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Executive Summary: 

Instrumentation for high frequency acoustic propagation in coastal and shall 
water environments requires the capability of multipath separation (and hence 
large bandwidths), high transmission rates, large signal to noise ratio and pre- 
cise timing information for accurate phase measurements. SIREN (scintillation 
instrument for environmental analysis) can be used to study coastal ocean pro- 
cesses and the efTects of the water column variability on acoustic propagation 
practically on a continuous basis is described. For mine-counter-measures dur- 
ing which there is a need to understand the effect of oce 
resolution sonar response, particularly synthetic aperture 
lar design of the instrument is such that a variety of c o d  
implemented. 
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Scintillation Instrument for Remote 
Environmental Analysis (SIREN) 

D. Di Iorio, D. M. Farmer, W. Cartier, 
X. Geng 

Abstract: 

A high frequency acoustic propagation instrument which was developed to 
study ocean variability in the Strait of Istanbul (Bosporus) is described. The 
scintillation instrument for remote environmental analysis (SIREN) was de- 
signed in modular form taking advantage of modern digital signal processing 
hardware and software so that data can be acquired continuously at  relatively 
high transmission rates and in reciprocal directions. The overall design and o p  
eration of the system proved to be very good except for a digitization triggering 
problem, caused by a distorted trigger signal as a result of the long underwater 
cables used. This problem affected the measurement of the acoustic phase and 
hence the accuracy of ocean parameters for turbulence measurements. The 
amplitude however can be used as a measure of the total scattered signal due 
to turbulent sound speed and current velocity. The mean travel time gives 
mean ocean variability. The experimental period is summarized and the data 
processing techniques are described. 
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Introduction 

It has long been recognised that natural variability in the environment through which 
an electromagnetic or acoustic wave is travelling modifies the signal in ways that 
open up possibilities for recovering information about the medium. Our application 
of acoustical scintillation to ocean measurement has its origin in the interpretation 
of modulation of radio signals from distant objects by the interplanetary plasma. 
Variability in the plasma density in space, or variability in temperature and salinity 
for acoustical propagation in the ocean, distorts the spherically spreading phase 
fronts which result in amplitude and phase fluctuations (scintillation). For acoustical 
propagation in the coastal environment, small scale fluctuations in the flow velocity 
can have equal or greater effect. 

As the h e  structure variability in the medium has a natural coherence time, it will be 
transported by the current, with the scattered pattern. Detection of pattern motion 
is the essential concept exploited in acoustical scintillation. The basic idea was 
successfully used with radio telescopes to measure wind using optical and microwave 
scatter (Ishimaru, 1978). More recently it has been demonstrated using acoustical 
propagation in the ocean and is a key principle in systems we describe here for 
measurement of coastal currents (Farmer and Clifford, 1986; Farmer et al., 1985). 

An important feature of this approach is that the measurement is of the flow com- 
ponent perpendicular to the acoustic path, which for many practical applications is 
of greatest interest. Using the well established principle of reciprocal propagation 
however, allows this approach to be extended to measurement of flow along the path, 
resulting in measurement of two orthogonal components of the current vector (Di 
Iorio and Farmer, 1998). These measurements are path averaged, which may also 
be an advantage if water transport rather than the detailed flow structure is the 
measurement of interest. Acoustical paths may also be set up to operate at several 
depths simultaneously allowing vertical profiles to be acquired. However, although 
forward scatter measurements are primarily path averaged, it is also possible to 
exploit the translation of coherent structure through the acoustical path so as to 
achieve measurement as a function of path position using spatial aperture filtering 
(Crawford et al., 1990; Farmer and Crawford, 1991). 

Analysis of the signals can go well beyond a simple measurement of flow speed, 
and has included detection of turbulent velocity fluctuations (Di Iorio and Farmer, 
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1994; Menemenlis, 1994), turbulent anisotropy (Di Iorio and Farmer, 1996), vorticity 
(Menemenlis and Farmer, 1992) and fish migration (Curran et al., 1994; Ye and 
Farmer, 1996; Ye et al., 1996). The application of these techniques has now become 
well established as a result of a number of studies in coastal channels, rivers and 
beneath the Arctic ice cover. In general, the application has involved the use of high 
frequencies and correspondingly short paths of a few kilometres or less. Wholly 
refracted paths are desirable, although surface and bottom interacting signals may 
also contain interesting information; separation of multiple paths usually demands 
the application of larger bandwidths and some care in choosing an appropriate site. 

A particularly interesting application is in the measurement of bi-directional flow in 
a strait. In section 2 we describe an implementation for measurement of flow in the 
Strait of Istanbul (Bosporus), which is part of the Turkish Straits connecting the 
Black Sea to the Sea of Marmara (~nl i ia ta  et al., 1990). The watershed for large 
areas of central and eastern Europe drains into the Black Sea producing a brackish 
layer that moves along the surface through the Strait. Continuity of salt requires 
that a counter current of saline water enter beneath. The rate at which these two 
layers exchange is a problem of classical origins (Marsigli, 1681) having important 
implications for long term changes in water properties as well as more practical 
issues such as navigation and pollution management. 

Sections 3 and 4 give a detailed description of the acoustical scintillation system 
and section 5 shows sample data collected from the Strait of Istanbul (Bosporus) 
together with a preliminary analysis. 
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Implementation 

Acoustical scintillation has been employed in the measurement of flows in coastal 
straits (Farmer et al., 1985; Di Iorio and Farmer, 1994, 1998), rivers (Curran et al., 
1994) and beneath the arctic ice cover (Menemenlis and Farmer, 1992). The im- 
plementation of such systems has evolved steadily as the technology for real time 
processing, data acquisition and data storage has improved. In order to illustrate the 
most recent state of this development we describe an acoustic scintillation system 
designed for installation in the Strait of Istanbul (Bosporus). 

The scintillation instrument for remote environmental analysis (SIREN) is an acous- 
tic forward scatter system capable of fully synchronous reciprocal transmission. The 
system is deployed in the Strait of Istanbul (Bosporus) between Anadolu Hisari, on 
the east side, and Rumeli Hisari, on the west side (Figure 1). The primary objective 
of the instrument is to measure water exchange through the Strait between the Sea 
of Marmara and the Black Sea in addition to measuring acoustical properties. A 
block diagram of the system is shown in Figure 2(a) and the transducer geometry 
is shown in Figure 2(b). 

Acoustical propagation across the Strait of Istanbul (Bosporus) is sensitive to the 
vertical sound speed structure. Seasonal variations and changii meteorological 
conditions are known to modlfy the exchange flow and hence the vertical structure. 
For example an excessive sea level difference between the Black and Marmara Seas 
as a result of an atmospheric pressure gradient or strong northeasterly winds can 
halt the Mediterranean undercurrent thus causing a change in the interface depth 
or depth of strongest sound speed gradient. Also, seasonal cooling and heating will 
change the temperature of the surface Black Sea water to 4 and 24 OC respectively 
thus creating a strong sound speed channel at mid depth during the summer season. 

The scintillation paths of primary interest are wholly rekacted and their geometry 
will vary with the changii  pattern of sound speed profile. Figure 3 is an example 
of the sound speed profile taken in July 1997 together with the eigenrays which 
connect the transmitters and receivers on opposite sides of the channel. In this 
example, measurements show a time separation between the direct path and wholly 
refracted path ranging between 40 and 3500 ps for the upper layer and 660 ps for 
the lower layer. 
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Figure 1 Deployment site in the Strait of Istanbul (Bosporus). The awustiml 
system is deployed on both sides of the strait. 
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Figure 2 (upper) Schematic representation of the SIREN system in the Strait of 
Istanbul (Bosporus). (lower) SIREN transducer geometry. 
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Figure 3 Sound speed profile taken in July 1997 together with eigenmys which 
connect tmnsducers on either side of the channel. 
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Engineering Design Approach 

The present system differs to previous acoustical scintillation systems (Farmer et al., 
1985; Di Iorio and Farmer, 1994, 1998; Menemenlis and Farmer, 1992) in its modular 
structure, flexible software control and the implementation of modern processing 
technology. Digital signal processing (DSP) hardware and processing techniques, 
embedded controller and distributed computing technology, lead to more flexible 
software based modular design. This system is capable of transmitting and receiving 
synchronous reciprocal acoustical signals at high pulse repetition rates. Sonar signals 
received from multiple transceiver sites are processed in real time and stored for 
subsequent processing. From this raw data, measurements are obtained of the path 
averaged properties including turbulence, sound speed structure and two components 
of flow speed at a given depth. 

As our primary interest is in the analysis of wholly refracted paths, sufficient time res- 
olution is needed to separate arrivals from different paths while maintaining a suffi- 
ciently large signal-t@noise ratio (SNR). This is most effectively handled with spread 
spectrum techniques. For example a 180° phasemodulated 127 bit m-sequence pro- 
vides a processing gain of 

20 log fi = 21dB, (1) 
where n=127 is the number of m-sequence code bits (Dixon, 1984). This coded 
broadband transmission provides a temporal resolution of 

where rp is the bit width of the m-sequence and fsBw is the signal bandwidth. 

The coded signal consists of a binary modulation of a 50.8 13 kHz carrier by a 127 
bit pseudo random code which is a maximal linear sequence. The binary transitions 
are keyed as 180° phase shifts of the carrier. Figure 4 shows a sample code for a 
7-bit shift register M(7,l) with its autocorrelation function. The correlation peak is 
triangular with height 27 - 1 and width 2 bits at zero delay. On each side of the peak, 
there are correlation sidelobes. Correlation sidelobes from multipaths may interfere 
with the main peak. The amount of interference depends on relative amplitude and 
time delay between each multipath. The effects of sidelobe interference may however 
be eliminated or minimixed by adding guard sequences. Figure 4 shows the matched 
filter output when a single code is correlated with three consecutive codes. The SNR 
is increased as a result. 
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Figure 4 Pseudo random noise sequence generated by a 7-bit shift register. The 
autocornlation function exhibits a triangular peak at zero lag. Correlation side lobes 
are eliminated by using guard sequences. 
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For implementation in the Strait of Istanbul (Bosporus) the 50.813 kHz transducers 
have a 15% bandwidth corresponding to 7.6 kHz. The signal bandwidth however 
is based on the bit width of the m-sequence code. A bit width of 6 cycleslbit was 
normally used, thus giving a signal bandwidth of 8.333 kHz. The system is therefore 
able to resolve multipaths separated in time by, 

which corresponds to a path length difference in sea water of approximately 0.4 
m. There are two effects from having the signal bandwidth slightly larger than the 
transducer bandwidth. First, the signal to noise ratio (SNR) is slightly decreased 
and second, the correlation peak is broadened by approximately 10%. These effects 
are minor compared to the gain received by being able to separate multipaths by 
240 /As. 

Figure 5(a) shows two primary sub-systems comprising the basic data acquisition 
module. These include surface and sub-surface units connected by cable. The s u b  
surface system includes three major components: a remote positioning system for 
orienting narrow beam transducers in the appropriate direction, an environmen- 
tal unit containing conductivity- temperaturedepth (CTD) sensors and an acoustic 
unit. The acoustic unit includes an analogue transceiver section, 203.252 kHz 16 
bit analoguetdigital (A/D) and digital-t~analogue (D/A) converters, real time 
DSP electronics, a host processor and high speed serial data transmission circuitry- 
The surface unit also includes three major components: a data acquisition system 
that distributes timing signals to the subsurface acoustic unit and receives pr* 
cessed data from the subsurface unit, a graphic user interface through which a user 
interacts with the system and data storage device. These three components are 
connected through a 10 Mbit s - I  Ethernet local area network (LAN) system. This 
design has the advantage of being flexible in different deployment strategies. 

Using the subsystems shown in Figure 5(a), an additional subsurface system is 
added yielding the design shown in Figure 5(b). This represents a single level acous- 
tic forward scatter scintillation data acquisition system capable of synchronous trans- 
missions in both directions. Assuming that each side has two hydrophonea with a 
dedicated channel for each at a given level, gives a minimum of four acoustic paths in 
each direction, giving a total of eight paths on a single level. Refractive effects in the 
water column together with surface and bottom scatter will increase this number. 
Two subsurface systems are added for the deeper transducers. The modular nature 
of the design allows straightforward expansion to a larger number of transducers. 
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System Description 

SIREN is capable of full forward and reciprocal transmissions at pulse repetition 
rates greater than 20 Hz for simple pulses, approximately 8 Hz for 127 bit broad- 
band spread spectrum simultaneous transmissions and approximately 4 Hz 127 bit 
broadband spread spectrum consecutive transmissions. It employs the Texas In- 
struments TMS320C32 DSP for data acquisition and real-time signal processing. 
At these high repetition rates, several pulses are in the water at the same time. 
The system is designed so as to ensure that pulse arrivals occur between successive 
transmissions, as it is not possible to receive and transmit from the same transducer. 

System timing, including a 203.252 kHz master clock and ping rate trigger signals 
are synchronous and generated by the master controller as shown in Figure 6 which 
together with power is distributed via six cables (Figure 2). Two 1400 m cross 
channel cables originate at the master station, on the east side of the Strait of 
Istanbul (Bosporus) at Anadolu Hisari, and terminate at a breakout bax on the 
west side of the Strait at Rumeli Hisari. Two additional cables of length 200 m 
and 400 m, extending from the breakout box, run to the upper and lower slave s u b  
surface units respectively. Two additional cables extend fiom the master surface unit 
and run to the upper and lower master subsurface units. The cables are armoured 
and consist of five duplex shielded twisted pairs and four power conductors. 

System control inputs, real-time display of system parameters and data are handled 
by an operator through a graphic user interface. System parameters are sent to 
the master data acquisition and control unit where the commands are sent to the 
appropriate acoustic, remote positioning, and environmental units (Figures 2, 6, 
7 and 8). Data are stored on a tape with a capacity of 4.0 Gbytea sufficient to 
accommodate continuous raw data for approximately one week. 

Due to the depth and strong currents at the site, which preclude use of divers for 
deployment, a remote positioning system supports each pair of transducers. A pan 
and tilt unit with orientation and azimuth sensors allow an operator to control their 
alignment. Each subsurface system has full conductivity, temperature and depth 
measurement capability. 
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4.1 Simultaneous transmissions 

The scintillation data is gathered on each level by the acoustic units (Figure 8). In 
this scheme, upon reception of a timing trigger (which is the ping rate clock) the 
data acquisition/transmission (TxRx) DSP outputs digital data (which ia stored in 
memory) to the D/A converter at the master clock (MCLK) rat€! of 203.252 m. 
This digital data consists of, 

bits cycles samples 127- * 6- * 4 = 3048samples/de 
code ht cycle 

where the code is an M(7,O) sequence for one transmitting hydrophone and an 
M(7,l) sequence for the other transmitting hydrophone. Three codes consisting of 
3*3048=9144 quadrature samples are modulated by sin(27r f t) and sent to the D/A 
and output to each transmitter each having a different m-sequence code. Tkansmis- 
sions occur at the same time. Three codes are transmitted as the first and third code 
act as guard sequences to the second code thus increasing the SNR when matched 
filter processing is carried out (correlation side lobes cancel). 

The data processing (PROC) DSP has two templates of 381 complex samples zero 
padded to 2048 complex samples and stored in memory. The real part is the quadra- 
ture component and the imaginary part the inphase which are zero. Each template 
represents the two different m-sequence codes. The complex fast Fourier transform 
(FFT) of these templates are also stored in memory. These templates have a Sam- 
pling rate of 3 samples/bit. 

Once the transmissions occur, A/D sampling occurs for each hydrophone at bbe 
master clock rate of 203.252 kHz. This sampling rate corresponds to 4 aamplea/cgck 
where a sample is separated by 90° g i v h  inpbase and quadrature sampling. In 
order to minimize the data collected, a delay baaed on the propagation time and 
ping rate is calculated and converted to total 88mples. Thetle 88mples are dhmled 
and 10% in excess of the total signal width is collected giving 3*3048*1.1=10058 
samples (5029 quadrature and 5029 inphase samples). The inphase and quadrature 
components are then subsampled by a factor 4 and zero padded to 2048. The data 
fiom both hydrophones are transferred to the PROC DSP for real-time processing. 
This reduced data has a final sampling rate of 3 samples/bit as does the template. 

As each acoustic unit transmits on each of two hydrophones simultaneously a dif- 
ferent code, the PROC DSP must perform two independent correlations for each 
receiving hydrophone. This is carried out by FFT methods. The transmission fiom 
each hydrophone on the opposite side of the channel can be distinguished upon 
reception of the combined signals. At each receiving hydrophone the signal corre- 
lated with M(7,O) sequence gives transmitter 1 data and the signal correlated with 
M(7,l) sequence gives transmitter 2 data. These pseudo random noise codes are 
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such that correlating M(7,O) with M(7,l) gives noise for all delays and this noise will 
be introduced into the final signal output. 

The resulting correlated inphase and quadrature data is sent to the embedded pro- 
cessor (the sub-surface computer) for windowing to select the desired transmissions. 
This windowed data is sent to the communication card where it is transmitted as 
a 400 kbaud Manchester I1 encoded serial digital data stream up the cable to the 
master data acquisition system on the surface for display and storage. This reduces 
the amount of data in order to accommodate the reduced bandwidth over the length 
of the cable. Master transmissions are received by the slave and then sent via the 
1.6 km cable and the 1.8 km cable for the upper and lower layer units respectively. 

The data stored consist of 8 acoustic paths with each path having windowed quadra- 
ture and inphase components. Four of the paths correspond to propagation from 
the slave to master and the other four from the master to slave. The windowed data 
typically consists of 150 samples of inphase and quadrature values. 

4.2 Consecutive transmissions 

This mode is similar to the simultaneous transmission scheme except that the trans- 
missions are carried out consecutively. In this scheme, upon reception of the ping 
rate trigger, the TxRx DSP outputs digital data (which is stored in memory) to the 
D/A converter at the MCLK rate of 203.252 kHz. This digital data consists of 3048 
samples of the M(7,O) sequence. Four codes consisting of 4*3048=12192 quadrature 
samples are modulated by sin(2mf t) and are sent to the D/A. For transmitter 1 the 
signal is multiplied by 1 volt for the first two codes and 0 Volts for the last two 
codes. For transmitter 2 the signal is multiplied by 0 Volt for the first two codes 
and 1 Volt for the last two codes. The signal output occurs simultaneously but the 
transmissions occur consecutively. Four codes are transmitted into the water as the 
first and third code are guard sequences to the second code which is the signal from 
transmitter 1 and the second and fourth code act as guard sequences to the third 
code which is the signal from transmitter 2. 

The PROC DSP has the m-sequence template of 381 complex samples zero padded 
to 2048 complex samples stored in memory. The complex FFT of this template is 
also stored in memory. 

The sampling scheme is carried out as for the simultaneous transmission scheme 
except that 10% of the total signal width is collected giving 4*3048*1.1=13412 
samples. The 6706 samples of quadrature and inphase are subsampled by a factor of 
4 and zero padded to 2048 samples. These data are transferred to the PROC DSP 
for real-time processing. 
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A single correlation by FFT methods for each receiving hydrophone is carried out. 
The second and third correlation peak correspond to the transmissions from trans- 
mitter 1 and 2 respectively. The correlation data for each hydrophone are sent to 
the subsurface computer for windowing and these data are sent up the cable to the 
surface computer for data display and storage. 
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5 
Experimental Summary 

The deployment of the SIREN system in the Strait of Istanbul (Bosporus) presented 
many challenges and the events are summarized here. This joint project involved 
SACLANTCEN, the Institute of Ocean Sciences (10s) and the Department of Nav- 
igation, Hydrography and Oceanography (DNHO) of the Turkish Navy. 

During the period of July 11 to August 9, 1997, the SIREN system was successfully 
deployed despite the many challenges. The deployment was quite involved, requir- 
ing cables to be laid across the Strait between Anadolu Hisari and Rumeli Hisari, 
followed by four tripod systems with each having their own cable attached to shore. 
Given the strong currents and wind in the strait, it proved necessary to maneuver 
the vessel with the aid of two tug boats. The Strait of Istanbul (Bosporus) is a 
major shipping strait and was closed to all large vessels during the deployment of 
the cross channel cables and tripods, thanks to the arrangements made by DNHO. 

Table l(a) shows the tripod depths, orientation and CTD measurements obtained 
from the environmental unit for August 1997. Sample acoustic data were collected 
for simultaneous transmissions, at a low ping rate. Due to lack of time the system 
could not be made fully operational. 

In October 1997 it was discovered that the SL unit was not responding and hence 
the lower layer system was shut down. The upper layer system however was fully 
operational and data collection began. Initial parameter values are shown in Table 
l(b). 'Pable 2 gives a summary of the data collected and for which layer. The upper 
layer system continued to work until January 1998 when the tilt sensors indicated 
that the tripod was knocked over. A third trip was scheduled for August 1998 in 
order to recover all sub-surface tripods for maintenance and repairs. 

Recovery and redeployment of the subsurface units posed many challenges because 
of the strong currents, wind and the heavy shipping t r d c .  The SU unit showed 
extensive mussel growth on the array and electronic cases. The acoustic unit pressure 
case was flooded. The SL environmental unit together with transducer array was 
tom off and lost possibly because a ship anchored onto the tripod, knocked it over, 
and ripped off the unit. The MU unit also had mussel growth. The ML unit had 
a cement anchor block entangled with the tripod. The environmental unit was torn 
off and hung by its cables. The environmental unit pressure case was flooded. From 
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(a) 
Tkipod Heading Pitch Roll Depth Cond. Temp. Sal. Sspd 

(deg) (deg) (deg) (m) mMho/cm (OC) (psu) (mls) 
ML 272.4 0.87 -3.01 51.47 43.95 14.11 36.77 1506.8 
MU 273.6 0.45 -6.47 24.49 25.03 16.11 18.77 1491.0 
SL 89.2 0.75 -1.79 49.84 43.52 13.80 36.40 1504.9 
SU 90.7 0.22 -5.52 18.98 23.83 13.77 18.85 1483.6 

(b) 
a ipod  Heading Pitch Roll Depth Cond. Temp. Sal. Sspd 

Table 1 (a) %pod orientations and sensor indications for Augwt 1997. The 
ML pressure sensor is a high resolution Pamscientijic sensor giving the absolute 
pressure. For conversion to a depth measurement the standard pressure (14.98 psi) 
is subtracted. (6) Parameter values for the upper layer system for October 1997. 

Start time End time !,aver Transmission mode 
August 6, 1997 August 7, 1997 both simultaneous 
October 1997 January 1998 upper simultaneous 
August 1998 December 1998 lower consecutive 

Table 2 Table showing the times of data collection and for which layer. 

these four tripods two complete acoustic and environmental units were put together 
thus forming a complete layer system. The system waa deployed in the lower layer 
as indicated in Table 2. The deployment codguration for August 1998 as measured 
from the environmental unit are shown in Table 3. 

5.1 Data Processing 

Annex A summarizes the format of the scintillation and environmental data files. 

Tripod Heading Pitch b l l  Depth Cond. Temp. Sal. Sspd 

- 

Table 3 %pod orientations and sensor indications for August 1998. The ML 
pressure sensor is no longer the Pamscientific sensor. 
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F'rom the quadrature (Q) and inphase (I) components the amplitude of the acoustic 
signal as a function of travel time (t) is, 

and the phase is 

Figure 9(a) and (b) shows the relative amplitude as a fuuction of arrival time and 
as a function of elapsed time for sample data taken in October 1997 and August 
1998 respectively. For the October 1997 data, transmissions were simultaneous at a 
rate of 6.78 Hz over a propagation path length of approximately 700 m in the upper 
layer. The August 1998 data, consists of consecutive transmissions at a rate of 4.71 
Hz over a propagation path length of approximately 500 m in the lower layer. For 
the simultaneous transmission case the amplitude image shown in Figure 9(a) shows 
horizontal bands which are a result of noise as the received signal is a superposition 
of the signals from the two transmitters- When consecutive transmissions were 
implemented in the August 1998 data the bands of correlation side lobe noise were 
removed. 

The arrival pattern for the upper layer consists of a direct path followed closely by 
a wholly refracted arrival having greater amplitude. These are then followed by 
surface and bottom reflected paths. The arrival pattern for the lower layer consists 
of a direct path and a bottom reflected path. In order to calculate the amplitude 
(A = a(T)), phase (3 = +(T)) and arrival time (T) for a single acoustic path - the 
direct arrival, a maximum likelihood estimation algorithm is developed following 
Ehrenberg et al. (1978) and Di Iorio and Farmer (1993). 

The mathematical model for the received signal r(t) is, 

r(t) = As(t - T) + n(t) (7) 
where t is the travel time. The signal s(t) is known since it is the matched filter 
output determined by Menemenlis and Farmer (1992), 

where an are known coefficients and rp is the half-width of the correlation peak. The 
shape of this function is triangular with a rounded apex and can be seen in Figure 
10 normalized to unit amplitude and zero arrival time. 

The maximum likelihood estimation is derived as follows: minimize, 
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Figure 9 (a) Relative amplitude as a function of arrival time and elapsed time for 
the upper layer system and (b) lower layer system. 
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Figure 10 Correlation of the received signal with a template of the transmitted 
pseudo mndom noase (PRN) code (3 samples = 1 bit = I20 ps). 

with respect to A and T .  The function, 

is the cross correlation between the received and modelled signal and the function, 

B ( 0 )  = C s ( t  - T ) s ( t  - T ) ,  
t 

is the auto correlation of the modelled signal. Minimizing Q implies that the second 
term on the right of (10) should be maximized with respect to the unknown variables. 
That is, 

1 
maximize A C ( T )  - 5 ~ 2 ~ ( ~ )  w.r.t. A and T .  

Maximizing (13) with respect to A yields, 
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Substitutirig (14) into (13) gives the following maximization problem, 
1 c ( T ) ~  maximize -- w.r.t. T. 
2 B(O) 

Therefore, to determille the maximum likelihood estimate, (15) must first be maxi- 
mized with respect to the arrival time. This equation is quadratic and is a function 
of one independent variable and so maximization occurs over a one-dimensional 
space. The algorithm used from MATLAB is based on the golden section search 
and parabolic interpolation. In order to find the arrival time that maximizes (15), a 
starting point must be given. For the very first transmission the starting point can 
be determined by peak detection; for subsequent transmissions the arrival time for 
the previous transmission can be used as a starting point. The minimization a l p  
rithm then converges quickly to the new arrival time that maximizes (15). These 
values are then used in (14) to obtain the amplitude estimate. The phase is then 
calculated by linear interpolation. 

Windowing of the data is crucial. As the peak width is defined by 2rp = 6 samples 
say, then it is ideal to do the estimation over only 7 samples. This will involve 
adjusting the window with time so that the peak remains centered in the window. 
Hence a peak tracking routine is required. Some tests were carried out and it was 
found that a window centered on a running average of the time of arrival was ideal. 
Taking the center of the window on a specific time of arrival may cause the window 
to shift, thus including only part of the peak and causing problems. This windowing 
problem may arise because the time of arrival can be a noisy estimate. 

The output from the maximum likelihood estimation algorithm is shown in Figure 
11. The amplitude and phase are shown as a function of travel time in samples. The 
direct path is the first arrival. Superimposed on the amplitude data is the theoretical 
shaped curve having width of 3 samples/bit in blue and 4 samples/bit in red. The 
best fit in a least squares sense is with the theoretical curve having bit width of 4 
samples even though the data are sampled at 3 samples/bit. Thus the correlation 
peak is wider than expected. A number of factors may cause the correlation curve 
to deviate from its theoretical shape since m-sequence codes are very sensitive. For 
example, if there is a problem with digitization such that extra samples are added 
or some samples are lost then correlation with the template will cause distortion in 
the peak resulting in lower SNR and a wider peak. Also, multipath interference can 
cause distortions to the signal arrival. 

The phase of the direct arrival is determined by linear interpolation of the phase at 
the arrival time location as shown in Figure 11. The phase wraps around between 
-.rr and .rr radians. 

Figure 12 shows the amplitude, phase and arrival time as a function of elapsed 
time for signals propagating from Rumeli Hisari (west) to Anadolu Hisari (east) 
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Figure 11 (upper) Amplitude as a function of travel time together with the least 
squares fit of the theoretical curve (blue corresponds to 3 samples/bit and red corre- 
sponds to 4 samples/bit). (lower) Phase as a function of arrival tame together with 
the linear interpolated phase at the arrival time location (red circle). 

and for signals propagating in the reciprocal direction using the lower layer system. 
Much high frequency variability exists in the amplitude measurement because of the 
turbulent nature of the flow. In fact, the amplitude shows similar variations for the 
forward and reciprocal direction. The phase in the forward direction shows jumps 
of n/4 and 7r/2 toward the negative direction. When these jumps wrap around they 
appear as positive jumps. The phase in the reciprocal direction show random jumps 
of an integral number of 7r/4. These jumps may be associated with a distorted 
master clock trigger signal used for analog to digital conversion. By the time the 
trigger signal travels down the cable to the subsurface units it becomes distorted. 
For the reciprocal direction the trigger travels down the 1400 m cross channel cable 
to the junction box and then down 400 m of cable to the subsurface unit and hence 
the phase and travel time are more noisy than in the forward direction. 

Correcting the phase proved very difficult and thus it is concluded that it cannot 
be used to determine the turbulent nature of sound speed and current velocity on 
the total scattered signal. The mean travel time however, can be used to calculate 
the mean properties of the sound speed and current velocity. The amplitude can 
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Figure 12 Amplitude, phase and arrival time as a function of elapsed time for (a) 
the forward direction and (b)  the reciprocal direction. 
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be used to give a measure of the level of the effective refractive index fluctuations 
which is related to both the sound speed and current velocity variations. 

Report no. changed (Mar 2006): SM-354-UU



Conclusions 

We have summarised an approach to the use of high frequency acoustical propaga- 
tion for the measurement of currents and water properties in coastal straits. The 
application discussed here is primarily for use over modest distances of a few km, 
which allows use of relatively high acoustical frequencies. However, the concept 
is applicable over greater distances provided a suitable sound channel exists. A 
distinguishing characteristic of the scintillation method is that the measurement is 
of flow perpendicular to the acoustical path. This di£fers for example from long 
range reciprocal tomography in the ocean, in which the measurement is restricted 
to the component along the path, although we also employ this same technique in 
the present implementation in order to achieve two orthogonal components of the 
current vector. Thus we exploit the finite decorrelation time of the spatially variable 
refractive field as it & i s  through successive acoustic paths. 

As the phase cannot be used as a sensitive measurement of the travel time, mea- 
surement of the sound speed and current velocity fluctuations to a precision of l 
mm s-' cannot be obtained. However, the mean properties can be determined from 
the mean arrival time. The amplitude fluctuations will give a measure of the turbu- 
lent levels but it cannot distinguish between sound speed (ie. temperature) effects 
and current velocity variability. 

The practical implementation of the scintillation technique presents a number of 
engineering challenges. Real time processing is required to exploit high transmission 
rates together with the large bandwidth at relatively high frequencies. The design 
makes extensive use of modem digital signal processing technology. 
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Annex A 
Data file formats 

A. 1 Scintillation data files 

Ascii header format 

The following is C code used to read the ascii header. 

f scanf (fp, "Title is: %s\r\nl' ,Title) ; 
f scanf (fp, "Start Date is : %d/%d/%d\r\nl' ,&mon,&day ,&year) ; 
f scanf (fp,"Start Time is: %d:%d:%d\r\nN ,&hour,&min,&sec) ; 
f scad (fp, "Ping Rate=%f (Hz) \r\nl' ,@Rate) ; 
f scanf (f p , "TxRx Delay=%f (ms) \r\nl' ,&Delay) ; 
f scanf (fp, "Digitization Cycle=Xf (us)\r\nl' ,hClk) ; 
f scanf (fp , "Under,Sample,Factor=%d\r\nl' ,&uSamp) ; 
f scanf (f p , "Propagat ion Time=%f (ma) \r\nl' ,@Time) ; 
f scanf (fp, "Master Sub-Window Size=%d(samples) \r\nl' , ~ s ~ i z e )  ; 
f scanf (f p , "Slave Sub-Window Size=%d(samples) \r\nl' ,&SsSize) ; 
f scanf (f p , "Code ID : Ml=%d,M2=%d, Sl=%d, S2=%d\r\n1' ,&c1 ,&c2, &c3, kc41 ; 
fscanf(fp,"Code ~ength=%d\r\n",&cLength); 
f scanf (fp , "Chip Width=%d\r\nl' ,&cWidth) ; 
f scanf (f p , "Number of Code=%d\r\nn , &nCode) ; 
f scanf (f p , "M-Tx Level (channel 0) =%d\r\nl', &MU,Txlevel-0) ; 
f scad (fp , I'M-Tx Level (channel 1) =%d\r\nl' ,&MU,Txlevel-1) ; 
fscanf(fp,"S,Tx Level(channe1 O)=%d\r\nl',&SU,Txlevel-0); 
f scanf (fp, "S-Tx Level (channel 1) =%d\r\nl', &SU,Txlevel,l) ; 
f scanf (f p , llM-Rx Gain(channe1 0) =%d\r\nl' , &MU-Rxgain-0) ; 
f scanf (fp, "M-Rx Gain(channe1 1) =%d\r\nl' , &MU-Rxgain-1) ; 
f scanf (f p , " S-Rx Gain(channe1 0) =%d\r\nl' , &S~,Rxgain,O) ; 
f scanf (f p , " S-Rx Gain( channel 1) =%d\r\nl' , &S~,~xgain,l) ; 
f scanf (f p , "Data order is : %s\r\n4" ,&Order) ; 
f scanf (f p , "WorkMode=%d, OnTime=%d, Off Time=%d\r\nnl' , &wmod ,&ont , &off t ) ; 

binary data format 

Immediately following the ascii header the binary data begins. &om the master 
and slave sub-window size, each recorded record has length (2+8*MsSize+8*SsSize) 
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16-bit integers. 

In each record, the first two short-integers make up the ping number. 
din[l] is the higher 16-bit of the ping number 
din[2] is the lower 16-bit of the ping number 
Combine these two short-integers into a long integer, so 
pingnumber = din[l]*65535 + din[2]; 

There are 8 channels of data in each record. Each channel includes real part and 
imaginary part put in interlace order. That is, 
din[3], ... din[2+2*MsSize] are channel MOSO with 
din[3],din[5],din[fl1 ... din(l+2*MsSize) quadrature data of MOSO 
din[4],din[6],din[8], ... din(2+2*MsSize) inphase data of MOSO 
din[3+2*MsSize], ... din[2+4*MsSize], ... are channel MOSl 
din[3+4*MsSize], ... din[2+6*MsSize], ... are channel MlSO 
din[3+6*MsSize], ... din[2+8*MsSize], ... are chennel MlSl 
din[3+8*MsSize], ... din[2+8*MsSzie+2*SsSize], ... are channel SOMO 
din[3+8*MsSize+2*SsSize], ... din[2+8*MsSize+4*SsSize], ... are channel SOMl 
din[3+8*MsSize+4*SsSize], ... din[2+8*MsSize+6*SsSize], ... are channel SlMO 
din[3+8*MsSize+6*SsSize], ... din[2+8*MsSize+8*SsSize], ... are channel SlMl 

Channel MOSO for example corresponds to Master receiver channel 0 listening to 
Slave transmission channel 0. 

A. 2 Environmental data files 

This is ASCII data and has the following format, 

MU:: 
0 
05 
13 
97 
153607 
H331.8 
X+00.26 
Y-05-59 
D010.699 

Master Upper (Master Lower(ML), Slave Upper(SU), Slave Lower(SL)) 
Error Code (1, 2, 3) 
Month 
Day 
Year 
hour, min, sec (hhmmss) 
331.8 degrees magnetic heading 
00.26 tilt (+ up, - down) 
05.59 roll (+ clockwise, -counter clockwise) 
10.699 psi pressure 
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31.930 mmho/c~n conductivity 
+ 11.237 degress celcius 
checksum character 
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