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DS-CDMA/CI Based Communication Technique for Underwater Unmanned Vehicles

An increasing demand to explore the vast ocean floor for various purposes has made it necessary to deploy networks of underwater unmanned vehicles (UUVs) capable of carrying out multiple tasks. For information transfer among these vehicles, it is essential to design efficient communication systems and techniques which reduce the transmission error thereby improving system performance. The network consists of underwater components which perform activities such as communicating with each other using sound waves, gathering information and transmitting this information to the surface buoys which forward the data to a receiver onshore or on board some ship. This report studies the use of Carrier Interferometry (CI) spreading codes in underwater networks which use DS-CDMA technique for transmitting data. A network model has been presented and performance of DS-CDMA/CI has been studied for this model through simulations. The performance of this system has also been compared to those networks using Walsh-Hadamard (WH) codes to prove that DS-CDMA/CI is a better transmission scheme as compared to DS-CDMA/WH. Furthermore, multirate transmission in underwater environment has also been explored with the use of DS-CDMA/CI simulations. The results have shown that DS-CDMA/CI is an excellent candidate for future single rate as well as multirate transmission schemes.

I. INTRODUCTION

There has been a continuous growth in the demand for communication networks designed for activities involving exploration as well as exploitation of the ocean resources such as information collection, environment monitoring, predicting natural disasters by observation of seismic activity in the ocean, providing assistance to navigating ships, etc. Recent search efforts for the missing Malaysian Airlines flight MH370 included an underwater search for its debris with the help of an Unmanned vehicle named Bluefin-21. Due to availability of reliable acoustic modems, use of unmanned underwater vehicles (UUV) has been considered as a potential candidate for such tasks [START_REF] Stojanovic | Multiuser undersea acoustic communications in the presence of multipath propagation[END_REF]. An underwater network consists of various devices which may be submerged or floating. Each of them have been briefly explained below:

An Unmanned Underwater Vehicle (UUV) is a device which gets driven by a propulsion system and is controlled and instructed by an onboard processing device. It has the ability to maneuver itself in all the three directions. As a result of this level of control, the vehicle is able to precisely follow numerous programmed trajectories at all possible times. The vehicle is equipped with sensors which sample the ocean as the vehicle moves through it making measurements in both space and time.

There are various modes in which a UUV operates. Commonly used ones are passive floatation at a specified depth or density layer in the sea or actively loiter in the vicinity of the desired location, vary depth as it moves through the water or swim at a constant pressure level. Thus, they are a highly productive means of performing seafloor surveys using acoustic or optical imaging systems.

As the need for sensor as well as control power increases, UUV's become the preferred choice for such operations. A UUV can stay underwater for a sufficient amount of time in the range of 8-50 hours. Most vehicles can vary their velocity between 0.5 and 2.5 m/s. The optimum speed and the resulting greatest range of the vehicle occurs when its hotel load (all required power except propulsion) is twice the propulsion load. For most vehicles, this occurs at a velocity of around 1.5 m/s. Most UUVs are also equipped for surface communication in order to deal with cases wherein they get lost. During such transmissions, the antenna used in these systems communicates with the nearest surface component at 2.4 GHz so it can be traced and the information can be retrieved.

Typically, there is a network operating underwater to gather information which is passed on to a floating device mounted on a surface buoy which then transmits the signal over the air. The surface buoy enables flotation of all the devices necessary for reception of acoustic signal from the underwater components, transducers for conversion of sound signal into electrical signal which then gets radiated as an electromagnetic wave and other miscellaneous components. Advanced terminals set up on such buoys also contain hardware to provide the facility of setting up a Wireless Local Area Network (WLAN) 1 with other buoys or nearby receivers [START_REF] Hodgkiss | A high frequency phase conjugation array[END_REF]. The Wireless LAN operates at a frequency of 2.4 GHz. However, it is necessary to ensure that the weight and size of components loaded on the buoy does not exceed specific limits. Size reduction may also facilitate installation of additional hardware devices thereby increasing the facilities on the surface component. In this sense, the antenna in [START_REF] Nayak | A novel compact tri-band antenna design for WiMax, WLAN and bluetooth applications[END_REF] becomes important from the point of view of size reduction. The antenna is compact, operates at 2.4 GHz and has good radiation properties as well as radiation efficiency which meets all the requirements for the antennas used in surface buoys. Another benefit of using the antenna is size reduction which enables addition of extra hardware in the space saved and thus additional facilities on the buoy 2 .

Due to the broadcast nature of the channel, underwater acoustic communication among multiple devices requires a multiple access communication techniques. In a multiple access channel, multiple transmitters send signals to a common receiver. Examples of multiple access communication systems include mobile to base station communication of cellular systems or the telephone lines which are time multiplexed between multiple voice users. The transmitter power for each of the transmitter may be different. The main objective of multiple user communications is to facilitate efficient sharing of limited resources while maintaining lower levels of interference to each other. Most common techniques used are Frequency-Division Multiple Access (FDMA), Time-Division Multiple Access (TDMA) and Code-Division Multiple Access (CDMA). These techniques allocate resources to individual communication devices such that an efficient information transfer can be achieved.

In case of FDMA systems, the frequency band available is divided into several small sub-bands and each device communicates within the sub-band allocated to it. The channels are typically narrowband so they experience flat-fading as a result of which there is no requirement for compensation techniques for Inter Symbol Interference (ISI). Considering the low coherence bandwidth and total communication bandwidth of a UWA system [START_REF] Sozer | Underwater acoustic networks[END_REF], it is likely that as the number of device increase the transmission bandwidth for individual devices will fall below the coherence bandwidth of the channel thus making the device vulnerable to fading which is prominent in an underwater acoustic channel. Also, due to fixed bandwidth allocation, such systems prove inefficient in scenarios involving bursty traffic [START_REF] Rappaport | Wireless Communications[END_REF].

TDMA, on the other hand, allocates time slots for individual devices by dividing the total time frame. Thus, every user is assigned a cyclically repeating time slot for transmission and reception. As a result, transmission is not continuous and digital transmission techniques are required to allow for buffering. Although the resultant higher transmission bandwidth makes the system more resistant to frequency selective fading, inclusion of guard intervals to prevent packet collision in adjacent time slots results in greater overhead in comparison to FDMA. Thus, in case of underwater communications, CDMA gains an advantage over these techniques as it has the ability to exploit multipath-diversity with the use of RAKE receiver. Due to this feature, it has become the chief focus of engineers working on underwater acoustic communication [START_REF] Tsimenidis | Spreadspectrum based adaptive array receiver algorithms for the shallow-water acoustic channel[END_REF].

In this report, the use of Direct Sequence (DS) CDMA for achieving an efficient communication among several underwater unmanned vehicles with the use of Carrier Interferometry spreading codes has been studied.

II. UNDERWATER ACOUSTIC CHANNEL

Underwater channels are generally known to be the most difficult communication medium in use today. Use of acoustic waves is not the only way of transmitting information wirelessly in an underwater medium. Attempts have also been made in the past to use radio and optical waves. However, in order for a radio wave to travel a sufficient amount of distance through the saline water of the sea, its frequency has to be extra low. The typical range of such frequencies is 30 Hz to 300 Hz. Transmission at such low frequencies requires large antenna and higher transmission powers. Optical waves, which is the second option, do not suffer a lot of attenuation. However, they are seriously affected by scattering. Consequently, the narrow laser beam being used for optical signals needs high pointing precision. Although, laser technology is still being perfected for practical use in underwater environment, acoustic waves remain the best solution for signal transmission underwater.

A. Channel Characteristics

Being an extremely complex communication media, shallow water acoustic environment is characterized by frequency dependent attenuation, multipath propagation and a speed of sound which is five orders of magnitude lower (approximately 1500m/s) as compared to that of the electromagnetic waves used in radio transmissions [START_REF] Jiang | Underwater Acoustic Networks-Issues and Solutions[END_REF]. Furthermore, every tap gain in the sparse channel response exhibits a time-varying nature accompanied by motion induced Doppler effect. Thus, the underwater channel combines the worst properties of radio channels such as poor quality of physical link as in the case of a mobile terrestrial communication channel and large latency which characterises a satellite channel.

The frequency dependent attenuation in an underwater acoustic channel results from the loss of acoustic energy in the form of heat which gets absorbed by the channel. The loss is given by

γ(l, f ) = K 0 × l m × a(f ) l
where K 0 is a scaling constant, l is the transmission distance, a(f ) the absorption constant and m is an exponent which models the spreading loss with a typical value between 1 and 2 [START_REF] Stojanovic | Underwater acoustic communication channels: Propagation models and statistical characterization[END_REF].

The noise in an underwater channel consists of two types: ambient noise and site specific noise. Ambient noise is present in the background of a quiet deep sea all the time while sitespecific noise is present only in specific places. Examples of such locations are the polar regions which experience ice cracking resulting in acoustic noise or the snapping shrimp in the case of warm water. Although noise is often approximated as Gaussian, in case of underwater channel it is not white. Multipath propagation in UWA channel occurs primarily due to reflection from the surface and the bottom as well as sound refraction occurring due to variation in sound speed with temperature, salinity and pressure which change depending on the depth and the location. Changes in the underwater medium due to natural phenomena such as those caused by surface waves and other sources such as transmitter and receiver Fig. 1. Impulse response of the underwater channel [START_REF] Tu | OFDMA for underwater acoustic communications[END_REF] motion result in a highly time varying environment. These effects also cause changes in the position of the reflection point from the surface of the sea resulting in Doppler spreading.

B. Channel Model

Unlike the radio channel, there is no standardized statistical characterization of underwater acoustic channels. Through experimental results it has been proved that some channels may be characterized as deterministic while others have shown to exhibit Rice, Rayleigh or even K-distributed fading [START_REF] Chitre | A High-Frequency Warm Shallow Water Acoustic Communications Channel Model and Measurements[END_REF], [START_REF] Yang | High-Frequency Channel Characterization for M-ary Frequency-Shift-Keying Underwater Acoustic Communications[END_REF].

In general, the frequency response of the p th propagation path between transmitter and the receiver is represented by

H p (f ) = Γ p γ(l p , f )
Where Γ p is the cumulative reflection coefficient along the p th path [START_REF] Stojanovic | Underwater acoustic communication channels: Propagation models and statistical characterization[END_REF]. The overall impulse response of the channel is given as

h(t) = p h p (t)δ(t -τ p )
where τ p are the path delays and h p is the inverse fourier transform of H p .

As UUVs travel with a typical speed of a few meters per second, the random channel for simulation purposes in this paper has been modelled as a three tap channel [START_REF] Tu | OFDMA for underwater acoustic communications[END_REF] with channel taps generated by using a Rician distribution with expected values of tap gains as shown in fig. 1 andK factor in the range of 2-6 dB [START_REF] Radosevic | Statistical characterization and capacity of shallow water acoustic channels[END_REF].

III. NETWORK MODEL

Consider a network of unmanned vehicles deployed in a shallow underwater environment. The network primarily 2. The first type is a swimming survey vehicle that performs a wide scale mapping of a particular area to carry out a specific task such as detection of an object. In addition to the swimming vehicle, the network consists of a set of crawling vehicles which accompany the swimming vehicle in performing detailed inspection within its allocated zone. The swimming vehicle can be interfaced with a surface device which can be communicate wirelessly to a base station on the ground. These type of networks are used for scientific missions such as the ones meant for oceanographic sampling [START_REF] Freitag | Acoustic communication in very shallow water: Results from the 1999 AUV Fest[END_REF] in an autonomous fashion.

The network considered in this paper consists of a swimming vehicle with K crawling vehicles assisting it. The purpose of using multiple vehicles is to ensure faster task execution as compared to the case of a single vehicle. The area to be surveyed is divided into several small adjacent zones by the swimming vehicle and a crawling vehicle is assigned per zone. Thus, the zone allocation ensures that no two zones for crawling vehicles overlap each other. The data gathered by each crawling vehicle from within its zone is sent to its corresponding swimming vehicle. This ensures continuous progress monitoring as well as efficient terrain evaluation and target detection.

The crawling vehicles communicate with their corresponding swimming vehicles simultaneously and use DS-CDMA with a M-chip spreading code (explained later). For the swimming vehicle, the n th data transmitted by its k th crawling vehicle is given by

x n,k (t) = Re s n,k M -1 i=0 e jα i,k c(t -iT c )
where s n,k is the n th BPSK (Binary Phase Shift Keying) modulated data bit of the k th crawling vehicle, e jα i,k represents the i th component of the k th crawling vehicle's spreading sequence, c(t) is the chip shape and T c is the chip duration. Thus, the n th data transmitted by all the crawling vehicles working in association with the swimming vehicle in its zone is given by

x n (t) = Re K-1 k=0 s n,k M -1 i=0 e jα i,k c(t -iT c )
From the adopted channel model, the corresponding received signal at the swimming vehicle can be expressed as

y n (t) = Re L-1 p=0 h p K-1 k=0 s n,k M -1 i=0 e j(2πfct+φp+α i,k ) × c(t -iT c -τ p ) + η(t)
where L represents the total number of paths, f c the carrier frequency, φ p the phase offset of the p th path and η(t) the additive white Gaussian noise (AWGN) with power spectral density (PSD) N 0 . The path amplitude are assumed to be constant within one transmitted block i.e. h p (t) ≈ h p [START_REF] Mason | An OFDM Design for Underwater Acoustic Channels with Doppler Spread[END_REF].

IV. DIRECT SEQUENCE CODE DIVISION MULTIPLE ACCESS (DS-CDMA)

Code-Division is a multiple access technique in which the time and bandwidth are simultaneously utilized by various users. The transmitted signals of the users are modulate by orthogonal or semi-orthogonal spreading codes. The code structure is utilized by the receiver to separate out different users. One of the biggest advantages of spread spectrum technique is that dynamic co-ordination expected from the users with respect to time or frequency is little as they can be distinguished by the properties of the spreading codes alone. In case of TDMA and FDMA, the time and bandwidth is divided into different pieces which lays hard limits on the number of users which can simultaneously access the system. The same is true for CDMA systems using orthogonal codes. On the other hand, if semi-orthogonal codes are used, the interference lays a limit on the number of users that can be used.

A. Spreading Codes

In direct sequence (DS) CDMA, each user's information is generally spread by using orthogonal pseudo noise (PN) codes such as Walsh-Hadamard (WH) which helps distinguish between different users. In this report, the carrier interferometry (CI) codes have been used and compared with WH codes. A detailed description of the two spreading codes is given below:

1) Walsh-Hadamard (WH) codes: WH codes originate from the Walsh Hadamard transform which is well known in digital signal processing (DSP) literature [START_REF] Rappaport | Wireless Communications[END_REF] which is used to decompose a discrete-time signal onto a basis of 1's and -1's. The transform is an M ×M square matrix with individual elements given by

T W H (a, b) = (-1) f (a,b)
where T W H (a, b) is the element in the a th row and b th column and f (a, b) is a function chosen such that individual rows of the transform matrix T W H constitute independent vectors. The matrix can also be recursively generated by using the following procedure

T W H,M = T W H, M 2 T W H, M 2 T W H, M 2 -T W H, M 2 
where T W H,2 is given by

T W H,2 = 1 1 1 -1
Each normalized row of this matrix constitutes a set of Walsh-Hadamard codes which is used for spreading data of individual users. As can be observed, WH transform matrix dimensions can only be powers of 2 and thus corresponding codes of other sizes are not possible.

2) Carrier Interferometry (CI) codes: The CI codes are based on the Discrete Fourier Transform (DFT) whose M ×M matrix elements are given by

T CI (a, b) = e j 2π M a,b
where T CI (a, b) is the element in the a th row and the b th column. Previously CI codes when applied to MC-CDMA systems [START_REF] Nassar | Introduction of carrier interference to spread spectrum multiple access[END_REF], [START_REF] Wu Zhiqiang | High-performance, high-capacity MC-CDMA via carrier interferometry[END_REF], [START_REF] Hui | MC-CDMA via carrier interferometry Codes in an Underwater Acoustic Channel[END_REF] produced better BER results as compared to those with Walsh Hadamard codes due to their phase offset independent SIR.

V. TRANSCEIVER DESIGN

The transmitter system for a DS-CDMA system is as shown in fig. 3. wherein each data symbol is spread by using a specific spreading sequence before transmission. The RAKE receiver coherently combines the components received on multiple paths by making use of the autocorrelation properties of the spreading codes. Independent multipath components that are separated by more than a chip time can be resolved. Thus, the RAKE receiver can be thought of as another form of diversity combining. The signal corresponding to the k th crawling vehicle on the j th finger of the RAKE receiver shown in fig. 4 is given by ŷk (t) = 

(s n,k ) = +1 if Ŷ > 0 -1, otherwise VI. MULTIMEDIA TRANSMISSION IN UNDERWATER ACOUSTIC CHANNEL
With advancement in hardware equipments associated with Underwater Vehicles, the demand for deployment of underwater acoustic multimedia networks is on the rise. Such networks will play an important in accomplishing a variety of tasks related to monitoring and survey. A few examples of such activities are multimedia tactical surveillance of coastal areas to protect the national borders and enable safe passage of trade ships, studying marine life and habitat, exploration under the sea for various minerals and other aquatic resources, picture and video acquisition and classification and prevention of disasters. Due to the difference in requirements of the applications involved, it is necessary to provide different service support to traffic that is loss tolerant and delay tolerant as well as loss sensitive and loss tolerant.

A frequency dependent transmission loss, multipath effect, high propagation delay, battery and other resource constraints make the delivery of multimedia content a challenging task. Multirate transmission scheme are therefore important and variable spreading length (VSL) and multi-code schemes are two promising schemes to realize such transmissions.

A. Variable spreading length scheme

In variable spreading length scheme, a single data rate service is assigned a single spreading sequence. However, the length of the spreading sequence is different for different users. The processing gains are set to match the data rates of different services. Multipath interference becomes extremely significant as data rate increases due to the low processing gain assigned to the user.

B. Multi-code scheme

In the multi-code scheme, the high data-rate stream is spread into multiple low data rate sub-streams. Within each sub-stream, the data is spread by using a random spreading sequence and then transmitted in parallel multi-code channels. The spreading codes assigned to different sub-streams are orthogonal to each other. This is done to avoid interference between different channels when the time delay is zero. The high data rate is achieved by increasing the number of parallel sub-channels. While doing so, the processing gain is maintained constant. Similar to the VSL scheme, the multipath interference (MPI) becomes prominent at higher data rate due to the increased number of parallel sub-channels.

Multi-code schemes have a better performance in multipath environments as compared to variable spreading length schemes. Therefore, we use the multi-code scheme along with DS-CDMA/CI and study the performance of the system in an underwater environment.

VII. SIMULATION RESULTS AND DISCUSSION

The simulation has been performed in three stages. In the first stage, the performance of DS-CDMA/CI has been compared to that of DS-CDMA/WH on the basis of BER plot. Next, bit error rate plot for varying the number of crawling vehicles has been shown followed by the results obtained by transmitting an image in an underwater acoustic communication system using DS-CDMA/CI. Finally, a multicode DS-CDMA/CI transmission scheme has been used to study the use of carrier interferometry codes in multirate transmission systems. The block diagram of the general system is as given in fig. 5.

A. Comparison of CI codes with WH codes

For comparison between CI codes and WH codes, the system model described in Section III is used with the underwater channel model and a simulation is performed in MATLAB. We consider a system consisting of a single swimming vehicle which is accompanied by 4 crawling vehicles. The spreading length is taken as 32 for both CI codes and WH codes for making the comparison fair. The chip duration (T c ) is taken to be 2.5ms. The corresponding bit error rate (BER) plot is as shown in fig. 6. As can be seen from the plot, the performance of the system is far better with CI codes which demonstrate nearly 8 dB gain as compared to that with WH codes for a 6 crawling vehicle system. This is particularly important as underwater acoustic systems are expected to be power efficient. The reason for this high improvement in performance is the that the SIR in case of CI codes is independent of the phase offsets between different paths. On the other hand, in case of WH spreading codes, the SIR is dependent on the squared cosine of the phase offset which causes degradation in the BER performance [START_REF] Wu Zhiqiang | Novel orthogonal codes for DS-CDMA with improved crosscorrelation characteristics in multipath fading channels[END_REF]. As a result, CI is clearly an excellent candidate for use in such underwater vehicular networks.

B. UUV network operation using DS-CDMA/CI

For this simulation, the value of K is varied from 9 through 11. The spreading length is taken as 32 and the chip duration is 2.5ms. As expected, the BER shows degradation as the number of UUVs increase as is indicated by fig. 7. The system model and simulation parameters are the same as above. Following this, the system's performance is studied for image transmission. This simulation was intended to study image transmission at different SNR values. A sample image is transmitted through an underwater channel and is obtained at the receiver. DS-CDMA is used with CI spreading codes of the same spreading length and chip duration as taken previously. The number of crawling vehicles is kept fixed at 8. The results are as shown in fig. 8. As expected, the image quality is slightly diminished at lower SNR values and improves at higher SNR. It can be seen that at a low SNR value, the system performs satisfactorily.

C. Multirate transmission using multi-code DS-CDMA/CI

For this simulation, we consider an underwater vehicle deployed in an underwater environment. Such systems have been studied in [START_REF] Lin | Underwater Acoustic Multimedia Communication Based on MIMO-OFDM[END_REF] wherein the hardware design possesses an ability to transmit sensor data, image and audio. The transmission scheme used is Multi-code DS-CDMA/CI and the performance of the system has been evaluated. The number of bits transmitted is 10 6 and the spreading length is taken to be 32. The data rate of the higher data rate transmission is taken to be twice that of the low data rate transmission. In multimedia transmission schemes for underwater environment, the acceptable transmission BERs for data, audio and image packets are typically taken as 10 -6 , 10 -3 , 10 -4 respectively. The bit error rate (BER) plot for the above system is as shown in fig. 9. Thus, the multi-code DS-CDMA/CI has a satisfactory performance for such multirate communication in underwater acoustic channels.

VIII. CONCLUSION

This report studies the performance improvement in underwater acoustic communications in a multiple UUV network using DS-CDMA with carrier interferometry (CI) spreading codes. The performance has been compared to the case wherein the vehicles use Walsh-Hadamard (WH) spreading codes as the resultant crosscorrelation is independent of the phase offset between different paths. It has been found that use of CI spreading codes in place of WH codes greatly improve the system performance. Also, the performance of CI is thoroughly studied by varying the number of crawling vehicles in the network as well as by image transmission using DS-CDMA/CI. Furthermore, the performance of multi-code DS-CDMA/CI has also been shown and a satisfactory system performance has been achieved. Thus, CI can be considered as an excellent candidate for underwater UUV networks which use DS-CDMA technique for communication. 

IX. FUTURE WORK

The network model used in this report considers multiple crawling vehicles operating under a single swimming vehicle. However, in a general case, a number of such groups might be operating in the vicinity of each other. Simulations for such cases in which the value of the number of swimming vehicles is greater than one will be a good future work.

The multi-rate transmission scheme in this report has considered the high data rate user to transmit at twice the rate of the low data rate user. Although, this simulation is satisfactory for the current work, it can be further used to study the multi-rate services in which the high data rate is an integral multiple of the low data rate-the integer being a positive number other than two.

While operating in a specific region, it is likely that the UUV network will come across another network operating in the same area. As a result, the UUV network might end up obstructing this network causing performance degradation in them. Therefore, designing a suitable scheme for minimizing this disturbance is necessary and this is another possibility for future work.
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