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Abstract: A three-dimensional non-stationary geometry-based
stochastic model for unmanned aerial vehicle (UAV) air-to-
ground multi-input multi-output ( MIMO )
proposed. The scatterers surrounding the UAV and ground
station are assumed to be distributed on the surface of two
cylinders in the proposed model. The impact of UAV rotations
and accelerated motion is considered to describe channel non-
stationarity. The computational methods of the corresponding

channels is

time-variant parameters, such as UAV antenna array angles,
time delays,
theoretically deduced. The model is then used to derive

and maximum Doppler frequencies, are
channel statistical properties such as space-time correlation
functions and Doppler power spectral density. Finally,
numerical simulations are run to validate the channel’s
statistical properties. The show that
increasing the UAV and ground station accelerations can

simulation results
reduce the time correlation function and increase channel non-
stationarity in the time domain. Furthermore, the UAV’s
significantly the spatial correlation
function, with rolling having a greater influence than pitching.
Similarly, the different of UAV movement
significantly impact the Doppler power spectral density.
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rotation influences

directions

nmanned aerial vehicle ( UAV) communications
have recently been widely used in civil and military
applications'"
tance, and environmental monitoringm.
ing is a critical issue in these applications. Thus, develo-
ping reliable and accurate UAV channel models is critical

, such as disaster relief, emergency assis-
Channel model-
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to provide theoretical support for designing UAV commu-
nication systems.

Many related works on UAV air-to-ground channel
modeling have been published. UAV air-to-ground
(A2G) channel models can be broadly classified into de-
terministic and stochastic models using the methods de-
scribed in Refs. [3 — 4].
that the scatterer distributions in the environment are
fixed; hence, the performance of communication systems
can be estimated using electromagnetic wave propagation
theory. There are three types of deterministic models:
computational electromagnetic (CEM) models, empirical
The key methods of
CEM models include finite-difference-time-domain and
ray tracing. For example, the authors of Ref. [5] pro-
posed a novel spatial partitioning ray tracing algorithm for
tracking the propagation path of electromagnetic waves on
the sea surface. They modeled the sea surface channel
and compared the simulation results to realistic measure-
ment data, which confirmed the model’s accuracy. Deter-
ministic channel modeling, however, is highly dependent
on channel environments and has a high level of complex-
ity.

Stochastic models assume that scatterers are not distrib-
uted in fixed locations but according to a statistical law.
Stochastic models not only provide acceptable accuracy
but also reduce modeling complexity. Non-geometry-
based stochastic models ( NGSMs) and geometry-based
stochastic models ( GBSMs) are two types of stochastic
models ( GBSMs).
measurements, but they cannot accurately characterize
minor channel environment changes. The authors of Ref.
[6] modeled the channel using an improved tapped delay
filter model with time-variant coefficients and observed

Deterministic models assume

models, and theoretical models.

NGSMs rely heavily on channel

the power delay distribution and Doppler shift characteris-
tics. GBSMs typically assume that scatterers are distribu-
ted on geometric surfaces that lack realistic measure-
ments, such as spheres, ellipsoids, and cylinders. The
authors of Ref. [7] proposed a single-sphere model for
three-dimensional (3D) narrowband multi-user MIMO
channels, with scatterers distributed on the surface of the
sphere around the ground station ( GS). The ellipsoid
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model was used in Ref. [8] to describe the scatterer dis-
tribution. The UAV and GS were assumed to be located
on the focal points of an ellipsoid. The cylinder model
was used to describe the scatterer distribution around the
GS, whereas the UAV is free of scatterers in Refs. [9 —
11].

Furthermore, channel stationarity is an essential consid-
eration in UAV channel modeling. Non-stationarity can
be ascribed to various factors, including UAV motion and
rotation. On the one hand, while the UAV may move at
high velocities in realistic scenarios, channels can only be
considered stationary at very short intervals. The UAV
motion could have a significant impact on channel per-
formance. On the other hand, wind and atmospheric
pressure can trigger UAV rotation, causing the UAV an-
tennas to swing randomly. The authors of Ref. [12] in-
vestigated the non-stationarities of channels caused by
UAYV motion. Ref. [13] considered both UAV and GS
mobilities, but only non-line-of-sight components and
single bounces around GS were considered in the channel
models. Furthermore, these previous works did not con-
sider the rotation of the UAV caused by wind and atmos-
pheric pressure. The authors of Ref. [14] considered the
impact of both time-variant antenna orientation angles and
elevation angles generated by UAV rotation.

However, they did not investigate the effect of UAV
accelerated motion on channel properties. Furthermore,
they failed to account for both UAV rotation and acceler-
ated motion. To fill these gaps, the non-stationary UAV
A2G channel model based on two-cylinder GBSMs is in-
vestigated, which can describe the scatterer distribution
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around the transmitter. Furthermore, the proposed mod-
el considers both the accelerated motion and rotations of
the UAV. The main contributions are summarized be-
low. 1) We propose a two-cylinder-based 3D GBSM for
non-stationary air-to-ground multi-input multi-output
(MIMO) channels for UAVs, taking scattering around
the UAV into account. To more accurately characterize
channel non-stationarities, the proposed model considers
the impact of UAV accelerated motions and rotations
simultaneously. 2) We theoretically derive the random
transmitter antenna array angles caused by UAV rota-
tion, time-variant time delays, and maximum Doppler
frequency. The statistical properties of the channel, such
as space-time correlation functions and Doppler power
spectral density, are also deduced. 3) Finally, numeri-
cal simulations are conducted to validate the impacts of
UAYV accelerated motions and rotations on the statistical
properties.

1 Proposed 3D UAV A2G MIMO GBSM

Herein, a UAV MIMO communication system is de-
signed. The UAV is equipped with M, antennas, while
the GS is equipped with M, antennas. Without compro-
mising generalizability, we assume M, =M, =2. §; and
Sy are the antenna spacing at the UAV and GS, respec-
tively. The proposed model is depicted in Fig. 1, where
the two cylinders are located around the UAV and GS,
respectively, and the corresponding effective scatterers
are distributed on the surfaces of the two cylinders. Fol-
lowing the model in Refs. [15 —17], the two-cylinder
model is used because in real scenarios, such as urban
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Fig.1 The proposed GBSM for UAV air-to-ground MIMO channels
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scenarios, obstacles near UAVs at low altitudes may
cause scattering. Thus, the scattering around the UAV
must be considered, the distribution of which can be de-
scribed by the cylinder located around the UAV. We as-
sume there are N, effective scatterers around the UAV,
distributed on the surface of a cylinder with radius R,
with the n,-th (n, =1, 2, ..., N,) scatterer denoted as
s, Similarly, there are N, effective scatterers on the
surface of a cylinder with radius R, with the n,-th (n, =
1,2, ..., N,) effective scatterer denoted as s N, effec-
tive scatterers represent the ground reflection on the bot-
tom surface of a cylinder with a radius 0 S R<R,. The
ny-th (ny =1,2,
(n)

., N,) effective scatterer is represented
by s*’. Received signals contain five components: line-
of-sight (LoS) components ( the signal from the p-th an-
tenna of the transmitter to the g-th antenna of the receiv-
T,—R),
the p-th antenna of the transmitter to the g-th antenna of

er, i.e., SB-U components ( the signal from
the receiver through the scatterers around the UAV, i.e.,
T,—s" —R,), SB-G components (the signal from the
p-th antenna of the transmitter to the g-th antenna of the

receiver through the scatterers around the GS, 1. e.
(n )

T —
—R_), SB-GR components (the signal from the p-th
antenna of the transmitter to the g-th antenna of the re-
T,—
—R_), DB components (the signal from the pth an-
tenna of the transmitter to the g-th antenna of the receiver
through both the scatterers around the UAV and GS,
i.e., T,—s" —s" >R ). The height of GS is denoted
by H,. The horizontal and vertical distances between the
UAYV and the GS at time ¢ =0 s are denoted by D and H,
respectively, which satisfy D>R.. ;.

Furthermore, both the UAV and the GS are assumed to
move in uniformly accelerated motion with time-variant
velocities v.(#) and v (?), respectively. v,(7) can be de-
composed into a horizontal component v, (7) and a ver-
tical component v, (7). Then we define (v, (), v(?))
=¢, (v (D), +x)=vy;, where (., -) denotes included
angles. The transceivers do not change directions during
The angle pair ¢ and . are used to de-
scribe UAV movement in 3D space. The angle v, denotes
the GS moving direction in the x-y plane.

The non-stationarity of the channel is primarily caused

ceiver through the scatterers on the ground, i. e.
(ny)
s

the movement.

by transceiver mobility and UAV rotation. Because the
UAYV and GS move in uniformly accelerated motion, the
propagation time delays, and maximum Doppler frequen-
cy are time-variant. In real-world scenarios, scatterers
exist at random throughout the environment. When the
UAV moves, the scatterers around it change as well. An-
gles of the scatterers can be expressed statistically by the
same distribution. «y" and B{"’ are defined as the angles
of departure (AODs) of waves impinging on the effective

(n> (n,)

scatterers s oy and By are defined as the angles of

arrival (AOAs) of waves from the effective scatterers s’

LoS LoS LoS
to the receiver. We use oy, By, a”, and B;”° to denote

the AOD and AOA of LoS components. They are not
shown in Fig. 1 for brevity.

Second, the UAV rotation may
be caused by wind and atmospheric pressure, causing the
UAYV antennas to swing randomly, resulting in the unpre-
dictability of the orientation angle and elevation angle of
the UAV antenna arrays. As shown in Fig. 2,
posed model considers the effects of UAV rotation,
as rolling, pitching, and heaving. Rolling operations re-
fer to the movement of UAV antennas between the x- and
pitching operations refer to the movement of
UAV antennas between the y- and z-axes,

in realistic scenarios,

the pro-
such

Z-axes,
and heaving
operations refer to the movement of UAV antennas up and
Yo (t) and 0,(t) are the elevation and
orientation angles of the UAV antenna arrays, respective-
ly. As the UAV heaves along the z-axis, heaving opera-
tions are assumed to be included in the UAV vertical
movement for simplicity. Therefore, the proposed model
focuses on the UAV’s rolling and pitching operations. 6,
denotes the constant azimuth angle of the GS antenna ar-
ray.

down the z-axis.

w(t)

Pitch
Fig.2 The rotation of UAV

The carrier frequency is f,, and the received complex
fading envelope signal between the UAV’s p-th antenna
and the GS’s g-th antenna is a superstition of LoS, SB-
U, SB-G, SB-GR, and DB components.
complex envelope signal is denoted as

The received

h, (1) =P () + R0 + RS + hye (1) +hhr (1)

Pq prq

(1)

where multi-path components can be expressed as fol-
lows:

LoS Kqu —Rafa, (1) 27D 1 cos(ay’™ —y,) cosBy]
(t) = |——"Fe e
g K+1

ejZ'rrme( 1)1 cos(ay”™ - y;) cosBy *cos¢ + sing;*sing | ( 2 )
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eJ'Zme( 1) 1] cos(ay"’ —y;) cosBy" cos¢ +singB;" sing | .

@Dl eos(ay ) cosBl™ ]

M5! 1
hSBrG(I) _ SBG g i z o
rq —> 00
K+1 w /N, =

27fr, (1)t cos( ™’ —y;) cosBy" cos¢ +singBy" sing | .

(3)

~2nfaa (D)

€

ejz”ﬂ/‘um( 1)t cos(ay” —yg) cosBy™ ]

/ 0, ,
hSB—GR( 1 = 7sB-GrR z e
P K+1 /N. =

ejzﬂm(t)r[m(m ' ~y1) cosBy" cosé +singysing ]

(4)

e P,

PR7fen( 1)t cos(ay” —yg) cosBy" ]

(5)

N,,N,
DB nDBQ . Ve T (D)
h (1) = lim e*
e K+1NN°°/ N, N, e

ejZfrfm(I)t[cus(a‘,”"—y,)cosﬁ‘ 'cos¢ +sinBy" sing ] .

€

e_ihm.(f>t[605(a’k"'-n)wsﬁ;” ] (6 )
where 7, (1)=¢,,(t)/c, 7, (t)=[e, (1) +¢,,(1)]/
¢, Tpu(D)=le,, (1) +e,,(1)]/c, TM,”;(O—[s,,,,‘(t) +
e.,()]/c, 71, . ()=[g, (1) +e,, (1) +&,,(1)]/c,
which represent the propagation time delays of the waves
through links 7,—R _, TP—>S("‘)—>Rq , TP—>S(”") —R,, T,
—>s("‘)—>R and T, gt gt —R,. ¢,(1), ¢, (1),
e, (1), e, (1), ¢,(),e¢,(1), e, ad g, (1)
denote the distances of corresponding hnks respectively,
and c denotes the speed of light. (2, and K denote the to-
tal power received and the Rician factor, respectively. In
addition, %, Mo, Msecrs and mp, are energy-related
parameters,
flections to the total scattering power (2, /(K, +1) and
satisfy Nspu * Mspc T Nspor + 77DB:1~

The phases caused
by scattering are expressed as " ) )
()
¢

which refer to the ratios of corresponding re-

s, 9, ¢, and
, which are independent random variables and dis-
tributed uniformly over [ -, m). fi, =v.(#)/A and f,
=v, (t)/A denote the time-variant maximum Doppler
frequencies of the UAV and GS, respectively.

The proposed model assumes that N,, N,, and N, —
® , so continuous variables a;, B;, az, Bx can be used
to replace discrete variables oy, By, af” and By".
Furthermore, it is assumed the azimuth and elevation an-
gles are independent. Finally, the joint probability densi-
ty function (PDF) f(a, B8) can be approximated as the
product of margin PDFs, i.e., f(«) and f(8).

The Von-Mises PDE'’ is applied to describe the azi-

muth angles o and o, which are defined as follows:

e‘cos(a -a,)

2w, (k)

fla) = -m<asm (7)
where I, ( - ) denotes the zeroth-order modified Bessel
function of the first kind; o, e[ —m, m] denotes the

mean value of . The angle spread around the mean angle

is controlled by the parameter k, and as k increases, the
scattering becomes more nonisotropic.

The cosine PDE'"*
gles B, and B, which can be expressed as

!is used to describe the elevation an-

(8)

noting that B €[ B, —=B,., B, +Bun ], Bn» and B, denote the
maximum and mean angles, respectively. Here we use 8,

-B, =B, and B, +B. =6, therefore B [, , B, ].
2 Statistical Properties

2.1 Distribution of random UAYV antenna array angles

A Gauss-Markov process of temporal relation'"’ is

used to describe the UAV rotation. The antenna array o-
rientation angle ¢, and elevation angle 6, can be ex-
pressed as

W (1) =pf/,¢T(to> + (1 _P,i/,),u,/, V! p(,, Zp” 'X ;
(9)
0.(t,) =p;0T(ZO) + (1 —p;),ugT 1 _P,q Zp'—j y ,‘
(10)

where i =1,2,3, ---; . (t,) and 6,(¢,) denote the an-
gles at time 7 =0; . (7,) and 6,(¢,) denote the angles at
time ¢, = it t

step 2 step

is the time step; w,, and u,, are con-
stants representing the mean elevation and orientation an-
gle of the transmitter antenna array ; p,, denotes two tun-
ing values within range [0,1]; X and Y are random vari-

ables following the Gaussian distribution.
2.2 Time-variant delays

The transceiver and scatterer coordinates change over
time, resulting in time-varying delays and maximum
Doppler frequencies. The transceiver’s velocity can be
expressed as

v (1) =v.(t,) +ayt

(11)
(12)

Ve (1) =v (1,) +agt

where a., is the acceleration.
After time 7,

be expressed as

the displacements of the transceivers can

AS(t)_ aTt +vp ()t (13)
ASy (t)— —ayt® + v (1)t (14)
where D’ denotes the scatterer coordinates s along

the x/y/z axis; D;‘_/Z (t) and Df;\,/z (t) denote the UAV
and GS coordinates, respectively. They are time variants
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but abbreviated as D, for simplicity. Based on the spa-
tial distance formula, distances between the scatterers and

antennas can be easily expressed as follows:

&, = /(D (1) =D (1))* +(D;(1) =D (1))* +(D;(1) =DX(1))’ (15)
£ =/ (D(1) =D (1)) + (D; (1) =D} (1))* + (D (1) =D (1))’ (16)
&,,= /(DI (1) =Di(1))* + (D) (1) =D (1))* + (D! (1) =D:(1))’ (17)

where i =1, 2, 3 denotes the three different scatterers.
the 3D coordinates of the UAV, GS,

scatterers can be expressed as follows. Due to space con-

Therefore , and

straints,
provided.

only the transmitter and receiver coordinates are

D! (t) = AS;(t)cosécosy, + Agcosyry (1) coshy(t)
(18a)

D_‘T_( t) = AS, (1) cosésiny, + Acosyr, (1) sind, (1)
(18b)

DI(t) = - AS;(t)siné + Aysing, (t) + DtanB, + H,
(18¢c)

DY (1) = AS, (t)cosy, +Agcosyzcosf, +D (19a)

DF(t) = AS (t)siny, + Agcospesing,  (19b)

DX(t) =Agsing, + H, (19¢)

where A, denotes the distance between the p-th UAV an-
tenna and the midpoint of the antenna array; A, denotes
the distance between the g-th GS antenna and the mid-
point of the antenna array. For uniform linear antenna ar-
rays, these parameters can be expressed as

(20)

1
A :7(MT +1-2p)é,;

1
:T(MR+1_ZQ>5R (21)

2.3 Time-variant maximum Doppler frequencies

The transceivers are assumed to maintain uniformly ac-
celerated motion, resulting in time-variant maximum

Doppler frequencies. The expressions are as follows:

fro(ry =P ) G )
funln) =P elle) e

2.4 Space-time correlation function

For two random complex fading envelopes &, (¢) and

Ry (1), the normalized space-time correlation function is
defined as

Elh, (t)h,, (t-7)]
[ h, () [PTEL [ A, (1) 7]
(24)

(6T36R’t37) =

Plll’q /E

where( -+ )~
and E[
tor.

denotes the complex conjugate operation
- ] denotes the statistical expectation opera-

Eq. (24) is a function of timet, time delay 7, and an-
tenna spacings &, and 8. For simplicity, it is assumed
that each component is independent of the others, where-
as some components may be related in realistic scenarios,
which is the subject of future work. Thus, the correlation
function expression can be decomposed into five compo-

nents :

(87,8¢,1,7) =R (8;,8:,1,7) +

SBU (6T’6Raz’7—) +RSBG (6T’5R5I’T) +

I’ql’q ra.r'q’

RN (5T,5R,t,1’) +RE:,;,, (51',51{,[97')

I"I P'q

Substituting Eq. (2) into Eq. (24 ), the space-time corre-
lation function of the SB-U components can be expressed
as

1741 r'q

(25)

RSBU (ST,SR,I,T) _ TIsBUJ f w (D) =y, (1=) ],

1"1 r'q

eJZth(",(I)'A.eerrfk n(D) 1A, e

e—jZﬂf;l,“(f—T>(f—T)AR(f—T)f( oy )f(BT) daTdBT

7_]7‘nf, (1= 7)(1 T)A(1-1)

(26)
where A, (a;,B;) =cos(a; —y;) cosBrcosé + sinBsing,
A (ag,Br) =cos(ag —yg)cosBg for simplicity. Similar-

ly, correlation function expressions for LoS, SB-G, SB-
GR, and DB components can be expressed as

_ nsscﬁf L (D)~ (-1 ],
TK+1

ejZ‘rrfmlA (1) Jz-mf,< tA (1) —J21’\'f (t=1)A(1-7) .

e PN ) f(B) dar By

SBG (8T98R’ 5T

pqnq
(27)

QBGR(S 5. t.7) = Nspor [ WeszT"[f:,u,,,<1)—s,,q.,.(z—r)] .
17q]7q TsOR 1, T _K+10 ~

ejzm‘}m'AT(f) ej2m‘}amfAR(!> e—_izﬂfrm(r—T)AT<f—r) .

e PTTIAIT fag ) f(R) dag dR (28)

The SB-GR component is located on the bottom surface
of the GS’s cylinder,
Therefore, there is a geometric relationship between R
and By", which is tan g = H,/R.

i. e., a two-dimensional space.
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DB "os ﬂ“ﬂ"ﬁ P by (D)8 1))
= T epnn (D) =8ynn (1],
Rﬁq.p'q'(‘sT ’6R ’t’T) = K+ 14([5 j . f €
r S T Y T

2afrtAr(1) L P2mftAr(1) e—jZﬂf}am(t—r)AR(t—"r) .

(S €

£ Qp )f(BT it Qg )f(,BR ) daTdﬁTdaRdBR

e —R2afr(t-1)Ax(1-T)

(29)

2.5 Doppler power spectral density

The corresponding Doppler power spectral density can
be obtained by performing the Fourier transform of the
above-mentioned space-time correlation function with re-
spect to 7, i.e., R, (7). It can be represented as fol-
lows

S,(fo) = | R, (r)e ™ dr (30)
where f, denotes the Doppler frequency. Similar to Eq.
(25), S,,(fy) can be written as

Spq (fD) = S,I:;)S(fo> +S§57U(fr)) +
Spe (o) + 8,7 (o) + 85, (f)  (31)

3 Numerical Simulations

Without actual measurements, the effects of UAV
movement and rotation on the statistical properties of the
channel are investigated through numerical simulations.
Per the parameter settings described in Ref. [ 15], the
parameters presented in Tab. 1 are based on numerical
The horizontal distance between the trans-
ceivers is set to a small value to maximize the effects of

simulations.

scattering around UAVs at low altitudes. Similarly, the
velocity of GS is set to a small value to obtain the effects
of UAV motion on the channel properties.

Tab.1 Parameters for simulations

Parameter Value
Horizontal distances between UAV and GS at r=0 s, D/m 100
Height of GS H,/m 5
Elevation angle of LoS path 8, w/6
Wavelength A/m 0.1
Radius of the cylinder around UAV R;/m 5
Radius of the cylinder around GS Ry/m 3
Elevation angle of UAV at t=0s, (1)) 0
Elevation angle of GS ¢y 0
Azimuth angle of UAV at =0 s, 6(1,) w/2
Azimuth angle of GS 6y /2
Rician factor K 0.03
Energy-related parameter of SB-U 0.05
Energy-related parameter of SB-G 0.85
Energy-related parameter of SB-GR 0.05
Energy-related parameter of DB 0.05

The influence of UAV displacement on channel statisti-
cal properties in the time domain is depicted in Fig. 3,
where time correlation functions are shown with 8, = w/6
at 1=0 s and r =2 s, respectively. When the UAV moves

directly toward the GS (along the LoS path), the time
correlation function is larger than in other cases with the
same delay 7, indicating that channel variation is slower
and is, therefore, more stationary. In addition, the time
correlation functions of ¢ = w/4 are greater than those of
&=0 and £ = /2, because £ = w/4 is closer to B,. This
indicates that channel non-stationarity is more pro-
nounced when the UAV moves in a direction opposite
the LoS.

< o o =
> =N ) o

Time correlation function

e
o

Fig. 3 Time correlation functions under UAV different direc-

tions

Fig. 4 depicts the time correlation functions for four
scattering paths under varying UAV acceleration condi-
tions. It can be observed that the time correlation func-
tions of the four paths diminish as the time delays in-
crease. The UAV accelerated motion significantly affects
the time correlation function of SB-U and DB, as shown
in Figs. 4(a) and (d). Whereas Figs. 4(b) and (c)
demonstrate that the UAV’s accelerated motion has a neg-
ligible effect on SB-G and SB-GR. From the perspective
of SB-U and DB, the larger the UAV acceleration, the
smaller the value of the time correlation function at the
same 7, which indicates that the channels have lower sta-
tionarity as the UAV acceleration increases. In other
words, the UAV’s accelerated motion can increase the
time domain non-stationarity of the channel.

Fig. 5 depicts the time correlation functions of four
scattering paths under varying GS accelerations. In con-
trast to Fig. 4, it is evident that the GS accelerated motion
significantly affects the time correlation functions of SB-G
and SB-GR, as depicted in Figs.5(b) and (c¢). Figs. 5
(a) and (d) demonstrate that the GS accelerated motion
has almost no effect on the SB-U and DB accelerated mo-
tions. From the perspective of SB-G and SB-GR, the lar-
ger the GS acceleration, the smaller the time correlation
function values at the same 7, indicating that the channels
become less stationary with a large GS acceleration in the
time domain.

The spatial correlation functions during pitching and
rolling operations are depicted in Fig. 6. The UAV rota-
tion angles vary randomly with time ¢, allowing fluctua-
tions in the spatial correlation function. Thus, the effects
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of UAV rotation on the spatial correlation function can be

demonstrated along the r-axis.

The spatial correlation

functions with rotations fluctuate with time ¢, whereas

< o o =
IS N o =]

o
]

Time correlation function

< < e
S =) (=

<
()

Time correlation function

0 0.5 1.0 1.5 20 25 30

< < <
e N 0

Time correlation function

o
&)

S e o =
» o o =

<
)

Time correlation function

1 1 1
00 0.5 1.0 .5 20 25 30

/s

(d)
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those without rotation decrease linearly, as shown in Fig.
6. Comparing the curves of pitching operations in Fig. 6
(a) and rolling operations in Fig. 6 (b) reveals that the
spatial correlation functions with rolling fluctuate more
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dramatically than those with pitching, indicating that the
influence of rolling operations on the channel’s statistical
properties is greater than that of pitching operations.
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Fig. 6 Space correlation functions with rotation. (a) Pitching
operations; (b) Rolling operation

Fig. 7 depicts the Doppler power spectral density of the
DB components under various UAV displacements. The
Doppler power spectral density is higher near the maxi-
mum Doppler frequency when the UAV moves toward or
directly away from the scattering-concentrated region sur-
rounding it, as depicted in the figure. Furthermore, the
power spectral density curve is narrow. The Doppler
power spectrum becomes widely dispersed when the UAV
moves in other directions. According to the simulation re-
sults, the shape of the Doppler power spectral density de-
pends on the relationship between the scatterer distribution
and the UAV’s displacement.

4 Conclusions

1) This paper proposes a novel two-cylinder-based 3D
GBSM for UAV non-stationary A2G MIMO channels.
The proposed model considers the UAV’s rotations and
accelerated motions, displacing the channel and making it
non-stationary.

2) Following this, the computational methods for UAV
antenna array angles and time-variant parameters, such as
propagation time delays and maximum Doppler frequen-
cies, are derived. The channel space-time correlation
functions are derived from previous results.
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Fig.7 Doppler power spectral density under different direc-
tions. (a) B, =w/6; (b) By =7u/3

3) Finally, numerical simulations are executed to vali-
date the statistical properties of the channel. The simula-
tion results indicate that the channel exhibits higher sta-
tionarity in the time domain when the UAV moves along
the LoS direction. With increasing UAV and GS accelera-
tions, the time correlation function becomes smaller at the
same time delay, indicating an increase in the time do-
main non-stationarity of the channel. The UAV’s rotation
significantly affects the spatial correlation function, with
rolling having a greater effect than pitching.
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