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Abstract— In this paper, we consider a downlink wireless
communication system with the co-existence of ground user (GU)
and mobile aerial user (AU). Existing solutions rely on orthogonal
multiple access (OMA) to support these users, however, OMA
is unable to provide the best rate and outage performance
because its spectral efficiency is limited by the users’ channel
conditions and rate requirements. Thus, we propose an aerial-
ground non-orthogonal multiple access (AG-NOMA) scheme that
pairs the GU and AU for data and control links, respectively.
Unlike terrestrial non-orthgonal multiple access (NOMA), the key
idea of AG-NOMA is to exploit the asymmetric features of
the channels and rate demands of the GU and AU in the
downlink communication. Based on these opportunities, we
investigate the maximum achievable GU rate over a time-varying
wireless channel while satisfying the AU Quality-of-Service (QoS)
requirement with perfect and partial channel state information
(CSI). For perfect CSI, we derive the optimal successive inter-
ference cancellation (SIC) policy, power allocation, GU rate,
and feasibility conditions in closed-form expressions. For partial
CSI, we also derive the suboptimal SIC policy and power
allocation in closed-form expressions, and further discussed a
tradeoff between the achievable rate and reliability. This tradeoff
depends on the system parameters, and thus we have suggested
some appropriate parameters based on theoretical support and
standard requirements to strike a balance between rate and
reliability. Our simulation results show that AG-NOMA scheme
with perfect and partial CSI can achieve up to +99% GU
rate-improvement as compared to OMA and provide a more
sustainable rate-improvement and/or lower outage probability
than terrestrial NOMA scheme.

Index Terms— Non-orthogonal multiple access, cellular-
connected UAV, optimal SIC policy, optimal power allocation.
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I. INTRODUCTION

UNMANNED aerial vehicle (UAV) has attracted consid-
erable attention in the field of wireless communication.

On one hand, it has been used as an aerial communication
platform such as aerial base-station and aerial relay. On the
other hand, UAV has also gained significant interest in civil
applications such as agriculture, construction, delivery, and
surveillance due to its cost effectiveness, high freedom of
mobility, and ease of deployment [1]. To further enhance the
potential of these civil applications, the concept of connecting
UAV as an aerial user (AU) to the cellular networks, also
known as cellular-connected UAV, has been introduced [2], [3].
Existing solutions rely on orthogonal multiple access (OMA)
scheme to support ground user (GU) and AU (e.g., [4], [5]).
In OMA, the AU and GU are allocated with orthogonal radio
resources. Although OMA avoids multi-user interference in a
single cell network, it is unable to produce the best rate or
outage performance because its spectral efficiency is limited
by the users’ channel conditions and rate requirements [6], [7].

Meanwhile, the fifth generation (5G) cellular networks and
beyond are anticipated to provide higher data rates, lower
latency and massive connectivity. To meet these requirements,
the non-orthogonal multiple access (NOMA) has been pro-
posed as a key enabling technique [6]–[8]. This scheme relies
on the superposition coding (SC) at the transmitter and succes-
sive interference cancellation (SIC) at the receiver to share the
same radio resource, i.e., the same time/frequency/code. For
instance, in a two-user downlink NOMA system, the ground
station (GS) would superimpose and transmit the user signals
over the same radio resource by allocating more power to the
weak user (i.e., user with weaker channel gain) and less power
to the strong user (i.e., user with stronger channel gain). On the
other end, the weak user would treat the interference as noise
to decode its own signal, and the strong user would perform
SIC to decode its own signal.

Existing works have investigated the optimal power allo-
cation for terrestrial NOMA systems. For instance, [9]–[11]
have presented the optimal power allocation for different types
of objectives such as the max-min rate, weighted sum-rate,
sum-rate with QoS constraint, weighted energy-efficiency and
energy efficiency with QoS constraint in closed-form expres-
sions. Nevertheless, these solutions are limited to the cases
where perfect channel state information (CSI) is available.
With better understanding over the perfect CSI assumption,
researchers are now focusing on optimal power allocation
without the availability of perfect CSI [12]–[14]. However,
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most of the existing works (e.g., [9]–[14]) are limited to the
study of instantaneous channel. Besides, they assume there is a
specific channel ordering and do not consider the co-existence
of GU and AU.

With the presence of AU, one of the key challenges is the
interference from the ground nodes. Existing works have ana-
lyzed the impact of interference due to the coexistence of GS,
GU and AU [15]–[18]. These works show that severe downlink
interference would occur at the AU when GS is transmitting to
a GU due to AU flying or hovering at a higher altitude. Hence,
the efficiency of existing interference mitigation techniques
such as directional antenna beam selection, power control,
inter-cell interference coordination, and coordinated multipoint
technique have been evaluated [16], [17].

Unlike [15]–[18], we propose the aerial-ground NOMA
(AG-NOMA) to exploit the interference between GU and AU
via NOMA. The motivations of pairing the GU and AU over
the same radio resource are two folds: asymmetric channels
and asymmetric rate demands. Since AU typically experiences
a stronger communication link than that of the GU, NOMA
may yield a larger rate region due to the distinctive chan-
nels [6]. Another reason to pair GU and AU over the same
radio resource comes from their rate demand perspective.
Given that AU typically has a stronger communication link
than that of the GU, yet in the downlink, it is the GU
that requires a higher data rate for multimedia applications
while the AU requires a lower data rate but highly reliable
communication for its control links [3]. Exploiting these
characteristics enables AG-NOMA to efficiently foster the
asymmetricity between AU and GU, and achieves a higher
rate and/or lower outage probability as compared to OMA
and terrestrial NOMA.

Note that, pairing GU and mobile AU over the same
radio resource introduces new challenges even in a single-cell
network. For instance, the distance-based ranking (see, [19])
which is used in the existing NOMA to distinguish the strong
and weak users is no longer accurate. This is because, given
the same horizontal distance, the AU that is hovering at an
optimal altitude has the strongest channel gain as compared
to the AU hovering at a lower (i.e., shorter distance) or higher
altitude (i.e., longer distance) [20]. Due to the 3D mobility of
the AU, classifying based on the types of the links (see, [12])
is also not applicable because the elevation angle affects the
probability of LOS. More critically, the 3D mobility of the
AU changes the large and small-scale fading characteristics
(e.g. path loss exponent and fading mean), and thus posing
a great challenge to the SIC order and the power allocation.
To address these challenges, in this paper, we address the SIC
policy and power allocation.

Some studies on NOMA for UAV communication have been
carried out but most of the existing works focus on aerial
communication platform that serves GU only [21]–[26]. So far,
few attentions have been given to UAV as AU. For instance,
[27] proposed a cooperative NOMA scheme that exploit the
GS backhaul links for SIC operations, [28] proposed a trans-
mission technique that incorporates NOMA and zero-forcing
beamforming to mitigate the interference, and [29] proposed
an uplink NOMA to serve GU and AU while optimizing

the AU trajectory and its cell-association order. Nevertheless,
[27]–[29] only focus on the uplink communication. From
the AU perspective, some works have investigated the AU
trajectory to reduce the outage [30], [31], interference [32] and
computational offloading [33]. However, these works focus on
OMA. From the system perspective, optimizing the trajectory
of the AU is irrelevant in this paper because the AU mobility
is controlled by its own operator, not by the network.

Motivated by the above, we consider a downlink wireless
communication system with the co-existence of GU and
mobile AU. We assume the GS is serving the GU for data links
and AU for control links. Since the control links are critical
for the safe operation of the UAVs, QoS requirements are
imposed. We then investigate the achievable GU rate for data
link over a time-varying wireless channel while satisfying the
AU QoS requirement for control link by AG-NOMA scheme
with perfect and partial CSI. The main contributions of this
paper are summarized as follows:

• We formulate an optimization problem that maximizes
the achievable GU rate over a time-varying wireless
channel by optimal SIC policy and power allocation,
subject to the AU meeting its QoS requirement with
perfect and partial CSI. The solutions to the perfect CSI
problem provide the insight for obtaining the solutions
for the partial CSI problem.

• For the partial CSI case, we derive the probability of
AU/GU channel order in a closed-form expression, where
this joint probability involves non-central chi-squared and
central chi-squared distributions. This probability enables
the recognition of the strong and weak users, thereby
allowing the AG-NOMA scheme with partial CSI to
achieve a higher GU rate.

• For the partial CSI case, we consider the mobility effect
of AU and obtain the suboptimal power allocation in a
closed-form expression. The proposed suboptimal power
is dynamically allocated and exploits the complemen-
tary cumulative distribution function (CCDF) of the AU
channel gain in each time slot to ensure the AU QoS
requirement across time.

• In the absence of perfect CSI, there exists a fundamental
tradeoff between the achievable GU rate and the reliabil-
ity of meeting the AU QoS requirement. We investigate
this tradeoff and further suggest a suboptimal SIC policy
and targeted probability based on theoretical support and
standard requirements to strike a balance between the
achievable rate and the reliability.

Note that unlike terrestrial NOMA, this paper considers the
cases where the AU could act as the strong or weak user due
to the 3D mobility. In the absence of perfect CSI, the GS may
assign the strong user to decode the signal directly and the
weak user to perform SIC, which is known as the reverse SIC
policy. In contrast to the existing methods (e.g., [12], [19]),
our solutions avoid the reverse SIC policy based on probability
measure. Due to the co-existence of AU and GU, a mixture of
LOS and NLOS links is also considered. The mixture of LOS
and NLOS links is a common environment in the aerial-ground
networks [34]. We show that leveraging the asymmetricity
characteristics between AU and GU further improves the
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Fig. 1. Downlink communication system with GU and AU.

performance as compared to terrestrial NOMA. Furthermore,
this work is user-type oriented, i.e., it maximizes the GU rate
while satisfying the AU QoS requirement regardless of whom
is being the strong or weak user.

The rest of the paper is organized as follows: Section II
presents the system model and details the proposed
AG-NOMA for downlink communication, Section III studies
the achievable GU rate over a time-varying wireless channel
subject to the AU meeting its QoS requirement by AG-NOMA
with perfect CSI. Section IV extends our investigation to the
cases where only partial CSI is available and further discusses
the tradeoff between the achievable rate and reliability. Then,
in Section V, we present our simulation results and finally the
findings of this paper are concluded in Section VI.

Notations: In this paper, scalars are denoted by italic let-
ters (e.g., c), and vectors are denoted by boldface letters
(e.g., c). P (·) denotes the probability, E [·] denotes the statisti-
cal expectation, and log(·) denotes the logarithm with base 2.

II. SYSTEM MODEL & THE PROPOSED

AG-NOMA SCHEME

We consider a downlink wireless communication system
(see, Fig. 1) with the presence of a GU and a mobile AU over
T seconds. The duration T is slotted into N + 1 fixed-length
time slots where the interval is larger than the channel coher-
ence time. We assume the GS is located at the origin (0, 0, 0)
throughout the time, the GU is located at the coordinate
(xg [n] , yg [n] , 0), and the AU is located at the coordinate
(xu [n] , yu [n] , zu [n]) at time n, where (x [n] , y [n] , z [n])
denotes the 3D-Cartesian coordination of x-axis, y-axis and
z-axis, respectively, with n = {1, . . . , N + 1}. The distance
between the GU and GS at time n is:

dg [n] =
√

xg [n]2 + yg [n]2, (1)

and the distance between the AU and GS at time n is:

d̂u [n] =
√

du [n]2 + zu [n]2, (2)

where du [n] �
√

xu [n]2 + yu [n]2 denotes the horizontal
distance between AU and GS at time n. Furthermore, this
study considers that the communication link between AU and

GS follows a probabilistic line-of-sight (LOS)/non line-of-
sight (NLOS) model as in [35]–[37]. The probability of LOS
between the AU and GS is:

PLOS,u (du [n] , zu [n]) = 1
1+a·exp{−b·[φ[n]−a]} , (3)

where a and b are constant coefficient depending on the
environment, and φ [n] = tan−1

(
zu[n]
du[n]

)
is the elevation

angle between the AU and GS at time n. The probability of
NLOS between the AU and GS is PNLOS,u (du [n] , zu [n]) =
1−PLOS (du [n] , zu [n]). According to [37], the channel gain
between the AU and GS at time n is:

|hu [n]|2 =
A |Ωu [n]|2

d̂u [n] αu(du[n],zu[n])
, (4)

where αu (du [n] , zu [n]) = αe · PNLOS (du [n] , zu [n]) + α0

is the aerial path loss exponent, α0 and αe determine the path
loss exponent values based on the probability of LOS/NLOS
link. In (4), A is a constant coefficient that reflects the effect
of operating frequency and antenna gain, and |Ωu [n]|2 is an
i.i.d. random variable that follows a non-central chi-square
probability distribution function with 2 degrees of freedom.
As shown in [37]–[39], the probability density function of a
non-central chi-square with 2 degrees of freedom is:

fΩ(ω) =
1

2σ2
exp

{
−k [n]2 + ω

2σ2

}
I0

(
k [n]
σ2

√
ω

)
. (5)

In (5), ω ≥ 0, K [n] � k[n]2

2σ2 is the Rician K-factor and I0(·)
is the zero-order modified Bessel function of the first kind.
According to [37], [38], the Rician K-factor varies according
to the elevation angle because larger elevation angle results in
higher LOS gain and lower elevation angle results in lower
LOS gain. Therefore, the angle-dependent Rician K-factor at
time n is:

K[n] =
ko

2σ2
· exp

{
2
π

ln
(

kmax

ko

)
φ [n]
}

, (6)

where Kmax � kmax

2σ2 is the maximum Rician K-factor and
Ko � ko

2σ2 is the minimum Rician K-factor. As observed
in (3)-(6), the path loss exponent and Rician K factor varies
according to the 3D coordinate of AU at time n. However,
(3)-(6) are only accurate for high enough altitudes. Therefore,
a ground-to-ground link is needed for the GU. According
to [37], the channel gain between the GU and GS at time
n is:

|hg [n]|2 =
A |Ωg [n]|2

dg [n]α
, (7)

where α = αe + α0 is the ground path loss exponent (NLOS
link) and |Ωg [n]|2 is an i.i.d. random variable that follows
a central chi-square probability distribution function with
2 degrees of freedom. As shown in [37], [39], the probability
density function of a central chi-square with 2 degrees of
freedom is:

fΩ(ω) =
1

2σ2
exp
{
− ω

2σ2

}
. (8)
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In the proposed AG-NOMA scheme, the GU and AU are
paired over a radio resource.1 The pairing consists of two
users only to ensure low co-channel interference, hardware
complexity, and processing delay. The GS superimposes and
transmits the desired signals of AU and GU with different
power coefficients. For ease of expositions, subscript s and
w denote the strong and weak users, respectively. According
to [6], the transmitted superimposed signal of both s and w
users at time n is:

Btx [n] =
√

ρs [n] PtxBs [n] +
√

ρw [n]PtxBw [n] , (9)

where Bs [n] and Bw [n] are the information bearing at time
n for the s and w users, respectively, with Bs ∼ CN(0, 1)
and Bw ∼ CN(0, 1). In addition, ρs [n] and ρw [n] are
the power coefficient for s and w users, respectively, where
ρs [n] + ρw [n] ≤ 1 and Ptx is the transmission power of GS.
The received signal at s user at time n is:

ys [n] = hs [n] Btx [n] + φs [n] , (10)

where φs ∼ CN(0, σ2
n) is the additive white Gaussian noise.

Similarly, the received signal at w user at time n is:

yw [n] = hw [n]Btx [n] + φw [n] , (11)

where φw ∼ CN(0, σ2
n) is the additive white Gaussian noise.

In AG-NOMA, the weak user should decode its signal directly
by treating the interference of the strong user as noise while
the strong user should perform SIC. As shown in [7], [8],
the achievable rate of the w user who decodes the signal
directly at time n is:

Rw [n] = log

(
1 +

ρw [n] Ptx |hw [n]|2
ρs [n] Ptx |hw [n]|2 + σ2

n

)
, (12)

and the achievable rate of the s user who performs SIC at time
n is:

Rs [n] = log

(
1 +

ρs [n] Ptx |hs [n]|2
σ2

n

)
. (13)

According to [7], [8], OMA scheme achieves the following
data rate:

ROMA
i [n] =

1
2

log

(
1 +

Ptx |hi [n]|2
σ2

n

)
, (14)

where i ∈ {u, g}. Here, we assume that the Doppler effect
due to the mobility can be perfectly compensated [40]. For
partial CSI, this paper utilizes the network localization infor-
mation and statistical CSI for two reasons. Firstly, the AU/GU
3D coordinate can be obtained up to centimeter accuracy
[41], [42], where the AU coordinate must also be known for
safety and security purposes [43]. Secondly, the statistical CSI
is more stable and can be easily obtained at the GS [44].

1Note that, the proposed scheme can be generalized for multiple AUs and
GUs in a multi-carrier NOMA system (see, [7]). Specifically, an AU and a
GU can be paired over an orthogonal radio resource. Then, each pair of AU
and GU can be served by different orthognal radio resource. Sophisticated
resource allocation and user pairing among AU and GU can improve the
performance of multi-carrier AG-NOMA system. This is, however, beyond
the scope of this paper.

III. AG-NOMA WITH PERFECT CHANNEL STATE

INFORMATION: OPTIMAL TIME-VARYING SIC
POLICY AND POWER ALLOCATION

To obtain the optimal time-varying SIC policy and power
allocation, we maximizes the achievable GU rate over a
time-varying wireless channel subject to AU meeting its QoS
requirement so that the proposed AG-NOMA scheme can
reliably support the AU control links and efficiently serve GU
data links. With perfect CSI, we formulate the optimization
problem as:

max
s, w, ρw, ρs,

N+1∑
n=1

Rg [n] , (15a)

s.t. Ru [n] ≥ Rmin, ∀n, (15b)

ρw[n] [n] ≥ 0, ρs[n] [n] ≥ 0, ∀n, (15c)

ρw[n] [n] + ρs[n] [n] ≤ 1, ∀n, (15d)

ρw[n] [n] ≥ ρs[n] [n] , ∀n, (15e)

s [n] , w [n]∈{g, u} , s [n] �=w [n] , ∀n, (15f)

where the objective function (15a) is the achievable GU
rate over a time-varying wireless channel as a function of
(s, w, ρw, ρs,). Constraint (15b) ensures AU meeting its QoS
requirement, (15c) ensures non-negative power coefficients,
(15d) ensures feasible power coefficients, (15e) ensures SIC
stability in which the power coefficient of the weak user has
to be larger than the power coefficient of the strong user in
order to decode the weak user signal [11], and (15f) ensures
the strong user and weak user are either GU or AU. Unlike
similar problems, (15a) and (15b) cannot be evaluated if s, w
are unknowns.

Remark 1: Note that, the AU/GU could be strong or weak
users and may be assigned in the reverse way. Therefore, in our
formulation, (15e) is to ensure the success of SIC operation.
According to [11], [45], the power coefficient of the weak user
has to be larger than the power coefficient of the strong user
to decode the weak user’s signal.

In a two-user NOMA scheme, there are two SIC policies:
optimal and reverse policies. In optimal policy, the weak user
decodes its signal directly and the strong user performs SIC.
In the reverse policy, the strong user decodes its signal directly
and the weak user performs SIC. Fig. 2 depicts an example
of the rate region for optimal and reverse policies, and we
present the following lemma.

Lemma 1: There exists a power allocation in the optimal
SIC policy that can always outperform the reverse policy.
Thus, the optimal time-varying SIC policy for problem (15)
at each time n is:

w∗ [n] =

{
u, |hu [n]|2 ≤ |hg [n]|2 ,

g, |hg [n]|2 < |hu [n]|2 ,
(16)

s∗ [n] =

{
g, |hu [n]|2 ≤ |hg [n]|2 ,

u, |hg [n]|2 < |hu [n]|2 .
(17)

Proof: See Appendix A.
Note that, in contrast to the application of UAV as an

aerial base-station or relay, where the UAV movement can
be controlled by the network, the GS in this setting has
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Fig. 2. Rate region of optimal and reverse SIC policy.

no control over the AU mobility. In particular, the GS only
provides downlink communication to the AU, so that control
and command (C&C) information can be delivered reliably.
In practice, it is the AU operator that controls the AU move-
ment. Hence, (16)-(17) is an important optimal policy from
the system perspective as the AU can be a strong or weak
user erratically due to its freedom of high mobility in the 3D
space. Given the optimal time-varying SIC policy, (15a)-(15b)
are discrete time-varying piecewise functions and (15c)-(15e)
change accordingly.

This leads to two cases: (i) AU has a stronger channel gain
than that of the GU at time n, i.e., |hg [n]|2 < |hu [n]|2,
and (ii) GU has a stronger or equal channel gain than that
of the AU at time n, i.e., |hu [n]|2 ≤ |hg [n]|2. Accordingly,
the optimization problem (15) can be decomposed into N +1
independent sub-problems. For case (i), the sub-problem is
reduced to:

max
ρu [n] log

(
1 +

(1 − ρu [n])Ptx |hg [n]|2
ρu [n]Ptx |hg [n]|2 + σ2

n

)
, (18a)

s.t. log

(
1 +

ρu [n]Ptx |hu [n]|2
σ2

n

)
≥ Rmin, (18b)

1
2
≥ ρu [n] ≥ 0, (18c)

ρg [n] + ρu [n] = 1. (18d)

Proof: See Appendix B.
For case (ii), the sub-problem is reduced to:

max
ρu [n] log

(
1 +

(1 − ρu [n])Ptx |hg [n]|2
σ2

n

)
, (19a)

s.t. log
(
1 + ρu[n]Ptx|hu[n]|2

(1−ρu[n])Ptx|hu[n]|2+σ2
n

)
≥ Rmin, (19b)

1 ≥ ρu [n] ≥ 1
2
, (19c)

ρu [n] + ρg [n] = 1. (19d)

Proof: See Appendix B.
Lemma 2: The optimal power allocations for sub-problems

(18) and (19) is obtained via a one-dimensional searching

method or derived in closed-form expressions as follows2:

ρ∗
u[n]=

�����
����

(
2Rmin − 1

)( σ2
n

Ptx|hu[n]|2
)

, |hg [n]|2 < |hu [n]|2 ,

(2Rmin−1)
2Rmin

(
1 + σ2

n

Ptx|hu[n]|2
)

, |hu [n]|2 ≤ |hg [n]|2 ,

(20)

where, ρ∗g [n] = 1 − ρ∗u [n], ρ∗u [n] ∈ [0, 1
2

]
for |hg [n]|2 <

|hu [n]|2 , and ρ∗u [n] ∈ [ 12 , 1
]

for |hu [n]|2 ≤ |hg [n]|2.
Proof: To maximize the objective functions in (18)

and (19), one has to minimize ρ∗u [n] while satisfying (18b)
and (19b). Hence, (18b) and (19b) must be satisfied with equal-
ity constraint. Rearranging the terms with equality constraint
results in (20).
Substituting (20) into the sub-problems, the optimal values for
sub-problems (18) and (19) are:

R∗
g [n]=

������
�����

log
(

R̄g[n]

(2Rmin−1)·ξ[n]+1

)
, |hg [n]|2 < |hu [n]|2 ,

log
(
1 + ξ[n]·R̄u[n]

2Rmin
− ξ [n]

)
, |hu [n]|2 ≤ |hg [n]|2 ,

(21)

where ξ [n] = |hg [n]|2
|hu[n]|2 , R̊g [n] =

(
1 + Ptx|hg[n]|2

2σ2
n

)
, R̄g [n] =(

1 + Ptx|hg[n]|2
σ2

n

)
, and R̄u [n] =

(
1 + Ptx|hu[n]|2

σ2
n

)
. Note

that, R∗
g [n] ∈

[
log
(
R̊g [n]

)
, log
(
R̄g [n]

)]
for |hg [n]|2 <

|hu [n]|2 and R∗
g [n] ∈

[
0, log

(
R̊g [n]

)]
for |hu [n]|2 ≤

|hg [n]|2. Furthermore, the feasible conditions at time n is then
derived by substituting the feasible power allocation into the
constraints (18b-19b). This leads to the following:

|hu [n]|2 ≥
{

2
(
2Rmin − 1

) σ2
n

Ptx
, |hg [n]|2 < |hu [n]|2 ,(

2Rmin − 1
) σ2

n

Ptx
, |hu [n]|2 ≤ |hg [n]|2 .

(22)

Problem (15) is an infeasible problem if one of the N + 1
sub-problems cannot meet the QoS requirement, however, it
is still necessary to handle the system. When the sub-problem
is infeasible, we assume ρ∗u [n] = 1

2 , if |hg [n]|2 < |hu [n]|2
and ρ∗u [n] = 1, if |hu [n]|2 ≤ |hg [n]|2 for safety and SIC
stability purposes, i.e., the system tries to serve the AU link
with full priority without violating the SIC stability constraint.

IV. AG-NOMA WITH PARTIAL CHANNEL STATE

INFORMATION: SUBOPTIMAL TIME-VARYING

SIC POLICY AND POWER ALLOCATION

The above AG-NOMA solution relies on perfect channel
state information (CSI). In practice, however, it is difficult to
obtain perfect CSI. Thus, we propose AG-NOMA scheme with
partial CSI that leverages the network localization information
such as user coordinates and the statistical CSI such as the

2In some cases, an arbitrary power difference ε > 0 is required between the
strong and weak user signals. To cater this requirement, one can rewrite (15e)
as ρw[n] [n] ≥ ρs[n] [n]+ε. Following the same line of argument as presented
in this paper, one will obtain the closed-form expressions as presented in (20).
However, the domains of ρ∗

s and ρ∗
w are respectively changed to ρ∗s [n] ∈�

0, 1−ε
2

�
and ρ∗w [n] ∈ �

1+ε
2

, 1
�

for ∀n.
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mean and variance. Due to the reliance on statistical infor-
mation, we refer to this scheme as AG-NOMA scheme with
statistical CSI. The stochastic optimization problem is formu-
lated as:

max
s, w, ρw, ρs,

N+1∑
n=1

Rg [n] , (23a)

s.t. P (Ru [n] ≥ Rmin) ≥ δtarget, ∀n, (23b)

P (s [n] = u, w [n] = g) ≥ δconf , ∃n, (23c)

ρw[n] [n] ≥ 0, ρs[n] [n] ≥ 0, ∀n, (23d)

ρw[n] [n] + ρs[n] [n] ≤ 1, ∀n, (23e)

ρw[n] [n] ≥ ρs[n] [n] , ∀n, (23f)

s [n] , w [n] ∈ {g, u} , s [n] �= w [n] , ∀n,

(23g)

where the objective function (23a) is the achievable GU
rate over a time-varying wireless channel as a function of
(s, w, ρw, ρs,). Constraint (23b) ensures AU meeting its
QoS requirement with a targeted probability, (23c) ensures
the strong user is AU and the weak user is GU with a
specific confidence level3, (23d) ensures non-negative power
coefficients, (23e) ensures feasible power coefficients, (23f)
ensures SIC stability, and (23g) ensures the strong user and
weak user are either GU or AU. Note that, (23) cannot be
solved directly due the absence of perfect CSI. A standard
method to solve this problem is to transform (23) into a non-
probabilistic optimization problem.

From Lemma 1, it is seen that to achieve the optimal
GU rate performance, it is necessary to correctly distinguish
the strong and weak users. Although the perfect CSI is not
available, the probability of the AU/GU channel order can be
computed based on the statistical CSI.

Lemma 3: The probability of AU as the strong user and GU
as the weak user at time n is:

P

{
|hu [n]|2 > |hg [n]|2

}

=
√

2σ

k [n]
×
[

exp

{
−k [n]2

4σ2

}

×M− 1
2 ,0

(
k [n]2

2σ2

)
−
√

lg [n]
lg [n] + lu [n]

×exp
{
− (lg [n]+2lu[n])

(lg[n]+lu[n])
k[n]2

4σ2

}
M− 1

2 ,0

(
lg [n]

lg [n]+lu[n] · k[n]2

2σ2

)]
,

(24)

where Mς,ν (·) is the Whittaker M function.
Proof: See Appendix C.

3As shown in Lemma 1, the reverse SIC policy should be prevented in
general. Therefore, in the absence of perfect CSI, a confidence level is required
to ensure the AU is a strong user and the GU is a weak user. Note that, (23c)
can be rewritten as P (s [n] = g, w [n] = u) >

�
1 − δconf

�
for ∃n. These

constraints are equivalent and complementary across the time. Based on the
confidence level, the reverse SIC policy can then be prevented to a certain
degree as shown later in this paper.

Lemma 4: The probability of AU as the weak user and GU
as the strong user at time n is:

P

{
|hu [n]|2 ≤ |hg [n]|2

}

=
(

lg [n]
lg [n] + lu [n]

)
× exp

{
−
(

lu [n]
lg [n] + lu [n]

)
k [n]2

2σ2

}
.

(25)

Proof: See Appendix D.
Note that, (24) is a semi-closed form expression because the
Whittaker M function involves infinite series. Since we only
pair GU and AU, we can derive the probability of AU as the
strong user and GU as the weak user in closed-form expression
by taking the complementary probability of (25). Now, we can
determine the SIC policy with specific confidence level δconf

and the suboptimal SIC policy is:

w∗ [n] =

⎧⎨
⎩

u, P
{
|hu [n]|2 > |hg [n]|2

}
< δconf ,

g, P
{
|hu [n]|2 > |hg [n]|2

}
≥ δconf ,

(26)

s∗ [n] =

⎧⎨
⎩

g, P

{
|hu [n]|2 > |hg [n]|2

}
< δconf ,

u, P

{
|hu [n]|2 > |hg [n]|2

}
≥ δconf .

(27)

Given the suboptimal SIC policy, the optimization problem
(23) is then reformulated as (28), shown at the bottom of
the next page, where, NF ={n | P{|hu[n]|2>|hg[n]|2}≥εconf}, and
NS={n | P{|hu[n]|2>|hg [n]|2}<εconf}.

Substituting (4) into (28b)-(28c) and introducing ωlb [n]
as a non-probabilistic variable in replace of random variable
|Ωu [n]|2, we present the following lemma:

Lemma 5: The suboptimal power allocation at time n
of (28) is:

ρ

u [n] =

{(
2Rmin − 1

)
c1 [n] , n ∈ NF ,

(2Rmin−1)(1+c1[n])

2Rmin
, n ∈ Ns,

(29)

where ρ

g [n] = 1 − ρ


u [n], c1 [n] = σ2
n·d̃u[n]αu(du[n],zu[n])

Ptx·A·ω∗
lb[n] ,

and ω∗
lb [n] > 0 is the power factor used to counter the

uncertainty of small-scale fading effect at time n with a
targeted probability, δtarget.

Proof: To maximize the objective function in (28), one has
to minimize ρ∗u [n] while satisfying (28b) and (28c). Hence,
(28b) and (28c) must be satisfied with equality constraint.
Let ωlb [n] be a non-probabilistic variable that can satisfy the
AU QoS requirement with a targeted probability. The optimal
ω∗

lb [n] is obtained via the complementary cumulative distrib-
utive function (CCDF) that satisfies the following condition:4:

Q1

⎛
⎜⎜⎝
√√√√E

[
|Ωu [n]|2

]
σ

,

√
ω∗

lb [n]
σ

⎞
⎟⎟⎠ = δtarget, (30)

where Q1 (·, ·) is the first order Marcum Q-function. Rear-
ranging the terms with equality constraint results in (29).

4Here, we exploit the CCDF of the AU channel gain in each time slot to
overcome the 3D mobility effect of the AU.
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Generally, the parameters δtarget and δconf are system para-
meters, and these parameters would determine the achievable
GU rate, the rate improvement, and the outage probability.5

Given (29) and (30), it is clear that ρ

u is an increasing function

w.r.t. δtarget. Thus, increasing δtarget leads to smaller ρ

g,

and hence there exists a tradeoff between outage probabil-
ity and the achievable GU rate. Besides, δconf determines
the rate-improvement given by AG-NOMA. If δconf = 1,
the suboptimal SIC policy always assigns w [n] = u [n] and
s [n] = g [n] for all n since argmax P{|hu[n]|2>|hg[n]|2} = 1.
This approach provides more reliability for the AU to meet its
QoS requirement because for w [n] = u [n], ρu [n] ∈ [12 , 1

]
.

However, the achievable GU rate is bounded because for
s [n] = g [n], ρg [n] ∈ [0, 1

2

]
.

On the contrary, we can achieve a higher GU rate by setting
a smaller δconf at the cost of a lower level of reliability.
If P{|hu[n]|2>|hg [n]|2}≥δconf , a higher GU rate can be attained
for w [n] = g [n] because ρg [n] ∈ [12 , 1

]
. However, if δconf

is too small, the GU rate may be degraded due to higher
likelihood where the real order of the channel gain may be
the otherwise. In addition, the AU QoS requirement may not
be reliably met because if s [n] = u [n], the feasible power
allocation is bounded by ρu [n] ∈ [0, 1

2

]
. Therefore, it is

necessary to choose δconf carefully and thus we present the
following lemma:

Lemma 6: The suboptimal SIC policy can assign s [n] =
u, w [n] = g if and only if the following inequality holds:

1 − (2Rmin − 1
)
c1 [n] ≥

(
1

2Rmin
+ c1[n]

2Rmin
− c1 [n]

)
(31)

×
(

1 + (2Rmin−1)
ωlb

lg[n]
lu[n]

)
.

Proof: See Appendix E.
According to [17], [46], δtarget is required to be at least
0.999 for reliable communication. Hence, for AG-NOMA
scheme with statistical CSI, it is suggested that the suboptimal
SIC policy be assigned according to (31) and δtarget = 0.999.

5The system is said to be in outage at time n when no feasible power
allocation can satisfy the AU QoS requirement.

V. SIMULATION RESULTS

We employ Monte-Carlo simulation with 100,000 samples
to evaluate the performance of different schemes in support-
ing GU for the data links and AU for the control links.
These include the proposed AG-NOMA scheme with perfect
CSI (AG-NOMA-PC), the proposed AG-NOMA scheme with
statistical CSI (AG-NOMA-SC), existing terrestrial NOMA
scheme with perfect CSI, also referred as ground-to-ground
NOMA (GG-NOMA), and existing OMA scheme.

For AG-NOMA scheme with statistical CSI, the suboptimal
SIC policy follows (31) and δtarget = 0.999 unless otherwise
stated. For all the schemes, we assume there is a “secondary”
GU located at a fixed location, (−100, 0, 0), throughout the
time in which the goal is to maximize its rate. On the other
end, there is a “primary” AU or “primary” GU being paired
with the secondary GU whilst the QoS requirement of the
primary user has to be met. The earlier pairing represents
AG-NOMA and the latter represents GG-NOMA. Note that,
we compare different primary users here in order to highlight
the benefits and differences introduced by the AU.

The parameters used in the simulation are [36]–[38]: αe =
1.5, α0 = 2, a = 11.95, b = 0.136, Kmax = 15dB, Ko =
5dB, A = (4πfc/c)−2, fc = 2.0Ghz, σ2

n = −174dBm, Ptx =
−43dBm, and Rmin = 1bits/s/Hz unless otherwise stated. For
ease of expositions, we directly translate our results from the
time domain with T = 24.5s / N = 2450, and T = 23.5s /
N = 2350 to the horizontal distance and altitude perspectives
(meters), respectively, and the velocity of the UAV is ν =
20m/s for both cases.

A. Probability of AU/GU Channel Order

In Fig. 3(a) and Fig. 3(b), the probability of AU/GU
channel order over varying horizontal distance and altitude,
respectively, are presented. In Fig. 3(a) we assume that the
AU is flying at fixed altitude of 120m and moving linearly
away from the GS and in Fig. 3(b), we assume the AU flying
at a fixed horizontal distance of 300m and moving vertically
upwards. Fig. 3(a) and Fig. 3(b) show that the closed-form
expressions respectively given in (24) and (25) are accurate
and can be used when the AU is moving in a 3D space.

max
ρu

∑
n∈NF

log

(
1 +

(1 − ρu [n])Ptx |hg [n]|2
ρu [n] Ptx |hg [n]|2 + σ2

n

)
+
∑

n∈NS

log

(
1 +

(1 − ρu [n])Ptx |hg [n]|2
σ2

n

)
, (28a)

s.t. P

[
log

(
1 +

ρu [n] Ptx |hu [n]|2
σ2

n

)
≥ Rmin

]
≥ δtarget , n ∈ NF , (28b)

P

[
log

(
1 +

ρu [n] Ptx |hu [n]|2
(1 − ρu [n])Ptx |hu [n]|2 + σ2

n

)
≥ Rmin

]
≥ δtarget , n ∈ NS , (28c)

1
2
≥ ρu [n] ≥ 0 , n ∈ NF , (28d)

1 ≥ ρu [n] ≥ 1
2

, n ∈ NS, (28e)

ρg [n] + ρu [n] = 1 , ∀n (28f)
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Fig. 3. Probability of AU/GU channel order: (a) Horizontal; (b) Altitude.

B. The Achievable Secondary GU Rate

Fig. 4(a) depicts the achievable secondary GU rate over
varying primary user horizontal distance. Here, we assume
the AU is flying at a fixed altitude of 120m directly above
the primary GU while both primary AU and primary GU
are moving linearly away from the GS. As seen in the
result, all NOMA schemes outperform OMA in terms of the
maximum secondary GU rate. Thanks to the spectrum sharing
technique, NOMA based scheme can achieve up to +99%
rate-improvement as compared to OMA. Nevertheless, only
AG-NOMA-PC and AG-NOMA-SC can provide a more sus-
tainable rate-improvement than GG-NOMA when the primary
user moves horizontally away from the GS.

For instance, AG-NOMA-PC and AG-NOMA-SC can
achieve up to 99% and 98% rate-improvement, respectively,
when the primary AU is 150m horizontally away from the GS.
The rate-improvement of GG-NOMA is, however, reduced to
67%. As the horizontal distance increases, GG-NOMA may
seem to outperform AG-NOMA-SC in terms of the secondary
GU rate but in this case GG-NOMA is operating over the
unreliable region when the primary user is 60m away from the
GS. Whereas AG-NOMA-SC is operating over the unreliable

Fig. 4. Achievable secondary GU rate: (a) Varying primary AU/GU horizontal
distance; (b) Varying primary AU altitude.

region only after 420m away. In this paper, the unreliable
region implies that numerical outage probability is higher
than 0.9985 at that distance or (time n), whereas reliable
region implies the opposite. Overall, the proposed AG-NOMA
outperforms the GG-NOMA in terms of data rate because the
AU experiences dominant LOS link. Therefore, more power
can be allocated to the secondary GU to maximize its rate.

It is worthwhile to highlight that there are two bums
in Fig. 4(a) on the secondary GU rate of AG-NOMA-PC, AG-
NOMA-SC and GG-NOMA. This occurs due to the switch
of SIC operation from the primary AU/GU to the secondary
GU. Specifically, the primary AU/GU will perform the SIC
operation when they have stronger channel condition than the
secondary GU. As they move further away, the secondary GU
will perform the SIC operation whenever the channel gain is
stronger than the primary AU/GU.

Fig. 4(b) shows the achievable secondary GU rate over
primary user altitude. Here, we assume the primary AU and
GU are located at a fixed horizontal distance of 300m from
the GS and only the primary AU flies vertically upwards
due to its ability to fly in the air. As observed, AG-NOMA-
PC, AG-NOMA-SC, and GG-NOMA achieve a maximum
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Fig. 5. The reliability of meeting QoS requirement: (a) Varying primary
AU/GU horizontal distance; (b) Varying primary AU altitude.

rate-improvement of +99%, +98% and +33%, respectively.
Although GG-NOMA outperforms OMA, GG-NOMA is oper-
ating over the unreliable region as the primary GU cannot vary
its altitude. This is, in fact, one of the advantages of pairing
AU-GU over GU-GU, i.e., AU has the ability to fly in the
air and establish LOS link with the GS but GU has no such
advantage.

Notice that, the GU rate of GG-NOMA is flat because the
primary GU is located at a fixed distance and cannot vary
its altitude. Meanwhile, the GU rate of OMA scheme is flat
because dedicated radio resource is allocated to primary AU
and secondary GU in OMA. Hence, regardless of the AU
channel condition or QoS requirement, the secondary GU in
OMA scheme only receives half of available radio resource
throughout the time.

Although GG-NOMA and OMA outperform AG-NOMA-
SC in terms of the achievable secondary GU rate for some
coverage, the numerical outage probability of GG-NOMA is
higher than the numerical outage probability of AG-NOMA-
SC. This can be observed in Fig. 5(a) and 5(b). From Fig. 5,
it also seen that AG-NOMA-PC has the lowest numerical
outage probability due to perfect CSI and spectrum sharing

Fig. 6. The impact of δconf and δtarget on the achievable GU rate: (a) The
impact of δconf based on fixed δtarget; (b) The impact of different δtarget.

technique while the lowest numerical outage probability of
AG-NOMA-SC is bounded to approximately (1 − δtarget). In
general, the proposed AG-NOMA outperforms the GG-NOMA
in outage probability because the AU experiences a higher
probability of LOS link. Therefore, less power is required to
meet the QoS requirement.

C. Tradeoff Between The Achievable Rate and Reliability

Fig. 6 investigates the impact of δconf and δtarget on
AG-NOMA with statistical CSI to show the trade-off between
achievable GU rate and the reliability of meeting the AU QoS
requirement. For brevity, we consider AU moving linearly
away from the GS with a fixed altitude as for the varying
altitude with fixed horizontal distance similar characteristics
could be observed. Fig. 6(a) shows the impact of different
δconf based on fixed δtarget and Fig. 6(b) shows the shows
the impact of different δtarget.

Fig. 6(a) shows that it is necessary to choose δconf carefully.
The appropriate selection of δconf is complex because the
GU rate can be degraded when the δconf is too small and
the loss of rate-improvement may occur when δconf is too
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large. Instead of specifying a particular δconf , the SIC policy
δ̂target can be assigned based on (31). As observed in Fig. 6(a),
δ̂target + ε results in loss of rate-improvement because the
switch of SIC operation happens too early. On the other hand,
δ̂target− ε leads to rate degradation because the switch of SIC
operations happens too late. Besides, the rate-improvement in
AG-NOMA-SC cannot be fully exploited when δconf = 1
because the achievable GU rate is bounded.

Given (31), we can further analyze the impact of δtarget.
The targeted probability determines the reliability, where the
lowest outage probability would be bounded to (1 − δtarget)
but the achievable secondary GU rate would also be affected
by δtarget. As shown in Fig. 6(b), the GU rate would deplete
rapidly when δtarget is large because additional power has to
be allocated to the AU to meet the δtarget requirement and
thus less power is available for the secondary GU rate. This
impact is also more significant when the GU is a strong user
and AU is weak user. This is anticipated because in the cases
where AU is a weak user, all the power can be allocated to
AU. On the contrary, when AU is a strong user, at most half
of the power can only be allocated to the AU.

VI. CONCLUSION

In this paper, we have investigated the achievable GU rate
over a time-varying wireless channel while satisfying the AU
QoS requirement by AG-NOMA scheme with perfect and sta-
tistical CSI. For perfect CSI, we have derived the optimal SIC
policy, power allocation, GU rate and feasibility conditions
in closed-form expressions. Furthermore, for statistical CSI,
we have also derived the suboptimal SIC policy and power
allocation in closed-form expressions. The performance of the
AG-NOMA scheme with statistical CSI basically depends on
the parameters δconf and δtarget but there exists a tradeoff
between the achievable GU rate and reliability of meeting the
AU QoS requirement. Specifically, δconf and δtarget determine
the achievable GU rate and outage probability, respectively,
and thus we suggested appropriate δconf and δtarget based
on theoretical support and requirements to strike a balance
between rate and reliability. Our simulation results have indi-
cated that the proposed AG-NOMA scheme with perfect CSI,
the proposed AG-NOMA scheme with statistical CSI, and
the existing GG-NOMA scheme can potentially achieve up to
+99% GU rate-improvement than OMA scheme. Nevertheless,
only the proposed AG-NOMA with perfect and statistical
CSI can provide a sustainable rate-improvement over a wider
coverage area. With the absence of perfect CSI, AG-NOMA
with statistical CSI could also provide better performance in
terms of the achievable GU rate and/or outage probability as
compared to existing schemes with perfect CSI. This indicates
that the proposed AG-NOMA can efficiently serve the GU for
data link and reliably support the AU for control link in a
single cell network. Nevertheless, AU would suffer a much
more severe inter-cell interference than the GU in multi-cell
networks due to the LOS link. Therefore, the exploitation
of asymmetricity between AU and GU with the presence of
inter-cell interference in multi-cell networks for the proposed
AG-NOMA is still an open problem.

APPENDIX A: PROOF OF LEMMA 1

Assume that |hs|2 > |hw|2 for an arbitrary time slot.
Following the optimal policy, the achievable rate of the w
user that decodes the signal directly is:

Rw = log2

(
1 +

(1 − ρs)Ptx |hw|2
ρsPtx |hw|2 + σ2

n

)
, (32)

and the achievable rate of the s user after performing SIC is:

Rs = log2

(
1 +

ρsPtx |hs|2
σ2

n

)
, (33)

In the reverse policy, the achievable rate of the w user after
performing SIC is:

R̂w = log2

(
1 +

(1 − ρ̂s)Ptx |hw|2
σ2

n

)
, (34)

and the achievable rate of the s user that decodes the signal
directly is:

R̂s = log2

(
1 +

ρ̂sPtx |hs|2
(1 − ρ̂s)Ptx |hs|2 + σ2

n

)
. (35)

From (32)-(35), it is clear that optimal and reverse policies
achieve the same achievable rate if ρs = ρ̂s = {0, 1}.
Therefore, we investigate the rate region for optimal and
reverse policies for 0 < ρ̂s < 1. Let Rw = R̂w, then
rearranging the terms results in:

(1 − ρ̂s) =
(1 − ρs)σ2

n

ρsPtx |hs|2 + σ2
n

, (36)

and

ρ̂s =
ρs

(
Ptx |hs|2 + σ2

n

)
ρsPtx |hs|2 + σ2

n

. (37)

To prove that the optimal policy outperforms the reverse
policy, we have to show that Rs ≥ R̂s, which leads to the
following inequality:

ρs ≥ ρ̂s

(1 − ρ̂s)Ptx |hs|2 + σ2
n

. (38)

Substituting (36) and (37) into (38) results in:

ρsPtx |hw|2 + (1 − ρs)Ptx |hs|2 ≥ Ptx |hw| . (39)

Since|hs|2 > |hw|2, (39) must hold with strict inequality.
Hence, the rate region of the reverse policy is the subset of
the rate region of the optimal policy. This means there exists
a power allocation in the optimal SIC policy that can always
outperform the reverse policy. �

APPENDIX B: PROOF OF SUB-PROBLEM CASE (I) AND (II)

The proof for case (i) can be obtained following the same
line of argument as of case (ii). In fact, it is more straight
forward and is thus omitted for brevity. Here, we prove
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the simplification for case (ii), i.e., |hu [n]|2 ≤ |hg [n]|2.
Specifically, the subproblem at time n is:

max
ρu [n] , ρg[n] [n] log

(
1 +

ρg [n] |hg [n]|2
σ2

n

)
, (40a)

s.t. log
(
1 + ρu[n]Ptx|hu[n]|2

ρg [n]Ptx|hu[n]|2+σ2
n

)
≥ Rmin,

(40b)

ρg [n] ≥ 0, ρu [n] ≥ 0, (40c)

ρg [n] + ρu [n] ≤ 1, (40d)

ρg [n] ≥ ρu [n] . (40e)

Suppose R′ is the optimal value of problem (40) with
ρ′g [n] , ρ′u [n] as the corresponding feasible optimal solutions,
where ρ′g [n] + ρ′u [n] < 1. Then, there exist an ε > 0
such that ρ

′
g [n] + ρ

′
u [n] + ε = Ptx. One can always

increase the the value of (40) by increasing ρ′g [n] with
some constant k1 and ρ′u [n] with some constant k2 ≥
(k1·ρu[n]Ptx|hu[n]|2)/(ρg [n]Ptx|hu[n]|2+σ2), where k1 + k2 < ε.
This contradicts that R′ is the optimal value of (40). Thus,
the optimal value of problem (40) must satisfy the condition
ρ∗g [n] + ρ∗u [n] = 1. Consequently, (40d) can be rewritten
as (19d). With this equality constraint, (40c) and (40e) can
be rewritten as (19c). �

APPENDIX C: PROOF OF LEMMA 3

For brevity, we drop the time slot index n. The probability
of AU to be the strong user and GU to be the weak user is
obtained by substituting (4) and (7) as follows:

P

{
|hu|2 > |hg|2

}
= P

{
A |Ωu|2

d̂u
αu(du,zu)

>
A |Ωg|2

dg
α

}
. (41)

Since non-central chi-squared and central chi-squared distrib-
utions are closed under scaling by a positive factor, we can
rearrange the terms and compute the joint probability as
follows:

(41) =

∞∫
0

ωu∫
0

1
lg · 2σ2

exp
{ −ωg

lg · 2σ2

}
1

lu · 2σ2

× exp
{−k2

2σ2
− ωu

lu · 2σ2

}
I0

(
k

σ2
·
√

ωu√
lu

)
dωgdωu,

(42)

where lg = 1
dg

α and lu = 1

d̂u
αu(du,zu) . Integrating (42) w.r.t.

ωg,

(41) =
1

lu · 2σ2
exp
{−k2

2σ2

}[ ∞∫
0

exp
{ −ωu

lu · 2σ2

}

×I0

(
k

σ2
·
√

ωu√
lu

)
dωu −

∞∫
0

exp
{− (lu + lg) ωu

lulg2σ2

}

×
(

k

σ2
·
√

ωu√
lu

)
dωu

]
. (43)

According to [47], (pp. 697, 6.614 (3)),∫∞
0 exp{−α̂x}I2ν(2

√
β̂x)dx = exp{ 1

2
β̂
α̂}√

α̂β̂
· Γ(υ+1)
Γ(2ν+1)M− 1

2 ,ν( β̂
α̂ ),

where Γ(·) is the gamma function and Mς,ν (·) is the Whittaker
M function. Therefore,

(41)=
√

2σ
k

[
exp
{

−k2

4σ2

}
M− 1

2 ,0

(
k2

2σ2

)
−
√

lg
lg+lu

×exp
{
− (lg+2lu)

(lg+lu)
k2

4σ2

}
M−1

2 ,0

(
lg

lg+lu
· k2

2σ2

)]
. (44)

�

APPENDIX D: PROOF OF LEMMA 4

For brevity, we drop the time slot index n. The probability
of AU to be the weak user and GU to be the strong user is
similarly obtained by substituting (4) and (7) as follows:

P

{
|hu|2 ≤ |hg|2

}
= P

{
A |Ωu|2

d̂u
αu(du,zu)

≤ A |Ωg|2
dg

α

}
. (45)

Since non-central chi-squared and central chi-squared distrib-
utions are closed under scaling by a positive factor, we can
rearrange the terms and compute the joint probability as
follows:

(45) =

∞∫
0

ωg∫
0

1
lu · 2σ2

exp
{−k2

2σ2
− ωu

lu · 2σ2

}

×I0

(
k

σ2
·
√

ωu√
lu

)
1

lg · 2σ2
exp
{ −ωg

lg · 2σ2

}
dωudωg,

(46)

where lg = 1
dg

α and lu = 1

d̂u
αu(du,zu) . Integrating (46) w.r.t.

ωu, results in

(45) = 1 − 1
lg · 2σ2

∞∫
0

Q1

(
k

σ
,

√
ωg√
luσ

)
exp
{ −ωg

lg · 2σ2

}
dωg.

(47)

In (47), Q1 (·, ·) is the first order Marcum Q-
function. According to [48], G(1, m̃, ã, b̃, p̃) =∫∞
0

Qm̃

(
ã, b̃

√
x̃
)

exp {−p̃x̃} dx̃, where

G(k̃, m̃, ã, b̃, p̃) =
Γ(k̃)
p̃k̃

×
[
1 − ã1−m̃ exp

{
− ã2

2

}
× (48)

k̃−1∑
l=0

p̃l

l!b̃2l

∞∫
0

xm̃−2l exp
{
−
(

p̃

b̃2
+

1
2

)
x

}
Im̃−1 (ãx) dx

]
.

Hence, we further simplify (47) as:

(45) = exp
{−k2

2σ2

} ∞∫
0

ωg exp
{
−
(

lg + lu
2 · lg

)
ω2

g

}

×I0

(
k

σ
· √ωg

)
dωg. (49)

According to [49], (pp. 306, 2.15.5 (4)),∫∞
0 x̃α̃−1 exp

{−p̃x̃2
}

Iυ̃ (c̃x) dx = Aα̃
υ̃ , and Aυ̃+2

υ̃ =
c̃υ̃

(2p̃)υ̃+1 exp
{

c̃2

4p̃

}
. Therefore,

(45) =
(

lg
lg + lu

)
exp
{
−
(

lu
lg + lu

)
k2

2σ2

}
. (50)

�
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APPENDIX E: PROOF OF LEMMA 6

The achievable GU rate at time n is

log
(
1 + (1−ρ�

u[n])Ptx|hg [n]|2
ρ�

u[n]Ptx|hg[n]|2+σ2
n

)
, if s [n] = u, w [n] = g,

and log
(
1 + (1−ρ�

u[n])Ptx|hg [n]|2
σ2

n

)
, if s [n] = g, w [n] = u.

Hence, the optimal SIC policy can assign s [n] = u, w [n] = g
in cases where

(1 − ρ

u [n])Ptx |hg [n]|2

ρ

u [n]Ptx |hg [n]|2 + σ2

n

≥ (1 − ρ

u [n])Ptx |hg [n]|2

σ2
n

.

(51)

Since perfect CSI is not available, it is difficult to directly
verify (51). However, utilizing the law of large numbers results
in:

E

[
(1−ρ


u [n])Ptx |hg [n]|2
ρ


u [n] Ptx |hg [n]|2+σ2
n

]
≥E

[
(1−ρ


u [n])Ptx |hg [n]|2
σ2

n

]
.

(52)

Here, the expected value of the left hand side does not exist
but the domain of the left hand side is strictly positive. Using
Jensen’s inequality, we have the following condition:

(1 − ρ

u [n])PtxE |hg [n]|2

ρ

u [n] PtxE |hg [n]|2 + σ2

n

≥ (1 − ρ

u [n])PtxE |hg [n]|2

σ2
n

.

(53)

Substituting the expected value of (7) and (29) into (53),
yields:

1 − (2Rmin − 1
)
c1 [n] ≥

(
1

2Rmin
+ c1[n]

2Rmin
− c1 [n]

)
×
(

1 + (2Rmin−1)
ωlb

lg [n]
lu[n]

)
, (54)

where c1 [n] = σ2
n·d̃u[n]αu(du[n],zu[n])

Ptx·A·ωlb[n] . Hence, the suboptimal
SIC policy can assign s [n] = u, w [n] = g, if (54) is
satisfied. �
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