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Abstract—This paper investigates the performance of downlink
rate-splitting multiple access (RSMA)-aided unmanned aerial
vehicle (UAV) communication systems, wherein a multi-antenna
UAV exploits RSMA to serve multiple ground users. Consider-
ing non-line-of-sight environments, double-shadowed scattering
channel modeling is adopted to generically characterize the
impacts of mobility and shadowing on UAV-to-ground communi-
cations, assuming imperfect successive interference cancellation
(SIC). Besides, a unified precoder design is proposed to fully
capture the benefits of multi-antenna paradigms. Closed-form
expressions for the users’ outage probability (OP) and ergodic
capacity are derived. In addition, asymptotic analysis is carried
out to get further insights into the system design, such as the
diversity gain and ergodic slope. Numerical results are presented,
and it is shown that: 1) the effects of double-shadowed scattering
on the system outage performance can be significantly reduced
by increasing the number of antennas installed at the UAV; 2) the
imperfect SIC error can be minimized by properly optimizing the
power allocation of the common stream; and 3) RSMA provides
superior users’ ergodic capacity compared to its orthogonal and
non-orthogonal multiple access counterparts.

Index Terms—Imperfect successive interference cancellation
(SIC), multiple-input single-output (MISO), rate-splitting multi-
ple access (RSMA), unmanned aerial vehicle (UAV).

I. INTRODUCTION

The rapid growth of the Internet-of-things (IoT) introduces
challenges for sixth-generation (6G) communication networks
[1], particularly in terms of spectral efficiency (SE) to sup-
port high data rates services (e.g., telesurgery, autonomous
vehicles, and metaverse). To this end, rate-splitting multiple
access (RSMA) has emerged as a powerful candidate [2]
by leveraging the advantages of linear/non-linear precoding
and power multiplexing schemes. Specifically, the transmitter
splits the message into common and private parts; the former
is encoded into a single or multiple common streams and
the latter is encoded separately. Thus, the receivers employ
successive interference cancellation (SIC) to separate the
common stream from the private streams, while the intended
private stream is decoded by treating the residual multi-
user interference as noise. In this way, RSMA outperforms
conventional multiple access schemes, such as space-division
multiple access (SDMA) and non-orthogonal multiple access

This work was supported by the Research Program through the National
Research Foundation of Korea under Grant NRF-2023R1A2C1003546.

(NOMA), by providing unique benefits, which include en-
hanced spectral, energy, and computation efficiency. Over the
last years, RSMA has been broadly studied in various multi-
antenna communication systems [3]-[5].

Unmanned aerial vehicle (UAV) communications have
gained a lot of interest in deploying IoT terrestrial networks
since they can provide rapid resiliency to network services
(i.e., disaster areas), offload the system in congested situations
(viz., urban), and fulfill varied requests (e.g., increased ubig-
uitous connectivity) [6]. Towards large-scale 10T, the interplay
between UAV and RSMA has been explored in different
systems. For multiple-input multiple-output (MIMO) systems,
UAV relied on RSMA to enhance reliability [7], while assum-
ing multiple-input single-output (MISO) systems, the works in
[8] jointly optimized the UAV location, the weighted precoder,
and the common rate tolerance to maximize the users’ sum
rate. For single-input single-output (SISO) systems, the au-
thors of [9] studied the users’ outage probability (OP) and
the throughput maximization. Further, the ergodic capacity
(EC) was evaluated in [10], and in [11] the ergodic sum rate
was maximized by jointly optimizing the UAV position, the
message power allocation (PA) factors, and the common rate.

It is worth noting that prior works [7]-[11] have mostly
focused on line-of-sight (LoS) transmission under the assump-
tion of highly stable mobility scenarios. Nevertheless, in prac-
tical environments, UAV-to-ground (U2G) communications
are typically hindered by large obstacles, resulting in non-
LoS (NLoS) phenomena. Also, due to the unstable movement
of the UAV and ground users, and/or changes in local ambient
scatterers, the wireless signal is often propagated by multiple
reflections, scattering, and diffraction, thereby producing a
double shadowing [12]. Although these phenomena are indeed
factual views, their overall impact remains untouched, which
impels us to undertake this work. In addition, from an informa-
tion theory perspective, finding an optimal precoder solution in
RSMA is a rather complicated task that has yet to be outlined
in the literature. To the best of the authors’ knowledge, most
of the existing works primarily adopted RSMA for single-
antenna UAV transmissions, which limits the outstanding
benefits of the precoder design to multi-antenna systems.
Consequently, inter-user interference cannot be alleviated and
the system’s performance quality, therefore, is considerably
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deteriorated. Moreover, to guide system designers to gain
some practical insights, it is necessary to study the impact
of non-ideal SIC receivers.

To fulfill the above research gap, this paper investigates the
performance of downlink RSMA-aided U2G communication
systems by modeling practical double-shadowing scenarios
and non-ideal SIC receiver designs. To simultaneously serve
multiple users while fully exploiting the benefits of multi-
antenna UAV transmission, the proposed precoder design is
formulated in closed-form. Moreover, it is derived the closed-
form expressions for the joint probability density functions
(PDFs) of the double multipath scattering channels, the dou-
ble shadowing channels, and the double-shadowed scattering
ones. Besides, the moment-generating function (MGF) for the
Frobenius norm of the double-shadowed scattering channel is
also deduced in closed-form. Based on this, the exact single-
integral formulation and the approximated closed-form ones
for users’ OP and EC are derived. Aiming to guide some
technical insights, the asymptotic analyses are also carried out
at high signal-to-noise ratio (SNR), wherein users’ diversity
gain and ergodic slope are deduced. Numerical results are
presented to corroborate our derived theoretical analyses and
reveal that: 1) the higher number of antenna settings at the
UAV yields a lower OP for users; 2) optimizing the PA
coefficient for the common message streams can minimize the
effect of imperfect SIC on the users’ OP; and 3) the users’
ECs obtained from RSMA are almost twice those of NOMA
and orthogonal multiple access (OMA) counterparts.

II. SYSTEM MODEL

Consider a downlink U2G system, as shown in Fig. 1, where
a L-antennas UAV adopts RSMA to enhance the transmission
rate of K single-antenna ground users (denoted by Dy with
k € {1,..., K}). By exploiting the shared codebook scheme, a
user message 1y, is split into the common part m, j and the
private one m,, 1, which are then encoded into the respective
stream x. and xy, with the expectation E[|z.|?] = E[|xy|?] =
1. The signal received by the k user over the channel vector
h;, € CL*1 can be expressed as

k
yr, = h (\/deweae + Zk:l

Sewizk)VP +ng, (1)

where P denotes the transmit power of the UAV, §. and d
denote, correspondingly, the PA factors of x. and xy, w. €
CEL*1 and wy, € CE*! are the precoding vectors, and 7y, ~
CN(0,0?) is the additive white Gaussian noise.

By using SIC!, the k-th user decodes z. and zj with the
respective signal-to-interference-plus-noise ratio (SINR)

. 5. P|hfw.|?
Ye = K
5kP‘h£W}C|2 + chzl,fc;ék 5,;P|h£wk|2 + o2
kY[ he? +17
o 5, P|hfwy |
i ik SR P w2 + 0 Pl we |2 + o2
5.7y ||?

ko |y + 17
where ¢, € [0,1) is the SIC error and 7 = P/O’
the average SNR. The simplified expressions of |hkwc
|h wg|?, and |h£vvk|2 are obtained from the following design.
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A. Precoder Design

For convenience, we define H = [hy, ..., hg,....,hg], W=
[Wi, .o, Wi, .., Wi |, U= diag(||hy ], ..., ||k, .-, [|hk|]), and
Z=14,..., 1k, ..., 1 k] as the L x K channel matrix, the L x K

private precoding matrix, the K x K diagonal matrix, and
the K x 1 all-one vector, respectively. To null the inter-user
interference in 7* and 72’;, h%wk should be zero. Thus, each
private precoding weight wy, for the k-th user is orthogonal to
every channel vector hy, associated with user k. On another
front, 7% is maximized if hka = ||hg||. Accordingly, the
joint orthogonal condition and channel multiplication maxi-
mization can be represented as a matrix form H'W = U. By
taking into account the right Moore-Penrose pseudo-inverse
of Hf, W can be rearranged to be

W=HMHH) U (4)
By mapping W = [w1, ..., Wi, ..., W | with the achieved result
above, one can readily obtain wj;. However, for a special case
when K = 2, the outcome in (4) can be rewritten as

__(Tr(H'H)I - H'H)
W= o)
hy (Y0 hfhy) — Y8 hy(hfThy)
:m hk(Zlehfhj)—.Zlehj(hfhk) U.

h (30 hiThy) — 377 hy(hiThy)
@)

By mapping each term above with the previous definition, the
closed-form solution for wj can be inferred as

K
H
wi, = — o [h, (Y hiThy)
det(HTH) [
7j=1

'To reduce complexity, it is considered a 1-layer RSMA strategy, which
means that common parts are encoded into only one common stream, resulting
in only one SIC layer.



Next, v¥ is maximized if and only if thC = ||hg]|. Since
hiw, = 0, W = [0,...,|/hx],...,0]. Following that, a
closed-form representation for w. can be inferred as

K
= Z Wi (7)
k=1

B. Channel Modeling

Assuming practical U2G communication, a double-
shadowing scenario is considered, where dual-localized scat-
tering regions exist at both the transmitter and receiver, being
separated by a large distance. In this context, the channel [hy];,
with [ € {1,..., L}, follows Nakagami/Inverse Gamma (IG)
composite fading [12]: [hg]; = Ny 1Ny 24/Ix 11k 2, with Ny, ;
and I ; representing, respectively, the multipath fading coef-
ficient subject to Nakagami-m distribution and the shadowing
factor following the IG distribution, with j € {1,2}. The
corresponding PDFs of |Nj, ;| and |I; ;| can be written as

(g, )™ ™0 ( mk,j$>
|12 = M ; e R 8
T2 2) Q7 T(my ;) P, ®
__ By 51«;)
fi 1) = Flan )y 1 &P ( ) ©)

where my,; and (ag; > 1) are the distribution’s shaping

parameter, while €, ; and §y, ; refer to the scale parameters.
III. PERFORMANCE EVALUATION

A. Channel Statistical Analysis

Letting X and Y be independent non-negative random vari-
ables, the PDF of Z=XY is fz(2)= [, fx(z fy(z/x)
Invoking (8) and (9), the PDFs of |N|? & and
[Tx| £ |Ir1|[Tx.2| can be, respectively, derived by using the
aid of [13, Eqgs. (3.471.9) and (9.34.3)] as
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where my, £ my 1m0, Qe = Q1 Q20 Be 2 Br1 B2, and

G4 (¢]-) denotes the Meijer’s G-function [13, Eq. (9.301)].
Revisiting fZ( ), the PDF of |[hy];|? can be deduced as
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where 75, £ 1/[T(my.1)T (my2)T (ar1)T (ax 2)] and the last
step is obtained thanks to the aid of [14, Eq. (21)]. Recall that

|[hi]:]? = |Ng|?|Tx|, the MGF of |[hy];|?, therefore, can be
achieved by making the use of [14, Eq. (26)] as
oo

M, 2(s) = /exp (52) fimen 2 (2)dz
0
my,

TkG33(6 Qs ak’l)- (13)

Zl 1 [Thg]i|?, its MGF can be written as

HM| myif2 (8) = [Mym,p,2 ()] 7

With the aid of [15, Eq. (8.2.2.30)], the first-order derivative
of M, |2(s) with respect to s can be expressed as

1 L| o3/ —mk |1,1—oap2,1—ap: bt
M, o (s) = = {G?’f’( )

1,1—0%,2,1 —
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Since [|hg||? =

M, 2 (s) (14)
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B. Outage Performance Analysis

The outage event can be defined as a situation where the
instantaneous rate achieved by users of any link falls below
the minimum target data rate. Denote by R. and Ry the
minimum target data rates in [bit/s/Hz] for decoding x. and
x, respectively. By using the complementary outage event,

the OP of the k-th user can be, mathematically, formulated as
Pl =1—Prllogy(1+7F) > Re,logy(1+75) > Ryl
=1—Prlyg 2 Yo, 2 k] = 1 = Pr[y|[hy|* = ¢
1 o+ico q
=55 Mamee(=s

s) exp (es) ds, (16)

27
where Pr[-] is the probability operation, 7. = 27 — 1, 7, =
28 — 1, € £ max{¥c/(0c — YeOk), Y/ (6k — Vubethr)}, i =
v/—1, and g is selected from the region of convergence of the
integral in the complex plane s. Note that the above expression
exists if and only if 6. — 7.6; > 0; otherwise, Pt = 1.

Theorem 1: Using linear transformations Mxy, 2(s) =
Mn, 2 (57), the OP of the k-th user can be written in terms
of the MGF of |[hy]|? as

o+ioco

1 1 _\1L
Pfut — / gexp(es) [M‘[hkmz(fsy)] ds.

2m 17

o—ioo =(s)

The result above can easily be attained via standard comput-
ing software, MATLAB or Wolfram MATHEMATICA, when
evaluating the modulus of output complex numbers. However,
the form of =(s) involving the Meijer G-function may increase
the computational burden of the numerical integration. For
this reason, (17) is further considered with two transformation
steps: 1) y = s and 2) y = pv/1 — 22/, resulting in

E(9+iy)d
o+ 1y

1)1
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Proposition 1: By utilizing the Gauss—Chebyshev quadrature

(GCQ) rule for (18) with an even number N of nodes, the OP
of the k-th user can be approximated as [16, Eq. (9B.15)]

N
1 R{=(0+i00n) }+
k n
Pout 2N — (enS{E(Q"‘lQGn)} +€(N)v (19)
where 0, = tan([2n — 1|7 /[4N]) and €(N) is an error term.

Proposition 1 shows that the approximated result in (19)
is particularly efficient from the computational point of view
since (,Q—i—ig&n) needs to be calculated only once for each V.
Consequently, the users’ OP can be readily obtained without
making any computational burden compared to the integral in
(17) that involves infinite complex boundary conditions.

At high SNR regime (i.e., ¥ — o0), by using [13, Eq.
(9.33)], Mn,),j2(—57) can be asymptotically shown as

me " o Tk 23 (111 — k2,1 — gy
<5k9k’7) 2 7 O3 (5 ) .

ME1 + 7, Mk 2
r=0

Accordingly, (17) can be asymptotically written as
o+ico
1 M mp,1L 1 T
Pk - —=
out = o ( ﬁksm> / exp (€s) ZO .
1,1 —ag9,1

0—100
% G273 } , — Ok,1 ds
B3\ s mua+r,mye '
Corollary 1: Eq. (20) shows that P¥, oc (1/5)™1L. There-
fore, the diversity gain of users is my 1 L.

(20)

C. Ergodic Capacity Analysis

The users’ ECs (bit/s/Hz) achieved by the common and
private rate streams can be written as

. : 14 7(dc + ) || hy?
C* = E{log, (1 ++* :E{lo ( =

_ /oo(logz(l + Z)fa(ac+5k>||hk||2(3)> @
) —logy (14 2) fy5, |2 (2) ’

2n

C=+W®k+w%¢UHhHP)}
1+ 56c)p [ hy |2

_ / (10g2(1 +Z)fv(6k+scwk)|hk|2(z)> i

—logy (1 + 2) fy6. ni 2 (2)

= E{log,(1 + 75)} = E{log2

(22)

To solve (21) and (22), we consider the following two
identities
X

1 1
log, (1 + X .
§ £ logy(1+ X) = In (2 )/0 T yxW

X0 /0 X exp(—Xs) exp(—ns)ds.

By taking the above expectation, one can get

E{¢} = ﬁ /01 é {/OooXexp(Xs)exp ( - g)ds}dy

“ww ), 5l e e (- el
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where Ei(-) is the exponential integral function [13, Eq.
(8 211. 1)] Let T e {ﬁ(éc + 5]6)7’75]67;)/(516 + ¢k56)7'7wk56}'
Using M)\ 1u(s) = =T M{) .(sT), and invoking (23),
one can get the following theorem.

(23)

Theorem 2: C’f in (21) and C’Ilf in (23) can be written,
respectively, in terms of the MGF of | h|* as

7 Ei(—s)
ct= | @)
0

+ A0 MI) o (—570%)]ds

[ Bi(—s)
ci= | @)
0

+ WJMM |(|L)k |12 (_3:)/50'(/)16 )] ds

Theorem 2 shows two positive aspects: (i) the ECs are a real
number and (ii) the ECs can be represented by a single integral
composed of ./\/l‘(ﬁl)kHQ () in (15) and a built-in function Ei(+),
which allow us to readily numerically evaluate the users’ exact
EC without any extra effort. However, it might be interesting
to study whether any simple solution with low complexity is
found. Using s? +1/2 = 1/(1 +z) and letting ®(s,t1,t2) =
Ei(—S) [—tl./\/l [I'E (—Stl) +t2MHth2 (—Stz)], (24) and (25)
can be rewritten, respectively, as

o 1 /lq) (\/ 2(1+:v Y(8c + Ok), ﬁ(sk)d

((5 +5k)M|h ”2( S:Y((Sc'i‘ék))

(24)
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Proposition 2: By using the GCQ rule, C¥ in (26) and C¥
in (27) can efficiently be approximated, respectively, as

o | ZQ:W‘I’(\/MW(éﬁék),wk)

B . (28

c 111(2) g Q\/§(1 +wq) ( )
o1 & (/i 70+ b 1)
’ () g=1 QV2(1 + wy) ’

(29)

where w, = cos((2¢ — 1)7/[2Q)]).



At high SNR regime (i.e., ¥ — o0), (21) and (22) can be
asymptotically quantified, respectively, as

¥ —>00 5C 1)
CE = Blloga(1 +98)) 27 log, (272,

Y —00 5 +5c
CF = E{logy(1 +9)} = log, <’“Mk¢’“> (31)

As can be clearly seen, the common and private ECs become
saturated at high SNR regime, which means that increasing 7
does not bring any performance improvement. This also sheds
light on the fact that the user’s ergodic slope is zero.

(30)

IV. NUMERICAL RESULTS AND DISCUSSIONS

This section aims to validate the theoretical analyses (the-
ory) developed in Section III via Monte-Carlo simulations
(sim.) as well as to highlight useful insights. All experiments
are realized with 10 channels. Unless stated explicitly, the
parameters are set as follows. Normalized networks include
UAV located at S(0,0,1) and three users () = 3) positioned
at D1(0,0.2,0), D2(—0.5,-0.2,0), and D3(0.3,—0.4,0).
Channel parameters comprise my 1 = 2.1, my 2 = my,1+0.3,
g1 = 1.1, Qg2 = Of1 + 0.5 [12], Bk,i = 1, and Qk:,i =
dS_Dpith, where the standardized distance from UAV to users
is dsp, = /(zs — 2p,)? + (ys — yp,)® + (25 — 2p,)? and
path = 2.7 is the pathloss exponent. Other parameters are
setas: L = 4, 0. = 0.4, 5, = k(1 — 6.)/(2K), ¢ = 0.05,
R. = 0.5 [bit/s/Hz], Ry, = 1 [bit/s/Hz], and o = 1/2.

Fig. 2 displays the users’ OPs in terms of shape parame-
ters my,1 and oy ; under different operating environmentsZ.
Fig. 2(a) shows that as my,; increases, the OP improves due
to decreasing the impact of multipath channels. Besides, the
user’s OPs in the DS case are the worst due to the shadowing
occurring in two scattering zones around the UAV and users.
In the meanwhile, the other cases with either shadowing or
multipath channels appear in only one of the two regions.
As a consequence, these also lead to the increasing OP
gaps between DS and SS and between DS and SC as my, ;
increases, whereas that of between DS and DC is kept stable
due to the same multipath channel effect. In Fig. 2(b), as oy, 1
increase, the OP performance has strongly deteriorated due to
increasing shadowing effects.

To diminish the influence of DS phenomena, Fig. 3 inves-
tigates the users’ OPs against the average SNR 7 in the three
cases of antennas installed at the UAV. As observed, the users’
OPs improve significantly with the increase in 4 and L. This
is because increasing 7 yields better signal strength reception,
while for L, users receive more channel gain enhancement
provided in (2) and (3), showing the superiority of RSMA with
the multi-antenna systems. Besides, the figure also confirms
that the simulation results accurately match with the theory
curves produced through numerical integration of (17), where
the term boundaries are set to be “o 4 ¢5”, and also greatly

2Note that in channels [hk]l modelling, “DS”, “SS”, “DC”, and “SC”
means double-shadowing, double-scattering (without I »), single-scattering
(without Ny, 5), and shadowing-scattering (only Ny, 1 and Iy 1), respectively.
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align with the approximated curves produced through (19)
using N = 30, which in turn verifies our analyses.

Next, Fig. 4 depicts the users’” OPs as a function of 4,
while varying non-ideal SIC errors. As observed, the OPs
of users are indeed convex functions with respect to ..
Moreover, as 1 increases, the users’ OPs increase due to
increasing residual interference during SIC. Obviously, there
is an optimal ¢} which cannot only improve the users’ OPs but
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also alleviate the negative effect of non-ideal SIC design. With
the developed open-form expressions in hand, the optimal
solution for ¢ can be easily obtained through one-dimensional
search approaches with relatively low complexity.

Fig. 5 investigates the users’ ECs (i.e., C¥ + C¥) against
L while also comparing it with the NOMA and OMA coun-
terparts®. As observed, the theory curves produced through
numerical integration of (24) and (25), where the upper bound
value is set to be “5”, show perfect agreement with the
simulation results. In addition, as L increases, the users’
ECs improve significantly. Moreover, it has been shown that
RSMA yields better users’ ECs than its counterpart (approx-
imately double times) due to the additional common EC.

V. CONCLUSIONS

This paper has provided a generalized analysis framework
of downlink RSMA-aided multi-antenna U2G communication
systems, wherein a novel precoder solution for multi-antenna
UAV transmission was formulated based on the correlation of
the users’ channel characteristics. Accordingly, the OP and EC

3In NOMA, the PA coefficients for the signals of D1, D2, and D3 are,
respectively, set as 0.1, 0.2, and 0.7. For OMA, all users are served by full
transmit power according to orthogonal scheduling times.

of users were derived in terms of open-form single-integral ex-
pressions using MGF approaches and the approximate closed-
form expressions using GCQ rules, thus reducing the computa-
tional complexity. In addition, the asymptotic OP and EC were
analyzed to glean some insights into real-world scenarios, such
as the diversity gain and ergodic slope. In particular, numerical
results revealed that: 1) the developed theoretical analyses
aligned closely with the simulation results; 2) increasing
the number of antennas at the UAV reduces the effects of
double shadowing phenomena significantly; 3) optimizing the
common PA coefficient can minimize the impact of non-ideal
SIC receiver designs; and 4) RSMA outperformed NOMA and
OMA in terms of the users’ EC.
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