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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 ࢙ࢀ 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]. 

 
௦௣௥௘௔ௗ௜௡௚ሺܴሻܮܲ ൌ ݇ ∗ 10 logሺܴሻ (1) ܤ݀

 
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 ݇ ൌ 2; 
whereas in bounded spreading, it is considered as cylindrical ݇ ൌ 1. In practice, a spreading 
factor of ݇	 ൌ 	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]: 
 

,௔௕௦௢௥௣௧௜௢௡ሺܴܮܲ ݂ሻ ൌ 10 log൫ߙሺ݂ሻ൯ ∗ ܴ (2) ܤ݀
 
where ݎ is range in kilometres and ߙ	ሺ݂ሻ 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 ߙ	ሾ݀ܤ/݉ሿ	as a function of ݂	ሾ݇ݖܪሿ. 
 

ሺ݂ሻߙ ൌ ቆ0.11
݂ଶ

݂ଶ ൅ 1
൅ 44

݂ଶ

݂ଶ ൅ 4100
൅ 2.75. 10ିସ݂ଶ ൅ 0.0003ቇ . 10ିଷ (3) 

 
Total path loss is the combined contribution of both the spreading and absorption losses [1]. 
 

ݏݏ݋ܮ	݄ݐܽܲ	݈ܽݐ݋ܶ ൌ ݇ ∗ 10 logሺܴሻ ൅ 10 log൫ߙሺ݂ሻ൯ ∗ ܴ ሺ݀ܤሻ (4)
  

Since the path losses, expressed in dB, must be returned to its natural value. 
 

஺ሺܴሻܮ ൌ 10ି ቂ݈ܽݐ݋ݐ	݄ݐܽ݌	ݏݏ݋݈ 10ൗ ቃ (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 ൅ 4.6ܶ െ 0.055ܶଶ ൅ 0.00029ܶଷ ൅ ሺ1.34 െ 0.01ܶሻሺܵ െ 35ሻ ൅ 0.016݀ (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 

frequency 
Figure 2. Transmission loss as a function of 

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. 

 

 
 
Figure 3. Schematic showing a Pekeris waveguide model of the shallow water acoustic channel 
 
 
where ݀ଵ is the depth of the source, ݀ଶ is the depth of the receiver, ݄ is the height of the water 
column and ܴ 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 ܦ଴଴ given by: 

 

଴଴ܦ ൌ ඥܴଶ ൅ ሺ݀ଵ െ ݀ଶሻଶ (7)
 
where ܦ௦௕ is the distance along an upward originating eigenray with ݏ as surface reflections and 
ܾ as bottom reflections. For such eigenrays, 0	 ൑ ݏ	 െ ܾ	 ൑ 	1	and: 
 

௦௕ܦ ൌ ඥܴଶ ൅ ሾ2ܾ݄ ൅ ݀ଵ െ ሺെ1ሻ௦ି௕݀ଶሿଶ (8)
 
where ܦ௕௦ is the distance along a downward originating eigenray with	ݏ as surface reflections 
and ܾ as bottom reflections. For such eigenrays, 0	 ൑ 	ܾ െ 	ݏ ൑ 	1 and: 

 

௕௦ܦ ൌ ඥܴଶ ൅ ሾ2ܾ݄ െ ݀ଵ ൅ ሺെ1ሻ௕ି௦݀ଶሿଶ (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 π 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]. 

 
ௌோܮ ൌ െexp	ሺെ0.5	߁ଶሻ (10)

 
where ܮௌோ is the surface reflection coefficients and 
 

߁ ൌ ሻ (11)ߠሺ	sinߪ2݇
 

ߪ ൌ ඥ0.324. 10ିହ. ௪ହݒ  (12)

 
where	݇	is acoustic wave length (2ߨ ൗߣ ሻ, ߠ is incident angle, ߪ is ݏ݉ݎ roughness of the surface 

and ݒ௠is the wind speed in			݉/ݏ. 
 
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 ߩ and ܿ are the density and sound speed in sea 
water respectively and ߩଵ and ܿଵ 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 : 

 

ሻߠ஻ሺܮ ൌ ቤ
݉ cosߠ െ √݊ଶ െ ߠଶ݊݅ݏ

݉ cosߠ ൅ √݊ଶ െ ߠଶ݊݅ݏ
ቤ (13)

where 
 

݉ ൌ
ଵߩ
ߩ
, ݊ ൌ

ܿ
ܿଵ

 (14)

 
The angle of incidence ߠ can be computed based on the geometry of the Pekeris 

waveguide. Let angle ߠ௦௕ correspond to an eigenray ܦ௦௕ and angle ߠ௕௦ correspond to an 
eigenrayܦ௕௦. Then, we have: 

 

௦௕ߠ ൌ tanିଵ ൤
ܴ

2ܾ݄ ൅ ݀ଵ െ ሺെ1ሻ௦ି௕݀ଶ
൨ 

௕௦ߠ ൌ tanିଵ ൤
ܴ

2ܾ݄ െ ݀ଵ ൅ ሺെ1ሻ௕ି௦݀ଶ
൨ 

(15)

 
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]. 

 
∅ ൌ 90 െ (16) ߠ

 
where ߠ 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 ߬௦௕ the propagation delay along the ray length ܦ௦௕ and 
߬௕௦ the propagation delay along the ray length ܦ௕௦. 

 

߬௦௕ ൌ
௦௕ܦ െ ଴଴ܦ

ܿ
, ߬௕௦ ൌ

௕௦ܦ െ ଴଴ܦ
ܿ

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

 

ሻݐሺݕ ൌ
଴଴ሻܦ஺ሺܮ

଴଴ܦ
ሻݐሺݔ

൅෍ ෍
௦௕ሻ൯ߠ஻ோሺܮௌோሻ௦൫ܮ௦௕ሻሺܦ஺ሺܮ

௕

௦௕ܦ

௦

௕ୀ௦ିଵ
ݐሺݔ െ ߬௦௕ሻ

∞

௦ୀଵ

൅෍ ෍
௕௦ሻ൯ߠ஻ோሺܮௌோሻ௦൫ܮ௕௦ሻሺܦ஺ሺܮ

௕

௕௦ܦ

௕

௦ୀ௕ିଵ
ݐሺݔ െ ߬௕௦ሻ

∞

௕ୀଵ
 

(18)

 
The channel impulse response for a time-varying multipath underwater acoustic 

channel can be expressed as [2]: 
 

݄ሺ߬, ሻݐ ൌ෍ܣ௉ሺݐሻߜሺ߬ െ ߬௣ሺݐሻሻ
௣

 (19)

 
where	ܣ௣ሺݐሻ and߬௣ሺݐሻ 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 ݄ሺݐሻ and input ݔሺݐሻ, the output ݕሺݐሻ can be 
found by using convolution between input and impulse response of system [19].  
 

ሻݐሺݕ ൌ ሻݐሺݔ ∗ ݄ሺݐሻ  (20)
 
The input-output relationship defined according to the correlation function and the 

power spectrum is [20]: 
 
ܴ௒௒ሺ߬ሻ ൌ ݄ሺ߬ሻ ∗ ݄ሺെ߬ሻ ∗ ܴ௑௑ሺ߬ሻ ி.்.ሱሮ ܵ௒௒ሺ݂ሻ ൌ ሺ݂ሻ|ଶܵ௑௑ሺ݂ሻ      (21)ܪ|

 
ܴ௒௑ሺ߬ሻ ൌ ݄ሺ߬ሻ ∗ ܴ௑௑ሺ߬ሻ ி.்.ሱሮ	ܵ௒௑ሺ݂ሻ ൌ ሺ݂ሻܵ௑௑ሺ݂ሻ      (22)ܪ
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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. 

 
 

  
Figure 4. Configuration of the experiment 

at Tanjung Balau, Johor, Malaysia on June 
18, 2014 

Figure 5. Experiment test site. 

 
 
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 Eqs. (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 
number 

Range    (10 m) Range    (100 m) 
Experiment 
delay(ࢉࢋ࢙࢓) 

Simulation 
delay(ࢉࢋ࢙࢓) 

Amplitude Experiment 
delay(ࢉࢋ࢙࢓) 

Simulation 
Delay(ࢉࢋ࢙࢓ሻ 

Amplitude 

1 0 0 1 0 0 0.7 
2 3.75 2.97 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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