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ABSTRACT
Due to high bandwidth-e�ciency, Multiple-Input Multiple-
Output (MIMO) has emerged as a promising technique to
address the low bandwidth challenges in underwater acous-
tic networks. Although extensive research has been con-
ducted at the physical layer for underwater MIMO commu-
nications, the corresponding medium access control (MAC)
is still largely unexplored, which makes it di�cult to apply
the existing underwater MIMO technologies in real applica-
tions. In this paper, we propose a distributed MAC protocol,
called Coordinated Transmission MAC (CT-MAC), for un-
derwater MIMO based network uplink communications. In
CT-MAC, an e�cient coordination scheme among immedi-
ate neighbors is designed for channel competition, which can
avoid flooding overhead in the network. This scheme could
also e↵ectively address the long propagation delay problem
and the collisions among long control packets in underwater
acoustic communications. Protocol performance in terms
of throughput and energy e�ciency is evaluated via simula-
tions which show significant improvements over handshaking
based and random access based MIMO MAC approaches.

1. INTRODUCTION
In underwater environments, acoustic waves are usually

used for communication as electromagnetic waves could not
propagate far due to fast attenuation in water. The spe-
cial characteristics of underwater acoustic channels with lim-
ited available bandwidth, however, pose grand challenges for
high speed wireless underwater communications [1, 2, 3, 4].

In wireless RF communications, extensive research has
been conducted to improve the bandwidth e�ciency, among
which, multiple-input multiple-output (MIMO) that enables
collision-free parallel transmissions over the same frequency,
is very promising because of the dramatically increased chan-
nel capacity [5, 6]. In the past several years, there have
been significant research e↵orts on underwater physical layer
point to point MIMO technology [7, 8, 9]. In [7], a sparse
partial response equalizer (sPRE) is developed for shallow
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water MIMO acoustic communications, where the long chan-
nel impulse responses have been considered. The taps of
sPRE can be chosen to be sparse, and therefore allows bet-
ter exploitation of the multipath diversity inherent in inter-
symbol interference channels. In [8], the authors present
a MIMO-OFDM system design approach, which takes into
account the Doppler compensation, underwater channel es-
timation, interference cancellation as well as subcarrier de-
tection.

In a network with shared media, medium access control
(MAC) provides a coordination mechanism among multiple
users to avoid interference. An e�cient MAC protocol is re-
quired to fully utilize the parallel transmission capability in
MIMO techniques. Most of existing underwater MAC pro-
tocols [10, 11, 12, 13, 14], however, are designed for single-
input single-output (SISO) systems, and are often not e�-
cient in MIMO systems. Moreover, the MAC protocols for
terrestrial MIMO networks cannot work directly underwater
because of the unique characteristics of underwater acoustic
communications, which include:

• Long propagation delays. The speed of sound in
water is about 1.5⇥ 103 m/s, five orders of magnitude
lower than the radio propagation speed, 3 ⇥ 108 m/s.
This introduces long propagation delays in underwa-
ter acoustic communications. Despite of the multi-
packet reception capacity in MIMO systems, collision
still occurs when the number of overlapped packets ex-
ceeds the Degree of Freedom at the receiver side. In
the conventional MIMO-based wireless communication
system, this supersaturation problem can be addressed
by carrier sensing or handshaking mechanisms [15].
In underwater environments, however, long propaga-
tion delays make these mechanisms ine�cient [11, 16].
Thus, new mechanisms are needed to solve the chal-
lenges caused by long propagation delays.

• Fast varying channels in both frequency domain

and time domain. In most of the traditional MIMO-
based MAC protocols, the transmitter channel state
information is obtained by open-loop or closed-loop
methods for power allocation optimization as well as
interference suppression [15, 17]. However, such feed-
back mechanisms cannot be applied to the underwater
environment because the acoustic multipath channel
varies fast with several factors such as wave height,
wind speed and surface roughness and hence are hard
to predict. The feedback delay of underwater commu-
nication is usually larger than the channel correlation



time and makes open or closed loop feedback mech-
anisms ine↵ective in the practical underwater MIMO
applications.

• Long preamble and half duplex mode of acous-

tic modems. The long preamble of real acoustic mo-
dem is another problem that makes the handshaking
based MAC protocol ine�cient in the underwater com-
munication system [18, 19, 20]. Due to the complex
underwater acoustic channel, a long fixed preamble se-
quence is often used in underwater acoustic modems
for signal synchronization, automatic gain control (AGC)
and channel estimation purposes [21, 22, 23]. In Ta-
ble 1, we list the preamble length, transmission rate,
as well as the overall duration time of the small control
packet (6 bytes) for three di↵erent acoustic modems.
From Table 1, it is obvious that the control packet is
no longer short any more when considering the long
preamble of acoustic modems. In the MIMO uplink
communication system, interference among these long
control packets significantly can degrade the perfor-
mance of handshaking based MIMO MAC protocols,
especially in high tra�c scenarios.

Unique features of underwater MIMO networks call for a
new MAC design that has the ability to avoid interference
among data transmissions to improve the energy e�ciency,
and at the same time address the problems caused by the
long propagation delays and collisions among control packets
to increase the throughput of the networks.

In this paper, we propose a new coordinated transmis-
sion MAC protocol, called CT-MAC, for underwater MIMO
uplink communications. Underwater MIMO uplink commu-
nications, in which signals from underwater sensors or vehi-
cles are transmitted to a surface buoy or a control center,
enable a wide range of important aquatic applications, such
as pollution monitoring, underwater target detection as well
as scientific exploration [19, 20].

In CT-MAC, we introduce an e↵ective coordination com-
petition scheme. Instead of broadcasting control packets to
the entire network, which is very energy consuming, nodes
only exchange competition information with immediate neigh-
bors and obtain the global information via relays. With this
coordination scheme, the collision free data transmission is
achieved with low energy consumption and short delays. We
compare the performance of CT-MAC with several exist-
ing MIMO uplink MAC approaches (designed for terrestrial
wireless networks) in terms of throughput and energy e�-
ciency via simulation. The results show that CT-MAC o↵ers
significant performance improvement, even without optimal
power allocation strategy at the transmitter side.

The rest of the paper is organized as follows. We present
the network architecture in Section 2. The design of CT-
MAC is elaborated in Section 3 and some theoretical analysis
is conducted in Section 4. We compare the performance
of CT-MAC with several typical MIMO MAC protocols in
Section 5. Finally draw our conclusions and give some future
work in Section 6.

2. NETWORK ARCHITECTURE
In this paper, we consider an uplink communication sys-

tem where a group of nodes all communicate with a common
receiver, such as a buoy in an underwater data collection
system or a base station (BS) in environment monitoring

applications. A typical network architecture of the uplink
communication system is shown in Fig. 1. There are L un-
derwater nodes, each equipped with Mt transducers, and a
BS with Mr hydrophones. We assume that block coding is
employed at the physical layer in order to achieve good reli-
ability performance in a MIMO communication system [25].

Node1

Base station

L users

Node2
Node3

Node5

Node4

Figure 1: An uplink communication system.

The sum-rate capacity of MIMO communication system
with a constant channel can be found in [26], but we primar-
ily focus on the frequency selective fading channel which
is often used for the underwater environment. According
to [27], if each channel is zero mean spatially white and
each node has the same transmission power, the sum-rate
channel capacity of the uplink with perfect channel state
information in a high signal-to-noise ratio (SNR) situation
can be approximated as:

Cuplink⇡min (Mr,KMt) log (SNRavg), (1)

where SNRavg is the average SNR at the BS and K is the
number of active nodes.

Note that in order to maximize the channel capacity with-
out collisions, the MIMO MAC protocol should guarantee
the number of active nodes approaching to Mr/Mt in (1).
Both starving (KMt < Mr) and supersaturated situations
(KMt>Mr) will degrade the performance of the network.
In addition, block decoding requires that the packets from
di↵erent nodes arriving at the BS simultaneously to avoid
block interference. In Section 3, we will introduce our pro-
tocol and show how the CT-MAC achieves these two goals.

3. CT-MAC PROTOCOL DESIGN
We suppose the time synchronization among all nodes

is available in the network [28, 29, 30]. The key idea of
CT-MAC is to utilize local information exchange to achieve
global coordinations. The time and energy consumption
are significantly reduced because control packets only ex-
change among intermediate neighbors within a short dis-
tance. With this coordinated transmission scheme, CT-
MAC reduces propagation delay of the acoustic channel and
is immune to the problem caused by long preamble sequence
as well as fast fading characteristics of the underwater sys-
tem. As a result, considerable performance improvement
on channel utilization and energy e�ciency can be achieved
with CT-MAC.

In this section, we present the basic idea of CT-MAC in
an one-dimensional (1D) example first and then extend it to



Table 1: Total Control Packet (6 Bytes) Duration with Di↵erent Acoustic Modem

Modem Type Data Rate Preamble Duration Time (sec) Total Control Packet Duration Time (sec)

800bps (Standard) ⇡ 1.56s
Benthos ATM-88X Modem

2.4Kbps (Highest)
⇡ 1.5

⇡ 1.52

Aqua-fModem [24] 3.045Kbps 0.49 0.66

80bps (Standard) 1.47
WHOI Micro Modem

300-5000bps (High PSK mode)
0.87

1.52

a more general two-dimensional (2D) network.

3.1 CT-MAC in One-Dimension Networks
CT-MAC contains two stages: initialization and continu-

ous transmission stage. In the initialization stage, network
nodes exchange control packets in order to get the initial
global network information. After the initialization stage,
all nodes in the network obtain the information regarding
the network status. And then data packet can be transmit-
ted without collisions in the second stage.

In CT-MAC, time is divided into equal time slots and each
slot is called a transmission cycle (TC). Each TC consists
of a competition and a data transmission phase as shown
in Fig. 3. In the following, we describe the two stages in
details.

Initialization Stage: During the competition phase of
a transmission cycle, every node with packets to send first
sends out a competition packet (CP), which contains the
priority level (PL) information to compete for later data
transmission. Since each node can only receive the compe-
tition packets from its immediate neighbors, in the initial-
ization phase, every node cannot obtain the global network
information and is not allowed to transmit data packets.

In the succeeding competition phase of the initialization
stage, every node forwards the new priority level information
received in the previous TC. This process continues until all
nodes in the network obtain global competition information
generated in the first round. During the initialization stage,
since the network nodes have not received global competition
information, all nodes will hold their data packets.

Fig. 2 shows an example of the PL relay mechanism among
three nodes. In the first transmission cycle, edge nodes 1 and
3 are blind to the priority information of each other due to
the local competition packets exchange. The information on
the global network status is obtained until the second trans-
mission cycle, with the aid of Node2 for the PL forwarding.
In Fig. 2, the red PLs are self generated in the current cy-
cle, and the PLs received from neighbors are marked as blue.
The black PLs are history PLs received in previous cycles.

Continuous Transmission Stage: This stage starts
from the cycle when all network nodes have acquired the
network’s status for the first time. In the competition phase
of continuous transmission stages, every node still transmits
the competition packet which includes all the new priority
information (the priority level of sender node and the prior-
ity level that it received from others in the last transmission
cycle). Starting from TC2 in Fig. 2, coordinated transmis-
sion is achieved in each TCn when n � 2 with the message
PLi,n�1. Because of this continuous CP relay mechanism,
all nodes obtain a new round of global information in each
transmission cycle in this stage.

During the data transmission phase, onlyK out of L nodes
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Figure 2: The PL matrix update mechanism.

with highest priority levels win the data transmission op-
portunities, where K is the parallel transmission capacity of
MIMO link and L is the amount of users in the network. It
is obvious that after delayed L�2 transmission cycles, the
data sending requirements at TCi are processed in a coor-
dinative way. Because of this reason, the protocol is named
as coordinated transmission MAC (CT-MAC).

In Fig. 3, we demonstrate the work flow of one-dimension
CT-MAC at the continuous transmission stage (the data
transmission is temporarily held back at the initialization
stage). In order to avoid the CP sending-receiving collision,
the control packet transmission time of neighbor nodes are
staggered as shown in Fig. 3, i.e. the group of nodes with
even ID will send the CP first and then listen CPs from their
neighbor nodes. The process is reversed on the nodes with
an odd ID.
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Figure 3: The sequence diagram of the one-

dimensional CT-MAC. The solid line refers to the trans-
mitted packet, the dash line is the received packets.

The starting time of the transmission cycle on each node
is adjusted by an o↵set called time advance in order to com-
pensate for the propagation delay and make sure data pack-
ets from di↵erent nodes arrived at the BS simultaneously.
The time advance can be estimated during node ID alloca-



tion discussed in Section 3.3. The CP transmissions are
collision free by employing multi-packet reception [31] tech-
nique. The process of node ID assignment will be discussed
in the 2-D topology situation.

3.2 Extension to 2-D Networks
In many existing aquatic applications such as underwater

data collection and environment monitoring, the sensors are
deployed around a single buoy or base station forming a two
dimensional network. The coverage of the surface monitor
can be modeled as a circle area limited by its communication
range. In this section, we show how to extend the one-
dimension CT-MAC to a 2-D network.
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Figure 4: Two-dimension topology.

Considering the maximum transmission range of the acous-
tic modem to be 3 km, the total number of nodes in a two
dimensional dense network is roughly 202⇥⇡/4⇡314, when
the average distance between neighbors is 300 m. Here,
we divide the circular area into W concentric rings with
a width of 300 m - the average distance between neighbor
nodes. Therefore, the distances between the BS and the
nodes within the same ring are approximately equal. De-
note the outermost ring by R1, and the innermost one by
RW as show in Fig. 4.

To avoid the sending-receiving collision in 2-D CT-MAC,
The nodes in the same ring follow the same timing diagram
pattern and the sending of competition packets are staggered
between rings. The allocation of the timing of nodes in the
i

th ring is exactly the same as the i

th node in a one dimen-
sion scenario (Fig. 3). The increased immediate neighbors in
a 2-D topology pose higher requirement on the multi-packet
reception to avoid competition packets collision during com-
petition slots.

The competition information flows from one ring to an-
other and eventually goes through nodes in the inner ring.
Under the relay of internal nodes, the priority information
can be finally flooded to the whole network during the ini-
tialization phase. Similar to the 1-D scenario, collision free
data transmission begins continuously in the following time
periods.

3.3 Node and Ring ID Allocation Issues
Finding which ring the node belongs to is one key step of

the two-dimensional CT-MAC protocol. Similar approach
can be directly employed to the one-dimension situation in
determining the node ID. At the initialization stage, the BS
first broadcasts a test packet to the whole network to assist
the ID finding procedure. Each node can then calculate the

one way propagation delay ⌧i according to the sending and
arriving time stamps and reply with a simple tone immedi-
ately. According to the arriving time of tones, the BS is able
to estimate its distance to the furthest and nearest users de-
noted as Dfur and Dnear and divides the network into rings.
The radius of circular area is Cr=(D2

fur �D

2
dep)

1/2, where
Ddep is the average node depth. Then the propagation delay
from the base station to the nodes in the i

th ring is approx-
imately

⌧i2

8
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>>>>>>:
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where b c is floor operator. davg is the distance between two
rings. After this initialization, the BS will broadcast rings
segmentation to the whole network and each node decides
which ring it resides in according to the propagation delay
⌧i. 4d2D presents the distance di↵erence from the BS to
the furthest and to the nearest nodes in the network. Now,
timing advance can be calculated based on ⌧i.

R3 R1R2 .

Ddep

davg

Dfur

Cr

Figure 5: The boundary measurement of concentric

rings.

3.4 Delay of Global Coordination
We define the bu↵ered cycles as the cycles waiting for

global PL information, and L as the amount of hops in 1-D
topology and the number of ring in 2-D network. Since it
takes L� 2 cycles for the global competition information to
reach the entire network, the transmission of data packets is
also delayed for at least L�2 cycles which could be a problem
when applying to some time-critical applications. However
in the long term, benefiting from the enhanced through-
put performance of CT-MAC, the overall average delay of
CT-MAC is acceptable. Moreover, the delayed transmis-
sion cycles in CT-MAC is limited by the number of nodes
constrained by acoustic communication range, deployment
cost and available channel bandwidth, which is small in the
underwater uplink communication networks [21, 23, 32].

3.5 False Sending Request Problem
It’s worth noting that, the false sending request phenomenon

exists in our protocol. For instance, the packet generated in
TC1 will be accumulated when node ` waits for global PL in-
formation and this packet will force a sending request in each
cycle between TC2 and TCL�1, even if no more packets are
generated. So if node ` wins the competition in TCL�1 and
sends out the packet generated in TC1, the node continues
on the competition in time slots between TCL and TC2L�2

even though it has run out of packets. This false sending
request arising from the delayed transmission, may waste



sending opportunities and finally decrease the throughput
performance. However, the performance degradation is neg-
ligible as shown in our simulation. Fig. 6 presents the impact
of false sending request on the normalized throughput of
the CT-MAC with varying tra�c rate. The results demon-
strate that the negative impact of bu↵ered transmission on
throughput only slightly increases with the number of nodes,
L, in the network. Thus, the throughput degradation can
be ignored in the application.
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Figure 6: Impact of false sending request on

throughput of CT-MAC.

4. THEORETICAL ANALYSIS
In this section, we first analyze the channel utilization of

CT-MAC and then study the e↵ect of priority level infor-
mation losses.

4.1 Channel Utilization of CT-MAC
As illustrated in Fig. 3, the transmission of competition

packets are staggered to avoid control packets collisions.
The length of competition slot in one dimension network is
tcc=2 tCP +4�d1D · c�1, where tCP is the packet length of
competition packet; c⇡ 1500 m/s is the underwater sound
speed; �d1D = max(|di � dj |), with di and dj as the dis-
tance from the BS to a pair of neighbor nodes i and j in the
network respectively. Denote the length of data packet as
tdata, then the channel utilization of one-dimensional CT-
MAC becomes

U=
Ktdata

tcc + tdata
=

Ktdata

2tCT + 4�d1D · c�1 + tdata
. (2)

For the channel utilization of 2-D square grid topology, the
parameter 4d1D in (2) should be replaced with 4d2D.

The length of competition slot in handshaking based method
is almost ten times higher than CT-MAC, with station-node
distance 3km vs. neighbor nodes distance 300 m. This in-
dicates that the PL transfer mechanism in CT-MAC brings
on significant channel utilization improvement. Along with
the reduced transmission range, the energy consumption
for transmission competition is considerably reduced in CT-
MAC, which further enhances the energy e�ciency perfor-
mance. These performance improvement will be illustrated
in Section 5 in detail.

No matter in one or two dimensional networks, the PL
forwarding mechanism is always the core in CT-MAC for

achieving the optimal channel utilization. In the next sec-
tion, we analyze the impact of PL losses on the performance
the CT-MAC.

4.2 Effect of Priority Level Information Losses
Despite of the collision-free feature of the CT-MAC, this

protocol su↵ers from the potential loss of the priority level
packet during the channel competition. In this section, we
focus on the impact of PL losses on the system performance
with theoretical analysis and simulation results.

To characterize the link quality during the PL propaga-
tion, we denote p

0
i as the probability of successful trans-

mission from the ith node to the (i + 1)th node during the
forward PL passing, and pi�1 as the probability of successful
transmission from the i

th node to the (i� 1)th node during
the backward PL passing, as shown in Fig. 7.

. . .T1 T2 T3 TL-2 TL-1 TL

Forward Flow

Backward Flow

Figure 7: Probability of successful decoding in single

hop communication.

The probability of successful transmission of PL from the
i

th node to the j

th node thus follows,

Pij=

8
>><

>>:

Qj
k=i�1 pk, i>j (backward flow)

1, i=j

Qj�1
k=i p

0
k, i<j (forward flow).

(3)

In particular, with an identical successfully transmission
probability over all links, i.e. pk = pk

0 , p, we have (3)
simplified as

Pij =p

|i�j|
, i, j = 1, 2 . . . , L .

(4)

Given the formulation in (3), it can be shown that the
probability of losing ! PLs for node l is

Ql(!)=
1
!

!X

i=1

(�1)i�1
 l(i)Q(!�i),!=1, . . . , L. (5)

where

 l(i)=
LX

k=1

✓
1

Pki
�1

◆2

,

and

Ql(0)=
LQ

i=1
Pil. (6)

The average number of lost PLs thus can be put as

PLEl=
LX

!=0

!Ql(!), (7)

which corresponds to the number of missing elements in the
PL matrix in Fig. 2.

There are several ways to handle this PL loss issue. The
first one is to associate the lost PLs information with the
highest priority. However, the resulting “winners” in this
method will decrease the channel utilization performance,
due to the decreased sending opportunity for other users.



Another solution is that each node associates the lost PLs
with the lowest priority, so that the number of active num-
ber of nodes is kept no less than K. However, the MIMO
system in this method will have the possibility to work in a
supersaturated situation and collision may happen. Hence,
we focus on the former scheme and give the closed form of
average throughput and channel utilization of CT-MAC for
a homogeneous network.

Taking the PLs loss into account, the upper bound of
multi-packet capacity for CT-MAC is reformulated as

S =
LP

i=1

LP
!=1

✓
K�!
L�!

◆
Qi(!). (8)

Substituting (8) into (2) yields the final channel utilization
of the one dimensional CT-MAC

U =

LP
i=1

LP
!=1

✓
K�!
L�!

◆

1+2(
tCT

tdata
)+

4
c

(
�d1D

tdata
)
Qi(!) . (9)

The two-dimension CT-MAC channel utilization can be ob-
tained by replacing �d1D by �d2D in (9).
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Figure 8: The average number of lost PLs in PL

matrix of each node.

With a capable physical-layer decoding algorithm, it has
been shown that the bit-error-rate (BER) in point-to-point
UWAN can be lower than 10�2 [33, 34], meaning that a high
successful transmission probability in (3) and (4) can be ex-
pected. For the one dimensional network, Fig. 8 and Fig. 9
demonstrate the simulated and theoretical average number
of PLs loses and the throughput performance degradation,
respectively. We tested two network sizes, i.e. L = 10 and
20. It can be observed in the figure that the simulated re-
sults agree well with the theoretical results. Moreover, as
the size of the network increases, it is obvious that there is
an increase in the average number of lost PLs and a consider-
able degradation of network throughput. The result can be
extend to 2 - D topology with W =10 and 20 rings directly.

5. PERFORMANCE COMPARISONS
In this section, we conduct simulations to compare the

performance of CT-MAC with several typical MIMO MAC
protocols: the random access based channel-aware ALOHA [15],
the multi-antenna reception based handshaking method [35],
and a simple MIMO-based slotted ALOHA. We will first in-
troduce the simulation settings. We will also briefly describe
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Figure 9: The impact of PL successful decoding

probability on the throughput of CT-MAC.

channel-aware ALOHA [15] and multi-antenna reception
based MAC [35]. After that, we present some representa-
tive simulation results.

5.1 Simulation Settings
To facilitate the performance comparison, a one-dimension

network is adopted in the simulations. We set the Ddep, davg
and Dfur as 500 m, 200 m and 2 km, respectively. We as-
sume that the surface BS/buoy can receive up to K=4 pack-
ets simultaneously without interference. The network size of
one-hop uplink communication system is L=20. Considering
the typical characteristics of practical acoustic modems, the
preamble length is 0.5 s, the data packet size is 400 bytes,
and the transmission data rate is 3 kbps, with the same pa-
rameters as Aqua-fModem modems [24]. The PL loss rate is
1% (p = 0.99). The transmission strategy TSa is employed
and the CT size is 40 bytes. The size of the feedback and
the RCBC/REQ packets in the channel-aware ALOHA and
multi-antenna reception based MAC is 5 bytes. We assume
the underwater channel follows the stationary Rayleigh dis-
tribution where the average fading level is proportional to
the distance between the node and BS.
Performance Metrics: We use two performance metrics:
channel utilization and average energy overhead. The for-
mer metric is a direct measure of throughput; the second
metric is defined as the average energy consumption to suc-
cessfully receive one data packet with the channel fading,
packet collision and the control packet overhead. It reflects
the performance on energy e�ciency.
Channel-aware Aloha: In channel aware Aloha [15], the
receiver transmits a feedback message after each data re-
ception to provide channel state information for the sender.
This open loop feedback only allows nodes with good chan-
nel quality to transmit and therefor makes the protocol more
e�cient. This scheme postpones the user transmissions with
poor instantaneous underwater channel quality and thus re-
duces the collision probability of ALOHA to some extent.
multi-antenna reception MAC: In multi-antenna recep-
tion MAC [35], a two-way handshaking for a multi-antenna
reception protocol is introduced to enable the collision avoid-
ance and dynamic power control. Mini-slot packets are em-
ployed in [35] for checking the permission of transmission at
the receiver node by utilizing receive capability broadcast
(RCBC) packet and request (REQ) packet to help multiple



nodes with best channels capture the sending opportunity
and avoid collisions caused by hidden terminal problems.

5.2 Simulation Results
Fig. 10 and Fig. 11 show the channel utilization and av-

erage energy overhead of di↵erent MIMO-MAC protocols.
As illustrated in Fig. 10, CT-MAC outperforms the channel-

aware ALOHA and the multi-antenna reception MAC in
terms of channel utilization, as the latter two protocols su↵er
from the long propagation delay of the feedback and hand-
shaking messages. Meanwhile, the collisions among control
packets also degrades the throughput of the multi-antenna
reception MAC. The Slotted Aloha also has good through-
put performance even taking into account the high data
collision probability, since there is no extra delay for any
feedback or control packets. However, the collision among
data packets fails Slotted Aloha in term of energy e�ciency,
which can be found in Fig. 11.
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In addition, benefiting from the estimation for the chan-
nel state information (CSI) through feedback mechanism,
the channel-ware ALOHA has the lowest power consump-
tion, as it always allows the users with the best channels to
transmit. The proposed CT-MAC has a comparable energy
e�ciency performance to the channel-ware ALOHA while
maintains the highest channel utilization. In contrast, the

energy consumption on collided long control packets makes
the multi-antenna reception MAC ine�cient. When taking
both the energy e�ciency and the throughput into account,
the CT-MAC shows best performance for underwater MIMO
uplink communications.

6. CONCLUSIONS AND FUTURE WORK
This paper focuses on the MAC protocol design for un-

derwater MIMO networks in an uplink communication sce-
nario. Leveraging a special relay mechanism, competition
packets only need to be exchanged among the immediate
neighbors. Via this mechanism, CT-MAC significantly im-
proves the network performance in terms of channel utiliza-
tion and energy e�ciency. Both theoretical analysis and
simulation results show that CT-MAC has apparent advan-
tages over existing MIMO MAC approaches.
Future Work Given the wide application of the underwater
uplink communication system, we plan to implement and
test CT-MAC on top of the Aqua-fModem [24], which is
incorporating MIMO techniques.
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