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Abstract: Preliminary results are presented from a fixed-geometry experiment conducted 
during the Littoral Continuous Active Sonar 2018 (LCAS18) sea trial that was led by the 
Centre for Maritime Research and Experimentation (CMRE) in November 2018. The 
objective of the experiment was to measure environmental matched-filter loss as a function of 
bandwidth and duration independently in shallow water. A stationary source transmitted 
LFM waveforms with varying bandwidth and duration (up to 2048 Hz and 64 s), which were 
received on stationary hydrophones at ranges of approximately 100, 200, 300, 5000, 10,000, 
and 20,000 m (125-m water depth, 75-m source and receiver depths). The experiment was 
similar to one conducted during the LCAS16 trial, the main difference being that bandwidth 
was increased to improve the resolution of individual propagation paths, such as the surface 
reflection, which exhibited matched-filter loss that increased with increasing duration. This is 
an expected result because motion-related distortion occurs when the surface varies on a 
timescale shorter than the pulse duration. Furthermore, the LCAS18 experiment employed 
more hydrophones than LCAS16 in order to capture multiple surface grazing angles. At 
steeper grazing angles the effective roughness/motion of the surface is greater, so the 
matched-filter loss is expected to increase with increasing grazing angle. 
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1. INTRODUCTION 

This paper presents the details of an experiment conducted during the Littoral Continuous 
Active Sonar 2018 (LCAS18) sea trial, held approximately 20 km off shore from Piombino, 
Italy. The Centre for Maritime Research and Experimentation (CMRE) led the sea trial.  The 
experiment is an improved version of a similar experiment conducted during the Littoral 
Continuous Active Sonar 2016 (LCAS16) sea trial, the details of which were presented at the 
previous Underwater Acoustics Conference and Exhibition in 2017 [1]. 

The purpose of the experiment was to measure matched-filter loss due to propagation 
distortion as a function of bandwidth (B) and duration (T) – the two parameters that dictate the 
performance of an active sonar waveform. The matched-filter loss due to the distortion 
incurred during the reflection from a rough, moving sea surface is of particular interest, 
especially for large BT signals. During both LCAS16 and LCAS18, two sequences of linear 
frequency modulation (LFM) waveforms were transmitted from a moored source and 
received on moored hydrophones. The first sequence held the duration constant and varied the 
bandwidth to measure the received level as a function of bandwidth, while the second 
sequence held the bandwidth constant and varied the duration to measure the dependence on 
duration. The bandwidth in the second sequence was kept small (B = 100 Hz) during LCAS16 
to minimize bandwidth effects while examining the dependence on duration. However, the 
poor range resolution associated with the small bandwidth made it difficult to separate the 
surface reflection from other arrivals such as the bottom reflection. In LCAS18 a larger 
bandwidth (B = 2048 Hz) was selected to further separate the arrivals. 

This paper highlights the improvements gained by using larger bandwidth during LCAS18 
over the results from LCAS16. 

2. EXPERIMENT 

The experiment considered in this paper is a fixed-geometry experiment that employed 
CMRE’s DEMUS source, which transmitted a sequence of LFMs (Table 1) that was received 
on six hydrophones located approximately 110 m, 220 m, 330 m, 5000 m, 10000 m, and 
20000 m from the source. All equipment was moored to the sea bottom for stability. The 
source and receivers were deployed at a depth of 75 m in a 125-m water column. 

The DEMUS source has a maximum transmit duration of 8 s. Signals with longer duration, 
up to T = 64 s, were also transmitted from sources deployed from NRV ALLIANCE and CRV 
LEONARDO during the LCAS18 trial. 

The close-range hydrophones were included in the experiment to allow separation of 
arrivals, which become more closely spaced and unresolvable at longer range. The five 
shortest propagation paths were calculated assuming constant sound speed profile with c = 
1520 m/s. Fig. 1a and Fig. 1b show the diagrams for the closest hydrophone in LCAS16 
(range = 89 m) and LCAS18 (range = 110 m), respectively. The main difference is that the 
grazing angle of the surface reflection is smaller for LCAS18 (54° versus 66° for LCAS16). 
A smaller grazing angle was selected because the vertical beamwidth of the DEMUS 
transducers is 82° between -3 dB points, resulting in the source level rolling off at grazing 
angles above 49°. The smaller grazing angle therefore increased the surface reflection level, 
facilitating measurement. Another difference from LCAS16 is that the source and receiver 
were placed at the same depth, resulting in the same arrival time for the surface-bottom and 
bottom-surface paths. 
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Index  Transmit time 

(s re start time) 
Duration  

(s) 
Bandwidth 

(Hz) 
Source level 

(nominal, dB) 
1 0 0.25 4 199 
2 5 0.25 8 199 
3 10 0.25 16 199 
4 15 0.25 32 199 
5 20 0.25 64 199 
6 25 0.25 128 199 
7 30 0.25 256 199 
8 35 0.25 512 199 
9 40 0.25 1024 199 
10 45 0.25 2048 199 
     11 50 0.25 2048 199 

12 55 0.50 2048 196 
13 65 1.00 2048 193 
14 75 2.00 2048 190 
15 90 4.00 2048 187 
16 120 8.00 2048 184 

repeat  180    
 

Table 1: Sequence of LFM waveforms transmitted from the DEMUS source during LCAS18. 
The sequence is the same as that transmitted during LCAS16, except that larger bandwidth 

was used for pings 11–16. 
 

 

 
(a)  (b) 

Fig. 1: Ray diagrams depicting left-to-right propagation from the DEMUS source to the 
closest icListen hydrophone for (a) LCAS16 (range = 89 m), (b) LCAS18 (range = 110 m). 
The axes are scaled proportionally so that the true angles of incidence at the surface and 

bottom are depicted. 
 
Two additional close-range hydrophones were deployed during LCAS18 to make 

additional surface reflection measurements at different grazing angles. The 220-m 
hydrophone received a surface reflection with a grazing angle of 34°, and the grazing angle 
was decreased to 24° at 330 m. The Rayleigh parameter [2], a measure of the effective 
roughness of a surface, is proportional to the sine of the grazing angle, and the hydrophones 
were configured such that the sine of the grazing angle spanned a factor of two to achieve a 
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range of effective roughness. The matched-filter loss is expected to increase for surface 
reflections from rougher surfaces [3]. 

3. RESULTS 

The improvement over the LCAS16 experiment in the measurement of the surface 
reflection level is evident by comparing Fig. 2 and Fig. 3. Fig. 2 was taken from the previous 
UACE paper [1] and shows the average matched-filter output for approximately 50 pings 
transmitted during run FX-1 on 19 October 2016 and received on the closest hydrophone 
(range = 89 m). The surface arrival was distinguishable with 100 Hz of bandwidth for the 
0.25-s pulse (Fig. 2a, expected time delay of 0.083 s), but distortion in the surface reflection 
resulted in a large spread in the output for the 8-s pulse (Fig. 2b) and no local maximum at the 
expected delay.  

Increasing the bandwidth from 100 Hz to 2048 Hz in LCAS18 resulted in improved 
resolution of arrivals at both 0.25 s and 8 s. The average matched-filter output for 
approximately 40 pings transmitted during run FX26-1 on 26 November 2018 and received 
on the closest hydrophone (range = 110 m) is shown in Fig. 3. The surface reflection 
(expected time delay of 0.050 s) shows evidence of distortion (time spread and decreased 
level) at 8 s, but a local maximum is still observable, as opposed to LCAS16. 

 

  
(a) (b) 

Fig. 2: LCAS16 average matched-filter for the LFM with 100 Hz of bandwidth and 
duration of (a) 0.25 s, (b) 8 s measured on the closest hydrophone (range  = 89 m). At 8 s the 
surface reflection (expected time delay, 0.083 s) is distorted and no longer produces a local 

maximum. Figure taken from [1]. 
 
 

  
(a)  (b) 

Fig. 3: LCAS18 average matched-filter output for the LFM with 2048 Hz of bandwidth and 
duration of (a) 0.25 s, (b) 8 s measured on the closest hydrophone (range = 110 m). The time 
spreading and decreased amplitude in the surface reflection of the 8-s signal (expected time 

delay, 0.050 s) is evidence of distortion, but a local maximum is still observable. 
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Finally, the boxplot from the previous UACE paper [1] is shown in Fig. 4a, showing the 

distributions of the received levels as a function of duration. The boxplot is produced from the 
same LCAS16 dataset used to produce Fig. 2, but here the levels are extracted from the 
matched-filter output from single pings rather than averaging the matched-filter output, and 
all durations are included. The bottom reflection (blue) has variability (vertical extent in the 
box) even though the sea bottom is stationary. The variability is due to interference with the 
variable surface reflection (red). The surface reflection is variable because the sea surface 
changes from ping to ping, and the poor resolution of the arrivals due to the small bandwidth 
results in the surface reflection interfering with the bottom reflection. On the other hand, with 
the increased bandwidth and resolution in LCAS18, the bottom reflection has low variability 
(Fig. 4b) as is expected from a reflection from a stationary boundary. The direct arrival 
(black) similarly has low variability, as expected, and the dependence of the direct arrival on 
duration observed in LCAS16 was removed by normalizing the signal amplitudes in the 
digital waveform files rather than attenuating the source level using the DEMUS controller. 

  
(a) (b) 

Fig. 4: Boxplot of received levels measured on the closest hydrophone in (a) LCAS16, 
figure taken from [1], (b) LCAS18. Direct (black), surface reflection (red), bottom reflection 

(blue). The bottom reflection has lower variability in LCAS18 than LCAS16 because the lower 
resolution in LCAS16 resulted in the distorted, variable surface reflection spreading into the 

bottom reflection. 
 
The trend of decreasing surface reflection level (or equivalently increased matched-filter 

loss) as a function of duration is observable in both the LCAS16 and LCAS18 boxplots (Fig. 
4a and Fig. 4b, respectively). The trend is consistent with the theory that decorrelation in the 
surface reflection occurs when the pulse duration becomes significant relative to the period of 
surface waves, such that the surface moves within the pulse duration [3]. For LCAS16 and 
LCAS18 the spectrum of the surface heights measured with a wavebuoy revealed that most of 
the wave power was within wave periods of 2–6 s. The improved resolution of the LCAS18 
experiment increases confidence in the measurement and may allow exploitation of the 
LCAS16 analysis where previously there was some uncertainty in the measurement of the 
received levels due to the poor resolution. 
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4. CONCLUSIONS AND FUTURE WORK 

Preliminary results show that using larger bandwidth in LCAS18 (2048 Hz) compared to 
LCAS16 (100 Hz) improved the measurement of matched-filter loss as a function of duration 
by improving the resolution of arrivals received on a hydrophone at a range of approximately 
100 m from the source. The bottom arrival was no longer affected by the distorted surface 
reflected at longer durations. The surface reflection was the only arrival with variability, and 
the median received level decreased with increasing duration, as expected. Bandwidth 
dependence was not explored in this paper, and analysis of the LCAS18 dataset is ongoing. 
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