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Abstract—In this paper, we propose a three-dimensional (3D)
physics-based double reconfigurable intelligent surface (RIS)
cooperatively assisted multiple-input multiple-output (MIMO)
stochastic channel model for unmanned aerial vehicle (UAV)-to-
ground communication scenarios. The double-RIS is distributed
on the surface of buildings can assist the UAV transmitter
to reflect its own signals to the ground receiver (GR), and
simultaneously enhance the propagation by passive beamforming
on the RISs. In the proposed channel model, we derive the path
power gains for different propagation links between the UAV
and GR, thus enabling the proposed channel model to effectively
characterize both large- and small-scale fading characteristics of
realistic UAV-to-ground communication systems. Furthermore,
we derive the critical propagation properties of the proposed
channel model, including the spatial cross-correlation functions
(CCFs), temporal auto-correlation functions (ACFs), and fre-
quency correlation functions (FCFs), with respect to different
RIS reflection phase configurations as well as different RIS
orientation angles. Numerical simulation results demonstrate the
propagation characteristics of the proposed double-RIS assisted
UAV-to-ground channel model behave better than those of tradi-
tional channel models with single-RIS link or LoS link, thereby
validating the necessity of introducing double-RIS into UAV-to-
ground communication.

Index Terms— Reconfigurable intelligent surface, UAV com-
munications, path power gains, end-to-end channel model, prop-
agation characteristics.
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I. INTRODUCTION

O SATISFY the growing demand for applications with

global coverage, the sixth generation (6G) wireless
communication networks will not be restricted to terrestrial
wireless communication, but need to be complemented with
non-terrestrial facilities like unmanned aerial vehicles (UAVs)
and satellites to create a space-air-ground integrated network
(SAGIN) [1]. As an integral part of SAGIN, communication
assisted by drones has been evolving rapidly due to their
attractive features, such as on-demand deployment, fully con-
trollable mobility, and low cost. However, when the UAV and
ground receiver (GR) are deployed in crowded communication
areas, the propagation links will be easily blocked by obstruc-
tions, like tall trees and buildings, which greatly influence the
effective coverage area and channel communication quality.
To overcome this shortcoming, reconfigurable intelligent sur-
face (RIS), which consists of an electromagnetic material sur-
face composed of a large number of square metal patches, can
be positioned on building walls to manipulate impinging waves
towards destinations constructively in an energy-efficient and
cost-effective way [2]. Thus, the RIS-assisted UAV commu-
nication has attracted extensive attention from both academic
and industrial circles.

In practice, channel models are of the vital importance to the
design, optimization, and performance evaluation of UAV-to-
ground communication systems. Hence, it is critical to propose
an end-to-end channel model that can reflect faithfully the
impact of the physical properties of RIS on the electromagnetic
waves in a wireless environment between the UAV transmitter
and GR [3]. In existing literature, channel models are mainly
separated into deterministic and stochastic ones. The former
ones, such as the ray-tracing method, are generally necessitates
conducting a variety of measurements to identify the field
strength and propagation path of radio waves. Although a
high accuracy for describing the propagation environments
can be achieved by this kind of modeling solution, the high
cost and time-consuming feature limit their extension to other
communication systems, especially UAV-to-ground communi-
cation. By contrast, the latter ones are developed by modeling
channel fading characteristics as a stochastic variable, which
can endow the channel models with desirable generality. That
is, the stochastic channel models can be applied to a variety of
communication scenarios by appropriate adjustment of model
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parameters [4]. So far, there have been many studies on the
modeling of stochastic channels for UAV-to-ground commu-
nication. For example, according to geometric correlations
among UAVs, GRs, and clusters, the authors in [5] and [6] pro-
posed three-dimensional (3D) geometry-based multiple-input
multiple-output (MIMO) channel models for characterizing the
UAV-to-ground communication scenarios, and investigated the
channel propagation characteristics in spatial and temporal
domains. In [7] and [8], the authors proposed ellipsoid and
semi-spherical models to describe the UAV-to-ground chan-
nels, respectively, and modeled the non-line-of-sight (NLoS)
propagation rays from the UAV transmitter to GR as one
interaction. Recently, RIS has gradually been applied in UAV-
to-ground communication systems and realized high-quality
communication through passive beamforming [9]. As a result,
many researchers attempt to develop effective channel mod-
els to characterize the UAV-to-ground communication sce-
narios assisted by RIS. For example, the authors in [10]
proposed a 3D geometry-based channel model for MIMO
communication scenarios assisted by RIS, and investigated
the influences of the velocity/direction/motion time of the
UAV on the channel propagation characteristics in spatial
domain. The authors in [11] proposed a 3D non-stationary
MIMO wideband end-to-end channel model for RIS-assisted
UAV-to-ground millimeter-wave communication, and analyzed
the influences of the physical properties of RIS and the
RIS reflection phase configurations on the channel charac-
teristics. In [12], the authors presented a 3D non-stationary
UAV-to-ground communication channel model assisted by
RIS, and compared the simulation results of propagation
characteristics of the channel models with and without RIS
assistance.

Previous research work [13] has revealed that the use of
double-RIS in wireless communication systems can lead to a
significantly increased achievable rate compared to single-RIS
assisted systems. In this context, various studies have been car-
ried out on double-RIS assisted wireless communication sys-
tems in recent years [14] proposed a cooperative double-RIS
assisted MIMO communication system under LoS propagation
channels, and investigated the capacity maximization problem
by jointly optimizing the transmit covariance matrices and the
passive beamforming matrices of the two cooperative RISs.
The authors in [15] optimized the cooperative beamforming
gain in a communication system assisted by double-RIS,
in which a user was serviced from a single-antenna base
station (BS) via a dual-hop propagation path of two distributed
RISs near the user and the BS respectively. In [16], the
authors presented a double-RIS cooperatively-assisted MIMO
communication system, where two distributed RISs are respec-
tively deployed near a nearby user group and a multi-antenna
BS. The authors in [17] presented a double-RIS assisted
MIMO communication system, and the simulation results
confirmed the improved performance of the system assisted
by double-RIS compared to that by single-RIS under various
system settings. Nevertheless, there are only few research
results on the channel modeling of double-RIS cooperatively
assisted communication systems, which may lead to an under-
estimation or overestimation of the performance of double-RIS
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assisted UAV-to-ground communication systems. In addition,
the waves emitted from the UAV may undergo different
propagation links with different path loss before arriving at the
receiver, so the power scaling factors for different propagation
links should be derived to capture the fading characteristics of
double-RIS assisted UAV-to-ground channels. In this paper,
we propose a 3D physics-based end-to-end channel model
for double-RIS assisted UAV-to-ground communication with a
blocking LoS link operated at sub-6 GHz band, as illustrated
in Fig. 1. The main contributions of our work are summarized
as follows:

e We propose a 3D physics-based end-to-end MIMO
channel model for double-RIS assisted UAV-to-ground
propagation environments. The proposed channel model
is capable of characterizing both the large-scale path
loss and small-scale multi-path effects of UAV-to-ground
channels. By properly adjusting model parameters, the
proposed channel model can characterize the underlying
propagation properties of double-RIS assisted UAV-to-
ground channels under different system setups.

e We deduce the complex channel impulse responses
(CIRs) for the proposed channel model considering dif-
ferent propagation links, including UAV — RIS; — GR
link, UAV — RISy — GR link, UAV — RIS; — RIS; —
GR link, and UAV — clusters — GR link. For each
distinguishable propagation link, the complex CIR has
the ability to characterize the large-scale path loss of
the double-RIS assisted UAV-to-ground communication
systems.

o We derive the path power gains of different propagation
links to characterize the large-scale path loss of the
proposed double-RIS assisted UAV-to-ground channel
model. Based on the derived path power gains, we intro-
duce the virtual Rice factor to characterize the impact of
the configurations of RIS reflection phase on the fading
characteristics of the proposed channel model.

o The statistical properties of the proposed double-RIS
assisted UAV-to-ground channel model, including
spatial cross-correlation functions (CCFs), temporal
auto-correlation functions (ACFs), and frequency
correlation functions (FCFs), are derived and analyzed.
The results show that the reflection phase configurations
of RISs, including the optimal and random phase
modulations, play important roles in the proposed
channel propagation characteristics. This finding can
be helpful for the design of double-RIS assisted
UAV-to-ground communication systems.

The rest of this paper is organized as follows. Section II
deduces the complex CIRs for various propagation links in
the proposed channel model. In Section III, the propagation
properties of the proposed channel model are deduced and
examined. In Section IV, we present the simulation findings
and some related discussion. Finally, some conclusions are
drawn in Section V.

Notations The boldface uppercase, boldface lowercase, and
lowercase letters such as X, x, and x represent the matrix,
vector, and scalar, respectively. E[-] represents the expectation
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Fig. 1.

Propagation distances and angles in the proposed double-RIS assisted UAV-to-ground channel model for different links. (a) UAV — RIS; — GR

link; (b) UAV — RIS2 — GR link; (¢) UAV — RIS; — RIS2 — GR link; (d) UAV — clusters — GR link.

operation, [-]T represents the transpose operation, and (-)* rep-
resents the complex conjugate operation. || - || is the Frobenius
norm, and j = y/—1 denotes the imaginary unit.

II. SYSTEM CHANNEL MODEL DESCRIPTION

In UAV-to-GR wireless channels, the LoS propagation link
between UAV and GR is not always blocked because of the
dynamic properties of the transceivers. In reality, it expe-
riences blockage occasionally with the motion of the UAV
and GR [18]. Current studies have shown that when the LoS
component between the UAV and GR is heavily blocked by
objects such as buildings, an RIS can be employed to provide
a strong LoS link from UAV to RIS and from RIS to GR,
thus boosting the communication performance [11]. Owing to
the manipulation of the RIS array on the amplitude and/or the
phase of incident signals, the wireless propagation environ-
ment between the RIS and GR is programmable. Specifically,
the impinging wave can be restricted in a desired direction with
a certain beamwidth in the RIS-GR subchannel. This means
that some unnecessary propagation links that may cause poor
communication performance, such as the RIS — clusters —
GR link, can be avoided in the propagation environment
between the RIS and GR in RIS-assisted channels.

TABLE I
DEFINITIONS OF KEY PARAMETERS

o, R Spacings between two neighboring UAV/GR antennas
Pr, ¢ Azimuth and elevation angles of the UAV antenna array
YR, R Azimuth and elevation angles of the GR antenna array
Do, H Distances from the center of UAV antenna array
0. 220 to that of GR antenna array and to the azimuth plane
VR, YR Moving speed and azimuth direction of the GR
M N Numbers of arranged cells of RIS array
1A in the horizontal and vertical directions
Mo, N. Numbers of arranged cells of RISy array
2> 22 in the horizontal and vertical directions
d d Sizes of each unit in RIS; along
My> ®N1 | the horizontal and vertical directions
d d Sizes of each unit in RISy along
Mz> @N2 | the horizontal and vertical directions

Fig. 1 illustrates a 3D physics-based end-to-end double-
RIS assisted channel model for UAV-to-ground propagation
environments, where the RIS near the UAV transmitter is
named RIS; and the other near the GR is named RIS5. Each
RIS is equipped with a controller that can identify the phase
offset of reflective elements on each RIS [19]. In the initial
motion stage of the UAV and GR, a global Cartesian coordi-
nate system is created. To be specific, the line connecting the
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center of GR antenna array with the projection point of UAV
antenna array is defined as the z-axis, the z-axis is vertical
up and passes through the center of UAV antenna array, and
the y-axis is obtained in accordance with right-hand rule [20].
The definitions of the key model parameters are depicted in
Fig. 1 and summarized in Table I. It is worth noting that the
suggested coordinate system is still maintained even when the
UAV and GR move from one position to another. As a result,
the distance vectors from the origin of the global coordinate
system to the centroids of the UAV and GR antenna arrays
can be represented by dr(t) = [dr(t), dr,y(t), dr - (t)]" and
dr(t) = [dr.(t),dR,,(t),0]T respectively, where dr . (t) =
vptcosyp cosnr, dry(t) = vrptcosypsinnr, dr.(t) =
Hy + vrtsinyr, dr(t) = Do + vgtcosng, and dg 4 (t) =
vrtsinny. In the proposed channel model, the UAV and
GR are respectively composed of P and () omnidirectional
antennas in a uniform linear array (ULA). Distance vectors
from the p-th (p = 1,2,...,P) UAV antenna to the g-th
(¢ = 1,2,...,Q) GR antenna to the origin of the global
coordinate system can be respectively described as

pP_9 1 _cos¢Tcos¢T_
Ant, = %571 cos ¢prsinyr | (1)
L sin (bT
) 1 _COSQSRcosz/JR_
Ant, = qu—'_é}g cosppsinyr | . )
sin ¢R

The distance vectors from the origin of the global coordinate
system to the center points of RIS; and RISy are dgis, =
[ZRis,, YRis;s 2R1s; |7 and dris, =  [@Ris,, YRISss ZRIS, | s
respectively. Thus, the distance from the center of RIS; to
that of RISs can be derived by 55& = || dris, — dris, || The
distance vector from the origin of the global coordinate system
to the cluster is denoted by dcluster = [xcluslera Yeluster s Zcluster ]T-
In order to strengthen the generality of the double-RIS layout
in the proposed channel model, fgrs, and fgis, are introduced
to describe the practical horizontal rotation angles of RIS; and
RIS,, respectively [21]. Then, the distance vectors from the
origin of the global coordinate system to the (mj,n;)-th
(m; = 1,2,...My;n7 = 1,2,... N7) unit in RIS; and the
(mao,ng)-th (my = 1,2,...Mso;ne = 1,2,...N3) unit in
RIS, can be respectively expressed as

Lmy,ny

Aoy = | Ymana
L Zm1,m1
i 1
~(2my —
2

TRis, + My — 1)d s, cosBris,

M1 — 1)dM1 sin 9R151 5

1
= | yris; 5(2 my —

1
ZR151 — 5(2 ny — N1 — l)le

3)

Lma,ng

dmg,ng - ym27n2

L Zmz,’sz
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A. Complex CIRs of the Proposed Channel Model

In the proposed double-RIS assisted UAV-to-ground MIMO
channel model, the movements of the UAV and GR will
cause time-varying model parameters, including propagation
distances and angles, resulting in the temporal non-stationary
property of the channel. In light of this, time-varying model
parameters, including time-varying propagation distances and
angles, are required to be derived to capture the non-stationary
channel propagation characteristics in time domain. As shown
in Fig. 1, the wave emitted by the UAV goes through four
different propagation paths before arriving at the GR, which
constitute the multi-path propagations of the proposed channel
model. Namely, i) the waves impinges on RIS; before arriving
at the GR, i.e., UAV — RIS; — GR link; ii) the wave
impinges on RISy before arriving at the GR, i.e., UAV —
RIS, — GR link; iii) the wave impinges on RIS; first and
then on RISy before arriving at the GR, i.e., UAV — RIS; —
RIS; — GR link; iv) the wave impinges on the cluster
before arriving at the GR, i.e., UAV — clusters — GR link.
In consideration of both large-scale path loss and small-scale
multi-path fading, the complete end-to-end channel matrix
between the UAV and GR can be written as [22]

Hig(t) = /(1) - B (1), 5)
where Q' (t) represents the path power gain, and the matrix
| § By (t) denotes the small-scale fading between different
transmit-receive antenna pairs in the proposed channel model.
In this case, its path loss can be characterized by 1/Q%E(t).
Although 3GPP gives the UAV-to-ground path loss model for
different frequency bands and scenarios [23], it fails to char-
acterize the path loss in RIS-assisted UAV-to-ground channels.
In the proposed channel model, the overall path power gain can

be described as Qﬁge( t) = QR]Igl( )+ lesz( )+ QRIS gy 4
Q%%Ster(t), where Q%&Sl( ) QRI ( ) QRI ( )’ and le}llésler(t)

represent the link power gains of the UAV — RIS; — GR
link, UAV — RIS, — GR link, UAV — RIS; — RIS; — GR
link, and UAV — clusters — GR link, respectively. Their
derivations can be found in Appendix. The small-scale fading
is caused by multi-path propagation components, which can
be denoted by a Q x P complex matrix, i.e., Hip''(t) =
[hpa(t,7)] o p- Here, hyg(t, 7) stands for the complex CIR
between the p-th UAV antenna and the g-th GR antenna of the
proposed MIMO channel model, which can be described as

QRISl t

Qldr&e((t; 1(t)o (T _ RIS, (t))

RIS>
Qlargegz)) RISZ( )6(7 —

hpq(ta T) =

+ 7_RISQ (t))
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QTR " (t) RIS;2

+ - )6 (1 — RS2 (¢
Q'l-[‘*]i;ge(t) Pq ( ) ( ( ))
R (1), g
pcluster (py s 7_cluster 1)), (6)
Q?];ge(t) Pq () ( ())
where 81 (t) = (&ris, () + Erris, (t))/c, in which

Erms, (1) = |duis, — o (£)| and Er s, () = ([dss, —dr(t)]
represent the time-varying distances from the centers of UAV
and GR antenna arrays to that of RIS; array respectively, and
c is the light speed; TRS2(t) = (&7pis, (t) + Epprisy () /c,
in which &rris,(t) = ||dris, — dr(t)|| and &rris, (t) =
|ldris, — dr(t)|| represent the time-varying distances from the
centers of UAV and GR antenna arrays to that of RIS, array
respectively; 78512 (t) = (Erris, (1) + Guise + Ermis, (1)) /¢
and TC]HSter(t) = (gT,clusler(t) + fR,cluster( ))/C, in which
§T,c]uster(t) = ||dcluster - dT(t)” and ﬁR,cluster(t) = Hdcluster -
dr(t)| represent the time-varying distances from the centers
of UAV and GR antenna arrays to the center of the cluster in
the real-time motion stage respectively.

For the UAV — RIS; — GR propagation link, the channel
coefficient hX1'(t) for the (p,q)-th antenna pair can be
expressed as [11]

My N,

Z Z Xony .y (€791 nq (1)

mi1= 1n1 1

L (sp,(ml,m(qu,(m7n1><t>)

RIS
hpg ! (t) = TRlsl

o oI ZE 0Tt eos (@, (my ny) () =17) €08 B (g ) ()00 7T
X 6j277'UTt Sin Br (my,ny) (t) sinyr

« ej%"vRt cos (aR,('rrLl,'rLl)(t)_nR> cos [3R,(m1,n1)(t)’
(N

where ) is the wavelength; ¢, . (t) and X, n, () represent
the reflection phase and amplitude of the (mi,n;)-th unit
in RISy, respectively; Tg}lsl(t) is the normalized factor of
the UAV — RIS; — GR link to endow ARy (t) with unit
power; &, (my.ny) () and &g (m, n,)(t) respectively stand for
the lengths from the p-th UAV and the ¢-th GR antenna to
the (my,7n1)-th unit in RISy, i.e., &, (my ny) (1) = iy 0y —
dr(t) — Anty[| and &g 1y ny) (1) = ||,y —dR(t) — Antgl].
When RIS; adopts the uniform reflection phase configuration,
it is reasonable to assume that ¢,y ,, (¢) follows the uniform
distribution. However, when the phase regulation is discrete,
©my,n, (t) should be set to be some discrete values. The* ()
can be expressed as

Y (1)
M1 N1

o E{‘ Z Z Xmlml 6]90’”1 "1( )

mi=1ni=1
X e_jQTW(Ep,(ﬂn-,nl)(t)"'fqv(mh"l)(t))
x ejoWUTtCOS(aT,(ml,nl)(t)*UT)COSBT,(ml,nl)(t)COS’YT
« ejoﬂthSinﬁTﬁ(mpnﬂ(t) sin vy

X ej%vRtCOS (O‘R,('ml,nl)(t)_nR) cos ﬂR.(?nl,nl)(t)

2}. )

4251

It is necessary to mention that the initial delay/angle/distance
parameters can be identified once the geometric settings
among UAV, RIS;, and GR are provided. The geometric
correlations among UAYV, RIS;, and GR can be used to obtain
the values of model parameters after a time interval of ¢ in
accordance with the motion time/direction/velocity, as well as
the values of values of initial parameters of UAV and GR [24].
Since we adopt the near-field assumption to investigate the
proposed channel characteristics, the RIS units share different
signal angles. In light of this, the AAoD and EAoD from
the UAV to the (m1,n;)-th unit in RIS; can be respectively
represented as

aTV(mhnl) (t)

— arctan 2~ dry(*) , 9)
Tmyng — dT’x(t)
Br,(my,n1) ()
= arctan 2 — 47,2 (1) .
\/(wml,m _dT’w(t))Q"‘ (Y — dT,y(t))Q
(10)

The AAoA and EAoA from the (mq,n)-th unit in RIS; to
the GR can be respectively expressed as

aR,(ml,nl) (t)

ma s — @ t
— arctan 2mum Ry ), (11
l‘mhnl - dR7$(t)
ﬂR»(ml,nl)(t)
_ Zmi,ny
= arctan 5 5
\/(xmhm —dR.e (t)) + (yml,m —dRy (t))
(12)

For the UAV — RIS; — GR propagation link, the channel
coefficient h35>2 (t) for the (p, ¢)-th antenna pair can be written
as

M> N

Z D X (t)e?Pm2 2 )

mg 1n2 1

X 67 ZTW (gp,(WLQJLz) (t)“rgq,(mg,ng) (t))

RIS> _
hlﬂq ( ) ’I‘RISQ

X ej QTW'UTt COS(O‘T,(le ,ng) (t)_nT )COS 5T,(7712 ,mg) (t) cosyr
x el 2Z vt Sin Br, (mg,ny) (t) sinyr
> ej 2T"'URISCOS (ozRy(mz ,n2)(t)—nR) €08 BR, (my,ny) (1) ,

13)

where @, n, () and X, n, (t) represent the reflection phase
and amplitude of the (mo,n2)-th unit in RIS, respectively;
TRIS2(t) is the normalized factor of the UAV — RIS, — GR
link, which can be expressed as
it
M, N,
- ]E{‘ S Y X (B2 20
mo=1ns=1
X e_]QTﬂ(Ep,(mzvnz)(t)+§q,(7”2»"2)(t))

~ ejQT"th cos (aT,(‘VTLQ,TLQ)(t)_nT) €08 BT, (my,ng) () COSYT
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X ej 2T7r'UTt sin BT,(rnz ,mo) (t) sinyr

o 2
w & 2Zypt cos (aR,(mQ,nQ)(t)—nR) €08 BR,(my,ng) (t) ‘ } (14)

It is important to mention that the process of deriving the
model parameters for the UAV — RIS; — GR link is the
same as that for the UAV — RIS; — GR link. By replacing all
the subscripts [-]; in Egs. (9)-(12) with [-]2, the corresponding
time-varying distances/angles for the RIS, propagation link
can be obtained. Here, we omit them for brevity.

For the UAV — RIS; — RISy — GR propagation link, the
channel coefficient h8512(¢) can be written as

IS 1)
1\42 2 I\/II 1

- TRISH Z Z Z ZX”“’"I JXmam (1)

mo= 17L2 1m1 177,1—
X ej (Wml,nl () +Pmy,ny (t))

X e _J2T7r (ET.(ml,n1)(t)+£EZZ;YZ;))+§R,(m2,n2)(t))
X 6.7 )\ T vTt cos (O‘T (mq, nl)(t) nT) cos (B, (mq, nl)(t) cosyr
x el ZE 0t sin By, (my ny) () sinyr

« ejQT"vRt cos (an,(mqmq)(t)*m%) cos 512,(7112,112>(t)7

(15)

where 5((22123 = ||dsn, 1y — iy, || Tepresents the distance

from the (mq,n)-th unit in RIS; to the (mg,ng)-th unit
in RISy; TRIS2(t) is the normalized factor of the UAV —
RIS; — RIS; — GR link, which can be expressed as

gl

Mz N2 M; N

:E{‘ Z Z Z ZXml,mez,nz(t)

m2:1 n2:1 m1:1 TLl:l
o ¢ (#m1.my O+ @mg s (1)

27 (my,n1)
s oI F () OFEL T+, (myona) (1)
« ej%’r”TtCOS (aT,(ml,nl)(t)_nT> €08 B, (my,nq) () cCOSYT
% ejQTﬂ'UTtSinﬁT,(ml,nl)(t) sinyrp

Com 2
x ¢J 2T ygt cos (aR,(mQ,ng)(t)*nR) €08 BR, (my,mg) (t)

}. (16)

For the NLoS propagation link via the cluster, the channel
coefficient h$u*'*r(¢) can be described as

L
h(]:)l[l]lstﬁr(t) — T Z QP[— ~ (fp cluster, Z(t)""fq cluster Z(t)))

X 6.7 2)\ vrtcos (aT cluster, l(t) nT) €oS B cluster, @(t) cosyr

x el 2yt sin B custer, ¢ () sin yr

X 64742T7r'URt Ccos (aR,clusler,Z(t)_"]R) cos BR,clus(er,E(t) . (17)

Here, L denotes the numbers of NLoS rays within the cluster,
which is typically presumed to be close to infinity, i.e.,
L — o0; {¢s}e=1,2,..1 is presumed to be a uniformly and
independently distributed random phase, i.e., ¢, ~ U[—m, 7).
The initial delay/angle/distance parameters are derived from
the randomly generated or measured activity. Scatterers in the
same cluster are presumed to have roughly the same initial sep-
aration from the center of GR antenna array at different angles,
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1e., §R,clusler(0) ~ fR,cluster,l(O) e = fR,cluster,é(O) e R
€R.cluster,(0) [25]. Subsequently, the time-varying distances
from the p-th UAV antenna and the ¢-th GR antenna to
the /¢-th scatterer within the cluster can be respectively
determined through taking the magnitudes of &, cluseer,¢(t) =

|| dp,cluster,@(t) || and &],Cluster,@(t) = || dq,cluster,@(t)

g1z — dT,J; (t)
dp,cluster,@@) = | 91y — dT,y (t) - Antp, (1 8)
_glz - dT,z(t) i
922 — dR,;z (t)
dq,cluster,@(t) = | 92y dR,y (t) - Antq7 (19)
L 922 |
where g1, = gT,clusler(O) COs 6T,cluster,€(0) COS QT cluster, £ (O)»
g1y = fT,cluster(O) CcOs ﬁT,cluster,Z (0) sin QT cluster, (O)a and
91z = &Tcluster(0) Sin Brctusier,e(0),  Tespectively;  and
92z = €R,cluster(0) CcOos ﬁR,cluster,Z(O) COs QR cluster, (0)7
92y = gR,cluster (0) Ccos ﬁR,Cluster,Z (0) sin QR cluster,? (0) s and
922 = fR,clusler(O) sin BR,clusler,Z (0)’ reSPeCtively- The

Ercuster(0) and Eg csier(0) are respectively the distances
from the centers of the UAV and GR antenna arrays to that
of the cluster in initial motion stage, i.e., ¢t = 0; @1 cluster,¢(0)
and B cuseer,(0) are respectively the AAoD and EAoD of
the wave impinging on the /-th scatterer within the cluster
from the UAV in the initial motion stage; &g cluser,¢(0) and
Brcuster,¢(0) are respectively the AAoA and EAoA of the
wave scattered from the cluster. Moreover, the time-varying
EAoD and AAoD of the wave from the UAV to the /-th
scatterer within the cluster can be respectively represented as

QT cluster, (t)

— arctan $v — 4Tw\Y) dr.y (1) , (20)
g1z — dr o (2)
ﬁT,Cluster,Z (t)
- e~ O G~ g OF
g1z — dT,z(t)

In addition, the time-varying AAoA and EAoA of the wave
from the /-th scatterer to GR can be respectively described as

92y — dry(t)
920 — dR ()’
V(920 = dra(t))? + (924 — dry (1))
€R7clusler(0) sin ﬁR,cluslerl (O)

aR,cluster7Z(t) = arctan (22)

ﬂR,Cluster,Z(t) = arccot

(23)

B. Virtual Rice Factor

When there is a LoS propagation path between UAV and
GR, it provides a deterministic component resulting in the
Rician fading for underlying propagation channel. The Rice
factor can be defined as the power ratio of the deterministic
LoS component to stochastic NLoS component. Through
proper programming of RIS reflection phase configuration,
the RIS component has the ability of giving a deterministic
component to received signals, which also leads to the Rician
fading of propagation channels. In this context, we introduce a
virtual Rice factor K" (t), which is also defined as the power
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ratio of the deterministic component to random component,
for characterizing the Rician fading channels in the absence
of LoS path [11]. In the proposed double-RIS channel model,
the reflection phase configurations of the RISs are separated
into following four cases.

Case I: RIS, and RISy both adopt optimal reflection phase
configurations. In this case, h5o' (), h3wo2(t), and hie2(t)
in Eq. (6) are all deterministic components, while hCI“S‘er(t) is
a stochastic component. Then, the virtual Rice factor K" (t)
can be expressed as

Q" (1) + O (1) + U™ (1)

K = QRN @
and Eq. (6) can be rewritten as follows:
Kfiv:(a)r : Q%lg (t) hgllzs1 (t)é(T _ RIS (t))
Kfiwtr)(tl 1 Qm L 03 (7 — 7% (1)
+ K{im (t) - / Q%lasm hRISu TR1512(t))
+ W h;l,‘;“‘“(t)é (T TCI“S‘“(L‘)), (25)

where Q; = QXS (1) + QX2 (1) 4+ QFR12 (1),

Case II: RIS, adopts the optimal reflection phase config-
uration while RISs adopts a random phase configuration. In
this case, hni>* (¢) is a deterministic component, while hR1°2 ()
and hg}zsl"‘_(t) are stochastic components. Then, the virtual Rice
factor K¥(t) can be expressed as

) QRISl (t)
KVlr(t) = ORIS: Rg{m cluster (+)’ (26)
Qpr* (1) + Qe 2 (8) + QR ()
and Eq. (6) can be rewritten as follows:
hipq (L, 7)
KVir(t) s S1
= Kv1r ) + 1 hllill 1( )5(7- RI (t))
QRISZ hRISQ( )6(7’ _ TRIS2 (t))
Kv1r QH
QRISM RIS RIS
12 12
e &) s )5 — 75 )
chusler clus er cluster
H Kv1r M QII h’ ’ — o (ﬂ)v
(27)

where Qp = Q¥E2 (t) —+ Q$E12 (t) + le}ﬁster(t).

Case IlI: RIS1 adopts a random reflection phase configu-
ration while RISy adopts the optimal phase configuration. In
this case, hi>(t) is a deterministic component, while h35>" (t)
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and hﬁf]s” (t) are stochastic components. Then, the virtual Rice
factor K¥(t) can be expressed as

Ore* (1)

KYir(t) = , 28
R R IR N
and Eq. (6) can be rewritten as follows:
hpq(ta 7)
Kvir( )
= Kv1r 1 hg(IIS2 (t)6 (T RISz (t))
QRISl hRIS1 (t)5(7' RIS, (t))
Kv1r Q[” prq
QRISI? hR1512 (t)é(T TRlslz (t))
Kv1r QIII
chuster
[ / hcluster 7_clusler t ,
KVlr Q[Il ( ))
(29)

where Qu = QFR" (1) + QR 2 (1) + Qster(t).

Case IV: RIS1 and RISs both adopt random reflection phase
configurations. In this case, hiw' (t), hai2(t), and h8i512 (t)
in Eq. (6) are all stochastic components, and the Rice factor
KYir(t) = 0. Specifically, when RIS; and RIS, both adopt
random uniform phase configurations and meanwhile the num-
bers of RIS units are large enough, hp, (¢, 7) is characterized
by Rayleigh fading under the Central Limit Theorem.

It is worth mentioning that the reflection phase configu-
ration of the propagation link through single-RIS is signif-
icantly different from that through double-RIS. Specifically,
the optimal reflection phase configuration of the UAV —
RIS;(2) — GR propagation link can be obtained by optimizing
the RIS(;(2)) phase configurations. This aims at compensating
the phase difference between different transmit-receive pairs of
single-RIS propagation links to achieve the maximum power
gain. However, the optimal reflection phase configuration
of the UAV — RIS; — RIS — GR propagation link
can be obtained through the joint optimization of RIS; and
RIS, phase configurations, which aims at compensating the
phase difference between different transmit-receive pairs of
the double-RIS propagation links to achieve the maximum
power gain. Furthermore, when RIS; and RISs both adopt
optimal reflection phase configurations, the path gain of the
UAV — RIS; — RIS; — GR propagation link is not optimal
compared to that of the UAV — RIS; — GR propagation link
or the UAV — RIS; — GR propagation link. To sum up,
the abovementioned optimal reflection phase configurations
have two meanings. The first one is the optimal phase for the
propagation links through single-RIS, the other is the jointly
optimal phase for the propagation links through double-RIS.

III. STATISTICAL PROPERTIES OF THE PROPOSED
CHANNEL MODEL

In this section, we first study the fading characteristics of
the proposed channel model. Then, we derive and investigate
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the channel propagation characteristics, including time-varying
spatial-temporal (ST) CCFs, temporal ACFs, and FCFs.

A. Fading Characteristics

In traditional channels without RIS, the attenuation of prop-
agation channel model between the UAV and GR is featured
with the Rayleigh fading effect when the direct propagation
path is blocked. However, when we consider the double-RIS
in UAV-to-ground channels, the fading can be described by
the Rician fading with the virtual Rice factor K"(¢), in which
the propagation path(s) through the double-RIS behave similar
to the LoS path and supply a definite component on the
received signals. Specifically, when the reflection phases at
RIS; and RIS, are both random uniform phases, @, n, (t) ~
Ul—m, ) and @, n, (t) ~ U[—m, 7); otherwise, hyq(t, 7) can
be characterized by the Rayleigh fading.

B. ST CCFs

In the proposed channel model, the local correlation prop-
erties of two arbitrary CIRs, i.e., hp,(t,7) and hp (¢, 7),
are completely determined by the correlation properties of
hpq(t) and hy o (t + At), in which p’ = 1,2,..., My and
¢ = 1,2,..., Mg. Consequently, there are no correlations
between the underlying processes in different propagation
delays and in different kinds of propagation paths [26]. Then,
we have

Pp.a). (o a") (B Bp, Ag, At)
E [hpq ( )h*, (t+ A)]

\/E |hm [|hp’q/(t+At)| ]7

where At represents the time difference; Ap = |k, —k, |07 /A
and Aq = |ky —kq|0r/ X are the regularized antenna spacings
of the UAV and GR antenna arrays, respectively; p, p, q,
and ¢’ are the antenna indices. Through the substitution of
Eq. (6) into Eq. (30), the ST CCF between the (p, ¢)-th and
the (p’,¢’)-th antenna pairs of the propagation links in the
proposed channel model can be written as

P(p,q),(p',q’ )(t, Ap,Ag, At)

(30)

_ RISy RIS
p(p q),(p’,q’ )(t7 Ap’ A(L At) + p 2) (' q/)(t7 Ap, Aq7 At)
+ P (1 AD, Aq>At)+p§g’2§r(p ot A, Ag, AL,
3D
where p ! (t, Ap, Aq, At) stands for the ST CCF of
(p,q),(p".q")
UAV — RIS; — GR propagation link, and it can be

described as By replacing all the [-]; subscripts in Eq. (32), as
shown at the bottom of the next page, with the [-]2 subscript,
the ST CCF of RIS, propagation link can be acquired.
Here, omit them here for brevity. Furthermore, in Eq. (31),
pf({;sqlf’(p,’q,)(t7Ap, Aq, At) is the ST CCF of the UAV —
RIS; — RIS, — GR link, which can be written as With
respect to investigation of the channel propagation character-
istics for NLoS links, it is crucial to assume that the NLoS
propagation links follow the complex Gaussian distribution.
To achieve this goal, the number of NLoS rays within the
cluster is assumed to tend to infinity, i.e., L — oo, which
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enables the complex CIR h$u*'*’(t) of NLoS propagation links

to satisfy the Central Limit Theorem [27]. Thus, the sum of
infinite scatterers can be replaced by the integrals of ag cluster
and (R ciuster> respectively. Then, we have

S

X e_j2Tﬂ (fpycluster(t)_gp’ ,c]uslcr(t-"_At)+£q;°1“515r(t)_5q/,cluslcr(tJFAt))

cluster

(»,9),(p",q") (t’ Ap’ Ag7 At)
\/Q%lﬁster( ) chuster t+ At

QREe (1) Qe (¢ 4 At)

% ej 2Tyt cos (OLT,clus‘er(t)*T]T) cos B custer (t) cOS YT
% e —j & v (t+At)cos (aT cluster ((FAE) — 77T) cos B custer (t+At) cos yr
« 6] )\ [th Sin B clusier () sin yr —vr (t4+At) sin B cluster (E+AL) sm'yT]
x el 2Ty Rt cos (aR,clusler(t)_nR) cos 3R, cluster (t)

—j B or(t+At) cos (aR cluster (t+AL) — '7R) 08 BR cluster (t+At)

(34)

X e

X f(O‘R,cluslera /BR,cluster)d(aR,clusten ﬁR,clusler) .

where f(aR clusters OR,cluster) epresents the joint probability
density function (PDF) of the received azimuth ag cuser and
elevation Bg ciusier angles. Since the ray directions of each clus-
ter are commonly confined in these propagations, we can use
the truncated Gaussian distribution to characterize the UAV-
to-ground channel model [23]. The wave in the ¢ direction,
which is confined to the PDF between vy, and VoW, can be

represented as
1, ( O—pp )
oy oy

& Yup— o ;) Dow—ptp |
[og%) g9

where uy and oy = Uyp — Yow are the angular distribution
and the mean value of the signal direction ¥ € [Uiow, Vyp |,
respectively; u(k) is the PDF of a stochastic variable  follow-
ing the standard normal dlstnbutlon which can be expressed

f(ﬁauﬁaaﬂyﬁIOWaﬁup) = (35)

as u(k) = ——exp{-5}h Ok) = [*_ u)dr =
1 (1+erf (%)) represents the cumulative distribution function

of a stochastic variable x following the standard normal
distribution, in which erf(-) is applied as a Gauss error
function. Since the elevation and azimuth signal angles are
typically considered to be mutually independent, the joint PDF
f(aRclusters BRcluster) 11 Eq. (34) can be further written as

f(aR,clusterv ﬂR,c]usler)

_ low up
- f (aR,cluslera UaR,clus[erv OaR, cluster > aR,clusleﬂ aR,cluster)

low up )

X f(ﬂR,clustem HBR custer» OBR cluster » 6R,clusler7 R,cluster/* (36)

It is worthy to note that the time-varying propagation distances
and angles in Egs. (32)-(34) are associated with the motion
velocity/direction/time of the UAV and GR, which implies
that the motion properties of the transceivers have certain
influences on the ST CCFs of two different propagation links
in the proposed channel model. In addition, when we impose
p=7p and ¢ = ¢, i.e., Ap = Aq = 0, Egs. (32)-(34) can
be deduced to the temporal ACFs of the proposed channel
model, which have the ability of characterizing the correlation
properties of the propagation links in time domain [28].
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. L RIS
C. FCFS QClluStCr(t) Ze_j2ﬂ_Achlusler(t) + QTR l(t) e_jQﬂ_AfTRISl (t)
Through the relationship between the propagation delay Qe (t ) 7 Qg (1)
T anq th§ Fourier transfo'rm of hpq(t,7) in Eq. (6), the QRISz(t) i A ) ORIS12 (4) oA frz 1)
time-invariant transfer function of the proposed channel model T e, mge t arge . € .
can be written as () O (1) (39)
QRIS () RIS .
Hy,(t, f) = ITRi thsl(t)efj%fT 1(t) As can be seen, the FCF of the proposed channel model is
Qg (¢) re correlated with the frequency separation A f and the motion
RIS, time ¢, but not with the frequency f. This implies that the
Qe (1), ris 27 friRIS2 (¢
+ Targe, 'pg (t)e 72 T2 () channel model is non-stationary in time domain, but stationary
Qg (1) in frequency domain. In addition, this also means that the

reflection phase configurations of double-RIS play an impor-
Qlarge( ) Pq tant role in the FCF, which is a specific feature of double-RIS
TR cooperatively assisted UAV-to-ground channels.
Q%%Ster(t) hcluster(t)eijﬂ'f'rd““er(t) (37)
Qlaree ) P ’ IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we examine the propagation properties of
the proposed channel model through comparing the computer
simulation results and theoretical results.

Then, the FCF for the (p, ¢)-th antenna pair of the propagation
link model can be represented as

E[H () s (F+ A

pHP(I
E||H H Af)|?
\/ | pa( U pa(f +AS)] } In our numerical simulation, the parameter settings, which

where A f represents the frequency separation. By substituting 1€ basicall}/ consistent with the settings of channgl measure-
Eq. (37) into Eq. (38), the FCF of the proposed channel model ~ Ment, are given as follows unless specified otherwise: f. =5

, (38)

A. Parameter Settings of Numerical Simulation

can be written as GHz, My = 4, Mg = 6, 07 = 6r = \/2, Yr = 7/3,
¢T = 7'('/4, 1/}R = 7T/4, (,253 = 77/4, Ho = 50 m, and
p,, (t,Af) Dy = 100 m; for NLoS links via the cluster, g cluser = 27/3,
RIS
p(p,t;%(p’»q’)(t’ Ap. Ag, At)
Q%Izsl(t) QRISl(t—i—At) 1 { M, N, M, N,
=\ g gy g 2200 D0 D X () Xomp g (E AY)
\/Q;Rge(t)ﬂage(HAt) \/ngsl(t)rgfj}(t+At Mol o o

e (@ (=@t g (1480 =55 (€5, 1) (D =807, (i on FHAD+Eq,(mym1) (D=t (g (D))

XeJT [vRt cos (@R,(ml,nl)(t)—”m) €08 BR, (mq,ny) (£)—VR(t+AL) cos ((XRy(,'n/l’n/l)(t"rAt)—’V]R) cos BRAm/l’n/l)(t-i-At)]

el & & UTt(COS (QT.(ml,nl)(t)*nT) €08 B, (my,ny)(t) COSYT+8INBr (1, ny)(t)sin ’YT)

xXe

—j3 1)T(t+Af)(co< (aT (m}, ”1>(f+Af) 7IT) cos By, (m?, nl)(t—&-Af) cos yr+sin B, (m?, nl)(t—&-Af) sin ’yT) } (32)
b

RIS
Pp, ql)2 (,q’ )(t7 Ap, Ag, At)

_ %ﬂ (DOt + A1) 1
T () (¢ + At) VTER (TR (¢ + A)

M> N My N1 Mz N M; Ni

2 DIDIDIDID DD VD DD PEEIRCPEHNT

me=1nz=1mi=1n1=1mlL=1ni=1m =1n]=1

XXt (£ )Xo (£ ) (P OF0ma ) =3 (g (HH A+ (80)
Xe*JT (ﬁp,(ml 1) (O =Epr () ) (FFA)FEg (g ny) () —E q',(mfz,nfz)(t+ﬁt))

el > 2 UTt(COS (OtT (mq,mp) (E)— TIT) €08 B, (mq,ny)(t) COSYT+8IN Br (1m, ny)(t)sin ’YT)

< 6—] 2T op (t+At) ( cos (O‘T,(m/l R (t+At)—nT) cos BT,(m/’l m,/l)(t—&-At) cos yr+sin BT,(m/’l ‘n/l)(t—&-At) sin 'yT)

XejQTﬂ [vRt cos (OéR,(mQ,nQ)(t)—nR) cos BR,(mQ,nz)(t)_vR(t+At) cos (O‘R,(m’Q,né)(H'At)_nR) cos BR,<,,,L/2,,,L/2)(t+At)] }7 (33)
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Pagawe = T/6, BRcluser = 7/4, and pig, . = m/12; for
RIS propagation links, Xum,.n,(t) = 1, M1 = N; = 100,
dy, = dy, = M4, zris, = 20 m, yris, = 20 m, 2ris, =
25 m, and fgis, = —7/18 for RIS1, whereas X, n,(t) = 1,
M2 = Ng = 100, d]\/[2 = dN2 = )\/4, TRIS, = 80 m,
yris, = —20 m, zrrs, = 25 m, and Ogys, = 7/18 for RISy; for
UAV, vr = 5 m/s, nr =0, and vy = 0; for GR, vp = 2 m/s
and np = .

B. Performance Analysis

1) Fading Characterization: Fig. 2 shows the fading char-
acteristics of the proposed channel model for different reflec-
tion phase configurations of the RISs. Figs. 2(a), 2(b), and 2(c)
correspond to the reflection phase configurations for Case I,
Case II, and Case II, respectively. As can be observed, the
channel model tends to be characterized by the Rician fading
as RIS; and/or RIS, adopt(s) the optimal phase configurations.
Fig. 2(d) corresponds to the reflection phase configurations
for Case IV. When RIS; and RIS, both adopt random phase
configurations, the proposed channel model can be roughly
characterized by the Rayleigh fading. Based on the aforemen-
tioned observations, it can be concluded that the proposed
channel model displays different fading characteristics under
different settings of RIS phase configurations. This implies that
the physical properties of RISs have significant influences on
the double-RIS assisted UAV-to-ground channel propagation
characteristics.

2) Path Power Gains: Under the RIS reflection phase
configurations for Case I, Fig. 3 displays the path power
gains of RIS;(y) propagation links of the proposed channel
model for different RIS orientation angles. As can be seen, the
path power gain exhibits different values at different motion
time ¢, indicating the channel non-stationarity in time domain.
Furthermore, it is noticed that the path power gain of the wave
experiencing RIS; () propagation links is superior to that of
the wave experiencing LoS links, confirming the extensible
capacity by introducing RIS into UAV communication sys-
tems. In addition, it can be concluded that the rotation angles
Oris, and Oris, have significant influences on the path power
gains of RIS; and RIS, propagation links, respectively. This
implies that the investigation on the fading characteristics of
the proposed channel model needs to consider different RISs
configurations and orientations.

Fig. 4 shows the path power gains of the propagation links
through single- and double-RIS for different RIS orientation
angles under the RIS reflection phase configurations for Case
I. When RIS; and RIS, independently optimize the phase
configurations, the power transmitted from RIS; to RIS, is
extremely small, which cause a very small path power gain
for the UAV — RIS; — RISy — GR link. However, when
RIS; and RIS, jointly optimize the phase configurations, the
path power gain of the double-RIS propagation link decays
with the decrease of fgs, from 7/18 to —m/18. In this case,
the path power gain generally increases to a peak value first
and then gradually decreases with increasing motion time, and
its changing trend is basically in agreement with the results in
Fig. 3. On the whole, the path power gain of the propagation
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links through double-RIS is larger than that of the propagation
links through single-RIS or LoS link, thereby demonstrating
the desirable performance of introducing double-RIS into
wireless channels.

3) Spatial CCFs: Fig. 5 presents the spatial CCFs of the
proposed channel model for different UAV heights under the
RIS reflection phase configurations for Case III. Since Eq.
(31) involves a Bessel function, the correlation properties in
spatial domain decrease with fluctuation as the antenna spacing
at the GR increases. These are consistent with the computer
simulation results in [26] and [28] and the measurement
results in [29], thereby validating the accuracy of the derived
spatial CCFs of the proposed channel model. It is worth
mentioning that the spatial CCFs of the propagation links
through single- and double-RIS, i.e., pRS! (t, Ap, Aq),

(p,9),(p">q')
P 1 0. B a0 5 (1 . ). e con:
plex exponential functions of the antenna spacing with con-
stant absolute value; however, the spatial CCF of the NLoS
link, i.e., p?g,i;r,(p/,q')(t7Ap7 Aq), is a complex exponential
function of antenna spacing with reduced absolute value.
Hence, the linearly superimposed curves of the spatial CCFs
of the propagation links in the proposed channel model also
follow a complex exponential function of antenna spacing.
Furthermore, it is noticed that different UAV altitudes can
lead to different spatial correlations, demonstrating the spatial
non-stationarity of the proposed channel model [20].

Fig. 6 presents the spatial CCFs of the propagation links
for different RISs reflection phase configurations at ¢ = 2.
As RIS; or/and RIS, adopt(s) the optimal phase configu-
ration(s), the decline of the spatial CCFs, which is similar
to that of the LoS links, can be observed. This means that
the UAV — RIS; — GR link, UAV — RIS; — GR
link, and UAV — RIS; — RIS; — GR link perform
similar propagation properties to those of the physical LoS
link. Furthermore, when RIS; and RIS; both adopt random
phase configurations, the spatial correlation of the double-RIS
propagation link is consistent with that of the NLoS link
because of the extremely small power gains. On the whole,
the phase configurations of RISs have significant influences
on the spatial correlations of the propagation links. This can
be an important issue for the design and evaluation of the
double-RIS assisted UAV-to-ground communication systems.

4) Temporal ACFs: Fig. 7 shows the temporal ACFs of
the proposed channel model for different RIS reflection phase
configurations. It can be seen that the temporal correlations
progressively attenuate as the time difference At increases,
demonstrating the channel non-stationarity in time domain.
These results are in accordance with the computer simulation
results in [30], thus verifying the accuracy of the derivation
of the temporal ACFs of the proposed channel model. Fur-
thermore, the temporal ACFs generally change more slightly
with less fluctuations compared to the changing trends of
the spatial CCFs in Figs. 5 and 6. Moreover, it is noticed
that different optimization characteristics of RIS can result in
different temporal correlations of the proposed channel model,
which agrees very well with the observation results of the
spatial CCFs in Fig. 6.
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Previous studies have revealed that UAV motion properties,
including the velocity, trajectory, and time, play an important
role in the investigation on the UAV-to-ground channel propa-
gation characteristics [20]. Based on the RIS reflection phase
configurations for Case IV, Fig. 8 shows the temporal ACFs
of the proposed channel model with respect to the motion
directions and velocities of the UAV. It can be found that
different UAV motion directions lead to different correlations
in time domain. Nevertheless, when the UAV moves far away
from the GR along the line parallel to the z-axis, i.e., 77 =
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Hp whent = 2 s.
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Fig. 6. Spatial CCFs of the proposed channel model under different RIS
reflection phase configurations at ¢ = 2 s (here, “opt” means “optimal RIS
reflection phase configuration” and “ran” means “random RIS reflection phase
configuration”).

0 and nr = m, the temporal correlation is obviously stronger
than that when the UAV moves towards the GR along the line
paralleling to the x-axis, i.e., y7 = 0 and nr = 0. Moreover,
the proposed temporal correlations vary more significantly as
the UAV velocity increases from 5 to 10 m/s [20]. Hence,
for the purpose of improving the communication quality,
the UAV should move away from the GR to achieve high
temporal correlations.
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5) Time-Varying FCFs: Based on Eq. (39), Fig. 9 shows
the FCFs of the proposed channel model with respect to
different positions and horizontal rotation angles of RIS, under
the RIS reflection phase configurations for Case IIl. As can
be seen, there is remarkable difference in the frequency
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configuration”; Oris, = Oris, = 0).

correlations between two different settings of the positions of
RIS,. Furthermore, when the position of RISs is fixed, the
frequency correlations are enhanced with the increase of Ogs,
from —7/18 to 7/18.

Fig. 10 presents the FCFs of the proposed channel model
with respect to the different reflection phase configurations
of RISs. It can be found that a larger frequency interval A f
leads to a lower value of the frequency correlation, demonstrat-
ing the channel non-stationarity in frequency domain. These
results align well with those in [31], which confirms the
accuracy of the derivation of the FCFs of the proposed channel
model. Furthermore, the FCFs show different parameters when
we set different phase configurations of RISs. This indicates
that the frequency correlations of the proposed channel model
are associated with the physical characteristics of the RISs.
Specifically, when RIS; and RIS; both adopt optimal phase
configurations, the frequency correlation is stronger than that
in the other cases. However, when RIS; and RISs both adopt
random phase configurations, the frequency correlation is
obviously lower than that in the other cases.

V. CONCLUSION

In this paper, we have proposed a 3D physics-based end-
to-end channel model for double-RIS cooperatively assisted
UAV-to-ground communication channels. By interpreting the
complex CIR of the proposed channel model into four distin-
guishable links, we derive the path power gains of different
links, enabling the proposed channel model to characterize
both large-scale path loss and small-scale fading character-
istics in double-RIS assisted UAV-to-ground communication
systems. Numerical simulation results have demonstrated that
the propagation properties of the proposed channel model,
such as spatial CCFs, temporal ACFs, and frequency CFs, are
significantly influenced by the reflection phase configurations
of the RISs. Moreover, according to the simulation results,
the channel characteristics for the double-RIS propagation link
behave better than those for the single-RIS link or LoS link,
thereby validating the necessity of introducing double-RIS into
UAV-to-ground communication.
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In our future work, we can state three prospective directions:
1) conducting measurements on double-RIS assisted UAV-
to-ground communication to further validate the proposed
channel modeling solution; ii) developing an effective algo-
rithm to achieve the balance between modeling accuracy and
generality; iii) developing an effective algorithm to achieve
the balance between communication quality improvement and
system complexity.

APPENDIX

For the UAV — RIS; — RIS; — GR propagation link,
when the waves emitted from the UAV impinges on RIS,
the received power of the (mq,n1)-th unit in RIS; can be
described as

PGy x dp,dy, cos in (b

mi,ni

4 (£T7(m1 ni1) (t) ) ?

where P, represents the transmit power; G; is the UAV
transmit antenna gain; ﬁiﬁ‘mnl (t) is the normal incident angle
from the center of the UAV antenna array to the (mq,n1)-th
unit in RIS, which can be derived by

o (1)

, (40)

in (dr,z(t) = Ty py ) SinOris,

mi,n1 (t) = arccos { ||dT(t) — dmhnl ”

. (dT,y(t) — Yy ny ) €08 Oris, }

HdT(t) - d7n1,n1 || '

In RISy, the reflected power of the (mq,n1)-th unit can be
represented as [32]

(41)

PR151—>0ut(t) _ Pthd]Wl le
mi,n 3
o 47T(£T7(m17n1)(t))

X ‘thnl (t)ejwmrl nq (1) ’2.

S ;21,711 (t)

(42)

Thus, when the wave manipulated by RIS; impinges on RISs,
the received power of the (mg,n2)-th unit in RIS, from the
(m1,n1)-th unit in RIS; can be expressed as

RIS; —RISo ( )
(m1,m1),(m2,n2)

. Pthd]wlle COS in (t)

- 2
mi,ny > ’X (t)ej¢”11~711 (t)‘
2 miy,n1
47T(£T7(m1,n1)(t))
1 )
X 7d]\/[ dN (¢0)] ﬁm (43)
(m1,m1)\2 27 N2 (m1,n1),(m2,n2)’

where ﬁé‘:m n1),(ma,ny) TEPTESENLS the normal incident angle
from the (mq,n1)-th unit in RIS; to the (ms,no)-th unit in
RIS, which can be derived by

Tming — me,nz) sin 0R152

61(%1_’7“)’(“12,”2) = arccos { (

Hdmhnl - dmz,’ﬂz ”
N (ym1,n1 — ymz,nz) COS €R152 } (44)
||dm17n1 - dmz,nz H

In RIS, the reflected power of the (mo,ns)-th unit can be
expressed as

RIS —out ( )
(m1,m1),(ma,n2)

PthdMlleszsz COSs in

mi,ni (t) cos /8?11711,’!7.1)7(7112,77.2)

mi,n1)\2
(47T)2 (gT,(ml n1) (t)g((mglmg)))
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. . 2
% |X77l1 n (t)sz s (t)ej@mq ,nq (t)eJWmQ,nz (t) | . (45)

The effective aperture of the GR antenna array can be rep-
resented as Sy qp = G, \? /4, in which G, represents the
received antenna gain; the received power from the (ms, no)-
th unit in RISs can be computed as

RIS —out ( )
(t) = (m1,m1),(m2,n2)

= 2
4W<§Ra(m27n2)(t) )
By substituting Eq. (45) into Eq. (46), we can obtain

PRIS2—GR
(m1,n1),(ma2,nz2)

Sr.ap.  (46)

RIS> —GR ( )
(m1,m1),(ma2,n2)

_ 93 Cosﬂ;I;LM”I (t) Cosﬂl(r;nl-,nl),(mmnz)

(A7) (& (ma ) BE L T E R (g e () )

. . 2
X ’thm (t)sz,nz (t)eﬂoml 1 (1) gfPma na () ’ )

2

(47)

where g3 = P,.GyG,N2dpr,dn,dpr,dN,. As indicated in [33],

the received power P(liisizc);}?m%m)(t) can also be expressed
as
RS i 0
RIS; —GR mi,n1),(maz,n
(minl),(mz,HQ)( ) = — 2§2 2 Sr,apa (48)

where ¢ and E?flmm)(mz 712)(t) represent the intrinsic

impedance (~ 1207 ohms of free-space) and received radiated
electric field, respectively. By combination of Egs. (47) and
(48) and considering the phase shift caused by the motion of
the UAV and GR, we can derive EX'S12 (t) as below:

(m1,n1),(m2,n2)

ER1512 (t)

(m1,m1),(ma,n2)
_ \/2(93 cos 6}%17“1 (t) cos ﬁ"(‘;nlynl)’(mzm)
(4m)2Sy ap
Xmi,m1 (t)sz,nz (t)ej%nl 1 (8) eI Pma s (1)
€Ty ) (DT E R (g ) (1)

om (m1,m1)
32 (&, gy (O HET D HE R (g ) ()

X e
% ejQTT’UTtCOS (OéT,(ml,nl)(t)—ﬁT) €08 Br, (mq,nq) (t) cosyT
% ejQTTrUTtSinBT,(m.l,nl)(t) sinyp

> ej%wvnt cos (aR,(mz,ny(t)*ﬁR) cos ﬂR.(mz,ng)(t)'

(49)

The superposed received electric field can be computed by

Ms N» M; N;

ERISm(t): Z Z Z Z E?rfll,zm)y(mz,nz)(t)'

mo=1ngs=1m;=1n;=1

(50)

At the receiving end, the received reflected power can be
represented as

PRS2 (1)
|ERIS12 (t)|2 )‘2dM1dN1dM2dN2
= rap — P, r
oy orer = DGG T

My No M; N;

IIDIDIDD Xona 1 () Xoma s (1)

mo=Ino=1m;=1n;=1 gT,(ml,nl) ( )gg:::;::z;))fR,(mg,HQ) (t)

om (mq,m1)
s oI (€. ) OFEL )+, (my ) (1)

X

X 6.7 (Soml,nl (t)""‘ng,nQ (t)) X ej%thSinﬁT,(ml,nl)(t) sinyr
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« ej%’rth cos (OéT,(ml,nl)(t)*nT) €08 B, (mq,nq) () cOSYT

o &I F Rt 05 (R () ()11 ) €05 B, (. ()
2

X \/COS ﬁml n1 (t) cos ﬁi(r;m-,nl),(mmnz)

(51

Consequently, the path power gain of the UAV — RIS; —
RIS; — GR propagation link, i.e., Q322 (t), is expressed as

QRISlg( )

_E Ndyndn, dadn,
(4m)

Mo No M- N1

Xmy g ( )X77L2,7l2 (t)
mo=1no=1mi=1n1=1 6T,(m1,7l1)(t)§((22172;)§13 (m2,7l2)( )

J2T7r (‘ET,(nll,nl)(t)+52:;%;:::;))+£}%,(7n1.nl)(t))

Xe
x e’ (<Pml nq (1) F@m,, m_,(t)) ejo"th sinﬁT,(mlm,l)(t) sin yr
« ejT"UTt cos (aT,(ml,nl)(t)—??T) €08 Br, (mq,nq) () cOSyT

« el X vrtcos (Om (mg,ng) (t)— 77R) €08 BR, (my,ng) (1)

2
}. (52)

Similarly, the path power gain of the UAV — RIS; — GR
propagation link, i.e., QX" (), can be expressed as

x \/COS mi,n1 (t) cos ﬂlml ,n1),(ma,nz2)

QRISl( )
_ E{AQd”flle % S X ()72 0
(47T)3 §T,(m1,n1)(t)gR,(ml,m)(t)

m1:1 n1:1
-2 (er (t)+¢ )
X e X s(my,my) R,(mq,n7)

« e] T URt cos (aR (mq.mp)(E)— 771?) cos BR, (my ,ny) (t)

o oI Fvrtcos (ar, (my ny) (=117 €08 1, (my my) (B) cO5 7T

\

(53)

W I X vrtsin B (my ny) () sinyr o fang 5m1 - (t)

and the path power gain of the UAV — RIS; — GR
propagation link, i.e., 2552 (), can be expressed as

QRISQ( )
(R S
gT (ma2,n2) (t)gR (mg,ng)(t)

mo=1ngs=1

% e—jo"<§T,(m2,n2)(t)+5R,(m2,n2)(t))

« ej%”vthos (aR,(m%nQ)(t)—nR) COSBR7(m2’n2)(t)
¢ o3 Zvrtos (A (rg.ng) ()=117) €03 Br. (g gy (8) cos 77
1

(54)

om .
J2E vt sin Br (my,ng) (t) sinyr in
x el 3 (ma2,m2) x y/cos pin . (t)

In the end, the power gain of the NLoS propagation link
through the cluster, i.e., QS (¢), can be described as

)\2 Pclustcr,é(t)
27
(47T)2 (gT,cluster,é (t) + gR,cluster,f(t))

QR (t) = (55)
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Zeluster, £

where Pcluster,é(t) = exp( _ TCluster(t)::i;Tl) 1 et rep-

resents the cluster power. Here, r, and o, represent the
delay scale parameter and delay spread, respectively; Zcjuster,¢
is a stochastic variable satisfying Gaussian distribution, i.e.,
Zluster,t. ™ N (O,CQ), and its values can be gathered from
Table 7.5.6 in [27].
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