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Supervisors Dr D M Farmer and Dr H W Dosso 

ABSTRACT 

In th.ts thesis the use of the two pulse correlation sonar techruque for measunng water 

currents m the ocean IS mvest1gated New theoretical analysts IS developed to study 

the operation of the two pulse correlation sonar, mcludmg m particular, different de­

modulation techruques, the effect of cross-pulse mterference on the correlation coeffi­

cients and correlation accuracy estimates 

New theory shows that the effect of havmg two acoustic pulses m the water at 

the same time 1s eqwvalent to havmg a smgle pulse acoustic signal returrung 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 th.ts n01se A new treat­

ment of spread spectrum pulses, used to reduce the mterpulse mterference, 1s shown to 

be only of hm1ted usefulness 

Literature does not mvest1gate the effect of the low signal to noise ratio on the 

spatial correlation function, for different demodulation techruques Different demodula­

tion techruques evaluated m th.ts thesis, namely complex demodulation, chpped com­

plex demodulation and amplitude demodulation are affected differently by the low sig­

nal to n01se ratio and will result m different spatial correlation functions 

The theoretical accuracy of the water velocity estimate IS determmed by two fac­

tors The height of the correlation peak and the accuracy of each correlation value 

The height of the correlation peak 1s determmed by the signal to noise ratio and by 

the demodulation techmque, while the accuracy of the correlation values 1s determmed 

by the bandw1dth-mtegrat1on time product of the time senes that 18 correlated 

The peak of the correlation function for water volume return drops to O 5 for 

complex demodulation, while 1t drops to O 25 for amplitude and chpped complex de­

modulation, which has not been previously shown m available literature If the two 
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return.mg pulses are well separated m time, such as a signal returnmg from the bot­

tom, then the correlation peak for all three demodulation techruques IS equal to one 

The new theoretical predictions of correlation sonar performance for vol­

ume scatterers are confirmed with a senes of expenments earned out m 

Saaruch Inlet, Bnt1sh Columbia and usmg a computer model of the correla­

tion sonar Theory and expenments confirm that a current measurmg two pulse 

correlation sonar can be constructed and will give accurate velocity estimates 

Dr D M Farmer 

Dr H W Dosso 

Dr G W Bushnell Dr P van den Dnessche 

Dr J T Weaver Dr A D Booth 1/ 
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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 commu.ruty to the use of acoustics Oceano­

graphic studies m upper ocean dynamics, mternal waves, coastal flows, large scale 

ocean currents, flow over topography, mlXlilg and ocean atmosphere mteractlon are 

only a few of the areas to which a superior method of current profile measurement 

may be apphed 

Until recently, the most common method of measurmg ocean currents had been 

with propeller or vane type current meters, placed at the location of mterest m the 

water With the newer acoustic velocity sensmg techruques the sensor platform can 

be mounted either on the ocean bottom or on a ship, thus ehmmatmg the potential 

disturbance of the flow field by the sensor Moreover, the rapid acqwsition of depth 

profiles from a movmg platform over a large area allows the mvestigat1on of flows with 

temporal and spatial resolutions unobtamable from moored instruments 

An acoustic remote sensmg velocity apparatus operates on the premise that there 

are, almost without exception, scatterers suspended m the water movmg with the cur­

rent In the coastal regions these scatterers are dommantly b1olog1cal m origin, com­

posed of zooplankton or fish (Stanton 1986) Wmd 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 silt, clay or sand, from nver mouths or mdustnal pollut1on, 

may also contnbute to the scattenng If none of the above scatterers are present usu­

ally there will be density microstructures, which are caused by temperature or sallillty 

mhomogeneit1es (Zedel 1986) Scatterers which are stationary relative to the water will 

give an accurate representat10n of the currents Contammat1on of the velocity readmgs 

can occur due to such factors as actively swimmmg biological scatterers, air bubbles 

rismg to the surface or slowly sm.kmg sand, silt or clay 

Two related acoustic velocity sensmg techmques are the correlation sonar, towards 

which this thesis 1s 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 transm1ttmg and rece1vmg beam (Pmkel 1980) and has been widely used m 

the atmosphere (Woodman 1980) and the ocean (Zedel 1985, Woodward and Gerald 

1986) The correlation sonar differs from this m that the velocity detection is based 

on the translation of an mterference pattern at the transducer caused by the move­

ment of scatterers perpendicular to a wide transm1ttmg and rece1vmg beam The two 

techruques m1tially seem fundamentally different, but closer mvestigation reveals that 

they depend upon the same fundamental prmc1ple of acoustic scattermg off a movmg 

target (Briggs 1980, Edward 1978) Although the correlation sonar uses more compli­

cated electromcs and transducers than the Doppler sonar, it offers several advantages 

The wide beam transducers (22 degrees) reqmred for the correlation sonar are easy to 

construct because they are qwte small, even at low frequencies, while narrow beam 

Doppler transducers (1 degree) are difficult to construct and bulky at low frequencies 

While only a smgle beam is reqwred for the correlation sonar, to determme the veloc­

ity m three dimensions the Doppler sonar reqmres at least three narrow beams Smee 

the beams of the Doppler sonar will probe different sections of water, errors can be 

mtroduced when attemptmg to measure small scale flows The correlation sonar will 

average the velocities from the scatterers mside the smgle wide beam 

The correlation techmque for velocity measurement was first proposed as a nav1-

gat1onal aid for aircraft (Dickey 1958) and later for navigation at sea (Andermo and 

Mosrehez 1978) The Andermo and Mosrehez patent was developed mto a commer­

cial ship speed log by lunger Instrument of Sweden The patent rehes on a similar 

techmque for velocity determmation as lS used m devices used to measure velocity us­

mg laser speckle statistics { Churns1de and Yura 1981) For this techruque a contmuous 

wave coherent signal is sent towards a scattermg layer The coherent source is a laser 

for laser speckle statistics The coherent source illummatmg the surface will reflect a 

random speckle pattern on a screen placed opposite the target If the target 1s mov­

mg, the speckle pattern will move at twice the velocity of the target Two detectors 
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placed m lme with the target velocity Vt and separation d, will receive the same signal 

except that one will be delayed by a time rd relative to the other, where Td = d,/(2vt) 

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

time lag Td 

In 1978 Dickey filed a patent of a different version of the correlation sonar wruch 

sends two pulses m rapid succession mto the water, towards the bottom (Dickey 1981) 

The two pulses are so short that they no longer can be considered contmuous wave 

The two pulses returnmg from the bottom will be well separated m time and have a 

high frequency mterf erence pattern supenmposed on them The mterf erence pattern 1s 

dependent on the particular scatterer d1stnbut1on 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 velocity The two pulse techruque resulted m 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 Bookhe1mer 1983) 

To measure ocean current veloc1t1es with a correlation sonar, short pulses have 

to be sent mto the water column to give adequate range resolution The contmuous 

wave correlation sonar as detailed m the Andermo and Mosrehez 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 

lOOkhz 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 rece1vmg 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 lOmsec and 50msec for a velocity range of O to 2m/sec 

For water current measurement usmg the correlation sonar techmque 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 m 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, smce 1t changes with the type 

of b1olog1cal scatterer, time of day and season, but 1t generally 1s between lOOmsec 

(Huston 1986) and 1sec (Farmer, Booth and Kam1takahara 1981, Farmer and Crawford 

1983) Smee the pulse separation used for the two pulse correlat10n sonar 1s smaller 

than this, scatterer decorrelation will usually have a mmor effect on the accuracy of 

the correlation sonar 

It should therefore be possible to bwld a two pulse correlation sonar to measure 

the velocity of water currents There 1s however a fundamental difference m the signal 

return.mg from the water column, compared to the signal return.mg from the bottom 

If there is a umform scatterer distnbution m the water column, signal from the two 

return.mg pulses will be received at the same time from different range gates Smee 

m the correlation process the signal from only one of the two pulses is reqwred at 

any one time, the other pulse will mterfere with the reqwred signal Smee the mter­

fermg pulse can usually not be separated from the reqwred signal, 1t must be treated 

as n01se The effect of this n01se on the correlation function is not discussed m avail­

able literature, but 1t will greatly mfluence the accuracy of a correlation sonar current 

measurmg device This thesis mvest1gates the exact nature of the mterpulse mterfer­

ence n01se and what effect 1t has on the correlation function A general expression for 

the shape of the correlation function IS denved Vanous signal processmg and stor­

age techmques will result m different correlation functions for similar raw signals The 

accuracy of the correlation functions for both bottom return and volume return IS m­

vest1gated m terms of the different demodulation techmques 
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In atmosphenc radars which use the spaced antenna techruque, the pulse separa­

tion and the width of the spatial correlation function 1s of similar order of magrntude 

to that of the two pulse correlation sonar Interpulse mterference will however not be 

present, smce all the return signal can be received for each pulse before the next one 

1s transmitted due to the propagat10n 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 measurmg device The results 

from the computer model are compared to the theoretical expected correlat10n func­

tions and to correlation functions obtamed from a modified prototype correlation sonar 

which was available at the Institute of Ocean Sciences The theoretical results are con­

firmed by the expenmental data and the computer model 

The accuracy of a two pulse correlation sonar 1s mamly hm1ted by the mterpulse 

mterf erence A techruque of reducmg the mterpulse mterf erence usmg spread spectrum 

pulses 1s also evaluated 



6 

2 THEORY OF OPERATION OF THE CORRELATION SONAR 

There exist many methods to explain the operation of the correlation sonar The sta­

tistical properties of the acoustic field may be descnbed m terms of a space-time cor­

relation function of the type used m the correlation sonar Alternatively, 1t may be 

descnbed as a frequency wavenumber spectrum as used m the Doppler sonar The first 

section of this chapter provides an mtwt1ve 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) Followmg the explanation of operation, 

the actual shape of the spatial correlation function 1s given, usmg a denvat1on by lsh1-

maru (1978) Operational hm1ts, such as effects of signal contammat10n, are bnefly 

discussed The final sect10n exammes a vanety of signal demodulation types possible 

with the correlation sonar 

2.1 Principle of operation 

The pnnc1ple of operation of the correlation sonar may be explamed as follows A wa­

ter volume IS m.somfied by a wide beam acoustic transducer of width 8 at a frequency 

/ 0 Acoustic returns will be received from two range mcrements of length Tp * c where 

c 1s the speed of sound m the water column One range mcrement will be at a range 

gate or mtegrat1on wmdow at time tr , the other at time tr + Ts Ts IS the pulse sepa­

ration 

Followmg the transm1ss1on of the two pulses mto the water column, the return­

mg wavefronts are morutored at several different pomts m space at a range gate when 

the two pulses pass through the water volume of mterest These pomts are usually 

m a honzontal plane for converuence 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 



CORRELATION SONAR CONFIGURATION 

Y-A■C■IV■R■ 

PINCI a IN■CNl .. 1■0 VOL.UM■ 

Figure 2.1 

The correlation sonar system configuration An array of receivers 
at the surface receives signals from two msomfied volumes after two 
pulses are transmitted with a pulse length Tp and separation T8 The 
transmit and receive elements have a beamw1dth 8 
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the scatterers (figure 2 3) This process IS commonly referred to as waveform mvan­

ant geometry (Edward 1979) The pnnciple of waveform mvar1ant geometry assumes 

only that the the vertical distance to the scatterers is considerably greater than the 

separation between transducer elements As the transducer spacmg 1s the same order 

of magnitude as the wavelength of the sound, this approxtmat1on apphes umversally m 
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CORRELATION SONAR TRANSMIT ENVELOPE 

__ n....__ _ ____.n __ _ 

Tp • PUl.D 1rIDTII 
'h • PtJla SKP.ARA.110N 

Figure 2.2 

The transm1ss1on waveform envelope for the correlation sonar 

the far field Waveform mvariant geometry 1s mdependent of the local sound velocity 

The signal y1 (t) received at transducer J, 1s cross-correlated with the signal Yk(t) 

received at transducer k with a time lag T8 over the water volume of mterest, with 

an mtegration penod T, The cross-correlation will have a maximum value for those 

transducer elements havmg a vector separation correspondmg to twice the scatterer 

vector displacement m time T8 By companng 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 usmg the vector displacement of the peak of the correlation function Sma:r 

(2 1) 

where Sma:r 1s the vector displacement of the maximum of the correlat1on function 

In most practical s1tuat1ons, only a two-dimensional planar hydrophone array can 

be constructed The hydrophone array plane LS positioned normal to the transmission 



Figure 2.3 

Diagram of waveform mvanant geometry R 1 and R2 are vector 
pos1t1ons of 2 hydrophones at t1 and t2 respectively If Ri - R2 = 
2v8T8 , then Yi(t), the waveform received on hydrophone 1 at posi-
tion Ri will be equal to Y2( t), the waveform received on hydrophone 
2 at position R2 a time TB later vs 1s the scatterer velocity 
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beam direction The spatial correlation vector will provide the horizontal water veloc­

ity m the tlz and Vy direction By adJustmg the correlation delay time, and searchmg 

out the correlation peak m time, the vertical velocity Vz, of the scatterers may be 

obtamed (Dickey 1981) Appropnate curve fi.ttmg and smoothmg algorithms must be 

implemented to locate the correlation peak, as the correlation function may only be 

sampled at discrete pomts m space and time m any real world situation 

2.2 The shape of the spatial correlation function 

The denvat1on of the spatial correlation function shape is based on the development of 

a general random scattenng correlation function given by Ishimaru (1978) The gen-
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eral random scattenng correlation function 1s adapted to the correlation sonar A layer 

of random scatterers 1s msomfied with a transmitter The returnmg signal 1s received 

with two hydrophones at pomts Pi(d/2,0, 0) and Pz(-d/2,0,0) (figure 2 4) 

z 

X 

Figure 2.4 

T,. 

Geometry used to derive the spatial correlation function at 
pomts Pi and P2 for a random scattenng medmm 

For a field scattered from an elementary volume dV at pomt ( R2, 8, ef>) the phase 

difference between P1 and P2 1S given by 1P = k( Rfi - RJJ), where k 1S the wavenumber 

In the far field of the receiver (1e d IS much smaller than R2), ,/J can be approximated 

as 

,/J = k(/lfi - R!J) ~ -kd(O x), (2 2) 

where 6 IS the urut vector connectmg the ongin and the scattenng volume dV and :x 
1s a UD1t vector along the x axis The voltages Vi and V2 received on a transducer 
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element 1s directly proportional to the acoustic field at the transducers at pomts Pi 

and P2 respectively By usmg an extension of the radar equation for a bistat1c system, 

the spatial correlation function of the voltages Vi and V2 can be wntten as (Ishimaru 

1978 eq 4-71) 

(2 3) 

where c = (V2)/(Pr / Pt), Gr and Gt are the receiver and transmitter gam functions , 

>. 1s the wavelength of the sound, p 1s the density of the medmm, c,6, 1s the b1stat1c 

scattermg cross section of the scattermg volume dV and Pt, Pr are the transmitted 

and received power i 1s a llillt vector connectmg the transmitter and the scattermg 

volume and O 1s a Uillt vector connectmg the receiver and the scattermg volume "f 1 

and 12 are the acoustic paths between dV and the transmitter, and dV and the re­

ceiver respectively 

(2 4) 

and where Ut 1s the total cross section * denotes the complex conjugate, (} 1s the 

expectation operator and 1 = A 

If the transmitter 1s placed at the ongm such that i = -0 the correlation 1s 

(2 5) 

Here <16 1s the backscatter cross section of the scattermg volume dV Further s1mphfi­

cat1ons must be made to obtam a closed expression for the correlation function The 

pomts Pi and P2 are located m the xz plane and lme Pi P2 1s mchned at an angle 

<p from the x axis (0 $ <p $ ½} The transmitter at the ongm has a gam function 

Gi(0) = G0 exp(-82 / 8/), where 80 IS the beam width The receivers at R1 and R2 have 

the same gam function as the transmitter A layer of thickness 6.z 1s parallel to the x 

axis, at a distance R0 (figure 2 5} 



z 
Figure 2.5 

X 

! AZ 

Correlation of acoustic field at pomts Pi and P2 due to a thm 
layer of randomly distnbuted particles at a distance R0 from the 
transmitter The hne connectmg pomts R1 and R2 1s mchned at 
an angle 'P from the xy plane 

12 

With the these s1mphficat1ons, a simpler expression for the correlation can be ob­

tamed, u.smg ,P = kd(smBcosef>cosrp + cosBsmrp) 

(Vi V2*) ~ Co fo2
-r def) lo-r BdBexp[-(282 /8 0 

2) + 1,t,], 

with C0 ~ [c>.2G/pa6/(41r)3R0
2].6.z 

Smee I 8 I < 1, 

lo-r d~exp(ikdsmOcos~cos<p) = 21rJ0 (kdsmOcos<p) f:::- 21rJ0 (kdOcos<p) 

(2 6) 

J0 1s the bessel function of order zero Usmg the above mtegral equation 2 6 can be 

evaluated approximately (Ishtmaru 1978) 

11'C (kd)2 
(V1Y2*) ~ (;f )exp[1kdsm<() - 4Al (2 7) 
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The constant A 1s given by 

A - 2 + kdsm!p - ol 1 2 

Equat10n 2 7 shows that 1f rp 1s not zero, a phase shift will be mtroduced mto the 

complex correlation coefficient, smce the 1magmary part of the correlation coefficient 1s 

no longer zero The phase shift can be shown to be proportional to the rate of change 

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

If the receivers are located along the x axis, then rp = 0 and the correlation func­

tion 1s proportional to 
(kd0 )2 

(Vi V2*) ex exp[-
8
° ] (2 8) 

Equation 2 8 shows that the spatial correlation as a. function of d, the separation, 1s 

gauss1an m shape The correlation function also depends on the beamw1dth 80 and the 

frequency / 0 = c/).. = kc/2rr, where ).. 1s the wavelength and k the wave number The 

width of the correlation function W 1s defined to be the pomt where the amplitude of 

the correlation coefficient drops to 1/e of the amplitude at the peak correlation when 

d=O 

(2 9) 

A typical spatial correlation function 1s plotted m figure 2 6 usmg equation 2 8 A 

beamw1dth of 22 degrees and a frequency of lOOkhz 1s assumed A one d1mens1onal 

shce through the center of the two dimensional spatial correlation function 1s plotted 

The correlation function m the plane can be obtamed by rotatmg 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 unhmdered by electncal n01se, plat­

form motion, transducer m1ssal1gnment and mterpolat1on errors can be determmed us­

mg an analytical model developed by J A Edward (1979) The accuracy ts determmed 
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Figure 2.6 

Theoretical spatial correlation function of a 22 degree beamw1dth 
transmitter at a frequency of lOOkhz 
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by findmg the stat1st1cal 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 approxtmated as 

(2 10) 

where W 1s the width of the correlation envelope, as given by equation 2 9 W = J.t, 
80 bemg the round tnp beam width , f 0 the frequency and c the speed of sound m the 

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

(2 11) 

where Bw 1s the bandwidth of the signal and T1 1s the mtegrat1on time of the correla­

t1on Pn 1s the noise power and P8 1s the signal power m equation 2 10 In the denva­

t1on of equation 2 10 no cons1deration was given to the effect of usmg different de­

modulation techruques on the accuracy of the correlation sonar velocity estimate The 

mterpolat1on techruque used to locate the peak of the correlation function also will rn­

troduce errors mto the calculat1on of the velocity which are not mcluded m equation 

210 

AB an example, a prototype correlat10n sonar system at the Institute of Ocean 

Sciences has the followmg spec1ficat1ons Bw = 4kHz, TfJ = 10 msec, / 0 = lOOkHz, 

80 = 22 degrees For this system a theoretical velocity standard dev1at1on 1s u11 = 
22m/sec for a value of Pn = 0 Theoretically this should be the accuracy to which the 

bottom speed could be determmed, if the full spatial correlation function was available 

for a smgle transmission pulse pair The actual correlation function 1s only sampled at 

four pomts across the peak smce the peak width is about 4cm, while the transducer 

spacmg 1s 1 5cm, and therefore numencal mterpolahon must be used to determme the 

exact peak location, which will mtroduce extra errors mto the calculation of the ve­

locity Normally the velocity estimate 1s based on the average of several transm1ss1ons, 

so that the vanance 1s reduced to an acceptable level A typical reverberation time m 

the ocean 1s O 5sec A one mmute, 120 transm1ss1on average will have a velocity error 

of u11 = 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 1s one, as will be shown m a followmg chapter The theoretical 120 transm1ss1on 

average accuracy of the velocity, usmg equation 210, will therefore be u11 = 04m/sec 

for full volume return 
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2.• Range resolution 

The range resolution 1s determmed by both the transmitted pulse length and the 

length of the mtegrat1on wmdow T, In many cases the mtegrat1on wmdow 1s set to be 

equal to the pulse length (Edward 1979), although for deep water, where pulse spread­

mg eflect occurs due to the wide beam width and the sphencal shape of the msorufied 

volume, the mtegrat1on length should be mcreased to accommodate the spreadmg ef­

fect The maximum depth will depend on power levels, propagation losses and volume­

scattermg strength Low frequencies have lower propagation losses, but may have lower 

scattermg strength off b1olog1cal targets Therefore determmat1on of the best frequency 

will be a tradeoff between scattermg strength and propagat10n losses 

2.5 Signal contamination 

Vanous factors contnbute to dev1at1on of the correlation function from the theoretical 

expected value For mstance, the signal received by each hydrophone Yr(t) will the 

sum of the wanted signal y(t) and noise n(t) The correlations between transducers are 

performed by correlatmg data from transducer J at time t with data on transducer k 

at time t + T8 Thus any noise that may be coherent between channels at zero time 

lag will usually be mcoherent at a time lag of T6 The general effect of mcoherent 

noise on a correlation coefficient 1s the lowermg of the correlation values Different 

signal processmg techruques used before correlation such as amplitude demodulation or 

complex demodulation as discussed m the next section will be affected differently by 

the presence of noise 

There are three maJor sources of noise that contammate the signal of the corre­

lation sonar, and thus hm1t the signal to n01se ratio They are environmental back­

ground noise m the ocean, transducer and electroruc n01se, and mterpulse contamma­

tion due to the two pulses that are m the water at the same time The environmental 
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n01se may have natural sources such as wmd or ram, or it may be man made by the 

ship's engmes or other acoustic sensmg devices such as depth sounders 

The signal received at the rece1vmg hydrophones can be very weak, requmng a 

large amount of amphficat1on Any n01se mtroduced m the amphficat1on c1rcwtry will 

contammate the wanted signal When chgit1zmg the demodulated waveforms, only a 

fimte resolution analog to digital converter 1s available, thus d1git1zat1on n01se will also 

be mtroduced mto the signal 

When the correlation sonar receives signal from a well defined scattermg 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 scattermg layer 1s more or less uniformly distnbuted 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 performmg 

the correlations, the signal reqwred 1s that from one of the pulses only The return 

signal from a random distnbut1on of scatterers will have a normally distnbuted prob­

ab1hty density funct10n, as will be shown m the next chapter The effect of mterpulse 

mterference can therefore be viewed as the reqUired signal bemg mixed with gauss1an 

random n01se of equal amplitude as the signal Thus for a Ulllform, thick scattermg 

layer the signal to n01se ratio due to mterpulse mterf erence will almost never be better 

that one 

The noise from the environment or the electrorncs can usually be controlled to be 

much smaller than the mterpulse mterference noise Thus the dommant noise source 

for a current measurmg correlat10n sonar 1s the mterpulse mterference The precise 

effect of this contammat1on on the correlation function 1s not discussed m available 

literature concerrung the correlat10n sonar It will however, contnbute greatly to errors 

m the measurement of water currents Usmg a correlation sonar for bottom velocity 

measurements does not mvolve this problem smce the two pulse returns are totally 
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separate Other geometnes of transducer onentat1on, such as a b1stat1c geometry with 

mtersectmg beams will circumvent the mter-pulse mterference problem somewhat, but 

will severely hmit system flexibility 

2.6 Type of signal demodulation 

Different 1mplementat1ons 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 mvestlgated m available literature 

and will be given m a later chapter In this section, an overview of the three most 

common demodulat1on techniques 1s given 

The signal y,(t) received on each hydrophone will be the raw earner at a center 

frequency f 0 = w0 /2rr It will have amplitude modulation and doppler shifts imposed 

on it, due to the movmg scatterers There are several methods of demodulatmg and 

recordmg this signal The signal can be represented m complex notation as y1 (t) = 

A(t)*exp!i(w0 t+¢(t))] By mixmg this signal with a earner signal of type sm(w0 t) and 

low pass filtenng, the m-phase demodulated signal 1s obtained The m-phase signal 

can be wntten as /(t) = A(t)sin(</>(t)) If the mcommg signal y,(t) 1s mixed with 

cos(w 0 t) the quadrature component Q(t) = A(t)cos(</>(t)) 1s obtained The signal y1(t) 

can then be wntten as y1(t) = J(t) + i * Q(t) Thus by digit1zmg the I(t) and Q(t) 

signals separately the complete y1 ( t) signal 1s obtained If amplitude demodulat10n 1s 

performed, then only the A(t) signal IS digitized The amplitude signal can also be 

wntten as A(t) = JI(t)2 + Q(t)2 

A chpped complex signal 1s obtained if the J(t) and Q(t) are chpped This means 

that if J(t) IS positive the clipped function lc1&p(t) will be a positive constant, while 

1f I( t) 1s negative, Icl,p ( t) will be a negative constant The Q ( t) signal IS also clipped 

to give Qc1&p(t) Clippmg removes the amplitude signal A(t) from the mcommg signal 

y1 ( t) 
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The three common demodulation techruques then are 

Complex demodulation 

Ycomple:r(t) = A(t)srn(~(t)) + i * A(t)cos(</>(t)) = J(t) + i • Q(t) (2 12) 

Complex clipped demodulation 

Ychpcomplc:r(t) = fct,p(t) + J * Qchp(t), 

where 
Jc1,p(t) = C 

Ic1,p(t) = -c 

Qc1,p(t) = C 

Qc1,p(t) = -c 

Amplitude demodulat10n 

1{ /( t) > 0 

1£ I(t) ~ O 

1£ Q(t) > 0 

1£ Q(t) ~ 0, c some constant 

Yamp(t) = A(t} 

(2 13) 

(2 14) 

Amplitude demodulation only needs one digit1zat1on channel for each transducer, 

and the demodulation electrorncs are simplified The complex and the clipped complex 

signal need two dtg1tlzat1on channels to record the signal for each transducer The 

clipped complex signal produces a self normalmng signal, thus simple hardware can be 

used for the correlat10ns 

Both the complex demodulat10n and the amplitude demodulat10n reqwre high res­

olution digitizers, to make it possible to record the large dynamic range signals en­

countered m the oceans Both techrnques also need very accurate gam control c1rcmts 

The chpped complex signal only needs a one bit analog to digital converter smce chp­

pmg 1s eqwvalent to one bit analog to digital conversion Garn control for a clipped 

signal 1s non critical smce 1t 1s self normahzmg 
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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 mto the water column is discussed The quadrature com­

ponents will be seen to have a normal distnbution, while the amplitude has a Rayleigh 

and the phase a uruform dtstnbut1on The Jomt probability dtstnbution of two ampli­

tude signals is also denved because it will be reqwred later to calculate the correlation 

coefficient of two amplitude demodulated signals 

3.1 Probability distribution of the scattered field 

The scattered acoustic field E8 , will be received on a hydrophone m the form of a 

voltage V,, where V, ex E, The proport10nahty constant will be dependent on the fre­

quency and the hydrophone sens1t1V1ty The field E, can therefore be wntten m terms 

of the quadrature components lE(t) and QE(t) of the field, as discussed m chapter 

two 

E,(t) = A(t)exp(i¢(t)) = lE(t) + iQE(t) = AE(t)sin(¢(t)) + iAE(t)cos(¢(t)) (31) 

The scatterer field E, 1s the sum of the fields of many scattermg particles 

Np Np 

E, = L An(t)exp(i¢n(t)) = [UEn(t) + iQEn(t)), (3 2) 
n=l n=l 

where Np 1s the number of particles It can be assumed that the contnbut1on of 

each I En ( t) and Q En ( t) acts a.s an mdependent random van able to the sum m equa­

tion 3 2 The central hm1t theorem states that the probabihty chstribut1on of the sum 

of N mdependent vanables approaches a normal dtstnbut1on as N -+ oo, no matter 

what the propab1hty distnbut1on happens to be for each mchv1dual variable (Daven­

port and Root 1958) The quadrature fields lE(t) and Q E(t) act therefore as normally 

chstnbuted random vanables This means that each mdependent sample m the times 

senes of lE(t) and QE(t) acts as a sample of a normal dtstnbut1on 
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The actual number of mdependent samples N m a time senes 1s related to the 

bandwidth Bw of the electromcs and the length of the time senes Tt by N = Bw • Tt 

This assumes that the time senes 1s sampled above the Nyqmst frequency fn = 2 • Bw 

If the time senes 1s sampled below the Nyqwst frequency, usable signal mformat1on 

will be lost and less accurate correlations result 

3.2 Probability distribution of the amplitude and phase 

The distnbut10n of ef>(t) can be assumed to be umformly distributed over 21T smce the 

phase of each An(t)exp(,ef>n(t)) 1s random and umformly distnbuted over 27T 

p(¢) = l/27T, 0 < ¢ < 27T (3 3) 

The Jomt probability distnbut1on function of A and ¢ 1s p(A, ¢) = p(A)p(¢) smce 

A and ¢ are mdependent The probability distnbut1on for the amplitude 1s found to 

be the Rayleigh d1stnbut1on (Ishimaru 1978) 

(3 4) 

3.3 The joint amplitude probability density function of two scattered fields 

The Jomt amplitude probability distnbut1on p(A1 , A2) 1s reqwred to calculate the cor­

relation between two amplitude demodulated signals A denvat1on of p(A1, A2 ) given 

by lshimaru (1978) 1s used If the complex received signals are represented by E1 and 

&i then 

E1 = A1exp(i¢1) =Ii+ iQ1 

&i = A2exp(,¢2) = h + •Q2 

(3 5) 

(3 6) 
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From equations 3 5 and 3 6 the Jomt amplitude probab1hty function can be wntten as 

(3 7) 

The mtegral m equation 3 7 can be evaluated (Ish1maru 1978 eq 4-98) 

(3 8) 

where !0 1s the modified Bessel function of zero order, <J2 1s the variance of the 

quadrature signals J and Q, and r O 1s the magrntude of the normalized correlat1011 

function 

(3 9) 

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 IB 

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

(xy) - {x)(y) L xy - Nzy 
r = J(x2) - (x)2 J(y2) - (y)2 = J'f., x2 - N-z2 J'f., y2 - Nv2 ' 

( 4 1) 

where N 1s the number of samples m the summat10n 

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

ficient can be wntten as 

r = I {XY•) I 
V{I X l2)J(I Y 12) 

(4 2) 

To determme the effect of the mterpulse mterference, the correlation process 18 

8pht mto accuracy of raw signal correlat ion, effect of n018e contammat1on on the corre­

lat10n and the effect of demodulation on the correlation 

In section 1 a new techruque of lookmg at the accuracv of the complex correlat10n 

coefficient as a function of the correlation magnitude is given In the followmg sect10n 

the effect of add1t1ve white gauss1an n01se contammatmg the correlated time senes 1s 

discussed In section 3 the effect of amplitude demodulation on the correlation coef­

ficient 18 shown, while a new denvat1on of the effect of n01se on the chpped complex 

demodulated correlation coefficient 1s given m section 4 

4.1 The accuracy of the correlation coefficient 

For lmear correlation the value of the correlation coefficient r may be thought of as 

one sample m a sequence of samples r1, r2 , r3, If the correlation were repeated an-

other value would be obtamed m the sequence The question then anses what 1s the 

accuracy of each value of the correlation coefficients, for a fixed value of re = (r)? 
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Unfortunately the d1stnbut1on of the samples of r 1s highly non-normal for values 

of re close to one Therefore the standard dev1at1on of the samples r, cannot be used 

to determme the accuracy of r as an estimate of re There exists a change of van able 

from r to z that can be used to change the dtstnbut1on of r to an approximately 

normal dtstnbution (Hoel 1954) 

1 1 + r 
z = -log --2 e 1 - r 

(4 3) 

z will then be approximately normally d1stnbuted with mean µz 

(4 4) 

The standard deviation of µz will be 

I 
<Jz= ~' (4 5) 

where N 1s the number of mdependent samples as given m section 3 I Usmg equa-

t1ons 4 3, 4 4 and 4 5 1t 1s possible to determme the accuracy of the correlation coef­

ficient as a function of the magrutude of the correlation coefficient In figure 4 I the 

accuracy of the correlat10n coefficient 1s plotted The accuracy 1s normalized relative to 

the accuracy at re = 0, smce 1t 1s always worst there 

There 1s always zero error m the correlation coefficient 1f 1t 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

mmed by two factors The magrutude of the correlation coefficient and the number of 

mdependent samples that were correlated The accuracy 1s not directly affected by the 

presence of n01se m the signal Random noise can lower the correlation coefficient and 

thus will decrease accuracy, but noi.se cannot affect the accuracy alone 
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at re= 0 

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

25 

The correlation coefficient of two complex signals E1 and E2 1s given by equations 3 9 

or 4 2 If the two signals are contammated with white gaussian noise signals N1 and 

N2 of equal amplitude, then the correlat1on coeflic1ent can be wntten as 

(4 6) 
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The numerator 1s expanded and s1mphfied to be 

smce the n01se and signal are uncorrelated 

The denommator can be rewritten a.s 

(4 7) 

The correlation coefficient with noise therefore 1s 

where SN R 1s the signal to n01se ratio Equation (4 8) shows that the correlation will 

be reduced a.s more n01se is added and the signal to n01se ratio decreases 

4.3 The correlation coefficient of two amplitude signals 

To calculate the correlat10n coeffi.c1ent ramp of two amplitude signals A1 and A2 , a 

denvat1on given by lsh1maru (1978) 1s used The correlation coefficient of two real 

signals can be obtamed a.s m equation 4 1 

(4 9) 

For real amplitude signal returnmg from a random dtstnbut1on of scatterers, 1t 1s 

known that 

(A1A2) = lo°" fo00 

A1A2p(A1,A2}dA1dA2, 

(A) = lo°" Ap( A)dA = ..j( 1r /2 )~2 , 

(4 10) 

(4 11) 
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(A2} = fo00 

A2p(A)dA = 2a2, (4 12) 

where a2 is the vanance of the complex I and Q signals If probabilty funct10n 

p(A1 , A2) given m equation (3 7) 1s mserted mto equat10n ( 4 10), the mtegral for 

(A1, A2} can be expressed m the terms of elhpt1c mtegrals (Ish1maru 1978) The se­

nes expansion of these mtegrals can be used to give 

(4 13) 

Th.is equation gives the normalized correlation coefficient ramp of two amplitude signals 

A1 and A2 m terms of the normalized cross correlation coefficient r O of the complex 

signals E1 and E2 

4:.4 The correlation coefficient of two clipped complex signals 

The effect of noise on the correlation coefficient of the clipped complex signal 1s not 

given m available literature of the correlation sonar A formula relatmg the clipped 

complex autocorrelation function to the complex autocorrelation function of narrow 

band signals was denved by Lawson and Uhlenbeck (1950) rchp R:J ARCSIN(r0 ) This 

formula can be adapted to the spatial correlation function of the correlation sonar, but 

1t was found to be maccurate for the high signal to noise ratios obtained from volume 

reverberation A new method for the determmation of the clipped complex correlation 

coefficient was therefore developed 

To mvest1gate the effect of n01se on the chpped complex signal correlation, the 

effect of noIBe on the quadrature signals 1s studied first Smee each of the quadrature 

signals 1s real, the correlation coefficient can be wntten as m equation 4 1 

r = (xy) - (x){y) 
J(x2) - {x)2 J(y2) - (y)2 

The correlation usmg the clipped signals Xct.p and Yclip 1s self normal1zmg smce 

y(x~hp) = y(Y;1ip) = c, no matter what the amplitude of the signal itself 1s The 
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constant c 1s the amplitude of the clipped signal If the constant c 1s chosen to be 

If the x and y signals are identical except for the n01se they contam, then they 

can be wntten as x = s + n1 and y = s + n2, where n1 and n2 1s additive wlute 

gauss1an n01se and s 1s the signal 

The clipped correlation coefficient can therefore be wntten as 

where Xclap and Yclip represent the mphase or quadrature clipped signals 

The correlation coefficient rchp will then be the probab1hty that (xchp = Yct,p) 

mmus the probab1hty that (xclap i= Ycl,p), smce 1f Xct,p = Ycl,p then Xct,pYcl,p = 1 and 

1f Xct,p 'I Ychp then xc1,pYcl,p = -1 AB was shown m chapter three both the signal s 

and the noise n1 and n2 act as gauss1an random vanables Therefore their probab1hty 

d1stnbut1on functions will be of the form 

(4 15) 

To calculate the probab1hty that xc1,p ::/= 1/cl,p the probab1hty of makmg an error 

PE m the determmat1on of the sign of xc1,p or Ycl,p due to n01se must be determmed 

In other words the probab1hty that the n01se n 1s the opposite sign of the signal s and 

greater m magrutude 

PE= 1-: p(s) [
8

00 

p(n)dn ds (4 16) 

1
00 1 -~ 18 1 -~ 

PE= ./Fi, exp(-2 2 ) -1'£ exp(-2 2 )dn ds 
-oo 'ff(J8 CJs -oo 'ff(Jn Un 

(4 17) 

Once the probability of makmg and error PE 1s found by evaluatmg the mtegral m 

4 17, the correlation coefficient can be calculated 

rct,p = p(Xct.p = Yclip) - p(Xclap 'f Yct,p) 

= (1 - PE)2 + PE2 
- 2(1 - PE)PE 

(4 18) 
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The problem then remams to evaluate the mtegral m equation 4 17 An ana­

lytic solution 1s very difficult and therefore a numencal mtegrat1on techmque was used 

S1mpsons rule mtegrat1on techmque (Barrodale, Roberts and Ehle 1978) was chosen 

because 1t 1s both fast and easy to implement By a.dJustmg the step size of the m­

tegratwn routme 1t 1s possible to determme the accuracy of the mtegrat1on The mte­

gratwn 1s contmued until a reduction of the step size by a factor of two results m a 

mtegrated value accurate to five decimal places 

The above argument was carried through only for a real clipped signal such as 

the quadrature signals of a complex signal If the real signals are replaced by complex 

signals m the above argument, and the correlation coefficient of the complex signal 

( equation 4 2) 1s used, a similar value of r cl,p 1s obtamed as m equation 4 18 Equa­

tions 4 17 and 4 18 only give the correlation coefficient r clip m terms of the signal to 

noise ratio SN R = <J s / <J N If a value of the complex correlation coefficient r O is given 

for two signals without n01se, whose correlation coefficient is less than one, an eqmv­

alent signal to n01se ratio can be calculated by mvertmg equation 4 8 and assummg 

that I (E1&i*} I /(I E 12} = 1 

(4 19) 

Once SN Requ,v 1s known, equation 4 17 and 4 18 can be solved to give the chpped 

complex correlation coefficient r clip 

Both the signal and the n01se are charactenzed by the value of the vanance <J2 

The ratio of <J s / u N can be considered to be the signal to n01se ratio The value 

of r clip can be calculated for a set of values of the signal to noise ratio usmg equa­

tions 4 17 and 4 18 Figure 4 2 shows the correlation coefficient r clip as a function of 

the signal to n01se ratio m db It also shows the correlation coefficient of a complex 

demodulated signal r O calculated form equation 4 8 and of a amplitude demodulated 

signal ramp calculated from r O usmg equation 4 13 In figure 4 2 it 1s assumed that 
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the two signals which are correlated are made up of the same wave form, except that 

they are contammated with different uncorrelated noise With high signal to noise ra­

tios (SN R > Odb) the correlation coefficient 1s close to one for all three demodulatton 

techruques 
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Figure 4.2 

Correlation coefficient ~ a function of signal to noise ratio of 
two identical signals contammated with uncorrelated noise for com­
plex, amplitude and clipped complex demodulation 

The lughest correlations are obtamed usmg the complex demodulated correlation 
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at a gwen signal to n01se ratio Correlations of an amplitude demodulated signal a.re 

greater than correlations of the clipped complex demodulated for signal to n01se ratios 

higher than Odb, while the s1tuat1on 1s reversed for lower signal to n01se ratios Smee 

the accuracy to which the location of the peak can be determmed depends mainly on 

the height of the correlation function, amplitude demodulation will perform worse than 

chpped complex demodulation under high n01se conditions 

4.5 The effect of noise on the spatial correlation function 

The effect of n01se on the spatial correlation function has not been discussed m avail­

able hterature on the correlation sonar, and a detailed new analysis was performed for 

this thesis The different demodulation techruques discussed above will give different 

spatial correlation functions By calculatmg the complex correlation coefficient r O us­

mg equation 2 8 of n01se free signals, the amplitude correlation coefficient r a and the 

clipped complex correlation coefficient r clap can be calculated The spatial correlation 

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

The correlation functions for all three demodulation techruques 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 mterpolatmg the peak location Only the complex 

demodulated correlation function 1s gauss1an m shape The clipped complex demodu­

lated correlation function has a non contmuous slope at zero displacement, while both 

ra and r 0 are contmuous Thus extra care has to be taken when mterpolatmg for the 

peak pos1t1on with clipped complex demodulation 

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

ratio of one due to the mterpulse contammat1on If random gaussian white n01se 1s m-
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SPATIAL CORRELATION FUNCTION 

____ Complex demodulation 
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_ _ _ _ _ Clipped complex demodulation 
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Figure 4.3 

10 0 

Theoretical Bottom return spatial correlation function for com­
plex, amplitude and clipped complex demodulation 

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

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

demodulations techmques are plotted m figure 4 4 

The most important feature of figure 4 4 1s the decrease of the correlation peak 

of all three demodulation techruques The peak drops from a value of one to O 5 for 

complex demodulation, while 1t drops to O 25 for clipped complex demodulation and to 
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SPATIAL CORRELATION FUNCTION 

____ Complex demodulatlon 
__ Amplltude demodulation 

_ _ _ _ _ Clipped complex demodulation 
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Figure 4.4 

10 0 

Volume sca.ttermg return spatial correlation function for complex, 
amplitude and clipped complex demodulation 

0 23 for a.mphtude demodulation In other words the correlation coefficient for complex 

demodulation performs better than the correlation coefficient for clipped complex and 

amplitude demodulation Smee the accuracy of the correlation coefficient 1s mdepen­

dent of the signal to n01se ratio and only depends on the actual peak of the corre­

lat10n function, a lower correlation coefficient will mean a decrease m accuracy This 

means that not only will the correlation coeffic1ent 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 vanous operatmg cond1t1ons It 1s based on a model developed by A D 

Booth of Autonetlcs Research Associates (Booth 1985), but mcludes several modifica­

tions and developments Virtually all parameters of the correlation sonar operation m 

the computer model are adJustable In the model, a transrn1ttmg transducer located on 

the surface of the water 1llummates a random d1stnbut1on of scatterers at a distance d 

from the surface (figure 5 1) 

The scatterers are distnbuted uruform]y ms1de a water volume of thickness 6.z 11-

lummated by the transmittmg beam The scatterers move with a velocity v8 which 

is made up of a random velocity component Vr superimposed on a velocity common 

to all scatterers Ve Both the random component and the common component are ad­

JUStable The model also has a smgle strong scatterer with an mdependent velocity 

vector VJ to simulate a large fish or other obJect movmg through the beam The re­

ceivmg transducers are located on the surface at vanable locations They are chosen to 

be at s1m1lar locations as the rece1vmg transducers m the IOS correlation sonar as dis­

cussed m the next section for easier data companson The transmittmg and receivmg 

beam shape can also be mcluded m the model 

The thickness of the scattenng layer 1s variable By usmg a thick scattenng layer 

of 30m water volume return can be simulated, while a thickness of Im can be used to 

imitate a rough bottom The depth of the scattenng layer is adJustable and is usually 

set to 100m 

The frequency of operation of the model was usually set to lOOkhz, the same fre­

quency used on the IOS correlation sonar The pulse duration and separation is con­

tmuously adJustable It 18 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 
uruformly chstnbuted scatterers with thickness 6.z 1s 1llummated with 
a transducer of beamw1dth 86 A larger obJect such a.s a fish can 
move m a chfferent chrect1on than the scatterers 
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The signal received on each transducer m the model can be demodulated m sev­

eral different ways The model stores the received s1gna1 m complex demodulated 

form The model allows gauss1an white n01se to be added to the complex signal The 

complex signal can then be amplitude demodulated or chpped complex demodulated 

The model also mcludes two new demodulation techruques, not previously discussed m 

available literature, both of which mvolve the slope (first difference) of the amplitude 

signal The first 1s 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 techmque and 1t uses the clipped slope demodulated signal These two 

uncommon demodulation techmques were mcluded because under some circumstances 

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

Prov1S1ons were made m the model to mclude depth attenuation, variable scatter­

mg strength and Doppler shifts m the reflected signal, but were later removed because 

they did not affect the correlations appreciably and caused the execution time of the 

model to mcrease to a pomt where simulations usmg greater than 100 scatterers were 

impractical 

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

Np Np 

y(t) = L An (t)exp(i¢(t)) = L An(t)exp(i(wt + 21T ~ )), 
n=l n=l 

where rn 1s the distance from the transmitter to the scatterer and back to the re-

ceiver The quantity iwt 1s mdependent of the scatterer position, and can be removed 

by lookmg at the signal m its mixed down (complex demodulated) form 

Np 

y( t) = L)An (t)sm(21rT) + iAn (t)cos(21r T )] 
n=l 

(5 1) 

To calculate y( t) on the computer, the phase term ( 211' ~) 1s determmed for each scat­

terer 

The output data from the model is sent to the correlation program, which per­

forms the cross correlations between the signals from all the transducer elements, de­

termmes the correlation peak and calculates the velocity from the peak location The 

accuracy m the correlation value of a smgle transm1ss1on 1s not high enough to de­

termme even the approXImate peak locat1on, and therefore the correlations from more 

than one transm1ss10n must be averaged together before the peak 1s calculated Graphs 

of the model output can be generated at almost any stage of processmg the raw sig­

nal, the demodulated signal, the correlation values for a smgle transmission, the corre­

lation values for averaged transm1ss1ons and the velocity profiles can be plotted 
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S.2 The 10S correlation sonar hardware 

The design purpose of the 10S correlat1on sonar was the the mvest1gat1on of the cor­

relation sonar pnnc1ple for ice movement morutonng m the arctic A ship mounted 

system was developed to track the ocean bottom which has s1m1lar charactenst1cs 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 1t ts necessary to have preamphfiers mounted close to the hy­

drophones, to m1mm1ze n01se Smee the IOS correlation sonar 1s a prototype, 1t was 

necessary to design a system that had the data acqU1s1t1on and computer electrorucs m 

the ship's laboratory area for easy serv1cmg and mod1ficat1ons 

The system has a transducer assembly with hydrophones mounted on a steel and 

alummum frame, which can be extended below the ship's hull Preamphfiers m the 

transducer housmg are used to amphfy the signal to a level that allows the transm1s­

s1on of the analog signals to the data acqU1s1t1on electromcs m the laboratory area, 

without mtroducmg any maJor n01se components Figure 5 2 shows a typical setup 

of the 10S correlation sonar transducer as 1t was deployed on the research vessel 

VECTOR Two banks of seven rece1vmg hydrophones are arranged perpendicular to 

each other A 22 degree beam ROSS transducer 1s mounted m the corner formed by 

the two transducer banks for transm1ttmg a signal mto the water 

The layout of the transducer assembly can be seen m figure 5 3 Each rece1vmg 

hydrophone 1s a ceramic element 1cm by 2cm Each seven element transducer bank 

1s constructed so that the mner five elements have a spacmg of 1 5cm and the outer 

two elements a spacmg of 6cm This was done to be able to use the elements with 

6cm spacmg for high water or ship veloc1t1es, for which the correlation peak shifts 

more than one transducer spacmg, while the spacmg of 1 5cm was to be used for lower 

veloc1t1es 
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The mountmg pos1t10n of the correlat10n sonar when deployed on 
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The slightly amphfied raw signal from the transducer assembly 1s sent by balanced 

pair shielded cables to the deck urut where the data acqu1S1t1on system IS located 

Each of the fourteen signals 1s applied to a variable gam amplifier, amplitude demod­

ulated, low pass filtered, passed to a sample and hold c1rcwt 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 sunpled data m memory, keys the transmitter 

and sets the rece1vmg gam The sampled data can then be wntten to either 9-Track 

magnetic tape or 8-mch floppy chsks 
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The use of the data stored on the 9-Track tape dnve allowed the processmg of 

the data on the HPlOOO computer at IOS Figure 5 4 shows a block diagram of the 

1OS correlation sonar data acqws1tion and processmg electronics 

5.2 Operational parameters of the 10S correlation sonar 

The operational frequency of the correlation sonar was chosen to be lOOkHz This fre­

quency is a compromise between transducer size, attenuation, scatterer reflect1v1ty, and 

the width of the spatial correlation function The transm1ttmg transducer beamw1dth 

1s 22 degrees accordmg to the spec1ficat1ons provided with the transducer 

At a transmit frequency of IOOkHz and beamw1dth of 22 degrees, the correlation 

function width can be calculated to be approximately 4cm This is the reason why 

a transducer spacmg of 1 5cm was chosen It allows the sampling of the correlation 

function with at least 3 pomts across the peak to fac1htate the use of mterpolat1on 

algonthms to find the exact peak location The memory of the data acqws1t10n system 

was able to store a maximum of 48000 samples With a 40kH z samplmg rate on 16 

channels this allows the storage of only O 075sec worth of data Dunng this time the 

data from approximately 56m water column can be received The water column 1s 

therefore broken up mto 50m blilS Usmg the maximum data transfer rate of the 9-

track tape , 1t lS possible to collect one bm worth of data every 1 4sec and wnte 1t to 

tape To make 1t possible to average data from many transm1ss1ons together, data are 

usually collected for Just one bm at one time 

The pulse length and repet1t1on rate are both adjustable from a mlillmum of 

IOOµsec to lOOmsec or greater The pulse length always has to be less than the pulse 

separat10n, otherwise overlappmg of the two pulses occurs and the two pulses merge 

mto one longer pulse If the pulse length 18 too short, not enough energy 1s transferred 

mto the water column resultmg m poor signal to n01se ratios The pulse separation 
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Signal demodulation type 

Receive transducer spacmg 

Transmit beam width (3db down pomts) 
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Transmitted pulse separation 

Channel samphng rate 
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Total data rate 
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1OS correlation sonar operational parameters 
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has to be short enough to obtam a correlation peak that 1s still on the array, while 

the pulses have to be far enough apart to give accurate velocity measurement The 

operat10nal parameters of the 1OS correlation sonar are summanzed m table 5 1 

5.4 Observational technique 

The 1OS correlation sonar was mstalled on the Department of F1shenes and Oceans 

research vessel VECTOR on June 3 1985, for operational tests under a vanety of con-
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ditions Data were collected near the Navy Buoy m Saam ch mlet near the Institute of 

Ocean Sciences from June 3 1985 to June 6 1985 (figure 5 5) The protected waters 

of Saanich mlet have low velocities and high scatterer densities, makmg them ideal for 

the evaluation of the operation of the correlation sonar A Navy Buoy near Pat Bay 

provided a converuent anchor pomt for zero velocity tests of the correlation sonar 

A 120KHz echo sounder was installed to obtam echo sounder images of the scat­

terers The output from the echo sounder was recorded on video cassette tape usmg 

a PCM encoder and graphical output was obtamed usmg a EPC chart recorder The 

echo sounder was installed on June 5, the third day of takmg correlat10n 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 mto 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 osc1lloscope connected to the preamphfier outputs was used 

to check for the correct signal level of each channel The gam for each channel was 

then changed to use the maximum dynamic range of the analog to digital converter 

without chppmg the signal The number of the 50m bm m which data should be 

taken was also determmed at this pomt For example 1f the bottom was at a depth 

of 210m, to obtam a bottom velocity estimate the bm number was set to 5, for a 

range of 200m to 250m If volume correlation was reqwred at a depth of 130m, the 

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

After the calibration was complete and the correct bm number was set, data ac­

qws1tion mode was entered In this mode the control processor would wait for a signal 

from the operator to start collectmg data At the signal, the control processor would 

start to send out the pulses and collect data from the correct bm The data from a 

smgle pulse pair would then be wntten to nme track magnetic tape for later analysis 

At the maximum data rate of the tape dnve, one profile of one bm could be logged 
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every 1 4 seconds The system then logged data for 25 transm1ss1on.s, before entenng 

another wait mode The control processor would then wait once more for 1n.struct1on.s 

from the operator, to take more data 

In the cahbrat1on mode the control processor could also be mstructed 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 measurmg speed over the ocean floor, depends to a large extend on the height 

of the peak of the correlation function For umform water column return signal the 

two pulses which are present m the water at the same time will mterfere with each 

other, producrng a signal to noise ratio that usually IS never greater than one The 

low signal to n01se ratio will lower the height of the peak of the correlation function 

If 1t were possible to separate the pulses by labeling them m some way, the signal to 

nmse ratio would be mcreased In this chapter one particular possib1hty of labelmg the 

pulses, bmary pseudo random noise codes, is exammed A new analysis of pred1ctmg 

the effect of pseudo random codes on the result mg received signal 1s g1ven, which 1s 

followed by a discuss10n and analysis of some common pseudo random n01se codes 

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

If a signal s(t) 1s sent mto the water column, the signal received Yr(r, t) can be de­

scribed as the convolution of the impulse response h(r, t) with the transmitted sig­

nal s( t) 

Yr(r, t) = h(r, t) * s(t), (61) 

where r 1s the pomt m space where the signal 1s received and * represents convolution 

f(t) * g(t) = 1-: f(r)g(t- r)dr (6 2) 

If the reception pomt 1s fixed m space then the received signal can be wntten as 

Yr(t) = h(t) * s(t) (6 3) 

To remove the effect of the type of signal s(t) that was sent mto 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 receive filter has an impulse response that 1s the 

time mverse of the outgomg signal s(t) Optimum filtermg 1s eqwvalent to correlatmg 

the transmitted signal s(t) with the received signal Yr(t) The received filtered signal 

can therefore be wntten as 

Ys(t) = s(t) X Yr(t) = s(t) X [h(t) * s(t)] (6 4) 

Here x represents correlat10n m time 

f(t) x g(t) = i: f(r)g(t + r)dr (6 5) 

Usmg the mtegrals m equations 6 2 and 6 5, equation 6 4 can be rewntten as 

Ys(t) = h(t} * [s(t) X s(t)] (6 6) 

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 s1(t) 

1s transmitted and a signal s2 ( t) 1s used for filtermg the received filtered signal will be 

(6 7) 

If 1t 1s possible to find two pseudo random n01se codes such that the cross correlation 

IS 

s1(t) x s2(t) = 0, (6 8) 

and the autocorrelation is 

(6 9), 

then the signal s 1 ( t) could be sent for the first pulse and s2( t) for the second pulse A 

matched filter for each code would then give totally separate return echoes for the two 

pulses 6 ( t) 1s the Dirac delta function 

c(t) = o t Io 

6(0) = oo (610) 

f O(t)dt = I 1! a < 0 < b 
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If these perfect cond1t1ons could be achieved with a pseudo random code, then 

y11 (t) = h(t) * 6(t) = h(t) Unfortunately no pseudo random codes with both of the 

properties of equations 6 8 and 6 9 exist At best only approx1mat1ons to the two 

properties can be achieved 

The code 1s apphed to the outgomg signal by m1xmg a earner of type exp(iw0 t) 

with the code u(t) 

s(t) = u(t)exp(iw0 t), (6 11) 

where u(t) alternates between 1 and -1 for 180 degree phase modulation and between 

1 and O for amplitude modulation The mlillmum length over which u(t) 1s not allowed 

to change 1s called the bit length 

u(t) = 0 t < 0 and t > k * T6 
(6 12) 

= +1 or -1 

where Tb 1s the bit length and k 1s the number of bits m the sequence 

In the above discussion the actual demodulation and filtermg process was not 

mentioned In practice the mcomrng signal 1s quadrature demodulated by mIXmg 1t 

with an m-phase and quadrature earner, as discussed m section 2 6 Each of the 

quadrature channels 1s then correlated separately with the same pseudo random code 

that was transmitted This results m the filtered and demodulated complex quadra­

ture signal If amplitude demodulation is desired, 1t can be obtamed from the complex 

quadrature signal 

If amplitude demodulation 1s used on the raw signal the proper decorrelated signal 

can no longer be recovered Amplitude demodulation 1s a nonlmear operation while 

correlat10n and convolution are lmear Therefore equation 6 4 does not apply and 1t 

1s not possible to recover the proper filtered amphtude demodulated signal If a smgle 

scatterer 1s present m the water column, then amplitude demodulation and correlat10n 

can be used, but as soon as more than one scatterer 1s present mterference between 
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the two scatterers will change the received amphtude signal to such an extent that 

correlations will no longer yield the proper filtered signal 

This effect can be v1sual1zed by reflectmg a pseudo random sequence signal off the 

bottom If the bottom 1s qwte smooth and the beam 1s narrow, the impulse response 

function will be close to a delta function, and proper correlation filtermg of the re­

ceived signal can be achieved usmg amplitude demodulation As the thickness of the 

bottom mcreases (1e the roughness mcreases) to a value greater than the length of 

one bit m the pseudo random code T,,c, the correlation filtered amplitude return sig­

nal will no longer represent the wanted signal, which would be obtamed by quadrature 

demodulation, correlatmg and then recovenng the amplitude signal It can therefore 

be concluded that amphtude demodulation should not be used with a pseudo random 

sequence signal return.mg from volume reverberation of the water column 

6.2 Properties of some pseudo random codes 

In this section, the theories developed m the previous section are applied to some com­

mon pseudo random codes A new look 1s given at the effect of pseudo random n01se 

codes on the signal returnmg from volume return 

A family of pseudo random noise codes, that have very low noise s1delobes, are 

the Barker codes For example the five bit Barker code (Farley 1982) +++-+ has 

the autocorrelation O O O 1 0 1 0 5 0 1 0 1 0 0 0 A phase modulation of 

180 degrees has to be used with this code smce 1t alternates between + 1 and -1 

If the code were perfect only the 5 would be present m the above autocorrelation 

The non zero values on either side of the peak are called the noise s1delobes of the 

code If there 1S only one scatterer present m the water column, such as a fish, then 

the impulse response of this scatterer will then be h(t) = 8(t - r0 /c), where r 0 1s the 

range of the scatterer The impulse response h( t) 1s correlated with the autocorrelation 
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function of the code to find the received and filtered signal The resultmg signal will 

consist of the peak of 5 at the range of mterest and the s1delobes of 1 at ranges Just 

before and after the range of mterest In th.is case the worst case signal to noise ratio 

can be wntten as 

mamlobe2 

SNR= 
(largest sidelobe) 2 

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

If the code 1s sent mto a umform scattenng layer, whose impulse response h(t) is 

effectively constant h(t) R:i c, data will be received not only from the rnam peak of 

height 5 but also from the s1delobes of height 1 at the same range gate Th.is occurs 

because a constant h( t) = c is now correlated with the autocorrelation function of the 

code The signal to noise ratio m this case will be 

SNR= 
mamlobe2 

:Esidelobe2 

Tlus equation yields a value of the signal to noise ratio of 2 5, for the five bit Barker 

code, assummg there 1s no system noise present Thus the signal to noise ratio for a 

umforrn layer 1s much less than that for a smgle scatterer 1f a pseudo random code 1s 

used m the transmission 

A family of codes with zero time sidelobes are the complementary codes whose 

properties were first discussed by Golay (Golay 1961) Th.is type of code 1s used exten­

sively m atmosphenc Doppler radars for pulse compression and improvmg the signal 

to noise ratio (Woodman 1980) The two complementary codes have the property that 

their noise side lobes are exactly opposite m sign and magrntude Th.is means that 1f 

the autocorrelation of two complementary codes 1s added together, a true delta func­

tion combmed autocorrelat1on will be obtamed When usmg complementary codes, first 

one code JS sent mto the medmm, such as the atmosphere, and a complex signal time 

senes 1s obtamed after correlatmg with the code Next the matchmg complementary 

code JS transmitted mto the scatterer medium, received and decoded mto a complex 
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time senes If the two time senes from the two complementary codes are added to­

gether a smgle time series results that theoretically only contains signal and no side­

lobe noise 

Only one code can be present m the scattering medmm at the same time to be 

able to use complementary codes properly This 1mphes that after transm1ttmg 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 m 

the atmosphere 1t 1s of order of magrutude 2 msec or less, due to the propagation of 

the microwave radiation at the speed of hght A combmed correlation function with 

zero n01se s1delobes can only be achieved 1f the two codes scatter off virtually 1dent1-

cal scatterer distnbut1ons In the ocean environment the scatterer d1stnbut1ons change 

dra.stically relative to the transducer m one second, especially if they are movmg, while 

the high 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 m the ocean environment for volume backscatter return 

The use of a pseudo random sequences 1s considered for the purpose of separatmg 

the two pulses simultaneously present m the water, and to improve the system signal 

to n01se ratio If two pseudo random codes are m the water at the same time, their 

cross correlations should be zero, so that they will not mterfere with each other a.s 

m equation 6 8 Unfortunately codes with zero cross correlation do not exist The 

goal 1s therefore to find two codes with the mllllmum cross correlation possible, while 

at the same time each code ha.s the smallest possible s1delobes Barker codes have 

the smallest possible s1delobe levels of a smgle 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 maxunal hnear sequences or cychc codes can be gen­

erated easily and have well known properties (Ziemer and Peterson 1985) They have 

the umque property that if the code is repeated mdefimtely, the autocorrelation has a 

peak of N when the codes are aligned and a value of -1 when they are not (figure 

6 1) They can be easily generated by a n bit shift register, where N = 2n - 1 1s the 

length of the code 

N 
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0 .., 
0 
C) 
L 
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Figure 6.1 

The autocorrelation function of a repeated maximal hnear se­
quence The peak of height N repeats every N times the bit length 
The n01se s1delobes have a constant value of -1 

* -1 

For pulse labelmg the code is not repeated, and the autocorrelation m this case 

will consist of a peak of height N and notse side lobes which do not exceed ./N as 

shown m figure 6 2 

For a 127 bit code, the signal to noise ratio of the code wdl be approximately 1 8, 

if the code 1s used for full volume return If care 1s taken when selectmg the codes, 

the cross correlation between two maxunal lmear sequences will not exceed /N If two 
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Figure 6.2 

The autocorrelation of a maximal hnear sequence of length N 
bits The peak of the autocorrelation function 1s of height N and the 
maximum n01se s1delobe level 1s /N 
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127 bit codes are present m the water at the same time the signal to n01se ratio, due 

to the codes alone, will be approxtmately 1 4 The signal to n01se ratio due to two 

simple pulses m the water column at the same time 1s approxtmately 1 for uruform 

volume return, thus the improvement of usmg the pseudo random code 1s mm1mal 

AB an example the computer model of the correlation sonar was used to produce 

a 12m layer return signal for a smgle 127b1t maximal lmear sequence with a b1tlength 

of lOOµsec The return signal was complex demodulated and correlated with the code 

that was sent out The amphtude of the resultmg complex signal 1s plotted m figure 

6 3 The model was also run for the same layer, a smgle pulse bemg transmitted with 

a length of lOOµsec The resultmg amplitude demodulated signal can be seen m figure 

64 

In both figures 6 3 and 6 4 the 12m scattermg layer can be clearly 1dent1fied be­

tween O and 15m If a perfect code was used with zero noise s1delobes, then figures 
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The amphtude of the correlated return signal of a 127 bit maxi­
mal hnear sequence scattered off a 12m layer, generated by the com­
puter model The bitlength was lOOµsec The layer 1s located at 
a depth of 100m and the time senes covers a depth from 100m to 
150m The two groups of seven channels plotted correspond to the 
signals received by the seven hydrophones m the x and y directions 
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The a.mphtude return signal of a IOOµsec pulse scattered off a 
12m thick scattenng layer, generated by the computer model The 
b1tlength was IOOµsec The layer IS located at a depth of 100m and 
the time senes covers a depth from 100m to 150m The two groups 
of seven channels plotted correspond to the signals received by the 
seven hydrophones m the x and y directions 
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6 3 and 6 4 should be 1dent1cal S1m1lant1es between the signal recovered over the 12m 

layer can be observed, but the effect of the n01se s1delobes of the maximal hnear se­

quence can be seen at the edges of the 12m layer m figure 6 3 between a depth of 

13m and 18m Any energy present at this depth 1s caused by the s1delobes and can 

be considered n01se This noise 1s also present m the 12m layer From figure 6 3 the 

signal to noise ratio can be found to be approXJmately 2, which agrees with the value 

of 1 8 predicted for this type of code The raw complex demodulated signal used to 

obtam figure 6 3 wa.s also amplitude demodulated before the mverse correlation filter 

1s apphed The resultmg signal only consisted of n01se, which depended on the code 

used, with no correlation to the desired signal m figure 6 3 This shows that amplitude 

demodulation should not be used with pseudo random pulses 1f proper mverse filtermg 

1s reqwred 

If the system signal to noise ratio 1s very low, due to a weak return signal and 

the large amount of gam reqwred to bnng the signal up to a satisfactory level, then 

the codes will improve the signal to n01se ratio A useful improvement of the signal to 

n01se ratio only occurs 1f the system signal to n01se ratio 1s less than approximately 2 

By proper design of rece1vmg electrorncs the system signal to n01se ratio should be 

kept well above a value of two Therefore pseudo random n01se codes should not be 

necessary to improve the system signal to n01se ratio for volume return 

There may be pseudo random codes m eXJstence which have better properties 

than maXJmal lmear sequences Gray and Farley (1973) descnbe some codes that have 

a maXJmum auto-correlation s1delobe level of O 6/N These codes are hard to deter­

mme and can only be found by computer search To find two codes with low n01se 

cross-correlation 1s even more difficult, if not 1mposs1ble 

One maJor difficulty when usmg pseudo random n01se codes on scatterers m the 

ocean environment 1s the Doppler shift imposed on the signal a.s 1t 1s reflected The 

return signal lS quadrature demodulated by mlX.lilg 1t with an m-phase and quadrature 
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carrier If the Doppler shift is strong enough the return1Dg pseudo random code signal 

from a smgle scatterer can be shifted from the ID phase channel to the quadrature of 

phase channel and back 1Dto the m phase channel with a reversed sign The effect of 

this after correlatmg may be anythmg from zero received and filtered signal to an m­

correct sign m the decorrelated signal The usable hm1t will be a Doppler shift that 1s 

smaller than that reqwred to mtroduce a phase change m the earner of 1T / 4 from the 

first bit to the to the last bit of the code For example 1f the earner 1s lOOkhz, the 

bit length 1s lOOµsec and there are 127 bits ID the code, the scatterer should move less 

than O 19cm m a time of 12 7 msec This means that the vertical scatterer velocity 

has to be less than O 15m/sec This restra1Dt on the scatterer velocity can often not 

be achieved, and therefore the code has to be shortened or 1t cannot be used 

The use of pseudo random codes will give slight improvement of the mterpulse 

mterference signal to n01se ratio, but the types of flows that can be mvestigated will 

be severely reduced by the hm1t set on the vertical velocity of the scatterers In a ship 

mounted system a large vertical velocity component can be mtroduced by the ship's 

heave, even 1f 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 mcreasmg the bandwidth 

of a pulse If the same code 1s apphed to each of the two pulses, no mverse filter1Dg 1s 

required and the bandw1dth-mtegrat1on time product of the correlat1ons 1Dcreases This 

results m more accurate correlation values, with the same correlation funct10n peak 

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

The theones developed m previous chapters will now be tested with observations and 

computer model results In particular the effect of different demodulation techruques, 

mterpulse mterference and wide bandwidth pulses will be mvestigated The data col­

lected for the correlation sonar can be d1V1ded mto two groups Bottom or thm scat­

termg layer return covered m chapter 7 and volume return with data received from a 

broad scattering layer, covered m chapter 8 The data received from the bottom usu­

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

have mdistmgmshable pulses 

7 .1 Correlation sonar bottom return 

An amplitude demodulated correlation sonar bottom return signal 1s shown m figure 

7 1 The data were taken on June 5 1985, moored to the Navy Buoy m Saanich Inlet, 

thus the velocity should be zero All fourteen channels are plotted out as a function 

of time at a range gate covermg the pulse The fourteen channels are spht mto two 

groups of seven for the two seven channel x and y transducer banks The x channel 

1 1s 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 wmd, waves 

and current, thus shght velocity offsets can be expected 

A two millisecond pulse length was used with a pulse separation of lOmsec The 

two returnmg pulses can be clearly seen m the data The small scale features of the 

received pulses change gomg 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 mterference pattern 

The two retummg pulses are virtually identical m each time series because the plat­

form 1s stationary relative to the scatterers If the platform was movmg, then a dif­

ferent scatterer distnbution would be illummated for each pulse and the return echoes 

would change from pulse to pulse 
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A bottom echo time senes for the correlation sonar Two pulses 
of length 2msec were sent out with a separation of lOmsec The data 
for the x transducer bank were plotted ~ the lower seven channels, 
while the data for the y transducer banks were plotted as the upper 
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The computer model can be used with the same parameters of depth, pulse length 

and separation as rn the field data above to demonstrate how the signals change 1f the 

platform 1s movmg A velocity of O 75m/sec m the forward d1rect1on of the ship was 

chosen because 1t results m the translation of the mterference pattern of exactly 1 5cm 

m the pulse separation mterval rnto the x direction It 1s possible to demonstrate the 

effect of forward velocity usmg 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 rn 

the pulse separation rnterval The time senes generated by the computer model ts plot­

ted rn figure 7 2 

On the x channels 2 to 6 the effect of the forward velocity of the scatterers can 

be clearly 1dent1fied For example, the first pulse lil the time senes of x array channel 

2 ts almost 1dent1cal to the second pulse time senes of x array channel 3 This means 

that the mterf erence pattern was translated 1 5cm on the surface m lOmsec Smee the 

rnterference pattern moves at twice the velocity of the scatterers, the velocity of the 

scatterers can be determmed to be O 75msec, which 1s the value that was entered m 

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 entermg the velocity mto the model, a velocity of O 75m/sec was specified 

m the x dtrect1on This means that the velocity m the y direction 1s zero When 

studymg the data from the y transducers, the return signal from the two pulses do 

not look s1m1lar This effect 1s called off axis decorrelation and will be explamed m a 

followmg 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 determme the exact velocity of the scattermg layer For example the data 
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Figure 7.2 

Computer model amplitude demodulated data for a lm scatter­
mg layer at a depth of 100m movmg at O 75m/sec The pulse length 
1s 2 msec, while the pulse separation 1s IOmsec 
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from the first pulse m x channel 3 1s correlated with the data from the second pulse 

m x channels I to 7 Smee there are seven channels m each transducer bank, 49 cross 

correlation coefficients are determmed for the x transducer bank and 49 channels a.re 

determmed for the y transducer bank 

Each of the cross correlations will have a certam separation associated with it 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 m figure 7 3 and figure 7 4 for the field and model 

data discussed m the last section 

The correlation obtamed at each separation value 1s plotted m 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 smgle transmission correlat10n shows large fluctuations, which 

means that the standard deviation on a smgle correlation value 1s large The average 

correlation function for 20 transmissions 1s plotted m figures 7 5 and 7 6 to better ob­

serve the shape of the correlation function The standard dev1at1on for each correlation 

value 1s also determmed and shown as an oval around the correlation value for easy 

reference 

For the zero velocity field data a correlat1on function 1s obtamed that shows a def­

IDite peak of amplitude 1 at zero displacement as expected from the visual 1DSpect1on 

of the bottom echo time senes m section 7 I The standard dev1at1on of the correla­

tion coefficient 1s close to zero when the correlation 1s close to one, as predicted from 

the stat1st1cal properties of the correlation function AB the distance from the peak at 

zero displacement mcreases, the correlation function decreases and the standard dev1a­

t1on of each correlation value shows a corresponding mcrease 

Theory mdicates that the amplitude of the correlation coefficient drops to a value 

that 1s close to zero as the distance from the zero displacement pomt mcreases to 4cm 



63 

CORRELATION FUNCTION 
..U,aaTTOII-

ooe .00 , .. - _,_ - .,._ 9 W/Mt10 , .. IOlllff llO 100 

z * Average 

0 1 0 
- 8 
I- 6 
4'. 4 
_J 2 array 

w 00 
tr -2 
tr -4 
0 -6 

-8 
0 -10 

-120 0 -600 00 60 0 120 0 

z 
0 1 0 
- 8◊ ◊ 

◊ 
I- 6 
4'. 4 
_J 2 array 

w 00 
tr -2◊ ◊ 
tr -4 
0 -6 

-8 
0 -10 

-120 0 -600 00 60 0 120 0 

Distance along array 1n mm 

Figure 7.3 

Spatial correlation as a function of distance for the field bottom 
data of figure 7 I A velocity of zero means that the peak 1s not 
sh1f ted from the zero distance pomt The diamonds represent the m­
div1dual cross correlations between transducer elements, while the the 
stars represent the average of the transducer elements with the same 
separation 
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Figure 7.4 

Spatial correlation as a function of distance for the computer 
model bottom data of figure 7 2 A velocity of O 75m/sec m the x 
direction means that the peak IS shifted by 1 5cm from the zero dis­
tance pomt The diamonds represent the mdividual cross correlations 
between transducer elements, w rule the the stars represent the aver­
age of the transducer elements with the same separation 
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Spatial correlation as a function of distance for the field bot­
tom data averaged over twenty transm1ss1ons The ship's velocity was 
zero 
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Figure 7.6 

Spatial correlation as a function of distance for the computer 
model lm layer data averaged over 20 transmissions A velocity of 
0 75m/sec m the x direction was entered mto the model 
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or more A decrease can be observed m the correlation function, but it only drops 

to a low of O 3 The amplitude demodulated signal retummg from the bottom can 

be viewed as a triangle function common to all the channels plus an md1vidual sig­

nal funct10n separate for each transducer The common basis for each signal pulse will 

result m an mcrease of the correlation, while the mdividual fine detail will decrease 

correlation far from the zero separation pomt This does not occur with complex de­

modulation as will be shown later, smce the signal m each channel will be bipolar 

with unknown sign 

Some field data were collected with a ship's velocity of O 7m/sec This data re­

sulted m a correlation function that was almost identical to the x and y correlation 

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

7 .3 The off axis decorrelation 

The Im model correlation function of figure 7 6 has been obtamed at a scatterer ve­

locity of O 75m/sec m the x direction The peak of the correlation function 1s shifted 

therefore by 1 5cm m the x direction which can be rec~dy seen m the plot of the cor­

relation function The velocity 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 1t has a height 

of only O 75 This can be explained by viewmg the correlation function as a two di­

mensional peak m 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 m the x direction, then the x axis transducer 

still samples the correlation funct10n through the peak, while the y axis will sample 

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

A x axis velocity will therefore eff ect1vely decrease the correlation amplitude on 

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

The two chmens1onal correlation function The correlation func­
tions sampled by the x and y arrays mtersect 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 1s close to zero The peak along the y axis will still 

be at the correct locat1on, but 1t 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 velocity 

component , then both the x and y aXI.S velocity mformat1on will be degraded 
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Figure 7.8 

The two dnnens1onal correlation function plotted ID 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 shces 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 h~ the elements aligned ID a U or T shape, cross correla­

tions for all the vector separations ID a plane can be obtamed The MX810 deepwater 

correlation sonar develo~d by General Electnc uses such an array to track the bottom 

velocity The correlation function could not be determmed m the plane with the proto­

type 1OS correlation sonar SIDCe only a L shaped transducer array w~ available The 
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computer model rece1vmg hydrophone layout was modified to be able to calculate the 

correlations m a plane and 1t was found that 1t 1s possible to obtam the correlation 

vector m a plane, without degradation of the velocity accuracy 1f an off-axis velocity 

component 1s present 

7.4 Slope demodulation 

If the amphtude demodulated time senes for each transducer 1s differentiated, the 

slope demodulated signal 1s obtamed By takmg the first difference a bipolar signal 

1s obtamed, which 1s 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 m figures 7 9 and 7 10 

for the field data and model data 

Smee 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 mdepen­

dent samples available m the correlation calculat10n, which m turn means a smaller 

standard dev1at1on on the correlatmn coefficient The decrease m the standard devia­

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

By chppmg the bipolar first difference signal the one bit slope signal 1s obtamed 

The correlation coefficients for the one bit slope signal 1s plotted out m figures 7 11 

and 7 12 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 

amplitude demodulation 

A big advantage of the chpped signal IS that the correlations are self normal1zmg 

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

Spatial correlation func tion for the slope demodulated signal of 
the field bot tom data averaged over 20 transmissions The sh.Jp's ve­
locity was zero 
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Figure 7.10 

Spatial correlation funct10n for the slope demodulated signal of 
computer model generated data for a Im thick scattering layer aver­
aged over 20 transm1ss10ns movmg with a velocity of O 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 

Spatia.I correlation function for one bit slope demodulated signal 
of computer model generated data for a lm scattenng layer 
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7.5 Wide bandwidth transmission pulses for bottom return signals 

If the transmitted waveform 1s amplitude or phase modulated with a random bmary 

sequence, the bandwidth of the received signal will mcrease A higher bandwidth 

means that the bandw1dth-mtegrat1on time product mcreases and the standard dev1-

at1on of the correlation value decreases In the computer model and m the 10S cor­

relat10n sonar the transm1ttmg waveform could be keyed on and off with a predeter­

mmed bmary 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 lOOµsec 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 m Saanich Inlet with zero veloc­

ity usmg the wide bandwidth pulses The correlation function taken with these data 

was plotted m figure 7 13 The correlation peak does not reach an amphtude of one 

because the gam of the amplifiers was mcreased 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 IS obtamed If one bit slope demodulation 1s 

used, a slight mcrease m the correlation coefficient can be observed, while the stan­

dard dev1at1on of each correlation value 1s less than that for amplitude demodulation, 

as shown m figure 7 14 Smee the peak 1s higher and the standard dev1at1on 1s smaller 

for the one bit slope correlation function , 1t should be possible to determme veloc1t1es 

more accurately usmg the one bit slope techruque 
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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 
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7 .6 Complex and clipped complex demodulation of bottom echoes 

The computer model can be used to mvest1gate different types of demodulation The 

correlation functions for complex demodulation and clipped complex demodulation were 

obtamed for the lm scattenng layer and can be seen m figures 7 15 and 7 16 Spe­

cial care must be taken when averagmg the correlations from a complex signal to pre­

vent the n01se components m the correlation from mterfermg with the calculation of 

the proper correlation coefficient Tlus can be accomplished by averagmg the complex 

correlation coefficients and only calculatmg the amplitude of the correlation coefficient 

from the averaged complex correlation coefficient 

The width of the correlation function for the complex demodulated data 1s wider 

than that for the amplitude demodulated and chpped complex demodulated data as 

predicted m figure 4 3 The complex demodulated signal correlation function 1s ex­

ponential m shape as expected from the theory developed earher The correlat10n 

function for the clipped complex demodulated signal has a sharp peak s1m1lar to the 

chpped complex correlation function calculated from the statistical properties of the 

field Only the x channel m the clipped complex demodulation shows tlus sharp peak , 

because the y channel correlation 1s rounded by the off axis decorrelation The clipped 

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 determmation 
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Figure 7.15 

Spatial correlation function of computer model generated com­
plex demodulated data for a lm layer at a depth of 100m The 
correlation function 1s averaged over 20 transm1ss1ons The scatterer 
velocity 1s O 75m/sec 
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Figure 7.16 

Spatial correlation function of computer model generated one bit 
complex demodulated data for a lm layer at depth of 100m The 
correlation function 1s averaged over 20 transm1ss10ns The scatterer 
velocity 1s 0 75m/sec 
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8 ANALYSIS OF CORRELATION SONAR VOLUME DATA 

Up to this pomt, the signal returnmg from the bottom or a well defined scattermg 

layer has been discussed If the scatterers are distnbuted 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 returnmg from 

different ranges This 1s called volume return In the correlation process the data from 

each pulse 1s reqmred separately and the other pulse data can be treated as n01se 

8.1 Correlation sonar volume return 

A typical correlation sonar volume return signal can be seen m figure 8 1 It was taken 

on the research vessel VECTOR headmg south m Saanich Inlet from the Navy Buoy 

with an approximate speed of O 75m/sec at 18 52 on June 5 1985 The x axis veloc­

ity should therefore be approXJmately O 75m/sec, while the y axis velocities should be 

approximately zero The data are from a bm that extends from 50m to 1 OOm m 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 senes of the volume return, it no longer 

1s possible to separate the two pulses visually The y array preamphfiers have a con­

sistently higher gam than the x array amphfiers by approXJmately 2db The raw am­

plitude demodulated signal shows the presence of a large amount of n01se A Fourier 

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

(figure 8 2) 

Much effort was expended m tracmg the ongm of this n01se The transducer as­

sembly was housed m a streamlmed fiberglass shell, which appeared to resonate at this 

frequency When the shell was removed the 2 7khz n01se decreased by about 2db, but 

1t 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 smce filtenng 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 lOmsec 
The data plotted represent the return echo from a section of water 
between 50m and 100m 
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correlations Smee the n01se mcreases with the signal, 1t was caused either by the de­

modulation electromcs or by a resonant preamplifier stage A cross correlation of the 

noise between the channels reveals that the n01se 1s non coherent The received signal 

to noise ratio m figure 8 1 1s approximatel} 4db 

The data were collected m Saamch Inlet at a bottom depth of approximately 

200m The echo sounder was operated at the same time as the correlation sonar Fig­

ure 8 3 shows the B1osomcs echo sounder image displayed graphically with an EPC 

recorder The echo sounder image ts effectively the scatterer strength as a function of 

depth and distance along the Inlet The image m figure 8 3 covers a time from 18 40 

to 21 00 on June 5 1985 A strong scattermg layer can be seen at an approximate 

depth of 65m m the echo sounder image The layer 1s caused by a large number of 

zooplankton, most hkely Euphaus1a pac1fica, which can be found m great concentra­

tions m Saan1ch Inlet (Beamish 1971) The same scattenng layer can be seen m the 

correlation sonar signal plot of figure 8 1 at a relative depth m the bm of 15m Smee 

the correlation sonar data were collected from the second 50m bm, the depth of the 

layer from figure 8 1 also corresponds to 65m From the echo sounder image 1t can be 

seen that scatterers can be found over the whole depth of Saan1ch Inlet At a depth of 

160m the anoxic layer starts and there ts a smaller number of scatterers present The 

bottom 1s at approximately 200m 

8.2 The volume return correlation function 

The velocity of the scattenng volume ts determmed by cross correlating the raw ampli­

tude demodulated data signals between channels m each transducer bank A time lag 

that 1s the same length as the pulse separation 1s used between the two signals that 

are correlated The correlation has to be repeated at mcrements of the depth resolu­

tion to get a contmuous correlation profile 
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Figure 8.4 

Spatial correlation function of volume amplitude 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 smgle transm1ss1on 1s shown m figure 8 4 at a range 

gate of 75m The correlation function 1s so n01sy that the correct peak can not be 

determmed visually The correlation values for 20 transm1ss1ons are averaged together 

and are plotted m figure 8 5 to obtam 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 correlat10n value 1s very high, and therefore 

there 1s a large uncertamty m the actual peak pos1t1on The peak height 1s approXJ­

mately O 25 The value predicted from theory m chapter 4 1s O 23 for amplitude de­

modulation, which 1s obtamed by assummg the mterpulse mterference can be treated 

as a signal with a signal to n01se ratio of one The value predicted from theory agrees 

with the expenmental data to w1thm expenmental accuracy This means that 1t 1s 

m fact possible to treat the mterfermg pulse as a noise signal, that mI.Xes with the 

wanted signal m the correlation 

The data were also correlated usmg the slope and one bit slope signal and the 

correlation functions can be seen m figures 8 6 and 8 7 The correlation function for 

the slope demodulated signal 1s almost 1dent1cal to the amplitude demodulated signal 

with a peak of O 25, while the correlation function for the one bit slope demodulated 

signal shows a peak of O 5 The standard dev1at10n 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 approXJmately 

equal 

8.3 The interpulse interference 

The computer model was used to generate volume return from a 30m layer at a start­

mg depth of 100m, to mvest1gate the exact effect of the mterpulse mterference The 

return signal from the layer IS plotted m figure 8 8 The model parameters were set 
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Figure 8.5 

Spatial correlation function of volume amplitude demodulated 
field data at a depth of 75m, averaged over 20 transmissions 
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Figure 8.6 

The spatial correlation funct10n for slope demodulated amplitude 
signal of field volume return data at a a depth of 75m averaged over 
20 transm1ss1ons 
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Figure 8.7 

The spatial correlation function for one bit slope demodulated 
amplitude signal of field volume return data at a depth of 75m av­
eraged over 20 transmissions 
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to the same values a.q used for the thm scattermg layer simulations m chapter 8 The 

number of scatterers was mcreased from 1000 for the thm layer scattermg, to 4000 

smce the water volume IIlSomfied 1s much greater for the volume return case Usmg a 

higher number of scatterers does not change the results, but slows the model s1mula­

t1ons down to an unuseable level A velocity of O 75m/sec was used m the x d1rect1on 

to simulate a movmg scattenng layer 

As with the field data m figure 8 1 the mdividual pulses can no longer be seen m 

the time series due to the mterpulse mterference The 20 transm1ss1on average correla­

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

The maximum correlation drops to O 25 for the correlation function m figure 8 9, 

similarly to the field data correlation function m figure 8 4 A test to check if the 

drop m the correlation function peak was actually caused by the mterpulse mterference 

was conducted by stonng the time senes for the two pulses separately m the com­

puter model The correlations were then performed on these data and averaged over 

20 transm1ss1ons 

The spatial correlation function for the separated data 1s shown m figure 8 10 

A clear peak of 1 can be observed m the separated data correlation function The 

separated correlation function drops to zero at a distance from the peak as predicted 

from theory Smee the x axis velocity 1s O 75m/sec the correlation peak along the x 

array 1s slufted by 1 5cm The correlation along the y axis has a peak of only O 65 

due to the off axis problem discussed m chapter 8 Smee separated pulse correlat10n 

function has a peak of one, while the actual correlation function of figure 8 9 has a 

peak of only O 25, 1t can be concluded that the drop m the correlation function 1s 

caused by the mterpulse mterference 

Several methods have been devised to improve the mterpulse mterf erence problem 

The use of spread spectrum codes for labelmg the two pulses has been shown to be of 

only hm1ted usefulness 
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Figure 8.8 

The computer model generated amplitude demodulated time se-
nes for a 30m scattermg layer The layer 1s at a depth of 100m 
The pulse length w~ 2msec, while the pulse separation w~ lOmsec 

92 

500 



z 
0 -
I-
( 
.J 
w 
0:: 
0:: 
0 
0 

z 
0 -
I-
( 
.J 
w 
0:: 
0:: 
0 
0 

93 

CORRELATION FUNCTION -----ll 1 ._ 1112 4000 &010.00.00 aG.100. 71100000 0 0 * Average 

1 0 
8 
6 
4 Y array 2 

00 
-2 
-4 
-6 
-8 

-1 0 

-120 D -60 0 00 60 0 120 0 

1 0 
8 
6 
4 
2 X array 

00 
-2 
-4 
-6 
-8 

-1 0 

-120 D -60 0 00 600 120 0 

Distance a l ong array In mm 

Figure 8.9 

Spatial correlation function of computer model volume return 
data averaged over 20 transmissions at a depth of 120m 
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Figure 8.10 

Spatial correlation function of the separated pulse volume return 
signal averaged over 20 transnussions at a depth of 120m 
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By sendmg each of the two pulses at a different frequency, 1t should be possible 

to separate the signals from the two returnmg pulses This 1s mdeed possible, but 

unfortunately the actual mterference pattern on which the correlations are performed 

1s a sens1t1ve function of frequency Thus even changing the frequency a shght amount 

will completely decorrelate the received signal 

A b1stat1c correlation sonar with mtersectmg rece1vmg and transm1ttmg beams will 

prevent mterpulse mterference, but 1t will also severely hmit system flexib1hty 

8.4 Volume return velocity profiles 

By perf ormmg 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 mterpolation has to be used to lo­

cate the peak For the mitial evaluation of the correlat10n sonar three pomt parabolic 

mterpolation was used to locate the peak smce it 1s simple to implement and has well 

known properties (Edward 1978) 

A typical depth profile, obtamed from the model data can be seen m figure 8 11 

The sohd lme represents the velocity along the x array, while the dotted lme repre­

sents the velocity along the y array The x velocity was O 75m/sec and the y velocity 

was O Om/sec The average velocity along the x and y array are actually the expected 

values, but large deviations of O 25m/sec on the x axis and O 35m/sec on the y axis 

can be observed These dev1at1ons are due to the error mtroduced by the low peak 

height of the volume return correlation function The velocity profile for the separated 

pulse time senes was plotted m figure 8 12, to see what the velocity profile would look 

hke 1f mterpulse mterference were not present The separated pulse velocity profile 1s 

w1thm Olm/sec of the expected value for the x axis profile, while the error on the 
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y axis profile 1s O 05m/sec Smee both the x axis and y axis profiles are cakulated 

from the same data 1t 1s 1mt1ally expected that the error should be the same m 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 8 12 1t can be concluded then that both the off axis components and 

the mterpulse mterf erence 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 m figures 8 13, 

8 14 and 8 15 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 techmque gives more accurate results than an­

other techmque from the velocity profiles The accuracy, for a 20 transm1ss1on average, 

along the x array 1s approximated to be O 2m/sec, while along the y axis 1t 1s about 

0 3m/sec The y axis velocity profiles are less accurate than the x axis profiles due to 

the off axis decorrelation By sampling the spatial correlation function m a plane, with 

a redesigned transducer, the off ax.is decorrelation could be ehmmated 

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 m figures 8 16 and 8 17 The peak of the com­

plex signal correlation function 1s of height O 5, while for the clipped complex corre­

lation function the peak has an approximate height of O 25 This 1s exactly what was 

predicted from the theory assummg the mterpulse mterference could be treated as be­

mg caused by a n01se m the signal with a signal to n01se ratio of one 

The correlation function behaves exactly as predicted from theory for the d1ff er­

ent demodulation techruques The amplitude and clipped complex demodulation have a 
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Velocity for separated pulse model data The x velocity was 
0 75m/sec, while the y velocity was O Om/sec The profile is averaged 
over 20 transmissions and covers a depth startmg at 100m 
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Figure 8.16 

Spatial correlation function of computer model generated com­
plex volume return signal averaged over 20 transm1ss1ons at a depth 
of 120m 
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Figure 8.17 

Spatial correlation function of computer model generated chpped 
complex volume return signal averaged over 20 transm1ss1ons at a 
depth of 120m 
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peak correlation of approximately O 25, while the complex demodulation techmque has 

a peak of about O 5 The standard dev1at1on of the amplitude demodulation correla­

tion function 1s larger than that for the clipped complex correlation, thus the clipped 

complex correlation should perform better than the amphtude 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 velocity profile for the complex demodulated signal 1s shown m figure 8 18 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 1s approXImately O lm/sec m the x and y 

directions for the 20 transm1ss1on average The velocity profile for the chpped complex 

demodulated data 1s s1m1lar to that of the amplitude demodulated data m figure 8 11 

If 120 transm1ss1ons were averaged together for the complex demodulated data the 

velocity accuracy would be approXImately O 04m/sec This agrees with the value of 

0 04m/sec predicted for the correlation sonar usmg Edward's equation 2 10 for the ve­

locity standard deviation with a signal to n01se ratio of one 
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9 COMPARISON OF DIFFERENT CORRELATION TECHNIQUES 

To compare the effectiveness of a correlation techmque, the correlation function has to 

be parameterized m some way In general the accuracy to which the correlation peak 

can be determmed, at a given spatial samplmg 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 techmques would be to calculate a corre­

lation quality factor, which 1s the ratio of the peak height over the off peak standard 

dev1at1on If the correlat10n quality factor of two correlat10n techruques 1s different by 

a factor of k, then approximately k2 as many correlations would have to be averaged 

together to obtam similar accuracy peak location estimates In table 9 1 the different 

qual1t1es are summarized An execution speed factor that gwes the relative number of 

arithmetic operations reqmred m the correlation 1S also given The execution speed for 

the clipped or one bit signals 1s given assummg that the summat10ns are done usmg 

the same type of arithmetic as used m the other correlation types By usmg simple 

bmary shift register correlation hardware the speed of correlation can be mcreased by 

a factor of ten or more for bmary demodulations 

The error m the off peak standard dev1at1on given m the table may be up to 20 

percent More precise values can only be obtamed by takmg a larger stat1st1cal sam­

ple of the correlations, which was not possible with the computmg fac1ht1es available 

However, the values given m the table can be used to compare the different correlation 

techmques 

The table shows the s1milanty between model and field data m the quality fac­

tor The quality factor 1s generally smaller for the field data because of the bandwidth 

hm1tmg receive filters m the IOS correlation sonar Only the volume field data has a 

slightly higher quahty factor than the model data This may be caused by the fact 

that the scatterers m the field data have a non uruform distnbut1on and there was 
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Data Correlation Peak Off peak Ratio Relative 
Type demodulation height standard A/B execution 

type deviation Quahty speed 
(A) (B) 

Model Amplitude 0 55 030 I 8 {I 6) 4 
Im Slope 1 00 0 20 5 0 (4 O} 4 
Bottom One bit slope 1 00 0 15 6 6 (5 5) 1 

Complex 0 90 030 30 8 
Clipped complex 0 95 0 20 48 4 
Amplitude wideband 1 00 0 15 6 6 (5 0) 4 
Slope wideband 1 00 0 15 6 6 (5 0) 4 
One bit slope wideband 1 00 012 8 3 (6 6) 1 
Complex wideband 090 008 11 2 8 
Clipped complex wideband 0 95 0 07 13 6 4 

Field data Amplitude 0 65 0 40 16 4 
lm Slope 1 00 0 25 40 4 
Bottom One bit slope I 00 018 55 I 

Amplitude wideband 100 0 20 50 4 
Slope wideband 1 00 0 20 50 4 
One bit slope wideband 1 00 015 66 I 

Model Amplitude 0 21 0 30 0 7 (0 9) 4 
30m Slope 0 20 0 18 11 (1 2) 4 
Volume One bit slope 0 50 0 40 I 2 {I 2) I 

Complex 0 50 0 25 20 8 
Clipped complex 0 25 0 20 13 4 
Amplitude separate correlation 1 00 0 25 40 -
Amplitude wideband 0 30 0 15 2 0 (1 3) 4 
Complex wideband 0 50 010 50 8 
Clipped complex wideband 0 25 007 36 4 

Field data Amplitude 0 22 0 25 09 4 
lm Slope 0 27 0 23 1 2 4 
Volume One bit slope 0 40 0 33 1 2 1 

Amplitude wideband 0 26 0 20 13 4 
Slope wideband 0 30 0 25 1 2 4 
One bit slope wideband 0 40 0 30 13 1 

Table 9.1 
The quality of vanous correlation and demodulation techmques 

m terms of accuracy of the peak location and the speed of corre­
lation The values beside the model data m brackets, are for field 
data, to facilitate easy comparison between model and field data 
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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 mcrease m accuracy of the correlation coefficients by usmg 

a wideband transmitted pulse for both the model and field data The mcrease m ac­

curacy when usmg 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 restncted 

bandwidth demodulator This means that the model signal will have a bandwidth of 

about lOkHz, while the field data are restncted to 4kHz with bandpass filters 

The values for the correlation peak heights are, withm expenmental uncertamty, 

as predicted from theory earher m tlus thesis for both model and field data The 

quahty factor of the different correlation techmques for the model and field data also 

agree to w1thm expenmental uncertamty The quality factor values m brackets shown 

m table 9 1 are for the field data, beside the values for the model data Smee the 

model data agree with the field data, where companson is possible, the optimum sig­

nal processmg techmque for a two pulse correlation sonar can be detennmed, from an 

extension of the model to cases where field data 1s not available The best accuracy 

for volume return correlations can be achieved usmg 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 is about 2 0, while the ratio is about 

0 8 for amplitude demodulated signal volume return Th.is means that more than four 

times as many correlat10ns would have to be averaged together for the the amphtude 

demodulated correlation function, than for the complex demodulated correlation func­

tion, to get similar accuracy If wide bandwidth pulses are used for transmission, the 

mcrease m accuracy 1s even more pronounced for complex demodulation The accuracy 

of the chpped complex demodulation for volume return, is better than that of amph­

tude demodulation while, 1t is worse than that of complex demodulation For the same 

number of pmgs 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 sensmg of current profiles with temporal 

and spatial resolutions not obtamable with m situ methods such as moored current 

meters A correlation sonar operates by reflectmg acoustic energy off scatterers sus­

pended m the water volume of mterest By obtammg the correlation function of the 

reflected signal at a receivmg hydrophone array at the ocean surface or bottom it is 

possible to mfer the scatterer and thus the water velocity 

A charactenshc of the correlation sonar 1s that it uses wide bandwidth transm1s­

s1on pulses and a wide beamw1dth A related velocity sensmg apparatus, the Doppler 

sonar, uses narrow beamw1dth 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 gauss1an with a width W R:! ~, where c 1s the speed of sound m the water, J0 
Jovo 

the acoustic frequency and 8 0 the width of the transm1ttmg and rece1vmg beams In 

any practical correlation sonar system, the correlation function can be sampled only 

at discrete pomts m space If the transducers are arranged m the form of two Im­

ear perpendicular arrays, correlat10ns performed on the two arrays will give the spatial 

correlation function along two perpendicular Imes segments A new mvest1gatlon re­

vealed that a high velocity along one of the two axes will cause a lowenng of the 

correlation along the other axis A lower correlation peak always means a less accurate 

velocity estimate The lowenng of the off axis correlation value was observed m all the 

data collected from the 10S 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 usmg a rece1v­

mg transducer layout m the form of an U or T shape, the spatial correlation function 

can be obtamed m 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 m the received signal and the signal to n01se 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 determmed 1s hm1ted by the height of the 

correlation peak and the error on each of the correlation values The correlation peak 

height 1s determmed by the signal to noise ratio of the received signal, while the error 

on each of the correlation values 1s related to the number of mdependent samples m 

the received time senes The number of mdependent samples 1s the mtegrat1on-t1me 

bandwidth product A wider bandwidth transm1ss1on pulse and a lower signal to n01se 

ratio will give more accurate velocity measurement 

The signal received on each hydrophone can be demodulated usmg several differ­

ent techruques Complex demodulation uses quadrature demodulation to recover all the 

received mformation Chpped 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 mformat1on embedded m the com­

plex signal A new type of demodulation, slope demodulation, 1s the first difference 

amplitude demodulated signal, while one bit slope demodulation uses the chpped slope 

demodulated signal The correlation function for clipped complex and one bit slope de­

modulated signals 1s self normal1zmg, which allows the use of simple correlation hard­

ware to speed up the correlation process Complex, amplitude and slope demodula­

t10n reqwre high resolution digitizers to sample the received signal, which reqwre large 

memones for storage and accurate gam control New expenmental and computer data 

showed that one bit slope demodulation will give more accurate results than amplitude 

demodulation for bottom return correlations 

For volume return scattermg the received m-phase and quadrature components of 

the acoustic field have a normal probability distnbution This means that the phase 

of the demodulated signal 1s uwformly distnbuted over 21r and that the amplitude sig­

nal has a Rayleigh distnbution The signal received on each hydrophone will contam 
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energy from both pulses that are present m the water at the same time In the cor­

relation process the signal from a smgle pulse 1s reqmred A newly developed theory 

showed that, smce the two received pulses cannot be separated, the other contammat­

mg pulse must be considered noise of equal amplitude to the signal The signal to 

noise rat10 can therefore never be greater than one for complete volume return Elec­

troruc and system noise can usually be controlled to be much better than a signal to 

noise ratio of one, and therefore the important noise contnbution will come from mter­

pulse mterference 

The potential for pulse labeling usmg spread spectrum techmques has been ana­

lyzed m trus thesis usmg a newly developed theory Although the use of spread spec­

trum codes is a smtable method of generatmg broad band signals, which improve the 

time-bandwidth product of the correlations, 1t 1s shown that the improvement m the 

signal to noise ratio due to mterpulse mterference 1s only a factor of 1 4 for a 127bit 

maximal lmear sequence The low mcrease of the signal to n01se ratio combmed with 

the limitations placed on the usable vertical velocity makes pseudo random noise codes 

impractical for labeling the correlation sonar pulses 

A new study showed that the different correlation techmques will behave differ­

ently for a given signal to noise ratio It was shown that, for a nmse free bottom re­

turn signal, the correlation peak will always be one smce 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 O 5 for a signal to noise ratio of one A new theory 

shows that the clipped complex correlation coefficient will drop to O 25 and the ampli­

tude demodulated correlation coefficient will drop to O 23 under similar cucumstances 

Complex demodulat10n will therefore perform better than clipped complex demodula­

t10n or amplitude demodulation This can be observed m both computer model data 

and field data from Saaruch Inlet Velocity profiles can be obtamed from the correla­

tion sonar data by repeatmg the correlation process at different range gates Velocity 
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profiles obtamed with the computer model and the 10S correlation sonar show the ef­

fect of both the mterpulse contammat1on and the off axis correlation, and confirm the 

theoretical pred1ct1ons 

The accuracy of the correlation values can be improved by send.mg a wide band­

width transm1ss10n pulse mto the water column, usmg pseudo random sequences, and 

1Dcreasmg the bandwidth of the rece1v1Dg electromcs This mcrease ID accuracy is ob­

served m both the computer model and field data 

Theory, the data from the computer model and the data collected ID the field 

show that the two pulse correlation sonar pr1Dc1ple works and that 1t 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 measunng correlation sonar As 

a result of what has been identified ID this thesis, the followmg is a descnption of an 

implementation of the two pulse correlation sonar method which would allow the mea­

surement of ocean currents from a mov1Dg platform such as a ship 

An acoustic frequency of lOOkHz should be used smce it is a good compromise be­

tween range attenuation and scattenng strength It was shown m this thesis, that the 

correlation function must be sampled m a horizontal plane, to prevent off axis decorre­

lation This can be accomplished by usmg a U shaped array of receivmg hydrophones 

It can be shown that all the vector separations m a plane can be obtamed 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 veloc1t1es m the direction of the ship's head.mg than perpen­

dicular to it At IOOkHz, a correlation function width of 4cm dictates a transducer 

spacmg of 1 5cm or less The field data showed that a pulse separation of lOmsec 1s 

optimum, which reqwres 5 transducers to track a velocity range from O 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, pomtmg m the direction of the ship's headmg, and 5 trans­

ducers m each of the arms of the U This means that the total number of transducers 

IS 20 

Data from the computer model and the field mdicated that correlations will 

only have to be performed for those elements which give a current velocity range of 

+ /-2 5m/sec smce the ship's velocity can be determmed by trackmg the bottom The 

number of cross correlations is therefore 81, which results 111 an 9 by 9 array of corre­

lations A two d1mens1onal gauss1an must be fitted to the 9 by 9 array to determme 

the exact displacement of the peak 

A swtable hydrophone array can be constructed usmg newly developed pl~tic­

film transducers, which can be easily formed mto an array Each hydrophone ele­

ment should be round for symmetry A mvestigation with the computer model re­

vealed that any other transducer element shapes, such as square or rectangular, will 

result m decorrelation for off axes currents Model mvest1gat1on also mdicated that the 

transmitter should have a beamw1dth of approximately 20 degrees, while the rece1vmg 

hydrophone beamwidth should be slightly larger than this 

The transmit pulse must be phase modulated with a bit length of 50µsec, which 

will result m 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 techruque The signal must be complex demodulated by mlXlllg 

it with a m-phase and quadrature carrier and low pass filtermg, to give the largest 

possible correlation peak The resultmg two m-phase and quadrature channels should 

be sampled at a rate of 20kHz usmg a 16bit analog to digital converter to cover the 

large dynamic range reqwred 
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Results from the 1OS correlation sonar showed that ea.ch rece1vmg hydrophone 

must have its own highly sensitive pre-amplifier to m1mmize noise The lOOkHz sig­

nal may be mixed down to 20kHz m the transducer housmg before 1t 1s sent to the 

deck umt for demodulation and d1gitizmg The ga1DS of the amplifiers should be ad­

JUStable so that the strongest return signal will Just be clipped The strong chpped 

signal will still gne proper, although slightly lower, correlations, while the weak return 

signals will be w1thm range of the digitizer Data from the 1OS correlation sonar md1-

cated that a high resolution d1git1zer 1s essential to allow the digit1zat1on of the whole 

water column without sw1tchmg ga1DS 

From experience with the IOS correlation sonar 1t was found that the control pro­

cessor must have enough memory available to store O 5sec of data for a 350m range, 

which 1s eqwvalent to 800 kilobytes Smee 1t will not be possible to balance the gains 

of the receivmg hydrophones, the fully normalized complex correlation calculation must 

be used By observmg the amount of processmg reqmred for computer model data, 

1t was found that a velocity profile with a 5m resolution and a correlation mtegrat1on 

time of 15msec reqmres 14 million floatmg pomt operations Once the correlation peak 

has been located, a time lagged correlation which locates the correlation peak m the 

time domain 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 transm1ss1ons per second, 30 

m1lhon floatmg pomt operations per second are reqwred with two banks of memory, 

one for performmg the correlations, while the other one 1s used to collect the digitized 

data 

Smee real time operation 1s essential, the large number of arithmetic operations 

reqmred could either be obtamed usmg a smgle high speed array processor, or several 

smaller low cost vector signal processmg devices such as the newly developed Zoran 

corporat10n (Zollo 1986) VSP processor Twenty VSP processors operatmg m parallel 

should be able to perform the necessary calculations m real time 
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Usmg dedicated signal processmg devices for the correlation calculation would al­

low the control processor to perform some high level processmg such a.s averagmg of 

the velocity profiles and displaymg the velocity profiles m real time to the operator 

The resultmg data could then be stored on nme track magnetic tape or hard disk 

Usmg a two pulse correlation sonar with the above design parameters, 1t should 

be possible to obtam a 120 transmission average velocity profile every mmute, with a 

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