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Modeling and Statistical Characterization Analysis of Wideband
Non-Stationary Channel for UAV Swarm Communication
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SUMMARY  With the rapid development of unmanned aerial vehicle
(UAV) technology, UAV systems have evolved from single machine to multi-
machine cooperation. Among the core technologies of UAV swarm systems,
UAV swarm communication technology is increasingly receiving attention.
The current modeling of UAV channels only considers communication be-
tween receiving and transmitting nodes, typically overlooking the objective
situation where non-communication nodes in UAV swarm communication
may interfere with the channel between two communicating nodes as they
pass through.Therefore, to address this complex scenario,this paper pro-
poses a three-dimensional wideband non-stationary channel model based
on binary spheres and cylinders of heterogeneous scattering sources, in-
corporating line-of-sight, single-bounce, and double-bounce reflections. In
this model, parameters such as the speed of the UAV swarm, distances
between UAVs, departure, and arrival angles are treated as time-varying.
Furthermore, statistical characteristics of the channel such as time-varying
spatial-temporal-frequency correlation function and time-varying Doppler
power spectral density are derived. This model not only takes into account
the impact of the mobility parameters of transmitting nodes on the channel
but also analyzes the influence of the motion states of non-communication
nodes within the swarm on the communication channel. The simulation re-
sults demonstrate that the statistical characteristics of the wideband channel
model for UAV swarms are generally similar to existing models. However,
the influence of non-communication nodes on statistical characteristics can-
not be ignored, with the maximum change in correlation coefficient reach-
ing 0.29. This model provides a new practical approach for modeling UAV
swarm communication channels, which can be utilized for performance
evaluation and validation of UAV swarm communication systems.

key words:  Unmanned Aerial Vehicle(UAV) Swarm, multiple-input-
multiple-output, channel model, statistical characteristic analysis

1. Introduction

In recent years, the development of unmanned aerial vehicles
(UAVs) technology has been rapid, playing a significant role
in emergency rescue and environmental monitoring [1-2].
However, faced with an increasingly complex communica-
tion environment, UAVs have certain limitations in practi-
cal applications due to the shortcomings of their own soft-
ware and hardware. As a result, UAV systems are evolving
from single-machine systems to multi-machine systems [3-
4]. Compared to single machines, multi-machine systems
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possess advantages such as autonomous control and col-
laborative operations [5-6], enabling them to perform more
challenging tasks. Therefore, it is essential to evaluate the
communication channels of UAV swarms and establish ac-
curate and user-friendly channel models.

Currently, there has been significant progress in the
field of unmanned aerial vehicle (UAV) channel measure-
ment and modeling [7-11].Based on existing research, UAV
channel models can be classified into deterministic mod-
els and stochastic models [10]. Deterministic models de-
scribe specific scenarios with high precision when based
on a large amount of measured data but lack generalizabil-
ity. Stochastic models include non-geometrical stochastic
models (NGSM) and geometrical-based stochastic models
(GBSM). Compared to NGSM, GBSM requires less mea-
sured data and provides a better reference for UAV chan-
nel modeling in data-scarce situations [11].A 3D cylindrical
GBSM model was proposed in [12], while [13] presented
a single-sphere-based GBSM model and derived its corre-
sponding simulation model. However, these models do not
consider the distribution of scatterers on one side of the
UAV. Moreover, [14] considered a dense urban environment
and proposed a dual-sphere model for unmanned aerial vehi-
cle air-to-air (A2A) multiple-input multiple-output (MIMO)
channels, accounting for scatterers at both the transmitter
and receiver sides. Additionally, [15] introduced a three-
dimensional elliptical cylinder UAV MIMO channel model
for air-to-ground scenarios, taking into account the far-end
environment of UAV communication. However, this model
is a narrowband model that does not address multipath time-
delay issues. Li et al. [16] proposed UAV MIMO channel
models based on cylindrical and elliptical cylinders, study-
ing the impact of UAV flight parameters such as speed and
direction on channel statistical characteristics. However, the
aforementioned models do not take into account the non-
stationary characteristics of communication channels in UAV
swarms. Through UAV channel measurements, it is evident
that one of the most prominent features of UAV communi-
cation channels is their non-stationarity [17-19]. In [20],
a single concentric cylinder model was employed to pro-
pose a non-stationary communication model for UAVs, uti-
lizing the rapid movement of ground users to describe the
non-stationarity of wireless channels. In [21], the use of a
three-dimensional Markov mobility model was introduced
to characterize UAV motion patterns. Based on this, a three-
dimensional non-stationary geometric stochastic model for
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air-to-air UAV communication was derived, where the mo-
bility model can adjust the degree of randomness in move-
ment and cover various UAV trajectories. In [22], a time-
varying channel model for UAV-to-ground communication
scenarios was proposed based on an aviation-based UAV tra-
jectory model. This model simulated the non-stationarity of
the channel caused by the time-varying heading of the UAV
and derived corresponding channel statistics. [23] was the
first to investigate the impact of UAV rotation on channel
non-stationarity, and simulations demonstrated that UAV ro-
tation significantly affects channel statistical characteristics
and non-stationarity.

However, in the aforementioned channel model, such as
in reference [21], only the transmitting and receiving nodes
during UAV communication are considered, neglecting the
objective scenario where non-communication nodes, present
in multi-node UAV swarm, may traverse the channel between
the two communicating nodes and cause interference. There-
fore, further research is needed for UAV swarm multi-node
channel models.

In response to the aforementioned issues, this paper
primarily investigates the channel modeling of UAV swarm
communication based on non-communication nodes. This
model offers insights into performance evaluation and val-
idation of UAV swarm communication systems. The main
contributions of this paper are as follows:

1) This paper proposes a wideband non-stationary chan-
nel model for UAV swarm communication. The model com-
prises line-of-sight (LOS), single-bounce components, and
double- bounce components. Furthermore, to accurately
describe the UAV swarm communication scenario, hetero-
geneous scatterers are employed, with dual spheroids repre-
senting near-end scatterers and a cylinder representing far-
end scatterers.

2) The proposed model takes into account not only the
impact of the motion state of the Transmitting Node (TN) on
the channel but also the influence of the motion state of the
non-communication Node (NC) on the channel.

3) In the proposed model, the velocity of the UAV
swarm, inter-UAV distances, departure and arrival angles
are considered as time-varying parameters. Time-varying
spatial -temporal-frequency correlation functions(S-T-FCF)
and time-varying Doppler power spectral density(DPSD) are
derived as channel statistical characteristics and validated
through simulations. The simulation results demonstrate
that the statistical characteristics of the multi-node wideband
UAV channel model are generally similar to existing mod-
els, but the impact of non-communication nodes on these
statistical characteristics cannot be ignored.

The rest of this paper is organized as follows. Sec-
tion 2 provides a detailed introduction to the wideband
non-stationary MIMO channel model for UAV swarm com-
munication. Section 3 derives the transfer functions, spa-
tial -temporal-frequency correlation functions, and Doppler
power spectral density. Section 4 analyzes the numerical
results. Finally, Section 5 presents the conclusion.
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Fig.1  UAV swarm Communication Scenario.
The left image illustrates the classification of UAV nodes, while the right
image depicts the communication paths among UAVs.

Receiving Node Non-communication node

O Transmitting Node

—  Line of Sight Single-Bounce ---  Double-Bounce

O Transmitting Node

— Line of Sight

Receiving Node Non-communication node

Single-Bounce --- Double-Bounce

Fig.2  UAV swarm Communication Scenario
The upper diagram shows the schematic diagram of UAV communication
signal transmission paths, while the lower diagram illustrates the angles of
UAV communication signal transmission.

2. Channel Model
2.1 Theoretical Model

Assuming there are N UAVs engaged in collaborative tasks in
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Table 1

Definitions of Channel Model Parameters

Parameter

Definition

VU, U, Unc;

The velocities of Uy,U; and Unc;

YU YUy YUy,

The azimuth angle of Uy, U and Upc;

du,, dU, ., ¢Um.j

The elevation angle of Uy, U and Uy, ;i

DUI Us» DUIUan ’ DUZUan

The relative distances on the horizontal plane
between U; to U, U, to U,,Fj, and U, to Uncj

Vdu,;

The vertical distance from Uy, ; to the line
connecting U; and U,

a/'UlUncj- ’ﬁU]Uncj-

The relative azimuth angle and relative elevation
angle of U and Uncj

QUyUnc) > Bu, Une;

The relative azimuth angle and relative elevation
angle of U, and U,,Cj

Elevation and azimuth angles from the transmitting

SM pS"™ O SM S™
ay B ag S BR

node to S™! . Elevation and azimuth angles from S™!

to the receiving node

Elevation and azimuth angles from the transmitting

Snz Sﬂz Snz Sn2
ar ’BT > AR ’BR

node to S™ . Elevation and azimuth angles from S™

to the receiving node

Elevation and azimuth angles from the transmitting

S13 ,sM3  s13 ,gm3
aT ’BT 5 G/R ’BR

node to S™ . Elevation and azimuth angles from S™3

to the receiving node

N The number of UAVs

the UAV swarm, when UAVs communicate, the transmitting
and receiving nodes are denoted as U; and U respectively.
Other UAVs in the swarm not participating in this commu-
nication event are referred to as non-communicating nodes.
The multi-node communication scenario in the UAV swarm
is illustrated in Figure 1.The heterogeneous scatterers con-
sidered in this paper consist of two parts: distant scatterers,
representing tall buildings and mountains in the distance,
and proximal scatterers located near the transmitting and
receiving nodes, representing nearby residential areas and
small hills.Assuming a large number of scatterers are dis-
tributed around the signal transmission node and the signal
reception node, each located on spheres with radii R} and R,
respectively. At the transmitting node, there are N; scatter-
ers, with the nth scatterer denoted as S™,n; = (1---Ny);
at the receiving node, there are N, scatterers, with the nyth
scatterer denoted as S"2,ny = (1---N;) . Distant scatterers,
totaling N3 , are distributed along the lateral surface of a
cylinder with a radius of R3 , with the nsth scatterer denoted
as $™,n3 = (1---N3) .In this model, the antennas at the
transmitting and receiving nodes both employ omnidirec-
tional reception antennas with low elevation angle uniform
linear arrays. The number of elements in the transmitting
antenna array is denoted as N , and the number of elements
in the receiving antenna array is denoted as Ng. The ori-
entations of the antennas are respectively labeled as 67 and
Or.Tp and T;D represent the pth and p'th antennas of U ,
with the center point at O and antenna spacing of 67 .R; and
R; represent the /th and / "th antennas of U, , with the center
point atOg and antenna spacing of 6g.The heights of UAVs
Uy, Uy and U, ; are Hy, , Hy, , and H,,. ; , respectively. The
other relevant parameters and their definitions are shown in
Table 1 below.

2.2 Channel Impulse Response

Based on the GBSM depicted in Figure 2, two different com-
ponents are considered for the UAV swarm communication
environment: Line-of-Sight (LoS) component, where the
wave from the transmitting node can directly propagate to
the receiving node, and Non-Line-of-Sight (NLOS) compo-
nent, which includes single-bounce and double-bounce [21].
The single-bounce reflections consist of SBj, where the sig-
nal scatters off a scatterer near the transmitting node before
reaching the receiving node; SB;, where the signal scatters
off a scatterer near the receiving node before reaching the
receiving node; S B3, where the signal scatters off a scatterer
far from both the transmitting and receiving nodes before
reaching the receiving node; SB,., where the signal scat-
ters off non-communicating nodes within the swarm before
reaching the receiving node. The double-bounce reflections
consist of DB, where the signal bounces off one scatterer
before bouncing off another scatterer before reaching the
receiving node; D B,, where the signal bounces off one scat-
terer before bouncing off another scatterer before reaching
the receiving node; D B,., where the channel bounces off
non-communicating nodes before bouncing off a scatterer
before reaching the receiving node. Thus, the channel im-
pulse response of the UAV swarm communication link can
be written as the summation of the LoS component and the
NLOS components, i.e.,

hpi (13, 7) = K5 (13, 7) + BV E (17, 7), €Y

WNES (1, 1) = WP (1, 7) + D (11, 7), ()

where h]ffs(ti,r) and hIIXL"S (t;, ) represent the channel
impulse responses of the LoS component and NLOS com-
ponent, respectively, while hle(ti,‘r) and hZB (t;,7) de-



note the channel impulse responses of single-bounce(SB)
and double-bounce(DB) reflections. The expansions of each
term are as follows.

KQ 2
e (- 5w )
X exp(jzﬂfL()s(ti) X ti) X6 (T - TL()s(ti)) 5

L
]”lplos(li, T) =

where K represents the Rayleigh factor; €2,; denotes the en-
ergy from p to 1; A is the carrier wavelength; the derivation
process of the transmission distance &,;(¢;), Doppler fre-
quency shift f7,5(#;), and propagation delay 7z, (#;) can be
found in APPENDIX A.

3

Z 1SBa (1, 1) + 5B (13, 7) =

77 &2
/ SB Nu%@ Z

X exp (jZHfSBa(li) X li) X 0 (T - TSBn(ti))

N-2

NS By, 2pl 2n
]Z:; —xal (P ( ]7553,16_,. (Ii))

SB
h,,l (th T)

(—J'Z/l—nfsga(li))

Q

+

X exp (janSBan (t;) x t,-) X0 (T ~ TSB,, (tl-)) .
4

The above equation represents the channel impulse response
of single-bounce reflections in the NLOS component. Where

3
3 hﬁIB" (t;,7) denotes the sum of the channel impulse re-
a=1
sponses of SBy, SB>, and SB3, while fzilB"C (t;,T) repre-
sents the channel impulse response of SBj..and SB,. =

N-2 N-2
2 SBuc;- 1MSB,>NSBy>1SBys % 11SB,, Tepresents the pro-
J=1 J=1

portion of energy of each component in the SB reflections
to the total energy; the derivation process of the trans-
mission distances &sp, (f;),a = 1,2,3 and fsgm (t),j =
1,---,N-2, Doppler frequency shifts fsp, (ti),a =1,2,3
and fSBMj (t;),j = 1,---,N — 2, and propagation delays

tsp, (t),a=1,2,3and 7sp,, (t;),j=1,--+ ,N =2 can be
found in APPENDIX B.
hDB(t,-, T) = hDB] (ti, T) + hDB2(t,',T) + BZBM(ri, 7) =

\/m lim N] v X exp (—jz—”f (t~))
Ni,Ny—00 5 nz 1 \/7 A >DB
X exp (j2r fpp, (1;) X t;) X 6 (t — tpp, (1)) +
/nusz Pl i NZ s X exp (—j—”fDB (t-))
NzNz—wonml\W ASE
X exp (j27rfDBz(tl) X 1;) X & (T — 1, (1)) +

N=2 [npBp..Qp1 Ny
ng lim Z \F X exp( 75 fDB,,Cj (t,))

K+1 Ny—eo

X exp (j?JTfDBan (#;) x ti) X8 (‘r ~ DB, (ti)) :
)
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The above equation represents the channel im-
pulse response of double-bounce reflections in the NLOS
component, thl(ti,‘r),hZ&(ti,T) and hZB"(‘(ti,‘r) de-
note the channel impulse responses of DB;, DB;, and
N-2
2. DBy;.The derivation
j=1
process of the transmission distances épp, (t:).¢pB, (¢;) and
fDBm (t;),j = 1,---,N — 2, Doppler frequency shifts

fDBl(tl) fpB, (1) and fDBm (t:),j =1,---,N -2, and

propagation delays tpp, (t;), TDB2(Z‘,) and DBy, (t)),] =

1,---,N—2canbe found in APPENDIX C. 5pp,, 7pp, and

N-2

Z NDB,.

j=1

ponent in the DB reflections to the total energy, and satisfy
N-2 N-2

NS, +1sB, +1sB; + '21 NSBye, DB, +1DB, + _21 NDB,., =
Jj= ' Jj= '

D B,,..respectively,and DB, =

; Tepresent the proportions of energy of each com-

—_

In non-stationary communication scenarios, the statis-
tical characteristics of the channel change over time. To
depict the non-stationary nature of the channel, the introduc-
tion of time-varying parameters is of significant importance.
In this section, the UAV’s mobile velocity, inter-UAV dis-
tance parameters, as well as departure and arrival angles
are considered as time-varying parameters.Further detailed
parameter derivations can be found in the appendix.

In the proposed model, it is assumed that the number of
scatterers is infinitely large, ie N{N;N; — oo . Therefore,
the discrete azimuth angle a R(a = 1,2,3)and elevation

angle ,8 . r(a =1,2,3) are represented by continuous ran-
dom varlables ar/r and Br/g with given probability density
functions.

For the probability density function of the azimuth
angle, referencing previous research literature, this paper
adopts the von Mises-Fisher distribution (VMF) to charac-
terize it:

ekcos(a—aru)

N =

,a € [_ﬂ7ﬂ]’ (6)

where Iy(e) represents the first-kind zero-order modified
Bessel function, «,, is the angular mean, and k indicates the
extent of scatter around the mean for the scatterers.

For the probability density function of the elevation
angle, referencing previous research literature, this paper
adopts the cosine distribution for representation:

N

where B € [,8;, — Bn. Bu +[5‘n],|ﬂ —,8,,| < |Bul < 5. Pa-
rameter S, is the central angle of angle 3, and §, is the
maximum offset.
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3. Statistical characteristics analysis of the channel ref-
erence model

3.1 Spatial-Temporal-Frequency Correlation Function

By Fourier transforming the obtained channel impulse re-
sponse with respect to the propagation delay 7, the channel
impulse response can be converted from the time domain to
the frequency domain, the transfer function can be obtained.

Hp (i, f) = Hﬁlos(fi, )+ HZLOS(fi,f)

8
= HS (43, f) + H3P (63, f) + HEP (14, 1), ®

where,

HESS 1, ) = S x (2861 (1)
X SXD(27 frox (1) X 1) X XD~ 27 i1 (1),

©
HSB(tlvf) = Z HSBa(tl’ )+HSBnc(tl f) =

pl

Z 7763(1 NISBa*2pl

T K+l lim Z V:XCXP( ] fSB (tl))

N,—0
X CXP(JZFfSBa (t;) Xl ) X exp(—j2n ftsp,ti)
NZ2 [nsBuc; Qpi
TésB,., (1)

+ —x— X exp(- ]
X exp(j27 fsB,., (1) X 1) X exp(=j27 fTsB,. (1),

ncj=1
(10)
HOP (1, f) = HOP (1, f) + HRP (17, f) + HDPre (14, f) =
Ni,N»
UEZTLUU T Tépp, (1))
N>,N3
K+ N, Nyooo nz,%i:l VNN, X exp(— J Fépa, (1))
ncj=1 Ny—oo 4

X
Rl m nl’%zl Tl exp(- ]
DB, 2pl . : 1
x exp(j2n fpB, (1) X t;) X eXP(—127TfTDB2 (t;))
X exp(j27fpB,., (i) X 1) >< exp(=j27fTpB,,; (1)),

x exp(j2r fpp, (ti) X t;) X exp(—j2n ftpp, (¢;))
lim
N=2 [npBac.Qpi Np
+ 2 V=1 Jim Z X exp(—j & 1éDB,; (1)
K+1 - r
(11)
where H3Pa (1, f),a = 1,2,3, HDP1 (1, f),and HD P2 (1, f)
represent the components related to the scatterers.
HSIBHC(ti, £) and HZ{?“C(.ti, f)represent the components re-
lated to non-communication nodes.
After obtaining the transfer function, we can compute
the channel statistical characteristics of the UAV swarm com-
munication channel.The Spatial-Temporal-Frequency Cor-

relation Function(S-T-F-CF) between two arbitrary channel
impulse responses Hp;(t;, f)andH pp (;, f) is defined as:

RPl,P'l'(6T9 6R7 tl" At? f9 Af)
E |Hp(ti, ), 6+ At £ +AF) | (12)
Nowenn ’

where (.)* represents the complex conjugate, and E[.] de-
notes taking the expectation. Since the LOS, SB, and DB
components are complex Gaussian random processes with
zero mean, the above equation can be written as:

Ry, p/lf(5T,5R,li,Al fAf)
= pl P’ l/(6T’ 6R3[15A[ f Af)
+Rpl’p/l/(é‘Ta6RatiaAt9f’Af)

+RDP 1 (07, 6R. 10, AL, f, Af),

13)

when At, Af = 0, the spatial correlation function can be ob-
tained; when o7, g, Af = 0, the temporal correlation func-
tion can be obtained; and when 67, 0, At = 0, the frequency
correlation function can be obtained. The components in the
equation are defined as follows:

]Jl P l/(éTv(SRatl?At f Af)

K+1 X exp(— ] (‘fpl (t;) = &pr (1))
X exp(—Jj27 fLos (tl) At) X exp(j2rAfTLos (8:)),
(14)
(6T’ 6Rs tl’ At f Af)

pl pr n n
71sB B;* ﬁ;n sn gn
K+11 f fsnl‘l st l)f( I)
ﬁT[J 'BTn
X exp(— ] E (&sp, (11) — &' sp, (1))

x exp(~ J27Tfs19l (1:) Ar) X exp(j27AfTsp, (1:))
n n 77 Bs“z ,881112 n n
d(ISl Sl [?flzf fs:;u_ﬁsl:z f SZ)f( SZ)
Rn

xexp(—j 2 (s, (1) — & sp, (1)) xexp(=j2n fsp, (t:) Ar)
X eXP(JzﬂAf‘FSBZ (fz))dafsn2 dpy’

17333 / f’B;‘E 5;‘:3 5"3 )f( 5"3)

K+1 sm3 _ﬁ%?
X exp(—j & (6533 (ti) = & s, (1))

x exp(—j27 fsp, (1;) At) X exp(j2nAfTsp, (1;)das’ dBS”
N-2 nss,,

+ 3 et xexp(—j 5 (Espoe, (1) = €5, (1))

X exp(=j27 fs,., (1i) At) X exp(j2nAf1sB,,, (1i)),

ncj=1

(15)
plpl,(ér,éR,t,,At fAf) =

DB, ﬁT,, B BRIZ ﬁRrZ n N
]K+l / fs“l_ s“l / ./s“z Bg‘z S )f (ﬁs )

(asﬂz )f (:8 ) X eXP( ] (§DBI (tl) f DB, (tl)))
X exp( J2n fpB, (i) At) X eXP(127TAfTDBl (1))

sn% sl‘l’*
s LSt g snz sn . DB,
X daz” dfy dBr + T f /s"? 5"3

I /ﬁf: e T (B ) ) £ (87)
X exp(—j & (fDBz (1) = € pp, (1))

X exp(— Jzﬂ'fDBz (1) At) X exp(j27A fTpp2 (1)
x das” dpS” dayy” dBS,”

l‘l )l
N 2 UI)Bn( ﬁlsgj )8}53,3
TK+ / fs"’ s“2 f

] S“Z)f( S"Z)
xexp( J% (€DBue, (1) =€ pp,., (1))
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Table 2  Channel Model Simulation Parameters
Parameters Values Parameters Values
UAV communication
center frequency (GHz) 2.4 GHz Or, 6r /3,74
VU » VU » VU, (00/5) 60, 60, 50(m/s) YUy > YU, > YUne, Tle> " 14" 6

¢U1 > ¢U2 > ¢Uncl

"les "4, 12

Du,u,> Du,Upe, »
200, 140, 60(m)
Dy, Upe, (M)

Vdy,,, (m) 140(m) oS ane.as) 3,737
BBy By 6" /6"Js  K(dB) 1(dB)
Tu > Pru Pra 6> /6>" /6
Hy,, Hy,, AUAV|> QUAV,»

160, 70, 100(m) 1,1,1(m/s)
Hy, (m) AU AV, (m]s)

X exp(=j27fpB,., () At)
X exp(j2nAfTpB,,, (t;))dey” Ay
' (16)

3.2 Doppler power spectral density

The obtained temporal autocorrelation function R ;7 (At)
can be transformed using the Fourier transform to derive the
corresponding Doppler power spectral density:

+00

Rpi,pr (A1) exp(—j2n fpAt),
(17)

Spl,p’l’(fD) = /

—00

where,

Sprpr(fp) = S,L,lof,,l (fD)+Sif,,/l/ (fD)+Sgl’Bp'l' (/D).
(18)

4. Numerical Analysis and Validation

In this section, numerical analysis will be employed to
investigate the impact of UAV swarm motion parameters
on the channel statistical characteristics, such as the spa-
tial -temporal-frequency correlation functions and the time-
varying Doppler power spectral density. Unless otherwise
specified, the simulations use the parameters listed in Table
2.To reduce simulation time, the number of UAVs in the
swarm N is set to three.

4.1 Analysis of the SCF results

The spatial correlation functions at different moments were
initially analyzed. From Figure 3, it can be observed that
the spatial correlation functions vary at different instances.
Specifically, the spatial correlation decreases with an in-
crease in the antenna spacing of the transmitting nodes. Ad-
ditionally, the spatial correlation is highest at t=0s, and as t
increases, the spatial correlation gradually decreases. The
varying shapes of the spatial correlation function at differ-
ent moments indicate that the proposed model is capable of
capturing the non-stationarity of the UAV swarm communi-
cation channel.
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Fig.4  The impact of the transmitting node’s movement velocity on the
TCF

Figure 4 illustrates the spatial correlation functions at
different transmitting node antenna azimuth angles when
t=1s. It can be observed that, when the transmitting antenna
azimuth angle is [O, %], the spatial correlation increases
with the azimuth angle; for transmitting node antenna az-
imuth angle %, the maximum spatial correlation is obtained,
as evident from the graph, which indicates an increase of
0.29 compared to the minimum value; while for transmitting
node antenna azimuth angle [%, ﬂ], the spatial correlation
decreases with the azimuth angle.

Figures 5 and 6 depict the influence of mobile azimuth
angles on the spatial correlation functions at t=1s. Figure
5 examines the effect of transmitting node mobile azimuth
angles, demonstrating consistent trends in spatial correla-
tion—greater antenna spacing leads to lower spatial correla-
tion, and at the same antenna spacing, larger angles result in
higher spatial correlation. Figure 6 investigates the impact
of non-communication node mobile azimuth angles on spa-
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tial correlation functions. The plot in Figure 6 shows that
with changes in the mobile azimuth angle, the trend in cor-
relation alteration remains uniform, and the correlations are
similar, with a maximum correlation of only 0.04. This indi-
cates that the influence of non-communication node mobile
azimuth angles on spatial correlation can be negligible.

In summary, Figures 3 to 6 investigate the impact of
channel correlation parameters on spatial correlation func-
tions. Specifically, Figures 3 to 5 examine the influence of
the channel parameters proposed in reference [21] on spatial
correlation functions. From the figures, it can be observed
that the proposed model exhibits a generally similar trend to
the known models, where the spatial correlation functions
decrease as the spacing between transmitting node elements
increases. Furthermore, for the same element spacing, both
the transmitting node antenna azimuth angle and the mobile
azimuth angle have a significant impact on spatial correlation
functions, leading to an increase in spatial correlation. Fig-
ure 6 explores the effect of non-communication node mobile
azimuth angles on spatial correlation functions, indicating
that changes in angle have a negligible impact on spatial
correlation functions.

4.2 Analysis of the TCF results

From Figure 7, it can be observed that the temporal auto-
correlation function curves vary at different time instances.
Specifically, when t=0s, the temporal correlation is highest,
and as t increases, the temporal correlation decreases. This
is due to the fact that as time increases, the speed of the UAV

swarm becomes faster, leading to increased non-stationarity
in the communication channel of the swarm, resulting in
reduced temporal correlation. The variation of temporal
correlation with t also indicates the non-stationarity of the
UAV swarm communication channel.
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Fig.8 Temporal Autocorrelation Functions at Different Transmitting
Node Velocities

Figure 8 illustrates the variation of temporal autocor-
relation functions at different transmitting node velocities.
It can be observed that as the transmitting node velocity
increases, the temporal autocorrelation function curve de-
creases. This is attributed to the unchanged velocity of the
receiving node and the increased velocity of the transmitting
node, which leads to variations in the Doppler frequency
shift of the communication link, resulting in a decrease in
the temporal autocorrelation function. Under the same time
interval, the maximum variation in the temporal autocorre-
lation function can reach up to 0.27.

Figure 9 demonstrates the impact of non-communication
node velocities on the temporal autocorrelation functions.
From the graph, it can be observed that as the velocity of
the non-communication nodes increases, the temporal auto-
correlation function decreases. This is due to the excessive
speed causing a significant Doppler frequency shift in the
swarm, resulting in a decrease in the temporal autocorrela-
tion function. Furthermore, it’s evident that at low speeds,
the variation in the temporal autocorrelation function is mini-
mal and can be almost neglected. However, at higher speeds,
the variation in the temporal autocorrelation function is much
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Node Mobile Velocities

larger. Under the same time interval, the maximum varia-
tion in the temporal autocorrelation function can reach up to
0.24.

Figures 7 to 9 investigate the influence of channel cor-
relation parameters on temporal autocorrelation functions.
Among them, Figures 7 to 8 examine the impact of the rel-
evant channel parameters mentioned in the existing mod-
els [21] on temporal autocorrelation functions. Conclu-
sions drawn from these results indicate that the proposed
model and known models exhibit similar trends in tempo-
ral autocorrelation functions: temporal correlation varies
with time; furthermore, temporal autocorrelation decreases
steadily with increasing time intervals and eventually stabi-
lizes around a specific value with minor fluctuations. It’s also
evident that, under the same time interval, the transmitting
node’s velocity significantly impacts the temporal autocor-
relation function, with a maximum variation of up to 0.27.
Figure 10 delves into the effect of non-communication node
velocities on temporal autocorrelation functions, where the
impact of non-communication node velocities on the tempo-
ral autocorrelation function is substantial, with a variation of
up to 0.24. In summary, the impact of the proposed channel
model’s correlation parameters on temporal autocorrelation
functions is similar to that of existing models. However,
the influence of parameters related to non-communication
nodes on temporal autocorrelation functions cannot be ig-
nored. This has significant implications for future research
on multi-node communication channels in UAV swarm sce-
narios.

4.3 Analysis of the FCF results

Figure 10 investigates the frequency autocorrelation func-
tions at different time instances. From Figure 10, it can
be observed that the frequency correlation decreases as the
frequency increases, and as time progresses, the correlation
continuously decreases. The distinct curves of frequency au-
tocorrelation functions at different time instances underscore
the non-stationarity of the communication channel within the
swarm.

Figures 11 and 12 investigate the impact of mobile el-
evation angles on frequency autocorrelation functions. Fig-
ure 11 examines the influence of transmitting node mobile
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Fig.12 Temporal Autocorrelation Functions at Different non-
communication Node Mobile Velocities

elevation angles, revealing that, under the same frequency
interval, an increase in the transmitting node’s mobile ele-
vation angle corresponds to an increase in frequency corre-
lation. Figure 12 explores the effect of non-communication
node mobile elevation angles, demonstrating that within the
same frequency interval, as the mobile elevation angle of
non-communication nodes increases, the frequency autocor-
relation function also increases, with a maximum variation
of up to 0.1.

Figures 10 to 12 investigate the influence of channel
correlation parameters on frequency autocorrelation func-
tions. Among them, Figures 10 to 11 explore the effects of
different time instances and transmitting node mobile ele-
vation angles [21] on frequency autocorrelation functions.
Conclusions drawn from these results indicate that tempo-
ral correlation varies continuously over time; furthermore,
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frequency autocorrelation decreases steadily with increasing
frequency intervals, eventually stabilizing around a specific
value with minor fluctuations. Moreover, it is evident that,
under the same frequency interval, the transmitting node’s
mobile elevation angle significantly affects frequency auto-
correlation functions. Figure 12 delves into the effect of
non-communication node mobile elevation angles, demon-
strating a notable impact on frequency autocorrelation func-
tions, with a maximum variation of up to 0.1. In sum-
mary, these findings underscore the non-negligible impact
of non-communication nodes on frequency autocorrelation
functions within the proposed model.

4.4 Analysis of the DPSD results

Figure 13 displays the Doppler Power Spectral Density
(DPSD) at different time instances. It is evident from the
figure that the power spectral density varies with time, a
phenomenon attributed to the movement of the UAV swarm.
The distinct variations in DPSD at different time instances
underscore the non-stationarity of the communication chan-
nel within the swarm.
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Fig.13  Temporal Autocorrelation Functions at Different non-
communication Node Mobile Velocities
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Fig.14 Temporal Autocorrelation Functions at Different non-
communication Node Mobile Velocities

Figures 14 and 15 investigate the influence of mobile
velocities on Doppler Power Spectral Density. In Figure 14,
the parameter under study is the transmitting node’s velocity.
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Fig.15 Temporal Autocorrelation Functions at Different non-
communication Node Mobile Velocities

It is evident from the figure that variations in velocity lead
to changes in the DPSD, indicating the significant impact of
transmitting node mobile velocity on DPSD. In Figure 15,
the focus is on the effect of non-communication node mobile
velocities on DPSD. It can be observed that the increas-
ing velocity of non-communication nodes results in varying
maximum Doppler shifts, causing fluctuations in the DPSD
curve.

Figures 13-15 investigate the influence of channelre-
lated parameters on Doppler Power Spectral Density. The
trends observed in Figures 13 and 14 are consistent with con-
clusions drawn from existing models [21]. The DPSD varies
at different time instances, and the curve becomes sharpest
when the Doppler frequency matches the maximum Doppler
shift. As the transmitting node’s mobile velocity increases,
the peaks of the DPSD curve continuously shift, and the
magnitude of this shift becomes larger with higher transmit-
ting node velocities. Figure 15 demonstrates that changes
in non-communication node mobile velocities lead to alter-
ations in the maximum Doppler shift. The DPSD curve’s
peak exhibits noticeable changes under different mobile ve-
locities. Therefore, it is evident that mobile velocities signif-
icantly impact Doppler Power Spectral Density, contributing
to variations in the curve’s features and characteristics under
different circumstances.

4.5 Comparison with other model

To validate the effectiveness of the proposed model, itis com-
pared with the model proposed in reference [21]. The sim-
ulation parameters are the same as those mentioned above,
except for the number of UAVs. Here, the number of UAVs,
N, is set to 2. From Figure 16, it can be observed that the
spatial correlation functions of the proposed model and the
model in reference [21] exhibit similar trends, validating the
theoretical effectiveness of the proposed model in this paper.
In summary, the proposed broadband non-stationary chan-
nel model for UAV swarms exhibits similarities in statistical
characteristics with existing models. However, particular
attention needs to be given to the motion parameters of non-
communication nodes, as they significantly influence the
statistical properties of the channel model.
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Fig.16  Comparison of spatial correlation functions under different mod-
els.

5. Conclusion

In this paper, we consider the communication scenario
of UAV swarms, and a three-dimensional wideband non-
stationary channel model for UAV swarm communication is
proposed. The model incorporates heterogeneous scatter-
ing sources, including line-of-sight (LOS), single-bounce,
and double-bounce components. The proposed model in-
troduces time-varying parameters for UAV swarm motion
Velocity, inter-UAV distances, departure and arrival angles,
while also accounting for the motion states of both trans-
mitting and non-communication nodes. Simulation results
demonstrate that the statistical characteristics of the UAV
swarm wideband non-stationary channel model are gener-
ally consistent with existing models. However, the influence
of non-communication nodes on these statistical character-
istics cannot be neglected. The proposed wideband non-
stationary channel model based on UAVs can provide theo-
retical support for future research on UAVs-based wideband
communication channels.

APPENDIX A
DERIVATIONS OF THE LOS PARAMETERS

The velocity of each node in the UAV swarm is vy, , i =
1,2,nc;, and the acceleration is ay,,i = 1,2, nc;. The real-
time velocity of each node can be represented as:

UUi(ti) =uvy; +ay; Xt. (19)

The movement distance of each node can be represented as:

ay; X l‘iz

lUi(l‘i)ZUUiXIi-f- ,i=1,2,an. (20)

Therefore, given the initial position of the transmitting node
X y v _ . . .
as PUAV. , PUAVl s PUAVI] = [0, 0, Hy, ], its time-varying
position is represented as :
PZAV] = ZUI (li) Ccos ¢U| COs Yy,
Pf]AVl = Iy, (1;) cos ¢y, sinyy, 1)

PIZJAV] = HU| + lU] (l‘,‘) sin du,

where ¢y, represents the elevation angle of the transmitting
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node’s movement, and 7y, represents the azimuth angle of
the transmitting node’s movement.
Given the initial position of the receiving node

X Y b4 H :
35 | P v Phoave Piravs| = [Dui 0. Hus), s time-

varying position is represented as:

Py av, = Du,u, + lu, (1) cos ¢y, cos yu,
Pl av, = lu, (1) cos ¢y, sinyy, (22)

Pi)AVZ = Hy, + 1y, (1) siny, ,

where ¢y, represents the elevation angle of the receiving
node’s movement, and yy,represents the azimuth angle of
the receiving node’s movement.

The initial position of the non-communication node
Yy 4

Py, P Um.j] = [DUlUm,»j,VdUMj’HUm-j , and

its time-varying position is represented as:

is| P¥
Une;”

X —

PUMJ_ = Duu,., *+lu,., (1) cos ¢u,.. cosyU,.,
y _ .

Pu,mj = VdUncj + lUncj (#;) cos ¢Um-j S Yy,
. .

PG, = Hupe, + Uy, (1) singu,,

(23)

where ¢Unc,- represents the elevation angle of the non-
communication node’s movement, and YUy, Tepresents the
azimuth angle of the non-communication node’s movement.
1.Time-varying channel parameters of the Line-of-
Sight (LOS) component
The transmission distance of the LOS component can
be calculated using the spatial distance formula:

2 2

(5 -RF)
(24)

Epi(ty) = \/(T; - R;f)2 + (T,{f - R;/)

where the position of the transmitting antenna Tp is rep-
resented by [T, Tg,Tf,] and the position of the receiving
antenna R; is represented by [RY, Rly , Rf]. The positions of
the antennas can be calculated using the following formula.

Let dr represent the distance from Tp to the center of
the transmitting antenna array, and dg represent the distance
from R; to the center of the receiving antenna array.

dr = (NT+1-2p) 61
_ (Ne+lo2l)op > (25)
dp = e 2200k

where 07 represents the spacing between antennas at the
transmitter, 6g represents the spacing between antennas at
the receiver, Nt represents the number of elements in the
transmitting antenna array, Ng represents the number of ele-
ments in the receiving antenna array, and p and 1 respectively
denote the antenna indices. Therefore, it follows:
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Ty = Iy, (t;) cos ¢y, cos yy, — dr cos Ot

T;ﬁ = Iy, (t;) cos ¢y, sinyy,
TIZ, = HUI + lUl (l‘i) sin ¢U1

- dT sin GT

R} = Dy,u, + Iy, (1;) cos ¢y, cos yy, — dr cos g
R} = Iy, (1;) cos ¢y, sinyy, — dg sin g
Rlz = I‘IU2 + le ([i) sin ¢U2 ,

(26)

where 67 and 6 respectively denote the antenna orientations
of the transmitting and receiving antennas. The time-
varying Doppler frequency shift of the LOS component is:

fLos (li) = fUl (ti) (COS ¢U1 CosYu, COSﬂUlUZ(ti)
+ sin ¢y, sin By, Uz(ti))

+ fu, (t:) (c0s du, cos yu, cos Bu,u, ()

+sin ¢y, sinﬁuluz(fi)) )

27)

where the maximum Doppler frequency shift of the UAVs
is denoted by fu, (1) (i = 1,2,n¢)):fu, (1) = i j =
1,2,ncj) , vy, (t;) represents the flight speed of each UAV,
A represents the carrier wavelength, By,u,(f;) represents
the elevation angle of the transmitting and receiving nodes,

T5 R

Bu,u, (t;) = arctan - -
\/ UAVZ_PI);AVI) +(P5AV2 UAVI)
The time-varying propagation delay of the LOS com-
ponent is:

(Px _pY

TLos(ti) = (28)

fpl(ti)
—C s

where c represents the velocity of light.

APPENDIX B
DERIVATIONS OF THE SB PARAMETERS

1. Time-varying channel parameters of the $B; component

11

2

Ep.sm (1) = \/( S“l - Tx) (Pgﬂl - T;J’) (P§“1 - T}z’) ’

(30)

2

a0 = (Ri — P, )+ (R - PL ) (5 - 25, )

€19

where the coordinates of the scatterer S"! are represented by

[Py s Pony» Pon, ] -

P%. = Ricos 5 cosas '

PY. =Ricosfy smog' (32)
PSnl = Hy, + R smﬁ R

where R; represents the distribution radius of the scatterers
near the transmitting node; a?"] and ,6’?” denote the azimuth
angle and elevation angle from the transmitting node to scat-
terer S™, respectively, following the VMF distribution and
cosine distribution.

The time-varying Doppler frequency shift of the SB;
component is:

fss, = fu, (t:) (COS du, cos (a
5 (1)

+ fu, (i) (cos by, cos (O‘IS;I () - yUz) cos B% " (t;)
+sin g, sin B (1)

(1) = yu, ) cos 5 (17)

+ sin ¢y, sin B8

(33)
where a3 ' (;) and B5 ' (1;) represent the time-varying az-
imuth angle and elevation angle from the scatterer S™ to the
receiving node. As shown in Equation 34.

The time-varying propagation delay of the SB| compo-
nent is:

‘fSB;(ti). (35)

Tsg, (1:) =
2.Time-varying channel parameters of the B, component

The transmission distance of the SB, component can
be calculated using the spatial distance formula:

The transmission dlsta.nce .of the SB; component can Esp, (1) = Ep sm (1) + Esm (1), (36)
be calculated using the spatial distance formula:
2
) — X y _ 7Y Z Z
Esp, (1) = Ep.sm (1) + Esm (1), 29)  Epsm(t) = \/ (Pgn - T, ) (PS"z TP) (Ps"z TP) ’
X X 2 Yy 4 2 X X 2 Y Yy 2 X X Yy 2
S“l ) Peny ’PUAVI) +(P5n1 ’PUAVI) +(PUAVZ"DUAVI) +(PUAV2’PUAV]) ’((PUAVZ’PSHI) (PUAV2 Psnl) )
i) = arccos
2 2 2 2
ZX\/((P;fnl "Pf/AV,) +(Pg"1 _szJAvl) )X((PI)EAVZ‘P()BAVI) +(P£J/AV2‘P;§AV1) )
PZ, -P?
" (;) = arctan st UAW 5
\/ (P PUAVI) HPYn Plav,) (34)
n ( ny ~ UAV) ( np~ UAV)2 n
al‘gl(zi):arcsin S S L 2[ a? Y1)
( UAV, ™ ) ( UAV, ™ 'n
P%, -P%
ﬁﬁ“' (¢;) = arctan st UAv, 5|
WPaav, 230 ) 4Pl v, Pl
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2
Esm (1) = \/(RX Pgnz) + (Ry Pgnz) + (RZ Pgnz)
(38)
where the coordinates of the scatterer S™ are represented by
[PS‘]Z ’ Snz ’ P§n2 ] .
P, = Dy, ,u, — Ry cos By cos (ﬂ' ay 2)
Pl = Rycos py” sin (r = o) (39)

. S12
P§n2 =Hy, +R» smﬁR ,

where R, represents the distribution radius of the scatterers
near the receiving node; aS * and ,BS * denote the azimuth
angle and elevation angle from the receiving node to scatterer
S respectively, following the VMF distribution and cosine
distribution.

The time-varying Doppler frequency shift of the SB»
component is:

Fsm = fu (1) (cos du cos (5 (1) = yuy ) cos B (1)

+sin ¢y, sin ,8?2 (ti))
+ fu, (1) (COS $u, cos (afenz (t;) - YUZ) cos By~ (1;)

+sin ¢y, sin ,8;3"2 (ti)) ,
(40)

where @3 (1;) and B3~ (1;) represent the time-varying az-
imuth angle and elevation angle from the transmitting node
to the scatterer S"2. As shown in Equation 41.

The time-varying propagation delay of the SB, compo-
nent is:
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2
b1 = (P ~T3) (P =12 4 (P =75

(44
2
Esms 1 (17) = \/ (R Pgnj) +(RY - Pgn}) + (R - Ph ),
(45)
where the coordinates of the scatterer S™ are represented by
[PZays Plhys P
Py = R3cos a3’
PY. =Rssina;" (46)
Péns =Hy - R3 tan,B?“3 ,

where Rj3 represents the radius of the cylindrical distribution
of distant scatterers; af“ and ,B;“ denote the azimuth angle
and elevation angle from the transmitting node to scatterer
S™, respectively, following the VMF distribution and cosine
distribution.

The time-varying Doppler frequency shift of the SB3
component is:

fsB, (t) = fu, (i) (cos by, cos (a
+sin gy, sin B3 (ti))
+ fu, (i) (COS $u, cos (0’15;3 (1) - 7Uz) cos By (1)

+ sin ¢y, sin,Bfi,n3 (ti)) ,

S5(t) - VUI) cos B3 (1;)

(47)
where a/IS;3 (t;) and Bf;} (t;) represent the time-varying az-
imuth angle and elevation angle from the transmitting node
to the scatterer S™. As shown in Equation 48.

The time-varying propagation delay of the SB3 compo-
nent is:

TsB; (1) = 49)

Esp, (1)
—

4.Time-varying channel parameters of the SB,,.; component

_ &s, (1)
Tsp, (1) = c (42) The transmission distance of the SB,,. , component can

be calculated using the spatial distance formula:

&5Bye, (1i) = Ep unc; (i) + Eunc; 1 (1i), (50)

2 2 2
Epne 0 = (P, T3) + (Pl = 18) 4 (7., ~75)

3.Time-varying channel parameters of the SB3 component
The transmission distance of the SB3 component can
be calculated using the spatial distance formula:

Espy (1) = Ep s (1) + Esm 1 (1), (43)

(PE, - P )2+(Py -pY )2+(PX -P¥ )2+(Py -pY )27 (P& av, ~ P ) +(PY 4y, ~ P )2
Sn2 s T UAV, s TTUAV, vav, Tuav, UAV, TUAV, vav, " Fgm vav; “Fgm

(t;) = m — arccos
2\ (P2, - P )2+(Py -pY )2 (P& av, ~P& )2+(PU -pY )2
s " PUav, sm ~Puav, vav, Prav, vav, ~Puav,

PZ 7PZ
"2 (#;) = arctan s _UAV =
y y
\/PS“Z PUAVz) +(P n PUAVz) 41)
\/ sm " FPoav Pl av.
Snz (#;) = arcsin ( 2 2) ( 2) sin ( a/;gnz (t))

( s T UAVI) UAVI)

z
Psnz Phav,

(P& av, —P )2+(Py -pY )2
vav, Fgm vav, " Fgm

B;nz (t;) = arctan
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(51) communication node; AUUpe ,BUZUm,j represents the rela-
2 2 2 tive azimuth and elevation angles between the receiving node
) = X _ px y_ pYy z Z
eyl (1) \/(Rl PUn ) + (Rl Py ) + (R PUnc ) ’and the non-communication node, as shown in Equation 54.
(52) The time-varying propagation delay of the SB,,.; com-
where the position of the transmitting antenna is ponent is:
[T3%, T;i, Tf,], and the position of the non-communication ¢ )
. SByc; i
node is [Px Py . P, ] TsB,.. (1) = 227me (55)
_] l VL(‘/ nL'j
The time-varying Doppler frequency shift of the SBj,., ¢
component is: APPENDIX C

DERIVATIONS OF THE DB PARAMETERS
JsBoe, (ti) = fu, (i) (COS du, cos (aUlUan () - 'YUI)

. . 1.Time-varying channel parameters of the DB; component
XCOSﬁU]Uan(ti)+Sln¢U] SlnﬁU]Uan(ti)) y g p ! p

The transmission distance of the DB component can

+ fu, (ti) (cos ¢y, cos (aUZUm, (t;) — yUz) be calculated using the spatial distance formula:
J

X €08 Buune; (1i) + sin gy, sin Bu,u,, (ti)) Epp, (1) = &p s (1) +Esm sm + Esm 1 (1), (56)
- fUm-j ) [(COS ¢U,wj €os (a'UlUan (#;) - 7Unc(,<) Egni gm =

. . 2
X CO8 B, (1) + 511 Gune, S B0, (1) (s = P3) (Pl =P8+ (P - 5
+ (<03 @u,., €08 (@ws0me; (1) = Yume, )| (57)
X cos ﬂUzU‘ . (t;) +8in pune; sin Bu,une, (1), The time-varying Doppler frequency shift of the DB;

e ! ! (53) component is:

where ay, Une,» Bu, Une, Tepresents the relative azimuth and
elevation angles between the transmitting node and the non-

PX, —P¥ )2+(Py -pY )2+(PX -p¥ )2+(Py 2 +(Py -pY, )2
S™ (1) = arceos si3 " Fuav, s13 "Fuav, vav, Fuav, UAV, ™~ UAvl UAVZ Peny vav, Fgn
a i) =
T 1
2 2 2
Y X y v X
ZX\/((PSng ’PUAVI) +(P5n3 ’PUAVI) )X((PUsz PUAVI) +(PUAV2 PUAV]) )
PZ PZ

n n3 ~Frav,

ﬁ? 3 (#;) = arctan 573 = 1 =

\/(Psnj PUAV]) +(P5n3 PUAVI) (48)
P:_ _p?

n n3 ~Prav.

;3 3 (#;) = arctan 53 2 =

y y
\/ PUAV2 pin *(PUAVZ’PSM)
2
PY,. -P +PY, -P,
" B R s (o
(1/123(ti):arc51n 1 1zsn T (t) R
x _pXx Yy _pY
\/(PUAV2 Psnz) (PUAVZ Psnz)
2 y 2 2. (py y 2y y 2
X X l !l X X L _pl _ X _px L _pl
PUAVm;j _PUAVI) +(PUAV,,(,~j _PUAVI) +(PUAV2_PUAV1) +(PUAV2 PUAVI) (PUAV2 PUAVm;j) +(PUAV2 PUAV,,CJ.)

QU Uy, (t;) = arccos

pY

_px _pY )2
UAv, "UAv,

vAv, )2+(

2y

Bu, Unc; (¢;) = arctan \/

2 2
X _pXx Y _pY X
(PUAV,,Ci PUAVI) +(PUAV,,Ci PUAVI) )X((PUAVZ

z _pz
Poav, PUAVan

2 2
X _pXx y _pY
(PUAV,,Cj PUAVI) +(PUAV"Cj PUAVI)

_pY

2
X _pX y
(PUAVV,,C] PUAVI) +(PUAVn,L»j UAVI)

QULUpe; (#;) = arcsin = = sin ay, Unc; (t;)
X X Yy y
\/(PUAVZ’PUAV,,CJ.) (PUAV2 PUAVan

zZ _pz
Prrav, PUAvm.j

2 z |
X X v _pY
PUAV,,L PUAVZ) +(PUAVan PUAVZ)

BUzUan (t;) = arctan \/

(54)
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o, (i) = fu, () (COS $u, cos (a’?l () - 7’U1) cos 85 (t;)
+sin ¢y, sinﬁ?nl (ti))
+ fu (1) (008 du, cos (0 (1) = yus ) cos B (1)
+sin ¢y, s.inﬁlsen2 (ti)) .
(58)

The time-varying propagation delay of the DB; com-
ponent is:

(59)

Tpp, (1) = S—DB;(”)-

2.Time-varying channel parameters of the D B, component
The transmission distance of the DB, component can
be calculated using the spatial distance formula:

Epp, (1i) = Ep sna (1) + Esns sm2 + Esma 1 (1), (60)

65"3,5"2 =

2 2 2
\/ (Pins = Pins )+ (Phns = Pls )"+ (P = Pl )
(61)
The time-varying Doppler frequency shift of the DB
component is:

fps, (t;) =
Ju, (t:) (COS u, cos (CY;"] (1) = 7U1) cos B ' (1:)
+sin gy, sin B (1))
+ fu, (t:) (COS pu, cos (0/}?;2 (1) - )’Uz) cos By (1)
+sin gy, sin B3 (ti)) .
(62)

The time-varying propagation delay of the D B, component
is:

TpB, (1) = &)BTZ(”)- (63)

3. Time-varying channel parameters of the DBy, compo-
nent

The transmission distance of the DB;,c; component can
be calculated using the spatial distance formula:

EDByc, (1) = Ep Upe, (1) + &, 572 (1) + Esma 1 (12),
(64)

§UAV,,.5m (1) =

3 3
X _ pXx y _ pY zZ  _ pZ
\/(Psnz PUAVMJ,) + (Psnz PUAVan) + (Psnz Pyav,,

(65)
The time-varying Doppler frequency shift of the D B,,;
component is

IEICE TRANS. FUNDAMENTALS, VOL.E98-A, NO.1 JANUARY 2015

JpB,., (1) = fu, (1) (COS ¢u, cos (aUlUncj (t:) - )’Ul)
X cos By, Une, (t;) + sin ¢y, sin By, Une, (tl-))
= fu,., (1) [(COS Punc; cos (CVUIUMj (t:) — )’Unq,-)
X €08 Uy, (i) + i v, SN BuUne; (li))
+ (COS U, €OS (afg () - VUncj) cos By (7)
+sin (ﬁUm_j Sinﬁglz (tl))]
s™ sm
+ fu, (8:) (COS bu, cos (aR (t:) - 7’U2) cos B " (1)

+sin ¢y, sin ﬁf;z (t[)) .
(66)

The time-varying propagation delay of the DB,,.; compo-
nent is:

DBy, (1i)
DBy, (1)) = — (67)
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