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There are many references found on underwater acoustic networks from the perspective of communications people and on properties of underwater acoustic propagation from the perspective of acoustics people.   I did not locate a basic primer on the various changes in a transmitted signal as seen by a receiver highlighting the issues impacting contemporary approaches to communications (e.g., wireless network techniques).  This report summarizes my own simple analysis of what is happening, and should be regarded as an effort by a non-specialist. 

The main objective of developing this primer was to understand the changes in the electrical signal generated by the receiver’s transducer, compared with the electrical signal driving the transmitter’s transducer.  A substantial literature on underwater acoustic networks has emerged over the past decade (see reference list), generally containing the theme that techniques familiar to land-based communications can be transferred to underwater acoustic networks.  Wireless techniques using electromagnetic waves are often transferred, with minimal change, to techniques using acoustic waves.  However, these two types of propagating wave, though sharing several similarities, are also different in important ways.  The invisible "ether" was used long ago to understand the propagation of light and electromagnetic waves in free space, resolving the confusion regarding how light could propagate in a vacuum.  This erroneous model was discarded when the true properties of electromagnetic propagation were understood.  Acoustic waves propagate through an "ether," for example water, metal bars, etc.  However, they do not propagate through a vacuum.  This represents a fundamental difference between electromagnetic waves and acoustic waves.  On the other hand, light also propagates through materials and the velocity of light depends on the dielectric constant of the material.  Standard optics describes the effect of structure in the sense of dielectric constants on the reflection/transmission of optical beams, on the bending of optical wavefronts, and other effects.  To a significant extent, the analogy between electromagnetic/optical wave propagation in a medium according to dielectric constants and acoustic wave propagation provides a more powerful analogy than the one between electromagnetic/optical propagation in free space and acoustics.  This analogy includes use of ray theory to trace the propagation of an optical signal and use of transmission mode theory to trace electromagnetic propagation in a waveguide, each extended to the case of acoustic signals.

  Rather that attempt to define an “optimum network” approach for underwater networks, this report steps back and asks simply ‘what happens to the signals.’  Underwater environments are highly complex and no attempt is made here to cover all possible effects that can happen.  Rather, the focus is on the major effects.

This report gives inadequate consideration to the real-world effects of attenuation, including losses at reflecting boundaries and absorption through energy transfer to heat.  It also does not consider the mechanisms leading to variability in the attenuation seen within a shallow environment.  The report also does not consider the scattering effects of smaller objects in the communications medium.  

1.  Basic Effects, Ignoring Absorption

1.1 Transmitter Electrical Signal to Receiver Electrical Signal: Objects Stationary

1.1.1 Case with Water Velocity and Sound Velocity Constant

We start with the simplest picture, namely a source and detector stationary within a water environment moving at constant velocity. Figure 1 shows a transmitter and receiver separated by some distance and an acoustic signal traveling from one to the other. Figure 1a shows the electronic signal 
[image: image1.wmf] as a time-varying signal driving the electro-acoustic transducer (shaded oval) of the transmitter.  This generates an acoustic signal 
[image: image2.wmf].  At some point in time 
[image: image3.wmf], the spatial acoustic signal is 
[image: image4.wmf].  At some point in space 
[image: image5.wmf], the temporal signal at that point is  
[image: image6.wmf].  Figure 1b shows the same case for a square wave generated by the source.  

[image: image7.wmf]
Figure 1:  Transmitter and Receiver in still water - Line of Sight Path.  (a) General waveform.  (b) Square pulse.

The spatial shape of the acoustic signal mimics the temporal shape of the original signal, and the temporal shape of the acoustic signal measured at some point in space.  It is easiest to use the square wave example in Figure 1 to explain this basic case.  We will assume no attenuation of the acoustic signal simply to highlight the main point of this section.

Some Notation:  The discussion below, using the square wave, will concern the temporal and spatial widths of the signals in Figure 1.  

· 
[image: image8.wmf]: The pulse width of the electrical signal 
[image: image9.wmf]driving the transducer.

· 
[image: image10.wmf]:  The pulse width of the acoustic signal 
[image: image11.wmf] in the channel at point x in the direction of the wave propagation.

· 
[image: image12.wmf]: The spatial width of the acoustic signal 
[image: image13.wmf] at the output of the transmitter’s transducer.

· 
[image: image14.wmf]: The spatial width of the acoustic signal 
[image: image15.wmf] at point x in the channel.

· 
[image: image16.wmf]: The temporal width of the electrical signal 
[image: image17.wmf]generated by the receiver’s transducer.

The relationship between the spatial width and the velocity of the acoustic signal at the output of the transmitter’s transducer is

 

[image: image18.wmf]
As the acoustic pulse propagates through the medium, the temporal width 
[image: image19.wmf] remains constant.  This is illustrated in Figure 2.  The time required for the pulse to pass through the boundary from the left equals the time required for the pulse to pass from the boundary into the right side.  This leads to the first main observation.

Observation 1: Under conditions of stationary objects (transmitter, receiver, and reflecting surfaces) and constant water/sound velocity, the temporal width of the acoustic pulse remains constant and equal to the width of the electrical signal driving the transmitter’s transducer.  This is also true for the transition from the acoustic signal into an electrical signal by the receiver’s transducer.  The result is that, ignoring frequency dependent absorption effects (considered separately later), the original signal 
[image: image20.wmf] is exactly reproduced in the electrical signal 
[image: image21.wmf]of the receiver with an attenuation factor depending on the spreading of the acoustic wave, i.e.




[image: image22.wmf]
(2)
[image: image23.wmf]
Figure 2:  Acoustic pulse passing through boundary.

1.1.2 Case with Water Velocity and Sound Velocity changing

If the water is moving with velocity 
[image: image24.wmf] at an angle 
[image: image25.wmf] with respect to the direction of propagation of the acoustic signal, then the effective sound velocity 
[image: image26.wmf] changes, decreasing if the water is moving in a direction opposite to the direction of the acoustic wave and increasing if moving in the same direction.  The effective sound velocity is



[image: image27.wmf].

The water flow will lead to a bending of a narrow acoustic beam in the direction of the water flow, an effect not considered here.  

At the output of the transmitter, the width of the acoustic pulse is changed by the moving water, with



[image: image28.wmf].
(3)

However, the temporal width remains unchanged. In fact, the temporal width remains constant even if the sound and water velocity/direction change with position along the path.  Consider, for example, an acoustic pulse traversing (left to right) a boundary with a low sound velocity on the left and a high sound velocity on the right.  The situation is similar to Figure 2.  The time for the incoming, low velocity acoustic signal to cross the boundary from the left is the same as the time for the outgoing high velocity acoustic signal to leave the boundary from the right.  The only result would be a wider spatial extent of the acoustic signal.  This result is fully general.  If the sound velocity, water velocity, and water direction (relative to the direction of the propagating acoustic wave) are all changing with position x in the channel, then equation (3) becomes



[image: image29.wmf]
(4)

The perhaps surprising result is that for all acoustic rays, in this environment of stationary boundaries (transmitter, receiver, reflecting boundaries), equation (2) continues to hold, namely that the temporal shape of the electrical signal in the transmitter is exactly reproduced in the receiver.

The velocity of light in light transmission media changes as the dielectric constant changes, leading to several refractive optical effects (light confinement in optical waveguides, light bending by lenses, etc).  Changes in the velocity of sound in sound transmission media lead to similar refractive effects.  Although the time duration of a pulse in the direction of the acoustic wavefront remains constant when the sound velocity changes, the direction of the acoustic wavefront will change also according to refraction laws.  At strong interfaces (e.g., the water/air interface), incident waves will encounter reflection by and transmission through the interface, also according to the principles applying to optics.
1.1.3 Single Reflection from Surface and Bottom of Water Channel

The results above say that any acoustic ray impinging (from any direction) on the receiver exactly reproduces in the receiver the same temporal shape of electrical signal (with frequency-independent attenuation under our simplified model here) as appearing in the transmitter.  Here, only a single reflection from the surface and a single reflection from the bottom are considered (the next section considers multiple reflections).  If reflections cause multi-path effects, then the electrical signal in the receiver will be (assuming for simplicity K incident acoustic signals), using equation (2),



[image: image30.wmf].

The attenuation associated with waves reflected from surfaces includes the loss at reflecting surfaces due to transmission of part of the energy into the reflecting object (i.e., only part of the energy is reflected unless the incident angle is less than the critical angle). This is the same as the simple multi-path model for wireless communications.  If only the direct path and the paths corresponding to reflection from the surface and bottom of the water channel are received, then there will be three terms in the equation above.  This will correspond to short distances (depending on water depth) between source and receiver.  As the distance between the source and receiver increases, signals corresponding to multiple reflections (e.g., surface to bottom to receiver) will be received.  This increases the distance traveled, the number of losses encountered at each reflection, and the overall spreading and absorption losses associated with the wave.

1.1.4  Multiple Reflections and Multi-path Effects

The comments above assumed a single reflection from the top surface and a single reflection from the bottom surface reaching the receiver.  In general there will be multiple reflections.  As the number of reflections increases, the total path length increases, resulting in increased loss and longer propagation delays.  In addition, there is loss at each reflection surface.  This section considers some basics related to multiple reflections.  Considered here is the attenuation of an acoustic ray arriving at the receiver, considering the various effects occurring along its path.

[image: image31.wmf]
Figure A

Figure A shows a ray extending from the transmitter, at a depth
[image: image32.wmf], to the surface, reflecting at an angle 
[image: image33.wmf], and striking the receiver at a depth 
[image: image34.wmf].  To determine the path length (to assess absorption), the equivalent representation in Figure 7 can be used.

[image: image35.wmf]
Figure B

The distance L traveled by the ray from the transmitter to the source is then




[image: image36.wmf]
There are also signals received after multiple reflections. These can be modeled in the same manner as in Figure B.  Figure C shows the case of a reflection first from the top and then from the bottom.

[image: image37.wmf]
Figure C

Continuing in this manner, the case of reflections from the surface and bottom, starting with a reflection from the surface of the waterway, can be expressed as follows.



[image: image38.wmf]
Here, N  is the number of reflections and 
[image: image39.wmf] is the path delay.  For reflections from the surface and the bottom, starting with reflections from the bottom of the waterway, the same equations hold but with the replacements 
[image: image40.wmf] in the equations above.

For each reflection, there will be a reflection loss 
[image: image41.wmf] corresponding to transmission of some of the energy into the reflecting medium.  The reflection losses at the surface and bottom, 
[image: image42.wmf], respectively, will be different.  The total attenuation seen along the path will include the attenuations associated with spreading loss and absorption loss in the water along with the reflection losses at the top and bottom surfaces.  The total reflection loss along a path with N reflections with the first reflection occurring at the top surface is given by



[image: image43.wmf]
For the first reflection occurring at the bottom surface,



[image: image44.wmf]
A simplified model of the attenuation 
[image: image45.wmf] of a given reflected ray would have the general form (depending on whether the first reflection is from the top surface or the bottom surface)



[image: image46.wmf]
where 
[image: image47.wmf] is the attenuation due to spreading of the wave and other effects (not related to exponential models) and 
[image: image48.wmf] is the frequency-dependent attenuation.

The losses at the top surface (water-to-air) and bottom surface (water-to-sediment) are quite different.  Consider the water/air interface.  The sound wave is essentially a movement of the atoms of the medium.  The movement of the water surface due to the sound wave is quite small, leading to very little movement of the air molecules.  As a result, very little of the sound wave is transmitted from the water into the air, most being reflected. In effect, the sound pressure does not couple effectively with air.  A similar situation occurs going from air to water, with little sound passing from the air into the water (you can't push a car easily with a column of air).. This can formally be expressed as an impedance mismatch between the wave impedance in water and the wave impedance in air.  At the bottom surface, the movement of the water molecules is more effectively coupled to the sediment molecules (there is a smaller impedance mismatch).  The amount of acoustic power transmitted into the bottom will, however, depend strongly on the type of material comprising the bottom (wet sand, rocky bottom, etc.).

1.2 Case of Boundaries Moving with Velocity

1.2.1  Boundary Moving with Constant Velocity

The above discussion has assumed that the transmitters and receivers, as well as all reflecting surfaces, are stationary.  In this section, the case of one of these interfaces moving with constant velocity (over time durations that can be considered infinite relative to the characteristic times of data transmission) is considered.  This may be helpful in modeling cases in which the transmitter and receiver are moving towards each other or in which a large reflecting object (e.g., boat) is moving in the region.  The oscillating waves found at the surface are considered separately in the next section.

As the pulse is crossing the boundary, assuming that the boundary is moving away from the acoustic wave, an additional time 
[image: image49.wmf]is required for it to reach the new position of the boundary.  The total time between the front edge of the pulse reaching the initial position of the boundary and the back edge of the pulse reaching its new position is then 
[image: image50.wmf].  Let the velocity of the boundary by 
[image: image51.wmf] in a direction at an angle 
[image: image52.wmf] relative to the direction of the acoustic wave.  During this time, the boundary will have moved a distance 
[image: image53.wmf] in the direction of its motion.  The additional distance that needs to be traveled by the acoustic wave, in the direction of the wave, is 



[image: image54.wmf].  

The spatial width of the incident wave is 
[image: image55.wmf]. The leading edge of the pulse reflects at the starting point of the moving surface whereas the trailing edge reflects from the ending point of the moving surface.  The result is that the spatial width of the acoustic pulse changes 
[image: image56.wmf] whereas the sound velocity does not change.  The time for the pulse to travel this total distance is



[image: image57.wmf]
(5)

If the reflecting boundary is moving away from the acoustic wavefront and 
[image: image58.wmf], then the acoustic wave never reaches the reflecting boundary.  

If 
[image: image59.wmf], the time shift can be approximated as



[image: image60.wmf]


From the above equation, we can obtain the frequency shift that would appear for a single sinusoid signal.  The period of the sinusoid would be reduced by the same factor.  If 
[image: image61.wmf] is the frequency of the sinusoid incident on the boundary, the frequency 
[image: image62.wmf] of the sinusoid after the reflection, in terms of the parameter 
[image: image63.wmf] is



[image: image64.wmf]
(6)

In terms of the boundary velocity parameters, the frequency of the reflected sine wave is




[image: image65.wmf]
(7)

In particular, the frequency shift is proportional to the frequency, increasing with frequency. This is simply the result of the boundary moving forever at constant velocity, effectively leading to a linearly increasing path distance over all time.  The temporal shape of the signal (other than its being stretched or compressed) is preserved.  To determine the spectrum of the stretched/compressed signal, we would, in principle, have to recalculate the spectrum using the Fourier transform. However, this need not be done, as illustrated by considering a general time varying signal x(t) with spectrum 
[image: image66.wmf] impinging on the moving boundary.  Each sine wave contributing to x(t)  is 
[image: image67.wmf]. That sine wave is translated into an outgoing sine wave 
[image: image68.wmf].  Therefore, the spectrum 
[image: image69.wmf] of the signal emerging from the moving boundary is related to the spectrum 
[image: image70.wmf] by



[image: image71.wmf]
This is illustrated in Figure 3, which shows the time expansion/contraction of the time varying signal due to the moving boundary and the corresponding frequency contraction/expansion of the spectrum of the signal due to the boundary

Figure 3b shows the effect of the boundary moving away at constant velocity, yielding a time expansion of signal x(t) by a factor 
[image: image72.wmf] and frequency contraction of the spectrum X(f) by a factor 
[image: image73.wmf].   Figure 3c shows the corresponding effects when the boundary is moving towards the incident wave, , yielding a time contraction of signal x(t) by a factor 
[image: image74.wmf] and frequency expansion of the spectrum X(f) by a factor 
[image: image75.wmf].  

The Doppler effect shown here is familiar in land-based wireless communications, though the effects in acoustic networks may be more pronounced than in the land-based systems with propagation velocities equal to the speed of light.

[image: image76.wmf]
Figure 3: Effect of moving boundary on pulse width and spectrum width.  (a) The incident signal x(t) with spectrum X(f).  (b) Effect of boundary moving away at constant velocity.  b) Effect of boundary moving towards at constant velocity

1.2.2  Flat Boundary with Oscillatory Motion

The discussion in the previous section considered a boundary moving with a constant velocity in some direction.  An important case of moving boundaries appears at the surface, where the waves represent a moving boundary.  The effect of waves is rather complex (discussed later).  Here, we consider the simpler case of a flat boundary oscillating in the vertical direction with frequency 
[image: image77.wmf].   The position y of the surface in the vertical direction will be represented by 
[image: image78.wmf] where 
[image: image79.wmf] is the position of the flat surface underlying the oscillating part of the surface and 
[image: image80.wmf] is the peak-to-peak amplitude of the sinusoidal position variations.  The moving surface leads to a time transformation between the incident and reflected signals.  Consider an incident sine wave measured at position 
[image: image81.wmf] in the absence of the oscillations given by 
[image: image82.wmf].  When the oscillation is added, that incident signal’s time of intersection with the surface changes. Assuming the incident wave is normal to the surface, the change in time of the intersection of the incident signal is 



[image: image83.wmf].  

If the incident wave is at an angle 
[image: image84.wmf] relative to the vertical, the change in time is 


[image: image85.wmf].   

This can be modeled by replacing the time t in the equation for the incident wave with the time 
[image: image86.wmf] in the same equation for the output wave, giving the output signal



[image: image87.wmf]
(8)

This represents a phase modulation of the incident signal, as noted by others.

1.2.3  Surface Waves - Some Basics

The previous discussions have assumed flat reflective boundaries.  The surface waves add structure to the surface.  Figure 4 illustrates a simplistic model of the surface waves, here represented by a sinusoidal displacement of the surface from a planar surface.  The waves will be moving in some direction, with velocity 
[image: image88.wmf] as illustrated.  This surface structure, even when stationary, introduces substantial complications to an analytic analysis.  Surface structure may also appears in other reflecting surfaces that may appear (e.g., an underwater physical structure).  In addition to the water surface, the bottom of the water system (e.g., river, ocean) may have structure.  Such bottom surface structure is stationary and may have an effect on the received acoustic signal reflected from the bottom.

First, consider the case when the surface structure (represented in blue) is stationary (
[image: image89.wmf]) with an incident acoustic wave.  This case is similar to that found in diffractive optics where constructive and destructive interference of the reflected rays lead to strong spatial changes in the outgoing wave.  Here, we need to consider diffractive acoustics but can draw on the extensive literature on diffractive optics to determine the effects of the surface “grating."

The effects of a grating depend strongly on several factors.  The shape of the grating structure (sinusoidal, triangular, more complex, etc.) will impact the far-field reflected wave pattern. The width of the incident wave relative to the period of the grating and the wavelength of the incident wave relative to the period of the grating will each impact the resulting far-field wave.  The velocity of sound is roughly 1 ft/msec, leading to a wavelength of about 1 foot for a frequency of 1 KHz.  This wavelength is of the order of the period of surface waves often encountered.  For a frequency of 10 Hz, the wavelength becomes 100 ft, typically large compared to the grating period.  But for a frequency of 100 KHz, the wavelength becomes 0.1 inch, small relative to the grating period.  Determination of the effects of such surface gratings for various frequencies over the range of interest for communications, including different surface grating shapes, will need to be assessed.  Analysis software for optical gratings will provide one means.  Experimental studies using directional antennas (pointed towards the surface at various angles) may be helpful in assessing the effects of "real-world" surface structures.

The discussion above considers analysis using acoustic rays.  In shallow water, the limited vertical depth creates effectively a "waveguide."  If the propagation to the receiver involves multiple reflections, the analysis can use normal mode theory (basically representing the acoustic signal as the propagation of a wave in much the same manner as electric signals propagate in a transmission line). 

[image: image90.wmf] 

Figure 4:  Surface waves modeled as simple sine wave function.

There is a second impact of the surface structure that can be understood by using the overly simplified model (but useful to illustrate the basic change).  In the case of an infinite flat surface, there will be a single ray extending from the transmitter, bouncing from the flat surface, and intersecting the receiver (or perhaps rays having made multiple surface/bottom reflections)..  In the case of the surface structure (e.g., as in Figure 4), the rays from the transmitter intersecting the surface at different points along the surface will encounter different incident angles (relative to the water-air interface) leading to different exit angles, leading to an increased number of multi-path components from the surface. This simple model is not really appropriate in the general cases for explaining the multi-path components due to the constructive/destructive effects of the intersecting multiple reflected waves.  The "scattering" from a structured surface can be considered from the perspective of the power of a far-field wave incident on the surface and the resulting power of the far-field wave reflected by that surface.    

The discussion above has considered only a few of the several issues arising from stationary surface structure but it is suggested that the literature and principles of surface structure in the field of optics will provide a means of understanding in detail the effects of various stationary surface structures.

The above discussion has assumed that the surface structure is stationary.  Surface waves, however, are moving in some direction (indicated in Figure 4 by the blue arrow). If the velocity of the surface waves is small (distance moved during the characteristic time required to extract data from the signal, for example), the local effects of the movement on the reflected wave will be negligible. Considering multi-path signals, each signal will have encountered a different propagation delay but over the characteristic data extraction time the movement for a given bit time will be negligible.  On the other hand, the movement of the wave will lead to a time-varying channel since each of the waves incident on the receiver will exhibit the slowly varying (relative to the characteristic bit time) effect of the moving surface wave.  If the wave velocity is sufficiently large that significant movement occurs during the characteristic bit extraction time, then the time-varying effects will be seen in the extraction of data bits.

Adding the wave movement will impact the received signal in different ways, depending, for example, on the spatial width of the acoustic wave intersection the surface, the time associated with recovering a data bit in the receiver, etc. For example, if the spatial extent of the incident wave is small compared to the period of the surface wave, the reflected wave's direction, for such narrow acoustic beams, will change as the wave moves across the acoustic wave, effectively modulating the acoustic wave seen at the receiver.    If the spatial extent of the incident wave is very large compared to the period of the surface wave, then the movement of the wave will have a lesser effect (though there will be a periodic variation in the acoustic signal incident on the receiver). 

Overall, both stationary/fixed surface structure and moving/variable surface structure impact the acoustic signal seen by the receiver. In acoustics, the reradiation of acoustic energy from a structure is called "scattering."  It is clear that the effects of structured surfaces creates a complex scattering environment and, to the extent that the scattered signal contributes to the received signal, will impact the design and performance of acoustic networks.  The discussion above regarding the analogy with optical "scattering" included reference to constructive and destructive interference of optical waves.  Such interference also occurs with acoustic waves and electromagnetic waves.  Such interference occurs at the input to the receiver's transducer, where the sum of the various scattered waves is called "reverberation.".  Once the acoustic signal driving the transducer is determined, the acousto-electric conversion is performed on the power of the received signal.  

1.2.4  Scattering by Objects in the Radiation Field

The discussion above considered reflections (scattering) from extended surfaces.  A separate mechanism impacting the received acoustic wave is scattering from objects in the water (fish, smaller stationary objects, debris, etc.).  The effects of such "volume scatterers" can be analyzed for specific shapes and sizes.  However, given the variety of such scatters that might appear, it may be difficult to obtain an analytic result (including time variations if the objects are moving).

2.  Considering Frequency-Dependent Absorption

In the discussions above, we have used the assumption that the amplitude of the acoustic wave decreases with increasing distance, the decrease being independent of frequency.  The represents the "spreading loss" as the wavefront broadens.  The acoustic literature uses the term "attenuation" to represent to other mechanisms causing the amplitude of the acoustic wave to decrease with distance.  Among the mechanisms is absorption, with energy lost by the wave and converted to heat.  The general effect here is similar to that seen in optical signals propagating in optical fibers, with the absorption varying substantially with optical wavelength (and leading to designs using wavelengths with the smallest absorption coefficient.  The absorption effects of glass can change greatly with changes in the contaminants in the glass.  Absorption of acoustic energy is also frequency dependent and dependent on "contaminants" (where this word is used loosely and includes chemical compounds existing in the water).  

Given the attenuation coefficient 
[image: image91.wmf], a signal S decreases with distance x traveled according to  
[image: image92.wmf].  We can also express the decrease in the signal S using the dB scale.  The ratio of S(x) to S(0), measured in dB, is 



[image: image93.wmf]
(9)

This allows the absorption coefficient 
[image: image94.wmf] to be expressed in the units of dB/unit distance as 
[image: image95.wmf].  For example, if 
[image: image96.wmf], its value (in dB/cm) is 0.89 dB/cm.  If the distance traveled is 20 cm, then the attenuation of the signal, in dB, is simply (20 cm)*(0.86 dB/cm) = 17.2 dB.
Figure 4 (roughly drawn, from Etter, 2003) illustrates the absorption coefficient, in units of dB/km (rather than dB/cm) as a function of frequency for sea water at 4 degrees C.  The effect of compounds in the water is illustrated by the increased absorption occurring when MgSO4 is present in the water. At frequencies of about 10 kHz, the attenuation is about 1 dB/km and over a distance of 100 meters the amplitude of a 10 kHz sine wave would decrease by 0.1 dB.  Etter summarizes various analytic models for the absorption coefficient, highlighting the equation developed by Thorp (W.H. Thorp, Analytic description of the low-frequency attenuation coefficient, J. Acoust. Soc. Amer., vol. 42, p 270, 1967) given by



[image: image97.wmf]
where the frequency is in kHz.  Mechanisms impacting absorption, along with various analytic models, are covered in Urick (1983).

[image: image98.wmf]
Figure 4: Absorption coefficient for sea water at 4 degrees C. (Fisher and Simmons, shown in book by Fetter and others)

Figure 4 is appropriate for deep water environments.  For shallow water environments, such as in a harbor, the overall attenuation (including effects of reflection from the bottom surface and top surface of the channel) seen in the signal at the receiver can be represented by empirical relationships.  Several of these are covered in Urich (1983), including the model suggested by Marsh and Schulkin (Shallow water transmission, J. Acoust. Soc. Amer., vol. 34, p. 863, 1962). These empirical models depend on a parameter H defined as 
[image: image99.wmf] where D is the water depth in feet, L is the layer depth in feet, and H is in kiloyards.  The three equations for the transmission loss TL in dB, for a distance r in feet, are



[image: image100.wmf]
Here, 
[image: image101.wmf] is the absorption coefficient in dB/kyard given in Figure 4 but requiring a change from km to kyard, 
[image: image102.wmf] is the near-field anomaly in dB (ranging from about 7.0 at 100Hz to 2.5-4 at 10kHz), and 
[image: image103.wmf] is the shallow water attenuation coefficient (ranging from about 1.0 at 100Hz to about 3-5 at 10kHz).  This empirical model is useful for general estimation but variations in the nature of the water bottom, in temperature, and other factors can have a substantial effect.  For general evaluation of channel properties, it may be better to consider the individual contributing factors, including time delay effects and others in order to better understand the "communications channel".

I have not had time to adequately go through the absorption issues (and any other frequency dependent attenuation effects). I will continue working on this.

4.  Noise Effects

I have not yet included background on noise effects but these will play a substantial role in the design and performance of underwater networks similar to what happens in land-based wireless and wired networked systems.

References

A set of reference material has been collected at the iNetS web site (http://www.stevens.edu/inets) and is not repeated here.
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