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Abstract

The shallow water channel is an environment that is of particular interest to many research fields.
An underwater acoustic channel is characterized as a multipath channel. Time-varying multipath
propagation is one of the major factors that limit the acoustic communication performance in shallow water.
This study conducts two underwater acoustic experiments in Tanjung Balau, Johor, Malaysia. A transducer
and a hydrophone are submerged at different depths and separated by different distances. Linear
frequency modulated (LFM) pulses are chosen as the main transmit signal for the experiments. The cross-
correlation between the transmitted and received signals represents the impulse response of the channel
(multipath profile). The results show that the amplitude of the successive paths will not rapidly decline, and
vice versa, when the distance between the sender and the receiver increases. Moreover, the time
difference between the different paths will be small in the case of distance increase. In other words, the
successive paths will converge in time.
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1. Introduction

Increasing interest in the defense sector, off-shore oil industry, and other commercial
operations in the underwater environment makes underwater research more popular.
Electromagnetic waves in the underwater environment are exposed to high attenuation and can
only travel very short distances. Therefore, the only way that navigation, communication, and
other wireless applications can be done is through acoustic methods [1-3]. The underwater
acoustic communication channel (UW-ACC) is difficult to employ and has inherent problems.
The difficulty comes from channel characteristics, such as attenuation, multipath fading, time-
varying characteristics, and channel inhomogeneities [4]. The attenuation of sound in the ocean
is a frequency-dependent process. Hence, the ocean acts as a low-pass filter [5]. The
underwater channel shows inhomogeneities in speed, temperature, and salinity [1]. These
variables may also change in time and may be different for the same depth of different places.
Therefore, the channel impulse response changes both spatially and temporarily [4, 6].

Multipath occurs in UW-ACC because of reflections and refractions. Reflections occur
at the bottom and the underwater channel surface, whereas refractions occur because of sound
channels created by the sound speed inhomogeneities. The number of multipaths reaching the
receiver side can be very large. However, the multipath under noise level is ignored [2, 7].
Multipath signals generally represent acoustic energy loss. However, the inter-symbol
interference (ISI) will also be detrimental at the receiver in communication systems because it
can significantly increase the error rate of the received signal. The time difference between the
last arrival path over the noise level and the synchronized path in the channel that suffers from
the multipath is called delay spread [1]. The length of this delay spread in digital communication
systems without equalization places a lower bound on the duration of a symbol T or an upper
bound on the data rate of the system that must be used to avoid channel-induced ISI [4, 8]. This
study aims to determine the multipath profile of the UW-ACC in shallow water at a different
range.
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2. Underwater Channel Characteristics
This section focuses on some parameters of the UW-ACC that affect the acoustic signal
propagation from the transducer to the hydrophone.

2.1. Signal Attenuation

An acoustic signal underwater experiences attenuation due to spreading and
absorption. Path loss is the measure of the lost signal intensity from the projector to the
hydrophone. Spreading loss is due to the expanding area that the sound signal encompasses
as it geometrically spreads outward from the source [9].

PLgyreading(R) = k + 10log(R) dB (1)

where R is the range in meters and k is the spreading factor. When the medium in which signal
transmission occurs is unbounded, the spreading is spherical and the spreading factor k = 2;
whereas in bounded spreading, it is considered as cylindrical k = 1. In practice, a spreading
factor of k = 1.5 is often considered [2].

The absorption loss is a representation of the energy loss in form of heat due to viscous
friction and ionic relaxation that occur as the wave generated by an acoustic signal propagates
outwards; this loss varies linearly with range as follows [9]:

PLabsorption(R; )= 1010g(a(f)) * R dB 2)
where r is range in kilometres and «a (f) is the absorption coefficient. The absorption coefficient

for frequencies above a few hundred Hz can be expressed empirically using Thorp’s formula
[10], which defines a [dB/m] as a function of f [kHz].

2 2
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a(f) = (0.11 +2.75.1074F% + 0.0003) .1073 (3)

Total path loss is the combined contribution of both the spreading and absorption losses [1].
Total Path Loss = k * 10log(R) + 10log(a(f)) xR  (dB) (4)

Since the path losses, expressed in dB, must be returned to its natural value.
_ .- [total path loss 5
La(R) = 10~ | /10] (5)

As seen in Figure 1, the path loss is proportional to the operating frequency. Figure 2
shows the path loss versus the range at different frequencies, the path loss increases with
distance and frequency.The shallow water underwater acoustic channel has higher values of
attenuation than the deep water underwater acoustic channel [2]; while transmission loss
increases with distance and frequency for both.

2.2. Sound Speed

The speed of sound in seawater is a fundamental oceanographic variable that
determines the behavior of sound propagation in the ocean. Many empirical formulas have been
developed over the years for calculating sound speed using values of water temperature,
salinity, and pressure/depth. A simplified expression for the sound speed was given by Medwin
[3]:

¢ = 1449.2 + 4.6T — 0.055T2 + 0.00029T3 + (1.34 — 0.01T)(S — 35) + 0.016d (6)

where c is the speed of sound in seawater, T is the water temperature (in degrees
Celsius), S is the salinity (in parts per thousand) and d is the depth (in meters).
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Figure 1. Transmission loss as a function of Figure 2. Transmission loss as a function of
frequency range

3. Ray Model

The geometry of multipath propagation is important for communication systems which
use array processing to suppress multipath. The design of such systems is accompanied by the
use of a propagation model for predicting the multipath configuration. Acoustic propagation in
the ocean is governed by the wave equation. As solutions to the wave equation are difficult to
find in general cases, approximations are often used to model propagation [11, 12]. The ray
theory provides one such approximation. The shallow water channel was modeled as a Pekeris
waveguide, consisting of an isovelocity layer over an isovelocity half-space as shown in Figure
3.
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Figure 3. Schematic showing a Pekeris waveguide model of the shallow water acoustic channel

where d, is the depth of the source, d, is the depth of the receiver, h is the height of the water
column and R is the transmission range. The distance travelled by the sound along various
eigenrays can be computed using the method of images [7]. The distance along direct eigenray
is denoted by D, given by:

Doo = +/R* + (d; — dy)*? (7)

where Dy, is the distance along an upward originating eigenray with s as surface reflections and
b as bottom reflections. For such eigenrays,0 < s—b < 1and:

Dy, = /R? + [2bh + d; — (—=1)5-Pd,]? (8)

where D, is the distance along a downward originating eigenray with s as surface reflections
and b as bottom reflections. For such eigenrays, 0 < b —s < 1 and:

=/R% + [2bh — d; + (—1)P=5d,]? (9)
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3.1. Reflection at the Sea Surface

The impedance mismatch between the sea water and air causes the sea surface to be
a very good reflector. If the sea surface is calm, the reflection is close to perfect but includes a
phase shift by 1 radians i.e. the reflection coefficient is —1. If the sea surface is rough (due to
waves), a small loss will be incurred for every surface interaction [13].

Lsg = —exp (—0.5T2) (10)
where Lgy is the surface reflection coefficients and

I' = 2kosin (6) (11)

o =+/0.324.10-5. v (12)

where k is acoustic wave length (2”//1), 6 is incident angle, o is rms roughness of the surface
and v,,is the wind speed in m/s.

3.2. Reflection at the Sea Bottom

The impedance mismatch between the sea water and seabed causes the sea bottom to
reflect some of the sound incidents on it. Where p and ¢ are the density and sound speed in sea
water respectively and p; and c; are the density and sound speed in the seabed respectively.
For a smooth sea bottom, the reflection is angle dependent and is given by the Rayleigh
reflection coefficient [13, 14] as :

mcos 0 —Vn? — sin20
Lg(0) = (13)
mecos 0 +Vn? — sin20

where
m=-—n=— (14)

The angle of incidence 6 can be computed based on the geometry of the Pekeris
waveguide. Let angle 6, correspond to an eigenray Dy, and angle 6,, correspond to an
eigenrayD, ;. Then, we have:

R
O, = tan~?! [ — ]

R
0,, = tan™?! [ ]
bs =N obh —d, + (—DP—5d,

3.3. Grazing Angles

The angle with which each ray grazes the boundaries is usually termed as a grazing
angle. This is quite important because of its influence on both the bottom and surface reflection
coefficients [9].

p=90-906 (16)
where 6 is the incident angle.

3.4. Propagation Delay

The delay of each reflected ray with respect to the direct path is related to differences in
the lengths of different paths. Let us call 7, the propagation delay along the ray length Dg; and
Tps the propagation delay along the ray length D,,.

Dsp — Doo _ Dps — Do

Tegp =, Tps =
sb c » tbs c

(17)
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The propagation delay of secondary rays with respect to the direct ray is a very
important parameter in the underwater channel that affects system performance because the
delayed replicas of the receiver introduce interference intersymbol hence the need to reduce the
rate of transmission [4, 9].

3.5. Multipath Channel Model

Let x(t) be the signal transmission through the channel and y(t) be the corresponding
received signal. Ignoring the absolute propagation delay on the direct ray between transmitter
and receiver and combining the formulas, then y(t) is expressed as a function of x(t) in the
following way [9]:

y(®) = LAL(;;‘]"’) x(t)
” g LA(Dsb)(LSR)S(LBR(st))b
+Zs=1 Zb:s—1 Dy, x(t = 7o) (18)
” b LA(DbS)(LSR)S(LBR(HbS))b
* Zb=1 ZS:b—l Dys x(t = Tps)

The channel impulse response for a time-varying multipath underwater acoustic
channel can be expressed as [2]:

h(r,t) = ZAP@&(T —1,() (19)
p

where A,(t) andr,(t) denote time-varying path amplitude and time-varying path delay
respectively. Hence, each path of an acoustic channel acts as a low-pass filter.

4. Channel Measurements
Although it is known that the shallow water channel is dominated by time-varying
multipath, very few measurements of the variability of the multipath structure are done.

4.1. Sounding Signal

Since a unit impulse is an unrealizable signal, engineers choose a practical input signal
to the system that will lead to an accurate estimation of the system impulse response. Several
signals are frequently employed, those being LFM (linear frequency modulated) chirp [15], white
noise [16], and DSSS BPSK (direct sequence spread spectrum binary phase shift keying) signal
[15, 17]. All signals possess acceptable autocorrelation properties as to approximate Dirac delta
function closely. Autocorrelation that approximates the Dirac delta function is the test of
goodness for a sounding signal. LFM chirp signal is less likely to appear randomly in any
environment than the other signals [18]. Therefore, the LFM chirp signal was used as the
sounding signal in the experiments presented later in this paper.

4.2. Impulse Response

For any linear system with impulse response h(t) and input x(t), the output y(t) can be
found by using convolution between input and impulse response of system [19].

y(t) = x(t) * h(t) (20)

The input-output relationship defined according to the correlation function and the
power spectrum is [20]:

Ryy (1) = h(t) * h(—1) * Ryxx (1) i Syy(f) = [H(F)2Sxx (f) (21)

Ryx(t) = h(T) * Ryx () i Syx(f) = H(f)Sxx () (22)

Experimental Multipath Delay Profile of Underwater Acoustic Communication ... (Yasin Y.A.A.)



356 = ISSN: 2502-4752

All the above relationships apply to sample functions and discrete-time signals. When
the input signal is LFM signal, the autocorrelation of this signal is unit impulse signal and the
Fourier transform (F.T.) of unit impulse signal is equal to one. Therefore, the result of cross-
correlation between output and input represent the impulse response of the channel (multipath
delay profile).

5. Sea Trial

5.1. Experimental Setup

The channel measurements were conducted on the 18th of June, 2014 (10 a.m.—12
p.m.) in Tanjung Balau, Johor, Malaysia (latitude: 1° 33.169'N; longitude: 104° 26.027'E). The
chosen location has an average depth of about 22 m. Transmissions were made from an omni-
directional transducer BII-8030 underwater acoustic transmitter with an available frequency
range of 20 Hz to 100 kHz and a maximum cable length of 10 m. The signal was received using
a broadband hydrophone (7 Hz—22 kHz) model DolphinEAR 100 Series). The maximum cable
length was 30 m Figure 4. The wind speed was about 7 knots. The temperature at the sea
surface was 28 °C, while the salinity was 35 ppt. Similarly, the speed of sound was 1541.3 m/s,
as obtained using the Medwin equation.

The transmitted signal used was a 30 ms linear frequency modulation (LFM) signal with
a bandwidth of 20 kHz centered around 40 kHz. The different transmission locations
corresponded to 10 m and 100 m ranges. The received signal was sampled at 44 kbit/s and
stored for later analysis. Figure 5 shows the experiment site.

_‘§eatnal
Stider I‘ndm-\_m: Receiver 5m Depth
e
Figure 4. Configuration of the experiment Figure 5. Experiment test site.
at Tanjung Balau, Johor, Malaysia on June
18, 2014
5.2. Results

The first test was conducted with a 10 m range at 22 m depth. The transducer and the
hydrophone were submerged at 5 m depth. The LFM was sent, afterwhich, and the received
signal was recorded at the receiver side. The cross-correlation process was performed between
the transmitted and received signals using MATLAB to obtain the path delay profile. Figure 6
shows the multipath profile for 10 m range. The figure clearly showed that the grazing angle will
increase when the distance between the sender and the receiver shortened, thereby decreasing
the reflection coefficient. This result led the amplitude of the successive paths to quickly
decrease and disappear.
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Figure 6. Multipath intensity profile at 10 m range

Figure 7 shows the results of the second test with 100 m range and 22 m depth. The
transducer and the hydrophone were submerged at 10 m depth. The figure showed that the
number of paths and the distance between the sender and the receiver increased when the
range increased. Moreover, the grazing angle will decrease, thereby increasing the reflection
coefficient. This result implied that the amplitude of the successive paths will not rapidly decline.
The time difference between the different paths will be small. In other words, the successive
paths will converge in time.

Figure 7. Multipath intensity profile at 100 m range.

Table 1 shows a comparison of the simulated delay depending on Egs. (7), (8), (9), and
(17) against the experimental propagation delay and the amplitude at each path arrival. The
delay of each reflected ray was determined with respect to the direct path. The observation for
the 100 m range was approximately the same as well as the propagation delay for rays hitting
the surface or bottom, surface—bottom-surface, or bottom-surface—bottom, among others. This
result was caused by the location of both the transmitter and the receiver being at nearly half of
the channel depth.

Table 1. Comparison of the simulated against experimental propagation delay

Arrive Range (10 m) Range (100 m)
number Experiment Simulation Amplitude Experiment Simulation Amplitude
delay(msec) delay(msec) delay(msec) Delay(msec)
1 0 0 1 0 0 0.7
2 3.75 297 0.467 3.125 2.28 1
3 15.037 15.212 0.1 7 6.1 0.7517
4 10.375 12.2 0.7122
5 11.625 12.6 0.805
6 16.375 19.3 0.3018
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6. Conclusion

The study considers the short-range shallow water hydroacoustic channel. The
multipath effect in a shallow water channel has also been discussed. The numerical experiment
results clearly show spatial variability in the acoustic signals, which are required for the design
of shallow water communication systems. Multipath propagation keeps many hurdles in
achieving high data rates and robust communication links. The delay spread of the channel
significantly decreases in the case of short-distance links. Moreover, the effective data rate of
this channel increases at a few hundred symbols per second.
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