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Executive Summary 
 
This report describes the results of investigating the feasibility of using a unique 
Synthetic Aperture Sonar (SAS) processing technique to provide high azimuthal 
resolution of torpedoes fired in a closely spaced salvo.  
 
The primary defense against incoming torpedoes provided by the WSQ11 system is a 
hard kill solution based on ATTs (anti-torpedo torpedoes). A primary issue with a hard 
kill solution is salvo resolution and the ability to accurately count and locate individual 
torpedoes. Removing only a fraction of the weapons will temporarily blind any system 
and render other members of the salvo undetected until it is too late. Our technique is 
aimed at resolving individual torpedoes quickly and at a stand-off distance (~ 3 km) 
sufficient to allow effective prosecution by ATTs. A simplified timeline for the weapon 
engagement process is shown in Figure E.1. 
 

 
Figure E.1. A simplified timeline for weapon engagement. 

 
A key feature of our technique is that it takes advantage of the high speed of the 
torpedoes relative to that of the towship (active sonar) to filter out reverberation from the 
Doppler frequency regime of the torpedoes. This allows the returns from only a small 
area around the targets to be processed, leading to the use of high pulse rates without 
incurring range-Doppler ambiguities. In addition, the relatively fast speed of the towship 
(≥  15 kts) combined with that of the torpedo (~ 45 kts) enables the SAS system to 
synthesize a long aperture (≥ 70 meters) in only a few seconds. This long aperture and 
the relatively high frequencies used (10kHz – 20kHz) corresponds to azimuthal 
resolutions at the target on the order of a few meters. 
 
We performed our investigation using simulations for a few representative scenarios 
(torpedoes heading in at 45o and broadside on a straight trajectory). The key simulation 
was the Sonar Simulation Toolset provided by the Applied Physics Lab of the University 
of Washington (APL/UW). The SST allowed us to easily set up salvo scenarios which 
included essentially all the components of an engagement including projector, receiver, 
target and environmental characteristics. Output consisted of simulated time series of 
acoustic returns from the target (including multipath) and surface, bottom and volume 
reverberation. These time series were then processed using Matlab to form both the 
azimuth (SAS processing) and range compressed final output. 
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Our results indicate that torpedoes separated by as little as 4 meters can be clearly 
resolved at approximately 3 km distance. This initial result is encouraging and warrants 
investigating a broader range of engagement scenarios (e.g., torpedo closing in from 
astern) and more realistic scenarios which include the effects of torpedo motion, aspect 
angle, salvo separation and more severe multipath effects. These latter effects will 
require reassessment of motion compensation algorithms, which have been traditionally 
based on imaging stationary targets. 
  
1. Introduction 
 
The “Salvo SAS” project described here was a $75k effort aimed at determining the 
feasibility of adapting SAS processing to the problem of resolving individual torpedoes 
in a salvo so that they can be countered by Anti-torpedo Torpedoes (ATTs).  
 
In the basic scenario, passive detection of the salvo is made, using an array towed from 
a surface ship (the torpedo’s target),while it is approximately 3 km away. A schematic of 
the engagement is shown in Figure 1. Conventional active sonar is used to track the in-
coming salvo, but it has adequate 
resolution to resolve individual 
torpedoes only in the cross-track or 
range direction. At 3 km range, 
conventional active sonar lacks the 
requisite along-track resolution to 
identify exactly the number of in-
coming torpedoes if they are in close 
proximity azimuthally (as they are 
expected to be, coming from a single 
launcher). Knowing the exact 
number is essential to ship 
survivability as it allows precise 
allocation of ATT assets. 
Underestimation can be catastrophic 
while over estimation may result in 
targeting miscues and waste of vital 
mission resources. 
 
As is well known, SAS processing 
can greatly increase the along-track 
resolution by making the effective 
antenna length equal to the distance 
traveled by the active array over a 
given amount of time. In normal 
applications of SAS, the integration 
time needed to synthesize the 
aperture lasts for 10s to 100s of 
seconds. For the salvo engagement scenario, this is far too long to be useful. However, 

Figure 1 – schematic of salvo engagement scenario 
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the results of this project have shown that an innovative application of SAS in which 
pings are sent out over only a few seconds has the potential to provide the resolution 
needed. 
 
 
2. Approach 
 
Our approach takes advantage of the fact that both the towed array and the torpedoes 
are moving much faster than for normal SAS applications. The difference in Doppler 
shift between the fast torpedoes (50 kts) and the reverberation (frequency shift 
proportional to the towship speed) allows the much stronger reverberation to be filtered 
out in the frequency domain. This is an essential feature of our processing. 
 
The relatively high speed between the torpedoes (traveling 45 kts) and the towed array 
(traveling at approximately 15 kts) also allows a large effective aperture to be quickly 
synthesized (for a 50 kt combined closing speed, it takes only 3 seconds to synthesize a 
75 meter aperture). This means that, theoretically, a relatively short burst of pulses can 
be used to synthesize a large aperture and achieve high azimuthal resolution. The 
sequence of pulses is shown schematically in Figure 2.  
 

 
Figure 2 – Schematic of the short burst of pulses used to synthesize the sonar aperture. 

 



DTW-0516-05003 

 
Macintosh HD:Users:randypatton:job related:DTW-0516-05003 Salvo SAS final report.doc 

4 

The data received from the sequence of pings consists of a 2-D scene of range and 
azimuth. The range bins are obtained through the time gating of each ping, as is done in 
conventional sonar. The azimuth grid corresponds to position along the synthetic 
aperture as indexed by ping number (or time). The signature of a torpedo is thus the 
shape of its trajectory through this 2-D grid. 
 
The high spatial resolution in both azimuth and range is achieved through the use of 
matched filters. High range resolution is accomplished in our scheme in exactly the 
same way as is done for conventional sonars. A linear FM chirp pulse, with a bandwidth 
appropriate to the desired range resolution, is transmitted and its return convolved with 
a replica of the original chirp1. Thus, a 50 msec pulse length, which corresponds to a 
range resolution of approximately (0.05 sec) x (1500 m/s)/2 = 37.5 meters is shortened 
to a 5 msec pulse (= 1/ 200 Hz), or 3.75 meter resolution. 
 
For conventional SAS, it is clear that, as the beam sweeps past a fixed scatterer in the 
azimuthal direction (along track), the Doppler shift will change with each pulse. In fact, it 
changes linearly just as a linear FM chirp. In a completely analogous way2, the 
resolution in the azimuthal direction can be compressed using the same type of 
matched filter as used for range compression. The total Doppler shift associated with 
the target during the forming of the synthetic aperture is analogous to the chirp 
bandwidth in range and determines the amount of azimuthal compression. 
 
In conventional SAS (stationary scene), an aperture is synthesized in this manner using 
matched filters based on the known hyperbolic return associated with bottom scatterers 
in the scene. In the salvo SAS case, it is a little more complicated because the target is 
moving. However, an effective matched filter template can still be constructed based on 
the known engagement parameters. In the present study, because we are using a 
simulation, we have the added advantage of being able to separate out the various 
components of the total return. Thus, we can use the target-only return as the matched 
filter (in fact, we use the target return for which multipaths have been suppressed).  
 
Sonar Simulation Tool (SST) 
 
A key component of our analysis was the use of the Sonar Simulation Toolkit (SST) 
developed by APL/UW. This toolkit is a comprehensive and flexible simulation of the 
acoustic interactions of source, target and environment for many types of scenarios. 
The SST was configured to emulate a torpedo engagement against a surface ship 
towing an active acoustic array, as shown in Figure 1. The torpedo is traveling at 45 kts 
at a 45o angle to the ship’s trajectory. The ship is traveling in a straight line at 15 kts. 
We have simulated a series of 90 pulses with 50 msec duration, 200 Hz chirp bandwidth 
and a center frequency of 20kHz. A line array with 48 elements was used for the 
receiver and beam formed in the direction of the incoming torpedo. The SST was run 
using a Matlab script which allowed easy manipulation of simulation parameters, files 
and plots. 
                                                
1 The convolutions are actually done in the Fourier domain for numerical expediency. 
2 Harger, R.O., 1970, Synthetic Aperture Radar Systems, Academic Press 
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The SST produces plots 
of frequency vs. time of 
the simulated output 
data. Plots of the output 
for a single torpedo is 
shown in Figure 3. The 
total return, i.e., target 
and reverberation, is 
shown in Figure 4a 
while the target-only 
data are shown in 
Figure 3b. Note the 
difference in the color 
scale; the reverberation 
has a much higher 
return than the target, 
which cannot even be 
seen in Figure 3a 
because of the limited 
dynamic range. Figure 
3b does show however, 
that the target returns 
are coming in at the 
expected arrival time 
(based on the target 
being 3 km away) and that they are Doppler shifted further to the right (positive shift) 
than the reverberation. 
 
3. Results 
 
Results for single torpedo 
 
A second Matlab script was created to process the simulated data output. The data file 
containing the total return was Fourier transformed in both the range and azimuth3 
directions in preparation for applying the matched filters. The return from the target-only 
was also Fourier transformed and shifted so that it was symmetric in Fourier space. As 
previously mentioned, multi-paths were suppressed for the target-only data by simply 
setting the number of allowed bounces from the surface and bottom to zero in the SST. 
The target-only data were also filtered in frequency around the Doppler-shifted center 
frequency with a bandwidth of 200 Hz, corresponding to the chirp bandwidth. This step 
is, of course, crucial since it eliminates the overwhelming reverberation returns. The 
Fourier domain total and target-only arrays were then multiplied together to effect the 
matched filtering in the Fourier domain. The results are shown in Figure 4. 
                                                
3 Note that the azimuth dimension corresponds to a particular azimuthal look direction, which is also indexed by the 
ping number. Thus, in the Fourier transform plots, the results are presented in units of 1/ping # (normalized). 

Figure 3 – (a) Total return (90 pings), (b) target-only 

(a) (b) 
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Figure 4 – Fourier transformed simulated data: (a) target-only, (b) target and 

reverberation and (c) product of (a) and (b). 
 
From Figure 4, it can be seen that the reverberation and target are well separated in 
frequency. A relatively strong feature in the transformed target can be seen centered at 
about 0.3 on the normalized inverse ping axis for both the (a) and (c) plots. It is also 
present, although much more faintly, in plot (b). It is not clear what this feature is due to 
at this time. 
 
As a final step, the Fourier domain data were then inverse transformed to produce 
imagery in real space (azimuth vs. range). The results with and without matched filtering 
in azimuth are shown in Figure 5. In the left-hand plot, the signal is spread out in 
azimuth (corresponding to ping number) revealing very poor resolution. After matched 
filtering, the right-hand plot shows a high intensity spot near 3.8 seconds, demonstrating 
how the target return is compressed to give a much more localized signature (the data 
were also compressed in range). The extent in range (time) is approximately 0.01 
seconds, which corresponds to approximately 15 meters, which is close to the 
theoretical limit of 7.5 meters introduced by the 200 Hz chirp. The central core of the 
high intensity spot also ranges over approximately to 2 to 4 pings. This corresponds to 
approximately 1.4 meters resolution in azimuth for a closing speed of 28 m/s and a ping 
duration of 50 msec. This is also is close to the theoretical limit of approximately 1 m 
given by 

(a) 

(c) 

(b) 

Product 

Total 
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where λ = 0.075 m (corresponding to a frequency of 20kHz), Lsyn = 129 m (based on a 
closing speed of 28 m/s over 4.5 seconds) and R is 3000 m.  
 

 
 
Figure 5 – (Left) 60 ping return with no azimuthal compression (matched filtering), (right) 

with azimuthal compression. 
 
The light blue slanted feature to the right of the target image is due to a bottom bounce 
multipath. The depth of the ocean was 500 meters and the target and receiver were at 
50 meters depth. This geometry gives a multipath that is expected to arrive about 0.1 
seconds after the direct path, which can be seen to be the case in Figure 5. Although 
the multipath environment used in the simulation is much more benign than in the real 
ocean, this result is still encouraging since it shows that the matched filter does indeed 
recognize target-like features and suppresses noise. 
 
Results for Multiple Torpedoes 
 
The SST was set up to simulate a salvo of 3 torpedoes that were at the same range 
from the receiver (~ 3 km) but separated in azimuth by 10 meters. Figure 6 shows the 
result of processing the return data with range compression but without azimuthal 
compression, i.e., it was processed as conventional or real aperture sonar. The 
resolution of this real aperture system is approximately 112 meters based on an 
aperture length of 2m, 20kHz center frequency and 3 km range. As is confirmed in 
Figure 6, the system cannot resolve the three torpedoes (the figure shows the 
processed return for a 40-by-40m region around the salvo). 
 
These same simulated data were processed by applying a bank of matched filters 
representing the predicted (i.e., hypothetical) returns from torpedoes whose trajectories  

Multipath 

Signal 
(azimuth 

compressed) 
60 ping signal 
(no azimuthal 
compression) 
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Figure 6 – Acoustic returns in time(range) and azimuth (ping index) without azimuthal 

compression). 
 
would place them at specific locations in the 40-by-40 interrogation regime4. The results 
for various torpedo separations and two incoming angles (broadside and 45o) are 
shown in Figure 7. 
 
 
 
 
 
 
 

                                                
4 This process may sound more complicated than it actually is. The simulated data represents a 2-D scene consisting 
of what the sonar receiver would see as a function of absolute time (the dimensions being the time it takes for the 
pulse to travel to the target) and back vs. the time segment  consisting of the complex return from a particular 
torpedo (corresponding to azimuth). The matched filtering simply consists of generating 1600 (40 times 40) 
templates of hypothetical returns for the 40-by-40 interrogation scene. We form a map representing the inner 
product of the templates at each hypothetical location with the data. 



DTW-0516-05003 

 
Macintosh HD:Users:randypatton:job related:DTW-0516-05003 Salvo SAS final report.doc 

9 

 
Figure 7 – Examples showing the much better resolution achieved by applying matched 

filters to the acoustic returns. 
 
The results clearly show that torpedoes separated by only a few meters can be resolved 
for this simple scenario.  
 
3. Summary and Future Efforts 
 
The results of this study have shown that, under simplified but realistic conditions, 
torpedoes separated in azimuth by only a few meters can be resolved using a unique 
application of SAS processing. The method takes advantage of the large Doppler shift 
between the reverberation (proportional to the towing platform speed) and fast 
torpedoes to filter out the strong surface, bottom and volume reverberation. The 
elimination of these noise sources also allows the interrogation volume to be collapsed 
to a small volume around the salvo. This eliminates the range and Doppler ambiguity 
normally present in seafloor SAS surveys and allows a very high pulse repetition 
frequency to be used. This, along with the high combined speed of the platform and 
torpedoes, allows the synthetic aperture to be formed in only a matter of a few seconds, 
a crucial saving in time needed for this rapidly evolving type of engagement. 
 
The next steps are to analyze the method’s performance over a broader trade space 
and to demonstrate it in an actual sea trial. The simulation-based, simplified scenarios 
used in the proof-of-concept did not contain real world processes that need to be 
addressed in order to show the operational feasibility of the system. The fact that the 
targets are moving makes the application of matched filters more complicated. Varying 
speeds and high frequency motion of the targets introduces more degrees of freedom to 
account for. The shape of the return will also depend on the (possibly changing) aspect 
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of the target. Motion compensation will be more difficult if the target is masked by 
multipaths. These issues are currently being addressed by AST in the area of ASW and 
techniques to deal with them will likely be adaptable to this higher speed, higher 
frequency application. 
 
To demonstrate this method in a sea trial, we will need to have a projector that can emit 
tens of sequential pulses at a high repetition frequency (~ 10 kHz). This is feasible from 
an engineering perspective. Since the pulse sequence is short (3-4 second) there will 
probably not be a problem with overheating of the projector. Salvo runs from different 
directions and ocean depths (especially shallow) are also desirable.  
 
 


