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Spectrum-Efficient UAV-Assisted IoT Systems
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Abstract—Unmanned aerial vehicle (UAV)-assisted Internet of
Things (IoT) systems have been implemented for over a decade,
from transportation to military surveillance, and is proven wor-
thy of integration in the next generation of wireless protocols.
Though UAVs have immense potential, they have major draw-
backs when it comes to real-world implementation, such as
energy capacity, loss of signal quality, and spectrum limita-
tions. To overcome these challenges, integration of UAVs with
spectrum-efficient techniques, including cognitive radio (CR) and
nonorthogonal multiple access (NOMA) has been proposed. In
this article, we incorporate transmit-antenna selection (TAS) into
an underlay cognitive radio NOMA network, which provides
additional benefits through employing multiple-antenna-selection
approach at the UAV with the goal of better serving the ground
NOMA devices. The links associated with the multiantenna UAV
are theoretically assumed to experience Nakagami-m fading dis-
tribution. We also emphasize the degraded performance caused
by imperfect successive interference cancelation (SIC) when
decoding signals at the ground NOMA devices. The closed-form
expressions for the proposed model are derived to evaluate two
main performance metrics, namely, the outage probability and
the ergodic capacity. Monte Carlo simulations are performed to
analyze the performance of the system in different scenarios.
We observe that the power allocation factors for the devices in
a group and the altitude of UAV have a noticeable impact on
the performance of the system. Furthermore, the increase in the
number of antennas at the UAV can complement these effects
and further improve the system performance.

Index Terms—Cognitive radio (CR), imperfect successive
interference cancelation (SIC) multiple antenna selection,
nonorthogonal multiple access (NOMA), outage probability (OP),
unmanned aerial vehicles (UAVs).

I. INTRODUCTION

U MANNED aerial vehicle (UAV) is an emerging technol-
ogy that has an immense capacity to benefit applications,
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such as military surveillance, network coverage, and trans-
portation. Since UAV systems possess capabilities, such as
extensive coverage, easy deployment for robust and reli-
able communications in critical scenarios, UAV communi-
cations have become a trending topic in the research com-
munity [1], [2], [3]. UAVs have the advantage of acting as
a flying base station (BS) in many real-world applications;
thereby providing Line-of-Sight (LoS) communications to the
users on the ground and establishing an air-to-ground (A2G)
link [4]. Recently, nonorthogonal multiple access (NOMA)
has proven to be one of the most efficient communica-
tion techniques in multiple access technique evolution [5].
NOMA-assisted systems can simultaneously allocate the same
spectrum resource to two users. This feature enables mas-
sive device connectivity and enhanced spectrum utilization
during communication. NOMA superimposes the two users’
signals during the initial transmission from the sender and
transmits them to the receivers. On the receiver side, the suc-
cessive interference cancelation (SIC) technique is performed
to retrieve the desired messages from the superimposed sig-
nal. Resource allocation in the system is varied based on
power allocation to the users, which depends on the chan-
nel state information (CSI) of each user [6]. Shi et al. [7]
introduced UAV-aided NOMA with full-duplex capability as
a new way to enhance spectrum efficiency. Therefore, NOMA
has been highly recommended to be implemented in inte-
grating UAV systems in the beyond fifth-generation (5G)
and sixth-generation (6G) communications because of its
improved spectrum efficiency and massive device connectivity.
Significant research attempts were also performed to analyze
the NOMA users’ performance with the addition of UAVs.
However, spectrum scarcity has become a major bottleneck in
applications such as the Internet of Things (IoT) and vehicular
networks, and must be addressed.

A. Related Studies

For the past two decades, the cognitive radio (CR) network
technology has been developed and tested to address spec-
trum scarcity in mobile applications. Several studies explored
integrating UAVs with CR. For example, UAV-based CR was
proposed in [8], [9], [10], [11], [12], [13], and [14] to improve
the spectrum sensing capability of the system. Sboui et al. [9]
have proposed a power allocation framework to enhance the
energy efficiency of the UAV-based cognitive systems. The
results demonstrated the role of altitude in minimizing power
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consumption. Zheng et al. [10] considered the physical-layer
security (PLS) of UAV-based CR systems, and concluded
that the secrecy rate of the proposed system is significantly
enhanced by robustly adjusting the transmit power of the
UAV. Pan et al. [11] have studied the UAV-based overlay CR
network, where a UAV is present in the secondary network
(SN) and an efficient solution was proposed for minimizing
energy consumption. Hu et al. [12] have proposed a UAV-
based CR and aimed to identify the optimal position of the
UAV to provide maximized sensing performance and data
rate while protecting the secrecy of the primary network (PN)
users. UAV-assisted jamming wideband CR was considered
in [13] to enhance the secure transmission in the SN. The
UAV sends a jamming signal to the eavesdropper; while the
secondary BS continues to provide its services to its users.
This approach maximizes of the total average secrecy rate
of the SN. Similarly, He et al. [14] considered a CR-aided
UAV system to enhance network security by employing artifi-
cial noise embedded in transmit signals. The spectrum sensing
time, the power splitting ratio, and the hovering position of the
UAV are jointly optimized to maximize the total secrecy rate
of primary and secondary users.

An NOMA-assisted UAV system was proposed in [15] and
the main results are the analytical expressions of the connec-
tion outage probability (OP), secrecy OP, and effective secrecy
throughput. NOMA-assisted spectrum-efficient systems were
proposed in [16] and [17] by comprehensively evaluating
the system performance. Singh and Upadhyay [17] derived
the OP expressions for the primary and SNs when the full-
duplex-based energy harvesting benefits were incorporated.
The proposed system’s performance was studied in terms of
OP and ergodic capacity (EC). NOMA underlaying UAV was
proposed in [18] where joint time allocation and power control
algorithms are designed for efficient energy utilization in the
system. Cooperative and cognitive radio NOMA (CRNOMA)
in assistance with UAV was proposed in [19] to study the user
fairness in the SN at hot-spot locations. Depending on the UAV
location, the authors proposed a methodology to determine
the user clustering and channel assignment based on avail-
able optimal resources. However, there remains a need for
a deeper understanding of the performance of UAV-assisted
systems with high spectrum efficiency, which would be suit-
able for deployment to support a large number of distributed
IoT ground devices with applications in health monitoring,
traffic flow, and wireless sensors for smart cities.

B. Motivations and Our Contributions

Despite all the recent efforts, there is a significant amount
of work to be done in order to enable spectrum-efficient
massive connectivity, which is essential in the integration of
CR with UAV and NOMA techniques designed for cogni-
tive IoT applications. The work in [15] only considered a
single-antenna UAV; while the advantages of multiple-antenna
UAVs were not investigated. Incorporating multiple-antenna
UAV enables the great benefits of multiantenna architectures
in UAV-assisted systems. On the other hand, we extend the
system model of [8] by incorporating a UAV. The recent work
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in [19] studied CRNOMA networks and derived closed-form
expressions to obtain the optimal power and time allocations
for generic cluster sizes, but the main analysis of performance
metrics is missing. Different from [8], [15], and [19], we tar-
get to provide a complete mathematical analysis of system
performance metrics for the UAV CRNOMA-inspired IoT
system. To improve the spectrum efficiency, IoT devices may
adopt NOMA device grouping [20], which enables simul-
taneous transmissions to a pair of secondary devices using
the same frequency. The different performance of the two
devices was not addressed in [20] and [21], which moti-
vates us to investigate the performance gap between the two
devices. Moreover, to further improve the spectrum efficiency,
we consider an underlay UAV-aided CR in the presence of
NOMA, where multiple-antenna UAVs are deployed to assist
the communication between the devices through added diver-
sity. The multiple-antenna UAV design brings the advantages
of multiantenna technology to these new systems. Especially,
we focus on the performance analysis of a dedicated group
of devices, i.e., the primary device (PD) in the primary and
the two devices in a specific group of the SN.! As far as the
authors are aware, the technical literature lacks results that pro-
vide a complete analysis of the system performance metrics
with complex design, especially in the context of CRNOMA
with multiantenna UAV. The main contributions are as follows.

1) We investigate and analyze the performance of an
UAV CRNOMA-inspired IoT system over Nakagami-m
fading channels with perfect and imperfect SIC to under-
stand how they affect the system performance. In this
system, the SN deploys a multiple-antenna UAV to bet-
ter serve the [oT devices and protect the PDs’ spectrum
access.

2) Under perfect SIC (pSIC) and imperfect SIC (ipSIC)
cases, the expressions of the OP and the EC are derived.
More importantly, we identify the main parameters to
adjust system performance as expected, for example the
number of transmit antennas at the UAV, and the levels
of ipSIC. Further, we present a low-complexity algo-
rithm to achieve the optimal outage behavior at the IoT
users.

3) Detailed performance comparisons of the UAV-based
CRNOMA system are conducted to confirm the superi-
ority of the NOMA scheme in terms of outage behavior
as well as ergodic performance. We observe that the
optimal OP of the near device can be achieved if we
allocate 35% of the transmit power to it, while the EC
of the far device meets saturation when the transmit
signal-to-noise ratio (SNR) at the UAV is greater than
30 dB.

The remaining sections of this article are organized as

follows. Section II describes the system and channel mod-
els. Sections III and IV provide the outage probabilities and

IThe device grouping scheme is based on the ordered channel gains of IoT
devices. The nonorthogonally scheduled IoT devices in each group, including
the near and far devices form an NOMA two-device in the same channel. We
note that each group occupies a channel orthogonal to those occupied by the
other groups. The details of device grouping in clustering NOMA approach
can be referred in [20].
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Fig. 1.  Illustration of UAV-assisted NOMA systems for cognitive IoT
applications.

the asymptotic expressions of the secondary devices, respec-
tively. The EC analyses are presented in Section V. Section VI
includes the numerical evaluation of the performance. Finally,
the main findings are concluded in Section VII.

II. SYSTEM MODEL AND CHANNEL CHARACTERISTICS
A. System Description

An SN in cognitive IoT applications may have several sub-
sets of devices, which are served by the secondary multiple-
antenna transmitter (a UAV in our model)> as shown in
Fig. 1. As various wireless networks, e.g., small-cell network,
macrocell network, Wi-Fi, and picocell network, need to coex-
ist in the future, the demand for spectrum resources keeps
increasing. As a promising application, the system described
above is applicable to the industrial IoT and allows the
SN to share the spectrum. We focus on a cognitive SN
where devices use the same spectrum resources opportunis-
tically and need performance improvements. A set of all
secondary IoT devices is divided into several subsets. The
system needs a common reliable control channel to exchange
spectral sensing information and the resource allocation. We
assume the CSI is known globally, which is common in exist-
ing works [12], [22], [23].3 In the uplink transmission, each
BS can estimate the CSI for each secondary IoT device,
and then, the BS feeds this information back to each corre-
sponding secondary IoT device.* These links are assumed to

2This operation of UAV-aided system is adopted similar to [7]. The
fly-hover communication protocol is implemented to assist the UAV to serve
data transfer to the ground devices.

3As a future direction, it would be interesting to see how the results
change when the perfect CSI assumption is replaced with delayed [24], [25],
local [26], [27], [28], and intermittent [29] knowledge.

41t is worth noting that we focus on the performance analysis of a ded-
icated device group within an IoT system, which would work with a small
coverage area. In this article, UAV acts as a flying BS dedicated to serve tar-
geted ToT devices. Therefore, our model is reasonable to deploy for a single
UAV. Besides, the multiple UAV-assisted relays selected with secrecy capacity
maximization criteria under CR was proposed and investigated in detail [30].
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TABLE I
NOTATION FOR THE MAIN PARAMETERS

Symbol | Notation
Z; Signal at User 4, ¢ € {1,2}
a; Power allocation coefficients at User ¢
n n € (1,2, ..., N) index of transmit antenna
R; Target rate at User @
Wy, The AWGN noise term followed CN (0, No)
Py The transmit power at UAV
Py The maximum power of the secondary transmitter
Q The peak interference power of PD
H The vertical height of the UAV
dpp Distance from UAV to PD
dU1 Distance from UAV to Uy
du, Distance from UAV to Us
« Path loss exponent
hng Channel gain from UAV to PD
hny Channel gain from UAV to U
Py Channel gain from UAV to Us

follow Nakagami-m fading distribution [22], [23].5 We pro-
vide the notations of the main parameters in Table I. The
Euclidean distances from UAV to the receivers are denoted
by di, k € {PD, Uy, U}, and expressed as follows:

dy =/d? + H?,ie€{0,1,2} (1)

where d;’s are the distances from PD, U;, U, to the center
point.

1) Signal Processing at Transceivers: In this article, we
consider an underlay cognitive system where the secondary
transmitter must obey a transmit power constraint [30]
given by

maxy—1,...N ‘hno’
= min| Py, ¢ 2 @
hng

where P, is the maximum power of the secondary transmitter,
and Q is the interference temperature constraint (ITC) at PD.
The goal of the transmit-antenna selection (TAS) is to find the
index of the best transmit antenna that achieves the maximum
sum of the squared channel gains between the UAV and the
ground users. The CSI feedback signal from the ground users
to the UAV assists this selection. The best antenna (the index of
the best antenna) for each direction can be selected according
to [32]

ng = arg max |h,,0|2 (3a)
no=1,...,
nj =arg max ]hnl |2 (3b)

n=1,...,.N

5We note that the distributions of the Nonline-of-Sight (NLoS) and LoS
components affect the performance of the considered system. In particular, the
Nakagami fading parameter m indicates LoS and NLoS scenarios, i.e., m = 1
for NLoS scenario (Rayleigh fading case) and LoS scenario corresponds to
case of m > 1 [31]. According to the experimental results, Nakagami-m
distribution is more suitable to characterize the channels when UAVs are
placed at low-altitude positions.
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n, = arg max |hn2| (3¢)

ny=1,..

With respect to retaining the quality of the received sig-
nal at each device in a dedicated group of devices, the UAV
communicates to two ground single-antenna NOMA devices,
i.e., Uy and Uy, in spectrum sharing scenario with the PN and
the presence of a primary receiver (denoted as PD), shown in
Fig. 1.° The received signals at the destinations are

Yu, = hp, (\/ arPax) + \/612PA5€2> + oy, (4a)
= hy, (\/ aPax1 + \/azPA)_Q) + wy, (4b)

where @y, ~ CN(0, No), i € {1, 2} denotes the additive white
Gaussian noise (AWGN) with zero-mean and variance Nj.
Following the principle of NOMA, the device U; is considered
as the near device, which is allocated less power compared
with the far device U;. In the following section, we present
details on signal-to-interference-plus-noise ratio (SINR) cal-
culations used to evaluate the received signals and the related
system performance metrics.

2) SINR Computation: From (4a), since the NOMA
scheme is adopted,7 i.e., U; first decodes the information
intended for Uj, X, by treating x; as the interference signal
(IS). Hence, the received SINR at U; to detect x» is given by

2 2
_. Ppay paaz |hyx
Uiy = 2 = 2 &)
Ppay|\hy| +No  paar|hy:| +1
where p4 = P4/Np is the SNR at the source. Note that x|

and x; are supposed to be normalized unit-power signals, i.e.,
E{|%1|?} = E{|x2/*} = 1 in which E{} denotes expectation
operation.

In practice, it is difficult to achieve pSIC, resulting in resid-
ual interference while detecting x;. Hence, the SINRs at U;
for the detection of x; can be represented, respectively, as

2
_yipsic  PAY 6
Uy xi — 2 (6)
palgrl®+1
2
= ,pSIC
Urs = padi (6b)

5The development of a smaller cluster associated with the two paired
devices served by UAV-mounted BS achieves lower decoding complexity, less
interference and shorter delay at the receivers compared to multidevice cluster
NOMA [20]. If the number of devices in the network is very large, the num-
ber of UAVs must also increase, leading to higher cost. It is worth noting that
two-user model keeps reducing delay since less procedures of signal detec-
tion sent from ground users to the UAV. The situation of more users located
in a cluster leads to worse performance at users since much interference
exists among those users. Additionally, such flying UAV-mounted BS forms
a connected graph with some nearby stationary BSs (SBSs) equipped pow-
ered signal processing units, which can proceed with multidevice scenarios
rather than UAV-mounted BS. The reliable connection for backhaul from SBSs
UAV-mounted BS is assumed perfect and its analytical details along with the
clustering problem are beyond the scope of this article.

7By employing device grouping with NOMA, the weak IoT device directly
detects its desired signal by treating the signal intended to the strong IoT
device as interference while the SIC is conducted for decoding signal at the
strong IoT device [5]. Therefore, two device would be the preferred model
rather than multiple devices in a group result in more interference to devices
which make performance degradation.
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where |g7|> ~ CN(0, A7). For ipSIC, the residual IS, g, is
modeled as a Rayleigh fading channel with zero mean and
variance A; for 0 < A; < 1 [33].

Given (4b), U, detects the designated signal X, treating
X1 as interference. The instantaneous SINR at U, from (4b)
gives us

_. pAG2 | hys
Us%p = 2 : D
paat|hys| +1

B. Channel Characteristics

The probability density function (PDF) of the random
variable (RV) |hl~|2 can be derived as follows [22]:

f (x) _ N;”ixm,'—l e X ¢ {O 1 2} (8)
L N T ’ o
where I'(x) = (x—1)! is the Gamma function and w; =

(mi/A;) in which A;, and m; representing the mean and inte-
ger fading factor, respectively. According to [34] and [35],
we get channel gains of fading as Ao = dpp, A1 = dp,
and Ay = da;‘. From [3], we have the cumulative distribu-
tion function (CDF) of the instantaneous channel gain X as
follows:

I (m;, xpi)
)

m,'fl 1ot
=1y X
t=0

where I'(-,-) is the upper incomplete Gamma function
[36, eq. (8.350.2)].
Therefore, the CDF and PDF of |hn]{s|2, j € {0,1,2} are

given as [37, eq. (17)]

F\hilz(x) =1

,ief0,1,2} 9)

N
T (m;, y;)

T (m;)

N nj(mj—1)
( )( 1)Vljwnl’ml

Foop=|1-

2. )

nj=0 p;=0

x e HiyPi (10)

and

1, m;

>( DWy;

(11)

where n; € {0,1,...,N—1}, (}) is binomial coeffi-
cient (Z) = (n!/k!(n—k)!), the intermediate variable
W,’,’;””’f'(o < pj < nj(m; — 1)) for positive integers n; and m;
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denotes the coefficient of the expansion below [38]

m-1 Y ni(mi=1)
Dj nj,mj  pj p.
> oqlw)” | = 30 W)
pj= J pj:O
which can be calculated recursively as follows:
pj nj—1,m;
nj,m;
W=y ﬁznj,m,(b (13)
k=pj—mj+1 J )
with W™ = 1, W™ = n, W™ = 1/p;!, and
N 1, ifOSkg(nj—l)(mj—l)
Lij.m; (k) = { 0, otherwise. (14)

Additionally, Rayleigh-distributed RVs of |g;|> have expo-
nential distributions with fl, 2(x) = (I Jape” O/ and
Flop@) =1- e~/ [33].

III. OUTAGE PROBABILITY ANALYSIS
A. Exact Computation of OP

Since performance of devices in SN and PN are consid-
ered in recent work [17], we set higher priority to examine
performance of devices at SN. It would be predicted that the
devices at the SN have limited performance due to power
constraint of the secondary transmitter in (2). As the main
performance evaluation, the OP is used since it is the prob-
ability of the corresponding SINR falling below a predefined
threshold A, i.e., Pout = Pr(Z < X)) = Fz(A) [1].

Case 1: From (6a), the OP of the near device with ipSIC
case is calculated as follows:

<é& 1)

ipSIC *,ipSIC
OP™" =Pr FU]X2<82UFU)(1

=1- Pr(l“Ul 5 = €2, F;‘?SIC > gl) (15)
where Pr(.) is the probability operator, &; = 228 — 1, for

i=1,2 is called as target SINR at U;.
Replacing OPlp SIC from (5) and (6a) into (15), we have

SIC 5 5
OPPC =1 =Pr(2ipa = 2.2 = 1 (palesl? +1))
. . VA
=1-Pr Zi‘z@,z;‘ il g <=L — —
PA PA d1 pa
. zZ 1
Szt e i L (16)
PA é1 paA
A A
where Z} = |y |?, ¢2 = (e2/a2 — 2a1), ¢1 = (e1/a1) and

Pmax = max(¢y, ¢2).
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It is noted that p4 = min(p4, (pQ/ZE')‘)) in which Z(’)‘ 2
|hn3|2, (16) is calculated as follows:

OPPIC =1 A — A (17)

A A A
where Aj = Pr(Z} = (bmax/pa). lg1l> = (Z{/¢D)
A _ A A A
(1/0a), Z§ < (po/pa))s Az = Pr(Z} = (dmaxZi/p0). |81
A A A _ A A —
Z /1) — (Z3/po) Z5 > (po/Pa)) 2§ = |hwol*, pa =
P4 /Ny denotes the average SNR at the UAV and pp = Q/Ny
denotes the average SNR of interference at the PD.
Proposition 1: The closed-form expression of OP at U
with ipSIC is expressed as (18), shown at the bottom of
the page, with y (-, ) is the lower incomplete Gamma func-
tion [36, eq. (8.350.1)], xo = (no + Do — (1/A100), x1 =
(n1 + Dy + (1/A101), Amax = max(((bmax/pQ)v (Sl/a](loQ)1)7
— nj(m;—
g, 1 )= W/, Ypl

(N (=)W Pf*"” in which j € {0, 1, 2}.

Proof See Append1x A. |
Case 2: From (6b), the OP of U; with pSIC is calculated
as follows:
< 81)

oPPIC = Pr(r*
> 81)

IA

- 4 pSIC
U5 < €2 UFUl ®

_ * ,pSIC
=1- Pr(FUl’)—C2 > &7, FU1 kS

10)

=1 —Pr(Z;" > =, |g1l* = ¢1>
PA PA
Sk ¢max
=1-Pr|Zf>—). 19)
PA
We can easily derive OP{) SIC from (19) as follows:
oPPC =1 -8, -8B, (20)

where By = Pr(Z{ > ($max/pa), Z; < (po/pa)) and By =
Pr(Zt = (max/ P0) 25 25 > (p0/ ).

Proposition 2: The closed-form expression of OP at the U
with pSIC is determined in (21), shown at the bottom of the
next page, with ¢1 = [(no + Do + W]

Proof: See Appendix B. |
Finally, the OP of P, is given by

OP,=1-— Pr(l:"{]l B 82)
_1—Pr<zz>@20 pQ)
PA PA

—Pr<Z2 > P2 o pQ)
Po pa

(22)

where 23‘ 2 |hn§|2.

V(Po +mo, By po(no + 1)#«0)

OPPSIC — 1 — G, ng, mo, po)G(N, 1, mi, p1)

—e PAM

[(no + DpglPot™o

l P (p1 -+ 57 man o1 + D)

1 F(Pl+m1 ﬂA ¢maxXl)
(1 + Dy P P

prm =1 P(p +m1)Amax‘/F(p0 + g+ mo, ﬂ_;lﬂQ[(”lO + Do + Amax(ni + 1)#1]) prtm—l Amaxe T (p1 +my)

-GN, ng, mo, po)G(N, n1, my, p1)
q=0

F(po + g + my, ﬁ;po(Xo + XlAmax)>

q'T0n + Dy "M (g + Do + Amax (n1 + D JPorarmo

p1t+mi—q

=0 q! X1

(xo+ x1 Amax)p0+q+m0

] (18)

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on September 14,2023 at 17:11:59 UTC from IEEE Xplore. Restrictions apply.



DO et al.: ANTENNA SELECTION AND DEVICE GROUPING FOR SPECTRUM-EFFICIENT UAV-ASSISTED IoT SYSTEMS

Algorithm 1: Optimization Algorithm to Find a3 Based
on the Golden Section Search
Input : Initialize Yyin = 0, Ymax = 1, the golden section

search w = ¥>=1 and a stopping threshold A = 10-3

Output: The optimal of a§ that minimum the outage
performance OPf(a?), * € {ipSIC, pSIC}

begin
Create sets ] = ¥max — (¥'max — ¥min)@ and
B2 = Ymin + (Ymax — Ymin) @
while [Ymax — ¥minl < A do
Update: OPg, . = OP}(B1)
Update: (’)Pt*empz = OP1(B2)
// O"P*( ) is given by (18) and (21)
if (’)Pt*em | < OPtempz then
| Update Ymax < B2
else
| Update: Yrmin < B
end
Update: B < ¥max — (Wmax — Ymin) @
Update: By < Ymin + (Ymax — Ymin) @
end
return The optimal of a} = (Vmax + ¥min) /2

end

Similarly, by solving OPPSIC in (19), OP, is obtained

in (23), shown at the bottom of the page.

B. Optimal Outage Performance Analysis

Based on the derived OP expressions, it is difficult to
obtain closed-form expressions of the optimal values of power
allocation factors a; and ap. Fortunately, we can lever-
age low-complexity algorithms based on the golden section
search method to overcome this problem. For example, in
Algorithm 1, we present the steps to obtain the exact value
of a that minimizes the OP of the first user. The degree of
accuracy of Algorithm 1 primarily depends on the given step
search A.

Although finding optimal OP can be conducted in some
cases, the analytical results of OP performance are still compli-
cated, making obtaining any insights difficult. This motivates
us to find approximate computation of the main system
performance metrics in the next section.
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IV. ASYMPTOTIC COMPUTATION OF THE MAIN
PERFORMANCE METRIC

Because deriving closed-form expressions do not provide
much insight, we analyze the asymptotic expressions for
further intuition.

Case 1: For ipSIC, when p4 goes to infinity then we

have 4| ~ 0 and (pg/pa) = 0, the asymptotic expression for

POO ApSIC is calculated as follows:

OPOO ,ipSIC
=1-Pe(Z} > A z||<2* Lo
—1—Pr , -1 -
maxZq) >, 181 1 P 0
¢1 T.
=1- fz»« (x) xfz* o) Jigy2 (@)dxdydz

=1 —Q(N ng, Mo, Po)g(N nl,ml,pl)
/ oo —(no+1)MOX/ =l =G+ Dy
AmaxX

X (1 — e_l(gl_"xQ)>dxdy.

Applying [36, eq. (3.361.2)] and [36, eq. (3.361.3)], the

integrals in (24) are solved as follows:
O,POO ,ipSIC
=1-G(N, no, mo, po)G(N, ny, my, p1)
PO AfT (o1 + m)

q![(n + Dy rtm=—a
y I'(po + g + mo)

[(no + Do + (n1 4 1) ay A JOH70
_ pH—Xml:_l AbaxI'(p1 + m)T (o + g + mo) 25)

+
4=0 g'xy " o + x1 Amax ot

(24)

q=0

0 and

Case 2: For pSIC, when py — o0, By =
00,pSIC

(pQ /pa) =~ 0, then the asymptotic expression for OP;
is given by

OPOO pSIC —1_ PI‘(ZT ¢max Z())
4o
®Dmax
=1 [ = () e
fZ X o x| |dx

1 -GN, ng, mg, po)G(N, ny, my, py)

)’(po + my, ﬁ;po(nO + 1)#0)[("1 + Dpgpr—m

SIC
OPP =

[(no + Dpoo ™
pen=t (pr+my - 1)!F(po +mo+w, g pQﬁX')Q‘{ax

F(Pl +my, (n1 + Dy ¢max>
PA

2

w=0

W![(Vl] + l)ll,Ll]lT”l-‘rml—wgf(H—mO-t,-wlég

V(Po +mo, by po(no + 1)M0)[(H2 + Do 2=

(010 + Dyl
P (py = DIT (po + mo +w. $20055 " ) P

F(pz +my, (n + 1)uz¢max>
PA

(23)

wl[(ny + ])MZ]P2+m27w§50+mo+w5W

w=0 0o
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o0
=1-G(N, no, mo,po)/ wpotmo=1 p=(no+Duox gy
0

N n ny,m
<n1>(_1) lell 1

__ i Pmax

l’Ll pr] ¢maxe o

N ny(m—1)

A | dx (26)

where I'(n) = (n — 1)! [36, eq. (8.339.1)].
By using [36, eq. (3.351.3)], (26) is expressed as follows:

[(po + mop)
[(no + Dpglrotmo

N ni(mi—1)
SR (e

n=0 p;=0

pléo+m0 maxr(po + p1 + mo)

]170+I71+m0 } @7)

O,Poo pSIC

- g(Nv no, mo, pO){

X
[(no + D)oo + n1t1dmax

50,pSIC
P — 00, we have

0 and (pg/fn) ~ 0.

Similar to OP; when oy

PF(Z* > (¢2/pa), Z* < (po/pa)) =~
Therefore, OP5° is given by

1 Pr(Z* > @zo)
Po

1 -G, no,mo,po)l

oPpPs®

I (po + mo)
[(no + DpolPotmo

N nmy(my—1)
_ Z Z ( >( l)nzwnz N 172

m=0 py=0

T(po + p1 + mo) oy " ¢’ ’8
po+pa+mgy [ (28)

Remark 1: From the definition of the diversity order, which
is defined as: d = —1limg, _, o0 ([log(OP)1/[log(pa)]), i €
{1,2}, when p4 goes to infinity, the diversity order of O is
achieved. We can expect that there exists an error floor at high
transmit SNR at the UAV, which is a similar result to [39].

In the following sections, we further examine other system
performance metric (EC) to provide a better overall under-
standing of the considered system for possible applications
in practice since similar studies [8], [14] have not addressed
this system performance metric. Furthermore, since the closed-
form expression for (28) in [10] is difficult to be computed,

X
[(n0 + D) poio + napada]
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the Gaussian Chebyshev quadrature is also applied to obtain
an approximated (24); while in our paper, we provide a closed-
form solution for the OP. The EC is not considered in [10]. T
provide a complete evaluation of the system performance met-
rics, we try to give extra mathematical analysis by considering
the EC.

V. ERGODIC CAPACITY ANALYSIS

In this section, the EC performance of each device can be
determined for pSIC and ipSIC scenarios. In contrast with [8],
we aim to find an approximate expression of EC. Both OP and
EC can be verified by using popular software packages, such
as Mathematica or MATLAB. In principle, EC is defined as
the long-term average achievable data rate obtained without
considering any delay constraints.

A. Ergodic Rate of U; With Imperfect SIC

In this section, we investigate the EC of the system. The
achievable rate of the considered system at Uj is given as
follows [16]:

ipSIC *,ipSIC
ef™¢ = Bflog(1+ T52¢) |

The ergodic rate of U; for ipSIC NOMA can be obtained
in the following Proposition 3.

Proposition 3: The closed-form approximate expression of
EC for U; with ipSIC is given by (30), shown at the bot-
tom of the page, in which &, = cos(QQu — 1/2U)m), g(t) =
tan([7 (t + 1)]/4), and sec?(x) = 1/cos?(x).

Proof: See Appendix C. |

(29)

B. Ergodic Rate of U; With Perfect SIC

The EC of device U; for pSIC case is similar to that of
ipSIC one

cr¥¢ = B{log(1+ 1575 ).

Proposition 4: The closed-form approximate expression of
EC for U; with pSIC is given by (32), shown at the bottom
of the next page, in which &. = cos((2u — 1/2C)x).

Proof: See Appendix D. |

€1y

C. Ergodic Rate of U,
The ergodic rate of U, for NOMA downlink is given by

Cy = E{log(1 + FU1 xz)} (33)

SE

U
ClpSIC
8Un2 Z 1+ g(&,)

vip
sec?( (6 + 1) GV, no, mo. po)g(N,nl,ml,po' (

0+ mo, poiy ' (no + 1)#0) prtm =l k
[(ng + 1) po o™ Z ( )

u=1 k=0 v=0
Vg~ —k+1 R R T BT pi+m—1 k o0+mo+1
y VIT (p1 4+ mp)Aja gy e Pam N Z Z(k) T(p1 +m)(k — v)ld]
m k—
kUL + Dpg P "[al + g+ D] AL - kiar + g€ (ny + Dy |
P g(EDMT (po + mo + v, 053 [(no + Dpo + (anl) Le(E) (1 + Dy 1]) 0
(1 + D P+ K [poar (mo + Dpro + g(Ea) (m1 + Dy
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By the definition of the expectation operator and after
integration-by-part, C; can then be evaluated as follows:

1 afay 1 _ X
C=—= Fa, d. 34
2 21n2/0 14+x Z2<a2—xa1> * )

*|2

where FZ; (x) denotes the complementary CDF of |h,
ie., F; *(x) = 1 — F; *(x) By the variable changing
t= (2a 1x/a2) — 1 and after few steps, (34) can then be further
derived as follows:

Fx;(scm)dt (35)

a !
¢ = /
darn2 J_; 1+ A®)
where A(¢) = (az/2a1)(+ 1)
([AM]/laz — ar ADD.

Because F.(x) in (35) has a similar form to Fy(x) in (23)
and C, is given by applying the Gaussian—Chebyshev quadra-
ture we have (36), shown at the bottom of the next page, with
& = cos([2s — 1/28]m).

Remark 2: With regard to retaining fairness among NOMA
devices, the EC of each device is deteriorated by the power
allocation factors installed at the UAV since they directly
change fairness among two ground devices. It is noted such
EC performance mainly depends on the SNR at the UAV along
with the power allocation factors a; and ap. We expect to fur-
ther evaluate such EC performance in the numerical simulation
section.

and

2(1) =

VI

In this section, we numerically evaluate our theoretical
results on the OP and EC performance.® We set the fading
parameters to m = mgy = mj; = mp. The Monte Carlo sim-
ulation results are averaged over 10° independent trials. The
target rate has unit of bit per channel user (denoted in short
as BPCU). In the following figures, we denote “Ana.,” “Sim.,”
and “Asymp.” as analytical computation, Monte Carlo, and
asymptotic computation-based simulations, respectively. The
other main parameters are summarized in Table II. In addi-
tion, the Gauss—Chebyshev parameter is selected as U = C =
S = 100 to yield a close approximation [40].

NUMERICAL RESULTS AND DISCUSSION

8In the scope of this article, we do not want to represent transmission
block of signal along with the flow chart of such UAV CRNOMA-inspired
IoT systems since we can see such results in [17]. We prefer to confirm the
validation of our derived theoretical results through the Monte Carlo sim-
ulations. The presented numerical results as expected match the simulation
results and numerical results, demonstrating the exactness of our work. These
performance metrics were also the objective of [8] and [17].
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TABLE II
MAIN PARAMETERS FOR OUR SIMULATIONS
Parameters Notation Values
Number of antennas (UAV) N 1,3,5
Power allocation factors {a1,a2} | {0.2,0.8}
Target rates used to decode z1 and T2 R1, R2 0.5 BPCU
Fading parameter m 2
Interference constraint at PD PQ 10 [dB]
Altitude of the UAV H 45m
Path-loss exponent « 3.5
Mean values of IS (ipSIC) A7 0.001
Distance between PD and the center point do 20m
Distance between Uy and the center point d1 15m
Distance between Uz and the center point do 40m

100(~ O P O

Solld line: pQ =10 [dB]
Dotted line: pQ =20 [dB]

Outage Probability (OP)
>

v 0PI Ana. A =0.001
0% o OPP"C - Ana. A7 = 0.0005
o OPPIC _ Ana. A; = 0.0001
—Sim.
- --- Asymp.
10 T T T I I
10 15 20 25 30 35 40
SNR in dB
Fig. 2. OP versus the transmit SNR, with the different impact levels of IS
at Uj.

In Fig. 2, we show the OP of U; with ipSIC against
the transmit SNR at the UAV with (pp = 20 [dB] and
A7 = 0.0001). We observe that U; with ipSIC has the best
outage performance. Then, the OP of U; decreases as A;

V1-§

secC
1+ g(&)

2
CpSIC o T Z
! 8CIn2
c=1
Dyt Pl

X e PA“]

(T 6+ D) GV, o, mo. po)G V., mi. p)

C(p1 +my)gE)*

)/(Po + mo, ﬁ;po(no + 1),u0>
[(no + D)oot

PR D1+ migE0) o

k=0

F(po +mo+k, @?lpg[(no + Do + %D

k(1 + Dy P phay

g k! + D rm =+

X

[poai(no + Do + (n1 + DuigEe)]

po+mo+k (32)
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o ]
Oz u@m -G = O = Q= -Gk

Outage Probability (OP)

.......... OPPIC - Ana. (m=1)
,(9731”510 - Ana. (m=1)

OPPIC - Ana. (m = 2)
OP, - Ana. (m = 2)

{02 F |- OPy - Ana. (m = 1) O Sim. ]
———OPP . Ana. (m=2) ---- Asymp.
10 15 20 25 3 % 40
SNR in dB

Fig. 3. Comparison of OP with different m fading parameters, with N = 2.

decreases. This is reasonable since significant ipSIC introduces
serious interference to Uy, thereby causing performance degra-
dation for Uj. Similarly, we check that the estimated OP
matches the simulation findings. For large p4 values, the error
floor appears, which coincides with our asymptotic analysis
in (25).

Fig. 3 shows how the increase in transmit power at the UAV
influences the performance of the UAV CRNOMA-inspired
IoT system in terms of the OP for a fixed number of anten-
nas at PD, Uy, and U,. We expect to evaluate the impact of
severity of channel on the performance, where m = 1,2 is
considered. The lowest OP of each device is obtained with
pSIC condition and a fading parameter m = 2. It is observed
that the OP of the two devices are considerably different at low
transmit power, while the outage performance of two devices
are similar for a high transmit power. It is also observed that,
in general, U; has a lower OP compared to U;. We also verify
that the approximate OP matches the simulation results. For
large SNR values, the error floor appears, which also matches
the asymptotic analysis in (25), (27), and (28), respectively.

Similar observations hold for a different number of antennas
as in Fig. 4. The outage performance of the second device
decreases as N increases and in our simulations, it reaches its
lowest of value for N = 5. By comparing a single-antenna
UAV to a m_ultié)le-antenna one (N = 3), we observe that
oPPSIC oPPSIC and OP, improve by 50%, 40%, and 7%,
respectively. If the system increases the number of antennas
at a UAV from N = 3 to N = 5, the improved performance
gains of (’)P{)SIC, OP;pSIC, and OP, are 30.7%, 25.4%, and

IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 9, 1 MAY 2023

10°
o
O 10
=
3
[
Qo
<4
o
o) -~ OP, ‘( N 3 o_
| oPPIC (N =3) | 31.95 32 32.05
31074 OPYIC (N =5)| =g

= O-—
- = = = Asymp.
1028 : ‘ ‘ |
10 15 20 25 30 35 40
SNR in dB
Fig. 4. OP versus the transmit SNRs and the numbers of antennas of the

UAV, with m = 2.

10°
. AY N
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i G ) "8:;\0--0-'0'-0--0--0-
E SN

R e e ) '?'\-ng---G_---()----~~<)-----6~---—<}---~
9 10-1 r \ \\\ ]
2
3
]
Q
<)
% --------------- OPPIC - Ana.
& Ll----0PrY . Ana.
s 10 OP, - A [
3 —— OP;, - Ana.

- - - - NU-pSIC - Ana. [42]

--------------- NU-ipSIC - Ana. [42]

——FU - Ana. [42]

¢ Sim.
N et Asymp.
10° ‘
10 15 20 25

SNR in dB

Fig. 5. Comparison between our work and the recent work [41], with N = 3,

H =45 m, yypy = €1 = ymy = &2 = 1, and other parameters are taken
from [41].

77.7%, respectively. It is worth noting that the first device (Uy)
associated with the ipSIC case degrades significantly for the
three considered cases of the number of antennas.

Fig. 5 compares the OP of the near user (NU) in pSIC and
ipSIC cases, the far user (FU), and two users in our system
versus SNR. At low SNR values (SNR is less than 25 dB), the
OPs of the two users in our system exhibits better performance
in comparison to the OPs in [41]. However, a fair comparison

JIE

Ta;
CH &~
27 4Sa;1n2 2. 1+ AE)

N

(N, no, mo, po)G(N, na, ma, p2)

14 (PO + mo, ﬁ;po(no + 1)#0) _ (m4)pp By

PA
[0 + 1)polPoF™ ¢

s=1
f SELCET N P(pa + m) E(E) 3™
i KM+ 1),u2]Pz+mz—k;5’/§ im0 K!(n2 + 1)M2]P2+m2—k[pQ(nO + Do+ (ma + l)qu(gs)]”°+m0+"
5 (n2 + D2 E(&)
* F(p°+mo+k’ f’AIPQ[(noJr Do + p—QSD} (36)
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8 107 ¢ —— 0P Ana. (N=3) | 7
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1
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Fig. 6. OP versus the maximum available transmit power of secondary

source, with pg = 25 [dB].
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©
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2 oPPC _ Ana. (m=1)

2 02 -~ OPPIC _ Ana. (m=1)
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o —Opfﬂc - Ana. (m =3)
E— OP?’“C - Ana. (m =3)
——OP;, - Ana. (m =3)

100 X Sim.
#* Optimal value
0.5 0.6 0.7
az
Fig. 7. OP versus the power allocation factors, with p4 = 25 dB.

is hard to realize, the SN deals with sharing spectrum to work
together with the PN and the users in the SN are affected by
the transmit power limitations (2). One can observe that an
outage floor exists in the high SNR regime due to such power
constraint, which makes OP performance in our system (for
the case of the second user) worse than work in [41] when
SNR is greater than 33 dB.

The OP of the UAV CRNOMA-inspired IoT system is
shown against pg in Fig. 6. The OP is dependent on the
interference power, which affects the transmit SNR of the sec-
ondary source, as illustrated in this diagram. As a result, the
OP patterns are comparable to those seen in Fig. 4. Further, the
intuitive results of saturated curves of OP reported in Figs. 3—6
confirm diversity order “0” as Remark 1 mentioned. It can be
explained that such OP cannot be improved more at high SNR
as it depends on other parameters.

In Fig. 7, the ideal OP of U; with ipSIC and U; with pSIC
are illustrated as well as the impact of the power-splitting fac-
tor ap. For U; with ipSIC, the lowest point of the OP occurs
at ap = 0.65, which also coincides with the result given by
Algorithm 1. On the other hand, U,’s outage performance
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Fig. 8.  OP performance with different UAV altitude, with N = 2 and
pa = 25 [dB].
----- - c?:[f: - Ana. pg = 10 [dB] B
.l =~ C¥”" - Ana. pg = 10 [dB] |
_ ey Cg - Ana. po =10 [dB]
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Fig. 9. EC versus transmit SNR at UAV, with N = 4, m = 2, and A; = 0.001.

improves if a, increases from 0 to 0.5. This can be explained
by the fact that utilizing SINR to identify signal x; in (7) is
dependent on a>, and that SINR in turn affects the OP. As a
result, changing the value of a can influence the performance
difference between these nodes.

In Fig. 8, we look at the OP for various UAV heights with
a transmit SNR of 25 [dB]. The curves of pSIC and ipSIC
cases are overlapped with each other for the fading parameter
m as seen in this diagram. As shown in Fig. 8, the OP rises as
the height of the UAV grows, implying that when the distance
between the UAV and ground device is too great, the UAV will
be unable to connect with ground devices with the provided
transmit power. This is due to the fact that path loss rises as
the distance between the UAV and the device grows, resulting
in an increase in OP.

Fig. 9 shows that the EC of these nodes may be increased in
the high SNR regime, p4, resulting in more reliable transmis-
sion. Fig. 9 depicts the EC performance. U] has the best EC of
the two nodes. The EC of the considered system increases con-
siderably when p4 is increased from 10 to 35 [dB]. When p4
is larger than 30 [dB], the EC encounters an upper constraint
analogous to the situation for the OP.
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Fig. 10. EC versus ay for N =4, m =2, and A; = 0.001.
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Fig. 11. EC performance with an ideal target rate for different UAV altitudes,

with N =4, m = 2, and pQ = 30 [dB].

The EC versus ap is examined for various values of
the temperature-constraint-to-noise ratio pgp (i.e., pg =
10,30 [dB]) in Fig. 10. The EC values of the two devices
move in opposite directions. It indicates that while U;’s EC
grows, Uy’s decreases in the as range of O to 1. The EC dimin-
ishes as pg decreases. This can be explained by the fact that
EC is proportional to the temperature-constraint-to-noise ratio
po; the higher the pg, the better the transmission’s quality.

As seen from Fig. 11, the ergodic rates of the system
decrease as the altitude of the UAV increases for fixed
fading parameter m and transmit power. As the UAV altitude
increases, it shows the loss of connection between the UAV
and the ground device affects the performance of the system.
The simulation here includes the curves for both perfect and
imperfect SIC, and as expected, the former performs better.

Finally, to further analyze how the antenna selection scheme
benefits to such system, we evaluate the EC with respect to
varying N in Fig. 12. The other parameters are set as follows:
m =2, A,y = 0.01, and pg = 30 [dB]. The EC will improve
once the system includes a higher number of transmit anten-
nas N at the UAV. An important observation is that the EC of
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3.5
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Fig. 12. EC with increasing number of antennas at the UAV, N, for m = 2,
Ar = 0.010, and pgp = 30 [dB].

device U; is more sensitive with affection by varying N than
another. It is interesting to us when the UAV equipped a small
number of transmit antennas, i.e., N = 5 is enough to archive
EC improvement as expected. More importantly, we can con-
clude from these experimental results that such IoT system
experiences not only low cost but also improved performance
of OP and EC.

VII. CONCLUSION

In this article, we have considered an UAV CRNOMA-
inspired IoT system in the presence of a multiantenna
UAV assisting the devices of the SN over channels with
Nakagami-m fading. We analyzed the performance of the
system with perfect and imperfect SIC in various aspects,
such as power allocation factors, the altitude of the UAYV, the
number of antennas at the UAV, and the transmit SNR at the
UAV. To characterize the main system performance metrics,
the performance of the UAV CRNOMA-inspired IoT system
was analyzed thoroughly in terms of the OP and the EC. We
also provided an algorithm to find the optimal outage behav-
ior for the ground IoT users. The analysis shows that power
allocation factors, the number of antennas, and the altitude
of the UAV play a major role in the outage performance
improvement for both pSIC and ipSIC scenarios. As power
allocation increases, at higher average SNR levels from the
UAY, the system has a better EC performance compared to
other cases. As the distance between the UAV and the ground
devices increases, the performance of the device decreases due
to loss of signal quality; whereas increasing the number of
antennas at the UAV has enhances the performance in such
cases. In future work, we will integrate UAV CRNOMA with
reconfigurable intelligent surfaces to further improve system
performance metrics.

APPENDIX A
PROOF OF PROPOSITION 1

From (17), with the help of (11) and PDF of |g;|, A; can
be further computed by
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R 7¥ R
A =Pr|Z} = g g < =L — i,zg <
0A $1 pa PA

e 00
2 #
A AfZg(x) /¢max fzf(y) A : Aﬁgl‘z(z)dxdydz
A

_ GW, ng, mo, po))G(N, n1, my, p1)

AL
PQ 00
% xpo+lﬂo 1 —("0+1)M0xf 1+mi—=1 ,—(m+Dpry
0 fupax
hE
x f R o (37)
0
where
N—1nj(mj—1)
Q(N ”J’vaPJ ( )
nj_() pi=0
x(—l)"JWn’ BTN (38)

Next, A; can be obtained by using [36, eq. (3.351.1)] and
it is equivalent to

= G(N, no, mo, po)G(N, ni, my, p1)
 (po+mo. 53 pon0 + Do)

X
[(no + DpolP0 ™o
X (A]y] — Al,z) (39)
where Al,l f(zomax/m yrtm—le=utDuygy - Ay, =
1/ oA B yp|+m| e‘ledy and x;1 = (m + Dy +
(1/A191).

Based on (39), by applying [36, eq. (3.351.2)] and with
some further manipulations we can obtain the final expression
of A;,; and A;» are given by

P (p1+ 1, 77 e + D)
[+ Dy P

1 1—‘(pl + my, :agl(bmax)(l)
Al = eah .

A =

(40a)

X[’l +m (40b)

1
Putting (40b) and (40a) into (39), we have new expression
of A; as follows:

= G(N, no, mo, po)G(N, ni, my, p1)
7 (po+mo. 55" potno + Do)
[(no + 1)pplPo*™o
F(Pl +my, B max(m + 1)#1)
[(n1 + Dpg M

X

1 1_‘(pl +my, ﬁ;lﬁbmax)ﬂ)

— ePAM

XPH-nn (@41

1

After some algebraic manipulations, A, is calculated as

follows:
A = Pr Zrzm,|g1|zs—l——°,zg> ro
PQ o1 pPo PA

8025

Z* ¢max 0 | | < Z_T _ Z_O * pQ

L= p @ g’ 0 o,

=Pr 00 ! "
A 912
Po

Sk Sk 2 Z* A 5 pQ
= Pr| Z EAmaxZ()»|gI| SE_E Z() A

/’Q fZ* (x) / fz* (y) ¢l |2 (Z)dxdde

e [ xfsz[l ‘(WPQ)}dxdy
'DA ax
= G(N, no, mo, po))G(N, ni, my, p)[ Az — A22] (42)

Amax =

where max([pmaxZ31/ 00, [01/P0)), X0 =
(no + Do — (1/11pg), and

oo
Ayl = /;Q KPotmo—1 ,—(no+Dox

o0
% yp1+M1—le—(ﬂ1+1)M1ydxdy (43a)
Amaxx
o
Arp = ﬁ Potmo—1 ,—xox yP1+m1*Ie*X1ydxdy_
o AmaxX

PA

(43b)

With the help [36, eq. (3.351.2)] and after some algebraic
manipulations, A> 1 and A > are given by

+m—1
A _plil: I'(p1 +ml)Arqnax
T gl D

(o]
x [@ Potatmo—1 =+ o+Amax (1 +Dp1lx g,
2
pr+mi—1
I'(p1 + mp) Afax

gl + Dy Prm=a

q=0

P (po +a -+ mo. 55" pol 010 + Do + Amax(1 + Dpu1 1)

x +q+m
[(no + Do + Amax (1 + g JPorarmo
(44)
and
p1+mi—1
Ay — 121: T'(p1 + my) Afax
22 = pi+mi—q
q=0 q'x;
o
x / KPotatmo—1 ,—(xo+x1 Amax)x 7y
0
A
p1+m—1
_ 1 21: AglaxF(Pl +my)
= p—
q=0 q!Xfl " q(XO +X1Amax)p0+q+m0

X T(po -+ +mo, 53 po(x0 + 11 Amar) ) (45)

where Amax = max((dmax/p0), (e1/a1pg)) and xo =
(no + Do — (1/2109)-

Substituting (37) into (38), A is written as (46), shown at
the bottom of the next page.

Combining (46) and (41), we can obtain (18).

The proof of Proposition 1 is completed.
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APPENDIX B
PROOF OF PROPOSITION 1

It can be recalled B in (20) as follows:

B = Pr<2i‘ > ¢r_nax,26‘ < '?—Q>
PA PA

20 9
A

= / Soe () / Sou (v)dxdy
0 0 ¢%1:x 1

=GN, no, mg, po)G(N, n1, my, p1)
%0 00
« A Potmo—1 ,—(no+1)pox
O ¢rpax
PA

1+Hm—1 ,—(ni+Dury

X dxdy. 47)

Applying [36, eq. (3.351.1)] and [36, eq. (3.351.2)], B; is now
calculated as follows:
By = G(N, ng, mo, po)G(N, ny, my, p1)
(o + mo. 55" potno + Dpxo ) LGn1 + Dy 1=
[(no + 1)polot™o

X F<P1 +my, (n1 + 1)M1¢I_nax>.
PA

X

(48)

Similar to (48), after some algebraic manipulations and
using [36, eq. (3.351.2)], B, is given by

By = Pr<2;< > Pman e o ‘f—Q>
P fa

oo o
= [, 5 /sz ()dxdy
PA PO

= G(N, ng, mo, po)G(N, ny, my, p1)

o0 o0

x KPotmo—1 ,—(mo+1)1ox y[)1+m1—1e—(n|+l)ﬂ1y
0 Pmax

PA

X dxdy
= G(N, ng, mp, po)G(N, ny, my, p1)

+mi—1
Xp‘z’"i (P +m1 = DG,
| P1HmI—w W
2 il + Dy o6
0
X o xpo+m0+wflefgxdxdy
A
pi+m—1

2

w=0

F(Po +mp +w, §,0Q/3;1>

X 9)

(Pl +m1 - 1)'¢r‘/rv1ax
Wi + D Py

where ¢, = [(no + Do + ([(ng + D taPmax]/po)] in which
ael,2).
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Substituting (49) and (48) into (19), the OP at U; with pSIC
regime can be obtained in (21), as shown at the bottom of the
p. 6.

The proof of Proposition 2 is completed.

APPENDIX C
PROOF OF PROPOSITION 2
The expression of considered EC CiPSIC with ipSIC is
formulated by
ipSIC paar Zy
Cip =Eq{log| 1+ —21
palgrl”+1
—
X
1 ®1-F
= / XD g (50)
2In2 Jy 14x
Hence, Fx(x) is calculated by
Fx(x) =1—-[V1+ V2] (S

where Vi = Pr(Z} > x((lg11*/a1) + (1/paan). Zg < (pg/pa))
and Vs = Pr(Z} > x((g11*/ar) + (Z3/ poan), Z§ > (po/in))-

With the help of [36, egs. (3.351.1) and (3.351.2)] and after
some manipulations we have V| and V, shown in (52), at the
bottom of the next page.

Using  Newton’s (a + x)k =

Zﬁ:o I: x’a*= and [36, egs. (3.351.2) and (3.351.3)], we

obtain the closed-form expression of V; and V5.

Substituting (53b) and (53a), shown at the bottom of
the next page, into (50), and exchanging the variable t =
(4/m) arctan(x) — 1, then we have tan([7(r+1)]/4) = x,
(r/4)secX ([ /4t + 1))dt = dx. Finally, CP>'C is given
by (54), shown at the top of p. 8028, where g(#) =
tan( ( + 1)/4) and sec?(x) = 1/cos?(x).

Unfortunately, finding a closed-form expression for C
is tough task, but an accurate approximation can be
obtained for it. By using the Gaussian—Chebyshev quadra-
ture [42, eq. (25.4.38)], it is achieved in (55), shown at the
top of p. 8028, in which &, = cos([2u — 1/2U]x).

The proof is completed.

binomial, i.e.,

ipSIC
1

APPENDIX D
PROOF OF PROPOSITION 4
pSIC
G

By invoking (31), is written by

CfSIC =E{log| 1+ pAalz?‘
——

Y
| [(®1—F
= / r® by, (56)
2In2 Jy 14+x

Az = G(N, no, mg, po)G(N, n1, my, p1)

PEIUT (g + 1) AT (po + g+ mo, 55 ol (0 + Do + Amax (11 + D 1)

q=0

pitmi—1 AT T(py + ml)F(po +q+mo. 5y po(xo+ XlAmax))

'l A Dpa P9 (o 4 Do + Amax(n1 + 1 g om0

(46)

q=0

‘]!Xf1+nll_q(XO + XlAmax)p0+q+mO
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We then have Fy(x) which is calculated by )/(po +mo, Oy 'po(no + l)uo)
[(n0 + Dolot™o
1 _ Sk
Fy(x) =1 Pr(PAle > x) (aptug P F oy 4+ mp)
. X A 0 xe kAk K
-1— [Pr(ZT > — ’Zg < __Q> =0 k!'[(n] + l)m]pwrml okat
padl PA pir+mi—1 T'(p1 +m1)xk Po-+mo ap()+mf)
N X254 %) + Z +m1—k
+ Pr|Z] > Ly > = = k![(ny + D P
190141 PA ——1 (m+Dux
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o0 o
5k 54 (2 Z 7 ubstitutin, nto and after some steps, this can yie
o I fy dyd 5 Substituting (58) into (56) and af ps, thi yield
= péi)al : to result in (59), shown at the top of the next page, where step

(a) follows by letting t = (4/m) arctan(x)— 1; step (b) follows by
The Fy(x) in (57) can be acquired via the help of [36, eqs.  using the Gaussian—Chebyshev quadrature approximation [42];

(3.351.1) and (3.351.2)] as follows: C is a parameter which determines the tradeoff between
complexity and accuracy; & = cos([2u — 1/2C]r).
Fy(x) = 1 —G(N, ng, mgy, po)GWN, ny, my, p1) Then, the EC of U in case of pSIC can be obtained as (59).
Vi = / fz* ) / Jia2 @ / fZ* (w)dydzdw
PA“I
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