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Laboratory analysis and random sample processing of field records of surface ships noise collected in the waters of the 
White, Barents, and Norwegian Seas were used in the study of ultra-slow signal fluctuations’ influence on the passive listening 
noise stability. Experiments show that signal fluctuations enable a potentially high noise stability when a short accumulation time 
interval (a few seconds) and a long accumulation time interval (one hundred and more seconds) are used simultaneously. A long 
accumulation time reduces the likelihood of contact loss during a decrease in the signal level. A short accumulation time can 
provide significant gain in the detection range during periods when the fluctuation process leads to a short-term increase in the 
signal level.
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1. Introduction

Several studies note that when considering the issues of noise stability of passive listening systems, it is necessary 
to account for physical phenomena that have a random nature in an actual environment and affect the statistical 
properties of a noise signal [1, 2]. When studying hydrophysical processes in the ocean, stochastic models give an 
adequate description of physical phenomena. However, there is always a possibility of “hyper-random phenomena” 
in the terminology of [2]. The study [1] proposes to estimate a signal’s gain decrease associated with the influence of 
random factors as a “deterioration factor”, which is determined by the ratio of the actual noise stability to the expected. 
Henceforth, by noise stability, we mean the output signal-to-noise ratio (S/N).

The superslow fluctuations were registered by the authors in the field studies of the spectral-energy characteristics 
of surface ships’ noise signals in the Barents, White and Norwegian Seas [3, 4]. The results showed that superslow 
signal fluctuations, as a rule, have a period of more than 20 sec and, accordingly, are in the frequency band up to 
0.05 Hz. Another noise signal feature of a surface ship (swell conditions) is the periodic amplitude fluctuations caused 
by rolling [5, 6]. The noise fluctuations’ frequency range, in this case, is close to the frequency range of the swell 
spectrum of the ship and extends to 0.5 Hz.

In passive listening, the time accumulation procedure permits isolation of the signal against the background of 
noise interference [7, 8]. According to the classical stochastic model of noise interference, the duration of accumula‑
tion reduces its fluctuation due to the proportional number of uncorrelated samples during the accumulation interval, 
which determines the choice of the threshold on the solver to ensure the specified detection efficiency. Therefore, the 
accumulation time is usually chosen in the range from units to several tens of seconds. Here, accounting for collected 
experimental data [3—6], the property of a noise signal to have energetically significant random fluctuations with a 
frequency range of up to 0.5 Hz, i. e. with a minimum period of more than 2 sec, cannot be ignored. Since the process 
of signal fluctuations and the accumulation procedure are in the same frequency-time range, the revealed properties  
of the noise signal should be taken as an additional condition when solving the problem of signal detection against 
the background noise.

The goals of this study are to estimate the influence of the signal accumulation time choice on passive listening 
noise stability with superslow signal fluctuations and to determine the conditions for its increase based on the analysis 
of experimental material (records of actual surface ships’ noises). Evaluation of noise stability is based on the S/N level, 
which describes a system’s ability to detect a target with a particular signal level at a specific distance from the antenna, 
depending on the accumulation time.
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2. Field data collection and processing methods

This study involved laboratory analysis of acoustic signals from surface ships of diverse displacement and hydro‑
logical and acoustic conditions in the Barents, White and Norwegian Seas. Laboratory studies included a computer 
simulation of the signal processing channel using the MATLAB software package. A developed program code read the  
audio file with experimental data, carried the necessary digital processing of information, and visualized the results.

Input data for laboratory processing consisted of field recordings of acoustic signals collected by the information 
conservation equipment of the hydroacoustic complex [9]. The conditions for conducting field recordings are similar 
to [3, 4] and presented in Table 1. The sea surface swell in all cases did not exceed three to four degrees.

Recording in the direction to each ship was executed by dividing the working aperture window of the antenna 
into two halves, each of which was compensated in the direction to the ship. Thus, we obtained synchronous tem‑
poral realizations of the sound pressure a(m) and b(m) from two halves of the antenna. Thus, independent reali‑
zations for the signal, and the interference power, were obtained with further processing using the sum-difference 
scheme [10] (Fig. 1).

The circuits processing shown in Fig. 1 was carried out as follows:
1) files of records with a sampling frequency of fд = 16 к kHz (Δtд = 0.0000625 s), duration up to 30 min, containing 

digitized synchronous time realizations of sound pressure a(m) and b(m), obtained from two halves of the antenna, 
were fed to the input of the processing algorithm;

Table 1

Field conditions

Experiment 
№ 

Hydrological and 
acoustic conditions

Displacement of the 
ship, tons

Distance 
to ship, km

Recording 
duration, min

1 Barents Sea, October 2 500 3—5 22

2 Norwegian Sea, December 25 000 5—10 29

3 Norwegian Sea, December 25 000 20—40 28

4 White Sea, June 5 000 5—7 30

Fig. 1. Block diagram of the algorithm for calculating time realizations of changes in signal power and interference power.
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2) sequential formation of neighboring samples with a length of N = 1024 samples was carried out, which corre‑
sponds to a time interval of 0.064 s;

3) the sum and difference processing channels were created, at the input of which, respectively, a sample of the 
sum process x(n) and a sample of the difference process y(n) were fed;

4) or each sequential sample, the fast Fourier transform (FFT) procedure was carried out to obtain complex Fourier 
spectra of processes in the sum channel X(k) and the difference channel Y(k);

5) the powers of the processes in the channel of the sum xE  and the channel of the difference yE  was determined 
within the boundaries of the specified frequency range;

6) sequential samples of discrete values of time realizations of the signal power S(l) and the interference power N(l).
At the output of processing records according to the scheme in Fig. 1, we have discrete values of time realizations of  

the signal power S(l) and the interference power N(l) with a sampling interval Δt2 = 0.064 s and up to 30 min duration.

3. Methodology and results of the research

To estimate the current values of the signal power S(t), the interference power N(t) and S/N ( )iQ t  at different time 
intervals, samples of time-series with a duration of iT  seconds (where i = 1, 2, 3 is a number of the used accumulation 
time), within which the processes’ accumulation occurred.

The S/N in each sample was obtained with the equation:
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where iT  is a variable time of accumulation 1 2T = , 2 16T = , 3 128T =  s.
Based on work [8], the S/N at the output of the direction-finder for our case can be expressed in the form:

	 ( ) ( ) ( ) ( ), ,i i iQ t z t T F t z T= y Φ , 	 (2)

where ( ), it Ty  describes the process of random fluctuations of the signal at the chosen accumulation time: iT ;
	 ( )F t  –is a function describing the S/N at the input of the direction finder in the absence of signal fluctuations;
	 ( )zΦ  – is a function that describes the influence of the parameters z of the noise direction-finder on the output S/N;
	 z – parameters of the antenna and the frequency filter of the sound direction-finder;
	 iT  – accumulation time.

As can be seen from (2), the expected value of the output SIR should increase with increasing accumulation time, 
which is consistent with the classical theory of signal detection.

Let us consider the experimentally obtained change in the S/N for different accumulation times iT .
First, the effect of accumulation on fluctuations was estimated separately for signal and noise. Figure 2 shows the 

changes in the interference power, and Fig. 3 presents variations in the signal power during the observation time at differ‑
ent accumulation times in one of the experiments (record No. 3). For the convenience of the analysis, when producing 
figures (Fig. 2, 3), the signal and interference powers were normalized to their average values in realizations. A significant 
decrease in signal fluctuations and noise with an increase in the accumulation time was observed for all experiments.
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Fig. 2. Interference power (normalized to mean value).
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Fig. 3. Signal power (normalized to mean value).

Table 2

Average values of S/N in experiments

Accumulation 
time iT , s

Experiment number j

1 2 3 4

2 1.86 2.72 1.49 1.65

16 1.86 2.73 1.49 1.66

128 1.90 2.80 1.46 1.72

In our experiments (the analysis of field recordings of the signal), the recording duration tmax  (>20 min) signifi‑
cantly exceeded the interval (period) of the slowest variation of the signal and noise power (<1 min) for the selected 
accumulation times iT . Then, for each experiment j a constant average value of the S/N Qi(t), obtained for any (three 
different) accumulation times is justified:

	 ( )
max

max 0

1 const
t

i jQ t dt C
t

= ≈∫ . 	 (3)

This is viable because the accumulation and averaging procedures are linear. This is indicated by the calculation 
results given in Table 2.

Transformation (2) provides a transition to a relative parameter, which will allow comparing the estimates of noise 
stability at different values of the accumulation time iT . For comparative studies, similarly to [1] that introduced a 
“deterioration factor”, we can use a parameter that allows considering the set of time dependences of the output S/N 
at different accumulation times during the observation (Tmax>>Ti) in one experiment j:

	 ( ) ( )i

j

Q t
t

C
g = . 	 (4)

Figure 4 shows an example of the presentation of experiment No. 3 through the parameter g . A significant change 
in the parameter ( )tg  depending on the accumulation time iT  is apparent. Similarly, with a decrease in the value of 

iT  the parameter ( )tg  variations increase.
To obtain reliable results, the experiments were carried out at sufficiently strong S/N (antenna output about 2). 

Finally, note that the processes in Fig. 3 and 4 are similar due to the weak influence of noise fluctuations on the last 
result (Fig. 4), which confirms the validity of assumption (3).

Based on the experimentally obtained values of the parameter ( )tg , we proceed to assess the influence of superslow 
signal fluctuations on the detection process at different values of the accumulation times iT . To do this, we introduce 
several assumptions that simplify the analysis, which will not fundamentally affect the research result. Thus, in our 
experiments, the average cylindrical law of signal propagation can be adopted.

Therefore, in the absence of signal fluctuations, its level at the receiver input can be determined in our case as P r,  
where P  is the radiation signal level, r  is the distance to the source, which is considered relatively constant over the 
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observation time tmax. Having accepted the above assumptions as valid, the parameter jC  according to (3) is expressed 
through the value of the signal level at the receiver input in the absence of signal fluctuations and a weak influence of 
interference fluctuations in the form:

	 j j
P

C k
r

= , 	 (5)

where jk  is a proportionality factor for experiment j.
Hence, according to (4) and (5), for the parameter g :

	 ( ) ( )i

j

Q t r
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Thus, the parameter ( )tg  shows the change in noise stability during observation at the selected accumulation time 
iT  relative to the possible noise stability in the absence of superslow signal fluctuations.

At each observation point of each experiment, different values of the parameter ( )tg  at various accumulation times 
can be interpreted as a change in noise stability when changing the system parameters. In addition, the noise stability 
through the parameter ( )tg  can be estimated as a change in the detection distance r  at a fixed signal level P = const  
and the accepted detection threshold specified through the value of the S/N porQ Q= . To demonstrate it consider  
two accumulation times 1T  and 2T . The observed ( )1Tg  < ( )2Tg , through (6) result in 1r  < 2r . As a result, we find that 
the noise stability of the system at the accumulation time 2T  is higher than at 1T .

High values of the parameter ( )tg  indicate a high noise stability of the system. To evaluate the change in the noise 
stability of the system at different accumulation times in each experiment integrally, we will proceed as follows.

Consider for each accumulation iT  the total observation time it  for those periods when the noise stability, 
expressed in terms of the value of the parameter g , is equal or above a certain threshold value porg > g . Next, we  
define the relative duration of observation T∆  of the event porg > g  as the ratio of it  to the entire observation time 

maxt : 
max

.i
i

tT t∆ =  The value of the parameter iT∆  depending on porg , is reasonable consider as the final indicator  

of relative noise stability in the observation process when using the accumulation iT . Then we can analyze the rel‑
ative capabilities of the system to solve the detection problem with different values of the parameter iT . Having  

( )2T T∆  > ( )1T T∆ , we obtain that the noise stability of the system in the experiment with the accumulation of 2T  
is higher than with 1T .

The results for all experiments are presented in Figure 5. The graphs show how the total observation time changes 
under the same conditions for different accumulation time iT  with a change of the parameter porg . As expected, with 
a decrease in the porg  threshold, the observation time increases.

Following the goals of our research, we analyze the influence of the accumulation time iT  choice on the noise 
stability of a passive listening system in the presence of superslow signal fluctuations using the ratio of the values  iT∆
in the selected parameter porg  ranges.

In Figure 5, according to the adopted model:
–  the region 1porg ≈  corresponds to the conditions of detection, when the value of porQ  is close to the average  

value of the S/N iQ , which corresponds to the conditions of the absence of fluctuations;
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Fig. 4. The relative value of the OSB according to (4): ( ) ( )i
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–  the region 1porg <  corresponds to the conditions of detection at small distances, when a drop in the signal level 
during the fluctuation is permissible;

–  the region 1porg >  corresponds to the conditions of detection at large distances, when the signal level increases 
in the process of fluctuations.

Then, in the presented figures, an important pattern is apparent. At small detection distances, when 1porg < ,  
a target can be observed consistently for a long time, and an increase in the accumulation time leads to an increase in 
noise stability. Observing ( ) ( ) ( )128 16 2     T T T T T T∆ > ∆ > ∆ which corresponds to the observation conditions when in 
the process of fluctuations, the signal level drops relative to the possible average value in the absence of fluctuations.  
It becomes apparent how fluctuations in the direction of decreasing the signal level reduce the detection distance  
relative to the conditions for the fluctuations’ absence. Thus, comparing to the case of 1porg = , which corresponds to 
the conditions for the absence of fluctuations, a decrease in the signal level due to fluctuations leads to a reduction of 
the target detections distance 2—3 times compared to the potential (as can be seen in the graphs).

Another feature is observed at 1porg > , which corresponds to large detection distances. Then, a significant gain in 
the detection distance (up to 1.5 or 2 times) relative to the conditions for the absence of fluctuations can be obtained 
with a decrease in the accumulation time, as indicated by the relation ( ) ( ) ( )128 16 2   T T T T T T∆ < ∆ < ∆ . This happens  
when the fluctuation process leads to large values of the signal level. In this case, the total observation time under these 
conditions will hardly exceed 20—30 % of the potentially possible observation time in the absence of fluctuations. 
Experiment No. 1 is indicative, when, to ensure the highest noise immunity under conditions of signal fluctuations, 
both short and long accumulation times should be used simultaneously. In this case, the observation time will be 50 % 
for each of the two extreme values of the accumulation time, at once, in favor of a short accumulation time – for the 
maximum detection range.
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c) d)
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Fig. 5. Duration of observation for experiments. a –No. 1; b –No. 2; c –No. 3; d – No. 4.
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The use of two accumulation times for signal detection under conditions of slow fluctuations has a simple physi‑
cal interpretation. Long accumulation times allow the negative peaks of the signal to be averaged with higher values,  
thereby raising the signal level under these conditions. The short accumulation time allows the use of short-term large 
increases of signal fluctuations, without averaging them with lower values of the signal level.

4. Conclusion

The processing results of the representative experiments in three seas for various targets showed a significant effect 
of superslow signal fluctuations on the noise stability of passive listening.

It was found that, under conditions of superslow signal fluctuations, it is possible to provide a potentially high 
noise stability if the accumulation time is chosen correctly.

It was experimentally established that, in the presence of fluctuations, it is possible to provide a potentially high 
noise stability if two accumulation times are used simultaneously: a short one within a few seconds and a long one 
covering up to one hundred or more seconds. At the same time, a long accumulation time is effective when the signal 
level drops. A significant gain in the detection range can be obtained at times when the fluctuation process leads to a 
large signal level; for this, a short accumulation time should be used.
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