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Abstract:- The propagation loss varies with underwater channel conditions which might considered to be random
phenomena. Modeling propagation loss will become meaningful iff mathematical model includes parameters namely viz
projector's transmit voltage response (TVR), hydrophone's open circuit receiving response (OCRR), directivity patterns of
both, channel parameters such as salinity, temperature, pressure, enclosure boundary conditions along with placements of
Tx & Rx nodes & their operating frequency. To best of our knowledge, existing simulators are unable to trace eigen rays
for very short range i.e. less than 0.1 km and therefore they are not suitable for computation of such short-range
propagation losses. We have made an attempt to overcome limitations of existing simulators wherein we proposed
mathematical model SWARA which includes parameters as mentioned above to study very short-range propagation losses
using plane wave theory. To validate simulated propagation loss, we conducted tank trials at UWAA Lab, CARE, IIT Delhi
to investigate effects of placements of projector & hydrophone on occurrence of transmission loss. The Simulated results of
SWARA mathematical model shows that simulated maximum transmission loss is -0.18 to 0.10 times experimental
maximum transmission loss, whereas simulated minimum transmission loss is -0.36 to 0.19 times experimental minimum
transmission loss for placements of projector (ITC 1042) and hydrophone (Keltron 8240000001) at depths varying from
0.3m-1.2m & range varying from 2m-3.2m in uw tank facility of 3.85m long 2.4 wide 2m deep for 30kHz chirp signal (10kHz
bandwidth) under static channel conditions.

Keywords: Eigen ray, Far field analysis, Mathematical model, Path loss, Multipath interference effects, Plane wave theory,
Propagation loss, Shallow water acoustics, Transmission loss, Underwater acoustics, Underwater tank.

L INTRODUCTION frequency depends on amount of absorption happened at
operating frequency (kHz). Transmission BW is selected as per
theoretical upper bound set by Shannon's channel capacity
theorem. Whereas transmission power is adjusted desired
Signal to Noise ratio (SNR) level greater than noise level to
meet the requirements of successful transmission at range 'r' m.
Therefore, there is need of 1. Characterization of underwater
acoustic (uwa) channel using CTD instrument at Tx/Rx nodes,
2. Registration of channel conditions at Tx/Rx nodes, 3.
Analysis of propagation loss for acquired channel conditions at
Tx/Rx node, 4. Selection of optimum transmission frequency,
bandwidth (BW) & power to fulfill the successful transmission
& reception.

When acoustic signal travels from one point to another,
there is an occurrence of transmission loss (TL) which reduces
overall strength of acoustic signal at receiver end. This
transmission loss is modeled in terms of path loss, which is
function of absorption, spreading, scattering, reverberation,
reflection, refraction, diffraction happened along the traveling
of path in given uw channel. It is necessity of any robust
propagation model that adopt real-time channel conditions
along with transmitter & receiver's properties to build accurate
propagation loss which can be used as basis for evaluating
performance metrics of deployed nodes.

The accurate prediction of propagation loss minimizes cost of
experimentation required to test researcher's hardware,
prototype, or design or to test performance metrics of
communication protocols or network to improve network’s
throughput & reliability. To achieve this, we require design of
environment aware protocol which can adjust parameters of
excitation signal as per the need of uw channel's time and space
variations. The parameters are mainly transmission frequency,
bandwidth (BW) & power. The choice of transmission

Shallow water exhibit higher propagation loss due it's varying
nature of channel boundaries. Hence occurrence of propagation
loss is more due to higher rate of change in reflection &
refraction coefficients of path reaching towards receiver.
Whereas in deep sea water, propagation loss is moderate due to
slower rate of change in reflection & refraction coefficients.
Hence nature of boundary enclosure plays important role in
adding propagation loss at receiver side.



Depending upon state of channel conditions modeling
approach is changing. Nowadays, most of authors are trying to
develop computationally efficient models which delivers
closed approximations of simulated estimates of propagation
loss compared to real-time experimental propagation loss for
assumed channel condition. In last 20 years, following are
standard propagation models used for studying propagation
losses as 1. Ray tracing 2. Normal mode theory, 3. Green’s
function, 4. Parabolic equation & 5. Plane wave theory. All 5
models are derived from homogeneous Helmholtz equation.

Ray theory gives an insight of how source energy is
propagating in given uw channel. Where the analysis of
propagation loss is done in two parts 1. By considering fan of
all rays of source. Let's consider an Omni directional source
where one can study range dependent propagation loss & 2. By
considering selected windowed region among all fans of rays
(termed as eigen analysis) which aims at depth dependent
propagation loss [1].

This theory has advantage that it delivers a ray trace in static as
well as in dynamic channel conditions by including source
directionality. But for range dependent analysis, in order to
produce reasonable energy, spread of source, ray computations
performed at all ranges up to receiver range which increases its
time complexity as no of channel parameters are changing wrt
time. Also, it is applicable only for high frequency
approximations, which means that the rate of change of
boundary should be as slow as possible as compared to
wavelength of source operating frequency (i.e. high frequency)

[2].

Normal mode is method of separation of Helmholtz equation in
to one dimensional depth & range equation. It is expressed as
sum of discrete normal modes with one or more branch
integrals for assumed vertical stratification & cylindrical
symmetry of uw channel. One dimensional mode will be giving
loss analysis of surface-bottom going rays of higher wave
number whereas branch integral will be giving loss analysis of
steeper rays of lower wave number [3].

The normal modes are calculated by choosing trial values of
horizontal wave number & Runge-Kutta numerical approach.
This theory is applicable for short range applications and
adiabatic approximations (slowly varying)/(where the sound
velocity profile (SSP) remains constant or slightly varying wrt
range & depth ). It includes effects of changing SSP, boundary
enclosure, and water properties to evaluate transmission loss at
receiver end [3].

Green's function provides complete solution to Helmholtz
equation for channel comprises of mixed liquids & solids using
Hankel transform at any range including near field. The
limitations of this theory are 1. It can be applied to horizontally
stratified medium 2. It takes more time for computation of
propagation loss [4]. Parabolic equation approach overcome
the limitations of Green's function by considering effects of
horizontal variation of SSP wrt depth & provides closed
approximation to 3-dimensional modeling of transmission loss

[4].

Plane wave theory deals with far field analysis of sound wave
travelling in direction let say 'x' where sound pressure or
intensity is calculated at distance greater than 3 times a
wavelength (far field distance) from source. For plane wave
propagation in direction 'x', sound pressure and particle

velocity in other directions ( y & z ) are assumed in phase so
that overall sound pressure or intensity depends on one spatial
variable (i.e. x in this case) at a time. Therefore 3D-Helmholtz
equation is simplified to 1D-Helmholtz equation to represent
sound pressure or intensity as a function of direction of
propagation X' & time 't'. Thus, time complexity gets reduced
as compared to conventional ray theory and normal mode
theory. This theory is applicable to static tank channels where
the properties of channel are not changing much wrt time [5].

From available literature, we found that empirical models are
easily verified than advanced models because it is impossible
to measure all channel parameters (such as salinity,
temperature, pressure, water density, boundary conditions,
wind speed, ocean currents, noise ) using equipped sensor
facility at Tx/Rx nodes & also it is difficult to validate its
applicability in order to fulfill all channel conditions demanded
by advance propagation model. Whereas in case of empirical
model, it is possible to validate its applicability because the
experimentation is carried out in controlled environment &
measurement task is manageable due to limited no of channel
parameters demanded by empirical model than advanced
model.

Therefore, there is a scope for development of new empirical
model : Shallow Water Acoustics for Random Area (SWARA)
which adopts 1.channel's physical properties, 2.source &
receiver's properties & 3.noise properties to identify optimum
placements of projectors & hydrophones in tank by applying
plane wave theory. It delivers brief idea about quickly setting
up preliminary testing environment without doing actual
deployment of nodes which minimizes cost of experimentation
in terms of involvement of time, human resources, & money.
Such model is required at sonar operational sites, where
performance of any sonar systems critically depends on
prevention of TL especially in case of shallow water
applications.

This paper proposes new mathematical model: SWARA in
Section II, applicable for studying underwater propagation
losses of Indian tank channels. Plane wave theory is used for
modeling these uw propagation losses. The simulation of
propagation loss is modeled for all possible depths and range
placements of projector and hydrophone, to find optimum
placement where channel performance can be improved.

In Section III, methodology of path loss calculation is
explained. Section IV, analysis of simulation performed using
SWARA Matlab code is explained. The study is applicable for
small size rectangular tank of size 3.85m long 2.4m wide and
2m deep. In section V, verification & validation of simulated
transmission loss is discussed. Section VI describes
comparative analysis & observations of simulated &
experimental results of TL followed by Section VII,
conclusion.

IL. MATHEMATICAL MODEL SWARA OF
TRANSMISSION LOSS USING PLANE WAVE
THEORY

Shallow water channel has its own significance due to its
randomly varying (temporal and spatial) nature. It behaves like
waveguide structure for uw tank channel where acoustic signal
radiating from source spreads out spherically at receiver which
is located at distance less than depth of uw tank whereas signal
spreads out cylindrically for receiver which is located at a



distance more than depth of uw tank. For static channel
condition, sound rays radiating from source are travelling
straight due to no change in SSP among water layers of uw
tank. These rays are normal to the wave fronts & are travelling
in direction of propagation of the wave fronts as shown in
figure 1 below.

The propagation of acoustic wave in water is governed by
the laws of fluid mechanics and is described using plane wave
theory as below. When source radiates at frequency f, kHz. The
wave fronts are travelling in all directions with particle velocity
U, m/s. U, is particle velocity in radial direction from source
acoustic centre. In far field, (Kr >> 1) the force gets exerted on
another consequent water particle and its motion will follow
law of conservation of momentum. let say between Kr (wave
number for distance coverage of 'r' m) & Kr+AKr the sum of
forces acting on water element is equal to change of momentum
as shown in figure 1 above.

du,
(Ps)kr - (Ps)kr+Akr =Ps ?Akr (l)

P is acoustic pressure; s is area of an infinitesimal water

., dup . .
element. The rate of change of velocity d—tr is described as

dUp _ 0Us | 09Uy okr @
dt ~ at ' akr ot

ﬁr is particle velocity of water which is rate change of
displacement wrt time hence we can rewrite above equation as

dur AU, | AU
—r _“7r , Tr 3
dt ot  OKr T e

Note that above expression is referred as Lagrangian
description for motion of a mass of water element at Akr. Now
more precise momentum balance can be expressed by Euler
description as

DU,

4 Dpwu,
__p=_U=pD_t 4

OKr Dt

p is total acoustic pressure given by addition of static pressure
Psta With fluctuating pressure pyg. induced by small

fo
P
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Fig. 1. Relation between force & motion of water element in tank expressing
balance of momentum

fluctuations of water particles. Whereas p is total water density
given by addition of static density pg;, & fluctuating density

Pfic-

5=t U 5)

D . o
oo iS called as total derivative where first term represents rate of

change wrt time and second term represents change wrt space
as sound moves along 'r' with velocity U,.. For uw channel, tank
static pressure pg, & density pgy, do not vary much in space &
time as compared to sea channel states. Then equation (4)
becomes

opflc __ au
W: = Psta a_tr (6)

this proves that change in acoustic pressure pg. across small
distance kr causes water element of unit volume pg, to move

. . U . .
with acceleration a_tr' This equation generally referred as

linearized Euler equation which states that change in
fluctuating pressure makes water particle to move. Using
conservation of mass principle (relation between density and
fluid particle velocity) & from equation (4) & (6) we get

apﬂ _ au
6tc - _pstaa_K: (7)

which represents relation between water fluctuating density
(pac) and water particle velocity (U,.) which implies higher
compression rate in time makes a steeper negative velocity
gradient in space. From laws of thermodynamics change in
acoustic fluctuating pressure causes change in water fluctuating
density and its entropy.

b= =c,’ ®

Pflc  Psta

Blk is bulk modulus of water, C,,is speed of sound in water
medium. Above equation expresses how fluctuating acoustic
pressure relates with fluctuating water density. It states that
speed of propagation depends on the characteristics of the
medium. Hence from equation (6), (7) & (8) we obtain

azpﬂc: 1 9%pac (9)
02Kr  Cyw? 9%t

which represents general one-dimensional wave equation of
sound. This states that plane wave theory simplifies 3-
dimensional wave equation to 1 dimensional wave. Source type
is omnidirectional and therefore spherical coordinate system
will be more convenient for pressure calculations in far field.
Type of coordinate system changes with type of source [6]. We
adopt spherical coordinate system conveniently to represent
pressure at any point p (X, y, z) ranged at T’ m from source in
uw tank. It also satisfies the governing equation and holds
superposition principle true for each component of spherical
coordinate system (r, ©, ¢) [6]. Considering isotropic medium,
the solution to above wave equation for a point source radiating
at frequency f; at range ' m is given by reduced spherical wave
equation as

Py = Rz elm(ghel = G)zpstaeﬁ(wt—krmn (10)
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Fig. 2. Far field intensity analysis of sound wave using plane wave theory

Py is magnitude of acoustic pressure of sound wave travelling
in direction of 'r' with initial phase ‘¢’ as a function of time t.
Dsta 18 static pressure & kr is wavelength in terms of A to cover
distance of' 'r' m.

Acoustic waves often referred as longitudinal waves where
particle velocity of medium moves in direction of propagation
of sound wave fronts. These wave fronts are in spherical shape
initially (Kr~1) and later becomes plane in far filed (Kr >> 1)
where pressure amplitude decreases by factor of 1/R due to
spherical spread of sound which implies sound pressure is
inversely proportional to distance from source in far field
[7].Consider Omni directional point source with input power
W watts radiates sound in all directions with same intensity at
distance 'r' m from centre of source as shown in figure 2 above.

The sound propagation is strongly influenced by structure of
channel physical aspects & geometry which consists of uw tank
sidewalls, bottom type, type of water, nature of sediment at
bottom present at the time of communication. Absorption
losses in normal water are very low for moderate range of
frequency but it increases with increase in frequency [8].
Therefore, absorption losses shall be considered for higher
frequency of operation.

The plane wave theory is applicable for finding complete
mathematical solution to acoustic wave equation in far field for
all boundary conditions. This theory includes projector,
hydrophone's properties along with channel conditions to
calculate transmission loss. The transmission loss is nothing
but difference in acoustic signal's intensity from source to
receiver as shown in figure 2 above. For effective radiation at
source, Ka should be greater than 1 in far field region (distance
greater than 31) and choice of operating frequency depends on
factor Ka (wavelength in terms of A to cover distance of 'a' m).
Then active average (mean) intensity at distance 'r' m from
source is calculated as

lle o = 5 Re{PU;}

W/m? 11)

the velocity potential at distance 't' m is given by

— U, (L) (2\ L Gewt-k(r-a) +$u)
Urry = Uo (1—jKa) (r) € wom/s (12)
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Fig. 3. Acoustic set-up with underwater tank facility
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spreading loss factor. The acoustic pressure at distance 't' m is
given by

. . . . a .
) is radiation impedance, (;) is

_ —jKa a 2 —k(r—
Pren = PwCwlUo (1—]'Ka) (;) e((wt=k(r-a) +¢p)) pgy (13)

Where p,,Cy, is characteristic impedance of channel and

(1__ijKaa) is radiation impedance. Here equation (12) & (13) are

valid if 'r' is larger than 'a’. Using equation (12) and (13) we
obtain equation (11) as

1 4 1 i(bp —
Iy = 5 P U (2) <1+( . )2) Jd@ptu)  (14)
ka
1 1 (b —
loay = > Pwlw Ug(@* (1+( 1 )2) & (Ppo~Puo) (15)
ka
therefore, we get
1 4 1
|Ir (r,t)| = E PwCw U(z) (?) (1+(L)2) W/rn2 (16)
ka

|IO (1,t)| = %pwcw U(Z) (3)4 (%) W/m2 (17)
1+(5)

where

P, : Acoustic pressure at distance 'r' m in far field

U;: Complex conjugate of water particle velocity at
distance 'r' m from source

U,: Water particle velocity at distance 1m from source
p,,Cw: Characteristic impedance of channel

Iy: Average mean intensity at distance 1m from source

% factor: Averaging intensity and
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Radiation mainly dominated by relative size of radiator (Ka)
compared to wavelength (X). The radiated sound field is mainly
governed by relative distance (Kr) from radiator compared to
wavelength of interest (A) [9]. Therefore, in order to study
propagation of sound wave in 3-dimensional space one should
understand the transmission & reflection phenomena at
boundaries (surface, bottom & sidewalls) of uw tank.

Whenever there is change of medium occurs it gives
impedance mismatch which further leads to mismatch in
amount of reflection & transmission of pressure or energy
bouncing on flat surface of discontinuity. Consider tub shaped
rectangular uw tank of size (surface : 4.05m x 2.6m x 2m &
bottom : 3.85m x 2.4m x 2m) shown in figure 3 above. Where
an Omni source radiates at frequency f, kHz with supplied
input power of W watts in all direction then sound rays are
travelling from source to receiver with several multi-paths.

In this modeling, we considered only eigen paths which are
dominant multi-paths reaching towards receiver proximity.
Now such paths are grouped in 6 types as below. At eigen ray
travelling from source to receiver via surface (water-air)
boundary will lead to occurrence of VT N,NN paths & via
bottom (water-concrete bottom) boundary will lead to
occurrence of V,NT,NTNT paths as shown in figure 4 below.

When acoustic signal travels from source to receiver through
any of above mentioned eigen paths, at surface or bottom
boundary we assume velocity of water particles must be
continuous so that resultant velocity due to incident and
reflected pressure wave must be same as that of transmitted
pressure wave. The pressure and velocity continuity equations
can be written as

Pinc + Preir = Prrans (18)

Uinc = Urert = Utrans (19)

Where P, is incident pressure wave, P,¢jf is reflected pressure
wave, Pians 18 transmitted pressure wave. Similarly, Uj,. is
incident particle velocity, U..q is reflected particle velocity and
Uirans 18 transmitted particle velocity. The minus sign arises
due 180° phase shift occurring every time when path bounces
off from surface, bottom & sidewalls of uw tank [10]. Where

acoustic pressure is a scalar quantity and it does not depend on
direction of propagation whereas water particle velocity is
vector quantity therefore we must consider direction of
propagation. Applying plane wave theory to equation (18) we
can write for surface boundary:

Pinc

Preif _ Ptrans (20)
Zw  Zw Za
similarly for bottom boundary:
m Preif — Ptrans (21)
Zw  Zw Zp

where Zy, = pwCw , Za = pPaCa & Zy = ppCy are far field
characteristic impedances of water, air & bottom respectively.
Now reflection coefficient for surface & bottom discontinuity
is defined by taking ratio of P./P.e Therefore, from
equation (20) we get reflection coefficient for surface
discontinuity as

Zy-1Z
Rwa= a—tw
Zat+Zyw

(22)

and reflection coefficient for bottom discontinuity as for
convenience we denote Ry, as R;o and Ry, as Ry5.

_ Zp—Zy
Zy+Zy

(23)

wb

Where R;, & Ry, are reflection coefficient for surface and
bottom discontinuity defined from oblique wave impedances of
water-air & water-bottom respectively.

SWARA model considers specular reflection phenomena to
analyze angle-based transmission loss of only those eigen paths
which are reaching to receiver proximity. This method saves
computation time and need not require calculating transmission
loss at every angle like existing simulators does. Also, In order
to simplify the implementation of the simulation code, several
assumptions are made about the environment (uw tank
channel) as below.

1. The water of uw tank is homogeneous, isothermal,
isotropic & non viscous. We assume that there are no
such layers present of differing temperatures,
salinity, pressures, or sound speeds in both horizontal
and vertical water columns.

Sound pressure fields are uniform in far field.

3. No skimming is handled in the simulation code at
this time.

4. The source & receiver are stationary while sending
and receiving acoustic signal.

5. No another source of noise and obstacle is present in
between or around source & receiver placements.

6. Only ambient noise due to platform will be present &
its effects will be considered.
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TABLE I: TABLE OF CRITERION OF SURFACE AND BOTTOM REFLECTION
COEFFICIENT

Table of Criterion

1. Surface Reflection Coefficient R,

Boundary Snell's Law
Conditions Condition Formula For Reflection Coefficient
R, = (pa' Ca- cOseinc ~ Pw: Cw- cosereﬂ)
Binc < Osc 107 (pa. Ca. COSBine + Pus Cp- COSB epy)
24
At Water To (24)
A R (m. cosBj, — iy/sin?0;, — n?)
ir Binc > 6 =
fme m mse 7 (M. cosyy, + iy/5in20;,, — n?)
Interface (25)
(Surface) m= (&) <1
Pw
2
C
2 a
=(=)<1
0= ()
2. Surface Reflection Coefficient R4,
R = (m. cosBj,, — iy/n? — sin?6;,.)
Oinc < B 7 (m.cosy,, + iy/nZ — sinZ8;,,)
(26)
_ Pv
At Water To m= (p_) >1
w
Bottom
<
Interface n?=(3)>1
CW
(Bottom)
R.., = (pb- Cp- COseinc — Pw:Cw- gr)
Binc > B 27 (pp. Cp- COSBine + Puy- Cov- Er)
@7)
C\2
gr = [(C—b) .sin%0;,, — 1]
w

To study sound propagation in uw tank we applied Snell’s law
at flat interface [11]. Therefore, incident pressure wave which
is bouncing on flat interface with any arbitrary incident
angle 0;,. satisfies linear wave propagation in all three
mediums (i.e. air, water & concrete bottom) of uw tank. Total
internal reflection occurs for 8. < B¢, Binc > B, Bine <
Opc, Oinc > Oy Where Og.is critical angle for surface interface
and Oy, is critical angle for bottom interface. At 6, = 65 &

Binc = Oy total internal reflection gets failed and hence snell's
law is not applicable to analyze the transmission of pressure
wave for such condition. The region of applicability of snell's
law to fulfill specular reflection is shown in figure 5.

For uw tank, interface will be either water-air interface or
water-concrete bottom interface. The values of reflection
coefficient R;q & R, are defined by applying snell's law with
oblique incidence and are stated in table 1 above [12].
Therefore, when sound pressure wave meets at any surface or
bottom interface it gets reflected and transmitted as shown in
figure 5. Degree of reflection & transmission totally depends
on characteristic impedance of mediums [13].

1L METHODOLOGY FOR CALCULATION OF
PATH LOSS ATTENUATION FOR MEASURED
CHANNEL CONDITIONS

To calculate transmission loss for each eigen path we followed
steps as below:

1. To consider a scenario of projector & hydrophone are
to be placed at equidistant depths ‘Z’ m at range ‘r’ m.

We considered placements of source and receiver as per table
IIT shown below. Here we chose placements in such a way to
avoid near field effects.

2. To apply initial boundary conditions by measuring
channel parameters with help of instrument. The
channel parameters are as stated below.

In order to apply snell's law and boundary conditions using
plane wave theory to calculate respective reflection coefficients
we need to measure parameters such as salinity, temperature,
pressure, fluid density of water and air with help of available
equipments at UWAA lab. The measured channel parameters
are as below:

m m m
¢ =343, ¢, = 1500, ¢, = 3000,

kg kg kg

Pa = 103$,pw = 10005"”’ = 2400E

3. To Identify the reliable multipath reaching towards
receiver proximity for given placements of
combination of projector & hydrophone.

We applied trigonometric relations to get incident angle
0;ncs Of first reliable eigen path of surface interface as given
below

Oincs = 90" — Of1as (28)
4 (d
B = tan 1(732) (29)

r: distance between projector & hydrophone (m), das: distance
above source placement (m) Similarly, we obtain
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theorem
Binch = 90" — Opap (30)
_, (db
By = tan 1(725) (1)

dbs: distance below source placement (m), 0j,cp: incident
angle of first reliable eigen path of bottom interface of uw tank.
Now once we get 0,5 and 6;,., then we calculate incident
angles of remaining all reliable eigen paths reaching towards
receiver proximity from equation given below

; _ dbs
r= tan (la) (32)
n _ das

" tan(la) (33)

where for surface interface, range of launch angle starts from
8.5 to 89° and for bottom interface it starts from Og,p, to 89°.
From all these combinations of launch angles we select only
those launch angles which satisfies following equation

20 +r') =r (34)
this formula optimizes selection of reliable eigen paths
reaching towards receiver by providing selected combinations
of incident angles using equation (28) and (30) for given
assumed combinations of projector & hydrophone placements
in uw tank as shown in Figure 6.

3.1 To decide surface & bottom critical angle (85. & By,c)
using Snell’s law & calculated path length of each
eigen path using Pythagoras theorem.

Here critical angle for surface is given by formula

8, = sin? (CC—W) ~13° (35)

critical angle for bottom is given by applying snell's law [14]
as below

O = sin~* () = 30°

b

(36)

3.2 To compute surface reflection -coefficient for
VT N and NN paths & bottom reflection coefficient
for V,NTand NTNT paths.

once we identified VT, N, NN paths based on incident angles
obtained from equation (28) to (33) we calculate the path
lengths using Pythagoras theorem and trigonometric formulas
using equations below.

plyr = 2+/das? +r'? (37)
ply = 2 [(\/dasz + r’z) + (\/dbsz + r”z)] (38)

plnn = (m) 2 [(\/m) + (\/m)]

(39)

Here we considered placements of projector and hydrophone at
equidistant depths therefore for bottom case, path lengths for

V,NTand NTNTpaths can be obtained using equation
(37),38),(39) as

ply = 2vdar2 +r’? (40)

plyr = 2 [(\/ dar? + r’Z) + (\/ dbr? + r"z)] 41

plyTyT = (ﬁ) 2 [(\/ dar? + r’z) + (\/ dbr? + r”z)]

(42)

for equidistant placements of nodes das = dar & dbs = dbr
for above path lengths. where das is distance above source
(projector) , dbs is distance below source, dar is distance
above receiver (hydrophone) , dbr is distance below receiver

as shown in figure 4.
4. To compute path amplitude factor of each eigen ray.

When any eigen ray travels from source to receiver it bounces
from any of boundary (either surface or bottom or sidewalls) of
uw tank then part of energy gets reduced by factor of paf[15],
path amplitude factor denoted by and is calculated by
2

Pafn = (5) (Rio)™(Ryp)" (43)
a is source radius , pl is path length, and m & n is the order
of multipath where respective path has taken finite no. of

bounces from boundary. The path amplitude factor plays
important role in increasing transmission loss of wave



travelling from source to receiver. Greater the paf greater
propagation loss.

5. To compute pressure at distance ‘r’ m from rim of
source.

Since hydrophone is calibrated in terms of output voltage for
an incident sound pressure fields reaching at receiver
hydrophone at time t;. Overall pressure filed at receiver
hydrophone distanced by ' m will now become

PTotal (r,ti)2 = er:ir; Pk 2 (I‘, t— ti) (44)
Where nop is finite no of eigen paths reaching at receiver at
time t;. Here maximum value of nop will be 4 and minimum
will be 2 depending upon interference of sound pressure fields
coming from top, bottom or sidewalls of uw tank. Equation 44
represents coherent pressure fields. If two or more pressure
waves of same frequency and different phase reaching at time
t; at receiver then overall semi coherent pressure fields at will
now become

l)Total (r,ti)2 = ZEZ]; l:)k Z(r’ t— ti) + nop [(Pnop (I‘, t—
t;)P (nop-1) (rt—t) ... P nop-(nop-1) (rt—
ti)) . (cos((Z)nOp —

Qnop—l renasen _Qnop—(nop—l)))] (45)

& incoherent pressure fields will become as equation no (44)
[16]. Therefore, using equation (13) we get cumulative
pressure Prq.r,)as

2 —j .
Pr(r,t) - (é) (Rlo)m(Rlz)n PwCwUo (1_];:‘3) e((wt-k(r-a) +dc)) pgy (46)

6. To compute water particle velocity at distance ‘t’ m
from rim of source we use equation (12).

Uygey = Up (22 (3)2 cUWkT-) +0u) m/s (47

1-jKa r

7. To compute acoustic intensity at a distance ‘r’ m from
spherical Omni-source

Using equation (46),and (11) we obtained intensity at distance
'r m from Omni source radiating at frequency

ol = 2(3) Ri)™R12)" (p, c0)U3 (ﬁ> w/m?  (48)

Similarly intensity distance 1 m from Omni source is given by

ool = 3 @*(Pyeu)U3 (_)) w/m? (49)

+(

To compute path transmission loss (in dB) of respective eigen
ray.

I
Thsimutatea = 10 10g10 (22) (50)

Ir (r,t)

this formula is used to calculate propagation loss for each
combination of placements of Tx & Rx nodes [17]. The
combinations at which placements of projector & hydrophone
are kept for given channel conditions is shown in table III .

V. SIMULATION ANALYSIS OF MODELLED
TRANSMISSION LOSS USING SWARA PATH
LOSS MODEL

Using channel conditions stated in Table II we developed
SWARA path loss model to simulate transmission losses at all
possible placements of projector and hydrophone in uw tank
facility of UWAA lab IIT Delhi as shown in table III. Using
equation (28) to (50), we designed SWARA Matlab code to

TABLE II: PLACEMENTS OF PROJECTOR AND HYDROPHONE SELECTED FOR
SIMULATION ANALYSIS USING SWARA PATH LOSS MODEL

Combination Range Pr Depth Hd Depth

Index (m) (m) (m)
1 2 0.3 0.3

2 2.5 0.3 0.3

3 2.85 0.3 0.3

4 2 0.5 0.5

5 2.31 0.5 0.5

6 29 0.5 0.5

7 3 0.5 0.5

8 23 0.5 0.5

9 25 0.5 0.5
10 2.6 0.5 0.5
11 32 0.5 0.5
12 2 0.9 0.9
13 2.3 0.9 0.9
14 2.3 1.2 1.2
15 2.6 1.2 1.2
16 29 1.2 1.2
17 32 1.2 1.2

model effect of placements of source & receiver on occurrence
of transmission loss which is stated in table IV below. SWARA
Path loss model will be able to deliver following analysis as
mentioned below:

Using SWARA path loss model we can study 1.Overall
contribution of surface, bottom & sidewalls in occurrence of
transmission loss, 2. Distribution of incident angle, 3.
Distribution of surface and bottom reflection coefficients, 4.
Path amplitude factor distribution, 5. TL Distribution, 6. Delay
arrival, 7. Intensity distribution, 8. Power delay profiles of each



multipath, 9. Finite no of paths available for every possible
choice of placements of source and receiver.

In this paper we are dealing with effects of change in
placements of source and receiver on overall transmission loss
as shown in table IV. Where minimum transmission loss is loss
occurred due VT paths. These paths are derived from SR
category of paths. Notion of SR is termed as surface reflected
paths and BR is termed as bottom reflected paths [18].

The VT and V paths are occurred due to sidewalls of uw
tank.Such paths are derived from LHSDWLR & RHSDWLR
category of paths where notion of LHSDWLR is termed as path
reflected from left hand sidewall of tank & RHSDWLR is
considered as path reflected from right hand sidewall of tank.
Now minimum transmission loss is calculated from collective
pressure of all possible paths both VT and V reflecting from
surface, bottom & sidewalls using equation (44).

Similarly to calculate maximum transmission loss, SWARA
path loss model will use equation (45) to (50) to calculate
collective pressure of all possible paths both NN and NTNT
reflecting from surface, bottom & sidewalls. Depending upon
scope of interest we can further include -effects of
N and NTpaths reflecting from surface, bottom & sidewalls to
study time dependent transmission losses same as above. It

TABLE IIT: MODELED TLS FOR DIFFERENT PLACEMENTS OF PROJECTOR AND
HYDROPHONE USING SWARA MATLAB CODE

is observed that simulated transmission loss given by SWARA
path loss model ranges from 12.48 dB to 88.51 dB for depths
varying from 0.3m to 1.2m & range varying from 2m to 3.2m
for measured channel conditions mentioned in table II as above.

Our aim to verify & validate these modeled transmission losses
given by SWARA Path Loss Model. To conduct experiments
for verification & validation of simulated transmission loss
stated by SWARA path loss model for given placements of
nodes (depths & range) in underwater tank, we required
following resources such as

1. UW tank 2. Projectors 3. Hydrophones 4. Pre/Power
Amplifiers 5. Power Supply 6. Data Acquisition Card 7. BNC
Connectors 8. Co-axial Cables 9. PC 10. Simulation Tools to
set up an experiment for doing analysis of simulated results
mentioned in table IV. The design of SWARA path loss model
is proposed for studying the underwater propagation losses of
an Indian tank channels. The plane wave theory is used for
modeling propagation losses of acoustic signals.

The transmission loss is analyzed for different depth and range-
based placements of projector and hydrophone, in order to find
the optimum node placement where the channel

TABLE IV: MEASURED CHANNEL CONDITIONS ON JANUARY 23,2019 USING
CTD INSTRUMENT AT UWAA LAB IIT DELHI
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A Simulated Simulated Range of Sr. No Parameters Values
Combination .. . .
Index Minimum Maximum Simulated
TL (dB) TL (dB) TL (dB) 1. Depth of Channel 1.8 m
1 12.48 82.46 69.98 2. Temperature of Water 20 Degrees
5 17.04 743 5726 3. Salinity of Water 0.5 ppt
4. Speed of Sound in Water (Cy,) 1485 m/s
3 18.41 88.51 70.1
5. Speed of Sound in Air (C,) 343 m/s
4 13.71 82.46 68.75
5 16.32 85.05 68.73 6. Speed of Sound at Bottom Surface ( Cy,) 1700 m/s
6 19.49 69.9 50.41 7. Density of Air ( p,) 1.03 kg/m3
7 20.4 70.44 50.04 8. Density of Water ( py,) 1000 kg/m3
8 16.32 84.82 68.5 -
9. Density of Bottom (py,) 2400 kg/m3
9 17.05 86.33 69.28
10. Fluid particle velocity at 1m from source 2.1e-10 m/s
10 17.82 74.87 57.05
Uo)
11 21.36 70.15 48.79 11. Type of Projector ITC 1042
Transducer
12 17.19 82.46 65.27
12. Source Radius 17.7mm
13 18.63 84.82 66.19 - —
13. Transmit Voltage Sensitivity 127 dB @ 30 kHz
14 16.3 84.82 68.52
14. Type of Hydrophone Keltron
15 18.12 86.9 68.78 Transducer
16 20.22 69.91 49.69 15. Receiving Sensitivity -178 dB @ 30
kHz
17 20.99 71.14 50.15

performance can be improved especially for Indian shallow
water tanks. The simulation is performed for small size




rectangular tub shaped tank set up of 3.85m long 2.4m wide

and 2m deep.
V. VERIFICATION & VALIDATION OF
SIMULATED TRANSMISSION LOSS WITH
HELP OF TANK TRAILS CONDUCTED AT
UWAA LABIIT DELHI

The above-mentioned resources were available at UWAA lab
of CARE, IIT Delhi. Therefore, we conducted tank trials from
7th January to 28th January 2019 to verify & validate simulated
results of SWARA path loss model.

Pre-Processing @ Input Signal | Power b Projector el  Underwater
Amplifier Channel
4 . 3
Power Supply | NIDAQ
Voltage System
v ¥
Post-Processing l¢] Received |4 Pre-Amplifier [ Hydrophone [ Noise
Signal

Fig. 7: Experimental set up

For planning experiments, we have followed steps as below.

1. To identify the underwater acoustics lab equipped
with acoustic communication set up to perform

planned experiments

UWAA lab equipped with 1. UW tank of (3.85m X 2.4m X
2m) 2.Projector : ITC 1042 Omni-directional 3.Hydrophone :
Keltron Uni-directional 4.Pre/Power Amplifier : Keltron
5.Power Supply : 5V DC Keltron 6.DAQ Card : NI PCI 6110
7.BNC Connector : NI 2110 8.Co-axial Cables : RG-7 (50 Q)
9.PC : Intel Xeon V3 @3.60GHz x64 with 32 GB RAM
: Matlab 2017b, LabView 2018. The
whole set up comprises as shown below in Figure7.

10.Simulation Tools

To investigate transmission losses, we designed chirp signal at
30 kHz center frequency (of 10 kHz bandwidth) & sent from
projector (ITC 1042) to hydrophone (Keltron) at mentioned
depths table III. These projector & hydrophone are connected
to PC through BNC connectors (NI BNC 2110) along with 10m
long coaxial cables (of 50 Q impedance).

At hydrophone, signal is acquired at sampling rate of 240 kHz
(through NI PCI 6110 DAQ) and is further processed using
Labview & Matlab simulation tools. The power amplification
is performed in transmitter side & pre amplification is
performed at receiver side depending upon channel conditions
(calm, moderate, drastic).

2. To identify depths & ranges at which the experiments

are to be performed.

The selection of depths & ranges is decided as per table III.
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3. To measure the channel conditions we have used the

thermometer and CTD instrument.

By applying snell's law and boundary conditions using theses
channel parameters to calculate values of reflection coefficients
for SWARA path loss model as shown in table II.

4. To identify the source & receiver & their operating
frequency range to be used for experimentation.

We used ITC 1042 as projector to send acoustic signal from
source to receiver. At receiver we used Keltron 8240000001 as
hydrophone to record signals sent from source. The operating
band of projector is from 1kHz to 120kHz and for hydrophone
is 20kHz to 40kHz. Therefore, the operating frequency should
be selected within 20kHz to 40kHz. The identified centre
frequency for source's excitation signal is 30kHz with BW of
10kHz (25kHz-35kHz).

5. To identify & design the type of signal to be used for
establishing acoustic communication between source

& receiver.

We designed linear quadratic chirp signal of 5V peak amplitude
at center frequency 30 kHz with bandwidth of 10 kHz referred
from [19]. This excitation signal is sent from projector to
hydrophone at mentioned depths in Table III. Chirp is
a sinusoidal signal of frequency f. where this frequency
increases or decreases over time. The relationship between time
and frequency is expressed with a polynomial expression
depending upon type of signal (Linear, Log, Exponential).
Chirp signals are employed for data transmission schemes due
to its advantages [20] such as

5.1 Tt includes flat amplitude spectrum with independent
scalability both in time & frequency domain.

5.2 It includes wide range of frequencies over short
interval of time which eliminates influence of low

frequency (biological) signals.

5.3 More than 90 percent of energy is present in chirp

BW.

5.4 Auto correlation properties of chirps are similar to

Impulse response function.

5.5 Shortening of pulse won't affect on general benefits of
chirp signals hence pulse compression can be utilized

in chirp signals.

5.6 Better Identification of channel impulse response in

noisy channel conditions.

5.7 ldentification and characterization of transmission

parameters like multipath delay spread, coherence



time, coherence bandwidth through CIR wiz essential
for designing data communication through the
available spectrum.

5.8 Chirp spread spectrum is ideal for applications
requiring low power usage and needing relatively low
data rates (1 mbps or less).

It is commonly used in sonar applications as a chirp spread
spectrum technique which is resistant to multi-path fading even
when transmitter is operating at very low power. The chirp
signal design parameters are as mentioned below in table V.
The designed linear chirp signal's time domain representation
& frequency v/s time relation is as shown in Figure 8.

Time Domain hirp Signal

Fraquency vs Tima Graph of Chirp Signal

120

Amplitde (V)
Frequency (kHz)
2 2

0
@ s w0 15 Wm0 I s 100 150 W0 280300

Time {msec) Tima {msac)

Fig. 8: Time domain chirp signal and its frequency v/s time
relationship
TABLE V: CHIRP SIGNAL DESIGN PARAMETERS

Sr.No Parameters Value

1 Chirp Start & Stop Frequency 25 kHz to 35 kHz

2 Chirp BW 10 kHz

3 Probe Signal Design [Silent, Chirp, Silent]

4 Chirp Duration 100 milli-seconds

5 Silent Duration 120 milli-seconds

6 Probe Signal Duration 340 milli-seconds

7 Chirp Amplitude 10 Volts Peak-Peak

8 Sampling Rate (Frequency) 240 kHz

9 Total Sample Points of Probe 81,600 [28,800 + 24,000 +
Signal 28,800] Samples

Keltron
824000000158

ITC 1042

23 m

\ lU 5 m‘

Fig. 9. Execution of experiment for projector & hydrophone placed at 0.5m

depth & range 2.3m in channel depth of 1.8m

6. To send & record the signal using projector &
hydrophone respectively.

The execution of experiments are trailed in uw tank facility of
UWAA Lab, CARE IIT Delhi at specified depths and range
combinations as shown in table III. Tank is filled with pure
water up to 1.8m height. The average water temperature was
20°c. Power & pre amplification not is performed at
transmitter side & at receiver side because the signal to noise
ratio was favorable for such static calm channel conditions.

7. To analyze TL experimentally performed at decided
placements of source & receiver in uw tank.

To calculate Transmission loss at decided depths and range
combinations we require the intensities of sound wave at 1m
and ' m. The intensity level of sound wave transmitted from
ITC 1042 at 1m is calculated from equation given by [21]

(1

Slim = TVRgg + Vin Supplied dB

Transmitting Voltage Response

150
L ‘/\
®
% 130
o /
; 120 /
3 110
10 20 40 60 80 100

Frequency in kHz

Fig.10. TVR Response of ITC1042 Omni directional projector
(22]
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TABLE VI: EXPERIMENTAL TLS FOR DIFFERENT PLACEMENTS OF PROJECTOR
AND HYDROPHONE AT THE TIME OF EXECUTION

Combination Exp‘er‘imental Experimental Ran‘ge of
Index Minimum Maximum Experimental
TL (dB) TL (dB) TL (dB)
1 17.03 77.53 60.5
2 16.94 82.1 65.16
3 16.89 84.15 67.26
4 17.17 76.59 59.42
5 16.91 83.09 66.18
6 16.89 76.57 59.68
7 16.94 82.58 65.64
8 16.95 81.21 64.26
9 17.94 77.04 59.1
10 17.79 74.8 57.01
11 17.24 83.4 66.16
12 16.89 82.67 65.78
13 17.23 82.2 64.97
14 16.95 81.35 64.4
15 17.22 82.3 65.08
16 17.05 76.47 59.42
17 17.62 76.56 58.94

transmit voltage response of ITC 1042 at operating frequency
of 30 kHz is 127 dB as shown in below Figure 10. TVR is a
measure of relative voltage generated at a distance of 1 meter
by projector ITC 1042 for supplied 1 micropascal pressure per
1 volt. The sound intensity level at 1m distance from source is
133.98 dB ref 1pPa/1V @1m. The receiver placed at 'r' m is,
the intensity level of transmitted signal sent from source ITC
1042 is calculated from equation and given by [21].

Sl m = VRecorded aB — OCRRgg (52)
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Fig. 12. Comparison of range of simulated TLs & experimental TLs for
different placements of projector and hydrophone

The recorded voltage is wrt received pressure at distance 't' m
and Open circuit receiving response of Keltron hydrophone at
operating frequency of 30 kHz is -178 dB as shown in figure
11 below. OCRR is a measure of voltage generated at distance
™ m by hydrophone Keltron for supplied 1 volt per 1
micropascal pressure. The sound intensity level at 't' m distance
from source is 166.73 dB ref 1V /1uPa @ 'r'm for one of time
instance of recorded voltage samples of combination index 8.
Therefore equation for experimental transmission loss is
defined using equation (51) & (52) as below

TLExperimental = SIrm - Sllm (53)
Using equation (51),(52),&(53), we executed experiment of
sending linear chirp signal (of 10 kHz bandwidth) at 30 kHz
center frequency from projector (ITC 1042) to hydrophone
(Keltron 8240000001)at mentioned depths stated in table III.
The transmission loss occurred at mentioned placements of
projector and hydrophone are stated in table VI above. The
verification & validation of SWARA path loss model is proved
based on observing range of experimental TL to range of
simulated TL as shown in column no 4 of table VI and IV
respectively.

VL COMPARATIVE ANALYSIS AND
OBSERVATION OF EXPERIMETAL
TRANSMISSION LOSS WITH SIMULATED
TRANSMISSION LOSS

Overall transmission loss depends on surface and bottom
reflection, path amplitude factor, water particle velocity,
radiation and characteristics impedance as shown in equation
(47) to (50). Occurrence of TL depends on instantaneous
distribution of these factors. The table VII shows the range of



TABLE VII: CONTRIBUTION OF INCIDENT ANGLE FOR GIVEN COMBINATION

TABLE VIII: DEVIATION OF SIMULATED VALUE OF TL COMPARED

TO EXPERIMENTAL VALUE OF TL

INDEX
Incident Angle Range (Degree)
Sr.No Type of V,NT,N"NT Path:
Boundary VT N,NN Paths | ' ' aths
1 Surface of tank 48 t073 1to3
2 Bottom of tank 34 t0 62 2to4
3 Sidewalls of tank 40to 53 1to3

incident angles of eigen rays’ bounces from surface, bottom
and sidewalls to reach at receiver as below. The directivity
pattern of projector depends on its transducer equivalent beam
pattern [23]. SWARA path loss model also adopts projector's
beam pattern, directivity to select orientation of projector and
hydrophone to achieve guaranteed reception of acoustic signal
from source to destination during deployment.

Following table VII, the beam directivity pattern of projector
shall include 17°to 42° for surface bouncing and 28°to 56° for
bottom bouncing and 26°to 50° for sidewalls to reach signal at
receiver placed for all 17 combinations. Since projector ITC
1042 is of spherical beam type consists of all beams stated as
above in its directivity pattern [22].

The surface reflection coefficient plays important role in
introducing propagation loss. When a pressure wave bounces
at either surface or bottom or sidewalls it undergoes phase shift
of 180° which implies negative sign. From simulation it is
observed that for bottom boundary R, lies in range of 0.99 to
1, means maximum part of incident acoustic pressure is
reflected from surface of uw tank. Whereas for surface
boundary R, lies in range of 0.953 to 1 where part of reflected
pressure is slightly lesser than of bottom. The bottom reflection
coefficient R;, is 1 for surface, bottom, and sidewalls except
for few N and N7 paths.

The spreading loss depends on distance travelled by respective
eigen path. From simulations it is observed that path amplitude
factor increases with increase in path lengths. Minimum
spreading loss is occurred at VT and V paths. Maximum
spreading loss is occurred at NN and NTNT paths.

Path amplitude factor ranges from 1.01e-5 to 9.11e-9, 1.1e-5 to
9.48e-8, and 1.84e-5 to 9.64 e-7 for sidewalls, surface, and
bottom boundary respectively. The range of path amplitude
factor is lesser for bottom than surface and sidewalls.
Following figure 20, 21, and 22 shows above. Simulation study
shows that in overall transmission loss contribution of
sidewalls is more than surface and bottom of tank. Contribution
of bottom gives less transmission loss among all.
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Deviation of Simulated Values from
Experimental Values of TL
Combination
Index Minimum TL Maximum TL
X Y
1 -0.36 0.05
2 0.00 -0.10
3 0.08 0.04
4 -0.25 0.07
5 -0.03 0.02
6 0.13 -0.09
7 0.16 -0.17
8 -0.03 0.04
9 -0.05 0.10
10 0.00 0.00
11 0.19 -0.18
12 0.01 -0.00
13 0.07 0.03
14 -0.03 0.04
15 0.04 0.05
16 0.15 -0.09
17 0.16 -0.07

Deviation of minimum TL simulated value X
times from experimental value
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Fig.13. Deviation of simulated minimum TL from
experimental minimum TL
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Fig.14. Deviation of simulated maximum TL from
experimental maximum TL



The analysis of transmission loss due to sidewalls is simulated
for placements of projectors and hydrophones at middle of
width of uw tank to avoid near field effects. The choice of
optimum placements will be done based on considering
minimum deviation in both maximum & minimum simulated
& experimental TL as shown in table IX. Combination no
3,5,8,10,12,13,14,15 where agreement between theory and
experiments is fully perfect. Hence SWARA path loss model
will be deemed useful for providing range and depth dependent
TL analysis.

VII. CONCLUSION

The experimental results show that presence of strong
absorption from sidewalls and bottom, high characteristic
impedance of water & more interference among sound pressure
fields reflecting from boundaries of uw tank significantly alters
propagation loss of acoustic signals. Smaller dimension tank
will have higher number of multipaths. Therefore, to calculate
accurate propagation loss at receiver it is important to consider
location specific pressure field treatments.

Plane wave theory is applied to simulate propagation loss
which is a difference between effective plane wave intensities
calculated at 'r' m and at 1m from acoustic source. Mean
squared pressure fields recorded by projector are used to
calculate sound intensity level at 'r' m & 1 m. Difference
between these intensities is referred as experimental TL.

Out of 17 combinations, 8 combinations show that there is
close agreement between theory and experiments. Where
Combination no. 10 shows perfect agreement between theory
and experimental results. Deviation of simulated TL for
combination no. 3,5,8,10,12,13,14, &15 varies from -3% to 8%
of experimental TL.

Whereas from remaining 9 combinations, combination no
2,6,7,9,11,16, &17 shows that simulated values of TL are -
0.18 to 0.19 times experimental transmission loss. It shows that
agreement between theoretical and experimental TL is within
reasonable limit. Combination no. 1, and 4 simulated values are
not in range of (acceptable) reasonable limits.

From the literature, We found that the following attributes may
be present behind this deviation in simulated wrt experimental
TL as: 1. Assumed constant theoretical source level at Im from
an acoustic source, practically source-level depends on
accurately measured reverberation time 'T60' of UW tank. 2.
Distribution of sound field is assumed to be uniform in the far-
field, but it depends on whether hydrophone is placed in the
reverberant field i.e. near to surface or at the middle of depth or
near to bottom. 3. Total mean squared sound pressure fields at
hydrophone are a combination of reflected sound fields from
boundaries of uw tank, Segregation of respective sound filed at
point of measurement is practically irresolvable using only one
hydrophone. For this, we need to consider an array of
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hydrophones to segregate each multipath arrival and its
direction at the measurement point.4. Uncertainty in measuring
equipment including known projector & hydrophones.

The closed agreement between theory and experiment shows
from table IV and VI. This shows that interpretation of
transmission loss by SWARA mathematical model for above
placements of projector and hydrophone is valid and
considered physically correct.

Hence proposed SWARA path loss model can be referred as
forward propagation model wherein the analysis of
transmission loss for all possible placements of projector and
hydrophone can be simulated in detail. This mathematical
model provides specific path based and time-based analysis of
multipaths which is quite useful in analyzing operational site
before deployment of acoustic set-up.

ACKNOWLEDGEMENT

We would like to thank Dr.P.T.Kulkarni, Director, SCTR’s
PICT, Pune and Dr. M.V.Munot, Head of E&TC department,
SCTR’s PICT, Pune for supporting and encouraging me to
carry out the research activity in the domain of underwater
acoustic communication. We would also like to thank Dr. S. P.
Mabhajan, Head of E&Tc department, and Dr. M. S. Sutaone,
Head of center of excellence in signal and image processing
(CoE-S&IP), COEP, Pune for supporting and encouraging me
to carry out the tank experiments for proposed research work.
We are thankful to the staff of UWAA lab, CARE, IIT Delhi
for providing the necessary equipment and instrumentation to
carry the tank experiments. The authors would also like to
thank the reviewers for their valuable comments.

DECLARATIONS

*Funding: The author(s) received no financial support for the
research, authorship, and/or publication of this article.

*Conflicts of interest/Competing interests: We have no
conflicts of interest to disclose.

*Availability of data and material (The data and material
generated during the current study are available from the
corresponding author on reasonable request.

*Code availability: The code designed during the current study
is available from the corresponding author on reasonable
request.

* Authors' contributions: In the current study Sangram S. More
has done simulation and programming of multipath channel
model for underwater
MATLAB and the execution of planned experiment. In the

acoustic communication using
current study Dr.Prashant P. Bartakke has done concept and
design of modelling of experiment for underwater acoustic
communication. In the current study Dr.Monika Aggarwal has



done concept and design of modelling of multipath channel for
underwater acoustic communication.

(1

(2]

(31
(4]
(5]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[15]

[16]

REFERENCES

John C. Peterson et.al ,“Ray/Beam Tracing for Modeling the
Effects of Ocean and Platform Dynamics”, IEEE Journal of
Oceanic Engineering, Vol. 38, No. 4, October 2013.

Rongkun JIANG et.al ,“Modeling and Analyzing of Underwater
Acoustic Channels with Curvilinear Boundaries in Shallow
Ocean”, IEEE International Conference on Signal Processing,
Communications and Computing (ICSPCC), 22-25" October
2017, DOIL: 10.1109/ICSPCC.2017.8242476.

Leif Bjeme ,“ Applied Underwater  Acoustics”,
ELSEVIER,Netherlands, ISBN: 978-0-12-811240-3, 2017.

L. M. Brekhovskikh and Y. P. Lysanov, “Fundamentals of ocean
acoustics”, 3" Edition, Springer, New York, 2003.

Jens M. Hovem, “Ray Trace Modeling of Underwater Sound
Propagation” ,CH. 4, Intech Open Access Peer-Reviewed Chapter,
DOI: 10.5772/55935, 28™ August 2013.

Jens M. Hovem et.al , “PlaneRay: An Underwater Acoustic
Propagation Model Using Ray Tracing and Plane Wave Reflection
Coefficients” ,The Journal of the Acoustical Society of
America, Vol. 120, No. 3221, DOI:
https://doi.org/10.1121/1.4788181, 24" October 2006.

Paul C. Etter, “ Advanced Applications for Underwater Acoustic
Modeling”,  Hindawi Publishing Corporation Advances in
Acoustics and Vibration Volume 2012, Article ID 214839, 28
pages doi:10.1155/2012/214839 ,30" January 2012.

Mari Carmen Domingo ,“Overview of Channel Models for
Underwater Wireless Communication Networks”, Physical
Communication, Vol. 1, No. 3, PP. 163-182, September 2008.
Yang-Hann Kim , “Sound Propagation: An Impedance Based
Approach” ,John Wiley & Sons (Asia) Pte. Ltd, ISBN: 978-0-470-
82583-9, 2010.

Chris T. Tindle et.al ,“Reflection of Underwater Sound from
Surface Waves”, The Journal of the Acoustical Society of
America, Vol. 125, No. 1, January 2009.

Meisam Naderi et.al , “A Nonisovelocity Geometry-Based
Underwater Acoustic Channel Model”, IEEE Transactions On
Vehicular Technology, Vol. 67, No. 4, April 2018.

F. De Rango etal, “A Multipath Fading Channel Model for
Underwater Shallow Acoustic Communications”, IEEE
International Conference on Communications (ICC), 10-15" June
2012, DOI: 10.1109/1CC.2012.6364590.

R. J. Urick, “Principles of Underwater Sound”, 3™ Edition,
McGraw-Hill, New York. USA, 1983.

Jens M. Hovem et.al , “Modeling Underwater Communication
Links” , IEEE Second International Conference on Sensor
Technologies and Applications Cap Esterel, France , DOIL:
10.1109/SENSORCOMM.2008.143, 25%-31% August 2008.
Parastoo Qarabaqi et.al,” Modeling the Large Scale Transmission
Loss in Underwater Acoustic Channels”, Forty-Ninth Annual
Allerton Conference Allerton House, UTUC, Illinois, USA, 28" -
30" September, 2011.

Mario Alonso et.al ,“An Eigenpath Underwater Acoustic
Communication Channel Simulation”, MTS/IEEE Proceedings of
OCEANS Washington, DC, USA, DOI:
10.1109/0CEANS.2005.1639788, 17-23 Sept. 2005.
kuperman2007_Underwater Acoustics.

S. More and K. K. Naik, “Shallow Water Acoustics for Random
Area (SWARA),” Wireless Personal Communication, Vol. 96, No.
3, PP. 4079-4098, 2017.

Fabian Steinmetz et.al , “A Practical Guide to Chirp Spread
Spectrum for Acoustic Underwater Communication in Shallow
Waters” , 13" ACM International Conference on Underwater

[20]

[21

—

[22]

[23]

Networks & Systems, WUWNet 18, Shenzhen, China, December
2018.

Iwona Kochanska et.al , “Probe Signal Processing for Channel
Estimation In Underwater Acoustic Communication System”,
Signal Processing Algorithms, Architectures, Arrangements, and
Applications, Poznan, Poland, September 20-22™, 2017.
Christine Erbe et.al ,“A Pocket Handbook Underwater Acoustics:
Noise and the Effects on Marine Mammals”, 3™ Edition, JASSCO
Applied Sciences, 2011.

Data Sheet of ITC 1042 omni directional transducer is available
onhttp://pdf.directindustry.com/pdf/internationaltransducer/spheri
cal-omnidirectional-transducer/25344-182609.html.

Meisam Naderi et.al ,“A Geometry-Based Channel Model for
Shallow Underwater Acoustic Channels Under Rough Surface and
Bottom Scattering Conditions”, IEEE Fifth International
Conference on Communications and Electronics (ICCE) Danang,
Vietnam DOI: 10.1109/CCE.2014.6916689, 2014.


https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8231618
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8231618
https://doi.org/10.1109/ICSPCC.2017.8242476
https://asa.scitation.org/author/Hovem%2C+Jens+M
https://doi.org/10.1121/1.4788181
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6350935
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6350935
https://doi.org/10.1109/ICC.2012.6364590
https://asa.scitation.org/author/Hovem%2C+Jens+M
https://doi.org/10.1109/SENSORCOMM.2008.143
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=10918
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=10918
https://doi.org/10.1109/OCEANS.2005.1639788
https://ieeexplore.ieee.org/author/37085461711
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6908289
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6908289
https://doi.org/10.1109/CCE.2014.6916689

