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Abstract—In this paper, the application of simultaneous wire-
less information and power transfer (SWIPT) to non-orthogonal
multiple access (NOMA) networks in which users are spatially
randomly located is investigated. A new cooperative SWIPT
NOMA protocol is proposed, in which near NOMA users that
are close to the source act as energy harvesting relays to help
far NOMA users. Since the locations of users have a significant
impact on the performance, three user selection schemes based
on the user distances from the base station are proposed. To
characterize the performance of the proposed selection schemes,
closed-form expressions for the outage probability and system
throughput are derived. These analytical results demonstrate that
the use of SWIPT will not jeopardize the diversity gain compared
to the conventional NOMA. The proposed results confirm that
the opportunistic use of node locations for user selection can
achieve low outage probability and deliver superior throughput
in comparison to the random selection scheme.

Index Terms—Non-orthogonal multiple access, simultaneous
wireless information and power transfer, stochastic geometry,
user selection

I. I NTRODUCTION

Non-orthogonal muliple access (NOMA) is an effective
solution to improve spectral efficiency and has recently re-
ceived significant attention for its promising applicationin
fifth generation (5G) networks [1]. The key idea of NOMA
is to realize multiple access (MA) in the power domain
which is fundamentally different from conventional orthogonal
MA technologies (e.g., time/frequency/code division MA).
The motivation behind this approach lies in the fact that
NOMA can use spectrum more efficiently by opportunistically
exploring users’ channel conditions [2]. In [3], the authors
investigated the performance of a downlink NOMA scheme
with randomly deployed users. An uplink NOMA transmission
scheme was proposed in [4], and its performance was evalu-
ated systematically. In [2], the impact of user pairing was char-
acterized by analyzing the sum rates in two NOMA systems,
namely, fixed power allocation NOMA and cognitive radio
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inspired NOMA. In [5], a new cooperative NOMA scheme
was proposed and analyzed in terms of outage probability and
diversity gain.

In addition to improving spectral efficiency which is the
motivation of NOMA, another key objective of future 5G net-
works is to maximize energy efficiency. Simultaneous wireless
information and power transfer (SWIPT), which was initially
proposed in [6], has rekindled the interest of researchers
to explore more energy efficient networks. In [6], it was
assumed that both information and energy could be extracted
from the same radio frequency signals at the same time,
which does not hold in practice. Motivated by this issue,
two practical receiver architectures, namely time switching
(TS) receiver and power splitting (PS) receiver, were proposed
in a multi-input and multi-output (MIMO) system in [7].
Since point-to-point communication systems with SWIPT are
well established in the existing literature, recent research on
SWIPT has focused on two common cooperative relaying
systems: amplify-and-forward (AF) and decode-and-forward
(DF). On the one hand, for AF relaying, a TS-based relaying
protocol and a PS-based relaying protocol were proposed
in [8]. On the other hand, for DF relaying, a new antenna
switching SWIPT protocol was proposed in [9] to lower the
implementation complexity. In [10], the application of SWIPT
to DF cooperative networks with randomly deployed relays
was investigated using stochastic geometry in a cooperative
scenario with multiple source nodes and a single destination.
A scenario in which multiple source-destination pairs are
randomly deployed and communicate with each other via a
single energy harvesting relay was considered in [11].

A. Motivation and Contributions

One important advantage of the NOMA concept is that
it can squeeze a user with better channel conditions into
a channel that is occupied by a user with worse channel
conditions [2]. For example, consider a downlink scenario in
which there are two groups of users: 1) near users, which
are close to the base station (BS) and have better channel
conditions; and 2) far users, which are close to the edge
of the cell controlled by the BS and therefore have worse
channel conditions. While the spectral efficiency of NOMA
is superior compared to orthogonal MA, the fact that the
near users co-exist with the far users causes performance
degradation to the far users. In order to improve the reliability
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of the far users, an efficient method was proposed in [5] by
applying cooperative transmission to NOMA. The key idea
of this cooperative NOMA scheme is that the users that are
close to the BS are used as relays to help the far users
with poor channel conditions. The advantage of implementing
cooperative transmission in NOMA systems is that successive
interference cancelation is used at the near users and hence
the information of the far users is known by these near users.
In this case, it is natural to consider the use of the near users
as DF relays to transmit information to the far users.

In this paper, we consider this setting, but with the additional
feature that the near users are energy constrained and hence
harvest energy from their received RF signals. To improve
the reliability of the far NOMA users without draining the
near users’ batteries, we consider the application of SWIPT
to NOMA, where SWIPT is performed at the near NOMA
users. Therefore, the aforementioned two communication con-
cepts, cooperative NOMA and SWIPT, can be naturally linked
together, and a new spectrally and energy efficient wireless
multiple access protocol, namely, the cooperative SWIPT
NOMA protocol, is proposed in this paper. In order to in-
vestigate the impact of the locations of randomly deployed
users on the performance of the proposed protocol, tools from
stochastic geometry are used. Particularly, users are spatially
randomly deployed in two groups via homogeneous Poisson
point processes (PPPs). Here, the near users are grouped
together and randomly deployed in an area close to the BS.
The far users are in the other group and are deployed close to
the edge of the cell controlled by the BS.

Since NOMA is co-channel interference limited, it is im-
portant to combine NOMA with conventional orthogonal MA
technologies and realize a new hybrid MA network. For
example, we can first group users in pairs to perform NOMA,
and then use conventional time/frequency/code division MA
to serve the different user pairs. Note that this hybrid MA
scheme can effectively reduce the system complexity since
fewer users are grouped together for the implementation of
NOMA. Based on the proposed protocol and the considered
stochastic geometric model, a natural question arises: which
near NOMA user should help which far NOMA user? To
investigate the performance of one pair of selected NOMA
users, three opportunistic user selection schemes are proposed,
based on locations of users to perform NOMA as follows:
1) random near user and random far user (RNRF) selection,
where both the near and far users are randomly selected from
the two groups; 2) nearest near user and nearest far user
(NNNF) selection, where a near user and a far user closest
to the BS are selected from the two groups; and 3) nearest
near user and farthest far user (NNFF) selection, where a near
user which is closest to the BS is selected and a far user which
is farthest from the BS is selected. The insights obtained from
these opportunistic user selection schemes provide guidance
for the design of dynamic user clustering algorithms, a topic
beyond the scope of the paper.

The primary contributions of our paper are summarized as
follows.

• We propose a new SWIPT NOMA protocol to improve
the reliability of the far users with the help of the

near users without consuming extra energy. With this
in mind, three user selection schemes are proposed by
opportunistically taking into account the users’ locations.

• We derive closed-form expressions for the outage prob-
ability at the near and far users, when considering the
three proposed user selection schemes. In addition, we
analyze the delay-sensitive throughput based on the out-
age probabilities of the near and far users.

• We derive the diversity gain of the three proposed se-
lection schemes for the near and far users. We conclude
that all three schemes have the same diversity order. For
the far users, it is worth noting that the diversity gain of
the proposed cooperative SWIPT NOMA is the same as
that of a conventional cooperative network without radio
frequency energy harvesting.

• Comparing RNRF, NNNF, and NNFF, we confirm that
NNNF achieves the lowest outage probability and the
highest throughput for both the near and far users.

B. Organization

The rest of the paper is organized as follows. In Section II,
the network model for studying cooperative SWIPT NOMA
is presented. In Section III, new analytical expressions are
derived for the outage probability, diversity gain, and through-
put when the proposed selection schemes, RNRF, NNNF, and
NNFF, are used. Numerical results are presented in Section
IV, which is followed by conclusion in Sections V.

II. N ETWORK MODEL

We consider a network with a single sourceS (i.e., the
base station (BS)) and two groups of randomly deployed users
{Ai} and {Bi}. We assume that the users in group{Bi} are
deployed within discDB with radiusRDB

. The far users
{Ai} are deployed within ringDA with radius RDC

and
RDA

(assumingRDC
≫ RDB

), as shown in Fig. 1. Note that
the BS is located at the origin of both the discDB and the
ring DA. The locations of the near and far users are modeled
as homogeneous PPPsΦκ (κ ∈ {A,B}) with densitiesλΦκ

.
Here the near users are uniformly distributed within the disc
and the far users are uniformly distributed within the ring.
The number of users inRDκ

, denoted byNκ, follows a
Poisson distributionPr (Nκ = k) = (µk

κ/k!)e
−µκ , whereµκ

is the mean measure, i.e.,µA = π
(
R2

DA
−R2

DC

)
λΦA

and
µB = πR2

DB
λΦB

. All channels are assumed to be quasi-static
Rayleigh fading, where the channel coefficients are constant
for each transmission block but vary independently between
different blocks. In the proposed network, we consider thatthe
users in{Bi} are energy harvesting relays that harvest energy
from the BS and forward the information to{Ai} using the
harvested energy as their transmit powers. The DF strategy is
applied at{Bi} and the cooperative NOMA system consists
of two phases, detailed in the following. In this work, without
loss of generality, it is assumed that the two phases have the
same transmission periods, the same as in [8, 10, 11]. It is
worth pointing out that dynamic time allocation for the two
phases may further improve the performance of the proposed
cooperative NOMA scheme, but consideration of this issue is
beyond the scope of the paper.
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Fig. 1. An illustration of a aownlink SWIPT NOMA system with abase
station S (blue circle). The spatial distributions of the near users (yellow
circles) and the far users (green circles) follow homogeneous PPPs.

A. Phase 1: Direct Transmission

Prior to transmission, the two users denoted byAi andBi,
are selected to perform NOMA, where the selection criterion
will be discussed in the next section. During the first phase,
the BS sends two messagespi1xi1 + pi2xi2 to two selected
usersAi andBi based on NOMA [3], wherepi1 andpi2 are the
power allocation coefficients andxi1 andxi2 are the messages
of Ai andBi, respectively. The observation atAi is given by

yAi,1 =
√

PS

∑

k∈{1,2}

pikxik
hAi

√
1 + dαAi

+ nAi,1, (1)

wherePS is the transmit power at the BS,hAi
models the

small-scale Rayleigh fading from the BS toAi with hAi
∼

CN (0, 1), nAi,1 is additive Gaussian white noise (AWGN) at
Ai with varianceσ2

Ai
, dAi

is the distance between BS andAi,
andα is the path loss exponent.

Without loss of generality, we assume that|pi1|2 > |pi2|2
with |pi1|2 + |pi2|2 = 1. The received signal to interference
and noise ratio (SINR) atAi to detectxi1 is given by

γxi1

S,Ai
=

ρ|hAi
|2|pi1|2

ρ|pi2|2|hAi
|2 + 1 + dαAi

, (2)

where ρ = PS

σ2 is the transmit signal to noise radio (SNR)
(assumingσ2

Ai
= σ2

Bi
= σ2).

We consider that the near users have rechargeable storage
ability [8] and power splitting [7] is applied to perform SWIPT.
From the implementation point of view, this rechargeable
storage unit can be a supercapacitor or a short-term high-
efficiency battery [9]. The power splitting approach is applied
as explained in the following: the observation atBi is divided
into two parts. One part is used for information decoding by

directing the observation flow to the detection circuit and the
remaining part is used for energy harvesting to powersBi for
helpingAi. Thus,

yBi,1 =
√

PS

∑

k∈{1,2}

pikxik

√
1− βihBi
√
1 + dαBi

+ nBi,1, (3)

whereβi is the power splitting coefficient which is detailed
in (7), hBi

models the small-scale Rayleigh fading from the
BS to Bi with hBi

∼ CN (0, 1), nBi
is AWGN at nBi,1 with

varianceσ2
Bi

, anddBi
is the distance between the BS andBi.

We use the bounded path loss model to ensure that the path
loss is always larger than one even for small distances [10].

Applying NOMA, successive interference cancellation
(SIC) [12] is carried out atBi. Particularly,Bi first decodes
the message ofAi, then subtracts this component from the
received signal to detect its own information. Therefore, the
received SINR atBi to detectxi1 of Ai is given by

γxi1

S,Bi
=

ρ|hBi
|2|pi1|2 (1− βi)

ρ|hBi
|2|pi2|2 (1− βi) + 1 + dαBi

. (4)

The received SNR atBi to detectxi2 of Bi is given by

γxi2

S,Bi
=
ρ|hBi

|2|pi2|2 (1− βi)

1 + dαBi

. (5)

The power splitting coefficientβi is used to determine
the amount of harvested energy. Based on (4), the data rate
supported by the channel from the BS toBi for decodingxi1
is given by

Rxi1
=

1

2
log

(

1 +
ρ|hBi

|2|pi1|2 (1− βi)

ρ|hBi
|2|pi2|2 (1− βi) + 1 + dαBi

)

. (6)

We assume that the energy required to receive/process
information is negligible compared to the energy required
for information transmission [8]. In this work, we apply the
dynamic power splitting protocol which means that the power
splitting coefficientβi is a variable and opportunistically tuned
to support the relay transmission. Our aim is to first guarantee
the detection of the message of the far NOMA user,Ai, at
the near NOMA userBi, thenBi can harvest the remaining
energy. In this case, based on (6), in order to ensure thatBi

can successfully decode the information ofAi, we have a rate,
i.e., R1 = Rxi1

. Therefore, the power splitting coefficient is
set as follows:

βi = max






0, 1− τ1

(
1 + dαBi

)

ρ
(

|pi1|2 − τ1|pi2|2
)

|hBi
|2






, (7)

whereτ1 = 22R1 − 1. Hereβi = 0 means that all the energy
is used for information decoding and no energy remains for
energy harvesting.

Based on (3), the energy harvested atBi is given by

EBi
=
TηPSβi|hBi

|2
2
(
1 + dαBi

) , (8)

whereT is the time period for the entire transmission including
the direct transmission phase and the cooperative transmission
phase, andη is the energy harvesting coefficient. We assume
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that the two phases have the same transmission period, and
therefore, the transmit power atBi can be expressed as follows:

Pt =
ηPSβi|hBi

|2
1 + dαBi

. (9)

B. Phase 2: Cooperative Transmission

During this phase,Bi forwards xi1 to Ai by using the
harvested energy during the direct transmission phase. In this
case,Ai observes

yAi,2 =

√
Ptxi1gi

√
1 + dαCi

+ nAi,2, (10)

wheregi models the small-scale Rayleigh fading fromBi toAi

with gi ∼ CN (0, 1), nAi,2 is AWGN atAi with varianceσ2
Ai

,

dCi
=
√

d2Ai
+ d2Bi

− 2dAi
dBi

cos (θi) is the distance between
Bi andAi, andθi denotes the angle∠AiSBi.

Based on (9) and (10), the received SNR forAi to detect
xi1 forwarded fromBi is given by

γxi1

Ai,Bi
=

Pt|gi|2
(
1 + dαCi

)
σ2

=
ηρβi|hBi

|2|gi|2
(
1 + dαCi

) (
1 + dαBi

) . (11)

At the end of this phase,Ai combines the signals from the
BS andBi using maximal-ratio combining (MRC). Combining
the SNR of the direct transmission phase (2) and the SINR of
the cooperative transmission phase (11), we obtain the received
SINR atAi as follows:

γxi1

Ai,MRC =
ρ|hAi

|2|pi1|2

ρ|hAi
|2|pi2|2 + 1 + dαAi

+
ηρβi|hBi

|2|gi|2
(
1 + dαBi

) (
1 + dαCi

) .

(12)

III. N ON-ORTHOGONAL MULTIPLE ACCESS WITHUSER

SELECTION

In this section, the performance of three user selection
schemes are characterized in the following.

A. RNRF Selection Scheme

In this scheme, the BS randomly selects a near userBi

and a far userAi. This selection scheme provides a fair
opportunity for each user to access the source with the NOMA
protocol. The advantage of this user selection scheme is that
it does not require the knowledge of instantaneous channel
state information (CSI). To make meaningful conclusions, in
the rest of the paper, we only focus onβi > 0 and the number
of near users and far users satisfyNB ≥ 1, NA ≥ 1.

1) Outage Probability of the Near Users of RNRF:In the
NOMA protocol, an outage ofBi can occur for two reasons.
The first is thatBi cannot detectxi1. The second is thatBi can
detectxi1 but cannot detectxi2. To guarantee that the NOMA
protocol can be implemented, the condition|pi1|2−|pi2|2τ1 >
0 should be satisfied [3]. Based on this, the outage probability
of Bi can be expressed as follows:

PBi
= Pr

(

ρ|hBi
|2|pi1|2

ρ|hBi
|2|pi2|2 + 1 + dαBi

< τ1

)

+ Pr

(

ρ|hBi
|2|pi1|2

ρ|hBi
|2|pi2|2 + 1 + dαBi

> τ1, γ
xi2

S,Bi
< τ2

)

, (13)

whereτ2 = 22R2 − 1 with R2 being the target rate at which
Bi can detectxi2.

The following theorem provides the outage probability of
the near users in RNRF for an arbitrary choice ofα.

Theorem 1: Conditioned on the PPPs, the outage probabil-
ity of the near usersBi can be approximated as follows:

PBi
≈ 1

2

N∑

n=1

ωN

√

1− φn
2
(
1− e−cnεAi

)
(φn + 1), (14)

if εAi
≥ εBi

, otherwise PBi
= 1, where εAi

=
τ1

ρ(|pi1|
2−|pi2|

2τ1)
and εBi

= τ2
ρ|pi2|

2 , N is a parame-

ter to ensure a complexity-accuracy tradeoff, cn = 1 +(
RDB

2 (φn + 1)
)α

, ωN = π
N

, and φn = cos
(
2n−1
2N π

)
.

Proof: DefineXi =
|hAi |2
1+dα

Ai

, Yi =
|hBi |2
1+dα

Bi

, andZi =
|gi|

2

1+dα
Ci

.

Substituting (4) and (5) into (13), the outage probability of the
near users is given by

PBi
= Pr (Yi < εAi

) + Pr (Yi > εAi
, εAi

< εBi
) . (15)

If εAi
< εBi

, the outage probability at the near users is
always one.

For the caseεAi
≥ εBi

, note that the users are deployed in
DB andDA according to homogeneous PPPs. Therefore, the
NOMA users are modeled as independently and identically
distributed (i.i.d.) points inDB and DA, denoted byWκi

(κ ∈ {A,B}), which contain the location information aboutAi

andBi, respectively. The probability density functions (PDFs)
of WAi

andWBi
are given by

fWBi
(ωBi

) =
λΦB

µRDB

=
1

πR2
DB

, (16)

and

fWAi
(ωAi

) =
λΦA

µRDA

=
1

π
(
R2

DA
−R2

DC

) , (17)

respectively.
Therefore, for the caseεAi

≥ εBi
, the cumulative distribu-

tion function (CDF) ofYi is given by

FYi
(ε) =

∫

DB

(

1− e−(1+dα
Bi
)ε
)

fWBi
(ωBi

) dωBi

=
2

R2
DB

∫ RDB

0

(

1− e−(1+rα)ε
)

rdr. (18)

For many communication scenariosα > 2, and it is chal-
lenging to obtain exact closed-from expressions for the above.
In this case, we can use Gaussian-Chebyshev quadrature [13]
to find the approximation of (18) as follows:

FYi
(ε) ≈ 1

2

N∑

n=1

ωN

√

1− φn
2
(
1− e−cnε

)
(φn + 1). (19)

Applying εAi
→ ε into (19), (14) is obtained, and the proof

of the theorem is completed.
Corollary 1: For the special caseα = 2, the outage

probability of Bi can be obtained as follows:

PBi
|α=2 = 1− e−εAi

R2
DB
εAi

+
e−(1+R2

DB
)εAi

R2
DB
εAi

, (20)
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if εAi
≥ εBi

, otherwisePBi
|α=2 = 1.

Proof: Based on (18), whenα = 2 and after some
manipulations, we can easily obtain

FYi
(ε)|α=2 = 1− e−ε

R2
DB
ε
+
e−(1+R2

DB
)ε

R2
DB
ε

. (21)

Applying εAi
→ ε into (21), (20) can be obtained. The proof

is completed.
2) Outage Probability of the Far Users of RNRF:With

the proposed cooperative SWIPT NOMA protocol, outage
experienced byAi can occur in two situations. The first is
whenBi can detectxi1 but the overall received SNR atAi

cannot support the targeted rate. The second is when neither
Ai norBi can detectxi1. Based on this, the outage probability
can be expressed as follows:

PAi
=Pr

(

γxi1

Ai,MRC < τ1, γ
xi1

S,Bi

∣
∣
∣
βi=0

> τ1

)

+ Pr

(

γxi1

S,Ai
< τ1, γ

xi1

S,Bi

∣
∣
∣
βi=0

< τ1

)

. (22)

The following theorem provides the outage probability of
the far users in RNRF for an arbitrary choice ofα.

Theorem 2: Conditioned on the PPPs, and assuming
RDC

≫ RDB
, the outage probability ofAi can be approxi-

mated as follows:

PAi
≈ ζ1

N∑

n=1

(φn + 1)

√

1− φn
2cn

K∑

k=1

√

1− ψ2
ksk(1 + sαk )

2

×
M∑

m=1

√

1− ϕ2
me

−(1+sαk )tmχtm

(

ln
χtm (1 + sαk )

ηρ
cn + 2c0

)

+ a1

N∑

n=1

√

1− φn
2cn (φn + 1)

K∑

k=1

√

1− ψk
2(1 + sαk )sk,

(23)

where M and K are parameters to ensure a complexity-

accuracy tradeoff, ζ1 = − εAi
RDBi

ωNωKωM

8
(

RDAi
+RDCi

)

ηρ
, χtm = τ1 −

ρtm|pi1|
2

ρtm|pi2|
2+1

, tm =
εAi

2 (ϕm + 1) , ωM = π
M
, ϕm =

cos
(
2m−1
2M π

)
, sk =

RDA
−RDC

2 (ψk + 1) + RDC
, ωK =

π
K
, ψk = cos

(
2k−1
2K π

)
, c0 = −ϕ(1)

2 − ϕ(2)
2 , and a1 =

ωKωNε2A1

2(RDA
+RDC)

.

Proof: See Appendix A.
Corollary 2: For the special caseα = 2, the outage

probability of Ai can be simplified as follows:

PAi
|α=2 ≈ ζ2

K∑

k=1

√

1− ψ2
ksk
(
1 + s2k

)2
M∑

m=1

√

1− ϕ2
m

× χtme
−(1+s2k)tm

(

ln
χtm

(
1 + s2k

)

ηρ
cn + b0

)

+

(

1− e−(1+R2
DC

)εAi

εAi

(
R2

DA
−R2

DC

) +
e−(1+R2

DA
)εAi

εAi

(
R2

DA
−R2

DC

)

)

×
(

1− e−εAi

R2
DB
εAi

+
e−(1+R2

DB
)εAi

R2
DB
εAi

)

, (24)

where ζ2 = −ωKωMεAi(R
2
DB

+2)
8(RDA

+RDC)ηρ
and b0 =

(1+R2
DB

)
2
ln(1+R2

DB
)

2R2
DB

+
(
R2

DB
+ 2
) (
c0 − 1

4

)
.

Proof: See Appendix B.
3) Diversity Analysis of RNRF:To obtain further insights

into the derived outage probability, we provide a diversity
analysis of both the near and far users of RNRF.

Near users:For the near users, based on the analytical
results, we carry out high SNR approximations as follows.
When ε → 0, a high SNR approximation of (19) with
1− e−x ≈ x is given by

FYi
(ε) ≈ 1

2

N∑

n=1

ωN

√

1− φn
2cnεAi

(φn + 1). (25)

The diversity gain is defined as follows:

d = − lim
ρ→∞

logP (ρ)

log ρ
. (26)

Substituting (25) into (26), we obtain that the diversity gain
for the near users is one, which means that using NOMA with
energy harvesting will not decrease the diversity gain.

Far users:For the far users, substituting (23) into (26), we
obtain

d =− lim
ρ→∞

log
(

− 1
ρ2 log

1
ρ

)

log ρ

=− lim
ρ→∞

log log ρ− log ρ2

log ρ
= 2. (27)

As we can see from (27), the diversity gain of RNRF is
two, which is the same as that of the conventional cooperative
network [14]. This result indicates that using NOMA with an
energy harvesting relay will not affect the diversity gain.In
addition, we see that at high SNRs, the dominant factor for
the outage probability is1

ρ2 ln ρ. Therefore we conclude that
the outage probability of using NOMA with SWIPT decays
at a rate oflnSNR

SNR2 . However, for a conventional cooperative
system without energy harvesting, a faster decreasing rateof

1
SNR2 can be achieved.

4) System Throughput in Delay-Sensitive Transmission
Mode of RNRF: In this paper, we will focus on the delay-
sensitive throughput. In this mode, the transmitter sends in-
formation at a fixed rate and the throughput is determined by
evaluating the outage probability.

Based on the analytical results for the outage probability of
the near and far users, the system throughput of RNRF in the
delay-sensitive transmission mode is given by

RτRNRF
= (1− PAi

)R1 + (1− PBi
)R2, (28)

wherePAi
andPBi

are obtained from (23) and (14), respec-
tively.

B. NNNF Selection Scheme

In this subsection, we characterize the performance of
NNNF, which exploits the users’ CSI opportunistically. We
first select a user within the discDB which has the shortest
distance to the BS as the near NOMA user (denoted byBi∗ ).
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This is because the near users also act as energy harvesting
relays to help the far users. The NNNF scheme can enable
the selected near user to harvest more energy. Then we select
a user within the ringDA which has the shortest distance
to the BS as the far NOMA user (denoted byAi∗ ). The
advantage of the NNNF scheme is that it can minimize the
outage probability of both the near and far users.

1) Outage Probability of the Near Users of NNNF:Using
the same definition of the outage probability as the near users
of NOMA, we can characterize the outage probability of the
near users of NNNF.

The following theorem provides the outage probability of
the near users of NNNF for an arbitrary choice ofα.

Theorem 3: Conditioned on the PPPs, the outage probabil-
ity of Bi∗ can be approximated as follows:

PBi∗
≈ b1

N∑

n=1

√

1− φn
2
(

1− e−(1+cαn∗
)εAi

)

cn∗e
−πλΦB

c2n∗ ,

(29)

if εAi
≥ εBi

, otherwise PBi∗
= 1, where cn∗ =

RDB

2 (φn + 1), b1 =
ξBωNRDB

2 , and ξB =
2πλΦB

1−e
−πλΦB

R2
DB

.

Proof: Similar to (15), the outage probability ofBi∗ can
be expressed as follows:

PBi∗
= Pr (Yi∗ < εAi

|NB ≥ 1) = FYi∗
(εAi

) , (30)

whereYi∗ =
|hBi |2
1+dα

Bi∗

anddBi∗
is the distance from the nearest

Bi∗ to the BS.
The CDF ofYi∗ can be written as follows:

FYi∗
(ε) =

∫ RDB

0

(

1− e−(1+rαB)ε
)

fdBi∗
(rB) drB, (31)

wherefdBi∗
is the PDF of the shortest distance fromBi∗ to

the BS.
The probability Pr {dBi∗ > r|NB ≥ 1} conditioned on

NB ≥ 1 is the event that there is no point located in the disc.
Therefore we can express this probability as follows:

Pr {dBi∗ > r|NB ≥ 1}

=
Pr {dBi∗ > r} − Pr {dBi∗ > r,NB = 0}

Pr {NB ≥ 1}

=
e−πλΦB

r2 − e−πλΦB
R2

DB

1− e
−πλΦB

R2
DB

. (32)

Then the corresponding PDF ofBi∗ is given by

fdBi∗
(rB) = ξBrBe

−πλΦB
r2B . (33)

Substituting (33) into (31), we obtain

FYi∗
(ε) = ξB

∫ RDB

0

(

1− e−(1+rαB)ε
)

rBe
−πλΦB

r2BdrB.

(34)

Applying the Gaussian-Chebyshev quadrature approximation
to (19), we obtain

FYi∗
(ε) ≈ ξBωNRDB

2

×
N∑

n=1

√

1− φn
2
(

1− e−(1+cαn∗
)ε
)

cn∗e
−πλΦB

c2n∗ . (35)

Applying εAi
→ ε, we obtain the approximate outage proba-

bility of Bi∗ in (29).
Based on (34) and after some manipulations, the following

corollary can be obtained.
Corollary 3: For the special caseα = 2, the outage

probability ofBi∗ can be expressed as follows:

PBi∗
|
α=2 =

ξB

(

e−R2
DB

(πλΦB
+εAi)−εAi − e−εAi

)

2 (πλΦB
+ εAi

)

−
ξB

(

e−πλΦB
R2

DB − 1
)

2πλΦB

, (36)

if εAi
≥ εBi

, otherwisePBi∗
|
α=2 = 1.

2) Outage Probability of the Far Users of NNNF:Using
the same definition of the outage probability for the far users
of NOMA, and similar to (22), we can characterize the outage
probability of the far users in NNNF. The following theorem
provides the outage probability of the far users in NNNF for
an arbitrary choice ofα.

Theorem 4: Conditioned on the PPPs and assuming
RDC

≫ RDB
, the outage probability ofAi∗ can be approxi-

mated as follows:

PAi∗
≈ ς∗

N∑

n=1

√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

×
K∑

k=1

√

1− ψ2
k(1 + sαk )

2
ske

−πλΦA(s
2
k−R2

DC
)

M∑

m=1

√

1− ϕ2
m

× e−(1+sαk )tmχtm

(

ln
χtm (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

+ b2b3

K∑

k=1

√

1− ψk
2(1 + sαk )ske

−πλΦA
s2k

×
N∑

n=1

(√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

)

, (37)

where ς∗ = − ξBξAωNωKωMεAi
RDB(RDA

−RDC)
8ηρ , b2 =

ξAe
πλΦA

R2
DCωKεAi

RDA
+RDC

, and b3 =
ξBωNRDB

εAi

2 .
Proof: See Appendix C.

Corollary 4: For the special caseα = 2, the outage
probability of Ai∗ can be simplified as(38) at the top of the
following page.

Proof: For the special caseα = 2, after some manipula-
tions, we can express (C.11) as follows:

FXi∗
(ε)|

α=2 = −
ξA

(

eπλΦA(R
2
DC

−R2
DA

) − 1
)

2πλΦA

+
ξAe

πλΦA
R2

DC e−ε

2 (πλΦA
+ ε)

(

e−R2
DA

(πλΦA
+ε) − e−R2

DC
(πλΦA

+ε)
)

.

(39)

Based on (C.10), combining (39) and (36), and settingα = 2
into (C.9), we can obtain (38). The proof is completed.
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PAi∗
|
α=2 ≈ ς∗

N∑

n=1

√

1− φn
2
(
1 + c2n∗

)
cn∗e

−πλΦB
c2n∗

K∑

k=1

√

1− ψ2
k

(
1 + s2k

)2
ske

−πλΦA(s
2
k−R2

DC
)

×
M∑

m=1

√

1− ϕ2
m

(

e−(1+s2k)tmχtm

(

ln
χtm

(
1 + s2k

) (
1 + c2n∗

)

ηρ
+ 2c0

))

+
ξAe

πλΦA
R2

DC

2




e−εAi

πλΦA
+ εAi

(

e−R2
DA

(πλΦA
+εAi) − e−R2

DC
(πλΦA

+εAi)
)

−

(

e−πλΦA
R2

DA − e−πλΦA
R2

DC

)

πλΦA





× ξB
2

(

e−R2
DB

(πλΦB
+εAi)−εAi − e−εAi

πλΦB
+ εAi

− e−πλΦB
R2

DB − 1

πλΦB

)

. (38)

3) Diversity Analysis of NNNF:Similarly, we provide
diversity analysis of both the near and far users of NNNF.

Near users:For the near users, based on the analytical
results, we carry out the high SNR approximation as follows.
When ε → 0, a high SNR approximation of (29) with
1− e−x ≈ x is given by

PBi∗
≈ b1εAi

N∑

n=1

(√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

)

.

(40)

Substituting (40) into (26), we obtain that the diversity gain
for the near users of NNNF is one, which indicates that using
NNNF will not affect the diversity gain.

Far users:For the far users, substituting (37) into (26), we
obtain that the diversity gain is still two. This indicates that
NNNF will not affect the diversity gain.

4) System Throughput in Delay-Sensitive Transmission
Mode of NNNF:Based on the analytical results for the outage
probability of the near and far users, the system throughputof
NNNF in the delay-sensitive transmission mode is given by

RτNNNF
= (1− PAi∗

)R1 + (1− PBi∗
)R2, (41)

wherePAi∗
andPBi∗

are obtained from (37) and (29), respec-
tively.

C. NNFF Selection Scheme

In this scheme, we first select a user within discDB which
has the shortest distance to the BS as a near NOMA user. Then
we select a user within ringDA which has the farthest distance
to the BS as a far NOMA user (denoted byAi′). The use of
this selection scheme is inspired by an interesting observation
described in [3] that NOMA can offer a larger performance
gain over conventional MA when user channel conditions are
more distinct.

1) Outage Probability of the Near Users of NNFF:Since
the same criterion for the near users is used, the outage
probabilities of near nears for an arbitraryα and the special
caseα = 2 are the same as those expressed in (29) and (36),
respectively.

2) Outage Probability of the Far Users of NNFF:Using
the same definition of the outage probability of the far users,
and similar to (22), we can characterize the outage probability
of the far users of NNFF. The following theorem provides the
outage probability of the far user of NNFF for an arbitrary
choice ofα.

Theorem 5: Conditioned on the PPPs and assuming
RDC

≫ RDB
, the outage probability ofAi′ can be approxi-

mated as follows:

PAi′
≈ ς∗

N∑

n=1

√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

×
K∑

k=1

√

1− ψ2
k(1 + sαk )

2
ske

−πλΦA(R
2
DA

−s2k)
M∑

m=1

√

1− ϕ2
m

× e−(1+sαk )tmχtm

(

ln
χtm (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

+ b3b4

K∑

k=1

√

1− ψk
2(1 + sαk )ske

πλΦA
s2k

×
N∑

n=1

(√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

)

, (42)

whereb4 =
ξAe

−πλΦA
R2

DAωKεAi

RDA
+RDC

.
Proof: See Appendix D.

Corollary 5: For the special caseα = 2, after some
manipulations, the outage probability ofAi′ can be simplified
as (43) at the top of the next page.

3) Diversity Analysis:Similarly, we provide diversity anal-
ysis of both the near and far uses in NNFF.

Near users:Since the same criterion for selecting a near
user is used, the diversity gain is one, which is the same as
for NNNF.

Far users: Substituting (42) into (26), we find that the
diversity gain is still two. Therefore, we conclude that using
opportunistic user selection schemes (NNNF and NNFF) based
on distances will not affect the diversity gain.

4) System Throughput in Delay-Sensitive Transmission
Mode of NNFF:Based on the analytical results for the outage
probability of the near and far users, the system throughputof
NNFF in the delay-sensitive transmission mode is given by

RτNNFF
=
(
1− PAi′

)
R1 + (1− PBi∗

)R2, (44)



8

PAi′

∣
∣
α=2

≈ ς∗
N∑

n=1

√

1− φn
2
(
1 + c2n∗

)
cn∗e

−πλΦB
c2n∗

K∑

k=1

√

1− ψ2
k

(
1 + s2k

)2
ske

−πλΦA(R
2
DA

−s2k)

×
M∑

m=1

√

1− ϕ2
m

(

e−(1+s2k)tmχtm

(

ln
χtm

(
1 + s2k

) (
1 + c2n∗

)

ηρ
+ 2c0

))

+
ξAe

−πλΦA
R2

DA

2

(

eπλΦA
R2

DA − eπλΦA
R2

DC

πλΦA

− e−εAi

πλΦA
− εAi

(

eR
2
DA

(πλΦA
−εAi) − eR

2
DC

(πλΦA
−εAi)

)
)

× ξB
2





(

e−R2
DB

(πλΦB
+εAi)−εAi − e−εAi

)

(πλΦB
+ εAi

)
−

(

e−πλΦB
R2

DB − 1
)

πλΦB



 . (43)

wherePAi′
andPBi∗

are obtained from (42) and (29), respec-
tively.

IV. N UMERICAL RESULTS

In this section, numerical results are presented to facilitate
the performance evaluations (including the outage probability
of the near and the far users and the delay sensitive throughput)
of the proposed cooperative SWIPT NOMA protocol. In the
considered network, we assume that the energy conversion
efficiency of SWIPT isη = 0.7 and the power allocation
coefficients of NOMA is|pi1|2 = 0.8, |pi1|2 = 0.2. In the
following figures, we use red, blue and black color lines to
represent the RNRF, NNNF and NNFF user selection schemes,
respectively.

A. Outage Probability of the Near Users

In this subsection, the outage probability achieved by the
near users with different choices of density and path loss co-
efficients for the three user selection schemes is demonstrated.
Note that the same user selection criterion is applied for the
near users of NNNF and NNFF, we use NNN(F)F to represent
these two selection schemes in Fig. 2, Fig. 3, and Fig. 4.

Fig. 2 plots the outage probability of the near users versus
SNR with different path loss coefficients for both RNRF and
NNN(F)F. The solid red and blue curves are for the special
caseα = 2 of RNRF and NNN(F)F, corresponding to the
analytical results derived in (20) and (36), respectively.The
dashed red and blue curves are for an arbitrary choice ofα,
corresponding to the analytical results derived in (14) and(29),
respectively. Monte Carlo simulation results are marked as“•”
to verify our derivation. The figure shows precise agreement
between the simulation and analytical curves. One can observe
that by performing NNNF and NNFF (which we refer to as
NNN(F)F in the figure), lower outage probability is achieved
than with RNRF since shorter distances mean lower path loss
and leads to better performance. The figure also demonstrates
that asα increases, outage will occur more frequently because
of higher path loss. For NNNF and NNFF, the performance is
very close for different values ofα. This is because we use
the bounded path loss model (i.e.1 + dαi > 1) to ensure that
the path loss is always larger than one. When selecting the
nearest near user,di will approach zero and the path loss will
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Fig. 2. Outage probability of the near users versus SNR with different α,
whereRDB

= 2 m, andλΦB
= 1.

approach one, which makes the performance difference of the
three selection schemes insignificant. It is worth noting that all
curves have the same slopes, which indicates that the diversity
gains of the schemes are the same. This phenomenon validates
the insights we obtained from the analytical results derived in
(26). Fig. 2 also shows that if the choices of rates for users
are incorrect (i.e.,R1 = 0.5 andR2 = 1 in this figure), the
outage probability of the near users will be always one, which
verifies the analytical results in (14) and (29).

Fig. 3 plots the outage probability of the near users versus
their density with different values ofRDB

. RNRF is also
shown in the figure as a benchmark for comparison. Several
observations are drawn as follows: 1) The outage probabili-
ties of RNRF and NNN(F)F decrease with decreasingRDB

because path loss is reduced; 2) The outage probability of
NNN(F)F decreases as the density of the near users increases.
This is due to the multiuser diversity gain, since there is an
increasing number of the near users; 3) The outage probability
of RNRF is a constant, i.e., independent of the density of near
users, and is the outage ceiling of the NNN(F)F. This is due
to the fact that no opportunistic user selection is carried out
for RNRF; and 4) An outage floor exits even if the density
of the near users goes to infinity. This is due to the bounded
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Fig. 3. Outage probability of the near users versus density with different
RDB

, whereλΦB
= 1, andSNR = 30 dB.

path loss model we have used. When the number of the near
users exceeds a threshold, the selected near user will be very
close to the source, which makes the path gain approach one.

Fig. 4 plots the outage probability of the near users versus
the rate of the near users and far users for both RNRF
and NNN(F)F. One can observe that the outage of the near
users occurs more frequently as the rate of the far user,R1,
increases. This is because in our proposed protocol, the near
user Bi needs to first decodexi1 which is intended to the
far user Ai, and then decode its own message. Therefore
increasingR1 makes it harder to decodexi1, which will lead to
increased outages. An important observation is that incorrect
choices ofR1 andR2 will make the outage probability always
one. Particularly, for the choice ofR1, it should satisfy the
condition (|pi1|2 − |pi2|2τ1 > 0) in order to ensure that
successive interference cancelation can be implemented. For
the choice ofR2, it should satisfy the condition that the
split energy for detectingxi1 is also sufficient to detectxi2
(εAi

≥ εBi
).

B. Outage Probability of the Far Users

In this subsection, we demonstrate the outage probability of
the far users with different choices of the density, path loss
coefficients, and user zone of the three user selection schemes.

Fig. 5 plots the outage probability of the far users versus
SNR with different path loss coefficients of RNRF, NNNF, and
NNFF. The dashed red, blue, and black curves circled together
and pointed byα = 2, are the analytical approximations for the
special case of RNRF, NNNF, and NNFF, which are obtained
from (24), (38) and (43), respectively. The dashed red, blue,
and black curves circled together and pointed byα = 3,
are the analytical approximations for an arbitrary choice of
α of RNRF, NNNF, and NNFF, which are obtained from
(23), (37) and (42), respectively. We use the solid marked
lines to represent the Monte Carlo simulation results for each
case. As can be observed from the figure, the simulation
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Fig. 4. Outage probability of the near users versusR1 and R2, where
α = 2, RDB

= 2 m, andSNR = 30 dB.
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Fig. 5. Outage probability of the far users with differentα, R1 = 0.3 BPCU,
RDA

= 10 m, RDB
= 2 m, RDC

= 8 m, λΦA
= 1, andλΦB

= 1.

and the analytical approximation are very close, particularly
in the high SNR region. Several observations can be drawn
as follows: 1) NNNF achieves the lowest outage probability
among the three selection schemes since both the near and
far users have the smallest path loss; 2) NNFF achieves lower
outage than RNRF, which indicates that the distance of the
near users has more impact than that of the far users; 3) it
is clear that all of the curves in Fig. 5 have the same slopes,
which indicates that the diversity gains of the far users for
the three schemes are the same. In the diversity analysis, we
showed that the diversity gain of the three selection schemes
is two. The simulation validates the analytical results and
indicates that the achievable diversity gain is the same for
different user selection schemes.

Fig. 6 plots the outage probability of the far users versusR1

with differentRDC
andRDB

. One can observe that the outage
probabilities of the three schemes increase asR1 increases.
This is because increasingR1 will make the threshold of
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Fig. 6. Outage probability of the far users versusR1, whereα = 2, RDB
=

2 m, andSNR = 30 dB.

decoding higher, which in turn leads to more outage. It can
also be observed that increasing the radius of the user zone
for the far users will deteriorate the outage performance. The
reason is that the path loss of the far users becomes larger.

Fig. 7 plots the outage probability of the far users ver-
sus SNR for both cooperative NOMA and non-cooperative
NOMA1. Several observations can be drawn as follows: 1)
by using an energy constrained relay to perform cooperative
NOMA transmission, the outage probability of the far users
has a larger slope than that of non-cooperative NOMA, for all
user selection schemes. This is due to the fact that cooperative
NOMA can achieve a larger diversity gain and guarantees
more reliable reception for the far users in the high SINR re-
gion; 2) NNNF achieves the lowest outage probability among
these three selection schemes both for cooperative NOMA and
non-cooperative NOMA because of its smallest path loss; 3) it
is worth noting that NNFF has higher outage probability than
RNRF in non-cooperative NOMA, however, it achieves lower
outage probability than RNRF in cooperative NOMA. This
phenomenon indicates that it is very helpful and necessary
to apply cooperative NOMA in NNFF due to the largest
performance gain over non-cooperative NOMA.

C. Throughput in Delay-Sensitive Transmission Mode

Fig. 8 plots the system throughput versus SNR with different
targeted rates. One can observe that NNNF achieves the
highest throughput since it has the lowest outage probability
among three selection schemes. The figure also demonstrates
the existence of the throughput ceilings in the high SNR
region. This is due to the fact that the outage probability
is approaching zero and the throughput is determined only
by the targeted data rate. It is worth noting that increasing

1It is common to use outage probability as a criterion to compare the
performance of cooperative transmission and non-cooperative transmission
schemes [14]. In the context of cooperative NOMA, the use of outage
probability is particularly useful since the purpose of cooperative NOMA
is to improve the reception reliability of the far users.
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R2 from R2 = 0.5 BPCU to R2 = 1 BPCU can improve
the throughput; however, for the caseR2 = 2 BPCU, the
throughput is lowered. This is because, in the latter case, the
energy remaining for information decoding is not sufficient
for message detection of the near user, and hence an outage
occurs, which in turn affects the throughput. Therefore, we
see that it is important to select appropriate transmission
rates when designing practical NOMA downlink transmission
systems.

V. CONCLUSIONS

In this paper, the application of SWIPT to NOMA has
been considered. A novel cooperative SWIPT NOMA pro-
tocol with three different user selection criteria has been
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proposed. We have used the stochastic geometric approach to
provide a complete framework to model the locations of users
and evaluate the performance of the proposed user selection
schemes. Closed-form results have been derived in terms of
outage probability and delay-sensitive throughput to determine
the system performance. The diversity gain of the three user
selection schemes has also been characterized and proved tobe
the same as that of a conventional cooperative network. For the
proposed protocol, the decreasing rate of the outage probability
of far users is lnSNR

SNR2 while it is 1
SNR2 for a conventional

cooperative network. Numerical results have been presented to
validate our analysis. We conclude that by carefully choosing
the parameters of the network, (e.g., transmission rate or power
splitting coefficient), acceptable system performance canbe
guaranteed even if the users do not use their own batteries to
power the relay transmission.

APPENDIX A: PROOF OFTHEOREM 2

Substituting (4) and (12) into (22), the outage probability
can be expressed as follows:

PAi
=Pr

(

γxi1

Ai,MRC < τ1,
ρ|hBi

|2|pi1|2

ρ|hBi
|2|pi2|2 + 1 + dαBi

> τ1

)

︸ ︷︷ ︸

Θ1

+ Pr

(

γxi1

S,Ai
< τ1,

ρ|hBi
|2|pi1|2

ρ|hBi
|2|pi2|2 + 1 + dαBi

< τ1

)

︸ ︷︷ ︸

Θ2

,

(A.1)

We expressΘ1 as (A.2) on the top of next page
where fXi

(x) =
(
1 + dαAi

)
e−(1+dα

Ai
)x, and fYi

(y) =
(
1 + dαBi

)
e−(1+dα

Bi
)y.

Based on (A.2), usingt = y − εAi
, we calculateΞ as

follows:

Ξ =

∫ ∞

0




1− e−(1+dα

Ci
)

τ−

ρx|pi1|
2

ρx|pi2|
2
+1

ηρt






×
(
1 + dαBi

)
e−(1+dα

Bi
)(t+εAi)dt. (A.3)

Applying [15, Eq. (3.324)], we rewrite (A.3) as follows:

Ξ = e−(1+dα
Bi
)εAi

(

1− 2
√

χΛK1

(

2
√

χΛ
))

, (A.4)

whereΛ =
(1+dα

Bi
)(1+dα

Ci
)

ηρ
andχ = τ1 − ρx|pi1|

2

ρx|pi2|
2+1

.
We use the series representation of Bessel functions to

obtain the high SNR approximation which is expressed as
follows:

xK1 (x) ≈ 1 +
x2

2

(

ln
x

2
+ c0

)

, (A.5)

whereK1 (·) is the modified Bessel function for the seconde
kind, c0 = −ϕ(1)

2 − ϕ(2)
2 , andϕ (·) denotes the psi function

[15].
To obtain the high SNR approximation of (A.4) and using

(A.5), we obtain

Ξ ≈ −χΛ (lnχΛ + 2c0) . (A.6)

Substituting (A.6) into (A.2), we rewrite (A.2) as follows:

Θ1 =−
∫ εAi

0

χ

∫

DAi

Λe−(1+dα
Ai
)x

×
∫

DBi

(
1 + dαBi

)
(lnχΛ + 2c0) fWBi

(ωBi
) dωBi

︸ ︷︷ ︸

Φ

fWAi
(ωAi

) dωAi
dx. (A.7)

SincedCi
=
√

d2Ai
+ d2Bi

− 2dAi
dBi

cos (θi) andRDC
≫

RDB
, we can approximate the distance asdAi

≈ dCi
. Applying

(16), we calculateΦ as follows:

Φ ≈ 2

R2
DB

∫ RDB

0

(1 + rα) (lnm0 (1 + rα) + 2c0) rdr,

(A.8)

wherem0 =
χ(1+dα

Ci
)

ηρ
≈ χ(1+dα

Ai
)

ηρ
.

For an arbitrary choice ofα, the integral in (A.8) is mathe-
matically intractable, we use Gaussian-Chebyshev quadrature
to find the approximation. ThenΦ can be approximated as
follows:

Φ ≈ ωN

2

N∑

n=1

(√

1− φn
2cn (lnm0cn + 2c0) (φn + 1)

)

.

(A.9)

Substituting (A.9) into (A.7), we rewrite (A.7) as follows:

Θ1 = − ωN

R2
DA

−R2
DC

∫ εAi

0

χ

ηρ

N∑

n=1

(φn + 1)

√

1− φn
2

∫ RDA

RDC

r(1 + rα)
2
e−(1+rα)xcn

(

ln
χ (1 + rα)

ηρ
cn + 2c0

)

dr

︸ ︷︷ ︸

∆

dx. (A.10)

Similarly as above, we use Gaussian-Chebyshev quadrature to
find an approximation of∆ in (A.10) as follows:

∆ ≈ωK (RDA
−RDC

)

2

K∑

k=1

√

1− ψ2
ksk(1 + sαk )

2

× e−(1+sαk )xcn

(

ln
χ (1 + sαk )

ηρ
cn + 2c0

)

. (A.11)

Substituting (A.11) into (A.10), we rewrite (A.10) as fol-
lows:

Θ1 =a2

N∑

n=1

(φn + 1)

√

1− φn
2cn

K∑

k=1

√

1− ψ2
ksk(1 + sαk )

2

×
∫ εAi

0

χe−(1+sαk )x

(

ln
χ (1 + sαk )

ηρ
cn + 2c0

)

dx

︸ ︷︷ ︸

Ψ

,

(A.12)

wherea2 = − ωNωK

2(RDA
+RDC)ηρ

.
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Θ1 = Pr



Zi <
τ1 − ρXi|pi1|

2

ρXi|pi2|
2+1

ηρ (Yi − εAi
)
, Xi < εAi

, Yi > εAi





=

∫

DB

∫

DA

∫ εAi

0

∫ ∞

εAi






1− e

−(1+dα
Ci
)

τ1−

ρx|pi1|
2

ρx|pi2|
2
+1

ηρ(y−εAi)






fYi

(y) dy

︸ ︷︷ ︸

Ξ

fXi
(x) dxfWAi

(ωAi
) dωAi

fWBi
(ωBi

) dωBi
, (A.2)

Similarly, we use Gaussian-Chebyshev quadrature to find
an approximation ofΨ in (A.12) as follows:

Ψ ≈ωMεAi

2

M∑

m=1

√

1− ϕ2
me

−(1+sαk )tm

× χtm

(

ln
χtm (1 + sαk )

ηρ
cn + 2c0

)

. (A.13)

Substituting (A.13) into (A.12), we obtain

Θ1 ≈ ζ1

N∑

n=1

(φn + 1)

√

1− φn
2cn

K∑

k=1

√

1− ψ2
ksk(1 + sαk )

2

M∑

m=1

√

1− ϕ2
me

−(1+sαk )tmχtm

(

ln
χtm (1 + sαk )

ηρ
cn + 2c0

)

.

(A.14)

We expressΘ2 as follows:

Θ2 =Pr (Xi < εAi
) Pr (Yi < εAi

) . (A.15)

The CDF ofXi for Ai is given by

FXi
(ε) =

∫

D

(

1− e−(1+dα
Ai
)ε
)

fWAi
(ωAi

) dωAi

=
2

R2
DA

−R2
DC

∫ RDA

RDC

(

1− e−(1+rα)ε
)

rdr.

(A.16)

For an arbitrary choice ofα, similarly to (19), we provide
Gaussian-Chebyshev quadrature to find the approximation for
the CDF ofXi. We rewrite (A.16) as follows:

FXi
(ε) ≈ ωK

RDA
+RDC

K∑

k=1

√

1− ψk
2
(

1− e−(1+sαk )ε
)

sk.

(A.17)

When ε → 0, a high SNR approximation of the (A.17) is
given by

FXi
(ε) ≈ ωKε

RDA
+RDC

K∑

k=1

√

1− ψk
2(1 + sαk )sk. (A.18)

Substituting (A.18) and (19) into (A.15), we can obtain the
approximation for the general case as follows:

Θ2 ≈ a1

N∑

n=1

√

1− φn
2cn (φn + 1)

K∑

k=1

√

1− ψk
2(1 + sαk )sk.

(A.19)

Combining (A.14) and (A.19), we can obtain (23).
The proof is completed.

APPENDIX B: PROOF OFCOROLLARY 2

For the special caseα = 2, and let λ =
(
1 + r2

)
, we

rewrite (A.8) as follows:

Φ|α=2 =
1

R2
DB

∫ 1+R2
DB

1

λ (lnm0∗λ+ 2c0) dλ

=

(
R2

DB
+ 2
)
lnm0∗

2
+ b0, (B.1)

wherem0∗ =
χ(1+d2

Ci
)

ηρ
≈ χ(1+d2

Ai
)

ηρ
.

Substituting (B.1) and applyingα = 2 into (A.2), we obtain

Θ1|α=2 = −
(
R2

DB
+ 2
)

2
(
R2

DA
−R2

DC

)
ηρ

∫ εAi

0

χ

∫ RDA

RDC

r
(
1 + r2

)2
e−(1+r2)x

(

ln
χ
(
1 + r2

)

ηρ
+ b0

)

dr

︸ ︷︷ ︸

∆|α=2

dx.

(B.2)

We notice that the integral∆|α=2 in (B.2) is mathematically
intractable. We use Gaussian-Chebyshev quadrature to find an
approximation. Then∆|α=2 can be approximated as follows:

∆|α=2 ≈ ωK (RDA
−RDC

)

2
K∑

k=1

√

1− ψ2
ksk
(
1 + s2k

)2
e−(1+s2k)x

(

ln
χ
(
1 + s2k

)

ηρ
+ b0

)

.

(B.3)

Substituting (B.3) into (B.2), we rewrite (B.2) as follows:

Θ1|α=2 = − ωK

(
R2

DB
+ 2
)

4 (RDA
+RDC

) ηρ

K∑

k=1

√

1− ψ2
ksk
(
1 + s2k

)2

×
∫ εAi

0

χe−(1+s2k)x

(

ln
χ
(
1 + s2k

)

ηρ
+ b0

)

dx

︸ ︷︷ ︸

Ψ|α=2

. (B.4)

Similarly, we use Gaussian-Chebyshev quadrature to find
the approximation ofΨ|α=2 in (B.4) as follows:

Ψ|α=2 ≈ ωMεAi

2

M∑

m=1

√

1− ϕ2
m

× χtme
−(1+s2k)tm

(

ln
χtm

(
1 + s2k

)

ηρ
cn + b0

)

. (B.5)
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Substituting (B.5) into (B.4), we obtain

Θ1|α=2 = ζ2

K∑

k=1

√

1− ψ2
ksk
(
1 + s2k

)2
M∑

m=1

√

1− ϕ2
m

× χtme
−(1+s2k)tm

(

ln
χtm

(
1 + s2k

)

ηρ
cn + b0

)

. (B.6)

For the special caseα = 2, the CDF ofXi in (A.16) can
be calculated as follows:

FXi
(ε)|α=2 = 1− e−(1+R2

DC
)ε

ε
(
R2

DA
−R2

DC

) +
e−(1+R2

DA
)ε

ε
(
R2

DA
−R2

DC

) .

(B.7)

Substituting (B.7) and (21) into (A.15), we can obtainΘ2

for the special caseα = 2 in exact closed-form as follows:

Θ2|α=2 =

(

1− e−(1+R2
DC

)εAi

εAi

(
R2

DA
−R2

DC

) +
e−(1+R2

DA
)εAi

εAi

(
R2

DA
−R2

DC

)

)

×
(

1− e−εAi

R2
DB
εAi

+
e−(1+R2

DB
)εAi

R2
DB
εAi

)

. (B.8)

Combining (B.6) and (B.8), we can obtain (24).
The proof is completed.

APPENDIX C: PROOF OFTHEOREM 4

Conditioned on the event that the numbers of users in group
{Ai} and{Bi} satisfyV = NA ≥ 1, NB ≥ 1, we express the
outage probability forAi∗ by applyingXi∗ → Xi, Yi∗ → Yi,
andZi∗ → Zi in (A.1) then obtain

PAi∗
= Pr

(

ρXi∗ |pi1|2

ρXi∗ |pi2|2 + 1
< τ1,

ρYi∗ |pi1|2

ρ|pi2|2Yi∗ + 1
< τ1

∣
∣
∣
∣
∣
V

)

︸ ︷︷ ︸

Θ∗

2

+ Pr



Zi∗ <
τ1 − ρXi∗ |pi1|

2

ρXi∗ |pi2|
2+1

ηρ (Yi∗ − εAi
)
, Xi∗ < εAi

, Yi∗ > εAi

∣
∣
∣
∣
∣
∣

V





︸ ︷︷ ︸

Θ∗

1

,

(C.1)

whereXi∗ =
|hAi |2
1+dα

Ai∗

, Yi∗ =
|hBi |2
1+dα

Bi∗

, andZi∗ = |gi|
2

1+dα
Ci∗

. Here

dAi∗
, dBi∗

, anddCi∗
are distances from the BS toAi∗ , from

the BS toBi∗ , and fromAi∗ to Bi∗ , respectively.
SinceRDC

≫ RDB
, we can approximate the distance as

dAi∗
≈ dCi∗

. Using a similar approximation method as that
used to obtain (A.2), we calculateΘ∗

1 as follows:

Θ∗
1 =

−
∫ εAi

0

χ

∫ RDA

RDC

(1 + rαA)
2

ηρ
e−(1+rαA)xΦ∗fdAi∗

(rA) drAdx,

(C.2)

where
Φ∗ =

∫ RDB

0
(1 + rαB)

(

lnχ
(1+rαB)(1+rαA)

ηρ
+ 2c0

)

fdBi∗
(rB) drB

andfdAi∗
is the PDF of the nearestAi∗ .

Similar to (33) and applying stochastic geometry within the
ring DA, we obtainfdAi∗

(rA) as follows:

fdAi∗
(rA) = ξArAe

−πλΦA(r
2
A−R2

DC
), (C.3)

whereξA =
2πλΦA

1−e
−πλΦA

(

R2
DA

−R2
DC

) .

Substituting (C.3) and (33) into (C.2), and using the
Gaussian-Chebyshev quadrature approximation,Φ∗ can be
expressed as follows:

Φ∗ ≈ξBωNRDB

2

N∑

n=1

√

1− φn
2 (1 + cαn∗)

× (lnmB∗ (1 + cαn∗) + 2c0) cn∗e
−πλΦB

c2n∗ . (C.4)

wheremB∗ =
χ(1+rαA)

ηρ
.

Substituting (C.4) into (C.2), we obtain

Θ∗
1 =− ξBξAωNRDB

2ηρ

∫ εAi

0

χe−(1+rαA)x

×
N∑

n=1

√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗∆∗dx,

(C.5)

where∆∗ =
∫ RDA

RDC

(

lnχ
(1+rαA)

ηρ
(1 + cαn∗) + 2c0

)

× (1 + rαA)
2
rAe

−πλΦA(r
2
A−R2

DC
)drA.

Applying Gaussian-Chebyshev quadrature approximation to
∆∗, we obtain

∆∗ ≈ ωK (RDA
−RDC

)

2

K∑

k=1

√

1− ψ2
k(1 + sαk )

2

×
(

ln
χ (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

ske
−πλΦA(s

2
k−R2

DC
).

(C.6)

Substituting (C.6) into (C.2), we obtain

Θ∗
1 = b5

N∑

n=1

√

1− φn
2 (1 + cαn∗)cn∗e

−πλΦB
c2n∗

×
K∑

k=1

√

1− ψ2
k(1 + sαk )

2
ske

−πλΦA(s
2
k−R2

DC
)

×
∫ εAi

0

χe−(1+rαA)x

(

ln
χ (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

dx

︸ ︷︷ ︸

Ψ∗

,

(C.7)

whereb5 = − ξBξAωNωKRDB(RDA
−RDC)

4ηρ .
Applying Gaussian-Chebyshev quadrature approximation to

Ψ∗, we obtain

Ψ∗ ≈
M∑

m=1

ωM

εAi

2

√

1− ϕ2
me

−(1+sαk )tm

× χtm

(

ln
χtm (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

. (C.8)
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Substituting (C.8) into (C.7), we obtain

Θ∗
1 = ς∗

N∑

n=1

√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

K∑

k=1

√

1− ψ2
k

× (1 + sαk )
2
ske

−πλΦA(s
2
k−R2

DC
)

M∑

m=1

√

1− ϕ2
m

× e−(1+sαk )tmχtm

(

ln
χtm (1 + sαk ) (1 + cαn∗)

ηρ
+ 2c0

)

.

(C.9)

Conditioned on the number of users in group{Ai} and
{Bi}, we obtainΘ∗

2 as follows:

Θ∗
2 = Pr (Xi∗ < εAi

|NA ≥ 1)Pr (Yi∗ < εAi
|NB ≥ 1)

= FXi∗
(εAi

)FYi∗
(εAi

) . (C.10)

Similar to (34), the CDF ofAi∗ is given by

FXi∗
(ε)

= ξA

∫ RDA

RDC

(

1− e−(1+rαA)ε
)

rAe
−πλΦA(r

2
A−R2

DC
)drA.

(C.11)

Applying the Gaussian-Chebyshev quadrature approximation,
we obtain

FXi∗
(ε) ≈ b2

K∑

k=1

√

1− ψk
2
(

1− e−(1+sαk )ε
)

ske
−πλΦA

s2k .

(C.12)

Substituting (C.12) and (35) into (C.10) and using a high
SNR approximation, we obtain

Θ∗
2 ≈b2b3

K∑

k=1

√

1− ψk
2(1 + sαk )ske

−πλΦA
s2k

×
N∑

n=1

(√

1− φn
2 (1 + cαn∗) cn∗e

−πλΦB
c2n∗

)

. (C.13)

Combining (C.13) and (C.7), we obtain (37).
The proof is completed.

APPENDIX D: PROOF OFTHEOREM 5

We express the outage probability forAi′ by applying
Xi∗ → Xi, Yi∗ → Yi, andZi∗ → Zi in (A.1) and obtain

PAi′
= Pr

(

ρXi′ |pi1|2

ρXi′ |pi2|2 + 1
< τ1,

ρYi∗ |pi1|2

ρ|pi2|2Yi∗ + 1
< τ1

∣
∣
∣
∣
∣
V

)

︸ ︷︷ ︸

Θ2
′

+ Pr



Zi′ <
τ1 − ρXi′ |pi1|

2

ρXi′ |pi2|
2+1

ηρ (Yi∗ − εAi
)
, Xi′ < εAi

, Yi∗ > εAi

∣
∣
∣
∣
∣
∣

V





︸ ︷︷ ︸

Θ1
′

,

(D.1)

whereXi′ =
|hAi |2
1+dα

A
i′

andZi′ =
|gi|

2

1+dα
C
i′

. HeredAi′
anddCi′

are

distances from the BS toAi′ and fromAi′ to Bi∗ , respectively.

SinceRDC
≫ RDB

, we can approximate the distance as
dAi′

≈ dCi′
. Using a similar approximation method as that

used to get (A.2), we first calculateΘ1
′ as follows:

Θ1
′ =−

∫ εAi

0

χ

∫ RDA

RDC

(1 + rαA)
2

ηρ
e−(1+rαA)x

×
∫ RDB

0

(1 + rαB)

(

lnχ
(1 + rαB) (1 + rαA)

ηρ
+ 2c0

)

× fdBi∗
(rB) drBfdA

i′
(rA) drAdx, (D.2)

wherefdA
i′
(rA) is the PDF for the farthestAi′ .

Similar to (33) and applying stochastic geometry within the
ring DA, we can obtainfdA

i′
(rA) as follows:

fdAi
′
(rA) = ξArAe

−πλΦA(R
2
DA

−r2A). (D.3)

Conditioned on the number ofAi′ andBi∗ , we obtain

Θ2
′ = Pr (Xi′ < εAi

|NA ≥ 1)Pr (Yi∗ < εAi
|NB ≥ 1)

= FXi′
(εAi

)FYi∗
(εAi

) . (D.4)

Following a similar procedure as that used to obtainΘ∗
1

and Θ∗
2 in Appendix B, we can obtainΘ1

′ and Θ2
′. Then

combiningΘ1
′ andΘ2

′, the general case (42) is obtained. For
the special caseα = 2, following a method similar to that
used to calculate (38), we can obtain (43).

The proof is completed.
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