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ABSTRACT In this paper, we study the queue performance for energy-harvesting cognitive radio sen-
sor networks (EHCRSNs) where the cooperation between the primary user and the sensor is applied.
In EHCRSNS, energy harvesting provides a continual energy source for the power-limited sensor, while
cognitive radio enables the sensor access the licensed spectrum, which can mitigate the spectrum-scarcity
problem of the wireless sensor network. First, with the help of queue theory, we study the queue performance
of the EHCRSN and the primary user when the sensor does not assist the service of the primary user.
Through analyzing the dynamic energy harvesting and consuming process, we obtain the effect of energy
harvesting on the queue performance of the EHCRSN. Then, we further analyze the queue performance
when the cooperation between the sensor and the primary user is adopted. Through comparing the result,
we observe the effect of energy harvesting on both the performance of the sensor and the primary user and
find out the condition under which the cooperation can improve the system performance. The numerical
results in different situations further demonstrate the relation between the queue performance and the
energy harvesting rate and verify the analysis and the conclusion that the cooperation can improve queue
performance under certain conditions. These results are very meaningful for the quality-of-service guarantee
in EHCRSNE.

INDEX TERMS Queue performance, energy harvesting, resource sharing, cognitive radio sensor network.

I. INTRODUCTION

The wireless sensor network (WSN), which is often used
to collect data for a wide range of applications, becomes a
fundamental technology for Big Data [1] and the Internet
of Things (IoTs) [2]. Due to constraints of cost and device
size, the battery of the sensor often has limited capacity,
which results in energy scarcity in the WSN. Hence, how
manage limited energy carefully to extend the network life-
time is a crucial problem in the traditional WSN. Available
researches have improved the network lifetime effectively,
but the lifetime of the network is still bounded due to finite
energy supply. To address energy scarcity problem effec-
tively, energy harvesting (EH) technology is adopted by the
WSN. By exploiting the EH technology, the sensor can har-
vest energy from renewable energy sources, such as solar,

thermal, wind, and electromagnetic energy. The WSN has
continual energy supply. In other words, the energy scarcity
problem of the WSN could be solved by using the EH tech-
nology, and the sustainability of the network is achieved [3].

Typical WSNs operate on the unlicensed industrial,
scientific, and Medical (ISM) band, which has become
increasingly crowed due to the massive growth of wireless
communication. The increasing crowed ISM band brings
severe interference to the data transmission of the WSN,
and the spectrum scarcity problem becomes a main limi-
tation of the WSN application. The cognitive radio (CR)
technology makes the unlicensed user who uses ISM band
opportunistically sense and exploit licensed spectrum. That
is, the CR technology can increase transmission opportunity
of the unlicensed user and improve the utilization of the
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licensed spectrum. By using the CR technology, the WSN can
solve the spectrum scarcity problem and improve the quality-
of-service (QoS) performance [4].

The integration of EH and CR into WSNs can mitigate
both energy and spectrum constraints simultaneously, and
such networks are referred to as energy harvesting cognitive
radio sensor networks (EHCRSNs) [5], [6]. In EHCRSNS,
sensors use the EH technology to obtain energy continuously
and work as secondary users to access the licensed spectrum.
There are many application scenarios of EHCRSNS, such as
smart grid [7] and health monitoring [8].

Although EHCRSNs are spectrum and energy efficient,
they face several new challenges comparing with the tra-
ditional WSN [9]. First, the energy harvesting process is
stochastic and dynamic, which makes balancing energy con-
sumption and energy replenishment challenging. When the
energy consuming rate slower or faster than the energy har-
vesting rate, the energy is underutilization or sensor is failure,
respectively [10]. Second, the spectrum utilization by sensors
in EHCRSNS has to adapt to the dynamic activity of primary
users (PUs), which means not only state of PUs but also the
duration of each state. For example, the spectrum occupation
of cellular users is in the range of seconds or minutes [11].
When sensors transmit over the channels licensed to cellular
users, sensors may have to frequently disrupt their transmis-
sions and switch to a vacant spectrum to avoid collisions with
cellular users. Third, the energy harvesting of sensors may
occupy idle channel provided by the CR, and the spectrum
sensing and channel switch of the CR will consume extra
energy collected by the EH. Hence, under these highly cor-
related stochastic and dynamic conditions, jointly managing
energy and spectrum resource for EHCRSNs becomes a chal-
lenging task.

Recently, the EHCRSN has been widely studied [5], [6],
[12]-[20]. Some of them focus on the resource management
to improve network utility. Ren et al. [5] designed a joint
channel access and sampling rate control scheme to maxi-
mize the network utility. Different from [5], Zhang et al. [6]
proposed an online resource management algorithm, which
contains battery management, sampling rate control, and
channel allocation, to maximize the aggregate network utility
while guarantee the requirement of the licensed subscriber
and balance the energy consumption. The network utility
was also optimized by an online algorithm which manages
available energy and unoccupied licensed spectrum in [12].
Despite optimizing network utility, some researchers work
on the throughput of the EHCRSN. In [13], a spectrum access
scheme was proposed to maximize the service rate of the sen-
sor and optimize the end-to-end throughput of the multi-hop
EHCRSN in [14]. Under the assumption that the sensor can-
not work as energy collector and data sender simultaneously,
the optimal mode selection policy was proposed in [15] to
maximize an expected total throughput of the system. Outage
probability is another key metric of network performance,
which has been widely studied in EHCRSNSs. In [21], the out-
age probabilities of the primary user and the sensor were
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analyzed, and the relation between the outage probability
and channel parameters was also studied. The transmission
outage probability of the cognitive wireless sensor network
was improved by using the optimal relay selection policy
designed by [16]. The outage probability of the EHCRSN
was minimized in [17]. Literature [ 18] maximized the overall
success probability of the network through allocating the
transmit power for the sensor and the primary user. There are
also some works on the self-sustainability of the EHCRSN.
Such as the scheme proposed in [19] can effectively extend
the network lifetime through selecting the optimal sensing
nodes for cooperative spectrum sensing, while a joint of
the spectrum sensor scheduling and the data sensor resource
allocation designed in [20] can maintain the sustainability of
the EHCRSN.

The above-mentioned literatures can effectively improve
network performance metrics of the EHCRSN by digging
the potential of the EH technology and the CR technology.
However, there is little work on the QoS performance of
the EHCRSN. In [21], the outage probability of the system
with cooperative spectrum sharing was analyzed. Other QoS
performance, such as queue length and waiting time, has not
been well studied in the EHCRSN. To fill this research gap,
we will analyze the queue performance of both the sensor in
the EHCRSN and the primary user.

The cooperation between the secondary user and the
primary user is widely used in the CR system [22].
In EHCRSNS, through assisting the service of the primary
user to shorten the occupation time of the licensed spec-
trum, the sensor can gain more transmission opportunity
and improve the service quality. Furthermore, this coopera-
tion may reduce the transmission time of primary user and
increase the data transmission rate, and then the spectrum
efficiency of the system is improved. However, the cooper-
ation will consume extra energy of the sensor to help the
primary user. This requires that sensor in the EHCRSN con-
tinually gather ambient energy to guarantee its own energy
supply. Hence, it is important for the EHCRSN that the sensor
whether can obtain more transmission chance by consum-
ing extra energy to improve the performance. In this paper,
we will study the queue performance of the EHCRSN when
the cooperation is applied. There are many cooperation man-
ners in the CR system. We consider a typical cooperation
scheme where the sensor works as a relay of the primary user
in this work.

In this paper, we propose an analytical method for studying
queue performance of EHCRSNS . First, we consider a typical
EHCRSN where the sensor just works as a secondary user.
Through modeling the system by a preemptive queue system
with two priorities and studying the state of the battery with
a stochastic energy harvesting process, we derive expres-
sions of average queue length and average delay of both
the primary user and the sensor. Based on the analysis of
the system without cooperation, we further study the queue
performance of the system with cooperation and propose a
two dimensional Markov chain to describe the queue state
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of the sensor. Through solving the Markov chain, we obtain
the queue performance of the system with the cooperation.
Afterwards, we further compare the results of these two
different systems, and find out the condition under which the
spectrum sharing should be used and the relation between the
queue performance and system parameters.

The rest of this paper is organized as follows. In Section II,
the system model is described. Section III analyzes the
queue performance of the system without cooperation.
In Section IV, the system with cooperative spectrum sharing is
studied. The numerical result and the comparing of the queue
performance are given in Section V. Finally, we conclude this
paper in Section VL.

———p
Non-cooperation

E—
Cooperation

FIGURE 1. System model.

Il. SYSTEM MODEL

Consider a single-hop slotted EHCRSN which consists of a
pair sensor nodes: ST and SR. For simplicity, the length of
each slot is normalized as 1. The EHCRSN coexists with a
pair of primary users, denoted by PT and PR, which have the
privilege to access the licensed spectrum. As shown in Fig. 1,
links from PT to PR, from ST to SR, from PT to ST, and from
ST to PR are denoted by Ay, hg, hps, and hg,, respectively.
All of these four links are the Rayleigh fading channel and the
probability distribution function (PDF) of the received signal-
to-noise ratio (SNR) at the receiver can be expressed as

for) = — exp(=12), M
Vxy Xy

where y,y is the received SNR, y,y is the average received

SNR, and xy represents pp, ss, ps, Or sp.

The traffic arrival process of the primary user is a Poisson
process with A,. During each slot, the sensor generates a
packet with probability A;. Hence, the packet arrival intervals
of the sensor obey the geometric distribution of parameter
1/xs. All arriving packets are stored in the corresponding
buffer with infinite size. The queue service discipline of each
user is first-in-first-out.

At the physical layer, the transmitter adopts a certain mod-
ulation and coding scheme, thus the data rate of each channel
is constant. Then, the transmission time of each packet is con-
stant too. To simplify analysis, we assume that the transmis-
sion time of each packet is one slot. As the wireless channel is
time varying, the packet transmission may be fail due to poor
channel condition. In this paper, we assume that the packet
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transmission is fail if the received SNR is smaller than the
received threshold. The received thresholds of PR, ST, and
SR are y;, ¥ps, and y;, respectively. For each transmitter-
receiver pair, the probability that a packet transmission is
successful can be calculated similarly. Thus, we take a ran-
dom transmission pair as the example to derive the expression
of the successful transmission probability, such as the pair
of PT and PR.

According to the PDF of the received SNR, the successful
probability B,(t) of the packet transmission at the #-th slot can
be calculated as B,(¢) = Pr(y,(t) > vp), where y,,(7) is the
received SNR of PR at the ¢-th slot. Since the packet trans-
mission is over a Rayleigh fading channel and the Rayleigh
fading channel has memoryless property, the received SNR
is independent at each slot. That is, the received SNR has the
same distribution at each slot, which is given in (1). Hence,
the packet transmission has the same successful probability
in each slot. We omit ¢ in the following and the successful
probability B, of the packet transmission can be calculated as

By = Prlyp > ¥p) = exp(— 1), @)
Yop

The successful probabilities of other transmission pairs
can be calculated similarly by using (2). To guarantee the
reliability of the packet transmission, the automatic repeat
request (ARQ) is used at the data link layer. If a packet
transmission fails, this packet will be retransmitted at the next
available slot until the packet is successfully received by the
receiver.

In this paper, we consider an EHCRSN where the CR
technology and the EH technology are adopted. These two
technologies will affect the queue performance of the sensor.
In the following, we will introduce the operation mode of the
sensor as the secondary user and the energy harvesting model
used in our work.

A. OPERATION MODE

In this paper, we will compare the queue performance of
system when the primary user and the sensor work in two dif-
ferent modes: non-cooperation and cooperation. Each mode
will be illustrated in detail as follows.

1) NON-COOPERATION MODE
In non-cooperation mode, sensors in the EHCRSN work as
interweave paradigm [23]. In interweave paradigm, the sen-
sor opportunistically uses the licensed spectrum which is
not occupied by the primary user. To obtain the occupation
information, the sensor should sense spectrum state by using
spectrum sensing technology. In this paper, we assume that
the spectrum sensing result is perfect and both the time and
energy consumed by the spectrum sensing are ignored. That
is, there is not collision or interfering between the primary
user and the sensor.

In this mode, the packet of the primary user is directly
transmitted from PT to PR. If the channel between PT and
PR is active, then ST cannot serve its buffered packets.
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We assume that each packet transmission starts at the begin-
ning of a slot. Hence, if a new packet of the primary user
arrives during the current slot, this packet only can be served
at the beginning of the next slot no matter whether the sensor
is transmitting packets or not. Therefore, the service process
of the sensor does not affect the service process of the primary
user. From the primary user point of view, the sensor appears
to be nonexistent.

2) COOPERATION MODE

In cooperation mode, the sensor helps packet transmission
of the primary user to get more transmission opportunity.
The sensor still works in the interweave paradigm. As shown
in Fig. 1, PT first sends packets to ST, then if ST has enough
energy and the buffer of PT is empty, ST transmits packets
which come from PT to PR. All packets from PT are sent to
PR, then ST starts to serve its own generated packets.

In this mode, the packet service of the primary user can be
divided into two stages: from PT to ST and from ST to PR.
As the primary user has the higher priority, the performance
of the second stage relays on the service process of the first
stage. Moreover, the performance of the second stage is also
influenced by the channel condition between ST and PR
and the energy harvesting process of the sensor. Therefore,
the cooperation makes the packet service processes correlate
with each other and the correlation is very complicated.

B. ENERGY HARVESTING PROCESS

We assume that the sensor in the EHCRSN can transmit pack-
ets and collect energy simultaneously. In each slot, the sensor
harvests energy from the ambient sources, such as wind, solar,
electromagnetic wave. We assume that the energy harvesting
process is a stationary random process, and the amount of
collecting energy in different slots are independent identi-
cally distributed (i.i.d.) exponential random variables. As the
transmitter adopts a fixed modulation and coding scheme,
the energy consumed by a packet transmission is constant.
Hence, in this paper, the unit of the harvesting energy is the
packet and the energy packet is defined as the amount of
energy which is enough to transmit a packet. As amounts of
collecting energy in each slot is an i.i.d. exponential random
variable, the energy harvesting process is a Bernoulli process
with p,. To simplify the analysis, we assume that the capacity
of the battery storing the collected energy is infinite.

IIl. NON-COOPERATION MODE

In this section, we consider there is no cooperation between
the primary user and the sensor. When the primary user
has packets, it transmits on the spectrum, and the sensor
should leave the spectrum immediately. Hence, the primary
user has higher priority, and the service rule of the primary
user and the sensor is the preemptive resume priority dis-
cipline with two priorities. Since the service of the higher-
priority user will not be influenced by the lower-priority user,
the queue performance of the primary user can be analyzed
independently.
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The packet arrival process is a Poisson process with rate A,
and the primary user can be represented by an M/G/1 queue-
ing system. According to the Pollaczek-Khinchin (P-K) for-
mula, the average queue length is expressed as
_ 9EXGr_y]

2(1 = ppr—n)’
where ppr_y = ApE[Xpr_n], Xpr—n is the packet service
time of the primary user, E[X] and E[X 2] are the mean value
and the second moment of variable X, respectively.

As the channel between PT and PR is a Rayleigh fading
channel, the successful transmission probability is inde-
pendent in different slots. Moreover, the packet unsuccess-
fully received will be retransmitted in the next slot. Hence,
the packet service time Xpr_y obeys a geometric distribu-
tion. The successful transmission probability has been given
in (2), and the average packet service time E[Xpr_x] can be
calculated as

E[Xpr—n1= By +2B,(1 — By) +3B(1 — B)* + - -~

3)

Npr-n

1
= —. “4)
By
Similarly, the second moment of Xpr_y is
EXpr yl =) mBpl = B! = . NG
n=1

According to Little theory, the average delay Tpr_y of the
primary user’s packets can be calculated as

Tpr—n = E[Xpr—~n]1+ ApNpr—N

= ;E[XPT—NL (6)
1 — ppr—n

As the sensor has lower priority, the average delay Tsy_y
of the sensor’s packets contains three parts: the average ser-
vice time E[Xsr—n], the average time E[R] required to serve
packets which have been in the system when a new packet of
the sensor arrives, and the average waiting time for packets
of the primary user which arrive during serving the packet
of the sensor. As the packet arrival process of the primary
user is a Poisson process with rate A, and the average packet
service time of the primary user is E[Xp7r_y], the third part
is )"pTST—NE[XPT—Nl That is, the third partis ppr—nTsT—N -
Similar to the derivation of the residual time of the M/G/1 sys-

tem [24], the second part E[R] can be calculated as

E[R] = 3 (pEXpr_y] + AEXG_y1)

, (N

1 — ppr—N — psT-N
where pst—n = AsE[XsTn].
Therefore, the average delay Tsr—_y is derived as
Tsr—~n = E[Xsr—~n1+ E[R] + ppr—NTsT—N- (3
By substituting (7) into (8), Ts7—y can be further written as

T _ E[Xst-n]
SN T T ppry
MpEIXpr _y1+ AEIXg_y] )
2(1 — ppr—n — psT—n)(1 — ppr—N)’
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Similarly, by using Ts7—n, the average queue length of the
sensor can be obtained, which is

Nst-n = As(Tst—n — E[XsT—N]). (10)

From (9) and (10), it can be found that the queue per-
formance of the sensor would be obtained if E [XSZT_N] and
E[Xs7r_n] are known. To derive E[stTfN] and E[Xs7_n],
we will study the service process of the sensor in the
following.

For the sensor, the packet transmission starts when two
conditions are satisfied. One is that the buffer of the primary
user is empty. The expressions of Tsr_y and Ngr_y in (9)
and (10), respectively, have considered the effect of this
condition. The other is there is enough energy for transmitting
a packet. If the sensor does not have enough energy in the
battery, it cannot transmit packets. Hence, the packet service
time is related to the state of the battery, especially, the prob-
ability of the nonempty battery. To obtain the probability that
the battery of the sensor is nonempty, we will analyze the
energy harvesting and consuming process of the sensor.

As the energy harvesting process is a Bernoulli process
with p,, the battery can be described by a one-dimensional
Markov chain. State S(¢) of the corresponding Markov chain
is the number of energy packets in the battery at the z-th slot.
The transition diagram of the Markov chain is shown in Fig. 2.

D+ pp,+ p.p.+
(1-p)(1-p,) (1*715) 1-p)(1-p,)
9 L (9
B (OG0 O et
p,(-p,) r(-p,)

FIGURE 2. The Markov chain of the energy state.

As the service time of the primary user obeys a geometric
distribution and the packet arrival process of the sensor is
a Bernoulli process, the energy consuming process of the
sensor is a Bernoulli process. Furthermore, the energy arrival
process is also a Bernoulli process, hence the Markov chain
constructed by S(¢) is a stationary Markov chain and the
transmission probability Pr(S(x 4+ 1) = j|S(¢) = i) can be
abbreviated as P;;. The calculation of the transition probabil-
ity P can be divided into two cases: i =0 andi # 0.

Firstly, we consider the case with i = 0, which means
the battery of the sensor is empty. There are two possible
states in the next slot: S = 1 or § = 0. Since the battery
is empty, the sensor cannot transmit packets due to energy
shortage, and then the consumed energy of the current slot
is 0. According to energy harvesting process and energy
consuming process, if one energy packet is collected, then
S = 1; otherwise S = 0. Hence, the transition probabilities
in this case can be calculated as

Poy =p. and Poy=1—p,. (11)

When i # 0, there are three possible states in the next slot:
S=i—-1,8 =i,or S = i+ l.If there is one packet be
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transmitted and no energy packets be collected, then § = i—1.
Similarly, If there is no packet be transmitted and an energy
packet be collected, then S = i + 1. Otherwise, the next state
is § = i. Thus, the transition probability of this case is

Pii—1y = pi(1 —pe),  Piit1) = pe(1 — 1),

and
Pii = pepr + (1 — p)(1 = pe), (12)

where p; is the probability that the sensor transmits the packet
in a random slot.

If the spectrum is occupied by the primary user or the buffer
of the sensor is empty, the sensor does not transmit. Thus,
p: can be expressed as

pr = (1= Po)(1 — ppr—N)PST-N > 13)

where Py is the probability that the battery is empty.

We assume that the battery can achieve steady state, other-
wise Pop = 0 and the system can be simplified as the sensor
always has enough energy. Let P; denote the probability that
there are i energy packets in the battery. According to Markov
theory, if the system achieves the steady state, the probability
from state 1 to state 2 equals to the probability from state 2 to
state 1. Hence, P; and P;; satisfy

Pop. = P1p:(1 — pe),

Pip.(1 —py) = Pipipi(1 —pe), i=1,2,3,--- (14

Through solving equations in (14), the steady-state proba-
bility P; can be derived as

Pe

and P~:pi_1—P0,
T p1 = pe)

Py=p;—pe, i=1,2,---

15)

where p, = 7%. By substituting (13) into (15), Py
is calculated, and tﬁe probability of the nonempty battery
expressed as 1 — Py is obtained.

Based on Py, we derive expressions of E [XS%T—N] and
E[Xsr_n]. For the sensor, one successful transmission
requires two conditions: there is enough energy and the
received SNR is larger than the SNR threshold. According
to (2), the probability that the received SNR is larger than the
SNR threshold can be calculated as 8; = Pr(ygs > y5) =
exp(—ys/Vss)- As the ARQ is adopted, if the packet is not
received by SR successfully, it will be retransmitted until it is
received successfully. If the first transmission of a packet is
successful, the packet service time is one slot. As the effect
of the primary user has been considered, when the received
SNR is larger than threshold and there is enough energy
in the battery, the packet transmission is successful. Hence,
the probability that the packet service time equals to one slot
is Bs(1 —Py). Similarly, the probability that the packet service
time of the sensor is i slots is calculated as g;, which is given
in Table 1. Table 1 lists the probability mass function (PMF)
of Xs7_n, where (:1) is the combination function.

By using the PMF in Table 1, E[Xs7_n] and E[XngN]
can be calculated by E[Xsr_ny] = Z?il ig;i and
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TABLE 1. The PMF of the sensor’s packet service time.

XsT_N Probability (g;)
1 (1 - Po)Bs
2 Py [(1 - pe)peﬂs +P§(1 - 69)189} + Pl(l - Es) [Peﬁs + (1 - pe)peﬁs] + P2(1 - IBS)BS
7 i—n+ n
i Bs > Pa(1=0s)" >3 (1—=8)™ X (:,Ll)plec(l _pe)"ik
n=0 m=0 k=m+1

E [X§T_ Nl = Zfil i qi, respectively, where g; is the prob-
ability that the packet service time of the sensor is i slots.
By substituting E[Xsr—n] and E [X.ngN] into (9) and (10),
the queue performance of the sensor is obtained.

IV. COOPERATION MODE

In this section, the sensor works as a relay of the primary user
to earn more transmission chances. Due to energy constraint
and the criterion of opportunistic spectrum access, the sen-
sor cannot transmit the received packet of the primary user
immediately if it does not have enough energy or the primary
user continues transmitting. To differentiate packets from
different sources, packets received from the primary user and
generated by the sensor are stored in different queues. Two
queues in the ST are denoted by ST'1 and ST'2, which are used
to store packets from the PT and packets generated by the
sensor, respectively. Hence, in the cooperative system, there
are three packet queues, and the relation among three queues
is shown in Fig. 3.

ST queue

PT queue 2
2 | Py STI

/’lSPfS

PT’s packets
Hp_s

ST2

ST’s packets

FIGURE 3. Queue model of the system with the cooperation.

Firstly, we analyze the queue in the primary user, which is
denoted by PT queue. When the system works in cooperation
mode, the primary transmitter still has higher priority. That
is, if the buffer of PT is nonempty, it will transmit buffered
packets at the beginning of a slot, no matter the ST serves
ST 1 or ST 2. Hence, the queue of the primary user and queues
of the sensor construct a preemptive resume queue system
with two priority users. As PT has higher priority, the perfor-
mance of the PT queue in cooperation mode can be analyzed
similarly as the queue performance of the primary user in
non-cooperation mode.

Referring to (3) and (6), the average queue length Npr_¢p
of PT queue and the average delay Tpr—cp of packets in PT
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queue can be obtained as
(1= Bps)
2ﬁps(ﬂps - )\p) '
1
) 7)

Npr—cp (16)

Tpr—cp = —m
PT—Cp ﬁps_)‘«p

where B, is the successful probability of packet transmission
from PT to ST. According to (2), Bps can be calculated as
Bps = exp(—V¥ps/ Vps)-

Based on the analysis of PT queue, we will analyze two
queues in the ST as follows. As shown in Fig. 3, the packet
departure process of PT queue is the packet arrival process of
ST'1. From the analysis of queue performance of the primary
user in Section III, the packet service process of the primary
user has the memoryless property. According to Burke’s The-
orem, the departure process of PT queue is a Poisson process
with A,, and numbers of packets in PT queue and in ST'1
are independent of the sequence of departure times at each
time. That is, the packet arrival process of ST'1 is a Poisson
process with A, and the state of ST'1 is independent of PT
queue. Hence, arrival processes of two queues at the ST are
a Poisson process with A, and a Bernoulli process with A,
respectively.

As these two queues share one energy queue and one autho-
rized spectrum and packets from PT have higher priority,
they construct another preemptive resume queue system with
two priority users. However, in this preemptive resume queue
system, the arrival process and the service process of ST'1
is no longer independent with each other. This is because
packets in ST'1 is from PT, and PT queue shares the spectrum
with ST 1. Therefore, the performance of ST'1 and ST'2 cannot
be calculated as in non-cooperation mode.

To study the performance of two queues in the ST, we are
turning to Markov theory. First, we let Q(r) = [Q1(¢), O2(1)]
denote queue lengths of ST'1 and ST2 at the beginning of
the 7-th slot. Given Q(¢), Q1(t + 1) and Qx(¢t + 1) are only
related to the arrival process and the service process. The
service process of Q(#) is determined by the spectrum state
and the state of the energy queue. According to the analysis
in Section III, the spectrum state, which manifests as the
spectrum is occupied by the primary user or not, in each slot
is independent. In addition, from the analysis of the energy
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harvesting and consuming process, the state of the energy
queue also has the memoryless property. Hence, the service of
Q(?) is not affected by the history information of the system.
Meanwhile, it has been discussed that arrival processes of
ST1 and ST2 also have the memoryless property. There-
fore, the Markov property holds, and Q(#) can be modeled
by a two-dimensional discrete time Markov chain (DTMC).
Before solving the two-dimensional DTMC, we study the
property of the proposed DTMC. Referring to [25], it can
be found that the proposed Markov chain is a homogeneous,
irreducible, and aperiodic DTMC. Hence, the state transition
of the DTMC is timeless, and Q(#) can be simplified as Q =
[O1, O>]. The state (i, j) of the DTMC means Q; = i and
0=

The one-step transition matrix of Q is defined as q =
{qgi}.i)}, where qgcjé) is the probability of the transition from
the state (i, j) to state (k, [). According to [26], if a Markov
chain is a homogeneous, irreducible, and aperiodic DTMC,
then there is one and only one steady-state solution which
can be obtained by solving balance equations. The pro-
posed two-dimensional Markov chain is a homogeneous,
irreducible, and aperiodic DTMC, thus there is only one
stationary distribution of Q, which satisfies the following
equations

tq=mn, mwe=1, (18)

where e is the unit vector and 7 is the stationary probability
of Q. The i-th element of & is Pr(Qy = i1,0y = ij).
Equation (18) indicates that r can be obtained through deriv-
ing matrix q and solving linear equations in (18).

As ST'1 has higher priority, ST2 cannot have service
chance when ST'1 is not empty. Hence, we divide the deriva-
tion of q into two cases: Q1 = 0 and Q; # 0.

CaseA: 01 =0

Without loss of generality, we assume that the queue sys-
tem is in state (0, j). Through analyzing transitions among
state (0, j) and other states, the transmission probabilities of
this case can be derived. As the buffer storing PT’s packets
is empty at the current slot and PT can only transmit one
packet during a slot, Q1 can be 0 or 1 in the next slot.
Similarly, 0> may be j 4+ 1, j, or j — 1 in the next slot.
However, when PT serves packets, ST cannot transmit. That
is, 01 = 1l and Q> = j — 1 in the next slot is impossible.
Thus, the state at the next slot may be (0, j—1), (0, j), (0, j+1),
(1, /) or (1, j+ 1). Similarly, except (1, j+ 1), transitions from
these states and state (1, j — 1) to state (0, j) are also possible.
Therefore, transitions among state (0, j) and other states are
shown in Fig. 4.

The calculation of the probability of the transition from
other states to state (0, j) is similar to the transition probability
of the state (0, j) to other states. From Fig. 4, it can be found
that the transition probabilities of this case can be obtained

. . 0.)) (0j—1) (0j+1 1,j 1j+1
if expressions of qgo)ﬁ,qgoj) )"120,;) ),qiojg,and 61205') )are

derived.
At the current slot, the queue state is (0, j), if the buffer
of PT is empty, ST2 will have service chance; otherwise

73554

(0,7)

0.) 90.) (0.5+1)

490,j-1) 0.))

FIGURE 4. The one-step transitions related with state (0, j).

PT will occupy the spectrum and transmit packets to ST.
Hence, we will study two possible situations respectively.
First, we consider PT has packets. According to the above
analysis, the probability that the buffer of PT is nonempty
is ppre = Ap/Bps- When PT has packets, if the packet
transmission of PT fails, the length of ST'1 will be still 0,
otherwise the length of ST'1 will become 1. The probability
that the packet transmission of PT is successful is ;. Since
PT occupies the spectrum, ST cannot serve packets. Hence,
if ST generates a packet, the state of ST2 will change toj+ 1,
otherwise it will be still j. If the buffer of PT is empty, ST'1
can be only one state 0, and ST will serve packets in ST2.

A successful packet transmission from ST to SR should
satisfy two conditions: one is the received SNR is larger
than the received threshold, and the other is ST has enough
energy. Based on the analysis of energy state at ST in
Section III, the probability P, that the battery of the sensor
is nonempty in cooperation mode can be calculated similarly.
Then, the successful probability of packet transmission from
ST to SR can be expressed as oy = Poc Pr(yss > y5) =
Pec exXp(—¥s/Vss)-

According to above analysis, there are three possible situa-
tions result in the next state being (0, j). These three situations
are: PT does not have packets, ST generates a packet and
transmits a packet to PR successfully; PT does not have
packet, ST does not generate new packets, and the packet
transmission from ST to SR fails; PT has packets, the packet
transmission from PT to ST fails, and ST does not generate
new packets. The probabilities of these three situations are
(1 = ppre)rsas, (1 — ppre)(1 — A)(1 — o), and ppre(1 —
As)(1 — Bps), respectively. Hence, the transition probability
from state (0, j) to state (0, j) can be calculated as

‘158% = (1 — ppre) [Asots + (1 — A)(1 — )]
+ pPTc(l - ﬁps)(l - )»5) (19)

There is only one situation makes the state at the next slot
is (0, j— 1). The situation is that the buffer of PT is empty and
ST does not generate new packets and successfully transmits
apacket to SR. Thus the transition probability from state (0, j)
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to state (0,7 — 1) is
Oj-1) _ ;1 _ _
do,) = (I = ppre)(l — Ag)ots. (20)
From state (0, j) to state (0, + 1), there are two possible
situations: one is that the buffer of PT is empty, ST does
not generate new packets, and the packet transmission of ST
is unsuccessful; the other is that PT has packets, the packet
transmission of PT fails, and ST generates a new packet.
Considering these two situations, the transition probability
from state (0, j) to state (0, j — 1) is derived as
qo " = (1= pprohsas + ppre(l = Bphs  (21)
At the next slot, ST1 = 1 means that PT has packets and
transmits a packet to ST successfully. If ST generates a new
packets, the state at the next slot will be (1, j + 1), otherwise,
the state will be (1, j). Hence, the transition probabilities from
state (0, j) to state (1, j) and state (1,j + 1) are

L
40" = prrchps(1 = 19). 22)
and
1,j+1
qgo,j'j )= PPTcBpshs, (23)
respectively.

So far, the transition probabilities from state (0, j) to other
states are derived. Similarly, probabilities of other transitions
related with state (0, j) can be calculated similarly.

Case B: 01 #0

When Q1 # 0, ST2 cannot get service chance. Hence, if Q>
is j at the current slot, it can only be j or j + 1 at the next slot.
Similar to the analysis of Case A, if Q; = i at the current
slot, the queue length of ST'1 couldbe i — 1, i, or i 4 1, which
is determined by the state of the buffer at PT, channel quality
of PT-ST pair and ST-SR pair. Take state (i, j) as an example,
we demonstrate the derivation of transition probabilities in
this case, and transitions among state (i, j) and other states
are shown in Fig. 5.

(i—1,j+1)
4.

FIGURE 5. The one-step transitions related with (i, j).

First, we consider the situation that the queue state of ST'1
is unchanged. If the buffer of PT is empty and the packet
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transmission from ST to PR fails, the queue length of ST'1
will remain unchanged. Besides, when PT has packets and
sends a packet to ST unsuccessfully, ST'1 keeps in the same
state. As the length of ST'1 is larger than O, the length of
ST2 remains the same when ST does not generate a packet
while changes into the other value if ST generates a packet.
Therefore, the transition probabilities from state (i, j) to state
(i, ) and to state (i,j + 1) are
g = [(1 = ppre)(1 = ap) + ppre(l = Bpe)] (1 = ),
(24

and

ain ™ = [(1 = ppre)(1 — o) + ppre(l = Bpo)] As (25)
respectively, where «, is the successful probability of the
packet transmission from ST to PR. Similar to «y, ct, can be
calculated as o) = Pec Xp(—¥s/Vsp)-

If ST receives a packet from PT successfully, the length
of Q1 will change into i + 1. A successful packet transmis-
sion from PT to ST indicates that PT has packets and the
received SNR of ST is larger than the received threshold. The
corresponding probability is (1 — pprc)Bps. The probabilities
of transitions from state (i, j) to state (i + 1,j) and to state
(i+ 1,74 1) can be expressed as

45" = ppreBps(l = o), (26)
and
a5 = ppreBpshs, @7)
respectively.

Similarly, the packet transmission from ST to PR is suc-
cessful, the length of Q; will become i — 1. This is because ST
sends packets to PR only when the buffer of PT is empty, and
then there is no new packet arrives in ST'1. Thus, the probabil-
ity that the length of Q1 changes from i toi—1is (1 —pprc)ap.
Then, the probabilities that the state (i,j) transits to state
(i—1,j)and state (i — 1, + 1) are derived as

a4, = = pprop(l — i), (28)
and
g = (= prroayhs, (29)
respectively.

By using (24)-(29), other transition probabilities can be
calculated similarly. By combining the results in two cases,
we obtain the transition matrix . Substituting q into (18),
the stationary probability = of Q is obtained by solving the
linear equations. Based on # = {--- ,Pr(Q = [i,j]), -},
the stationary probability of the queue length of each sub-
queue at ST is calculated as

7} =Pr(Qi =i =) PrQ=Iij),

Jj=0

T, =Pr(Q=j) =y PrQ=[ij). (0

i=0
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With the derived n; = {z0,---,7/,---}, i = 1,2,
the queue performance, such as the average queue length and
the average delay, of ST'1 and ST2 can be calculated.

e Based on the probability theory, the average queue length

of ST'1 and ST2 equal to

o oo
Nsri =Y i} and Ngra=)_jm). 31)
i=0 j=0

e According to Little’s theorem, the average delay of pack-
ets in ST'1 and ST2 can be calculated as

ElQ1] + E[Xs7r1] and Tsrp= El0.]
P s

+ E[Xsr2],

(32)

Tst1=

where E[Xs71] and E[Xg7>] are average packet service times
of ST'1 and ST2, respectively, which can be calculated as
E[Xsr_pn] similarly.

From the above analysis, it can be found that the size of
the transition matrix is infinite. That is, the Matrix Solu-
tion Method, such as Gaussian Elimination, cannot be used
and the numerical solution of 7 cannot be obtained. Hence,
we assume that buffers of both S7'1 and ST2 are finite and
sizes of two buffers are B; and B,, respectively. Then, apply-
ing Direct method or some typical Iterative methods, such as
Power method and Jacobi’s method, we can get the numerical
solution of 7.

As proved in [27], under a stable situation, the assump-
tion of no packets are dropped due to buffer overflow is
acceptable. Hence, the error caused by the assumption of
finite buffer size can be ignored. Furthermore, the buffer
of the sensor is finite in practice. During calculating, if B
and By choose small values, the numerical result may not
be accurate. Meanwhile, larger B; and B; result in higher
computation complexity, which requires that the device has
strong computing capability. Hence, B| and B, should make
a tradeoff between accuracy and computation complexity.

Combining the analysis of PT queue and ST'1, the delay
performance of the primary user can be calculated as

Tpr—c = Tpr—cp + Tst1. (33)

V. NUMERICAL RESULTS

In this section, we will verify the analysis and study the queue
performance of the system through simulation. Through com-
paring the results under different parameter sets, we find the
relation between the queue performance and system param-
eters and the situation in which the cooperation can achieve
better performance than the non-cooperation. During simu-
lations, the received thresholds of PR, ST, and SR are 10dB.
In figures, “Cooperation” and “NonCooperation” represent
the system employing the cooperation between the primary
user and the sensor or not, respectively. First, we observe the
queue performance of the primary user and the WSN when
pe. = 1. This is a special case where the sensor always has
enough energy, and the influence of the energy harvesting is

73556

—8— NonCooperation PU
—+— NonCooperation Sensor
25r 1 -@=PT Queue

=& -STI

= ® =ST2

Average queue length (packets)

- =
L o - =
05 PP TR R

-9
& 3'8'9-2‘3_2——:—4
= B= $-6-6-06-06-90-0"
T L S thaha
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Packet arrival rate of PU (}\.p)

FIGURE 6. Average queue length varies with ip.
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FIGURE 7. Average delay varies with ip.

not considered. The average queue length and average delay
are presented in Figs. 6-7.

In the simulation, the average SNR between PT and PR
equals to the average SNR between ST and SR, which is
10dB, while yy, = yps = 25dB. From Fig. 6, it can be found
that the average queue length increases with increasing packet
arrival rate of the primary user, especially the average queue
length of the sensor in the system without cooperation. This
result is consistent with the analysis in Sections III and IV.
According to the above analysis, both Npr_y in (3) and
Ngr_y in (10) are proportional to A,. Furthermore, as the
sensor works as a secondary user, from the point of view
of the sensor, the traffic load increases faster than that of
the primary user when the packet arrival rate of the primary
user increases. Hence, the average queue length of the sensor
increases significantly, especially when the cooperation is not
adopted.

Fig. 7 illustrates the average packet delay of the sensor
increases significantly while the increasing of the primary
user’s packet delay is not so apparent. As the same reason,
the packet delay of the sensor in non-cooperation mode has
the largest increasing rate. Moreover, the gap between the
average delay in cooperation mode and non-cooperation is
clearly expanding.
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As shown in Figs. 6-7, in this situation, the performance of
both the sensor and the primary user in cooperation mode is
better than in non-cooperation mode. Hence, if the quality of
the channel between the sensor and the primary user is better
than the channel between the primary users, the cooperation
should be adopted, especially when the packet arrival rate of
the primary user is larger.

Then, we observe the influence of energy harvesting rate
on the queue performance. The average queue length and the
average packet delay are given in Figs. 8 and 9, respectively.
The packet arrival rate of the primary user is 0.1 pack-
ets/slot while the energy harvesting parameter p, changes
from 0.1 to 0.5. With the increasing of p,, the performance
of the system is improved.
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FIGURE 8. Average queue length varies with energy harvesting rate pe.

From Fig. 8, it can be found that average queue lengths of
three queues in the sensor decrease with the increasing p,,
especially the average queue length of the sensor in cooper-
ation mode, which is denoted by ST2. Sub-figures in Fig. 8
show that p, = 0.4 is a key value. When p, < 0.4, the queue
length of the sensor in non-cooperation mode is smaller than
in cooperation mode. However, the result of p, > 0.4 is just
the opposite.

The result in 8 indicates that the delay performance of
the system with the cooperation can be improved through
increasing the energy harvesting rate. When p, > 4, the delay
performance of the primary user in cooperation mode is
slightly less than in non-cooperation mode. Hence, through
increasing energy harvesting rate (p.), the delay performance
of the primary user in cooperation mode can be improved,
which may be even better than in non-cooperation mode.
By integrating results in Figs. 8-9, we find that the queue per-
formance of the system can be improved through increasing
energy harvesting rate (p.) when the energy harvesting rate
is smaller than a certain value. If p, reaches a certain value,
the performance will be not influenced by p,.

At last, we study the queue performance of system varies
with the average SNR of channels between the sensor and the
primary user under different p, and y,p. During simulations,
we set A,, Ag, and yg as 0.1, 0.2, and 15dB, respectively.
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The results are shown in Figs. 10-17. In Figs. 10-17, the
x-axis is the average SNR between the sensor and the primary
user. That is, Y5, and y;.

When y,, = 10dB, we first compare the average queue
length of the system with p, = 0.4 and p, = 0.6, which
are given in Figs. 10-11. As the result in Fig. 8, under
the same channel quality, the energy harvesting energy can
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effectively improve the system performance, especially in of the queue in the sensor decreases with increasing average
cooperation mode. Beyond that, there is the same tendency SNR, and the deceasing rate of ST2 is largest, when the

of the average queue length with the increasing average average SNR is less than or equal to 15dB. If the average
SNR. As the primary user has higher priority, the aver- SNR is larger than 15dB, the performance is little changed
age queue length of the queue in the primary user is little and the sensor in cooperation mode achieves better queue
changed, which can be negligible. The average queue length performance.
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The delay performance in Figs. 12 and 13 illustrates that
the packet delay in cooperation mode decreases with increas-
ing SNR while the packet delay in non-cooperation mode
is constant. Under the condition p, = 0.4, the delay of the
primary user in cooperation mode is smaller than the delay
in non-cooperation mode when the average SNR is larger
than 17dB. The same phenomenon occurs in the situation
with p, = 0.6. Hence, the energy harvesting rate affects
the absolute value of the packet delay while the average
SNR influences the relative relation of the delay of the user
working in different modes.

When the average SNR between PT and PR is 15dB,
the queue performance of the system with different energy
harvesting rates are given in Figs. 14-17. With the increasing
of the average SNR between the sensor and the primary
user, the queue performance is improved. However, neither
of two users in cooperation mode can achieve the better
performance than in non-cooperation mode. Furthermore,
the sensor in cooperation mode has the worst performance,
especially when the average SNR is smaller than 17dB.
When y,; and yy;, have smaller value, the packet transmission
between the primary user and the sensor has lower successful
probability, which results in less transmission chance of the
sensor. Besides, the energy harvesting rate is small in this
situation, thus the available energy of the sensor is limited.
This limited energy and less transmission chance are used to
relay packets of the primary user, thus packets of the sensor
cannot be served timely. Comparing results in Figs. 10-15,
there is an interesting phenomenon. No matter what the
energy harvesting rate and the channel quality of the primary
user, the queue performance of the system has little change
after y,s and y;, are up to 17dB.

Comparing the result of the situation with p, = 0.4,
the performance of the system with cooperation is improved
when the energy harvesting rate p, is 0.6, and the tendency
of the queue performance varying with the average SNR
between the sensor and the primary user is similar. However,
the queue performance of both the sensor and the primary
user in cooperation mode is worse than in non-cooperation
mode, even when the channel quality between the sensor and
the primary user is better than the channel quality between
PT and PR. In other words, the cooperation cannot improve
the performance of the sensor in this situation. Hence, results
in Figs. 14-17 indicate that the cooperation should not be
adopted when the channel quality of primary user is not bad,
such as the average received SNR is 15 dB, even if the energy
is not a limitation.

VI. CONCLUSION

In this paper, we analyze the queue performance of the system
consisting of an ENCRSN and primary users. The average
queue length and average delay are derived. Through com-
paring the performance in cooperation mode and in nonco-
operation mode, we obtain the effect of system parameters
on the queue performance and the condition under which the
cooperation achieves better performance. Numerical results
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verify our analysis and indicate that energy harvesting rate
and the channel condition between the sensor and primary
user are two key influences. Furthermore, the influence of
the primary user’s packet arrival rate on the sensors is greater
than on the primary user. These results are useful to design
the quality of service of the EHCRSN.
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