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Abstract—Efficiency of cellular-connected UAVs is challenged
by spectrum inefficiency, limited number of concurrent connec-
tivity, and strong interference. To overcome these issues, in this
paper, we study the performance of downlink non-orthogonal
multiple access for cellular-connected UAVs. We develop a novel
framework based on stochastic geometry for the co-existence
of aerial users (AUs) and terrestrial users (TUs), where the
spatial distribution of the base stations (BSs) follows a Poisson
Point Process. In our analysis, two user association policies and
two types of receive antennas are considered while an inter-
cell interference coordination (ICIC) technique is also in place.
As the main performance measures, we then analytically derive
the coverage probability and average rate of AUs and TUs.
These derivations are then used to provide quantitative insights
on the impact of different system parameters and settings
including AU’s altitude, TU’s distance from the BS, power
allocation, successive interference cancellation (SIC) constraints,
user association policy, antenna beamwidth, and the number
of coordinated BSs. Based on our analysis we then propose
an interference-aware scheme based on maximum-SINR user
association, directional antenna, and ICIC. A benchmark scheme
based on minimum-distance user association, omni-directional
antenna, and without ICIC is considered. Compared to the
benchmark scheme, our proposed scheme improves the AU’s
coverage probability by threefold and TU’s average rate by six-
fold. Compared to the orthogonal multiple access, our proposed
scheme trades off a slight reduction in the AU’s coverage
probability (~1%) with a significant increase in the achieved
rate of the TUs (603Kbps/resource block).

Index Terms—Non-Orthogonal Multiple Access, Cellular-
Connected UAVs, Stochastic Geometry, Aerial Users, Terrestrial
Users

I. INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs) have
gained significant attention among the wireless communi-
cation research community. On one hand, UAVs have been
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studied for aerial communication platforms, which employ
UAVs as aerial base stations (BSs) or aerial relays. On the
other hand, UAVs have been treated as aerial users (AUs) for
civil applications such as agriculture, construction, delivery,
and surveillance. In this paper, we focus on the latter.

The idea of connecting AUs to the existing cellular network
has been proposed. Such an idea is known as cellular-
connected UAVs. Unlike point-to-point links over unlicensed
spectrum, cellular-connected UAVs have the potential of en-
abling AUs to operate beyond visual line-of-sight (LOS). Nev-
ertheless, existing cellular networks are primarily designed to
serve terrestrial users (TU)s only. For example, terrestrial BSs
usually tilt their antennas downward to enhance the desired
signal and reduce the inter-cell interference (ICI) of TUs. This
causes AUs to be served by the BS’s sidelobe and therefore
might suffer significant performance degradation [2].

Furthermore, ground-to-air channels exhibit a rather dif-
ferent behavior than that of the ground-to-ground channels
[3]. In particular, AUs that are hovering at a high altitude
experience a higher probability of LOS to BSs as compared to
TUs. Consequently, AUs experience stronger communication
links which leads two contrasting effects: i) stronger link
to its associated BS, and ii) stronger ICI from neighboring
BSs. Recent measurement campaigns and simulation studies
have further shown that the latter brings more adversities than
benefits [4]-[7].

Extensive research efforts have therefore been made to
provide reliable connectivity to new AUs to ensure their safe
operation. For example, [8], [9] have suggested to decrease
AUs’ altitude to alleviate the ICI effect and [10], [11] have
further suggested to exploit the coverage extension feature to
ensure a reliable cell-acquisition and ubiquitous mobility for
the AUs. New techniques have also been developed to handle
the high ICT at the AUs. For instance, [12] has proposed a co-
operative beamforming and interference cancellation scheme
and [13] has examined the use of tilted directional antenna.
Nevertheless, most of these works only focus on orthogonal
multiple access (OMA).

Although OMA ensures less co-channel interference, its
spectral efficiency and number of concurrent connectivity are
limited. This is because, in OMA, each orthogonal resource
block (RB) can only be assigned to a single user. Hence,
to improve the spectrum efficiency and number of concurrent
connectivity, one may employ non-orthogonal multiple access
(NOMA). NOMA is a multiple access that enables multiple
users to share the same orthogonal RB by leveraging super-
position coding at the transmitter and successive interference



cancellation (SIC) at the receiver. Its superiority over OMA
has also been proven in several studies [14], [15].

Furthermore, some works have considered the applications
of NOMA for cellular-connected UAVs [16]-[20]. Neverthe-
less, these works only focus on uplink communication. To
the best of our knowledge, only few works consider downlink
NOMA for co-existence of AUs and TUs. For instance, [21]
has proposed a robust NOMA scheme for AU and TU to serve
command and control (C&C) and data links, respectively, [22]
has derived the outage probability for co-existence of AU
and TU in a single cell network, and [23] has proposed an
interference cancellation scheme where the ICI is generated by
a BS only. The impact of ICI and various network parameters
have not been studied and the performance of NOMA for
AUs and TUs remains unclear. Nevertheless, as it was shown
in [24], NOMA might be a perfect fit to serve AUs and TUs
for C&C and data links, respectively, due to their downlink
asymmetricity.

Due to the aforementioned motivations, we study the per-
formance of downlink NOMA for co-existing AUs and TUs
using the tools of stochastic geometry. Stochastic geometry is
a mathematical framework that studies the average behaviors
over random spatial patterns [25]. Stochastic geometry has
increasingly been used as an important analytical tool for
evaluating the impact of different network parameters and
benchmarking, while considering the spatial distributions of
BSs and users [26]. One common approach is to model the
BSs in cellular networks as a realization of a random spatial
point process and then characterize the system performance
such as signal-to-interference-plus-noise ratio (SINR) and/or
rates. Such a methodology can often reveal key dependencies
in the systems and provide useful guidance on the system
designs and settings. For a more rigorous introduction on
stochastic geometry for wireless networks, we refer the in-
terested readers to [25]-[29].

Stochastic geometric frameworks for uplink and downlink
NOMA have been investigated in the related literature, e.g.,
[30]-[34]. Nevertheless, the existing frameworks cannot be
directly applied to evaluate the performance of NOMA for
co-existing AUs and TUs in cellular networks. Specifically,
it is essential to consider a three dimensional (3D) spatial
space and unique characteristics of aerial propagation such
as mainlobe/sidelobe effects, probability of LOS/NLOS, and
3D receiving coverage. Related works such as [19], [20]
only consider a single-cell uplink NOMA. To the best of our
knowledge, there is no analytical framework available in the
literature to evaluate the performance of downlink NOMA
for co-existence of AUs and TUs in cellular networks for
different types of user association policies, receive antenna
deployments, and number of ICI coordination (ICIC) in a 3D
spatial setting.

In this paper, we propose a novel stochastic geometric
framework to study the performance of downlink NOMA
for co-existence of AUs and TUs in cellular networks, while
incorporating two types of user association policies, two types
of receive antennas, and ICIC. This proposed framework
facilitates the performance analysis for the impact of various
network parameters as well as the ICI effect on both AUs

and TUs. In addition, we propose a novel interference-aware
scheme that can efficiently serve AUs, and TUs for C&C, and
data links, respectively. Note that, in downlink, AUs requires a
low rate but highly reliable connectivity (e.g., high coverage
probability) and TUs requires massive data rate (e.g., high
data rate). Therefore, a high AU’s coverage probability and a
high TU’s average rate are desired.

The main contributions of this paper are summarized as
follows:

o« We propose a novel stochastic geometric framework,
where terrestrial BSs are spatially distributed according
to a homogeneous Poisson point process (PPP) and each
AU is paired with a TU using NOMA. Furthermore,
we incorporate minimum-distance and maximum-SINR
based user associations, directional and omni-directional
antennas, and also ICIC into the proposed framework.

o We further derive computationally tractable expressions
for the coverage probabilities and average rates of the
AUs and TUs, through a set of analytical derivations and
calculations presented and proved in a series of lemmas
and theorems.

o Using the derived analytical expressions, we further
analyze the impact of various network settings and
parameters. Our discussions further provide quantitative
and intuitive insights on the system characteristics at
a fundamental level, as well as practical guidelines for
efficient system design.

o To efficiently serve AUs and TUs, we propose an
interference-aware scheme that combines the use of
maximum-SINR based user association, directional an-
tenna with fixed beamwidth, and ICIC. Analytical and
simulation results are presented to verify the superiority
of the proposed scheme as compared to other schemes
based on different combinations.

We note that this paper is a substantial extension of our
previous work [1] by considering a new set of features and ef-
fects including noise, SIC constraints, maximum-SINR based
user association, directional antenna with fixed beamwidth,
and ICIC. In particular, in this paper, the expressions of
the coverage probability of AUs and TUs are much more
generalized than those of our previous work [1]. Furthermore,
in this paper, we derive the average rate of AUs and TUs.
This enables us to present the rate region of AUs and TUs. In
addition, this paper provides extensive simulation results for
various network parameters and settings.

The rest of the paper is organized as follows: Section II
details the system model and the proposed framework. Section
III presents the performance analysis. The simulation and
analytical results are then provided in Section IV, followed
by the conclusions drawn in Section V.

Notations: In this paper, scalar variables are denoted by
italic letters (e.g., ¢) and vectors are denoted by boldface
italic letters (e.g., ¢). Besides, (-)” denotes transpose and |-
denotes Euclidean norm. C (x,c¢) denotes a circle centered
at point z with a radius of ¢, min /max (-,-) denotes the
minimum/maximum value of the argument, and log(-) denotes
logarithm with base 2. In addition, E [-] denotes the expecta-
tion, f,. (-) denotes the probability density function of x, and
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Figure 1: Illustration of the proposed framework: the AU is
equipped with a directional antenna.

F, (-) denotes the cumulative distribution function of x. The
notation 1. {-} is an indication function for condition ¢ and
[]:/ ~ denotes the argument is lower/upper bounded by c.

II. SYSTEM MODEL AND THE PROPOSED FRAMEWORK
A. Poisson Point Process

In this framework, we consider a downlink wireless com-
munication system with multiple terrestrial BSs. We assume
the BSs are distributed according to a homogeneous PPP &5
with intensity A and at a fixed height of z;,. We use subscript b
to denote the BSs or points of the point process, i.e., b € ®g.
We further consider a collection of mobile AUs, where their
locations follow an independent stationary point process and
each AU is assumed to be paired with a TU over an orthogonal
RB of the same associated BS via NOMA. Without loss of
generality, we focus on the performance of a typical pair of
AU and TU, as shown in Fig. 1. We denote by € ®p as
the associated BS, and r as the distance from BS by to its
nearest BS by, where by € ®g/{bo}. By Slivynak’s theorem,
the typical AU is assumed to be located at the origin with a
fixed altitude of z,. In addition, we assume TU is uniformly
distributed at the circle C (bo,75) at a fixed height of z;,
where v € (0, 1] is a network parameter that determines the
size of the circle and z, > zp > 2.

We denote w]bgs = [:L'b,yb,zb]T, wlV = [mt,yt,zt]T, and
wAY = [0,0,2,]" as the 3D location of the BS b, TU, and

AU, respectively. The Euclidean distance between TU and BS
b is:

dyy = ||wp® —w™, (1)
and the Euclidean distance between AU and BS b is:
dpu = ||wp® — w™Y|. )

Let @p° 2 [zy,5]", @™V 2 [0, @™ £ [0,0]" be
the 2D location of the BS b, TU, and AU, respectively. The
horizontal distance between BS b and AU, and BS b and
TU are 7y, = u“;lgs —u”JAUi, and 7y = w}?s —wTU(
respectively. For brevity, we further denote 7, = 7p,, and
T+ = Tp,,t. The vertical distance between BS b and AU, and
BS b and TU are Az, = |zy — 2], and Az = |ze — 23],
respectively.

>

B. Antenna Modeling

At the user equipment, we consider two types of receive
antennas: directional antenna with fixed beamwidth, and
omni-directional antenna. For the former, we assume AU
is equipped with a directional antenna, where the antenna
is pointing directly below the AU, i.e., w"Y. The azimuth
and elevation half-power beamwidth of the directional an-
tenna are assumed equal and they are characterized by 2¥,
where ¥ € (0,%). According to [3], [13], [35], [36], the
receive antenna gain is G (¥) = 2';@ within the receiving
coverage and approximately zero outside of the receiving
coverage. The receiving coverage of the AU is a cone, where
the width of the receiving coverage at the height of z is
re (2,¥) = |24 — 2|/ tan¥ and z, > z. The set of BSs within
the receiving coverage of the AU is denoted by

(I)g - {w]l?s"rb,u < Tmaxy Tmax = T¢ (vakp) 7wll?s S @B} .

In the latter, i.e., user with omni-directional antenna, the
beamwidth is denoted by ¥y. The receiving coverage is the
entire 3D space, and therefore rp,x = 0o, P¢ = Pp, and the
receive antenna gain is GI¥ (¥,) = 1. Throughout this paper,
we assume TU is equipped with an omni-directional antenna.
Hence, the set of BSs within the receiving coverage of the
TU is ®%, = & and its receive antenna gain is G (%) = 1.

In addition, the antenna radiation pattern of the BS is
assumed to be horizontally omni-directional and vertically di-
rectional. As the antennas of the BSs are typically downtilted,
AU and TU are assumed to receive signals from the BSs’
sidelobe and mainlobe, respectively, as in [13]. For notation
simplicity, the mainlobe and sidelobe gains of the BSs are
considered as part of the channel gain as discussed in the
sequel.

C. Channel Model

According to [8], [9], [13], [37], the aerial communica-
tion link between AU and the BS b follows a probabilistic
LOS/non-LOS (NLOS) model. We denote v € {L, N} as the
types of links, where, L, and, N, represent the LOS and NLOS
links, respectively. The probability of LOS between the AU
and BS b is expressed as:

P{;u (Pous B2y) = — - €XP <—£~ i‘fu) +¢, (3)

where ¢f5, = tan™" %) is the elevation angle. In (3), o,
& and ( are constant coefficients related to the communication
environment [37]. The probability of NLOS between AU and
BS b is ’P}iu (Ppuy B2y) =1 — P,];u (o, O2y)-

Given link type, the channel gain between AU and BS b is:

v 2 _ —=v v |2
’ b,u’ — —bu | b,u| NONS {LaN} ) (4)
, 2
—_ AU X w
where =Y £ 7517@;& ) and Qp .| are the large and

small-scale fading effects, respectively. Specifically, AY is the
constant channel coefficient for v link, v, is the aerial path

2
loss exponents, and ‘qu‘ ~ Gamma (m?,0"). Note that
A? accounts for the sidelobe gain, fixed transmission power,

excessive loss due to v link, and propagation loss at a carrier



frequency f.. For tractability, m;, is also assumed to be an

integer as in [8], [9], [13], [37].
The channel gain between the TU and BS b is:

|hb,t|2 =Ep Qe ’. )

In (5), Ep s £ %ﬁ(&%) and \Qb,t|2 are the large and small-

scale fading effects, respectively. In particular, A, is the
attenuation for terrestrial link, « is the terrestrial path loss
exponent, and |Qb7t\2 is exponentially distributed with unit
mean. Here, A; accounts for the mainlobe gain, fixed trans-
mission power, and propagation loss at a carrier frequency

Je-

D. User Association

Referring to [8], [9], we consider two types of user as-
sociation policies, namely, minimum-distance and maximum-
SINR. In minimum-distance based user association, the AU is
connected to the closest BS [8]. In particular, the associated
BS is selected as follows:

bo = {b|minry,, b € Pg}. (6)

In maximum-SINR based user association, the AU is con-
nected to the BS that provides the strongest (average) received
signal [9]. Specifically, the associated BS is chosen as follows:

bo = {b\maX‘E}j)u 2 Whe dlve {L,N}}. 7)

It is worth highlighting that, due to LOS/NLOS links, the as-
sociated BS using the maximum-SINR based user association
may not be the nearest BS.

E. Inter-Cell Interference Coordination

To further mitigate the effect of strong ICI, we consider the
application of ICIC. We suppose that an orthogonal RB, which
is scheduled for the AU, is being muted by K — 1 neighboring
BSs. In particular, we denote 3 as the coordinated scheduling
policy. We assume that BS b is transmitting at that orthogonal
RB if x, = 1, and BS b is not transmitting if x;, = O.
The exact value of x; is difficult to model in a PPP as the
locations of the AU, interfering BSs and x; are correlated. A
typical method to maintain tractability is to approximate the
set of interfering BS by a PPP with an intensity of % (see,
[38], [39]). Referring to [40], [41], we therefore model x,
as an independent and identically distributed (i.i.d.) Bernoulli
random variable of a mean of % If K > 1, then K — 1 BSs
are coordinated and for K = 1, no coordination is needed.

F. Non-Orthogonal Multiple Access

The superimposed signal of AU and TU transmitted by their
associated BS by is:

Sty = v/PuSu + /Pt ®)

where S, and S; are the information bearing for AU and TU,
respectively, with E [|Su|2] =E [|St|2] = 1 . Furthermore,
pu and p; are the power coefficients for AU and TU, respec-
tively, where p,, + p; = 1. The received signal at AU is:

Yo = Pg,uSh, + Z XoPb,uSt + O, )

bedu

where hy,, is the complex channel gain from BS b to the
AU. In (9), the first term is the superimposed signal from the
associated base station by, the second term is the ICI from
oY = ®p/{bo}, and o, ~ CN (0, Ny) is the additive white
Gaussian noise (AWGN) observed at the AU, where Ny is the
noise power level. The received signal at TU is:

Yp- = Py tSb, + Z Xoho,eSp + o4, (10)
bedh

where ®t. = ®p/{by} and oy ~ CN(0,Ny) is AWGN
observed at the TU.

To ensure a reliable operation, we assume AU decodes its
message directly and its SINR is:
2

v
hb07u

Pu

2
v
+ Zbecbg Xb ’hb,u

SINRY = . (1D

2
Pt [Ny + No

2
where ’hgn’u is the channel gain between AU and BS by.
Consequently, TU has to perform the SIC by first removing
the message of the AU with the following SINR:

2
Pu |hbo-,t|

SINRM™ = ,
2‘F§:be¢;kw|huﬂ24*A%

12)

Pt |hbmt

where |hb07t\2 is the channel gain between TU and BS by.
Here, we assume perfect SIC, i.e., the message of the AU
can be perfectly removed from the superimposed signal if
SIN Rﬁu) > Tonin, Where Th, is the targeted SINR required
to decode the AU’s message. TU then decodes its own
message with the following SINR:

Pt ‘hbo’t|2
Zbe@tz Xb |hb,t|2 + Ny

Note that we have considered the reverse SIC order, i.e.,
TU decodes the signal directly and AU performs SIC, in
prior. Our sequel analysis can also be easily extended to
those cases. Nevertheless, due to ICI, it does not provide an
efficient performance to the applications focused in this paper.
Therefore, for brevity, we omit its discussions.

SINR; =

13)

G. Coverage probability
The coverage probability of the AU is defined as:

Peovu (T) =P (SINR, >T), (14)

where SINR,, is the SINR of the AU regardless of the link
type, v, and T" is a SINR threshold. Note that the TU needs
to remove the AU’s message to decode its own message.
Therefore, the coverage probability of the TU is:

Peovt (T) =P (SINRi“) > Tpins SINR, > T) . (15)
Bmin

where Tiin = 2 Bv — 1, Ryn and By, are the targeted data

rates required to successfully decode the AU’s message, and

the system bandwidth, respectively. The coverage probability




can be equivalently thought as the probability of a randomly
chosen user that can achieve SINR T, or the average fraction
of users that at any time achieve SINR 7' [38].

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of AU and TU.
We first present the distribution of r,, and r;. Then, we derive
the coverage probability and average rate of AU and TU.

A. Distribution of r, and ry

To derive the coverage probability of AU, we first obtain the
distribution of r,. The following lemma provides the general
distribution of r, in the proposed framework.

Lemma 1. If a minimum-distance or maximum-SINR based
user association is employed, the distribution of r, is:

fr. (ro) ZP“F:” Tiax) [, (r0) . (16)
and the conditional distribution of r,, is:
N Lro<r 1 fr (7
v (o) = 2 e {11, (10)), a7
e Fp”,ru (Tmax)

where [ (ro) for minimum-distance and maximum-SINR
based user association are respectively given in (18) and
(22), P} for minimum-distance and maximum-SINR based
user association are respectively given in (20) and (28), and

FY . (Tmax) = Or'”” o (T0) dro.

Proof: According to [25], if a minimum-distance
based user association is employed, the unconditional
probability density function (pdf) of r, is f., (ro) =
2mArg exp (—Amr) . Conditioning on v, the conditional pdf
of r, is derived as:

BUfp .. (ro)

r, (o) = Py . (18)
where
20APY., (ro, Dzy) o exp (—Amrd
v (rg) =—— G (FArs) : (19)
Py — / " BUfY, (ro)dro, 20)
0

T'max

BY =1 —exp (—2>\7r Py (10, p24) rodro) .

2y

Specifically, (19) is a pdf for v link, (20) is the probability
that AU is connected to BS by with a link type v, (21) is the
probability that having at least one BS with v link in the PPP.
Furthermore, RY (r¢) = ro, Vv.

For maximum-SINR based user association, the conditional
distribution of r,, is obtained using a similar argument as in
[42], Lemma 1-3. The conditional pdf of r, being served by
link type v is:

0

BYf;, L (ro) exp (T} (10))
py ’

fr, (ro) = (22)

where

2w APy, (ro, azy) roexp (Z (ro))

por (T0) = B . @3
To
Iy (ro) = — 2)\7r/ Pyl (riy 82y) midr, (24)
0
R"(r0) ,
0 (ro) = — 2)\7r/ Pyl (135 Dzy) Tidry, (25)
0
N % oL +
R (rg) = {(g) N (12 4 az2) — Aza} . (26)
* 0
L c% AN -
RN (ro) = [(jN) L (124 az2)or — Azi} @)
Py = [ B e @ (o) £ (ra)dro, 29
0

and v’ = {L,N} \ v. In particular, (23) is the pdf for v link,
(24) is the probability of having no BS with v link stronger
than that of BS by, (25) is the probability of having no BS
with v’ link stronger than that of BS by. Furthermore, (26)
and (27) are the maximum and minimum distances for (25) to
hold true, and (28) is the probability that the AU is associated
to BS by with v link. By truncating the domain of (18)-(21)
and (22)-(28), we obtain (16-17). |

To obtain the coverage probability of TU, the distribution
of r, is given in Lemma 2.

Lemma 2. The conditional pdf of ry given r, is:

o 2) = 2, <2;2> ,

(29)

where

Fon (1) = My exp {—Ak},
rir N 2A7T1 exp {—)\’/T (r% — r%)} , 11> 2r,

1
_ Cq

k=nri- E (r?cos 1() — ¢ r?—c?),
-

i=0 v

T1 S 2T07

A _ 1 (m
Co o C1 = 5 and ki = 27ry — 2rq cos o )
Proof: See Appendix A. [ ]

Depending on the user association policy, the coverage
probability is obtained using the corresponding uncondi-
tional/conditional pdf. In the sequel, we focus on the con-
ditional coverage probability of the users without repeatedly
discussing the distribution of r,, and ;.

B. AU’s Coverage Probability

Theorem 1. Conditioning on r,, and v, the downlink coverage
probability of a typical AU using NOMA is:

):/ N P(SINRY > T|r,)
0 Yvu
PJF,

DT (Tmax) f;)u

Peovu (T (30)

(To) d’l"o,



where
my, —1 4 87‘
Xe — v
P(SINR,>T |ry) = Z (=1)" sy o 1. () s
i=0 v
my —1 s
s _xXP(=auNo) 3 Ny 'dl
v ] N
il gt (j —)!
T
qv = U

(Pu—pe T)ALGE (D) (r24222)" 2 0y

u T

()

’U‘U(/’n )

—27r—><

,Pl?,u (Tb,ua Azu) (]- - gﬁ (CIU)) Tb,udrb,u> s

o? My,
9" (qw) = (1+qUAﬁcf:<W>(ri+Azi)2“93) ,

v,0 _ Tu,s v =",

R (Tu) - {RU (TO) W )

Proof: See Appendix B. [ ]

It is rather difficult to directly compute the derivative of the

Laplace transform of interference at AU in (30). To address

this issue, we further provide the following lemma to further
simplify its computation.

Lemma 3. The i derivative of the L1, (q,) is:
i

aqé’c I, (qv)

=LY, (¢v) Bi (7™(40),® (q0),,T P (q0)) ,

(31)
where B; (+) is the complete Bell polynomial [43] and

| me g )
J(])(Q/U)ZZ[/ o T Imex
Vo

Rv,? (Tu) 8qv

Pl?,u (Tb,w AZu) (1 - gqj (QU)) Tb,ud""b,u‘| .
Proof: See Appendix C. [ ]

C. TU’s Coverage Probability

Next, we analyze the performance of TU'. Note that the
performance of TU is generally more complicated than that of
AU as the location of TU depends on by and b;. Furthermore,
the location of TU introduces non-symmetric property. These
make the analysis very challenging and therefore, in this
paper, a significant effort has been made to simplifying many
complicated expressions to make it computation feasible.

To obtain the exact coverage probability of TU, we first de-
rive the Laplace transform of interference at TU, L, (¢:). For
brevity of expositions, we write the aggregated interference of

TU as:
> xelhoel
bed@} /{b1}

I = Xoy |y | + (32)

'Note that, here, angle 19 always referred to the a21muth angle of bg
from the origin. E.g., tany (ybo,xbo) = 0, where tan; ' denotes fourth
quadrant inverse tangent.

In (32), the first term accounts for the dominant interference
from by, and the second term accounts for the interference
from other base stations, which forms a PPP outside D, and
D; (see, Fig. 10 in Appendix A). Therefore, the Laplace
transform of interference at TU is written as:

L1, (a) = Ly, (@) Lo (1),

Lemma 4. The Laplace transform of dominant interference
at TU, i.e. interference from BS by, is:

(33)

1 1
ot
1
/ —doi,
o- 1+ aA: (lbl (6in)” + AZ?)
where lp, (¢i+) \/7"1 + 17 — 211 cos (0, — o, ), and
T1 < 2T07

®+7 @, 7"1§2T0, @77 —@
= 27“ =

1 > 210, 0 r1 > 2rg,

1
@ == 1 .
T — COS ( 0)

Proof: (34) is obtained by using the complementary cu-
mulative distribution function (ccdf) and moment generating
function (MGF) of |Qb1,t|2 and xp,. Meanwhile, I, (¢;+)
is derived using the law of cosines and the fact that b; is
uniformly distributed between the angle @~ and ©T. ]

Lemma 5. The Laplace transform of PPP interference at TU,
i.e., interference from BSs outside D, and D1, is:

Lo (q:) =exp < 2 (qtfolf)a § )
27
0

where B (z,x,y) is the Beta upper incomplete function, and

(b)) = Ip (¢it) r1 < 2ro,
%t T cos(éi71)+ r?—rZsin (0~1 1), ry > 27’0,
1 T < <TT,

\/111+r1 (217 cos(e —0,,)), otherwise,

l .
T — arccos 2@(1] , ¢ir <7,
02’,1 = Li1 .
T+ arccos { 5o ), otherwise,

Oin =7 — 0+ bis,
lia :\/27"3 (1 —cos(bip)),
T =tany ' (—rsin (6;) , —2r¢ — rcos (6;)),
TE =tang ' (r1 sin(£60)—r, sin(8,),r1 cos(£0)—r¢ cos(6y)) ,

—1
_ ) tany (s3.s2 4+ s183), dig <,
i,0 = < .
tany ' (s4, 82 + s154), otherwise,




1 ro—+re cos(0;)

59 = T sin(6¢)

S1

= tan (¢i,t) ’ 0 ro tan(¢; )’
—s152 + /1 + 57 — 53 —s182 —\/1+ 57— 82
S3 = 3 , S84 = 3 .
1+ 57 1+ 57

Proof: (35) is obtained by using the ccdf, MGF of |Qb7t|2,
and the probability generating functional (PGFL). The key
challenge is to derive [ (¢; ;). As seen in Fig. 10, Appendix
A, there are two cases to be considered: (i) r; < 2rg, and (ii)
r1 > 2rq. For case (ii), we can obtain [ (¢; ;) using law of
cosines. Similarly, for case (i), we can derive [p (¢;¢) using
law of cosines if Y= < ¢, ; < Y. Nevertheless, given Gits
where T+ < @i+ < T, we have to solve for 6; g, where

cos (6:.0) — sin (0i0) _ ro+ricos(0)  risin(6r)

tan (¢i,r) 70 ro tan (¢i )

Formulating it as a quadratic expression and noting YT+ <
@i+ < Y7, we then obtain ;¢ in a closed-form expression
as expressed above. [ ]

Given the distribution of r,, r; and Laplace transform
of interference, L5 (q;), now we can obtain the coverage
probability of TU.

Theorem 2. The downlink coverage probability of TU being
at a distance of ry away from BS by using NOMA is:

Pcov,t (T) = (36)
2m oo e8]
/ / / P (SINR§“> > Tpins SINR, > T|6;, 1, ru)
0 0 0

1

X ?fm\ru (r2) fr, (ro) dradrodfy,
T

where

P<SINR§“>>T,ni,,,SINRt>T | Gt,rt,ru> =exp (—q:No) Ly, (q1)

%7 Tonin ~ .
Pt AL (T24+022)7 2 7 (pu—pt Tyin) At (r2+022) 7 2

Proof: See Appendix D. [ ]

qr = max (

D. Average Rate of AU and TU

Given the coverage probabilities of the users, the average
rates of the users is:

R =E[Bylog, (1 + SINR)] 37)
BW o PCOV (T)
== [ e g
m2 ), 17

where By, is the bandwidth of the system, STN R is the SINR
of the users, and P,y (T) is the coverage probabilities of the
users. For example, Peoy (T') of AU is Peoy,y, (') and Peoy (T')
of TU i8 Peov,¢ (T). According to [13], [44], (37) can also be
approximated using the Gauss-Chebyshev Quadrature as:

N
PCOV'(Tn) .
LT 4N cos?[§ cos(Bptm)+5]”

By,

“n2
n=1

2 gin( 2n=t
™ sm( N ‘n')

R (38)

where NNV is a parameter to be adjusted to ensure high accuracy
and

T, = tan [% cos (2;1?/17r) + %] .

As it is seen, (37) is sufficient but the approximation in (38)
helps to eliminate computing an additional integral.

Table I: Simulation Parameters

Parameter Value
Pus Pt 0.9, 0.1
(,€,¢) (T,0.151, )
(of, ol o) (25, 35, 3.5)
(AL, AN, A) | (364, -45.4, -32.4)dB
Tmin/Rmin -3-2815dB/100KbpS
User Association Minimum-distance
A 10BSs/Km?

(120, 19, 1.5)m
3,1, 1)
G. LD

D

Omni-directional

(Zuv 23) Zt)
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Figure 2: Coverage probabilities of the AU versus 7' for
different values of the AU’s altitudes.

IV. SIMULATION AND ANALYTICAL RESULTS

In this section, simulation and analytical results are pre-
sented to investigate the performance achieved by the pro-
posed framework. We first examine the effect of different
network parameters on the coverage probabilities and av-
erage rates achieved by AU and TU. We then present an
interference-aware downlink NOMA scheme for AU and TU.
Unless stated otherwise, we use the simulation parameters as
listed in Table I, which are based on [13], [37]. Note that T,
is obtained according the minimum rate required by AU for
C&C link as in [4].

Fig. 2 shows the coverage probabilities of AU for different
values of AU’s altitudes. As it is seen, our analytical results
match the simulation results closely, which verifies the accu-
racy of (30)-(31). Using (30)-(31), we find that AU’s altitude
plays an important role in determining the coverage prob-
ability. In alignment with previous studies, a lower altitude
leads to a higher coverage probability for a higher value of
T'. This is due to a weaker LOS ICI. Nevertheless, unlike the
previous works, we would like to highlight that increasing
AU’s altitude is not always detrimental. This is because a
higher altitude also improves the desired signal strength due
to higher probability of LOS. Due to this factor, a higher
altitude leads to a higher coverage probability for a lower
T. Therefore, one may actually determine the AU’s altitude
based on their applications and ICI level.

Fig. 3 shows the impact of TU distance. As seen, our
analytical results match the simulation results closely, which
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Figure 3: Coverage probabilities of the TU versus 1" for

different values of the TU’s distances.

verifies the accuracy of (34)-(36). Using (36), we find that user
association policy of the AU does not affect the performance
of TUs. This is because the location of TU only depends on
the location of by and b;. Besides, using (34) and (35), we
also find that the ICI from BS b; alone is weaker than all other
BSs in the networks. Furthermore, decreasing -y generally
improves the TU’s SINR as shorter 7; leads to a higher desired
signal and a lower ICI level. Therefore, one may want to pair
a near TU with a typical AU to obtain a higher rate.

Fig. 4 shows the impact of different power coefficients
without SIC constraints (i.e., Tiyin = 0). Specifically, Fig. 4(a)
presents the coverage probability of AU, Fig. 4(b) shows the
coverage probability of TU, and Fig. 4(c) shows the (average)
rate region between AU and TU. From these results, we
can observe that, if p, increases, AU’s coverage probability
increases and TU’s coverage probability decreases. In con-
trast, if p; increases, the opposite happens. This tradeoff is
inevitable due to the standard rate region between AU and
TU. Nevertheless, the coverage probability of the TU and rate
region from these results are not sufficiently accurate as TU
might have a weaker channel than that of AU due to deep
fading or ICI. To ensure successful SIC at TU, SIC constraints
must be imposed (i.e., Tiin > 0).

In Fig. 5, we further consider the impact of SIC constraints.
In Figs. 5(a) and 5(b), the impact of different targeted SINR,
Thin, and power coefficients, p;, are investigated, respectively.
Fig. 5(c) presents the new rate region between AU and TU
with SIC constraints. Note that the coverage probability of
AU remains unchanged and thus it is omitted. When SIC
constraints are imposed, we find that some power coefficients
(e.g., p+ > 0.7) lead to unsuccessful SIC as the co-channel
interference is too strong. Furthermore, there exists an optimal
power coefficient that maximizes the TU rate. Nonetheless,
this optimal power coefficient does not maximize the AU’s
coverage probability as tradeoff still exists. This suggests that
one might want to employ optimal power allocation scheme
to obtain a higher TU rate without significantly degrading the
AU’s coverage probability.

Fig. 6 presents the impact of different user association
policies. Our results show that maximum-SINR based user
association is always more superior than minimum-distance

o
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Figure 4: The impact of different power coefficients: a)
coverage probabilities of the AU; b) coverage probabilities
of the TU; c) the rate region.

based user association. The gain is also more significant at
a lower altitude. This is because, at a lower altitude, the
probability of LOS is low. Therefore, ICI is weaker and
connecting the AU to a BS with the strongest link significantly
improves its desired signal. Nevertheless, at a higher altitude,
AU suffers from many LOS ICI and therefore connecting AU
to the strongest BS does not have a huge impact on improving
its coverage probability.

Fig. 7 shows the impact of beamwidth, ¥. As observed,
there exists an optimal beamwidth that provides the highest
coverage probability. This is because, if the beamwidth is too
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Figure 5: The impact of SIC constraints: a) coverage prob-
abilities of the TU for different Tyin/Rmin; b) coverage
probabilities of the TU for different p;; c) the rate region.

small, there might not be a BS within the AU receiving cov-
erage and, if the beamwidth is too large, the ICI becomes too
strong. To avoid this fundamental tradeoff between coverage
and ICIT level, one may implement a re-configurable antenna
at the AU. A re-configurable antenna allows AU to adaptively
adjust its beamwidth. Therefore, it can significantly improve
the AU’s coverage probability but it comes with a higher
implementation cost.

Fig. 8 depicts the impact of different number of coordinated
BSs, K. In general, the coverage probability of AU increases
as K increases. However, its gain diminishes as K becomes

...x...x...x...n..x...x..x..x..x___,‘
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Figure 6: Coverage probabilities of the AU versus 7' using
different user association policies and values of the AU’s
altitudes.

Analytical 250m

O Simulation-250m | |
— = Analytical-120m
% Simulation-120m N}

0.5

Coverage Probability
o o
w IS

Hed
N

o
L]

o @

...‘-f. ,

40 45 50 55 60 65 70 75 80 85
Beamwidth ¥ (degree)

Figure 7: Coverage probabilities of the AU versus antenna
beamwidth for different values of the AU’s altitudes.

large. As compared to other strategies, such as maximum-
SINR based user association or directional antenna with fixed
beamwidth, ICIC is generally a more effective strategy in
NOMA. For example, using ICIC with K = 4, the AU’s cov-
erage probability (120m) improves up to 0.875 at -3.2815dB.
Meanwhile, maximum-SINR based user association and di-
rectional antenna only achieves 0.34 and 0.75, respectively.
Importantly, only ICIC improves the average rate of TU to
497Kbps. However, the key concerns of ICIC are its backhaul
overhead, and system complexity.

These results suggest that an efficient usage of NOMA for
cellular-connected UAVs requires a well-designed combina-
tion of user association policy, receive antenna, and interfer-
ence mitigation technique. Based on previous findings, we
therefore propose the combination of maximum-SINR based
user association, directional antenna with fixed beamwidth,
and ICIC with six coordinated BSs (e.g., K = 7). We
refer this combination of strategies as the interference-aware
scheme. Meanwhile, the benchmark scheme is referred to as
a combination of minimum-distance based user association,
omni-directional antenna, and non-ICIC (i.e., K = 1). As
seen in Fig. 9, the coverage probability of AU improves from
0.335 to 0.964 (~threefold) at -3.2815dB. Besides, if K =7,
the TU’s average rate improves from 110Kbps to 603Kbps
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(~sixfold). One might also be curious about the performance
of OMA. Thus, we consider the power coefficient p, = 1,
where the entire resource block is used by AU only. In this
case, the average rate of TU is zero. As seen, the AU achieves
a substantial coverage probability for a very large 7'. This
improvement is due to the combination of directional antenna
and ICIC, which consequentially helps AU to experience
zero ICI in some realizations. Nevertheless, the coverage
probability of AU only increases by 0.009 (less than 0.1%) at
-3.2815dB as compared to the proposed scheme. Therefore,

one may want to employ NOMA over OMA as it provides a
similar level of reliability to AU but with a huge rate gain to
TU.

V. CONCLUSION

In this paper, we studied the performance of downlink
NOMA for cellular-connected UAVs. We presented a novel
framework for the co-existence of AUs and TUs in cellular
networks, where BSs are distributed using PPP. Furthermore,
we considered two types of user association policies, two
types of receive antennas, and a simple ICIC. The coverage
probability and average rate of the AU and TU were derived.
Using these expressions, we further analyzed the impact of
different network parameters such as AU’s altitude, TU’s
distance, power allocation, SIC constraints, user association
policy, beamwidth, and number of coordinated BSs. Simu-
lation and analytical results showed that an efficient usage
of NOMA requires a combination of user association policy,
receive antenna, and ICI mitigation technique. We therefore
proposed a scheme that combines the use of maximum-
SINR based user association, directional antenna with fixed
beamwidth, and ICIC. Our proposed scheme significantly
improves the overall performance. Compared to the bench-
mark scheme, our proposed scheme improves the coverage
probability of AU from 0.335 to 0.964 and TU’s average rate
from 110Kbps to 603Kbps. Compared to OMA, our proposed
scheme provides an additional rate of 603Kbps per RB to TU,
subject to a cost of degrading the AU’s coverage probability
by 0.009 at -3.2815dB. Our findings suggest that NOMA is a
promising solution for AUs and TUs for C&C and data links,
respectively, in future aerial-terrestrial networks.

APPENDIX A: PROOF OF LEMMA 2
For ease of expositions, let Dy be the disk B (ﬁ)AU,ru)

and D; be the disk 5 12;1557 r) see, Fig. 10. Conditioning on
7w, the CDF of r is:
Fr|ru (Tl) = 7)(7“ <nr ‘Tu = TO)
=1—exp(=AA(r1|ro)), (39)

where A (71]rg) is the area of Dy — (D N Dy). Using the law
of cosines, the area of A (ry|rg) can be derived as follows:

k? 1 S 27"0,

s (r% — r%) , 1r1> 21,

1
where k = 13— 3 (rf cos™! (%) — i/ — cf), co =

Al(rilro) = (40)

=0
27‘577“? .
T and c1 = pro

By taking the derivative of (39) w.r.t. 1, the conditional
pdf of r is obtained as:

Ay exp (—Ak), r1 < 2ro,
fr|ru, (Tl) = 2 2

2\ exp (—/\ﬂ' (7"1 — TO)) , T1> 2,

(4D
where

k1 = 27ry — 21 cos™! () (42)
By scaling » — 1, we obtain the conditional pdf of r; given
T, as expressed in (29). |
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Figure 10: Cases: (i) r1 < 27rg; (i1) 71 > 2.

APPENDIX B: PROOF OF THEOREM 1
The coverage probability of the AU is defined as

Peovu (T) =P (SINR, >T), (43)

where SINR,, is the SINR of the AU regardless of the link
type, v, and T' is a SINR threshold. Conditioning on 7, and
v, the coverage probability of AU is defined as:

/ CUSCP(SINRL > TIr) 44

Yvu
X PJF,,.. (Tmax) f;}u (r0) dro,
where P (SINRY, > T |r,) is the conditional coverage prob-

ability of AU for v link. Substituting (11), the conditional
probability of the AU for v link is obtained as:

Pcov,u

P(SINRY > T|r,) (45)
(Pu—ptTYALGR(P)(r2+023)" 2
@ mzfl( )’
a —q
=Er | Y o (Lt No) exp (=g (L + No)) [ru
1=0
®) "
Z SUEIU [I eXP( Qv u) |Tu]
1=0
© = o
. _
= —1 tgv L: v
; (—1)"s; g, . (qv)

2 my—1 j—i i
where I, = > x» ‘h}ju , sY = e"p(_i% 3 ]\(]37,‘)1,’0,
by , ! =i J—1)!
and ¢, = L —— . In (45), (a) is
(pu— p,T)A“G'X(d’/)('rz—&-Az?) “2“93
obtained using the ccdf of (€2 |, (b) is obtained using

binomial theorem, and (c) is obtalned using the fact that the
expectation term is equivalent to the ith derivative of the
Laplace transform of interference at AU.

The Laplace transform of interference at AU is:

Lg, (qv) =Eg, [exp (_quu)]

(@) =
Xb [Hbeqﬁu Eqi | {eXp (_qUXb:%,u

(46)
2
)|I-
Eq)l}luaxb |:Hb€q>l}]u EQI;)u [exp (_qqu:lLu Q >:|:|
(b)
= Eq [Hbe‘bL g- (C]v)xﬂ ]E‘I)I}’u,Xb [Hbe‘b’}’u g~ (%)Xb}

Iy, Xb

gexp(Z/ —27r—><
vv(r )

Pl?,u ('rb?ua AZU) (1 - gﬁ (qv)) rb,udrb,u> )

- E@L

L
Qb,u

N
b,u

o
Ly

where g% (q,) = ( 1+ quALGS (W) (r2 + 222) g0
0 € {L,N}, and ®} is the set of interfering BSs that
establishes v links to the AU. Besides, RV'" (r,) = 7, if
v =0 and R¥?(r,) = RY(ro) if v # ©. In (46), (a) is
obtamed using thinning, (b) is obtained using the MGF of

‘Q , and (c) is obtained using the PGFL.
|
APPENDIX C: PROOF OF LEMMA 3
The i derivative of £V, (q,) is
1. (qv) (47)

8q1} £

T'max
—271' X
u ’L}(T )

Pb,u (76,5 AZu) (1-g° (%)) Tb,udrb,u)

U3 exp? (s(a)
j=1

B; i (7%(40),7(q0),..T 9 (q0))

b - .
Yexp (7 () S Biy (70072 (0) 7D (@)

=1

(:C) ['UIU (QU) BT (J(1>(q1,),J(2)(q1,) ----- j(i)(qu)) )

where
T'max

A

T (av) Z/M(m

Pb,u (Tbﬂu Azu) (1 - gﬁ (qv)) Tb,ud’rb,u-

In (47), (a) is obtained using Faa’ di Bruno formula [43], (b) is
obtained using the fact that any j™ derivative of an exponential

s



function is itself, and (c) is obtained by the definition of a
complete Bell polynomial. Furthermore, the j® derivative of
J (qv) W.rt. g, is obtained as:

| 9
T (q,) :8(1%{%;/

Rv:%(ry,)

—2m & X (48)

Pz?,u (Tbus 220) (1 — ¢° (q0)) Tb,udTb,u]

T'max 8]
= [/ —_— = 27{'% X
Vo Rv:?(ry,) 8(]{)

Pl?,u (Tb,u, aZy) (1 - ga (QU)) Tb,udrb,u}y

where the last line is obtained using the Leibniz’s integral
rule. ]

APPENDIX D: PROOF OF THEOREM 2

Recall that the TU needs to remove the AU’s message to
decode its own message. Hence, the coverage probability of
the TU is:

Peovt (T) =P (SINRﬁ“) > Toins SINR; > T) . (49)

Ruin

where Tiin = 2Bv — 1, Ry, and By, are the targeted data
rates required to successfully decode the AU’s message, and
the system bandwidth, respectively. Subject to 6,7, 7,, the
downlink coverage probability of TU being at a distance of
r¢ away from BS by over NOMA is:

7Dcov,t (T) - (50)
27 oo (o)
/ / / P (SINng > Toin, SINR, > T\Qt,rt,ru)
0 0 0
1
X %th‘Tu (TQ) fru (TO) dTQdTOdgt.

By substituting (12)-(13), the conditional coverage probability
of TU is:

P (SINR,ﬁ“) > Tonins SINR, > T | 0,74, ru) (51)

Tmin (It + NO)
(Pu - PtTmin)At (Tf2 + AZ?) —%

T (I; + Ny)
peAy (r7 + 027)

=P |Qb07f/|2 >

|Qbo,t|2 > -z |9t7Tt7Tu

=P |Qbo,t|2 > q¢ (It + No) [ 0¢, 7,70

@ exp (—qtNo) E;, [eXp (_qtlt)]
=exp (—q:No) L1, (qt)

T Tnin
prA(r24+022) "8 (pu—peTuin) A (17 +022)"% )7
L1, (qt) = Ej, [exp (—q+13)], and (a) is obtained using the
cedf of |Qp, ¢|”. [ |

where ¢; = max
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