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Outline of the Presentation

• Introduction:
– Underwater sensor networks
– Autonomous Underwater Vehicles (AUVs)
– Underwater communication challenges

• Problem Definition and Solution
– Reliability in underwater communications
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– Integration of neighbor discovery, MAC and routing functionalities
– Unicast protocol

• Performance Evaluation
– Simulation scenarios for unicast protocol
– Results and conclusions

• Future work
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Underwater Sensor Networks

• Consists of: 
– stationary sensor devices   
– Autonomous Underwater Vehicles (AUVs)

• Applications:
– oceanographic data collection 
– pollution monitoring 
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– pollution monitoring 
– assisted navigation
– tactical surveillance
– disaster prevention
– mine reconnaissance

• These applications require communication
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Problems with Existing Physical-layer 
Technologies for Underwater Communication

• Radio signals cannot be used as:
– they propagate at long distances through salty water only at 

extra low frequencies (30-300 Hz)
– low frequencies require large antenna and high transmission

power
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• Optical signals cannot be used as:
– they are affected by scattering
– they require high precision in pointing the narrow laser beams

• Underwater links are based on acoustic wireless communications



Challenges in Underwater Communications

• Limited bandwidth
• High and variable propagation delay
• High bit error rates
• Path loss:

– attenuation (distance and frequency dependent)
– geometric spreading (only distance dependent)
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– geometric spreading (only distance dependent)

• Noise:
– man-made noise
– ambient noise

• Multi-path
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Autonomous Underwater Vehicles (AUVs)

• Equipped with underwater sensors 
• Act as mobile nodes for underwater acoustic sensor networks
• Find many applications on account of:

– flexibility
– reliance on local intelligence

• Categorized as:
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• Categorized as:
– conventional propeller-driven vehicles
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Gliders

• Buoyancy-driven vehicles called gliders:
– sample the ocean along a sawtooth trajectory   
– slower than conventional AUVs
– permit longer-duration operations
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Unicast and Geocast Communication Paradigm
• Unicasting: sending data to a single destination

– example: underwater sensors periodically sending data to the surface station

destination

sender
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• Geocasting: sending data to set of destinations within a specified 
geographical location

– example: surface station disseminating query to a subset of nodes 

8
�������
��	
��

sender

sender

Query packet



Reliability in Underwater Communications

• Implies guaranteed delivery of data to the destination
• Critical for specific sensor network applications like surveillance 

and disaster prevention
– example: network deployed to provide tsunami warnings

• Also critical to account for peculiar characteristics of underwater 
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• Also critical to account for peculiar characteristics of underwater 
channel such as:

– fading
– shadow zones
– multi-path



Reliability: End-to-end vs Hop-by-hop Mechanism

• Reliability can be achieved through following mechanisms:
– end-to-end mechanism, i.e., transport-layer solutions 
– hop-by-hop mechanism, i.e., link-layer solutions

• As propagation delays in underwater environment are very high:
– end-to-end retransmissions would result in large Round Trip Times (RTTs)
– consequently, large RTTs would result to considerable reduction in 
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– consequently, large RTTs would result to considerable reduction in 
throughput of the network

• Hence, we consider link-layer mechanism to provide end-to-end 
reliability
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Neighbor Knowledge

• Reliability necessitates the need to access the neighborhood 
information 

• Trade-offs involved with increased neighbor knowledge:
– greater view of the topology
– cost of maintaining an updated neighbor information increases  
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Integration of Neighbor Discovery, MAC and 
Routing Functionalities

• Integration of neighbor discovery, MAC and routing 
functionalities to make optimum routing decisions

• Geographical routing used
– Surface station needs to spatially reconstruct the monitored 
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– Surface station needs to spatially reconstruct the monitored 
phenomenon

• Random-access MAC used 
– to comply with the some of the leading commercially available 

underwater acoustic modems (Benthos, WHOI Micro-modems)
– Assumptions:

• No simultaneous transmission and reception at a node
• No simultaneous receptions of more than one packet at the receiver



Unicast Protocol with No Neighbor Knowledge

• Reach the destination reliably using limited flooding
• A node receiving a packet decides to be a potential forwarder if it is 

closer to the destination than the sender
• All potential forwarders start hold-off timers, which is a random 

timer, to take decisions in a distributed way 
• Hold-off timer of a node depends on its distance from the 
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• Hold-off timer of a node depends on its distance from the 
destination

• If a potential forwarder overhears transmission during its hold-off 
period, it stops the timer and becomes a non-forwarding node
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Selection of Forwarding Nodes in Unicast Protocol 
with No Neighbor Knowledge
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Need for Random Timers in Unicast Protocol 
with No Neighbor Knowledge
• Large transmission and reception times of data packets due to low 

data rates in underwater channel (      = Lp/R)
• Collisions of packets received within time difference of 
• Hold-off timers need to be de-synchronized such that probability of 

reception of transmission from two nodes being less than       is very 
low (say       ) 
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low (say       ) 
• If         is uniformly distributed in               ,

where,
s

i

d



Retransmissions & ACKs in Unicast Protocol 
with No Neighbor Knowledge

• The sender relies on retransmission and ACKs from the receiver to 
ensure hop-by-hop reliability

• A forwarding node receiving packet for the first time, transmits the 
packet after hold-off time, which:

– serves as an implicit ACK (overhearing) to the sender
– saves redundant transmission of explicit ACK 
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• Duplicate receptions of packet are acknowledged by explicit ACKs
• If the sender fails to hear from a node closer to the destination, it 

retransmits after timeout:



Retransmission & Explicit ACK in Unicast 
Protocol with No Neighbor Knowledge
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Unicast Protocol with One-hop Neighbor Knowledge

Advantages over no neighbor knowledge based protocol:
• Next forwarding node designated by the sender based on its 

one-hop neighbor knowledge
• Reduction in the number of redundant transmissions
• MAC scheme designed to reduce collisions of the transmissions 

at a node from the neighboring nodes
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at a node from the neighboring nodes
• Neighbor knowledge used to de-synchronize the transmission of 

explicit ACK and data packets
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Unicast Protocol with One-hop Neighbor 
Knowledge
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Unicast Protocol with One-hop Neighbor Knowledge
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Unicast Protocol with Two-hop Neighbor Knowledge

Advantages over no neighbor knowledge and one-hop 
neighbor knowledge based protocols:

• The sender of the data packet designates second forwarding hop to 
its next hop

– This is a constraint on the routing scheme to make optimum routing decisions 

• Owing to the two-hop neighborhood information, the MAC scheme is 
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• Owing to the two-hop neighborhood information, the MAC scheme is 
designed to reduce collisions at first as well as second hop 
distances 
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Unicast Protocol with Two-hop Neighbor Knowledge
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Unicast Protocol with Two-hop Neighbor Knowledge
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Underwater Channel Model
• The entire 3D body of water, assumed to a giant parallelepiped, is divided into 

sides w, h, etc. each with side       taken as coherence distance
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• A matrix                   , stores random variables with a unit-mean Rayleigh 
distribution, to account for the statistical attenuation in the shallow-water 
channel from cube w to cube h. Thus, transmission loss is modeled as:

• (transmission within the coherence distance)
• (link asymmetry)
• R does not have memory, i.e.,          does not depend on
• Thus, matrix R accounts for spatial and temporal variability of the channel, as 

well as link asymmetry
24



Performance Evaluation
• Simulation comparisons between three versions of unicast protocol and 

new unicast protocols having equivalent amount of neighbor knowledge:  
– protocol A: 

• no neighbor knowledge based protocol with no synchronization in starting the hold-
off timer and no fairness among the transmitting nodes

– protocol B:
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• one-hop neighbor knowledge based protocol with hold-off time taken as zero
• does not cater collisions using neighbor knowledge

– protocol C:
• two-hop neighbor knowledge based protocol with deterministic timeout and no 

constraint on choosing the next hop
• does not cater collisions at one-hop and two-hop neighbors



Simulation Metrics and Scenarios

• Performance evaluation in terms of end-to-end metrics:
– packet delivery ratio
– delay
– energy/bit 

• End-to-end parameters evaluated by varying: 
– packet inter-arrival time for nodes
– number of nodes deployed in the 3D environment
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– number of nodes deployed in the 3D environment

• Mobility scenarios considered:
– static environment: fixed sensors
– mobility for gliders: sawtooth trajectory with maximum speed of 1m/s
– mobility for AUVs: random-waypoint motion with maximum speed of 2m/s



Simulation Scenarios

• Nodes randomly deployed in a 3D volume
• Transmit at a maximum power at all times
• is taken as a maximum distance at which, 85% of the 

packets are received from a node
• Simulation Parameters:
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Simulation Results (Static)
Static environment:
• One version of unicast protocol does not always outperform the other, it depends on 

the end-to-end metrics considered
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• Our two-hop neighbor knowledge performs the best in terms of packet delivery ratio
– greater amount of neighborhood information helps in making better routing decisions



Simulation Results (Static)
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• one-hop neighbor knowledge outperforms the other two versions in terms of end-to-
end delay

– two-hop neighbor knowledge protocol encounters increased collisions with variable length 
control messages leading to higher delays

• improved reliability at the cost of increased end-to-end delays
– no-hop neighbor knowledge has delays on account of increased collisions due to redundant 

transmissions (limited flooding)



Simulation Results (Static)
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• in terms of energy consumption, no neighbor knowledge has the least value of 
energy/bit

– energy is spent only in transmission/reception of data packets



Simulation Results (Mobile)

Mobile environment
• In mobile environments, greater amount of neighbor knowledge does not 

mean increased reliability
– because of mobility, the neighborhood information gets outdated
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• in terms of packet delivery ratio:
– one-hop neighbor knowledge performs the best for gliders
– no-neighbor knowledge performs the best for AUVs



Simulation Results (Mobile)
• as mobility increases

– number of retransmissions increases
– end-to-end delays increase
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• the delays involved are higher in case of AUVs than gliders
– AUVs move at higher speeds than gliders



Simulation Results and Conclusions

• The proposed three versions of unicast protocol outperform 
protocols A, B and C in all the simulation scenarios

• The optimum amount of neighbor knowledge required for different 
mobility scenarios and end-to-end metrics is given below:
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Future Work

• Extension of the protocol to provide geocasting
• Implementation of unicast and geocast protocols on underwater 

acoustic modems (WHOI Micro-modems) mounted on gliders 
• Comparison between simulation and tesdbed results
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(a) (b) (c)

• (a) WHOI main DSP board, (b) power amplifier, (c) additional TI 
C6713 Floating Point DSP Co-Processor Board to support PSK 
modulation (high bit rates)


