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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 in RIS-assisted UAV
networks under the impact of channel aging. A comprehensive chan-

< nel model is presented, which incorporates the time-varying fading,
N three-dimensional (3D) mobility, Doppler shifts, and the effects of
') channel aging on array antenna structures. We provide analytical
~ expressions for the G2A signal-to-noise ratio (SNR) probability
density function (PDF) and cumulative distribution function (CDF),
{)demonstrating that the G2A SNR follows a mixture of noncentral >
5 distributions. The A2G communication is characterized under RIS
<E arbitrary phase-shift configurations, showing that the A2G SNR
can be represented as the product of two correlated noncentral x?
< random variables (RVs). Additionally, we present the PDF and the
CDF of the product of two independently distributed noncentral
r—1x> RVs, which accurately characterize the A2G SNR’s distribution.
Our paper confirms the effectiveness of RISs in mitigating channel
= aging effects within the coherence time. Finally, we propose an
(/) adaptive spectral efficiency method that ensures consistent system
performance and satisfactory outage levels when the UAV and the
I_'ground user equipments are in motion.

< Index Terms—RIS, UAV, Channel Aging, Channel Characteriza-
= tion, Outage Probability, Law of Total Cumulance
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8 I. INTRODUCTION

() NTEGRATED terrestrial and non-terrestrial networks
O A (TNTNs) have emerged as a pivotal innovation in the realm

of wireless systems, particularly for the advent of six-generation
O (6G) networks [1]-[3]]. The traditional non-terrestrial networks
< (NTNs), previously limited to ground infrastructure coverage,
N have seen a myriad of new applications emerge in beyond
= fifth-generation (B5G) and 6G networks when integrated with
«, terrestrial communication networks [4]. This integration is
envisioned to offer widespread, seamless, and high-speed
B connectivity for a multitude of device types and applications,
such as high-altitude platforms, unmanned aerial vehicles
(UAVs), different types of ground base stations (BSs) and both
stationary and mobile ground user equipments (GUEs). In this
context, three-dimensional (3D) flying UAV platforms, such as
Da-Jiang Innovations drones, play a critical role in enhancing the
capabilities of TNTNs by providing flexible, mobile platforms
that can be rapidly deployed to extend network coverage and
capacity in disadvantaged or remote areas [3[], [S[], [6].
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Authorized by the Federal Aviation Administration (FAA),
civilian drones are governed by a flight ceiling of 400 feet
(= 120 m) above ground level. Additionally, these drones are
permitted to fly at speeds of up to 100 mph (=~ 40 m/s) [7].
To optimize their performance, UAVs can communicate over
several frequency bands, including the 2 GHz [8], 5.8 GHz,
and 5030-5091 MHz bands. In the context of TNTNs, UAVs
are recognized for their cost-effectiveness and adaptability to
offer ubiquitous coverage to support a diverse range of appli-
cations [9]. Specifically, the integration of UAVs with cutting-
edge technologies, such as Terahertz (THz) communication, mas-
sive multiple-input multiple-output (mMIMO) communications,
and reconfigurable intelligent surfaces (RISs) are instrumental
in facilitating high-performance wireless communications, even
in disaster-stricken or remote areas [10], [[11]. However, the
precision of UAV tracking, and the ground-to-air (G2A) and air-
to-ground (A2G) communications can be affected by position
deviation issues due to wobbling and antenna jittering caused by
body vibrations [12], [[13]. Maintaining direct Line-of-Sight (LoS)
to the GUE facilitates consistent connections, whereas Non-
Line-of-Sight (NLoS) communication may require relay stations
for reliable connectivity. Unfortunately, UAVs might operate in
complex and unpredictable propagation environments, with A2G
links occasionally blocked by trees or high-rise buildings [6]. In
addition, the mobility of UAVs introduces a phenomenon termed
channel aging due to UAV’s variations in the G2A and A2G
channels over time. This phenomenon causes a mismatch between
the actual channel state information (CSI) and the estimated
CSI, rendering the estimated CSI outdated even if the channel
acquisition was perfect, which degrades the performance of UAV-
integrated wireless systems [14]—[17].

Recent research works have widely studied the deployment
of RISs in various environments, such as on the exteriors of
high-rise buildings, to improve A2G communications [[18[]-[21]].
Using planar arrays of many low-cost passive elements, which
can range from a few to thousands of elements [22[]-[24],
RISs can intelligently manipulate the direction of the impinging
electromagnetic waves, thus improving coverage and reliability,
especially when direct LoS links are scarce. However, RIS oper-
ation requires perfect CSI for optimal phase shift configuration,
posing a challenge in dynamic communication environments like
UAV-integrated systems. Next, we shed light on some recent
works that are relevant to our research.

The study in [17] considered networks of cellular-connected
UAV swarms and a massive MIMO BS, where the authors
developed a closed-form expression for the signal-to-interference-
plus-noise ratio that determines the uplink spectral efficiency
(SE) of RIS-assisted A2G channel. In [21]], the authors studied



multi-hop multi-RIS-aided systems and proposed characterizing
the true distribution of the RIS-assisted channel’s magnitude by
a double Nakagami-m distribution. This approach is similar to
the generalized-K distribution used to describe the behavior of
a more straightforward system with a single RIS and a single-
hop system in [11]]. Under the Rayleigh fading assumption, the
authors in [25]] derived the SNR’s exact distribution in RIS-
assisted communication systems without LoS, following which
the Central Limit Theorem (CLT) was adopted to approximate
the derived results to noncentral x2 distribution. In [18]], which
considered a single-antenna UAV serving multiple GUE with
the aid of multiple RISs under independent and not necessarily
identically distributed (non-IID) Rician fading with imperfect and
outdated CSI, the authors applied the CLT to characterize the
A2G signal-to-noise ratio (SNR) by a noncentral chi-squared (y?)
distribution. While this noncentral y? distribution is mentioned
in [18] and [25], the degrees of freedom (d.o.f.) are set to 2,
which oversimplifies the distribution. Specifically, the noncentral
x? distribution, with 2%k d.o.f., noncentrality 2, and scale g, is
equivalent to the generalized x-u distribution through a parameter
transformation. This highlights a research gap that requires further
study for more accurate characterization. In another approach,
[16] examined the effects of channel aging on RIS-enhanced
massive MIMO systems with mobile UEs, where SE optimization
under imperfect CSI was presented. The research also suggested
that performance degradation due to channel aging can be miti-
gated by adjusting the frame duration or increasing the number of
RIS elements. Moreover, the authors in [26] evaluated the perfor-
mance of RIS-assisted communications, accounting for hardware
imperfections and channel aging due to GUE movement. In [27],
the authors considered a UAV-mounted RIS system and character-
ized the end-to-end (e2e) SNR using the «-p distribution, where
the CLT is adopted for asymptotically large numbers of reflecting
elements, e.g., up to 642 elements. However, the works in [16]
and [26] did not consider UAV systems. In addition, although
UAV systems are considered in [18], [21], [27], the impact of
channel aging was not addressed in any of the references. While
RIS-assisted UAV wireless communication has gained significant
attention in the literature, there is limited analysis of the statistical
characterization of G2A and RIS-assisted A2G communications
under channel aging. Moreover, most works do not take into
account the size of the RISs when the number of reflecting
element grows. This research gap has resulted in a lack of tools to
facilitate the systematic design, such as how large can the SE be
achieved without compromising the end-to-end outage probability
(eOP) when the UAV and GUE are in motion.

This paper aims to fill the aforementioned gaps by studying
the statistical characterization of G2A and RIS-assisted A2G
communications under the impact of channel aging. Specifically,
we derive the exact distribution, including the probability density
function (PDF) and cumulative distribution function (CDF), of
the G2A SNR using Laplace transform and inverse Laplace
transform. For the RIS-assisted A2G communication, we first
derive the characteristic function (CF) of the A2G communica-
tion under arbitrary phase-shift configurations (PSCs). We then
propose characterizing the A2G channel as a complex Gaussian
distribution conditioned on the estimated (i.e., delayed) CSI and
RIS phase shifts. The key contributions of this paper can be

summarized as follows't

o We consider an RIS-assisted UAV system designed to ac-
commodate the three-dimensional (3D) movements of the
UAV and GUE. Specifically, our analysis can be used for the
BS and RIS with antenna array architectures, with uniform
planar array (UPA) as a special case. As a result, our
analysis is also applicable for large RISs, where the size
of the RIS cannot be neglected. Moreover, we introduce a
comprehensive channel model that accounts for time-varying
fading, continuous-time mobility, Doppler frequency shifts,
and channel aging.

o For the G2A communication, we derive a analytically
tractable expression for the G2A SNR PDF while the
delayed CSI-based maximal ratio combining (MRT) is
adopted. Our findings reveal that the G2A SNR follows a
mixture of noncentral x? distributions, which is later shown
to be directly related to the x-p-squared distribution. This
important finding enables us to determine the exact G2A
SNR CDF without further complex derivations.

o The unique technical contribution of our paper lies in our
unified characterization of the A2G communication under
arbitrary PSC. Specifically, we derive the exact CF of the
complex RIS-assisted A2G channel, conditioned on delayed
CSI and RIS phase shifts. Then, the conditional A2G channel
is found to follow a complex Gaussian distribution when the
RIS has sufficiently large number of elements, denoted as
N. This leads us to a novel finding that the A2G SNR is
characterized by the product of two correlated non-central
x? RVs. Simulation of Kullback-Leibler divergence between
the exact and characterized A2G SNR is also presented to
illustrate the accuracy of the proposed characterization.

o We tailor the method of moments to characterize the A2G
SNR as the product of two independent noncentral y2 RVs.
Our approach includes a framework for matching central
moments of the noncentral X2 distribution, where the law of
total cumulance (LTC) is utilized for this purpose. Addition-
ally, we introduce novel and exact PDF and CDF expressions
for the product of two non-IID noncentral x? RVs to derive
the A2G SNR PDF and CDF. Interestingly, our results show
that the derived PDF/CDF is surprisingly accurate even with
only N = 22 reflecting elements.

o For the system performance analysis, we examine the eOP
under a fixed target SE and its asymptotic behavior. As a
case study, we employ random mobility models for the GUE
and UAY, specifically the random waypoint mobility (RWM)
model and reference point group mobility (RPGM) model,
to examine temporal fluctuations in the eOP. Subsequently,
we introduce an adaptive SE approach to maintain the eOP
at satisfactory levels, ensuring a consistent and reliable
connection as the GUE and UAV are in motion.

Notations: E[-], Var[-], us[-] denotes expectation, variance, and
third central moment operators, respectively; X =1y, X~%Y,
and X —»?Y indicate that the RVs X and Y are equal, ap-
proximately equal in distribution, and X is matched to Y in
distribution, respectively.

IPart of this paper was presented at the 2024 IEEE International Conference
on Communications [28]].



RF Obstructions

Fig. 1. Illustrations of a G2A and RIS-assisted A2G wireless system, where the
RIS is installed on houses and/or buildings.

II. SYSTEM MODEL

We consider a UAV-assisted terrestrial network, shown in
Fig. [I] where a single-antenna UAV is serving a single-antenna
GUE by relaying the information from the M-antenna BS.
In this system, the direct BS-GUE and UAV-GUE links are
absent due to various Radio Frequency (RF) obstructions [6].
Hence, we consider a RIS with NV reflecting elements, installed
on a building facade, to facilitate a virtual LoS link for the
A2G communication [18]]-[21]]. Hereafter, we use S, S,,, U,
R, R,, and D as subscripts to depict the BS, the BS’s antenna
m e M 2 {1,2,..., M}, the UAV, the RIS, the reflecting (or
RIS) element n € N 2 {1,2,..., N}, and the GUE, respectively.
In addition, the transmission from BS to GUE is equally divided
into two orthogonal time slots as follows. During the first time
slot, the BS transmits the unit-energy information signal xg to the
UAV. In the second time slot, the UAV decodes zs and forwards
the re-encoded version Zy to the GUE with the help of the
RIS. Moreover, we denote pag(t) 2 [zag(t), yas(t), zas(t)]
as the 3D Cartesian coordinates of node A with respect to
node B, where A,B € {S,S,,,U,R,R,,,D}. The conversion
from the spherical coordinates [dap(t),0as(t), oas(t)]" to the
3D Cartesian coordinates is [29]]

TAB (t) COS 9AB (t) COS YAB (t)
yAB(t) :dAB(t) COS QAB(t) sin QOAB(t) édAB(If')I'AB (t), (1)
ZAB (t) sin 9AB (t)

where the unit vector rap(t), i.e., ||rap(t)||? = 1, represents the
direction from node A to node B, while dag(t), Oas(t) € [0, 7],
and pag(t) € [0, 27| denote the distance [m], the elevation angle
[rad], and the azimuth angle [rad], between nodes A and B,
respectively. The conversion from the Cartesian coordinates to
the spherical coordinates is given by

[daB, OaB, PaB] = [\/m’

T
sin™! ( “AB >,cos1 <yAB>} . @
Vi + Vs Tt ZiB TAB

A

We also denote pa(t) = [za(t),ya(t), zA(t)]T as node A’s
Cartesian coordinates at time ¢ with respect to the origin in a pre-
defined global coordinates system, thus pag(t) =pgs(t) — pa(t).

A. Time-Varying Fading Channel

We denote the time-varying channel coefficient from node A
to node B at time ¢ as cap(t) £ \/lap(t)has(t), where £ap(t)
is the path loss component and hag(t) is the small-scale fading
component. Moreover, we consider that all channels experience
Rician fading comprising a line-of-sight (LoS) path and multiple
non-LoS (NLoS) paths. Specifically, the channel vectors are

— _VEs®) | _has(t)
modeled as hap () = \/mhAB(tH_ w71 [30], where

hag(t) represents the LoS component and hap(t) represents the
NLoS components whose entries are independent and identically
distributed (IID) complex Gaussian RVs with zero mean and
unit variance. The Rician factor is modeled as a function of the
elevation angle as Kag(t) = Koe?e’“*(t) " %5 for LoS scenarios,
where Ky and K, are environmental coefficients. It is noted that
Kap(t) = 0 indicates the NLoS scenarios, where the channel
experience Rayleigh fading. When antenna array architectures are
employed at the BS, we rewrite hag(#) as [31, Eq. (5)]

[bsu ()], = exp [j2ntAfs, u(t)] VMas(rsu(t), ()

where Afs y(t) is the Doppler frequency shift in the LoS
path induced by the movement of the UAV and as(r) is the
normalized array response or normalized steering vector in the
direction r € R3. In particular, the vector r = rsy(t) specifies
the direction of the waveform departing from the BS toward the
UAV, or the so-called direction of departure (DoD). The array
steering vector as(r) in the direction r € R can be expressed
as [32, Eq. (7.13)]

-2 T 2 T T
as(r) = [e]Tr Psiso /XY pSMSD} /\/M, %)

where ps,, s, denotes the position of the m‘" antenna with respect
to the center of the antenna platform. Here, the wave vector in
[32, Eq. (7.13)] relates to the direction vector as k = 27”1'.

When the BS is equipped with an UPA in the yz-plane with
My, My and dy, dy being the number of elements and element
spacing on the y (horizontal) axis, and the number of elements
and element spacing on the z (vertical) axis, respectively, we have
ps,.so = [0, (is,, — 1)du, (Js,, — 1)dy]", for m € M, where
is,, = 1,..., My and js,, = 1,..., My are the corresponding
horizontal and vertical subscripts of the My x My matrix, and
where MyMy = M. Specifically, ¢s,, and js, are determined
as (is,,, js,,) = (mod (m — 1, My) + 1, [(m — 1)/My| + 1) £
ind2sub ([My, My], m) [32].

Following (@), we rewrite the LoS component of the UAV-RIS
and RIS-GUE channel vectors as

[BUR (t)] n = exp |:j2’/TtAfURn (t)] \/NOLR(fl‘URn (t)), (5)
[rn(t)], = exp [jQTrtAfRnD(t)] VNogr(rr,p(t),  (6)

where A fur, (t) and A fr,p(t) are the Doppler frequency shifts
in the LoS path induced by the movement of the UAV and
the GUE, respectively, and —ryg, (t) is the direction of the
waveform departing from the UAV and arriving at the n*”* element
of the RIS. The direction —ryg,, (¢) is also referred to as the
direction of arrival (DoA). Moreover, rg, p(t) is the DoD of the
waveform departing from the n'" element of the RIS toward

>
the GUE, and ag(r) = /\/N
When the RIS has an UPA architecture in the yz-plane with
Ny, Ny, and dy, dy being the number of elements and element
spacing on the horizontal axis and the number of elements
and element spacing and vertical axis, respectively, we have
Pr.r, = [0,(ir, — 1)du, (jr, — 1)dy]" for n € N, where,
for iRn = 17. .. ,NH and jRn = 17. .. ,NV and (iR,,L7jR,,L)T =
ind2sub ([ Ny, Nv],n).

Som T com T
ejoﬂl‘ PriRg _’eJTﬂl‘ pRNR(]]



B. Continuous-Time Mobility Model

The GUE’s motion with respect to the origin can be
modeled by the change of its positions over time as
po(t,7) = pp(t +7) — pp(t) € R3 [29], where 7 [sec] is the
delayed duration from the initial observation instant ¢ [sec]. The
GUE’s motion can also be determined based on its average
velocity over a period 7, denoted as vp(t,7), as

pp(t,7) = pp(t) + 7vp(t, 7). @)

In various communication scenarios, the UAV is required to
move following the GUE’s movement to ensure uninterrupted
connectivity. In this case, the UAV’s motion is a function of the
GUE’s motion, and is modeled as

pU(t7 T) = Pp (ta T) + ApU(t7 T)a (8)

where Apy(t, 7) € R? represents the UAV’s motion with respect
to the GUE’s motion.

The mobility of the UAV and GUE causes the A2G channel
to vary over time, which leads to the channel aging phenomenon
[[14], [33]l, [34]. Channel aging causes the CSI to become outdated
due to the delay between the estimation time and the CSI
transmission time. Moreover, the velocity vectors of the UAV
and the GUE, i.e., vy(t) and vp(t), also vary over time, which
results in a time-varying Doppler frequency.

C. Time-Varying Doppler Frequency

If nodes A and B move with instantaneous velocities va(t) €
R3 and vg(t) € R?, respectively, the Doppler shift along the LoS
path is expressed as

Afa(0) = L2 (va(t) —va) e, ©)

where rap(t) is determined in (I). We note that va(t) = O (or
vp(t) = 0) implies that node A (or B) is standing still.

We note that () is applicable to 3D mobility scenarios, with
one-dimensional (1D) mobility being a special case. In this
context, the term vg(t) — va(t) = vap(t) indicates the relative
velocity of node B with respect to node A. Moreover, (9) can
be equivalently represented by one-dimensional (1D) mobility
as Afag(t) = :l:% lve(t) — va(t)| cosOas(t), where O5p(t) is
determined in (Z) and the =+ sign is determined by whether
the node A is moving towards (4) or away (—) from node B,
respectively. Based on (@), we formulate the maximum Doppler
frequency shift across the NLoS components as

AEE (1) = 12 Jvg(t) — valt)]].

c

(10)

D. Channel Aging Model

To measure the CSI aging caused by the Doppler effect, corre-
lation metrics are used to determine the time-varying property of
the CSI. Specifically, the channel state at a discrete time instant
t; can be modeled as [14]], [34]

hag[tr] = pasltr/has[0] + pa[tr]fas[tx], (11)

where fag[ti] =2 CN(0,1) represents the innovation component,
paBlti] € [1,1] is the temporal correlation coefficient between
the channel realizations at time instances 0 and k, and pagp[tr] =

1 — paglte]. As in [14], [34], we consider that the channels
evolve according to Jakes’ model, thus

pasltr] = Jo (2wtkTSAf§g*(tkTs)), (12)

where Jo(z) is the zeroth-order Bessel function of the first kind
and T} [sec] is the channel sampling duration. Since pag[tx] is a
Bessel function, either change in the UAV velocity, GUE velocity,
or a higher sample index ¢; will yield a non-monotonic decrease
in the correlation coefficient which oscillates around zero with
decreasing magnitude.

Considering that the channels’ estimates at time instant 7 are
perfect and that these estimates are used as the initial states to
get estimates of the channels at all other time instants, then the
channels’ estimates at later time instants will be inaccurate [16],
[34]]. Thus, the current channel at time instant ¢, can be expressed
in terms of the estimated channel at the 7% time instant as [34]]

hag(te] = paslT — te]hag[T] + pas[T — tk|ZaB[Lk], (13)

where zag[tr] ~ CN(0,I) denotes the independent innovation
component that correlates hag[tx] and the (outdated) estimated
CSI hag[7]. Hereafter, we drop the time indices and denote the
delayed CSI as hap = hag[7] for convenience.

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

In the first time slot, the BS applies the beamforming vector
wsy to steer the desired signal s to the UAV, where E[|zs|?] = 1.
Hence, the received signal at the UAV is obtained as

yu = Pslsu [(PSUhSU + ﬁSUZSU)HWSU} xs + ny,

where Ps [W] denotes the BS’s transmit power and ny is the
additive white Gaussian noise (AWGN) with zero mean and
variance a% [W] at the UAV. We assume that {s,y =~ fs,u =~ -+ - =
ls,,u = fsy since the maximum dimension of the BS’s antenna
array is significantly smaller than its distance to the UAV. More-
over, we consider that the BS adopts maximal ratio transmission
(MRT) using the estimated CSI, where wsy = ﬁ{% Hence, the

G2A SNR under delayed CSI-based MRT is obtained as

(14)

Pslsy -2

- 2
2 (psubsy + ﬁSUZSU)HhSU’ HhSUH
U

Vg2a = (15)

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

In the second time slot, the UAV decodes zs and forwards
the re-encoded version 7y to the RIS. Next, the RIS reflects the
signal Zy from the UAV to the GUE by intelligently adjusting
its phase-shift matrix. Hence, the received signal at the GUE is
obtained as

N
yo =V (Z VAR, pIR,,DBn/ Cur,, hur,, €’ ﬂR”) Ty + np,

=1
(16)

where Py [W] is the UAV’s transmit power, np is the AWGN
with zero mean and variance 01% [W] at the GUE, 38, € R
and Jg, =0, 27) are the amplitude reflection coefficient and the
phase-shift value of the reflecting element n € A/, respectively
[24], [33]]. In practice, the number of phase-shifts is limited and
constrained by the phase-shift resolution, denoted by @ 2 2°,



where b is the number of quantization bits and the value of a
phase shift belongs to the set Q = {O, 2(3 %, . %} [35].
Hence, the SNR received at the GUE is obtained as

2

N
Ya2g = % VR, phR, DB/ lUR, Pur,, €% (17)
D |n=1
@ )
= Ya2g |hRp©Orhur| ,Vn € N, (18)

where Oy £ diag (5163'1%1 ., Bnel"t) represents the phase-
shift matrix, Ja,g = KUR KR p for any n € N when the
RIS’s maximum d1mens1on being considerably smaller than the
distances dr,p and dur,, [23], [35]. It is noted that our analysis
is applicable when the RIS dimensions are non-negligible. In

2
this case, we define l,55 = (ZnN:1 NGRS n\/EURn>

average effective A2G path loss, and the terms 3,, and 7,0 must

as the

. Vi pBr/2
be modified to R”Djf % and PUEazg , respectively.
R

III. STATISTICAL CHARACTERIZATION OF G2A AND
RIS-ASSISTED A2G COMMUNICATION

In this section, we study the statistical characteristics of the
G2A and A2G communications. Specifically, we derive the dis-
tribution, i.e., the PDF and CDF, of the G2A SNR. For the A2G
communication, we propose to characterize the A2G channel
distribution conditioned on the estimated CSI. Then, the PDF
and CDF of the A2G SNR are derived. Moreover, we focus on
the distributions of the LoS communication scenario since the
NLoS communication scenario can be analogously obtained by
setting the Rician-K factors to zeros [15].

A. Statistical Characterization of G2ZA Communication

We denote hsy 2 (psuhsu + psuzsu)wsy as the effec-
tive G2A small-scale fading channel. For practical purposes,
we consider a reasonable assumption that wgy and zgy are
statistically independent. Subsequently, hgy is characterized as

hsuy =%CN (pSUwg'UlAlSU,[)gU). We find that hgy exhibits the

properties of the Rician fading, where pSUWEUﬁsu and p3y
represent the effective LoS component and the average power of
the NLoS components, respectively. Applying the delayed CSI-
based MRT beamforming, hgy is further characterized as

hsy £ CN (/J’SU HESU

Under the delayed CSI-based MRT beamforming, WSHUﬁSU
follows the noncentral chi-square (x2) distribution with scale
factor m, 2M degrees of freedom (d.o.f.), and noncen-
trality parameter 2M Kgy. Such a fading falls into the category
of fluctuating LoS fading [36]. However, [36] only considers
that the magnitude of the LoS component follows a Nakagami-
m distribution, forming the Gamma-shadowed Rician fading
channel. Hereafter, we use the notation X3 (A\) to specify the
noncentral X2 RV with scale %, 2k d.o.f., and noncentrality
parameter 2). The PDF and CDF of X7 (\) are given by [37]

) (19)

[z (R, Asw) = e N (;)% I (2@) ,z>0, (20)

Fea(k,\ia) =1 - Qs (\/ﬁ\/%) z>0 @1)

where Qy(a,b) = a'=* [ aF _#Iv,l(aw)dx denotes the
Marcum Q-function. For the noncentral x? distribution with scale
factor 7, denoted as yxz (\), we adopt the scaling property
of PDFs and CDFs as f,,y>~<2(l<:,)\;x) = %f)zz(k, A %) and
Fﬂz (k, \;2) = sz(k, A; %), respectively, for 5 > 0.

Remark 1: The distribution of X% (\) is directly related to
the k-p-squared distribution with fading parameters (€2, &, u).
Specifically, the two distributions can be transformed into each
other by setting the parameters as follows:

+ To obtain the k-u- squared distribution from the noncentral
x? distribution, set ¥ = u(1+n)’ A= pk, and k = p.

+ To obtain the noncentral x? distribution from the &-u-squared
distribution, set yu =k, k = %, and Q =5(k + \).

Theorem 1: Under the delayed CSI-based MRT, the PDF of
the G2A SNR is formulated as

_ _ (Kgu+z
Jon (@) = ¢ PRI (
g2a

Ee0)
2vEuz

XI o -y -
Mt (KSUP§U+1

2
KSUPSU
52
KSUpSU +1

Ksy+1 )M
KSUﬁgu +1
1—1

(P3y)  (pay)M i1 (:r) M-

—_
=

—M—i
1 ‘—‘U

g2a
) , x>0, (22)
where Zy £ M Ksyp2, (Ksu + 1)’yg23 and 'YSU PSZSU
Proof: For convenience, the proof of (22) is presented in
Appendix [Al which involves many mathematlcal manipulations
based on the Laplace transform of 7g2,. [ |
Corollary 1: Based on (22)), we find that the G2A SNR under

the delayed CSI-based MRT follows a mixture of M noncentral
x? distributions, where the m'" noncentral x? distribution is

1dentlcally distributed to ¥Xpr—m (), for m = 0,1,.... M — 1,
where A & M 1(59759311 and 7 £ ﬁgzaK}Lsfl'l The mixing
proportion of each mth noncentral x? distribution is
M-1Y\ (Ksy +1)™ e
A 2 \m 2 \M—m-—1
Hpy = = .
( m ) (pSU) (KSUng + 1)1\4,1 (pSU)

Hence, based on the CDF noncentral x> RV’s CDF in (Z1),
we formulate the CDF of the G2A SNR as

M—-1

x
F,ygh(x) = Z %mF)~62 (M —m, A ’Y) , x> 0.

m=0

(23)

B. Statistical Characterization of RIS-assisted A2G Communica-
tion

As outlined in [11]], [21]], [25]], [27], the phase-shift configura-
tion g, = —Z [hur],, — £ [hrp),,, for all n € N, is optimal in
the absence of channel aging. However, adopting the aforemen-
tioned configurations in the presence of channel aging requires
the current CSI hyr and hgrp, which are usually unavailable
in practice since zyr and zgp are unknown. This inspired us
to focus on PSCs that are independent of zyr and zrp. Here-
after, we rewrite the phase-shift matrix as @ = OF, Bz Our.
where By = diag([f1, fe, - .., On]) is the RIS amplitude reflec-
tion coefficients matrix, ®yr = diag([e/?r1, ... e/V"rn]) and
O = diag([e/?p, ... eI*xP]) are the phase-shift matrices of
the UAV-to-RIS and RIS-to-GUE channels, respectively. Thus,
the phase-shift of the reflecting element Vn € A is rewritten as



Jr,, = Yur, 19R . Hence, we assume that the conﬁgured chan-

nel vectors pyg 2 (Br)2Ourhur and pgp 2 (Bg)2 Orphrp
are characterized as

d 1 ~

pur =CN (pUR(IBR) 2 Ourhug, plij/@R) )
d 1 N

Brp =CN (PRD (Br)? ORphro, pf%DBR) )
respectively. Here, (24) and (23) suggest that

o Focusing solely on the phase shifts ®gp and Oyr configu-
rations, we can adjust the value at which the channel power
is concentrated.

o The reflection coefficient Bg, not only influences the value
at which the channel power is concentrated, but also shapes
the spread or dispersion of the channel’s power distribution.

Let fig £ (Br)?Ourhur and figp £ (Bg)? OFphrp, the

PDF of pg conditioned on fiyy is given by

8 1 1 (y—purbg) "B (y—purBiug)
ol (¥) = L RS BTIE)  g

(24)

(25)

for y € CV.

1) Effective Air-to-Ground Channel: In the following, we first
study the statistical characterization of the effective A2G channel
through the RIS.

Lemma 1: Denoting Z = pkopug as the effective A2G
channel, the CF of Z conditioned on the estimated CSI, i.e.,
hUR and hR p,n=1,2,..., N, and the phase shifts, i.e., Ur,,
n= 1 2,...,N,is obtamed as

N Ll -
H <1+ 1 P%RP§D52>

D 2| i (J0) =

n=1
lw 2 —2 32 2 2
X exp {— |w|pUiplef (pUR ‘hUR + @2{7[) hr,.p )
1+ 55 pirPrpS Piw RD
Re (w*hUR ﬂnejﬂkn iLR D)
+JPRDPUR \w\ - , weC,
4 T
(27)

Proof: We first derive @z, z,(jwi,jwz) in Appendix
as the joint CF of Z; = Re(Z) and Z> = Im(Z). Then,
applying the definition of the CF of complex RVs as &z (jw) =
E{e/ReW 2} = By 4 (jwi,jws), where w = w; + jws, for
wy € R and we € R, and after some mathematical manipulations,
we obtain (27). This thus completes the proof. ]

The CF of the effective A2G channel in Lemma [I] provides the

following results:

o The joint CF of Z; and Z,, denoted as @z, z,(jwi,jwa),
is obtained as Pz, z, (jw1, jwz) = Pz (jwr, —w2).

o The CFs of Z; and Z; are ®z, (jwi) = Pz, z,(jwi,0) =
Pz(jw1) and Pz, (jwz) = Pz, 7,(0,jw2) = Pz(~w2),
respectively.

e We find that @z (jw1)Pz,(jws) # Pz, z,(jw1,jws),
which implies that Z; and Z5 are correlated.

o The effective A2G channel Z can be characterized as
the sum of non IID RVs. Specifically, we can rewrite Z
as Z = S0 ZM, where ZM) ..., Z(N) are non-1ID
RVs. Comparmg with (18), we determme that Z(") =
hR,,pBne’ " hyg,,

Let Z(™ £ Re (Z™) and Z{™ 2 Re (Z2(™), we propose the
following characterizations:

Z{n) gﬂn ‘ZURH\%ZRTLD +Xl(n) ?
- ‘Z”R"\%ZR"D +y™ : PROPUR = (58
zZim g, ‘ZUR" \_/ng"D + X5 (o]
_ ‘ ZuR,, j;éjZRnD + Yz(n) ’ M7 (29)
where Zyr, = "U“h eV Ty = %sznDe_jﬂRnD, and

X E”), Y1( n) Xz(”), and Yz(n) are independent and identically
distributed standard complex circularly symmetric Gaussian RVs.
Here, we utilize the notation =¢, rather than =<, due to exact
matches between the right-hand sides (RHSs) and left-hand sides
(LHSs) of (28) and (29). However, it is important to note that @]}
and (29) do not account for correlations between Z ) and Zy
Nonetheless, these correlations are insignificant in charactenzmg
the distribution of |Z|?> when N is sufficiently large.

Proposition 1: Under channel aging, for sufficiently large IV,
the RIS-assisted A2G fading is characterized as

d ~ ~ - ~ 2
Z = CN (MZ 2 propurhRp Orhur, 0% £ pRpAtR HIBRhRD H
2 2 %, 2 2
JrPRDPURHIBRhURH + PRDPUR ||/3R||F)- (30)
Proof: We find that
— Xi (X2)
2
where X1 £ % ‘ZURH + ZRnD|2 and X2 £ % |ZUR% — ZRnDF'
For a noncentral x? RV modeled as Y =2 y2(X), the con-
ditional mean and conditional variance of Y given X are
E(Y|X) =k + X and Var(Y|X) = 2k + 4X, respectively. The
total mean of Y is directly computed by taking the expectation
of E(Y|X) over X as E(Y) = E(E(Y|X)) = k + E(X).
Consequently, the total mean of Zl(" is computed as
E[X: - X
E[2("] = E[X) — X5] - 2]

The total variance of Y follows the law of total variance as
Var(Y) = E(Var(Y|X)) + Var (E(Y'|X)) [38]. Hence, the total
variance of Z," is computed as
2E(1 +X1 +X2) —+ Var (X Xg) 2 2

1 npURpRD
(33)

=y
7 4 Xi (X1)

Br PURPRD- 31)

BrnPURPRD- (32)

Var [Zf")} =

Hence, the total mean and total variance of Z; are computed as

B(z) =8| 3 27| £ B [207] = BRe(un)l, 34

Var(Z;) = Var [Z z" } © Z Var [Z(")}

n=1

= Var[Re(uz)] + E[UZ]7 (35)



respectively, where (a) is based on the linearity of expectation,
and (b) is due to the fact that Z{") are mutually independent, as
shown in (28). The mean and variance of Z, are analogous to
those of Z; in (34) and (33)), respectively, i.e., by simply replacing
Re(pz) with Im(pz).

According to the CLT, Z —¢ CN (E[Z], Var[Z]), where E[Z] =
E[uz] and Var[Z] = Var[uz]+E[0%]. However, the CLT necessi-
tates an asymptotically large N. This motivates us to explore the
relationships 02 — E [0%] and pz —% CN (E[uz], Var[uz]),
resulting in (30). In this manner, we conclude the proof of
Proposition [ |

2) Effective Air-to-Ground Signal-to-Noise Ratio: Based on
Proposition [} we note that the distribution of |Z|? in the ideal
scenario pir = pap = 1 is simplified as

2

1Z2 4 ’ﬁgD@RﬁUR : (36)

which can be effectively characterized by the noncentral x? and
generalized- K -squared distribution [[10], [[11], [18], [23].

When p?g — 0 and p3p — 0, e.g., the UAV and GUE move
with very high speed, the distribution of |Z|? is rewritten as
|Z|? —4 (25:1 5,212 X7. In this case, the effective A2G channel
exhibits Rayleigh-like fading. Hence, configuring the phase shifts
Our and Ogp is ineffective in highly dynamic environments.
Nonetheless, increasing the number of reflecting elements can
yield considerable performance gains without the need for effec-
tive PSCs.

Most importantly, when pZg, pip € (0,1), the A2G SNR can
be characterized as

2
'Ya2g i) :YaZg‘Z|2 _d> ﬁaZgU%%% ( |/2Z2|
z

) £ ’7a2g0'2Z’YZa (37)

for sufficiently large N. Here, the scale component o% is the
linear combination of non-IID noncentral x? RVs, which follows
the generalized noncentral X2 distribution [37]]. While the exact
PDF (or CDF) of the generalized noncentral 2 distribution
remains unknown, the distribution is well characterized by a
noncentral x? distribution [37]]. The approach followed to match
the true distribution of an arbitrary RV Y to the noncentral x?
distribution is presented in Lemmas [2] and [3] as follows.

Lemma 2: For YV =¢ ¥X3(X), the mean, the second central
moment (variance), and the third central moment of Y are,
respectively, presented as

E[Y] = (k + E[X])7, (38a)
Var[Y] = (k + Var[X] + 2E[X])7?, (38b)
p3[Y] = (2k + 6E[X] + 6Var[X] + u3[X]) 7. (38¢)

Proof: We adopt the LTC [38]], [39], where the law of total
variance, utilized in the proof of Proposition [I} and the third
central moment are special cases of LTC. Here, the third central
moment of Y is derived as [38], [39]

3(Y') = 3Cov [E (Y]X) , Var (V| X)]

+E[ps(YX)] + ps [E(Y]X)], (39)

where the conditional moment and central moments are com-
puted as E(Y|X) = (k+ X)7, Var(Y|X) = (1 +2X)52, and
us(Y|X) = (2 + 6X)73, respectively. Furthermore, we have

Elis(YIX)] = (2 + 6B[X])7, pafE(V]X)] = ps[X]5%, and
Cov[E(Y|X), Var(Y|X)] = 2Var[X]53. Plugging the foregoing
results into yields (38¢), completing the proof of Lemma
|
Corollary 2: When X is deterministic and X = ), the mean
variance, and third central moment of ¥ 4 ¥X3(X) in Lemma
are obtained by treating E[X] = A, Var[X] =0, and u3[X] =0,
which yields

E[Y] = (k+ \)7, (40a)
Var[Y] = (k + 2072, (40b)
uslY] = (2k + 6)) 5. (40c)

Lemma 3: When matching the distribution of Y =¢5x7%(X) to
the noncentral y? distribution, denoted as Y —¢ 7y XZY (Ay), the
moment-based estimators for the parameters ky, Ay, and 4y are
derived as

o Case Var’[Y] > 1E[Y]us[Y] > 2Var®[Y]:

* Varly] VarlY] = /Var?[Y] - ZE[Y Jus[Y]

TRy Var[Y] :
Y Y]
)\y = — s and ky = — A (41)
Y

SEVJus[Y] or E[Y]us[Y] < §Var’[Y]:

E’[Y]
Var[Y]’

where E[Y], Var[Y], and u3[Y’] are derived using (38) if X is an
RV or using (@0) if X is deterministic.

Proof: In order to match the distribution of Y to the
noncentral x? distribution, we solve the system of equations
presented in for k = ky, A = Ay, and 5 = 7y. Applying
the changes of variables © < ¥y, y < Jyky, and z < Jy Ay
yields a new system of quadratic equations in terms of z, y, and
z. Solving this new system yields {T)) and (@2)), which concludes
the proof of Lemma [3] [

Proposition 2: The true distribution of the scale component 0%
can be characterized by the noncentral x? distribution as

v = y = and Ay =0,  (42)

0% 29,0, (NAz). (43)

Proof: The above proposition is based on matching the true

distribution of ¢% to the noncentral x? distribution using the

method in Lemma for Y = 0%, ky = Nkz, \y = Nz, and
Yy = 7z. It is noted that the mean, variance, and third central
moment of 0% are derived as

E [U%] = (1 - P122DP12JR> HﬂRH%,
a k ~
Hie [J%] @ {(pIQQDﬁ%R) Mk(

hr,D
5 9 \*
+ (pRDpUR> Mk:<

(44a)
2
)

hur,,

Nt o

where j15(-) = Var(-) and (a) is due to the fact that the k*" central
moments of a linear combination of non-IID RVs is written as
pr(aX +0Y +¢) = aFup(X) 4+ bFu,(Y), for k=2 and k = 3,
where X and Y are non-IID and a, b, and ¢ are constants. Since
|il AB |2 follows a noncentral X2 distribution, its variance and third




central moment are given by @0), with kK = 1, A = Kag, and
¥ = KAB +1- This completes the proof of Proposition ]

The second case of Lemma [3] 1mphes that the true distribution
of O’Z can be matched by the X distribution with 2Nkz d.o.f.,
which is identical to the Gamma distribution with shape Nkz
and unit scale. In general, the PDF and CDF of a XQ—distributed
RV with 2k d.o.f. are given by [23]

sz(k;a:) = ﬁxk_leﬂﬂ x>0, (45)
1
Fye(kyz) = @W(k;x)a x>0, (46)

respectively, where ~(k;x) is the lower incomplete Gamma
function [40, 8.35] and I'(k) is the Gamma function [40, 8.31].

We recall from that |Z|> =4 0%~z for sufficiently large
N. Here, we have Var[yz] =1+ Var[X]+ 2E[X] > 1 with
X = “; z” which is obtained from ( (38B). Given that Var[o%]
is con51§erably less than 1, as calculated in (@4b), we find that
Var[yz] is significantly larger than Var[o%]. Consequently, the
statistical properties of |Z|? are predominantly influenced by

‘“Z‘ ) in (37). However, the true
Z

distribution of |Z|? is not solely determined by the individual
distributions of 0% and 7z but also by the correlation between
them. When these components are separately matched to other
distributions, the existing correlation is overlooked. To tackle this
problem, we propose the following matching:

the component vz = X1(

1Z2% 024k, as N > 1, (47a)

subject to E[|Z|?] = E[o%y=] and Var [|Z|?] = Var [0vr],
where 0% and v are non-IID. We highlight that yz -4~ as
Cov (03,72) = E (luzl?) —E (03) E (1455) - 0.

Proposition 3: The dominant component vz can be character-
ized by the noncentral x? distribution as

TR £ AR =1 (AR) - (48)
Proof: The mean and Varlance of |Z]? are derived as
E[|Z]?] = E[o%] + E[|M2’ | and Var[|Z]?] = Var[o}] +
2 2 4
Var ‘,uz| } + E[JZ] + QE[JZ}E[|MZ| } where E[az] =
Var|[o%| +E[0%]. Since 0% and vz are statistically independent,
the mean and variance of v are computed as

_E[12P] _ E[}] +E[luzP]
T )
Var[|Z|?] — Var[o%|E* [y ]

Var[0%] + E*[0]
where the mean and variance of o2, are computed using @4).
Then, denoting fir, £ hj phur,€?"*, the mean of |uz|* is

Var[yr] = , (50)

N
2 ~ 2
Ellnzl"] = ¥ 8prorteE[liir, '] + 281 pk0pt

N
x > BmRe(Elir,ix,.])

m=n-+1

(S

where, for L,(x) denoting the r‘"

[[40]], we have [[18]]

~ 2r| LT(_KRD)LT(_KUR)
E {l R | :| o [KRD + 1]T[KUR + 1]T

order Laguerre polynomial

r?T2(r). (52

Obtaining the exact variance of |uz|® is quite complex,
which motivates us to adopt the Taylor series to derive an
accurate approximation. By adopting the Taylor series, where

2 _ d 2
aRe(z) |z|* = 2Re(z), and WM = 2 for a complex-valued
variable z, we obtain

Var[ |z [?] = Var® [uz]
— 4Re (E [pz

if Var[uz] > E[Re (uz)] — 0,
]) Var [Re (1z)], otherwise, (53)

where Var[Re(j)] %EH,LZ( = [E[z] |* if Im(E[p2]) =0,
otherw125e VarRe(pz)|] — 3[E [|uz| ] Re(E*[uz])]. Here,
E[|uuz|"] is derived in 1) and |E [1uz]|® is derived as

2

N
E [uz]” = Zl BnpropurE [fir,] (54)

It is noted that the value of the expectations in and
depend on the PSC at the RIS, i.e., different PSCs yield different
expectations. Based on the foregoing results, we obtain the mean
and variance of vz in @D and (B_UI), respectively. Afterwards, Yz
and A\ are derived using (40a) and for Y =g, ¥ = R,
and A = Ag. This yields

3% = Byl - /B [1] - Var ], (55)
1
M = =—/E? [1] — Var[yel, (56)
TR
which completes the Proof of Proposition ]

Based on Propositions [2] and [3] we characterize the RIS-
assisted A2G SNR as the product of two noncentral x? RVs.
The PDF and CDF of this distribution can be represented by an
infinite series of modified Bessel functions [41]], at the cost of
significantly increasing computational complexity. In Theorem [2]
we propose another framework to derive the distribution of the
RIS-assisted A2G SNR.

Theorem 2: Under arbitrary PSCs, for a sufficiently large N,
the RIS-assisted A2G SNR can be characterized by the product
of two non-IID noncentral x2 RVs. In this case, the PDF of the
RIS-assisted A2G SNR is obtained as

-1

Fraag (2 Z pic, (k1) Z DK k2)(772727a2g)
k1=A; =A,
X [K <N/€z + k1, kr + ko; Z> , (57)
YRYZVa2g
A
where pr, (k1) = (N)‘Z):# and pic, (ko) = AR;, ® are

the probability mass functions (PMFs) of Poisson-distributed RVs
with means N Az and A\g, respectively. Moreover,

12Ka—a(2V7)
I(a)l(a)

for x > 0 specifies the PDF of the product of two non-IID
X2—distributed RVs, which is also known as the generalized- K-
squared distribution.
Proof: See Appendix [ |
In Theorem 2} the coefficients A; and B;, where i € {1,2},
are chosen to satisfy Pr(A4; < K; < B;) — 1. Some special in-
stances include A; = B; = 0 when E(K;) =0 and A; =0 for
pi;(0) > 0. For large arguments, i.e., large a (or «), we propose

ata

fK(a,oz;x)zx 2 :fK(Oé,CL;CC), (58)



modifying B8) as fx (a,a;z) = |a + 5 2 -
for a > 1.

Corollary 3: Under arbitrary PSCs, the CDF of the RIS-assisted
A2G SNR is obtained by replacing fx(a,;z) in with
the CDF of the product of two non-IID x? RVs. Specifically,
denoting the aforementioned CDF as Fx(a,a;z) = Fk(a, a;x),
we obtain F(a,q;x) = WG?; (o0 | z), x > 0, where

Fr(a,a;z) — ﬁv (a; %) = Fye (a; %) for a > 1.

a+(a7%)2 . 1} fx2(0hf)

C. Phase-Shift Configurations

From ([@9) and (57)) in Proposition [3] we assert that the average
A2G SNR, derived as

E [Ya2g] = Yazg (E [‘7%] +E [WZ‘QD )

is a increasing function of Re (E [ﬂRn ﬂi;m])’ upper bounded by
E[|ir, || E[lfr,,|]- Thus, configuring phase shifts to increase this
value correspondingly improves the A2G SNR. Considering PSCs
where Jr, and Jgr,, are statistically independent for m # n,
we have E [fir, i | = E[ir,] E* [fir,,]. This is the case for the
delayed CSI-based PSC (DPSC) where we have Ur, = —Zfr,
for n € N/, which does not exploit phase shift values from other
reflecting elements. It is noted that the DPSC yields the maximum
average A2G SNR since

Re (E [fir, fix,,|) = E[lir, || E[|fir,,

However, the DPSC comes with the trade-off of increasing
computational complexity within the RIS, which becomes par-
ticularly significant as the number of RIS elements scales into
the hundreds. In practice, the RIS can utilizes other less CSI-
demanding PSCs while minimizing performance degradation. For
PSCs that disregard the information from NLoS components in
the estimated CSI, we have

E[jin.] = Kuyr Krp
HRn Kor+ 1 Krp + 1

where ®y, (jw) is the CF of the phase shift Jg,, for n € N and
w € R. Three common PSCs that fall into this category are:

+ Random PSCs: dg, follows a specified distribution. The
most common adopted distribution is the uniform phase-
shift within the interval [a,b] C [—7, 7] where we obtain
‘1)1911” (jw|w:1) _ sml[::lsllna +jcosg:;osb

+ Fixed-value (static) PSCs: ¥, is fixed and @y, (j) = eI Vrn
for n € NV. It is noted that ¥; = --- = Jgr,, = 0 depicts the
communication scenario without PSCs.

+ LoS-based PSCs: dg,, is a function of the LoS component.

Here, Ur, = —Zhur, + Zhg,p yields the highest expected

value.

(59)

J. (60)

BEHDBURH <I>,9Rn (jw\w:1)7 (61)

D. Performance Analysis

For performance analysis, we consider the end-to-end outage
probability (eOP), defined as the probability that end-to-end SNR
drops below a fixed target average SNR threshold 7y, = 227 — 1,
where R [bps/Hz] denotes the target spectral efficiency (SE). The
eOP is formulated as [10]

(62)
(63)

Pze(Tin) = Pr{min [yg2a, Va2¢] < Jin}

D1 1 Fop ()] [1— P, ()]

where (a) is the result of g, and 7.z being non-IID, with
F, . (z) given in 23), and F,, (=) presented in Corollary
Additionally, when the BS transmits with sufficiently large

power, we simplify the G2ZA SNR CDF as

2
_ MKsyegy (KSU + 1)M(ﬁ§U)M—1 x

F,.(z) —e Fsursut!
(=) (Ksupgy +1)M

Yg2a

— (9
Ve2a

for # > 0, and where (x), = Fgfj:)”) is the Pochhammer

symbol. Moreover, when N is asymptotically large, e.g., hundreds
of reflecting elements, the CLT yields 0% —E [0%]. Denoting
Qazg £ Ta2gE [U%] = %(1 ~ PRDPOR) 25:1 lr,,pB7 lur,,» and
since the normal (Gaussian) and the noncentral x? distributions
are related as )}iR (Ar) =% N (kr + AR, kr + 2\z) when A\x
is sufficiently large, the A2G SNR CDF can be simplified as

—6 — (kr + AR)
}{—v’yﬂg (./L') - 1 _ Q <'YRQa2E

Vkr +2Ar

where Q(x) is the Q-function. It is noted that (63) is applicable
even when the maximum dimension of the RIS is non-negligible,
e.g., with hundreds of reflecting elements.

>7m>0, (65)

IV. MOBILITY MODEL

In this section, we consider a case study where the GUE
follows the Random Waypoint Mobility (RWM) model. The RWP
model is adopted to capture the random and unpredictable nature
of the GUE’s motion [42[]. Moreover, the mobility of the UAV
is characterized by the Reference Point Group Mobility (RPGM)
model to introduce a degree of deviation in the UAV’s motion
relative to the GUE’s motion [43]].

A. Random Waypoint Mobility (RWM) Model

The RWM model assumes that the GUE is initially moving
from a source waypoint wi¢(t) [m] to a destination waypoint
wies(t) [m]. Here, the waypoints are statistically IID and uni-
formly distributed within the same active area Rp [42]. During
the movement from wic(t) to wies(¢), the GUE’s velocity
vp(t) € R? [m/sec] remains constant and is determined as

des src

N 2 (o),
[wi=(t) —wie(®)]l

vp(t) = vp(t) (66)
where vp(t) [m/sec] is the GUE’s speed, which is uniformly
distributed within the interval [Vpin, Vmax|, Where vy, [m/sec]
and v, [m/sec] are the minimum and the maximum GUE
speeds, respectively, and rT(t) € R® represents the GUE’s
Cartesian direction of movement. Upon arring at wies(t), the
GUE pauses (stays still) with a probability ppause for a duration
Of Tpause(t), uniformly distributed within the interval [Timin, Tmax)
[sec], where Tyin and 7y, are the minimum and maximum pause
durations, respectively. For a probability of 1 — ppause, the GUE
moves to a new source waypoint wire(t+ At (t)) = wies(¢) and
destination waypoint wis(t + A7(t)) following the previously
presented procedure.

B. Reference Point Group Mobility (RPGM) Model

In the RPGM model [43]], the UAV is initially positioned
uniformly within a circular area Ry centered at a predefined
reference point piFf(¢) € R3. This reference point has the same

motion as the GUE, i.e., pp(t,7) = piFt(t,7) [44]. However,



due to imperfect alignment, the UAV’s true motion deviates from
the reference point by the motion vector Apy(¢,7) following
a uniform distribution. Therefore, the time-varying velocity of
the UAV is vy(t) = lim, 0 M = vp(t) + Avy(t), where
Avy(t) [m/sec] is the random deviation in the UAV’s velocity
compared to the GUE’s velocity, Auvp(t) = ||Avy(t)|| denotes
the UAV’s speed deviation, which is uniformly distributed within
the interval [Avpmin, AVmax]-

C. Adaptive Target Spectral Efficiency

When both the GUE and the UAV are in motion, the eOP
widely fluctuate over time under a fixed target SE policy. This
fluctuation poses a challenge to maintaining a consistent and
reliable communication system. To combat this, we introduce
an adaptive target approach designed to stabilize the eOP. This
method ensures that the eOP consistently stays below a prede-
termined threshold L, increasing robustness against the unpre-
dictable mobility of the UAV and GUE.

The adaptive target SE, denoted as R [bps/Hz], is obtained
by solving the eOP constraint P3s (%) < L for 4, thus R=
M Here, we adopt the following steps [28]]

i) Solve F,,, (Yg2a) = L for g2, with Fvgza (x) given in (64).
ii) Solve F,, (Ja2g) = L for 4az¢ with F,, (x) given in (63).
iii) Compute 4y, = min [Yg2a, Yazg. yielding
Ksy +1

'YaZg
Ksurgy+1 M
A = min |e MEsuedy | 22 T~ 2 )V S 2L,
e { (KSUng + 1) (bsu) ™ a2
g (0711~ 2)y/VarDoa] + Bl |, 67

'(Q)) ==

where Q'(z) is the inverse Q-function, i.e., Q™

V. RESULTS AND DISCUSSIONS

This section presents benchmark results for the developed
PDFs and CDFs of G2A and A2G SNRs, alongside the eOP
and the target SE, not only to validate the correctness of the
introduced Propositions and the derived Theorems, but also to
provide a deeper understanding of the system behavior under
channel aging. We highlight that the results in this section can
be replicated using MATLAB. Moreover, for the computations
of the noncentral x? distributions in Theorem [I| and Corollary
we employ the built-in functions ncx2cdf and ncx2pdf; while
for x? (or Gamma) distributions, the functions gamcdf and
gampdf are utilized. Unless stated otherwise, we present the
adopted simulation parameters in Table [ Moreover, the BS,
UAV, RIS, and GUE’s positions in the global coordinate systems
(i.e., MATLAB’s default coordinate system) are presented in
Fig.[2] For practical purposes, we consider the 3GPP Urban Micro
(UMi) standard to model the RIS-to-GUE channels’ path loss
[45]]. Moreover, the 3GPP UMi-Airborne (UMi-AV) standard is
adopted to model the BS-to-UAV (G2A) and UAV-to-RIS (A2G)
path loss [46]. It is noteworthy that at a flight altitude of 120 m
adopted in Table |I[, the LoS probability is 1.0 [46], [47].

In Fig. B] the simulated histograms and CDFs are obtained
using the functions histogram and ecdf, respectively. The
comparison shows a strong agreement between the analytical
and simulated results for different values of M. Moreover,
increasing M shifts the G2ZA SNR’s PDF and CDF to the right.

[mBS @ UAV ARIS v GUE|

e %8£ M 1 *'—1 100 5
= 0 oA Ly (5)0 w
0 20 40 60 80 1000 50 100

x [m] z [m]

— (polts] — PH)
— (pultd] - PH)

-10 0 10 20

Fig. 2. Tllustration of the nodes’ initial positions are q_resented in the upper ﬁgures
where ps, = [0,0,10]" m, py = [56,—10,120]" m, pr, = [75,0,25]"

and pp = [80.68,14.15,1.5]" m. The trajectories of the GUE and the UAV are
presented in the lower figure.
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Fig. 3. Simulated and analytical results of (a) the G2A SNR’s PDF in (22) and
c) the G2A SNR’s CDF in (23) with different number of antennas and Ps = 0
dBm.
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Fig. 4. Simulated and analytical results of the normalized RIS-assisted A2G SNR

PDF, defined as ¥a2g £ EF 28 "k with different number of reflecting elements.

Here, the right figure shows the relative entropy (Kullback—Leibler dlvergence)
between the exact A2G SNR 7,2, in (I8) and the proposed A2G SNR in (7).

Consequently, the G2A average SNR becomes higher, thereby
enabling it to meet more stringent target SNR thresholds.

Fig. [] illustrates simulated and analytical results of the A2G
SNR PDF presented in Theorem@, where Py = 0 dBm. Here, we
assume that the RIS utilizes the delayed-CSI based PSC and the
average A2G SNR given in (39). As N increases, the normalized
A2G SNR PDF becomes more concentrated around the mean;
specifically, the PDF gets closer to 1 with a decreasing variance.
It is noted that the Kullback—Leibler divergence, defined as Dg;, =

f Jrazg () log (fmg( )>dx [23]], in the right figure is produced

by using MATLAB’s built-in function relativeEntropy. As
|Dkr| — 0, the A2G SNR’s true PDF f,, (z) converges to
the derived PDF f. (), given in (37). Notably, the proposed
characterizations for the A2G SNR based on Propositions [2] and
[3] are accurate even when the number of reflecting elements is
small, i.e., N = 22 elements, with Dg; = 1072,

Fig. [5] shows the RIS-assisted A2G SNR with the PSCs
presented in Section [[lI-C} As can be observed, the A2G SNR’s




TABLE 1
SIMULATION PARAMETERS

Parameter Value Parameter Value Parameter Value
Carrier frequency fe =2 GHz [8] 117] Offsets Py = (50,0, 120}1— m [7] GUE active area Rp =20 m
Noise powers a§ = a% = 02 [dBm] p§ = [75, 25, 1.5}T Number of antennas M = 3 X 3 antenna
= No + 10logy B + F' [dBm] Rician factors K; = K = 10 dB Sample index tr = 5000
Noise spectral density No = —174 dBm/Hz [17] GUE speed Umin = Vmax = UD Target SE R =1 bps/Hz
Channel bandwidth B = 10 MHz [8], [45], [46] vp = 40 m/s (144 km/h) Simulation duration 105 runs
Noise figure F=5dB Sampling rate 75 = 0.01 ms [48]
o 25 25
Analytical 15 _ 112 4B 15
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-—-Ko=0dB 14% g8 ° g = 22.2.dB 55 g
. =5 R
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Fig. 5. CDF of the A2G SNR with different PSCs, where N = 122 elements
and Py = 0 dBm.

true CDF matches the analytical CDF presented in Corol-
lary [3] desplte different PSCs. From (T7), we hlghhght that

"}/323 < ‘Zn 1 \/éR D|hR D|ﬂn\/£UR |hUR ‘ N where the
right- hand side depicts the A2G SNR when the true CSI is
known and g, = —Zhr,p — Zhur,, for n € N. We refer to
the aforementioned configurations for ¥g, as the ideal PSC and
present the corresponding A2G SNR CDF only as benchmarks.
Furthermore, Fig. |§| also demonstrates that a reduction in K
from 10 dB to 0 dB weakens the LoS component in both UAV-
to-RIS and RIS-to-GUE channels. This attenuation results in a
14% performance degradation when utilizing LoS-based PSCs as
opposed to delayed CSI-based PSCs which yield a 6% loss.
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Fig. 6. Simulated and analytical eOPs in (62) and (63), respectively, with varying

transmission powers, where Pa"z"é Poelr, . (7m)=0 denotes the A2G OP.
g2a

Next, we observe the eOP against the transmission power in
Fig. [6| where Ps = Py = P [dBm]. It is noted that simulated
results beyond 10~# are unreliable since the number of simulation
times is insufficient, e.g., 10° runs in our case, hence analytical
results are preferred. The figure also shows that increasing
transmission power reduces the eOP, converging to the G2A
performance limit, expressed as Pgi(Ym) — Fy,, (7m) = (©4).
Although more transmit antennas can improve this bound, the
system encounters the lower bound faster as /N increases.

Fig. [7(a) reveals that the average A2G SNR decreases as the
sample index t; increases, due to the decreasing correlation
coefficients. This decline reaches the first local minimum at

45
1 1.5 2 2.5 0 25 50 75 100
Sample index 10* x t;. N

(a) (b)

Fig. 7. Average A2G SNR in decibels at Py = 0 dBm as a function of (a) the
sample indices ty, affecting the correlation coefficients pyr and prp and (b) the
number of RIS elements.

t, = ST me = 57, Mm, which is a decreasing function of

the GUE and UAV speed "and corresponds to zero correlation,
ie., pur = prp = 0. Interestingly, the average A2G SNR is
increased to —11.2 dB from —22.2 dB when N is increased
from 282 to 100? reflecting elements. This value is derived as
E [V = E [’_yazg|Z|2} = (2,2, based on the result in Section

However, a larger N tapers off the increase in the average
A2G SNR, as shown in Fig. |Zkb) since the RIS’s dimension also
increases significantly [24]].
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Fig. 8. Average eOP and average SE over location index k with and without
target SE adaptatlon under different GUE speeds, where the target eOP in (67)
is set at 10—+ and M = 8 antennas.

In Fig. B we assume that channel estimation is initially

performed at t; = 0, shown for k£ > 1. For subsequent
locations, the average eOP at index k is PAt[k] = + P32 (L, V),
where P2e(tx,ym) denotes the eOP at the spec1ﬁc time instant
t) = 5000, for which the UAV and GUE are located at py|[tx] and
Pp[tx], respectively. The figure illustrates that, with an adaptive
target SE, the eOP is maintained below the desired outage level of
10~*, achieving significant stabilization, even as the GUE speed
increases from 10 m/s to 40 m/s. Without SE adaptation, however,
the eOP is subject to considerable fluctuations, compromising
communication stability and reliability over time. Notably, the
adaptive target SE may be unnecessary for the initial ten loca-
tions, as the system already performs below the 10~* threshold
with the fixed target SE set in Table[I]

VI. CONCLUSION

In this paper, we have developed a comprehensive channel
model that captures the time-varying fading, 3D mobility, Doppler



shifts, and array antenna structures under the impact of channel
aging. Our analytical expressions for the G2A SNR PDF and
CDF, based on the noncentral x2 distribution, demonstrated that
the G2A SNR follows a mixture of noncentral y? distributions.
The statistical characteristics of the A2G communication is thor-
oughly studied, revealing that the A2G SNR can be modeled as
the product of two independent noncentral 2 RVs. Furthermore,
we have obtained precise PDF and CDF expressions for the
product of two non-IID noncentral x? RVs to derive the A2G
SNR distribution. Our results revealed that the RIS is effective
against channel aging as long as the communication is carried out
within a coherence time. Lastly, our adaptive SE method ensures
stable system performance at satisfactory outage levels.

APPENDIX A
PROOF OF THEOREMI]

Applying the Laplace transform of Yg2a, we obtain L., (s) =

e—MKsy (A+Ay5)M 1 eJWKSU 1+A25

TR, , where A = WSUPSU and Ay =

_ 1 . .
VSU%. Then, the PDF of g, is the inverse Laplace
transform of L., (s) from s-domain to x-domain. Hence,
_ .z _ _ Az
fvgza(l‘) =€_MKSU6 As (AI)M 1(A2) JweMKSUAze Ag
Ay
M-1 AgA3
_ S M Ksy =
x L7t ———1 € T8 s, x e, (68)
(s —A5 )M
= MK (A M (8g) MM TR e
_ MKsyxok—1
dM 1 . e SURLAG s
A - - .
X d:rM*1€ 3L S 18, 0, (69)
where Az £ L = 8182 Here, the frequency shifting
1 —L T A=A

property and the denvanve in the x-domain property of the
Laplace transform are used to obtain (68) and (69), respectively.
Using the Leibnitz’s rule for higher order derivatives and [49, Eq.
(1.13.1.5)], the derivative in (69) is derived as

d]\/ffl . M 1IM 1(21/MKSUA As )
Hx) = 3 et T — (70)
x (MEKsuAi1A;TAZY) E
M 1(M—l) P
= M—m—1
m=0 \ T (MEsuMATAFY) E
X ]]V[,m,1 (2\/MKSUA1A3A21$) . (7])

Substituting (71) into (69) and after some mathematical manipu-
lations, we obtain (22).

APPENDIX B
PROOF OF LEMMA[TI

From the result in [50, Eq. (3)], we find that Z; and Zs,
conditioned on gy and figp, are non-1ID, and are statistically
characterized as Z; =N (pRDRe (Llrbirp) % HﬁRuURHz)
and Zy =N (PURIm (NII-J{R‘/ZRD) ’ % ||/6R”URH2>’ respectively.
Hence, the joint CF of Z; and Z5, conditioned on gz and figp,
is therefore expressed as

D7, Zs pofiny (JW1, Jw2) = exp [pro (jwiRe (ggfirp)

. ~ w? —l—w
+jwzlm (V‘ERNRD)) %P%D ||5RNUR||2] . (72

Taking the expectation of over g, conditioned on fiyg,
based on the PDF of pyy in yields

S |Br| ! pURAH
‘I’Zl,ZQmUR,ﬁRD(thJWz) = ﬂ_NﬁzN eXp ﬁg URIBR Hyr

UR

X / exp [ yHSy + pURQRe( H,BglﬁUR)
yecN PUR

—Jw2 H~

+ j2prpRe ( 5 HRD) }dy, (73)

where ¥ £ w1+w2 PapBr + 2 ﬂg is invertible and symmetric.
Then, based on 50, Eq. (8)] “We obtain the following solution
for the complex Gaussian integrals

E]J / exp [XH 3x + 2Re (XHb) + j2Re (ch)] dx
™ xeCN

— exp Mz—%bHQ— Hz—%cH2+jRe(bH2 1c)}, (74)

and since w = w1 + jwo, we have

. DN S INNIE
D 7|y () = 55— XD | — % HhURH
PUR
PR st 2 |12 |w| —1.3
i sl - L ol
UR

+ ij;ngR Re (ﬁERE_lﬁRIﬁka)} , weC. (75)

UR

After some mathematical manipulations, we obtain (27). This
completes the proof of Lemma

APPENDIX C
PROOF OF THEOREM 2]

The PDF of |Z|? is derived as f|Z‘2( z) =

= [, 9(@)fx

sl ()]
By adopting the identity E[g x)dz for the RV

X with PDF fx(x), we obtaln
/ f’YR Z/I fo’

We note that a noncentral xy?> RV can be characterized as a
central x? RV with Poisson-distributed d.o.f. as 7 (\) =% % o
where /C follows a Poisson distribution with mean . Applying
this property, we obtain 0% =3z X% | n.,» where K1 follows a
Poisson distribution with mean N z. Hence, the PDF of 0% is
rewritten as fy2 () = Z _A, p’c;ri(zkl)fxz (ng + ks ;{iz) for
x > 0. Similarly, we obtain yr =1 ’772%2&2 ko Where KCo follows
Poisson distribution with mean AR Moreover, the PDF of vz can
be rewritten as f.,, (z) = Z A, p’cgig”)fxa (k‘n + ko; %)
for z > 0.

Plugging the foregoing results into (76), then applying [40, Eq.

(3.471.9)] and the scaling property f.,., (z) = '_ya}éf‘zp (’7372}52),
we obtain (57), which concludes the proof of Theorem [2]

fiz2 (2 (76)
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