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Abstract—This paper studies the statistical characterization of
ground-to-air (G2A) and reconfigurable intelligent surface (RIS)-
assisted air-to-ground (A2G) communications with unmanned
aerial vehicles (UAVs) in terrestrial and non-terrestrial networks
under the impact of channel aging. We first model the G2A
and A2G signal-to-noise ratios (SNRs) as non-central complex
Gaussian quadratic random variables (RVs) and derive their
exact probability density functions, offering a unique charac-
terization for the A2G SNR as the product of two scaled non-
central chi-square RVs. Moreover, we also find that, for a large
number of RIS elements, the RIS-assisted A2G channel can be
characterized as a single Rician fading channel. Our results reveal
the presence of channel hardening in A2G communication under
low UAV speeds, where we derive the maximum target spectral
efficiency (SE) for a system to maintain a consistent required
outage level. Meanwhile, high UAV speeds, exceeding 50 m/s,
lead to a significant performance degradation, which cannot be
mitigated by increasing the number of RIS elements.

Index Terms—RIS, UAV, channel aging, channel characteriza-
tion, outage probability

I. INTRODUCTION

INTEGRATED terrestrial networks (TNs) and non-
terrestrial networks (NTNs) are increasingly considered

promising candidates for sixth-generation (6G) wireless net-
works to provide ubiquitous and high-speed connectivity for
various devices and applications [1], [2]. TNs and NTNs con-
sist of complex and diverse infrastructures, such as different
types of ground base stations (BSs), stationary and mobile
ground user equipments (GUEs). However, these conventional
infrastructures may face challenges in supporting demand-
ing services, such as high-definition live streaming, remote
communication, or emergency responses. To overcome these
challenges, three-dimensional (3D) flying unmanned aerial
vehicle (UAV) platforms, such as Dà-Jiāng Innovations (DJI)
drones, have been proposed as a promising solution [3], [4].

In the context of TN-NTN systems, UAVs, characterized by
their cost-effectiveness and adaptability, can offer ubiquitous
coverage to support a diverse range of applications in the
emerging 6G wireless networks [3]. Specifically, UAVs can

be integrated with leading technologies that enable high-
performance wireless communication even in remote and
disaster-prone scenarios. Some of these technologies are
terahertz (THz) communication [5], massive multiple-input
multiple-output (mMIMO) [6], and reconfigurable intelligent
surfaces (RIS), which can manipulate the propagation of
electromagnetic waves and create favorable wireless channels
[7], [8]. It is important to note that the mobility of UAVs
introduces a unique challenge as it leads to variations in
the Ground-to-Air (G2A) and Air-to-Ground (A2G) channels
over time, a phenomenon termed channel aging. This phe-
nomenon causes a mismatch between the current channel state
information (CSI) and the estimated CSI, which can degrade
the performance and reliability of UAV-integrated wireless
systems [9]–[11].

A promising solution to combat channel aging is by integrat-
ing reconfigurable intelligent surfaces (RISs) [12]–[14]. Using
planar arrays of many low-cost passive elements, RISs can
intelligently manipulate the direction of the impinging elec-
tromagnetic waves, thus improving coverage and reliability,
especially when direct line-of-sight (LOS) links are sacred [9],
[11], [15]. However, RIS operation relies on perfect channel
state information (CSI) for optimal phase shift configuration,
posing a challenge in dynamic communication environments
like RIS-assisted UAV systems. While RIS-assisted UAV
wireless communication has gained significant attention in
the literature [9], [11], [15], there remains a theoretical gap
concerning the true statistical characterization aspect of G2A
and RIS-assisted A2G communication under channel aging.
This research gap has resulted in a lack of insightful design
parameters, such as how high can the spectral efficiency
(SE) be without compromising the end-to-end (e2e) outage
probability (OP) for different UAV speeds?

This paper aims to fill these gaps by studying the statistical
characterization of G2A and RIS-assisted A2G communica-
tions under the impact of channel aging. Specifically, we
formulate the G2A SNR and the RIS-assisted A2G SNR
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as non-central complex Gaussian quadratic forms [16]. By
exploiting Laplace/inverse Laplace transforms, we determine
the exact probability density function (PDF) of the G2A SNR.
Then, we prove that the A2G SNR can be characterized as the
product of two scaled non-central chi-square (SNCCS) RVs
before determining its exact PDF. The main contributions of
this paper can be summarized as follows:

• We provide exact and tractable PDFs for the G2A and
A2G SNRs and provide various insights based on the
derived analytical PDFs.

• We derive a tractable formula for the target SE for the
systems to operate at various desired outage levels.

• We show that the channel hardening phenomena can
appear in A2G communication, primarily when the UAV
speed is low.

• We demonstrate through numerical results that increasing
the number of RIS elements and the BS’s antennas can
enhance the maximum target SE up to a certain limit.

• We show that high UAV speeds lead to a substantial
reduction in the target SE, which cannot be mitigated
with additional RIS elements or antennas.

II. SYSTEM MODEL

In this paper, we consider a UAV-aided wireless commu-
nication system, where a single-antenna GUE is served by
an M -antenna BS with the help of a single-antenna UAV
and a passive RIS with N reflecting elements installed on a
building facade to assist the A2G communications. Hereafter,
we use S, Sm, U, R, Rn, and D as acronyms for the BS,
the BS’s antenna m ∈ M, the UAV, the RIS, the RIS’s
element n ∈ N , and the ground UE, respectively, where
M ≜ {1, 2, . . . ,M} and N ≜ {1, 2, . . . , N}. We consider
that the direct S-D, S-R, and U-D links are unavailable due
to various Radio Frequency (RF) obstructions. Moreover, an
A-B channel at time instant t is modeled as

√
ℓAB[t]hAB[t]

with ℓAB[n] representing the path loss component, and hAB[t]
representing the small-scale channel coefficient. For practical
purposes, we consider the 3GPP UMi standard to model the
R-D channel’s path loss [17]. Moreover, the 3GPP UMi-
AV standard is adopted to model the path loss of the S-
U (G2A) and the U-R (A2G) channels [18]. Specifically,
the 3GPP UMi-AV standard imposes the LOS probability
pLOS

AB [t] and the NLOS probability pNLOS
AB [t] = 1− pLOS

AB [t] on
the on a A-B channels (i.e., G2A and A2G channels), which
yields the corresponding path losses as ℓAB[t] = ℓLOS

AB [t] and
ℓAB[t] = ℓNLOS

AB [t] with probability pLOS
AB [t] and pNLOS

AB [t], re-
spectively. Nevertheless, our analysis can be applied to other
scenarios with different path loss characteristics. In addition,
we consider that all channels experience Rician-K fading,

where hAB[t] =

√
κAB[t]ȟ

LOS
AB [t]+hNLOS

AB [t]√
κAB[t]+1

with ȟLOS
AB [t] denoting

the deterministic LOS component, hNLOS
AB [t] presenting the

random scattering/NLOS component, modeled as a zero-mean
complex Gaussian process with unit variance, and κAB[t] is the

Rician-K factor. We consider that κAB[t] = K0e
2θAB[t]

π ln Kπ
K0

under the LOS scenario, where K0 and Kπ are environmental

coefficient and θAB[t] [rad] is the elevation angle at B with
respect to A. κAB[t] = 0 in the NLOS scenario, indicating
Rayleigh fading in rich scattering environments.

Due to the UAV’s mobility, the propagation environment
evolves over time which causes channel aging [9], [11], [12].
To measure the aging of CSI caused by the Doppler effect,
correlation metrics are used to determine the time-varying
property of the CSI. Specifically, the channel state at time
instant t can be modeled as [9], [11]

hAB[t] = ρAB[t]hAB[0] + ρ̄AB[t]fAB[t], (1)

where [hSU[t]]m = hSmU[t], ∀m ∈ M, [hUR[t]]n = hURn [t]
and [hRD[t]]n = hRnD[t], ∀n ∈ N , ρ̄AB[t] =

√
1− ρ2AB[t],

hAB[0] is the initial channel state, fAB[t] ∼ CN (0, I) repre-
sents the independent innovation component at the tth time
instance, and ρAB[t] ∈ [−1, 1] is the temporal correlation
coefficient. As in [9], [11], we consider ρAB[t] = J0(2πfdtTs),
where J0(·) is the zeroth-order Bessel function of the first
kind, Ts [sec] is the sampling period, and fd = vfc

c [Hz]
is the maximum Doppler shift, where v [m/s] is the UAV’s
instantaneous speed, fc [Hz] is the carrier frequency, and c
[m/s] is the speed of light. Although (1) is not the first order
autoregressive model, where the current CSI is a function of
its state at the previous time instance, within a coherence
time block, the correlation coefficients can be adjusted to
approximately match Jakes model [11].

Considering the channel estimate at time instant τ is perfect
and is utilized for information processing at time instant t,
where channel estimates at later time instants are proved to be
inaccurate [11]. Then, the effective channel at time instant t
can be expressed in terms of the estimated channel at the τ th
time instant as [11], [14]

cAB[t] = ρAB[τ − t]cAB[τ ] + ρ̄AB[τ − t]zAB[t], (2)

where zAB[t] ∼ CN (0, I) denotes the independent innovation
component that correlates cAB[t] and cAB[τ ]. Hereafter, we
drop the time indices and denote the delayed channel estimate
as ĉAB = cAB[τ ] for convenience.

Conclusion 1: We observe that an increase in UAV speed
or a higher sample index yields a non-monotonic decrease in
the correlation coefficient which oscillates around zero with
decreasing magnitude.

A. Ground-to-Air Signal-to-Noise Ratio

In the first time slot, S uses the beamforming vector wSU
to steer the desired signal xS to U with E[|xS|2] = 1. Hence,
the received signal at U is given by

yU =
√
PS(ρSUĥSU +

√
1− ρ2SUzSU)

HwSUxS + nU, (3)

where PS [W] is the transmit power at S and nU is the
additive white Gaussian noise (AWGN) with zero mean and
variance σ2

U [W]. We consider that S adopts maximal ra-
tio transmission (MRT) based on the delayed CSI, where



wSU = ĥSU

∥ĥSU∥
. Hence, the G2A SNR γG2A = γ̄SU

|hH
SUĥSU|2

∥ĥSU∥2
,

where γ̄SU = PSℓSU
σ2

U
, is further rewritten as

γG2A = γ̄SU

∣∣∣(ρSUĥSU + ρ̄SUzSU)
HĥSU

∣∣∣2 ∥∥∥ĥSU

∥∥∥−2

. (4)

B. Air-to-Ground Signal-to-Noise Ratio

In the second time slot, U decodes xS and forwards
the re-encoded version x̂U to D through R. Next, the
RIS reflects the signal x̂U from U to D through R
by intelligently adjusting its phase-shift matrix. We de-
note Θ = diag([β1e

jϑ1 , β2e
jϑ2 , . . . , βNejϑN ]) as the diagonal

phase-shift matrix of the RIS, where βn ∈ C denotes the am-
plitude reflection coefficient for each element, and ϑn=[0, 2π)
[rad] denotes the phase shift of reflecting element n ∈ N [12],
[13]. For simplicity we assume that β1 = β2 = · · · = βN = 1
as indicated in [12]–[15]. Hence, the received signal at D is
obtained as

yD =
√
PUℓURℓRDh

T
RDΘhURx̂U + nD, (5)

where PU [W] is the UAV’s transmit power and nD denotes
the zero mean and variance σ2

U [W] AWGN at D. Hence, the
received A2G SNR is obtained as [13]

γA2G(Θ) =
PUℓURℓRD

σ2
D

∣∣∣hT
RnDΘ(ρURĥUR + ρ̄URzUR)

∣∣∣2 . (6)

In practice, the number of phase-shifts is limited and
constrained by the phase-shift resolution, denoted by Q ≜ 2b,
where b [bit] is the number of quantization bits and the value of
a phase shift belongs to the set Q =

{
0, 2π

Q , 4π
Q , ..., 2π(Q−1)

Q

}
[19]. Theoretically, with high phase-shift resolution, the RIS
can be intelligently configured as ϑn = −ϕRnD − ϕURn

,
∀n ∈ N , and can eliminate the phase error, where ϕRnD [rad]
and ϕURn [rad] are the phase of hRnD and hURn , respectively.
However, due to the delayed CSI, the true value of ϕURn is
unknown, and only an approximate estimate ϕ̂URn = ∠ĥURn is
available. This leads to an imperfect phase-shift configuration,
given by ϑ̂n = −ϕRnD − ϕ̂URn

, ∀n ∈ N .

III. STATISTICAL CHARACTERIZATION AND
PERFORMANCE ANALYSIS

In this section, we first determine the statistical characteris-
tics of the channel in the considered UAV-RIS system. Based
on [10], the PDF of the G2A/A2G SNR can be modeled as a
mixture of two distributions: the distribution in the LOS and
NLOS scenarios. Specifically, the PDF of γG2A and γA2G are
formulated as

fγG2A
(x) = pLOS

SU fLOS
γG2A

(x) + pNLOS
SU fNLOS

γG2A
(x), x > 0, (7)

fγA2G
(x) = pLOS

UR fLOS
γA2G

(x) + pNLOS
UR fNLOS

γA2G
(x), x > 0, (8)

respectively, where the explicit formulas for pLOS
SU , pNLOS

SU ,
pLOS

UR , pNLOS
UR are presented in [17], fLOS

γG2A
(x), fLOS

γA2G
(x) and

fNLOS
γG2A

(x), fNLOS
γA2G

(x) are the PDFs of the G2A and A2G SNRs
in the LOS and NLOS scenarios, respectively. Hereafter, we
will focus on deriving fLOS

γG2A
(x) and fLOS

γA2G
(x), which are more

challenging than deriving fNLOS
γG2A

(x) and fLOS
γG2A

(x). It is noted

that fNLOS
γG2A

(x) and fNLOS
γA2G

(x) are special cases of fLOS
γG2A

(x) and
fLOS
γA2G

(x), respectively, with the Rician-K factor being zero.

A. Statistical Characterization of G2A communication

Theorem 1: Under the LOS scenario, the exact PDF of the
G2A SNR is formulated as

fLOS
γG2A

(x) = e
−M

κSUρ2SU
κSUρ̄2SU+1

− (κSU+1)x

γ̄SU(κSUρ̄2SU+1)

(
κSU + 1

κSUρ̄2SU + 1

)M

× 1

γ̄M
SU

M−1∑
m=0

(
M − 1

m

)
(γ̄SUρ̄

2
SU)

m(ρ2SU)
M−m−1

×
(

x

ΞU

)M−m−1
2

IM−m−1

(
2
√
ΞUx

κSUρ̄2SU + 1

)
, (9)

where ΞU ≜ MκSUρ
2
SU(κSU + 1)γ̄−1

SU .
Proof: Due to the complexity and length of the proof,

we only provide here the key steps in the following. First,
we rewrite the G2A SNR obtained in (4) in the complex
Gaussian quadratic form as γG2A = γ∗

Uγ̄SUγU, where γU =

ρSU∥ĥSU∥ + ρ̄SU
zH

SUĥSU

∥ĥSU∥
. Here, zH

SUĥSU

∥ĥSU∥
is a zero-mean complex

Gaussian RV with unit variance which is independent of
∥ĥSU∥, thus γU ∼ CN (ρSU∥ĥSU∥, ρ̄2SU). Hence, the Laplace
Transform of γG2A conditioned on ĥSU is obtained as [16]

LγG2A
(s|ĥSU) = e

− γ̄SUρ2SUs

1+sγ̄SUρ̄2SU
∥ĥSU∥2

[1 + sγ̄SUρ̄
2
SU]

−1. (10)

It is highlighted that ∥ĥSU∥2 is a SNCCS-distributed RV
with scale factor 1

2(κSU+1) , 2M degree of freedom, non-
centrality parameter 2MκSU. In general, for x > 0, the PDF
and CDF of a SNCCS-distributed RV with scale factor Ω

2 , 2k
degrees of freedom, and non-centrality parameter 2λ are given
by [16]

fχ2
2k
(Ω, λ;x) =

e−
χ
Ω−λ

Ω
k+1
2

(
χ

λ

) k−1
2

Ik−1

(
2

√
χ

Ω
λ

)
, (11)

Fχ2
2k
(Ω, λ;x) = 1−Qk

(√
2
√
λ,

√
2
√

x/Ω
)
, (12)

respectively. The Laplace transform of γG2A is obtained by
averaging LγG2A

(s|ĥSU) over ∥ĥSU∥2, which is obtained as

LLOS
γG2A

(s) = e−MκSU
(1 + ∆1s)

M−1

(1 + ∆2s)M
eMκSU

1+∆1s
1+∆2s , (13)

where ∆1 = γ̄SUρ̄
2
SU, ∆2 = γ̄SU

κSUρ̄
2
SU+1

κSU+1 . Then, the PDF of
γG2A is the inverse Laplace transform of LγG2A

(s) from s-
domain to x-domain. Hence,

fLOS
γG2A

(x) = e−MκSUe−
x

∆2 (∆1)
M−1(∆2)

−MeMκSU
∆1
∆2 e−

x
∆3

× L−1

{
sM−1

(s−∆−1
3 )M

e
MκSU

∆1
∆2∆3

s−∆
−1
3 ; s, x

}
, (14)

= e−MκSUe−
x

∆2 (∆1)
M−1(∆2)

−MeM
κSU∆1

∆2 e−
x

∆3

× dM−1

dxM−1
e

x
∆3 L−1

{
eMκSU

∆1
∆2∆3

1
s

sM
; s, x

}
, (15)



where ∆3 ≜ 1
1

∆1
− 1

∆2

= ∆1∆2

∆2−∆1
. Here, the frequency shifting

property and the derivative in the x-domain property of the
Laplace transform are used to obtain (14) and (15), respec-
tively. Using the Leibnitz’s rule for higher order derivatives
and [20, Eq. (1.13.1.5)], the derivative part in (15) is derived as

Ξ(x) =
dM−1

dxM−1
e

x
∆3 x

M−1
2

IM−1

(
2
√
MκSU

∆1

∆2∆3
x
)

(
MκSU∆1∆

−1
2 ∆−1

3

)M−1
2

(16)

=

M−1∑
m=0

(
M − 1

m

)
e

x
∆3 x

M−m−1
2(

MκSU∆1∆
−1
2 ∆−1

3

)M−m−1
2

× IM−m−1

(
2

√
MκSU∆1∆3∆

−1
2 x

)
. (17)

Substituting (17) into (15) and after some mathematical ma-
nipulations, we obtain (23).

Based on (9), we obtain the following results:
i) The PDF of γG2A in the NLOS scenario is

fNLOS
γG2A

(x) =
1

γ̄M
SU

M−1∑
m=0

(
M − 1

m

)
(ρ2SU)

M−m−1

(M −m− 1)!

× (γ̄SUρ̄
2
SU)

mxM−m−1e
− x

γ̄SU , (18)

which reduces to e
− x

γ̄SU when ρSU = 0.
ii) In the high SNR regime, (9) is simplified as

fLOS
γG2A

(x) → e
−M

κSUρ2SU
κSUρ̄2SU+1

γ̄SU

(κSU + 1)M (ρ̄2SU)
M−1

(κSUρ̄2SU + 1)M
, (19)

and (18) is simplified as

fNLOS
γG2A

(x) → (ρ̄2SU)
M−1γ̄−1

SU . (20)

iii) The CDF of γG2A, denoted as FγG2A
(x), is upper bounded

by its asymptotic formula. Based on (7), (19) and (20) and
since FγG2A

(x) =
∫ x

0
fγG2A

(x)dx by definition, we obtain

FγG2A
(x) ≤ pLOS

SU fLOS
γG2A

(x)x+ pNLOS
SU fNLOS

γG2A
(x)x. (21)

B. Statistical Characterization of A2G communication

Under imperfect phase shift, the A2G SNR can be expressed
in a complex Gaussian quadratic form as γA2G = γ∗

Rγ̄A2GγR,
with γR =

∑N
n=1 gRnD

(
ρURĝURn

+ ρ̄URzURn
e−jϕ̂URn

)
, where

gRnD = |hRnD| and ĝURn
=
∣∣∣ĥURn

∣∣∣.
Lemma 1: Under the imperfect phase-shift configuration,

the A2G SNR is characterized by the product of two indepen-
dent SNCCS-distributed RVs. Specifically, we have γA2G ∼
γ̄A2Gρ̄

2
UR∥hRD∥2|χ|2 with χ = CN

(
ρUR
ρ̄UR

gT
RDĝUR

∥gRD∥ , 1
)

.

Proof: Let
∑N

n=1 gRnDĝURn = gT
RDĝUR, where gRD ≜

[|hR1D|, . . . , |hRND|]T and ĝUR ≜
[∣∣∣ĥU1R

∣∣∣ , . . . , ∣∣∣ĥUNR

∣∣∣]T, thus
γR ∼ CN

(
ρURg

T
RDĝUR, ρ̄

2
UR∥gRD∥2

)
. In other words, we have

|γR|2 ∼ ρ̄2UR∥gRD∥2
∣∣∣∣∣CN

(
ρUR

ρ̄UR

gT
RDĝUR

∥gRD∥
, 1

)∣∣∣∣∣
2

. (22)

We note that gT
RDĝUR

∥gRD∥∥ĝUR∥ is the cosine similarity between
two channel-gain vectors, gRD and ĝUR, which is independent
of their corresponding vector length, i.e., ∥gRD∥ and ∥ĝUR∥.
Hence ∥gRD∥ and gT

RDĝUR

∥gRD∥ are also independent RVs, and
thus χR is independent of ∥gRD∥2. Then, the quadratic form
χ∗χ = |χ|2 follows a SNCCS distribution. Since ∥gRD∥2 also
follows a SNCCS distribution, the A2G SNR is the product
of two SNCCS-distributed RVs. This completes the proof of
Lemma 1.

Theorem 2: Under the imperfect phase-shift configuration,
the exact PDF of the A2G SNR in LOS scenarios is obtained as

fLOS
γA2G

(x) =

∞∑
m=0

m∑
j=0

(NκRD)
j(λR)

m−je−NκRD−λR

j!(m− j)!

Ξ
N+kR+m

2

R

2N+kR+m−1

×
KN−kR−m+2j

(√
ΞRx

)
(N + j − 1)!Γ(m− j + kR)

x
N+kR+m

2 −1. (23)

where ΞR ≜ 4(kRD + 1)(ρ̄2URγ̄A2GΩR)
−1.

Proof: It is noted that the mean and variance of χ are

µχ =
ρUR

ρ̄UR
E
{

gT
RD

∥gRD∥
E{ĝUR}

}
, (24)

σ2
χ = 1 +

ρ2UR

ρ̄2UR
E
{
gT

RDE{ĝURĝ
T
UR}gRD

∥gRD∥2

}
− µ2

χ, (25)

respectively. Then, |χ|2 follows a SNCCS distribution with
scale factor Ωχ

2 , 2kχ degrees of freedom, and non-centrality
parameter 2λχ, determined by solving the following system
of equations

Ωχ(kχ + λχ) = σ2
χ + µ2

χ,

Ω2
χ(kχ + 2λχ) = 2

(
σ2
χ − 1

2

)2
+ 4µ2

χ

(
σ2
χ − 1

2

)
+ 1

2 ,

Ω3
χ(kχ + 3λχ) = 4

(
σ2
χ − 1

2

)3
+ 12µ2

χ

(
σ2
χ − 1

2

)2
+ 1

2 .

(26)

⇒


Ωχ = RHS−1

1

(
RHS2 −

√
RHS22 − RHS1RHS3

)
,

kχ = Ω−1
χ

(
2RHS1 − RHS2Ω

−1
χ

)
,

λχ = Ω−1
χ

(
RHS2Ω

−1
χ − RHS1

)
,

(27)

where RHS1, RHS2, and RHS3 are the right-hand side (RHS)
of the first, second, and third equality of (26), respectively.
In addition, ∥gRD∥2 also follows a SNCCS distribution with
scale factor 1

2(κRD+1) , 2N degree of freedom, non-centrality
parameter 2NκRD. Hence, following the analysis in [21], we
obtain (23). This completes the proof of Theorem 2.

Regarding Theorem 2, we have the following comments:
i) Exact closed-form expressions for (24) and (25) are

intractable. Hence, the Jensen bound for a random vector x
computed as

E
{

x

∥x∥

}
⪰ E{x}

E{∥x∥}
⪰ E{x}√

E{∥x∥2}
, (28)

where x ⪰ y indicate that x is element-wise greater than or
equal to y, can be adopted to simplify (24) and (25). Hence,
µχ ≥ ρUR

ρ̄UR

√
Nαχ and σ2

χ ≥ 1 +
ρ2

UR
ρ̄2

UR
Nβχ, where βχ = 1− α2

χ

and αχ = π
2

L1/2(−κ̂UR)√
κ̂UR+1

L1/2(−κRD)√
κRD+1

.



γ̂th = min


 pLOS

SU ℓLOS
SU

(ρ̄2SU)
M−1

(
κSUρ̄

2
SU + 1

κSU + 1

)M

e

MκSUρ2SU
κSUρ̄2SU+1 +

pNLOS
SU ℓNLOS

SU

(ρ̄2SU)
M−1

 LPS

σ2
U

,
NPUρ̄

2
UR

σ2
D

(
pLOS

UR ℓLOS
UR ℓRD(

aL + αχ
√
bN
)−2

+
pNLOS

UR ℓNLOS
UR ℓRD(

aL +
√
bN
)−2

) . (35)

ii) In practices, the number of RIS elements is usually large,
e.g., N = 80 elements [6] and can be up to N = 256 elements
[12]. Hence, it is reasonable to assume that N ≫ 1. In this
case, due to the central-limit theorem, the distribution of γR
can be simplified as

γR ∼ CN
(
ρURE{gT

RDĝUR}, ρ̄2URE{∥gRD∥2}
)

(29)

∼ CN
(
ρURNαχ, ρ̄

2
URN

)
. (30)

Hence, (23) converges to the SNCCS distribution with scale
factor ρ̄2

URγ̄A2GN
2 ≜ ΩR

2 , 2 degrees of freedom, and non-central
parameter 2Nρ2URρ̄

−2
URα

2
χ ≜ 2λR.

iii) Based on (12), the CDF of γA2G, denoted as FγA2G
(x),

is upper-bounded by

FγA2G
(x) ≤ pLOS

UR Fχ2
2

(
ρ̄2URγ̄A2GN, ρ2URρ̄

−2
URα

2
χN ;x

)
+ pNLOS

UR Fχ2
2

(
ρ̄2URγ̄A2GN, ρ2URρ̄

−2
URN ;x

)
. (31)

Conclusion 2: Based on (30), we deduce that, for large
number of RIS elements, the cascaded A2G channel can be
characterized as a single Rician fading channel.

C. End-to-End Outage Probability
The e2e OP of the system, defined as the probability

that the minimum/e2e SNR drops below a target threshold
γth = 22R − 1, where R [bps/Hz] denotes the target spectral
efficiency (SE), and is formulated as

OP(γth) = Pr{min[γG2A, γA2G] < γth} (32)
= 1− [1− FγG2A

(γth)][1− FγA2G
(γth)], (33)

≥ 1− [1− F∞
γG2A

(γth)][1− F∞
γA2G

(γth)], (34)

where F∞
γG2A

(x) and F∞
γA2G

(x) are the RHS of (21) and (31),
respectively. The bound (34) becomes tight when BS transmits
with a relatively high power. Moreover, we can find the G2A
and the A2G target thresholds, denoted as γth,G2A and γth,A2G,
so that F∞

γG2A
(γth,G2A) = L and F∞

γA2G
(γth,A2G) = L, which

yields the lower bound OP(γth) ≥ OP(γ̂th) with γ̂th =
min{γth,G2A, γth,A2G} is presented in (35) at the top of this
page, where aL=

Q−1(1−L)√
2

, bN =
Nρ2

UR
ρ̄2

UR
, and Q−1(Q(x)) = x.

Conclusion 3: The target spectral efficiency should not
exceed 1

2 log2(1 + γ̂th) to maintain the e2e OP at the desired
outage level L. Here, the factor 1

2 is due to the fact that two
time slots are utilized in the system.

D. Channel Hardening
An important phenomenon in RIS-assisted systems is the

channel hardening effect, where the channel behaves like a
non-fading channel [22]. Channel hardening appears in the
A2G communication when the following holds [22]

η =
Var{|γR|2}
E2{|γR|2}

=
ρ̄2UR + 2ρ̄2URNρ2URα

2
χ

[ρ̄2UR +Nρ2URα
2
χ]

2
= 0. (36)

Fig. 1: Simulated and analytical PDFs of a) the G2A SNR, b)
and c) the A2G SNR, where c) is based on (30) for practical
RIS settings.

Therefore, when |ρUR| = 1, e.g., the UAV is hovering at a
fixed position or v = 0 m/s; and N ≫ 1, channel hardening
can occur during the A2G communication. However, even
when the UAV is hovering, a variety of perturbations, such as
random jittering and random wobbling, hinder the UAV from
maintaining still position and prevent channel hardening.

IV. RESULTS AND DISCUSSIONS

In this section, we present selected results of numerical
simulations. Specifically, we consider fc = 2 GHz [18],
σ2

S = σ2
U = σ2, where σ2 = N0 + 10 log10 B + F , where

N0 = −174 dBm/Hz is the noise spectral density, F = 5 dB
is the noise figure, and B = 10 MHz is the system bandwidth.
The sampling period is Ts = 1

B MHz to sample both in-
phase and quadrature components simultaneously. The BS,
RIS, UAV, and GUE coordinates are (0, 0, 10) m, (150, 0, 25)
m, (100, 0, 300) m, and (200, 0, 1.5) m, respectively. Environ-
mental coefficients are set to K0 = 0 dB and Kπ = 10 dB.

In Fig. 1, where PS = PU = 0 dBm and ρSU = ρUR = 0.5,
the analytical and simulated results agree well for different
values of M and N . To obtain Fig. 1b, we truncate (23) to 135
terms, where more terms improve the accuracy, but increase
the numerical complexity. For large N , we utilized (30) to
obtain the A2G SNR PDF in Fig. 1c. Across all the figures,
we observe a good match between the simulated and derived
analytical results. Consequently, the former can be effectively
employed to characterize the behavior of the latter.

Fig. 2a shows an accurate match between the analytical
bound in (34) and the simulation results for the OP even
for critical desired outage levels, such as L = 10−4, which
corresponds to 0.01% outage. However, for some intermediate
values of L, such as L ∈ (10−3, 10−3.9), the OP slightly
deviates from the desired outage level. The corresponding
maximum target SEs to achieve such OP values are shown in
Fig. 2b, which also illustrates how adjusting the transmission
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Fig. 2: Simulated and derived analytical OP (a) at the target
SE R = 1

2 log2(1 + γ̂th) (b) in terms of the required outage
level L, where PS = PU = P [dBm], M = 4, and N = 202.

power levels can enhance the maximum target SE across
varying outage levels.
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Fig. 3: Maximum target SE with respect to a) the UAV’s speed
(v) and sample index (n), and b) the UAV’s speed, where
PS = PU = 33 dBm.

Fig. 3 shows the maximum target SE as a function of the
UAV speed. We set R = 1

2 log2(1 + γ̂th) and L = 10−4

based on observations in Fig. 2. In Fig. 3a, the target SE
decreases with increasing UAV speed or sample index t since
ρAB = J0(2πvfctTsc

−1), which influences γ̂th and introduces
oscillations that cause ripples in the target SE. In Fig. 3b,
we use R̃ = 1

2 log(1 + γth,G2A) as a reference and observe
that increasing the number of RIS elements improves the
target SE up to a certain upper bound. However, increasing
the number of antennas can only enhance the target SE to a
certain upper bound, unable to compensate for performance
degradation induced by high UAV speeds, e.g., v ≥ 50 m/s,
where a larger RIS or more antennas don’t make a difference.

V. CONCLUSION
This paper studied the statistical characteristics of G2A

and RIS-assisted A2G communication under channel aging.
Specifically, exact and tractable PDFs for the G2A and A2G
SNRs are derived using the analysis for complex Gaussian
quadratic RVs. We found that channel hardening can appear in
A2G communication when the UAV’s speed is low. Moreover,
we derived the maximum target SE for the system to operate
at various desired outage levels. The results also showed that
increasing the number of RIS elements and BS antennas can
improve the maximum target SE up to a certain limit; however,
high UAV speeds, particularly exceeding 50 m/s, i.e., 250
km/h, result in a significant reduction in the target SE that
cannot be mitigated by additional RIS elements or additional
BS antennas.
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