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I. PROBLEM DESCRIPTION 
Underwater sensor networks present a unique set of 

challenges due their long propagation delays, low data rates, 
and high transmit power. These require a thorough redesign of 
medium access control (MAC) functionalities. Here, we focus 
on the important case of a broadcast MAC, where all 
neighbors of a node are the intended receivers (not to be 
confused with network-layer broadcast). This is an important 
networking primitive, as it forms the basis of many higher 
layer services such as neighbor discovery, route establishment, 
self-localization, flooding, etc. The goal is to make this 
broadcast MAC protocol reliable and energy-efficient. 
Existing MAC protocols for underwater rely on mechanisms 
and handshakes that only work for unicast [2], and not for 
broadcast. Specifically, unicast handshakes suffer from what 
is known as the ‘reply storm’ problem. On the other hand, 
MAC broadcasting solutions developed for terrestrial RF 
networks [4] are not suitable in underwater scenarios. The 
reason is that the underwater environment has large distance-
dependent propagation delays, precluding techniques such as 
time-based priorities or fixed-delay time slotting. Also, 
transmit power dominates in the underwater case, and 
minimising overhead and retransmissions becomes crucial. 

II. UNDERWATER BROADCAST MAC 

A. Design Principles 
Due to the reply-storm problem, CTS and ACK cannot be 

used. Instead, our protocol is based on NCTS (not clear to 
send) and NACK (negative acknowledge) packets, which 
signal when a node is not ready to receive (NCTS) or did not 
receive the data correctly (NACK), respectively. The benefit 
of using these ‘negation packets’ is that a collision serves the 
same purpose as a successful packet reception: e.g., a collision 
of two or more NACK packets can be interpreted as a NACK. 
This resolves the reply storm issue, as multiple nodes can 
respond at the same time. However, from a collision itself, it 
is impossible to derive its meaning, i.e., whether this event 
signals a NACK, NCTS or a data collision. To resolve this, we 
impose pre-determined restrictions on the absolute times when 
certain packets may be sent, thus moving from an 
asynchronous to a time-slotted protocol. A packet has to be 
transmitted at the start of the slot, and the slot is long enough 
such that this packet is received by all neighbors before the 
end of the slot. 

B. Time Slotting 
Our slotting mechanism relies on all nodes in the network 

having their slot boundaries aligned in time, and therefore 

requires network-wide time synchronization. Fortunately, the 
level of synchronization required for our protocol is very 
loose. It is sufficient that inter-node clock offsets are within 
100 ms. This can be achieved relatively easily using accurate 
clock crystals. For example, clocks with a skew of only 0.02 
ppm were reported for underwater applications [1]. With this 
level of clock skew, globally synchronized clocks will remain 
within our target 100ms-offset range for about 58 days. 

While dedicated synchronization algorithms have been 
proposed for underwater networks, these deal with 
synchronizing pairs of nodes with high accuracy. When only 
moderate time synchronization (such as 100 ms) is required, 
the handshake can be simplified heavily. In fact, we have 
found that a tone-based synchronization can achieve rough 
network-wide synchronization with excellent energy-
efficiency. 

Note that a time slotted approach was also proposed for 
underwater unicast protocols such as slotted-ALOHA or 
slotted-FAMA [2]. However, these unicast solutions would 
suffer from the reply storm problem when used for broadcast. 
Another difference is that, unlike these unicast protocols, in 
our case each slot is dedicated to a specific type of packet. 
This one-to-one mapping between packet types and time slots, 
while having a negative impact on data rate, also enables a 
powerful benefit. Since the reception of an NCTS packet 
(respectively NACK) and a collision in the appropriate slot 
carry the same meaning, there is no need to actually send a 
complete packet. Instead, we will just use a tone, which can be 
very short. 

C. Two Protocol Flavors 
We propose two flavors of our underwater broadcasting 

protocol, distinguished by their handshake mechanism: TB-
MAC-NR (tone broadcast MAC, no reservation) and TB-
MAC (tone broadcast MAC), see Fig. 1.  

 
 
 
 
 
 
 
 
 
 
 
Time is split up in cycles of length tcycle, which are repeated 

back-to-back. Each cycle starts with a set of handshake slots, 
where each slot has a dedicated function. Following these 
handshake slots, the nodes can sleep for the remainder of the 
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Fig. 1. Handshake mechanism for (a) TB-MAC-NR and (b) TB-MAC 

DATA NACK 

tcycle 

time 
(b) 



TB-MAC-NR 
TB-MAC 
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cycle (i.e. turn their modem off). By choosing a specific value 
of the cycle length tcycle, throughput can be traded off versus 
average power consumption. 

Our first underwater broadcast MAC solution, TB-MAC-
NR is shown in Fig.1a. Each cycle starts with a DATA slot. 
When a node has a packet to send, it will select a random 
backoff value from a contention interval. Every cycle, this 
backoff value is decreased by one, and the packet is sent when 
the value reaches zero. When a collision occurs in the DATA 
slot or the received packet contains errors, a target receiving 
node will send back a tone in the subsequent NACK slot. If no 
tone is detected in the NACK slot, the sending node will clear 
the packet from its buffer. Otherwise, it will make another 
attempt. We will use the binary exponential backoff (BEB) 
mechanism to update the contention interval, and as such 
adapt to the traffic load. This protocol can be viewed as an 
adaptation of slotted-ALOHA, but modified to work with 
broadcast traffic. 

In the second version of our algorithm, TB-MAC, instead 
of immediately sending data, a node first transmits an RTS 
tone (i.e., a tone in the RTS slot). Since we are considering 
broadcast scenarios (i.e., all neighbors are intended receivers) 
and NCTS replies are tones as well, there is no additional 
information that needs to be included in the RTS. We can 
therefore use a tone here as well. We employ the same backoff 
mechanism as described before. If no NCTS is received, the 
node will send its data packet in the DATA slot. Because of 
the RTS/NCTS tone handshake, there should be no data 
collisions. However, to overcome channel errors, we also 
include a NACK slot. Note that our scheme results in a floor 
reservation, which is meant to avoid data collisions. However, 
the mechanism through which this is achieved is different 
from the traditional RTS/CTS approach. In itself, an NCTS 
does not provide floor reservation as a CTS packet does. It is 
only because of the synchronization and fixed slot sequence 
that the absence of an NCTS (rather than presence for CTS) 
reserves the floor for the node that had sent an RTS. 

III. EVALUATION 
Next, we evaluate the performance of TB-MAC and TB-

MAC-NR through simulations in Parsec. We use the 
parameters listed in Table I.  

 

TABLE I - SIMULATION PARAMETERS 

Symbol Description Value 
Rbit modem bit rate 100 bits/s 
Ldata length of data (including headers) 13 bytes 
Ltone tone length (RTS, NCTS, NACK) 80 ms 
Dmax maximum transmission range 1 km 
c sound propagation underwater 1500 m/s 
Ptx transmit power [1] 43 W 
Prx receive power [1] 0.3 W 
Prx idle power  80 mw 
Poff sleep power  0 
Perr packet error rate due to noise 0.01 
∆max maximum clock offset 100 ms 
CWmin minimum contention window 4 cycles 
CWmax maximum contention window 512 cycles 

A fixed number of nodes is placed randomly, and the area 
is chosen such that we get a target average number of 
neighbors per node, denoted as λ. Specifically, we chose N = 
50 and λ = 8, λ = 15 and λ = 49 (fully connected network).  

The benefit of TB-MAC over TB-MAC-NR is its energy 
efficiency. Fig. 2 shows the energy per cycle as a function of 
the throughput per cycle for both protocols. The small inlays 
are zoomed version for small throughputs. One can observe 
that TB-MAC is able to save considerable energy due to its 
tone-based RTS/NCTS handshake. In this case, we observed 
that data packet collisions are indeed avoided. At high 
throughput, the energy gains are due to the fact that channel 
contention in TB-MAC is handled using short tones, rather 
than packets, thereby saving valuable transmit power. At low 
throughput, contention is small, and most packets make it 
through without collisions. The tone-based handshake actually 
increases the transmit energy, albeit only very mildly. 
However, as the RTS slot is shorter than the DATA slot, there 
are savings in idle power. These savings would be even more 
pronounced if special tone detection hardware were used [3]. 
Finally, we also compared to traditional RF broadcasting 
solutions. However, these were highly ineffective here (for 
reasons explained before); the corresponding results were not 
presented to avoid cluttering the figures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      In summary, we have proposed tone-based broadcast 
MAC protocols that avoid collisions via low overhead 
handshaking and negative acknowledgements. By using tones 
with implicit import for all non-data communication, we can 
considerably reduce the associated transmit energy which 
makes our protocol particularly suitable for underwater 
communication. 
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