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ABSTRACT

In this thesis the use of the two pulse correlation sonar techmique for measuring water
currents 1n the ocean 13 investigated New theoretical analysis 18 developed to study
the operation of the two pulse correlation sonar, imncluding i particular, different de-
modulation techniques, the effect of cross-pulse interference on the correlation coeffi-

cients and correlation accuracy estimates

New theory shows that the effect of having two acoustic pulses in the water at
the same time is equivalent to having a single pulse acoustic signal returning from ran-
dom scatterers with a signal to noise ratio of one The peak of the spatial correlation
function of the scattered signal 1s lowered by the presence of this moise A new treat-
ment of spread spectrum pulses, used to reduce the interpulse interference, 1s shown to

be only of imited usefulness

Literature does not mvestigate the effect of the low signal to noise ratio on the
spatial correlation function, for different demodulation techniques Different demodula-
tion techmques evaluated in this thesis, namely complex demodulation, clipped com-
plex demodulation and amphitude demodulation are affected differently by the low sig-

nal to nowse ratio and will result in different spatial correlation functions

The theoretical accuracy of the water velocity estimate 1s determmned by two fac-
tors The height of the correlation peak and the accuracy of each correlation value
The height of the correlation peak 1s determined by the signal to noise ratio and by
the demodulation technique, while the accuracy of the correlation values 1s determined

by the bandwidth-integration time product of the time series that 1s correlated

The peak of the correlation function for water volume return drops to 05 for
complex demodulation, while 1t drops to 025 for amphtude and chpped complex de-

modulation, which has not been previously shown m avalable literature If the two
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returning pulses are well separated 1n time, such as a signal returning from the bot-

tom, then the correlation peak for all three demodulation techmiques 1s equal to one

The new theoretical predictions of correlation sonar performance for vol-
ume scatterers are confirmed with a series of experiments carried out I
Saanich Inlet, Bntish Columbia and using a computer model of the correla-

tion sonar Theory and experiments confirm that a current measuring two pulse

correlation sonar can be constructed and will give accurate velocity estimates
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1 INTRODUCTION

The need for the rapid, accurate and reliable measurement of current profiles has di-
rected the attention of the oceanographic community to the use of acoustics Oceano-
graphic studies 1 upper ocean dynamics, internal waves, coastal flows, large scale
ocean currents, flow over topography, mixing and ocean atmosphere interaction are
only a few of the areas to which a superior method of current profile measurement

may be applied

Until recently, the most common method of measuring ocean currents had been
with propeller or vane type current meters, placed at the location of mterest i the
water With the newer acoustic velocity sensing techmiques the sensor platform can
be mounted either on the ocean bottom or on a ship, thus ehmmating the potential
disturbance of the flow field by the sensor Moreover, the rapid acqusition of depth
profiles from a moving platform over a large area allows the mvestigation of flows with

temporal and spatial resolutions unobtainable from moored instruments

An acoustic remote sensing velocity apparatus operates on the premise that there
are, almost without exception, scatterers suspended in the water moving with the cur-
rent In the coastal regions these scatterers are dominantly biological m ongin, com-
posed of zooplankton or fish (Stanton 1986) Wind and wave action may trap air
bubbles, which can be very strong scatterers, m the top 10 meters of the ocean Sus-
pended particles such as sit, clay or sand, from nver mouths or industrial pollution,
may also contribute to the scattering If none of the above scatterers are present usu-
ally there will be density microstructures, which are caused by temperature or salinity
inhomogeneities (Zedel 1986) Scatterers which are stationary relative to the water will
give an accurate representation of the currents Contamination of the velocity readings
can occur due to such factors as actively swimming biological scatterers, air bubbles

rising to the surface or slowly sinking sand, silt or clay

Two related acoustic velocity sensing techniques are the correlation sonar, towards

which this thesis 18 directed, and the more common Doppler sonar The Doppler sonar
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detects the velocity by means of the Doppler shift imparted to an acoustic signal along
a narrow transmitting and receiving beam (Pinkel 1980) and has been widely used n
the atmosphere (Woodman 1980) and the ocean (Zedel 1985, Woodward and Gerald
1986) The correlation sonar differs from this mn that the velocity detection 18 based
on the translation of an interference pattern at the transducer caused by the move-
ment of scatterers perpendicular to a wide transmitting and receiving beam The two
techmques mmtially seem fundamentally different, but closer mvestigation reveals that
they depend upon the same fundamental principle of acoustic scattering off a moving
target (Bnggs 1980, Edward 1978) Although the correlation sonar uses more comph-
cated electronics and transducers than the Doppler sonar, 1t offers several advantages
The wide beam transducers (22 degrees) required for the correlation sonar are easy to
construct because they are qute small, even at low frequencies, while narrow beam
Doppler transducers (1 degree) are difficult to construct and bulky at low frequencies
While only a single beam 1s required for the correlation sonar, to determine the veloc-
ity m three dimensions the Doppler sonar requires at least three narrow beams Since
the beams of the Doppler sonar will probe different sections of water, errors can be
introduced when attempting to measure small scale flows The correlation sonar will

average the velocities from the scatterers mside the single wide beam

The correlation technmique for velocity measurement was first proposed as a navi-
gational aid for arcraft (Dickey 1958) and later for navigation at sea (Andermo and
Mosreliez 1978) The Andermo and Mosreliez patent was developed mto a commer-
cial ship speed log by Junger Instrument of Sweden The patent relies on a similar
techmque for velocity determination as 1s used i devices used to measure velocity us-
ing laser speckle statistics (Churnside and Yura 1981) For this technique a continuous
wave coherent signal 1s sent towards a scattering layer The coherent source 1s a laser
for laser speckle statistics The coherent source illuminating the surface will reflect a
random speckle pattern on a screen placed opposite the target If the target 1s mov-

ng, the speckle pattern will move at twice the velocity of the target Two detectors
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placed m lne with the target velocity v, and separation d, will receive the same signal
except that one will be delayed by a time 7; relative to the other, where 7, = d,/(2v;)

The maximum cross correlation between the two time series will therefore yield the

time lag 74

In 1978 Dickey filed a patent of a different version of the correlation sonar which
sends two pulses 1n rapid succession mto the water, towards the bottom (Dickey 1981)
The two pulses are so short that they no longer can be considered continuous wave
The two pulses returning from the bottom will be well separated mm time and have a
high frequency interference pattern superimposed on them The interference pattern 1s
dependent on the particular scatterer distribution and receiver location Cross corre-
lations between spatially displaced elements give a spatial correlation function on the
surface The peak displacement of the spatial correlation function is proportional to
the scatterer veloaty The two pulse techmque resulted mm the development of the
Magnavox MX810 deepwater correlation sonar by General Electric The MX810 deep-
water correlation sonar was developed to give a ship’s velocity relative to the bottom

and was found to be accurate and rehable (Dickey and Bookheimer 1983)

To measure ocean current velocities with a correlation sonar, short pulses have
to be sent mto the water column to give adequate range resolution The continuous
wave correlation sonar as detaled in the Andermo and Mosreliez patent can therefore
not be used for water current measurement The spatial correlation function 1s only
approximately four centimeters wide for a transmit pulse at an acoustic frequency of
100khz To be able to locate the peak of the correlation function 1t should be sam-
pled with a resolution of two centimeters or less To make 1t possible to keep the
number of receiving transducers to a reasonable number (four to eight transducers for
each perpendicular axis), the separation of the pulses on which the correlations are
performed must be between 10msec and 50msec for a velocity range of 0 to 2m/sec

For water current measurement using the correlation sonar techmique two pulses have
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to be sent out m rapid succession Each pulse pair can then be repeated when the

reverberation dies down

Another hmitation on the maximum pulse separation 1s the scatterer decorrela-
tion Scatterer decorrelation results i the reduction of the correlation peak because
the scatterers move with a random velocity component relative to the water No exact
figures are available for the scatterer decorrelation time, since 1t changes with the type
of biological scatterer, time of day and season, but it generally i1s between 100msec
(Huston 1986) and lsec (Farmer, Booth and Kamitakahara 1981, Farmer and Crawford
1983) Since the pulse separation used for the two pulse correlation sonar 1s smaller
than this, scatterer decorrelation will usually have a minor effect on the accuracy of

the correlation sonar

It should therefore be possible to build a two pulse correlation sonar to measure
the velocity of water currents There 1s however a fundamental difference i the signal
returning from the water column, compared to the signal returning from the bottom
If there 1s a uniform scatterer distmbution m the water column, signal from the two
returning pulses will be recerved at the same time from different range gates Since
in the correlation process the signal from only one of the two pulses 1s requred at
any one time, the other pulse will mterfere with the required signal Since the mter-
fering pulse can usually not be separated from the required signal, it must be treated
as noise The effect of this noise on the correlation function is not discussed mn avail-
able hiterature, but 1t will greatly influence the accuracy of a correlation sonar current
measuring device This thesis investigates the exact nature of the interpulse nterfer-
ence noise and what effect 1t has on the correlation function A general expression for
the shape of the correlation function 1s derived Various signal processing and stor-
age techmques will result in different correlation functions for similar raw signals The
accuracy of the correlation functions for both bottom return and volume return 1s n-

vestigated 1n terms of the different demodulation techniques
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In atmosphenic radars which use the spaced antenna techmique, the pulse separa-
tion and the width of the spatial correlation function 1s of similar order of magmitude
to that of the two pulse correlation sonar Interpulse interference will however not be
present, since all the return signal can be received for each pulse before the next one

1s transmitted due to the propagation velocity of the radar pulse at the speed of hght

A computer model of a two pulse correlation sonar was developed to perform a
detailed analysis of the correlation sonar as a current measuring device The results
from the computer model are compared to the theoretical expected correlation func-
tions and to correlation functions obtained from a modified prototype correlation sonar
which was available at the Institute of Ocean Sciences The theoretical results are con-

firmed by the experimental data and the computer model

The accuracy of a two pulse correlation sonar 1s mainly limited by the mterpulse
interference A techmique of reducing the interpulse interference using spread spectrum

pulses 1s also evaluated



2 THEORY OF OPERATION OF THE CORRELATION SONAR

There exist many methods to explamn the operation of the correlation sonar The sta-
tistical properties of the acoustic field may be described in terms of a space-time cor-
relation function of the type used mn the correlation sonar Alternatively, it may be
described as a frequency wavenumber spectrum as used i the Doppler sonar The first
section of this chapter provides an mtwtive explanation for the operation of the corre-
lation sonar, which draws on theoretical and physical explanations given m the litera-
ture (Dickey and Edward 1978, Edward 1979) Following the explanation of operation,
the actual shape of the spatial correlation function 18 given, using a derivation by Ishi-
maru (1978) Operational lhmits, such as effects of signal contamination, are brefly
discussed The final section examines a variety of signal demodulation types possible

with the correlation sonar

2.1 Principle of operation

The principle of operation of the correlation sonar may be explained as follows A wa-
ter volume 1s msonified by a wide beam acoustic transducer of width 6 at a frequency
fo Acoustic returns will be received from two range increments of length T}, * ¢ where
¢ 1s the speed of sound in the water column One range increment will be at a range
gate or mtegration window at time t,, the other at time t, + T, T, 1s the pulse sepa-

ration

Following the transmission of the two pulses into the water column, the return-
ing wavefronts are monitored at several different pomnts in space at a range gate when
the two pulses pass through the water volume of interest These poimnts are usually
m a honzontal plane for convemence The waveform received at a time t by one hy-
drophone will be virtually the same on a second hydrophone at a time t + T, provided

the displacement vector of the hydrophones 1s exactly twice the displacement vector of
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Figure 2.1

The correlation sonar system configuration An array of receivers
at the surface receives signals from two insonified volumes after two
pulses are transmitted with a pulse length T, and separation T, The
transmit and receive elements have a beamw1dth 6

the scatterers (figure 23) Ths process 18 commonly referred to as waveform invari-
ant geometry (Edward 1979) The principle of waveform mvariant geometry assumes
only that the the vertical distance to the scatterers 1s considerably greater than the
separation between transducer elements As the transducer spacing 1s the same order

of magnitude as the wavelength of the sound, this approximation apphes umversally in



CORRELATION SONAR TRANSMIT ENVELOPE

v

Tp = PULSE WIDTH
Ts = PULSE SEPARATION

Figure 2.2

The transmission waveform envelope for the correlation sonar

the far field Waveform invariant geometry 18 independent of the local sound velocity

The signal y,(t) received at transducer j, 1s cross-correlated with the signal y(t)
received at transducer k with a time lag T, over the water volume of interest, with
an ntegration period 7, The cross-correlation will have a maximum value for those
transducer elements having a vector separation corresponding to twice the scatterer
vector displacement in time 7, By comparing the cross correlations for the different
transducer elements, the correlation sonar searches out the vector displacement of the
maximum value of the correlation function The velocity V of the scatterers can be

calculated using the vector displacement of the peak of the correlation function 8,,;

gmaa:
7= (21)

where 8§py,q: 15 the vector displacement of the maximum of the correlation function

In most practical situations, only a two-dimensional planar hydrophone array can

be constructed The hydrophone array plane 1s positioned normal to the transmission



Figure 2.3

Diagram of waveform mnvariant geometry R, and R, are vector

positions of 2 hydrophones at t; and t, respectively If R, -R,=
2V, T, 0 then Y;(t), the waveform received on hydrophone 1 at posi-

tion R; will be equal to Y5(t), the waveform received on hydrophone
2 at position R, a time T, later V, 1s the scatterer velocity

beam direction The spatial correlation vector will provide the horizontal water veloc-
ity o the v, and vy direction By adjusting the correlation delay time, and searching
out the correlation peak n time, the vertical veloaity v,, of the scatterers may be
obtamned (Dickey 1981) Appropnate curve fitting and smoothing algorithms must be
implemented to locate the correlation peak, as the correlation function may only be

sampled at discrete points in space and time 1n any real world situation

2.2 The shape of the spatial correlation function

The denvation of the spatial correlation function shape 13 based on the development of

a general random scattering correlation function given by Ishimaru (1978) The gen-
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eral random scatterng correlation function 1s adapted to the correlation sonar A layer
of random scatterers 1s insonified with a transmitter The returning signal 15 received

with two hydrophones at ponts P;(d/2,0,0) and P»(-d/2,0,0) (figure 2 4)

X
Figure 2.4

Geometry used to derive the spatial correlation function at
pomts P; and P, for a random scattermg medium

For a field scattered from an elementary volume dV at pomt (R:,6,¢) the phase
difference between Py and P, 18 given by ¢ = k(R, — RY), where k 1s the wavenumber
In the far field of the recever (1e d 1s much smaller than R;), ¢ can be approximated
as

¥ =k(R, - R}) ~ —kd(O %), (22)
where O 1s the umt vector connecting the origm and the scattering volume dV and %

18 a umt vector along the x axis The voltages V; and V, received on a transducer



11
element 1s directly proportional to the acoustic field at the transducers at points P
and P, respectively By using an extension of the radar equation for a bistatic system,

the spatial correlation function of the voltages V; and V; can be written as (Ishimaru

1978 eq 4-71)

(ViV®) = ﬁ%m(e Dexp(=m — 72 + 1)V, (23)
where ¢ = (V?)/(P,/P.), G, and G, are the receiver and transmitter gain functions,
A 1s the wavelength of the sound, p 1s the density of the medium, o, 1s the bistatic
scattering cross section of the scattering volume dV and P,, P, are the transmitted
and received power 1 1s a umt vector connecting the transmitter and the scatterimng
volume and O 1s a umt vector connecting the recerver and the scatterng volume 1,
and v, are the acoustic paths between dV and the transmitter, and dV and the re-

cever respectively
Rl R2
71=L pords, 2= A poids, (24)
and where o, 1s the total cross section * denotes the complex conjugate, () 1s the

expectation operator and 1 = /=1

If the transmitter 15 placed at the origmn such that i= —O the correlation 1s

(ViVa*) = ¢ [V A?f;g?gégﬂpoaexp[—’n —np + 1kd(i RV (25)

Here o4 1s the backscatter cross section of the scattering volume dV' Further simphfi-
cations must be made to obtamn a closed expression for the correlation function The
pomnts P, and P, are located i the zz plane and line P; P, 1s inchned at an angle
p from the x axis (0 < ¢ < %) The transmitter at the ongn has a gamn function
Gi(8) = G,exp(—62/6,%), where 6, 1s the beamwidth The receivers at R; and R, have
the same gain function as the transmitter A layer of thickness Az 1s parallel to the x

axis, at a distance R, (figure 2 5)
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Figure 2.5

Correlation of acoustic field at pomnts P, and P, due to a thm
layer of randomly distributed particles at a distance R, from the
transmitter ~ The line connecting pomnts R; and R 1s inchined at
an angle ¢ from the zy plane

With the these simphfications, a simpler expression for the correlation can be ob-

tamned, using ¢ = kd(sinfcospcosp + cosfsimnp)
QALY "4 [ earespl-(252 8. + 0], (26)
with C, & [cA2G,2p0s J(47)3 R, Az
Smce | 6] < 1,
/0 ’ déexp(tkdsmbcosgcosp) = 27J,(kdsinfcosp) ~ 21, (kdfcosyp)

J, 18 the bessel function of order zero Using the above integral equation 26 can be
evaluated approximately (Ishimaru 1978)

(ViVe?) s (22 explskdamyy - $9° 27)
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The constant A 18 given by

2 kdsimg
A= +1
6,2 2

Equation 2 7 shows that if ¢ 1s not zero, a phase shift will be introduced mnto the
complex correlation coefficient, since the 1maginary part of the correlation coefficient 1s
no longer zero The phase shift can be shown to be proportional to the rate of change

in path length from the transmitter to the scatterers and back to the receiver

If the receivers are located along the x axis, then ¢ = 0 and the correlation func-
tion 1s proportional to
(kdb,)?

(ViV2*) « CXP[“—*g'—] (28)

Equation 28 shows that the spatial correlation as a function of d, the separation, 1s
gaussian 1n shape The correlation function also depends on the beamwidth 8, and the
frequency f, = ¢/A = kc/2n, where X 1s the wavelength and k the wave number The
width of the correlation function W 1s defined to be the pomnt where the amphtude of
the correlation coefficient drops to 1/e of the amplitude at the peak correlation when
d=0

W= (%—?) N 7.;69: (29)

A typical spatial correlation function 1s plotted n figure 2 6 using equation 28 A
beamwidth of 22 degrees and a frequency of 100khz 1s assumed A one dimensional
slice through the center of the two dimensional spatial correlation function s plotted
The correlation function mn the plane can be obtamed by rotating the one dimensional

correlation function around the center axis

2.3 The accuracy of the correlation sonar velocity estimate

The theoretical accuracy of the correlation sonar unhindered by electrical noise, plat-
form motion, transducer missalignment and interpolation errors can be determined us-

ing an analytical model developed by J A Edward (1979) The accuracy 18 determined
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Figure 2.6

Theoretical spatial correlation function of a 22 degree beamwidth
transmitter at a frequency of 100khz

by finding the statistical properties of the spatial correlation function, and 1s found to
be approximately the same as that for the Doppler sonar The standard deviation for

the velocity estimate of the correlation sonar may be approximated as

where W 1s the width of the correlation envelope, as given by equation 29 W = 54—,

o¥o

6, bemng the round trip beam width, f, the frequency and ¢ the speed of sound mn the

water N, 1s the number of mmdependent samples available in the correlation and can
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be wntten as

N, = Bw Ty, (2 11)

where Bw 1s the bandwidth of the signal and T is the integration time of the correla-
tion P, 18 the noise power and P, 18 the signal power in equation 2 10 In the derva-
tion of equation 210 no consideration was given to the effect of using different de-
modulation techniques on the accuracy of the correlation sonar velocity estimate The
interpolation technique used to locate the peak of the correlation function also will n-

troduce errors nto the calculation of the velocity which are not included in equation

210

As an example, a prototype correlation sonar system at the Institute of Ocean
Sciences has the following specifications Bw = 4kHz, T, = 10 msec, f, = 100kHz,
0, = 22 degrees For this system a theoretical velocity standard deviation 15 o, =
22m/sec for a value of P, =0 Theoretically this should be the accuracy to which the
bottom speed could be determined, if the full spatial correlation function was available
for a single transmission pulse pair The actual correlation function 1s only sampled at
four pomts across the peak since the peak width is about 4cm, while the transducer
spacing 18 1 5cm, and therefore numerical interpolation must be used to determine the
exact peak location, which will introduce extra errors nto the calculation of the ve-
loaity Normally the velocity estimate 1s based on the average of several transmissions,
so that the variance 1s reduced to an acceptable level A typical reverberation time mn
the ocean 1s 0 5sec A one minute, 120 transmission average will have a velocity error
of 0, = 02m/sec Edward does not discuss the effect of water volume return on the
accuracy of the velocity estimate For full water volume return the signal to noise ra-
tio 18 one, as will be shown m a following chapter The theoretical 120 transmission

average accuracy of the velocity, using equation 2 10, will therefore be o, = 04m/sec

for full volume return
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2.4 Range resolution

The range resolution 1s determmed by both the transmitted pulse length and the
length of the integration window 7T, In many cases the tegration window 1s set to be
equal to the pulse length (Edward 1979), although for deep water, where pulse spread-
ing effect occurs due to the wide beam width and the sphernical shape of the msonified
volume, the mtegration length should be increased to accommodate the spreading ef-
fect The maximum depth will depend on power levels, propagation losses and volume-
scattering strength Low frequencies have lower propagation losses, but may have lower
scattering strength off biological targets Therefore determination of the best frequency

will be a tradeoff between scattering strength and propagation losses

2.5 Signal contamination

Various factors contribute to deviation of the correlation function from the theoretical
expected value For instance, the signal received by each hydrophone y,(t) will the
sum of the wanted signal y(t) and noise n(t) The correlations between transducers are
performed by correlating data from transducer ; at time t with data on transducer k
at time t+ T, Thus any noise that may be coherent between channels at zero time
lag will usually be incoherent at a time lag of T, The general effect of mcoherent
noise on a correlation coefficient 18 the lowering of the correlation values Different
signal processing techmques used before correlation such as amplitude demodulation or
complex demodulation as discussed mn the next section will be affected differently by

the presence of noise

There are three major sources of noise that contaminate the signal of the corre-
lation sonar, and thus hmit the signal to noise ratio They are environmental back-
ground noise mn the ocean, transducer and electronic noise, and nterpulse contamina-

tion due to the two pulses that are in the water at the same time The environmental
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noise may have natural sources such as wind or ran, or it may be man made by the

ship’s engines or other acoustic sensing devices such as depth sounders

The signal received at the receiving hydrophones can be very weak, requirng a
large amount of amplification Any noise introduced n the amplification circuitry will
contaminate the wanted signal When digitizing the demodulated waveforms, only a
finite resolution analog to digital converter 1s available, thus digitization noise will also

be introduced mto the signal

When the correlation sonar receives signal from a well defined scattering layer
such as the ocean bottom or the ice covered ocean surface, the two pulses that are
transmitted will be well separated, provided that the pulse separation 1s long enough
If, on the other hand the scattering layer 1s more or less umformly distmbuted over the
whole ocean depth, the signal received at each transducer will be the sum of the signal
received from each pulse that was sent out, from a different range When performing
the correlations, the signal required 1s that from one of the pulses only The return
signal from a random distribution of scatterers will have a normally distributed prob-
ability density function, as will be shown m the next chapter The effect of mterpulse
interference can therefore be viewed as the required signal bemng mixed with gaussian
random noise of equal amphtude as the signal Thus for a umform, thick scattering

layer the signal to noise ratio due to interpulse interference will almost never be better

that one

The noise from the environment or the electronics can usually be controlled to be
much smaller than the mnterpulse interference noise Thus the dominant noise source
for a current measuring correlation sonar is the interpulse interference The precise
effect of this contamination on the correlation function 1s not discussed in available
literature concerning the correlation sonar It will however, contribute greatly to errors
in the measurement of water currents Using a correlation sonar for bottom veloaty

measurements does not volve this problem since the two pulse returns are totally
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separate Other geometries of transducer omentation, such as a bistatic geometry with
intersecting beams will circumvent the inter-pulse interference problem somewhat, but

will severely limit system flexibility

2.6 Type of signal demodulation

Different implementations of the correlation sonar use different demodulation tech-
niques The relative merits of different demodulation techniques on the accuracy of
the correlation sonar velocity estimate have not been investigated n available literature
and will be given n a later chapter In this section, an overview of the three most

common demodulation techmques 1s given

The signal y,(t) received on each hydrophone will be the raw carrier at a center
frequency f, = w,/27 It will have amplitude modulation and doppler shifts imposed
on 1t, due to the moving scatterers There are several methods of demodulating and
recording this signal The signal can be represented 1n complex notation as y,(t) =
A(t)*exp|t{wot+¢(t))] By mixing this signal with a carmer signal of type sin(w,t) and
low pass filtering, the m-phase demodulated signal 15 obtained The in-phase signal
can be wntten as I(t) = A(t)sin(¢(t)) If the mncommng signal y,(t) 15 mixed with
cos(w,t) the quadrature component Q(t) = A(t)cos(¢(t)) 18 obtammed The signal y,(t)
can then be wntten as y,(t) = I(t) + 1+ Q(¢) Thus by digitizing the I(t) and Q(t)
signals separately the complete y,(t) signal 1s obtamed If amphtude demodulation 1s
performed, then only the A(t) signal 15 digitized The amphtude signal can also be

wntten as A(t) = /I(t)2 + Q(t)?

A clipped complex signal 1s obtamned if the I(t) and Q(t) are chipped This means
that if I(t) 1s positive the chipped function I.ip(t) will be a positive constant, while
if I(t) 1s negative, I;p(t) will be a negative constant The Q(t) signal 1s also chipped
to give Qcup(t) Chpping removes the amphtude signal A(t) from the mcommg signal
Y (t)
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The three common demodulation techmques then are

Complex demodulation

Yeomplez (t) = A(t)sin(4(t)) + 3 + A(t)cos(4(t)) = I(t) + 1 % Q(t) (212)
Complex chpped demodulation

ycl:pcomplez(t) = Iclsp(t) +1% chtp (t)’ (2 13)

where

Lnp(t) = ¢ if I(t) >0
Lip(t)==c o I(t) <0
chtp(t) =c if Q(t) >0

Qenp(t)=—=c  f Q(t) <0, ¢ some constant

Amplitude demodulation
Yamyp(t) = A(t) (214)

Amplitude demodulation only needs one digitization channel for each transducer,
and the demodulation electromics are simplified The complex and the clipped complex
signal need two digitization channels to record the signal for each transducer The
chpped complex signal produces a self normalizing signal, thus simple hardware can be

used for the correlations

Both the complex demodulation and the amplhtude demodulation require high res-
olution digitizers, to make 1t possible to record the large dynamic range signals en-
countered mn the oceans Both techniques also need very accurate gamn control circuits
The chpped complex signal only needs a one bit analog to digital converter since chp-
ping is equvalent to one bit analog to digital conversion Gam control for a clipped

signal 18 non critical since 1t 1s self normalizing
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3 STATISTICAL PROPERTIES OF THE ACOUSTIC FIELD

In this chapter the statistics of the signal received at a hydrophone after a short pulse
signal has been transmitted into the water column 1s discussed The quadrature com-
ponents will be seen to have a normal distribution, while the amplitude has a Rayleigh
and the phase a umform distribution The joint probability distribution of two amph-
tude signals 1s also derived because 1t will be required later to calculate the correlation

coefficient of two amplitude demodulated signals

3.1 Probability distribution of the scattered field

The scattered acoustic field E,, will be recetved on a hydrophone in the form of a
voltage V,, where V, « E, The proportionality constant will be dependent on the fre-
quency and the hydrophone sensitivity The field E, can therefore be written in terms
of the quadrature components Ig(t) and Qg(t) of the field, as discussed m chapter

two

Eo(t) = A(t)exp(s4(t) = IE(t) +1QE(t) = Ap(t)sin(¢(t)) + 2 Ap(t)cos(4(t))  (31)

The scatterer field E, 18 the sum of the fields of many scattering particles

Ny Ny
E, = Z An(t)exp(t¢n(t)) = Z(Isn(t) +1QEn(t)), (32)

where Np 1s the number of particles It can be assumed that the contrbution of
each Ig,(t) and QE.(t) acts as an independent random variable to the sum in equa-
tion 32 The central limit theorem states that the probability distribution of the sum
of N mdependent variables approaches a normal distribution as N — oo, no matter
what the propability distribution happens to be for each individual variable (Daven-
port and Root 1958) The quadrature fields Ig(t) and Qg(t) act therefore as normally
distibuted random vanables This means that each independent sample m the times

series of Ig(t) and Qg(t) acts as a sample of a normal distribution



21
The actual number of independent samples N 1n a time series 1s related to the
bandwidth Bw of the electronics and the length of the time series T; by N = By + T}
This assumes that the time series 1s sampled above the Nyquist frequency f, = 2#% Bw

If the time series 1s sampled below the Nyqust frequency, usable signal information

will be lost and less accurate correlations result

3.2 Probability distribution of the amplitude and phase

The distribution of ¢(t) can be assumed to be umformly distributed over 27 since the

phase of each A,(t)exp(:¢,(t)) 18 random and umformly distributed over 27

p(¢)=1/2n, 0<¢$<2r (33)

The jont probability distmbution function of A and ¢ 18 p(A,¢) = p(A)p(¢) since

A and ¢ are independent The probability distmibution for the amplitude 1s found to
be the Rayleigh distribution (Ishimaru 1978)

p(4) = (A/o?)eap(-A%/(20%)) (34)

3.3 The joint amplitude probability density function of two scattered fields

The jomnt amplitude probabihity distmbution p(A;,A2) 1s required to calculate the cor-
relation between two amphtude demodulated signals A derivation of p(A;,A2) gven

by Ishimaru (1978) 1s used If the complex received signals are represented by E; and
E; then

Ey = Ajexp(1¢1) = I +1Q, (35)

E; = Azexp(1¢2) = I, +1Q2 (36)
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From equations 3 5 and 3 6 the joint amplitude probability function can be wntten as

2x 2x
p(A1,A2)=/(; d¢1 . d¢2p(A1’A2a¢l)¢2) (3 7)

The integral in equation 37 can be evaluated (Ishimaru 1978 eq 4-98)

p(Al,AQ) = 04—(1 = 7'02on [02(1 _ roﬂ] [202(1 - 1'02) ) (3 8)

where I, 18 the modified Bessel function of zero order, 02 1s the vamance of the

quadrature signals I and Q, and r, 1s the magmtude of the normalized correlation

function

= TTERT (39)

The symbol () 1s the expectation operator
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4 STATISTICAL PROPERTIES OF THE CORRELATION FUNCTION

In this chapter the statistical behavior of the normalized correlation coefficient r 18

discussed, which 1s defined for real time series sample vectors z and y as (Hoel 1954)

()=  __ Tay-Nmg -
/£ B O oY 2 e ) Y S P ) P

where N 1s the number of samples 1n the summation

r=

If the sample vectors X and Y are complex, then the normalized correlation coef-

fictent can be written as
| (XY*) |

VIXPWY )

To determine the effect of the interpulse mnterference, the correlation process 1s

r=

(42)

sphit mto accuracy of raw signal correlation, effect of noise contamination on the corre-

lation and the effect of demodulation on the correlation

In section 1 a new techmque of looking at the accuracv of the complex correlation
coefficient as a function of the correlation magnitude 1s given In the following section
the effect of additive white gaussian noise contaminating the correlated time series 1s
discussed In section 3 the effect of amplitude demodulation on the correlation coef-
fictent 18 shown, while a new derivation of the effect of noise on the clipped complex

demodulated correlation coefficient 1s given in section 4

4.1 The accuracy of the correlation coefficient

For linear correlation the value of the correlation coefficient r may be thought of as
one sample 1n a sequence of samples r;,r2, 3, If the correlation were repeated an-
other value would be obtamned in the sequence The question then anses what 1s the

accuracy of each value of the correlation coefficients, for a fixed value of r, = (r)?
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Unfortunately the distrbution of the samples of r 1s highly non-normal for values
of r. close to one Therefore the standard deviation of the samples r, cannot be used
to determine the accuracy of r as an estimate of r, There exists a change of vanable

from r to z that can be used to change the distribution of r to an approximately

normal distribution (Hoel 1954)

1
2= §l°g°’1T,f (43)
z will then be approximately normally distributed with mean u,
1 1+7r,
I“Z - ilogcl -, (4 4)
The standard deviation of u, will be
1

(49)

where N 1s the number of independent samples as given in section 31 Using equa-
tions 43, 44 and 45 1t 13 possible to determine the accuracy of the correlation coef-
fictent as a function of the magmtude of the correlation coefficient In figure 41 the
accuracy of the correlation coefficient 1s plotted The accuracy is normahzed relative to

the accuracy at r, =0, since 1t 1s always worst there

There 1s always zero error n the correlation coefficient if it 1s one The accu-
racy of the correlation coefficient drops rapidly as the correlation coefficient decreases
from one This shows then that the accuracy of the correlation coefficient 1s deter-
mined by two factors The magnitude of the correlation coefficient and the number of
independent samples that were correlated The accuracy 1s not directly affected by the
presence of noise m the signal Random noise can lower the correlation coefficient and

thus will decrease accuracy, but noise cannot affect the accuracy alone
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Figure 4.1

Error m the correlation coefficient r as a function of the ex-
pected magnitude of correlation r,, normalized relative to the error
atr.=0

4.2 The correlation coefficient as a function of signal to noise ratio

The correlation coefficient of two complex signals E; and E, 1s given by equations 39
or 42 If the two signals are contaminated with white gaussian noise signals N; and

N, of equal amphtude, then the correlation coefficient can be written as

_ J{(Ex + N1)(E2 + N2)*) |

=B+ N D] (46)
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The numerator 1s expanded and simplified to be
L{(E1 + N1)(E2 + N2)*) | =[ (E1E2*) + (E1 N2®) + (N1 E2*) + (N1 N2*) |=| (EL E2*) |,

since the noise and signal are uncorrelated

The denominator can be rewritten as
(lE+ NP =(Ig+IN)*+(Qr + QN)?)
= (Ig%+2IpIn + IN? + Q£? + 2Q£QN + QN2 = (IE? + Q&%) + (IN? + QN ?)

=(EP)+( N P) (47)

The correlation coefficient with noise therefore 1s

o EE| =|(E152')|[ 1 ]=I<E1E2'>|[ ‘ ] (48)
"TTERF(NE - TEF [ix [~ TER [T+ st

where SNR 1s the signal to noise ratio Equation (4 8) shows that the correlation will

O

o

be reduced as more noise 1s added and the signal to noise ratio decreases

4.3 The correlation coefficient of two amplitude signals

To calculate the correlation coefficient r,m, of two amplitude signals A; and Az, a
derivation given by Ishimaru (1978) 1s used The correlation coefficient of two real

signals can be obtained as in equation 4 1

(A1 A2) — (A)?

Teme = “T22) AT )

For real amphtude signal returning from a random distmbution of scatterers, 1t 1s

known that
(A1A2) = / / A] Azp(Al,Az)dAldAg, (4 10)

(A)=L Ap(A)dA = /[TTD)E, (411)
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(A?) = L ” A’p(A)dA = 202, (412)

where 02 1s the vanance of the complex I and Q signals If probabilty function
p(A;,A2) given mm equation (37) 1s inserted mto equation (4 10), the integral for
(A;1,A2) can be expressed m the terms of elliptic mtegrals (Ishimaru 1978) The se-

ries expansion of these mtegrals can be used to give
Tamp ® 0915r,2 + 0 058r,* + (413)

This equation gives the normalized correlation coefficient r,,, of two amplitude signals
A; and A; mn terms of the normalized cross correlation coefficient r, of the complex

signals F; and E,

4.4 The correlation coefficient of two clipped complex signals

The effect of noise on the correlation coefficient of the chipped complex signal 1s not
given m available hiterature of the correlation sonar A formula relating the clipped
complex autocorrelation function to the complex autocorrelation function of narrow
band signals was derived by Lawson and Uhlenbeck (1950) r.., ~ ARCSIN(r,) Ths
formula can be adapted to the spatial correlation function of the correlation sonar, but
it was found to be maccurate for the high signal to noise ratios obtained from volume
reverberation A new method for the determination of the chipped complex correlation

coefficient was therefore developed

To nvestigate the effect of noise on the chpped complex signal correlation, the
effect of noise on the quadrature signals 1s studied first Since each of the quadrature
signals 1s real, the correlation coefficient can be written as in equation 4 1

_ (zy) - (z){y)
Vie2) = (2)2\/(y?) - ()
The correlation using the chipped signals z,, and y.np, 18 self normalizing since

\/(xfhp) = \/(yfhp) = ¢, no matter what the amphtude of the signal itself 1s The
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constant ¢ 1s the amphtude of the chpped signal If the constant ¢ 1s chosen to be

one, then Telip = (-Tcltpyclap)

If the z and y signals are identical except for the noise they contain, then they
can be wntten as z = s+ n; and y = 8 + no, where n; and ny 1s additive white

gaussian noise and s is the signal

The clipped correlation coefficient can therefore be written as

1 1
Telip = (xcltpychp) = TP Exchpycltp = WZ(s .z "l)cltp(s + n2)cltp,
where 2., and y..p represent the inphase or quadrature clipped signals

The correlation coefficient r.,, will then be the probability that (zchp, = yenp)
mimnus the probability that (zcnp # yeup), since if Zenp = youp then zenpyenp = 1 and
if Zonp # Yotip then Tenpyenp = —1  As was shown in chapter three both the signal s
and the noise n; and n; act as gaussian random variables Therefore their probability

distribution functions will be of the form

bls) = ——exp( o) (415)
27(01 2022

To calculate the probability that zcup, # yecup the probability of making an error
pg n the determmation of the sign of z.ip, or yenp due to noise must be determined
In other words the probability that the noise n 1s the opposite sign of the signal s and

greater in magnitude

pe = / 20 / " pln)in s (416)

= 1 N 1 -n?
pe= [ e goms) [ el )in d (417)
Once the probability of making and error pg 1s found by evaluating the integral n

417, the correlation coefficient can be calculated

Tehp = p(zcl;p . yclap) - p(zcltp # yclsp)
(418)

=(1-pg)?+pe?-2(1-pE)pg
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The problem then remams to evaluate the integral in equation 417 An ana-
lytic solution 1s very difficult and therefore a numerical integration techmque was used
Simpsons rule integration technique (Barrodale, Roberts and Ehle 1978) was chosen
because 1t 1s both fast and easy to implement By adjusting the step size of the in-
tegration routine 1t 1s possible to determine the accuracy of the integration The inte-
gration 1s continued until a reduction of the step size by a factor of two results 1n a

integrated value accurate to five decimal places

The above argument was carried through only for a real chipped signal such as
the quadrature signals of a complex signal If the real signals are replaced by complex
signals mn the above argument, and the correlation coefficient of the complex signal
(equation 4 2) 18 used, a simlar value of r.,, 18 obtained as m equation 418 Equa-
tions 417 and 4 18 only give the correlation coefficient r.,, n terms of the signal to
noise ratio SNR = os/oy If a value of the complex correlation coefficient r, 18 given
for two signals without noise, whose correlation coefficient 1s less than one, an equiv-

alent signal to noise ratio can be calculated by mverting equation 4 8 and assuming
that [(E\Ex*) | /([ E]?) =1

_0s _ 1
SNRegusw = oy AT =1 (419)

Once SNReguv 18 known, equation 417 and 4 18 can be solved to give the clipped

complex correlation coefficient Telp

Both the signal and the noise are characterized by the value of the varance o2
The ratio of og/on can be considered to be the signal to noise ratio The value
of reup can be calculated for a set of values of the signal to noise ratio using equa-
tions 417 and 418 Figure 4 2 shows the correlation coefficient r,, as a function of
the signal to noise ratio m db It also shows the correlation coefficient of a complex
demodulated signal r, calculated form equation 48 and of a amphtude demodulated
signal ram, calculated from r, using equation 413 In figure 42 1t 15 assumed that
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the two signals which are correlated are made up of the same wave form, except that

they are contaminated with different uncorrelated noise With high signal to noise ra-

tios (SNR > 0db) the correlation coefficient 1s close to one for all three demodulation

technmiques
CORRELATION AS A FUNCTION OF SNR
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Figure 4.2

Correlation coefficient as a function of signal to noise ratio of
two 1dentical signals contaminated with uncorrelated noise for com-
plex, amplitude and clipped complex demodulation

The lighest correlations are obtained using the complex demodulated correlation
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at a given signal to noise ratio Correlations of an amphitude demodulated signal are
greater than correlations of the clipped complex demodulated for signal to noise ratios
higher than 0db, while the situation 1s reversed for lower signal to noise ratios Since
the accuracy to which the location of the peak can be determined depends mainly on
the height of the correlation function, amplitude demodulation will perform worse than

chpped complex demodulation under high noise conditions

4.5 The effect of noise on the spatial correlation function

The effect of noise on the spatial correlation function has not been discussed in avail-
able hterature on the correlation sonar, and a detaled new analysis was performed for
this thesis The different demodulation techmiques discussed above will give different
spatial correlation functions By calculating the complex correlation coefficient r, us-
g equation 28 of noise free signals, the amphtude correlation coefficient r, and the
clipped complex correlation coefficient r;, can be calculated The spatial correlation

function for these different modulation schemes 1s plotted in figure 4 3

The correlation functions for all three demodulation techmques have a peak of
one Figure 4 3 shows that both the clipped complex and the amplitude demodulation
give correlation functions that are narrower than that of the complex demodulated sig-
nal To get the highest accuracy of the velocity estimate the actual shape of the cor-
relation function should be used for interpolating the peak location Only the complex
demodulated correlation function 1s gaussian 1n shape The clipped complex demodu-
lated correlation function has a non continuous slope at zero displacement, while both
r, and r, are contmuous Thus extra care has to be taken when mterpolating for the

peak position with clipped complex demodulation

The signal returming from the water column will have an effective signal to noise

ratio of one due to the interpulse contamination If random gaussian white noise 1s n-
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SPATIAL CORRELATION FUNCTION
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Figure 4.3

Theoretical Bottom return spatial correlation function for com-
plex, amphtude and clhipped complex demodulation

troduced mto the signal of the correlation functions in figure 4 3, the correlation func-

tion of full volume water column return can be simulated The results for the three

demodulations techniques are plotted in figure 4 4

The most important feature of figure 4 4 15 the decrease of the correlation peak
of all three demodulation techniques The peak drops from a value of one to 05 for

complex demodulation, while 1t drops to 025 for chpped complex demodulation and to
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Volume scattering return spatial correlation function for complex,
amphtude and clipped complex demodulation

0 23 for amplitude demodulation In other words the correlation coefficient for complex
demodulation performs better than the correlation coefficient for clipped complex and
amplitude demodulation Since the accuracy of the correlation coefficient 1s indepen-
dent of the signal to noise ratio and only depends on the actual peak of the corre-
lation function, a lower correlation coefficient will mean a decrease mn accuracy This

means that not only will the correlation coefficient be lower, but also less accurate
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5 IMPLEMENTATIONS OF THE CORRELATION SONAR

5.1 The correlation sonar computer model

A computer model was developed to study the behavior of a two pulse correlation
sonar under various operating conditions It 1s based on a model developed by A D
Booth of Autonetics Research Associates (Booth 1985), but includes several modifica-
tions and developments Virtually all parameters of the correlation sonar operation 1n
the computer model are adjustable In the model, a transmitting transducer located on
the surface of the water illuminates a random distribution of scatterers at a distance d

from the surface (figure 51)

The scatterers are distributed uniformly nside a water volume of thickness Az 1l-
luminated by the transmitting beam The scatterers move with a veloaty 9, which
1s made up of a random velocity component ¢, superimposed on a velocity common
to all scatterers ¥, Both the random component and the common component are ad-
justable The model also has a single strong scatterer with an independent velocity
vector y to simulate a large fish or other object moving through the beam The re-
ceving transducers are located on the surface at variable locations They are chosen to
be at similar locations as the receiving transducers in the I0S correlation sonar as dis-
cussed m the next section for easier data companson The transmitting and receiving

beam shape can also be included 1n the model

The thickness of the scattering layer 1s variable By using a thick scattering layer
of 30m water volume return can be simulated, while a thickness of 1m can be used to
mmitate a rough bottom The depth of the scattering layer 1s adjustable and 1s usually
set to 100m

The frequency of operation of the model was usually set to 100khz, the same fre-
quency used on the IOS correlation sonar The pulse duration and separation 1s con-
tinuously adjustable It s also possible to transmit a different wide band pseudo ran-

dom noise code for each pulse
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Figure 5.1

Geometry of the correlation sonar computer model A layer of
uniformly distributed scatterers with thickness Az is illummated with
a transducer of beamwidth 6, A larger object such as a fish can
move mn a different direction than the scatterers

The signal received on each transducer in the model can be demodulated in sev-
eral different ways The model stores the received signai i complex demodulated
form The model allows gaussian white noise to be added to the complex signal The
complex signal can then be amplitude demodulated or chpped complex demodulated
The model also includes two new demodulation techmiques, not previously discussed in
available lterature, both of which mvolve the slope (first difference) of the amphtude
signal The first 18 called the slope demodulation and 1s the bipolar first difference
signal of the amplitude demodulated signal The second 1s called the one bit slope
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demodulation techmique and 1t uses the clipped slope demodulated signal These two
uncommon demodulation technmiques were included because under some circumstances

they were found to give better results than an amplitude demodulated signal by itself

Provisions were made in the model to include depth attenuation, variable scatter-
ing strength and Doppler shifts n the reflected signal, but were later removed because
they did not affect the correlations appreciably and caused the execution time of the
model to increase to a point where simulations using greater than 100 scatterers were

impractical

The signal received on each model hydrophone can be written as m equation 3 1

t)-—EA (t)exp(s ZA (t)exp(s (wt+27r ),

n=1

where r, 1s the distance from the transmitter to the scatterer and back to the re-
ceiver The quantity swt 1s independent of the scatterer position, and can be removed
by looking at the signal o 1ts mixed down (complex demodulated) form

y(t) = Z[A (t)sm(27 % )+ 1A,,(t)cos(21r€€-)] (51)

n=1

To calculate y(t) on the computer, the phase term (27 ) 1s determined for each scat-

terer

The output data from the model 1s sent to the correlation program, which per-
forms the cross correlations between the signals from all the transducer elements, de-
termines the correlation peak and calculates the velocity from the peak location The
accuracy m the correlation value of a single transmission 1s not high enough to de-
termine even the approximate peak location, and therefore the correlations from more
than one transmission must be averaged together before the peak 1s calculated Graphs
of the model output can be generated at almost any stage of processing the raw sig-
nal, the demodulated signal, the correlation values for a single transmission, the corre-

lation values for averaged transmissions and the velocity profiles can be plotted
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5.2 The IOS correlation sonar hardware

The design purpose of the IOS correlation sonar was the the investigation of the cor-
relation sonar principle for ice movement monitoring mn the arctic A ship mounted
system was developed to track the ocean bottom which has similar charactenstics to a
ice surface The ship mounted system was used to collect some data of volume return

to compare to the theoretical and model results

The signals received on hydrophones from volume or deep bottom reverberation
can be very small, so it 1s necessary to have preamplifiers mounted close to the hy-
drophones, to mimmize noise Since the I0S correlation sonar 1s a prototype, 1t was
necessary to design a system that had the data acqusition and computer electronics 1n

the ship’s laboratory area for easy servicing and modifications

The system has a transducer assembly with hydrophones mounted on a steel and
alummnum frame, which can be extended below the ship’s hull Preamphfiers m the
transducer housing are used to amphfy the signal to a level that allows the transmis-
sion of the analog signals to the data acqusition electromics in the laboratory area,
without imtroducing any major noise components Figure 52 shows a typical setup
of the IOS correlation sonar transducer as 1t was deployed on the research vessel
VECTOR Two banks of seven receiving hydrophones are arranged perpendicular to
each other A 22 degree beam ROSS transducer 18 mounted in the corner formed by

the two transducer banks for transmitting a signal into the water

The layout of the transducer assembly can be seen n figure 53 Each receiving
hydrophone 1s a ceramic element lem by 2¢em  Each seven element transducer bank
15 constructed so that the mner five elements have a spacing of 15¢m and the outer
two elements a spacing of 6cm This was done to be able to use the elements with
6cm spacing for high water or ship velocities, for which the correlation peak shifts
more than one transducer spacing, while the spacing of 1 5¢cm was to be used for lower

velocities
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Figure 5.2

The mounting position of the correlation sonar when deployed on
the research vessel VECTOR

The shghtly amphfied raw signal from the transducer assembly 1s sent by balanced
parr shielded cables to the deck umit where the data acqusition system 1s located
Each of the fourteen signals 1s appled to a variable gain amphfier, amplitude demod-
ulated, low pass filtered, passed to a sample and hold circuit and applied to a sixteen
channel to one channel analog multiplexer Each of the sixteen channels 1s sampled by
an analog to digital converter at 40kHz to eight bit accuracy A STD bus microcom-
puter system controls the storage of the s:mpled data in memory, keys the transmitter
and sets the receiving gain The sampled data can then be written to either 9-Track

magnetic tape or 8-inch floppy disks
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Layout of the I0S correlation sonar receiving and transmitting

transducers
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The use of the data stored on the 9-Track tape drive allowed the processing of
the data on the HP1000 computer at IOS Figure 54 shows a block diagram of the

IOS correlation sonar data acqusition and processing electronics

5.2 Operational parameters of the IOS correlation sonar

The operational frequency of the correlation sonar was chosen to be 100kHz This fre-
quency 18 a compromise between transducer size, attenuation, scatterer reflectivity, and
the width of the spatial correlation function The transmitting transducer beamwidth

1s 22 degrees according to the specifications provided with the transducer

At a transmit frequency of 100kHz and beamwidth of 22 degrees, the correlation
function width can be calculated to be approximately 4cm This 1s the reason why
a transducer spacing of 15cm was chosen It allows the sampling of the correlation
function with at least 3 points across the peak to facilitate the use of mnterpolation
algorithms to find the exact peak location The memory of the data acqusition system
was able to store a maximum of 48000 samples With a 40kHz sampling rate on 16
channels this allows the storage of only 0075sec worth of data During this time the
data from approximately 56m water column can be received The water column 1s
therefore broken up into 50m bins Using the maximum data transfer rate of the 9-
track tape, 1t 1s possible to collect one bin worth of data every 1 4sec and write 1t to
tape To make 1t possible to average data from many transmissions together, data are

usually collected for just one bin at one time

The pulse length and repetition rate are both adjustable from a mmmum of
100usec to 100msec or greater The pulse length always has to be less than the pulse
separation, otherwise overlapping of the two pulses occurs and the two pulses merge
into one longer pulse If the pulse length 1s too short, not enough energy 1s transferred

into the water column resulting in poor signal to noise ratios The pulse separation



Operating frequency

Signal demodulation type

Receive transducer spacing

Transmit beam width (3db down ponts)
Transmitted pulse duration

Transmitted pulse separation

Channel sampling rate

Digitization accuracy

Total data rate

Maximum data storage per transmission
Length of sampled water column
Acoustic transmit power

Maximum measurable speed -theoretical

Maximum measurable speed -practical

100kHz

Amphtude demodulation

1 5cm

22degrees

variable (2msec typical)
vanable (12 8msec typical)
40kHz

8 bits

640000 samples per second
48000 8 bit samples

50m

0 to 1000 watts

12 m/sec

2 m/sec

Table 5.1

IOS correlation sonar operational parameters
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has to be short enough to obtamn a correlation peak that 1s still on the array, while
the pulses have to be far enough apart to give accurate velocity measurement The

operational parameters of the IOS correlation sonar are summarized n table 5 1

5.4 Observational technique

The 10S correlation sonar was installed on the Department of Fisheries and Oceans

research vessel VECTOR on June 3 1985, for operational tests under a varety of con-
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ditions Data were collected near the Navy Buoy in Saanich inlet near the Institute of
Ocean Sciences from June 3 1985 to June 6 1985 (figure 55) The protected waters
of Saanich inlet have low velocities and high scatterer densities, making them ideal for
the evaluation of the operation of the correlation sonar A Navy Buoy near Pat Bay

provided a convenient anchor pomnt for zero velocity tests of the correlation sonar

A 120KHz echo sounder was mstalled to obtain echo sounder images of the scat-
terers The output from the echo sounder was recorded on video cassette tape using
a PCM encoder and graphical output was obtained using a EPC chart recorder The
echo sounder was mstalled on June 5, the third day of taking correlation sonar data
It was usually only turned on temporarily because the 120kHz transmitter pulse mter-

fered with the correlation sonar return echoes

The control processor first entered mmto a calibration mode to collect data with
the correlation sonar In this mode no data was logged or correlated, but the two
pulses were sent out An oscilloscope connected to the preamplfier outputs was used
to check for the correct signal level of each channel The gamn for each channel was
then changed to use the maximum dynamic range of the analog to digital converter
without chpping the signal The number of the 50m bmm mm which data should be
taken was also determined at this pomnt For example if the bottom was at a depth
of 210m, to obtamn a bottom velocity estimate the bin number was set to 5, for a
range of 200m to 250m If volume correlation was required at a depth of 130m, the

bin number would be set to 3 for a range of 100m to 150m

After the calibration was complete and the correct bin number was set, data ac-
qusition mode was entered In this mode the control processor would wait for a signal
from the operator to start collecting data At the signal, the control processor would
start to send out the pulses and collect data from the correct bin The data from a
single pulse pair would then be wntten to nine track magnetic tape for later analysis

At the maximum data rate of the tape drive, one profile of one bin could be logged
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every 14 seconds The system then logged data for 25 transmissions, before entering
another wait mode The control processor would then wait once more for mstructions

from the operator, to take more data

In the calibration mode the control processor could also be mnstructed to send out

pseudo random noise modulated pulses
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6 THE SPREAD SPECTRUM PULSE CORRELATION SONAR

The accuracy of the correlation sonar as a current measuring device, as opposed to a
device measuring speed over the ocean floor, depends to a large extend on the height
of the peak of the correlation function For uniform water column return signal the
two pulses which are present in the water at the same time will interfere with each
other, producing a signal to noise ratio that usually 1s never greater than one The
low signal to noise ratio will lower the height of the peak of the correlation function
If 1t were possible to separate the pulses by labeling them in some way, the signal to
noise ratio would be increased In this chapter one particular possibility of labeling the
pulses, binary pseudo random noise codes, 1s exammed A new analysis of predicting
the effect of pseudo random codes on the resulting received signal 1s given, which 1s

followed by a discussion and analysis of some common pseudo random noise codes

6.1 The effect of pseudo random noise codes on the acoustic signal

If a signal s(t) 1s sent nto the water column, the signal received y,(r,t) can be de-
scnibed as the convolution of the impulse response h(r,t) with the transmitted sig-
nal s(t)

Y- (f,t) = h(F,1) % 8(t), (61)

where 7 1s the pomnt in space where the signal 1s received and * represents convolution
fsl) = [ 1)t )i (62)
If the reception pomt 1s fixed in space then the received signal can be written as

Y (t) = h(t) * s(t) (63)

To remove the effect of the type of signal s(t) that was sent into the water col-

umn, a matched filter must be applied to the received signal It can be shown (Ziemer
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and Peterson 1985) that the optimum receve filter has an impulse response that 1s the
time mverse of the outgoing signal s(t) Optimum filtering 1s equivalent to correlating
the transmitted signal s(t) with the received signal y,(t) The received filtered signal

can therefore be written as

Ye(t) = () x yr(t) = s(t) x [A(t)  (t)] (64)

Here X represents correlation in time

F)xalt) = [ f(r)ate+ ryar (65)

Using the mtegrals n equations 6 2 and 6 5, equation 6 4 can be rewntten as

Ya(t) = h(t) * [s(t) x 5(t)] (66)

Thus the filtered signal can be viewed as the impulse response of the water column
h(t) convolved with the autocorrelation of the transmitted signal s(t) If a signal s;(t)

1s transmitted and a signal so(t) 1s used for filtering the received filtered signal will be
ya(t) = h(z) * [s1(2) x s2(2)] (67)

If 1t 15 possible to find two pseudo random noise codes such that the cross correlation

18

s1(t) x s2(t) =0, (68)

and the autocorrelation is
31(t) x s1(t) = s2(t) x s2(t) = 6(¢), (69),

then the signal s;(t) could be sent for the first pulse and s(t) for the second pulse A
matched filter for each code would then give totally separate return echoes for the two
pulses 6(t) 18 the Dirac delta function
6(t)=0 t#0
6(0) = o0 (6 10)
/bé(t)dt=l fa <0<}
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If these perfect conditions could be achieved with a pseudo random code, then
ys(t) = h(t) % 6(t) = h(t) Unfortunately no pseudo random codes with both of the
properties of equations 68 and 69 exist At best only approximations to the two

properties can be achieved

The code 15 applied to the outgoing signal by mixing a carrier of type exp(tw,t)
with the code u(t)

8(t) = u(t)exp(tw,t), (611)

where u(t) alternates between 1 and —1 for 180 degree phase modulation and between
1 and 0 for amphtude modulation The mmimum length over which u(t) 1s not allowed

to change 1s called the bit length

u(t)=0 t<0 and t>k=T
(612)
=+lor-1 0<t<kx*Th,

where T} 1s the bit length and k 1s the number of bits 1n the sequence

In the above discussion the actual demodulation and filtering process was not
mentioned In practice the mcommg signal 18 quadrature demodulated by mixing it
with an in-phase and quadrature carrier, as discussed n section 26 Each of the
quadrature channels 1s then correlated separately with the same pseudo random code
that was transmitted This results mn the filtered and demodulated complex quadra-
ture signal If amplitude demodulation 1s desired, 1t can be obtamned from the complex

quadrature signal

If amplitude demodulation 1s used on the raw signal the proper decorrelated signal
can no longer be recovered Amplhtude demodulation 1s a nonlinear operation while
correlation and convolution are linear Therefore equation 6 4 does not apply and 1t
1s not possible to recover the proper filtered amphtude demodulated signal If a single
scatterer 1s present mn the water column, then amphtude demodulation and correlation

can be used, but as soon as more than one scatterer 1s present interference between



49

the two scatterers will change the received amplitude signal to such an extent that

correlations will no longer yield the proper filtered signal

This effect can be visualized by reflecting a pseudo random sequence signal off the
bottom If the bottom is quite smooth and the beam 1s narrow, the impulse response
function will be close to a delta function, and proper correlation filtering of the re-
ceived signal can be achieved using amplitude demodulation As the thickness of the
bottom increases (ie the roughness increases) to a value greater than the length of
one bit mn the pseudo random code Tyc, the correlation filtered amplitude return sig-
nal will no longer represent the wanted signal, which would be obtamed by quadrature
demodulation, correlating and then recoverng the amphtude signal It can therefore
be concluded that amplitude demodulation should not be used with a pseudo random

sequence signal returning from volume reverberation of the water column

6.2 Properties of some pseudo random codes

In this section, the theories developed n the previous section are applied to some com-
mon pseudo random codes A new look 1s given at the effect of pseudo random noise

codes on the signal returning from volume return

A family of pseudo random noise codes, that have very low noise sidelobes, are
the Barker codes For example the five bit Barker code (Farley 1982) +++—+ has
the autocorrelation 000101050101000 A phase modulation of
180 degrees has to be used with this code since 1t alternates between +1 and -1
If the code were perfect only the 5 would be present in the above autocorrelation
The non zero values on either side of the peak are called the noise sidelobes of the
code If there 1s only one scatterer present mn the water column, such as a fish, then
the impulse response of this scatterer will then be A(t) = é(t — r,/c), where r, 1s the

range of the scatterer The impulse response A(t) 18 correlated with the autocorrelation
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function of the code to find the received and filtered signal The resulting signal will
consist of the peak of 5 at the range of interest and the sidelobes of 1 at ranges just
before and after the range of interest In this case the worst case signal to noise ratio

can be written as

SNR = mainlobe?
(largest sidelobe)?

For the five bit Barker code this works out to a peak signal to noise ratio of SNR=5

If the code 1s sent mnto a umform scattering layer, whose impulse response h(t) 1s
effectively constant h(t) ~ ¢, data will be received not only from the mamn peak of
height 5 but also from the sidelobes of height 1 at the same range gate This occurs
because a constant h(t) = ¢ 18 now correlated with the autocorrelation function of the

code The signal to noise ratio m this case will be

mainlobe?

- ¥ sidelobe?

This equation yields a value of the signal to noise ratio of 2 5, for the five bit Barker
code, assuming there 1s no system noise present Thus the signal to noise ratio for a
uniform layer 1s much less than that for a single scatterer if a pseudo random code 1s

used n the transmission

A family of codes with zero time sidelobes are the complementary codes whose
properties were first discussed by Golay (Golay 1961) This type of code 1s used exten-
sively mm atmospheric Doppler radars for pulse compression and improving the signal
to nose ratio (Woodman 1980) The two complementary codes have the property that
their noise side lobes are exactly opposite in sign and magmitude This means that if
the autocorrelation of two complementary codes 1s added together, a true delta func-
tion combined autocorrelation will be obtained When using complementary codes, first
one code 1s sent into the medium, such as the atmosphere, and a complex signal time
series 1s obtamed after correlating with the code Next the matching complementary

code 18 transmitted into the scatterer medium, received and decoded mto a complex
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time series If the two time seres from the two complementary codes are added to-

gether a single time series results that theoretically only contamns signal and no side-

lobe noise

Only one code can be present in the scattering medium at the same time to be
able to use complementary codes properly This implies that after transmitting one
code the complementary code cannot be transmitted until the echoes from the first
code have disappeared In the ocean environment this time 1s of order of magnitude
one second or longer due to the slow propagation velocity of a sound wave, while
the atmosphere 1t 1s of order of magnitude 2 msec or less, due to the propagation of
the microwave radiation at the speed of hght A combined correlation function with
zero noise sidelobes can only be achieved if the two codes scatter off virtually identi-
cal scatterer distnbutions In the ocean environment the scatterer distributions change
drastically relative to the transducer in one second, especially if they are moving, whle
the lgh repetition rate of 500hz of the atmospheric radar causes the scatterer distri-
bution to stay almost constant between two transmissions Complementary codes can

therefore not be used mn the ocean environment for volume backscatter return

The use of a pseudo random sequences 1s considered for the purpose of separating
the two pulses simultaneously present in the water, and to improve the system signal
to noise ratio If two pseudo random codes are in the water at the same time, their
cross correlations should be zero, so that they will not interfere with each other as
in equation 68 Unfortunately codes with zero cross correlation do not exist The
goal 1s therefore to find two codes with the mimimum cross correlation possible, while
at the same time each code has the smallest possible sidelobes Barker codes have
the smallest possible sidelobe levels of a single code, but unfortunately there are no
Barker codes longer than 13 bits and the cross correlation between two Barker codes
1s large Complementary codes cannot be used because there exist no two pairs of

complementary codes whose cross correlation 1s zero
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A large class of codes called maximal linear sequences or cyclic codes can be gen-
erated easlly and have well known properties (Ziemer and Peterson 1985) They have
the unique property that if the code 18 repeated indefimitely, the autocorrelation has a
peak of N when the codes are aligned and a value of —1 when they are not (figure
61) They can be easily generated by a n bit shift register, where N = 2" —1 1s the
length of the code

Correlation

A
)

e TIiNE@

Figure 6.1

The autocorrelation function of a repeated maximal linear se-
quence The peak of height N repeats every N times the bit length
The noise sidelobes have a constant value of —1

For pulse labeling the code 1s not repeated, and the autocorrelation m this case
will consist of a peak of height N and noise side lobes which do not exceed /N as
shown 1n figure 6 2

For a 127 bit code, the signal to noise ratio of the code will be approximately 1 8,
if the code 1s used for full volume return If care 1s taken when selecting the codes,

the cross correlation between two maximal linear sequences will not exceed /N If two
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Correlation
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Figure 6.2

The autocorrelation of a maximal lnear sequence of length N
bits The peak of the autocorrelation function 1s of height N and the
maximum noise sidelobe level 18 /N

127 bit codes are present mn the water at the same time the signal to noise ratio, due
to the codes alone, will be approximately 14 The signal to noise ratio due to two
simple pulses m the water column at the same time 1s approximately 1 for umform

volume return, thus the improvement of using the pseudo random code 1s mimimal

As an example the computer model of the correlation sonar was used to produce
a 12m layer return signal for a single 127bit maximal hnear sequence with a bitlength
of 100usec The return signal was complex demodulated and correlated with the code
that was sent out The amplitude of the resulting complex signal 18 plotted n figure
63 The model was also run for the same layer, a single pulse being transmitted with
a length of 100usec The resulting amplitude demodulated signal can be seen 1n figure
64

In both figures 63 and 6 4 the 12m scattering layer can be clearly 1dent:fied be-
tween 0 and 15m If a perfect code was used with zero noise sidelobes, then figures
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Figure 6.3

The amphtude of the correlated return signal of a 127 bit maxi-
mal linear sequence scattered off a 12m layer, generated by the com-
puter model  The bitlength was 100usec The layer 1s located at
a depth of 100m and the time series covers a depth from 100m to
150m The two groups of seven channels plotted correspond to the
signals received by the seven hydrophones in the x and y directions
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Figure 6.4

The amplitude return signal of a 100usec pulse scattered off a
12m thick scattering layer, generated by the computer model The
bitlength was 100usec The layer 1s located at a depth of 100m and
the time series covers a depth from 100m to 150m The two groups
of seven channels plotted correspond to the signals received by the
seven hydrophones in the x and y directions
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63 and 64 should be 1dentical Similanties between the signal recovered over the 12m
layer can be observed, but the effect of the noise sidelobes of the maximal linear se-
quence can be seen at the edges of the 12m layer in figure 63 between a depth of
13m and 18m Any energy present at this depth 1s caused by the sidelobes and can
be considered noise This noise 1s also present m the 12m layer From figure 6 3 the
signal to noise ratio can be found to be approximately 2, which agrees with the value
of 18 predicted for this type of code The raw complex demodulated signal used to
obtamn figure 63 was also amplhtude demodulated before the nverse correlation filter
1s apphed The resulting signal only consisted of noise, which depended on the code
used, with no correlation to the desired signal in figure 6 3 This shows that amphtude
demodulation should not be used with pseudo random pulses if proper inverse filtering

18 required

If the system signal to noise ratio 1s very low, due to a weak return signal and
the large amount of gan required to bring the signal up to a satisfactory level, then
the codes will improve the signal to noise ratio A useful improvement of the signal to
noise ratio only occurs if the system signal to noise ratio 1s less than approximately 2
By proper design of receiving electronics the system signal to noise ratio should be
kept well above a value of two Therefore pseudo random noise codes should not be

necessary to improve the system signal to noise ratio for volume return

There may be pseudo random codes in existence which have better properties
than maximal linear sequences Gray and Farley (1973) describe some codes that have
a maximum auto-correlation sidelobe level of 0 6,/N These codes are hard to deter-
mine and can only be found by computer search To find two codes with low noise

cross-correlation 1s even more difficult, if not impossible

One major difficulty when using pseudo random noise codes on scatterers m the
ocean environment 1s the Doppler shift imposed on the signal as it 1s reflected The

return signal 1s quadrature demodulated by mixing it with an n-phase and quadrature
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carrier If the Doppler shift 1s strong enough the returning pseudo random code signal
from a single scatterer can be shifted from the in phase channel to the quadrature of
phase channel and back mto the in phase channel with a reversed sign The effect of
this after correlating may be anything from zero received and filtered signal to an -
correct sign mn the decorrelated signal The usable limit will be a Doppler shift that 1s
smaller than that required to ntroduce a phase change in the carrier of 7/4 from the
first bit to the to the last bit of the code For example if the carrier 1s 100khz, the
bit length 15 100usec and there are 127 bits m the code, the scatterer should move less
than 019cm m a time of 127 msec This means that the vertical scatterer veloaty
has to be less than 015m/sec This restramnt on the scatterer velocity can often not

be achieved, and therefore the code has to be shortened or it cannot be used

The use of pseudo random codes will give shight improvement of the iterpulse
mterference signal to noise ratio, but the types of flows that can be mvestigated will
be severely reduced by the limit set on the vertical velocity of the scatterers In a ship
mounted system a large vertical velocity component can be introduced by the ship’s
heave, even 1if the scatterer vertical velocity 1s zero, and make the correlation sonar

device with pseudo random pulses unuseable

Pseudo random noise 1s however an effective method of increasing the bandwidth
of a pulse If the same code 1s applied to each of the two pulses, no inverse filtering 1s
required and the bandwidth-integration time product of the correlations increases This
results 1n more accurate correlation values, with the same correlation function peak

height as found for the signal without the code
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7 ANALYSIS OF CORRELATION SONAR BOTTOM DATA

The theones developed in previous chapters will now be tested with observations and
computer model results In particular the effect of different demodulation techmiques,
mnterpulse interference and wide bandwidth pulses will be investigated The data col-
lected for the correlation sonar can be divided into two groups Bottom or thin scat-
tering layer return covered mn chapter 7 and volume return with data received from a
broad scattering layer, covered in chapter 8 The data received from the bottom usu-

ally show well separated pulses, while the data from the broad scattering layer will

have indistinguishable pulses

7.1 Correlation sonar bottom return

An amphtude demodulated correlation sonar bottom return signal 1s shown m figure
71 The data were taken on June 5 1985, moored to the Navy Buoy in Saanich Inlet,
thus the velocity should be zero All fourteen channels are plotted out as a function
of time at a range gate covering the pulse The fourteen channels are sphit mto two
groups of seven for the two seven channel x and y transducer banks The x channel
1 18 located nearest the bow of the ship, while the y channel 1 1s located nearest the
port side The ship that was used never came to rest completely due to wind, waves

and current, thus shght velocity offsets can be expected

A two millisecond pulse length was used with a pulse separation of 10msec The
two returning pulses can be clearly seen mm the data The small scale features of the
received pulses change gomng from one channel to the next, while they do not change
drastically from pulse to pulse m the same time series The pulses change from chan-
nel to channel because a different spatial position gives a different interference pattern
The two returning pulses are virtually identical in each time series because the plat-
form 1s stationary relative to the scatterers If the platform was moving, then a dif-
ferent scatterer distmbution would be illummnated for each pulse and the return echoes

would change from pulse to pulse
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Figure 7.1

A bottom echo time seres for the correlation sonar Two pulses
of length 2msec were sent out with a separation of 10msec The data
for the x transducer bank were plotted as the lower seven channels,
while the data for the y transducer banks were plotted as the upper
seven channels The ships velocity was zero for these data
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The computer model can be used with the same parameters of depth, pulse length
and separation as mn the field data above to demonstrate how the signals change if the
platform 1s moving A velocity of 0 75m/sec mn the forward direction of the ship was
chosen because 1t results in the translation of the interference pattern of exactly 1 5cm
in the pulse separation interval into the x direction It 1s possible to demonstrate the
effect of forward velocity using field data, but the speed can not be chosen with high
enough accuracy to give the exact displacement of 1 5cm of the transducer array n
the pulse separation interval The time series generated by the computer model 1s plot-

ted o figure 7 2

On the x channels 2 to 6 the effect of the forward velocity of the scatterers can
be clearly 1dentified For example, the first pulse in the time series of x array channel
2 1s almost 1dentical to the second pulse time series of x array channel 3 This means
that the interference pattern was translated 1 5cm on the surface mm 10msec Since the
interference pattern moves at twice the velocity of the scatterers, the velocity of the
scatterers can be determined to be 0 75msec, which 1s the value that was entered n
the model The outer transducer elements, channels 1 and 7, have a separation of 6cm,
and thus the effect of the translation of the mterference pattern to the next transducer

can not be observed on these elements

When entering the velocity mto the model, a velocity of 0 75m/sec was specified
in the x direction This means that the velocity i the y direction 15 zero When
studying the data from the y transducers, the return signal from the two pulses do
not look similar This effect 1s called off axis decorrelation and will be explammed m a

following section

7.2 The bottom return correlation function

The raw signal data streams are cross correlated with a time lag of the pulse sepa-

ration to determine the exact velocity of the scattering layer For example the data
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Figure 7.2

Computer model amphtude demodulated data for a 1m scatter-
g layer at a depth of 100m moving at 0 75m/sec The pulse length
18 2 msec, while the pulse separation 1s 10msec
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from the first pulse in x channel 3 18 correlated with the data from the second pulse
in X channels 1 to 7 Since there are seven channels in each transducer bank, 49 cross
correlation coefficients are determined for the x transducer bank and 49 channels are

determined for the y transducer bank

Each of the cross correlations will have a certain separation associated with 1t and
there will usually be more than one correlation coefficient with a given separation All
correlation values with the same separation can be averaged together This will yield
the correlation as a function of separation for each transducer bank The correlation as
a function of separation 1s plotted n figure 73 and figure 74 for the field and model

data discussed mm the last section

The correlation obtaned at each separation value 1s plotted in the form of a dia-
mond, while the average of the correlation at each separation 1s plotted as a star The
correlation function for a single transmission correlation shows large fluctuations, which
means that the standard deviation on a single correlation value 1s large The average
correlation function for 20 transmissions 18 plotted i figures 75 and 76 to better ob-
serve the shape of the correlation function The standard deviation for each correlation
value 1s also determined and shown as an oval around the correlation value for easy

reference

For the zero velocity field data a correlation function 1s obtaned that shows a def-
mite peak of amphtude 1 at zero displacement as expected from the visual mspection
of the bottom echo time series mn section 71 The standard deviation of the correla-
tion coefficient 1s close to zero when the correlation is close to one, as predicted from
the statistical properties of the correlation function As the distance from the peak at
zero displacement increases, the correlation function decreases and the standard devia-

tion of each correlation value shows a corresponding increase

Theory indicates that the amphtude of the correlation coefficient drops to a value

that 18 close to zero as the distance from the zero displacement pont increases to 4cm
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Spatial correlation as a function of distance for the field bottom
data of figure 71 A velocity of zero means that the peak 1s not
shifted from the zero distance pommt The diamonds represent the n-
dividual cross correlations between transducer elements, while the the
stars represent the average of the transducer elements with the same
separation
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Spatial correlation as a function of distance for the computer
model bottom data of figure 72 A veloaity of 0 75m/sec mn the x
direction means that the peak 1s shifted by 1 5cm from the zero dis-
tance pomnt The diamonds represent the mdividual cross correlations
between transducer elements, while the the stars represent the aver-
age of the transducer elements with the same separation
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Figure 7.5

Spatial correlation as a function of distance for the field bot-
tom data averaged over twenty transmissions The ship’s velocity was
Zero
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Spatial correlation as a function of distance for the computer
model 1m layer data averaged over 20 transmissions A velocity of
0 75m/sec 1n the x direction was entered mto the model
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or more A decrease can be observed in the correlation function, but 1t only drops
to a low of 03 The amplitude demodulated signal returning from the bottom can
be viewed as a triangle function common to all the channels plus an individual sig-
nal function separate for each transducer The common basis for each signal pulse will
result 1n an increase of the correlation, while the individual fine detail will decrease
correlation far from the zero separation pomnt This does not occur with complex de-
modulation as will be shown later, since the signal in each channel will be bipolar

with unknown sign

Some field data were collected with a ship’s velocity of 0 7m/sec This data re-
sulted in a correlation function that was almost identical to the x and y correlation

functions of the 0 75m/sec model data n figure 7 6

7.3 The off axis decorrelation

The 1m model correlation function of figure 76 has been obtained at a scatterer ve-
locaity of 075m/sec i the x direction The peak of the correlation function 1s shifted
therefore by 1 5cm 1 the x direction which can be readily seen in the plot of the cor-
relation function The veloaty along the y axis 1s zero, therefore the peak along this
axis should be at zero The peak at zero can actually be observed, but it has a height
of only 075 This can be explamed by viewing the correlation function as a two di-
mensional peak in a plane At zero velocity the x and y axis sample this correlation

function through the center of the peak as shown m figure 7 7

If a scatterer velocity 1s mtroduced in the x direction, then the x axis transducer
still samples the correlation function through the peak, while the y axis will sample

the correlation function off to one side of the peak as shown in figure 7 8

A x axis veloaty will therefore effectively decrease the correlation amphtude on

the y channels, and will result in a less accurate y axis velocity The correlation peak
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Figure 7.7

The two dimensional correlation function The correlation func-
tions sampled by the x and y arrays intersect the peak exactly for
zero velocity

on the y axis decreases to the value of the x axis correlation function at zero displace-
ment If the x axis velocity 1s so large that the hydrophone array moves a distance
greater than the width of the peak of the correlation function, then the y axis corre-
lation will drop to a value which 18 close to zero The peak along the y axis will still
be at the correct location, but it will be so small that an accurate velocity estimate
can no longer be recovered If both the x axis and the y axis have a large veloaty

component, then both the x and y axis velocity information will be degraded
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Vx=1 Om/sec

Figure 7.8

The two dimensional correlation function plotted m a plane The
x axis velocity 1s 0 75cm/sec  The x axis correlation function still
mtersects the correlation function peak through the center, while the
y axis correlation function slices the peak off to one side

To circumvent the problem of off axis decorrelation, the correlation function must
be sampled m the plane, not just along two axes It can be shown that by usmg
a transducer array which has the elements aligned in a U or T shape, cross correla-
tions for all the vector separations in a plane can be obtamed The MX810 deepwater
correlation sonar developéd by General Electric uses such an array to track the bottom
veloaity The correlation function could not be determmed n the plane with the proto-

type IOS correlation sonar since only a L shaped transducer array was available The



70

computer model receiving hydrophone layout was modified to be able to calculate the
correlations 1 a plane and 1t was found that 1t 18 possible to obtam the correlation
vector m a plane, without degradation of the velocity accuracy if an off-axis velocity

component 1s present

7.4 Slope demodulation

If the amplhtude demodulated time series for each transducer 1s differentiated, the
slope demodulated signal 13 obtammed By taking the first difference a bipolar signal
18 obtained, which 18 made up mostly of the high frequency detail of the pulse The
correlation function for the slope demodulated signal will therefore drop closer to zero
at pomts removed from the correlation peak This can be seen n figures 79 and 710

for the field data and model data

Since the accuracy of the velocity estimate depends on the relative peak height,
the first difference correlation should give a more accurate velocity estimate The first
difference signal also 1s a higher bandwidth signal, and thus there are more indepen-
dent samples available in the correlation calculation, which in turn means a smaller
standard deviation on the correlation coefficient The decrease in the standard dewia-

tion 1f slope demodulation 1s used can be observed in both the field and model data

By clipping the bipolar first difference signal the one bit slope signal 1s obtamed
The correlation coefficients for the one bit slope signal 1s plotted out mn figures 711
and 712 for field and model data The relative peak height and standard deviation
1s approximately the same as that for the first difference correlation, and consequently
the accuracy of the velocity estimate will also be better than that for the standard

amphtude demodulation

A big advantage of the chpped signal 1s that the correlations are self normahizing

and the much faster unnormalized correlation coefficient calculation can be used
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Figure 7.9

Spatial correlation function for the slope demodulated signal of
the field bottom data averaged over 20 transmissions The ship’s ve-
locity was zero
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Figure 7.10

Spatial correlation function for the slope demodulated signal of
computer model generated data for a 1m thick scattering layer aver-
aged over 20 transmissions moving with a velocity of 0 75m/sec
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Figure 7.11

Spatial correlation function for one bit slope demodulated signal
of the field bottom data
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Figure 7.12

Spatial correlation function for one bit slope demodulated signal
of computer model generated data for a 1m scattenng layer
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7.5 Wide bandwidth transmission pulses for bottom return signals

If the transmitted waveform 18 amplitude or phase modulated with a random binary
sequence, the bandwidth of the received signal will increase A higher bandwidth
means that the bandwidth-integration time product increases and the standard devi-
ation of the correlation value decreases In the computer model and 1o the IOS cor-
relation sonar the transmitting waveform could be keyed on and off with a predeter-
mined binary random sequence The modulation used was phase modulation m the
model and amphtude modulation for the field data The pseudo random sequence had
a length of 127 bits with a bit length of 100usec This effectively gives a bandwidth
of the pulse of 10 khz, while without the spread spectrum code a 2msec pulse has a
bandwidth of 500hz

Some data were taken moored to the navy buoy i Saamich Inlet with zero veloc-
ity using the wide bandwidth pulses The correlation function taken with these data
was plotted mn figure 713 The correlation peak does not reach an amplitude of one
because the gain of the amplifiers was increased which mtroduced some noise mto the
system The correlation at a distance from the peak drops down to zero This means
that the peak 1s well defined and accurate values can be determmed for the bottom

velocities

If the first difference signal 1s correlated, an almost identical correlation function
to the amplitude correlation function 1s obtamed If one bit slope demodulation is
used, a slight mncrease m the correlation coefficient can be observed, while the stan-
dard deviation of each correlation value s less than that for amplitude demodulation,
as shown n figure 714 Since the peak 1s higher and the standard deviation 1s smaller
for the one bit slope correlation function, 1t should be possible to determine velocities

more accurately using the one bit slope technique
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Figure 7.13

Spatial correlation function of the amplitude demodulated field
data bottom echo of two wide bandwidth pulses
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Figure 7.14

Spatial correlation function of the one bit slope demodulated
bottom echo of two wide bandwidth pulses



78

7.6 Complex and clipped complex demodulation of bottom echoes

The computer model can be used to investigate different types of demodulation The
correlation functions for complex demodulation and chipped complex demodulation were
obtained for the 1m scattering layer and can be seen in figures 715 and 716 Spe-
cial care must be taken when averaging the correlations from a complex signal to pre-
vent the noise components 1n the correlation from interfering with the calculation of
the proper correlation coefficient This can be accomplished by averaging the complex
correlation coefficients and only calculating the amplitude of the correlation coefficient

from the averaged complex correlation coefficient

The width of the correlation function for the complex demodulated data i1s wider
than that for the amphtude demodulated and chpped complex demodulated data as
predicted mn figure 43 The complex demodulated signal correlation function 1s ex-
ponential in shape as expected from the theory developed earlier The correlation
function for the chpped complex demodulated signal has a sharp peak similar to the
chpped complex correlation function calculated from the statistical properties of the
field Only the x channel in the clipped complex demodulation shows this sharp peak,
because the y channel correlation 1s rounded by the off axis decorrelation The chipped
complex demodulated signal has a smaller standard deviation of the correlation coeffi-
cient than the complex correlation coefficient and therefore should give more accurate

velocity values for bottom velocity determination



79

CORRELATION FUNCTION

MODEL COMPLIX 1M BOTTOM
21 40 182 1000 2.010.00.00 1 100. 7% 0 0 0 0 0 0 O

» Average

-

Y array

-

CORRELATION
OCOOBENONAODO

|
~a

200 -600 00 600 1200

+ X array
-2

-1200 -600 00 600 1200

—

CORRELATION
(o}
o

Distance along array in mm

Figure 7.15

Spatial correlation function of computer model generated com-
plex demodulated data for a 1m layer at a depth of 100m The
correlation function 1s averaged over 20 transmissions The scatterer
velocity 1s 0 75m/sec
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Figure 7.16

Spatial correlation function of computer model generated one bit
complex demodulated data for a 1m layer at depth of 100m The
correlation function 18 averaged over 20 transmissions The scatterer
velocity 1s 0 75m /sec
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8 ANALYSIS OF CORRELATION SONAR VOLUME DATA

Up to this pomnt, the signal returming from the bottom or a well defined scattering
layer has been discussed If the scatterers are distributed over a larger vertical distance
than the separation between pulses, then the signal received on the hydrophones will
be made up of the return signal from both pulses at the same time returning from
different ranges This 1s called volume return In the correlation process the data from

each pulse 1s required separately and the other pulse data can be treated as moise

8.1 Correlation sonar volume return

A typical correlation sonar volume return signal can be seen in figure 8 1 It was taken
on the research vessel VECTOR heading south m Saanich Inlet from the Navy Buoy
with an approximate speed of 0 75m/sec at 18 52 on June 5 1985 The x axis veloc-
ity should therefore be approximately 0 75m/sec, while the y axis velocities should be
approximately zero The data are from a bin that extends from 50m to 100m in the

water column A pulse length of 2msec and a pulse separation of 10 msec was used

As can be seen from the plot of the time series of the volume return, it no longer
1s possible to separate the two pulses visually The y array preamplifiers have a con-
sistently higher gamn than the x array amplfiers by approximately 2db The raw am-
phtude demodulated signal shows the presence of a large amount of noise A Fourner

transform power spectrum of the noise reveals that it 1s concentrated around 2 7kHz

(figure 8 2)

Much effort was expended m tracing the origin of this noise The transducer as-
sembly was housed mn a streamlined fiberglass shell, which appeared to resonate at this
frequency When the shell was removed the 2 7khz noise decreased by about 2db, but
it did not disappear The signal displayed m figure 8 1 1s with the fiberglass shell re-

moved No attempts were made to filter out the noise since filtermg may affect the
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Figure 8.1

A volume return echo time senes for the correlation sonar Two
pulses of length 2msec were sent out with a separation of 10msec
The data plotted represent the return echo from a section of water

between 50m and 100m
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correlations Since the noise increases with the signal, 1t was caused either by the de-
modulation electronics or by a resonant preamplifier stage A cross correlation of the
noise between the channels reveals that the noise 1s non coherent The received signal

to noise ratio n figure 8 1 1s approximately 4db

The data were collected 1n Saanich Inlet at a bottom depth of approximately
200m The echo sounder was operated at the same time as the correlation sonar Fig-
ure 83 shows the Biosonics echo sounder image displayed graphically with an EPC
recorder The echo sounder image 1s effectively the scatterer strength as a function of
depth and distance along the Inlet The image in figure 8 3 covers a time from 18 40
to 2100 on June 5 1985 A strong scattering layer can be seen at an approximate
depth of 65m n the echo sounder image The layer 1s caused by a large number of
zooplankton, most likely Euphausia pacifica, which can be found n great concentra-
tions 1 Saanich Inlet (Beamish 1971) The same scatterng layer can be seen n the
correlation sonar signal plot of figure 8 1 at a relative depth in the bin of 15m Since
the correlation sonar data were collected from the second 50m bin, the depth of the
layer from figure 8 1 also corresponds to 65m From the echo sounder image it can be
seen that scatterers can be found over the whole depth of Saanmich Inlet At a depth of
160m the anoxic layer starts and there 1s a smaller number of scatterers present The

bottom 1s at approximately 200m

8.2 The volume return correlation function

The velocity of the scattering volume 1s determined by cross correlating the raw ampl-
tude demodulated data signals between channels in each transducer bank A time lag
that 1s the same length as the pulse separation 18 used between the two signals that
are correlated The correlation has to be repeated at increments of the depth resolu-

tion to get a continuous correlation profile
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Spatial correlation function of volume ampltude demodulated
field data at a depth of 75m The ship’s velocity was approximately
0 75m/sec
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The correlation function for a single transmission 1s shown in figure 8 4 at a range
gate of 75m The correlation function 1s so noisy that the correct peak can not be
determined visually The correlation values for 20 transmissions are averaged together

and are plotted n figure 8 5 to obtain a better picture of the correlation function

In the averaged correlation function a peak can be seen on both the x and the y
array, but the standard deviation for each correlation value 1s very high, and therefore
there 1s a large uncertainty m the actual peak position The peak height 1s approxi-
mately 025 The value predicted from theory in chapter 4 1s 023 for amphtude de-
modulation, which 18 obtamned by assuming the mterpulse interference can be treated
as a signal with a signal to noise ratio of one The value predicted from theory agrees
with the experimental data to within experimental accuracy This means that 1t 1s
mm fact possible to treat the mterfering pulse as a noise signal, that mixes with the

wanted signal in the correlation

The data were also correlated using the slope and one bit slope signal and the
correlation functions can be seen mn figures 86 and 8 7 The correlation function for
the slope demodulated signal 1s almost identical to the amplitude demodulated signal
with a peak of 025, while the correlation function for the one bit slope demodulated
signal shows a peak of 05 The standard deviation for the one bit slope correlation
function 1s about twice as large as that for the slope demodulated signal and thus the
accuracy for the amplitude and one bit slope demodulated function 1s approximately

equal

8.3 The interpulse interference

The computer model was used to generate volume return from a 30m layer at a start-
ing depth of 100m, to investigate the exact effect of the interpulse interference The

return signal from the layer 1s plotted mn figure 88 The model parameters were set
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Spatial correlation function of volume amplitude demodulated
field data at a depth of 75m, averaged over 20 transmissions
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to the same values as used for the thin scattering layer simulations i chapter 8 The
number of scatterers was increased from 1000 for the thin layer scattering, to 4000
since the water volume nsonified 18 much greater for the volume return case Using a
higher number of scatterers does not change the results, but slows the model simula-
tions down to an unuseable level A velocity of 0 75m/sec was used i the x direction

to simulate a moving scattering layer

As with the field data i figure 8 1 the individual pulses can no longer be seen
the time series due to the interpulse interference The 20 transmission average correla-

tion function for these data 1s plotted m figure 8 9

The maximum correlation drops to 025 for the correlation function i figure 89,
similarly to the field data correlation function mm figure 84 A test to check if the
drop mn the correlation function peak was actually caused by the interpulse interference
was conducted by stormng the time seres for the two pulses separately m the com-
puter model The correlations were then performed on these data and averaged over

20 transmissions

The spatial correlation function for the separated data 1s shown m figure 810
A clear peak of 1 can be observed in the separated data correlation function The
separated correlation function drops to zero at a distance from the peak as predicted
from theory Since the x axis veloaity 1s 0 75m/sec the correlation peak along the x
array 1s shifted by 1 5cm The correlation along the y axis has a peak of only 065
due to the off axis problem discussed in chapter 8 Since separated pulse correlation
function has a peak of one, while the actual correlation function of figure 8 9 has a
peak of only 025, 1t can be concluded that the drop m the correlation function 1s

caused by the interpulse interference

Several methods have been devised to improve the interpulse interference problem
The use of spread spectrum codes for labeling the two pulses has been shown to be of
only limited usefulness
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The computer model generated amplitude demodulated time se-
ries for a 30m scattering layer  The layer 1s at a depth of 100m
The pulse length was 2msec, while the pulse separation was 10msec
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Spatial correlation function of computer model volume return

data averaged over 20 transmissions at a depth of 120m
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By sending each of the two pulses at a different frequency, 1t should be possible
to separate the signals from the two returning pulses This 1s indeed possible, but
unfortunately the actual interference pattern on which the correlations are performed
1s a sensitive function of frequency Thus even changing the frequency a slight amount

will completely decorrelate the received signal

A bistatic correlation sonar with mtersecting receiving and transmitting beams will

prevent nterpulse interference, but 1t will also severely hmit system flexibility

8.4 Volume return velocity profiles

By performing the correlations at different range gates, the correlation function can be
determmed as a function of depth The velocities along each axis can be calculated
from the location of the correlation peak The peak usually does not fall exactly on
one of the transducer elements, thus some type of interpolation has to be used to lo-
cate the peak For the mitial evaluation of the correlation sonar three pomnt parabolic
interpolation was used to locate the peak since 1t 1s simple to implement and has well

known properties (Edward 1978)

A typical depth profile, obtained from the model data can be seen n figure 811
The sohd line represents the velocity along the x array, while the dotted line repre-
sents the velocity along the y array The x velocity was 0 75m/sec and the y velocity
was 0 Om/sec The average velocity along the x and y array are actually the expected
values, but large deviations of 025m/sec on the x axis and 035m/sec on the y axis
can be observed These deviations are due to the error introduced by the low peak
height of the volume return correlation function The velocty profile for the separated
pulse time series was plotted mn figure 8 12, to see what the velocity profile would look
hke if nterpulse interference were not present The separated pulse velocity profile 1s

within Olm/sec of the expected value for the x axis profile, while the error on the
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y axis profile 1s 005m/sec Since both the x axis and y axis profiles are calculated
from the same data 1t 1s mmtially expected that the error should be the same in both
Because of the off axis problem the correlation coefficients for the y axis correlation
function are smaller than the values along the x axis and thus the velocity error on

the y axis array 1s larger

From figure 812 1t can be concluded then that both the off axis components and
the interpulse nterference will degrade the correlations and thus reduce the accuracy

of the velocity estimate

For the field data from figure 8 1 the velocity profiles are plotted n figures 813,
814 and 815 for amplitude demodulation, slope demodulation and one bit slope de-
modulation respectively All three demodulation types show similar velocity profiles,
and 1t 1s not possible to state that one technique gives more accurate results than an-
other techmique from the velocity profiles The accuracy, for a 20 transmission average,
along the x array 1s approximated to be 02m/sec, while along the y axis 1t 1s about
03m/sec The y axis veloaty profiles are less accurate than the x axis profiles due to
the off axis decorrelation By sampling the spatial correlation function in a plane, with

a redesigned transducer, the off axis decorrelation could be eliminated

8.5 Volume return complex and clipped complex demodulation

The spatial correlation function for the complex and clipped complex demodulated sig-
nals of the computer model 1s shown 1n figures 816 and 8 17 The peak of the com-
plex signal correlation function 1s of height 05, while for the chpped complex corre-
lation function the peak has an approximate height of 025 This 1s exactly what was
predicted from the theory assuming the interpulse interference could be treated as be-

ing caused by a noise 1n the signal with a signal to noise ratio of one

The correlation function behaves exactly as predicted from theory for the differ-
ent demodulation techniques The amplitude and clipped complex demodulation have a
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sions and starts at a depth of 50m
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with a ship velocity of 075m/sec The profile 1s averaged over 20
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Spatial correlation function of computer model generated com-
plex volume return signal averaged over 20 transmissions at a depth
of 120m
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depth of 120m
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peak correlation of approximately 025, while the complex demodulation techmque has
a peak of about 05 The standard deviation of the amphtude demodulation correla-
tion function s larger than that for the clipped complex correlation, thus the clipped
complex correlation should perform better than the amplitude demodulated correlation
The highest peak 1s obtamed with the complex demodulated correlation function, and
it will thus give the best results The spatial correlation function for the amplitude
demodulated field volume return data 1s similar to the computer generated data, which

confirms the correctness of the model

The veloaity profile for the complex demodulated signal 1s shown n figure 818 It
1s more accurate than the velocity profile shown m figure 8 11 for the amplitude de-
modulated data It can therefore be concluded that complex demodulation will give a
more accurate velocity profile The accuracy is approximately 0 lm/sec m the x and y
directions for the 20 transmission average The velocity profile for the clipped complex

demodulated data 1s similar to that of the amplitude demodulated data mn figure 8 11

If 120 transmissions were averaged together for the complex demodulated data the
velocity accuracy would be approximately 004m/sec This agrees with the value of
0 04m/sec predicted for the correlation sonar using Edward’s equation 2 10 for the ve-

locity standard deviation with a signal to noise ratio of one
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9 COMPARISON OF DIFFERENT CORRELATION TECHNIQUES

To compare the effectiveness of a correlation techmique, the correlation function has to
be parameterized n some way In general the accuracy to which the correlation peak
can be determined, at a given spatial sampling resolution, depends on two parame-
ters The relative height of the peak of the correlation function above the off peak
correlation and the size of the standard deviation of each of the correlation values A
general method to compare two correlation techniques would be to calculate a corre-
lation quality factor, which 1s the ratio of the peak height over the off peak standard
deviation If the correlation quahlity factor of two correlation techmques 1s different by
a factor of k, then approximately k2 as many correlations would have to be averaged
together to obtain similar accuracy peak location estimates In table 91 the different
qualities are summarized An execution speed factor that gives the relative number of
anthmetic operations requred m the correlation 1s also given The execution speed for
the chpped or one bit signals 1s given assuming that the summations are done using
the same type of arithmetic as used in the other correlation types By using simple
binary shift register correlation hardware the speed of correlation can be increased by

a factor of ten or more for binary demodulations

The error 1n the off peak standard deviation given mn the table may be up to 20
percent More precise values can only be obtammed by taking a larger statistical sam-
ple of the correlations, which was not possible with the computing facilities available
However, the values given m the table can be used to compare the different correlation

techniques

The table shows the similarity between model and field data in the quality fac-
tor The quality factor 1s generally smaller for the field data because of the bandwidth
limiting receive filters 1n the IOS correlation sonar Only the volume field data has a
shghtly higher quahty factor than the model data This may be caused by the fact

that the scatterers in the field data have a non umform distribution and there was
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Data Correlation Peak | Off peak | Ratio | Relative
Type demodulation height | standard | A/B execution
type deviation | Quality | speed
(A) | (B)
Model Amplitude 055 |030 18 (16) 4
Im Slope 100 |020 50 (40) 4
Bottom One bit slope 100 |015 66 (55)1
Complex 090 |030 30 8
Chipped complex 095 |020 48 4
Amplitude wideband 100 |015 66 (50) 4
Slope wideband 100 {015 66 (50)| 4
One bit slope wideband 100 {012 83 (66) 1
Complex wideband 09 |008 112 8
Chipped complex wideband 095 |[007 136 4
Field data | Amphtude 065 {040 16 4
Im Slope 100 |025 40 4
Bottom One bit slope 100 |018 55 1
Amphtude wideband 100 {020 50 4
Slope wideband 100 [020 50 4
One bit slope wideband 100 (015 66 1
Model Amplitude 021 {030 07 (09) 4
30m Slope 020 {018 11(12)4
Volume One bit slope 050 |040 12 (12)1
Complex 050 1025 20 8
Clipped complex 025 (020 13 4
Amphtude separate correlation | 100 |0 25 40 -
Amplitude wideband 030 (015 20 (13) 4
Complex wideband 050 (010 50 8
Chipped complex wideband 025 |007 36 4
Field data | Amplitude 022 025 09 4
1m Slope 027 023 12 4
Volume One bit slope 040 (033 12 1
Amplitude wideband 026 (020 13 4
Slope wideband 030 (025 12 4
One bit slope wideband 040 {030 13 1
Table 9.1

The quality of various correlation and demodulation techniques
mn terms of accuracy of the peak location and the speed of corre-
lation The values beside the model data in brackets, are for field
data, to facilitate easy comparison between model and field data




108

a strong scattering layer present at 75m depth where the correlation values are com-
pared The signal to noise ratio may consequently have been shghtly greater than 1

for the field data volume return

The table shows the increase in accuracy of the correlation coefficients by using
a wideband transmitted pulse for both the model and field data The mcrease m ac-
curacy when using wideband signals 1s greater for the model data than for the field
data, especially for the volume return, because the model does not have a restricted
bandwidth demodulator This means that the model signal will have a bandwidth of
about 10kHz, while the field data are restricted to 4kHz with bandpass filters

The values for the correlation peak heights are, within experimental uncertainty,
as predicted from theory earlier in this thesis for both model and field data The
quality factor of the different correlation techniques for the model and field data also
agree to within experimental uncertamnty The quahty factor values 1n brackets shown
in table 91 are for the field data, beside the values for the model data Since the
model data agree with the field data, where comparison 1s possible, the optimum sig-
nal processing techmque for a two pulse correlation sonar can be determined, from an
extension of the model to cases where field data 1s not available The best accuracy
for volume return correlations can be achieved using complex demodulation of the re-
ceived signal For complex demodulation of a volume return signal, the ratio of rela-
tive peak height over off peak standard deviation 1s about 2 0, while the ratio 1s about
08 for amphtude demodulated signal volume return This means that more than four
times as many correlations would have to be averaged together for the the amplitude
demodulated correlation function, than for the complex demodulated correlation func-
tion, to get similar accuracy If wide bandwidth pulses are used for transmission, the
Increase 1 accuracy 1s even more pronounced for complex demodulation The accuracy
of the chipped complex demodulation for volume return, i1s better than that of amph-
tude demodulation while, 1t 1s worse than that of complex demodulation For the same
number of pings the complex demodulation would therefore give more accurate velocity

estimates than either of the clipped complex or amplitude demodulated signal
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10 SUMMARY OF RESULTS

A correlation sonar allows acoustic remote sensing of current profiles with temporal
and spatial resolutions not obtainable with 1in situ methods such as moored current
meters A correlation sonar operates by reflecting acoustic energy off scatterers sus-
pended 1n the water volume of mterest By obtamming the correlation function of the
reflected signal at a receiving hydrophone array at the ocean surface or bottom 1t 1s

possible to infer the scatterer and thus the water velocity

A charactenstic of the correlation sonar 1s that it uses wide bandwidth transmis-
sion pulses and a wide beamwidth A related velocity sensing apparatus, the Doppler
sonar, uses narrow beamwidth and long pulses for accurate velocity measurement
Smaller transducer size and depth resolution are some of the advantages of the cor-

relation sonar over the Doppler sonar

The shape of the spatial correlation function of the received signal was shown to
be gaussian with a width W « 19 where ¢ 1s the speed of sound m the water, f,
the acoustic frequency and 6, the width of the transmitting and receiving beams In
any practical correlation sonar system, the correlation function can be sampled only
at discrete pomnts m space If the transducers are arranged m the form of two ln-
ear perpendicular arrays, correlations performed on the two arrays will give the spatial
correlation function along two perpendicular lines segments A new investigation re-
vealed that a high velocity along one of the two axes will cause a lowering of the
correlation along the other axis A lower correlation peak always means a less accurate
velocity estimate The lowering of the off axis correlation value was observed m all the
data collected from the IOS correlation sonar and the computer model that simulated
the correlation sonar operation The spatial correlation function must be sampled m a
plane, to prevent the off axis decorrelation, not just along two axis By using a recerv-
mng transducer layout in the form of an U or T shape, the spatial correlation function

can be obtamned mn a plane, if cross correlations between all elements are performed
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The accuracy of the correlation sonar velocity estimate depends on many parame-
ters The bandwidth in the received signal and the signal to noise ratio of the received
signal are the two most important parameters for a volume return correlation sonar
The accuracy to which the velocity can be determined 1s hmited by the height of the
correlation peak and the error on each of the correlation values The correlation peak
height 1s determined by the signal to noise ratio of the received signal, while the error
on each of the correlation values is related to the number of independent samples n
the received time series The number of independent samples 1s the integration-time
bandwidth product A wider bandwidth transmission pulse and a lower signal to noise

ratio will give more accurate velocity measurement

The signal received on each hydrophone can be demodulated using several differ-
ent techmques Complex demodulation uses quadrature demodulation to recover all the
received mformation Clipped complex demodulation uses the complex demodulated
signal digitized to one bit accuracy and thus only recovers the sign of the complex
signal Amplitude demodulation uses the amplitude information embedded i the com-
plex signal A new type of demodulation, slope demodulation, 1s the first difference
amphtude demodulated signal, while one bit slope demodulation uses the clipped slope
demodulated signal The correlation function for clipped complex and one bit slope de-
modulated signals 1s self normalizing, which allows the use of simple correlation hard-
ware to speed up the correlation process Complex, amphitude and slope demodula-
tion require high resolution digitizers to sample the received signal, which require large
memories for storage and accurate gamn control New experimental and computer data
showed that one bit slope demodulation will give more accurate results than amplitude

demodulation for bottom return correlations

For volume return scattering the received in-phase and quadrature components of
the acoustic field have a normal probability distribution This means that the phase
of the demodulated signal 1s umiformly distributed over 27 and that the amphtude sig-
nal has a Rayleigh distmbution The signal received on each hydrophone will contain
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energy from both pulses that are present in the water at the same time In the cor-
relation process the signal from a single pulse 18 requred A newly developed theory
showed that, since the two received pulses cannot be separated, the other contaminat-
mng pulse must be considered noise of equal amphtude to the signal The signal to
nose ratio can therefore never be greater than one for complete volume return Elec-
tronic and system noise can usually be controlled to be much better than a signal to
noise ratio of one, and therefore the important noise contribution will come from mter-

pulse terference

The potential for pulse labeling using spread spectrum techmiques has been ana-
lyzed mn this thesis using a newly developed theory Although the use of spread spec-
trum codes 1s a smtable method of generating broad band signals, which improve the
time-bandwidth product of the correlations, i1t 1s shown that the improvement i the
signal to noise ratio due to interpulse interference 1s only a factor of 14 for a 127bit
maximal hnear sequence The low increase of the signal to noise ratio combmed with
the limitations placed on the usable vertical velocity makes pseudo random noise codes

mpractical for labeling the correlation sonar pulses

A npew study showed that the different correlation techmiques will behave differ-
ently for a given signal to noise ratio It was shown that, for a noise free bottom re-
turn signal, the correlation peak will always be one since the two signals that are cor-
related at the peak are equal For volume return the two equal signals will be contam-
mated by noise with an effective signal to noise ratio of one The correlation peak of
a complex demodulated signal 1s 05 for a signal to noise ratio of one A new theory
shows that the clipped complex correlation coefficient will drop to 025 and the ampl-
tude demodulated correlation coefficient will drop to 023 under similar circumstances
Complex demodulation will therefore perform better than clipped complex demodula-
tion or amphtude demodulation This can be observed in both computer model data
and field data from Saanmich Inlet Velocity profiles can be obtamned from the correla-

tion sonar data by repeating the correlation process at different range gates Velocity
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profiles obtamed with the computer model and the IOS correlation sonar show the ef-
fect of both the interpulse contamimation and the off axis correlation, and confirm the

theoretical predictions

The accuracy of the correlation values can be improved by sending a wide band-
width transmission pulse into the water column, using pseudo random sequences, and
increasing the bandwidth of the receiving electronics This increase in accuracy 1s ob-

served 1n both the computer model and field data

Theory, the data from the computer model and the data collected mn the field
show that the two pulse correlation sonar principle works and that it can be used for
water current measurement Given that the field data support the computer model
data for those cases that can be tested, the computer model can be used to postu-
late a optimum approach for the design of a current measuring correlation sonar As
a result of what has been 1dentified 1n this thesis, the following 1s a description of an
implementation of the two pulse correlation sonar method which would allow the mea-

surement of ocean currents from a moving platform such as a ship

An acoustic frequency of 100kHz should be used since 1t 1s a good compromise be-
tween range attenuation and scattering strength It was shown in this thesis, that the
correlation function must be sampled 1n a horizontal plane, to prevent off axis decorre-
lation This can be accomphshed by using a U shaped array of receiving hydrophones
It can be shown that all the vector separations mn a plane can be obtamned from a U

shaped array

The data collected m the field showed that the ship’s forward velocity will usually
be a large component of the measured velocity The hydrophone array must therefore
be able to track larger velocities in the direction of the ship’s heading than perpen-
dicular to it At 100kHz, a correlation function width of 4cm dictates a transducer
spacing of 1 5cm or less The field data showed that a pulse separation of 10msec 1s

optimum, which requires 5 transducers to track a velocity range from 0 to 2 5m/sec
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If the ship’s velocity 1s 0 to 3 5m/sec, the U shaped array should have 12 transducers
along the base of the U, pointing mn the direction of the ship’s heading, and 5 trans-
ducers in each of the arms of the U This means that the total number of transducers

18 20

Data from the computer model and the field indicated that correlations will
only have to be performed for those elements which give a current velocity range of
+/-2 5m/sec since the ship’s veloaity can be determmed by tracking the bottom The
number of cross correlations 1s therefore 81, which results n an 9 by 9 array of corre-
lations A two dimensional gaussian must be fitted to the 9 by 9 array to determine

the exact displacement of the peak

A sutable hydrophone array can be constructed using newly developed plastic-
film transducers, which can be easily formed mto an array Each hydrophone ele-
ment should be round for symmetry A nvestigation with the computer model re-
vealed that any other transducer element shapes, such as square or rectangular, will
result 1o decorrelation for off axes currents Model investigation also indicated that the
transmitter should have a beamwidth of approximately 20 degrees, while the receiving

hydrophone beamwidth should be shightly larger than this

The transmit pulse must be phase modulated with a bit length of 50usec, which
will result 1n a signal bandwidth of 20kHz Computer model and field data both

showed that a high bandwidth will give a more accurate velocity estimate

The results from the computer model agreed with the field data for those cases
that could be tested The model can therefore be used to postulate the best possible
signal demodulation techmique The signal must be complex demodulated by mixing
it with a m-phase and quadrature carrier and low pass filtering, to give the largest
possible correlation peak The resulting two in-phase and quadrature channels should
be sampled at a rate of 20kHz using a 16bit analog to digital converter to cover the

large dynamic range required
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Results from the IOS correlation sonar showed that each recerving hydrophone
must have 1ts own highly sensitive pre-amplifier to minimize noise The 100kHz sig-
nal may be mixed down to 20kHz i the transducer housing before 1t 1s sent to the
deck umt for demodulation and digitizing The gamns of the amplfiers should be ad-
justable so that the strongest return signal will just be clipped The strong chpped
signal will still give proper, although shghtly lower, correlations, while the weak return
signals will be within range of the digitizer Data from the IOS correlation sonar mdi-
cated that a high resolution digitizer 1s essential to allow the digitization of the whole

water column without switching gains

From experience with the I0S correlation sonar 1t was found that the control pro-
cessor must have enough memory available to store 0 5sec of data for a 350m range,
which 1s equivalent to 800 kilobytes Since 1t will not be possible to balance the gains
of the receiving hydrophones, the fully normalized complex correlation calculation must
be used By observing the amount of processing required for computer model data,
it was found that a velocity profile with a 5m resolution and a correlation integration
time of 15msec requires 14 million floating pomt operations Once the correlation peak
has been located, a time lagged correlation which locates the correlation peak n the
time domamn will give the vertical velocity Edward (1978) demonstrated that the ver-
tical velocity will usually be more accurate than the horizontal velocity For real time
calculation of the three dimensional velocity profile at 2 transmissions per second, 30
million floating pont operations per second are required with two banks of memory,
one for performing the correlations, while the other one 1s used to collect the digitized

data

Since real time operation 1s essential, the large number of anthmetic operations
required could either be obtamned using a single high speed array processor, or several
smaller low cost vector signal processing devices such as the newly developed Zoran
corporation (Zollo 1986) VSP processor Twenty VSP processors operating in parallel
should be able to perform the necessary calculations in real time
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Using dedicated signal processing devices for the correlation calculation would al-
low the control processor to perform some high level processing such as averaging of
the velocity profiles and displaying the velocity profiles in real time to the operator

The resulting data could then be stored on nine track magnetic tape or hard disk

Using a two pulse correlation sonar with the above design parameters, 1t should
be possible to obtain a 120 transmission average velocity profile every minute, with a

velocity range of 0 to 2 5m/sec and an accuracy of 0 04m/sec
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