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In this paper, we conduct a research based on the classified secondary users (SUs). SUs are divided into two categories: higher-
priority SU1 and lower-priority SU2, and two types of users generate two types of packets, respectively. Due to the lowest spectrum
usage rights of SU2 packets, the SU2 packets’ transmission is easily interrupted by other packets with higher rights. With the
purpose of controlling the SU2 packets’ retransmission behavior, we introduce two system parameters, namely, feedback
threshold T and feedback probability q. When the amount of SU2 packets in the buffer reaches the feedback threshold T, the
interrupted SU2 packets either enter the buffer with probability q for retransmission or leave the channel by probability (1 − q),
where q is a fixed parameter. We construct a three-dimensional Markov model based on the presented retransmission control
mechanism and derive some important performance indicators of SU2 packets based on the one-step transfer probability matrix
and steady-state distribution. +en, we analyze the impact of some key parameters on the performance indicators through
numerical experiments. Finally, we establish a cost function and use particle swarm optimization algorithm to optimize the
feedback threshold and feedback probability.

1. Introduction

With the advent of the communication era, the application
of communication technology has become more and more
extensive. On the one hand, with the rapid development of
communication technology, cognitive radio technology is
becoming more mature and rich. On the other hand, with
people’s continuous improvement of communication
quality and demand, spectrum resources are becoming in-
creasingly scarce. In addition, some studies have shown that
the utilization of these scarce spectrum resources is seriously
inadequate [1, 2]. To alleviate these problems, more and
more researchers began to study the spectrum allocation
strategy (SAS) in cognitive radio networks (CRNs). +ere-
fore, proposing a reasonable and effective SAS has become a
key in the research of CRNs.

In traditional CRNs, there are two types of users: primary
users (PUs) with absolute usage rights to licensed spectrum and
secondary users (SUs) with spectrum sensing capabilities. +e

SUs’ transmission can be interrupted by PUs, so the spectrum
can only be used by SUs opportunistically [3]. Considering the
diversity in SUs’ transmission delay requirements, some re-
searchers have graded SUs and assigned different hierarchies to
SUs.+e introduction of classified SUsmakes the types of users
in CRNs more diverse and adapts to the increasing trend of
transmission needs in modern networks.

In CRNs with SU buffer, interrupted SUs can enter the
buffer for retransmission. However, a large number of SUs
entering the buffer will not only increase the average length
of time that users spend in the system, but also reduce the
quality of service (QoS) of the system. For another, the
addition of a large number of SUs to the system is not
conducive to the transmission of PUs, which in turn affects
system performance. +erefore, the behavior of SUs (in-
cluding access behavior and retransmission behavior)
should be properly controlled.

In our work, hierarchical SUs are studied. Based on the
single-spectrum cognitive radio network with a secondary
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SU buffer, we mainly conduct research on the retrans-
mission behavior of interrupted secondary SUs and in-
troduce two important parameters of feedback threshold
and feedback probability. According to the proposed
retransmission control mechanism, we establish a three-
dimensional Markov chain (3DMC) model and calculate
some important performance indicators of secondary SUs
through steady-state analysis. Finally, by establishing an
optimization function and combining particle swarm op-
timization (PSO) algorithm, the feedback threshold and
feedback probability are optimized jointly.

+e remainder of our paper is structured as follows.
Section 2 states related works. +e introduction and analysis
of the system model are shown in Section 3. In Section 4, we
derive some expressions for performance indexes and use
them to analyze the system performance. In Section 5, the
optimal parameter setting of the system is analyzed. Finally,
Section 6 concludes this paper.

2. Related Works

As a very promising technology, cognitive radio can effec-
tively alleviate the serious shortage of spectrum resource
utilization. Just as introduced in [4, 5], cognitive radio
technology has received extensive attention from industry
and academia, and many important results about cognitive
radio technology have been obtained. For example, spec-
trum sensing is one of the most important technologies for
cognitive radio and has aroused the attentions of many
scholars. In [6], Liang et al. put forward the problem of
sensor throughput trade-offs in combination with the in-
terests of users. +ey studied how to design the sensing slot
length to maximize the throughput of the SUs without af-
fecting the PUs and used the energy detection scheme to
prove that there was an optimal value for the sensing time. In
this way, they got the best trade-off. In [7], Letaief and Zhang
discussed techniques for spectrum sensing and antijamming
in CRNs and conducted extensive analysis of cooperative
communications in centralized and decentralized networks.
+eir analysis results showed that collaborative communi-
cation manner could improve system utilization and spec-
trum sharing without interfering with the primary system. In
[8], in order to improve spectrum utilization and avoid
interference, an adaptive cooperative spectrum sensing
method was posed, and an optimal spectrum sensing
framework was proposed to optimize the sensing parame-
ters. +e experimental results showed that the proposed
sensing frame could maximize the sensing opportunity and
efficiency while satisfying the interference constraints.

In CRNs, how to allocate the spectrum to the network
users is an important concern. In the system performance
analysis of CRNs, an excellent SAS can improve the system
service quality effectively. +erefore, more and more re-
searchers began to study the spectrum allocation in current
cognitive radio technology [9, 10]. In [11], Tragos et al.
outlined the spectrum assignments in CRNs, introduced
some advanced proposals, and showed the most common
methods and techniques for solving SAS problems. Finally,
an in-depth analysis of these techniques and methods was

carried out. In [12], based on the cooperative spectrum
allocation, a probability relaying mechanism was introduced
and the trade-off relationship between the delays of the two
types of users under steady-state conditions was analyzed,
and the average delay expression was derived. +rough
numerical analysis experiments, the relay probability was
optimized to ensure the throughput of the system, and the
impact of the relay probability on the system performance
was revealed. In [13], considering the dynamic change for
the availability of channels in CRNs over time, the authors
put forward a channel usability assessment scheme
according to the characteristics of moving scene. +ey
demonstrated and analyzed the channel availability in dif-
ferent moving scenes. +e experimental results revealed
many advantages of applying the proposed scheme in CRNs.

With the rapid development of modern communication,
data communication shows a trend of diversification.
Considering the increasing number of data types in real-
world communication networks, many researchers in-
troduced graded cognitive users into CRNs to ensure the
QoS of SUs. Just as described in [14, 15], this grading
mechanism can improve system performance of CRNs ef-
fectively. In [16], Tumuluru et al. divided the SUs into two
classes with different priorities and studied the spectrum
switching priorities in the centralized and distributed CRN
architectures by using a novel dynamic SAS. +ey estab-
lished a continuous-time Markov chain and derived per-
formance indicators such as blocking probability and forced
termination probability of high-priority and low-priority
SUs. +e case of subchannel reservation for high-priority
SUs was also studied. In [17], El-Toukhey et al. considered
two priority levels of SUs. Based on two traditional channel
access technologies, random channel access and reserved
channel access, a 3DMC model with finite PUs and infinite
SUs was proposed. +rough the performance analysis, the
conclusion that the presented strategy could enhance the
performance of radio system was summarized. In [18], Zhao
and Bai proposed a new SAS with classified SUs and im-
patient users. By dynamically modeling the network user’s
queue actions into a 3DMC, some principal performance
indicators of the secondary SUs were derived. Finally, the
authors gave the personal optimal strategy and social op-
timal strategy of secondary SUs and put forward a pricing
strategy to optimize the system behavior of the secondary
SUs.

In addition, considering the lower priority of SUs in
CRNs, the system access and transmission interruption of
SUs in CRNs have attracted some researchers’ attentions in
recent years. It is obvious that excessive SUs access to the
system will influence the PUs’ transmission, and a large
number of interrupted SUs entering the buffer will increase
the SUs’ average latency. Hence, how to properly control the
access behavior and retransmission behavior of SUs has
become a key issue and research hotspot [19, 20]. In [21],
Turhan et al. posed an access control strategy to adjust the
acceptance of SUs in CRNs. By establishing a two-di-
mensional Markov model, they used a dynamic pro-
gramming method to maximize the system profit.
Experimental results showed that the best access control
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strategy was the threshold type, which only lied on the total
amount of users in the system. In [22], based on observable
queueing rules, an equilibrium threshold blocking strategy
of SUs was studied. An access threshold was set, and the SU
arriving at the system compared the threshold with the
number of SUs in the system and decided whether to join the
buffer queue based on the comparison result. +rough ex-
periments, the relationship between the access threshold and
the social benefits was revealed. In [23], a novel dynamic SAS
was proposed that controlled the access behavior of SUs by
introducing access threshold and access probability.
+rough the establishment of the Markov model and the
analysis of system steady state, some important performance
indicators were derived. In addition, by constructing a
benefit function, the authors proposed an iterative algorithm
to optimize the system parameters. In [24], a returning
threshold and a returning probability were introduced to
control the retransmission of SUs. By constructing a two-
dimensional queueing model, some important performance
metrics of SUs were derived. +e authors also found that the
returning threshold of the proposed mechanism was a main
factor affecting the system performance. Finally, considering
the trade-off between the performance metrics of SUs and
the returning threshold, the authors established a revenue
function to improve the system parameter settings.

In the SAS posed in our paper, based on the classification
for SUs, we introduce a feedback threshold and feedback
probability to control the retransmission behavior of the
interrupted secondary SUs. Our work is a lot different from
[24]. First of all, in [24], only two types of users were
considered and the SUs were not graded. Secondly, different
from [24], a fixed feedback probability is introduced to
control the system access of secondary SUs in our work. +e
effect of this feedback probability on system performance is
analyzed specially. Finally, in [24], a benefit function was
established to optimize the return threshold. While in our
experiments, the feedback threshold and the feedback
probability are jointly optimized by establishing a cost
function and using the PSO algorithm.

3. Model Description and Model Analysis

3.1. Model Description. In this paper, the retransmission
control mechanism for SUs with two levels is considered. In
the proposed strategy, there are three types of users; the
priorities from high to low are: PU, SU1, and SU2, and thus
corresponding three types of packets are generated. We
build and analyze a system model based on a single-spec-
trum cognitive radio network with a capacity of K for SU2
buffer. In addition, we introduce two parameters, feedback
threshold and feedback probability, for the SU2 packets to
dominate its retransmission behavior. According to the
different priority levels of the three types of users, combined
with the relationship between the feedback threshold and the
amount of packets in the system, we will discuss the behavior
of three types of packets specifically.

In the case of a new PU packet requesting access to the
system, if the spectrum is idle, the new PU packet can
directly occupy the spectrum to complete the trans-
mission. If the spectrum is being occupied by another PU
packet, the new PU packet will leave this spectrum. If the
spectrum is being used for transmission by an SU1 packet
or an SU2 packet, since PU packets hold higher usage
rights, the new PU packet will preempt the spectrum by
interrupting the transmission of packet being transmitted.

In the case of a new SU1 packet requesting access to the
system, if the spectrum is idle, the new SU1 packet can
directly occupy the spectrum to complete the transmission.
If the spectrum is being occupied by one PU or another SU1
packet, the new SU1 packet will leave this spectrum. If there
is an SU2 packet that is using the spectrum for transmission,
since SU1 packets take precedence over SU2 packets, the
new SU1 packet will interrupt the SU2 packet’s transmission
and preempt the spectrum.

In the case of a new SU2 packet requesting access to the
system, this new SU2 packet can use the spectrum only if
the spectrum is empty; otherwise, it must be queued in the
SU2 buffer. Moreover, if the new SU2 packet wants to
enter the buffer but the buffer is full, then it will be
blocked.

For the interrupted SU1 packets, since the system does
not set a buffer for the SU1 packets, the interrupted SU1
packets must be away from the system directly. For the
interrupted SU2 packets, we introduce two parameters,
namely, the feedback threshold T and the feedback proba-
bility q, to control the SU2 packets’ retransmission behavior,
where 0<T≤K and q is a fixed system parameter. When the
amount of SU2 packets in the buffer does not reach the
preset feedback threshold, the interrupted SU2 packets will
be allowed to access the buffer with probability 1. Otherwise,
the system will allow them to have the probability of q
returning to the buffer, or denied their access actions with
probability q � 1 − q.

In particular, referring to [25], we presume that the
interrupted SU2 packets have higher priority over the
new SU2 packets. +e working principle of the retrans-
mission control mechanism with feedback threshold and
feedback probability proposed in this paper is shown in
Figure 1.

We divide the time axis into equal time slots in the
discrete-time domain and assume that each packet arrives at
the system at the beginning of the slot and leaves the system
at the end of the slot. +e geometric distribution is assigned
to the arrival intervals of PU packets, SU1 packets and SU2
packets, and the arrival rates are a1(a1 � 1 − a1, 0< a1 < 1),
a21(a21 � 1 − a21, 0< a21 < 1), and a22(a22 � 1 − a22, 0<
a22 < 1), respectively. +e service times of three types of
packets also obey the geometric distribution, and the service
rates are b1(b1 � 1 − b1, 0< b1 < 1), b21(b21 � 1 − b21, 0<
b21 < 1), and b22(b22 � 1 − b22, 0< b22 < 1), respectively.

We set Ln, Sn, and Pn as the total amount of all packets,
the amount of SU1 packets, and the amount of PU packets in
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the system at time n+, respectively. Accordingly, the 3DMC
composed of Ln, Sn, Pn  has a state space M as follows:

M � (0, 0, 0)∪ (i, 0, 0)∪ (i, 1, 0)∪ (i, 0, 1) : 1≤ i≤K + 1{ }.

(1)

3.2.ModelAnalysis. We use the system state to represent the
overall amount of packets in the system. From the buffer’s
size K, it can be seen that the range of system state varies
from 0 to (K + 1). +e form of the state transfer probability
matrix P used to represent the 3DMC Ln, Sn, Pn  is shown as
follows:

P �

M0 N0 Q0

D0 M N Q

D M N Q

⋱ ⋱ ⋱ ⋱

D′ M′ N′ Q′

⋱ ⋱ ⋱

D′ M′ C′

D′ E′

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (2)

Afterwards, we denote Δ � b21 + a21b21, Ω � a22b22+

a22b22. +e specific forms of the nonzero submatrices in P
will be discussed in detail next.

(1) M0 is a one-step transfer probability submatrix when
the system state is fixed at 0:

M0 � a1a21a22. (3)

(2) N0 is a one-step transfer probability submatrix when
the system state increases from 0 to 1:

N0 � a1a21a22, a1a21a22, a1a22( . (4)

(3) Q0 is a one-step transfer probability submatrix when
the system state increases from 0 to 2:

Q0 � 0, a1a21a22, a1a22( . (5)

(4) D0 is a one-step transfer probability submatrix when
the system state decreases from 1 to 0:

D0 � a1a21a22b22, a1a21a22b21, a1a21a22b1( 
T
. (6)

(5) D is a one-step transfer probability submatrix when
the system state decreases from v to (v − 1), where
1< v<T + 1:

D �

a1a21a22b22 0 0

a1a21a22b21 0 0

a1a21a22b1 0 0

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (7)

D′ is a one-step transfer probability submatrix
when the system state decreases from v to (v − 1),
where T + 1≤ v≤K + 1. +e form of D′ is the same
as D.

(6) M is a one-step transfer probability submatrix
when the system state is fixed to v, where
1≤ v<T + 1:

Allowed to
return the bufferLicensed

spectrum
PU

packets

SU1
packets

Blocked

Blocked

Blocked

Successfully
transmitted

Leave the system
(1 – q)

Leave the
system

(q)

(Buffer is full)

Interrupted
SU2 packets

SU2 SU2 SU2 SU2

Feedback threshold T

Return the buffer

SU2
packetsJoin the buffer

Buffer capacity K

Figure 1: +e working principle of the retransmission control mechanism.
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M �

a1a21Ω a1a21a22b22 a1a22b22

a1a21a22b21 a1a22Δ a1a22

a1a21a22b1 a1a21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (8)

(7) M′ is a one-step transfer probability submatrix when
the system state is fixed to v, where T + 1≤ v≤K and
T<K:

M′ �

a1a21Ω a1a21a22 b22 + b22(1 − q)  a1a22 b22 + b22(1 − q) 

a1a21a22b21 a1a22Δ a1a22

a1a21a22b1 a1a21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (9)

(8) N is a one-step transfer probability submatrix when
the system state increases from v to (v + 1), where
1≤ v<min K, T + 1{ }:

N �

a1a21a22b22 a1a21Ω a1Ω

0 a1a22Δ a1a22

0 a1a21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (10)

(9) N′ is a one-step transfer probability submatrix when
the system state increases from v to (v + 1), where
T + 1≤ v≤K − 1, T + 1<K and K> 1:

N′ �

a1a21a22b22 a1a21 a22b22 + a22b22q + a22b22(1 − q)  a1 a22b22 + a22b22q + a22b22(1 − q) 

0 a1a22Δ a1a22

0 a1a21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (11)

(10) Q is a one-step transfer probability submatrix when
the system state increases from v to (v + 2), where
1≤ v<min K, T + 1{ }:

Q �

0 a1a21a22b22 a1a22b22

0 0 0

0 0 0

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (12)

(11) Q′ is a one-step transfer probability submatrix
when the system state increases from v to (v + 2),
where T + 1≤ v≤K − 1, T + 1<K and K> 1:

Q′ �
0 a1a21a22b22q a1a22b22q

0 0 0

0 0 0

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (13)

(12) C′ is a one-step transfer probability submatrix when
the system state increases from K to (K + 1).
According to the capacity K and the feedback
threshold T, C′ is discussed in two situations:
If 0<T<K, the formula for C′ can be expressed as
follows:

C′ �

a1a21a22b22 a1a21 a22b22 + b22q + a22b22(1 − q)  a1 a22b22 + b22q + a22b22(1 − q) 

0 a1b22Δ a1a22

0 a1b21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (14)

If T � K, the formula forC′ can be expressed as follows:
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C′ �

a1a21a22b22 a1a21 1 − a22b22(  a1 1 − a22b22( 

0 a1a22Δ a1a22

0 a1a21a22b1 a22 b1 + a1b1 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠.

(15)

(13) E′ is a one-step transfer probability submatrix when
the system state is fixed to (K + 1):

E′ �

a1a21 1 − a22b22(  a1a21 a1

a1a21a22b21 a1Δ a1

a1a21a22b1 a1a21b1 b1 + a1b1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (16)

+e form of matrix P shows that 3DMC Ln, Sn, Pn  is
positive recurrent, aperiodic, and irreducible [26]. We de-
note the steady-state distribution of Ln, Sn, Pn  by πx,y,z,
which is given as follows:

πx,y,z � lim
n⟶∞

P Ln � x, Sn � y, Pn � z , (0≤ x≤K + 1, y � 0, 1, z � 0, 1), (17)

where y and z cannot be 1 at the same time.
We use Π to represent the steady-state probability

vector. Π is given as follows:

Π � π0,0,0, π1,0,0, π1,1,0, π1,0,1, . . . , πK+1,0,0, πK+1,1,0, πK+1,0,1 .

(18)

In order to get the result of Π, we list the formulas ΠP �

Π andΠe � 1 according to the equilibrium equation and
normalization conditions, where e is the column vector
whose elements are all 1. +rough the numerical calculation
method, we can gain the numerical result of Π [27].

4. Performance Measures and Experimental
Analysis

4.1. PerformanceMeasures. +e SU2 packets’ blocking rate B
is defined by the amount of new arrived SU2 packets blocked
within a unit time slot. According to the buffer capacity K
and the feedback threshold T, the blocking rate B is dis-
cussed in two cases.

If 0<T<K,

B � a22 1 − a1a21b22( πK+1,0,0 + 1 − a1a21b21( πK+1,1,0

+ 1 − a1a21b1( πK+1,0,1 + b22 1 − a1a21( πK,0,0q.

(19)

If T � K,

B � a22 1 − a1a21b22( πK+1,0,0 + 1 − a1a21b21( πK+1,1,0

+ 1 − a1a21b1( πK+1,0,1 + b22 1 − a1a21( πK,0,0.

(20)

+e SU2 packets’ interrupted losing rate I is defined by
the amount of interrupted SU2 packets leaving the system
within a unit time slot. Our discussion of interrupted losing
rate I is given below. +ere are two cases can be discussed:

(1) When an SU2 packet is interrupted, it has a prob-
ability (1 − q) that is rejected by the system into the
buffer.

(2) When an SU2 packet is interrupted, it has a prob-
ability q returning to the buffer. If the interrupted

SU2 packet can return to buffer yet there is no va-
cancy in the buffer, it will be removed from system.

+erefore, the express of I is derived as follows:

I � 
K+1

i�T+1
a1 + a1a21( b22πi,0,0(1 − q) 

+ a1b22πK+1,0,0q + a1a21b22πK+1,0,0q.

(21)

+e SU2 packets’ throughputU is defined by the amount
of SU2 packets completed for transmission within a unit
time slot. +e following equation shows the expression for
throughput U:

U � a22 − B − I. (22)

+e SU2 packets’ average latency L is defined by the
average length of SU2 packets from entering the system to
leaving the system. According to Little’s formula [28], the
average latency L can be derived as follows:

L �
C[SU2]

a22 − B
, (23)

where C[SU2] is given as follows:

C[SU2] � 
K+1

i�0
iπi,0,0 + 

K+1

i�1
(i − 1) πi,1,0 + πi,0,1 . (24)

4.2. Experimental Analysis. For more intuitive observation
and analysis of system performance, we use Matlab tool to
plot the trends of performance indicators of SU2 packets
with feedback probability q in Figures 2–5. Some common
parameter settings are demonstrated as follows: the capacity
of SU2 buffer is K � 10, the arrival rate of SU2 packets is
a22 � 0.3, the service rates of the three types of packets are
b1 � 0.6, b21 � 0.5, and b22 � 0.6.

As can be seen from Figures 2–5, when fixing other
parameters, as the feedback probability q increases, the
blocking rate B, throughput U, and average latency L of the
SU2 packets increase, while the SU2 packet’s interrupted
losing rate I decreases. +is is because an increase in the
feedback probability means that the interrupted SU2 packets
hold a greater probability of returning to the buffer, which
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will cause more SU2 packets coming into the buffer, and the
number of blocked new SU2 packets will also increase, so the
blocking rate will increase. Moreover, the more SU2 packets
in the buffer are, the longer the average duration of SU2
packets staying in the system is; therefore, the average la-
tency will increase. In addition, the greater the probability
that the SU2 packets return to the buffer is, the more SU2
packets that can be successfully transmitted, so the
throughput will increase. Moreover, as the feedback prob-
ability increases, the probability that the interrupted SU2
packets leaving the system directly will decrease, so the
interrupted losing rate will decrease.

Figures 2–5 also show that when fixing other parameters,
as the feedback threshold T increases, the blocking rate B,
throughput U, and average latency L of the SU2 packets
show an upward trend, while the interrupted losing rate I of
the SU2 packet presents a downtrend. +e reason can be
explained as follows: the bigger the feedback threshold is, the
more interrupted SU2 packets having a chance to return to
the buffer, so the interrupted losing rate will be reduced.
Simultaneously, the more SU2 packets entering the buffer is,
the more newly arrived SU2 packets may be blocked, so the
blocking rate will increase. Moreover, the more packets in
the buffer is, the more SU2 packets that can be successfully
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transmitted, so the throughput will increase. Moreover, a
large amount of SU2 packets entering the buffer queue will
increase the average latency.

In addition, we conclude from Figures 2–5 that when
other parameters are constant, the blocking rate B, inter-
rupted losing rate I and average latency L of SU2 packets will
increase with the PU packets’ arrival rate a1 increases, while
the throughputU is opposite.+e reason can be explained as
follows: the higher the arrival rate of PU packets is, the less
the opportunity for SU2 to occupy spectrum, so the
throughput will be reduced. Moreover, an increase in the PU
packets’ arrival rate means more PU packets can join the
system, causing more interrupted SU2 packets. +is means
more interrupted SU2 packets are rejected by the system into
the buffer, so the interrupted losing rate will increase. On the
other hand, more SU2 packets are interrupted, and then the
number of packets entering the buffer increases, which in
turn increases the average latency and blocking rate. Fur-
thermore, the SU1 packets’ arrival rate a21 has the same
effect on the performance indicators of SU2 packets as the
PU packets’ arrival rate a1

5. System Optimization

5.1. Optimization Analysis. In the optimization analysis of
CRNs, throughput and average latency are two important
performance metrics for SU2 packets and are also the main
factors reflecting the system performance. From the previous
section, we can see that the throughput U and average la-
tency L of SU2 packets will raise with the increase of
feedback probability q and feedback threshold T. +is trend
in throughput benefits the system while average latency
reverses. In order to balance these two performance in-
dicators that have different effects on the system, we es-
tablish a cost function F(T, q) to get the optimal value of the
feedback probability q and feedback threshold T.+e form of
F(T, q) is given as follows:

F(T, q) �
m

U
+ nL, (25)

wherem and n are the influence factors of the cost function.
According to equation (25), the optimal feedback value

(T∗, q∗) is drawn as follows:

T
∗
, q
∗

(  � argmin F(T, q) . (26)

Since the feedback probability q is a continuous var-
iable, we cannot accurately derive the value of the optimal
feedback probability q∗. Referring to [29], we use the
standard particle swarm optimization (PSO) algorithm to
solve the optimal q∗. We firstly calculate the optimal
feedback probability q∗ and the corresponding F(T, q∗) for
different feedback thresholds T and then find the optimal
value (T∗, q∗). In the PSO algorithm, each particle finds
the optimal solution by iteration. In each iteration, the
particle updates itself by tracking two “extreme values.”
+e algorithm steps for solving the optimal value q∗ of the
feedback probability using the PSO algorithm are shown in
Table 1.

Table 1: PSO algorithm to find the optimal value q∗ of feedback
probability.

Algorithm: find the optimal value q∗ of feedback probability

Step 1

Initialize the number of particles t, acceleration
factors c1 and c2, maximum value vmax of the speed,
maximum value of the inertia weight wmax and the
minimum value wmin, maximum iteration number
itermax, upper limit qup and the lower limit qlow of the
feedback probability

Step 2

Set a random initial feedback probability qi and initial
velocity vi for each particle, andmake the value satisfy
qi ∈ [qlow, qup], vi ∈ [0, 1]; set the initial iteration
number iter to 0

Step 3
Formula (25) is used to calculate the cost function
value corresponding to the feedback probability qi of
each particle

Step 4

Search for the current individual optimal value Fi
min

(the minimum value of the cost function) of the ith
(i � 1, 2, . . . , t) particle and the corresponding
individual optimal probability Qi

Step 5

Find the minimum value of the cost function in the
whole particle swarm, that is, the global optimal
value, and assign the feedback probability
corresponding to the global optimal value to Qg, i.e.,
Qg � argmini�1,2,...,t Fi

min 

Step 6 Calculate the weight w according to the formula
w � wmax − ((wmax − wmin)/itermax) × iter

Step 7

Update the speed and feedback probability of each
particle. Take the ith particle as example:
vi � wvi + c1r1(Qi − qi) + c2r2(Qg − qi), qi � qi + vi,
where r1 and r2 are an random variables uniformly
distributed from 0 to 1, and vi is kept in the range
[− vmax, +vmax]

Step 8

+e number of iterations is increased by one, i.e.,
iter � iter + 1; if iter≤ itermax, return to the third step;
otherwise, output the optimal feedback probability
q∗ � Qg

Table 2: Numerical results of the optimization experiment.

a1 T q∗ F(T, q∗)

a1 � 0.09

1 0.9854 324.9277
2 0.9560 324.9164
3 0.9123 324.8886
4 0.8438 324.8343
5 0.7306 324.7389
6 0.5226 324.5852
7 0.0511 324.3575
8 0.0100 324.2054
9 0.0100 324.3222
10 0.0100 324.9295

a1 � 0.15

1 0.7735 416.1738
2 0.7144 416.0478
3 0.6283 415.8777
4 0.4928 415.6498
5 0.2578 415.3557
6 0.0100 415.0363
7 0.0100 414.9442
8 0.0100 415.0647
9 0.0100 415.4387
10 0.0100 416.6496

8 Mathematical Problems in Engineering



5.2. Optimization Experiment Results. According to the
optimization analysis in Section 5.1, we use Matlab tool to
realize the system optimization design and summarize the
experimental results in Table 2. By referencing [29], some
common parameters in the experiment are set as follows:
m � 15, n � 0.02, a21 � 0.05, a22 � 0.09, b1 � 0.12,
b21 � 0.10, and b22 � 0.11.

As can be seen fromTable 2, when the PU packets’ arrival
rate is a1 � 0.09, the minimum value of system cost function
is F(T, q∗) � 324.2054 and the corresponding joint optimal
value (T∗, q∗) for feedback threshold and feedback proba-
bility is (8, 0.01). When a1 � 0.15, the minimum value of the
system cost function is F(T, q∗) � 414.9442 and the cor-
responding joint optimal value (T∗, q∗) for feedback
threshold and feedback probability is (7, 0.01).

In Table 2, we can find that when other parameters are
unchanged, the optimal feedback probability q∗ gradually
decreases as the feedback threshold T increases. +e reason
can be explained as follows: as the feedback threshold in-
creases, the amount of SU2 packets entering the buffer will
increase, so the SU2 packets’ average delay will also increase.
According to equation (25), the increase of average delay will
lead to more system costs.+erefore, in order to decrease the
value of cost function, the system must set a lower feedback
probability.

In addition, we can also conclude from Table 2 that when
the feedback threshold Tand other parameters of the packets
remain unchanged, the optimal feedback probability q∗

decreases with the increase of PU packets’ arrival rate a1.
+is is because when the PU packets’ arrival rate is relative
large, more PU packets will enter the system, which will
cause more SU2 packets’ transmission being interrupted and
entering the buffer, so the SU2 packets’ average delay will
increase. In order to decrease this performance index, the
feedback probability needs to be set lower.

6. Conclusions

In our work, based on the graded SUs, we proposed a SAS
with feedback threshold and feedback probability to control
the retransmission behavior of SU2 packets. According to
the proposed system model, we established a 3DMC and
carried out the steady-state analysis. +en, we derived some
important performance indicators of SU2 packets, including
blocking rate, throughput, interrupted losing rate, and av-
erage latency. In the numerical experiments section, we
showed and analyzed the impact of some key parameters on
the performance indicators of SU2 packets. For instance,
when we set a large feedback probability, the SU2 packets’
interrupted losing rate would decrease, but the average delay
would increase. When we set a small feedback probability,
the SU2 packets’ blocking rate would decrease, but the
throughput would also decrease. We also found that the
feedback threshold had a similar impact on system per-
formance metrics. Finally, in order to balance the impact of
key parameters on system performance indicators, we
established a cost function and adopted a PSO algorithm to
optimize the feedback threshold and feedback probability
jointly.+rough the optimal results, we concluded that when

the feedback threshold of the system was set to be large, the
feedback probability should be set smaller to improve the
system performance.
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