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ABSTRACT In this paper, we analyze an unmanned aerial vehicle (UAV) that harvests energy from a
power beacon to support the transmissions of finite blocklength packets from a source to two destinations
using non-orthogonal multiple access (NOMA) scheme. The impacts of line-of-sight (LoS) and non-LoS
communications on the block error rate (BLER) and throughput of the system are presented via the Rician
factor. For the evaluation of system performance, we derive the closed-form and approximate expressions of
the BLERSs of each hop and the end-to-end communication path between source and destination. Based on
these derived BLER expressions, we calculate the throughput of the considered UAV-NOMA -short packet
communication (SPC) system. Analytical results are verified by Monte-Carlo simulations. Numerical results
show that the best system performance can be achieved by selecting a reasonable time switching duration
for energy harvesting, blocklength, and the number of training bits. The minimal BLERs can be obtained
by controlling the trajectory of the UAV, i.e., its altitude and location on the horizontal plane. The BLER
performance of the UAV-NOMA-SPC system is compared with that of the UAV-orthogonal multiple access
(OMA)-SPC system, showing that the UAV-NOMA-SPC gives a lower average BLERs than the UAV-OMA -
SPC system.

INDEX TERMS Unmanned aerial vehicle (UAV), non-orthogonal multiple access (NOMA), energy
harvesting, successive interference cancellation (SIC), block error rate (BLER), throughput.

I. INTRODUCTION devices operate intelligently, and the electric industry will
Nowadays and soon, electrical devices are growing fast, become a hot trend and continue beyond 2030. Thus, wire-
as reported by Ericsson [1]. This report states that there less communication systems require much more resources
will be around 36,048 connected devices in wireless com- and higher criteria such as latency lower than 0.1 ms,

munication by the year 2025, which will form the Internet- reliability higher than 99.99999%, and sensing accuracy at
of-Thing (IoT) systems. Additionally, more interconnected the millimeter-level. Besides, energy efficiency is a major
problem in the fifth-generation (5G) and sixth-generation

The associate editor coordinating the review of this manuscript and (6G) networks. To deal with these requirements, several
approving it for publication was Guillermo Valencia-Palomo . solutions are suggested: 1) using the non-orthogonal multiple
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access (NOMA) to improve the spectrum efficiency in 5G
and 6G systems [2], [3], 2) utilizing short packets to achieve
ultra-reliable low latency communications (URLLC), which
is helpful in the IoT systems, 3) employing unmanned
aerial vehicles (UAVs) to provide dynamic mobility for
the communication devices in disaster and emergency
response, 4) applying energy harvesting to overcome the
limited battery capacity of electric devices and UAV [4].
On the other hand, in the command-control and monitor
systems for toxic areas, the usage of UAVs to communi-
cate becomes the trend because it does not require fixed
infrastructure [5], [6], [7], [8].

A. RELATED WORK

Recent investigations into UAV-assisted short-packet com-
munications combined with energy harvesting have
attracted much attention from researchers. In particular,
Ranjha et al. [4] formulated a non-convex joint resource
allocation, trajectory design, and energy harvesting problem
to minimize the total decoding error rate in URLLC-enable
laser-powered UAV relay systems. Raut et al. [9] investigated
a nonlinear energy harvesting (EH)-based UAV-assisted FD
relay network with infinite and finite blocklength codes,
where source UAV harvested energy transmitted from a
laser transmitter. The closed-form expression of block error
rate (BLER) was derived under the impacts of imperfect
channel state information (CSI). Agrawal et al. [10] analyzed
the average outage probability, BLER, and goodput of
reconfigurable intelligent surface (RIS)-assisted UAV-based
multiuser communication system with finite blocklength
codes and nonlinear EH of the ground user. Moreover, the
investigation harvested energy for the UAV-assisted infinite
blocklength communications have been studied in many
works such as [11], [12], [13], [14], and [15]. These works
stated that the harvested energy was enough for signal
transmission.

On the other hand, UAV-assisted short-packet communi-
cation (SPC) systems without energy harvesting have also
been considered in the literature. Particularly, Hu et al. [16]
studied the influence of SPC on the performance of
UAV-enable cognitive networks. The authors formulated
the optimization problem for maximizing the energy effi-
ciency under the constraints of packet error rate, spectrum
sensing duration and threshold, and the transmit power of
the UAV. Basnayaka et al. [17] studied the age of information
of an URLLC-enable UAV wireless network by deriving
the closed-form expression of this performance metric.
Yuan et al. [18] derived the closed-form expression of BLER
and applied both bisection search and one-dimensional search
algorithm to maximize the energy efficiency of the UAV
in a UAV-assisted URLLC between a base station and a
user. The usage of short packets for remote control of the
UAV was considered in [19], [20], and [22]. The authors
derived closed-form expressions of the average packet
error probability (APEP) and throughput of these systems.
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Ranjha et al. [21] performed passive beamforming of RIS
antenna elements and nonlinear nonconvex optimization
to minimize the overall decoding error rate and find the
optimal UAV’s position and blocklength. From Table 1,
we see that most of the above UAV-assisted SPC systems
utilized orthogonal multiple access (OMA) schemes and
did not use the energy harvesting technique. Only several
works applied simultaneous wireless information and power
transfer (SWIPT) to the UAV. However, SWIPT may not be
an efficient EH technique for UAV-assisted communication
systems.

Presently, incorporating the NOMA technique into SPC
helps to improve the spectral efficiency of finite block-
length transmissions. Specifically, Yao et al. [23] proposed
a join decoding for downlink NOMA systems with finite
blocklength transmissions. Le et al. [24] studied an uplink
NOMA wireless system with SPC under channel estimation
errors and residual transceiver hardware impairments. The
authors provided the average BLER in the finite blocklength
regime, then formulated a maximum throughput optimiza-
tion problem subject to the packet length. Comparisons
between NOMA-SPC and OMA-SPC were also presented.
Tran et al. [25] investigated a multi-user downlink MIMO-
NOMA system with SPC. For evaluating the system perfor-
mance, the authors derived the asymptotic and approximate
closed-form expressions of the average BLER. Vu et al. [26]
studied the performance of IRS-aided short-packet NOMA
systems under perfect and imperfect SIC by deriving the
closed-form approximated expressions of BLER with random
and optimal phase shifts. Yin et al. [27] proposed a packet
re-management framework for a cooperative NOMA scheme
for SPC and gave a linear searching method to solve the
problem of minimizing power consumption. It is worth
noticing that the NOMA-SPC systems in [23], [24], [25],
[26], and [27] did not consider the usage of UAVs despite
of the advantages of using UAV such as high mobility and
versatility. Additionally, energy charging for the UAV using
a power beacon was also not considered in the above works.
The main reason for these matters is the extreme difficulty
in obtaining the closed-form mathematical expressions of
the BLER and throughput of the EH-enable UAV-assisted
NOMA-SPC system over Rician channels. Furthermore,
since the UAV’s propulsion energy is much higher than the
UAV’s communication energy in practice, the issue of com-
patibility between them occurs. On the other hand, utilizing
the propulsion energy of a UAV for communication might
introduce fluctuations in the signals. Moreover, using the
energy of a UAV for information transmission would further
drain the battery, reducing its operational time. To overcome
these limitations, we mathematically study a UAV-assisted
NOMA relay system where a UAV harvests energy from
a power beacon to support short-packet transmissions over
Rician channels. The main contributions of this paper are
summarized as follows:

IPL s the log-distance path-loss, defined in detail in [1].
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TABLE 1. Literature review on some related UAV-assited SPC systems.

Ref. Channel Model Access Scheme Energy Harvesting Role of UAV ~ Packet Type  Evaluating Metrics
[4] PL OMA Yes Relay Finite BLER
9] Rician OMA Yes Source Finite BLER, Throughput
[10] Rayleigh OMA Yes Source Finite BLER, Throughput
[16] PL OMA No Source Finite Energy Efficiency
[17] PL, Rician OMA No Relay Finite Age of Information
[18] PL, Rayleigh OMA No Relay Finite BLER
[19] PL OMA No User Finite Rate
[20] PL OMA No User Finite BLER
[21] PL, Rician OMA No Relay Finite BLER
Our work PL, Rician NOMA Yes Relay Finite BLER, Throughput

« Unlike previous works which studied UAV-SPC systems
without NOMA [4], [9], [10], [16], [17], [18], [19],
[20], [21] or NOMA-SPC systems without UAV and
EH [23], [24], [25], [26], [27], we fill these research gaps
by investigating a UAV-assisted NOMA relay system,
where an EH-enable UAV employs NOMA technique to
forward finite blocklength packets from a source to two
destinations (now called the UAV-NOMA-SPC system).

o« We first derive the signal-to-interference-plus-noise
ratio (SINR) expressions corresponding to the light-
of-sight (LoS) and NLoS communications. Based on
these SINR expressions, we provide the closed-form
expressions of the performance in terms of the BLER
and throughput of the considered UAV-assisted NOMA
relay system with finite packet size. For practical UAV-
assisted communications, we investigate the system
performance over Rician fading channel and different
urban environments.

o We extensively study the effects of energy harvesting
duration, environments, the number of training bits,
the 3D trajectory of the UAV, the Rician factor,
and blocklength on the BLERs and throughput of
the considered UAV-NOMA-SPC system. We show
that the best system performance can be obtained by
determining the appropriate energy harvesting duration,
UAV coordinate, the number of training bits, and power
allocation coefficient. The comparisons between the
BLERs of the UAV-NOMA-SPC and UAV-OMA-SPC
systems are also provided to show the advantage of the
considered system.

The remainder of this paper is structured as follows.
Section II describes the system model. Section III presents
the mathematical analysis of the BLER and the throughput.
The main results and relevant discussions are given in detail
in Section IV. Finally, Section V concludes the paper.

Notation: a represents a vector while ||a| is the Euclidean
norm of a. [---]7 denotes the transpose of [---]. fx(x)
and Fx(x) refer to the probability density function (PDF)
and the cumulative distribution function (CDF) of a random
variable X, respectively; || - |> means the Frobenius norm; the
expectation operator is E[-].

Il. SYSTEM MODEL
Fig. 1 illustrates the wireless-powered UAV-NOMA-SPC
system considered in this paper. It consists of four nodes:
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FIGURE 1. lllustration of a power beacon-based energy harvesting
UAV-assisted NOMA relay system for short-packet communications.

a source node (S) as a controlling station, two destinations
(D1 and D3), aUAV as an air relay (AR), and a power beacon
(PB). It is assumed that the direct links between S and D;
are unavailable due to mountains or high-rise buildings. Thus,
the communication between S and D; is assisted by the UAV
operating as a decode-and-forward (DF) relay. Moreover,
the power for S and D; come from a fixed power source,
while the operating energy of the UAV is harvested from
the PB [4]. Without loss of generality, we assume that S,
PB, and D; are located on a horizontal plane and the UAV
hovers above them. Specifically, the locations of all nodes are
ws = S(xs, s, 0), wp = PB(xp, ¥p, 0), wi = D1(Xw;, Y, 0),
w2 = D2(Xy,, Yw,, 0), and UAV (x,, y,, H). In this paper, the
flying time of the UAV from the initial point g; = (x7, y;, H)
to the final point gr = (xf, yr, H) is T, and it is divided
into N sub-timeslots, i.e., each incremental time of UAV is
8 = ]% The location of the UAV at the nth time slot is
expressed as UAV g[n] = (x,[n], yu[n], H),n € {1,--- ,N}.
The distance between PB and UAV at the nth time slot

is d, = \/||q[n] — wpll? + v8; + H? while the distance

between UAV and D; is d; = \/||q[n] — wil|2 +vé; + H2.
The sub-timeslot is formulated as §; = M, where
v is the velocity of UAV. When n = 1, the UAV stays right
above S; when n = N, the UAV stays right above D;. The
incremental distance during each sub-timeslot §; must satisfy
llgln+1]1—qln] ||2 < v4; so that the location of UAV is almost
unchanged during each sub-timeslot.

A. CHANNEL MODEL
The wireless channels are modeled by two kinds of fading,
i.e., large-scale fading and small-scale fading. The large-scale
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fading depends on the distance between transmitter and
receiver and the path loss of the propagation environment.
The amplitude of small-scale fading is fixed in one symbol
duration but may be changed randomly over the next symbol.
We denote the large-scale fading between S and the UAV
as Li[n] = m’ and from the UAV to D; as

Lgln] = m, and the distance between the PB

and the UAV as £,[n] where S refers

_ Bo

= (glnl=wp 2 +H?)*°
to the channel gain at the reference distance dy = 1 m [28]
and a(fy) = [a(F) — a(0)]n + «(0), £ € {S,PB,D;}
represents the path-loss coefficient from the UAV to ground
users, 0 < n < 1 is an additional attenuation factor to show
the relationship between the LoS probability and the elevation
angle of the UAV and ground terminals. The probabilities of
LoS and NLoS links are, respectively, characterized as [29]

1 —C

Pros(0¢) = c1 — oG ()
¢ —C3
1+ (152)
Pnros(Be) = 1 — Pros(6p), (2)
where 6, = er—ovarcsin(g—[); cx with k € {1,---,5} are

constants, which depend on the types of urban environments.
Their empirical values are presented in Table 2.

TABLE 2. Parameters for LoS probability calculation [29].

Environment c1 [ c3 cq cs5

Suburban 101.6 0 0 3.25 1.241
Urban 1200 0 0 2430 1.229
Dense urban 187.3 0 0 82.10 1.478

Obviously, the altitude of the UAV influences the quality of
signal propagation from ground users to the UAV, i.e., the LoS
probability between ground users and the UAV depends on ;.
In particular, larger 6, (which also means higher altitude of
the UAV) leads to higher LoS probability; however, the path
losses of wireless links also increase.

Due to the effects of LoS connections and multi-path
scattering at ground users, the fluctuation of small-scale
fading can be modeled by Rician distribution [31]. Let us
denote hy, hp, hg, as the small-scale fading coefficients
between S and UAV, PB and UAV, UAV and D;, respectively.
These are modeled as

K, . 1
he = | é? + | CN(0, a?), 3
¢ K4+1U€ + Kg-f-lN( oy) (3)

where the first term represents the specular path arriving with
uniform phase ¢ and the second term refers to the aggregation
of large numbers of reflected and scattered paths, which

is independent of ¢; Ky = % is the Rician factor

defined as the ratio of the power in the LoS component
to the power in the multipath scatters [17], and CN(0, (732)

ZAs reported in [30], an A2G channel with perfect LoS probability can be
achieved when the UAV altitude is larger than 40 m in the rural macrocell
(RMa) scenario.
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is the random scattering component, which is a circularly
symmetric complex Gaussian (CSCG) random variable with
zero mean and unit variance. Note that K, only represents
the possibility of having LoS communications in small-scale
fading but does not include the path loss in large-scale fading.
The probability distribution function (PDF) of Ay is

(K¢ + e Ke (K¢ + 1)x
) P ( Y )
l L

y 10(2 /—Kf(Ki+ l)x),x >0, @
¥4

where Iy(-) denotes the zero-order modified Bessel function
of the first kind, Ay = IE|h|* is the average channel
gain of small-scale fading. Without loss of generality, the
average channel gain of the system under the effects of
both large-scale and small-scale fading can be presented as
fze = wh¢|Ly¢[n]|, where w is an additional attenuation
factor caused by the LoS or NLoS communications in large-
scale fading. Notably, o = 1 for LoS communication and
0 < w < 1 for NLoS communication [32]. This means that
the average channel gains corresponding to LoS and NLoS
communications between ground terminals and the UAV are
given by [33]

o _ I (1—p)Q  LoS link,

Sinep ) =

- . Q)
(1l — p)Q2¢ NLoS link,

where 0 < p < 1 reflects the impact of moving speed of the
UAV [9], [34], [35]. In the case of uniform scattering, p can be
calculated as p = Jy (%), where f, is the carrier frequency,
c is the speed of light, ry is the symbol rate, and Jy(-) is the
for zeroth order Bessel function of the first kind. We can
see that p affects the average channel gain, i.e., a larger p
means the velocity v of the UAV is higher, leading to a smaller
average channel gain. It is also assumed that the Doppler
effect caused by the UAV mobility is perfectly compensated
at the receivers [36], and the coherence time of a signal over
a channel use is perfect.

Therefore, under the effects of both large-scale and small-
scale fading, the channel between PB and UAV is h,, =
Lp[n]hy, between S and UAV is hy, = L[n]hg and from UAV
to D; is hyy, = Ly[nlhg;.

B. ENERGY HARVESTING AND COMMUNICATION MODEL
Regarding the energy harvesting process, the interval «
of each transmit symbol period is used to harvest energy
from PB. During this duration, the UAV harvests energy
transmitted from PB by using time switching (TS) protocol.?
Thus, the harvested energy at the UAV in m channel use (cu)
is [14], [37], and [38]

Ex = kmPp|hyy €, (©6)

31n the TS model, higher SNR can be achieved at the cost of shorter
blocklength for data transmission [9].
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where Py, is the transmit power of PB and £ denotes the energy
conversion efficiency at the UAV. Since the UAV operates in
half-duplex (HD) mode, the transmit power of the UAV is

2kcmgP
= Ay, with A = ZemsPy g
1—« 1—«

_ 2kmEPyhp,|*

r =

During the remaining symbol period, S transmits control
signals to D; in HD mode, i.e., S sends data blocks with the
sizes of m(1 — «)/2 symbol to the UAV in the first phase;
then the UAV forwards the control signals to D1 and D> over
remaining m(1 —«)/2 symbol. For the transmission of control
signals, the number of codewords needs to be small to satisfy
low latency. Thus, the length of the transmitted packet is
finite. This setting is suitable for the communications and
controls of coastal ships using finite blocklength codes.*

For the power-domain NOMA technique, in the first phase,
S superposes x; and xp according to the power allocation
coefficients a; and as, respectively, i.e, xgs = /a;Psx; +
JarPsx», a1 < ap and a; + ap = 1, where Py is the transmit
power of S. Consequently, the received signal at the UAV is

yu = ha(VaiPsx1 + v/ aaPsx2) + wy, (®)

where w, = CN(0, 05) is the additive white Gaussian noise
(AWGN) with zero mean and standard variance of 012] at
the UAV. The signal x; is first decoded at the UAV and
treated x; as noise, then the UAV decodes x| by applying SIC
technique to subtract x;. Thus, the signal-to-interference plus
noise ratios (SINRs) of x; and x; in the case of perfect SIC
are, respectively, expressed as

2
X2 azPy|hgu
VAR= — 55 9
AR a1P5|hsu|2 + U/%R
a1 Pylhy|?
Vak = —5— (10)
OAR

In the second phase, the UAV re-superimposes x; and
Xy according to the power coefficients a; and ay, respectively,
i.e., xy = /a1 P,X ++/aP,%>. Thus, the received signals at
both Dy and D are, respectively, given by

D, = hua,(V a1Prx1 + v/ a2Pr32) + wp,, (11)
YD, = hua,(v/a1PrX1 + v/ asPrx2) + wp,, (12)

where wp, = CN(0, O’lz)i) is the AWGN at D; and P, is the
transmit power of the UAV given in (7).

D, decodes x; by considering x; as noise, while Dy first
decodes x> and then xj. Therefore, the SINR of x; at Dy is
expressed as in (13)

H_ @Prlhg
YD, =

(13)

a1 Py |hyg, |2 + 0'51

4Since the packet size is M (information bits) and the number of channel
use is m, the data rate of short packet transmission is Ry = Mj/m in
(bit/s/Hz).
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After D) performs SIC successfully on x;, the SINRs of
X1 at D and x; at D, are, respectively, given by

4 aPrlhug, |

= "1 14)
D 2 ’ (

1 a3

A P.lh 2
Vgi — ar Py udzl (15)

a1 Pr|hya, |2 + ng

Ill. PERFORMANCE ANALYSIS

A. BACKGROUNDS ON BLOCKLENGTH ERROR RATE

In conventional channel coding theorem, the error probability
of the communication system is often investigated with the
infinite blocklength. However, in practice, the system’s data
rate may be limited due to fixed finite blocklength to ensure
target error probability. According to [39], the data rate r; of
finite blocklength m is approximated as’

V(V:)

log, m
rim, i, ) ~ Cv) — 27,

20 @)+ 0( ===
(16)

where C(y;)) = logy(1 + y;) is the Shannon capacity,
Viy)=(1- a +ly 7 )(log, e)2 refers to the channel dispersion,
measured in squared information units per channel use,
which represents the variation of channel compared with
deterministic channel for the same capacity, ¢; is the expected
error probability, Q~!(-) is the inverse Gaussian Q-function
0() = 5 [ exp(—5)dr, and O(™*%™) is the remainder

term of order °2™  Since the blocklength® is large enough,

i.e., m > 100 as given in [39], from (16), we can rewrite the
instantaneous BLER as

&~ 0 ((Cw = /N V(yd/m). a7

Let d)x‘ be the event that decodlng error of x; occurs at node
Ae {UAV D1, D>} and (b is the complement of ¢> . From
(9) and (10), the instantaneous BLER when decoding X at
the UAV is calculated as

xz ,\,Q(

Clyy)—n ) (18)

V Vi) /m(l =)

where yzjz is given in (9) and r» = 2M /m(1 — k) with M
is the total number of bits of x,. After the UAV decodes and
removes x> in (8) successfully, the instantaneous BLER when
decoding x| at the UAV is

Pr(¢y) =

Clyy) —n )

)= it A
A (‘/V(y;?)/m(l )

where yl)jl is given in (10) and ri = 2M/m(1 — k) with
M is the number of bits of user Dj. On the other hand, the

Pr(¢ L |d (19)

5Considering channel coding is out-of-scope of this paper.

0The blocklength m of a block code is the number of symbols in a block.
Hence, the elements ¢ of a block code is finite and nonempty, which is strings
of length m and correspond to blocks. If ¢ = C(n) for a message n, then ¢ is
called as the codeword of n.
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UAV can decode x; in the condition of SIC error at x, i.e.,
Pr(¢,k|#)%)- Thus, the probability of error decoding x; at the
UAV is expressed as

Pr(¢) ) = Pr(¢) k¢ %) Pr(¢)%) + Pr(¢ L 6)%) Pr(d%),
(20)

where Pr(¢%|¢)%) is the conditional probability of ¢' for a
given ¢%. Due to the high interference level from x, when
decoding x;, we have Pr(¢)r|¢,%) ~ 1. From (20), the total
BLER when detecting x; at the UAV is calculated as

€k =1 X €4 + €4l — €47)

= €ar + €Ak ~ €ar€aR ~ €ar T €ar (2D
Note that in (21), the error in URLLC usually small, ranging
from 1073 to 107, Therefore, the term ej‘Reﬁe — 0 and can
be ignored.

Since the UAV utilizes DF protocol, after receiving the
superposed signal, D, detects x, directly and D; applies SIC
on x» to obtain x;. Thus, it is assumed that D; cannot detect
x; if the UAV cannot detect it, i.e., Pr(¢gi |¢gx) = 1. Thus,
the BLER when decoding x; at Dy and decoding x; at D; are,
respectively, given by

Pr(¢p, ) = & + Pr(@p)) + Pr(¢), |655,) Pr(¢p)

Erg T €p, + Py 167). (22)

Pr(¢y})) = Pr(¢p, [d)%) Pr(dk) + Pr(d, |6,5) Pr(dik)
=1 x Pr(¢) + Pr(¢py, [¢:2)(1 — Pr(¢z)). (23)

From (22), the instantancous BLER of x; at D; can be
calculated as

~X1

_ X1 X2 X1
ED[ _GAR+6D1 +€Dl’ (24)

and from (23), the instantaneous BLER of x, at D, can be
computed as

G =artepl—ep)~erten, (25
(COp2)—r) (COop—r)

X2~
whereeD1 ~ Q(

X1~
ty—t )’eDl ~ Q(;—
Viyp, )/m(1—k) V(yph)/m(1—k)

CH-m) N\ - .
and elx)zz ~ Q(#), €, and €% are, respectively,
V53 m(1=i)

given in (21) and (18).

B. AVERAGE BLER IN FINITE BLOCKLENGTH REGIME
From (17), the average BLER at each node can be presented
as

- / o C(yi) —ri
a~ [ o(Sn
0 v V() /m(l — k)
where f,,(x) denotes the PDF of the random variable y;.

Since it is challenging to derive the exact closed-form
expression of (26), we apply the approximate Q-function to

Jrudx.  26)
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solve (26) as similar to [25], [40], [41], and [42], i.e.,

1, Vi = pL
Q(C(Vi)_ri): OS_X.(V._-[-) oL <Vi<p
vV (yi)/m . R
0, Yi = PH

27

where x; = 27 (2% — 1)/m(1 — k)]~ V2, ;=2 — 1, pp =
7, —1/2x:), and pg = 7 + 1/2x5).
From (26) and (27), we can rewrite the average BLER as

. oH
€i(2) ~ Xi/
oL

where F,q,(x|€2¢) is the conditional CDF of y;. To obtain
the closed-form of BLER, we first derive F, o, (x|€2¢), which
depends on the SINRs. The CDFs of these SINRs are given
in detail in Appendix.

Replacing the CDFs from (47) and (48) into (28), the
average BLERS can be given by the following Propositions.

Proposition 1: From (21) and (28), the closed-form
expression of the average BLERSs of x| at the UAV is

Fyj, (x1Q0)dx, (28)

~X] ~ (=X2 =X]
E{esr} = (€4r 1os + €4 Los)PLoS

+ (EXZR,NL()S + é;;lR’NLos)PNLoSa (29)
and from (18), (27) and (28) the closed-form expression of
the average BLERS of x, at the UAV is

X —x —x
E{exz} = €ak 1osPLos T €ak nposPNLoS (30)

where & and &2 are, respectivel iven in
AR,LoS AR,LoS > p y. &
Chebyshev-Gauss approximation’ as

Lmax 1 N 2
_ 77;31 n (K + Duo n
=1 (i)
€AR,LoS X2 ZZ(; ; MZ_%) N \QqPs(ar — aju)

K + Duo?
xexp (- ﬂ)m 31)
QeuPs(ay — ayu)

Lnar LN 280 (K + Duo2yn
_x| . _ N R
S = 1= 10, > > T (S5 ok

=0 n=0 u=0 o

2
xexp(—m) /1_1//2’ (32)
Qg Psay

where u = 2L7LLy 4 PHELL oy = cos W s Lipax €
{1, oo}, and N is the number of terms in Chebyshev-Gauss
quadrature. To obtain EXR, NLos» We only replace €2, by w2
from (5) into (31) and (32). It is also used in [32, Eq. (7)].

To calculate éfﬁe, Los and gfée, NLos» We replace (47) into
(28) and then use the Chebyshev-Gauss approximation.
Moreover, we use (48) to calculate EXIR’ Los- Note that, when
calculating the detecting error of x; at the UAV, the SIC error
of xp should be considered, as given in (21).

"The Chebyshev-Gauss quadrature is an effective approximation method
to calculate the integration of a function f(x) over an interval (a, b), i.e.,

b b—a N T 2r b—a b+a
[ fede ~ 2593 T /1 —y2f(x;), where x; = 259y, + 24y, =
i=1

2

cos( é&l ).
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Remark 1: Equations (31) and (32) indicate that the
BLERs of x1 and x, at the UAV depend on the size m(1 — k)
of data block over S—UAV link, the average channel gain
Qsu, and the power allocation coefficients a;, a;. When u >
az /a 1, the upper bound of the BLER of x, at the UAV is
& LoS/NLos = -

Proposition 2: From (21) and (24),
expression of the average BLER at D is

the closed-form

~e2e
E{é5,) = Eak Los T €ar.Los T €D, Los T €D, Los)PLoS

+ Exknros + Ear NLos T €D1 NLoS
+ €, NLos)PNLoS (33)
and from (25) the average BLER at D> is

Efép e} ~ (Eak Los + 61)2 Los)PLos
+ (GAR,NL()S + 6Dz,NL()S)PNLOS’ (34)

where €1 ¢ /vros a0d €8’ 5 /np0s Are given in Proposition 1.
The closed-form expressions of EIXle LoS» Elx)'l Los» and Egzz’ oS
are given in (35), (36) and (37), as shown at the bottom of next
the page, respectively. To obtain &5 ; ¢, €p yros» and
Egz,NLoS’ we only replace €2y by w2, from (5) into (35), (36)
and (37),

where V() = —“— A =

ay—au’
u= @w + w, Y= cos(%), Lyax € {1, 00},
and Jyqx € {1, 00}.

To obtain (35), (36), and (37), we replace (57), (59), and
(61), as shown at the top of page 13, into (28), respectively,
and then do some manipulations. In contrast, after replacing
(58), (60) and (62), as shown at the top of page 13, into (28)
we obtain €f)2| NLoS" €g] NLos»and Egzz’ NLos> Tespectively. Note
that when considering the BLER at D;, we must investigate
the error at the UAV transferred to D;.

Remark 2: Equations (33) and (34) show that the BLER
at D; is a function of the transmit power of PB, the average
channel gain Qyp,, the blocklength m(1 — k) over UAV —
D;, link. When u > ay/ay, the upper bounds of the BLERs
of x, at D1 and D, are, respectively, Egzl! LoS/NLoS = 1 and

2k mé Py, _ K!
T P = e

& =1
D;,LoS/NLoS — **

C. ASYMPTOTIC EXPRESSION OF THE AVERAGE BLER

For insights into the impacts of system parameters on the
BLER performance, we present the asymptotic of the average
BLER. As mentioned in [25], the integral in (28) can be
appr0x1mated by using the first-order Riemann integral, i.e.,
f fx)dx = (b —af (“HJ ). Thus, we can rewrite the average
BLER as

- +
&(@0) ~ xten — poFyia (5 R). G8)

where x;, py, and pp are given in (27). After replacing py
and py into (38), the BLER can be written as

€i(S20) & Fy;j,(TilQ20), (39)

where 7; = 2" — 1. Since t; is small enough and
ap is much larger than a;, we can present the series of
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& =>> =0 = lliﬂx and the approximate of the BLERs at

the UAV as

Lipax | Npax (—1)“[3

Eios ¥ 1= 22,2

(K+Driok  \"TH
M\ Qg Ps(az—a17)

9

=0 n=0 u=0 M!
(40)
R (- 1)“/31 w (K + Drodyntn
GARIﬂSwl_ZZZ ( Qg Psa ) .
[=0 n=0 u=0
(4D)

For calculating the BLERs of UAV-D; link, we replace
7; by x into the CDFs in (57), (59) and (61). Similar to
Proposition 1, we replace 2, by w2, to obtain the BLER
at D; in NLoS condition.

Remark 3: From (40) and (41), we can get the diversity

. logz(GAR LoS)
order at the UAV, d = Plgnoo “Tog,(Py)

BLERs at D; given in (35), (36) and (37) do not depend on P;.
In contrast, since the transmit power of the UAV is harvested
from PB, the BLERSs at D; are constants that depend on Pj,.

= 1. Moreover, the

IV. THROUGHPUT ANALYSIS

When the blocklength is very large, the ergodic capacity
is always used as an evaluating metric. In contrast, if the
blocklength is short, the throughput will be used instead of
the ergodic capacity. In this section, we derive the throughput
of the investigated NOMA-UAV-SPC system. The throughput
of a short-packet communication system is defined as the
number of successfully decoded packets per second [39].
Throughput measures the efficiency and effectiveness of the
data processing in the considered system. As the block error
rate increases, the throughput tends to decrease or vice versa.
For a given size M = M; + M, bits propagated over m
channels with error probability €, the throughput is calculated
as [10]

-M,

M,
B M rill = &5 (I_M)r‘(l €.
(42)

where Mj is the number of information bits, M, is the number
of training bits, and €e2e is the average BLER given (33) and
(34).

For the investigated UAV-NOMA-SPC system, the total
throughput is computed as

™(M,) = ngle + tf)ie
M 2 2
_ (1 - ﬁ)[rl(l — e+ n( -] @3)

It is noted that, for a fixed size of information data, increasing
M, will reduce the rate (M — M,)/M, which then improves
the system throughput. However, a larger M, leads to less
spectrum efficiency, i.e., the number of information bits is
decreased over the same channel uses. On the other hand,
reducing the number of information bits, in turn, reduces the
throughput. Hence, there is a trade-off between the number
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TABLE 3. System parameters used for simulations.

[ Parameter [ Value
H, 8o 5m ~ 550 m, 20 dB
ai, a2, K, p 0.6,0.4,0.4,0.85
a(5). (0). o7, 03, 235 1W,1W
Py, v 100 W, 10 m/s

of information bits and the number of training bits that
maximizes the system throughput.

V. NUMERICAL RESULTS

In this section, we provide the analytical and simulation
results of the average BLER and throughput of the considered
NOMA-UAV relay system to evaluate the performance of the
investigated system and validate the analytical expressions
of BLER and throughput in the previous sections. We use
10 x 2'* independent trials for Monte-Carlo simulations.
Since the LoS links dominate the reflection and scattering
links, the Rician factor K is integer [43]. Unless otherwise
stated, we let the number of transmitted bits M = 256 and
M = 128, the packet length m = 200. The locations of all
nodes are set as follows: S(—300, 0, 0), PB(—100, —100, 0),
D1(200, 0, 0), D»(250, 100, 0), the starting location of the
UAV is g; = (=200, 0, 150) and the ending location of the
UAV is gr = (200, 0, 150). The coefficients for different
urban environments are given in Table 2. Unless otherwise
indicated in the figures, parameter settings are presented in
Table 3. For achieving the BLERSs threshold of the system,

K=1,P =100 W

2¢ o
101 O e -Sim
M = 256 bits; m = 200 o (ng - Sim
Exact - Ana
2 - - - - Asymptotic
o 10 - E
| Proposition 2
|
m
)
)] ud2
103 ‘b2
) —
>
< / »8 A A A A A_
. X
107 ¢
ud1
‘D1 Proposition 1

0 5 10 15 20 25 30 35 40
SNR (dB)

FIGURE 2. Average BLERs of x; and x, at the UAV and D; and D, versus
the SNR; K = 1, © = 0.7, and m = 200.

Fig. 2 plots the average BLERs of x; and x; at the UAV
using Proposition 1 and the average BLERs of x1 and x at
D; and D, using Proposition 2. Moreover, the BLERs of
UAV-D; and UAV-D; channels are also given. As observed
from Fig. 2, the BLERs of UAV-D; and UAV-D; channels
do not change with the SNR because the transmit power at
the UAV is fixed. In contrast, the BLERS of x; and x; at the
UAV decrease with the increase of the SNR. In contrast, the
BLERs of the average BLERs of x; and x» at D and D,
(Proposition 2) are first decreased as the SNR increases and
then are saturated as the SNR becomes higher. This feature

we set SNR = 30 dB [14], [22] and the UAV velocity is because the errors of the first hop are transferred to the
v =10 m/s. second hop, i.e., the end-to-end BLERs are the cumulative
o Lyax 1 Jimax ﬂl,n K(K + 1) JiK+1 N T (K + I)Ugl\y(lft) n
Baes =102, 2 > L (MR I S 2 (R AR
1=0 n=0 j=0 V' bu bu =0 ud)
2 nt1 2 2 (K+1)0B W)
op Qpy JT K+1 \l/(u)aD s
x 2( ! ‘-If(u)) K 1(2 —‘)e S 12, (35)
AQyuq, il AN RO
Linax 1 Jmax (K+1 )M(le)
Bas =101 >, > > L (KEEDy RS z (Kot Dus yr it
Di.LoS 2\ Q Qpuek AQuq, a1
=0 n=0 j=0 -0
UG 2 Qpy =t (K + 1)2uc?
x2(—) T Kt (2 e W - 2 (36)
AQyq,a1 A2y, Qpuay
L 1 J
- oy o KK+ DVK+1 (K + Do} n
a1 { (e ow)
€D,,LoS = X2 Z Z Z (]y)2 Qb Qbuek Z AQMdz ()
=0 n=0 j=0 =0
2 j—n+1 2 (K+I)GD
Qpu 1 (K + 1)%o P2y
D 2 D AQ
x 2( 2y (u )) Ki_ 1(2\/—2\11@1))@ ar 01— 2, (37)
AQuq, ot AN RO
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FIGURE 3. Average BLERs of x; and x, at D; and D, versus the SNR for
different K; » = 0.7, m = 200, urban environment.
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FIGURE 4. Average BLERs of x; and x, at D; and D, versus the UAV's
altitude H for different urban environments; K = 1, » = 0.7, and m = 200.

errors at UAV and D;. In addition, the error of x; at D is lower
than that of xp at D, because D detects x| after performing
SIC on x», i.e., without interference, while D, detects x; by
considering x; as the interference. Finally, the approximate
and simulation results closely match the exact ones.

Fig. 3 demonstrates the average BLER of x; and x; at
Dy and D5 versus the SNR for different values of Rice factor
K. Firstly, we can see that the average BLERs decrease
when K increases because increasing K makes the LoS
probabilities higher. Secondly, these average BLERSs linearly
reduce when SNR < 25 dB, and then the floor in the high
SNR regime. The reason behind this feature is that there
always exist interferences among signals in power-domain
NOMA systems that limit the system performance. Similar
behaviors were also mentioned in [3] and [8]. Moreover, the
BLER of x; at D; is lower than that of x, at D, because the
duration for detecting x; only takes one time slot.

Fig. 4 shows the average BLERs of x; and x; at D; and
D, versus the altitude H of the UAV for different urban
environments and Rice factor K with SNR = 30 dB, P, =
100 W, packet size M = 256 bits, and blocklength m = 200.
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FIGURE 5. Average BLERs of x; and x, at D; and D, versus xy, for
different urban environments and locations of PB; K = 1, M = 256,
m =200, and » = 0.7.

When the altitude of the UAV is low (i.e., H = 5 m),
the path-loss is high because the signal propagation on the
ground is affected by severe blockages, «(0) = 3.5, and
Pr,5(0) = 0. When H increases, the BLERs decrease to the
minimum value and then increase. It implies that there are the
optimal altitudes of the UAV that provide the lowest BLERs.
We observe that these minimum values are different and
depend on the urban environments. The reason behind this
feature is that when the altitude of the UAV becomes higher,
the LoS probability is also higher, which in turn improves the
channel gain. In contrast, a higher UAV’s altitude makes
the communication link longer, resulting in higher path loss.
On the other hand, the error at Dj is higher than that at
Dy because the SIC technique is applied at Dj, providing
interference-free at Di. Finally, the urban environment gives
similar BLERs as dense urban.

Fig. 5 depicts the average BLERs of x; and x, at
Dy and D, versus the location of the UAV for different
environments and locations of PB. As shown in Fig. 5, since
the path-loss of the urban environment is higher than that of
the suburban environment, the urban environment has worse
BLER performance. On the other hand, the BLER of x, at
D, is lower than that of x1 at Dj. It is because the detecting
error of x, impacts the BLER of x; at Dj, and the error
at the UAV is transferred to Dj. Moreover, the location of
PB greatly influences the minimal BLERSs. Particularly, for
[xp, yp] = [50, 0], the minimal BLER occurs at xy = 50
(m), while [x,, y,] = [100, 0], the minimal BLER happens
at xy = 100 (m). It means the best BLER performance
is achieved when the UAV is right above the PB, which is
reasonable because the distance between the PB and the UAV
is shortest, leading to the highest amount of harvested energy.
Moreover, there exists a location of the UAV that gives the
best BLER performance.

Fig. 6 presents the average BLERs of x| and x; at D and
D» versus the blocklength (the channel utilization) m with
the fixed number of training bits and information bits. For
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FIGURE 6. Average BLERs of x; and x, at D; and D, versus the
blocklength m for different K; M = 256 and @ = 0.7.
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FIGURE 7. Average BLERs of x; and x, at D; and D, versus the time
switching ratio « for different transmit power of PB, M = 256, K =1,
m = 200, and SNR = 20 dB.

comparison, we also give the BLER of the UAV-OMA-
SPC system. From Fig. 6, we see that the BLERs are
reduced as the blocklength gets larger. It means that, for
a fixed number of transmitted information bits, increasing
the number of channel utilization, i.e., reducing the number
of bits propagating over the channel, results in improved
BLER performance. However, it may reduce the spectrum
efficiency. Furthermore, increasing K means the LoS channel
gain is higher, thus improving BLER performance. Note that
when K = 0, the channel fading follows the Rayleigh
distribution. On the other hand, the BLER of the UAV-
NOMA-SPC system is better than that of the UAV-OMA-
SPC system because the system performance is linearly
proportional to the bandwidth usage.

Fig. 7 shows the average BLERSs of x| and x; at D; and
Dy versus the switching ratio « for different transmit power
of PB. From Fig. 7, we see that there exists the optimal
values Koy oOf «, which minimizes the average BLERs.
Moreover, different «,,, minimal BLERs can be achieved
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FIGURE 8. Average BLERs of x; and x, D; and D, versus LoS probability
in urban environment for different packet sizes; SNR =30dB, K = 1.

for different transmit power of PB. On the other hand, the
BLER performance of x1 at D is lower than that of x» at D;.
In addition, the energy harvesting time must be appropriately
determined to ensure enough time for signal processing.
Moreover, larger ¥ means the transmit power of PB is higher,
i.e., the signal processing time is shorter. In other words,
the signal processing time can be reduced for a fixed error
threshold when the transmit power is higher.

Fig. 8 illustrates the average BLERs of x; and x; at the
UAYV, Di, and D, versus the LoS probability for different
packet sizes, SNR = 30 dB and m = 200. Note that only
the channels used for actual data transmission are considered;
thus, the number of used channels for training is out of the
scope. As shown in Fig. 8, the BLERs decrease as the LoS
probability increases. Moreover, when @ = 1, the system
achieves ideal transmission as free-space communication,
and when w = 0, BLERs are almost equal to one. On the other
hand, the BLERs of x; are lower than those of x, because
the interference from x; impacts the signal detection of x.
Additionally, for the same number of used channels, the
BLERSs in the case of a small number of transmitted bits (i.e.,
M = 128) is better than in the case of a large number of
transmitted bits (i.e., M = 256).

Fig. 9 plots the throughput of D; and the whole system
versus the SNR in dB for different velocities of the UAV.
From Fig. 9, we see that the throughput of x; is higher
than that of x,, which means the possibility of successfully
detecting x; is higher. It is because x, is detected by
considering x; as interference, while x; is detected after
successfully performing SIC on x;. On the other hand,
the velocity of the UAV significantly affects the achieved
throughput. Specifically the throughput when the UAV is
stationary (v = 0) is better than the throughput when v = 20,
i.e., T = 12 bit/s/Hz versus T = 8 bit/s/Hz. Moreover, the
throughput is saturated in the high SNR region (i.e., SNR >
20 dB), confirming Remark 3, i.e., the system performance is
constrained by the transmit power of PB.
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FIGURE 9. Throughput of D; and the whole system versus the SNR
different velocities v of the UAV; M = 256, m = 200.
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FIGURE 10. Throughput of D; and whole system versus the number of
training bits for different data rates; SNR = 30 dB, M = 256.

Fig. 10 depicts the throughput of D; and the whole
system versus the number of training bits for different data
rates. As observed in Fig.10, higher data rate r leads to
better throughput for the same number of training bits M,.
In addition, a higher data rate needs more training bits, i.e.,
for the case r = 2, the maximal throughput is obtained at
80 training bits, while for the case » = 4, nearly 130 training
bits are needed to achieve the maximal throughput. Moreover,
the throughputs increase with M, to the maximal values and
then decrease as M, increases further. It is because for a given
bit stream, increasing the number of training bits reduces the
number of information bits, i.e., lower throughput. On the
other hand, lowering the number of training bits increases
the decoding error, i.e., lower system throughput. Further-
more, the analysis results are consistent with the simulation
results, confirming the correctness of the mathematical
analysis.

Fig. 11 depicts the throughputs versus the power allocation
for Dy, i.e., a; for fixed transmit power SNR = 30 dB and
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FIGURE 11. Throughput of D; and whole system versus the power
allocation coefficient (a;); SNR = 30 dB, M = 256, m = 200, r = 4.

data rate r = 4. It is noted that the power allocation for
Dy is a; = 1 — a;. When the power allocation coefficient
aj increases from 0.4 to 1, the sum throughput and throughput
of D, increase, reach the maximal value, and then reduce.
Meanwhile, the throughput of Dj continuously increases.
It is because higher a; (or lower a;) means more power is
allocated to D, leading to higher throughput. On the other
hand, we also see that the optimal system throughput is
obtained at a; = 0.7 and the balanced throughputs of D and
D, are achieved at a; ~ 0.63.

VI. CONCLUSION

In this paper, we have analyzed the performance of
the UAV-assisted NOMA relay system for SPC, where the
UAV harvested energy from a power beacon to support the
transmissions of finite blocklength packets from a source to
two destinations. The system performance in terms of BLER
and throughput over Rician fading channels was investigated.
Based on the approximate Chebyshev-Gauss quadrature and
the first-order Riemann integral, we obtained the closed-form
expressions of the BLERs of each hop and the whole path.
Simulation results verified all analytical results. The results
indicated that the optimal altitude of the UAV is H =~
100 m provided the best system BLERs. Moreover, the time
switching ratio energy harvesting k = 0.35 gave the smallest
BLER. The number of training bits was chosen in the range
80 < M, < 130 to maximize the throughput. The BLER of
the UAV-NOMA-SPC was compared with that of the UAV-
OMA-SPC systems, indicating that the UAV-NOMA-SPC
had lower BLERs. The considered system is suitable for
narrow-band systems in the cases the infrastructure systems
cannot be deployed, is overloaded, or broken. The considered
system can be applied to various IoT applications. For
example, in a smart traffic system, D can be a remote-control
car receiving control messages that usually contain a few
bytes but are time-critical. At the same time, D> can be
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a self-driving car receiving the confidential driving routes
from S. Moreover, the considered system model can be used
for an artillery targeting center controlling many artillery
units through a UAV.

APPENDIX

This appendix provides step-by-step derivations to obtain the
CDF of the SINR at each node with the Rician fading channel.
Since X has Rician distribution, after applying the first-order
Marcum Q-function, we have

Fx(x) = 1 — QI(V2K,2B:x), (44

where g; = & 'H with ©; = E{X} is the expected value of X.
Using [43, Eq (4 18)] and changing the zero-order modified
Bessel function into the series formulas, we obtain Fx (x) and

fx(x) as

oo 1
Fx(x)=1=)">"Bia(Bix)"exp(—pix),  (45)
=0 n=0
Bi 1 (K(K + Dx\/
[3pt1f () = S exp(— ﬁzx)z o (T) . (46)
where 8, , = %

From (5), (9), and (10), we have Fylle (x) and Fy;z (x) as

2

F o()=P Pr(|h P19 )
VUZ = I'LoS Su Ps(a2 — alx) w=1
A
)CUZ
2 R
+ Pazas Pr (Jhol? < 53— 1), @47)
Pg(az — arx)
I
2
2 Xop
Fy () = Pros Pr (s < == |01
Yu a1 Py
7
2
2 Xop
+ Puos Pr (hal? < =E1c1). (48)
a1 P

Iy

Applying (45) for (47) and (48), we have the CDFs of the
SNRs of x; and x; at the UAV in the cases of LoS and NLoS
communications and with the average power gain 2, given
in (5) as

oo I 2
K + Dxo2 \n __Ktheop
I1=1- Zzﬂl n( ( )xop ) e TuPsar—am |
=0 10 QquPs(az — arx)
49)
x ! 2 K+1)xo2
K+ Dxo n__ (K+bhxop
Iz = 1 _ZZ,B[,”( ( ) R )e a)Q_mPs(azquC)’
1=0 n=0 @25 Ps(azy — aix)
(50)
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(K + Dxogyn _ Kbk
Ti=1- ( ) DPral 51
3= ZZﬁzn QP (5D
= On 0
(K + Dxogyn _ Kok
Ta=1-— B ( ) gy (52)
§§ ot

Next, we calculate the CDFs for )/D’?Zl, ygll and ygi given

in (13), (14), and (15), respectively. From (13), we can
rewrite the CDF of yg‘; as

2

Fo()=P Pr(h 2\ [P < —— 21 =)
VD21( ) LoS | pu| | ud1| A(az—alx)lw 1

Is

2
)CO'Dl

Alay — arx) |w<1),
Zs

+ PnLos Pr (|hpu|2|hud1 |2 <

(53)

where A is presented in (7). R
From (14) and (15), we have the CDF of y[x,ll and the CDF

of yg‘; in the case of perfect SIC as

2
XO
D
o e = )
Aal

I

Fib 00 = Pros Pr (Il lhua|

2, 2 _ oD
o+ Poos Pr (I Py 2 < <2t < 1)),
Aai

g
(54)
b
Fi(x)=P P(h 2y < —— P2 :)
VDi(X) LoS kT |pu| | ud2| < A(az—alx)|w 1
Zy
Pniros Pr 1Ay hua, | X%,
T < — .
+ PNLos (| pu| | ud2| A(az—alx)|w<1)
Tio
(55)

Thanks to the fundamental of the conditional probability
given in [44, Chapter 4], we can rewrite Zs as

1 Cr *% d 56
5—/0 Py | (m)fh p()dy. (56)

Substituting (45) and (46) into (56), and then using
[45, Eq. (3. 471%)], we obtain the closed-form of Zs in the
case of LoS communication asin (57). Plugging €25, and £2,,4,
by w2, and w 2,4, into (57) we get Zg as in (58). These
expressions are shown at the top of the next page. Similar to
calculating for (53), we can derive the CDFs of yp, % and ygi
for (54) and (55).
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