above for MF processing. However, deviations of the
received scattered signal from the expected output for the 15— 10100 obs=20 logidFpd dB re: 1 mP. (13)

idealized (matched case, can provide useful information The scattering amplitude,. is a measure of the scatter-
about the target after processing. For example, if the ideaing ability of a target at a range of 1 meter subject to a plane
ized replicate is constructed assuming that the target is gcident wave and can be expressed in terms of directly mea-

point scatterer but the target is in fact of finite size, then thesyrable quantities of transmit and received voltages as
CP output will consist of multiple arrivals or “partial (1) A o2

waves” from the target. This is in contrast to the expected :Vﬁ V_cal Tbs (14)
single return from a point scatterer. The separations between ~ * v v r .’

the multiple arrivals may be related to the size of the target. . . .

In addition to the effects due to a finite body, there will beWhereV is the Fourier transform of the voltageys is the

: : X . .._distance between the transducers and the target in back-
multiple arrivals due to a collection of multiple targets which scattering mode, and,, is the distance between the trans-
will also affect the performance of the PC processing. While g ' al

the mathematical treatment of both cases is similar, we W”[mtter and the receiver in bistatic calibration mode, super-

focus on the different characteristics of the CP output wherz E:;p;tbsa:r? rtssézn:n]:joi:;rlasrgr?ét fi?%;(zli:::ﬁt’err?r?p?g\égﬁn d
the scattering from a single target is involved. Special atten- P 9

tion will be focussed on relating the physics of the scatteringf alibration mode, respectively. In the backscattering mpdg,
to the deviations. wo closely spaced transducers are used, one for transmission

In many signal detection applicatiorf¥an Vieck and and the other for reception. In the calibration mode, the same

Middleton, 1946; Price, 1956; Siebert, 1956; Parvulescutwo transducers are separated by a distanag,pand facing

each othefStantonet al, 1998a.
1961), the absolute level and the shape of the CP output may To accurately estimate the frequency dependent TS, the

not necessarily be as important as the accuracy of the arrivah o ) :
. . . characteristics of the compressed pulse in both time and fre-
times of the detected echoes and their relative levels. How=

ever, to characterize the acoustic scattering by zooplankto(ﬂuency domains need to be studied.
of different groups, not only is the timing important but also
the absolute level of the scattering, such as the target streng
(TS). To determine the TS from a CP output of a scattering ~ As mentioned above, if the received sigisét) in Eq.
signal, special care must be taken. In the following part of(1) is the scattered signal from a target, it is no longer an
this section, the basic scattering equations are presented aagact replica of the transmitted sigrej(t), but a convolu-

then incorporated into PC processing. tion of sy(t) with the scattering impulse response of the tar-

e2ikr eikr
Pod(f) = So(f) 2= Pud ) = Po(f) == Fud ), (12)

Eh Time domain—Cross correlation
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get fp{t) plus a noise componenmi(t). Since the scattering ke N

impulse response is a complicated function of the geometric  Y(7)= 2 2 Fsdt—to) @ fpg(t—4)). (19

and physical properties of the target, it is not practical to find =

a function that truly matches the received scattering signa&

fpe*So as a replica required by MF processing. An alternative™

candidate is the transmit signal. Since the transmit signal To further understand how PC processing can improve

does not truly match the received scattering signal, to distinthe output SNR, we express Ed.6) as a summation of two

guish between the true MF processing and the processirigtegrals over frequency

using the transmit signal as the replica, we call such a non- _

ideal MF processing pulse compressi®tC) processing and Y(1)=y1(1) +Ya(7),

its output compressed pul$€EP) output. ke [ fo(r—tg)
The resultant output in this scattering case can then be 2 fﬁbus(f)Rss(f)e o df

expressed as

Frequency domain—Spectrum average

1 + — loT
YO=ks08| 7 D7 so(t-to)+n() |, (19 | M-t 20
‘ whereF (), Rs{f), So(f), andN(f) are the Fourier trans-

_ ¢ _ forms of the backscattering impulse respofiggt), the au-

= 2 Fsdt o) @ ) F kel on( ), (16) tocorrelation functiorr .(t), the transmit signasy(t), and
noisen(t), respectively.

Clearly, the right-hand side of EO) is in the form of
the inverse Fourier transform. By taking the Fourier trans-
form of both sides of Eq(20), the scattering amplitude
can be obtained. However, directly taking the Fourier trans-
form of y(7) in Eq. (20) is equivalent to reversing the PC
processingAppendix Q, and thuseducesthe SNR back to
that of the original signal. In other words, we cannot improve
our estimate on the frequency dependent scattering ampli-

kc tude FbS'

Y(7)= 2 s t=to) ® Tpd1). 17 However, evaluating the CP outpufr) given by Eq.

(20) at 7=ty, we obtain,

For the special case where the scattering impulse re- ‘
sponse is a delta functidipgt) = 5(t) (which corresponds to _Ke [*

a point scatterer of uniform responsthe resultant CP out- y(t(’)_rz ﬁbuS(f)RSS(f)df' @)

puty(7) will be a simple product of a scaling constant andwhere the term associated with noisg(r), is neglected.

the autocorrelation function of the transmit signal. This ideal : o . .
case represents true matched filtering Equation(21) is simply a weighted averaging process over a
' frequency band(band-limited case AssumingFs has a

: If the scgttenng impulse responﬁgs(t) S not a single slowly varying phase over the frequency band of interest,
impulse but involves a number of impulsive arrivals sepa-

. Lo . e
rated in time, then it can be written in terms of a sum of?::I :J:iﬁ;gea\ﬂlighﬂg%;uZ%f;ﬁg)n;ssgfsﬁhfiﬁi\gaésng are
those arrival§Ehrenbreget al,, 1978: ' q y P 9

in phase and add up constructively resulting in an enhanced
N signal level. In contrast, for random noise described by the
fpt) =2, fodt—A)), second term of Eq20), the phase of its Fourier components
=1 can be described as randomly and uniformly distributed over
N [0 27]. Such random noise always mismatches the filter,
=2 ks o(t—A4;), (18 hence all frequency components tend to add destructively
=1 resulting in a reduced noise level. It is the constructive addi-
where the difference in spreading loss among the arrivals iion for a matched signal and the destructive addition for
ignored, N is the total number of arrivals, and; is the  random noise in the frequency domain that makes a PC pro-
difference of arrival time between thgh arrival and the cessing improve the output SNR in the time domain.
reference timéy=2r/c. For an applied chirp signal given in
Eq. (6), the CP output of the scattering described above is d- Single nonideal arrival
superposition of a series of Sinc-function-like arrivals with As discussed in Sec. I B, the ideal case is when the
different amplitudes. If the separation time between arrivalscattering impulse response is a delta function, fg(t)
is greater than B, whereB is the band width of the chirp =k §(t), in the case of a point scatteréhe Fourier trans-
signal, theseN arrivals can be resolved in the time domain form of the arrival isF,{f)=k,). The CP output is a simple
after processing. For a more general case wiigf&t—A;)  integration ofRgs over the entire frequency domain. In this
is an arbitrary functioThorneet al, 1995, the CP output case, the power density of the transmit signal is added con-
yields structively since the phase of the scattering transfer function

wherek, is a proportionality constant; is time delay ¢ is
the autocorrelation function ofgy(t), rg, is the cross-
correlation function ofsy(t) and n(t), andt, is defined in
Eqg. (11). In obtaining Eq.(16) from Eg. (15), we have used
the results of Eq(B7) in Appendix B. For white noise that is
of sufficiently low level, the second term on the right hand
side is small compared with the first term and Edf) can be
written approximately as
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Fodf) is zero. However, in reality due to the finite size of wherefy andfy are the center frequency and the width of the
any actual targets, the scattering impulse respépge) will ~ frequency window, respectively, anti(fy) is a normaliza-
never be an ideal delta function, but a function that spread#on factor defined as
out in the time domain and whose amplitude and phase spec- L frostr S
tra are functions of frequency. The CP outp(t,) of such a _ ot fr ot fr
function is expected to be smaller than that due to a delta Alfr)= f_T f 2 FbS(f)dfff Re()df. (29
function having the same “strength(i.e., the integration of
the scattering impulse resporngg(t) over the time it spans It is apparent from Eq(24) that if the scattering impulse

In this section, the influences of a nonideal scatteringesponse is a delta function, its Fourier transfofiyy f)
function on its CP output will be studied. The analysis can=1 and Ry(fy) is independent of the window widthy.
provide guidance in interpreting the results based on the CPlowever, for a scattering impulse response that deviates
outputs. A triangle function is chosen as the scattering imfrom a delta functionR(fy) is no longer independent of
pulse response since it can be easily changed from a delfg. Figure 4 illustrates the dependence Rf(fr) on the
function to a non-ideal impulse response with a finite bandwidth of the frequency windovf;, where the scattering im-
width by simply varying the spread of the triangle function. pulse response is assumed to be au$Otriangle function
Its strength is kept at unity; i.e., the area under the triangle iand the frequency window is centered at 500 kHz. Three
equal to 1 and the peak valuetat O increases as the spread different transmit signals are used) chirp without Gauss-
7 of the scattering impulse response decreasesrFd, the ian tapering(dash-dottef (2) chirp with Gaussian tapering
triangle function approaches a delta function with unit(dashe@t and(3) actually received signals in the calibration
strength. Its Fourier transform can be expressed amode(solid). It can be seen that the deviation increases as
(Bracewell, 198%& the window width increases. For a window width less than
) 5 100 kHz, all three transmit signals have similar deviations
Fbs(f):<5'“(“”/4) 22) less than 0.08 dB, while for a 300-kHz frequency window,

wTld ' there are deviations of about 2.2 dB for the Gaussian tapered

and measured chirps and 0.2 dB for the untapered chirp.

where w=27f is the angular frequency. To evaluate the pgain e see that a Gaussian-tapered chirp gives similar
performance of the PC processing due to the impulse regits as the actual transmit signal.

sponse given by Ed22), a ratio function can be defined as,

Yf(to))
Ya(to) )’

wherey,(to) is the CP output at=t, using a delta function
as the scattering impulse response gnd,) is the CP out-

put at 7=ty using a triangle impulse response. Figure 3 )
shows the dependenceRf upon the spread of the scattering COMPUte the averaged output SNR from a windowed CP out-
Ryt, random noise is added to maintain the SNR at 11 dB

impulse responses. For a scattering impulse response haviRy i
spreads of 4us and 8us, the CP output levels are reduced P€fore applying a PC.

by 1.5 dB and 5 dB, respectively, which indicates that for a __ 1€ output SNR approaches a constant leéaebout 20
scattered signal having the same strength but having a difiB) @ the width of the frequency window increases. From

ferent spread, the output levels of a CP could differ by ad19S- 4 and 5, we can conclude that to improve the SNR, it is
much as several dB. important to average over as wide a frequency band as pos-

As discussed beforey(to) is a weighted average of the sible. However, if a more accurate estimate of the scattering

impulse response of the received backscattering signal ov&FSPONSe at a particular frequency is desired, a narrower win-
the frequency bandwidth. In some applications, we may bdoW PC processing is required. In other words, there is a
only interested in an averaged scattering level over a certaiffad€-off in selecting the most appropriate window width.
frequency band. For example, in Fig. 4 of Stantenal.
(19983, an averaged TS over a frequency band from 400 to
500 kHz is computed to characterize the scattering by a®. Multiple arrivals from a single target
individual gastropod over that frequency band. ) o - )

To analyze a particular band of interest, we integrate Eq. T the scattering function is a superposition of multiple
(21) within a specified frequency window resulting in a par- &Tivals separated in the time domain and given by (E8),
tial PC operation. To evaluate the performance of this partialVe rewrite Eq.(21) as,
PC processing, we define the rafy(fy), which measures

fo—fr o~ fr/2

Figure 4 suggests that the narrower the frequency win-
dow, the better the estimate of the average scattering re-
(23 sponse over that window. However, the narrower frequency
window will degrade the performance of the PC, i.e., it re-
duces the output SNR. Figure 5 shows the influence of the
frequency window on the SNR. The transmit signal is an
actually measured calibration signal shown in Fifg)2To

Rf( 'T) = 20 |Og10(

[’

N
ot i i 1 . _
;h; deviation of the weighted average from its true average y(r)= = le kﬂfﬁ Fgg(f)Rss(f)em(tftj) df, (26)
fot+ fr/2 — —t _A. _ i i
Ry(f) =20 logig f otfr Fod YR FAFA(F) . wheret;=2r;/c=t,—Aj, to andA; are defined in Eqq11)
o—frl2 and(18).
(249 For a special case that=2, we define a ratio function
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FIG. 4. Influence of the width of the frequency window on the target
FIG. 3. Influence of the spread of a triangle scattering impulse response ogtrength averaged over that window. The scattering amplitiggf) in
the CP output. The transmit signal is an untapered chirp swept from 30@qs.(24) and (25) is the Fourier transform of a triangle function with a 10
kHz to 700 kHz over 20Qus shown in Fig. £3). The area of the scattering s spread. Three transmit signals are used in the computations{inéza
impulse response function is kept at unity. pered chirp (dash-dottel] Gaussian tapered chirflashed, and actually
measured chirgreceived signal in the calibration modesed in the experi-
ment (solid).
2R D(FR(H +FE(He*4)df
7 RDdf k the transmit signalR{?) and R{), respectively, the summa-
s 27) tion of all partial waves of interest is given by

Ry(A)=20 log,

where A=8,— 8, is the time separation between the two % " vy, rbs 2 'Rbsm -
arrivals. Figure 6 shows the influence of the separation be- bs ™ V(t I cal Rgra)l ' (29)
tween two arrivals of the same strength on the CP output.

The transmit S|gnal is an untapered ch|rp shown in F(g) 2 whereRbS ) 1S the Fourier transform of the cross correlatlon

two ideal delta functions having the same strength, i.e.nal and can be chosen to include the partial waves of interest.

FO=F@=1. RY) is the Fourier transform of the autocorrelation of the

From Fig. 6, we find thaR;(0) is 6 dB when the two calibration signal. For a linear system, the ra#igyV{. can
arrivals coincide in time and tends to 0 dB as the separatioRe considered approximately as a constant over a usable fre-
tends to infinity. Note that for a separation between two arduency band.
rivals greater than B=2.5 us, the fluctuation oR(A) is In many cases, the highest SNR is more desirable than
less than 2 dB. Figure 6 suggests that when the separatidie precise partial wave target strength at a particular fre-
between two arrivals is less than the time domain resolutiofiuency. To obtain the highest SNR of a partial wave, we can
of the CP, the echoes are not resolvable. In other words, #s€ the peak value of the partial watarival) obtainable
large output of the PC processing could result from a strondfom the CP output. As discussed in Sec. II C, this peak
scattering from a single arrival or a constructive addition ofvalue corresponds to a weighted average of a single partial
multiple arrivals whose separations in time are smaller thatvave[Eq. (21)] in the frequency domain. The averaged scat-
1/B. This implication is very important in interpreting the tering amplitude of such a partial wavgth arriva) can be

scattering data when PC processing is involved. obtained directly from the CP output,
(o) =(IFI%),
D. Partial wave target strength (PWTS) V(t)| rbs Rg;” P
In Eq. (13), Fysis expressed as the total scattered wave < V(t) fea RE) >

from the target, without distinguishing between the various
partial waves that make up that signal. To help understand V<al rbs ygsgj (t)) 2
the scattering mechanism of interest, in the case when the VO Vo
echoegarrivalg can be resolved in the time domain, a par- bs " cal yca‘m

tial wave target StrengtKPWTS can be introduced to in- Where< >Stands for averag|ng over frequenygI (t) is
clude only partial scattering waves from a subset of the scathe cross correlation of thgh received scatterlng arrlval at
terer: r=t; time lag, andy(cglmax is the maximum peak value of the

N autocorrelation of the calibration signal. In Eq29 and
2 FE,’S) ) (28) (30), index|j represents the partial wave scattering contribu-
! tion from thejth arrival in the time domain. Note that by
whereN; is the number of partial waves of interest corre- assumingv{)/V{ is a constant over the frequency band of
sponding to the number of arrivals of the CP out;ﬁﬁQ is interest, the average partial wave scattering cross section
the partial wave scattering amplitude or Fourier transform obver the frequency band can be achieved by a simple ratio of
a single (th) arrival. By replacingv{ andV{}) in Eq.(14)  CP outputs. The averaged PWTS from fitke arrival can
with the Fourier transforms of their cross correlations withthen be defined as

: (30

TS,w=20logo
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FIG. 5. Influence of the width of the frequency window on the output SNRFIG. 6. Influence of the separation of two arrivals on the average target
of PC processing. The transmit signal is the measured signal shown in Figtrength computed from E@27). The transmit signal is an untapered chirp
2(e), while random noise is added to the original signal. The ratio of thesignal swept from 300 kHz to 700 kHz over 20& shown in Fig. ).

signal amplitude(peak-to-peakto the standard deviation of the noise is 5
and the resultant SNR is about 11 dB. 100 realizations are used in th

. Fhe bandwidth of the transmitted chirp signal was 400 kHz
computation.

and the pulse length was 2Q. Because of a much shorter
N ()2 pulse length used in the NUWC experiment, the PC process-
(TSpw =10 logiof | Fis|%)- (3D ing gain is expected to be lower than that when using a chirp

From the discussion associated with Fig. 3, a possible errgtdnal. _ o _ _
of up to several dB in estimating the “true” average target ~ FOr all experiments, the calibrations were done in a bi-
strength can be introduced if the spread of the “true” scat-Static mode with two transducers facing each other. In the
tering impulse response is as large as a few micro secongscattering measurements, the configuration was still bistatic
However, for a scattering impulse response with a shorteput the same transducers were mounted closely next to each

length, the error is insignificant and may be neglected. ~ Other to approximate a true backscattering geometry.
In the following analysis, zooplankton from three ana-

tomical groups are studied in the experiment, namely,
shrimp-like animals (euphausiids and decapod shrimp
In this section, experimental scattering data from livewhose average length and diameter are about 30 mm and 4
individual zooplankton will be analyzed using three differentmm, respectively; gas-bearing animalsiphonophores
approaches: temporal, spectral, and statistical analyses. whose diameter of the gas inclusion and body length are
The data were collected during two ship cruises, Sepabout 1 mm and 30 mm, respectively; and elastic shelled
tember 27—October 5, 1993 and September 21-Septembanimals(gastropodswhose length and diameter are 2 mm
30, 1994 on or near Georges Bafriear Cape Cod, Massa- and 1 mm, respectively. The shapes of these animals can be
chusetty and two series of laboratory tank experiments confound in Stantoret al. (1994h. These three animal groups
ducted at Woods Hole Oceanographic Institutf¢HOI) in ~ correspondingly represent three different boundary condi-
1990 and at Naval Underwater Warfare CertdJWC) in tions: fluid/fluid boundaries, a bubble embedded in a fluid-
Newport, RI, from the end of 1991 to the beginning of 1992.like body, and an elastic shell in a fluid medium. Since the
During the two cruises, a 1.5-m-high by 2.4-m-diametertransmit pulse length is only 20@s, the Doppler shift due to
cylindrical tank was mounted on the deck of the ship. Aanimal movement can be ignored.
transducer array was mounted on the bottom of the tank Before analyzing the CP output data in terms of the
looking upward. The array comprised nine closely spacedcattering physics of the targets, we need to examine the
transducer pairs for 1993 and 13 pairs for 1994, with fre-various sources of contamination in the experiment that
guencies ranging from 50 kHz to 2 MHz including four could lead to errors or “false targets” in the output. The CP
broadband transducer pairs whose center frequencies are 260tput that will be used in the following analysis includes
kHz, 500 kHz, 1 MHz, and 2.25 MHz, respectively. Linear two major arrivals: primary and secondary arrivals. For
chirps were applied to all of the broadband transducers. Livshrimplike animals such as euphausiids near broadside inci-
animals were carefully tethered and put into the acoustidence, the primary arrival&cattering from the front inter-
beam at a fixed rangé0 cm above the transducgiis the  face and secondary arrivalscattering from back interfage
tank. One or more transducer pairs were used for obtainingre often of comparable level and the contamination is insig-
the backscattering data from each animal. Detailed descrimificant. However, there is always a largest arrival in com-
tions of the experimental setup and procedures can be fourghny with several smaller arrivals in the CP output for the
in Stantonet al. (1998a. siphonophores or gastropods. If we define the largest and
For the laboratory experiments, at NUWC, a one-cyclesecond largest peaks as the primary and the secondary arriv-
500 kHz pulse was applied to the transducer, while a chirgls, respectively, it is found that the secondary arrivals are
signal centered at 500 kHz was used for the WHOI experimuch weaker than the primary arrivals.
ment[detailed descriptions of the experiments can be found In general, the primary arrivals are reliable and easily
in Chu et al. (1992 and Stantoret al. (1994a,b, 19984 identified while the secondary arrivals, except for euphaus-

IIl. DATA ANALYSIS AND DISCUSSIONS
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iids, are much weaker and exhibit larger variability in both have a regular spacinghu et al, 1992. Under other con-
arrival time and peak value. Therefore, they are more likelyditions when changes in shape and/or orientation give rise to
to be contaminated by echoes from the tether and microstruenultiple arrivals from different parts of the animal body, the
ture, as well as system noise and artifacts of the PC procespattern may be irregulaiStantonet al, 1998a. This vari-
ing itself (sidelobes In addition to these possible sources of ability in pattern has greatly limited our ability to accurately
contamination, superglue was used to affix the tether to thaaterpret broadband scattering data with a standard spectral
gastropod which added another potential source of ¢ster  analysis.
perglue was required when the animal was too sriah2 PC processing is an alternative way to approach this
mm long to be tied to the tethérAppendix D presents the problem as it helpgtemporally resolve the various sources
results of the numerical simulations used to evaluate the elf scattering. Figure @ shows a single ping backscattering
ror caused by the tether, microstructure, superglue, and thrggnal from a 2-cm-long euphausiid, while FigdBis its TS
artifacts of the PC processing. It is found that even when aersus frequency plot. Partly due to the bandwidth limitation,
moderate noise component is added to the actual receivat pattern can be clearly seen. In contrast, the CP output for
signal, the major source of error is due to the artifacts of thehe same ping is plotted in Fig(® showing two distinct
PC processing. The artifacts can be greatly reduced if warrivals with comparable strength. The time difference be-
only choose the pings in such a way that when the amplitudéwveen the two arrivals corresponds to the round trip time
of the secondary arrival is greater than 10% of that of theequired for the acoustic wave, after penetrating the animal
primary arrival and when the secondary arrival occurs abody, traveling from the front interface to the back interface
points other than where the largest processing sidelobe oend returning. This result supports our previously proposed
curs. In general, by using a PC technique, some low SNRimple two-ray model that describes tlieear broadside
backscattering data that were otherwise considered as unrBackscattering from a weakly scattering elongated object
liable in a spectral analysis can provide much useful inforsuch as a euphausii@tantonet al,, 1993a, 1998} i.e., the
mation. first arrival corresponds to the echo from the front interface
while the second corresponds to the echo from the back in-
terface. Note that the time difference between the two arriv-
1. Shrimplike animals (euphausiid and decapod als in Fig. 8a) is much larger than the separation of the two
shrimp) arrivals shown in Fig. &) (the former is about 6&s and the

In a series of our previous studies, it was found that datter is about 6.5us while the average cylindrical diameter
shrimplike animal can be viewed as a weak scatterer and bf the animal is about 4 mmThe null in the time series in
modeled acoustically as the superposition of various rays: Fig. 8@ stems from a natural interference between two com-

parable chirp arrivals.

A. Temporal characteristics—Resolving partial waves

Fos~Frt+ 2 bje'?s, (32
] 2. Gas-bearing animals (Siphonophore)
where F is the total backscattering amplitudl; is the A siphonophore has a gas inclusion embedded in an
amplitude of thgth arrival ande; is the corresponding dis- elongated weakly scattering body. The acoustic scattering
tance between the “acoustic center of mass” and the refermodel for a siphonophore can be written approximately as
ence plandgzero phase planeThe first termF ¢, corresponds
to the scattering from the front interface of the animal, while Fos~Foast Frissue: (33
the second term represents the total contributions from th@here F,s and Frssue represent scattering from the gas
other parts of the bod¢Stantoret al,, 1993a, 1993b, 1998a inclusion and body tissue, respectively. The second term on
In the case of broadside or near broadside incidence, thie right-hand side of Eq33) is the superposition of all rays
second term quite often involves only one ray that penetratescattered from the body tissue. A schematic scattering dia-
the front interface into the body, bounces back from the baclgram for a siphonophore is illustrated in FigbY. A typical
interface, passes through the front interface again and finall§ime series, its spectrum, and the corresponding CP output
back to the receiver as shown in Fig@al The latter is are shown in Fig. &), (e), and(h), respectively. The largest
shown to be reasonably approximated by*RéStanton peak of the CP output from this animal is due to the back-
et al, 1993a, 1993h whereR is the plane wave reflection scattering from the gas inclusion. The second largest peak
coefficient from a plane interfack,is the wave number, and which arrives before the main pedkre-arriva) is inter-
s is the round trip distance between the front and the backreted as the scattering from the body tissue. This interpre-
interfaced 2AB in Fig. 7(a)]. Since the acoustic properties of tation was based on the observation using a video camera
the animal such as density and sound speed of the animal atfeat the main tissue portion of the animal was closer to the
very close to those of the surrounding fllidaten, the two  transducer than the bubble inclusion for these data. A time
rays have comparable strength. The phase difference of thdifference of 16.5us obtainable from Fig. @) corresponds
two rays that arrive at the receiver is a function of frequencyto a spatial distance of about 12.4 mm. This distance can be
In a plot of backscattering amplitude versus frequency, itinterpreted as the distance between the gas bubble and the
produces an oscillatory pattern due to constructiveen the  “local acoustic center of mass” of the bodig in Fig. 7b)].
two rays are in phagend destructivéwhen the two rays are This “local acoustic center of mass” could be a large glint
out of phasginterferences. The nulls produced by destruc-or the superposition of several glints arriving at approxi-
tive interactions could be as deep as 30 dB and sometimenately the same time. The spatial distance of 12.4 mm is a
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Front Interface Lamb wave that circumnavigates the elastic shell and sheds
back to the receiver as shown in Figcy

As a result, the acoustic backscattering model for this
hard shell object can be expressed as

@

Fbs~ FrtFramb (34)
Back Interface

whereFr, andF ., represent scattering from the front in-
terface of the animal and from the subsonic Lamb wave,
respectively. Note that besides the two major peaks, there are

Gas Inclusion

Soas

- & some smaller arrivals in Fig.(8. These peaks are possibly

due to scattering by a combination of other features of the

— . . . .
Pine / ! animal and microstructure as well as from sidelobe artifacts
Fussor . ! s of the PC processing discussed in Appendix D.
\ d B. Spectral characteristics—Improving the SNR

As discussed above, if there is more than one arrival
from the target, the signdl,(t) can be decomposed into a
sum of a number of arrivals described in Eq9). If, by
using PC processing, the echoes from different parts of an
animal as well as from other scatterers such as microstruc-
ture can be resolved in the time domain, the time series can
be gated in such a way that only the arrivals of interest are
included. Such a gating rejects the resolvable unwanted ar-
rivals which include echoes from microstructure and partial
FIG. 7. Schematic diagram of scattering mechanisms for animals from threevaves that may not be of interest. If we treat the unwanted
different zooplankton groupsa) Euphausiidib) siphonophore; ant) gas-  arrivals together with the background white noise as the total
tropod. effective noise, the resultant SNR could be improved from

Ew/(Nyhitet Euw) 10 Ew/Nyhiew WhereE,, andE,,, are ener-
reasonable number for the curled animal whose body lengtgies of wanted and unwanted arrivals, respectively, and
is 26 mm when fully extended. Nuhite i the power density of the white noise.

The time series for three different zooplankton groups
and their corresponding spectra are shown in Fig. 9, where
the truncated time series and their corresponding spectra are

A gastropod is a marine snail and has a hard elastiplotted with thicker solid lines. For each animal, only two
shell. For such a hard-shelled object, the incident waverrivals or partial waves are chosen, iM;=2 in Eq.(28).
hardly penetrates the shell or is greatly attenuated. Howevem,he spectra of the truncated time series can be considered as
other types of acoustic waves can be generated with a shePWTS defined in Eq(28). These spectréhicker lines are
A typical time series, its spectrum and its CP output areoptimized outputs in that only the two major arrivals that
plotted in Fig. &c), (f), and (i), respectively. The primary dominate the scattering are included and most of the un-
arrival in the CP output pldthe largest peakcorresponds to  wanted echoes stemming mainly from microstructure rever-
the specular component of the backscattering from the frorbberation as well as some in-band noise are windowed out. As
interface much like the cases for the euphausiid and siphona result of the truncation, the hashy structure of the original
phore. There is also a secondary arrival, the event followingpectrathinner linesg has been removed, which indicates an
the primary arrival(circled peal, corresponding to another improved SNR of the desired signal. The resultant spectra
kind of acoustic wave. For a time difference of 45 (round clearly illustrate the interferences between two rays, espe-
trip) measured in Fig. @, assuming a sound speed of 1500 cially for the siphonophore whose original spectrum was too
m/s, the corresponding spatial distance is 11.3 mm. This sparoisy to see the regular interference pattern due to the two
tial distance is much larger than the outer physical dimenfays.
sions(the animal is about 2 mm long and 1 mm in diameter  In Fig. 9, since only one rectangular time window is
with a shell thickness about mm) of the gastropod from used for each time series, we refer to this process as a “trun-
which the data were collected. cation.” However, in general, it is more appropriate to use

One reasonable explanation is that the hard elastic shethe terminology “windowing” or “gating” to describe the
is capable of supporting surface elastic waves that travel at process since multiple time windows can be used to include
speed lower than that of the sound speed in the surroundirgny number of wanted arrivals as long as the arrivals can be
fluid (Stantonret al,, 1998h. This subsonic wave is known as resolved. The number of time windows used in the process
the zeroth order antisymmetric Lamb way£hang et al,, and the type of windowing depends on the purpose of the
1992. For a subsonic surface wave, the “landing/ analysis.
launching” angled, is 7/2; i.e., the acoustic wave that im- Since spectral analysis automatically eliminates the out-
pinges on the shell tangentially will generate a subsoniof-band noise in the frequency domain while windowing of

(¢)

3. Elastic shelled animals (Gastropod)
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FIG. 8. Single ping analysis from three different zooplankton gro(@s(d), and(g) for euphausiid{b), (¢) and(h) for siphonophore, antt), (f) and(i) for

gastropod. First row is the time series, second row is the target strength versus frequency, and the third row is the envelope of the CP output where the circled
peaks are the secondary arrivals. The transmit signal is a chirp signal shown irigFrigN&e that the separation between the two major peaks)i6.0 us)

is much smaller than that observed in the corresponding time seri@s (65 us).

the CP output can filter out some unwanted in-band signals For a euphausiid, the histogram of the time difference
in the time domain, the resultant PWTS in this process idetween the first and second arrivals is narrowly distributed
expected to have a better output SNR as shown in Fig. 9. [Fig. 10@)]. In contrast, the histograms for a 26-mm-long
siphonophorgFig. 10c)] and a 2-mm-long gastropddFig.
C. Statistical characteristics 18(e)] are more spread out and peaked at values greater than
. . : : . . HS.

Since the scattering by live animals is a stochastic pro-  |n terms of the amplitude histogram, the euphausiid has
cess, a stat|st|c_al analys_ls of th_e time series of the CP outpyhe narrowest distributiorinote that the scale for the eu-
is required. This analysis provides at least two types of inphausiid is different from those for the siphonophore and
jor arrivals and their amplitude ratifrables | and Il. To  gistribution. Table | summarizes the statistics of the time

eliminate data with unacceptably high contamination due tqjifferences and amplitude ratios for the three different ani-
noise and inherent sidelobe artifacts of the PC processingnals shown in Fig. 10.

we reject the pings whose SNR is below a certain level and
whose amplitude ratio of the primary arrivéthe largest
peak to the secondary arrivakthe second largest peals
larger than a preset threshold. This threshold is chosen to be Certain dimensions of the animals can be estimated by
the ratio of the main lobe to the largest sidelobe when the P@xamining the temporal separation between CP arrivals and
processing is performed on the received chirp signal in theelating those times to the dimensions using a scattering
calibration mode with no target present. As shown in Fig.model. The accuracy of the estimates are limited, in part, by
2(f), this ratio is about 10 in a noise-free situation and isthe temporal resolution of the signal. For example, for a
purely due to the(processing sidelobeartifacts of the PC  chirp signal with a bandwidth of 250 kHa composite band-
operation(Appendix D. width due to the transmitter/receiver combinajiaihe dura-

tion of the received signal can be compressed to abqu,4
which corresponds to a spatial resolution of 3 mm in water

The histograms of the time difference and the amplitudefor backscattering.

ratio of primary-to-secondary arrivals for animals from three ~ The histogram of the time difference and the amplitude
different zooplankton groups are shown in Fig. 10. ratio of primary-to-secondary arrivals from 200 pings for a

2. Sizing animals

1. Animal characterization
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80 TABLE I. Summary of statistics for three different animal groufts: time

11 {3) (b}
5 s 20 difference between two arrivals in CP outp(rhinimum time for eu-
g — 10 EUPHAUSIID phausiid, o : standard deviation ok, , p,: amplitude ratio of two arrivals,
2 a ando, : standard deviation o, .
8 05 2.
(24
g ? Emo Euphausiid Gastropod Siphonophore
o 60
[C)]
i o; ? % Ay (us) 4.74 17.37 (-)14.21
3 ™ o (us) 0.72 3.77 6.80
W o £ SIPHONOPHORE o 1.03 5.65 6.67
o os Z % a ' ' ’
= i T4 0.47 1.29 1.98
Q 4
[&] = 90
7]
[a] -60
w1 =
N 1]
= [©] . . .
‘;‘ o8 & 70 GASTROPOD SNR is proportional to the product of the bandwidth and the
0 . . . .
€ .. - pulse length as discussed in Secahd possible noise con-
<, tamination in the sizing result is expected. The final overall
N O e s 6w results still agree reasonably well with the measured data,
TIME DELAY (us) FREQUENCY (kHz) : . 0
with relative errors less than 28%.
FIG. 9. Partial wave target streng®WTS for animals from three different The histograms of the time difference and the amplitude

zooplankton groups(a) and (b) for euphausiid;(c) and (d) for siphono-  ratio from 200 pings for a siphonophore are shown in Fig.
phore; ande) and (f) for gastropod. The plots on the left column are nor- : :

malized CP output$no demodulation The thin lines are the original CP 10(c) and (d) (S“econd rOW ,l,n plotting the histograms, we
outputs while the thick lines are the filtered CP outputs using an optimurr{1ave Useq the pre'ar“V?l'S as the chosen sgcondary echoes
rectangular time window. The plots on the right column are(fi$ lines representing the scattering from the body tissue since the
and PWTS(thick lines. The TS is computed using EGC2) while the  video camera recording reveals that the main portion of the

PWTS is calculated using E(28) and involves the filtered CP outputs. The - :
transmit signal for all three animals is a chirp signal shown in Hg\. Zhe body tissue of the animal was closer to the transducer than

partial wave analysis involves a window that includes the two main echoe@he gas inclusion. The time diﬁeren_ce at the peak of t_he
and filters out echoes or noise outside the window. histogram corresponds to a separation of 10.7 mm which

should be compared with the 26-mm body length of the ani-
mal. The animal was partially curled during the experiment
and the 10.7-mm value is consistent with scattering off an
intermediate part of the body. Further studies show that the
gme differences between the main peak and “post-arrival”

animal is oriented at broadside incidence, we use this valug c MOr€ randomly distributed and the amplitudes of the lat-

to estimate the average cylindrical diameter of this Weakl)z[ﬁrtare Ifwer tr|1an th?skelof theltpre-?rrlvals VghICT sdggtg%sts
scattering animal to be 3.6 mifwhich is the same as the at post-arrivais are fikely resutting from randomiy cistrio-

measured diameter of 3.6 mmrThis agreement of the in- uted micro-structure.

ferred animal size with that actually measured indicates that. Figure 1Qe) and (f) _shows the histograms of the t|me_
it is possible to size animals by using a PC technique. In th ifference and the amplitude ratio for a gastropod. As previ-

amplitude ratio histogram, the maximum value is around Llously discussed, the secondary arrival is always a post-

which is a reasonable value for a weakly scattering target. ar rival since ,'[t cc:rr]res?ontc_is tﬁ ﬁ sugstﬁmc Lhan;b gvavket tht";t
Table 1l lists the comparisons between the measured gig'reumnavigates the elastic shetl and then sheds back 1o the
i!rréecelver and always arrives later than the primary arrival.

25-mm-long euphausiidmeganyctiphangsare shown in
Fig. 10/@ and(b) (first row). The minimum value of the time
difference in the histogram is 4.74s. Assuming that the
minimum time difference corresponds to the case when th

ameters of euphausiids and decapod shrimp and those coip- : . i S
puted from the time difference corresponding to the pea urther work is required towgrd undergtandmg the var|ab|I|t¥
value of the histogram of the CP outputs similar to Figgl0 of the speed of the subsonic wave with respect to acoustic
and(b). Due to a combination of system noise and the limi- _ _ _ _
tation of the temporal resolution, the pe@kode histogram ~ TABLE '{- (j??’?par'sg; of ";‘”'Taﬁ'z‘? lf’ethe” r,”ealsu_red and That '”f‘f"eo'
values were used for Table Il rather than the minimum val-{ computed”) from CP output. The inferred animal sizes are the values

. ; corresponding to the peaksode valuegsof the histograms based on mea-
ues. The data were collected during the two CruIS€S OWyred time differences between primary and secondary arrivals from CP
Georges Bank and the two laboratory tank experiments agutputs.
described at the beginning of this section. From Table I, we

see that except for sample #4 the size of all animals are

Measured. Measured D) Inferred(D)

overestimated. This is due, in part, to the fact that the peaﬁample * Species (mm) (mi) (i)
(mode histogram values were used instead of minimum val- 1 Euphausiid 30.0 3.6 4.7
ues. Another contribution to an overestimation is from the 2 Euphausiid 30.3 3.7 4.8
fact that the least time difference corresponds to the case in i De'i:ggguss'k:ﬁ o gg'g ig g'g
which the incidence is truly broadsifié=0 in Fig. 7a)]. For 5 Decapod Shrib 178 30 38
all angles of incidence away from broadside, the dimension ¢ Decapod Shrinfp  26.1 4.4 4.4

of the cross section in the incident plane is increased by &

- : : : 81994 cruise datéshipboarg.
factor of 1/cosd resulting in an increased travel time. %1093 cruise datéshipboard.

For the NUWC datdsample #4, since only a O_ne'CyCIe ‘October 1992—February 1993 NUWC laboratory data land.
pulse(2 us) was used, the output SNR was loweimce the 91990 WHOI laboratory datéon land.
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“ (no gas of a siphonophore. If we choose one of these six

(a) )

a0 * rays to be the primary arrivdit is considered as the second-

20 fz I“ EUPHAUSID ary arrival in the case where the gas inclusion is not re-

. . moved, the exclusion of the other five rays would make the
For—— " @3" w2 2'5@3 averaged PWTS about 7.8 dB (10 g8) lower than the
5 %0 case when all rays are includgéig. 5 in Stantonet al.
§2° Gl SIPHONOPHORE (1998a]. This predicted 7.8-dB difference based on the six-
ﬁ"’ * IIlIll ray model with equal strength cannot explain a 6.7-dB reduc-
“h Tl m w5 w ® tion in the averaged PWTS as shown in Fig(d)1 The

» A o six-ray model used in Stantat al. (1998h was satisfactory

20 20 GASTROPOD to describe the scattering from the body tissue of the animal

w0 1 since it agreed with the measured e¢Rayleigh-like PDF

reasonably well.

Further simulations show that the degree of agreement
FIG. 10. Statistics of the CP outputs for animals from three different zoo-D€tween data and the model is not inherently very sensitive
plankton groups(a) and(b) for euphausiid(c) and(d) for siphonophore(e) to the number of rays involved in the statistical model as
and (f) for gastropod. The plots in the left column are histograms of timekmg as the number of rays exceeds five. However. since Fig
difference between the primary and secondary arrivals while the plots on thil - d f he d . ) | h ’d.ff ’
right are histograms of the peak amplitude ratios of the primary to the Is generated from the dominant ray only, the difrerence
secondary arrivals. The transmit signal for all three animals is a chirp signabetween the averaged TS and the averaged PWTS of the
shown in Fig. 2e). dominant arrival(scattering from the “local acoustic center

of mass’) is very sensitive to the number of rays that make
frequency, shell thickness, size, orientation, and materialip the total echo. A 6.7-dB difference mentioned above im-
properties before we can assess our ability to estimate sizgies an 80% energy loss, which in turn suggests that a

% 10 20 ) ° 5 0 15 20
TIME DIFFERENCE (us) AMPLITIDE RATIO

from the time difference information. model with five rays of equal strength is more plausible in
describing the scattering from the body tissue of this particu-
D. Relation between averaged TS and PWTS lar gas-bearing siphonophore under these experimental con-

k_ditions. The echo amplitude PDF from five rays with equal

Another interesting result is the comparison of the bac ‘ th is also Ravieiah-li y h h si
scattering by the siphonophore with and without its gas inStTeNgin IS aiso Rayleign- ikebut less so than with six rays

- ; ; The inclusion of only one out of five rays results in a
clusion. About 5-dB difference in average target strength o S
was observed in Stantcet al. (19984. The statistics of CP 10 logy(5)=7.0-dB reduction in PWTS, which is a reason-

outputs for the siphonophore with and without gas is showr@b;e d\éal_llj_(ra].asd.c;fompareq with tEe a(;tually meas(LjJerhvalue of
in Fig. 11, where the left three plotgrst column are for the : - This difference in number of rays to model the scat-

siphonophoare with gas as indicated in the figure while thetering by the tissue does not affect the results in Stanton

other three are for the siphonophore without gas. Since thgt aI.S(1998l:) given the granularity of the measured echo
backscattering for the siphonophore without gas is weaker, t ) . . :
improve the SNR and obtain a more reliable estimate, we From Fig. 1@c) an_d (d), it can be seen that _th_e histo-
have used Eq(31) to compute the PWTS of the largest ar- grams of the scz_itterlng amplitude are not Rlc!an PDFs
rival averaged over a frequency band. The largest arrivals fo[rWhICh vyeIISdescr|be(j| tg;gtgtal ?ﬁhogs ba ta partlﬁule(ljr fre-
the two sets of data analyzed: one corresponds to the echofyency in Stantoret al. (. b]. This is ecause the data
from the gas when the wholavith gag siphonophore is used to generate the histograms are obtained from the CP

involved, and the other corresponds to the tissue when th@UtPuts (peak valug which S the mtegratlo_n over a fre-
gas-less animal is involved. Comparison of Fig. 11 and Fig_qugncy band, whergas a Rician PDF describes the echo sta-
5 in Stantonet al. (19983 shows that the average values of ustics for CW-like signals.
TS for the siphonophore with .and without its gas mcIusmngj. SUMMARY
are about 1.7 dB and 6.7 dB higher than the averaged PWT
of the largest arrivals in the corresponding cases shown in  Pulse compression processing is a powerful tool for ap-
Fig. 11(c) and (d). These differences can be explained asplications of acoustic scattering by live individual zooplank-
follows: for the siphonophore with its gas inclusion, sinceton as it improves the output SNR and temporal resolution of
only the primary arrival(scattering from gas inclusigris  the echoes. Characteristics of the CP outputs of broadband
used to compute the averaged PWTS, the contribution frorscattering signals are studied in terms of the features of the
the body tissue is excluded. From Stanétral. (19981, itis  scattered signals from acoustic targets. Broadband acoustic
found that the body tissue contributes about 1/3 of the totabackscattering data from various experiments involving three
scattered energy. Thus excluding the body tissue scatterirgnimal groups are analyzed using the PC technique. The in-
will result in a 1.8-dB drop[10 log;o(2/3)] in estimated depth studies of temporal, spectral, and statistical character-
PWTS, which is close to the measured value of 1.7 dB. istics of the CP outputs are presented in this paper. The fol-
For the case without the gas inclusion, Stant@iral.  lowing conclusions are made based on these studies:
(1998h used six rays with equal scattering strength but with (1) The results presented in this paper support our pre-
randomly and uniformly distributed phases to simulate theviously proposed ray models for the three different zoo-
statistical nature of the backscattering from the body tissuplankton groups based on the dominant scattering mecha-
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WITH GAS WITHOUT GAS cations in that this technique can easily be extended to other

60 60

@ © areas such as fisheries acoustics.
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10 10 For a chirp signal with a Gaussian envelope defined in
o T o w0 Se e o o Eq. (8), where .the functionu(t) is giyen by Eq.(6), we can
AVERAGED PWTS (dB) express a cosine by two exponential functions
FIG. 11. Statistics of CP outputs from a siphonophore with and without gas @lZ4 iz
inclusion. The averaged scattering amplitjiiig. (30)] and its correspond- cOoSZ= —. (A1)
ing PWTS[Eq. (31)] are computed using the peak value of the primary 2

arrival. The transmit signal is a chirp signal shown in Fige)2 . ) .
The autocorrelation function af(t) is

1 L
nisms which depend on the different boundary conditions: R(7)== f u* (t—nu(t)w(t)dt,
o ; _ ) T) .
(a) Shrimplike animals: one ray from the front interface and
the others from other parts of the body. For near broadside
incidence, a two-ray model adequately describes the domi-
nant scattering features much of the time, where one ray is
from the front interface and the other is from the back inter-
face;(b) gas-bearing animals: one ray from the gas inclusion =Ry(7) +Ra(7) + Ra(7) + Ry(7), (A2)

and the others from body tissue, the latter can sometimes %herew(t) is a window function that depends on the pulse

approximately represented by an equivalent ray scatterefl, «h 1 and the time delay variable The above terms are
from the “local acoustic center of mass” of the body tissue;deﬁned as follows:

and(c) elastic shelled animals: one ray from the front inter-
face and the other from the circumferential subsonic Lamb  ¢y=wot+ at?, ¢, = wo(t—7)+a(t—1)2,
wave.
(2) Using an optimum window function based on the  Ao=B(t=T/2)?, A.=p(t—7-T/2)%

CP output, a partial wave contribution can be obtained tg nd

only include the dominant scattering features of interest ang
to eliminate certain unwanted signals. The TS based on such 1 (o

Ri(7)= 4= f

:% foc (e'Po~ Ao+ g7 1d0Ao)

X (el Art eI Anw(t)dt,

(A3)

a windowed partial wavg) can be characterized by the g'(fo™ P~ Ao~ Ay (t) dt,

PWTS. As a result, the temporally gated CP output has been

shown to dramatically improve the SNR of the correspond- 1 (=

ing frequency spectrum. A prerequisite condition for the RZ(T):EJ el(Po™ ¢~ Ao~ Any(t)dit,

windowing is that the echoes observed in the CP output must _°° (A4)

be resolved. 1 (=
(3) The statistical studies on CP outputs demonstrate the Ry(7)= _f e (¢t o)~ Ao~ Any(t)dt,

ability of using the PC technique to size an individual animal A7) =

and to differentiate zooplankton from different groups. The

distinct characteristics of zooplankton from different groups Ry(7)= iJ'w e (%0~ @)~ Ao~ Any(t)dt.

(Table ) suggest the possible applications of the PC tech- AT) o

nigue to zooplankton classification. , " " _
(4) The comparative study of the averaged PWTS ver-SiNCeRs(7) =R (7) andR,(7)=R; (7), Eq.(A2) is then

sus the average TS of gas—pearing aninialphonophc_)r_)a R(7)=2 RgRy(7)+Ry(7)}. (A5)

allows a more quantitative estimate of the energy partition of

the partial waves scattered from a single target and helps For simplicity, we use a rectangular window function

improve our understanding of the scattering mechanism. w(t) of width T. Substituting Eq.(A3) into Eqg. (A4) and
The results presented in this paper have broader appliearranging the exponential of the integrand, we have

—co0
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1 (> . [2iB ([T—3
Rj(T)Z a7 7wel(Ajt2+Bjt+Dj)w(t)dt, Uz= ?'8 (TT —j % 7.),
(A13)
1 (T-7 ., 5 \/ﬁ T+7 |«
_ i(Ait2+Bjt+Dj) N e i
a7 |, e' At TEIITRdt, (AB) Hi - ( > |2,8 7-).
wherej=1,2 and It can be shown thal s~ J2e' ™4, thus we can obtain
an approximate expression f&( 7)
Ai=2(a+iB), A=2ip,
: R(7)~ = [ e (B a6 (g (g + aT) 7]
B,=2wy—2a7—2iB(T+ 1), 4T B 0 '
(A14)
B,=2ar—2iB(T+7), (A7)

It can be seen thaR(7) is a Gaussian modulated sine

2 wave with a carrier angular frequenay+ T, which is the

T
Di=am®—wyr+if 7+ ?+Tr|, same as that for an ideal chirp case given by Epbut with
a Gaussian envelope,
T2
D2:—a7'2+w07'+lﬂ 7+72+TT . R(T)en\,:% /2777 e—[(B2+a2)/2B]72' (A15)

Equation(A6) can be rearranged into the form of a Fresnelwhich is the same as that given by Codle67.

integral with a complex argument, This result shows that the envelope of the CP output of
a Gaussian envelope chirp is also Gaussian when the leading
and trailing edges of the chirp signal are smoothly varying.

F(z)= fzzei(”/z)""z dw,
z Equation(A14) can also be obtained by applying the method

1

=C(2) +18(z,) = C(z1) —iS(z1), (A8)

whereC(z) and S(z) are sine and cosine Fresnel integrals
(Abramowitz and Stegun, 1965Equation(A5) becomes

2
1 T 2
_ = _" Li(4A;D, —BY)/4A; ]

R(7) 2Tj21 Re{\/ZAje iPi~BMAC(Hy))

_C(HLj)"’is(HHj)_iS(HLj)]}, (A9)

where

Ho=| T— 7t | (20
Uit T T 2A, T (AL0
o B, [2A
UToA N oo

Since|R;(7)|=Vw/2|Aj|, for a>B, Ry(7)>Ry(7), Eq.(A9)
can be expressed approximately as

1 T 2
—~ </ i(4A;D5—B5)/4A,
R(7) o7 Re{ 2A, e 2 Fsels

1 e _ 2 2 2 . s
:ﬁ Ee [(B“+a®)2B] T Re{el(w+aT)T “TMFSC}!
(A11)
where
Fsc=C(Hy2) —C(H2) +iS(Hyp) —iS(H )  (Al2)
and
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of steepest descent to E@\6).

APPENDIX B

For real functiond (t) andg(t), the correlation function
rig(7) is defined as

rig(m)=f(t)@g(t),

= Jm f(t—r)g(t)dt.

(B1)

By denotingF(f) andG(f) as the Fourier transforms 6(t)
andg(t), it is well known that

f(*xg(t)=F(H)G(f),
f(heg(t)=F(-H)G(f),

where the operation symbols<" and * ®" stand for con-
volution and correlation, respectively. The symbeb” rep-
resents equivalency between the different doméinge and
frequency. Sincef(t) is a real function, we have

F(—f)=F*(f), (B3)

whereF* is the complex conjugate ¢f. Using Eqs.(B1)-
(B3), we can obtain the following relation:

f()* (@) @h(t))=F ()G (f)H(f)

(B2)

=(F*()G(f))*H(f)
=(f(Heg(t)@h(t). (B4)
Thus
f(H*(g(@h(t))={F(t)@g(t))@h(t). (B5)
Similarly, we can derive
(fH*g()@h(t)=f(Hh®(g(t)®h(1)), (B6)
d T. K. Stanton: Application of pulse compression techniques 53



f(t)®(-g(t)*h(t-)):(h(t)@f(t)mg(t).' . (E.m Y(H)= k—S Fod PR fe 1@+ Kk Ry (f), (C1
The following relations can also be obtained in a straightfor- r
ward way:
(f(h®g(t)eh(t)=(h(t)og(t)®f(t), (B8)  where Fu{f), Rs(f)=S5(f)Se(f), and Rgy(f)
— =S5 (f)N(f) are the Fourier transforms of the signal
fhe@®eh®)=gt)aten(t). (B9) fu{t), autocorrelationrs((t), and cross correlationy(t),
APPENDIX C respectively. So(f) and N(f) are Fourier transforms of

the transmit signalsy(t), and noise,n(t), respectively.

The frequency response of a compressed backscatterifithe power spectrum of the backscattering is then
signal can be obtained by taking the Fourier transform of Eqobtained by multiplyingY* (f) on both sides of Eq(C1)
(15) and normalizing by K./r?)2Rs{f)R¥(f):

Y (hY*(f)

- KERANRE()

[Fod P)RsdFle '+ r?Re () I Fd FIRE(F)e'lo+ r?RE ()]

- R FIRE(F)

Fed IN*(f)e7'elo  FR(N(f)e! ' rN(F)N*(f)
~ re+ re+ ~
So(f) So() So(F) Sy (f)

Re{Fbs(f)So(f)N*(f)e*‘”“o}+ [r2N()[?
So(f)S5(f) |So(F)]*

=Fod F RN+

=|Fpd F)|2+2r? (C2)

The last expression in EQC2) can be proven to be However, since the secondary arrivals are usually much
equivalent to that obtained by applying a standard spectraimaller than the primary arrivalgxcept for shrimplike ani-
analysis to the originalunprocessedime series. This result malg, a crucial concern to our CP analysis is that whether
indicates that directly taking a Fourier transform of the CPthe secondary arrivals are real and reliable or whether they
output cannot improve the SNR of the signal in the fre-are contaminated by the presence of the tether, superglue
guency domain compared with a standard spectral analysigwhen it was usex and the microstructure, or even an arti-
fact of PC processing.

One data set that involves only the tether and a small
drop of superglue attached to the tether is used to evaluate

To evaluate the influence of the tether and the superglupow these factors affect our CP analysis. The data were ac-
used with the gastropods in the shipboard scattering experguired after a gastropod was carefully removed from the wa-
ments, data were collected without the presence of any anter (superglue was not visible on the removed anjm&he
mal in the acoustic beam. Only the tether and a small drop ofransmitted signal was a chirp sweeping from 300 kHz to
superglue attached to it were in the acoustic beam. It wag00 kHz over a 20Qss period as shown in Fig.(8. To
observed that the scattering contribution from the superglugimulate a worst case, random noise with a constant SNR of
was much larger than that from the tether. Since superglue
was used only for the gastropod scattering experiment, our
analysis of assessing signal contamination is based on the
data associated with the configuration for the gastropod ex-
periment.

The primary arrivals in CP outputs for siphonophores
and gastropods are always very strong and can be considered
as reliable echoes from the animals. This observation is con- 5 o ps 0 Oy
sistent with the result of Stantagt al. (19983. In that analy- TIME DIFFERENCE (us) AMPLITIDE RATIO
sis, it is found that within the usable frequency band, thq:IG. D1. Study of the influence of the superglue, the tether, microstructure,
target strength of the combination of the tether and superglugnd artifacts of PC processing on the CP output. The histograms are ob-
is at least 6 dB lower than those from the gastropods used itgined from the CP outputs from 200 pings. Random noise is added in such

the experiment which implies the SNR of the received scat® V&Y that the SNR of each ping is kept constant at 6 dB. The signal here
efers to the largest echo of the reverberation time series when no animal is

ter_ing signal iS_ always 6 dB higher tha_n the backgroundyached to the tether. The transmit signal is a chirp signal shown in
noise(tether, microstructure and other noise Fig. 2(e).
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