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Doppler Effect in the Underwater Acoustic Ultra Low Frequency Band

We address communications between Autonomous Underwater Vehicles (AUVs), Underwater Sensors (USs) and remote operators. We assume the use of acoustic waves. Due to the Doppler effect, the communication frequency depends on the relative motion between the participants. We are interested in the Ultra Low Frequency (ULF) range, from 0.3 to 3 kHz. We relate the Doppler effect to the half-power bandwidth, versus distance. Numeric simulations are conducted. We show that the Doppler shift is significant with respect to the half-power bandwidth in the ULF band, for long distance communications.

Introduction

Autonomous Underwater Vehicles (AUVs) and Underwater Sensors (USs) use acoustic waves to communicate. We are interested in the Ultra Low Frequency (ULF) range, 0.3 to 3 kHz (kHz), underwater communications. The ULF band is interesting because the attenuation is lower, relative to higher frequencies. Hence, there is more potential for long range communications. For instance, Freitag et al. [START_REF] Freitag | Long range acoustic communications and navigation in the arctic[END_REF] have been able to make contact at a distance of 400 km at 900 Hz. On the other hand, the half-power bandwidth is narrow in the ULF band. As a consequence, solely extremely low rate data streams can be supported. Another communication impairment is the Doppler effect. It is created by relative motions between acoustic sources and receivers. Given the narrow half-power bandwidth and slow propagation speed of underwater acoustic waves, one may expect a significant Doppler effect in the ULF band. The goal of this work is to characterize the importance of the Doppler effect in various underwater communication scenarios in the ULF band. Some questions addressed are: What is the maximum Doppler shift that can be expected on underwater links in the ULF band? What is the maximum frequency drift that can happen during the reception of a data frame? Through a number of scenarios, we show that the Doppler shift is significant in the ULF band for long distances, relative to the narrow half-power bandwidth.

Section 2 provides background on ULF underwater acoustic communications. Section 3 discusses the Doppler effect. Section 4 presents our experimental scenarios and results. Section 5 concludes.

Attenuation is an important underwater acoustic communication impairment. The main causes are conversion of acoustic energy into heat and geometrical spreading. The magnitude of attenuation is represented in the Thorp's model [START_REF] Thorp | Analytic description of the low frequency attenuation coefficient[END_REF][START_REF] Thorp | Deep ocean sound attenuation in the sub and low kilocycle per second region[END_REF][START_REF] Thorp | Attenuation of low frequency sound in the ocean[END_REF]. For long distance underwater communications, the ULF band is preferable because there is less attenuation at the lower end of the acoustic spectrum.

Figure 1(a) plots the attenuation as a function of distance for selected frequencies in the ULF band. Realistically, for long range underwater acoustic communications, solely the use of low frequencies can be envisioned. For instance, Freitag et al. [START_REF] Freitag | Long range acoustic communications and navigation in the arctic[END_REF] have been able to achieve communication over a 400 km range at 900 Hz.

Another important fact is the gradient of the attenuation versus frequency. The transmission loss rapidly increases for higher frequencies. It limits the operating bandwidth. This constraint is captured by the concept of half-power bandwidth. The half-power bandwidth is commonly used to define cutoff frequencies and bandwidths of filters by using frequency response curves, using 3 dB points in the frequency response of a band-pass filter [START_REF] Wu | A correction of the half-power bandwidth method for estimating damping[END_REF].

Figure 1(b) shows the half-power bandwidth for selected ULF frequencies versus distance. Firstly, the relationship between frequency, half-power bandwidth and distance is not linear. Secondly, at very long ranges (e.g., 400 km), the half-power bandwidth is very narrow, i.e., around 100 Hz. We can observe the relation between the half-power bandwidth and the frequency, with respect to the range. For a range less than 17 km, the half-power bandwidth is better for low frequencies (300 Hz) than for higher frequencies with the same range.

The Doppler effect shifts the frequency, from the receiver point of view, because of a transmitter-receiver delay change during data transmission. This happens because either the transmitter or the receiver are mobile. Their relative separation distance is not constant. Let v (m/s) be the relative velocity between a transmitter and a receiver. It is positive when they are getting closer, negative when moving away. Let c be the signal propagation speed (m/s). At nominal frequency f 0 Hz, the variation of frequency due to the Doppler effect is [START_REF] Lurton | An Introduction to Underwater Acoustics: Principles and Applications[END_REF]:

δf = f 0 v c Hz (1) 
Figure 2 depicts the maximum Doppler shift for selected frequencies in the ULF range. We assume that the relative speed varies from zero to eight knots. This range is consistent with the values reported by Robert et al. speed range of AUVs. Figure 2(a) shows that the Doppler shift turns out to be linear with respect to the relative speed, if we assume that both transmitter and receiver are moving along the same axis. Figure 2(b) makes the assumption that the transmitter and receiver move in transverse directions (i.e., transmitter and receiver move in opposite directions with respect to a reference axis) with constant speeds and as in the scenario shown in Figure 2(c). After nine seconds, both of them arrive at the same point, where the Doppler shift becomes null. Then, they move away from each other, causing an increase in the Doppler shift.

Experimental Scenarios and Results

Experiments are conducted using numeric simulations via BELLHOP [START_REF] Michael | The BELLHOP manual and user's guide[END_REF][START_REF] Camargo | General description of the BELLHOP ray tracing program[END_REF]. We assume situations in which one mobile transmitter (representing an AUV) is continuously transmitting acoustic waves at a specific frequency. At an initial distance, the waves are processed by an array of receivers (underwater sensors equipped with acoustic hydrophones). The array of receivers also move with respect to a mobility model (e.g., a sinusoidal movement). At each instance, one or more receivers process a series of multipath components that are summed up together at the receiver side. These multipath components consist of a straight line-of-sight (LOS) ray and multiple reflected and refracted rays. The rays are generated using BELLHOP. Each ray comes with different delay shifts, causing different frequency shifts. Our goal is to study variations of Doppler shifts and estimate the detection accuracy in a series of communication scenarios. The source code of the simulations is available online at http://j.mp/UWtmpgit. Next, we present our main scenarios.

Doppler Shift for a Transmitter-receiver Pair

Figure 3(a) depicts our first scenario. It consists of two underwater devices: one acting as a transmitter (T ) and the other acting as a receiver (R). R moves according to a sinusoidal model along the z axis (such that z = A sin t•π 60 ). The trajectory of T is based on the Caruso et al. model [START_REF] Caruso | The meandering current mobility model and its impact on underwater mobile sensor networks[END_REF][START_REF] Caruso | Simple jet meandering model library[END_REF], which simulates a movement with one degree of freedom. The Doppler shift is derived according to Equation (1) (c is 1500 m/s). The distance between the two devices is derived by substituting their three-dimensional coordinates in the equation

(x 2 -x 1 ) 2 + (y 2 -y 1 ) 2 + (z 2 -z 1 ) 2 .
Change of distances are used to compute the relative velocity between T and R. The data is produced at one sample per second.

Figure 4 plots the Doppler shifts for times t = 0 to t = 50 seconds. 0.1 Hz and amplitude A of 10 m. The receiver is stationary. The transmitter is moving along a line with an invariant angle β relative to the x-axis. This line makes a variable angle α with a transmitter-receiver line. Since the transmitter is moving along an angle β with respect to the x-axis, we can compute the horizontal position x of the transmitter as follows:

x = cos β • A • cos πt f m m (2)
and its depth d as:

d = sin β • A • cos πt f m m ( 3 
)
The frequency at the receiver f r is computed using the following formula:

f r = c c -v s cos(α) • f s Hz (4)
where f s is the frequency of the transmitter, c is the signal propagation speed (assumed to be 1500 m/s), and v s is the velocity of the transmitter. The value of v s is obtained by computing δd δt , where δd is the change of distance during an interval of time t. Scenario 1.2 -Mobile Receiver, Stationary Transmitter. In Figure 5(b), the receiver is moving with velocity v r along a line with constant angle β, relative to the x-axis. Variable α is the angle between this line and transmitter-receiver line. The receiver is assumed to follow a sinusoidal motion with frequency 0.1 Hz and amplitude of 10 m. The transmitter is stationary. Same operations as in Scenario 1.1 are computed, except for deriving the frequency at the receiver f r , which is computed using the following equation: Figures 6 and7 show the simulation results. Figure 6 shows the variation of both angle and velocity of movement. The moving receiver and moving transmitter scenarios produced the same results. Figure 7 shows the variation of the Doppler shift for fourβ angles: (0 • , 40 • , 80 • and 90 • ). In Figure 7(f) velocity is increased 40×.

f r = 1 + v r • cos α c • f s (5)

Doppler Shifts and Attenuation Between one Transmitter and Several Receivers

We study the Doppler shift assuming the existence of multiple receivers, as depicted in Figure 3 Let v be the velocity of the transmitter. The following equation is used to compute the Doppler shift:

δf = c c -v cos α ( 6 
)
where α is the angle between the line along which the transmitter is moving and transmitter to receiver line. Figure 8 shows the results of the simulations and the velocity and mobility patterns assumed during the experiments. When angle β is set to 90 • , receivers are far from the transmitter, i.e., at distance greater than the amplitude of the sinusoidal motion of the transmitter, each receiver is either above or below the transmitter. If the transmitter is moving up, then it gets closer to the receiver placed at the higher depth. It moves away from the receivers placed at the bottom of the array. It is reflected in the Doppler shift. When the motion of the transmitter is along the x-axis, all the receivers experience similar delays. At depths 10 to 20 m, the Doppler shift is the same as at depths 0 and 30 msince the transmitter is moving in the middle at depth 15 m. 

Fig. 1 .

 1 Fig. 1.(a) Attenuation and (b) half-power bandwidth for selected frequencies in the underwater acoustic ULF band. We can observe the relation between the half-power bandwidth and the frequency, with respect to the range. For a range less than 17 km, the half-power bandwidth is better for low frequencies (300 Hz) than for higher frequencies with the same range.

  Figure2depicts the maximum Doppler shift for selected frequencies in the ULF range. We assume that the relative speed varies from zero to eight knots. This range is consistent with the values reported by Robert et al.[START_REF] Button | A survey of missions for unmanned undersea vehicles[END_REF] about
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 2 Fig. 2. Maximum Doppler shift in the ULF range, assuming mobile transmitter and receiver moving either on the same axis (a) or in transverse directions (b).The scenario for the transverse movement between the transmitter and receiver is depicted in (c).
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 3 Figure3(a) depicts our first scenario. It consists of two underwater devices: one acting as a transmitter (T ) and the other acting as a receiver (R). R moves according to a sinusoidal model along the z axis (such that z = A sin t•π 60 ). The trajectory of T is based on the Caruso et al. model[START_REF] Caruso | The meandering current mobility model and its impact on underwater mobile sensor networks[END_REF][START_REF] Caruso | Simple jet meandering model library[END_REF], which simulates a movement with one degree of freedom. The Doppler shift is derived according to Equation (1) (c is 1500 m/s). The distance between the two devices is derived by substituting their three-dimensional coordinates in the equation(x 2 -x 1 ) 2 + (y 2 -y 1 ) 2 + (z 2 -z 1 ) 2 .Change of distances are used to compute the relative velocity between T and R. The data is produced at one sample per second.Figure4plots the Doppler shifts for times t = 0 to t = 50 seconds. Figure 4(a), the amplitude A of R is 10 m. The figure shows a slight frequency shift, that is one Hz at its maximum. In Figure 4(b)), the amplitude A of R is 50 m. The Doppler shift becomes noticeable, as it peaks at 35 Hz.
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 4 Fig. 4. Doppler shift at different receiver positions for selected ULF frequencies. The receiver moves according to a sinusoidal law.
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 5 Fig. 5. (a) Scenario 1.1, moving transmitter and stationary receiver. (b) Scenario 1.2, moving receiver and stationary transmitter.
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 6 Fig. 6. Mobility characteristics for the Doppler shift experiments assuming 1.5 kHz for the frequency; and 0 to 90 • as angle β.

  (b). Different scenarios are discussed. Assuming that the transmitter is positioned at 15 m deep, five receivers are placed 30 m away from the transmitter, at depths zero, 10, 20, 30, and 40 m. The array of receivers is stationary. The following cases are considered: 1. The transmitter is moving along a line parallel to the x-axis, where x = 10 cos(0.1πt) m. Depth is constant at 15 m. 2. The transmitter is moving along a line parallel to the vertical axis, where depth d = 15 + 10 cos(0.1πt) m and x = 0 m.
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 7 Fig. 7. Doppler shift experiments at 1.5 kHz and angles 0 • to 90 • .
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 8 Fig. 8. Doppler shifts affecting transmitters (a,b) moving along either the x-axis (c),(e) or y-axis (d),(f).

We have addressed acoustic communications between AUVs, USs and remote operators. We studied scenarios comprising one transmitter and one or several receivers. Due to the mobility of nodes, the Doppler effect changes the communication frequency. We focused on the ULF band, i.e., the frequency range 0.3 to 3 kHz. Numeric simulations confirm the importance of the Doppler shift. We have a maximum Doppler shift of 10 Hz in the scenarios we studied. It is negligible for short and medium ranges. It is, however, significant with respect to the half-power bandwidth for long distance communications (400 km). It corresponds to 10% of the half-power bandwidth. Since attenuation also depends on frequency [2][3][4], a positive Doppler shift increases the frequency and augments the attenuation, and vice-versa. In our simulations, the Doppler effect on the attenuation bandwidth is not significant. The source code of the simulations is available online at http://j.mp/UWtmpgit.