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Abstract— Unmanned aerial vehicle (UAV) communications
exploiting millimeter wave (mmWave) can satisfy the increasing
data rate demands for future wireless networks owing to the line-
of-sight (LoS) dominated transmission and flexibility. In reality,
the LoS link can be easily and severely blocked due to poor
propagation environments such as tall buildings or trees. To this
end, we introduce a reconfigurable intelligent surface (RIS),
which passively reflects signals with programmable reflection
coefficients, between the transceivers to enhance the communi-
cation quality. Specifically, in this paper we generalize a three-
dimensional (3D) non-stationary wideband end-to-end channel
model for RIS auxiliary UAV-to-ground mmWave multiple-input
multiple-output (MIMO) communication systems. By modeling
the RIS as a virtual cluster, we study the power delivering
capability of RIS as well as the fading characteristic of the
proposed channel model. Important channel statistical properties
are derived and thoroughly investigated, and the impact of RIS
reflection phase configurations on these statistical properties
is studied, which provides guidelines for the practical system
design. The agreement between theoretical and simulated as well
as measurement results validate the effectiveness of the proposed
channel model.

Index Terms— Reconfigurable intelligent surface, non-
stationary UAV-to-ground mmWave channel model, power
delivering capability, reflection phase, statistical properties.
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I. INTRODUCTION

RECENTLY, the research on next generation wireless net-
works has attracted many attentions from both academia

and industry, among which the space-air-ground integrated
network (SAGIN) has been considered promising to realize
global coverage [1]. As an integral part of the SAGIN,
unmanned aerial vehicle (UAV) communications have been in
rapid development for both civil and military applications due
to its low cost and flexibility [2]. Meanwhile, the advantages of
applying millimeter wave (mmWave) in terrestrial communica-
tions have also motivated the usage of mmWave in UAV com-
munications to satisfy the increasing bandwidth and data rate
demands [3]. UAV communications exploiting mmWave will
significantly boost the system throughput because of the line-
of-sight (LoS) dominated transmission, whose performance
can be easily and severely deteriorated when the LoS link
gets blocked. Thanks to the development of meta-surface,
reconfigurable intelligent surface (RIS), which has the ability
to manipulate the impinging waves towards the destinations
constructively, has been considered promising to address this
issue in a low-cost and energy efficient manner [4], whose
design and performance evaluation require an accurate and in-
depth understanding of the channel propagation characteristics.

A. Prior Work

Owing to the potential of RIS, there have been many efforts
in the research on RIS-assisted wireless communications,
which generally lies in two aspects, one is the optimization of
RIS reflection phase to achieve higher data rate or enhanced
coverage and the other is the use of RIS to boost the develop-
ment of new technologies. For the first aspect, specifically in
the general area of RIS-assisted UAV or mmWave communica-
tions, the authors in [5] jointly designed the UAV’s trajectory
and passive beamforming of RIS to maximize the average
achievable rate of a RIS-assisted UAV communication system
for obtaining substantially communication quality improve-
ment. The authors in [6] achieved panoramic signal reflection
of RIS by deploying the RIS in an aerial platform; in which
they adopted a uniform linear array (ULA) configured RIS,
which is hard to implement for the RIS with a large number of
units. Moreover, in [7] the authors studied the hybrid precod-
ing design of a RIS aided multi-user mmWave communication
system, where the results show desirable performance gain
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in symbol error rate with the assistance of RIS. The channel
capacity of a RIS-assisted indoor mmWave communication
system is optimized in [8], in which the system model was
designed for two-dimensional (2D) propagation scenarios and
only considered the propagation through RIS. For the second
aspect of applying RIS to boost the development of new
technologies, the authors in [9] considered the use of RISs in
wireless communication transceivers design for achieving cost
effective communications. RIS aided non-orthogonal multiple
access (NOMA) network for energy efficient communica-
tions was studied in [10]. RIS-based index modulation for
achieving spectral efficient communications in the context of
beyond multiple-input multiple-output (MIMO) solutions was
proposed in [11]. Moreover, the potential of RIS in joint
localization and communications was investigated in [12].

The development of RIS-assisted communications requires
an in-depth understanding of the underlying channel charac-
teristics. Thus far, there have been several research results on
the path loss modeling of RIS systems [13]- [16], whereas the
studies on multipath small-scale statistical channel modeling
are still in infancy, let alone the channel modeling for RIS
auxiliary UAV mmWave communications. By partitioning
the large RIS into tiles, [17] developed a statistical channel
model, which ignored the practical orientation angle of RIS.
The authors in [18] presented a three-dimensional (3D) non-
stationary channel model for RIS-assisted MIMO systems, but
the model was dedicated for sub-6 GHz terrestrial communi-
cations scenarios. In [19], the authors developed a statistical
channel model for RIS-assisted mmWave communications,
which was restricted for narrowband stationary systems. These
channel models, in reality, cannot be adapted for RIS auxiliary
UAV mmWave communications due to the unique propagation
characteristics. In general, the UAV flies in 3D space, causing
the non-stationarity of the channel. The mmWave channels are
typical sparsely-scattered with small angle spread, leading to
the sparsity of the channel [20]. Moreover, the RIS reflects
the signals by introducing programmable coefficients without
processing, which is significantly different from the relays.
These all should be carefully considered in RIS auxiliary
UAV-to-ground mmWave channel modeling.

B. Motivations

The channel models in aforementioned studies, which are
mainly based on simplistic mathematical models with the
channel coefficients generated by complex Gaussian random
variables, will suffer from a lack of accuracy and generality to
describe the realistic RIS auxiliary UAV communication envi-
ronments. The RIS, which has no sensing capability, generally
reflects the waves without further processing, and only the
end-to-end propagation statistics between the transceiver are
of interest in system design and algorithm validations. Further-
more, UAV communications at mmWave bands have shown
its potential in sustaining bandwidth and data rate demands
for high throughput applications, but the corresponding chan-
nel properties when incorporating with RIS still remains
unknown. These motivate us to study the underlying chan-
nel characteristics in RIS auxiliary UAV-to-ground mmWave
communications and develop statistical channel models for

characterizing the end-to-end statistics of the realistic RIS
auxiliary UAV-to-ground mmWave communication channels.

C. Main Contributions

In this paper, we develop a 3D non-stationary wide-
band MIMO channel model for RIS auxiliary UAV-to-ground
mmWave communications when the direct propagation path
between the UAV and ground receiver gets blocked. The major
contributions and novelties of this paper are summarized as
follows:

• We develop a 3D non-stationary wideband MIMO UAV
channel model at mmWave bands for multipath small-
scale fading of the propagation channel between the UAV
and ground MR with the assistance of RIS, which has the
ability to capture the non-stationary properties of UAV
channels and sparsity of mmWave channels. By appropri-
ately adjusting the model parameters, it can be adapted
for various RIS-assisted communication scenarios.

• Different from the existing channel models for RIS-
assisted communications, the proposed channel model
considers an end-to-end propagation model from the UAV
to MR by modeling the RIS as virtual cluster and RIS
units as virtual scatterers. In this case, different RIS
units share similar distances and angles. Although we
model the RIS by virtual cluster, it is different from
the conventional clusters in [21] and [22] owing to
the programmability of RIS reflection coefficients. Then,
we show that the proposed channel model is characterized
by Rician fading under optimal and discrete reflection
phase configurations, whereas by Rayleigh fading under
random uniform reflection phase configuration.

• The power delivering capability of RIS is investigated,
which embodies guidelines for the practical design and
deployment of RIS for higher power gains. Perfect
agreement between theoretical and simulated as well as
measurement results validate the proposed model. The
results highlight the advantage of discrete configuration
of the RIS reflection phases.

The remainder of this paper is organized as follows.
Section II presents the system channel model, where a 3D
non-stationary UAV-to-ground mmWave channel model with
the assistance of RIS is proposed. In Section III, the important
statistical properties of the proposed channel model are derived
and analyzed. The results and discussions are presented in
Section IV. Finally, we drawn conclusions in Section V.

Notation: Throughout this paper, non-boldface, boldface
lowercase, and boldface uppercase letters denote scalar, vector,
and matrix, respectively; | · |, ‖ · ‖, (·)T, and (·)∗ stand for
absolute value, �2 norm, transpose, and complex conjugate,
respectively; E(·), V ar(·), Re(·), Im(·), and Cov(·) take the
expectation, variance, real part, imaginary part, and covari-
ance, respectively.

II. SYSTEM CHANNEL MODEL

As shown in Fig. 1, let us consider a UAV MIMO commu-
nication scenario at mmWave bands, where the direct propaga-
tion path between the UAV and ground MR is severely blocked
due to the poor propagation environments, like buildings or
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Fig. 1. A physical illustration of the proposed 3D channel model for RIS
auxiliary UAV-to-ground mmWave communications. The direct path between
UAV and MR is blocked.

trees. To solve this issue, we introduce a RIS between the UAV
and MR, which aims at enhancing the communication quality.
The geometry-based stochastic models (GBSMs) provide a
mathematical description of the underlying propagation envi-
ronments by exploiting available geometrical information and
have been widely used in standardized channel models [23].
The proposed wideband channel model also follows the
GBSM-based approach to describe the multipath propagations
between the UAV and MR, in which the UAV and MR are
both equipped with 3D positioned omni-directional ULAs with
antenna spacings δT and δR, respectively. The UAV is moving
in the air with speed vT , elevation direction ηT , and azimuth
direction γT , whereas the MR is moving on the ground with
speed vR and direction γR. At the initial instant, that is, t = 0,
we define the projection of the center of UAV’s ULA as the
origin of the coordinate system, the line connecting the origin
and the center of MR’s ULA as the x-axis, the z-axis is
vertical upward, and thus the y-axis can be obtained based on
the right-hand rule. Then, the initial locations of the central
points of UAV’s ULA, RIS, and MR’s ULA can be expressed
as (0, 0, H0), (xI , yI , zI ), and (ξR, 0, 0), respectively.

In this paper, we adopt the planar wavefront assumption
because the dimensions of the ULAs and RIS are much smaller
than the propagation distances [24]. This leads to different
antenna elements in the same ULA and different RIS units
sharing the same signal direction. As shown in Fig. 2(a), the
azimuth and elevation orientation angles of the 3D positioned
UAV’s ULA are denoted by ψT and φT , respectively, whereas
at the MR, they are denoted by ψR and φR, respectively.
Moreover, we consider the RIS with MN reflecting units,
which is composed of M columns (counting from left to
right) and N rows (counting from bottom to top), as shown in
Fig. 2(b). The size of each unit, that is, dM × dN , is usually
of sub-wavelength scale, typically ranging from 1/10 to 1/2
of the wavelength, while the gaps between two adjacent units
are generally much smaller than the dimension of the unit,
and hence are ignored in the following discussions [16].
The existing literature generally assumed the RIS surface
being perpendicular to the ground and do not consider the
orientations of RIS, which, in principle, will limit the scope
of the models. To address this limitation, we introduce a
horizontal rotation angle θI and a vertical rotation angle εI
to describe the practical orientations of RIS, which enhances
the generality of the proposed channel model and boosts

Fig. 2. Definitions of the 3D orientation angles. (a) orientation angles of
UAV/MR ULAs; (b) 3D view of RIS; (c) horizontal rotation angle of RIS;
(d) vertical rotation angle of RIS.

Fig. 3. A visualized illustration of the proposed RIS-assisted UAV channel
model. For clarify, only cluster S� is shown.

the accuracy of the proposed channel model to describe the
realistic RIS auxiliary communication systems, as shown in
Fig. 2(b)-(d). The three axes in the local coordinate system x′-
y′-z′ in Fig. 2(b) are parallel to those in the global coordinate
system x-y-z in Fig. 1. The orientations of the UAV’s and
MR’s ULAs are fixed, whereas the orientation of RIS can be
optimized to meet the requirements in different communication
conditions, which, in reality, is out of the scope of this paper
and will be considered as a future work.

It has been shown in [25] that the channel shows sparsity
in high frequency communications, especially for mmWave
bands, which indicates that the received signal power con-
centrates on several main directions with relatively small
angular spread when arriving at the MR. Then, we adopt the
cluster structure to model the multipath scattering environ-
ments between the UAV and ground MR, where each cluster
consisting of many scatterers accounts for a distinguishable
path with resolvable delay, while the scatterers in the same
cluster share similar distances as well as angles and hence
result in indistinguishable rays with unresolvable delays [21].
In this paper, we only consider single reflection clusters as
have been done in most of the existing literature. Channel
models that consider multiple reflection clusters have been
described in our previous paper [26]. In the proposed wideband
channel model, we assume that there exist L clusters with
resolvable delays, in which the �-th (� = 1, 2, . . . , L) cluster
is denoted by S�. The definitions of the key model parameters
are depicted in Fig. 3 and summarized in Table I. In general,
the end-to-end channel propagation statistics between the
UAV and MR are of interest in wireless system performance
analysis and algorithm validations. Meanwhile, for the signal
component that from UAV to MR through RIS, the RIS unit
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TABLE I

SUMMARY OF KEY PARAMETERS DEFINITIONS

will manipulate the waves by attaching an additional reflection
coefficient, that is, the amplitude χmn(t) and phase ϕmn(t),
during the interaction. This process is similar to the waves
being reflected/scattered by the scatterers in the cluster. The
major difference is that the reflection coefficients of the RIS
units are programmable and deterministic, whereas those of
the scatterers are random. In light of this, we model the
RIS by a virtual cluster and RIS units by virtual scatterers,
which means the rays reflected by different RIS units have
similar propagation distances as well as angles and hence are
indistinct. Then, we can derive and express the end-to-end
complex CIR of the propagation that takes place via the RIS
in a similar way as those of the NLoS components as have
been done in [27] and [28]. Considering that the UAV and
RIS are generally deployed at a relatively higher altitude to
provide a broader coverage, and the RIS has the ability to
perform passive beamforming, we only take into account the
LoS propagation between RIS and UAV/MR.

A. Power Scaling Factor of the RIS Component

To study the power delivering capability of RIS, we assume
that the UAV antenna array perform beamforming and the
MR antenna array perform combing, respectively, so that the
transmit and receive ULAs can be both regarded as point
sources at the RIS side. We describe the power delivering
capability of RIS by power scaling factor ΩRIS(t), which is
defined as the power gain of RIS propagation component
relative to the same-distance free path and will be further
used to derive the channel response in subsection II.B. Then,
we derive Theorem 1.

Theorem 1: In RIS auxiliary UAV communications, the
power scaling factor is given by

ΩRIS(t) =
dMdN cosβin(t)

(
ξTRIS(t) + ξRRIS(t)

)2

4π

×
∣∣∣∣
M∑
m=1

N∑
n=1

χmn(t)ej(ϕmn(t)−ϕdis
mn(t))

ξTmn(t)ξRmn(t)

∣∣∣∣
2

, (1)

where ϕdismn(t) is the distance-related phase term through the
(m,n)-th RIS unit, and βin(t) ∈ [0, π2 ) is the incident angle to
the normal direction of RIS.

Proof: See Appendix A for details.
Theorem 1 presents the power scaling factor of RIS compo-

nent at arbitrary reflection phase configuration, which implies

how the power delivering capability of RIS is affected by the
model parameters. Furthermore, it reveals that the incident
angle βin(t) has a great impact on the received power, which
has not been explicitly studied in the existing literature.
Generally, a smaller incident angle corresponds to a larger
reflection aperture, thus more power is reflected and forwarded
to the MR. The received signal power can be significantly
enhanced when the phases of the received waves from different
RIS units are aligned, which can be achieved by performing
passive beamforming at the RIS. Then, we have Corollary 1.

Corollary 1: The optimal reflection phase of the (m,n)-th
RIS unit for achieving a perfect beam aligning towards the
MR under non-stationary propagation channels is given by

ϕopt
mn(t)
= ϕRIS

−2π
λ
kmdM

(
sinβin(t) cosαin(t) + sinβout(t) cosαout(t)

)
−2π
λ
kndN

(
sinβin(t) sinαin(t) + sinβout(t) sinαout(t)

)
,

(2)

where ϕRIS is a controllable phase term that is independent of
indexes m and n.

Proof: With the generalized law of reflection [29]
and Theorem 1, Corollary 1 holds when ϕmn(t) is con-
figured to offset the phase difference of different units,
i.e., ϕopt

mn(t) = ϕdismn(t).
Corollary 1 indicates how the optimal reflection phases of

RIS units are affected by the model parameters. Generally,
ϕRIS can be set as zero for simplicity. When multiple RISs are
deployed, ϕRIS in different RISs should be properly configured
to ensure the signals from different RISs to be coherently
superimposed at the MR. Furthermore, the power scaling
factor ΩRIS(t) in (1) and optimal reflection phase ϕopt

mn(t) in
(2) are both time-varying due to the motion of UAV and MR,
which is different from those in conventional models with
constant values. A more detailed discussion on the value of
ϕmn(t) will be presented in Section IV.

Alternatively, without considering time evolution,
we assume that the material-related loss can be neglected,
i.e., χmn = 1, and assume that RIS reflection phase
can be continuously and perfectly programmed, that is,
ϕmn = ϕopt

mn. By approximating ξTmn and ξRmn with ξTRIS and
ξRRIS, respectively, we express the power scaling factor under
optimal reflection phase configuration as

Ωopt
RIS ≈ M2N2dMdN cosβin(ξTRIS + ξRRIS)

2

4πξTRIS
2
ξRRIS

2 . (3)

Formula (3) indicates that the Ωopt
RIS follows a squaring law

with respect to the total number of RIS units MN , which
meets with the results in [30]. Moreover, (3) implies that the
relative distance between RIS and UAV/MR can also affect
the received power even when the total propagation distance
ξTRIS + ξRRIS is fixed. Let ξTRRIS = ξTRIS + ξRRIS and f(ξTRIS) =(

ξT R
RIS

(ξT R
RIS −ξT

RIS)ξ
T
RIS

)2

, by taking the first order derivative with

respect to ξTRIS, we can show that f(ξTRIS) is concave and
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its minimum value occurs at ξTRIS = ξTRRIS /2. That is to say,
we generally prefer to deploy the RIS closer to the UAV or MR
instead of at the medium position so as to gain a larger received
power. Overall, Eq. (3) embodies guidelines on the practical
design and deployment of RIS to achieve higher power gains.
Generally, more units, larger unit size, smaller incident angle,
shorter end-to-end propagation distance, or closer location
to the terminals can cause larger power gains of the RIS
component, and hence higher data rate of the system.

B. Complex CIR of the Proposed Channel Model

The complex channel impulse response (CIR) of the
proposed channel model can be characterized by a
matrix of size MR × MT , that is, H(t, τ,ΘT ,ΘR) =
[hpq(t, τ,ΘT ,ΘR)]MR×MT , where t indicates moving time,
τ stands for the propagation delay, and ΘT and ΘR denote
the departure angle (azimuth angle of departure (AAoD)
and elevation angle of departure (EAoD)) and arrival angle
(azimuth angle of arrival (AAoA) and elevation angle of arrival
(EAoA)) pair of the path, respectively. The hpq(t, τ,ΘT ,ΘR)
denotes the complex CIR between the (p → q)-th transmit-
receive antenna pair, which can be expressed as [25]

hpq(t, τ,ΘT ,ΘR)

= hRIS
pq (t)δ

(
τ − τRIS(t)

)
δ
(
ΘT − ΘT

(
αTRIS(t), β

T
RIS(t)

))
×δ(ΘR − ΘR

(
αRRIS(t), β

R
RIS(t)

))
+

L∑
�=1

h�,pq(t)δ
(
τ − τ�(t)

)
δ
(
ΘT − ΘT

(
αT� (t), βT� (t)

))
×δ(ΘR − ΘR

(
αR� (t), βR� (t)

))
, (4)

where τRIS(t) =
(
ξTRIS(t)+ ξRRIS(t)

)
/c denotes the propagation

delay from UAV to MR through RIS,
(
ξT� (t) + ξR� (t)

)
/c is

the propagation delay from UAV to MR via cluster S�, and
c = 3.0 × 108 m/s is the speed of light. In (4), the angle
pair ΘT and ΘR are expressed in δ(·) functions indicating
that the channel response only exists in specific departure
ΘT

(
αTRIS|�(t), β

T
RIS|�(t)

)
and arrival ΘR

(
αRRIS|�(t), β

R
RIS|�(t)

)
angle pairs, which characterize the sparsity of the mmWave
channels [25]. Furthermore, hRIS

pq (t) and h�,pq(t) denote the
channel coefficients of the RIS component and NLoS compo-
nent via cluster S�, respectively. We consider an end-to-end
expression of hRIS

pq (t) by incorporating the RIS power scaling
factor, which is different from the existing literatures that
interpret hRIS

pq (t) into two cascaded sub-channels [17]- [19].
In this case, hRIS

pq (t) and h�,pq(t) can be respectively expressed
as

hRIS
pq (t)

=

√
Ωopt

RIS(t)
M2N2

M∑
m=1

N∑
n=1

χmn(t)ej
(
ϕmn(t)− 2π

λ

(
ξT

RIS(t)+ξ
R
RIS(t)

))

×ej 2π
λ kpδT

(
cos

(
αT

RIS(t)−ψT

)
cos βT

RIS(t) cosφT +sin βT
RIS(t) sinφT

)
×ej 2π

λ kqδR

(
cos

(
αR

RIS(t)−ψR

)
cosβR

RIS(t) cosφR+sin βR
RIS(t) sinφR

)

×ej 2π
λ kmdM

(
sin βin(t) cosαin(t)+sin βout(t) cosαout(t)

)
×ej 2π

λ kndN

(
sin βin(t) sinαin(t)+sin βout(t) sinαout(t)

)
×ej 2π

λ vT t
(

cos
(
αT

RIS(t)−γT

)
cosβT

RIS(t) cos ηT +sin βT
RIS(t) sin ηT

)
×ej 2π

λ vRt cos
(
αR

RIS(t)−γR

)
cosβR

RIS(t), (5)

h�,pq(t)

=

√
P�(t)
I

I∑
i=1

ej
(
ϕ�,i− 2π

λ

(
ξT

�,i(t)+ξ
R
�,i(t)

))

×ej 2π
λ kpδT

(
cos

(
αT

�,i(t)−ψT

)
cosβT

�,i(t) cosφT +sin βT
�,i(t) sinφT

)
×ej 2π

λ kqδR

(
cos

(
αR

�,i(t)−ψR

)
cosβR

�,i(t) cosφR+sin βR
�,i(t) sin φR

)
×ej 2π

λ vT t
(

cos
(
αT

�,i(t)−γT

)
cos βT

�,i(t) cos ηT +sin βT
�,i(t) sin ηT

)
×ej 2π

λ vRt cos
(
αR

�,i(t)−γR

)
cosβR

�,i(t), (6)

where kp = MT −2p+1
2 and kq = MR−2q+1

2 , λ is the
wavelength, I is the number of rays in cluster S�, and P�(t)
denotes the cluster power [31]. Moreover,

{
ϕ�,i

}�=1,...,L

i=1,...,I
are

assumed to be independent and uniformly distributed random
phases, that is, ϕ�,i ∼ U[−π, π).

For the RIS component hRIS
pq (t), the initial distance/angular

/delay parameters can be determined once the geometric setup
among UAV, RIS, and MR is confirmed. For the cluster
scattered components h�,pq(t), we assume that the initial
distance/angular/delay parameters can be obtained from a mea-
surement campaign or generated randomly [22], [25]. Then,
the values of these aforementioned parameters at time t can be
derived by exploiting the geometric relationships among the
UAV, MR, and RIS/clusters based on the initial parameters
and the moving speeds/directions/time of the UAV and MR.
Therefore, the time-varying distances from the centers of the
UAV and MR antenna arrays to the center of RIS can be
respectively calculated as

ξTRIS(t) =
{(
xI − rxT (t)

)2 +
(
yI − ryT (t)

)2

+
(
zI −H0 − rzT (t)

)2}1/2
, (7)

ξRRIS(t) =
{(
xI − ξR − rxR(t)

)2 +
(
yI − ryR(t)

)2

+
(
zI − rzR(t)

)2}1/2
, (8)

and the corresponding time-varying angles can be expressed as

βRRIS(t) = arcsin
{
zI/ξ

R
RIS(t)

}
, (9)

βTRIS(t) = arcsin
{
(zI −H0 − vT t sin ηT )/ξTRIS(t)

}
, (10)

αTRIS(t) = arccos
xI − vT t cos ηT cos γT√(

xI − rxT (t)
)2 +

(
yI − ryT (t)

)2
, (11)

αRRIS(t) = arccos
xI − ξR − vRt cos γR√(

xI − ξR − rxR(t)
)2+

(
yI − ryR(t)

)2
.

(12)

Moreover, the time-varying distances from the centers of UAV
and MR antenna arrays to cluster S�, denoted by ξT� (t) and
ξR� (t), respectively, and those from the centers of UAV and
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MR antenna arrays to cluster S� via the i-th ray, they are,
ξT�,i(t) and ξR�,i(t), respectively, can be calculated as

ξR� (t) =
{(
ξxR,�(0) − rxR(t)

)2 +
(
ξyR,�(0) − ryR(t)

)2

+
(
ξzR,�(0) − rzR(t)

)2}1/2
, (13)

ξR�,i(t) =
{(
ξxR,�,i(0) − rxR(t)

)2 +
(
ξyR,�,i(0) − ryR(t)

)2

+
(
ξzR,�,i(0) − rzR(t)

)2}1/2
, (14)

ξT� (t) =
{(
ξR + ξxR,�(0) − rxT (t)

)2 +
(
ξyR,�(0) − ryT (t)

)2

+
(
ξzR,�(0) −H0 − rzT (t)

)2}1/2
, (15)

ξT�,i(t) =
{(
ξR + ξxR,�,i(0) − rxT (t)

)2 +
(
ξyR,�,i(0) − ryT (t)

)2

+
(
ξzR,�,i(0) −H0 − rzT (t)

)2}1/2
, (16)

and the corresponding time-varying ray angles can be
expressed as

βR�,i(t) = arcsin
{
ξR� (0) sinβR�,i(0)/ξR�,i(t)

}
, (17)

βT�,i(t) = arcsin
{(
ξzR,�,i(0) −H0 − rzT (t)

)
/ξT�,i(t)

}
, (18)

αR�,i(t) = arccos
ξxR,�,i(0) − vRt cos γR√

ξR�,i
2(t) − (

ξzR,�,i(0) − rzR(t)
)2
, (19)

αT�,i(t) = arccos
{(
ξR + ξxR,�,i(0) − vT t cosηT cos γT

)
× 1√

ξT�,i
2(t) − (

ξzR,�,i(0) −H0 − rzT (t)
)2

}
, (20)

where we apply t = 0 to denote the initial values of these
parameters. Moreover, rxT (t) = vT t cos ηT cos γT , ryT (t) =
vT t cosηT sinγT , and rzT (t) = vT t sin ηT are the moving
displacements of the UAV in the x, y, and z directions,
respectively; while at the MR, they are expressed as rxR(t) =
vRt cos γR, ryR(t) = vRt sin γR, and rzR(t) = 0, respec-
tively. In addition, ξxR,�(0) = ξR� (0) cosβR� (0) cosαR� (0),
ξyR,�(0) = ξR� (0) cosβR� (0) sinαR� (0), and ξzR,�(0) =
ξR� (0) sinβR� (0) constitute the initial distance vector from
MR to cluster S�, that is,

[
ξxR,�(0), ξyR,�(0), ξzR,�(0)

]T
;

meanwhile,
[
ξxR,�,i(0), ξyR,�,i(0), ξzR,�,i(0)

]T
denotes the dis-

tance vector from MR to cluster S� via the i-th ray,
where ξxR,�,i(0) = ξR� (0) cosβR�,i(0) cosαR�,i(0), ξyR,�,i(0) =
ξR� (0) cosβR�,i(0) sinαR�,i(0), and ξzR,�,i(0) = ξR� (0) sinβR�,i(0).
The derivations of the incident (αin(t), βin(t)) and reflected
(αout(t), βout(t)) angles are in Appendix B.

Moreover, the time-varying cluster power P�(t) is generated
by [23]

P�(t) = exp
( − τ�(t)

rτ − 1
rτστ

) · 10
−Z�
10 , (21)

where rτ is the delay scaling parameter, στ is the delay
spread, and Z� is a Gaussian distributed random variable,
i.e., Z� ∼ N (

0, ζ2
)
, and their values can be obtained from

Table 7.5.6 in [23].
Corollary 2: When the physical direct path between UAV

and MR is obstructed, the fading of the end-to-end channel
hpq(t, τ,ΘT ,ΘR) in (4) can be characterized by Rician
fading. Moreover, by borrowing the concept of Rice factor

from Rician fading channels, we define the virtual Rice factor
of the proposed non-stationary RIS auxiliary UAV mmWave
channel model as

Kvir(t) =
ΩRIS(t)∑L
�=1 P�(t)

. (22)

Proof: See Appendix C for details.
Corollary 2 reveals that the physical indirect RIS component

hRIS
pq (t) has the ability to provide a deterministic component on

the received signals, which behaves similarly to the physical
direct LoS component between the UAV and MR, thus we
name it the virtual LoS (V-LoS) component provided by RIS.
Moreover, Corollary 2 provides a new view on the modeling of
the channel statistics in RIS auxiliary communication systems
by considering the end-to-end propagation channel between
the transceivers, which is distinguishable from the results
in [17]– [19].

In this paper, we mainly focus on the small-scale fading
characterization of the RIS auxiliary MIMO UAV-to-ground
mmWave communication channels. We normalize the power
of the complex CIR hpq(t, τ,ΘT ,ΘR) to one, to provide a
general representation, as [23]

hRIS
pq (t)

=

√
Kvir(t)(

Kvir(t) + 1
)∣∣Υ(t)

∣∣2
×

M∑
m=1

N∑
n=1

χmn(t)ej
(
ϕmn(t)− 2π

λ

(
ξT

RIS(t)+ξ
R
RIS(t)

))

×ej 2π
λ kpδT

(
cos

(
αT

RIS(t)−ψT

)
cosβT

RIS(t) cosφT +sin βT
RIS(t) sinφT

)
×ej 2π

λ kqδR

(
cos

(
αR

RIS(t)−ψR

)
cos βR

RIS(t) cosφR+sin βR
RIS(t) sinφR

)
×ej 2π

λ kmdM

(
sin βin(t) cosαin(t)+sin βout(t) cosαout(t)

)
×ej 2π

λ kndN

(
sin βin(t) sinαin(t)+sin βout(t) sinαout(t)

)
×ej 2π

λ vT t
(

cos
(
αT

RIS(t)−γT

)
cosβT

RIS(t) cos ηT +sin βT
RIS(t) sin ηT

)
×ej 2π

λ vRt cos
(
αR

RIS(t)−γR

)
cosβR

RIS(t), (23)

h�,pq(t)

=

√
P ′
�(t)(

Kvir(t) + 1
)
I

I∑
i=1

ej
(
ϕ�,i− 2π

λ

(
ξT

�,i(t)+ξ
R
�,i(t)

))

×ej 2π
λ kpδT

(
cos

(
αT

�,i(t)−ψT

)
cosβT

�,i(t) cosφT +sin βT
�,i(t) sinφT

)
×ej 2π

λ kqδR

(
cos

(
αR

�,i(t)−ψR

)
cosβR

�,i(t) cosφR+sin βR
�,i(t) sin φR

)
×ej 2π

λ vT t
(

cos
(
αT

�,i(t)−γT

)
cos βT

�,i(t) cos ηT +sin βT
�,i(t) sin ηT

)
×ej 2π

λ vRt cos
(
αR

�,i(t)−γR

)
cosβR

�,i(t), (24)

where Υ(t) =
∑M

m=1

∑N
n=1 χmn(t)e

j(ϕmn(t)−ϕdis
mn(t)). The

P ′
�(t) = P�(t)/

∑L
�=1 P�(t) is the normalized power ratio of

the clusters [31]. The ϕmn(t) in (23) stands for the program-
mable RIS reflection phase, whose optimal value is given in
Corollary 1. Consequently, Eqs.(23)-(24) provide a generalized
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description of the end-to-end physical properties of RIS auxil-
iary UAV-to-ground mmWave communication channels, which
effectively reveals the programmability of the channels owing
to the presence of RIS and is different from conventional
cascaded channel models in [17]– [19]. The proposed 3D
modeling approach in this paper is a general channel modeling
method that is suitable for various kinds of RIS-assisted UAV-
to-ground communication scenarios. Specifically, by replacing
the antenna steering vectors expressions of the ULAs in lines
2-3 of Eqs. (5)-(6) and (23)-(24) with those of the uniform
circular arrays (UCAs) or uniform planar arrays (UPAs),
the proposed channel model can be adapted to describe the
condition that the UAV and MR are equipped with UACs
or UPAs. Alternatively, when we ignore the time evolution
of the model parameters, the proposed channel model can
be used to describe stationary channel; when we set cluster
number L as one, it can be used to describe narrowband chan-
nel; and when we set the RIS component hRIS

pq (t) as zero,
it reduces to be conventional Rayleigh fading channel without
RIS. This shows the generality of the proposed channel
model.

III. STATISTICAL PROPERTIES OF THE

PROPOSED CHANNEL MODEL

A. Fading Characteristic

In conventional no-RIS auxiliary UAV mmWave communi-
cation system, the fading of the end-to-end propagation chan-
nel between the transceiver is characterized by Rayleigh fading
when the direct path is blocked. This can be derived from
the proposed channel model by setting the RIS component
hRIS
pq (t) in (4) as zero. Then, by introducing a RIS between

the UAV and MR, Corollary 2 has shown that the fading of
the proposed RIS auxiliary channel can be characterized by
Rician fading with virtual Rice factor Kvir(t) and envelope
power ΩRIS(t) +

∑L
�=1 P�(t).

When the RIS controller applies the random reflection phase
configuration in each unit, on the other hand, the reflection
phase ϕmn(t) becomes a random variable, and hence the
RIS component hRIS

pq (t) becomes a random process. In this
case, the fading of the end-to-end RIS auxiliary channel
depends on the reflection phase controlling mechanism as
well as the total unit number, and cannot be characterized
by Rician fading. An example is that when the controller
applies random uniform reflection phase configuration, that
is, ϕmn(t) ∼ U[−π, π), and the unit number MN is large
enough, hpq(t, τ,ΘT ,ΘR) can be characterized by Rayleigh
fading with envelope power E[ΩRIS(t)] +

∑L
�=1 P�(t) based

on the Central Limit Theorem.

B. Time-Varying Spatial-Temporal (ST) Cross-Correlation
Function (CCF)

As shown in [22], [32], the local correlation properties
of a channel are determined by the correlation properties
between hpq(t) and hp′q′(t + Δt) in each tap; meanwhile,
it is generally assumed that there is no correlation between
different clusters. Therefore, the normalized time-varying ST

CCF of the proposed channel model can be defined as [22]

ρ(p,q),(p′,q′)(t,Δp,Δq,Δt)

=
E
[
h∗pq(t)hp′q′(t+ Δt)

]
√

E
[|hpq(t)|2]E[|hp′q′(t+ Δt)|2] , (25)

where Δt is the time difference, Δp = |kp′ − kp|δT /λ and
Δq = |kq′ − kq|δR/λ denote the normalized antenna spacings
of the UAV and MR antenna arrays, respectively, and p, p′,
q, and q′ are the antenna indexes. In addition, hpq(t) and
hp′q′(t + Δt) denote the complex channel coefficients of the
(p → q)-th and (p′ → q′)-th transmit-receive antenna pairs,
respectively.

By substituting (23) and (24) into (25), we obtain
the time-varying ST CCF of the proposed channel
model as ρ(p,q),(p′,q′)(t,Δp,Δq,Δt) = ρRIS

(p,q),(p′,q′)
(t,Δp,Δq,Δt) + ρNLoS

(p,q),(p′,q′),�(t,Δp,Δq, Δt), in which the
ρRIS
(p,q),(p′,q′)(t,Δp,Δq,Δt) and ρNLoS

(p,q),(p′,q′),�(t,Δp,Δq,Δt)
denote the local ST CCF of the RIS and NLoS components,
respectively. Moreover, by further imposing Δt = 0, we can
obtain the following spatial CCF of the RIS component

ρRIS
(p,q),(p′,q′)(t,Δp,Δq)

=
Kvir(t)

Kvir(t) + 1

×ej2πΔp
(

cos
(
αT

RIS(t)−ψT

)
cosβT

RIS(t) cosφT +sin βT
RIS(t) sinφT

)
×ej2πΔq

(
cos

(
αR

RIS(t)−ψR

)
cos βR

RIS(t) cosφR+sin βR
RIS(t) sinφR

)
,

(26)

and the spatial CCF of the NLoS components

ρNLoS
(p,q),(p′,q′),�(t,Δp,Δq)

=
P ′
�(t)

Kvir(t) + 1

∫ π

−π

∫ π

−π
ej2πΔp cos

(
αT

� (t)−ψT

)
cos βT

� (t) cosφT

×ej2πΔp sin βT
� (t) sinφT

×ej2πΔq
(

cos
(
αR

� (t)−ψR

)
cos βR

� (t) cosφR+sin βR
� (t) sinφR

)
×f(αR� , β

R
� )d(αR� , β

R
� ), (27)

where f(αR� , β
R
� ) is the joint probability density func-

tion (PDF) of the received azimuth αR� and elevation βR�
angles. In general, the arrival angles (AAoA and EAoA) and
departure angles (AAoD and EAoD) are dependent on each
other when the geometrical setup is confirmed in the proposed
single-bounced channel model [22]. In cluster structure, espe-
cially for mmWave communications, the directions of the rays
in each cluster are generally limited to a certain range. Differ-
ent kinds of distributions, such as von Mises distribution [33],
[34], lognormal distribution [35], Laplace distribution [25],
and truncated Gaussian distribution [36], [37], etc., have been
adopted for characterizing the ray angle distribution. Specif-
ically, 3GPP adopts the truncated Gaussian distribution in
the standard UAV-to-ground channel models [37]. Therefore,
we also follow this modeling assumption in this paper. Then,
the PDF for the wave with direction ϑ being limited within
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the interval from ϑlow to ϑup, i.e., ϑ ∈ [ϑlow, ϑup], can be
expressed as

f(ϑ, μϑ, σϑ, ϑlow, ϑup) =
1
σϑ
u
(
ϑ−μϑ

σϑ

)
Φ

(ϑup−μϑ

σϑ

) − Φ
(
ϑlow−μϑ

σϑ

) , (28)

where μϑ and σθ denote the mean value and angle spread of
the signal direction ϑ, respectively. In addition, u(ς) is the
PDF of the standard normal distributed random variable ς ,
which can be expressed as u(ς) = 1

2π exp{− ς2

2 }, whereas
Φ(ς) =

∫ ς
−∞ u(ς ′)dς ′ = 1

2

(
1 + erf( ς√

2
)
)

represents the
cumulative distribution function (CDF) of the standard normal
distributed random variable ς with erf(·) being the Gauss
error function. The signal azimuth and elevation angles are
generally assumed to be independent of each other, thus the
joint PDF in (27) can be derived from (28) as f(αR� , β

R
� ) =

f(αR� , μαR
�
, σαR

�
, αR�,low, α

R
�,up)·f(βR� , μβR

�
, σβR

�
, βR�,low, β

R
�,up).

C. Temporal Auto-Correlation Function (ACF) and Doppler
Power Spectral Density (PSD)

The temporal ACF of the proposed channel model can
be derived from the ST CCF ρ(p,q),(p′,q′) (t,Δp,Δq,Δt) by
applying Δp = Δq = 0, that is, p = p′ and q = q′, which is
expressed as

ρ(t,Δt) = ρRIS(t,Δt) + ρNLoS
� (t,Δt), (29)

where ρRIS(t,Δt) and ρNLoS
� (t,Δt) stand for the temporal

ACFs of the RIS and NLoS components, respectively, which
are expressed as (30) and (31), shown at the bottom of the
page, respectively. It is obvious that the temporal ACFs of the
proposed channel model depend on time t and time difference
Δt, which reveals the non-stationarity of the channel model.
Moreover, (30) indicates that the channel with RIS has the

ability to provide longer channel temporal correlation time
than the channel without RIS by appropriately programming
the RIS reflection phases ϕmn(t), so that the channel can
be less frequently estimated and more saved time can be
used for data transmission. This boosts the communication
performance.

The Doppler PSD of the proposed channel model is defined
as the Fourier transform of temporal ACF ρ(t,Δt) in (29) with
respect to time difference Δt [38], that is,

S(t, ν) =
∫ ∞

−∞
ρ(t,Δt)e−j2πνΔtd(Δt)

= SRIS(t, ν) + SNLoS
� (t, ν), (32)

where ν stands for the Doppler frequency, and SRIS(t, ν) and
SNLoS
� (t, ν) denote the Doppler PSDs of the RIS and NLoS

components, respectively, which are expressed as

SRIS(t, ν) =
∫ ∞

−∞
ρRIS(t,Δt)e−j2πνΔtd(Δt), (33)

SNLoS
� (t, ν) =

∫ ∞

−∞
ρNLoS
� (t,Δt)e−j2πνΔtd(Δt). (34)

It can be seen that the Doppler PSD of the proposed channel
model is related to the moving time t as well as the moving
states (speeds and directions) of the UAV and MR, which is
in agreement with the models in [24], [38].

D. Time-Varying Frequency Correlation Function (FCF) and
Power Delay Profile (PDP)

The time-varying transfer function of the proposed channel
model is defined as the Fourier transform of the complex CIR
hpq(t, τ,ΘT ,ΘR) in (4) with respect to the propagation delay

ρRIS(t,Δt)

=

√
Kvir(t)

Kvir(t) + 1

√
Kvir(t+ Δt)

Kvir(t+ Δt) + 1
× E[Υ∗(t)Υ(t+ Δt)]√

E[|Υ(t)|2]E[|Υ(t+ Δt)|2] × ej
2π
λ

(
ξT

RIS(t)−ξT
RIS(t+Δt)+ξR

RIS(t)−ξR
RIS(t+Δt)

)

×ej 2π
λ kpδT

{
cos

(
αT

RIS(t+Δt)−ψT

)
cos βT

RIS(t+Δt) cosφT +sin βT
RIS(t+Δt) sinφT −

[
cos

(
αT

RIS(t)−ψT

)
cos βT

RIS(t) cosφT +sin βT
RIS(t) sinφT

]}
×ej 2π

λ kqδR

{
cos

(
αR

RIS(t+Δt)−ψR

)
cosβR

RIS(t+Δt) cosφR+sin βR
RIS(t+Δt) sinφR−

[
cos

(
αR

RIS(t)−ψR

)
cosβR

RIS(t) cosφR+sin βR
RIS(t) sinφR

]}
×ej 2π

λ vT

{
(t+Δt)·

[
cos(αT

RIS(t+Δt)−γT ) cosβT
RIS(t+Δt) cos ηT +sin βT

RIS(t+Δt) sin ηT

]
−t

[
cos(αT

RIS(t)−γT ) cosβT
RIS(t) cos ηT +sin βT

RIS(t) sin ηT

]}
×ej 2π

λ

[
vR·(t+Δt) cos

(
αR

RIS(t+Δt)−γR

)
cosβR

RIS(t+Δt)−vRt cos
(
αR

RIS(t)−γR

)
cosβR

RIS(t)
]
. (30)

ρNLoS
� (t,Δt)

=

√
P ′
�(t)

Kvir(t) + 1

√
P ′
�(t+ Δt)

Kvir(t+ Δt) + 1
× 1
I

I∑
i=1

E

{
ej

2π
λ

(
ξT

�,i(t)−ξT
�,i(t+Δt)+ξR

�,i(t)−ξR
�,i(t+Δt)

)

×ej 2π
λ kpδT

{
cos

(
αT

�,i(t+Δt)−ψT

)
cosβT

�,i(t+Δt) cosφT +sin βT
�,i(t+Δt) sin φT−

[
cos

(
αT

�,i(t)−ψT

)
cosβT

�,i(t) cosφT +sin βT
�,i(t) sin φT

]}
×ej 2π

λ kqδR

{
cos

(
αR

�,i(t+Δt)−ψR

)
cosβR

�,i(t+Δt) cosφR+sin βR
�,i(t+Δt) sinφR−

[
cos

(
αR

�,i(t)−ψR

)
cos βR

�,i(t) cosφR+sin βR
�,i(t) sinφR

]}
×ej 2π

λ vT

{
(t+Δt)·

[
cos(αT

�,i(t+Δt)−γT ) cosβT
�,i(t+Δt) cos ηT +sin βT

�,i(t+Δt) sin ηT

]
−t

[
cos(αT

�,i(t)−γT ) cosβT
�,i(t) cos ηT +sin βT

�,i(t) sin ηT

]}
×ej 2π

λ

[
vR·(t+Δt) cos

(
αR

�,i(t+Δt)−γR

)
cosβR

�,i(t+Δt)−vRt cos
(
αR

�,i(t)−γR

)
cosβR

�,i(t)
]}
. (31)
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τ , which is expressed as

Hpq(t, f) = hRIS
pq (t)e−j2πfτ

RIS(t)

+
L∑
�=1

h�,pq(t)e−j2πfτ�(t). (35)

Thus, the normalized FCF of the proposed channel model can
be defined as [36]

ρHpq(t,Δf) =
E[H∗

pq(t, f)Hpq(t, f + Δf)]√
E[|Hpq(t, f)|2]E[|Hpq(t, f + Δf)|2] , (36)

where Δf denotes frequency separation. With the uncorrelated
scattering (US) assumption [32], the substitution of (23), (24),
and (35) into (36) yields the following FCF

ρHpq(t,Δf) =
Kvir(t)

Kvir(t) + 1
e−j2πΔfτRIS(t)

+
1

Kvir(t) + 1

L∑
�=1

P ′
�(t)e

−j2πΔfτ�(t). (37)

By applying inverse Fourier transform to the FCF
ρHpq(t,Δf) with respect to frequency separation Δf , we can
further derive the PDP of the proposed channel model as

SHpq(t, τ) =
Kvir(t)

Kvir(t) + 1
δ
(
τ − τRIS(t)

)

+
1

Kvir(t) + 1

L∑
�=1

P ′
�(t)δ

(
τ − τ�(t)

)
. (38)

The FCF and PDP of the proposed channel model are related to
moving time t but independent of frequency f , which indicates
that the channel model is non-stationary in time domain but
stationary in frequency domain. Moreover, it implies that the
RIS reflection phase configuration will also affect the FCF
and PDP through the power scaling factor, which is a specific
feature of the RIS auxiliary communication channels.

IV. RESULTS AND DISCUSSIONS

In this section, we numerically study the channel charac-
teristics of the proposed channel model by comparing the
theoretical results with simulated as well as measurement
results.

A. Simulation Setup

The proposed channel model is operated at a carrier fre-
quency of fc = 28 GHz. The parameters used in the sim-
ulations are listed here or specified otherwise: MT = 4,
MR = 6, ξR = 100 m, H0 = 50 m, χmn = 1, δT =
δR = λ/2, ψT = π/3, φT = π/4, ψR = π/4, φR = π/4,
ξR� (0) = 60 m, μαR

�
= 2π/3, σαR

�
= π/18, μβR

�
= π/4,

and σβR
�

= π/18 [25], [36]. Two kinds of configurations
of RIS with MN = 4 × 104 are considered, that is, RISA

with strip configuration M = 400, N = 100 and RISB with
square configuration M = N = 200. The RIS is located at
(xI , yI , zI) = (70 m, 30 m, 15 m) with the rotation angles
θI = −π/18 and εI = −π/18, and the size of the RIS unit
is set as dM = dN = λ/4. Finally, the moving speed and

Fig. 4. Normalized reflection phases of RIS under optimal reflection phase
configuration.

Fig. 5. Power scaling factor Ω
opt
RIS of the RIS component under optimal

reflection phase configuration.

direction of the UAV are set as vT = 5 m/s, γT = 0 in azimuth
direction and ηT = 0 in elevation direction, respectively,
whereas at MR they are set as vR = 2 m/s and γR = 0.

Moreover, the impacts of different RIS reflection phase
configurations are evaluated, where

i) Optimal: The RIS controller applies optimal reflection
phase configuration with ϕmn(t) = ϕopt

mn(t). In this case,
ΩRIS(t) = Ωopt

RIS(t) and the channel is characterized by
Rician fading.

ii) Discrete: The RIS controller applies discrete reflec-
tion phase configuration with ϕmn(t) = ϕdiscrete

mn (t), where
ϕdiscrete
mn (t) is the discretization of ϕopt

mn(t). In this case,
ΩRIS(t) = Ωopt

RIS(t) × |Υ(t)|2/(M2N2) and the channel is
characterized by Rician fading.

iii) Constant: The RIS controller applies constant reflection
phase configuration with ϕmn(t) = ϕconst

mn , where ϕconst
mn is the

optimal reflection phase at the initial instant, that is, ϕconst
mn =

ϕopt
mn(0). In this case, ΩRIS(t) = Ωopt

RIS(t)|Υ(t)|2/(M2N2) and
the channel is characterized by Rician fading.

iv) Random: The RIS controller applies random uniform
reflection phase configuration with ϕmn(t) ∼ U[−π, π).
Then, the channel is characterized by Rayleigh fading with
Kvir(t)= Ωopt

RIS(t)/
(
MN

∑L
� P�(t)(t)

)
being the power ratio

between the RIS and NLoS components.

B. Performance Analysis
1) Power Delivering Capability of RIS: We first investigate

the reflection phase of a 200 × 200-unit square RIS, that
is, RISB, under optimal reflection phase configuration in
Fig. 4 based on (2). The phase values are normalized by
modulo dividing 2π. It shows that the phase-shift values
show periodicity over the array at t = 0, which means that
different RIS units share the same reflection phase in order
to reflect the incident waves towards the target point. After
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Fig. 6. Fading characteristics of the proposed RIS auxiliary channel model where Kvir(0) = 1.5 and Kvir(10) = 1.31.

Fig. 7. Normalized spatial CCFs of different components with different RIS
reflection phase configurations at t = 2 s (vT = 5 m/s, γT = −π

6
, ηT = π

24
,

vR = 2 m/s, γR = π
6

).

a time interval of t = 5 s, the phase pattern changes, but
the periodicity of phase values still holds. We observe that
the reflection phase of the RIS units vary continuously with
moving time of the UAV and MR. This is because we consider
that the phase-shift profile of each RIS unit is a continuous
function under optimal reflection phase configuration. This
indicates the requirement of real-time RIS reflection phase
control. Moreover, Fig. 4 implies that the theoretical optimal
reflection phase of the central RIS unit changes slightly and
much more slowly than that of the corner RIS unit. Thus,
the RIS controller can choose to update the actual reflection
phase of the central RIS unit less frequently than that of the
corner RIS unit, which means more resources are saved and
the cost of the system implementation is reduced.

In Fig. 5, we study the power delivering capability of
RIS under optimal reflection phase configuration, which is
characterized by Ωopt

RIS in (3). It shows the Ωopt
RIS firstly decreases

and then increases as ξTRIS increases, where the inflexion occurs
at ξTRIS = ξTRRIS /2. It also implies the Ωopt

RIS decreases as the ξTRRIS
or βin increases. When the ξTRRIS is relatively small, such as
ξTRRIS = 80 or 100 m, the RIS has the ability to provide positive
power gain (Ωopt

RIS > 1) than LoS path at arbitrary location even
with a relatively large incident angle π/3 or π/6, respectively,
motivating the use of RIS in short-range scenarios, i.e., indoor
scenarios. Then, by comparing the curves with ξTRRIS = 200 m,
we find that some locations of the RIS will achieve a power
scaling factor larger than 1 when we increase the number of
RIS units from 200 to 280. Overall, the results in Fig. 5 are
consistent with the theoretical results in (3). They show
how the power delivering capability of RIS will change
with different system parameters settings, which provides
guidelines for the practical RIS-assisted communication
systems design. Specifically, it implies that a closer location
of the RIS to the terminal (UAV or MR), a smaller normal

Fig. 8. Normalized spatial CCFs of the proposed channel model with different
cluster angle spread at t = 2 s (vT = 5 m/s, γT = −π

6
, ηT = π

24
,

vR = 2 m/s, γR = π
6

).

Fig. 9. Temporal ACFs of different components at t = 2 s (vT = 5 m/s,
γT = 0, ηT = π/2, vR = 5 m/s, γR = π).

incident angle of the signals on RIS, or a larger number of
RIS units will result in a higher power delivering capability
of RIS, leading to more received power at the receiver.

2) Fading Characterization: By utilizing (5)-(6), we inves-
tigate the fading characteristics of the proposed channel model
in Fig. 6 under optimal and random reflection phase config-
urations. By comparing the simulated results with theoretical
ones, we observe that the proposed channel model tends to be
characterized by Rician fading under optimal reflection phase
configuration, whereas by Rayleigh fading under random
uniform reflection phase configuration. The proposed channel
model also satisfies Rician fading under discrete/constant
reflection phase configuration but with different fading para-
meters as compared to optimal reflection phase configuration.
Moreover, Fig. 6 reveals that the proposed channel model show
different fading parameters at different time instants, which
verifies the non-stationarity of the channel model.

3) Time-Varying Spatial CCF: In Fig. 7, we compare the
spatial CCFs of different components under different RIS
reflection phase configurations when the mobile terminals
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Fig. 10. Channel characteristics of the RIS component in different RIS reflection phase configurations, t = 2 s.

Fig. 11. Normalized FCFs of the proposed channel model with different
UAV height and cluster number.

adopt a general mobility model based on (26)-(27). It shows
that the channel with optimal/discrete reflection phase config-
uration shows similar decreasing trend of the spatial CCFs as
compared to that with LoS path, which means that the RIS
component behaves similarly to the physical LoS path. The
spatial CCFs of the channel with constant/random reflection
phase configuration coincides with those of the NLoS compo-
nent owing to the very small power gains. In summary, con-
stant/random reflection phase configuration results in smaller
spatial CCFs and hence are more benefit for channel spatial
diversity than discrete/optimal reflection phase configuration.
On the other hand, they cause much smaller power gains of
the RIS path, and hence less power is delivered to the MR,
leading to insignificant performance improvement as compared
to the channel without RIS. Furthermore, we observe that
the results curves firstly fluctuate and then gradually stabi-
lize as the antenna spacing increases. The spatial CCF of
the RIS component, that is, ρRIS

(p,q),(p′,q′)(t,Δp,Δq) in (26),
is a complex exponential function of antenna spacing with
constant absolute value, whereas the spatial CCF of the NLoS
component, that is, ρNLoS

(p,q),(p′,q′),�(t,Δp,Δq) in (27), is also
a complex exponential function of antenna spacing but with
decreasing absolute value. As a consequence, the linearly
superimposed results curves are also complex exponential
functions of antenna spacing. They firstly fluctuate and then
gradually stabilize at a fixed value, that is, Kvir(t)

Kvir(t)+1 , as the
antenna spacing increases. By improving the accuracy of
the configuration of RIS reflection phase, we can stabilize the
performance of the spatial CCFs.

Then, in Fig. 8 we investigate the impact of cluster angle
spread on channel spatial CCFs by setting the RIS component
as zero based on (27). These representative parameter settings
are enough to reveal the fact that by increasing the cluster

angle spread, the channel spatial CCF decreases, and hence
the channel is more likely to benefit from spatial diversity.
This agrees with the results in [21]. Overall, the channel
shows different propagation characteristics under different
model parameter values settings, resulting in different over-
all performance of the communication systems. Moreover,
it shows that the simulated results agree with the theoretical
ones, which verify the correctness of the derived spatial CCF
of the proposed channel model. In addition, by setting the
simulation parameters according to the measurement setup
in [39], Fig. 8 indicates that the curves of theoretical/simulated
results of the proposed channel model, they are, the curves
with fc = 2.6 GHz (also the curves in green), are in agreement
with those of measurement results in [39]. This verifies the
accuracy of the proposed channel model.

4) Time-Varying Temporal ACF and Doppler PSD: In
Fig. 9, we take a comparison of the channel temporal correla-
tions of different components of the proposed channel model
based on (30)-(31), where the results show RISA provides
faster decline on temporal ACF than RISB due to larger
spatial spread. It also shows that the RIS component provides
the same temporal ACF as the physical LoS path under
optimal reflection phase configuration. When random uniform
reflection phase configuration is adopted, on the contrary,
the RIS component provides a cluster NLoS-shaped decline
on temporal ACF but with a much slower decreasing trend.
Moreover, Fig. 9 reveals that the existence of RIS will slow
down the decline of the temporal correlation of the LoS-
obstructed channel, resulting in longer channel coherence time
and less frequently channel estimation. Then, in Fig. 10 we
study the impact of RIS reflection phase configurations on
temporal ACFs, Doppler PSDs, and RIS power delivering
capabilities based on (30), (33), and (1), respectively, where
“Constant, t” implies ϕconst

mn = ϕopt
mn(t = 2). Figs. 10(a)-(b)

reveal that the constant and random uniform reflection phase
configurations behave similarly in both temporal ACFs and
Doppler PSDs, whereas the discrete and optimal reflection
phase configurations behave similarly in both temporal ACFs
and Doppler PSDs, which highlights the advantage of discrete
reflection phase configuration. Meanwhile, Fig. 10(c) indicates
that the discrete reflection phase configuration has the ability
to provide a near-optimal performance with several controlling
bits (generally two bits is acceptable) and significant reduction
in the implementation complexity, which motivates the usage
of discrete RIS reflection phase configuration.
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Fig. 12. Normalized PDPs of the proposed channel model.

5) Time-Varying FCF and PDP: In Fig. 11 we investigate
the impact of UAV’s height on channel frequency propagation
characteristics based on (37), where the results indicate that
the channel FCF decreases slower when increasing the UAV’s
height, resulting in larger coherence bandwidth and higher
throughput. Also, it implies that a 2-bit discrete reflection
phase configuration can approach the optimal reflection phase
configuration well, which is consistent with the results in
Fig. 10. Moreover, Fig. 11 indicates the channel with less
cluster shows higher frequency correlation and hence larger
coherence bandwidth, which agrees with the results in [21].
By using (38), we simulate the PDP of the proposed channel
model under optimal reflection phase configuration in Fig. 12.
The results show that the power is more centered in the first
path when the RIS exists, which is similar to the results in [22]
with LoS path exists. By setting the RIS component as zero,
Fig. 12 shows the PDPs of the proposed channel model without
RIS agree with the measurements in [40] well, which validates
the effectiveness of the proposed channel model.

V. CONCLUSION

In this paper, we have developed a 3D non-stationary MIMO
wideband end-to-end channel model for RIS auxiliary UAV-
to-ground mmWave communications, which has the ability to
capture the non-stationarity of UAV channels and the sparsity
of mmWave channels. The proposed modeling solution can
accurately describe the physical properties of RIS auxiliary
communication channels by modeling the RIS as a virtual
cluster and by developing end-to-end CIRs to characterize the
physical properties of the underlying propagation channels.
The impact of RIS reflection phase configurations on channel
statistical properties has been investigated, where the results
show that the RIS component behaves like physical LoS
path under optimal/discrete reflection phase configuration and
a 2-bit discrete reflection phase configuration can approach
the performance of optimal reflection phase configuration but
with significant reduction in realization complexity. Moreover,
the results demonstrate that a smaller incident angle and a
closer location of RIS to the transceivers can result in higher
received power; meanwhile, the fading of the RIS auxiliary
channel is generally characterized by Rician fading, wheras
by Rayleigh fading when random uniform reflection phase
configuration is adopted under Central Limit Theorem. Finally,
the agreement between the theoretical and simulated as well as
measurement results validates the effectiveness of the proposed

channel model, which can inform the design of practical RIS-
assisted communication systems and help researchers as well
as industry communities for system performance analysis and
algorithm validations via simulations.

As future work, we point out four potential directions:
i) statistical characterization of the RIS auxiliary communi-
cation channels in short-range near-field scenarios; ii) inves-
tigate the new propagation characteristics in multiple RISs
cooperative communications; iii) conduct measurements to
further validate the proposed channel model; iv) perform
comparisons in terms of efficiency and(or) complexity between
the proposed channel model and the existing ones.

APPENDIX A

We define Pt as the transmitting power and Gt as the beam-
forming gain of the UAV antenna array. Then, the received
power of the (m,n)-th RIS unit can be calculated by

P in
mn(t) =

PtGt

4πξTmn
2(t)

× dMdN cosβin(t), (39)

where ξTmn(t) = ξTRIS(t) − kmdM sinβin(t) cosαin(t) − kndN
sinβin(t) sinαin(t) denotes the distance from the center of
UAV antenna array to the (m,n)-th RIS unit. Then, the
reflected power by the (m,n)-th RIS unit can be expressed
as [41]

P out
mn(t) =

PtGt × dMdN cosβin(t)

4πξTmn
2(t)

∣∣χmn(t)ejϕmn(t)
∣∣2. (40)

Let Gr be the combining gain of the MR antenna array, thus
the effective aperture of the receiving antenna can be expressed
as Sr,ap = Grλ

2/4π. Then, the received power of the MR
from the (m,n)-th RIS unit can be calculated by

P rmn(t) =
P out
mn(t)

4πξRmn
2(t)

Sr,ap, (41)

where ξRmn(t) = ξRRIS(t) − kmdM sinβout(t) cosαout(t) −
kndN sinβout(t) sinαout(t) denotes the distance from the cen-
ter of MR antenna array to the (m,n)-th RIS unit. By substi-
tuting (40) into (41), we can obtain

P rmn(t) =
PtGtGrλ

2dMdN cosβin(t)

(4π)3ξTmn
2(t)ξRmn

2(t)
|χmn(t)ejϕmn(t)|2.

(42)

As indicated in [42], the received power P rmn(t) can also
be expressed as

P rmn(t) =
|Ermn(t)|2

2η
Sr,ap, (43)

where η is the intrinsic impedance (� 120π ohms for free-
space), and Ermn(t) is the received radiation electric field.
By combining (42) and (43), Ermn(t) can be solved as

Ermn(t)

=

√
2ηPtGtGrλ2dMdN cosβin(t)

(4π)3Sr,ap
× χmn(t)ejϕmn(t)

ξTmn(t)ξRmn(t)

×ej 2π
λ vT t

(
cos

(
αT

RIS(t)−γT

)
cos βT

RIS(t) cos ηT +sin βT
RIS(t) sin ηT

)
×ej 2π

λ vRt cos
(
αR

RIS(t)−γR

)
cos βR

RIS(t)e−j
2π
λ (ξT

mn(t)+ξR
mn(t)).

(44)
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Fig. 13. Illustration of incident and reflected angles on RIS. T and R denote
the positions of UAV and MR, respectively, whereas T′ and R′ are their
projections on the x′′-o′′-z′′ plane, respectively. The x′′-y′′-z′′ is established
over the RIS and can be derived by rotating x′-y′-z′ in Fig. 2(b) by a
horizontal rotation angle of θI and a vertical rotation angle of εI , respectively.

The superimposed received electric field can be calculated
by Er(t) =

∑M
m=1

∑N
n=1E

r
mn(t). Similar to (43), the MR

received reflection power from RIS can be expressed as

Pr(t) =
|Er(t)|2

2η
Sr,ap

= P freer (t) × dMdN cosβin(t)
(
ξTRIS(t) + ξRRIS(t)

)2

4π

×
∣∣∣ M∑
m=1

N∑
n=1

χmn(t)ej(ϕmn(t)−ϕdis
mn(t))

ξTmn(t)ξRmn(t)

∣∣∣2, (45)

where P freer (t) = PtGtGrλ
2

(4π)2(ξT
RIS(t)+ξ

R
RIS(t))

2 is the received power

of the same-distance free path and ϕdismn(t) is the distance-
related phase term which is related with index m and n, that is,

ϕdismn(t)

=
−2πkmdM

λ

(
sinβin(t) cosαin(t) + sinβout(t) cosαout(t)

)
−2πkndN

λ

(
sinβin(t) sinαin(t) + sinβout(t) sinαout(t)

)
,

(46)

where km = 2m−M−1
2 and kn = 2n−N−1

2 . Therefore,
Theorem 1 holds.

APPENDIX B

In Fig. 13, we illustrate the time-varying incident and
reflected angles on RIS, which are defined based on the local
coordinate system x′′-y′′-z′′. Then, the unit vector along the
positive direction of x′′-axis and that along the negative direc-
tion of y′′-axis can be expressed as e‖ = [cos θI , sin θI , 0]T and
e⊥ = [sin θI cos εI ,− cos θI cos εI ,− sin εI ]T, respectively.
At time t, the positions of UAV and MR are at points
T = (vT t cos ηT cos γT , vT t cos ηT sin γT , H0 + vT t sin ηT )
and R = (ξR + vRt cosγR, vRt sin γR, 0), respectively. There-
fore, the distance vectors from the center of RIS to UAV and
to MR, denoted by dT

o′′(t) and dR
o′′(t), respectively, can be

expressed as

dT
o′′(t) = T − o′′ =

⎡
⎣vT t cos ηT cos γT − xI
vT t cos ηT sin γT − yI
H0 + vT t sin ηT − zI

⎤
⎦ , (47)

dR
o′′(t) = R − o′′ =

⎡
⎣ ξR + vRt cos γR − xI

vRt sin γR − yI
−zI

⎤
⎦ , (48)

where ‖dT
o′′(t)‖ = ξTRIS(t) and ‖dR

o′′(t)‖ = ξRRIS(t). Next,
we can derive the normal incident angle from UAV to RIS
and normal reflected angle from RIS to MR as (49) and
(50), respectively, as shown at the top of next page. Once
the normal incident βin(t) and reflected βout(t) angles are
obtained, the distance vectors from o′′ to projection points
T′ and R′, denoted by dT′

o′′(t) and dR′
o′′(t), respectively, can be

derived by

dT′
o′′(t)

= dT
o′′(t) − ξTRIS(t) cos βin(t) · e⊥

=

⎡
⎣ r

x
T (t) − xI − ξTRIS(t) cosβin(t) sin θI cos εI
ryT (t) − yI + ξTRIS(t) cosβin(t) cos θI cos εI
H0 + rzT (t) − zI + ξTRIS(t) cosβin(t) sin εI

⎤
⎦ , (51)

dR′
o′′(t)

= dR
o′′(t) − ξRRIS(t) cos βout(t) · e⊥

=

⎡
⎣ ξR + rxR(t) − xI − ξRRIS(t) cosβout(t) sin θI cos εI

ryR(t) − yI + ξRRIS(t) cosβout(t) cos θI cos εI
rzR(t) − zI + ξRRIS(t) cos βout(t) sin εI

⎤
⎦ .
(52)

Therefore, the azimuth incident angle from UAV to RIS, that
is, αin(t), and the azimuth reflected angle from RIS to MR,
that is, αout(t), can be respectively expressed as (53) and (54),
where Δαin(t) in (53) is expressed as (55), both are shown at
the top of next page.

APPENDIX C

Let us take the propagation between the (p→ q)-th transmit-
receive antenna pair as an example. We assume that an
unmodulated carrier is transmitted, i.e., s(t) = 1, then the
received complex envelope without noise can be obtained
by convolving the transmitted signal s(t) with the channel
response hpq(t, τ,ΘT ,ΘR) as [32]

r(t) =
∫ ∞

−∞
hpq(t, τ,ΘT ,ΘR)s(t− τ)dτ

= hRIS
pq (t) +

L∑
�=1

h�,pq(t). (56)

With the phases ϕ�,i in (6) being independent and identically
distributed random variables as well as the Central Limit
Theorem, h�,pq(t) approaches a Rayleigh process with zero
mean and variance of P�(t) when I is large enough [22]. More-
over, with the uncorrelated scattering assumption [32], g(t) =∑L
�=1 h�,pq(t) is the summation of L independent Rayleigh
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βin(t) = arccos
eT
⊥ · dT

o′′(t)
‖e⊥‖ · ‖dT

o′′(t)‖
= arccos

[
(rxT (t) − xI) sin θI − (ryT (t) − yI) cos θI

]
cos εI − (H0 + rzT (t) − zI) sin εI

ξTRIS(t)
,

(49)

βout(t) = arccos
eT
⊥ · dR

o′′(t)
‖e⊥‖ · ‖dR

o′′(t)‖
= arccos

(ξR + rxR(t) − xI) sin θI cos εI − (ryR(t) − yI) cos θI cos εI + zI sin εI
ξRRIS(t)

. (50)

αin(t) =

{
π − Δαin(t), if H0 + vT t sin ηT − zI + ξTRIS(t) cos βin(t) sin εI > 0
π + Δαin(t), if H0 + vT t sin ηT − zI + ξTRIS(t) cos βin(t) sin εI ≤ 0,

(53)

αout(t) = 2π − arccos
eT
‖ · dR′

o′′(t)∥∥e‖
∥∥ · ∥∥dR′

o′′(t)
∥∥ = 2π − arccos

(ξR + vRt cos γR − xI) cos θI + (vRt sin γR − yI) sin θI∥∥dR′
o′′(t)

∥∥ , (54)

Δαin(t) = arccos
(−e‖)T · dT′

o′′(t)

‖(−e‖)‖ · ‖dT′
o′′(t)‖

= arccos
(xI − vT t cos ηT cos γT ) cos θI + (yI − vT t cos ηT sin γT ) sin θI

‖dT′
o′′(t)‖

. (55)

processes with zero mean and variance of
∑L

�=1 P�(t), that is,
E
{
g(t)

}
= 0 and V ar

{
g(t)

}
=

∑L
�=1 P�(t).

The RIS component hRIS
pq (t) = Re{hRIS

pq (t)} + j ·
Im{hRIS

pq (t)} is a deterministic process, then we can
rewrite (56) as

j · Im{r(t)} + Re{r(t)} = j · (Im{hRIS
pq (t)} + Im{g(t)})

+Re{hRIS
pq (t)} + Re{g(t)}. (57)

Accordingly, we can observe that the real part Re{r(t)}
and imaginary part Im{r(t)} are Gaussian random processes
with different mean values Re{hRIS

pq (t)} and Im{hRIS
pq (t)},

respectively, but the same variance 1
2

∑L
�=1 P�(t). Moreover,

the correlation function between Re{r(t)} and Im{r(t)} can
be expressed as

Cov
(
Re{r(t)}, Im{r(t)}) = E

{(
Re{r(t)} − Re{hRIS

pq (t)})∗
×(

Im{r(t)} − Im{hRIS
pq (t)})}

= 0. (58)

Therefore, Re{r(t)} and Im{r(t)} are two independent
Gaussian random processes with non-zero means and same
variance. Thus, r(t) is a Rice process and the fading of the pro-
posed channel model is characterized by Rician fading with the
non-centrality parameter

[
Re{hRIS

pq (t)}]2 +
[
Im{hRIS

pq (t)}]2 =
|hRIS
pq (t)|2 = ΩRIS(t). Thus, Corollary 2 holds.
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