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Surface-Assisted Channel Model Incorporating the

Environmental Effects
Zili Wang, Ji Bian, Member, IEEE, Cheng-Xiang Wang, Fellow, IEEE, Yu Liu, Member, IEEE, Qiuming Zhu,

Senior Member, IEEE, and Kai Mao, Member, IEEE

Abstract—This paper focuses on the aerial reconfigurable
intelligent surface (ARIS) system, which is a novel transmission
scheme where the RIS is attached to airborne platforms, e.g.,
drones. Compared to terrestrial RIS, ARIS offers advantages
such as expanded coverage, increased deployment flexibility,
and 360◦ panoramic signal reflection. However, the ARIS chan-
nel behavior and system performance are critically dependent
on environmental factors. Specifically, drones may encounter
random vibrations due to atmospheric turbulence or strong
winds. Additionally, the direct paths between ground nodes
and the drone could be blocked by buildings with a certain
probability. This paper introduces a novel spatially consistent
ARIS-assisted channel model designed to capture the impact of
adverse weather conditions and ground building distribution on
channel characteristics. Statistics including the spatial-temporal
correlation function (ST-CF), Doppler power spectral density
(PSD), average received signal power, and system achievable rate
are derived. Results indicate that the environmental factors can
significantly impact the statistics of the ARIS channel. Neglecting
these factors may lead to an overestimation of the ST-CF and
ARIS system performance.

Index Terms—Channel modeling, aerial reconfigurable intel-
ligent surface (ARIS), unmanned aerial vehicle (UAV), UAV
vibration, line-of-sight (LoS) probability.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) have garnered
widespread interest from both researchers and industry pro-
fessionals, owing to their potential to control electromagnetic
waves [1]. RIS is a planar array consisting of numerous low-
cost passive reflecting units (RUs), each capable of indepen-
dently adjusting the phases and/or amplitudes of incoming
electromagnetic waves in a programmable manner. This capa-
bility allows the reflected waves to be constructively combined
to form a beam directed at a specific target or destructively
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aligned to reduce co-channel interference [2]. Leveraging these
controllable and programmable features, RIS is envisioned
as a transformative technology that can substantially enhance
spectral efficiency, reduce energy consumption, and mitigate
signal interference in future wireless networks [3]. In the
development of more advanced systems, channel models are
indispensable as they provide critical insights into real-world
signal propagation behaviors [4], [5]. An accurate channel
model should be able to capture the propagation environmental
factors that affect channel characteristics. For emerging RIS
systems, accurate and effective channel models are urgently
needed.

A. Related Work

A distinct feature of RIS-assisted channels is the significant
product-distance pathloss resulting from the cascaded channel
structure. By treating the RIS as a continuous electromag-
netic surface, a pathloss model for RIS-assisted channels was
proposed in [6]. Under far-field free-space conditions, the
pathloss was shown to vary proportionally with the square
of the product of the transmitter (Tx)–RIS and RIS–receiver
(Rx) distances. Additionally, the cosq pattern was employed
to characterize the non-isotropic radiation of RUs, resulting
in a dependency between pathloss and RIS orientation [7].
Based on the free-space assumption, a similar pathloss model
was proposed in [8], which can adapt to both near- and far-
field transmission scenarios. The results were validated by
measurement data collected in a microwave anechoic chamber.
A different method was reported in [9] and [10], where
the floating-intercept (FI) and close-in (CI) pathloss models
were updated for RIS scenarios by fitting the models with
measurement data. This approach allows the RIS pathloss
models to be compatible with the classical fifth-generation
(5G) pathloss models.

For small-scale fading, a straightforward modeling method
is to treat the RIS as a virtual cluster and integrate it into
conventional channel models. The key difference between a
virtual cluster and a conventional one is that the phases of
a conventional cluster are random, whereas the phases of a
virtual cluster are programmable. This approach can efficiently
model the RIS channel based on existing models. For example,
in [11], a RIS was introduced aiming to enhance air-to-
ground (A2G) communications. The scatterers surrounding
the ground Rx were represented using a cylinder model. The
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impacts of unmanned aerial vehicle (UAV) altitude, trajectory,
and RIS orientation on the channel statistics and capacity
were analyzed. Similarly, a RIS model for A2G scenarios
was reported in [12], where the propagation environment
around the RIS and Rx was depicted using an elliptic-cylinder
model. Additionally, a cylindrical model was adopted to depict
the distribution of scatterers around the Rx. Furthermore,
a double-RIS vehicle-to-vehicle (V2V) channel model was
presented in [13], where transmissive RISs were deployed on
vehicle windows. The scatterers in the vehicles and on the
roadside environments were respectively depicted using two
cylindrical models and an elliptic-cylinder model. The models
presented in [11]–[13] consider that scatterers are located in
regular shapes, which facilitate geometrical derivation and the
acquisition of closed-form expressions for channel statistics.
However, these models may be overly idealistic and less ver-
satile in accurately capturing realistic scatterer distributions. In
[14], the RIS was viewed as a virtual cluster and incorporated
into a twin-cluster model. The impacts of the RU number, RU
spacing, RIS orientation, and RIS shape on channel statistics
were investigated. Similarly, in [15], a RIS-assisted high-speed
train channel model was presented, in which transparent RISs
were deployed on carriage windows to mitigate penetration
loss. A twin-cluster model was used to depict the scatterers
inside and outside the carriages. Moreover, a double-RIS A2G
model was presented in [16]. The model was developed by
summing the rays reflected by a single RIS, the rays succes-
sively reflected by two RISs, and the rays via conventional
scatterers. The results demonstrated that the system utilizing
double RISs outperforms the one with a single RIS. In general,
the virtual cluster method makes the RIS channel model
share a similar structure with the conventional channel model,
thereby allowing a large number of channel parameters to be
applied [17].

Apart from the virtual cluster method, another modeling
approach is based on the dyadic backscatter principle. Specifi-
cally, the channel matrix is decomposed as GΦH+D, where
H and G denote the channel matrices of Tx-RIS and RIS-
Rx links, Φ is a diagonal matrix containing the reflection
coefficients of RUs, and D accounts for the channel matrix
of the Tx-Rx link unaffected by the RIS. In [18], the Tx-
RIS and RIS-Rx subchannels were described using Nakagami-
m distributions. The bit error probability of the system was
analyzed in terms of different Nakagami-m parameters. A
more general model was reported in [19], where the RIS-
assisted channel was divided into Tx-RIS, RIS-Rx, and Tx-
Rx subchannels, each modeled by a 5G channel model [4].
The cluster evolution over the large RIS was simulated by a
birth-death process. Generally, detailed modeling for the three
subchannels introduces large model complexity. In [20], the
three subchannels were modeled using 3GPP cluster-based
models. For simplicity, the Rx and RIS were assumed to be
closely located. Thus, the RIS-Rx channel was described by
a pure line-of-sight (LoS) path, and the Tx-Rx and Tx-RIS
subchannels were assumed to share the same cluster set.

In current research, RISs are primarily deployed on ter-
restrial structures, such as walls and building surfaces. This
configuration limits the Tx and Rx to being on the identical

side of the RIS, allowing signal reflections to occur in only half
of the space. To address the intrinsic limitations of terrestrial
RIS systems, a promising solution is the introduction of aerial
RIS (ARIS), referring to a new transmission scheme in which
the RIS is attached to an aerial platform, e.g., a UAV [21]–
[23]. Due to its high mobility, ARIS offers advantages such
as expanded coverage and increased deployment flexibility.
Moreover, benefiting from its elevated position, ARIS can
achieve 360◦ panoramic signal reflection. In [24], an ARIS-
assisted channel model was introduced, utilizing a single
cylinder model to capture the scatterer distribution around the
Rx. The results demonstrated that real-time tunable RIS phases
can substantially reduce multipath fading and Doppler effects.
In [25], an ARIS-assisted channel model was introduced,
demonstrating that its statistical properties can be represented
as a combination of those of the individual subchannels and
are heavily influenced by the RIS configuration.

B. Motivations

A realistic channel model should be able to faithfully
reflect the impact of system configuration and propagation
environments. Research shows that RIS can significantly im-
prove system performance under non-LoS (NLoS) conditions.
However, when a LoS link exists between the Tx and Rx,
the performance gain offered by the RIS is minimal un-
less the RIS is extremely large [26]. To achieve remarkable
system performance, existing research often assumes robust
LoS connections in the Tx-RIS and RIS-Rx links while the
direct link between the Tx and Rx is obstructed. In real-world
scenarios, the presence of the LoS path can be described
by a probability model, depending on factors including the
locations of communication nodes and environmental con-
ditions, e.g., the height and distribution density of ground
buildings [27]. Additionally, without fixed facilities, UAVs
may experience three-dimensional (3D) random wobbling due
to wind and atmospheric turbulence. In the ARIS system,
UAV wobbling can lead to phase misalignment in the reflected
signals [28]. Neglecting these environmental factors may result
in an overestimation of RIS system performance and lead to
inaccurate outcomes in system design.

C. Contributions

Considering the aforementioned research gap, a 3D ARIS-
aided channel model is proposed. The key contributions and
innovations of this paper are outlined as follows:

• A 3D channel model for an ARIS-aided communication
system is presented, taking into account both large-scale
pathloss and small-scale fading. The proposed model can
capture the effects of random UAV vibrations caused by
adverse weather conditions. This is achieved by mod-
eling the pitch, yaw, and roll angles of the UAV using
stochastic sinusoidal processes. We demonstrate that UAV
vibrations can introduce Doppler frequencies, resulting in
phase misalignment of the signals reflected by the RIS.
The effects of UAV vibration become more pronounced
with the increase in carrier frequency.
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Fig. 1. A physical illustration of the proposed 3D ARIS auxiliary channel
model.

• Unlike existing ARIS models, the proposed model as-
sumes soft LoS states, which are spatially consistent
random variables determined by factors such as carrier
frequency, locations of communication nodes, as well
as environmental factors including built-up land ratio,
heights and distribution density of ground buildings. With
suitable parameter adjustments, the proposed model can
be adapted to various scenarios.

• The average received signal power is derived by taking
into account key environmental factors. We demonstrate
that adverse weather conditions and dense building envi-
ronments significantly reduce the received signal power.
Additionally, we prove that the law of squared power gain
remains valid even in the presence of UAV vibrations.
Further, we propose a method for predicting the optimal
UAV height, which balances the trade-offs among LoS
probability, pathloss, and effective apertures of RUs.

• Channel statistics, including spatial-temporal correlation
function (ST-CF), Doppler power spectral density (PSD),
and system achievable rate are derived. The impacts of
system configuration and environmental factors on chan-
nel statistics are investigated, including the number of
RUs, UAV altitude, amplitude and variation frequency of
vibration angles, and the height and distribution of ground
buildings. We demonstrate that compared to continuous
reflection phases, 2-bit and 4-bit discrete phases do not
cause significant degradation in achievable rates, even in
environments with large UAV vibrations, verifying the
practicability of ARIS systems.

The remainder of this paper is organized as follows. Sec-
tion II describes the AIRS-aided channel model. Channel
statistics are derived and analyzed in Section III. In Section IV,
results and discussions are presented and the conclusions are
drawn in Section V.

II. SYSTEM MODEL

Fig. 1 illustrates a typical ARIS-assisted communication
scenario, where the base station (BS) transmits signals to the
mobile terminal (MT), with their locations defined as (0, 0, zB)

TABLE I
SUMMARY OF KEY PARAMETER DEFINITIONS.

Un The nth reflecting unit in the RIS.
At

p The pth BS antenna element.

εBM, εIM, εBI
Distances of BS-MT, RIS-MT, and BS-RIS,
respectively.

εBS,n(t),
εpn(t), εMT,n(t)

Distances of BS-Un, At
p-Un and Un-MT at

time t, respectively.

εIil , ε
n
il
, εMil

Distances of RIS-CA
l , Un-CA

l and CZ
l -MT

via the ilth ray, respectively.

εBis , ε
M
is

Distances of BS-CA
s and CZ

s -MT via the isth
ray, respectively.

Nx, Ny
Numbers of columns and rows of RUs, re-
spectively.

δx, δy
Spacings between adjacent columns and rows
of RUs.

vM, αM
Speed and travel azimuth angle of the MT,
respectively.

γA
B , γE

B
Azimuth and elevation angles of the BS array,
respectively.

θ
(1)
t , ϕ

(1)
t

(ϑ(1)
r , φ

(1)
r )

Elevation and azimuth angles from BS (MT)
to RIS, respectively.

ϑ
(2)
r , φ

(2)
r

Elevation and azimuth angles from MT to BS,
respectively.

θil , ϕil
(ϑil , φil )

Elevation and azimuth angles of departure (ar-
rival) the ilth ray in the RIS-MT subchannel,
respectively.

θis , ϕis
(ϑis , φis )

Elevation and azimuth angles of departure
(arrival) of the isth ray in the BS-MT sub-
channel, respectively.

and (xM, 0, 0), respectively. The static BS is fitted with a
uniform linear array with adjacent antenna spacings of δB.
Additionally, γA

B and γE
B denote the azimuth and elevation

angles of the BS array, respectively. The MT is fitted with
a single omnidirectional antenna and moves in the horizontal
plane at a speed of vM and travels at an azimuth angle of
αM. To enhance coverage and link quality, panoramic signal
reflections are achieved by mounting an RIS on a UAV, which
is assumed to hover at the coordinates (xU, yU, zU). The RIS
is composed of N RUs, where N = Nx × Ny , Nx and Ny
denote the numbers of columns and rows, respectively. The
spacings between adjacent columns and rows of the RUs are
δx and δy , respectively. Due to the elevated positions of the
BS antennas and UAV, the subchannel between the BS and
the RIS is modeled by a pure LoS path. However, the BS-MT
and RIS-MT subchannels are composed of both LoS and NLoS
paths due to the presence of scatterers. The key parameters of
the proposed model are collected in Table I.

A. Frequency-Dependent LoS Probability Model

In realistic propagation environments, the LoS paths in
BS-MT and RIS-MT channels could be obstructed by high
buildings with certain probabilities, which depend on the
environmental parameters α0, β0, and γ0 [29]. Specifically,
α0 is the ratio of built-up land area to the total land area, β0
denotes the building density (buildings/km2), and γ0 defines
the average height of buildings. Here, the building heights
follow the Rayleigh distribution, i.e., p(h) = h

γ2
0
exp

(
− h2

2γ2
0

)
[29]. Assuming that the buildings are located on a regular grid,
the probability that the ith building does not obstruct the LoS
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path is

pLoS
i =

∫ hi

0

h

γ20
exp

(
− h2

2γ20

)
dh = 1− exp

(
− hi

2

2γ20

)
(1)

where hi represents the maximum height of the ith building
that does not obstruct the LoS path, i.e.,

hi = htx −
εi(htx − hrx)

ε2D
(2)

where hrx and htx denote the Tx and Rx heights, respectively,
ε2D is the horizontal distance between the Tx and Rx, εi =
(i+0.5)ε2D

Nb
represents the horizontal distance between the ith

building and the Tx, Nb is the average number of buildings
located below the LoS path, and is given as Nb =

⌊
ε2D

√
α0β0

1000

⌋
,

where ⌊·⌋ is the floor function. Thus, the probability of the LoS
path exists if all the building lying in the propagation path are
below the line connecting the Tx and Rx, i.e.,

pLoS =

Nb−1∏
i=0

pLoS
i . (3)

Under LoS propagation conditions, the energy of radio
waves is not only concentrated along the optical path but is
also distributed throughout the entire Fresnel zones, which are
multiple confocal ellipsoidal regions centered around the LoS
path. The radius of the nth Fresnel zone is approximated as
rn,i ≈

√
nλd1,id2,i
d1,i+d2,i

, where λ = c
fc

is the wavelength, fc is the
carrier frequency, and c is the speed of light [30]. Furthermore,
d1,i and d2,i are the distances from the ith building to the Tx
and Rx, respectively, and are calculated as

d1,i =
εi
ε2D

√
ε22D + (htx − hrx)

2 (4)

d2,i = (1− εi
ε2D

)

√
ε22D + (htx − hrx)

2
. (5)

Typically, the LoS state requires the clearance of the first
Fresnel zone. Thus, we have r1,i ≈

√
d1,id2,iλ
d1,i+d2,i

, and (2) should
be updated as

hi = htx −
εi(htx − hrx)

ε2D
− r1,i

cos θtr
(6)

where θtr = arctan(htx−hrx

ε2D
). By substituting (1) and (6) into

(3), the LoS probability is expressed as

pLoS(ε2D, htx, hrx)

=

Nb−1∏
i=0

[
1− exp

(
−

(htx − εi(htx−hrx)
ε2D

− r1,i
cos θtr

)
2

2γ20

)]
. (7)

B. UAV Fluctuation Modeling
Due to the lack of fixed facilities, UAVs may experience ran-

dom vibrations caused by atmospheric turbulence and adverse
weather conditions. As depicted in Fig. 1, UAV vibrations can
be described by the yaw angle ζY(t), pitch angle ζP(t), and roll
angle ζR(t), respectively, which are modeled as the following
sinusoidal processes [28]

ζY(t) = ζY(t0) + ξY sin(2πfYt) (8)
ζP(t) = ζP(t0) + ξP sin(2πfPt) (9)
ζR(t) = ζR(t0) + ξR sin(2πfRt) (10)

where t0 = 0 indicates the initial time instant, ξY, ξP,
and ξR are independent random variables that describe the
amplitudes of the yaw, pitch, and roll angles, respectively.
Similarly, fY, fP, and fR represent the frequencies of the
corresponding vibration angles following specific distributions.
At initial time instant, the local coordinates of the nth RU,
i.e., Un, with respective to the center of the RIS can be
described as dn = [anx

, any
, 0]T, where anx

= Nx−2nx+1
2 δx,

any
=

Ny−2ny+1
2 δy , ny =

⌈
n
Nx

⌉
, nx = n − (ny − 1)Nx, ⌈·⌉

denotes the ceiling function. Thus, the local coordinates of Un
at time t can be calculated as

dwob
n (t) = RYaw(ζY(t))RPitch(ζP(t))RRoll(ζR(t))dn

=

cosζY(t) −sinζY(t) 0
sinζY(t) cosζY(t) 0

0 0 1

×

 cosζP(t) 0 sinζP(t)
0 1 0

−sinζP(t) 0 cosζP(t)


×

1 0 0
0 cosζR(t) −sinζR(t)
0 sinζR(t) cosζR(t)

×

anx

any

0

 (11)

where RYaw(ζY(t)), RPitch(ζP(t)), and RRoll(ζR(t)) are the
rotation matrices of yaw, pitch, and roll angles, respectively.

C. Channel Impulse Response

The channel impulse response (CIR) between the pth (p =
1, ..., P ) BS antenna, denoted as Atp, to MT, is written as

hp(t) = hRIS
p (t) + henv

p (t) (12)

where hRIS
p (t) represents the CIR of the controllable channel

via the RIS, while henv
p (t) is the CIR of the uncontrollable

channel which is not affected by the RIS.
1) Controllable Channel: The CIR of the controllable

channel is composed of the virtual LoS (VLoS) and NLoS
components, i.e.,

hRIS
p (t) = h̄RIS

p (t) + h̃RIS
p (t) (13)

where the h̄RIS
p (t) and h̃RIS

p (t) refer to the CIR of the BS-RIS-
MT and BS-RIS-CL-MT links, respectively, CL indicates the
cluster set in the controllable channel. The CIR of the VLoS
component can be written as

h̄RIS
p (t) =

4π

λ2
δxδy

√
K1PL−1

t PL−1
r

1 +K1

×
√
GtGr cos ςt cos ςr

N∑
n=1

ejψn(t)

× ejχpn(t) · ejχMT,n(t) (14)

where ψn is the phase shift of Un, Gt and Gr are the gains
of transmit and receive antennas, respectively, K1 accounts
for the power ratio between the VLoS and NLoS compo-
nents, cos ςt = ⟨n, rin/ ∥rin∥⟩, cos ςr = ⟨n, rout/ ∥rout∥⟩, ⟨·, ·⟩
denotes the inner product, rin = [−xU,−yU, zB − zU]

T and
rout = [xM −xU,−yU,−zU]

T account for the vectors from the
RIS to BS and MT, respectively. Besides, n = [0, 0,−1]T is
the unit normal vector representing the broadside of the RIS.
Furthermore, χpn(t) =

2πεpn(t)
λ represents the phase rotation
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of the wave due to the travel distance from Atp to Un. Similarly,
χMT,n(t) =

2πεMT,n(t)
λ accounts for the phase rotation of the

wave due to the travel distance from Un to MT, εpn(t) and
εMT,n(t) are the distances of Atp-Un and Un-MT, respectively.
In addition, PLt = PLCI(fc, εBI) and PLr = PLCI(fc, εIM)
are the pathloss of BS-RIS and RIS-MT link, respectively,
where εBI = ∥rin∥ and εIM = ∥rout∥. Here, the CI pathloss
model is adopted, which was widely used in evaluating aerial
communication systems, i.e., [31]

PLCI(fc, d)[dB] = 20 log10(
4πfc
c

) + 10nPLE log10(d) (15)

where nPLE is the pathloss exponent (PLE). The CIR in (14)
is derived in Appendix A.

Proposition 1: The travel distances from the BS array center
to Un at time t can be calculated as

εBS,n(t) ≈ εBI + anx
· cos θ(1)t · cosϕ(1)t

+ any
· cos θ(1)t · sinϕ(1)t

+ ζY(t) · X̄B
Y,n − ζP(t) · X̄B

P,n + ζR(t) · X̄B
R,n (16)

where X̄B
Y,n = anx cos θ

(1)
t sinϕ

(1)
t − any cos θ

(1)
t cosϕ

(1)
t ,

X̄B
P,n = anx

sin θ
(1)
t , and X̄B

R,n = any
sin θ

(1)
t . In addition,

ϕ
(1)
t and θ

(1)
t are the azimuth angle of departure (AoD) and

elevation angle of departure (EoD) of the waves impinging
on the RIS, and can be obtained as ϕ(1)t = atan2(yU, xU),
θ
(1)
t = arctan( zU−zB√

x2
U+y

2
U

), where atan2(·) is the four-quadrant

inverse tangent function.
Proof: See Appendix B. ■
Proposition 2: The travel distances from Un to the MT array

center at time t can be calculated as

εMT,n(t) ≈ εIM + anx
· cosϑ(1)r · cosφ(1)

r

+ any
· cosϑ(1)r · sinφ(1)

r

− vMt

λ
· cosϑ(1)r · cos(φ(1)

r − αM)

+ ζY(t) · X̄M
Y,n − ζP(t) · X̄M

P,n + ζR(t) · X̄M
R,n (17)

where X̄M
Y,n = anx

cosϑ
(1)
r sinφ

(1)
r − any

cosϑ
(1)
r cosφ

(1)
r ,

X̄M
P,n = anx sinϑ

(1)
r , X̄M

R,n = any sinϑ
(1)
r . In addition, φ(1)

r

and ϑ(1)r are the azimuth angle of arrival (AoA) and elevation
angle of arrival (EoA) of the waves reflected by the ARIS,
and can be obtained as φ

(1)
r = atan2(yU, xU − xM) and

ϑ
(1)
r = arctan( zU√

(xU−xM)2+y2U
). The proof of (17) follows a

similar procedure to that of (16) and is omitted here due to
space constraints.

Based on the plane wavefront assumption, the distance from
Atp to Un can be written as

εpn(t) ≈ εBS,n(t) + ∆p · [cos θ(1)t · cos γE
B · cos(ϕ(1)t − γA

B )

+ sin θ
(1)
t · sin γE

B] (18)

where ∆p = P−2p+1
2 δB. By substituting (16)–(18) into (14),

h̄RIS
p (t) can be rewritten as

h̄RIS
p (t) =

4π

λ2
δxδy

√
K1PL−1

t PL−1
r

1 +K1

×
√
GtGr cos ςt cos ςr

N∑
n=1

ejψn(t)ej
2π
λ (εIM+εBI)

× ej
2π
λ ∆p[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

× ej
2π
λ anx [cos θ

(1)
t cosϕ

(1)
t +cosϑ(1)

r cosφ(1)
r ]

× ej
2π
λ any [cos θ

(1)
t sinϕ

(1)
t +cosϑ(1)

r sinφ(1)
r ]

× ej
2π
λ [ζY(t)X̄Y,n+ζP(t)X̄P,n+ζR(t)X̄R,n] · ej2πνM,Lt (19)

where X̄Y,n = X̄B
Y,n + X̄M

Y,n, X̄P,n = −X̄B
P,n − X̄M

P,n, and
X̄R,n = X̄B

R,n + X̄M
R,n, νM,L = −vM

λ · cosϑ(1)r · cos(φ(1)
r −

αM). Equation (19) yields deep insights of how the phase of
h̄RIS
p changes over time. The phase variation stems from the

following components
• ψn(t) is the phase shift induced by Un.
• 2π

λ (εBI + εIM) is the phase shift caused by the travel
distance of BS-RIS and RIS-MT at initial time instant.

• 2π
λ ∆p[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t − γA

B ) + sin θ
(1)
t sin γE

B] is
the phase shift caused by the relative locations of an-
tennas in the BS arrays.

• 2π
λ anx

[cos θ
(1)
t cosϕ

(1)
t + cosϑ

(1)
r cosφ

(1)
r ] and

2π
λ any

[cos θ
(1)
t sinϕ

(1)
t + cosϑ

(1)
r sinφ

(1)
r ] are the

phase shifts caused by the relative locations of RUs
along the x and y axes, respectively.

• 2πνM,L ·t is the phase shift resulting from the movement
of MT.

• 2π
λ [ζY(t)X̄Y,n + ζP(t)X̄P,n + ζR(t)X̄R,n] is the phase

shift caused by the random vibration of UAV. Defining
θ̂(t) = 2π

λ [ζY(t)X̄Y,n+ζP(t)X̄P,n+ζR(t)X̄R,n], the UAV
fluctuations introduce an effective Doppler shift, i.e.,

1

2π

dθ̂(t)

dt
=

2π

λ
fY · ξY · X̄Y,n · cos(2πfYt)

+
2π

λ
fP · ξP · X̄P,n · cos(2πfPt)

+
2π

λ
fR · ξR · X̄R,n · cos(2πfRt). (20)

By substituting (8)–(10) into (19) and applying Jacobi-Anger
expansion, h̄RIS

p can be expanded as

h̄RIS
p (t) =

4π

λ2
δxδy

√
K1PL−1

t PL−1
r

1 +K1

×
√
GtGr cos ςt cos ςr

N∑
n=1

ejψn(t)ejϖMT,pn(t)

× ej
2π
λ [ζY(t0)X̄Y,n+ζP(t0)X̄P,n+ζR(t0)X̄R,n]

×
∞∑

k1=−∞

∞∑
k2=−∞

∞∑
k3=−∞

[
Jk1

(
2π

λ
· X̄Y,n · ξY

)
× Jk2

(
2π

λ
· X̄P,n · ξP

)
· Jk3

(
2π

λ
· X̄R,n · ξR

)
× ej2π(k1fY+k2fP+k3fR)t

]
(21)
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Fig. 2. The impacts of UAV fluctuations on the PSD of VLoS component
with (a) ζX = 0.1◦ and fc = 5 GHz, (b) ζX = 0.5◦ and fc = 5 GHz, and
(c) ζX = 0.5◦ and fc = 28 GHz, where X ∈ {Y, P,R}.

where ϖMT,pn(t) denotes the phase shift of the wave be-
tween Atp and MT via Un that eliminating the effect of
UAV fluctuations, Jk(·) is the kth order Bessel function of
the first kind. Equation (21) shows that the yaw, pitch, and
roll vibration angles introduce a series of lower and upper
sidebands at frequency offsets k1fY, k2fP, and k3fR, respec-
tively. The Bessel functions depicts the power of the harmonic
components, which depend on the wavelength, amplitudes
of vibration angles, and the directions of impinging and
reflected rays. To further illustrate this, the PSD of the VLoS
component is shown in Fig. 2. For clarity, we set vM = 0 m/s,
fY = fP = fR = 10 Hz, and phases of RUs are set as constant
values. It is observed that the sidebands are symmetrically
distributed around the carrier frequency at integer multiples
of the vibration frequencies. In Fig. 2(a), the power of the
sidebands decreases rapidly with the increase in frequency
offset. However, in Fig. 2(b), the power of the sidebands
reduces relatively slowly due to the increase in vibration angle
amplitudes. The largest sideband power is observed in Fig. 2(c)
by further increasing the carrier frequency.

Similarly, the CIR of BS-RIS-CL-MT subchannel can be

written as

h̃RIS
p (t) =

4π

λ2
δxδy

√
PL−1

t PL−1
r GtGr

1 +K1

×
N∑
n=1

L∑
l=1

Il∑
il=1

√
Pl
Il

cos ςt cos ςr,il

× ejψn(t) · ejϵil · ej(χpn(t)+χ
n
il
(t)+χ̂il

+χM
il

(t)) (22)

where L is the number of clusters in the controllable
channel, Il is the number of rays in the lth cluster, ςr,il
denotes the angle of the ilth ray in the lth cluster re-
flected by the RIS with respect to the RIS broadside, and
is determined as cos ςr,il = ⟨n, rout,il/ ∥rout,il∥⟩, rout,il =
[cos θil cosϕil , cos θil sinϕil , sin θil ]

T. Besides, Pl are the

cluster powers satisfying
L∑
l=1

Pl = 1, ϵil ∼ U(0, 2π) is the

initial random phase, χnil(t) =
2πεnil

(t)

λ , χMil (t) =
2πεMil

(t)

λ ,
χ̂il(t) =

2πε̂il (t)

λ , where εnil(t), ε
M
il
(t), and ε̂il are travel

distances Un-CAl , CZl -MT, and CAl -CZl , respectively, CAl and
CZl stand for the first and last bounce clusters in the lth path,
respectively. Following a similar method in (18), the travel
distance εnil(t) can be written as

εnil(t) ≈ εIil + anx
· cos θil · cosϕil

+ any
· cos θil · sinϕil

+ ζY(t) · X̃A
Y,n,il − ζP(t) · X̃A

P,n,il + ζR(t) · X̃A
R,n,il (23)

where X̃A
Y,n,il = anx

cos θil sinϕil − any
cos θil cosϕil ,

X̃A
P,n,il = anx

sin θil , X̃
A
R,n,il = any

sin θil , θil and ϕil are
EoD and AoD from RIS to CAl via the il ray, respectively,
ϑil and φil are EoA and AoA from CZl to MT via the ilth
ray, respectively, νM,N = −vM

λ · cosϑil · cos(φil − αM) is
the Doppler shift in the NLoS component stemming from the
moving MT, εIil is the distance between RIS center and CAl .
By substituting (16), (18), and (23) into (22), h̃RIS

p (t) can be
expressed as

h̃RIS
p (t) =

4π

λ2
δxδy

√
PL−1

t PL−1
r GtGr

1 +K1

×
L∑
l=1

Il∑
il=1

N∑
n=1

√
Pl
Il

cos ςt cos ςr,il

× ej
2π
λ (εBI+ε

I
il
+εMil

+ε̂il ) · ejψn(t) · ejϵil

× ej
2π
λ ∆p[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

× ej
2π
λ anx [cos θ

(1)
t cosϕ

(1)
t +cos θil cosϕil

]

× ej
2π
λ any [cos θ

(1)
t sinϕ

(1)
t +cos θil sinϕil

]

× e
j 2π

λ
[ζY(t)X̃Y,n,il

+ζP(t)X̃P,n,il
+ζR(t)X̃R,n,il

]

· ej2πνM,N t

(24)

where X̃Y,n,il = X̄B
Y,n + X̃A

Y,n,il , X̃P,n,il = −X̄B
P,n − X̃A

P,n,il ,
and X̃R,n,il = X̄B

R,n + X̃A
R,n,il .

2) Uncontrollable Channel: The CIR of the uncontrollable
channel eliminating the RIS effect can be written as

henv
p (t) = h̄env

p (t) + h̃env
p (t) (25)
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where h̄env
p (t) and h̃env

p (t) represent the CIR of BS-MT and
BS-CS-MT links, respectively, CS indicates the cluster set in
the uncontrollable channel. The LoS component can be written
as

h̄env
p (t) =

√
K2 · PL−1

env

1 +K2
· ej 2π

λ εBM

× ej
2π
λ ∆p[sin θ

(2)
t sin γE

B+cos θ
(2)
t cos γE

B cos(ϕ
(2)
t −γA

B )]

× e−j
2π
λ vMt[cosϑ

(2)
r cos(φ(2)

r −αM)] (26)

where PLenv = PLCI(fc, εBM), εBM =
√
z2B + x2M, θ(2)t and

ϕ
(2)
t are the EoD and AoD of the LoS path, respectively,
ϑ
(2)
r and φ

(2)
r are the EoA and AoA of the LoS path,

respectively, which are obtained as ϕ
(2)
t = 0, φ(2)

r = π,
θ
(2)
t = − arctan( zB

xM
), ϑ(2)r = −θ(2)t . The CIR of the NLoS

component of the uncontrollable channel is calculted as

h̃env
p (t) =

√
PL−1

env

1 +K2
·

S∑
s=1

Is∑
is=1

√
Ps
Is

× ejϵis · ej 2π
λ (εBis+ε

M
is

+ε̂is )

× ej
2π
λ ∆p[cos θis cos γE

B cos(ϕis−γ
A
B )+sin θis sin γE

B]

× e−j
2π
λ vMt[cosϑis cos(φis−αM)] (27)

where S is the number of clusters in the uncontrollable
channel, Is denotes the number of rays within the sth cluster,
εBis , εMis , and ε̂is represents the travel distance BS-CAs , CZs -
MT, and CAs -CZs , respectively, CAs and CZs denote the first
and the last bounce clusters in the sth path, respectively,
ϵis ∼ U(0, 2π) is initial random phase, Ps are the cluster

powers fulfilling
S∑
s=1

Ps = 1. Furthermore, θis , ϕis , ϑis , and

φis stand for the EoD, AoD, EoA, and AoA of the isth ray,
respectively.

D. Spatially Consistent ARIS Channel with Soft LoS State

In the BS-RIS-MT subchannel, the VLoS component may
be blocked by buildings, with the probability of blockage
varying continuously based on the positions of the UAV and
MT. To achieve a smooth transition of channel characteristics
over space, the soft VLoS state is introduced as follows [17]

LoSRIS
soft =

1

2
+

1

π
arctan(

√
20

λ
(G+ FRIS)) (28)

where G is a spatially consistent Gaussian random variable
with correlation distance, FRIS is given as

FRIS =
√
2erf−1(2pLoS

RIS (ε
2D
IM , zU)− 1) (29)

where erf−1(·) denotes the inverse error function, ε2DIM =√
(xM − xU)

2
+ y2U is the horizontal distance between ARIS

and MT. Note that the VLoS path exists only when both the
LoS path between the BS and ARIS and the LoS path between
the ARIS and MT are not blocked. Note that the parameters
zM = 0 and is omitted for brevity. Since the BS antennas and
ARIS are relatively high, it is assumed that the LoS path in
the BS-ARIS link always exists. Thus, the VLoS probability

only depends on the LoS state of the ARIS-MT link, i.e.,
pLoS

RIS (ε
2D
IM , zU). The spatially consistent controllable channel

with soft LoS state can be obtained as

hRIS
p (t) = hRIS

LoS,p(t) · LoSRIS
soft

+ hRIS
NLoS,p(t) ·

√
1− (LoSRIS

soft)
2 (30)

where hRIS
LoS,p(t) and hRIS

NLoS,p(t) are the CIRs of the controllable
channel generated by the pathloss and multipath parameters
under LoS and NLoS conditions, respectively. Similarly, the
spatially consistent CIR of the uncontrollable channel can be
obtained as

henv
p (t) = henv

LoS,p(t) · LoSenv
soft

+ henv
NLoS,p(t) ·

√
1− (LoSenv

soft)
2 (31)

where LoSenv
soft is the soft LoS state of uncontrollable chan-

nel with the BS-MT LoS probability, i.e., pLoS
env (xM, zB). In

addition, henv
LoS,p(t) and henv

NLoS,p(t) are the CIR of the uncon-
trollable channel generated under LoS and NLoS conditions,
respectively.

E. Prediction of Optimum UAV Altitude

Lemma 1: Assuming that the RIS controller has the knowl-
edge of the speed and moving direction of the MT, the
reflection phases of RIS can be designed to forming a beam
to the desired direction (ϑ(1)des , φ

(1)
des ) as follows

ψopt
n (t) = mod

{
− 2π

λ
[−vMt cosϑ

(1)
des cos(φ

(1)
des − αM)

+ anx
(cos θ

(1)
t cosϕ

(1)
t + cosϑ

(1)
des cosφ

(1)
des )

+ any (cos θ
(1)
t sinϕ

(1)
t + cosϑ

(1)
des sinφ

(1)
des )], 2π

}
. (32)

The proof can be found in [8]. ■
Theorem 1: By applying the optimized reflection phases in

(32) and setting ϑ
(1)
des = ϑ

(1)
r and φ

(1)
des = φ

(1)
r , the average

received power of the ARIS-assisted link considering the UAV
vibration can be written as pr = p̄r + p̃r where p̄r and p̃r are
average received power of the VLoS and NLoS components,
respectively, i.e.,

p̄r =
ptN

2δ2xδ
2
yGtGrK1 cos ςt cos ςr

16π2(1 +K1)ε
nPLE
BI εnPLE

IM
E{B(Anx

, Any
)2}

(33)

p̃r =
ptNδ

2
xδ

2
yGtGr cos ςt

16π2(1 +K1)ε
nPLE
BI εnPLE

IM
E

{
L∑
l=1

Il∑
il=1

Pl cos ςr,il
Il

}
(34)

where sinc(x) = sin(πx)
πx , pt is the transmit power, E(·) is

the expectation operation, B(Anx , Any ) = sinc( 1λNxδxAnx) ·
sinc( 1λNyδyAny ), Anx , Any , and Φn are given in Appendix C.

Proof: See Appendix C. ■
Equation (33) shows that the UAV vibration leads to a

reduction in the received power, represented by the power
loss term B(Anx

, Any
)2. By setting ζY(t)=ζP(t)=ζR(t)=0, i.e.,

removing the effect of UAV vibration, the power loss term
reaches the maximum value, i.e., B(Anx , Any )

2 = 1. Further-
more, the ARIS-assisted channel suffers from severe pathloss,
which is proportional to the product of travel distances, i.e.,
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εBI · εIM. Meanwhile, it reveals that the squared power gain
in the order of N2 still holds, even in the presence of
phase mismatch due to UAV vibrations. This suggests that the
reduction in received power caused by hardware imperfections
and significant pathloss can be mitigated by deploying a larger
number of RUs. Considering the soft LoS state, the average
received power of the ARIS-assisted link should be updated
as [17]

pr = pr,LoS · (LoSRIS
soft)

2 + pr,NLoS · [1− (LoSRIS
soft)

2] (35)

where pr,LoS and pr,NLoS are average received power generated
under LoS and NLoS conditions, respectively. Equation (35)
reveals that the performance of the ARIS-assisted system
critically relies on the UAV altitude. A low altitude of the
UAV means a high probability that the VLoS component
will be blocked by buildings. When the VLoS component
is severely blocked, i.e., LoSRIS

soft = 0, the signal power is
only transmitted by the NLoS component, which suffers from
significant multipath fading. Moreover, a low UAV altitude
results in large incident and reflection angles of the rays,
leading to a small effective aperture of the reflecting elements.
However, at a relatively high UAV altitude, the received power
is predominantly affected by severe pathloss. We obtain the
optimal UAV altitudes by maximizing the average received
power in (35) using the stochastic gradient descent (SGD)
algorithm.

III. STATISTICAL PROPERTIES OF THE PROPOSED
CHANNEL MODEL

A. ST-CF

The ST-CF of the model can be defined as [4]

ρpp′(t,∆t) = E{hp(t) · h∗p′(t−∆t)} (36)

where (·)∗ means the complex conjugate operation, ∆t repre-
sents time difference. Assuming that controllable and uncon-
trollable channels are independent, by substituting (12) into
(36), the ST-CF is further written as [14]

ρpp′(t,∆t) = ρRIS
pp′(t,∆t) + ρenv

pp′(t,∆t) (37)

where

ρRIS
pp′(t,∆t) = ρ̄RIS

pp′(t,∆t) + ρ̃RIS
pp′(t,∆t) (38)

ρenv
pp′(t,∆t) = ρ̄env

pp′(t,∆t) + ρ̃env
pp′(t,∆t). (39)

The ST-CF of the VLoS component can be obtained by
substituting (19), (32), (70), and (71) into (38) as follows

ρ̄RIS
pp′(t,∆t) = E

{δ2xδ2yK1GtGr cos ςt cos ςr

16π2(1 +K1)ε
nPLE
BI εnPLE

IM

× ej
2π
λ ∆B[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

×
N∑
n=1

N∑
n′=1

ej
2π
λ ξY[TY,n,n′ (t,∆t)] · ej 2π

λ ξP[TP,n,n′ (t,∆t)]

× ej
2π
λ ξR[TR,n,n′ (t,∆t)]

}
(40)

with

TY,n,n′(t,∆t)=sin(2πfYt)X̄Y,n−sin(2πfY(t−∆t))X̄Y,n′

(41)
TP,n,n′(t,∆t)=sin(2πfPt)X̄P,n−sin(2πfP(t−∆t))X̄P,n′

(42)
TR,n,n′(t,∆t)=sin(2πfRt)X̄R,n−sin(2πfR(t−∆t))X̄R,n′

(43)

where ∆B = (p′−p)δB is the BS antenna spacing between Atp′
and Atp. Based on the uniform distributions of vibration angle
amplitudes, i.e., ξY∼U(−ζYm, ζYm), ξP∼U(−ζPm, ζPm), and
ξR ∼ U(−ζRm, ζRm) [28], and using the equality E{ejtx} =
sin(ta)
ta for a random variable x ∼ U(−a, a), (40) can be

calculated as

ρ̄RIS
pp′(t,∆t) =

δ2xδ
2
yK1GtGr cos ςt cos ςr

16π2(1 +K1)ε
nPLE
BI εnPLE

IM

× ej
2π
λ ∆B[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

×
N∑
n=1

N∑
n′=1

∫ ∞

−∞
sinc

( 2

λ
ζYmT̄Y,n,n′(t,∆t)

)
p(fY)dfY

×
∫ ∞

−∞
sinc

( 2

λ
ζPmT̄P,n,n′(t,∆t)

)
p(fP)dfP

×
∫ ∞

−∞
sinc

( 2

λ
ζRmT̄R,n,n′(t,∆t)

)
p(fR)dfR

(44)

where p(fY), p(fP), and p(fR) represent the probability den-
sity functions (PDFs) of the frequencies of yaw, pitch, and roll
angle variations, respectively. Following a similar method, the
NLoS component of the ST-CF of the controllable channel can
be expressed as

ρ̃RIS
pp′(t,∆t) =

δ2xδ
2
yGtGr cos ςt cos ςr,il

16π2(1 +K1)ε
nPLE
BI εnPLE

IM

× ej
2π
λ ∆B[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

×
N∑
n=1

N∑
n′=1

L∑
l=1

Il∑
il=1

Pl
Il
ej[ψn(t)−ψn′ (t−∆t)]ej2πνM,N∆t

×
∫ ∞

−∞
sinc

( 2

λ
ζYm · T̃Y,n,n′,il(t,∆t)

)
p(fY)dfY

×
∫ ∞

−∞
sinc

( 2

λ
ζPm · T̃P,n,n′,il(t,∆t)

)
p(fP)dfP

×
∫ ∞

−∞
sinc

( 2

λ
ζRm · T̃R,n,n′,il(t,∆t)

)
p(fR)dfR (45)

where

TY,n,n′,il(t,∆t) = sin(2πfYt)X̃Y,n,il

− sin(2πfY(t−∆t))X̃Y,n′,il (46)

TP,n,n′,il(t,∆t) = sin(2πfPt)X̃P,n,il

− sin(2πfP(t−∆t))X̃P,n′,il (47)

TR,n,n′,il(t,∆t) = sin(2πfRt)X̃R,n,il

− sin(2πfR(t−∆t))X̃R,n′,il . (48)
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Based on (26) and (27), the LoS and NLoS components of the
uncontrollable channel can be respectively expressed as

ρ̄env
pp′(t,∆t) =

K2PL−1
env

K2 + 1
ej

2π
λ ∆t[−vM cosϑ(2)

r cos(φ(2)
r −αM)]

× ej
2π
λ ∆B[sin θ

(2)
t sin γE

B+cos θ
(2)
t cos γE

B cos(ϕ
(2)
t −γA

B )] (49)

ρ̃env
pp′(t,∆t) =

PL−1
env

K2 + 1

S∑
s=1

Is∑
is=1

Ps
Is

× ej
2π
λ ∆B[cos θis cos γE

B cos(ϕis−γ
A
B )+sin θis sin γE

B]

× ej
2π
λ ∆t[−vM cosϑis cos(φis−αM)]. (50)

The spatially consistent ST-CF of the controllable and uncon-
trollable channels with soft LoS states can be obtained by
updating (38) and (39) as follows

ρRIS
pp′(t,∆t) = ρRIS

LoS,pp′(t,∆t) · (LoSRIS
soft)

2

+ ρRIS
NLoS,pp′(t,∆t) · [1− (LoSRIS

soft)
2] (51)

ρenv
pp′(t,∆t) = ρenv

LoS(t,∆t) · (LoSenv
soft)

2

+ ρenv
NLoS,pp′(t,∆t) · [1− (LoSenv

soft)
2] (52)

where ρRIS
LoS,pp′(t,∆t) and ρRIS

NLoS,pp′(t,∆t) are the ST-CF
of the controllable channel generated under LoS and
NLoS conditions, respectively. Similarly, ρenv

LoS,pp′(t,∆t) and
ρenv

NLoS,pp′(t,∆t) are the ST-CF of the uncontrollable channel
generated under LoS and NLoS conditions, respectively.

B. Doppler PSD

The Doppler PSD provides insights into the frequency
spreading of time-varying nature of the channel, and can
be obtained as S(ν) =

∫∞
−∞ ρpp′(t,∆t)e

−j2πν∆td∆t. The
Doppler PSD of the proposed model is further expressed as

S(ν) = (LoSRIS
soft)

2SRIS
LoS(ν) + (LoSenv

soft)
2Senv

LoS(ν)+

[1− (LoSRIS
soft)

2]SRIS
NLoS(ν) + [1− (LoSenv

soft)
2]Senv

NLoS(ν) (53)

where

SRIS
LoS(ν) =

∫ ∞

−∞
ρRIS

LoS,pp′(t,∆t)e
−j2πν∆td∆t (54)

Senv
LoS(ν) =

∫ ∞

−∞
ρenv

LoS,pp′(t,∆t)e
−j2πν∆td∆t (55)

SRIS
NLoS(ν) =

∫ ∞

−∞
ρRIS

NLoS,pp′(t,∆t)e
−j2πν∆td∆t (56)

Senv
NLoS(ν) =

∫ ∞

−∞
ρenv

NLoS,pp′(t,∆t)e
−j2πν∆td∆t. (57)

IV. RESULTS AND ANALYSIS

In this section, the statistics of the proposed model are
presented and discussed. Unless otherwise specified, the model
parameters are selected as follows: fc = 28 GHz, P = 4,
K1 = K2 = 5 dB, Gt = Gr = 1 [32], zB = 10 m,
xM = 400 m, (xU, yU, zU) = (60 m, 20 m, 100 m), Nx =
Ny = 100, δx = δy = λ/5, δB = λ/2, vM = 3 m/s,
αM = π/6, γA

B = π/4, γE
B = π/6, ζXm = 1◦, fX ∼ U(5, 25),

X ∈ {Y, P, R}, and pt = 20 dBm. The environment-related
parameters are collected in Table II [29], [33], [34]. Besides,

0 0.002 0.004 0.006 0.008 0.01
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0.2

0.4

0.6

0.8

1

Fig. 3. The TCFs of the proposed model with different degrees of UAV
vibrations and carrier frequencies (α0 = 0.1, β0 = 750/km2, γ0 = 8 m).

the parameters such as powers and angles of multipath compo-
nents in different scenarios are randomly generated according
to the standard 5G channel model [5], [17].

TABLE II
ENVIRONMENTAL PARAMETERS.

Parameters Value
Scenario Suburban, Urban, Dense urban
Building area ratio (α0) 0.1, 0.3, 0.5
Number of buildings (β0) 750/km2, 500/km2, 300/km2

Average building height (γ0) 8 m, 15 m, 20 m
PLE in LoS condition 2.0, 2.0, 2.1
PLE in NLoS condition 2.5, 3.0, 3.4

Fig. 3 compares the temporal CFs (TCFs) of the proposed
model under varying degrees of UAV vibration and carrier
frequencies. The channel exhibits the highest temporal corre-
lation by eliminating the effects of UAV vibration. In this case,
the adjustable reflecting phases effectively mitigate multipath
and Doppler effects caused by MT movement. Compared to
TCFs with one-dimensional UAV vibration, the TCFs with
3D vibration are lower, indicating faster time variations of the
channel and resulting in a shorter channel coherence time.
For a given level of UAV vibration, the channel becomes
more susceptible to vibration effects when the system operates
in higher frequency bands. This observation aligns with the
derivation in (20), indicating that higher carrier frequencies (or
shorter wavelengths) result in larger Doppler frequencies due
to UAV vibration, leading to significant phase misalignment
of signals reflected by the RIS.

Fig. 4 illustrates the TCF of the proposed model under
different vibration angles and ARIS configurations. Under
the same RIS configuration, the UAV wobbling in different
dimensions has distinct impacts on TCFs. The channel exhibits
the highest temporal correlation when the ARIS oscillates par-
allel to the xy plane. Roll vibrations result in lower temporal
correlation compared to pitch vibrations. Furthermore, we find
that the impact of UAV vibrations is strongly influenced by
the RIS configurations. The channel with 50× 100 RIS (i.e.,
Nx = 50, Ny = 100) is more susceptible to yaw vibrations
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Fig. 4. The TCFs of the proposed model with different UAV vibration angles
and ARIS configurations (α0 = 0.1, β0 = 750/km2, γ0 = 8 m).
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Fig. 5. The TCFs of propose model with different amplitudes and variation
frequencies of the vibration angles (α0 = 0.1, β0 = 750/km2, γ0 = 8 m,
X ∈ {Y, P, R}).

compared to the channel with 100× 50 RIS. This is because,
for a 50 × 100 RIS, yaw vibrations cause more significant
variations in the travel distance of the waves, as the waves
propagate mainly along the x axis. The study in [35] assumes
constant vibration angles instead of modeling them as random
processes and neglects the blocking probability of the VLoS
component, leading to a higher temporal correlation compared
to the proposed model.

Fig. 5 illustrates the TCFs of the proposed model with
varying amplitudes and frequencies of vibration angles. The
temporal correlation decreases as the amplitude or frequency
of the vibration angles increases. Additionally, the channel ex-
hibits similar performance in TCFs when using continuous and
4-bit discrete reflection phases. However, a significant decrease
in TCF is observed when using 2-bit discrete reflection phases,
attributed to the increased quantization errors. This indicates
that a higher number of quantization levels is necessary to
minimize the time variation of the channel, particularly under
adverse weather conditions.

0 0.5 1 1.5 2 2.5 3 3.5 4
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Fig. 6. The SCFs of the proposed channel model under various scenarios and
UAV locations.
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Fig. 7. SCFs of the proposed channel model using different environmental
parameters.

Fig. 6 shows the spatial CF (SCF) of the proposed model in
suburban, urban, and dense urban scenarios with different UAV
locations. The channel exhibits the highest spatial correlation
in the suburban scenario. This is attributed to the relatively
open propagation environment, where the channel is domi-
nated by a strong VLoS component, significantly mitigating
multipath fading. Conversely, in dense urban scenarios, the
SCF decreases more rapidly due to the small LoS probability
and high PLEs. Additionally, within the same scenario, a
shorter distance between the UAV and MT results in a higher
LoS probability in the RIS-MT channel, which means the
beam directed towards the MT is less likely to be obstructed,
thereby increasing the spatial correlation of the channel.

To better illustrate the impact of environmental factors,
Fig. 7 displays the SCFs of the proposed model under different
environmental parameters. For a meaningful comparison, we
use the urban scenario as a benchmark, i.e., α0 = 0.3,
β0 = 500 km2, and γ0 = 15 m. The results indicate that
a higher built-up land ratio (α0) or building density (β0) leads
to an increase in the average number of buildings along the
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Fig. 8. Impacts of UAV vibrations and carrier frequencies on Doppler PSDs
of the proposed model (α0 = 0.1, β0 = 750/km2, γ0 = 8 m).
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Fig. 9. Variation of average received signal power with respect to the UAV
height for different scenarios.

LoS path. This in turn raises the blockage probability of the
VLoS component and decreases the spatial correlation of the
channel. Besides, lower values of average building height (γ0)
can significantly increase the VLoS probability and thereby
enhance the spatial correlation of the channel.

Fig. 8 shows the impacts of UAV vibrations and carrier
frequencies on the Doppler PSDs of the proposed model. At
low-frequency bands, i.e., 5 GHz, the effect of UAV vibration
can be negligible. With the increase of carrier frequency,
the Doppler PSD tends to spread widely over the Doppler
frequencies. For given frequency bands, i.e., 10 GHz and 28
GHz, 3D vibration results in a wider range of the spectrum
compared to one-dimensional yaw vibration. We compare the
Doppler PSD of the proposed model to that generated by
the model in [36]. Although the reflection phases in [36] can
effectively eliminate multipath fading, they cannot offset the
phase shift induced by the Doppler frequencies.

Fig. 9 shows the variation in average received signal power
with respect to the UAV height for different scenarios. The
optimal UAV height is determined by maximizing (35) using
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Fig. 10. The effects of UAV vibration and environmental parameters on the
average received signal power.

the SGD algorithm. In the suburban scenario, buildings are
relatively low and sparse. As the UAV height increases, the
LoS probability in the RIS-MT link rapidly increases, leading
to a swift rise in received signal power. However, as the UAV
continue to ascend, the received signal power decreases due to
increased pathloss. Among the three scenarios, the suburban
scenario has the lowest optimal UAV height. Conversely,
the dense urban scenario requires the highest optimal UAV
altitude to establish a robust LoS path to the MT, owing to
the dense and tall building distribution. As the UAV altitude
increases, the LoS probability of the RIS-MT link approaches
one, and the channel is mainly dominated by the strong LoS
component. As a result, the received powers in suburban and
urban scenarios converge to the same value due to the identical
PLE, i.e., nPLE = 2. However, in the dense urban scenario, the
received power is lower due to a higher PLE, i.e., nPLE = 2.1.

Fig. 10 illustrates the effects of UAV vibration and envi-
ronmental parameters on the average received signal power.
Under the same environmental conditions, UAV vibration
reduces received power due to the misalignment of reflected
signal phases. Additionally, a higher built-up land ratio or
building density indicates a denser propagation environment,
increasing the probability of VLoS component blockage and
decreasing average received power. Conversely, lower average
building height tends to increase the average received power.
The results of the proposed model are compared with those
generated by [24] and [36] using the same model parameters.
Note that the model in [24] neglects UAV wobbling. The
model in [36] considers only pitch and roll wobbles, which are
modeled by uniform distributions. Although the yaw wobble
does not change the effective apertures of RUs, it causes
fluctuations in the transmission distances between RUs and
ground nodes. This results in phase misalignment of the
reflected signals, which leads to reduced received signal power,
as shown in (33). Furthermore, the models in [24] and [36]
assume robust LoS connections between the UAV and ground
nodes, even at low UAV altitudes. This assumption may be
inconsistent with realistic propagation environments and leads
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Fig. 11. Achievable rates of the ARIS system under varying RIS configu-
rations and different UAV and RIS positions (α0 = 0.1, β0 = 750/km2,
γ0 = 8 m).
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Fig. 12. Achievable rates of the ARIS system with continuous and discrete
reflection phases (α0 = 0.1, β0 = 750/km2, γ0 = 8 m).

to an overestimation of the system performance.
Fig. 11 shows the achievable rates of the ARIS system under

varying RIS configurations and different UAV and RIS posi-
tions. By adopting the maximum ratio transmitting, the achiev-
able rates are calculated as R = E

{
log2

(
1 + pt

σ2 ∥h∥2
)}

,
where the noise power is σ2 = −100 dBm [37]. For the
cases of xM = 400 m and zU = 100 m, a significant
improvement can be achieved with the use of a larger RIS.
However, a significant degradation occurs when the UAV
altitude is reduced to 45 meters, and only a minor improvement
is observed with a larger RIS when the UAV hovers at lower
altitudes. This is because a lower UAV altitude reduces the
LoS probability of the RIS-MT link and leads to a smaller
effective aperture of RUs, thereby decreasing the benefits of
the ARIS. Furthermore, a smaller value of xM increases the
LoS probabilities of the Tx-MT and RIS-MT subchannels
and simultaneously decreasing the corresponding pathlosses,
resulting in a remarkable increase in the achievable rate.

Fig. 12 shows the achievable rates of the ARIS system with

discrete and continuous phases. For b-bit phase resolution,
the discrete phases are obtained by quantizing the continuous
phases to the nearest point in {0, 2π

2b
, . . . , 2π

2b
(2b − 1)}. With

the increase of the amplitude of vibration angle, significant
degradation in achievable rates is observed. Additionally, it
is shown that the channel behaves similarly in terms of
achievable rates when using continuous and 4-bit reflection
phases. As the quantization level reduces to 2-bit, quantization
error becomes noticeable. Furthermore, we find that at larger
degrees of vibration, ARIS system becomes less sensitive to
the quantization level. This is because the phase misalignment
reduces the constructive effect of the controllable channel,
and the proportion of the received power from the VLoS
component in the total received power decreases.

V. CONCLUSIONS

A novel channel model for ARIS-assisted communications
has been presented in this paper. UAV vibrations in 3D space
due to adverse weather conditions have been characterized
by yaw, pitch, and roll angles, and modeled as sinusoidal
random processes. The effects of UAV vibrations have been
represented through the derivation of approximate expressions
that calculate the time variation in the travel distances of
reflected waves. We have demonstrated that UAV vibrations
cause phase misalignment in reflected signals and induce ad-
ditional Doppler shifts. The final CIR has been obtained based
on soft LoS states, determined by environmental parameters
such as built-up land ratio, building density, and average
building height. The optimal UAV altitude has been derived by
balancing LoS probability, pathloss, and the effective apertures
of RUs. Channel characteristics, including ST-CF, Doppler
PSD, average received signal power, and the achievable rate
of the model, have been analyzed. The results indicate that
a large degree of UAV vibration, whether in the frequency
or amplitude of vibration angles, can significantly reduce
temporal correlation and increase the Doppler spread of the
channel, which are more pronounced at higher frequency
bands. Moreover, dense or tall-building environments, as well
as adverse weather conditions, can reduce the average received
signal power and degrade the achievable rate of the ARIS
system. However, these can be mitigated by employing a large
number of RUs and carefully optimizing the UAV altitude.
Furthermore, compared to continuous reflection phases, 2-bit
and 4-bit discrete phases do not cause significant degradation
in achievable rates, even in environments with substantial UAV
vibration, confirming the practicality of ARIS systems.

APPENDIX A

Derivation of (14)

The CIR of the VLoS component can be obtained by
summing the rays reflected by the N RUs, i.e., [38]

h̄RIS
p (t) =

√
K1βtβr
K1 + 1

N∑
n=1

ejψn(t) · ejχpn(t) · ejχMT,n(t) (58)
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where βt and βr are channel gains of the BS-RIS and RIS-MT
links, respectively, i.e.,

βt = PL−1
t GtGe(rin) (59)

βr = PL−1
r GrGe(rout) (60)

where Ge(rin) and Ge(rout) account for the gains of the RU in
the directions of rin and rout, respectively. For a wave impinges
on the RIS, the effective aperture of a RU is defined as [39]

Ae(rin) = Ge(rin) ·Aiso (61)

where Aiso = λ2

4π is the effective aperture of an lossless
isotropic antenna. Considering a RU with the physical area
δxδy , its effective aperture is calculated as δxδy cos ςt, where
ςt is the angle between the impinging waves and the normal
direction of the RIS. Thus, we have

Ge(rin) =
4π

λ2
δxδy cos ςt. (62)

Similarly, Ge(rout) is obtained as

Ge(rout) =
4π

λ2
δxδy cos ςr. (63)

Substituting (59), (60), (62), and (63) into (58), we obtain (14).

APPENDIX B
Derivation of (16)

The distance from the BS array center to the Un at time t
is calculated as

εBS,n(t) =
∥∥dBI + dwob

n (t)
∥∥ (64)

where

dBI = εBI ·
[
cosθ

(1)
t cosϕ

(1)
t , cosθ

(1)
t sinϕ

(1)
t , sinθ

(1)
t

]T
. (65)

By subsituting the (11) and (65) into (64), we have

εBS,n(t) = {[cosζY(t) · cosζP(t) · anx

+ (cos ζY(t) · sin ζR(t) · sin ζP(t)− sin ζY(t)

× cos ζR(t))any + εBI · cosθ(1)t ·cosϕ(1)t ]2 + [sinζY(t)

× cosζP(t)anx + (sin ζY(t) · sin ζR(t) · sin ζP(t) + cos ζY(t)

× cos ζR(t)) · any
+ εBI · cosθ(1)t · sinϕ(1)t ]2 + [− sin ζP(t)

× anx
+ cos ζP(t) · sin ζR(t)any

+ εBI · sinθ(1)t ]2}1/2. (66)

Assuming the far-field condition, i.e., {anx , any} ≪ εBI, and
using the approximation

√
1− x ≈ 1 − x

2 when x is small,
(66) is approximated as

εBS,n(t) ≈ εBI + {[cosζY(t) · cosζP(t) · anx

+ (cos ζY(t) · sin ζR(t) · sin ζP(t)− sin ζY(t)

× cos ζR(t))any ] · cosθ
(1)
t · cosϕ(1)t + [sinζY(t)

× cosζP(t)anx + (sin ζY(t) · sin ζR(t) · sin ζP(t)

+ cos ζY(t) cos ζR(t)) · any ] · cosθ
(1)
t · cosϕ(1)t

+ [− sin ζP(t)anx
+ cos ζP(t) · sin ζR(t) · any

] · sin θ(1)t }.
(67)

Noting that max{ζY(t), ζP(t), ζR(t)} ≪ 1, by applying the
approximations sin(ζx(t)) ≈ ζx(t) and cos(ζx) ≈ 1 to (67),
where x ∈ {Y,P,R}, we can obtain (16).

APPENDIX C

Derivation of (33) and (34)

The average received signal power of the BS-ARIS-MT link
can be defined as [40]

pr = E[
pt
P

∥∥h̄RIS + h̃RIS
∥∥2] (68)

where h̄RIS = [h̄RIS
p (t)]1×P , h̃RIS = [h̃RIS

p (t)]1×P . Note
that h̄RIS and h̃RIS are independent with each other and
E{h̃RIS

p (t)} = 0 [14], using ∥A∥2 = tr(AHA), we have

pr = p̄r + p̃r

=
pt
P

tr{E(H̄H
RISH̄RIS)}+

pt
P

tr{E(H̃H
RISH̃RIS)}. (69)

For the VLoS component, the pahtlosses of BS-ARIS and
ARIS-MT are converted into linear scale as

PLt = (
4π

λ
)2εnPLE

BI (70)

PLr = (
4π

λ
)2εnPLE

IM . (71)

By substituting (70), (71), and (32) into (19), we have

h̄RIS
p (t) =

δxδy
4π

√
K1GtGr cos ςt cos ςr
(1 +K1)ε

nPLE
BI εnPLE

IM

× ej
2π
λ ∆p[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

× ej
2π
λ (εIM+εBI) · ej 2π

λ (Nx+1
2 δxAnx+

Ny+1

2 δxAnx )

×
Nx∑
nx=1

Ny∑
ny=1

e−j
2π
λ nxδxAnx e−j

2π
λ nyδyAny (72)

where

Anx = ζY(t)(cos θ
(1)
t sinϕ

(1)
t + cosϑ(1)r sinφ(1)

r )

+ ζP(t)(− sin θ
(1)
t − sinϑ(1)r ) (73)

Any
= ζY(t)(− cos θ

(1)
t cosϕ

(1)
t − cosϑ(1)r cosφ(1)

r )

+ ζR(t)(sin θ
(1)
t + sinϑ(1)r ). (74)

Note the ζY(t), ζP(t), and ζR(t) are small angles, following
the summation formula for geometric series and applying
sin(x) ≈ x, (72) can be solved as

h̄RIS
p (t) =

NxNyδxδy
4π

√
K1GtGr cos ςt cos ςr
(1 +K1)ε

nPLE
BI εnPLE

IM

× ej
2π
λ ∆p[cos θ

(1)
t cos γE

B cos(ϕ
(1)
t −γA

B )+sin θ
(1)
t sin γE

B]

× ej
2π
λ (εIM+εBI) · sinc(

1

λ
NxδxAnx) · sinc(

1

λ
NyδyAny ). (75)

By substituting (75) into (69), the average received power of
the VLoS component can be obtained as

p̄r =
ptN

2δ2xδ
2
yGtGrK1 cos ςt cos ςr

16π2(1 +K1)ε
nPLE
BI εnPLE

IM

× E
{

sinc2(
1

λ
NxδxAnx

) · sinc2(
1

λ
NyδyAny

)
}
. (76)

The average received power of the NLoS component can be
calculated based on the uncorrelated scattering assumption and
following a similar procedure.
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