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Power spectra of input signals for MPSl NC 
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Figure Objectives -4. The input spectra for SGl (Figure F.1.b). Each 
factor of 10 on the horizontal axis is 10 dB. The SGl equivalent piston is 
created by using the signal designed for the center ring, signal 1, to power 
all 24 rings in the array. This signal was chosen since it envelopes all of the 
other signals, and because it contains the most energy in the high 
frequencies. The numbers in the picture coorespond to the ring numbers 
they are sent to, I (center) through 24 (outside ring). In this frequency 
range, rings ltbrough 15 are essentially driven by the same signal for the 
Localized Wave pulse, and rings 1 through 24 are the same signal for the 
equivalent piston for Xl. 
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Figure Objectives -5. The intensity as functions of beam angle and frequency for 
the Localized Wave pulse beam SC 1, above, and the 100 kHz tone burst, below. 
The on axis energy of the SC1 beam spans more than 5 octaves (for the 10 dB 
energy range) while the 5 cycles of 100 kHz spans less than an octave. The lake 
noise is clear in the SGI plot because the array driver output voltage in that case 
was less than for the tone burst. 
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elements driven by a very long single frequency tone burst with the amplitude and initial 
phase of the driver prescribed by the SG theory. 

I 31 0 

Figure 1. The field amplitudes as functions of angle for a 97.66 !&z tone 
burst from some of the 24 rings of the array. The rings generate a central 
lobe and side lobes. The main lobes sum constructively, while the side 
lobes don’t. 

Each ring’s signal has a phase associated with each angular position, phase as a 
function of angle, but we partially ignore that in the following analysis. When we sum all 
of the amplitudes with zero relative phase, which is to say use a spatial filter but not any 
temporal shaping, the beam can be made as compact along the axis as a piston beam, as 
shown below. We have achieved a localization of the single frequency tone beam, but with 
an elevation and smoothing of the accompanying side lobes. The full LW theory of course 
uses the phase that we have thrown away in the above analysis, and so achieves an even 
better localization of energy along the axis. 
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Figure 2. The resultant beam pattern for a 19.53 kHz tone burst from a 0.4 
m  diameter 24 ring array. The ring contributions were created using the 
MPS-1 pulse designed for this array, and the single frequency components 
were spatially filtered but summed with a zero relative phase. 

Figure 3. The beam shape comparison for a piston and a Localized Wave 
pulse. This is experimental data. Both beams contain the same frequency 
bandwidth in the beam center, but the LW pulse is more contained, with a 
tighter half width at half maximum and a lower overall level off axis. 

There is no efficiency information in this simple example, it is a beam shape 
comparison. But it is apparent that if an equivalent amount of energy is launched in each 
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Figure 6b 
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Figure 6c 
Figure 6. The comparison of the measured beam pattern to the simulated 
beam pattern as well as the expected beam pattern using J,(z)/z. The 3 beam 
patterns shown are from -15 to 15 degrees for the 20 kHz beam, -10 to 10 
degrees for the 100 kHz beam, and -5 to 5 degrees for the 240 kHz beam 
respectively for clarity. The vertical scale is 0 to -30 dB in all cases. The 
sampling of the simulator, shown in black, is more coarse than the expected 
value, but matches the expected pattern remarkably well. 

The second characterization was the system response measurement. We use the 
comparisons of the measured fields at 600 feet to the predicted fields generated by the 
simulator. The 3 cases used for this test are the MPSl pulse, which has an effective 
frequency of 22.9 kHz, the SGl pulse, which has an effective frequency of 46.8 kHz, and 
the MPS3 pulse, which has an effective frequency of 23 1. kHz. 

As seen in the figure below, all 3 cover the frequency range from 10 to 300 kHz 
with detectable energy. The 3 circles mark the 3 calibration frequencies we used, at 20, 
100, and 240 kHz. Their spectral response is also shown. 

A further voltage only test of the system response is a comparison of the fields 
measured compared to those expected from an idealized system, one with no bandwidth 
limits. We expect again to see a characteristic voltage response of the system, along with 
the low pass filter which is inherent in our passed system. In this test we compare the 
measured LW pulse to the expected pulse on axis. 

We observe. in Figure 8, that all three pulses give the same response within a few 
dB. There is no single frequency information in this figure. since mat has been fully 
addressed in Figure 7. 
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Figure 7. The system transfer function. The vertical axis is in arbitrary 
units as a check for spectral shape, and the x axis is 10 to 300 kHz. The 
spectra of the tone bursts have been calculated and then fit to the other 
curves maintaining their relative levels to the other tone bursts. The circles 
on the CW spectra indicate the measured transfer function at the specified 
frequencies. 

This is the on axis response of the highest power signal from the array 
driven as a piston compared to the input signal. This represents the output 
voltage of the system for a fixed input voltage over all frequencies. 
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Figure 8. The broad frequency band width response of the system from 10 
to 300 kHz. This is the measured response compared to the expected 
response of an ideal transmitter. The response is determined by comparing 
the experimentally measured on axis signal to the predicted signal for 3 
cases; 1) the IvESI LW pulse, with an effective frequency of 22.9 kHz, 2) 
the SGI LW pulse, with an effective frequency of 46.8 kHz, and 3) the 
M I’S3 LW pulse, with an effective frequency of 231 kHz. 
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Figure 9. The power transfer function for the system. This is the power 
spectrum of the measured field signal divided by the product of the voltage 
spectra and current spectra and summed for all rings, the power received for 
the power input as a function of frequency. The circles on the CW spectra 
show the value at the specified frequencies. Since the previous 
comparisons of voltage out to voltage in were fairly uniform, this figure 
suggests that either the current supplied to the array was not accurately 
produced in all cases or that the environmental effects leading to +/- 6 dB 
error bars varied with frequency. 

IV.3 Experimental Method 
The source signals were loaded into the source computer and downloaded into the 

output cards. The cards were held in a PC1 bus rack and on queue sent 24 separate signals 
to 24 power amplifiers, and then down a cable to the array. The output voltage time 
waveform was measured at the output of the amplifiers, and the currents were measured at 
the array head by a current loop measurement device. The system is shown in Appendix 
B. 

The signals launched by the a=ay propagated through Lake Travis for either 100 
feet to the receiver mounted on the edge of the barge, or 600 feet to the receiver mounted on 
a tower mounted into the bottom of the lake. As each measurement was made records of 
the system settings were recorded, either automatically or by notation in the lab book. 

The received signals were digitized by the Data Acquisition Computer into time 
records and then transferred to a third analytical computer for analysis. The signals were 
also stored on a removable disk for archiving. 

The actual measurement of the source voltages and the source currents proved to be 
a challenge because of the effects of the long cables between the power amplifiers and the 
projector rings. In the final design, the voltages were measured at amplifier outputs and 
frequency-dependent corrections were applied (based upon the transmission line equations) 
to get the ring voltages The ring currents were measured directly at the projector inputs 
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Figure 10. Pulse stretching of a time signal. The original signal, g(t), is 
convolved with an increasing FM chirp which covers the transmission band 
width. The resulting signal, with much more energy in it, is then radiated 
into the water. Upon reception, the field signal is recompressed by 
convolution with the inverse of the snetching filter, and the result of 
launching the original signal is obtained. 

At this point we make the assumption that the transmission, propagation, echo 
formation, return propagation, and reception processes all behave as linear, time-invariant 
systems (at least during the duration of a single transmission event), at least up to the point 
of the “Display” input as shown. This assumption is well known to apply to linear 
electronic systems of this simple type, and also to linear elastic acoustic processes in an 
ordinary environment. Under this assumption the effects of all the system components can 
be treated mathematically as a sequence of convolution products of impulse responses. 
Since the convolutions can be done in any order, this means we can move the second filter 
(“C”) farther along in the chain, all the way through the echo process and through the 
receiver to the Display input. 

This situation is depicted in Figure 10. The compression filter “C” boosts the pulse 
amplitude to a height larger than what it was. That is the whole purpose of pulse stretching 
and compression: It has the same effect as using a short pulse of larger peak amplitude that 
would have violated the limits of either the amplifier or the medium. This makes it easier to 
overcome noise (whose level is unchanged by the compression filter because it has unity 
gain across the operating band). 

For the Localized Wave experiments described in this report there was no echo- 
producing object in the acoustic path, and there were 24 signal inputs instead of 1, but the 
same principles apply. We assume that, for each of the voltage inputs, the transmission, 
propagation, and reception behave as a linear, time-invariant system (at least during the 
duration of a single transmission event), which can be represented as a convolution by an 
impulse response, Thus, the signal at the electrical output of the hydrophone receiver can 
be expressed as a summation over all array rings. 

However, when pulse stretching was performed, the sequence of events was as 
follows: Each pulse waveform was convolved with the pulse-stretching filter impulse 
response and scaled by a gain factor before transmission. Then the signal received at the 
hydrophone was convolved with the pulse-compression filter impulse response, giving a 
result which is just K times what was obtained before application of pulse stretchmg and 
compression, as desired. 

For the localized wave experiments the pulse stretching filter impulse response was 
defined as follows: First an FM wave of 1 ms duration, sweeping from 5 kHz to 300 kHz, 
was generated and extended with zeros on each end to make a waveform of 2 ms duration. 
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Figure 12. The signal for SG- 1 with no compensation, second derivative 
compensation, and third derivative compensation. The total energy in the 
signals varies over a factor of approximately 2 for a fixed input level. Each 
signal would result in a different field being created in the water at the face 
of the array. 

V.3 Time W indow Resizing 
Time windowing is used in the data analysis to reduce the signal to notse ratio. 

Since all of the signals had a noise base, analysis of the entire record would yield both the 
desired signal and the noise. The noise would increase with window size. 

The array was mounted on a pivoting tower with a standoff holding the assembly 
so that the angular rotation of the pivot was not centered on the face of the array. This 
means that the first and last possible signals, an impulse from the nearest and farthest 
points, varies as the array is rotated. It also introduces a slight inaccuracy in the 
measurement angle. The mounting and path lengths are shown in Figure 13. 
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Figure 13. The mounting diagram shows the path length for 2 different 
angle orientations. Coupled with the actual expected width of the signal, the 
time gate, used to reduce the signal to noise ratio in the measurement, must 
be changed as the angle changes. 

As an illustration, a data set with its variable time window is shown in Figure 14. 
The beginning of the time record is set to zero for clarity, and the axes are angular 
measurement number, horizontally, and relative time, vertically. Horizontally, the signals 
are those of an alignment, fast sweep to -90 degrees, slow scan through 0 to 90 degrees. 
The window width is shown as well as the background noise in the lake. 

The figure shows the absolute value of the signals detected. The maximum signal 
strength occurs during the alignment, around signal 1, and around measurement 250, as the 
array sweeps through 0 degrees again. 

Figure 15 shows the layout of the data. It is the integral of the square of the time 
gated signal, in this case a stretched signal and it’s recompressed signal, as a function of 
measurement number. The lower part of Figure 15 is the angle corresponding to the 
measurement number. 

Figure 14. The time gate varies with angle to compensate for the geometry 
of the array and to assure that no significant part of the signal is missed. 
The axes are angle measurement number, horizontally, and relative time, 
vertically. 
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Figure 1.5. A  data layout for a typical experimental run, in this case a 
stretched pulse. The data in the top picture is the stretched pulse energy as a 
function of measurement number in blue, and the recompressed pulse, with 
a higher signal to noise ratio, in green. The figure at the bottom is the angle 
corresponding to the measurements above. The angles start out at the left 
for the alignment measurements, swing off axis very quickly, and then 
swing back through the alignment position and off to the other side. 

VI Results 
VI.1 Comparison to tone bursts 

The following data is a graphical representation of the relative efficiencies of the 
LW pulses, identified in the horizontal figure axis caption, compared to a single tone burst, 
which is identified in the vertical axis caption. Each tone burst is a single frequency sine 
wave which is ten cycles in length. Thus the tone burst signals are of different lengths for 
the different frequencies, but contain the same number of oscillations. 

The figures are representations in dB units, and are over a 20 dB range in all cases 
for consistency. It should be remembered that on the basis of previously described 
analysis, we have error bars on these results of +/- 6 dB in all cases. 

VU.1 100 kHz tone burst observation 
During the experiment it was observed that the relative efficiency of the 100 kHz 

tone burst was unexpectedly high. This led to an analysis, detailed in Appendix A, which 
showed that if a tone burst at or near the maximum of the power transfer curve is chosen, a 
higher efficiency than that of any broad bandwidth pulse can be achieved. 

Strictly speaking, this tone burst must have an amplitude and phase distribution 
which matches that of the broad band pulse. It should not be surprising that a piston tone 
burst, which has uniform amplitude and phase, would also achieve a similarly high 
efficiency. 

Efficiency is not the only measure of importance in most applications though. The 
narrow bandwidth and side lobe levels of a tone burst would not support some 
applications, such as precision ranging, or high band width communication. 
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VII.2 Beam Widths 

MPSI beam pattsms 
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Figure 25. A beam pattern measurement for the exact theory, the 24 finite ring simulation, 
and the 24 ring array measured data. The two simulations differ from the data in that it was 
experimentally impossible to generate the high frequencies necessary for our comparison. 
The two simulations differ in the assumed number of signals available. For the exact 
theory, the source density is infinite, while the 24 ring simulation has a segmented source, 
resulting in higher energy far off axis. 





















Appendix C. 
On axis time signals. 

During our experiments, we made an effort to precorrect the input signals to 
compensate for imperfections in the frequency response of the array. To do this, we 
used a model of the system of transducer, propagation and receiver which implied a 
resultant received signal, in the absence of imperfections, which would be the third 
derivative of the input signal. The expected signals are shown in figure Cl. 

2.5 

J A r; L 
V.” 

0 200 400 600 800 1000 1200 1 
Figure Cl. Gaussian derivatives of a standard Gaussian signal. From 
bottom to top, left to right are the standard Gaussian, the first derivative, 
the second derivative, and the third derivative. All signals have been 
normalized and time shifted for clarity. The horizontal axis is data point 
number rather than true time. 

During our experiments at a 100 foot transmitter to receiver distance, we measured 
signals which could be interpreted as a second derivative, so we made an effort to pre- 
compensate for both an expected second and third derivative signal. We also 
launched signals with no compensation whatsoever, since we could not measure the 
amplitude and phase response of the receiver as a function of frequency. This turned 
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Appendix D. Angular Spectra Data. 

This section presents the data measurements as the energy detected for 
different source functions as dB for angle and frequency. The data is presented as a 
color map on a scale from 0 to -60 dB relative power. Frequency is the horizontal 
axis, and angle is the vertical axis. 

For those sets for which we ran both a Localized Wave case and an equivalent 
piston pulse case, the spectra are displayed together. MPSl NC is an uncompensated 
MPSl pulse, MPSl2d is a 2”d derivative compensated MPSl pulse, MPS3 piston 
compressed is an uncomoensated MPS3 pulse stretched and recompressed. 

Beam power spectrum for MPSl NC, 100 ft. range 
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Beam dower spectrum for MPSI 2D, 100 ft. range 

150 200 250 300 350 
kHz 

150 200 250 
kHz 

300 350 

! 
-40 

-50 

-60 

-60 

Appendix D Localized Wave Experiments page D2 



Beam power spectrum for MPSl 2D. 200 yd. range 

-80 

-60 

-40 

-20 

! 0 

20 

40 

60 

80 

0 150 200 300 350 

60 

Beam power spectrum for MPSl 2D piston, 200 yd. range 

Appendix D Localized Wave Experiments page D3 



Beam power spectrum for MPSI 3D, 100 ft. range 

-60 

kHz 

Beam Dower soectrum for MPSl 3D !&ton. 100 ft. rancte 

-60 
0 50 100 150 200 250 300 350 

IrU7 

Appendix D Localized Wave Experiments page D4 



Beam power spectrum for MPSl compressed, 100 ft. range 
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Beam cower scectrum for SGI NC. 100 ft. rance 
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Beam power spectrum for SGI ZD, 100 ft. range 
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Beam dower spectrum for SGI 3D, 100 ft ranae 
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Be; spectrum for MPS3 compressed, 200 yd. range 
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Beam power spectrum for 20 kHz tone burst, 100 ft. range 
I 1 I 1 

80 I I I 1 
0 50 100 150 200 250 300 350 

kHz 

Beam power spectrum for 20 kHz tone burst, 200 yd. range 
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Beam power spectrum for 100 kHz tone burst, 100 ft. range 
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Beam ok spectrum for 240 kHz tone burst, 100 ft. ral 
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The spectra are simply the Fourier transform of the input signals, and their amplitude at 
zero frequency has been adjusted to 0 dB in all cases but the h4F’S3 case. The shape of the 
received signal is expected to change due to differentiation of the input signals by the array 
elements. 

Power spectra of input signals far MPSl NC 
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Figure F. 1 .b The spectra of the MPS 1 pulse with no frequency compensatton. The vertical axts IS 
in arbitrary units of amplitude on a log scale (xl0 is 10 dB), and the horizontal axis is in kHz, from 
0 to 350 kHz on a linear scale. 

Appendix F Localized Wave Experiments page F2 



Power spectra of input signals for SGI NC 
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Figure F.4.b The spectra of the SGl pulse with no frequency compensation. The 
vertical axis is in arbitrary units of amplitude on a log scale (x10 is 10 dB), and the 
horizontal axis is in kHz, from 0 to 500 Wz on a linear scale. 
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Figure F.5.b The spectra of the SGl pulse with 2D frequency compensation. The 
vertical axis is in arbitixy units of amplitude on a log scale (x10 is 10 dB), and the 
horizontal axis is in kHz, from 0 to 500 kHz on a linear scale. 
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Power spectra of input signals for MPS3 
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Figure F.7.b The spectra of the MF’S3 pulse with no frequency compensation. 
The vertical axis is in arbitrary units of amplitude on a log scale (x10 is 10 dB), and 
the horizontal axis is in kHz, from 0 to 5 MHz on a linear scale to emphasize the 
very high frequency of this pulse. center signal 
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