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ABSTRACT In real ocean environments, artificial acoustic and natural acoustic systems are coexisted
to share scarce spectrum resources. In this paper, we propose a marine mammals-friendly based high
spectral-efficient routing (MF-HER) protocol to improve spectrum utilization and protect marine mammal
communications in underwater acoustic sensor networks (UW-ASNs), which makes full use of the interlac-
ing frequency bands that are shared by both marine mammals and UW-ASNs. In the proposed MF-HER
protocol, the detour strategy is adopted to adaptively avoid the interference of acoustic radiation from sensor
nodes to the acoustic communication habits of marine mammals. Meanwhile, the non-detour strategy is
adopted if there is no marine mammal or the marine mammals do not use the same frequency bands for
communication in the sea area, and thus the sensor nodes can fully utilize the frequency bands without
interference from the marine mammals. Due to the diversity of acoustic frequency bands used by marine
mammals, the reasonable design of a routing protocol can shorten the distance of forwarding path and
optimize the performance of UW-ASNs while protecting marine mammals. Simulation results show that,
as compared to the existing bio-friendly routing protocol of UW-ASNs, the proposed MF-HER protocol
can effectively improve the energy consumption of the sensor nodes, bit error rate, and network throughput,
while avoiding the communication masking effect among marine mammals.

INDEX TERMS Marine mammals, high spectral-efficient, underwater acoustic networks, energy consump-
tion, bit error rate, network throughput.

I. INTRODUCTION
Ocean, covering more than 70% of the earth’s surface, con-
tains enormous amount of resources and energy. The com-
plexity of underwater environment brings severe challenges
to achieve underwater data transmissions. Different from
terrestrial wireless sensor networks, electromagnetic radio
waves decay severely when they propagate in the water.
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Themost effective way for underwater data transmissions and
networking is to use acoustic waves as the carrier. Under-
water acoustic sensor networks (UW-ASNs), which show
the great potential to benefit underwater communications,
have received increasing attention recently and become a
new research hotspot. UW-ASNs have been applied to many
underwater applications, such as earthquake monitoring, oil-
field exploitation [1], pollution and environmental monitor-
ing, offshore exploration [2], disaster prevention, and assisted
navigation [3].
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In the past few decades, terrestrial wireless sensor networks
have been developed and explored rapidly. The routing proto-
cols for the terrestrial wireless networks can be generally clas-
sified into three categories, i.e., the proactive routing, passive
routing, and geographical routing protocols [4]. Although
many high performance routing protocols have been designed
for terrestrial wireless networks, they cannot work properly in
UW-ASNs due to the complex underwater conditions, such
as the dynamics of water temperature and pressure, Doppler
effect, and underwater noise caused by ocean currents, marine
biological activities, etc.

More specifically, the propagation speed of acoustic sig-
nals in water is approximately 1.5 × 103 m/s, which is
five times of magnitude lower than that of radio waves
in air (3 × 108 m/s) [5], resulting in a longer end-to-end
delay in UW-ASNs. In addition, the data transmissions in
UW-ASNs experience serious losses of signals [6], complex
multi-path effect [7], and severe Doppler effect, which lead to
high bit error rate [1] and energy consumption. Meanwhile,
since a higher carrier frequency results in higher transmis-
sion loss and absorption loss of acoustic waves underwa-
ter, the low-frequency transmission technology is usually
adopted for underwater acoustic data transmissions. Hence,
the available bandwidth of underwater acoustic communi-
cations is very limited, and so the data rate is very low.
In underwater environments, artificial acoustic and natural
acoustic systems are coexisted, i.e., they have to share the
scarce spectrum resources. The existence of marine mam-
mals in the natural acoustic system makes the design of
efficient UW-ASNs much more challenging and demanding.
Undoubtedly, UW-ASNs could affect the original life of
marine mammals to some extent. All the mentioned unique-
ness of underwater environment requires designing a novel
routing protocol tailored for UW-ASNs.

Many researchers have proposed various routing protocols
to solve different issues in UW-ASNs. As a basic geographic
routing protocol, vector based forwarding (VBF) is proposed
in the context of mobile UW-ASNs [8]. Each packet is
assumed to contain the information of the locations of the
source, destination, and forward nodes. These information are
used to predetermine a ‘‘virtual routing pipe’’ between each
source and destination nodes, and only the sensor nodes in
the virtual routing pipe can forward the related data packets.
However, these virtual routing pipes are determined based on
the layout of sensor nodes, andmay cause routing holes. Hop-
to-hop vector based forwarding (HH-VBF) is proposed [9]
to solve the routing hole problem. Instead of establishing
a virtual routing pipe from a source to a destination node,
HH-VBF creates a virtual routing pipe for each wireless
hop. Although HH-VBF solves the routing hole problem,
it incurs higher end-to-end delay and energy consumption.
The new vector based forwarding (N-VBF) [10] and lifetime-
extended vector-based forwarding (LE-VBF) protocols [11]
are proposed. As compared to HH-VBF, N-VBF has lower
energy efficiency but lower network latency and LE-VBF
incurs higher energy efficiency but higher network latency.

Other routing protocols, whose design concepts are deviated
from VBF, are explored. The depth-based routing (DBR)
protocol is proposed to route packets based on the depth
of sensor nodes in the network [29]. DBR tries to optimize
the routing algorithm in the depth direction such that the
lifetime of the network can be prolonged. However, DBR is
designed based on broadcast medium access control (MAC),
which could bring severe packet collisions for sensed data
transmissions in UW-ASNs. The DBR aware MAC protocol,
entitled DBR-MAC, is proposed [23]. DBR-MAC adopts a
cross-layer approach to smoothly integrate a handshaking-
based MACmechanism with DBR to mitigate the packet col-
lision problem. In addition, a novel machine-learning-based
adaptive routing protocol is proposed [3], which tries to a
shortest forwarding path for each source-destination pair in
order to improve the energy efficiency of data transmission,
and extend the lifetime of the network. Yet, the convergence
speed of the proposed machine-learning-based adaptive rout-
ing protocol is slow, and so is not suitable for large-scale
UW-ASNs.

All the mentioned routing algorithm, however, do not
take the communication masking effect in marine mam-
mals [31], [32] (where UW-ASNs may interfere with the
acoustic signals used by marine mammals for communica-
tion, positioning and navigation) into consideration. Due to
the scarcity of underwater spectrum resources, UW-ASNs
and marine mammals have to share the same frequency band
in the time division multiplexing manner to mitigate the
interference and maintain the daily lives of marine mam-
mals. Therefore, it is necessary to design a routing protocol
for UW-ASNs to minimize the interference. Few literatures
have explored the solutions on this challenge. By estimating
locations of marine mammals, Yao et al. [12] constructed
an environment-friendly spectrum decision strategy, which
jointly optimizes the transmission power and wireless chan-
nel allocation to the contending sensors in order to avoid the
interference to the marine mammals while maximizing the
network capacity. The proposed strategy, however, is unable
to allocate wireless channels to a sensor node pair when
marine mammals are located in the line-of-sight area between
the sensor node pair. Jin et al. [13] presented the bio-friendly
cognitive underwater routing (BF-CAR) protocol, which
adopts the detour routing in the network layer to address
the above issue. The BF-CAR protocol not only avoids the
interference to the communication of marine mammals but
also ameliorates the network performances as compared to
traditional routing protocols. However, BF-CAR does not
consider if acoustic signals of marine mammals could be
affected by the communications in UW-ASNs, but simply
carries out detour forwarding paths away from the nearby
marine mammals, thus unable to fully utilize the underwater
acoustic spectrum resources. Specifically, the acoustic sig-
nals of marine mammals are classified into three categories,
i.e., whistles, clicks, and burst pulse [14]. These three types
of signals correspond to different frequency ranges. Only
the frequency range occupied by whistles overlaps with the
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frequency range of UW-ASNs. Hence, it is not necessary to
choose detour forwarding paths in UW-ASNs if the frequency
range of whistles is unused. This is the original intention of
this work.

In this paper, we propose a novel routing protocol, i.e.,
marine mammals-friendly based high spectral-efficient rout-
ing (MF-HER), which improves the BF-CAR protocol to get
better network performances.

The main contributions of this paper are as follows:
1) In the proposed MF-HER protocol, the bioacoustic

properties of marine mammals have been introduced and
integrated into the design and analysis of the routing protocol
in UW-ASNs. The behavioral response threshold and audi-
tory sensitivity threshold of marine mammals are analyzed,
and then the maximum sound pressure level acceptable to
marine mammals is derived. According to the sound pressure
level of marine mammals as well as the relationship between
the transmission loss of underwater acoustic signals and the
transmission distance, the acoustic protection based safety
distance between the sensor nodes and marine mammals can
then be determined.

2) The proposed MF-HER protocol applies the adaptive
detour strategy based on acoustic communication habits of
marine mammals. That is, the detour strategy is applied only
if the frequency range of UW-ASNs is used by marine mam-
mals; otherwise, the non-detour strategy is applied. This can
significantly improve underwater acoustic spectrum resource
utilization.

3) The performance of the MF-HER protocol (in terms
of energy consumption, bit error rate, and network through-
put) is compared to the BF-CAR protocol via extensive
simulations.

The rest of this paper is organized as follows. In Section II,
we present the system models and the proposed MF-HER
protocol. In Section III, the performance of the proposed
protocol is theoretically evaluated. The simulation results and
analysis are presented in Section IV. Conclusions are given in
Section V.

FIGURE 1. The schematic diagram of UW-ASNs system including marine
mammals.

II. SYSTEM MODEL AND THE PROPOSED MF-HER
PROTOCOL
A. THE MARINE MAMMAL-FRIENDLY UW-ASNS SYSTEM
In a UW-ASN shown in Fig. 1, when acoustic signals are
forwarded from a source to a destination node, they most

FIGURE 2. The interference zone for marine mammals in UW-ASNs.

likely pass the area near themarinemammals, thus interfering
with marine mammals’ communication. Here, we define the
interference zone of a marine mammal as the area where all
the sensor nodes may interference to the marine mammal’s
communication. Specifically, as shown in Fig. 2, denote Rm
as the maximum radius that the hearing threshold of a marine
mammal can reach. Denote Rn as the maximum propagation
radius of a sensor node. Then, the interference zone of the
marine mammal is a circle (i.e., dotted red line in Fig. 2)
with the center equal to themarinemammal’s position and the
radius Rs equal to Rm + Rn. Note that the position of marine
mammals and Rm can be perceived by applying the underwa-
ter acoustic cognition technology, as described in [13].

If there is an interference zone overlapping with the for-
warding path from the transmitting node to the receiver node
for a wireless hop, then a detour forwarding path will be
calculated and adopted. For example, Fig. 3(a) shows a 2-hop
non-detour forwarding path with source node S, destination
node D, and several possible relay nodes Ni (i = 1, 2, . . .),
which are located within the maximum propagation radius
of source node S. The relay node, which has the smallest
angle 6 αi (i = 1, 2, . . .) among other possible relay nodes,
will be selected to relay the packets. Fig. 3(b) shows an
example of the detour forwarding path.When data packets are
forwarded from source node S to destination node D via relay
node N1, the relay node N1 may detect the interference from
a marine mammal as N1-D forwarding path is overlapped
with the interference zone of the marine mammal. Thus,
a detour forwarding path is calculated by relay node N1.
In this example, S-N1-N2-D instead of S-N1-N3-D is selected
as the detour path to mitigate the interference since the length
of line V-N2 is shorter than that of line V-N3, where V is the
perpendicular intersection of linesN1-D andN2-N3. Note that
once source node S realizes the detour forwarding path to
destination nodeD, a new path S-N2-D shown in Fig. 3(c) will
be applied to bypass the interference zone. Fig. 3(d) shows
the case that many interference zones are existed and how the
detour forwarding path is derived.

Note that, when a marine mammal is located in the line-
of-sight of the source and destination nodes, the interference
to the marine mammal is the strongest. For example, if the
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FIGURE 3. The diagram of illustrating detour schemes: (a) the 2-hop non-detour forwarding path; (b) the detour forwarding path; (c) the detour
forwarding path change; (d) a complete multi-hop packets transmission process for a multiple interference zones case.

location of the marine mammal, denoted as O, is in the line
S-D in Figs. 3(b), 3(c), and 3(d), the interference to themarine
mammal is the strongest.

B. EFFECTS OF UNDERWATER ACOUSTIC
COMMUNICATION ON MARINE MAMMALS
The exploitation and utilization of the ocean have seriously
affected the normal life of marine mammals. Environmental
pollution has destroyed their living environment. Over the
last six decades, background noise levels have been doubled
every decade, mainly because of shipping, with an increase
of 20 dB in 50 years in some areas, which has a devastat-
ing impact on underwater lives [15]. In order to accurately
understand how the man-made strong noise sources impact
on marine lives, people began to monitor and study marine
environment noise in 1990s. For example, in 1997, the U.S.
Geological Survey (USGS) proposed 180 dB re 1µPa2s is
the sound exposure level (SEL) threshold of potential harm
to marine mammals in terms of behavior, physiology, and
hearing effects through field exploration [15]. Subsequently,
many countries promulgated relevant laws to limit intensity
of man-made underwater noises to protect underwater lives.

Man made marine environment noises include ship noise,
industrial noise, etc. UW-ASNs have recently been con-
cerned to have a significant influence on marine mammals as
well. The underwater acoustic communications among sensor
nodes in the UW-ASNs is also a type of artificial noise that
can affect the activities of marine mammals on 1) behav-
ioral responses of varying severity and 2) reductions in audi-
tory sensitivity changes, including both temporary threshold
shift (TTS) and permanent threshold shift (PTS) [16], [17].
Underwater acoustic communication signals are generally
mixed signals of pulse and non-pulse signals. For cetaceans,
as shown in Table 1 and Table 2, the root-mean-square sound

TABLE 1. The effect threshold of pulse noise on cetaceans.

TABLE 2. The effect threshold of non-pulse noise on cetaceans.

pressure levels (SPLrms) thresholds of the two types of signals
are different [16], [17].

In order to avoid the communication masking effect in
marine mammals, the intensity of the acoustic signals trans-
mitted to the vicinity of the marine animals should be lower
than the threshold δ by adopting the detour forwarding strat-
egy to forward the data packets. Since the proportion of the
pulse or non-pulse signals in the acoustic signals is uncertain,
the behavioral response threshold δ should fluctuate within
the range from 120 dB re 1µPa to 160 dB re 1µPa, according
to Table 1 and Table 2.

Next, we will discuss the relationship between the source
level (SL) of acoustic signals and the sound propagation
distance. The transmission loss (TL) of the signal is the
logarithmic function of the distance [22], i.e.,

TL = κ · 10 log d + 10−3d · α (f ), (1)

α (f ) =
0.11f 2

1+ f 2
+

44f 2

4100+ f 2
+

2.75f 2

104
+

3
103

, (2)

VOLUME 8, 2020 198627



Y. Chen et al.: MF-HER: Marine Mammal-Friendly Based High Spectral-Efficient Routing for Underwater Acoustic Sensor Networks

where d represents the transmission distance in m, f repre-
sents the carrier frequency for sensor nodes in kHz, κ is the
spreading factor, and α(f ) is the absorption coefficient over
frequency f in dB/km.
Hence, given the emission source level SL, the received

signal level (RSL) at the transmission distance d , can be
calculated by

RSL=SL−TL=SL−κ · 10 log d − 10−3d · α (f ), (3)

According to Eq. (3) and the simulation parameters
in Table 4, Fig. 4 illustrates how RSL changes with respect
to transmission distance. In order to clearly illustrate the
relationship between RSL and behavioral response of marine
mammals, we also draw the SPLrms threshold δ correspond-
ing to the behavioral response of marine mammals in Fig. 4.
Denote the point (dδ0, δ0) as the intersection point between
the RSL curve and the SPLrms threshold δ0 curve. If the
distance between a marine mammal and a sensor node is
less than dδ0, mammal’s behavior will be disturbed when the
behavioral response threshold is δ0. Thus, dδ0 is defined as
acoustic protection based safe distance under threshold δ0.
The safe distance should be used to determine the detour
forwarding path mentioned in Section II-A. For example,
the lengths of line N2-O and line S-O in Fig. 3(c) should be
longer than dδ0. Points V, H and O are close to each other.
For the convenience of calculation, it is assumed that the
three points are at the same position. Therefore, behavioral
response to marine mammals can be avoided, as long as
lengths of line N2-V and line S-H are longer than dδ0.

FIGURE 4. The comparison of RSL and SPLrms threshold δ (varying with
propagation distance).

Let θ represents 6 N2SD and d1 represents the length of line
S-N2, the safe requirement can be represent as

sin θ >
dδ0
d1

cos θ >
dδ0
d1
,

(4)

or

arcsin
(
dδ0
d1

)
< θ < arccos

(
dδ0
d1

)
. (5)

Thus, if θ does not meet Eq. (5), the related detour forward-
ing path will affect the behavior of marine mammals.

In practice, a complete data forwarding process includes
multiple detour forwarding paths and non-detour forwarding
paths. In the multi-hop transmission, if any wireless hop
needs to take a detour, the new detour path should meet
Eq. (5).

C. THE PROPOSED MF-HER PROTOCOL
In order to maximize the spectrum resource utilization, it is
necessary to figure out the specific frequency range occupied
by UW-ASNs and marine mammals. The frequency range of
sound signals for various marine mammals is mainly concen-
trated at 30 Hz to 150 kHz [13]. Generally, sound signals
of marine mammals can be divided into three categories:
whistles, clicks, and burst pulse. With a low occurrence
probability, burst pulse appears in emergency scenarios, and
thus is not considered in this paper. Whistles are considered
to be identification sounds to distinguish different marine
mammals, while clicks are used to navigate and find preys
based on echolocation [18]. The frequency range of whistles
is concentrated between 30 Hz and 30 kHz, and those of
clicks are higher, most of which are above 50 kHz [19].
The frequency range of UW-ASNs is mainly from 1 kHz to
40 kHz [20]. It can be seen that only whistles of the three
signals have the overlapping frequency range with that of
UW-ASNs.

In the proposedMF-HER protocol, sensor nodes will mon-
itor the marine mammals’ frequency range to see if any
signal is detected. If yes, detour forwarding will be adopted.
Note that whether or not to adopt detour forwarding depends
on not only the locations of interference zones but also the
marine mammals’ activities. That is, if marine mammals are
not using the frequency bands, non-detour forwarding path
can still applied even if the path transverses the interference
zones.

The packet forwarding process of the proposed MF-HER
protocol is shown in Fig. 5. Once a sensor node receives a
packet, the sensor node should check the following three con-
ditions before transmitting the packet to the next sensor node,
i.e., 1) Is there an interference zone between the current node
and the destination node? 2) Is there any sound signals from
marine mammals detected? 3) Are the detected sound signals
whistles? Once the three conditions are all met, the detour for-
warding path should be adopted to forward the data packets;
otherwise, the non-detour forwarding path will be adopted.
Note that a valid detour forwarding path should meet Eq. (5);
otherwise, we have to find another valid detour forwarding
path. As compared to the existing BF-CAR protocol, which
chooses detour strategy as long as there is an interference
zone, the proposed MF-HER in this paper reduces the waste
of spectrum resources in underwater acoustic channels.

D. THE PROBABILITY OF MARINE MAMMAL IN UW-ASNS
Denote p as the probability of marine mammals being in a
UW-ASN. The value of p can be estimated by the number
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FIGURE 5. The flow chart of the proposed MF-HER protocol.

of detour forwarding paths divided by the total number of
forwarding paths for a complete data transmission process,
i.e.,

p =
Ndetour

Ndetour + Nnon−detour
, (6)

where Ndetour and Nnon−detour are the number of detour for-
warding paths and non-detour forwarding paths in a data
transmission task for a UW-ASN, respectively.

Normally, living creature including marine mammals
schedule their days of work and rest according to the rhythms
of their biological clocks. We can get the specific time of
their various life behaviors in one day by the means of
ecological statistics. In addition, the sound frequency range
corresponding to various behaviors can be also known by
the ecological means. Thus, we can know the probability of
marine mammals using an overlap frequency range with the
underwater acoustic communications over a certain period of
time. By utilizing the information, more detour forwarding
paths can be avoided when themarinemammals, whose inter-
ference zones are overlapped with the non-detour forwarding
path, do the use frequency range.

Here is an example of Sousa chinensis in Xiamen sea area
to explain the above method in detail. First, the living habits
of Sousa chinensis are investigated in a specific sea area.
In the wild, some behaviors of Sousa chinensis have been
observed, such as predatory, travelling, training, leading, and
competition. Second, the schedule of each behavior and the
corresponding frequency range are traced and obtained. For
Sousa chinensis, predation mostly occurs in the morning and
there is an associate peak at night [21], and they send clicks
when predation. List the schedule in a day is shown in Table 3,

TABLE 3. The schedule of sousa chinensis in one day.

where pi (i = 1, 2, 3, 4, . . .) is the specific probability of
behavior at any given time that leads to detour forwarding.

III. PERFORMANCE EVALUATION
We will compare the performances of the proposed MF-HER
protocol and that of the existing BF-CAR protocol in terms of
energy consumption, bit error rate and network throughput.

A. THE ENERGY CONSUMPTION
Energy consumption is an important factor to design a net-
work routing protocol for UW-ASNs. The main energy con-
sumption of an underwater senor node is its underwater
acoustic modem. According to the parameters of the under-
water acoustic modem in [24], the energy consumption of
sending packets is 40 times higher than that of receiving
packets. Hence, we only consider the transmitting energy
consumption in the paper. The attenuation of the power with
respect to the distance d and the frequency f is denoted as
A(d , f ), and Pr is the lowest power level at which the data
packet can be successfully received by the receiver. Then,
the lowest transmission power of the transmitter Pt is

Pt = Pr · A (d, f ), (7)

where A(d, f ) is the numerical form of TL in Eq. (1), and can
be expressed as [27]

A (d, f ) = dκ · λ10
−3d , (8)

where λ is an intermediate variable and can be expressed as

λ = 10α(f )/10. (9)

The optimal operating frequency is determined by the
transmission distance [22], [25], i.e.,

fopt (d) =
(

200
103 · d

)2/3
, (10)

where d is the transmission distance in meter, and fopt is the
optimal operating frequency in kHz.

By combining Eqs. (7)-(9), the energy consumption of
transmitting data is

E = Pt · Tp

= Pr · Tpdκ1010
−4d ·α(f ), (11)

where Tp is the duration of transmitting data at the transmitter
node, which is

Tp =
ltotal
Rbit

, (12)
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where ltotal is the size of data packet being transmitted in bit,
and Rbit is the data rate in bit/s.

Suppose the (n, k , t) block code is applied, where n is
the length of group, k is the length of load, and t is the
error correction capability. The total packet length can be
computed as

ltotal =
n
k
lappdata + lcontrol, (13)

where lappdata is the size of data packet load, and lcontrol is the
size of control data packet.

As shown in Fig. 3 (c), when the forwarding path is
S-N2(/N3)-D, the energy consumption of sending ltotal length
of data for one detour forwarding path is

Edetour (d1) = 2Pr ·
ltotal
Rbit

dκ1 10
10−4d1α(f ), (14)

where d1 is the distance from S to N2 or from N2 to D.
We assume the non-detour forwarding path is S-H-D. Then

the energy consumption of one non-detour forwarding path is

Enon-detour (d0) = 2Pr ·
ltotal
Rbit

dκ0 10
10−4d0α(f ), (15)

where d0 is the distance from S to H or from H to D. Accord-
ing to the geometric relationship in Fig. 3(c), we have

d0 = d1 · cos θ, (16)

where θ is 6 N2SH.
The energy consumption of BF-CAR is

EBF−CAR = Edetour (d1) · ζ, (17)

where ζ is the sum of the detour forwarding times and
non-detour forwarding times for one packet transmission
from the source node to the destination node.

The energy consumption of MF-HER is

EMF−HER (θ, p)

= Edetour (d1) · ζ · p+ Enon-detour (d0) · ζ · (1− p)

= Edetour (d1) · ζ · p+ Enon-detour (d1, θ) · ζ · (1− p),

(18)

where p is the proportion of detour forwarding in a total
forwarding from the source node to the destination node,
as calculated in Eq. (6).

To better demonstrate the performance gain of the pro-
posed algorithm, we define the ratio of energy consumption
of the two protocols as

RECR =
EMF−HER

EBF−CAR
. (19)

B. BIT ERROR RATE
Depending on the transmission range and modulation
method, the bit error rate (BER) of underwater acoustic
data transmission will be different. Nowadays, frequency
shift keying (FSK) and phase shift keying (PSK) are mainly
adopted in underwater acoustic transmission for UW-ASNs.
In this paper, we choose FSK modulation as an exapmle.

Let BERFSK represents the BER in FSKmodulation, which
can be calculated as [26]

BERFSK =
1
2
e−

Eb/N0
2 , (20)

where Eb/N0 is defined as [26]

Eb
/
N0 = SNR

BN
Rbit

, (21)

where SNR is the signal noise ratio, and BN is bandwidth
noise. SNR is estimated based on

SNR = SL − TL − NL, (22)

where NL is the noise level of receiver node in dB. Plugging
Eqs. (1), (21), and (22) into Eq. (20), we have

BERFSK =
1
2
e
−

BN
2Rbit
·SNR

=
1
2
e
−

BN
2Rbit
·(SL−NL)

· e
BN
2Rbit
·TL

=
1
2
e
−

BN
2Rbit
·(SL−NL)

· e
BN
2Rbit
·(κ·10 log d+10−3d ·α)

.

(23)

The BER of one detour forwarding is

BERFSKdetour (d1)

= 1−
(
1− BERFSK

∣∣∣
d=d1

)2

= 1−
(
1−

1
2
e
−

BN
2Rbit
·(SL−NL)

· e
BN
2Rbit
·(κ·10 log d1+10−3d1·α)

)2

(24)

The BER of one non-detour forwarding is

BERFSKnon-detour (d0)

= 1−
(
1− BERFSK

∣∣∣
d=d0

)2

= 1−
(
1−

1
2
e
−

BN
2Rbit
·(SL−NL)

· e
BN
2Rbit
·(κ·10 log d0+10−3d0·α)

)2

(25)

The BER of BF-CAR protocol for the multi-hop
UW-ASNs is

BERFSKBF-CAR = 1−
(
1− BERFSKdetour

)ζ
(26)

The BER of MF-HER protocol for the multi-hop
UW-ASNs can be derived as

BERFSKMF−HER (θ, p)

= 1−
[
1− BERFSKdetour (d1)

]ζ ·p
·

[
1− BERFSKnon−detour (θ, d1)

]ζ ·(1−p)
(27)

Similarly, the ratio of the BER for the two protocols is:

RBER =
BERFSKMF−HER

BERFSKBF−CAR

. (28)
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C. NETWORK THROUGHPUT
The network throughput is the number of information bits
successfully tranmitted to destination nodes per second. So it
can be defined as [26]

NT =
lappdata (1− PERe2e)

Tflow
, (29)

where Tflow is the end to end delay and PERe2e is the end to
end packet error rate, which can be computed as [26]

PERe2e = 1−
Nhop∏
i=1

(
1− PERFECi

)
, (30)

where Nhop is the number of multi-hop, PERFECi is the packet
error rate (PER) in i-th hop when the forward error correc-
tion (FEC) coding method is applied. If the (n, k , t) block
code is applied, PERFECi is given as [26]

PERFECi = 1− (1− ERR)
lappdata

k , (31)

where ERR is the group error rate, i.e., the probability that the
number of error bits exceeds t when transmitting packets as
a group. In random wireless channels, ERR can be calculated
as [26]

ERR =
n∑

i=t+1

C i
nBER

FSKi
(
1− BERFSK

)n−i
, (32)

In a digital communications system, the probability of t
errors occurring at the same time in a code group is far greater
than that of (t + 1) [28], so Eq. (32) can be transformed into

ERR ≈ C (t+1)
n

(
BERFSK

)(t+1)
·

(
1− BERFSK

)n−(t+1)
(33)

Then, PERe2e for BF-CAR is:

PERBF−CARe2e = 1−
(
1− ERR|d=d1

)2ζ · lappdatak , (34)

where ERR|d=d1 can be obtained from Eq. (33).
And PERe2e for MF-HER is computed as

PERMF−HER
e2e (θ, p)

= 1−
(
1− ERR|d=d1

)2ζp· lappdatak

·
(
1− ERR|d=d0

)2ζ (1−p)· lappdatak

= 1−
(
1− ERR|d=d1

)2ζp· lappdatak

·
(
1− ERR|d=d1 cos θ

)2ζ (1−p)· lappdatak , (35)

where ERR|d=d0 can be obtained from Eq. (33).
In general, the end to end delay Tflow in Eq. (29) consists

of four items: processing delay, queuing delay, transmis-
sion delay and propagation delay. In UW-ASNs, the process-
ing delay is negligible. When the network load is low, the
queuing delay is also much lower than the transmission delay
and propagation delay. Therefore, Tflow can be written as [26]

Tflow = Tpropagation + Ttransmission, (36)

where Tpropagation is propagation delay, and Ttransmission is the
transmission delay. Let v be the propagation speed of under-
water acoustic. Then, the propagation delay of one non-detour
forwarding and one detour forwarding are

T non-detour
propagation = 2 ·

d0
v
, (37)

T detour
propagation = 2 ·

d1
v
. (38)

Hence, the propagation delay of BF-CAR and MF-HER
are

TBF−CAR
propagation = ζ · T

detour
propagation = 2ζ ·

d1
v
, (39)

TMF−HER
propagation = ζp · T

detour
propagation + ζ (1− p) · T

non-detour
propagation

= 2ζp ·
d1
v
+ 2ζ (1− p) ·

d0
v

= 2ζp ·
d1
v
+ 2ζ (1− p) ·

d1cosθ
v

, (40)

In addition, Ttransmission includes receiving delay and for-
warding delay [26], i.e.,

Ttransmission = Trecv + Tforwd

= 2 · 2ζ ·
(
ltotal
Rbit
+ Tdec

)
≈ 4ζ ·

ltotal
Rbit

, (41)

where Trecv is receiving delay, Tforwd is forwarding delay, Tdec
is the decoding delay, and ltotal is the size of the data packets
when FEC transmission mechanism is adopted. Here, Tdecis
neglected and ltotal is derived based on Eq. (13).
Thus, the end-to-end delay of BF-CAR is

TBF−CAR
flow (d1)=2ζ ·

d1
v
+4ζ ·

(n · lappdata+k ·lcontrol)/k
Rbit

(42)

The end to end delay of MF-HER is

TMF−HER
flow (θ, p) = 2ζp ·

d1
v
+ 2ζ (1− p) ·

d1 cos θ
v

+ 4ζ ·
(n · lappdata + k · lcontrol)/k

Rbit
(43)

Finally, the throughput of BF-CAR can be derived as

NTBF−CAR
=

lappdata
(
1− PERBF−CARe2e

)
TBF−CAR
flow

. (44)

The throughput of MF-HER protocol can be derived as

NTMF-HER (θ, p) =
lappdata

[
1− PERMF−HER

e2e (θ, p)
]

TMF−HER
flow (θ, p)

.

(45)

Then the ratio of network throughout for the two protocols
is

RNT =
NTMF−HER

NTBF−CAR . (46)
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IV. SIMULATION EVALUATION
From Eqs. (18), (27) and (45), we know that the values for
energy consumption, bit error rate, and network throughput
depend on p and θ . In the simulation, wewill evaluate how the
two parameters impact on the energy consumption, bit error
rate, and throughput of the proposed MF-HER protocol and
existing BF-CAR protocol will be studied. The simulation
parameters are listed in Table 4.

TABLE 4. Simulation parameters.

If θ can satisfy Eq. (5), underwater acoustic communica-
tions will not hinder the behavior of marine mammals. The
value of acoustic protection based safe distance dδ0 changes
constantly with the SPLrms threshold δ, as shown in Fig. 6,
which is determined by Eq. (3) and Fig. 4.

FIGURE 6. The curve of acoustic protection based safe distance dδ0
changes with δ.

It can be seen from Fig. 6 that with the increasing of δ,
the acoustic protection based safe distance dδ0 is reduced.
When δ equals to 138 dB, dδ0 is about 1 m. If δ continues
increasing, the value of dδ0 is also set at 1 m to protect the
sensor node. Also, no matter what value δ is selected, the
behavior of marine mammals is not affected as long as dδ0
is no less than to 16 m. Therefore, we let dδ0 equal to 16 m.
As shown in Fig. 1, the sensor nodes are deployed in

a three-dimensional space. The distance between sensor
nodes and marine mammals considered in this paper is the
distance projected on the seabed from the actual distance
in three-dimensional space. Therefore, the real distance in

three-dimensional space should be longer than the calculated
distance herein, thus guaranteeing that there will be no behav-
ioral hindrance to marine mammals.

A. ENERGY CONSUMPTION
As we can see from Figs. 7(a) and 7(c), given the value of p,
the energy consumption ofMF-HER decreases gradually, and
the ratio of energy consumption of MF-HER and BF-CAR
also decreases as θ increases. A larger θ incurs a larger ratio
of the energy consumption of a detour forwarding path and
the energy consumption of a non-detour forwarding path. If θ
equals to 0◦, the energy consumption of the two forwarding
paths are exactly the same, and so the energy consumption of
the two protocols are the same. When θ infinity approaches
to 90◦, the distance of the detour forwarding approaches
to infinity, and the distance of the non-detour forwarding
becomes a small value. Then, the ratio is infinitely close to p.
In Fig. 7(b) and 7(d), the ratio of energy consumption of

MF-HER and that of BF-CAR increases as p increases. When
p increases, the number of the detour forwarding paths in
MF-HER increases and the energy consumption ratio of the
two protocols also increases. When p is equal to 0, all of the
forwarding paths in MF-HER is non-detour.

The proposed MF-HER protocol incurs lower energy con-
sumption as compared to BF-CAR under different values of
θ and p. This is because, in general, detour forwarding path
consumes more energy than non-detour forwarding path, and
the proposed MF-HER protocol avoids unnecessary detours
and thus consumes less energy.

B. BIT ERROR RATE
From Figs. 8(a) and 8(c), it can be observed that the BER of
the protocol MF-HER decreases as θ increases. When θ is
equal to 0, the two forwarding schemes are the same, and so
the BER of the two protocols are also equal. Suppose that d1
is a constant, and then, d0 reduces as θ increases. The BER of
the non-detour forwarding path is smaller than that of detour
forwarding path. In that case, the advantage of the proposed
MF-HER protocol, which avoids many detour forwarding
paths in BF-CAR, is obvious. Therefore, the BER of the
proposed MF-HER protocol is lower than that of BF-CAR.

From Figs. 8(c) and 8(d), we can see that with the
increase of p, the BER of MF-HER increases, and gradu-
ally approaches to that of BF-CAR. When p equals to 1,
the selected forwarding paths of the two protocols are the
same. While the value of p is between 0 and 0.6, the advan-
tages of the proposed MF-HER protocol are more obvious,
i.e., the BER can be greatly reduced by considering the
probability of marine mammals for the proposed MF-HER
protocol.

C. NETWORK THROUGHPUT
Fig. 9(a) shows that when θ increases, the network through-
put increases. When θ rises, the distance of the non-detour
forwarding path reduces and the difference between the two
protocols in PER or end to end delay increases, and thus
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FIGURE 7. The energy consumption of the two protocols: (a) the curve of
the energy consumption with θ ; (b) the curve of the energy consumption
with p; (c) the curve of the energy consumption ratio with θ ; (d) the curve
of the energy consumption ratio with p.

FIGURE 8. The BER of the two protocols: (a) the curve of BER with θ ;
(b)the curve of BER with p; (c) the curve of BER with θ ; (d) the curve of
BER with p.
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FIGURE 9. The network throughput of the two protocols: (a) the curve of
the network throughput with θ ; (b) the curve of the network throughput
with p; (c) the curve of the network throughput ratio with θ ; (d) the curve
of the network throughput ratio with p.

the gap between the protocols in network throughput also
becomes larger. From Figs. 9(a) and 9(b), it can be seen

that θ has a greater impact on network throughput than p.
Therefore, if we want to improve the performance of network
throughput, it is recommended to increase the value of θ
appropriately.

It can be seen from Fig. 9(c) that the network throughput
decreases gradually as p increases. A larger p reduces the
BER as well as the PER. At the same time, the delay will also
increase. However, the change of PER is smaller than that of
end to end delay. As the p increases, the network throughput
decreases, which is demonstrated in Fig. 9(d).

Therefore, the proposed MF-HER protocol can signifi-
cantly improve network throughput as compared to the exist-
ing BF-CAR protocol by avoiding unnecessary detours and
making necessary detour forwarding in response to marine
mammal behaviors.

V. CONCLUSION
Based on the BF-CAR protocol, this paper proposes a novel
routing scheme, i.e., MF-HER, for UW-ASNs by considering
the acoustic protection for marine mammals. Considering
the overlap of the frequency range of marine mammals’
vocal signals and the occupied frequency range of UW-ASNs,
the detour forwarding is adopted to avoid the interference
from sensor nodes to marine mammals while shortening
the multi-hop path distance. The energy consumption, BER,
and network throughput of the proposed MF-HER protocol
are deduced. The simulation results show that the proposed
MF-HER protocol outperforms the BF-CAR protocol.
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