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ABSTRACT In this paper, cooperative cognitive radio networks are considered, in which a primary user
(PU) and an off-the-grid secondary user (SU) co-exist by exploiting simultaneous wireless information and
power transfer. Based on a two-phase relaying model, adaptive power splitting is performed at the SU for
information decoding while collecting the energy remaining in the first phase. The energy harvested is then
used to forward the decoded primary signal, with the secondary signal superimposed in the second phase.
To enhance the utilization of both the spectrum and energy, an energy-aware retransmission approach is
proposed for enabling successful decoding at the SU while collecting a reasonable amount of energy for
relaying. The outage probability and throughput are theoretically analyzed for both the PU and the SU.
To provide more analytical insights, tight performance upper and lower bounds are obtained in closed forms.
Our results demonstrate that a mutually beneficial relationship can be built between the PU and the SU
under proper parameter configurations. Furthermore, a performance tradeoff with respect to the number
of retransmissions is demonstrated, where additional performance gains can be achieved by the proposed
retransmission approach under unfavorable conditions of high rate, low power, and weak channels.

INDEX TERMS Cooperative cognitive radio networks, simultaneous wireless information and power
transfer, adaptive power splitting, decode-and-forward, energy-aware retransmission.

I. INTRODUCTION
A. BACKGROUND
With growing adoption of Internet of Things (IoT), it is
expected that over one billion devices will have wireless
connectivity [1]. New applications and services offered on
wireless devices have led to extensive use of the limited
radio spectrum resources. To resolve the issue of resulting
spectrum scarcity for next-generationwireless networks, cog-
nitive radio (CR) [2] has emerged as a promising technology.

IoT devices and applications operate under diverse con-
straints. Most IoT devices are typically supported by batteries
to support device mobility. In many applications, traditional
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options to prolong the battery lifetime by using recharge-
able, replaceable batteries may be inconvenient or even
unusable [3]. There are furthermore environmental and finan-
cial costs associated when using a higher number of batteries
to extend lifetime. In order to extend IoT device lifetime
in a sustainable manner, energy harvesting (EH) has been
considered as a promising solution [4]. Given that harvested
energy can vary depending on the ambient environment,
supplemental technologies like wireless power transfer have
been proposed in [5]–[7]. By using dedicated RF trans-
mitters or wireless power beacons in addition to EH, rela-
tively stable power supplies may be provided to IoT devices.
By exploiting the RF signals that can carry both energy
and information, simultaneous wireless information and
power transfer (SWIPT) has been proposed, which has the
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potential of significantly improving the efficiency of energy-
constrained wireless networks [8]–[10].

B. RELATED WORK
Given that the spectrum and energy are amongst the most
stringent resources in IoT systems, there has been an increas-
ing interest in jointly applying CR, EH, and SWIPT for
building spectrum- and energy-efficient IoT networks. For a
class of detect-and-avoid CR paradigms, where an EH-based
secondary user (SU) is allowed to opportunistically access
the spectrum holes to avoid interfering the legacy primary
user (PU), optimal spectrum sensing policies were investi-
gated in [11]–[13]. Wireless-powered SUs were considered
in [14]–[16], for which various spectrum access policies
were proposed for maximizing the achievable throughput
with energy causality constraint. For a class of interfer-
ence temperature CR paradigms where the SU is allowed to
access the licensed spectrum simultaneously with the PU, the
off-the-grid SU has to rely on the energy harvested from
the RF radiations of PU and strictly control its transmission
power to maintain a certain interference level or outage
constraint at the PU [17]–[19]. Battery-free SUs relying
on the energy harvested from the PU were considered
in [20], [21], in which joint optimal power control and
time allocation strategies were proposed for maximizing the
end-to-end throughput [20], [21].

By exploiting cooperation between the SU and PU, coop-
erative CR networks (CCRNs) enable additional gains in
the sense that the SU brings additional diversity gains
and enhances the performance of the PU via relaying its
message [22]. By applying SWIPT to CCRNs, a resource
complementary scenario was considered in [23], where the
SU exploits its energy transfer and relay functions to assist
PU transmission [24], in exchange for some dedicated spec-
trum to transmit the secondary signal. For a class of overlay
CR paradigms, where the SU harvests energy by exploit-
ing SWIPT and serves as a cognitive relay to forward its
own signal along with the PU signal, amplify-and-forward
(AF) and decoded-and-forward (DF) relaying protocols have
been studied in [25]–[29]. A two-stage cooperative spectrum
sharing scheme is proposed in [30], where the SU implicitly
harvests the RF energy by overhearing the PU transmission
over a number of successive time blocks in the EH stage, and
the spectrum sharing stage begins only when the EH-based
ST has harvested enough energy.

Furthermore, for specific application scenarios,
SWIPT-based CCRNs have been investigated for SUs with
multiple antennas where power splitting and secure beam-
forming were jointly designed for maximizing the data
rate [31], for SUs serving bi-directional communications [32]
between a pair of PUs where performance gains can be
achieved over one-way relaying [33], and for SUs capa-
ble of full-duplex relaying [34] where a weighted sum-rate
maximization problem was formulated and solved using
successive convex approximation techniques [35].

FIGURE 1. The considered SWIPT-based CCRN in which the off-the-grid
ST serves as a DF relay for the PU.

C. OUR CONTRIBUTIONS
Toward spectrum- and energy-constrained IoT networks, our
work aims at enhancing the spectrum utilizationwhile solving
the limitations imposed by energy-constrained IoT devices by
jointly applying the key enabling techniques of CR, EH and
SWIPT. The critical issue is how to make the best use of the
energy harvested to deliver as much information as possible
while providing sufficient protection to the legacy PU [30],
[36], [37]. In most existing studies on SWIPT-based CCRNs,
it is assumed that the SU harvests energy from only a single
transmission of the PU in the first phase [23]–[35]. How-
ever, due to the extremely low efficiency of wireless power
transfer [3], [5], [38], the energy harvested by the SU could
be severely limited. Then the mismatch between the infor-
mation to be delivered and the energy available will result
in a high outage probability and energy wastage inevitably.
Although various hybrid automatic repeat request (HARQ)
schemes have been exploited by the PU to improve the SUs’
performance while impinging little or no interference to the
legacy PU [39]–[41], these studies focus on wireless systems
where energy is not a concern.

Considering this inherent interplay between the har-
vested energy and information, in this paper we consider
a SWIPT-based CCRN, for which an energy-aware retrans-
mission approach is proposed with the objective of reach-
ing a balance between the information flow and the energy
flow. As shown in Fig. 1, the primary transmitter-receiver
(PT-PR) user pair owns the spectrum but has a very weak
direct channel from PT→PR. On the other hand, the sec-
ondary transmitter-receiver (ST-SR) user pair is located in
between the PT and the PR, thus seeing a better channel
from/to the PT/PR. Then it is mutually beneficial that the
off-the-grid ST serves as a relay to decode and forward the
PU signal by using the energy scavenged from the RF radi-
ations of the PT. In return, cooperative spectrum sharing can
be achieved by superimposing the SU signal on the decoded
PU signal that are forwarded simultaneously by the ST.
The main contributions of this work are summarized in the
following.
• To achieve SWIPT-based cooperative spectrum shar-
ing, a two-phase DF relaying model is established by
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employing adaptive power splitting at the ST. A suitable
power splitting factor is dynamically determined for
information decoding (ID) and EH in the first phase;
then the energy harvested is used to deliver the decoded
PU signal and the SU signal in the second phase with
a certain power allocation between them. To enable
the successful decoding of the PU signal while col-
lecting sufficient energy for the relaying transmission,
an energy-aware retransmission approach is proposed
where the PT performs a certain number of retransmis-
sions in the first phase.

• To characterize the system performance, we define all
possible events across the two successive transmission
phases that span multiple time slots. Taking into account
all these events, both the end-to-end outage probability
and the average network throughput are theoretically
analyzed for the PU and the SU respectively under the
proposed scheme. To provide more analytical insights,
performance upper and lower bounds are also derived in
closed-form expressions, and are shown to be tight.

• Simulation results verify the effectiveness of the pro-
posed scheme, where a reasonably good performance
is achieved for both the PU and the SU under a
proper power allocation between them. Furthermore,
it is demonstrated that with an appropriate number of
retransmissions, the proposed scheme outperforms the
conventional baseline scheme with only a single trans-
mission in the first phase, especially under unfavorable
conditions imposed by low power, high rate, and weak
channels.

Although a similar DF relaying protocol is considered
in [30], the EH and information relaying take place in sep-
arate stages. By contrast, in this paper SWIPT is employed
with a dynamic power splitting performed at the ST for
information decoding and energy harvesting simultaneously.
Additionally, while PT performs at most one retransmission
and ST performs incremental relaying in [30], a pre-defined
number of retransmissions are performed by the PT in our
proposed scheme in hope of reaching a balance between the
information to be delivered and the energy harvested.

A similar energy-aware retransmission approach based on
AF relaying is proposed in our previous work [42], where it
requires global channel state information (CSI) to determine
the optimal power splitting factor at the ST. By contrast,
in this paper the DF relaying protocol is adopted at the ST,
at which the power splitting factor for ID and EH can be
dynamically determined with the availability of the CSI at
the receiver side. Additionally, to bring the superiority of the
proposed scheme in [42] into play, it requires a joint design
of the retransmission threshold and the energy threshold.
By contrast, only the retransmission threshold needs to be
designed in our manuscript. Furthermore, due to the com-
plexity of the considered system where many parameters are
involved, the analytical results obtained in [42] end up with
some integrals that cannot be further simplified. In this paper,
however, besides the exact analytical results, closed-form

expressions of the upper and lower bounds are analytically
derived, based on which more insights can be obtained.

The rest of the paper is structured as follows. The consid-
ered SWIPT-based CCRN is introduced in Section II, where
a two-phase DF relaying model is established and a retrans-
mission scheme is proposed in the first phase. In Section III,
the outage probability and average throughput are theoreti-
cally analyzed for the PU and the SU, respectively. Simple
performance upper and lower bounds are then derived in
closed-form expressions in Section IV. Simulation results are
presented in Section V. Finally, Section VI concludes this
paper.

II. SYSTEM MODEL AND PROTOCOL DESCRIPTION
As shown in Fig. 1, we consider a SWIPT-based cognitive
spectrum sharing system where the ST-SR pair wishes to
access the spectrum licensed to the PT-PR pair and all user
terminals operate in half-duplex mode. The PT, which is
connected to a stable power supply, wishes to transmit the
primary signal xp to PR at a pre-defined target rate Rp with
transmit power Pp. On the other hand, the off-the-grid ST,
which relies on the energy harvested from the RF radiations of
the PT, attempts to transmit the secondary signal xs to SR at a
target rate Rs by using the energy harvested. Through a series
of well-defined handshake operations [25], the cooperative
spectrum sharing can be established between the PU and
the SU, where the ST serves as a cognitive relay to decode-
and-forward the primary signal xp while gaining access
opportunities by superimposing its own secondary signal xs.
For ease of exposition, we let hp,s, hp,r , hs,p, and hs,r

denote the corresponding coefficients of channels PT→ST,
PT→SR, ST→PR, and ST→SR, respectively. It is assumed
that the direct channel PT→PR is blocked by obstacles and
can be negligible [25], [43], [44], then the PU’s message xp
has to be delivered through the relay channels PT→ST→PR.
Due to the extremely low efficiency of wireless power trans-
fer [3], [5], [38], it is worth noting that as long as there exists a
direct PT→PR channel, even weak, there is no point of per-
forming SWIPT through the relay channels PT→ST→PR.
Accounting for both effects of Rayleigh fading and path-
loss attenuations, we have the channel coefficient hj,k ∼
CN (0, d−vj,k ), where j ∈ {p, s} and k ∈ {p, s, r} and j 6= k ,
dj,k denotes the corresponding distance between j and k , and v
denotes the path-loss exponent. Denoting γj,k = |hj,k |2 as the
channel power gain, we have γj,k ∼ exp(dvj,k ). The additive
white Gaussian noise (AWGN) at the respective receivers
is denoted by nk ∼ CN (0, σ 2) for k ∈ p, s, r . For ease
of reference, a list of symbols that appear in this paper are
summarized in Table 1.

As shown in Fig. 2, it is assumed that the transmissions
are performed on a slot basis and each time slot is of
equal unit duration. In the first phase, PT transmits xp and
adaptive power splitting [9], [45] is employed at the ST to
achieve SWIPT. To be specific, a fraction of the received
signal observation at the ST is used for ID, with the remaining
part for EH. Upon successfully decoding xp by the end of
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TABLE 1. A list of symbols used in this paper.

FIGURE 2. A slot-based two-phase DF relaying model where adaptive
power splitting is performed at the ST for information decoding (ID) and
energy harvesting (EH) respectively. (a) Baseline scheme with a single
transmission in the first phase. (b) Proposed retransmission scheme with
energy accumulation at ST.

the first phase, ST proceeds to forwarding xp with its own
signal xs being superimposed in the second phase, by using
the energy harvested.

For the conventional baseline scheme with only a single
transmission in the first phase, as shown in Fig. 2(a), the
ST may suffer from a considerable outage probability in
decoding xp. Even if xp can be successfully decoded in the
first phase, it is probably that the energy harvested by the
ST is very limited, which leads to a high probability of
transmission failure in the second phase. In order to enhance
the system reliability as well as the spectrum utilization effi-
ciency, next we propose a retransmission scheme in the first

phase for enabling the successful decoding of xp in the first
phase while harvesting sufficient energy for the second phase,
such that more data can be reliably delivered with the energy
harvested.

A. PROPOSED RETRANSMISSION SCHEME WITH
ENERGY ACCUMULATION AT ST
As shown in Fig. 2(b), in the first phase the PT per-
forms retransmissions of xp until a pre-defined retrans-
mission threshold N is reached. Then the corresponding
received signal at the ST and SR in the tth time slot, where
t ∈ {1, · · · ,N }, is expressed as

yk (t) =
√
Pphp,k (t)xp + nk (t), where k ∈ {s, r}. (1)

Upon receiving ys(1) in the first time slot, adaptive power
splitting [9] is employed at the ST, where a fraction λ(1) of
the received signal observation ys (1) is used for ID, with
the remaining fraction λ(1) = 1 − λ(1) for EH. Assuming
that the energy consumed in receiving and processing sig-
nal is negligible, a pessimistic case is considered where the
power splitting only acts on the signal and not on the noise
power [46]. Then the achievable rate in decoding xp at the
ST can be expressed as

Rp,s(1) = log2

(
1+

λ(1)Pp|hp,s(1)|2

σ 2

)
. (2)

For ST to successfully decode xp, i.e., Rp,s(1) ≥ Rp, we have

log2

(
1+

λ(1)Pp|hp,s(1)|2

σ 2

)
≥ Rp, (3)

⇒ λ(1) ≥

(
2Rp − 1

)
σ 2

Pp|hp,s(1)|2
,

⇒ λ(1) ≥ τ (1), (4)

where τ (1) = γp,0σ
2

Pp|hp,s(1)|2
and γp,0 = 2Rp − 1 is defined as the

signal-to-noise ratio (SNR) threshold required for success-
fully decoding xp. With perfect CSI at the receiver side, which
is a widely adopted assumption in existing works and can be
achieved by using conventional training sequences [7], [47],
[48], ST is able to dynamically determine a suitable power
splitting factor λ(1) in advance. To be specific, if τ (1) ≤ 1,
it means that xp can be successfully decoded right after the
first transmission. Then we let λ(1) = τ (1) and ST simply
performs EH in the rest (N − 1) time slots of the first phase.
Otherwise if τ (1) > 1, it means ST could not decode xp even
using the entire signal observation ys(1). Then the ST will not
attempt to decode xp in the first time slot, i.e., λ(1) = 1, and
wait until the next time slot in which all previously received
signals can be exploited for decoding xp potentially, so on and
so forth.

For the case that xp cannot be decoded by the ST until the
tth time slot, we have λ(1) = · · · λ(t − 1) = 1 Then all
previously received signals ys (1) , · · · , ys (t − 1), together
with a fraction λ(t) of the currently received signal ys (t) can
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be exploited for decoding xp, whose achievable rate can be
expressed as

Rp,s(t)= log2

1+
Pp
(∑t−1

i=1 |hp,s (i) |
2
+ λ(t)|hp,s(t)|2

)
σ 2

 .
(5)

For ST to successfully decode xp at the tth time slot,
i.e., Rp,s(t) ≥ Rp, similarly we have

λ(t) ≥ τ (t), (6)

where τ (t) =
γp,0σ

2
−Pp

∑t−1
i=1 |hp,s(i)|

2

Pp|hp,s(t)|2
.

Remark 1: Although the PT performs retransmissions and
the ST exploits the received signals across multiple time slots
for decoding xp in the first phase, the conventional Type-II
HARQ schemes [39]–[41] cannot be directly transplanted to
the proposed energy-aware retransmission approach. While
the retransmissions and ACK/NAK feedbacks are performed
primarily for reliable information delivery in Type-II HARQ,
in our considered energy-constrained system the retransmis-
sions are performed to enable the off-the-grid ST not only
to successfully decode the PU’s message in the first phase,
but also to collect a reasonable amount of energy for the
subsequent relaying transmission in the second phase. Since
it is not straightforward to reflect if sufficient energy is
already harvested by the ST or how much more energy is
still needed by ACK/NAK feedbacks, we consider a scenario
where the PT transmits xp simply for N times in the first
phase. As shown later in Section V, although the transmis-
sions of xp are fixed for N times, N needs to be prudentially
designed for reaching a balance between the information to be
delivered and the energy harvested, such that the throughput
performance of the system can be significantly improved.

Depending on when xp can be successfully decoded in the
first phase, we have the following mutually exclusive events.

• E1 ={
⋃N

t=1 E
(t)
1 | E

(t)
1 : xp is successfully decoded right

after the tth time slot, i.e., τ (1) ≤ 1 when t = 1 and
τ (t) ≤ 1 < τ (1), · · · , τ (t − 1) when t ≥ 2};

• E2 ={xp fails to be decoded after N time slots,
i.e., τ (1), · · · , τ (N ) > 1}.

Under event E1 that xp is successfully decoded by the ST at
the tth time slot, where t ∈ {1, · · · ,N }, the energy harvested
by the ST at the end of the first phase can be expressed as

EN ,th = ηPp

 N∑
i=t+1

|hp,s(i)|2 + λ(t)|hp,s(t)|2

 , (7)

where η denotes the energy conversion efficiency. Then in
the second phase, with a power allocation factor α between
xp and xs, a composite signal

xc =
√
αxp +

√
1− αxs (8)

is transmitted by the ST with all energy harvested, as given
in (7). The corresponding received signal at the PR and the

SR at the end of the second phase is thus given as

yk =
√
PN ,ts hs,kxc + nk , k ∈ {p, r}

=

√
αPN ,ts hs,kxp +

√
(1− α)PN ,ts hs,kxs + nk , (9)

where PN ,ts denotes the corresponding transmit power at
the ST. Please note that since each time slot is assumed
to be of equal unit duration, we have PN ,ts = EN ,th =

ηPp
(∑N

i=t+1 |hp,s(i)|
2
+ λ(t)|hp,s(t)|2

)
.

On the other hand, under event E2, the ST simply remains
silent in the second phase, which results in an outage for both
the PU and the SU.

III. PERFORMANCE ANALYSIS OF THE PROPOSED
SCHEME
A. OUTAGE ANALYSIS OF PU
From (9), the corresponding received signal-to-interference-
plus-noise ratio (SINR) at the PR at the end of the second
phase can be expressed as

γ N ,tp =
αPN ,ts |hs,p|

2

(1− α)PN ,ts |hs,p|2 + σ 2
, (10)

and an outage occurs when γ N ,tp < γp,0. Thus the
end-to-end outage probability of the PU is analytically
derived in Theorem 1.
Theorem 1: For the considered SWIPT-based CCRN

under the proposed retransmission scheme, taking into
account of all possible events E1 and E2 in the first phase,
the end-to-end outage probability of the PU can be obtained
by

Op =
N∑
t=1

Pr
{
E (t)
1

⋂
{γ N ,tp < γp,0}︸ ︷︷ ︸
E (t)
1,out

}
+ Pr {E2} . (11)

Proof: Pr{E (t)
1,out} and Pr{E2} are derived in Lemma 1 and

Lemma 2 respectively.
Lemma 1: For event E (t)

1,out where xp is successfully
decoded right after the tth time slot in the first phase but
fails to be decoded by PR in the second phase, by letting
x =

∑t−1
i=1 |hp,s(i)|

2, y = |hp,s(t)|2, z =
∑N

i=t+1 |hp,s(i)|
2,

and w = |hs,p|2, the corresponding probability Pr{E (t)
1,out} can

be derived as
e−ςς t−1

(t − 1)!
, 0 < α ≤

γp,0

1+ γp,0
e−ςς t−1

(t − 1)!

[
1−

∫
∞

0 fZ (z)0
(
1,dvp,sz;φ

)
dz

(N−t−1)!

]
,
γp,0

1+ γp,0
< α < 1,

(12)

where ς =
dvp,sγp,0σ

2

Pp
, φ =

dvp,sd
v
s,pγp,0σ

2

η[α−(1−α)γp,0]Pp , fZ (z) =

zN−t−1dv(N−t)p,s , and 0(a, x; b) is the generalized incomplete
Gamma function defined by 0(a, x; b) ,∫
∞

x ta−1e

(
−t− b

t

)
dt [49].

Proof: See Appendix A.
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Lemma 2: For event E2 where xp fails to be decoded after
N time slots in the first phase, by letting x =

∑N
i=1 |hp,s(i)|

2,
the corresponding probability can be derived as

Pr{E2} = Pr

{
x <

γp,0σ
2

Pp

}

=

∫ δ

0

xN−1dvNp,s e
−dvp,sx

(N − 1)!
dx

=
γ (N , ς)
(N − 1)!

, (13)

where δ = γp,0σ
2

Pp
and γ (a, x) =

∫ x
0 e
−t ta−1dt denotes the

incomplete gamma function [50].

B. OUTAGE ANALYSIS OF SU
In SWIPT-based cooperative communication systems,
the ST-SR pair is usually located close to the PT to achieve a
higher efficiency of wireless power transfer, which increases
the possibility of successfully decoding xp at the SR in the
first phase. Additionally, the PU’s message is transmitted N
times in the first phase, which further enhances the chance of
successfully decoding xp at the SR. Thus, to focus our work
on the performance analysis of the proposed energy-aware
retransmission scheme, a best-case scenario is considered for
the SU where the SR can always correctly decode xp in the
first phase, thus completely removing it from yr in the second
phase [22], [23], [26]. Then from (9), the effectively received
signal at the SR in the second phase is given as

y′r =
√
(1− α)PN ,ts hs,rxs + nr . (14)

The corresponding received SNR at the SR is thus expressed
as

γ N ,ts =
(1− α)PN ,ts |hs,r |

2

σ 2 . (15)

Then the end-to-end outage probability of the SU can be
similarly derived in Theorem 2.
Theorem 2: For the considered SWIPT-based CCRN

under the proposed retransmission scheme, defining γs,0 =
2Rs−1 as the SNR threshold required for successfully decod-
ing xs, the end-to-end outage probability of the SU can be
obtained by

Os =
N∑
t=1

Pr
{
E (t)
1

⋂
{γ N ,ts < γs,0}︸ ︷︷ ︸
E (t)
1,out

}
+ Pr {E2} . (16)

Proof: Pr{E (t)
1,out} are derived in Lemma 3 and Pr{E2} is

given in (13).
Lemma 3: For event E (t)

1,out where xp is successfully
decoded right after the tth time slot in the first phase, but xs
fails to be decoded by the SR in the second phase, by letting
x =

∑t−1
i=1 |hp,s(i)|

2, y = |hp,s(t)|2, z =
∑N

i=t+1 |hp,s(i)|
2 and

w = |hs,r |2, the corresponding probability can be derived as

Pr{E (t)
1,out} =

e−ςς t−1

(t − 1)!

1−
∫
∞

0 fZ (z)0
(
1, dvp,sz;ψ

)
dz

(N − t − 1)!

 ,
(17)

where ψ =
dvp,sd

v
s,rγs,0σ

2

η(1−α)Pp
.

Proof: See Appendix B.

C. OUTAGE ANALYSIS OF THE BASELINE SCHEME
For the baseline scheme with only a single transmission in
the first phase, i.e., N = 1, an outage occurs for the PU
either when xp cannot be decoded successfully at ST in the
first phase, or it is decoded and forwarded by the ST but fails
to be decoded by the PR in the second phase. Then by letting
x = |hp,s|2 and y = |hs,p|2, the corresponding end-to-end
outage probability of the PU can be obtained by

Op = Pr

{
Pp|hp,s|2

σ 2 < γp,0

}
+ Pr

{
Pp|hp,s|2

σ 2 ≥ γp,0,

αPN ,ts |hs,p|
2

(1− α)PN ,ts |hs,p|2 + σ 2
< γp,0

}
= Pr

{
x <

γp,0σ
2

Pp

}
+ Pr

{
x ≥

γp,0σ
2

Pp
,

ξη
(
Ppx − γp,0σ 2

)
y < γp,0σ

2
}
. (18)

Similar to the derivations in Lemma 3 and Lemma 1, depend-
ing on the value of ξ , (18) can be divided into two cases:

1) WHEN 0 < α ≤
γp,0

1+γp,0
we have from (18)

Op = Pr

{
x <

γp,0σ
2

Pp

}
+ Pr

{
x ≥

γp,0σ
2

Pp

}
= 1. (19)

2) WHEN
γp,0

1+γp,0
< α < 1

(18) can be rewritten as

Op = Pr

{
x <

γp,0σ
2

Pp

}
+ Pr

{
x ≥

γp,0σ
2

Pp
,

y <
γp,0σ

2

ξη
(
Ppx − γp,0σ 2

)}

= 1−
∫
∞

δ

dvp,se
−dvp,sx−d

v
s,p

γp,0σ
2

ξη(Ppx−γp,0σ
2) dx

= 1− 2e−ς
√
φK1

(
2
√
φ
)
, (20)

where Kv(·) denotes the modified Bessel function of the sec-
ond kind with order v [50].

Similarly, by letting x = |hp,s|2 and y = |hs,r |2,
we can obtain the end-to-end outage probability of
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the SU as

Os = Pr

{
x <

γp,0σ
2

Pp

}

+ Pr

{
x ≥

γp,0σ
2

Pp
, y <

γs,0σ
2

(1− α) η
(
Ppx − γp,0σ 2

)}

= 1−
∫
∞

δ

dvp,se
−dvp,sx−

dvs,r γs,0σ
2

(1−α)η(Ppx−γp,0σ2) dx

= 1− 2e−ς
√
ψK1

(
2
√
ψ
)
. (21)

D. THROUGHPUT ANALYSIS
In the proposed retransmission scheme, a primary (or sec-
ondary) message is delivered over (N+1) time slots. Then the
average throughput, which is defined as the amount of data
successfully delivered per time slot [14], can be expressed as

Tp =

(
1− Op

)
Rp

N + 1
, (22)

Ts =
(1− Os)Rs
N + 1

, (23)

for the PU and the SU, respectively.

IV. ANALYSIS OF LOWER AND UPPER BOUNDS
From the above analysis in Section III, although closed-form
outage expressions can be obtained for the baseline scheme
with only a single transmission in the first phase, the out-
age expressions for the proposed retransmission scheme are
complex in general and contain some integrals that cannot
be further simplified. To get simpler results and provide ana-
lytical insights on the system performance, next we attempt
to analytically derive the lower and upper bounds for the
performance of the proposed retransmission scheme.

A. LOWER AND UPPER BOUNDS FOR PU
1) LOWER BOUND ANALYSIS
To characterize the performance lower bound, we consider an
ideal scenario where the ST can always decode xp success-
fully in the first phase and the decoding process consumes
negligible energy, i.e., all the received signals at the ST over
N time slots in the first phase are used for EH. Then the
corresponding received SINR at the PR in the second phase
can be expressed as

γ Np =
αPNs |hs,p|

2

(1− α)PNs |hs,p|2 + σ 2 , (24)

with the transmit power

PNs = ηPp
N∑
i=1

|hp,s(i)|2. (25)

Thus an outage occurs for the PU with a probability

Olower
p = Pr

{
γ Np < γp,0

}
, (26)

as derived in Theorem 3.

Theorem 3: For the considered ideal scenario where the
ST can always decode xp and all received signals in the first
phase can be used for EH, the corresponding performance
lower bound for the end-to-end outage probability of the
PU can be derived as

Olower
p =


1, 0 < α ≤

γp,0

1+ γp,0

1−
2φ

N
2 KN

(
2
√
φ
)

(N − 1)!
,

γp,0

1+ γp,0
< α < 1.

(27)

Proof: See Appendix C.

2) UPPER BOUND ANALYSIS
To characterize the performance upper bound, we consider
a conservative scenario where a received signal ys(t) at the
ST can be either used for ID or EH, but cannot be split for ID
and EH simultaneously. Then conditioned on the event E1 that
xp is successfully decoded by the ST at the tth time slot for
t ∈ {1, · · · ,N − 1}, only the subsequently received signals
ys(t + 1), · · · , ys(N ) are used for EH at the ST. By contrast
to (7), the corresponding energy available at the ST can be
expressed as

EN ,th = ηPp
N∑

i=t+1

|hp,s(i)|2. (28)

Similar to (10), the received SINR at the PR in the second
phase can be expressed as

γ N ,tp =
αPN ,ts |hs,p|

2

(1− α)PN ,ts |hs,p|2 + σ 2
, (29)

where PN ,ts = ηPp
∑N

i=t+1 |hp,s(i)|
2.

Theorem 4: For the considered conservative scenario
where the received signal ys(t) cannot be split for ID and
EH simultaneously, following the same analytical frame-
work as in Theorem 1, the corresponding performance upper
bound for the end-to-end outage probability of the PU can be
obtained as

Oupper
p =

N−1∑
t=1

Pr
{
E (t)
1

⋂
{γ N ,tp < γp,0}︸ ︷︷ ︸
E (t)
1,out

}
+ Pr {E2} . (30)

Proof: Pr{E (t)
1,out} and Pr{E2} are derived in Lemma 4 and

Lemma 5, respectively.
Lemma 4: For event E (t)

1,out where xp is successfully
decoded right after the tth time slot in the first phase but fails
to be decoded by PR in the second phase, the corresponding
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probability Pr{E (t)
1,out} can be derived as

e−ςς t−1

(t − 1)!
, 0 < α ≤

γp,0

1+ γp,0
e−ςς t−1

(t − 1)!

[
1−

2φ
N−t
2 KN−t

(
2
√
φ
)

(N − t − 1)!

]
,

γp,0

1+ γp,0
< α < 1.

(31)

Proof: See Appendix D.
Lemma 5: For event E2 where xp fails to be decoded

after (N − 1) time slots in the first phase, by letting
x =

∑N−1
i=1 |hp,s(i)|

2, the corresponding probability can be
derived as

Pr{E2} = Pr

{
x <

γp,0σ
2

Pp

}

=

∫ δ

0

xN−2dv(N−1)p,s e−d
v
p,sx

(N − 2)!
dx

=
γ (N − 1, ς)
(N − 2)!

. (32)

B. LOWER AND UPPER BOUNDS FOR SU
1) LOWER BOUND ANALYSIS
For the considered ideal scenario in Theorem 3, the perfor-
mance lower bound for the end-to-end outage probability of
the SU can be similarly derived as

Olower
s = 1−

2ψ
N
2 KN

(
2
√
ψ
)

(N − 1)!
. (33)

2) UPPER BOUND ANALYSIS
For the considered conservative scenario in Theorem 4, from
(14) and (28), the corresponding received SNR at the SR in
the second phase can be expressed as

γ N ,ts =
(1− α)PN ,ts |hs,r |

2

σ 2 , (34)

where PN ,ts = ηPp
∑N

i=t+1 |hp,s(i)|
2. Then following the

same analytical framework as in Theorem 4, the correspond-
ing performance upper bound for the end-to-end outage prob-
ability of the SU can be obtained by

Oupper
s =

N−1∑
t=1

Pr
{
E (t)
1

⋂
{γ N ,ts < γs,0}︸ ︷︷ ︸
E (t)
1,out

}
+ Pr {E2} . (35)

Similar to the derivations in Lemma 4, Pr{E (t)
1,out} in (35)

can be derived as

Pr{E (t)
1,out} =

e−ςς t−1

(t − 1)!

[
1−

2ψ
N−t
2 KN−t

(
2
√
ψ
)

(N − t − 1)!

]
, (36)

and Pr{E2} is given in (32).

V. SIMULATION RESULTS
In this section, simulation results are presented to demon-
strate the performance of the considered SWIPT-based
CCRN, where the effects of different system parameters are
illustrated. To reflect the relative locations of PT-PR and
ST-SR, we let dp,s = 1.5 m, ds,p = 1 m, and ds,r = 1 m,
respectively. For ease of illustration, we let the power allo-
cation factor α = 0.8, the energy conversion efficiency
η = 0.8, the primary transmit SNR Pp

σ 2
= 15 dB, the path-

loss exponent v = 3, the duration of a time slot equal to
1 second, the target rate Rp = Rs = R0 = 1.5 bits/s/Hz,
and the retransmission threshold N = 3 respectively, unless
otherwise specified. Both the analytical results obtained in
this paper and the Monte Carlo simulation results, which are
represented by lines and markers respectively, are demon-
strated in the following Fig. 3-Fig. 9.

Fig. 3 displays the effects of different system parameters on
the outage performance of the PU and the SU. It is observed
that while an overall better system outage performance is
achieved with a higher Pp

σ 2
, as shown in Fig. 3(a), the cor-

responding performance is degraded with a higher target
rate R0, as shown in Fig. 3(b). Furthermore, for both the PU
and the SU, it is observed in Fig. 3(a) and Fig. 3(b) that the
actual outage probability is tightly bounded between the ana-
lytically derived performance lower and upper bounds, espe-
cially in the high SNR regime where the performance upper
bound approaches the actual system performance. Addition-
ally, Op and Os are plotted with respect to the number of
retransmissions N in Fig. 3(c), where it is observed that the
overall performance is improved with an increase of N . This
is reasonable as with a higher number of retransmissions,
the primary signal can be successfully decoded by ST with
a higher probability, and at the same time more energy can
be harvested for the subsequent relaying transmission. Again,
it is observed that the actual outage probability is tightly
bounded between the derived performance lower and upper
bounds.

In Fig. 4, the average throughput achieved by PU and
SU, i.e., Tp and Ts, is demonstrated with respect to varying
values of the power allocation factor α. It is observed that a
performance tradeoff exists between the PU and the SU in the
considered SWIPT-based CCRN. This is reasonable as with
a greater α, more energy is allocated to forward the primary
signal at ST, which ends up with a higher Tp while decreasing
Ts accordingly. While almost no data can be successfully
delivered for the PU when α ≤ 0.65, it is observed that
the sum throughput of the system, i.e., Tp + Ts, reaches the
maximum at around α = 0.8, at which a reasonably good per-
formance can be achieved for the PU and SU simultaneously.

In Fig. 5, the impact of N on Tp is demonstrated under
different values of Pp

σ 2
and Rp. From Fig. 5(a), while an

overall higher Tp is achieved with a higher transmit SNR Pp
σ 2
,

it is observed that there exists a performance tradeoff with
different selections of N . This is reasonable as when N is
very small, with an increasing N the primary signal xp is
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FIGURE 3. The effects of different parameters on the system outage
performance.

more likely to be decoded by STwhile collectingmore energy
in the first phase, thus bringing a throughput improvement.
However, when N becomes unnecessarily large, although the
outage performance can be improved slightly as can be seen
in Fig. 3(a), the average throughput is severely degraded
owing to the more time slots occupied. Furthermore, it is
observed that with a lower Pp

σ 2
, it tends to adopt a higher num-

ber N of retransmissions to enable the successful decoding
and delivery of the primary signal.

Similar performance tradeoff can be observed in Fig. 5(b),
where N needs to be prudentially selected for enhancing the
throughput Tp under different values of Rp. To be specific,
with a small Rp = 1 bit/s/Hz, since xp can be easily decoded

FIGURE 4. System average throughput versus the power allocation
factor α.

FIGURE 5. Tp with respect to N .

by ST and delivered to PR, there is no need to perform
retransmissions in the first phase, i.e., N = 1. However,
with an increasing Rp, since it becomes difficult for ST to
decode xp, generally a higher number N of retransmissions
are required in the first phase to decode xp while collecting
sufficient energy to enable the successful information deliv-
ery in the second phase. Similarly, it is observed that with a
greater target rate Rp, it is preferred to adopt a higher num-
ber N of retransmissions for enhancing the corresponding
throughput performance.

For a better illustration of the performance gains achieved
by the proposed retransmission scheme, Tp is plotted
with respect to varying values of Pp

σ 2
and Rp in Fig. 6.

120810 VOLUME 7, 2019



Q. Li et al.: Cooperative Spectrum Sharing on SWIPT-Based DF Relay: Energy-Aware Retransmission Approach

FIGURE 6. Tp with respect to
Pp
σ2 and Rp under different values of N .

From Fig. 6(a), it is observed that for the baseline scheme
with only a single transmission in the first phase, although
a higher throughput is achieved in the high SNR regime
asymptotically, the corresponding throughput is severely
degraded in the low SNR regime where little data can be
successfully delivered. By contrast, with a proper number of
retransmissions in the first phase, e.g., N = 4, even in the
low power regime, it is still possible for xp to be success-
fully decoded by ST while collecting a certain amount of
energy for the subsequent relaying transmission, thus achiev-
ing a better throughput performance. Furthermore, with
increasing Pp

σ 2
, it requires a smaller number N of retransmis-

sions for enhancing Tp.
A performance tradeoff with respect to Rp is observed

in Fig. 6(b), where an appropriate target rate Rp needs to be
prudentially selected for enhancing Tp. This is reasonable as
in the low and high rate regimes, the throughput performance
will be limited by the low rate and high outage probability
respectively, as given in (22). Similarly, although a higher Tp
is achieved for the case with only a single transmission in
the low rate regime, the corresponding throughput is severely
degraded in the high rate regime where almost no data can be
successfully delivered. By contrast, with a proper number of
retransmissions, e.g., N = 4, it is still possible for the system
to reliably deliver some data in the high rate regime.

From the above observations in Fig. 6, it generally
requires a smaller (or larger) number N of retransmissions
with increasing Pp

σ 2
(or Rp). This translates into additional

FIGURE 7. Tp with respect to varying distances/locations of nodes.

performance gains of the proposed retransmission scheme,
especially in the unfavorable conditions of low power and
high rate.

To reflect the impact of varying distances/locations of
the communication terminals, we consider a network topol-
ogy shown in Fig. 7(a). As can be seen, PT, PR, ST, SR
are located at the original (0, 0), (dp,p, 0), (d0,−1), and
(d0,−2), respectively and ST-SR moves along the X-axis
where d0 ∈ (0, dp,p). Based on this network topology,
the average throughput Tp is plotted versus dp,p in Fig. 7(b)
where Pp

σ 2
= 45 dB and d0

dp,p
= 0.5. It is clearly observed

that with an increase in dp,p, since all channels become weak
in general, the overall throughput performance is degraded.
Furthermore, for the baseline schemewith only a single trans-
mission in the first phase, although a higher Tp is achieved
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FIGURE 8. Tp versus Op under different values of Rp and N .

under strong channel conditions, the corresponding through-
put performance is severely degraded under weak channel
conditions where PT, ST and PR are far apart from each
other. By contrast, even under very weak channel conditions,
with a proper number of retransmissions, e.g., N = 4, it is
still possible for the ST to reliably deliver some information
to PR.

The impact of varying locations of ST is demonstrated
in Fig. 7(c), where Tp is plotted versus d0

dp,p
under different

values of dp,p with
Pp
σ 2
= 45 dB. It can be observed that the

overall throughput performance is degraded as dp,p increases,
which is consistent with Fig. 7(d). Furthermore, it is observed
that the throughput performance is almost symmetric with
respect to the location of the ST and it is preferred that
ST is located either close to PT or to PR. This can be
expected because when ST is located in the middle of PT
and PR, the throughput performance suffers from the worse
relay channel PT→ST or ST→PR, and the limited energy
harvested. Similarly, it is observed that for enhancing the
throughput performance, the number N of retransmissions
needs to be properly selected by taking into account the
channel conditions (e.g., distances and locations of nodes).

From the above observations in Fig. 5-Fig. 7, in order to
take the full advantage of the proposed energy-aware retrans-
mission scheme, the value of N needs to be prudentially
designed by taking into account of the transmit power, the tar-
get rate, and the channel conditions. In general, it favors a
higher number of retransmissions when the transmit power
is low, the target rate is high or the channels become worse,
where additional performance gains can be achieved com-
pared to the conventional baseline scheme with N = 1.
Together with Fig. 3(b) and Fig. 6(b), Fig. 3(c) and Fig. 5,

Tp is drawn versus Op in Fig. 8 under different values of Rp
with N = 4, and under different values of N with
Rp = 1.5 bits/s/Hz, respectively. It is clearly observed that
Tp and Op cannot reach their optimum values simultane-
ously. From the perspective of the varying target rate Rp, this
performance tradeoff between Tp and Op is mainly due to
the fact that in the low-outage region Tp is limited by the
low information rate Rp, whereas in the high-rate region Tp

FIGURE 9. System energy efficiency versus primary transmit power Pp.

is limited by the high outage probability Op, as consistent
with Fig. 6(b). On the other hand, from the perspective of
the varying number of retransmissions N , this performance
tradeoff between Tp andOp is mainly due to the fact that in the
low-outage region, Tp is limited by the great retransmission
number N , whereas in the low-N region Tp is limited by
the high outage probability Op, as consistent with Fig. 5.
Thus, for maximizing the system average throughput, both
the target rate Rp and the number N of retransmissions need
to be properly designed by accounting for the transmit SNR
and the channel conditions.

To provide more insights, the system energy efficiency,
which is defined as the successfully delivered information
bits per joule, i.e., Tp+TsPp

, is plotted in Fig. 9 with respect to Pp
under different values of N . Here we let Pp = 5 ∼ 30 dBm
and σ 2

= 0 dBm which corresponds to a SNR ranging from
5 dB to 30 dB. As can be seen, with increasing Pp, the sys-
tem energy efficiency firstly increases, and then decreases
after reaching its maximum. Furthermore, it is observed that
significant performance gains are achieved by the proposed
retransmission scheme with a proper selection of the number
of retransmissions (e.g., N = 2, 4) over the baseline scheme
with only a single transmission in the first phase, in both low
and modest SNR regions.

VI. CONCLUSION
In this paper, cooperative spectrum sharing is achieved
between the PU and the SU with the assistance of a
SWIPT-based cognitive relay. Based on a two-phase
DF relaying model, the cognitive relay attempts to forward
both the decoded primary signal and its own secondary
signal by using the energy scavenged from the RF radiations
of the PU. To improve system reliability while delivering
more data, a retransmission scheme is proposed to utilize the
energy harvested efficiently. Simulation results demonstrate
that mutual benefits result for the PU and the SU with an
appropriate power allocation between them. Furthermore,
with a proper selection of the number of retransmissions, sig-
nificant performance gains can be achieved by the proposed
retransmission scheme over a conventional scheme with only
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single transmission in the first phase, especially in the adverse
conditions of high rate, low power, and weak channels.

APPENDIX A
PROOF OF LEMMA 1
By letting x =

∑t−1
i=1 |hp,s(i)|

2, y = |hp,s(t)|2, z =∑N
i=t+1 |hp,s(i)|

2, and w = |hs,p|2, and substituting (10)
into (11), the probability Pr{E (t)

1,out} can be expressed as

Pr

{
x <

γp,0σ
2

Pp
, x + y ≥

γp,0σ
2

Pp
,

αη
[
Pp(x + y+ z)− γp,0σ 2

]
w

(1− α)η
[
Pp(x + y+ z)− γp,0σ 2

]
w+ σ 2

< γp,0

}
= Pr

{
x < δ, x + y ≥ δ,

ξη
[
Pp(x + y+ z)− γp,0σ 2

]
w < γp,0σ

2
}
, (37)

where ξ = α− (1−α)γp,0 and δ =
γp,0σ

2

Pp
. Then we have the

following two cases.

A. WHEN 0 < α ≤
γp,0

1+γp,0
In this case, we have ξ ≤ 0. Then from (37), the correspond-
ing outage probability can be rewritten as

Pr {x < δ, x + y ≥ δ, z > 0,w > 0}

=

∫ δ

0

∫
∞

δ−x

∫
∞

0

x t−2zN−t−1dvNp,s e
−dvp,s(x+y+z)

(t − 2)! (N − t − 1)!
dzdydx

=
e−ςς t−1

(t − 1)!
, (38)

where ς =
dvp,sγp,0σ

2

Pp
and 0(·) denotes the gamma

function [50].
Here (38) is obtained by exploiting the property of the

sum of a group of independent and identically distributed
(i.i.d) random variables. To be specific, for a group of l i.i.d
exponential random variables with a mean value ρ−1, it has
been proven that the sum of these random variables, denoted
by z, follows a Gamma distribution with probability density
function [45]

fZ (z) =


z(l−1)e−ρzρl

(l − 1)!
, z > 0

0, else.
(39)

This property is similarly utilized to analyze the performance
of the proposed scheme in the rest of the paper.

B. WHEN
γp,0

1+γp,0
< α < 1

In this case, we have ξ > 0. Then (37) can be written as

Pr

{
x < δ, x + y ≥ δ, z > 0 ,

w <
γp,0σ

2

ξη
[
Pp(x + y+ z)− γp,0σ 2

]}

=

∫ δ

0

∫
∞

δ−x

∫
∞

0

x t−2zN−t−1dvNp,s e
−dvp,s(x+y+z)

(t − 2)! (N − t − 1)!1− e−dvs,p γp,0σ
2

ξη(Pp(x+y+z)−γp,0σ2)

 dzdydx
=

e−ςς t−10 (N − t)
(t − 1)!(N − t − 1)!

−

∫ δ

0

∫
∞

0

x t−2zN−t−1dvNp,s
(t − 2)!(N − t − 1)!∫

∞

δ−x
e
−ς−dvp,s(x+y+z−δ)−

φ

dvp,s(x+y+z−δ) dydzdx

=
e−ςς t−1

(t − 1)!

1−
∫
∞

0 fZ (z)0
(
1, dvp,sz;φ

)
dz

(N − t − 1)!

 , (40)

where φ =
dvp,sd

v
s,pγp,0σ

2

η[α−(1−α)γp,0]Pp , fZ (z) = zN−t−1dv(N−t)p,s , and
0(a, x; b) is the generalized incomplete Gamma function

defined by 0(a, x; b) ,
∫
∞

x ta−1e

(
−t− b

t

)
dt [49].

Together with the above two cases analyzed in (38)
and (40), Lemma 1 is proved.

APPENDIX B
PROOF OF LEMMA 2
By letting x =

∑t−1
i=1 |hp,s(i)|

2, y = |hp,s(t)|2, z =∑N
i=t+1 |hp,s(i)|

2 and w = |hs,r |2, and substituting (15)
into (16), the corresponding probability Pr{E (t)

1,out} can be
derived as

Pr
{
x <

γp,0σ
2

Pp
, x + y ≥

γp,0σ
2

Pp
,

(1− α) η
[
Pp(x + y+ z)− γp,0σ 2

]
w < γs,0σ

2
}

=

∫ δ

0

∫
∞

δ−x

∫
∞

0

x t−2zN−t−1dvNp,s e
−dvp,s(x+y+z)

(t − 2)! (N − t − 1)!1− e−dvs,r γs,0σ
2

(1−α)η(Pp(x+y+z)−γp,0σ2)

 dzdydx
=

∫ δ

0

∫
∞

δ−x

∫
∞

0
f (x, y, z)

[
1−8(x, y, z)

dvs,r γs,0
1−α

]
dzdydx

=
e−ςς t−10 (N − t)
(t − 1)!(N − t − 1)!

−

∫ δ

0

∫
∞

0

x t−2zN−t−1dvNp,s
(t − 2)!(N − t − 1)!∫

∞

δ−x
e
−ς−dvp,s(x+y+z−δ)−

ψ

dvp,s(x+y+z−δ) dydzdx

=
e−ςς t−1

(t − 1)!

1−
∫
∞

0 fZ (z)0
(
1, dvp,sz;ψ

)
dz

(N − t − 1)!

 , (41)

where ψ =
dvp,sd

v
s,rγs,0σ

2

η(1−α)Pp
.

Thus Lemma 2 is proved.

APPENDIX C
PROOF OF THEOREM 3
By letting x =

∑N
i=1 |hp,s(i)|

2 and y = |hs,p|2, and
substituting (24) into (26), the probability Olower

p can be
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expressed as

Olower
p = Pr

{
αηPpxy

(1− α)ηPpxy+ σ 2 < γp,0

}
= Pr

{
ξηPpxy < γp,0σ

2
}
. (42)

Similarly, we have the following two cases.

A. WHEN 0 < α ≤
γp,0

1+γp,0
In this case, we have ξ ≤ 0. Then from (42), the correspond-
ing outage probability can be rewritten as

Olower
p = Pr {x > 0, y > 0}

=

∫
∞

0

xN−1dvNp,s e
−dvxp,s

(N − 1)!
dx

= 1. (43)

B. WHEN
γp,0

1+γp,0
< α < 1

In this case, we have ξ > 0. Then (42) can be written as

Olower
p = Pr

{
x > 0, y <

γp,0σ
2

ξηPpx

}

=

∫
∞

0 xN−1dvNp,s e
−dvxp,s (1− e

−dvs,p
γp,0σ

2

ξηPpx )dx

(N − 1)!

= 1−
2φ

N
2 KN

(
2
√
φ
)

(N − 1)!
. (44)

Together with the above two cases analyzed in (43)
and (44), Theorem 3 is proved.

APPENDIX D
PROOF OF LEMMA 4
By letting x =

∑t−1
i=1 |hp,s(i)|

2, y = |hp,s(t)|2, z =∑N
i=t+1 |hp,s(i)|

2, and w = |hs,p|2, and substituting (29)
into (30), the probability Pr{E (t)

1,out} can be expressed as

Pr

{
x <

γp,0σ
2

Pp
, x + y ≥

γp,0σ
2

Pp
,

αηPpzw
(1− α)ηPpzw+ σ 2 < γp,0

}
= Pr

{
x < δ, x + y ≥ δ, ξηPpzw < γp,0σ

2
}
. (45)

Then we have the following two cases.

A. WHEN 0 < α ≤
γp,0

1+γp,0
In this case, we have ξ ≤ 0. Then from (45), the correspond-
ing outage probability can be rewritten as

Pr {x < δ, x + y ≥ δ, z > 0,w > 0}

=

∫ δ

0

∫
∞

δ−x

x t−2dvtp,se
−dvp,s(x+y)

(t − 2)!
dydx∫

∞

0

zN−t−1dv(N−t)p,s e−d
vz
p,s

(N − t − 1)!
dz

=
e−ςς t−1

(t − 1)!
. (46)

B. WHEN
γp,0

1+γp,0
< α < 1

In this case, we have ξ > 0. Then (45) can be written as

Pr

{
x < δ, x + y ≥ δ, z > 0,w <

γp,0σ
2

ξηPpz

}

=

∫ δ

0

∫
∞

δ−x

∫
∞

0

x t−2zN−t−1dvNp,s e
−dvp,s(x+y+z)

(t − 2)! (N − t − 1)!(
1− e

−dvs,p
γp,0σ

2

ξηPpz

)
dzdydx

= e−ςς t−1
∫
∞

0 zN−t−1dv(N−t)p,s e−d
vz
p,s (1− e

−dvs,p
γp,0σ

2

ξηPpz )dz

(t − 1)!(N − t − 1)!

=
e−ςς t−1

(t − 1)!

[
1−

2φ
N−t
2 KN−t

(
2
√
φ
)

(N − t − 1)!

]
. (47)

Together with the above two cases analyzed in (46)
and (47), Lemma 4 is proved.
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