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Abstract— Aerial reconfigurable intelligent surface (ARIS)
system refers to a novel transmission scheme, in which an
RIS is mounted on aerial platforms, such as unmanned aerial
vehicles (UAVs), to achieve intelligent signal reflection over the
air. Compared to terrestrial RIS, ARIS extends the service area
and enables panoramic signal reflections. Benefiting from its
high altitude, the UAV is more likely to establish line-of-sight
(LoS) connections with ground nodes. However, implementing
ARIS systems is challenging. Owing to atmospheric turbulence
or propeller rotations, the UAV can experience random fluctu-
ations, which lead to misalignment of reflected signal phases.
In this letter, a three-dimensional (3D) ARIS-assisted channel
model is proposed, in which UAV fluctuations are described
by random processes. Statistics including temporal correlation
function (TCF), Doppler power spectral density (PSD), and
ergodic achievable rate are obtained. Results show that even for a
minor vibration, the UAV wobbling can introduce extra Doppler
frequency components, and significantly reduce the temporal
correlation and achievable rate of the ARIS-assisted channel
when systems operating at high frequency bands.

Index Terms— Reconfigurable intelligent surface, unmanned
aerial vehicle, UAV fluctuations, channel statistics, channel
models.

I. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS) is a planar

array composed of numerous reflection units (RUs),
which can manipulate phases and/or amplitudes of incoming
waves to generate a virtual beam directed toward a specific
destination [1]. The programmable capability allows the RIS
to control wireless propagation environments. To facilitate
the system design and assess communication technologies, it
is imperative to construct channel models that can uncover
the fundamental channel properties [2], [3]. In [4], a three-
dimensional (3D) channel model for RIS-aided air-to-ground
(A2G) communications was developed by decomposing the
RIS-assisted channel into unmanned aerial vehicle (UAV)-
RIS and RIS-receiver (Rx) subchannels, where the latter was
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Fig. 1. Geometrical characteristics of the 3D channel model for

ARIS-assisted communication scenarios.

described by the ellipsoid model. A cluster-based RIS-aided
A2G model was presented in [5], in which the RIS was
modeled as a special single-bounce cluster with adjustable
phases. In typical vehicle-to-vehicle scenarios, the transmitter
(Tx) and Rx antennas are usually mounted at relatively low
heights and surrounded by numerous obstacles. The paths
between the Tx/Rx and terrestrial RIS can easily become
obstructed. To overcome this limitation, a practical solution
is to deploy the RIS on aircraft, such as UAVs, which is
called aerial reconfigurable intelligent surface (ARIS) [6],
[7]. Thanks to the high maneuverability of UAVs, they can
navigate to avoid obstacles and establish reliable line-of-sight
(LoS) connections with ground nodes. Additionally, ARIS can
effectively utilize the entire 3D space, in contrast to terrestrial
RIS, where the Tx and Rx are located on the same side
of the RIS. In [8], an ARIS channel model was presented
using a single cylinder model. The results showed that the
multipath fading and Doppler effects were alleviated by using
the adjustable reflection phases. In realistic scenarios, the
hovering UAV may experience random fluctuations due to
atmospheric turbulence. In [9], an A2G model was introduced,
focusing on the pitch angle of UAV rotation. In contrast, the
A2G model in [10] captured UAV vibration by modeling the
periodic changes in the UAV’s radial velocity. As far as we
know, none of the existing ARIS channel models takes the
UAV fluctuations into consideration, and the impacts of UAV
fluctuations on the ARIS channel behaviors are still unknown.

This letter presents a 3D ARIS-assisted channel model that
considers the large-scale and micro-scale mobilities of the
UAV, referring to the UAV flying in specific directions and
experiencing random fluctuations. Statistics of the model are
derived and the impacts of UAV fluctuations on those statistics
are investigated.

Fig. 1 shows a typical ARIS-assisted communication sce-
nario. The initial position of the Tx is selected as the origin
of the coordinates, and the initial location of the Rx is defined
as (e4r,0,0). It is assumed that the direct path from Tx to
Rx is blocked by obstructions [5]. To enhance the system
performance, an RIS comprising K, columns and K, rows
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Fig. 2. The procedure of generating the CIR of the proposed model.

of passive RUs is mounted on a UAV, whose initial position
is (Zu,Yu, Hy). The spacings between adjacent columns and
rows of the RUs are denoted by J, and §,, respectively.
In addition, the UAV moves with a speed of v, and travels
with an azimuth angle «,,. Both the Tx and Rx are equipped
with single omnidirectional antennas. The Tx is moving with
the speed v; and travel azimuth angle oy, whereas the Rx is
moving with the speed v, and travel azimuth angle a..

For convenience, we assume that the UAV and the RIS share
the same center. Thus, the initial distance between Tx and
RIS center is ¢; = /22 + y2 + H2, and the initial distance
from RIS center to the Rx is &, = \/(a:u — &) +y2 + H2.
In addition, ¢, and 6, are the azimuth and elevation angles
of departure of the waves impinging on the RIS, respec-
tively, and are calculated as ¢; = atan2(y,,x,) and

Hy
inverse tangent function. Similarly, ¢, = atan2(y,,, x, —
H,

( V4 (xu_etr)2+yi

vation angles of arrival of waves reflected by RIS, respectively.
The procedure of generating the channel impulse response
(CIR) of the proposed model is shown in Fig. 2.

6; = arctan , where atan2(-) is the four-quadrant

5tr)

and ¥, = arctan are the azimuth and ele-

II. ARIS-ASSISTED CHANNEL MODEL
A. UAV Fluctuation Modeling

As shown in Fig. 1, the wobbling angles in horizontal and
vertical planes are measured by the yaw angle (4 (¢) and pitch
angle (g (t), respectively, which are modeled as

Ca(t) = Calto) +&a - sin(27 fut) )]
Ce(t) = Cp(to) +&r - sin(27 fut) (2)

where ¢y = 0 indicates the initial time instant, { 4(g) and f,
are independent random variables describing the amplitudes
and frequencies of wobbling angles, respectively, which follow
specific distributions [9].

B. Small-Scale Fading
The CIR of the ARIS-aided channel can be expressed as

h(t,7) = \/ PLgs - bris(t, 7) +\/ PLany - hem(t,7)  (3)

where PLgis and PLe,, are the pathloss of the Tx—RIS-Rx
and Tx-Rx subchannels, respectively. It is assumed that the
UAV can avoid obstacles and establish strong LoS paths to
the terrestrial nodes. Note that at millimeter wave (mmWave)
bands, LoS paths tend to be considerably stronger than non-
line-of-sight (NLoS) paths due to the severe pathloss and
significant penetration loss [11]. For simplicity, only LoS paths
between the UAV and ground nodes were taken into account.
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The CIR of Tx—RIS—Rx subchannel that captures small-scale
fading is modeled as

Z Jkej [¥r () +xer (£ +xkr (8)] 5(7- _ Tk) 4)
k=1

where K = K, xK,, J, = % and 7y, are the gain and delay
of the ray reflected by the kth RU, i.e., RUy, respectively.

hRIS t T

Furthermore, vy, is the phase shift of RUy, x(t) = M
Xer(t) = ML)\T“) represents the phase shifts of the wave

due to the travel distances. Specifically, €44 (¢) and e, (t) are
time-varying distances of Tx—RUj, and RU;—Rx, respectively,
A = ¢/ f. is the wavelength, f. is carrier frequency, c is the
speed of light. The delay is obtained as 73, = M

Proposition 1: The travel distances of Tx—RUj at time ¢
can be calculated as

ek (t) ~ er(t) + Ak - cos by - [cos(ax, — ¢r)
—sin(ax — ¢¢) - Ca(t)] + Ay - sinby - (u(t). (5)

Considering the short observation interval, the time-varying
distance from Tx to the RIS center is &;(t) ~ & +
Uyt €08 0y cos(Pr — vy ) — 4t cos 0y cos(pr — vy ). Furthermore,
A denotes the distance between the RIS center and RUy,
and oy, represents the angle between the z-axis and the line
connecting the RIS center and RUy, in the xy plane, which are
respectively expressed as

1 2
= V(e = 2k, £ 1)3]
o, = atan2 ((Ky — 2k, + 1)dy, (Ky — 2k, +

+ [(Ky = 2ky + 1)511}2 (6)
Do) (D

where k, = [KLI—‘, ky = k—(ky—1)K,, and [-] denotes the
ceiling function.

Proof: The travel distances 4 (t) can be calculated as

ek(t) = V(@ @)2 + ()2 + (zx(1)2 (8)

where

€¢(t) cosly cosgs+ Ay cosCi(t) cos(Ca(t)+ax) (9)
(t) cosby sings + AcosCr (t) sin(Ca(t)+ay) (10)
(11

Tk (t) =
Yir(t) =¢¢
zik(t) = €¢(t) sin Oy + Ay sin (g ().

By substituting (9)—(11) into (8), we have

e (t) = {e2(t) + 264 (t) Ag[cos O; cos Cx(t)

x cos(ay — ¢ + Ca(t)) + sin 0y sin (g (t)]

+ (A, cos C(t)(Calt) + ar))? + (Ay cos Ca(t)

x sin(Ca(t) + ax))? + (A sinCp(t)?}Y2. (12)
Under the far-field condition, i.e., Ax < £;(¢) and using the
approximation 1 —2z ~ 1 — 5 when x is small, (12) is
approximated as

et (t) ~ g4 (t) + A cos by cos g (t)[cos(ay — ¢r) cos Ca(t)
—sin(ayg — ¢¢) sin Ca(t)] + Ak sin b sin (g (t).
(13)

Noting that max{(g(t),Ca(t)} < 1 rad, using the approx-

imation sin((g(a)(t)) = Cr(a)(t), and cos((p(a)(t)) =~ 1,
we can obtain (5). |
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Proposition 2: The travel distances of RUp—Rx at time ¢
can be calculated as

err(t) = ep(t) + Ag - cosdy - [cos(ag — @)
—sin(ax — ¢r) - Ca(t)] + Ay -sind,. - ((t) (14)

where the time-varying distance from RIS center to the Rx is
er(t) & &p 4 vyt cos ¥y cos(p, — ) — vyt cos V. cos(or —
a,.). The proof follows a similar procedure to the proof of
Proposition 1 and is omitted due to limited space.

By substituting (5) and (14) into (4), after several mathe-
matical manipulations, the CIR is given as

his(t, 7) ZJkemk(t)ea"’T’T(et+eT)ej2w(vtut+umt—wt—wt)

% 6'7 )\ = Ay [cos 0y cos(ag, —pe)+cos ¥y cos(ar—@r)]

x I S+ Qule®] . §(7 — 7, (15)
where P, = —Aj[cos 0; sin(ay — ¢¢) + cos 9, sin(ay, — )],
Qr = Ap(sin 0y +sin,.). In addition, v; = %t cos 0; cos(¢p; —
o) and v, = 5 cos¥,cos(p, — a;) are Doppler shifts
resulting from the movements of Tx and Rx, respectively.
Moreover, vy, = %+ cosb;cos(¢; — ay) is Doppler shift

stemming from the moving UAV affecting the wave emitted
from the TX, v, = 4* cos®, cos(p, — ay,) is Doppler shift
caused by the moving UAV affecting the waves impinging on
the Rx. It is clearly observed that the phases of hgs stemming
from five components as follows

o 1y (t) is the phase shift induced from RUj.

o 2% (e4+¢,) is the phase shift caused by the travel distance
at initial time instant.

. Q{Ak [cos 0; cos(ag, — @) + cos ¥, cos(ay — cpr)} is the
phase shift caused by the relative locations of different
RUs.

o 27(Vyt + Vput — vt — v, t) is the phase shift resulting
from large-scale mobilities of UAV and ground nodes.

o 28[PuCa(t) + Qr(r(t)] is the phase shift caused by the
micro-scale mobilities of UAYV, i.e., UAV fluctuations.
By defining 0(t) = 27 [PiCa(t) + QuCr(1)], the UAV
fluctuations introduce effective Doppler shifts, i.e.,

%%(tt) = Q;fw : (§APk + gEQk) . COS(Zﬁfwt)-

(16)

For the Tx-Rx subchannel, the CIR is depicted by the widely
used twin-cluster model as follows [12]

1 2
lim E E y) .
T 5 Shmoo s182

s1=1s5=1

heny(t,7)

5152

% (5]'277'[55152 —vit cosOs; cos(ps; —ai)]

% e —j & vrt cos Vg, cos(Pay —r) | 5(7_ o 7_3182)

a7

where Jg 5, = \/W’ S1 and Sy are the number of the first
and last bounces of scatterers, respectively, 65,5, ~ U|0, 27),
Tsys, and €5, 5, are the delay and travel distance of the ray via
the syth and sath scatterers, 75,5, = €5,s,/c. Furthermore, 6,
and ¢, are elevation and azimuth angles of departure of the
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ray impinging on the s;th scatterer, respectively, J,, and g,
are elevation and azimuth angles of arrival of the ray via the
soth scatterer, respectively. The typical values of the model
parameters can be found in [12] and [13], which have been
validated by several measurements.

C. Large-Scale Fading
The pathloss of the channel via the RIS is obtained as [14]

j;i e

k=1

—i{2mlep (D tep,, (DI+APE (D} 19
Py

56, A2

-1
Phwis = 647

(18)

Etk (t){-:k,«(t)

We assume that the RIS controller has the knowledge of
the trajectories of the UAV and ground nodes. Since the
UAV fluctuations are random and difficult to predict, the
RIS phases are optimized to maximize the received power
according to (18) based on the mean positions of each RU,
ie., ¥ (t) = =25 (ew(t) + kr(O))]e, 1)=0.cy(1)—0- BY substi-
tuting (5) and (14) into the aforementioned RIS phases, we can
obtain
, 2m
P (t) = —7[515(75) + Ay cos 0 cos(ag — ¢r)
+er(t) + Ag cos 9, cos(ag — or)]. (19)

The final reflection phases are vy (t) = mod(¢y(t),2m).
By substituting (5), (14), and (19) into (18), and under the
far-field condition, we have

K 2
Ze 2 [ PCa()+QuCe (1)

k=1

It is apparently that 2% [Pr(a(t) + Qrp(t)] represents the
misaligned phases resultlng from the random fluctuations.
By setting CA() ey 0 and (g(t) = 0, (20) reduces to
PLgs ~ % and is in consistency with the result
in [14]. Note that "(18) is derived based on the free- space
pathloss model. However, for the Tx-Rx subchannel, NLoS
paths can propagate via physical objects. Therefore, we adopt
the close-in (CI) model as follows [11]

fc

50, N2

PLyt~— 29"
RIS ™ 647322 (1)e2(t)

- (20)

PLIBI = 20log,

env

) + 10npLglog; petr 21

where np_g is the pathloss exponent The pathloss is converted
(4]

sm

into a linear scale as PLey,= 10710

III. TEMPORAL CORRELATION FUNCTION

The TCF of the model is defined as p(At) = E{H(¢, f) -
H*(t—At, f)}, where (-)* means the complex conjugate oper-
ation, E{-} is the expectation operation, H (¢, f) is the channel
transfer function, i.e., H(t, f) = [~ h(t,7)e7*"/7dr, and
At represents time difference. Based on (3), TCF can be
calculated as

p(At) = PLgs - pris(At) + PLgy - peny (AL) (22)

where the TCF of Tx-RIS-Rx subchannel is calculated as

pris(At)

K
_ E{Z J2ej(wk (t)—r(t—At)) | eleﬂAt(Vtu-‘rl/Tu—l/t—l/r,»)

k=
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x 1 % PrCa()=Cat=00) | s F QuCa(O~Ca(t-20))
(23)
Assuming that fA ~ U[_gAmv <Am) and fE NU[_CEma CEm)

are independent random variables, where (4., and (g, define

the maximum wobbling angles in the azimuth and elevation
exp(jtu)—exp(jtl)

planes, respectively. Using E{e/?*} = -nji ~» Where
x ~ U [u,l], the TCF can be further expressed as
K
pris(AL) = JB 3 A0 —n180) 2B v re)
k=1
oo . 2
< [ sne(Ban - P T80 oA

< [ sme( Scen - Qe T80 o))

— 00

(24)

where T'(t, At) = sin(27 f,,t) —sin(27 f,, (t — At)), sinc(z) =
sSi(T2) i the sinc function, p(fw) is the probability density
function (PDF) of f,,.

In the Tx-Rx subchannel, we use the von Mises PDFs to
describe the azimuth angles at Tx and Rx sides, and are defined

Kt cos(dsy —ut) Ky cos(Psy —Hr)

as [4]: p(ds,) = “rpopeny — ad p(es,) = “Srppy
respectively, where Iy(-) is the zeroth-order modified Bessel
function of the first kind. Besides, the cosine PDFs are used
to characterize the elevation angles at the Tx and Rx sides,
e, p(fs,) = 75— cos(55%) and p(dy,) = 15— cos(Z 52,
respectively, where 0,, and 197" are maximum elevation angles
The TCF of the Tx-Rx subchannel is calculated as

G Om T

punl8t) = [

—Fm —Gm —T =T

s
/ e—j2T"Atvt cos 05, cos(ps; —at)

“ e —j )\ I Atvy cos ¥y cOS(Psy —tr)
X p(d)éd )p(<p32 )p(951 )p(ﬁsz )d¢81 d(pszdesl d’l932 .
(25)

Using the formula [15, eq. 3.338—4], (25) is calculated as

penv(At)
I mcos(Gan)
7 €08 (55"
:/ S E ) Io(\/ A2(0.,) + B2(6.,))d0,
m ﬂm ( 19
T CoS
x / m Io(v/A2(0s,) + B2(0s,)) dY,
—
(26)
where
Ai(0s,) = Kt cos g — 32 Atvt cos B, cos o 27
Bi(0s,) = Ky sin py — jQXALLUt cos B, sin o (28)
A, (9s,) = Ky COS by — j2§Ath cos ¥, COS ay (29)
B, (¥s,) = Ky sin p,. — j2§Atvr cos Us, sin ;.. (30)
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Fig. 3. The impacts of UAV vibrations on TCFs with different (a) amplitudes
and (b) frequencies of the vibration angles ((apm, = (pm = 1° and
fe = 10 GHz).

Note that the integrand in (26) is an even function, and 6,
and 9, are small angles, we use the Simpson’s 1/3 rule [16]
to solve the integrals in (26) as follows

Penv (At)

71.2

3610 () o ()
o (Varonsz )van(y e s )]

x BIO( AZO0}+BE(0) J+v2o (\/ A,%(1927")+BE(12”)>} .
(31)

IV. RESULTS AND DISCUSSIONS

In the simulations, the default model parameters are selected
as follows [4]: u; = 70°, p, = 20°, 0,, = ¥, = 10°,
/{t:mr:2O,at:aT:au:7r/4,6m:5y:%,Km:
K, =50, g4 = 200 m, f,, ~ U(5,25) Hz [9]. The UAV is
traveling at a speed of 19 m/s, while both the Tx and Rx are
maintaining a speed of 18 m/s. In addition, the UAV is initially
positioned at (200, 90,150) m. Fig. 3(a) illustrates the TCFs
of the model with different amplitudes of vibration angles and
carrier frequencies. By setting (gp,(am) = 0°, the channel
illustrates the highest TCF and behaves like a virtual LoS
path. In this case, the phases of signals reflected by the RIS
are accurately aligned by the tunable reflection phases, which
effectively mitigates the multipath effects. However, when the
UAV vibration is considered, the UAV location uncertainty
results in phase misalignment of the signals, leading to a
lower TCF. In addition, when the system operating at high
frequencies, e.g., 28 GHz, the TCF decorrelates faster, indi-
cating a shorter coherence time compared to those at 10 GHz.
This indicates that the ARIS is more susceptible to the UAV
vibrations for high frequency bands. Under the same degree
of vibration, the TCF generated using the fluctuation model
in [9] illustrates a relatively high value. This is attributed to the
fact that in [9], only pitch angle fluctuation was considered.
In addition, Fig. 3(b) investigates the impacts of vibration
frequencies on channel TCF with different reflection phase
configurations. As the vibration frequencies increase, the chan-
nel decorrelates faster. Under the same vibration conditions,
the channels with continuous and 4-bit discrete reflection
phases behave similarly in TCF. However, the TCF with 2-
bit discrete reflection phases reduces significantly compared
to the continuous one due to the increased quantization errors.
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Fig. 4. The impacts of UAV fluctuations on Doppler PSDs with different
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Fig. 5. The impacts of UAV fluctuations on the achievable rates of the
ARIS system with (a) different carrier frequencies, RU numbers, and (b) UAV
altitudes.

Fig. 4(a) shows the impacts of UAV fluctuations on Doppler
PSDs at f. = 28 GHz, which is obtained as S(v) =
S5 p(At)e=72mALd(At). The UAV fluctuations introduce
extra Doppler frequency components and broaden the Doppler
PSD range. Larger vibration angles imply the UAV fluctuates
severely, which results in larger Doppler spreads. Although
the optimized reflection phases presented in [5] effectively
mitigate multipath fading, they are unable to offset the rapid
phase variations induced by Doppler frequencies. Fig. 4(b)
reveals that the pitch angle has a more pronounced effect
on Doppler PSDs compared to the yaw angle when H, =
150 m. The Doppler PSD illustrates a widest range when the
UAV experiences vibrations simultaneously in horizontal and
vertical directions.

Fig. 5 shows the ergodic achievable rate of the ARIS system,
which is obtained as C' = E{log,(1+p)}, where p = %
is the received instantaneous signal-to-noise ratio, P, and Py
are transmit and noise powers, respectively, where Py =
—100 dBm [17]. As is shown in Fig. 5(a), the UAV fluctuation
degrades the achievable rate performance due to the phase
imperfection. A more noticeable degradation is observed when
the carrier frequency increases. Note that the degradation in
achievable rate can be compensated by adopting a larger RIS.
An interesting observation is presented in Fig. 5(b). When
the UAV hovers at a low altitude (relative to the horizontal
distance of Tx-Rx), the yaw angle plays a more significant
role in reducing the achievable data rate compared to the pitch
angle. Conversely, when the UAV operates at a relatively high
altitude, the pitch angle becomes more influential. The models,
e.g., [4], which do not consider the UAV fluctuations and
neglect the severe product-distance pathloss, may overestimate
the system achievable rate.

V. CONCLUSION

In this letter, we have proposed a 3D ARIS channel model
considering large-scale and small-scale fading with random
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UAV vibrations. We have shown that the UAV vibrations
can decrease the temporal correlation of the RIS-assisted
channel and introduce extra Doppler frequencies, and hence
enlarge Doppler spread. Besides, the UAV vibrations lead to
a degradation in achievable rates of ARIS systems. We have
shown that the effects of yaw angle and pitch angle on the
achievable rates vary when the UAV flies at different altitudes.
Even for small UAV fluctuations, ARIS channel characteristics
can be greatly impacted, especially for the system at high
frequency bands. For future research, more advanced methods
for optimizing RIS phase shifts will be investigated through
the development of UAV vibration forecasting techniques.
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