Digital Transmission via Underwater Acoustic Particle Velocity Channels
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Abstract—Recent studies have shown that a compact
underwater vector sensor receiver can perform as an array of
scalar sensors. Here we propose a scheme to transmit data via
underwater particle velocity channels using a dipole vector sensor.
System equations are derived and simulations are presented. This
demonstrates the possibility of digital transmission using a vector
sensor.

1. INTRODUCTION

Vector sensors measure the signal not only in the pressure
channel, but also in particle velocity channels. In the past few
decades, a large volume of research has been conducted on the
theory and design of vector sensors, mainly used in SONAR
systems and underwater target localization [1] [2] [3] [4], due to
the highly directional information that vector sensors provide.
Recent achievements in material science and manufacturing
technologies provide low noise and small vector sensors with
wide dynamic ranges [4] [5]. Recently vector sensors are
proposed to be used at the receive side of underwater acoustic
communication systems, for multichannel equalization [6] [7].
More specifically, a multichannel receiver is proposed [6] [7]
with one pressure sensor as the transmitter and a vector sensor
as the receiver. Statistical characteristics of acoustic particle
velocity channels are expressed in [8].

Since a vector sensor has a compact size, small platforms
such as unmanned underwater vehicles will significantly benefit
if a compact vector sensor can be used for signal transmission as
well. The key to this problem is to find out how signal can be
transmitted via particle velocity channels. A dipole vector
sensor is composed of two closely-placed pressure sensors that
measure the spatial gradient of the field [5]. So, the spatial
gradient between the data on these two pressure sensors can be
viewed as the signal which is modulated on the dipole, in the
direction of the axis of the dipole. One interpretation could be
that the signal is transmitted via a particle velocity channel
which is aligned with the direction of the dipole. The key
advantage of the proposed dipole transmitter is that in the
reverse (reception) mode, it provides diversity.

In this article, a communication system with one dipole at the
transmitter and a vector sensor at the receiver is proposed. In
Section II, the schematic of this system is presented and system
equations are derived. System performance analysis and
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simulation results are provided in Section III, and Section IV
concludes the paper.

II. SIGNALS AND CHANNELS IN THE PROPOSED SYSTEM

In the two-dimensional y-z (range-depth) plane, a vector
sensor device measures three components of the field: acoustic
pressure, and y and z components of the acoustic particle
velocity. A pressure sensor in the device measures the acoustic
pressure. The y and z components of particle velocity can be
measured by two dipoles in y and z directions, respectively, by
spatial differentiation of the acoustic field in each direction. In
Fig. 1 there is one dipole at the transmitter and two dipoles at the
receiver. The dipole at the transmitter 7 is parallel to the z axis
and the two pressure sensors in 7x are labeled as 1 and 2. At the
receiver Rx, the two dipoles are parallel to y and z axes with their
centers at the point (y,, z,) . They measure the y and z
components of the acoustic particle velocity at(y,, z,) . The
four pressure sensors at Rx are labeled as 1, 2, 3 and 4. Another
pressure sensor labeled as 5 is located at(y,, z,) , to measure
the acoustic pressure component in the vector sensor device. So,
there are ten different pressure channels in Fig. 1, where p,,
stands for the channel from sensor i at 7x to sensor ¢ at
Rx,i=1,2andg=1,2,3,4,5.

According to the linearized equation for time-harmonic
waves [5], at frequency f; , for each sensor in T, there are two
particle velocity channels at Rx, the vertical and horizontal
components of particle velocity at(y,, z,) . More specifically,
for Tx, there are v." and v}" , whereas for Tx, we have v.”
and v)T,X2 . These four channels are given by the following

equations, where L, — 0
vTxl _

. = *(jpowo)_l(Pn =P/ Ly,

VTXZ —

= *(jpowo)il(pzl —Pp)/ Ly,
. (1)

Vv, = —(Jpowo) (P = Pra)/ Ly

V,T;xz = _(jpowo)il(pﬁ — Pay)/ Ly,
Here p, is the density of the fluid, ;> =—1, w, =27f, and
L, denotes the spacing between the two pressure sensors in
each dipole at Rx, as shown in Fig. 1. To transmit the symbol s,
we modulate s/L; and —s/L, on Tx; and Tx,, respectively,
where L, denotes the distance between the two sensors in the
dipole at Tx. For the average transmit symbol power we
choose 0, = E[2|s|? /L,’]=1, where E is the expectation



operator. This means the average transmit power is 1.
Since z velocity is the spatial gradient of the pressure field in
the z direction, this transmission scheme means that the
symbol s is modulated on the z velocity channel. This can be
better understood by writing the equation for the received signal
of each pressure sensor at Rx

n=p,— P/ L )®s, ,=p,— pp)/ L) ®s,
1 =((ps—Pu)/ L) ®s, 1, =Py — Pu)/ L) Ds,  (2)

r=((pis = Pss)/ Ly,) Ds.
Here @ is the convolution. As shown in Appendix, each
channel (p,, — p,,)/ L, in (2),¢=1,2,3,4,5, is similar to a
velocity channel with which the symbol s is convolved.

The z and y particle velocity signals at Rx are spatial gradients
of the received signalsr , 7, ,r and 7, , measured by the two
dipoles, as L, — 0

n, = _(jpowo)_l(ri _rz)/LRx’
A3)
n, = _(jpowo)il(lﬁ =)/ Ly,.
By combining (1), (2) and (3), the z and y velocity components
at Rx can be written as

n, = (vZTX' —vZTXz )/ Ly ®s, n, = (v}Tf' —v}Tfz )/ L, ®s. (4)

Now we convert velocity channels and signals to
pressure-equivalent quantities. Corresponding to the four
particle velocity channels in (1), there are four

. . . ; ; T
pressure-equivalent particle velocity channels p™ , p/™, JZu
Tx,

p,” , obtained by multiplying (1) with the negative of the
acoustic impedance —p,c [6]
PZTXI = 7/000‘)?I > pszz = 7POCVZTX2 >
Tx Tx, Tx, Tx, (5)
Py =—ppev, s Pt = —pev,

In the above equations, c is the sound speed.
Similarly, the pressure-equivalent z and y velocity
components at Rx are 7, and 7, multiplied by —p,c
1= =PCNs Ty = —PoC), (6)
By substituting (4) into (6) and upon using the definitions in (5)

we obtain

r=((p" —p)/ L) ®s,
Tx, Tx. (7)
r,=Wp," —p,2)/ L) s

To include the effect of noise, pressure-equivalent ambient
velocity noise terms »n_ and n, should be added to (7), whereas
the ambient pressure noise n needs to be added to the last
equation in (2). The final set of noisy signals received at Rx is
given by

rn=((p, " —-p ™)/ L, )®s+n_,
r, = ((py'”I —pysz )/ L )®s+n,, ®)

r=((p;s = Pys)/ Ly,) D s +n.

As shown in [6], for the isotropic noise model, the noise terms in
(8) are uncorrelated, that is
E[n{ny}*] = E[n{n_}" 1= E[n, {ny}*] =0 . Moreover, for the
powers of the noise terms in (8) we have ), = E[|n|’] and
Q) = El|n, F]=9 = El|n. F]=9,/2.

/ Sea surface

Sea bottom

Fig. 1. The proposed vector sensor underwater acoustic communication system.

III. SYSTEM PERFORMANCE AND SIMULATION RESULTS

Let B, =[5,(0) .5, (M — DT :
By =[5)(0) . (M — D and p; =[p;(0) ... p;(M ~ 1T
with " as transpose, be the taps of the three channel impulse
responses in (8), such that p,(7) = (p;(7)— py(T))/ L, ,
BT = (p™ (1) = ™ () Ly, and
pi(r)y=(p(r)—p(1)/L, Here the subscript d
indicates that the transmitter is a dipole. The transmitted symbol
vector is defined asS =[s, s, s, --- 5, ,]" . The channel matrix
isH=[H," H," H,']", where T denotes the complex conjugate
transpose of a matrix and
1y (0)

: . h,(0)
H, = J1=1,2,3, (9
(M =1) :

hy (M —1)
where h, = p,, h, =p; and h, = p; .
beN=[N,” N,/ N,"]", where
N,=[n,0) n,(1) - n(K+M-2)]",1=1,2,3, (10)
andn, =n, n, =n, and n, =n_ . These are the noise terms in
(8). The vector of received symbols can be written as
R=HS+N. (11
Here R=[r(0) - n(K+M-=2)r,(0) - r(K+M-2)
7.(0) - r.(K+M—2)]" and r , r, and r, are the received
pressure, y-velocity and z-velocity signals in (8).
Assuming perfect channel estimate at Rx, here we use a zero
forcing equalizer to investigate the feasibility of symbol
detection in the proposed system in Fig. 1. The minimum

variance unbiased estimate of the transmitted symbol vector
Sis [9]

Let the noise vector

S=H'T'H)'H'Z 'R, (12)



where £ = E[NN'] is the covariance matrix of the noise in
(11). The covariance matrix of the symbol estimation error can
be written as [9]

W=E[S—S)S—S) ]1=H'E'H)". (13)
For BPSK modulation and similarly to [10] and [11], the
average bit error rate (BER) for a block of size K, after the zero
forcing equalization in (12) can be written as

P = %ig@/mx /w,).

Here €1, is the average symbol power, w, is the i-th diagonal
element of Win (13), and Q(x) = (2m) "> [ exp(—x" /2)dx .

In simulations, channel impulse responses are generated
using Bellhop [12] and relevant parameters are given in Table L.
The sound speed profile is the one obtained during underwater
communication experiments conducted in 2002, in waters off
San Diego, CA [13] and shown in Fig. 2.
L, =L, =0.1)\, 02X and K = 200 BPSK symbols at a bit

rate of 2400 bits/sec. are transmitted.
TABLE I
SIMULATION PARAMETERS

(14)

Water depth (m) 81.158
Water density (kg/m) 1024
Transmitter depth (m) zl =25

Transmitter take-off angle (degree) -30 to 30
Number of beams 2001
Bottom type Coarse silt and very fine sand
Receiver depth (m) z, =63
Receiver range (km) vi—y, =1

Carrier frequency (Hz) 12000
Sampling frequency (Hz) 48000
Data rate (Hz) 2400

Nominal sound speed (m/s) 1500
Wavelength (m) 0.125

To define the average signal-to-noise ratio (SNR) per channel
in simulations, we first define SNRs in the three channels of the
system as ¢, =2, /€, , ¢ =0/ , ;=97 /€0 , where
Q= B,)'P, » U = }) () and 2 = (p7)'(B]) - So, the
average SNR per channel is ¢, = (¢, + () +¢;)/3.

A. Channel Responses and Parameters

The amplitude of the complex impulse responses of the three
channels in (8) are shown in Fig. 3 for two different bottom
types with L, =L, =0.2)\. The pressure channel impulse
response p from (y;,z,) to (,,2,) » element no. 5, is shown in

Fig. 3 as areference. Average powers of the four channels in Fig.

3 are normalized to 1. The amplitude of the Fourier transforms
of the impulse responses of Fig. 3 are shown in Fig. 4. The
amplitude of complex correlations between each two channels
of (8) are listed in Table II. Except of the correlation of 0.55, the
other channel correlations are very small. This indicates a good
level of diversity with compact transmit and receive vector
sensors in the proposed system. RMS delay spreads [14] of
channels in (8) are also provided in Table II. It appears that for
very fine sand, the RMS delay spreads are smaller. Also 7, for
the channel (p,; — p,;)/ L, appears to be larger.

Depth (m)

1 1
1485 1490 1495 1500 1505 1510
Sound Speed (m/s)

Fig. 2. Sound speed versus the water depth

TABLE II
CHANNEL CORRELATIONS AND RMS DELAY SPREADS
Very
Bottom type Cogrse fine
silt
sand
Correlation of (p;s — pys)/ Ly, and (p,™ —p )/ L, 0.55 0.15
Correlation of (p; — p,5)/ Ly, and (p,”" — p,”*)/L,, 0.069 0.027
Correlation of (p,™ — p,"™)/L,, and (p,” —p,™)/L, | 0.17 0.06
RMS delay spread of (p,5 — p,s)/ L;, (msec) 1.3 0.85
RMS delay spread of (p,™ — p,™)/ L,, (msec) 0.51 0.18
RMS delay spread of (p.,™ — p."*)/ L, (msec) 0.67 | 0.0016

B. System Performance

The BER of the proposed system is plotted in Fig. 5 using (14)
for two different dipole sizes. The dipole size seems to slightly
affect the performance. The key advantage of the proposed
dipole transmitter is that in the reverse (reception) mode, it
provides diversity. This is because it can measure both pressure
and particle velocity signals.

IV. CONCLUSION

In this paper, data transmission in acoustic particle velocity
channels for underwater systems is proposed and investigated in
detail. Based on the derived ocean acoustical system equations
and simulation analytical results, the possibility of signal
modulation in particle velocity channels is demonstrated. The
results provide new opportunities for underwater
communication.

APPENDIX

CHARACTERIZATION OF THE ACOUSTIC CHANNELS IN THE
PROPOSED SYSTEM

Consider Fig. 6, where there are two dipoles, one at the
transmitter and the other at the receiver. The size of these two
dipoles are L, and L, , respectively. Let the size of each
pressure sensor in Fig. 6, the black circles, be much smaller
than A . Then the baseband acoustic pressure produced by such a
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small spherical source of strength I' at the point 7x and
measured at the point Rx is given by [15]

p = (jp,ckT, /(47 l))e ™. (15)
Here ¢ is the distance between the points 7x and Rx and
k =27/ X is the wavenumber, with A as the wavelength. If two
small spherical sources of equal strength and a 180 degree phase
difference are placed at the points 7x; and Tx, as shown in Fig.
6, then the acoustic pressure produced by this dipole at the point
Rx can be written as [15]

Py = (kLy, + (Ly, / £))cosOx p, (16)
where 0 is the departure angle at the transmit side, as shown in
Fig. 6. Eq. (16) is derived assuming L, < ¢ and L, < X . Since
for cases of interest £ is very large, say several kilometers, then
L, /¢ becomes negligible in (16). This results in

(17)
Since L, < ¢, one can obtain the following expression for ¢,
in Fig. 6

0, =\J(£cosO+(Ly, /2)) +(£sin6) ~ £+ (L, cosB)/2.
(18)

p, /L = jkcosfx p.

Using (18), (15) can be re-written as
P = (Jp,ck /(4ml))e M2 tneesthiD) (19)
By taking the derivation of p in (19) in the z direction we obtain

OplO(Ly, 12) = (—p,ck’T, [(47L))e ™ cos. (20)

Using (15), this can be re-written as
Op/O(L,, /2)= jkcosOx p. 21

Comparison of (17) and (21) shows
p,/ Ly, =0p/0(L,, 12). (22)

This result shows that the pressure produced by a dipole upon
I', /T, signaling is the same as the remote vertical spatial
gradient of the pressure that would have been produced by a
single transmitter of strength I'_ located at the point 7 in Fig. 6.
Now we investigate the signals produced by the transmit
dipole and measured by the receive dipole. The distance
between the points 7x and Rx, in Fig. 6 can be written as

0 = \J(£cos O+ (Ly, 12))* +(£sin0)* ~ £+ (Ly, cosf)/2.

(23)
Then using (15) and (17), the acoustic pressure produced by the
dipole at the point Rx, is

Py Ly, = (—pyck™T [(4ml]))e ™! cost).
For Rx, we similarly have
) = J(Lcos—(L,, 12)) +(Lsin0)* ~ £ —(Ly, cos6)/2,
(25)
pre L, = (—p,ck®T, [(4nl)))e ™2 cos ). (26)
Since ¢ > L, inFig. 6, for £] and ¢/, in the denominators of (24)
and (26) we have ¢/ ~ ¢! ~ ¢ and also 0 ~ 0] ~ 6 . Therefore,

the spatial gradient measured by the receive vector sensor can
be written as

PR Ly — p [ Ly, = (—pyck”T, (4mt))e ™

— jkLg, cosf/2 kL s60/2
(e JKL Ry COS 76" Ry COS )COSG,

24)

27

where ¢/ and ¢/, in the exponents are replaced by their

equivalents in (23) and (25). Since L, < ¢ , we have

cos (kLy, cos0/2)~1 and sin(kL, cosf/2)~ kL, cosf/2 .

This simplifies (27) to

pY L, —p L, = (jp,ck’ L, T, [(4nl))e /" cos® 0. (28)
Using (15), (28) can be finally written as

(pF /L, —pX /L)L, =k cos’ Ox p. (29)

On the other hand, using (25), p in (15) can be written as

P = (jip,ckD, [(Am))e /M2 hreost), (30)

According to the definition of particle acceleration [16], second

spatial derivation of p in (30) gives the particle acceleration at

the point Rx, produced by the pressure transmitter at the point
Tx

O*plA(Ly, 12)" =—k* cos® Ox p. 31
Comparison of (30) and (31) results in
(pf /L, —p¥ /L) L, =—0"p/O(L, /2. (32)

This means the particle velocity produced by a dipole
uponI' /—T ' signaling and measured by a dipole at the receiver
is equivalent to the particle acceleration that would have been
generated by a single transmitter of strengthI' located at the
point 7x in Fig. 6.
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Fig. 6. Geometrical configuration of the system with one transmit dipole
and one receive dipole.
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Fig. 5. Performance of the proposed system with L =L, =L, =0.1\, 0.2\

and two different sediments.




