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ABSTRACT In this paper, we study the coverage probability and average data rate of user pairing in
cooperative non-orthogonal multiple access (NOMA) networks. With fixed locations of the source and
typical user, the candidate users for pairing follow homogeneous Poisson point process. Considering the
geometric distance between nodes, close-to-user pairing (CUP) and close-to-source pairing (CSP) schemes
are investigated with the near user acting as half-duplex relay or full-duplex (FD) relay. Lower bounds on
the coverage probability and average data rate are approximately obtained using stochastic geometry and
Gaussian–Chebyshev quadrature. Numerical and simulation results corroborate the accuracy of the analytical
results and reveal that CUP-based cooperative NOMA outperforms CSP-based cooperative NOMA in terms
of the data rate performance. With typical user close to the source, CUP-based FD NOMA is the best
transmission scheme (among CUP-based and CSP-based cooperative NOMA, non-cooperative NOMA, and
OMA schemes) that maximizes the sum data rate and the minimum user rate.

INDEX TERMS Cooperative NOMA, user pairing, randomly deployed users, minimum user rate.

I. INTRODUCTION
With the densification of devices and the emergence of
new applications, the ever-increasing demand for massive
mobile access and high data traffic inspires the study of
novel wireless access technologies [1]–[3]. Power-domain
non-orthogonal multiple access (NOMA), a promising radio
access technology,multiplexesmultiple users on one resource
block with superposition coding and power allocation. Suc-
cessive interference cancelation (SIC) is applied at receivers
for decoding. The advantages of NOMA in accommodating
the ever dense users and approaching multiuser capacity
region [4] benefit its application in Internet of things (IoT)
and cellular networks.

In the conventional non-cooperative NOMA system,
non-orthogonal users with different channel conditions expe-
rience huge performance difference and less user fairness.
To improve the reliability of weak users with poor chan-
nel conditions, cooperative NOMA is studied to exploit the
advantage of SIC at the strong user with good channel con-
ditions by cooperatively forwarding the decoded signals to
weak users. User pairing, the key in reducing the complexity
and achieving the capacity gain of cooperative NOMA sys-
tems, has attracted great attentions [5]–[14].

A. MOTIVATION AND CONTRIBUTION
Most of the existing literatures on user pairing in coopera-
tive NOMA networks assumed predesignated user pair and
fixed user locations [5]–[12]. For a cooperative NOMA net-
work with randomly deployed users, the source was located
at the center of the cell and users were divided into near
region users and far region users depending on their distances
from source [13], [14]. A near region user and a far region
user were selected as a user pair. The near one acted as
relay to forward the signals of far user. This type of user
pairing assures comparatively small distance between the
source and near user, and the cooperative diversity cannot
be fully exploited. In fact, when the distance between paired
users is small, the performance of near user may degrade
but the cooperative diversity of far user improves. However,
in cooperative NOMA networks, the impact of the geometric
distance between nodes on user pairing has not been fully
explored yet.

In this paper, we investigate distance-based user pairing in
the cooperative NOMA network, where the locations of the
source and typical user are fixed, and the candidate users for
pairing follow the distribution of homogeneous Poisson Point
Process (PPP) [15].
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Firstly, Close-to-User Pairing (CUP) scheme and Close-
to-Source Pairing (CSP) scheme are presented, where the
candidate user closest to the typical user and source within
the pairing region is chosen as the pairing user of typical user
respectively. For the typical user and pairing user, we define
the near user as the one nearer to the source, and accordingly
the other one is the far user. The near user employs SIC
and cooperatively forwards the signal of far user in either
half-duplex (HD) NOMA or full-duplex (FD) NOMA mode.

Then, to evaluate the performance of the cooperative
NOMA system, closed-form expressions for the lower
bound on coverage probability and average data rate
are approximately obtained with stochastic geometry and
Gaussian-Chebyshev quadrature. Theoretical insights are
also provided to explore the impact of the power allocation
coefficient.

Finally, we define the best transmission scheme (among
CUP-based and CSP-based cooperative NOMA, CSP-based
non-cooperative NOMA, CUP-based and CSP-based orthog-
onal multiple access (OMA)) as the transmission scheme
that achieves the maximum data rate performance. Numerical
results validate the theoretical analysis and reveal that with
optimal power allocation employed, CUP-based FD NOMA
and CSP-based non-cooperative NOMA are the best trans-
mission schemes that maximize the sum data rate and the
minimum user rate with typical user close to and far from
the source, respectively.

B. RELATED WORKS
The impact of user pairing in non-cooperative NOMA
networks has been extensively studied in [16]–[21].
Ding et al. [16] performed two-user pairing and revealed
that user pairs with larger difference in channel conditions
achieved higher gain on sum rate over OMA. Considering
non-uniform user distribution in a cell, a part of far users
cannot be paired. To tackle this issue, virtual and time
sharing-based user pairing schemes were proposed in [17]
and [22] to realize one near user-multiple far users pair-
ing. The effect of user pairing and power allocation on the
bit error rate was studied in [18]. To improve the perfor-
mance of the whole network, matching algorithm-based user
pairing was developed in [19]. Researches on user pairing
were also extended to multi-antenna and multi-cell scenarios
in [20] and [21].

Most existing literatures on user pairing in coop-
erative NOMA networks considered predesignated user
partition [5]–[12].With fixed user locations, Yue et al. [5], [6]
and Zhang et al. [7], [8] derived the outage probability and
ergodic sum rate in HD NOMA and FD NOMA systems.
Zhou et al. [13] and Liu et al. [14] considered a cell with
the source located at the center, and randomly deployed
candidate users were divided into near region users and far
region users depending on their distances from source. A near
region user and a far region user were selected as a user
pair. The impact of the distance between paired users is
neglected in the design of user pairing. On the other hand,

Zhang et al. [8], Li et al. [9], and Liu et al. [10] aimed to
minimize outage probability and power consumption of a user
pair with power allocation. To reduce the difference in the
data rate of paired users, the improvement of the minimum
user rate should also be concerned about. Zhang et al. [8]
and Liu et al. [12] maximized the minimum user rate of
a user pair with power allocation. Do et al. [11] improved
the performance of cell-edge users using on-off cooperative
relaying schemes based on channel conditions of the direct
and relaying links. The impact of user pairing and transmis-
sion mode (e.g., HD NOMA, FD NOMA, non-cooperative
NOMA, OMA) on the data rate performance has not been
fully studied.

C. ORGANIZATION
The remainder of this paper is organized as follows.
In Section II, the system model as well as the received signal-
to-interference-plus-noise ratios (SINRs) of CUP and CSP
schemes are presented. In Section III and IV, the coverage
probability and average data rate of the user pair are approxi-
mated. The simulation results are shown in Section V. Finally,
this paper is summarized in Section VI.

II. SYSTEM MODEL
As illustrated in Fig. 1, we consider the downlink transmis-
sion in a cooperative NOMA network, where a source (S)
communications with a typical user (U1) and a pairing user
of U1. The pairing user is selected among multiple candidate
pairing users. Polar coordinate is employed. S is located
at the origin (0, 0). U1 is located at (d1, 0). The region for
pairing is defined as a sector with maximum angle θ0 =
π and no constraint on the maximum distance. Within the
pairing region, the candidate users are spatially distributed as
homogeneous PPP 8u with density λu [15].

FIGURE 1. An illustration of downlink transmission in a cooperative
NOMA network with a source node (red square), a typical user (purple
triangle) and multiple candidate users (blue circles). The pairing region
(blue shadow) is a sector with maximum angle θ0 = π and no constraint
on the maximum distance. Within the pairing region, the spatial
distribution of the candidate users follows homogeneous PPP.
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A. CUP AND CSP SCHEMES
With CUP (CSP) scheme, the candidate user closest to U1
(S) within the pairing region is chosen as the pairing user of
U1. Denote U2 as the pairing user of U1. Denote d1, d2, d3
as the distance of the S-U1, S-U2, U1-U2 links, respectively.
U2 is located at (d2, θ), where θ = 6 U2SU1 ∈ [−π2 ,

π
2 ] is the

rotation.

FIGURE 2. An illustration of CUP scheme, where U1 is the typical user,
U2 is the pairing user of U1.

FIGURE 3. An illustration of CSP scheme, where U1 is the typical user,
U2 is the pairing user of U1.

S serves the user pair with power-domain NOMA.
As shown in Fig. 2 and Fig. 3, we define the near user Un
as the user nearer to S, and the other one is the far user Uf .
For example, in Fig. 2(a), d1 ≥ d2, thus Un = U2, Uf = U1.
In Fig. 2(b), d1 < d2, thus Un = U1, Uf = U2. The near
user acts as a decode-and-forward (DF) relay, which decodes
the signal of far user and its own by employing SIC [23] and
forwards the signal of far user in either HD NOMA or FD
NOMAmode.1 S is equipped with single antenna. To enable
FD communication, the users are equipped with one transmit
antenna and one receive antenna.

B. RADIO PROPAGATION MODEL AND RECEIVED SINR
Radio signals undergo both standard path loss propagation
and flat block Rayleigh fading. Denote h̄1, h̄2, h̄3 as the
complex channel coefficient of the S-U1, S-U2 and Un-Uf
links, respectively. hi = |h̄i|2(i ∈ {1, 2, 3}) is the Rayleigh
fading gain, which is exponential distributed with unit mean.
Denote In, If as the inter-user interference from non-serving
sources experienced at Un, Uf respectively. In, If can be

1Differently from the incremental relaying networks where the relay-
ing user only serves as a helper of the destination based on channel
states [24], [25], the focal point of the cooperative NOMA is the data rate
of both paired users.

regarded as noise with constant power Iinter since the statistic
of interference obeys a stationary distribution when users
follow the PPP model [26]. Denote nn, nf as the additive
white Gaussian noise (AWGN) at Un, Uf respectively, and the
average noise power is σ 2

0 .

1) HD NOMA
When Un operates in the HD NOMA mode, the transmission
is partitioned into two phases. Each phase lasts one time
slot. In the first phase (i.e., odd time slot), S transmits the
superposed signal of Un and Uf , i.e.,

ya[2k − 1] =
√
anPaxn[2k − 1]+

√
af Paxf [2k − 1], (1)

where 2k − 1 is the time index, k = 1, 2, 3, ..., Pa is the
transmit power of S, xn and xf are the signals for Un and
Uf respectively, E

[
|x1|2

]
= E

[
|x2|2

]
= 1. an and af are

the power allocation coefficients for xn and xf respectively,
an + af = 1. SIC is adopted at Un and the signal of Uf is
firstly decoded by treating the signal of Un as interference.
The received SINR at Un to detect xf [2k−1], defined as γH

n,f ,
is given as

γH
n,f =

af Pahnd−αn
anPahnd

−α
n + σ 2

, (2)

where σ 2
= Iinter + σ 2

0 is a constant. After Un successfully
decodes xf [2k − 1], it removes xf [2k − 1] from the received
signal and decodes its own signal. The received SINR of
xn[2k − 1] at Un is

γH
n,n =

anPahnd−αn
σ 2 . (3)

The received SINR at Uf to detect xf [2k − 1] for direct link

is
af Pahf d

−α
f

anPahf d
−α
f +σ

2 .

In the second phase (i.e., even time slot), Un coopera-
tively forwards the decoded signal xf [2k] to Uf . The SINR
at Uf to detect xf [2k] for relaying link (the Un-Uf link) is
Puh3d

−α
3

σ 2
, where Pu is the transmit power of Un. Uf combines

the signals from the relaying link and direct link by maxi-
mal ratio combining (MRC) [23]. The received SINR after
MRC at Uf is

γH
f ,f =

af Pahf d
−α
f

anPahf d
−α
f + σ

2
+
Puh3d

−α
3

σ 2 . (4)

2) FD NOMA
When Un operates in the FD NOMA mode, the direct and
cooperative transmissions are executed at the same frequency
band simultaneously. In the k-th time slot, S transmits the
superposed signal ya[k] =

√
anPaxn[k]+

√
af Paxf [k], mean-

whileUn tends to decode signal xf [k] and forward xf [k] toUf .
When Un employs SIC technique, the receiver at Un also suf-
fers from residual self-interference from its transmit antenna
to its receive antenna. An imperfect self-interference cancela-
tion scheme is performed atUn as in [6]. The self-interference
cancelation factor is denoted as κ (0 ≤ κ ≤ 1), which
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demonstrates the degree of self-interference cancelation. The
Un-Un link does not experience path loss, instead it is modeled
as a Rayleigh fading channel with coefficient h̄u. hu = |h̄u|2

is exponential distributed with average power µ.
Based on the radio propagation model, the observation at

Un is yn[k] = h̄n[k]ya[k] +
√
κPuh̄u[k]s[k] + In[k] + nn[k],

where s[k] is the transmit signal of Un. By employing SIC,
the received SINR of xf [k] at Un is

γ F
n,f =

af Pahnd−αn
anPahnd

−α
n + κPuhu + σ 2

. (5)

When Un can successfully decode xf [k], s[k] = xf [k − kd ],
where kd is the processing delay atUn (We assume kd = 1 and
kd ≤ k here.) [8]. After Un removes xf [k] from the received
signal yn[k], the received SINR of xn[k] at Un is

γ F
n,n =

anPahnd−αn
κPuhu + σ 2 . (6)

The received signal at Uf is yf [k] = h̄f [k]ya[k] +√
Puh̄3[k]xf [k − kd ] + If [k] + nf [k]. There exists small

time delay between the signals from S and Un. As in [6]–[8],
we assume that the two signals from S and Un are fully
resolvable at Uf , and they can be appropriately cophased
and merged by MRC. Consequently, the received SINR after
MRC at Uf is the same as that in the HD NOMA case,
i.e., γ F

f ,f = γ
H
f ,f .

Remark 1: In 5G scenarios, the base station (BS) is
equipped with massive antennas, but only partial antennas at
BS are selected to serve a user pair [27]–[29]. Yu et al. [29]
assumed that the BS selects one out of N available antennas to
serve one user pair, so that the hardware cost and complexity
at BS can be reduced and only partial channel state informa-
tion (CSI) is required.

With multiple antennas serving a user pair, the perfor-
mance analysis can also be performed based on the analyt-
ical framework in this paper. Assuming that S is equipped
with MT antennas, and LT (LT < MT ) antennas at S are
selected to communicate with the user pair. The channel
vectors from S to near user and far user are defined as Hn =
[h̄1,n, h̄2,n, ..., h̄LT ,n] and Hf = [h̄1,f , h̄2,f , ..., h̄LT ,f ], respec-
tively, where h̄k,n (h̄k,f ), k = 1, 2, ...,LT , is the channel
coefficient between the k-th selected antenna of S and near
user (far user). The channels betweenS and users undergo flat
block Rayleigh fading. hk,n = |h̄k,n|2 and hk,f = |h̄k,f |2 are
the Rayleigh fading gains, which are exponential distributed
with unit mean. Since the channel gains are vectors, it is
challenging to design antenna selection and the decoding
order of SIC. Multi-antenna system can further improve the
performance of the NOMA system, however, it is beyond the
scope of this paper and will be studied in our future work.

In the following sections, we evaluate the coverage and
data rate performance of paired users with CUP and CSP
schemes, and further study the impact of user pairing, trans-
mission mode and power allocation on the system perfor-
mance. In the rest of this paper, we will drop the time index
for brevity.

III. COVERAGE PROBABILITY
In this section, the coverage probability of the cooperative
NOMA system is analyzed with stochastic geometry and
Gaussian-Chebyshev quadrature [30].

Define τ1, τ2 as the SINR thresholds of decoding x1 and x2
respectively. Un is in coverage when it can successfully
decode both the signal of Uf and its own. Uf is in coverage in
two cases: 1) Un can decode signal xf and the received SINR
after MRC at Uf is larger than τf ; 2) Un cannot decode signal
xf and the received SINR for direct link at Uf is larger than τf .
For Case 2, when Un fails to decode xf , it is more difficult to
decode xf at Uf due to the severe path loss of S-Uf link. Thus,
we mostly study Case 1 in this paper for simplification.

A. CUP SCHEME
With CUP scheme, we transform the origin to U1. As shown
in Fig. 4, U1 is located at (0, 0). S is located at (d1, π).
Denote (r, θ) as the polar coordinate of U2. r = d3, θ =
6 U2U1x ∈ (0, 2π ] is the rotation. Before evaluating coverage
performance, we firstly give out the probability of d1 > d2.

FIGURE 4. The polar coordinate for CUP scheme.

Lemma 1:With CUP scheme, the probability thatU1 serves
as far user is

PCUP
1→far

≈
1
N

N∑
n=1

sin
(
2n− 1
2N

π

)
1− e−

πλuφ21
2√

8−
(
φ1
d1

)2

+
1
M

M∑
m=1

sin
(
2m− 1
2M

π

)(2−√2)
(
1− e

−
16πλud21

(φ2+2
√
2)2

)
√
16− (φ2 + 2

√
2)2

,

(7)

where φ1 =
(
1+ cos

(
2n−1
2N π

))
d1, φ2 =

(
1 + cos(

2m−1
2M π

) ) (
2−
√
2
)
, N , M are parameters to ensure accu-

racy at the cost of certain computational complexity.
Proof: Please refer to Appendix A. �

1) HD NOMA
In this subsection, we characterize the coverage probability
of the user pair in HD NOMA networks.
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Theorem 1:With CUP-based HD NOMA, when U1 is the
far user, the coverage probability of U2 is approximated as

PHD−CUP
2→near

≈ 1(af >
τ1

1+ τ1
)
2π2

MN

M∑
m=1

N∑
n=1

× sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)

×

4HD−CUP,covI
2→near

λuφ1φ
2
3d1e

−
πλuφ21φ

2
3

2

4
√
2− φ32

+ 4
HD−CUP,covII
2→near

4(2−
√
2)λud1φ1e

−
4πλud21

(φ2+2
√
2)2(

(φ2 + 2
√
2)2
)√

16− (φ2 + 2
√
2)2

,
(8)

where

4
HD−CUP,covI
2→near =

e−Aω1

PCUP
1→far

,

4
HD−CUP,covII
2→near =

e−Aω2

PCUP
1→far

,

A =


σ 2τ1

Pa
(
af − anτ1

) τ2 ≤ B, af >
τ1

1+ τ1
σ 2τ2

anPa
τ2 > B, af >

τ1

1+ τ1
,

B =
anτ1

1− an (1+ τ1)
,

ω1 =

(
φ21φ

2
3

2
+ d21 − φ1φ

2
3d1

) α
2

,

ω2 =

(
4φ21

(φ2 + 2
√
2)2
+ d21 − φ1d1

) α
2

,

φ3 =
1+ cos

(
2m−1
2M π

)
2

.

The lower bound on the coverage probability of U1 is
approximated as

PHD−CUP
1→far

≈ 1(af >
τ1

1+ τ1
)
2π2

MN

M∑
m=1

N∑
n=1

× sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)

×

4HD−CUP,covI
1→far

λuφ1φ
2
3d1e

−
πλuφ21φ

2
3

2

4
√
2− φ32

×

(
1+ E

(
φ1φ3
√
2

)α (
2c0 + ln

(
E
(
φ1φ3
√
2

)α)))

+4
HD−CUP,covII
1→far

4(2−
√
2)λud1φ1e

−
4πλud21

(φ2+2
√
2)2(

(φ2 + 2
√
2)2
)√

16− (φ2 + 2
√
2)2

×

(
1+E

(
2φ1

φ2 + 2
√
2

)α (
2c0+ln

(
E
(

2φ1
φ2+2

√
2

)α)))]
,

(11)

where

4
HD−CUP,covI
1→far =

e
−Cω1−D

(
φ1φ3√

2

)α
PCUP
1→far

,

4
HD−CUP,covII
1→far =

e
−Cω2−D

(
2φ1

φ2+2
√
2

)α
PCUP
1→far

,

C =
σ 2τ1

Pa
(
af − anτ1

) , D =
σ 2

Pu

(
τ1 −

af
an

)
,

E =
σ 4af dα1
a2nPuPa

, c0 = −
ϕ(1)
2
−
ϕ(2)
2
,

and ϕ(·) denotes the psi function [31].
Proof: Please refer to Appendix B. �
Remark 2: When U1 is the far user, af ∈ ( τ1

1+τ1
, 1] in (8)

assures non-negative γH
2,1 − τ1. If this condition is violated,

outage event occurs at the near user.
With low transmit signal-to-noise ratio (SNR) Pa

σ 2
, when

af ∈
(

τ1
1+τ1

,
τ1(1+τ2)
τ1+τ2+τ1τ2

]
, A = σ 2τ1

Pa(af−anτ1)
and PHD−CUP

2→near
increases with af . In this scenario, the bottleneck of per-
formance improvement is the decoding of xf at the near
user, thus the coverage is improved when more power is
allocated to signal xf . When af ∈

(
τ1(1+τ2)
τ1+τ2+τ1τ2

, 1
)
, A = σ 2τ2

anPa

and PHD−CUP
2→near decreases with af . The bottleneck of perfor-

mance improvement is the decoding of xn, thus the coverage
becomes worse when less power is remained for xn. Based on
(9),PHD−CUP

1→far increases with growing af since the increase of
af enhances γH

2,1 and γ
H
1,1.

Theorem 2:With CUP-based HD NOMA, when U1 is the
near user, the coverage probability of U1 is

PHD−CUP
1→near = 1(af >

τ2

1+ τ2
)e−F , (10)

where

F =


σ 2τ2dα1

Pa
(
af − anτ2

) τ1 ≤ G, af >
τ2

1+ τ2
σ 2τ1dα1
anPa

τ1 > G, af >
τ2

1+ τ2

,

G =
anτ2

1− an (1+ τ2)
.

The lower bound on the coverage probability of U2 is

PHD−CUP
2→far ≈ 1(af >

τ2

1+ τ2
) (ϕ1 + ϕ2 + ϕ3) , (11)

where ϕ1, ϕ2, ϕ3 are given in (12)-(14), as shown at the top

of the next page, 4HD−CUP,cov
2→far =

{
e−J−Kω

α
3

1−PCUP
1→far

, e−J−Kφ
α
4

1−PCUP
1→far

,
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ϕ1 ≈
2π2

MN

M∑
m=1

N∑
n=1

sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)
4

HD−CUP,cov
2→far λuω3e−πλuω

2
3

√
2d1(1− φ23 )

4φ3
√
2− φ32

×

(
1+ Lωα3 (d

2
1 + ω

2
3 −
√
2ω3d1φ3)

α
2

(
ln
(
Lωα3 (d

2
1 + ω

2
3 −
√
2ω3d1φ3)

α
2

)
+ 2c0

))
(12)

ϕ2 ≈
π2

2MN

M∑
m=1

N∑
n=1

sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)
4

HD−CUP,cov
2→far λuφ4e−πλuφ

2
4

1√
1− φ32

×

(
1+ Lφα4 (d

2
1 + φ

2
4 + 2d1φ4φ3)

α
2

(
ln
(
Lφα4 (d

2
1 + φ

2
4 + 2d1φ4φ3)

α
2

)
+ 2c0

))
(13)

ϕ3 ≈
π2

2MN

M∑
m=1

N∑
n=1

sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)
4

HD−CUP,cov
2→far λuφ

−3
4 e−πλuφ

−2
4

1√
1− φ32

×

(
1+ Lφ−α4 (d21 + φ

−2
4 + 2d1φ

−1
4 φ3)

α
2

(
ln
(
Lφ−α4 (d21 + φ

−2
4 + 2d1φ

−1
4 φ3)

α
2

)
+ 2c0

))
(14)

e−J−Kφ
−α
4

1−PCUP
1→far

}
for {ϕ1, ϕ2, ϕ3} respectively, J =

σ 2τ2dα1
Pa(af−anτ2)

,

K = σ 2(τ2an−af )
Puan

,L = σ 4af
a2nPuPa

,ω3 =
√
2d1

(
φ4
φ3
− φ3φ4 + φ3

)
,

φ4 =
1+cos

(
2n−1
2N π

)
2 .

Proof: The proof of (10) can refer to theorem 1 and is
omitted here. We divide the original integration of PHD−CUP

2→far
into three parts due to the complexity of integral domain. For
the detail of the proof, please refer to Appendix C. �
Remark 3: When U2 is the far user, af should be

above τ2
1+τ2

. Combining the discussion in Remark 2,
the feasible region of af with CUP scheme is af ∈(
max{ τ1

1+τ1
, τ2
1+τ2
}, 1
)
, which guarantees that both paired

users have positive average data rate. The monotonicity
of (10)(11) can be discussed referring to Remark 2 and is
omitted here.

2) FD NOMA
In this subsection, we characterize the coverage probability
of the user pair in FD NOMA networks.
Theorem 3: With CUP-based FD NOMA, when U1 is

the far user, the coverage probability of U2 is obtained by
replacing 4HD−CUP,covI

2→near , 4HD−CUP,covII
2→near with

4
FD−CUP,covI
2→near =

σ 2e−Aω1(
σ 2 + µAκPuω1

)
PCUP
1→far

,

4
FD−CUP,covII
2→near =

σ 2e−Aω2(
σ 2 + µAκPuω2

)
PCUP
1→far

in (8). The coverage probability ofU1 is obtained by replacing
4

HD−CUP,covI
1→far , 4HD−CUP,covII

1→far with

4
FD−CUP,covI
1→far =

σ 2 e
−Cω1−D

(
φ1φ3√

2

)α
(
σ 2 + κµPuCω1

)
PCUP
1→far

,

4
FD−CUP,covII
1→far =

σ 2 e
−Cω2−D

(
2φ1

φ2+2
√
2

)α
(
σ 2 + κµPuCω2

)
PCUP
1→far

in (9).

Proof: The probability density function (PDF) of channel
gain hu is fhu (h) =

1
µ
e−

h
µ . When the near user U2 is in the FD

NOMAmode, the coverage probability of U2 is equivalent to
introducing σ 2

σ 2+µAκPudα2
in (8). �

Remark 4: The self-interference reduces the coverage
probability of the FD NOMA system. The monotonicity of
the coverage probability with respect to af is consistent with
Remark 2. Besides, the coverage probability of both paired
users decreases with κ and Pu. The near user should transmit
with low power to resist self-interference whereas this leads
to the degradation of far user rate.

When U1 is the near user, the coverage probability of U1 is

PFD−CUP
1→near = 1(af >

τ2

1+ τ2
)

σ 2e−F

σ 2 + µFκPu
. (15)

The lower bound on the coverage probability of U2 is

PFD−CUP
2→far ≈ 1(af >

τ2

1+ τ2
)
ϕ1 + ϕ2 + ϕ3

1+
κµPuτ2dα1

Pa(af−anτ2)

. (16)

B. CSP SCHEME
With CSP scheme, we use the same polar coordinate as
in Fig. 1.U2 is located at (r, θ), where r = d2, θ = 6 U2SU1 ∈

[−π2 ,
π
2 ]. Before evaluating coverage performance, we firstly

give out the probability of d1 > d2.
Lemma 2:With CSP scheme, the probability that U1 serves

as far user is

PCSP
1→far = 1− e−

πλud21
2 . (17)

Proof: Since we have −π2 ≤ θ ≤
π
2 , the PDF of r is f (r) =

λuπre−
λuπr2

2 . Then (17) can be derived as in lemma 1. �
Remark 5: When the density of user is large enough,

PCSP
1→far ≈ 1.

1) HD NOMA
In this subsection, we characterize the coverage probability
of the user pair in HD NOMA networks.

VOLUME 6, 2018 74293



J. Zhang et al.: Performance Analysis of User Pairing in Cooperative NOMA Networks

With CSP-based HD NOMA, when U1 is the far user,
the coverage probability of U2 is approximated as

PHD−CSP
2→near ≈ 1(af >

τ1

1+ τ1
)
π2

N

N∑
n=1

sin
(
2n− 1
2N

π

)
×4

HD−CSP,cov
2→near

λuφ1d1
4

e−
πλuφ21

8 , (18)

where 4HD−CSP,cov
2→near =

e
−A

(
φ1
2

)α
PCSP
1→far

.

The lower bound on the coverage probability of U1 is

PHD−CSP
1→far ≈ 1(af >

τ1

1+ τ1
)
π2

MN

M∑
m=1

N∑
n=1

sin
(
2n− 1
2N

π

)
× sin

(
2m− 1
2M

π

)
4

HD−CSP,cov
1→far

× (1+ Eω4 (ln (Eω4)+ 2c0))

×
λud1φ1

4
e−

πλuφ21
8

1√
1− φ23

, (19)

where

4
HD−CSP,cov
1→far =

e
−C

(
φ1
2

)α
−Dω4

PCSP
1→far

,

ω4 =

(
φ21

4
+ d21 − d1φ1φ3

) α
2

.

When U1 is the near user, the coverage probability
PHD−CSP
1→near is the same as PHD−CUP

1→near . The lower bound on the
coverage probability of U2 is

PHD−CSP
2→far

≈ 1(af >
τ2

1+ τ2
)
π2

MN

M∑
m=1

N∑
n=1

sin
(
2n− 1
2N

π

)

× sin
(
2m− 1
2M

π

)
4

HD−CSP,cov
2→far

λuφ
3
5

16d1
e−

πλuφ25
8

−1√
1− φ23

×

(
1+ L

(
−
φ5

2

)α
ω5

(
ln
(
L
(
−
φ5

2

)α
ω5

)
+ 2c0

))
,

(20)

where

4
HD−CSP,cov
2→far =

e−J−Kω5

1− PCSP
1→far

,

ω5 =

(
φ25

4
+ d21 + d1φ3φ5

) α
2

,

φ5 =
4d1

cos
(
2n−1
2N π

)
− 1

.

2) FD NOMA
In this subsection, we characterize the coverage probability
of the user pair in FD NOMA networks.

With CSP-based FD NOMA, when U1 is the far user,
the coverage probability of U2 is obtained by replacing
4

HD−CSP,cov
2→near with

4
FD−CSP,cov
2→near =

σ 2e
−A

(
φ1
2

)α
(
σ 2 + µAκPu

(
φ1
2

)α)
PCSP
1→far

in (18). The coverage probability of U1 is obtained by replac-
ing 4HD−CSP,cov

1→far with

4
FD−CSP,cov
1→far =

e
−C

(
φ1
2

)α
−Dω4(

1+
κµPuτ1

(
φ1
2

)α
Pa(af−anτ1)

)
PCSP
1→far

in (19).
When U1 is the near user, the coverage probability of U1

is the same as PFD−CUP
1→near . The lower bound on the coverage

probability of U2 is obtained by replacing 4HD−CSP,cov
2→far with

4
FD−CSP,cov
2→far =

e−J−Kω5(
1+

κµPuτ2dα1
Pa(af−anτ2)

)
PCSP
1→far

in (20).
The monotonicity of the coverage probability with CSP

scheme is consistent with that with CUP scheme.

IV. AVERAGE DATA RATE
In this section, the average data rate of the cooperative
NOMA system is analyzed with stochastic geometry and
Gaussian-Chebyshev quadrature.

A. CUP SCHEME
The data rate at Un, Uf can be expressed as 1

2 log2(1 + γ
H
n,n)

and 1
2 log2(1+ γ

H
f ,f ) with HD NOMA, and log2(1+ γ

F
n,n) and

log2(1 + γ
F
f ,f ) with FD NOMA. In the following, we derive

the average data rate of the user pair with CUP scheme in HD
and FD NOMA networks respectively.

1) HD NOMA
In this subsection, we characterize the average data rate of the
user pair in HD NOMA networks.
Theorem 4: With CUP-based HD NOMA, when U1 is

the far user, the near user rate RHD−CUP
2→near is obtained by

replacing 4HD−CUP,covI
2→near , 4HD−CUP,covII

2→near with 4HD−CUP,RI
2→near ,

4
HD−CUP,RII
2→near in (8), where

4
HD−CUP,RI
2→near =

1

2 ln 2PCUP
1→far

[
ln (1+ B) e

−
σ2τ1

Pa(af −anτ1)
ω1

− e
σ2
anPa

ω1Ei

[
−
σ 2

anPa
ω1 (1+ B)

]]
,

4
HD−CUP,RII
2→near equals to replacing ω1 with ω2 in 4

HD−CUP,RI
2→near .
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RHD−CUP,OMA
1→far =

π2

MNPCUP
1→far

M∑
m=1

N∑
n=1

sin
(
2m− 1
2M

π

)
sin
(
2n− 1
2N

π

)

×


−e

σ2
Pa
ω6+

σ2φα1 φ
α
3

2αPa Ei

(
−
σ 2

Pa
ω6 −

σ 2φα1 φ
α
3

2αPa

)
2 ln 2

(
1−

φα1 φ
α
3

2αdα1

) d1
(
Pu
Pa

) 2
α
λuφ1φ

2
3e
−
πλuφ21φ

2
3

4

(
Pu
Pa

) 2
α

√
4− φ23

(
Pu
Pa

) 2
α

+

−e
σ2
Pa
ω7+

σ2φα1
2αPa Ei

(
−
σ 2

Pa
ω7 −

σ 2φα1
2αPa

)
2 ln 2

(
1−

φα1
2αdα1

) d1
(
Pu
Pa

) 2
α
λuφ1e

−
πλuφ21

4

(
Pu
Pa

) 2
α
(
1− 1

2

(
Pu
Pa

) 1
α

)

4

√
1−

[
φ3

(
1− 1

2

(
Pu
Pa

) 1
α

)
+

1
2

(
Pu
Pa

) 1
α

]2
 (22)

The lower bound on the far user rate RHD−CUP
1→far is

obtained by replacing 4
HD−CUP,covI
1→far , 4HD−CUP,covII

1→far with

4
HD−CUP,RI
1→far , 4HD−CUP,RII

1→far in (9), where

XiHD−CUP,RI1→far

= −
e
−Cω1+ σ2

anPu

(
φ1φ3√

2

)α
2 ln 2PCUP

1→far

Ei

[
−
σ 2

Pu

(
φ1φ3
√
2

)α]
,

4
HD−CUP,RII
1→far

= −
e
−Cω2+ σ2

anPu

(
2φ1

φ2+2
√
2

)α
2 ln 2PCUP

1→far

Ei

[
−
σ 2

Pu

(
2φ1

φ2 + 2
√
2

)α]
.

Proof: Please refer to Appendix D. �
When U1 is the near user, the near user rate RHD−CUP

1→near is

RHD−CUP
1→near =

1(af > τ2
1+τ2

)

2 ln 2

×

[
ln (1+ G) e

−
σ2τ2

Pa(af −anτ2)
dα1

− e
σ2
anPa

dα1 Ei

[
−
σ 2dα1
anPa

(1+ G)

]]
. (21)

The far user rate RHD−CUP
2→far is obtained by replacing

4
HD−CUP,cov
2→far with 4HD−CUP,R

2→far in (11), where

4
HD−CUP,R
2→far =

− e−J+
σ2
anPu

ωα3

2 ln 2(1− PCUP
1→far)

Ei

[
−
σ 2

Pu
ωα3

]
,

−
e−J+

σ2
anPu

φα4

2 ln 2(1− PCUP
1→far)

Ei

[
−
σ 2

Pu
φα4

]
,

−
e−J+

σ2
anPu

φ−α4

2 ln 2(1− PCUP
1→far)

Ei

[
−
σ 2

Pu
φ−α4

]
for {ϕ1, ϕ2, ϕ3} respectively.
Remark 6: The far user rate increases with growing af .

With high SNR regime, i.e., Pa
σ 2
→ ∞ and Pa

σ 2
= t Pu

σ 2
,

the average data rate of CUP-based HD NOMA can be
approximated as

4
HD−CUP,∞
2→near =

ln
(
1+ anτ1

1−an(1+τ1)

)
− Ei [0]

2 ln 2PCUP
1→far

,

4
HD−CUP,∞
1→far = −

Ei[0]

2 ln 2PCUP
1→far

,E = 0,

RHD−CUP,∞
1→near =

1
2 ln 2

[
ln
(
1+

anτ2
1− an (1+ τ2)

)
−Ei [0]

]
,

4
HD−CUP,∞
2→far = −

Ei[0]

2 ln 2(1− PCUP
1→far)

,L = 0.

We observe that the near user rate decreases with af due
to less remaining power for near user’s own signal. The far
user rate remains as a constant since it is dominated by the
relaying link and is unrelated to af . Therefore, the sum rate
decreases with af .
Remark 7: When τi ≥ τj ({i, j} ∈ {1, 2}, i 6= j) and

af → max{ τ1
1+τ1

, τ2
1+τ2
} =

τi
1+τi

, the average data rate is
RHD−CUP

i→far = 0, RHD−CUP
j→near = 0. This is because, when Ui

is the far user and S allocates minimum possible power to the
far user, it is difficult to decode xi at the near user.

When af → 1, S allocates maximum power to the far user,
the NOMA system transforms to an OMA system where Un
only serves as a helper of Uf and does not receive its own
message. The far user rate holds as a constant. For example,
when U1 is the far user, the far user rate is given by (22), as
shown at the top of this page, where

ω6 =

(
φ21φ

2
3

4

(
Pu
Pa

) 2
α

+ d21 −
φ1φ

2
3d1
2

(
Pu
Pa

) 2
α

) α
2

,

ω7 =

(
φ21

4

(
Pu
Pa

) 2
α

+ d21 − φ1d1

(
Pu
Pa

) 1
α

×

(
φ3

(
1−

1
2

(
Pu
Pa

) 1
α

)
+

1
2

(
Pu
Pa

) 1
α

)) α
2

.
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2) FD NOMA
In this subsection, we characterize the average data rate of the
user pair in FD NOMA networks.

With CUP-based FD NOMA, when U1 is the far
user, the near user rate RFD−CUP

2→near is obtained by

replacing 4HD−CUP,covI
2→near , 4HD−CUP,covII

2→near with 4FD−CUP,RI
2→near ,

4
FD−CUP,RII
2→near in (8), where

4
FD−CUP,RI
2→near

=
1

ln 2PHD−CUP
1→far

ln (1+ B) e
−

σ2τ1
Pa(af −anτ1)

ω1

1+ µτ1κPuω1
Pa(af−anτ1)

+
π

Q

Q∑
q=1

sin
(
2q− 1
2Q

π

)
Bφ26e

−
σ2B
anPa

φ6ω1

2 (1+Bφ6)
(
1+ µBφ6κPuω1

anPa

)
 ,

4
FD−CUP,RII
2→near equals to replacing ω1 with ω2 in 4

FD−CUP,RI
2→near ,

φ6 =
2

1−cos
(
2q−1
2Q π

) .
The lower bound on the far user rateRFD−CUP

1→far is obtained

by replacing4HD−CUP,covI
1→far ,4HD−CUP,covII

1→far with4FD−CUP,RI
1→far ,

4
FD−CUP,RII
1→far in (9), where

4
FD−CUP,RI
1→far

= −
σ 2 e

−Cω1+ σ2
anPu

(
φ1φ3√

2

)α
ln 2PCUP

1→far

(
σ 2 + κµPuCω1

)Ei [−σ 2

Pu

(
φ1φ3
√
2

)α]
,

4
FD−CUP,RII
1→far

= −
σ 2 e

−Cω2+ σ2
anPu

(
2φ1

φ2+2
√
2

)α
ln 2PCUP

1→far

(
σ 2+κµPuCω2

)Ei [−σ 2

Pu

(
2φ1

φ2 + 2
√
2

)α]
.

When U1 is the near user, the near user rate is

RFD−CUP
1→near

=
1(af > τ2

1+τ2
)

ln 2

ln (1+ G) e
−

σ2τ2
Pa(af −anτ2)

dα1

1+
κµPuτ2dα1

Pa(af−anτ2)

+
π

Q

Q∑
n=1

sin
(
2n− 1
2Q

π

)
Gφ26e

−
σ2G
anPa

φ6dα1

2 (1+ Gφ6)
(
1+

µGφ6κPudα1
anPa

)
 .

(23)

The far user rate RFD−CUP
2→far is obtained by replacing

4
HD−CUP,cov
2→far with 4FD−CUP,R

2→far in (11), where

4
FD−CUP,R
2→far

=

−
e−J+

σ2
anPu

ωα3Ei
[
−
σ 2

Pu
ωα3

]
ln 2

(
1− PCUP

1→far

) (
1+

κµPuτ2dα1
Pa(af−anτ2)

) ,
−

e−J+
σ2
anPu

φα4 Ei
[
−
σ 2

Pu
φα4

]
ln 2

(
1− PCUP

1→far

) (
1+

κµPuτ2dα1
Pa(af−anτ2)

) ,
−

e−J+
σ2
anPu

φ−α4 Ei
[
−
σ 2

Pu
φ−α4

]
ln 2

(
1− PCUP

1→far

) (
1+

κµPuτ2dα1
Pa(af−anτ2)

)


for {ϕ1, ϕ2, ϕ3} respectively.
Remark 8: With CUP-based FD NOMA, the far user rate

increases with af and decreases with κ and Pu. The mono-
tonicity of the near user rate with respect to af is not clear.
We evaluate the effect of af on the near user rate via numerical
simulation.

B. CSP SCHEME
1) HD NOMA
In this subsection, we characterize the average data rate of the
user pair in HD NOMA networks.

When U1 is the far user, the near user rate RHD−CSP
2→near is

obtained by replacing 4HD−CSP,cov
2→near with 4HD−CSP,R

2→near in (18),
where

4
HD−CSP,R
2→near =

1

2 ln 2PCSP
1→far

[
ln (1+ B) e

−
σ2τ1

Pa(af −anτ1)

(
φ1
2

)α

− e
σ2
anPa

(
φ1
2

)α
Ei

[
−
σ 2

anPa

(
φ1

2

)α
(1+ B)

]]
.

The far user rate RHD−CSP
1→far is obtained by replacing

4
HD−CSP,cov
1→far with 4HD−CSP,R

1→far in (19), where

4
HD−CSP,R
1→far = −

e
−C

(
φ1
2

)α
e

σ2
anPu

ω4Ei
[
−
σ 2

Pu
ω4

]
2 ln 2PCSP

1→far

.

When U1 is the near user, the near user rateRHD−CSP
1→near is the

same asRHD−CUP
1→near . The far user rateRHD−CSP

2→far is obtained by

replacing 4HD−CSP,cov
2→far with 4HD−CSP,R

2→far in (20), where

4
HD−CSP,R
2→far = −

e−J+
σ2
anPu

ω5

2 ln 2
(
1− PCSP

1→far

)Ei [−σ 2

Pu
ω5

]
.

Remark 9: With CSP-based HD NOMA, the high SNR
approximations of the data rate can be obtained as in
Remark 6 and the monotonicity of the high SNR approxi-
mations is consistent with that in Remark 6.
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2) FD NOMA
In this subsection, we characterize the average data rate of the
user pair in FD NOMA networks.

When U1 is the far user, the near user rate RFD−CSP
2→near is

obtained by replacing 4HD−CSP,cov
2→near with 4FD−CSP,R

2→near in (18),
where

4
FD−CSP,R
2→near

=
1

ln 2PCSP
1→far

×

ln (1+B) e− σ2τ1
Pa(af −anτ1)

(
φ1
2

)α
1

1+ µτ1κPu
Pa(af−anτ1)

(
φ1
2

)α
+
π

Q

Q∑
q=1

sin
(
2q− 1
2Q

π

)
Bφ26e

−
σ2B
anPa

φ6

(
φ1
2

)α
2 (1+Bφ6)

(
1+ µBφ6κPu

anPa

(
φ1
2

)α)
.

The far user rate RFD−CSP
1→far is obtained by replacing

4
HD−CSP,cov
1→far with 4FD−CSP,R

1→far in (19), where

4
FD−CSP,R
1→far = −

e
−C

(
φ1
2

)α
+

σ2
anPu

ω4Ei
[
−
σ 2

Pu
ω4

]
ln 2PCSP

1→far

(
1+

κµPuτ1
(
φ1
2

)α
Pa(af−anτ1)

) .

When U1 is the near user, the near user rateRFD−CSP
1→near is the

same asRFD−CUP
1→near . The far user rateRFD−CSP

2→far is obtained by
replacing 4HD−CSP,cov

2→far with 4FD−CSP,R
2→far in (20), where

4
FD−CSP,R
2→far = −

e−J+
σ2
anPu

ω5Ei
[
−
σ 2

Pu
ω5

]
ln 2

(
1− PCSP

1→far

) (
1+

κµPuτ2dα1
Pa(af−anτ2)

) .
Therefore, the lower bound on the sum rate of Y

(Y ∈ {HD, FD}) NOMA system with Z (Z ∈ {CUP, CSP})
scheme is

RY−Z
sum ≈ PZ

1→far

(
RY−Z

2→near +RY−Z
1→far

)
+

(
1− PZ

1→far

) (
RY−Z

2→far +RY−Z
1→near

)
. (24)

V. NUMERICAL RESULTS
In this section, we numerically evaluate the validity of the
analytical results and investigate the impact of user pairing,
transmission mode and power allocation on the system per-
formance. We provide the performance of non-cooperative
NOMA and OMA systems for comparison. Based on the
conclusion in [16], only CSP scheme is considered in the
non-cooperative NOMA system. For the OMA system,
as in [8], S serves paired users in the TDMA mode. The
transmission duration is divided into two phases with equal
length. In the first phase, S transmits xn to Un. In the second
phase, S transmits xf to Uf and Un acts as an FD DF relay
for the transmission. The performance analysis for the OMA
system is equivalent to let an = 1 in the first phase and let

af = 1 in the second phase in the FD NOMA system, which
can be performed referring to Remark 7.

For each transmission scheme, the optimal power alloca-
tion (i.e., the optimal af and Pu) that maximizes the data rate
performance is obtained via exhaustive search. It is difficult
to derive the closed form solution of the optimal power alloca-
tion due to the linear combinations of exponential functions.
With the optimal power allocation, the best transmission
scheme is obtained by comparing the maximum data rate of
each transmission scheme.

A. SYSTEM PARAMETERS AND SIMULATION SETUP
The following system parameters are considered unless spec-
ified. U1 is located at the distance d1 = 30 meters (m) of S.
The density of candidate users is λu = 4000/km2. The max-
imum transmit power of S and user is 33dBm and 23dBm,
respectively [32], [33]. The channel fading gain hu follows
exponential distribution with average power µ = 0.1 [6] and
the path loss exponent α is 4. We set the noise average power,
inter-user interference, self-interference cancelation factor to
be σ 2

0 = −104dBm, Iinter = −90dBm [26], κ = 10−6

respectively. The target data rate of x1 and x2 is 1bps/Hz.
Correspondingly, the target SINR thresholds are τ1 = τ2 = 1
for FD NOMA and non-cooperative NOMA systems, and
τ1 = τ2 = 3 for HD NOMA and OMA systems. The linear
combination constants N ,M ,Q are 30 to obtain relatively
accurate results with moderate computational complexity.
Monte Carlo simulations with 106 independent experiments
are conducted.

B. EFFECT OF TRANSMIT POWER AND POWER
ALLOCATION COEFFICIENT
1) COVERAGE PROBABILITY
Fig. 5 shows the coverage probability of different transmis-
sion schemes against Pa. The analytical results are consis-
tent with the simulations. The coverage probability of CSP
scheme outperforms that of CUP scheme in both HD NOMA
and FD NOMA systems due to that the received signals at Un

FIGURE 5. Comparison of the coverage probability with different
transmission schemes versus Pa, where af = 0.8, Pu = 23 dBm.
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experience less path loss with CSP scheme. HD NOMA out-
performs FD NOMA in terms of coverage probability. This
is because the self-interference introduced by FD NOMA is
large compared with the power of desired signals, resulting
in the degradation of SINR at Un. When Pa is large enough,
both near user and far user are with high coverage probability
in the cooperative NOMA system.

FIGURE 6. Comparison of the coverage probability with different
transmission schemes versus af , where Pa = −20 dBm, Pu = −10 dBm.

Fig. 6 shows the coverage probability of CUP-based coop-
erative NOMA against af with low transmit SNR. As the
analysis inRemark 3, af > max{ τ1

1+τ1
, τ2
1+τ2
} (i.e., af > 0.75

for HD NOMA, af > 0.5 for FD NOMA) ensures posi-
tive coverage probability at paired users. With CUP-based
HD NOMA (FD NOMA), the coverage probability of the
near user increases with growing af when af ∈ (0.75, 0.8]
(af ∈ (0.5, 0.67]), and decreases with growing af when af ∈
(0.8, 1) (af ∈ (0.67, 1)). The coverage probability of the far
user always increases with growing af . These observations
are identical with the discussion in Remark 2.

2) AVERAGE DATA RATE
Fig. 7 describes the sum data rate of different transmission
schemes against Pu. There exists an extreme point of the

FIGURE 7. Comparison of the sum data rate with different transmission
schemes versus Pu, where af = 0.8, Pa = 33 dBm.

sum data rate for CUP-based FD NOMA. When Pu is small,
the decrease of Pu reduces far user rate dramatically and the
sum data rate becomes lower. When Pu is relatively large,
the increase of Pu improves far user rate but produces severer
self-interference. The improvement of far user rate cannot
compensate the loss of near user rate, further resulting in the
decrease of the sum data rate. In the HD NOMA system,
the sum data rate increases with growing Pu because the
increase of Pu improves far user rate.

FIGURE 8. Comparison of the sum data rate with different transmission
schemes versus af , where Pa = 33 dBm, Pu = 23 dBm.

FIGURE 9. Comparison of the average data rate with different
transmission schemes versus af , where Pa = 33 dBm, Pu = 23 dBm.

Fig. 8 and Fig. 9 demonstrate the sum data rate and average
data rate of different transmission schemes versus af . When
af is relatively large, the sum data rate of both HD NOMA
and FD NOMA systems decreases with af . This is due to that
with growing af , less remaining power for xn reduces near
user rate, and the far user rate determined by the relaying link
almost remains as a constant. This observation verifies the
conclusion in Remark 6. The sum data rate of CUP-based
FD NOMA outperforms that of other transmission schemes.
For CUP-based FD NOMA, the slight path loss of Un-Uf
link enlarges far user rate significantly, besides, the extended
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transmission duration of FD NOMA benefits the improve-
ment of the sum data rate. With CUP-based cooperative
NOMA, the minimum user rate is determined by the near user
rate. When af → max{ τ1

1+τ1
, τ2
1+τ2
}, the average data rate of

paired users is zero. When af → 1, the near user rate is zero
and the far user rate holds as a constant, which is consistent
with the conclusion in Remark 7.

FIGURE 10. Comparison of the sum data rate with CUP-based and
CSP-based FD NOMA versus af , where Pa = 33 dBm, Pu = 23 dBm.

Fig. 10 shows the sum data rate of CUP-based and
CSP-based FD NOMA versus af . With the increase of κ ,
the sum data rate of the user pair reduces due to sev-
erer self-interference. When κ = −70dB (i.e., with
strong self-interference cancelation capability), CUP-based
FD NOMA outperforms CSP-based FD NOMA in terms of
the sum data rate. As κ grows, the conclusion reverses since
severe self-interference jointly with large path loss of S-Un
link makes it difficult to decode xf at the near user in the
CUP-based FD NOMA system. Moreover, there exists an
extreme point of the sum data rate for each transmission
scheme. The optimal af that maximizes the sum data rate
increases with growing κ . When κ increases, aiming to max-
imize the sum data rate, the decoding of xf at the near user
should be guaranteed, thus more power is allocated to xf to
resist the increasing self-interference.

C. EFFECT OF USER LOCATION AND USER DENSITY
Fig. 11 and Fig. 12 show maximum minimum user rate and
maximum sum data rate of different transmission schemes
against λu. The maximum minimum user rate of CUP-based
FD NOMA (i.e., maximum near user rate) increases with λu.
With growing λu, the increasing path loss of S-Un link results
in the loss of near user rate, but the decrease of Pu can reduce
self-interference and compensate the loss of near user rate,
meanwhile sacrificing only a small degree of far user rate.
Differently, the maximum minimum user rate of CSP-based
FD NOMA (i.e., maximum far user rate) increases with λu
due to the increase of af and Pu. When Pu reaches maxi-
mum value (i.e., λu is larger than approximate 28000/km2),
the maximum minimum user rate begins to decrease with λu.

FIGURE 11. Comparison of the maximum minimum user rate with
different transmission schemes versus λu, where Pa = 33 dBm.

With CSP-based HDNOMA, the near user transmits at maxi-
mum power and the maximum minimum user rate (i.e., max-
imum far user rate) decreases with λu since higher af cannot
compensate the loss of far user rate caused by the increasing
path loss of the relaying link.

FIGURE 12. Comparison of the maximum sum data rate with different
transmission schemes versus λu, where Pa = 33 dBm.

Combining the results in Fig. 11 and Fig. 12, we conclude
that CUP-based cooperative NOMA achieves higher sum
data rate and minimum user rate than CSP-based cooper-
ative NOMA, which is distinct from the conclusion in the
non-cooperative NOMA system [16]. When d1 = 30m,
CUP-based FD NOMA is the best transmission scheme
that maximizes the minimum user rate as well as sum data
rate. CUP-based FD NOMA outperforms CSP-based non-
cooperative NOMA with approximate 51.5% and 9.6% gain
on maximum minimum user rate in less dense scenario and
dense scenario respectively, and with 17.5% and 11.6% gain
on maximum sum data rate in these two scenarios. The OMA
system performs worse than FD NOMA and non-cooperative
NOMA systems in terms of the data rate performance.

Fig. 13 describes the best transmission scheme that max-
imizes the minimum user rate with varying d1 and λu.
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FIGURE 13. The best transmission scheme that maximizes the minimum
user rate with different d1 and λu, where Pa = 33 dBm.

CUP-based FD NOMA is the best transmission scheme with
U1 close to S. When d1 < 50m, with CUP-based FDNOMA,
the existence of the relaying link improves far user rate
significantly and comparatively large near user rate can be
achieved via reducing Pu. Besides, the extended transmission
duration of FD NOMA improves the data rate compared with
HD NOMA and OMA systems. CSP-based non-cooperative
NOMA is the best transmission scheme with U1 far from S.
When d1 > 50m, the near user rate decreases rapidly with
the increase of d1 in the CUP-based FD NOMA system.
For CSP-based non-cooperative NOMA, the increase of af
contributes to the performance gain on far user rate and the
short distance of S-Un link ensures comparatively large near
user rate, thus higher minimum user rate is achieved.

VI. CONCLUSION
In this paper, we have investigated the coverage and data rate
performance of CUP and CSP schemes in HD NOMA and
FD NOMA networks, and explored the impact of user pair-
ing, transmission mode and power allocation on the system
performance. Lower bounds on the coverage probability and
average data rate are derived using stochastic geometry and
Gaussian-Chebyshev quadrature. Numerical results indicate
that CUP-based cooperative NOMA outperforms CSP-based
cooperative NOMA in terms of the sum data rate as well
as the minimum user rate, which reveals a new direction in
the design of cooperative NOMA systems. CUP-based FD
NOMA and CSP-based non-cooperative NOMA are the best
transmission schemes with typical user close to and far from
the source, respectively.

The conclusions obtained in this paper rely on the assump-
tion of single antenna. A promising future direction is to
consider user pairing in multi-antenna scenarios. Since the
channel gains are vectors, it is challenging to perform antenna
selection and decide the decoding order of SIC. The joint
design of antenna selection, user pairing and power allocation
will be studied to further improve the performance of the
NOMA users.

APPENDIX A
PROOF OF LEMMA 1
The PDF of r is f (r) = 2πλure−πλur

2
[34]. Based

on the cosine theorem, d2 can be represented as d2 =(
r2 + d21 + 2rd1 cos θ

) 1
2 . The probability that U1 serves as

far user is
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=
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2
√
2 cos u− 1, v = 4 cos u−2

√
2

2−
√
2
− 1 and Gaussian-Chebyshev

quadrature.

APPENDIX B
PROOF OF THEOREM 1
When U1 is the far user, U2 is in coverage when U2 can
successfully decode x1 and its own signal x2. The coverage
probability of U2 is expressed as

PHD−CUP
2→near

= Pr
(
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2,1 ≥ τ1, γ
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where the 1(af > τ1
1+τ1

) term in (a) assures the feasibil-
ity of γH

2,1 − τ1 ≥ 0 and the outage event occurs at the
near user if it is violated. (8) is approximated by employing
u = − r

d1 cos θ
− 1, v = −2

√
2 cos θ − 1, u = − 2r cos θ

d1
− 1,

v = −4 cos u−2
√
2

2−
√
2
− 1 and Gaussian-Chebyshev quadrature.

The coverage probability of U1 is
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where (b) follows from af Pah1
anPah1+σ 2dα1

=
af
an
−

af
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σ 2dα1

anPah1+σ 2dα1
>

af
an
−
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, (c) is obtained by using [31, eq. (3.324)],
K1(·) is the modified Bessel function for the second kind,
(d) is approximated with high SNR regime using the
series representation of Bessel functions xK1(x) ≈ 1 +
x2
2

(
ln x2 + c0

)
[31]. (9) is obtained by employing the same

algebraic transformations as in (26).

APPENDIX C
PROOF OF THEOREM 2
When U2 is the far user, the integral region is divided into
three parts to simplify the analysis. That is,
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−
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− 1, v = −2
√
2 cos θ − 1. The second and

third term in (28) can be approximated similarly.

APPENDIX D
PROOF OF THEOREM 4
When U1 is the far user, the average data rate of U2 is
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where (e) follows [31, eq. (3.352.2)].
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