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Abstract—In this work, we study the effect of energy harvesting
in a cognitive shared access network with delay constraints on the
primary user. We model the distribution of secondary nodes by
a homogeneous Poisson point process (PPP), while the primary
user is located at fixed location. The secondary users are assumed
to have always packets to transmit whilst the primary transmitter
has bursty traffic. We assume an energy harvesting zone around
the primary transmitter and a guard zone around the primary
receiver. The secondary users are transmitting in a random
access manner, however, transmissions of secondary nodes are
restricted by their battery status and location. Targeting at
achieving the maximum secondary throughput under primary
delay constraints, we analyze the impact of various parameters on
the performance of the considered network. Our results provide
insights into the optimization of access protocol parameters for
the energy harvesting-based cognitive shared access network with
delay constraints.

I. INTRODUCTION

Radio-frequency (RF) energy harvesting has been inves-
tigated extensively in recent years for its ability to turn
ambient energy into power source for electronic devices.
Enabling wireless charging on low-power devices shows many
advantages and brings new opportunities in the design of
future wireless networks. In an environment where battery
replacement is expensive or not feasible, user devices with
energy harvesting capabilities can opportunistically access
wireless networks whenever sufficient energy is harvested.

In a typical cognitive radio network, a secondary user can
access the wireless channel to transmit a packet only when
the primary user is idle. By allowing the secondary user to
harvest energy when the primary node is transmitting, the
energy efficiency of such system can be largely improved [1]–
[3]. In collision-based cognitive radio, the optimal spectrum
sensing policy that maximizes the aggregate throughput with
an energy causality constraint has been studied in [1], [2].
Under a similar setup, with the assumption that the secondary
user can infer knowledge from the channel with an online
learning algorithm, the optimal channel access policy has
been studied in [3]. Note that all the aforementioned studies
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assume one single secondary link and a collision channel
model. The work in [4] considers a cognitive network with
multi-packet reception (MPR) capabilities at both primary
and secondary nodes. When the primary user is transmitting,
the secondary user can access the spectrum/channel with a
random probability that is optimized to maximize the stable
throughput.

Spatial point processes have been widely used in wireless
networks to model the node distribution in large topologies.
Prior studies in the application of stochastic geometry in wire-
less networks provide tractable analytical results on the net-
work performance metrics based on the signal-to-interference-
plus-noise (SINR) distribution in random networks with spa-
tially distributed nodes [5]. With the help of stochastic geom-
etry, energy harvesting in random wireless networks has been
studied in many different cases in the literature. The spatial
throughput of mobile ad hoc networks with energy harvesting
nodes is investigated in [6]. The effect of energy harvesting in
geometry-based cognitive radio networks has been studied in
[7] and [8], where a secondary node can access the spectrum
when it harvests enough RF energy and when it is outside the
guard zone of the primary user. Another potential application
of energy harvesting is in device-to-device (D2D) underlaid
cellular networks where D2D-enabled user devices can harvest
energy from cellular transmission. The performance analysis
and optimization in such networks have been studied in
[9], [10]. Note that in these works the secondary users can
opportunistically access the spectrum when certain criteria are
satisfied. Furthermore, the primary nodes are often assumed
to be constantly transmitting packets to their destinations. The
effect of random packet arrivals at the primary nodes on the
network performance has been overlooked in cognitive shared
access networks with energy harvesting-based opportunistic
secondary users. This motivates our study to consider the
average packet delay of the primary user, which contains also
the queueing delay, when optimizing the performance of such
networks. Additionally, there are some works that consider
queueing analysis in energy harvesting networks and study
the effect of energy harvesting on the stability region of small
networks [11]–[13].

In this work, we consider a cognitive shared access network



which consists of one primary pair and many randomly
distributed secondary pairs. A secondary transmitter can op-
portunistically access the primary spectrum with a certain
probability when: 1) it is fully charged; 2) it is outside
the guard zone around the primary receiver. Inspired by the
network model in [14], [15], we take into account the queueing
delay and the transmission delay of the primary user while
assuming bursty packet arrivals at the primary transmitter.
The interaction between the primary and the secondary trans-
mission allows us to optimize the primary guard zone and
secondary access probability in order to achieve the maximum
secondary throughput under the primary delay constraint.

II. SYSTEM MODEL

We consider the following cognitive shared access network
model. The primary transmitter (PT) is located at the center
of the network region modeled by a disk C of radius R,
while the primary receiver (PR) is located at fixed location
y0 with distance dp to the PT. The secondary transmitters
(STs) are distributed according to a homogeneous Poisson
Point Process (PPP) Φs with intensity λs. Their associated
receivers are located at isotropic directions with fixed link
distance ds. We assume that each ST is equipped with a radio
frequency (RF) energy harvester that can turn the received
ambient RF energy into Direct Current (DC) power. In the
literature of RF energy harvesting, one common assumption
is the energy harvesting (EH) zone, which defines the region
within which the RF energy can be harvested [8], [9]. This
assumption comes from the fact that a threshold power level
must be reached in order to trigger the power conversion. We
define the energy harvesting zone by a disk with radius reh
centered at the primary transmitter (PT). When a ST falls in
the energy harvesting zone of the PT, the ST will be fully
charged within one time slot, while the charged battery can
support one-slot transmission of the ST [6], [8]. As the result,
in each network configuration, the STs that can be charged
by the PT transmission are denoted by the set Φs ∩B(0, reh),
where B(a, b) denotes the disk centered at a with radius b. We
denote the primary and secondary transmission power by P1

and P2, respectively, with P2 � P1.
Due to the spectrum sharing between the primary and sec-

ondary nodes, the aggregate secondary interference received at
the PR might largely degrade the performance of the primary
user. In order to prevent the STs from being very close to the
PR, we impose a guard zone around the PR with radius rgz
where no active ST can lie in [16]. Therefore, a ST is allowed
to transmit in a time slot when
• it has harvested enough RF energy, i.e., it was within the

primary EH zone;
• it is outside the primary guard zone in the current time

slot.
To exploit potential throughput improvement, one common
and simple strategy for interference management is the random
access, also referred to as spatial ALOHA, which means
that each node accesses the spectrum/channel with a certain
probability, independently of other nodes in the network [17].

It is shown that by properly assigning the access probability,
denoted by ps, the network throughput can be largely improved
compared to the case that all the nodes are active.

In order to clarify the notations, we define the following
probabilities:
• pch denotes the probability that a typical ST is fully

charged at the beginning of a time slot;
• ptr denotes the probability that a typical ST will be

transmitting in this time slot;
• pgz denotes the probability that a typical ST is not within

the primary guard zone;
• peh denotes the probability that a typical ST lies in the

EH zone of the PT.
Here, the typical ST refers to a reference point in the network
region based on which we perform statistical analysis of the
network performance. From Slivnyak’s theorem, the statistical
observation of a random point in a PPP Φ is the same as that
of a typical (reference) point x in the process Φ ∪ x.

In this work we assume high user mobility, implying that
the probability of a ST being fully charged in the previous
time slot and the probability of a ST being outside the guard
zone in the current time slot are two independent probabilities.
With the random access protocol, a ST that is allowed to be
active has probability ps to transmit in this time slot. Thus,
the activation probability of a ST is given by

ptr = pchpgzps. (1)

In each network realization, ptr represents the percentage of
active secondary transmissions among all the secondary nodes.

III. PERFORMANCE ANALYSIS

In this section, we study the secondary throughput and the
primary delay in the considered network model. An optimiza-
tion problem is cast so as to find the optimal secondary access
probability and the primary guard zone radius that maximizes
the secondary throughput under primary delay constraints.

A. Secondary Throughput

In order to define the secondary throughput, we start from
deriving the active probability and the successful transmission
probability of a typical ST in the network. In this work, we
assume bursty packet arrivals at the primary node. When the
PT does not have a packet to transmit to its destination,
it transmits an empty packet that does not contain valid
information to assist the STs to harvest RF energy. 1

Based on the one-slot charging assumption, we model the
battery status of a ST by a two-state Discrete Time Markov
Chain (DTMC) as depicted in Fig 1. The state E denotes that
the battery is empty and F denotes a fully charged battery.
This battery charging model can be generalized to multi-
slot charging cases by considering more states for the battery
status.

1This charging policy ensures that the STs will be provided with energy to
harvest even if the PT has no packet to transmit. In the extended version of
this work, we will also consider the case where the PT remains silent when
it has no packet to transmit.
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Fig. 1. The two-state Discrete Time Markov Chain that models the battery
status of a secondary transmitter.

With the considered DTMC, it is easy to obtain the station-
ary probability that a secondary has a full battery. Then, the
probability that a ST is charged, thus being able to transmit
in the next time slot, is

pch =
peh

pgzps + peh
. (2)

From basic geometry knowledge and the laws of cosine, we
have

peh =
r2

eh

R2
(3)

pgz =

{
1− r2gz

R2 . rgz ≤ R− dp

1− φr2gz

πR2 − ϕ
π +

dp

πR sinϕ, rgz > R− dp

(4)

where φ = arccos
(
d2p +r2gz−R

2

2dprgz

)
and ϕ = arccos

(
R2+d2p−r

2
gz

2R·dp

)
.

We characterize the secondary throughput by the average
number of successfully transmitted packets per time slot per
unit area (packet/slot/m2). Denote Ts the secondary through-
put, we have

Ts = λsptrpsuc,s = λs
peh

pgzps + peh
pgzpspsuc,s, (5)

where psuc,s denotes the success probability of a typical sec-
ondary transmission. Here, we consider the success probability
evaluation based on the received signal-to-interference-plus-
noise ratio (SINR), i.e., a transmission is successful if the
received SINR exceeds a prescribed threshold θ. Conditioning
on having a typical secondary pair i with the receiver centered
at the origin, we have the SINR given as

SINRi =
P2|hi,i|2d−αs∑

j∈Φtr\{i} P2|hj,i|2d−αj,i + P1|h0,i|2d−α0,i + σ2
,

where Φtr denote the set of active STs; |hj,i|2 denotes the
small-scale power fading from the transmitter j to the receiver
i, which follows exponential distribution (Rayleigh fading)
with unit mean value; dj,i denotes the distance between the
transmitter j to the receiver i. We assume a distance-dependent
power law d−α for the pathloss attenuation, where α > 2
denotes the pathloss exponent; σ2 denotes the background
noise power.

Due to the existence of the guard zone, the secondary
interference field is not isotropic, i.e., the STs closer to the
guard zone boundary will have higher success probability as
a result of less received interference. In a two-tier hierarchical
PPP network with guard zones around the primary PTs, some
bounds and approximations on the interference distribution of

a Poisson Hole Process (PHP) can be found in [18]. The exact
secondary interference distribution in the considered network
region with one single hole is out of the scope of this work. In
this work, we only consider the case where rgz � R. Thus, a
tight lower bound of psuc,s can be obtained by considering the
distribution of the active interfering STs as a homogeneous
PPP with intensity λspchps. Hence, the success probability of
the secondary transmission is given by

psuc,s = P [SINRi > θ]

(a)
= exp (−θdαs In)Ed0,i

 1

1 +
θP1dαs
P2dα0,i

 exp

(
−θσ

2dαs
P2

)

(b)
' LIn (dαs In)

exp
(
− θσ

2dαs
P2

)
1 +

d2s
E[d0,i]2

(
θP1

P2

) 2
α

(c)
≈ exp

(
−πλspchpsd

2
sθ

2
α

sinc(2/α)

)
exp

(
− θσ

2dαs
P2

)
1 +

d2s
E[d0,i]2

(
θP1

P2

) 2
α

, (6)

where In =
∑
j∈Φtr

|hj,i|2d−αj,i denotes the received secondary

interference at the typical SR with normalized power, and
LIn(s) = E

[
e−sIn

]
denotes the Laplace transform of interfer-

ence. Here, (a) comes from the pdf of |hi,i|2, which follows
exponential distribution; (b) follows from the definition of
Laplace transform of interference and the approximation used
in [19]; (c) follows from the probability generating functional
(PGFL) of a PPP. Since the STs are randomly distributed in
the network region, a random SR can be considered as ran-
domly and uniformly distributed in B(0, R). The expectation
of the distance between the PT and a random SR is thus
E[d0,i] = 2R

3 .

B. Primary Delay

The primary queue is modeled by a DTMC, as shown
in Fig. 2, where λ denotes the packet arrival rate and µp
denotes the service rate. When assuming slotted transmission,
the service rate of the primary node is equal to the success
probability of the primary packet transmission in a time slot.
Following similar definition of the SINR in (III-A), we have

SINR0 =
P1|h0,0|2d−αp

σ2 +
∑

j∈Φa\B(y0,rgz)

P2|hj,0|2d−αj,0
, (7)

where the index 0 denotes the primary node. For a given SINR
target θ, following similar steps as in the secondary success



probability analysis, we have

µp = P[SINR0 > θ]

= exp

(
−
θdαpP2

P1
Is

)
exp

(
−
θσ2dαp
P1

)

= LIs
(
θdαpP2

P1

)
exp

(
−
θσ2dαp
P1

)

= L1
I

(
θdαpP2

P1
, λsptr, rgz

)
exp

(
−
θσ2dαp
P1

)
, (8)

where Is =
∑
j∈Φtr

P2|hj,0|2d−αj,0 denotes the secondary interfer-

ence received at the PR, L1
I(s, λa, r) is defined as [20]

L1
I(s, λa, r) = exp

(
−2πλa

∫ ∞
r

sv−α

1 + sv−α
vdv
)
. (9)

x
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Fig. 2. The Discrete Time Markov Chain that models the evolution of the
queue at the primary transmitter.

The primary queue is stable when λ < µp [21]. The
distribution of the probability that the primary queue has i
packets, is given by

P[Q = 0] = 1− λ

µp
(10)

P[Q = i] =
λi(1− µp)i−1

(1− λ)iµip
P[Q = 0]. (11)

Thus, we obtain the average queue size as follows

Q̄ =

∞∑
i=0

iP[Q = i] =
λ(1− λ)

µp − λ
. (12)

Denote D̄p the primary average delay, from Little’s law [22],
we have

Dp =
Q̄

λ
+

1

µp
. (13)

The intuition behind (5) and (13) is that the PT will be able
to charge the STs within the EH zone, which increases the
network throughput and therefore has the potential to improve
the spectrum reuse. However, the active STs create interference
to the primary transmission, which in turn increases the
average primary queue size and delay.

In a cognitive shared access network with delay-sensitive
primary user, we assume the following constraint for the
average primary delay

Dp ≤ Dmax, (14)

where Dmax is the maximum average delay that a primary
user can tolerate.

C. Secondary Throughput Optimization under Primary Delay
Constraints

We formulate the optimization problem in order to find the
optimal secondary access probability qs and optimal primary
guard zone radius rgz that maximizes the secondary throughput
with respect to primary delay constraints.

(r∗gz, p
∗
s) = arg max

(rgz,ps)

Ts, (15)

subject to

0 ≤ ps ≤ 1, (16)
0 ≤ rgz ≤ R, (17)
Dp(rgz, ps) ≤ Dmax. (18)

Since the secondary throughput is not a convex function,
we resort to numerical methods to find the optimal guard
zone radius and secondary access probability under primary
delay constraints. The results obtained with different network
parameter values will be presented in Section IV.

IV. NUMERICAL RESULTS

In this section, we evaluate the performance of the cognitive
shared access network with energy harvesting. We consider a
circular network region C with radius R = 300 m. The PT is
located at the center of C, while the PR is located at distance
dp = 150 m from the PT. The STs are distributed according to
a homogeneous PPP with intensity λs = 0.001/m2. The SRs
are located at isotropic directions around their associated STs
with fixed secondary link distance ds = 40 m. The primary
and secondary transmission powers are P1 = 10 mW and
P2 = 0.1 mW, respectively. The noise power is σ2 = 121
dBm. The SINR target for successful transmission is θ = 5dB.
The pathloss exponent is α = 3.7. The maximum primary
average delay is Dmax = 4 slots/packet.

A. Secondary Throughput under Primary Delay Constraints
We present in Fig. 3 and Fig. 4 the 3-D plot of the secondary

throughput as a function of ps and rgz. The missing part in
each plot corresponds to the regime where the primary delay
constraint is not satisfied, i.e., Dp > Dmax. Fig. 3 and Fig.
4 are obtained with large EH zone (reh = 100 m) and with
small EH zone (reh = 50 m), respectively. In both figures, the
point that gives the largest Ts corresponds to the optimal ps
and rgz as the solution to the optimization problem defined in
(15).

By comparing these two figures, we see that when reh = 100
m, the optimal access probability ps which gives the highest
Ts is less than 1. However, when reh = 50 m, the optimal
access probability ps is 1, since Ts in Fig. 4 always increases
with ps. This comes from the fact that when the EH zone is
small, the density of charged STs is small, which falls in the
regime where increasing the density of active secondary nodes
always increases the throughput. On the other hand, when the
EH zone is large, due to the relatively high density of charged
STs, maximizing the secondary throughput requires that each
charged node accesses the spectrum with a certain probability
to control the interference level.
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B. Primary Average Delay

We present in Fig. 5(a) and Fig. 5(b) the primary average
delay as a function of the secondary access probability ps
for different values of rgz. The EH zone radius is chosen as
reh = 80 m. The two figures represent the cases with low
and high packet arrival rates, respectively. From these figures,
it is obvious that when the guard zone size is sufficiently
large, the primary delay is not very sensitive to the density of
active secondary nodes. From the primary delay perspective,
increasing the guard zone radius is more efficient in terms
of interference mitigation. However, combined with Fig. 3
and Fig. 4, we see that increasing rgz lowers the maximum
achievable secondary throughput. Hence, there is a tradeoff
between the maximum secondary throughput and primary
delay that must be taken into account when choosing the
optimal value of rgz.
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(a) With low packet arrival rate, i.e., λ = 0.3.
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Fig. 5. Primary delay vs ps for different values of guard zone radius rgz. EH
zone radius reh = 80 m.

TABLE I
OPTIMAL ps AND rGZ IN DIFFERENT CASES

reh (m) λ q∗s r∗gz (m) T ∗
s (×10−5)

100

0.3 0.4 89 1.87

0.5 0.313 106 1.7868

0.7 0.222 135 1.614

50

0.3 1 0 1.1053

0.5 1 44 1.0987

0.7 1 74.2 1.0858

C. Optimal Values of ps and rgz

In Table I, we provide the numerical results of the optimal
ps and rgz that maximize the secondary throughput under
primary delay constraints. We present the numerical results
for different EH size reh and different values of the packet
arrival rate λ, in order to show the impact of these network



parameters on the optimal solution to the problem defined in
Section III-C.

First, we see that smaller EH zone radius leads to higher
optimal access probability qs and smaller cellular guard zone
size rgz. This result is as expected because larger EH zone
leads to higher density of secondary devices that can be
charged. When the density pch reaches a certain level, the
optimal access probability qs will decrease when pch increases.
Second, we notice that the maximum secondary throughput
T ∗s is higher in the case with larger EH zone, despite that the
optimal guard zone radius r∗gz in this case is also larger.

V. CONCLUSIONS

In this paper, we investigated a cognitive shared access
network with energy harvesting-based opportunistic secondary
nodes. Assuming bursty traffic at the primary node, we studied
the throughput and delay performance in such network, which
depend on the energy harvesting zone and the secondary
access protocol. We casted an optimization problem that
aims at maximizing the secondary throughput with primary
delay constraints. Through numerical results, we showed some
interesting remarks about the impact of different protocol
parameters on the optimized network performance.
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