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We investigated the problem of joint relay selection and power alloca-
tion in underwater cognitive acoustic networks (UCANs). A selection
and allocation strategy based on the achieved this system was applied to
maximize system throughput without affecting the quality of service of
the primary system. In view of the harsh underwater environments, the
trust parameter was first developed to overcome the imperfect spectrum
sensing and improve the underwater cognitive acoustic system perfor-
mance. The optimal approach of system throughput is difficult to obtain
because of the non-constant definition of the mis-detection probability.
Thus, we proposed a suboptimal approach based on cross-over iteration
and sub-gradient (CISG) method to achieve maximum system through-
put. Simulation results show that the proposed approach achieved better
system throughput than other cooperative methods without trust param-
eter.

Keywords: Underwater cognitive acoustic networks (UCANs), relay selection,
power allocation, trust parameter, mis-detection probability

1 INTRODUCTION

Given the advancements in acoustic technology, underwater acoustic com-
munication has received considerable interest from both the academe and the
industry, leading to the development of various aquatic applications, such
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FIGURE 1
Underwater cognitive acoustic networks.

as mineral exploitation, environmental monitoring, disaster prevention, mili-
tary surveillance, and coastline protection [19]. However, communication in
aquatic environments is characterized by limited bandwidth, severe fading,
and complex noise, all of which impede reliable underwater acoustic com-
munication [6, 8].

Some of the unique features of underwater acoustic system include low
data rate, long propagation delay, and time-varying fading. In view of the
frequency-dependent attenuation, limited communication frequencies are
available in water and usually range from tens of hertz to hundreds of kilo-
hertz [3, 15]. Cooperative relaying techniques are gaining recognition as
potential strategies for improving the performance of underwater acoustic
communication [1, 9]. The scarce spectrum resource has become heavily
shared by underwater acoustic systems as a result of the growth of underwater
application networks, as is shown in Figure 1. In [2], dynamic spectrum shar-
ing based on cognitive radio (CR) was applied to UCANs, this technique can
reach higher capacities than traditional spectrum approaches. [11] pointed out
that underwater acoustic environments usually comprise many acoustic sys-
tems, such as marine mammals and sonar users, and that underwater cogni-
tive acoustic techniques can potentially develop an environmentally friendly
underwater acoustic network with high spectrum utilization. Therefore, it is
necessary for underwater acoustic network to introduce the cognitive tech-
nology [23].

Recent studies on UCANs have explored underwater acoustic cooperative
transmission to implement spatial diversity and address the effects of fad-
ing. In [7], by taking advantage of the characteristics of UCANs, the author
designed a new underwater cooperative transmission scheme that is focused
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mainly on improving channel capacity. As in the radio frequency(RF) sce-
nario, selection and resource allocation issues must also be considered in
underwater acoustic cooperative communication [14]. In [20], a reliable and
energy-efficient relay selection scheme was proposed to minimize packet
transmission delay. [25] proposed a new power-control transmission scheme
that can guarantee certain end to-end packet error rate while achieving a
good balance between the overall energy efficiency and the end-to-end packet
delay. In [17], an energy-efficient relay selection scheme based on restless
multi-armed bandit theory was proposed. [18] proposed a power-efficiency
resource allocation scheme in a MIMO-OFDM cooperative system, and in
[22], the Doppler compensation was considered during power allocation.
However, limited studies have been conducted the joint relay selection and
power allocation in UCANs, although this topic has been extensively inves-
tigated in radio communication [10]. Meanwhile, the development of coop-
erative transmission in cognitive scenarios is still in its infancy, despite its
wide use in radio communication. In [13], an efficient spectrum manage-
ment system was examined in UCANs to significantly improve the perfor-
mance by a collaboration of the physical layer and the media access control
(MAC) layer. [12] proposed an environmentally friendly cooperative trans-
mission strategy that avoids interference with marine animals. In [21], we
have studied a channel state information feedback scheme based on limited
feedback in an underwater cognitive scenario. However, imperfect spectrum
sensing was not considered in these studies. Moreover, given the transmis-
sion decline and the uncertainty caused by marine animals, a constant defini-
tion of the mis-detection probability i.e. in [10], is unsuitable for underwater
environments. Furthermore, as in [11], the effects of the characteristics of
underwater environments on underwater cognitive acoustic communication
transmission were disregarded.

In this paper, we developed the trust parameter to evaluate the communi-
cation environment and overcome the imperfect spectrum sensing. We then
discussed how a joint relay selection and power allocation with trust param-
eter can be realized under the constraints of the interference threshold and
the total transmit power of cognitive nodes. To reduce the complexity, a
cross-over iterative method was proposed, and sub-gradient method was uti-
lized. Simulation results showed that the proposed algorithm has better per-
formance and is more suitable for underwater cognitive acoustic cooperative
systems than a joint relay selection and power allocation scheme without trust
parameter.

The paper is organized as follows. In Section 2, the system model is intro-
duced. Section 3 describes the problem of relay selection and trust parameter
in underwater cognitive acoustic cooperative system. In section 4, the method
of CISG for relay selection and power allocation with trust parameter is
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FIGURE 2
Underwater cognitive acoustic cooperative system.

proposed to solve the problem. The simulation results are given in section
5, and finally section 6 contains the conclusion.

2 SYSTEM MODEL

2.1 Network Model
As is shown in Figure 2, this study considered an underwater cognitive acous-
tic cooperative system consisting of a primary user(PU) and one underwa-
ter cognitive acoustic system, which includes one source node, one destina-
tion node, and multiple relay nodes. We used amplify-forward(AF) relaying
protocol, indicating that the relay only amplified the signal from the source
node and then sent the processed signal to the destination node. The cogni-
tive nodes shared spectrum with the PU and used transmit/receive antennas.
Underlay spectrum sharing was used in underwater cognitive acoustic system
transmission.

2.2 Channel Model
As transmission media, underwater acoustic is complex and changeable,
and the average sound velocity is approximately 1500 m/s. Seawater is
not a loss-free medium. During underwater sound propagation, the signal
energy will gradually become weakened. Underwater communication chan-
nels are mainly affected by spreading loss and absorption loss. The attenua-
tion A(l, f ) as described by Urick [16] can be calculated as following:

A(l, f ) = lka( f )l , (1)

where k is the spreading factor ( k = 1 is cylindrical, k = 2 is spherical, and
k = 1.5 in practical spreading), l is the distance in kilometers between these
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locations. The absorption coefficient a( f ) can be expressed by Thorps for-
mula [16]:

10loga( f ) = 0.11 f 2

1 + f 2
+ 44 f 2

4100 + f 2
+ 2.75 f 2

104
+ 0.003, (2)

where f is the sound frequency in kilohertz.
The ambient noise in the ocean can be modeled using four sources: turbu-

lence (Nt ), shipping (Ns), waves (Nw) and thermal noise (Nth), which can be
described by the Gaussian statistics and a continuous power spectral density
(PSD). The power spectral densities of the four noise components (in d B re
ÂƒÃ Pa per Hz) as modeled in [5]:

10logNt ( f ) = 17 − 30log f, (3)

10logNs( f ) = 40 + 20(s − 0.5) + 26log f − 60log( f + 0.03), (4)

10logNw( f ) = 50 + 7.5
√

w + 20log f − 40log( f + 0.4), (5)

10logNth( f ) = −15 + 20log f, (6)

where s is the shipping activity factor, 0 ≤ s ≤ 1, and w is the wind speed in
m/s. Then, the overall ambient noise is:

N f = Nt ( f ) + Ns( f ) + Nw( f ) + Nth( f ). (7)

3 PROBLEM FORMULATION

In UCANs, the signal transmitted between the source node and the destina-
tion node is divided into two time slots. We assumed that these three nodes
use orthogonal channels. In the first time slot, the source node simultaneously
sends data to the destination node and to the relay nodes through orthogonal
channels, channel CH 0 and CH Ci , respectively. In the second time slot,
the selected relay amplifies and forwards the data received from the source
node to the destination node through CH C ′

i . In the first time slot, the signal
received at relay node i is depicted as:

ys,ri = √
P2,i hs,i x + σs,i , (8)
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Also, the signal received at destination node is:

ys,d =
√

P1hs,d x + σi,d , (9)

where P1 and P2,i denote the transmission powers from the source node to
the destination node and to the relay node i respectively. hs,d and hs,i are
the channel gains between the source node and destination node, and the
source node and relay node i respectively. σs,i and σi,d denote noise. x is the
signal from source node. During the first time slot, θ1 and θ2 are acceptable
interference powers of the primary user over CH 0 and CH Ci , respectively,
which are donated as follows:

P1|hs,p,d |2 ≤ θ1, (10)

P2,i |hs,p,i |2 ≤ θ2, (11)

where hs,p,d and hs,p,i are the channel gains between the source node and the
PU for CH 0 and CH Ci , respectively.

In the second time slot, the selected relay transmits the signal by AF pro-
tocol to the destination node, so the received signal at the destination node
can be expressed as:

yri ,d = √
P3,i hi,d y∗

s,ri
+ σs,d , (12)

where P3,i is the transmission powers of the relay node i to the destination
node. hi,d is the channel gain between the relay node and the destination
node. we assumed that σs,d

2 = σs,i
2 = σi,d

2 = N f , N f is represented by σ 2

in the following, and y∗
s,ri

is the normalization of ys,ri , which is donated as:

y∗
s,ri

= ys,ri√
P2,i |hs,d |2 + σ 2

, (13)

In the second time slot, the transmission between the relay node and desti-
nation node also causes interference to the PU, the acceptable interference
power limit expressed as θ3 is shown as follows:

P3,i |hi,p|2 ≤ θ3, (14)

where hi,p is the channel gain between relay node and PU for CH C ′
i . The

transmission powers at the source and relay are also constrained by the bat-
tery capacity, in the underwater cognitive node transmission, the limits of the
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source node and the relay node are donated as:

P1 + P2,i ≤ Ptotal, (15)

P3,i ≤ P3, (16)

where Ptotal is the overall transmission power limit for the source. P3 is the
maximum transmission power allowed by each relay. We can calculate the
received powers of signal Ps,i and noise Pn,i at the destination node from
relay node as:

Ps,i = P3,i P2,i |hs,i |2|hi,d |2
P2,i |hs,i |2 + σ 2

, (17)

Pn,i = (
P3,i |hi,d |2

P2,i |hs,i |2 + σ 2
+ 1)σ 2, (18)

Finally the received signal to noise ratio (SNR) at the destination node from
the selected relay’s channel can be donated as:

SN Ri = Ps,i

Pn,i
= P3,i P2,i |hs,i |2|hi,d |2

(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2
, (19)

Then the system throughput T is given as follows:

T = (1 − βi ) log2(1 + P1|hs,d |2
σ 2

)

+ (1 − βi ) log2(1 + P3,i P2,i |hs,i |2|hi,d |2
(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2

),
(20)

where βi is mis-detection probability of each relay node.
The mis-detection probability βi is generally set as a constant in radio

scenarios, However, in real underwater acoustic environments, uncertainty,
such as schools of fish, affects the performance of CSI based cooperative
relay selection algorithms. Seawater is not a loss-free medium. Thus, a longer
propagation distance corresponds to a more severe signal attenuation. The
mis-detection probability is often determined by two factors: delay and chan-
nel environment. βi changes with sensing distance, channel situation, and so
on. When the selected relay is nearer to the source node, it can be easily
detected by the source node, resulting in a lower value of the mis-detection
probability βi . Thus, the mis-detection probability βi was not set as a con-
stant in this paper. A new trust parameter was proposed to optimize the mis-
detection probability βi , that is, to make βi more portable and reasonable.
This trust parameter mainly reflects the influence of the speed of sound and
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the complex channel condition on the systems. The trust parameter is defined
as:

ηi = a · exp(−‖di‖) + b · SN Ri + δ, (21)

where di is the distance between the source node and relay node i , which is
assumed as a different constant value defined by different relay nodes. With
the increase of distance, the trust parameter of the relay will be reduced. δ

is the factors that can reflect other aspect on the trust parameter. SN Ri is
the signal-to-noise radio received by the destination node from the selected
channel in formula (19). a and b is the weighting factor of each part, and
let a + b = 1, a > 0, b > 0. Different a and b can reflect the importance of
distance and SN Ri respectively. Finally, the trust parameter is normalized as:

η′
i = a · exp(−‖di‖) + b · SN Ri + δ

�L
i=1ηi

, (22)

In an actual underwater cognitive acoustic transmission, if cognitive nodes
have higher levels of trust, the system throughput will be higher. What’s
more, it means that the system has a low mis-detection probability of the
selected cognitive node. So there exists a relationship between the trust
parameter and the mis-detection probability βi .

βi ∝ κ · (1 − η′
i ), (23)

κ is constant, and without loss of generality, let κ > 0.

4 OPTIMAL RELAY SELECTION AND POWER ALLOCATION

Relay selection and power allocation can be formulated as the maximization
of system throughput. The performance of the underwater cognitive acoustic
cooperative system can be reflected by system throughput. According to the
previous discussion, maximization of system throughput can be formulated
as:

arg max
P1,P2,i ,P3,i ,βi

T (P1, P2,i , P3,i , βi ), (24)

T (P1, P2,i , P3,i , βi ) = (1 − βi ) log2(1 + P1|hs,d |2
σ 2

)

+ (1 − βi ) log2(1 + P3,i P2,i |hs,i |2|hi,d |2
(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2

),
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Subject to
P1 + P2,i ≤ Ptotal ,

P3,i ≤ P3,

P1|hs,p,d |2 ≤ θ1,

P2,i |hs,p,i |2 ≤ θ2,

P3,i |hi,p|2 ≤ θ3,

After the formula of probability of mis-detection is obtained, we come up
with the second step, the system throughput problem can be expressed as:

T = [1 − κ · (1 − η′
i )] · log2(1 + P1|hs,d |2

σ 2
)

+ [1 − κ · (1 − η′
i )]

· log2(1 + P3,i P2,i |hs,i |2|hi,d |2
(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2

),

(25)

Namely

T = (1 − κ · (1 − a · exp(−‖di‖) + b · SN Ri + δ

�L
i=1ηi

))·

[log2(1 + P1|hs,d |2
σ 2

)

+ log2(1 + P3,i P2,i |hs,i |2|hi,d |2
(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2

)],

(26)

Let

T = (1 − βi ) · (T ′
i ), (27)

1 − βi = 1 − κ · (1 − a · exp(−‖di‖) + b · SN Ri + δ

�L
i=1ηi

), (27 − a)

T ′
i = log2(1 + P1|hs,d |2

σ 2
)

+ log2(1 + P3,i P2,i |hs,i |2|hi,d |2
(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2

).
(27 − b)

In this paper, a cross-over iteration and sub-gradient method (CISG) is pro-
posed to obtain the solution of the problem, we set the optimal problem into
three main steps:
(1) We use (1 − βi ) and T ′

i to simplify the expression in (24). Due to the
difficulty of solving the optimal problem simultaneously, we can obtain the
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optimal solution of (1 − βi ) and T ′
i separately. (1 − βi ) is a increasing func-

tion of P2,i and P3,i . Because the partial derivative of P2,i and P3,i is greater
than 0, we first obtain the optimal value of P ′

3,i , set P ′
3,i = min{ θ3

|hi,p |2 , P3},
and there is no direct link between the mis-detection probability of βi and
P1, so the value P ′

2,i can be expressed as P ′
2,i = min{ θ2

|hs,p,i |2 , Ptotal}. Finally

the optimized value of (1 − βi )∗1 is obtained when P ′
2,i and P ′

3,i is used in
(27-a).
(2) Since T ′

i increases with P3,i , P ′
3,i = min{ θ3

|hi,p |2 , P3}, Using the Lagrange
multiplier method, we have the Lagrange function for (24):

L(P1, P2,i , λi , μi , νi ) = −(1 − βi )
∗
1 log2(1 + P1|hs,d |2

σ 2
)

− (1 − βi )
∗
1 log2(1 + P3,i P2,i |hs,i |2|hi,d |2

(P3,i |hi,d |2 + P2,i |hs,i |2 + σ 2)σ 2
)

+ λi (P1 + P2,i − Ptotal) + μi (P1|hs,p,d |2 − θ1)

+ νi (P2,i |hs,p,i |2 − θ2),

(28)

where (1 − βi )∗1 is a constant, λi , μi , νi are the Lagrange multipliers. Employ-
ing the Karush-Kuhn-Tucher (KKT) conditions, where [·]+is defined as
max{x, 0}. In the iterative process, all the power levels should not be less
than zero. If the power level is less than zero, it will be set to zero. we obtain:

P ′′
1 = [

(1 − βi )∗1
λi + μi |hs,p,d |2 ln 2

− σ 2

|hs,d |2 ]+, (29)

P ′′
2,i = [

√
P ′

3,i
2|hi,d |4 + 4P ′

3,i |hi,d |2 K
ln 2(λi +μi |hs,p,i |2)

2|hs,i |2

− P ′
3,i |hi,d |2 + 2σ 2

2|hs,i |2 ]+,

(30)

where K = (1−βi )∗1
(λi +νi |hs,p,i |2) ln 2 . The dual problem can be successfully reached by

using sub-gradient method in [24] [4],which updates the Lagrange multipliers
as follows:

λi (t + 1) = [λi + ρ(t)(P1(λi (t), μi (t), νi (t))

+ P2,i (λi (t), μi (t), νi (t)) − Ptotal)]
+,

(31)

μi (t + 1) =
[μi + ρ(t)(P1(λi (t), μi (t), νi (t))|hs,p,d |2 − θ1)]+,

(32)
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νi (t + 1) =
[νi + ρ(t)(P2,i (λi (t), μi (t), νi (t))|hs,p,i |2 − θ2)]+,

(33)

where t is the iteration index and ρ(t) is the step size. Finally the algorithm
of T ′

i is summarized as follows:
Initialization: λi (0) > 0, μi (0) > 0, νi (0) > 0 ∀i
Repeat: for t = 1 : L
1) Calculate the optimal power value through (29), (30).
2) Update the Lagrange multiplier λi , μi , νi according to (31)-(33). At last,
the optimal value (T ′

i )∗ of T ′
i is achieved by P ′′

1 , P ′′
2,i , P ′

3,i .
3) Finally, the iteration method is proposed to achieve the suboptimal system
throughput Ti .

After obtaining the optimal values of P ′′
1 and P ′′

2,i in step (2), we input
the optimal values of P ′′

1 and P ′′
2,i into (27-a) to obtain another optimal value

(1 − βi )∗2 of (1 − βi ) and substitute (1 − βi )∗1 in (28). We then used the same
approach to obtain P ′′′

1 and P ′′′
2,i in step (2) and regain (1 − βi )∗3 in step (1).

This procedure was repeated n times until the values of P ′′
1 and P ′′

2,i were
stable. Finally, the suboptimal result of system throughput with trust parame-
ter was determined by the optimal value of (1 − βi )∗n and (T ′

i )∗n . By Repeating
this procedure at all relays, we found the relay with the maximum throughput
through (24).

In the process of proposed algorithm, we carry out L iteration to obtain
the power value, and then repeat n times the above procedures until the value
of P1 and P2 is stable. Thus, the computational complexity of our proposed
method is o(nL).

5 SIMULATION RESULT

In this section, the benefits of CISG method in section 4 was compared with
advantages of the method in [10] and [19], random relay selection with power
allocation, and random relay selection with equal power allocation. The char-
acteristic of underwater communication environment is obtained by World
Ocean Simulation System (WOSS) and Bellhop model. In our simulation
study, we consider a location in the Qinhuangdao with latitude 39.4 degrees
north latitude and longitude 119.4 degrees east longitude. Acoustic users are
placed in the geographic area that simulation database covers. The acoustic
spectrum of the available channels ranged from 1 kHz to 40 kHz. For simplic-
ity, we set the sound speed in an underwater environment to a normal value of
1500 m/s. The acoustic loss was modeled using practical spreading, k = 1.5,
and the noise is that obtained for moderate shipping activity s = 0.5, and
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FIGURE 3
Trust parameter of relay with P2.

wind speed w = 0. We define the interference limits θ1 = θ2 = θ3 = 10−4W .
It is assumed that all the channel fading coefficients follow a Rayleigh dis-
tribution and are orthogonal. All relays between the source and destination
nodes were available, indicating that any of the relays can be selected to
cooperate.

Figure 3 provides the values of the relays’ trust parameter in different
channel states when P3 = 0.4W . The trust parameter was significantly dif-
ferent for different values of P2, because the sensing ability of the relay that
was selected to cooperate in the system is decided by P2. If the transmit power
of the source is high, the relay can make better use of the channel to transmit
the signal to destination node, that is, the selected relay had a higher trust
rank by the source node, and the mis-detection probability would be lower.
For this reason, the mis-detection probability was not constant for different
values of P2.

Figure 4 shows the mis-detection probability of relay for different sens-
ing distances with maximum transmission power allowed by each relay
P3 = 0.4W when P2 = 0.5W . The mis-detection probability rapidly changed
with the sensing distance. In a real cooperative sensing scenario, if the chan-
nel state information is good, then the relay has greater chances of partici-
pating in the PU spectrum. Thus, the selected relay has a lower value of mis-
detection probability, and the system throughput is better than that obtained
by other approach without trust parameter, in which the mis-detection prob-
ability is a constant parameter.

Figure 5 describes the power allocation process of the relay i . The con-
vergence of our method was analyzed by performing a simulation exper-
iment. The picture on the left shows the interference limited conditions,
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FIGURE 4
Mis-detection probability of relay with distance.

FIGURE 5
The power allocation process of the relay i.

which are expressed in (10) and (11),where L1 = P1|hs,p,d |2 − θ1, L2 =
P2,i |hs,p,i |2 − θ2. To prevent the interference to the primary user, the inter-
ference limited conditions L1 and L2 should be less than 0. As is shown in
Fig.5, at the beginning stage, the curve displays a large fluctuation, and then
gradually tends to converge. After several iterations, P1 and P2 tend to sta-
bilize within the limits of interference. Finally, we obtained the optimized
power allocation results.

Figure 6 shows the changes in system throughput as P3 increases. The total
power of the source node was fixed as Ptotal = 0.5W and the relay number
is 10. All known parameters were assumed the same when using different
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FIGURE 6
System throughput with transmission power limit of relay.

methods. Compared with other schemes,CISG method offers obvious advan-
tages over the other schemes. A better system throughput was achieved by our
proposed suboptimal approach. The system throughput attained by the other
two methods presented a distinct advantage over random relay selection with
equal power allocation. In cooperative communication, it is difficult to obtain
accurate channel state information. By introducing the trust parameter in the
relay selection, the relay selection and power allocation became more rea-
sonable. Compared with the method in [10], our scheme can obtain a higher
channel capacity in Fig 6. As the value of P3 increases, the system throughput
by our proposed algorithm exhibits a faster ascendance. That is, if relay i is
closer to the source node and destination nodes, it will have a higher SNR, In
turn, we can obtain a low mis-detection probability, which is calculated from
the trust parameter. Thus, the system throughout is more reflective of the real
scenario.

Figure 7 shows the benefits of the proposed algorithm when P3 = 0.4W .
As regards the relay’s trust parameter, the system throughput grows rapidly
with Ptotal . However, regardless of the selected relay is, the actual situation
of the relay must be considered to make the system throughput more repre-
sentative of the real scenario. In the low Ptotal region, the system throughput
increased rapidly with trust parameter, whereas in high Ptotal region, the sys-
tem throughput with trust parameter is limited by the interference limits and
is higher than in other schemes. Moreover, the other two methods can achieve
a much higher value of system throughput than random relay selection with
equal power allocation.
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FIGURE 7
System throughput with transmission power limit of CR source node.

6 CONCLUSION

In this paper, a joint relay selection and power allocation algorithm with trust
parameter scheme was first proposed to maximize the system throughput
with limited interference to primary users. The trust parameter was intro-
duced to make relay selection and power allocation more practical in marine
environment. Simulation results showed that the proposed scheme is superior
to the approach without trust parameter and other methods, such as random
relay selection with equal power allocation. Moreover, the system throughput
model with trust parameter is more adaptive and practical in actual UCANs.
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