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Abstract—We obtain in integral and analytic form the relations for calculating the amplitude and phase char-
acteristics of an interference structure of orthogonal projections of the oscillation velocity vector in shallow
water. For different frequencies and receiver depths, we numerically study the source depth dependences of
the effective phase velocities of an equivalent plane wave, the orthogonal projections of the sound pressure
phase gradient, and the projections of the oscillation velocity vector. We establish that at low frequencies in
zones of interference maxima, independently of source depth, weakly varying effective phase velocity values
are observed, which exceed the sound velocity in water by 5—12%. We show that the angles of arrival of the
equivalent plane wave and the oscillation velocity vector in the general case differ; however, they virtually
coincide in the zone of the interference maximum of the sound pressure under the condition that the hori-
zontal projections of the oscillation velocity appreciably exceed the value of the vertical projection. We give
recommendations on using the sound field characteristics in zones with maximum values for solving range-
finding and signal-detection problems.
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INTRODUCTION

In the free space, waves of various type propagate
without reflections or limits. In particular, plane
waves propagate, retaining the phase synchronism of
the pressure and oscillation velocity, and the wave
propagation direction coincides with the sound pres-
sure phase gradient. In a real waveguide, e.g., in shal-
low water, a field interference structure forms that
depends on different factors and is difficult to predict,
bur with a certain degree of approximation, it can be
described by a multiray or multimode model. Here,
the phase synchronism of the sound pressure and dif-
ferent projections of the oscillation velocity vector are
violated.

Despite the complexity of approximating the field
structure with simple functions, the authors of [1]
expressed a hypothesis on the possibility of applying a
“plane wave” model to approximately describe the
field characteristics. Similar ideas are discussed in [2].
In [3], this hypothesis was developed for zones of
interference maxima P, ,,. It has been established that
the sound pressure phase gradients ¢ in these zones

T Deceased.

can be approximately described by the approximating
dependence of the “effective phase velocity” C:; =

_ Cq),I/V,2 / Z/:] W,2 , where C, is the phase veloc-
ity of the /th normal wave and W is its amplitude. In a
similar way, it is also possible to write the relation for
the effective (weight average) group velocity C; =

. C g,W,2 / ZI=1 W, where C o 18 the group velocity
of the /th normal wave. It is assumed that, using the
expressions for C:; in P, zones at spatially separated
points, it is possible to approximately calculate the
phase differences for tonal signals, and using C;‘ , to
estimate the group delay times for pulse signals.
Clearly, C:; and C; are Coo(r,,h,2,25), and CyCy =

C02 , where C, is the sound velocity in water. From here
on, ris the distance between the emitter and receiver,
o = 2nf is the circular frequency, 4 is the depth of the
waveguide, z and z,, are the depths of the receivers and
emitter, and fis the frequency of the sound signal.

In [4], these problems are analyzed numerically for
different hydrophysical conditions of sound propaga-
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tion in a waveguide. It is shown that with an increase

in distance, C(’; tends toward a constant value, but a
natural dependence on the hardness of the bottom and
the sound frequency is observed. In [5], it has been
established that, using quantity C:; (further, C%*)
instead of the sound velocity in water C, and signal
processing at frequencies for which the array is located
inthe P, zone, the directional characteristic (DC) of
the array gives unbiased bearing estimates ¥ and the
lateral field has no “spikes.” And vice versa, when the
array aperture is located in the zone of interference
minima of the field P.;,, the DC splits, the bearing
estimates are displaced, and the lateral field increases.
Displacement of bearing estimate y when using C,
instead of C* seems natural, since quantity C, does not
agree with the real sound pressure (SP) phase gradi-
ents at the array aperture.

On the whole, the results presented in [4, 5] make
it possible to give practical recommendations on using
the effective velocity C* as an analog of the phase
velocity of the “equivalent plane wave” (EPW) char-
acterizing the local phase gradients in the P,,, zone.
Instead of the sound velocity in water C,, it is recom-
mended to use C* values when forming the DC of an
array located in the zone of the maximum.

This velocity can be estimated approximately using
the above formula, which takes into account all modes
propagating in the waveguide, or only the groups of the
most coherent modes with close wavenumbers. The
dependences C*(r,w, h,z,z,) can also be determined
numerically using an adequate model, e.g., the multi-
mode acoustic waveguide model, or they can be mea-
sured experimentally by estimating the spatial phase
gradient in the horizontal plane, C* = m/(a(p/ar).

However, it should be noted than in [1—5], only the
characteristics of scalar fields are discussed, whereas
today, research into vector-phase (vector-scalar) fields
are also important [6, 7]. In addition, in [4, 5], the
characteristics of the SP field are considered only in
the horizontal plane; the dependences on depth z and
Zo have not been studied.

Below, for a low-mode waveguide, we analyze the
spatial frequency amplitude-phase SP characteristics
P(r,m,h,z,z,) (further P), the horizontal and vertical
projections of the SP phase gradient vector, and the
oscillation velocity vector (OVV).

1. DEFINING MATHEMATICAL RELATIONS

1. 1. Theoretical Models of the Vector-Scalar Field
in a Waveguide

Let us consider a point directional harmonic
source, the sound potential of which in a nonorganic

space has the form y = y,e ", where y, is the cofac-
tor of the potential, which is independent of time ¢,
and i/ is an imaginary unit. Under the hypothesis of the
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potential character of the field, the relationship
between the oscillation velocity V and SP P is
expressed by unknown relations [8]: V = grady, P =

_poa_\lf = jmp,y, where p, is the density of the

ot
medium.
Let P =|Ple’” = Re P +ilm P, where |P| is the
modulus, ¢ = arg P is the argument, Re P is the real
part, and Im P is the imaginary part of SP P,

d¢ _ReV,ReP +ImV, ImP

ox |P|2/o)p0 ’
99 _ ReV,Re P +ImV, Im P
y |P|2/o)p0 ’
d¢ _ReV ReP+ImV ImP
dz |P|2/o)p0 ’

where ReV,, ImV,,ReV,, ImV,, ReV , ImV_ are the
real and imaginary parts of the corresponding compo-
nents of vector V. Similar relations for different projec-
tions of the phase gradient grad ¢ of the SP can also be
obtained using the relation gradg = (Re PgradIm P —

Im Pgrad Re P)/IPI” [9].

To find the fields of pressure P in a Pekeris wave-
guide, we use the well-known integral representation
for the potential of the field of a point nondirectional
emitter in the form [8, 10]:

T 2—ieo

v, = A j H (krsinF(®)sinddd, (1)
—T/2+ieo

where A is the volumetric velocity of the source,

H é” (kr sin ) is the zero-order Hankel function of the
first kind, k£ is the wavenumber, and r =

\/(x - xo)2 +(y- y0)2 is the horizontal distance
between the emitter and the reception point,

F)

(efbh+bz0 + Vl(ﬁ)ebhszg ) (ebz _ e—bz)
- N Vl(ﬂ)ebh
0<z<z,

(ebzo _ e—bzo ) (e—bh+bz + V](ﬁ)ebh_bz)

e 4 Vl(ﬁ)ebh
20 <7< h,

b

B

b = ik cos U, V,(V) is the coefficient of reflection from
the bottom of the waveguide.

Since integral (1) converges uniformly outside a
certain arbitrarily small vicinity within which the
source is located, the components of OVV V can be
found by direct differentiation of (1) over the corre-
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sponding coordinates. As a result, we obtain the fol-
lowing expression for the orthogonal OVYV projections
of the considered source in a Pekeris waveguide:

v, =2 [ 10w F@)sin® 0dv,
r
G

vV = ﬂ’J.H](”(u)F(f}) sin’ 0d, (2
r

y

v, = % [ HP@F.®sin20d0,
G

where G = (=T/2 + ieo, /2 — ieo), u = krsin ¥,
F,)
(e—bh+bZ0 + Vl(ﬂ)ebh_bzo ) (ebZ + e—bz)
—b ~bh bh
+Vi(0)e

0<z< 7,
(ebzo _ e—bzu)(e—thrbz — Vi ﬁ)ebh—bz)
bh Vl(ﬁ)ebh

b

20 <z<h

Integrals (1), (2) can be calculated by direct
numerical integration or the saddle point method. In
addition, using the standard calculation technique (2),
integrals (2) can be reduced to sums analogous to
those of normal waves of the SP field:

P = iOJpOZA,Hél)(ril), V= XZAIQIH(D("&[),
= 3)

ZA,E..,Hf‘)(réo v, = ZA H{(rE)),

where u; = hk®> =&}, {,, 1 = 0,1,2,... are the roots of

the dispersion equation of the Pekeris waveguide

cotanx = iyx’ — (khv)z/mx,m =p/p, is the ratio of

the densities of water and the underlying half-space,
*=1-n’n= ny(1+i@), ny = co/c is the ratio of the
sound velocities in the waveguide and bottom, &, is the

boundary absorption coefficient, o, = u,z, / h, o, =
u,z/h,
4 = 2ATu,; sin 0, Sin o

.2 ~2 . 2
h(sin u,tanu,/m +sinuy, cosu; —u;)
A} = A, cotana, /h.

The calculations presented below for substantiating
the calculation accuracy were carried out using con-
tour integration and an analog for decomposition of
the SP by normal waves, applied to the OVV compo-
nents (see (2) and (2)). The results of calculations for
r> hvirtually correspond; therefore, further, we pres-
Vol.62 No.6
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ent the dependences calculated only by decomposition
by normal waves.

1.2. Initial Data and Notation Used in Calculations

Let us consider the field characteristics of a point
directional source in a Pekeris waveguide, which is a
homogeneous water layer with a thickness of # = 100 m
with a sound velocity in water of C, = 1450 m/s. We
perform calculations for the following bottom param-
eters: m = 1.8; n = 0.725; attenuation coefficient
0= 0.02.

We superpose the plane OKY of the coordinate sys-
tem with the free surface of the waveguide; the OZ axis
is directed downward toward the bottom of the wave-
guide. We place the emitter and depth z,, and the hor-
izontal coordinates of the emitter are equal to zero:

x, = 0 and y, = 0. We place a four-component vector-
scalar sound receiver (or multielement array) in the hor-
izontal plane at a distance from the emitter of x = 5 and
20 km. We take receiver depths equal to z= 50 and 100 m.
We consider that y = 0 and » = x, since > A.

Let us study the amplitude-phase characteristics of
the vertical-scalar field in the waveguide in the inter-
ests of solving problems on detection and range-find-
ing of weak signals against an interference back-
ground. For this, we analyze the interference structure
ofthe field, primarily in the P,,,, zones. Below, in con-
trast to [4, 5], the main focus is on the dependences of
the field characteristics on the quantities z and z,. We
also study in the P,,,, and P,,;, zones the source depth
dependences of the effective phase velocity value,
which characterize the local phase gradients in the
horizontal plane.

In Figs. 1—6, the following curve designations are
introduced: I, SP amplitude |P|; 2, effective phase
velocity, calculated from the horizontal projection of

the phase gradient of the SP field, C;* = 0)/ (a(p/ ar); 3,
effective phase velocity, calculated from the approxi-

2 2, .
=1 CoWi /ZI:IVVI ; 4, hori-
a—(P; 3,
0

mate formula C; =

zontal projection of the phase gradient ¢, =

r
vertical component of the phase gradient @, = a—(p; 0,
horizontal projection of the OVVV,; 7, vertical projec-

tion of oscillation velocityV; &, angle between direc-
tion of SP phase gradient vector and horizontal plane

§ = arctang; / ¢, , which in the P,,, zones can be
considered as the angle of arrival (grazing angle) of the
EPW, which approximates the SP field in this zone; 9,
the angle between the direction of the OVV and the
horizontal plane { = arctanV,/V,; 10 is the SP
phase@ = arg P; 11, the phase of the horizontal com-
ponent of the OVVargV,; 12, the phase of the vertical
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Fig. 1. Sound field characteristics depending on z for f= 25 Hz, » = 5 km, z = 100 m.

component of the oscillation velocity argV; 13, the
phase of the total OVV arg V. Note that the angle & is
related to the EPW angle of incidence 6 to the hori-

zontal by the 0= 1:/ 2—

arctan@, / @, . We also take into account the fact that
the projections of the OVV correspond not to the
amplitudes, but to the real part; i.e., phases are taken
into account.

obvious relation

Figures 1—6 present the following plots: (a) pres-
sure amplitude | P}; (b) effective phase velocities C;" and
C;’< ; (¢) horizontal and vertical projections of the phase
gradient vector ¢, and @, (d) the same projections of
the OVV WV, and V; (e) direction of phase gradient of
SP & and OVV {; (f) the phases of the SP arg P, of the
horizontal projection of the oscillation velocity argV/,,,
of the vertical projection of the oscillation velocity

ACOUSTICAL PHYSICS  Vol. 62 No.6 2016
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Fig. 2. Sound field characteristics depending on g for f= 50 Hz, » = 5 km, z = 100 m.

argV_ and of the OVV arg V, which are counted from
the given reference value near the emission point.

From the above designations it follows we have
posed the problem of studying the source depth
dependences of the effective phase velocities and the
angular characteristics of the phase gradient of the SP
and OVV (characteristics § and {). It is assumed that vec-
tor & is orthogonal to the EPW front. It is necessary to
calculate the listed characteristics to analyze the algo-
rithms that use “power flow” signal processing [6, 7].

ACOUSTICAL PHYSICS  Vol.62 No.6 2016

2. STUDY OF THE INTERFERENCE
AND PHASE STRUCTURE OF A LOW-
FREQUENCY FIELD IN A PEKERIS
WAVEGUIDE

2.1. Simulating the Characteristics of a Sound Field
in the Near-Bottom Region

Studying this problem is interesting for analysis of
the signal characteristics at the aperture of spatially
developed bottom hydrophysical scalar or vector-sca-
lar arrays.
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Fig. 3. Sound field characteristics depending on z for f= 100 Hz, »= 5 km, z = 100 m.

Receiver depth 100 m, distance to source 5 km.
Figure 1 shows the calculation data for a frequency of
Jf =25 Hz, at which signals propagate with two normal
waves. Clearly, near the free surface, the quantities P,
V., and V, rapidly decrease. A shallow interference SP
minimum (P,,;,) formed at a depth of 62 m, corre-
sponding to the middle of the effective width of the
waveguide A" = h+ Ah = 124.13 m [13]. In the given
conditions of near-bottom signal reception, the C*
values calculated by the longitudinal component of the

phase gradient C," = 0)(8(p/ or)"" and by the approxi-
mate formula (Fig. 1b, curves 2 and 3) practically
coincide, independently of the source depth.

It is clear that in the P,,,, zones, the Cf , values are
appreciably larger than the sound velocity in water C,,,
and only in the P,;, zone do they tend to C,. There-
fore, bottom-moored or towed horizontal arrays, in
order to obtain an unbiased bearing during DC forma-
tion, should take into account the source depth depen-

ACOUSTICAL PHYSICS  Vol. 62 No.6 2016
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dences of the phase gradient at the aperture. For this,

it is necessary to use the quantities C 1* or C; .

For vertical emitting arrays, the phase gradients in
the vertical plane are necessary. These characteristics
are shown in Fig. 1c, and the OVV projections are
shown in Fig. 1d. One can see that in the P, zone,

the horizontal component of the phase gradient @,
forms a maximum, and the vertical component of the

ACOUSTICAL PHYSICS  Vol.62 No.6 2016

gradient @, changes sign. Accordingly, there is a
change in the direction and value of the EPW angle of
arrival.

From analysis of the curves in Fig. 1, it follows that
for the given conditions—distance, waveguide depth
(100 m), bottom characteristics, and frequency of
25 Hz—when the source is located at depths less than
62 m (the middle of the equivalent waveguide), normal
waves at the reception point are summed such that the
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EPW arrives “from above” (§ > 0). When the source is
located at depths greater than 62 m, the EPW arrives
“from below” (§ < 0). The range of variation in the
EPW angles of arrival in this case is not large, from —2.3°
to +3.2°. Accordingly, for & = 0, the SP wave front is
perpendicular to the horizontal direction.

A difference in the values and directions of the
EPW angles of arrival  and values and directions of
the angle of arrival of the OVV ( is observed.

Note that arg V, differs from arg P, arg V,, and arg
V by almost 90°; i.e., projection V, is “active” —coin-
ciding in phase with P; and projection V is “reactive.”
It is essential that the amplitude V, is appreciably
smaller than the amplitude V,; therefore, from here
on, the phases of P and the total vector V are also close
and their dependences on z, virtually coincide.

With a change in distance r, frequency f, or receiver
depth z, with all other conditions being equal, the

ACOUSTICAL PHYSICS  Vol. 62 No.6 2016
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Fig. 6. Sound field characteristics depending on z; for f/= 100 Hz, = 20 km, z = 50 m.

structure of the SP field can substantially change; in
particular, zones with deep interference minima can
occur. This is confirmed by the results presented in
Fig. 2, which were obtained for a frequency of f= 50 Hz,
at which in the considered waveguide five normal
waves propagate. As a result, the interference structure
of the field due to the increase in the number of modes
became more complex and, in particular, it was dis-
covered that at the given distance for an emitter
located at a depth of z; = 78.2 m at a near-bottom
reception point, a “singularity” formed: a sharp, deep
minimum in the SP amplitude is observed. In the
Vol. 62 2016
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vicinity of the maximum, in contrast to Fig. 1, one can
see sharp jumps in the phases and phase gradients in
the vertical and horizontal planes. For a detailed anal-
ysis of the field characteristics in this zone (depth
range of 76—80 m), more detailed calculations have
been carried out.

One can see that in the narrow zone P,;, (Fig. 2a),
for a change in emitter depth z,, the projections of the
SP phase gradient (Fig. 2c, curves 4 and 5) and the
angle of arrival of the SP front & (Fig. 2e, curve &)
experience a jump by, respectively, /2 and & radian.
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Note that the depth level of the SP minimum (78.2 m)
does not coincide with the depth levels of the minima
of the phase gradient projections (76.3 and 77.7 m),
but the jump in the SP phase is at the same depth (78.2 m,
Fig. 2f, curve 10).

Note that in the general case, the directions of the
OVV and EPW differ, but for |V}] > |V, the difference
in angles does not exceed 5°—10°; however, in individ-
ual zones, they virtually coincide. As calculations
show, close results are also observed under other
sound field generation conditions: at different fre-
quencies and different distances. The rapid transition
from the maximum to minimum value of the SP (and
back) with a change in sign in the longitudinal compo-

nent of the phase gradient ¢, (Fig. 2c, curve 4) can cor-
respond to the vertical section near anomalous zones of
the vector field of the power flow—vorticity zones, in
which, according to [9, 14, 15], singularities of the phase
front form: poles (dislocations) and saddles. Vorticity
formed as a result of revolution of the local value of the
power flow density around a singular point.

The vertical component of the phase gradient @, in
this region has an sharp, deep minimum (Fig. 2c,
curve 5), which leads to a deep minimum of the angle
of arrival €. In this case, the EPW angle of arrival with
variation in the source depth by only 1 m changes
within the limits of —130° to 0° (Fig. 2e). In the
remaining region, it changes insignificantly, from —6°
to +2°. For this, the angle of arrival of the OVV (
changes near the P,,;, zone by & radian.

As mentioned above, similar anomalies were stud-
ied in [9, 14, 15], but for a section of the field in the
horizontal plane and an analysis of the dislocation
characteristics for a change in distance between the
source and receiver. These works show that in the zone
of the SP minimum, a change in the direction of the
phase gradient and, accordingly, a change in the direc-
tion of the power flow vector are possible. In Fig. 2
and further, it is shown that analogous effects are also
observed for a change in the vertical coordinates, e.g.,
for vertical movement of the source or receiver.

Figure 3 shows results analogous to Fig. 1 for a fre-
quency of 100 Hz. From analysis of this figure, it fol-
lows that for an increase in the sound frequency, a
more jagged interference dependence of the SP field
on source depth is formed. The reason for this phe-
nomenon is that with an increase in frequency, the
number of normal waves increases, as well as the dif-
ference in the wavenumbers.

One can see that in P, zones, the C;" and C; val-
ues change weakly and are quite close in value. How-
ever, in zones of deep P,;, due to an increase or
decrease in the phase gradient in the horizontal plane,

jumps in Cl* are observed, both smaller and larger. In
zones with a shallow SP minimum, C," tends toward

the sound velocity in water. Quantity C;k does not take
into account local gradients and weakly depends on
depth. On average, the effective phase velocities
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depending on the SP phase gradient in the horizontal
plane, independently of the depth level of emission,
noticeably exceed quantity C,. Therefore, if during
formation of the DC by vertical arrays, the values of
the effective phase velocity are not used, then during
detection of sources, a shift in the bearing estimate y
will be observed, especially for glancing angles of wave
incidence.

In Figs. 3a and 3c, just like in Fig. 2, one can see
that singular points of the phase gradient (singulari-
ties) form in the zone of deep SP minima. Curves 4
and 5 in Fig. 3c show the positive and negative
“spikes.” It can be assumed that in these P,;, zones,
“neighboring dislocations” formed [9, 14, 15], which
have opposite signs of vorticity and form in their zones
phase gradients with opposite signs. This is also con-
firmed by the fact that in the vicinity of the minimum

of the vertical projection of the oscillation velocity V_,

the vertical component of the gradient changes @
sign. However, a change in the direction of the phase
gradient with movement in the vertical plane is also
possible if the point of the pole (dislocation) is “passed
around” from the left and right. Such results were
obtained in [9, 14, 15] for a change in the coordinates
of the reception and emission points in the horizontal
plane. In other words, the physical characteristics of
the vector-scalar field in the P, and P,,;, zones do
not depend on the plane in which the coordinates of
the receiver or emitter change.

From the presented results, it also follows that for
small changes in the parameters characterizing the
source coordinates, at singular points, substantial
changes in the field characteristics occur at the recep-
tion point; i.e., the field at singular points is “espe-
cially sensitive” [16]. For example (Fig. 3c), at singular
points for a change in source depth by 2—3 m, jumps
in the SP phase in the horizontal and vertical planes

reach +m or —m. Jumps in @, and @, lead to deviations
of the EPW angles of arrival from the horizontal plane
within the limits from —62° to +33°. Outside zones of
SP minima, the EPW angles of arrival, like before,
change insignificantly: from —5° to +3°.

Meanwhile, in the P, zones, sharp jumps in the
direction of the OVV angles of arrival are observed: to
values of £7 radian. Essentially, the size and the angle
of arrival of the OVV depend not only on the presence
or absence of P,,,, and P,;, zones, they are also a func-
tion of the relation of amplitudes V, and V,. As men-
tioned above, in the zone corresponding to the rela-
tion |V] > |V, the difference between angles & and C is
not large and does not exceed 10°—12°.

Receiver depth 100 m and distance to source 20 km.
This problem is interesting from the viewpoint of eval-
uating the influence of degeneracy of the mode com-
position due to the more intense attenuation of
higher-number modes. The characteristics of the vec-
tor-scalar field were calculated for the same frequen-
cies and in the same waveguide. It has been established
that due to attenuation of higher-number modes, the
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field structure is mainly determined by the character-
istics of the first modes. As a result, the effective veloc-

ities C;" or C5 in P, zones hardly depend at all on

depth z, or z and always exceed quantity C,. With an
increase in frequency or distance, the difference

between C;" or C; and C, decreases from 15 to 8—10%.
From the calculations it also follows that in the case of
near-bottom signal reception, the dependences of
quantities P, V,, V,, and angles § and { on depth z,
change slowly with increasing distance.

As an example, Fig. 4 shows the studied depen-
dences on source depth g, for a signal at a frequency of
100 Hz. Clearly, in P, zones, the projection of the
phase gradient in the horizontal plane and, corre-

spondingly, quantities Cl* and C;‘ change weakly.
However, in the P,;, zone for an emitter depth of
around 37 m, a jump is observed (a decrease to almost
a zero value) in the phase gradient in the horizontal

plane @.. As a result, quantity Cl’k sharply increases, to
an unrealistically large value of 37420 m/s (the effect
of division by a small number).

The vertical component of the SP phase gradient at
this point has a discontinuity. A jumplike change in the
direction of the phase gradient ¢, and a sign-alternat-
ing change in quantities ¥, and V, occur, which in the
P, zone leads to a corresponding change in the
angles of arrival £ and {. For example, quantity
changes within the limits from —96° to 126°. It is pos-
sible to assume that the zone of the minimum is
located near the singularity of the phase front.

2.2. Simulation of the Field Charateristics with Signal
Reception in the Middle of a Waveguide

It is necessary to solve this problem in order to
choose the signal processing modes using towed spa-
tially developed hydrophyscial scalar or vector-scalar
arrays.

Receiver depth 50 m, distance to source 5 and
20 km. Figures 5 and 6 shows hydrophysical field char-
acteristics analogous to Figs. 1—4, but for a frequency
of 100 Hz and distances of 5 and 20 km, respectively.

One can see that, just like in the case of near-bot-
tom reception, as a result of the increase in frequency,
the jaggedness of the field increases, but with an
increase in distance, the interference of the SP and
other characteristics is “smoothed.” On the whole, the
results of calculations are similar to the previous ones:

in P, Zones, C and C; virtually coincide and exceed
quantity C, by 10—15%. In P,;, zones, in this case
anomalous changes in the phase gradient are formed,
and the Cl’k values depending on the real SP phase gra-
dients in the horizontal plane substantially deviate
from the mean value, greater or lower. Amplitude V,
noticeably exceeds amplitude V,. For |V}| > |V] quanti-
ties § and  differ insignificantly.
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The range of the change in angles of arrival of OVV
€ for different distances and frequencies can vary
within wide limits. For example, in the given case,
quantity { varies from —29° to +60° for a distance of 5
km and from —mx to +n for distances of 20 km. In P,
zones, jumps in the phase gradients and values of { are
observed. If under the given sound propagation condi-
tions large interference minima of the SP are not
observed, then the EPW angles of arrival vary more
gradually. Independently of the source depth, in P,
zones, an EPW of the SP arrives from directions close
to horizontal. For the given receiver depth (50 m)
angle of arrival § varies from —13° to +24° and devia-
tions are observed only in P.;, zones. The depen-
dences of the arguments (phases) P, V,, and V on
source depth z,, like in the case of near-bottom recep-
tion, virtually coincide, but the character of the calcu-
lated dependences, as follows from comparison of
Figs. 1—4 and Figs. 5 and 6, differ substantially.

CONCLUSIONS

The sound pressures in zones of interference max-
ima are characterized by weak changes in the phase
gradient in the horizontal and vertical planes, which
makes it possible to apply the EPW to these zones.
Since the phase structures of P and V, are similar, the
EPW is valid in the P,,,, zone for a scalar field and for
the horizontal OVV component. This makes it possi-
ble to use the EPW model for generation of the DC by
horizontal vertical scalar and vector-scalar arrays, as
well as for power flow signal processing [6, 7].

The application of the averaged values Cf‘< (w,z,) or
C; (®,z,) when generating the DC makes it possible
with the EPW to partially adapt an array in zones of
interference maxima to the sound field model, but
with allowance for their dependences on depths z and
Zo- In this case, partial agreement of the arrays and
averaged characteristics of the waveguide transfer
function is achieved.

The quantity of the effective phase velocity charac-
terizing the phase gradients at the array aperture
depend on the sound frequency and depths z and z,. In

P...x Zones, it appreciably exceeds quantity C, and is
quite stable. As well, the C; and C; values in P,
zones are close, which makes it possible to estimate
them analytically (C;k ), numerically, or experimen-
tally (Cl* ). In the zone with shallow minima, quantity
C,* approaches the value of sound velocity in water C,,.

In the processing of wideband signals and genera-
tion of the DC using C;(®,7,) and C5(®,z,), the hor-
izontal array at certain frequencies is always located in
the P,,, zone, which makes it possible at precisely
these frequencies, due to coherent combination of sig-
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nals at the array aperture, to increase the interference
immunity and eliminate shifts in bearings [4, 5].

When the receiver elements are placed in the P,
zones, large gradients and jumps in the phase differ-
ence, changes in the direction of the vertical compo-
nent of the OVYV, and changes in the angles of arrival of
both the OVV and EPW to the reception point are
observed. In the P,;, zone, the angles of arrival can
vary within the limits of £x, and these changes can
have a jumplike character, corresponding to the
description of the field behavior near singular points of
the phase front [9, 14—16]. However, when solving
practical problems, these jumps and variations in
direction are insignificant, because at frequencies
where the P,,;, zone forms, signals from a low-noise
source cannot be detected due to additive and multi-
plicative interference. As a result, studies of the field
characteristics in the P,;, of the SP are predominantly
of theoretical interest. The reason for this is also
because when an array or part of it is located in the
P, Zzone, not only a decrease in the signal/noise ratio
should be expected at single receivers, but also a
decrease in the array’s axial concentration coefficient,
which is conditioned by unpredictable and large signal
phase gradients in this zone. As a result, there should
be a reduction in interference immunity and the bear-
ing estimates should deviate from true values.

The features of the field in the P,;, zone can be
used not only for a large signal/noise ratio, e.g., to
check the adequacy of acoustic bottom models or to
solve various measurement problems, since localiza-
tion of the zones of minima and the field characteris-
tics in these zones are “especially sensitive” to varia-
tion in the hydrophysical conditions in the waveguide
[16]. Note that to solve these problems, four-compo-
nent vector-scalar receivers can be recommended,
which simultaneously record the horizontal and verti-
cal projections of the velocity vector.

Based on these results, it is necessary to carry out
theoretical and experimental research of the complex
field characteristics SP, V,, V, and V and the phase
gradients in P, zones. The presence of these zones,
which always exist in the field of a wideband signal,
makes it possible to efficiently solve problems of
detecting and estimating the parameters of a sound
source. In such zones, the EPW angles of arrival in
large spatial intervals are constant and close to hori-
zontal, which makes it possible to accumulate signal
power for a long observation and tracking time.

The gradual dependence of the phase gradients on
the location depth of a source in the vertical plane
makes it possible in zones of interference maxima to
successfully apply vertical arrays, particularly, vector-
scalar ones. However, it is necessary to take into
account the probable change in the EPW angle of
arrival and variation in the signal/noise ratio.

It should also be noted that the real parts P and V,
are in-phase. The phase of the total OVV also virtually
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coincides with them if |V}] > |V. For this same reason,
in the intervals Az, when |V}| > |V, the EPW and OVV
angles of arrival differ by no more than 10°—12° (or
they coincide). The substantial variability of the vec-
tor-scalar field characteristics depending on the
depths of the emitter and receiver, as well as the dis-
tance and sound frequency, make it possible to draw a
conclusion on the need to predict and experimentally
study the mentioned characteristics in order to opti-
mize signal processing by both horizontal and vertical-
scalar or vector-scalar arrays.

The prediction results are recommended for
increasing the interference immunity of detection and
decreasing the shift in bearing during generation of the
DC in shallow water using towed or stationary (e.g.,
bottom) horizontal scalar or vector-scalar arrays—
when the emitters (noise sources) are located at differ-
ent depth levels. The individual results of calculations
can also be useful for optimizing shallow-water sound-
ing modes of vertical emitting and receiving arrays,
which form spatial channels or modes with given num-
bers in the waveguide.
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