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1. INTRODUCTION
Waveguide dispersion and multimode propagation 
in ocean waveguides determines special method 
of  broadband sound source localization in 
ocean waveguide. It based on stable structural 
features formed by the interferogram [1,2]. The 
interferogram is squared absolute value of  signal 
amplitude in frequency-distance (time) domain. 
First steps in solving source localization problem 
were presented in papers [3-8], where particular 
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solutions of  inverse problem are suggested with 
using such parameter as waveguide invariant 
coined in [1]. However, they are ineffective in 
conditions of  small ratio signal/noise (s/n).

Interferometric processing for solving 
complex broadband source location problem 
(detection, direction finding, radial velocity 
determination (velocity projection toward the 
receiver), moving away, depth and resolution of  
several sources), stable for parameters variations 
of  ocean environment, is suggested and proved 
in papers [9-14]. Processing realizes multiple 
quasicoherent accumulating of  wave field 
spectral density along located interferometric 
fringes in frequency-time domain. During the 
period of  observation ∆t in source band ∆ω J 
independent realizations t_s duration with time 
range δt_s between them are accumulated

.
s s

tJ
t tδ
∆

=
+

 (1)

Realizations are independent, if  δts > 2π⁄∆ω. 
The interferogram forms in frequency-time 
domain and then two-dimensional Fourier 
transform (2D-FT) is applied in time-frequency 
domain. Transformed integrated density 
spectrum we call hologram. It consists of  few 
focal spots in small area. Spots are the result 
of  the interference of  modes with different 
wavenumbers. Contrary to noise signal noise 
addition is incoherent and noise distribution 
fills all hologram area. It bring about high-
noise-immunity processing. Determine of  radial 
velocity and source removing away from receiver 
is based on information about maxima of  focal 
spots coordinates [10,11,14]. Problems about 
depth, bearing, source resolution determination 
are considered in [9,12,13]. For single receiver 
noise signal detection based on Neiman-Pearson 
test using interferometric processing described 
in [15].

Presently much attention is given to using 
of  small submersibles in maritime security 
operations [16]. The effective detection of  weak 
signals by these submersibles involves the use of  
small antennas.

The purpose of  this work is building a 
theory of  noise signal detection using a receiving 
horizontal linear antenna. Numerical simulation 
results for small antennas are presented.

2. INTERFEROMETRIC PROCESSING
Interferometric processing with using of  
horizontal linear antenna is considered in [17]. 
The layout of  source S and horizontal linear 
antenna is shown in the Fig. 1. Number of  
space-regular antenna elements Qb is B, 1, ,b B=  
interelement spacing – d. Antenna elements are 
located at a depth zq. The first element Q1 is 
chosen as a reference. The aperture L = (B – 
1)d is much less then distance to the source, L 
<< rb. In this case rb = r1 – (b – 1)dsinθ, where 
θ – angle complementary to bearing. The source 
at fixed depth zs moves with constant velocity v. 
The signal spectrum ranges in band –(∆ω⁄2) + 
ω0 ≤ ω ≤ ω0 + (∆ω⁄2), ω = 2πf circular frequency.

Fields from antenna elements are summed 
up. In the process distance difference from the 
source to different antenna elements in direction 
of  angle θ is compensated. That's why field of  
b-th element multiplied by exp[ih*(ω0)(b – 1)
dsinθ*]. Here h*(ω0) – singled-out real part of  
horizontal wavenumber (propagation constant) 
on average source spectrum frequency ω0, θ* 
– compensation angle. Outlet field from b-th 
antenna element can be presented in the form 
of  sum by discrete spectrum modes as [18]
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Fig. 1. Geometry of  the problem (top view): rb –
horizontal distance of  the element Qb to the source S, 

θ – angle of  direction to the source.
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Am and hm – the amplitude and the constant 
of  m-mode propagation. Cylindrical field 
divergence, modal attenuation, source and 
antenna elements depths zs and zb respectively, are 
taken into account formal by modes amplitude 
dependence. Then source and receivers depths 
arguments at the received signal are omitted. In 
antenna output the field is

1 * *( , , , ) ( , , , ).an b b
b

p r p rω θ θ ω θ θ=∑  (3)

In the interferogram Pan(ω,r1,θ,θ*) = |pan 
(ω,r1,θ,θ*)|

2 we turn from distance variable to 
time variable and apply two-dimensional Fourier 
transform

0
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where 2ν πν=  и τ – circular frequency and 
hologram time, ∆t – observing time. At moment 
t0 = 0 starting distance is r1 = r0.

The efficiency of  interferometric processing 
using antenna with respect to the single receiver 
we characterize by amplification gain factor

*( , , ) / | G |,an rG Bχ θ θ=  (5)
and и directional characteristic

* *( , , ) ( , , ) / maxG .an anD B G Bθ θ θ θ=  (6)

Here

* *( , , ) | ( , , , ) | ,an an
U

G B F d dθ θ τ ν θ θ τ ν= ∫∫    (7)

| ( , ) | .r r
U

G F d dτ ν τ ν= ∫∫    (8)

Index «r» here and below relates to single receiver, 
U – hologram spectral density localization area 
(dotted line in Fig. 2b,d).

Increase in the number B of  antenna elements 
peaks primary maxima of  antenna directional 
characteristic, remain constant their position, 
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                                                       a                                                         b

                                                       c                                                         d
Fig. 2. Normalized interferograms (a, c) and holograms (b, d) of  a single receiver (a, b) and a seven-element antenna 

(c, d) in the absence of  noise.
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and leads to secondary maxima increment. 
With compensation angle θ* rising width of  
primary maxima of  directional characteristic 
increases. The greatest width is at value θ* = 90°. 
Maximum value of  amplification gain factor, 
approximately equal B2, achieved in direction of  
the compensation angle.

3. PROCESSING IMMUNITY
It is convenient to characterize processing 
immunity by limiting input ratio s/n qlim, when 
stable detection is provided and parameter 
estimates are close to real values. In the case of  
single receiver and isotropic noise for scalar field 
component we have ( ) 2

lim 1.5 / .rq J≈
Assume that noise signal and noise are 

stochastic processes, not statistically related, 
and noise at input of  antenna elements is not 
correlated. The second condition is met, if  d ≥ 
λ⁄2, where λ – wavelength. Then limiting input 
ratio s/n on antenna element is evaluated as

( ) ( )
lim lim ,an rq qα=  (9)

where α = B⁄χ. The greatest value is χmax ≈ B2, so αmin 
≈ 1⁄B. Considering the above ( ) ( )

lim limmin / ,an rq q B≈ . 
Input ratio s/n on singular antenna is limited by 
inequality ( )

0 lim .anq q≥

4. DETECTION OF A NOISE SIGNAL 
ACCORDING TO THE NEUMANN-
PEARSON CRITERION
Neumann-Pearson criterion maximizes the 
probability of  correct detection of  p1 for a given 
probability of  false alarm p2. When considering 
the problem of  detecting a noise signal (pressure), 
we will limit ourselves to the area of  the input 
relations s/n q0 ≥ qlim.
4.1.deteCtIon Curves for sIngle reCeIver [15]
The probability of  a false alarm ( )

2
rp , as the 

probability of  exceeding the pore level gr by 
noise, is equal to

( ) ( ) ( )
2 1 0.5 ( 0.5) ( 0.5) ,r r r

n np k kΦ Φ = − − + +   (10)
where is the dimensionless parameter 

( ) ( ) ( )/ 2 ,  r r r
n r n nk g M M=  – mathematical 

expectation of  noise at the processing output, 
Φ(x) – error integral

2

0

2( ) .
x

tx e dtΦ
π

−= ∫  (11)

Given the probability of  a false alarm ( )
2
rp  

the parameter ( )r
nk  is uniquely determined. With 

( )r
nk  decreasing in the probability of  a false 

alarm, according to (10), (11), the value of  ( )r
nk

increases. The maximum value of  the parameter 
( )r
nk  is estimated as ( )max 4.r

nk ≈
Probability of  correct detection ( )

1
rp

( ) (r) (r)
1 1 21 0.5 ( ) ( ) ,rp Φ η Φ η = − +   (12)

where
( ) ( )

( ) ( )
1 2

2 1 2 1,  ,
2(1 ) 2(1 )

r r
r rn r n r

r r

k q k q
q q

η η− − + +
= =

+ +
 (13)

qr = Jγrq0 – s/n ratio at the processing output. 
Here ( ) ( )/r r

r n sS Sγ =  – compression ratio, ( )
,
r

s nS  
– is the area of  distribution of  the spectral 
density of  the signal and noise on the 
hologram. Probability of  correct detection 

( )
1

rp  is uniquely determined by the parameter 
( )r
nk  and the s/n ratio qr. Thus, it is possible 

to calculate the detection curves of  the noise 
signal. They represent the dependence of  the 
probability of  correct detection on the output 
(or input) s/n ratio with a fixed probability of  
a false alarm.
4.2. deteCtIon Curves for antenna

Expressions for the probabilities of  false alarm  
( )
2
rp  (10) and correct detection ( )

1
rp  (12) are 

also preserved for the antenna with the only 
difference that the values of  the arguments 
that characterize them change. With a fixed 
probability of  false alarm, ( ) ( )

2 2 2 ,an rp p p= =  
the dimensionless parameter kn is constant, 

( ) ( ) .r an
n n nk k k= =  Compared with a single 

receiver, the mathematical expectation of  noise 
at the processing output increases by B times, 

( ) ( )an r
n nM BM= . This leads to an increase in the 

pore level also by B times, gan = Bgr. Taking into 
account these observations, the probability of  
correct detection is equal to

( ) ( ) ( )
1 1 21 0.5 ( ) ( ) ,an an anp Φ η Φ η = − +   (14)

где
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( ) ( )
1 2

2 1 2 1,  .
2(1 ) 2(1 )

an ann an n an

an an

k q k q
q q

η η− − + +
= =

+ +
 (15)

Here qan = (Jγan(B)⁄α)q0 – is the s/n ratio at the 
processing output, where γan(B) – compression 
ratio. It is determined similarly to a single receiver 
and does not depend on the viewing angle θ, the 
values γan = γr = γ [17]. Compared with a single 
receiver, the output ratio of  s/n increases by 
about B times.

The degree of  difference in the probabilities 
of  correct detection between a single receiver 
and an antenna, depending on the input s/n ratio 
and the number of  antenna elements for a given 
false alarm probability, will be characterized by 
the ratio

( ) ( )
0 0 1 0( , ) ( , ) / ( ).an r

qq B p q B p qβ =  (16)

The parameter β(q0,B) (16) is called the 
efficiency coefficient. When considering the 
efficiency coefficient β(q0,B), the area of  input 
relations s/n q0 is limited to the area of  values  

( )
0 lim .rq q≥

5. NUMERICAL SIMULATION
A horizontally homogeneous waveguide with a 
depth of  H = 70 m, a sound velocity constant in 
depth c = 1480 m/s. Frequency range ∆f = 480–
520 Hz. The average frequency of  the spectrum 
f0 = 500 Hz. Parameters of  the absorbing liquid 
homogeneous bottom: the ratio of  the density 
of  soil and water ρ =1.8, the complex refractive 
index n = 0.84(1 + i0.04).

The number of  antenna elements B = 
3, 7, 11. The interelement distance d = 1.5 
m. It approximately corresponds to half  the 
wavelength at a frequency of  f0 = 500 Hz. The 
elements of  the horizontal antenna are located 
at a depth of  zb = 50 m. Angles: θ = 0°, 30°, 
60°, 90°. The allocated propagation constant is 
equal to the propagation constant of  the first 
h*(f0) = h1(f0) = 2.1182 m-1. According to numerical 
calculations, the antenna gain coefficients χ do 
not depend on the viewing angle θ and are equal 
to: 8.7 (B = 3), 47.9 (B = 7), 119.3 (B = 11). They 
are close to the theoretical estimate χ = B2.

The noise source is located at a depth 
of  zs = 20 m and was moving away from the 
antenna with a radial velocity w = 2 m/s. At 
the initial time t0 = 0, the source is removed 
from the antenna reference element Q1 by a 
distance r0 = 10 km. Accumulation time ∆t = 
30 s, duration of  noise realization ts = 2 s, time 
interval δts = 0.5 s, number of  realizations J = 
12. Limiting input c/n ratios: when using a 
single receiver ( ) 2

lim 10 ( 20 ).rq dB−≈ −  When using 
the antenna: a) B = 3, ( ) 3

lim 3.4 10 ( 24,7 ).anq dB−≈ ⋅ − ; b) 
B =7, ( )

lim
anq ≈ 1.5∙10-3(-28.2 dB); c) B = 11, ( )

lim
anq  

≈ 9.2∙10-4(-30.4 dB). False alarm probabilities 
p2 = 10-1, 10-2, 10-3.

The illustrative material is shown in Fig. 2-5. 
Fig. 2 demonstrates normalized interferograms 
and hologram modules in the absence of  
noise for a single receiver of  a seven-element 
antenna. In order to increase the contrast on 
the interferograms, the constant components 
(background) for the modes of  numbers m = n 
are filtered out. If  the constant components are 
not subtracted from the interferograms before 
applying the Fourier transform, then a peak 
of  high intensity will appear on the holograms 
in the area of  the origin. The spectral density 
localization area on holograms (Fig. 2b,d) is 
highlighted with a dotted line. From Fig. 2b,d 
it follows that the geometry of  the location 
of  the spectral density of  a single receiver and 
antenna, regardless of  the viewing angle, are 
close to each other. This result does not depend 
on the number of  antenna elements. According 
to Fig. 2b,d, the compression ratio is estimated 
as γ = 6.

Fig. 3 shows the noise signal detection 
curves for a single receiver. As the probability of  
a false alarm decreases, the probability of  correct 
detection decreases. According to the calculation 
results, the parameter kn = 1.42 (p2 = 0.1), kn= 
2.14 (p2 = 0.01), kn = 2.72 (p2 = 0.001).

The curves for detecting a noise signal using 
an antenna are shown in Fig. 4. According to 
numerical simulation data, they do not depend 
on the viewing angle θ. Fig. 4a,b,c show how the 
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probabilities of  correct detection of  p1 increase 
with an increase in the number of  antenna 
elements B. For example, for the probability of  a 
false alarm p2 = 0.001, the probability of  correct 
detection p1 = 0.8 is achieved for the input s/n 
ratio q0 = 0.044 at B = 3, q0 = 0.019 at B = 7, q0 
= 0.012 at B = 11.

Fig. 5 shows the dependences of  the 
efficiency coefficient β(q0) for different values 
of  false alarm probabilities p2 and the number 
of  antenna elements B. The difference in the 
probabilities of  correct detection between a 

single receiver and an antenna is concentrated 
mainly in the area of  small s/n ratios q0 and with 
an increase in the number of  elements B, the 
difference increases. With increasing values of  
q0, this difference decreases and asymptotically 
tends to zero.

6. CONCLUSION
The problem of  detecting a weak signal in 
the presence of  intense noise is topical in 
hydroacoustics. The difficulties of  the approach 
to its solution arise from the limitations of  
the developed noise-resistant treatments of  
hydroacoustic signals. Currently, interferometric 
processing, unlike other known processing 
methods, allows detecting and evaluating source 
parameters with greater noise immunity at low 
c/p ratios. This is due to two points.

Firstly, the processing implements 
multiple quasi-coherent accumulation of  
the spectral density of  the wave field along 
localized interferogram bands in frequency-
time variables. Secondly, at the output of  the 
integral transformation, the spectral density of  
the signal is concentrated in a small region. The 
linear dimensions of  this region are inversely 
proportional to the observation time, the 
width of  the band and decrease with increasing 
radial velocity of  the source. The smaller the 
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Fig. 3. Dependence of  the probability of  correct detection  
p1 on the input ratio s/n q0 for various values of  false 
alarm probabilities p2: curve 1 – p2 = 0.1, curve 2 – p2 

= 0.01, curve 3 – p2 = 0.001. Single receiver.

                a                                                                b                                                             c
Fig. 4. Dependence of  the probability of  correct detection p1 on the input s/n ratio q0 for different values of  the false 

alarm probabilities p2 and the number of  antenna elements B. Curve 1 – p2 = 0.1, curve 2 – p2 = 0.01,
curve 3 – p2 = 0.001. B = 3 (a), B = 7 (b), B = 11 (c).



71

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 1

signal concentration area, the higher the noise 
immunity of  the processing.

Based on interferometric processing, the 
detection of  a noise source is considered by the 
Neumann-Pearson criterion by using a horizontal 
linear antenna. Analytical dependences of  
detection curves are obtained depending on 
the input s/n ratio and the number of  antenna 
elements. Numerical calculations are performed. 
The efficiency of  detecting a low-noise signal by 
an antenna in comparison with a single receiver 
is evaluated.
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