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Abstract—The consideration of unmanned aerial vehicle (UAV)
trajectory is of crucial importance in the performance evaluation
of cellular-connected UAV networks. In this work, we consider
a cellular-connected aerial user equipment (AUE) employed for
surveillance and monitoring. The AUE moves along a given
trajectory, while periodically transmitting to a terrestrial base
station (BS) in the uplink, with a specific quality of service
(QoS) requirement. To avoid the underutilization of spectrum
resources, we enable simultaneous uplink transmissions of the
AUE and a terrestrial user equipment (TUE) using power-domain
uplink aerial-terrestrial non-orthogonal multiple access (NOMA).
We take the trajectory of AUE into consideration and develop
an analytical framework to compute the total rate coverage
probability, i.e., the probability where both AUE and TUE are
decoded, at a given transmission point in the trajectory. In
addition, we numerically determine the minimum height of AUE
to achieve a certain QoS constraint for different AUE target
data rates and built-up areas. Our results show that, for a spiral
trajectory, the minimum height increases as the AUE moves
from cell center to the boundary, and as the severity of the
environmental parameters increases.

I. INTRODUCTION
Due to recent advancements in unmanned aerial vehicle

(UAV) technology in the industry sector, and latest standard-
ization efforts by standardization bodies such as the 3rd Gen-
eration Partnership Project (3GPP), cellular-connected UAVs
have attracted a lot of recent attention [1]. In this regard, seam-
less integration between the aerial user equipments (AUEs)
and terrestrial user equipments (TUESs) in a traditional cellular
network, is an important topic of research [1,2].

Various approaches have been proposed in the literature to
serve cellular-connected UAVs. These include, employing ad-
vanced cell sectorization and beamforming [3], massive multi-
ple input multiple output (MIMO) [4] and co-ordinated multi-
point (CoMP) transmission [5]. Studies in [3-5] generally
assume dedicated resources allocated to AUEs, which may not
be efficient due to the underutilization of spectrum resources.
In this regard, non-orthogonal multiple access (NOMA) is
a promising technique to address the resource scarcity issue
[6]. While NOMA has been extensively considered in UAV-
assisted wireless communications [7-10], where UAVs act as
base stations or relays, only a few studies have investigated
the impact of using NOMA in cellular-connected UAVs [11-
13]. An uplink cooperative NOMA scheme to mitigate the
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aerial-terrestrial interference between an AUE and multiple
cellular BSs was proposed in [11]. The energy efficiency
of a downlink NOMA scheme in a cellular network with
both aerial and terrestrial users was investigated in [12]. A
NOMA-based beamforming strategy was proposed in [13] to
achieve high data rate transmission while avoiding inter-cell
interference between the AUE and co-channel BSs in a cellular
network. Note that, the coexistence of UAVs and TUEs was not
addressed in [12], and mobility of UAVs was not considered
in [11-13].

Mobility is an intrinsic characteristic of UAVs and the
flight trajectory of UAVs must be properly accounted for
in the design ad performance evaluation of UAV systems.
Prior studies in the literature concerning UAV assisted wire-
less communication have assumed stationary UAVs [14] or
stochastic trajectories [15—17], where the movement of UAVs
is characterized by means of stochastic processes. Some
studies have considered deterministic trajectories where an
UAV is assumed to travel among know locations [18, 19].
For surveillance purposes, deterministic trajectory is more
appropriate and adopted in this work. In addition, we are
interested in whether the surveillance or monitoring data at
each transmission point along the trajectory is successfully
transmitted or not. To the best of our knowledge, this has not
been investigated in the literature due to date for a cellular-
connected UAV with NOMA.

Contributions: In this work, we consider a cellular-
connected AUE employed for surveillance and monitoring a
given area. The AUE transmits to the BS periodically in the
uplink with a certain target data rate. Power-domain uplink
aerial-terrestrial NOMA is used to facilitate simultaneous
uplink transmission by the AUE and the existing TUE in the

cellular network. The main contributions of this work are:
o Using stochastic geometry, we develop an analytical

framework to evaluate the total rate coverage probability
(i.e., the probability where both AUE and TUE are
decoded) at a given transmission point along the AUE’s
trajectory. We also determine the minimum height of
the AUE at each transmission point in the trajectory to
achieve a certain quality of service (QoS) for various
built-up environments.

o Our results show that, when the AUE follows a spiral tra-
jectory, the total rate coverage probability decreases as the
AUE moves from cell center to cell boundary, and when
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the AUE’s SINR threshold increases. Also, the minimum
height increases as the AUE moves from cell center to the
boundary. The QoS is satisfied along the entire trajectory
for low to moderate AUE SINR thresholds for suburban,
urban, and dense urban environments.

The results highlight the importance of suitably accounting
for UAV’s trajectory in cellular-connected UAV networks.

II. SYSTEM MODEL

We consider a single-cell wireless communication system
with a terrestrial base station (BS), multiple terrestrial user
equipment (TUEs) and an aerial user equipment (AUE), where
the AUE is employed for surveillance purposes. We assume
that each TUE is assigned an orthogonal time-frequency
resource block in the uplink to transmit to the BS. Hence,
there is no intra-cell interference among the TUEs in the cell.
The AUE transmits periodically to the BS, and the target data
rate requirement of this transmission varies depending on the
nature of the surveillance. For efficient spectrum usage, we
pair the AUE’s transmission with a random TUE, referred to as
the active TUE", and enable simultaneous uplink transmissions
of AUE and the active TUE using NOMA. The single-cell is
modeled as a disk region S with radius R. The BS is located
at the center of the cell at a fixed height hgg, i.e., with three-
dimensional (3D) cartesian coordinates (0, 0, hgs). The active
TUE is randomly located in S at coordinates (xt, yr, 0), where
r = \/o12 + yr? is the horizontal distance between the BS
the active TUE.

AUE Trajectory Model: We assume that the AUE flies along
a trajectory 7T, to cover S, with a constant speed vs at an
altitude h, above the ground®. This is illustrated in Fig. 1.
The AUE transmits N times, with time period T, along the
trajectory T, ie., T = T[n]fj:l where n is the transmission
point index. We define N as N = L%J , where s(T[N])
is the total path length of 7 and |-] is the floor function.
TIn] = (an, Yan, ha) denotes the cartesian coordinates of
the location of the AUE at the n—th transmission point, where
Tan = \/Tan® + Ya,? is the horizontal distance between the
projection of the AUE on the ground and the BS.

Channel Model: The terrestrial channel is modeled as a
combination of a large-scale path-loss attenuation with path-
loss exponent ar, and small-scale Rayleigh fading compo-
nent, with fading power gain Hy. Due to the path-loss, the
TUE’s transmit signal power decays at the rate dy 7, where
dr = \/r12 + hgps? is the Euclidean distance between the TUE
and the BS.

The air-to-cellular (A2C) channel is modeled as a combi-
nation of a probabilistic distance and height dependent large-

ISince we focus on the AUE pairing with a random TUE, an assumption
on the number of TUEs and their mobility is not required. Also, we ignore
inter-cell interference issues in this work. For a discussion on these issues,
please refer to [24].

2Note that the AUE is capable of varying its height along the course of
the trajectory. In Section V, we consider both the cases of AUE flying at a
constant height and the case of AUE varying its height at each transmission
point to achieve a certain quality of service.

scale path-loss and small-scale Nakagami-m fading, with fad-
ing power gain Hy. The path-loss for the line-of-sight (LoS)
and non-line-of-sight (NLoS) transmission links are modeled
separately. We use the probabilistic LoS model suggested in
International Telecommunication Union (ITU) recommenda-
tion report [20] to determine the occurrence probabilities of
LoS (PLos) and NLoS (1 — P,s) transmission links. The
corresponding path-loss function is given by
nuda “t, if LoS

= l
A {nNdAO‘N, if NLoS, )

where dy = \/TA2 + (ha — th)2 is the Euclidean distance
between the BS and the AUE, 7,, a,, v € {L,N} are the
additional attenuation factors and path-loss exponents for LoS
and NLoS channels. The fading parameters for the LoS and
NLoS channels are denoted by my and my, respectively.

Received Signal: We assume that the TUE and AUE employ
single omnidirectional antennas. Moreover, the BS beamforms
toward the AUE and the active TUE simultaneously with as-
sociated antenna gains G and Gr, respectively, by employing
a dual antenna array. Note that we consider ideal antenna
modeling in this work.

The AUE transmits with fixed transmit power P, whereas
active TUE uses the channel inversion power control. We
assume that the BS has a receiver sensitivity of pmi,. Therefore,
the active TUE adjusts its transmit power such that the average
signal power received at the BS is equal to the cutoff threshold
pt1, Where pr > pmin. Hence, Pr = prd;".

Based on the aforementioned system model, the received
signal at the BS due to an AUE located at coordinates
(Tan, Yan, ha) and an active TUE located at coordinates

(xTa Yr, O) is

Ups = \/ Prdr” “"HrGrVt + / PAAHAGAYA + 11, (2)

where 1 is the additive white Gaussian noise with variance o2,
and ¥,, o € {T,A} denotes the signal transmitted by active
TUE and AUE, respectively.

III. PROPOSED NOMA SCHEME

In order to enable simultaneous uplink transmissions of
the AUE and the active TUE, we employ power-domain
aerial-terrestrial uplink NOMA with successive interference
cancellation (SIC) at the BS. We assume that perfect channel
state information is available at the BS. We rely on the
diversity of the small-scale fading of the active TUE and the
AUE, and the high probability of LoS of the A2C link to
distinguish between the received powers corresponding to the
active TUE and the AUE. Also, we assume that the received
signal power corresponding to the AUE is stronger than that of
the active TUE, due to the favorable aerial LoS environment.
Thus, we consider an adaptive decoding order where the AUE
is decoded first at the BS. However, due to the dynamic nature
of the aerial and terrestrial user, there could be occasions
where the received power corresponding to the active TUE
is greater than that of AUE (i.e., when the AUE in closer
proximity to the cell edge is paired with a TUE that is located



(0, 0, hBS)

Fig. 1: Illustration of the 3D system model. AUE’s
arbitrary trajectory is illustrated by a red dotted line.

close to the BS, the received signal power corresponding to
the active TUE could be higher than that of the AUE). This is
accounted for in our proposed NOMA scheme by adding an
extra decoding step.

The tree diagram of the decoding events in the proposed
NOMA scheme is illustrated in Fig. 2. It is explained as
follows. The received signal at the BS is comprised of the
superimposed W, and Wy signals, where W and Ut denote
the signals transmitted by the AUE and TUE, respectively.
With SIC at the BS, U, is decoded first by treating Wr as
interference. If W, is decoded successfully, ¥t is decoded
using SIC. Otherwise, BS tries to decode Wt while treating
WU, as interference. In this work, we assume that, if U, is
not decoded successfully, then error propagation occurs, i.e.,
BS treats the AUE’s signal as interference when decoding Wr.
If U, is is decoded successfully, the error propagation factor
is 0, i.e,. AUE’s signal is reconstructed and subtracted from
the superimposed signal [21]. If Ut is decoded successfully
at this stage, BS tries to decode the previously unsuccessful
W, using SIC.

Each branch of the probability tree in Fig. 2 corresponds to
a joint decoding event where either/ both/ none of the signals
are decoded. Events corresponding to each branch are defined
as follows:

e Iy : Event that W, (i.e., AUE) is decoded in the first
step and Wt (i.e., TUE) is decoded in the second step.

o E5 : Event that Uy is decoded in the first step and U is
not decoded in the second step.

e Fs5 : Event that U, is not decoded in the first step, U
is decoded in the second step, and W, is decoded in the
third step.

o E4 : Event that U, is not decoded in the first step, Ut
is decoded in the second step, and W4 is not decoded in
the third step.

e E5 : Event that U, is not decoded in the first step and
Wt is not decoded in the second step.

Remark 1: Due to the extra decoding step (corresponding to
events F5 and Fy), the tree diagram in this work is different
from the tree diagrams in prior works in terrestrial NOMA

Fig. 2: Tree diagram of decoding events for proposed
NOMA scheme.

[22,23]. In addition, we take the dependency of individual
decoding steps into account rather than making the assumption
that the decoding steps are independent as in [23].

IV. ANALYTICAL FRAMEWORK

In this section, we analyze the system performance using the
total rate coverage probability as the performance metric [23].

Definition 1: The total rate coverage probability Pr, is the
probability that the achievable data rates of both the AUE
and the active TUE exceed their corresponding target data
rates. The rate coverage probability of a UE is defined as
P(Blog,(1+4SINR,) > ,), where p € {T, A} denotes TUE
and AUE, and B, SINR, and 7, correspond to the bandwidth,
signal-to-interference-plus-noise ratio and target data rate of
the user, respectively.

For analytical simplicity, the rate coverage probability of a
user can be re-formulated as P[SINR, > 6,], which is the
complementary cumulative distribution function (CCDF) of
SINR, where 0, = 2% 1 is the target SINR threshold of
the user.

We can evaluate the total rate coverage probability at each
trajectory point of AUE, by evaluating the probability of the
events where both AUE and TUE are successfully decoded,
which correspond to events I/; and E'3 of the proposed NOMA
scheme?. Thus, the total rate coverage probability P, can be

calculated as
Pro, = Py + Ps, 4

where P, =P (F;), and i = 1, 3.
Next we present three Lemmas, which help to derive Prgt.
Lemma 1: The probability density function (PDF) of the 3D
propagation distance dr between BS and TUE is

2z
Jar(2) = ik hgs < z < \/m. (5)

Proof: Proof is similar to that of Lemma 2 in [25]. M

Lemma 2: The cumulative distribution function (CDF) and

PDF of the received power ¥ corresponding to the active
TUE are

3Note that the joint decoding events E and Ey4 contribute to the decoding
of AUE and TUE alone. These decoding events were discussed in [24].
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Next, we present the rate coverage probabilities of the joint
decoding events E; and Es, in order to evaluate Proy.

Proposition 1: The rate coverage probability P; of the joint
decoding event E, where the AUE is decoded in the first step
and TUE is decoded in the second step is

1 o2 " (BLOa) 1\ !
e o () [ 80 )

where u = prGr.

Proof: The proof relies on stochastic geometry and is
presented in Appendix C. [ ]

Proposition 2: The rate coverage probability Ps of the joint

decoding event E3, where the AUE is not decoded in the first
step, TUE is decoded in the second step, and AUE is decoded
in the third step is given as (3) at the top of this page.

Proof: The rate coverage probability P; is

< eA) |

A T A

Py =Py, 4y (wQ > Oa, w/jﬁ_ = > or, #
The inequalities in (11) are plotted in Fig. 3. Ps is derl(\gc]
by calculating the area covered by all three curves. The point
of intersection of ¥a = Oa (Y1 + 02) and Yr = Op(Ya + 0?)
is given by I = eTi(gljng), aAi(elAEfT)) Depending on the
value of 661, the point of intersection, I can be located in
different quadrants or non-existent (in the case of f,01 = 1).
Thus, P5; can have different values in these cases.

We first present the proof of P3 when 6,01 > 1.

Py = Py, (U1 > Or(Ya + %), 9a > Oa0?)
=By, [Py, (1 > Or(a+0%),a > 0a0”)]

(12a)



TABLE 1. Parameter values for results.

Symbol | Value Symbol | Value
R 500 m Ta 30 s
hBS 30 m PA 0.1W
o2 —100 dBm Ga 1

PT —75 dBm QL 2.2
Gt 1 an 35
ar 3.5 L 0 dB
VA 15 m/s TN 13 dB
ha 25 m, 120 m mr, 5

m 3 mN 1

:/9 Py (vr 2 Or(a+0?)) fy,(a)da (12b)
- oot 7))

_ /9 R (HTz g ) fon(@da

- [ _W)]

= /9A<72 Eqg, [exp ( Prdr—""Cr fua(a)da (12¢)

/°° /V has * + R . Or(a + o?) 2z p
0002 | Jh P PT2OT 2= Gy R?

BS

X fyr(a)da

_ 706)( <_9T(a+o'2)> PLOS eXp(—aﬁL)ﬂLmLamL—l
= p prGT T(m)

9A0'2

+ (1 _PLOS) (12d)

exp(—ap) a1 ]
I'(mn) ’

where (12a) is the simplified expression for the area of P
based on Fig. 3(a) and 3(b). (12c) comes from the fact that
Hry follows an exponential distribution. Integration of (12d)
with respect to a and substitution of y = prGr into (12d)
yields (3) for the case 0267 > 1.

The proof of Pj for the case 501 < 1 is similar to that of
001 > 1 and a detailed derivation is given in [24]. [ |

V. NUMERICAL RESULTS

In this section we characterize the performance of the
proposed NOMA scheme by investigating the impact of AUE
SINR threshold, AUE altitude, and built-up environment on
total rate coverage probability Pr.¢. The parameter values
used for the results are presented in Table I [25,26]. We
assume a bandwidth of 10 MHz and consider AUE target SINR
thresholds {0, 10,20, 30,40} dB which correspond to AUE
target rates {10, 34.6,66.6,99.7,134.6} Mbps. We consider
a target rate of 10 Mbps (corresponding to a target SINR
threshold of 0 dB) for the TUE, unless stated otherwise.

Our framework is valid for any given trajectory. For the
purpose of generating results, we model AUE’s trajectory
using an Archimedes’ spiral, as it is an appropriate trajectory
for monitoring or surveillance in a disk region. The AUE starts
its spiral trajectory T at the center of the cell at a height ha.
In this case, 7 can be defined by rn = %(ﬁ)A, where m
and ¢4, correspond to the number of rounds and orientation
of AUE in the azimuth plane, measured with respect to the +
x-axis, respectively. It is noted that r is derived based on the
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Fig. 4: Archimedes’ spitdl trajectory with m = 3 and R = 500 m.
AUE’s transmission points are denoted by asterisk (va = 15 m/s,
Ta =30 s).

assumption that the spiral starts at the center of the cell and
reaches the cell edge at Papgye. = 27m which is the maximum
angle in the azimuth plane for a given number of rounds.
Hence, the expressions for N and 14, for the Archimedes’
spiral are given as follows:

The number of transmission points along the AUE trajectory
defined by the Archimedes’ spiral is given by

R <2m\/1 + (27m)® + sinh_1(27rm)>

ArmuaTa

N =

13)

The horizontal distance r4 , between the AUE and BS at the
n—th transmission point is

rA,n:Rﬂﬁv
where n=1,...,N. N

A. Model Validation

Fig. 5(a) and 5(b) show Pr,; at each trajectory point for
different AUE SINR threshold values (65) at ha = 25 and 120
m, respectively. We can see that the simulation results match
well with the analytical results. This verifies the accuracy of
our analytical framework. For both heights, Pr,; decreases
when 64 is increased, and AUE moves away from the BS.
The figure shows that the performance is better at hy = 120
m (see Fig. 5(b)) compared to hp = 25 m (see Fig. 5(a)).
This is due to the fact that P s is higher at hy = 120 m
compared to hy = 25 m for the ITU probabilistic LoS model.
The step-wise discrete behavior of Pt is due to the blockage
caused by buildings in the built-up area in the ITU LoS model.
This blockage behavior becomes smooth and continuous at
very high altitude. Thus, this behavior is less prominent at
hA =120 m.

(14)

B. Impact of AUE Altitude and Built-up Environments

In Fig. 5, we assumed that the AUE maintained a constant
altitude along its entire trajectory. Now we allow the AUE to
vary its height at each trajectory point in order to achieve
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a certain quality of service (QoS). QoS is defined as the
probability where both AUE and TUE are decoded (equivalent
to Prot). Current regulations in most countries do not permit
AUEs to fly higher than a certain height. Therefore, we focus
on the minimum altitude of AUE at each trajectory point,
to achieve a QoS of 90% (corresponds to Pro; = 0.9) for
different built-up environments.

Fig. 6 exhibits the minimum height of AUE to meet a QoS
of 90% for different 6, values in suburban, urban, and dense
urban built-up environments. Note that the severity of the
environmental parameters increases in the order of suburban,
urban, and dense urban environments, respectively. That is
to say, dense urban environment has a higher building to
total area ratio, higher building density, and taller buildings
compared to suburban environment. Fig. 6 shows that the AUE
needs to ascend in order to achieve a QoS of 90% as the
environment parameters become severe. For an instance, in
suburban environment (see Fig. 6(a)), the QoS requirement
is satisfied for all 5 values along the entire trajectory at a
lower height of 25 m, whereas for urban and dense urban
environments (see Fig. 6(b) and 6(c), respectively), the AUE
needs to ascend as the 6, increases and the AUE moves from
cell center to cell edge. While it is possible to achieve a QoS
of 90% by increasing AUE’s altitude for low to moderate 0
values (0 — 30 dB), at 40 dB, the QoS cannot be satisfied even
at a maximum altitude of 300 m.

VI. CONCLUSION

In this paper, we considered an AUE that moves along a
given trajectory while periodically transmitting in uplink to
the BS, concurrently with a TUE. We employed power domain
uplink aerial-terrestrial NOMA to facilitate the simultaneous
uplink transmissions of the AUE and the TUE. We derived
analytical results for the total rate coverage probability which
is the probability where both the AUE and the TUE are
decoded, and it was validated by simulations. Our results
showed that the total rate coverage probability decreases as
the AUE moves from cell center to cell boundary, and when
the AUE’s SINR threshold increases. We also determined

the minimum height of AUE to achieve a QoS of 90% at
each transmission point. The results showed that this height
increases when the distance between the AUE and the BS
increases, and as the severity of environmental parameters
increases.

APPENDIX A
PROOF OF LEMMA 2

The CDF of v can be written as
FwT (.23) = ]P)dTaHT (PTCLFO(THTGT < .23)

x
By [1—exp | —2
o [ P <PTdT_aTGT>}

—1- / S o (— V(2 e
B hps P pTZaTziaTGT R? ’
(15b)

where (15a) comes from the fact that Hy follows an exponen-
tial distribution. (15b) is the expectation with respect to dr,
where Pr = prz~°T and f4,(z) = 2. Taking the derivative
of Fy,(x) with respect to = we obtain its PDF.

(15a)

APPENDIX B
PROOF OF LEMMA 3

The CDF of 1, 1is expressed as Fy,(z) =

Pryay (PaCa HaGa <) = Eq, {]P’ (HA < ﬁ)}
This can be simplified by substituting the CDF of H,, where
Hy follows a Gamma distribution with parameters mp and
my for LoS and NLoS A2C channel links, respectively.
fua(x) can be derived by taking the derivative of Fy, (x)
with respect to x.

APPENDIX C
PROOF OF PROPOSITION 1

The rate coverage probability P; can be expressed as
Yr Va
P =P = >0, ——= >0
1 Ya,r (0_2 = T, 7/)T+U2 = UA

=By, [Py, (t > 0r0%, ¢a > Oa(t +0°))] (16a)
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Fig. 6: Minimum height of AUE to achieve a total rate coverage probability of 0.9 vs. the trajectory point for (a) suburban, (b) urban, and
(c) dense urban environments. The environmental parameters, corresponding to different built-up areas with different building densities and

heights in the ITU model, are given in Table 1 in [26].

_ [T Ot +0°)
_ /9 P (HA > PACAGA> Fon(t)dt (16b)

o0 mp—1 7 .
:/9 Pros Z %(tﬁ-oj)zexp (=BLOA(t + 0?))

2 X
TO 1=0

o (BxBa)’

[11]

[12]

(L= Pros) 3 -t (b4 0%) exp (~Anbalt + %)) |

=0
X fur(t)dt, (16¢)

In (16a), we consider that ¢ denotes a random variable with
distribution f, (¢) and is a constant with respect to the random
variable 14.(16c) comes from the fact that the fading of AUE
has a Gamma distribution. Finally, (10) can be derived by
simplifying (16¢) and substituting o = prGr into (16¢).
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