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1 Introduction 
 
This report presents an analysis of linear FM pulses (chirps) collected by a vertical 8-
hydrophone receiver array in shallow water in the Stockholm archipelago in May 2001. The 
water depth at the trial site varied from 28 to 42 m, and the pulses were sent from an 
omnidirectional source at ranges 50 to 700 m from the receiver array. See the introduction in 
(1) for details on the background to the experiment. The purpose of the experiment was to 
 

(i) identify multiple arrivals in the data and estimate the arrival times, using pulse 
compression techniques by replica correlation.  

(ii) identify the propagation paths of the observed arrivals using sound propagation 
modelling by ray theory.  

(iii) if possible, estimate reflection coefficients at the seabed from bottom-reflected 
arrivals as a compliment of previous analyses with other techniques at the site.  

 
In section 2 the experiment is outlined briefly. The methods of modelling and data analysis 
are described in section 3. Results are presented in section 4 and conclusions in section 5.  
 

2 The experiment 
 
The experiment was carried out at the FOI lab site at Djupviken in the Stockholm archipelago, 
May 7-10, 2001. More detailed technical data on the experiment can be found in (1).  
 
A vertical array of eight equidistant Thomson hydrophones received signals from a 
transmitter hanging below the test vessel HMS Urd. The hydrophones were positioned 3.3 m 
apart, with the uppermost 1.8 m below the surface. See Fig. 1 where an example of the setup 
is presented.   
 
The transmitter, i.e. the Mid Frequency Projector of the Thomson-Marconi Sonar  
Test System 701 (RAMSE), is an ITC 1007, a piezoelectric ceramic device of  
spherical design. Its operating frequency range is 2.5 to 25 kHz. The transmitted signals were 
0.02 s long FM sweeps (sometimes referred to as “chirps”) at frequencies 5-9 kHz. 
Theoretically the signal should vary as  
 
P=A*cos(2*π*(F1+DF*T/DT)*T) 
 
where T is the time, varying from 0 to 0.02 s, DT is the chirp length (0.02 s) and A is the 
amplitude. F1 is the frequency at the beginning of the chirp, F1+DF is the final frequency (in 
this case F1=5000 Hz, DF=4000 Hz). 
 
The real transmitted signal will be distorted in various ways, due to e.g. nonlinearity in the 
transmitting equipment.  
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Figure 1. One of the experimental setups. The bottom is modelled with a cubic spline 
function. The squares at the bottom represents actual measured depths. The source was 
positioned at a depth of 27 m in this setup, 700 m from the array.   

 
 
In each experimental setup signals were sent every 5 seconds during two minutes. The chirps 
were transmitted from two different depths (5 and 27 m) at distances between 50 and 700 m 
from the array. The same track was used as in (1). The bottom depth at the test track varied 
between 31 and 42 m and was 28 m at the array. In Fig. 1 the bottom has been interpolated 
with a spline function between the measured depths (marked with squares). 
 
The sound velocity profile was measured several times during the experiment and varied 
slightly as seen in (1, Fig 2.1). A simplified piecewise linear velocity profile was used in this 
work, as shown in Sect. 3.1. 
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3 Methods 
 

3.1 Sound ray modelling 
 
The arrival times of the signals, registered with the hydrophones, have been compared with 
modelled arrival times. The sound rays were modelled with MATLAB, using Snell’s law (see 
e.g. 3) 
 
cos Θi+1/c i+1  =cos Θi/c i 
 
where c is the sound velocity in water and Θ is the elevation angle of the sound ray. 
 
  
 
  
 
 
 
 
 
 
   
 

 
Figure 2. According to Snells law a sound ray propagating through layers with 
different sound velocity is refracted. Arrows with unfilled heads represent an upward 
propagating sound ray, z shows depth, ci is sound velocity at depth i.  

 
 
An approximate piecewise linear velocity profile from sound velocity measurements during 
the experiment was used, see Fig. 3 and (1). The effect on changes in arrival times of the 
echoes, both when changing the velocity profile within the measured values and to a constant 
value, is smaller than what was measurable in the experiment.   
 

θi+1

θi 
ci 

ci+1 

z 

ci+2 
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Figure 3. Sound velocity profile for the modelling. 

 
 
The depth at the source was measured from the test vessel during each setup. This allowed 
modelling of the depth profile for the test track. The bottom profile between the measurement 
points was interpolated with a spline function. For the setups with small separations, 200 m or 
less, the rays were modelled to be reflected as if from a flat bottom, parallel with the surface. 
The depth does not vary much on those small distances. This means the flat bottom reflection 
can safely be used in the derivation of arrival times. In Fig. 4 five different rays are plotted, 
showing the sound path from the source to one of the hydrophones. The three different bottom 
paths show the ways the bottom reflection has been treated in this investigation. The dotted-
dashed line show the path if a constant depth is used (the depth at the source). The dashed line 
show the path if the bottom is linearly interpolated between the measured depth points. The 
solid line corresponds to the path when spline interpolation is been used.  Shown in Fig. 4 is 
also the bottom profile interpolated with a cubic spline.  
 
The difference in bottom echo arrival, when using either constant depth or depth spline 
interpolation for the reflection treatment, is on the order of 0.001 s or smaller. The upper 
difference limit applies to large separations. For smaller separations the time difference 
becomes much smaller, due to the almost flat bottom. For the sound ray propagation constant 
bottom depth has been used for the closer setups – distance between source and array 200 m 
or shorter. For the more separated setups, spline interpolation has been used.     
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Figure 4. Example of experiment setup and ray paths to the fifth hydrophone in the 
array. Three different ways to treat the bottom bounce are shown.  

 

3.2 Data processing 
 
The experimental data was analysed with MATLAB.  At each source location 0.02 s long 
LFM pulses were emitted with pulse repetition frequency 0.2 Hz during two minutes. This 
would theoretically give about 25 pulses per hydrophone and setup. For each setup the first 
ten useable pulses were identified, filtered and correlated with a synthetic signal. The reason 
for using only ten pulses was that for some setups (especially those with large separations 
between source and array) only ten pulses could be identified in the noise. By using the same 
amount of data for each setup, data comparisons between setups and between hydrophones 
would presumably be easier. The pulses were identified both by listening to the signal (using 
the MATLAB SOUND routine) and, for more noisy data, by visual detection after filtering 
and correlation with a synthetic chirp.   
 
The filtering was done with FFT-processing of a two-second time-window enclosing each 
pulse. By comparing the signal in the frequency domain with a FFT transform of a synthetic 
chirp, the noise frequencies were identified. The frequency regions marked “s” in the FFT-
windows of Fig. 5 corresponds to the signal. The FFT-transformed signal elements 
corresponding to the noise (outside the “s”-regions) frequencies were set to zero and 
transformed back from the frequency domain. After inverse FFT transformation the pulse is, 
as seen, cleaned from low frequency ambient noise.  
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Figure 5.  Low frequency noise removal. Regions in FFT plots recognized as pure 
signal marked with “s”. 

 
 
The synthetic signal was a 0.02 s linear frequency sweep from 5-9 kHz produced with the 
MATLAB CHIRP routine. No experimental setups rendered a time difference between the 
direct path and surface echo longer than the chirp length. The ray path models produced time 
differences between direct path and surface echo varying from virtually 0.00 s to 0.017 s. The 
latter time corresponds to one single setup with 50 m separation. All other setups produced 
time differences smaller than 0.01 s. Thus, for direct comparison between synthetic and real 
signal, only about the first two thirds of the chirp could be used (see example of blurring start 
about 0.01 s after beginning of Filtered pulse in Fig. 5). Fig. 6 shows that the frequency of the 
synthetic signal well matches that of the observed signal until surface echo interference 
begins. The pulse studied in Fig. 5 was produced in the extreme case setup with 50 m 
separation.  
 
It thus appears that the chirps produced by the transmitting equipment are well simulated by 
the synthetic chirp, as far as they are comparable. The latter will then not incur errors due to 
inaccurate frequencies when used for the correlation analysis. 
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Figure 6. Example of filtered chirp with synthetic chirp (small amplitude) overplotted. 

  
 
After filtering, the pulses were correlated with the synthetic chirp. The result of such a 
correlation for one setup and one pulse is shown in Fig. 7. 
 

  
 

Figure 7. Observed signal correlated with synthetic chirp. Hydrophone closest to 
bottom, source 50 away at depth of 27 m. First arrival corresponds to the direct path. 
The second arrival is a surface echo.  

 
To increase the signal-to-noise-ratio the absolute values of the ten first usable correlated 
pulses in each setup were added. The positions of the pulses were determined by plotting each 
correlated pulse and then finding the maximum or minimum of a prominent pulse feature by 
eye. The precision of this method is better than one wavelength for the correlated pulse. Since 
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the pulse-to-pulse variation in arrival times between different echoes may differ more than 
half a wavelength there is no need for better precision than that. The result of a correlated 
pulse addition can be seen in Fig. 8, where the addition has been done for all the hydrophones.  
 

 
 

Figure 8. Sum of absolute values of ten pulses for hydrophone 1-8 in the array. Source 
50 m from array, at depth of 27 m. Positions for theoretical arrival times (compared to 
the direct path) are marked with diamonds (direct), stars (bottom echo) and triangles 
(surface echo).  

   
 
As seen in Fig. 8 the arrival times of the direct pulse and the surface echo line up well with 
the times of the ray model. The bottom echoes are however not visible at the positions 
suggested by the ray model. Apparently the reflection at the bottom is too weak.  
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4 Results 
  
In figures 9–19 the resulting processed (filtered, correlated, time-aligned and added) pulses 
are plotted for the different source positions. The time zero points are arbitrarily chosen. The 
calculated arrival times for direct path (triangles), surface echo (diamonds) and bottom echo 
(stars) are also plotted.  
 
It appears that pulses arriving along the direct path and surface echo paths are always 
observable, except at hydrophones positioned in the sound shadow zone. Close inspection 
reveals that the proposed (when resolved, see below) surface echoes have inverted signs 
compared to the sign of the proposed direct path signal. For setups with the source close to the 
surface it is difficult to distinguish between direct path pulse and surface echo pulse due to the 
very close arrival times. In Fig. 15 (source at 5 m depth), where the source-array distance is 
130 m, the direct pulse and the surface echo appear to be separated for the lowest four 
hydrophones only. For larger distances, arrival separation cannot be made. For setups with 
source set deep (27 m) the direct and surface arrivals can be separated for all hydrophones up 
to 200 m (Fig. 11). At larger distances those arrivals merge and become indistuingishable.  
 
The bottom echo is difficult to observe in the data. A signal, lagging behind the suggested 
bottom arrival time with 0.01 s or more and smeared out in a reverbationlike manner, is 
visible in some spectra. By changing the model depth with 5 - 10 m or more, the model 
bottom echo arrival time can be fitted to the observed feature, but such a large uncertainty in 
the depth measurement is unlikely. Reasonable uncertainties in the velocity profile cannot 
either cause the discrepancy. It is therefore suggested that the observed smeared out echoes 
are not connected to the bottom reflected ray paths, rather to bottom reverbation from off-
track areas. 
 
For some cases (e.g. Fig. 11) a more peaked signal with a varying time lag is visible. These 
echoes may be reflections from large underwater objects on the bottom, beside the test track. 
The source is omnidirectional, which allows echoes far from the track. One way to find the 
location of the objects is to plot the possible positions on the bottom for echoes to each 
hydrophone according to the observed time lag. For the lagging signal in e.g. Fig. 11 it is 
indeed found that an underwater object would give consistent bottom echoes when positioned 
180 m from the source and 25 m from the test track. In Fig. 20 the ellipses plotted 
corresponds to the time lag between direct pulse and the observed echo. Each ellipse 
represents possible positions of an object on the seafloor consistent with the observed time 
lag. The area where all ellipses intersect is suggested to contain a bottom object. The position 
of an object in another setup found in the same way is shown in Fig. 21.  
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 Figure 9. Pulse 13, separation 50 m, source at depth 27 m. 
 
 
 
 

 
 Figure 10. Pulse 12, separation 100 m, source at depth 27 m. 
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 Figure 11. Pulse 11, separation 200 m, source at depth 27 m. 
 
 
 
 
 

 
 Figure 12. Pulse 10, separation 300 m, source at depth 27 m. 
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 Figure 13. Pulse 9, separation 500 m, source at depth 27 m. 
 
 
 
 

 
 
 Figure 14. Pulse 8, separation 700 m, source at depth 27 m. 
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 Figure 15. Pulse 3, separation 130 m, source at depth 5 m. 
 
 
 
 

  
 

Figure 16. Pulse 4, separation 200 m, source at depth 5 m. 
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 Figure 17. Pulse 5, separation 300 m, source at depth 5 m. 
 
 
 
 

 
 Figure 18. Pulse 6, separation 500 m, source at depth 5 m. 
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 Figure 19. Pulse 7, separation 700 m, source at depth 5 m. 
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Figure 20. Ellipses corresponding to time lags between observed direct pulse and 
echo. Each ellipse represents possible positions of a bottom object consistent with the 
time lag observed by one hydrophone. For two hydrophones no echo was observed. 
The area where the ellipses intercect indicates the position of the object to be 180 m 
from the source, +/- 25 m from the test track.    

 
Figure 21. Possible positions of bottom object, measured with all eight hydrophones. 
See Fig. 6 for information. Bottom object position: 260 m from source, +/- 30 m from 
test track.  

 
 
The amplitudes of the direct and surface echo pulses have been compared for some clearly 
separated arrivals. This was done by direct integration of the pixel values over the correlated 

Source 
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position of bottom 
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pulses and comparison between the derived values for different pulses and hydrophones. The 
direct path and surface echo amplitudes appear to be similar. There are no clear signs of 
weakening of the surface echo due to absorption loss. The spectra are noisy and do not allow 
pulse energy content measurements with high accuracy within the scope of this report. 
  
A delayed reverbation is the only observable sign of the bottom (except for the suggested 
objects), visible for some of the setups. Since the direct bottom echoes are not observed, only 
an upper limit can be established for the bottom reflection coefficient. With the same 
correlated pulse energy integration as described above at least 80 % of the signal energy is 
transmitted into the bottom. It is however not unlikely that what has been integrated over is 
noise only and then the energy reflected must be even smaller. Different measurements of the 
bottom density and sound velocity close to the test site indicate impedance between 1.6 * 106 
kg/m2s (4) to 2.2 * 106  kg/m2s (5). Inversion of seabed parameters along the test track (1) 
suggested bottom impedances between 2.2 * 106  kg/m2s and 3.3 * 106 kg/m2s. A weak 
impedance contrast between the bottom and the seawater (impedance ca 1.5 * 106  kg/m2s) 
could explain the small bottom reflection (2). A very rough bottom could also scatter the 
bottom directed signals and explain the lagging reverbation but (4) reported roughness of only 
a few centimeters close to the trial area. 
  

5 Summary 
 
The purpose of the experiment was to identify multiple arrivals in the data and estimate the 
arrival times, to identify the propagation paths of the observed arrivals using sound 
propagation modelling, and to estimate reflection coefficients at the seabed from bottom-
reflected arrivals.  
 
In a few setups (small separation between source and array and/or source close to the bottom) 
the multiple arrivals of direct and surface paths could be identified. At separations larger than 
200 m the arrivals merge and become indistuingishable. The bottom echoes are difficult to 
observe in the data, except for delayed reverbation and a number of possible underwater 
object echoes (see below). 
 
 The propagation paths of the direct and surface paths have been calculated with a sound 
propagation model, and the corresponding modelled arrival times fit well with the observed 
data. The data for bottom echoes are however too weak in all experimental setups to confirm 
the modelled propagation bottom echo paths. Echoes from a number of possible underwater 
objects were observed in the data. The locations of these objects were calculated (with the 
sound propagation model) to be 25-30 m from the test track.  
 
Due to the weak signal the of the bottom echo, the reflection coefficient of the sea bed could 
not be established. The weak bottom echo suggests a small impedance contrast between the 
sea water and the sea bed, or a very rough bottom.  
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