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Aerial communication is very flexible due to almost no restrictions on geographical conditions. In recent years, with the de-
velopment and application of the unmanned aerial vehicle, the air-to-air communication attracts dense interests from the
researchers. More accurate and precise channel modeling for air-to-air communication is a new hot topic because of its essential
role in the performance evaluation of the systems. This paper presents an analytical nonstationary regular-shaped geometry-based
statistical model for low-altitude air-to-air communication over an open area with considerations on ground scattering. Analytical
expressions of the channel impulse response and the autocorrelation functions based on the three-ray model are derived. Based on
the assumption of uniform distribution of the ground scatterers, the distributions of the channel coefficients such as time delay
and path attenuation are derived, simulated, compared, and fitted. The nonstationary characteristics of the channel are observed
through the time-variant distributions of the channel coefficients as well as the time-variant autocorrelated functions and time-

variant Doppler power spectrum density.

1. Introduction

Aerial communication is useful either as a compensation
of the land mobile communication network or as an in-
dependent mobile network. It is very flexible and con-
venient due to almost no restriction on geographical
conditions. As an essential part of the performance
evaluation of the aerial communication systems, channel
modeling of the aerial communication system is a very hot
topic [1, 2]. In the past years, aeronautical channel models,
including air-to-ground (A2G) channel models [3-7], air-
to-air (A2A) channel models [8-11], and satellite-to-
aircraft (S2A) channel models [12-14], have been widely
discussed and developed. As emerging applications of
unmanned aerial vehicle (UAV) communications, precise
low-altitude A2A channel modeling attracts interests
from the researchers, as in [8-10, 15-18]; measurements
were also performed in [19, 20]. However, there are still
lots of work to do in this area, for example, to obtain the
analytical expressions of the nonstationary channel with

different geometrical structures and to describe various
channel characteristics due to the distributions of the
scatterers [16, 17].

L1. Related Works. In 1973, Bello [21] proposed the
methodologies of modeling satellite-to-aircraft channel;
after that, the three-path model proposed in [21], i.e., the line
of sight (LOS) path, the specular reflection path, and the
diffuse scattering path, has been widely adopted in the
modeling of mobile-to-mobile (M2M) communication
channels including A2G channel, vehicle-to-vehicle (V2V)
channel, and A2A channel; the specular reflection path was
combined with the scattering paths in recent literature. The
way of modeling the M2M channel models, i.e., formulating
the channel impulse response (CIR) of different paths with
terms of time delay, path attenuation, and Doppler shift, has
also been widely adopted. In recent years, with more precise
considerations on the movements in the channel, nonsta-
tionary characteristics have been widely discussed in V2V
channel modeling [22, 23] and also have been developed for
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A2G scenario [6, 7] and A2A scenario [9, 16, 17]. These
models mostly belonged to geometry-based statistical
models (GBSM).

On the modeling of the geometrical structures, Lian et al.
[24] used two-dimensional (2D) one-ring and three-di-
mensional (3D) multicylinders to model moving scatterers
and near and far stationary scatterers for high-altitude
platform. Zhang and Cheng [25] proposed a two-cylinder
model. In [6], as a typical example of regular-shaped GBSM
(RS-GBSM), a 3D ellipsoidal model was proposed for A2G
communication, and Zhang et al. [17] expanded the 3D
ellipsoidal model to A2A communication.

On the assumed distributions of the scatterers and
subsequent derivations, Gulfam et al. [6] derived the dis-
tributions of the received power and Doppler shift and
simulated the distributions of the azimuth and elevation
angles of arrival (AOAs) based on the uniform distribution
(UD) of the scatterers; Zhu et al. [26] adopted a 3D von
Mises Fisher (VMF) AOA distribution scenario. Zhang et al.
[17] mentioned the distribution of received power caused by
the stochastical characteristics of the scatterers, but the
authors have not presented a more precise path attenuation
calculation.

Besides, measurements were performed in [19, 20]. Liu
et al. [20] presented a measurement-based A2A channel
model with an illustration of the distribution of shadow
fading, but further discussions on other channel coeflicients
are expected. In [9, 27, 28], ground scattering was modeled
and the Doppler effect was simulated in detail. In [28], a
simpler closed-form expression of Doppler shift was ob-
tained through utilizing the prolate spheroidal coordinate
system, and further development could be found in [29-31].
Whereas, the distributions of path attenuation and time
delay based on scatterer distribution were not analyzed in
these literatures.

1.2. Motivation and Contributions of This Paper. The moti-
vation of this paper is to develop an analytical nonstationary
RS-GBSM for low-altitude A2A communications over an
open area, with the scatterers assumed to obey UD in a
maximum delay-determined ellipsoidal scattering region. In
this paper, the formulation of the channel and the derivation
of the time-variant distributions of the channel coefficients
are presented. The contributions of this paper are as follows.

(1) Three paths, i.e., the LOS path, the ground specular
reflection path, and the ground scattering path, are
modeled in this paper. Analytical expressions of CIR,
transfer function (TF), autocorrelation function
(ACF), and Doppler power spectrum density (PSD),
are derived.

(2) Nonstationary characteristics of the channel are

observed through the CIRs, TFs, ACFs, Doppler
PSD, etc.
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(3) Closed-form expressions of the distributions of time
delay are derived in three scenarios, i.e., the general
scenario (GS), the vertical pass-by scenario (VPS),
and the same altitude scenario (SAS).

(4) Distributions of path attenuation based on radar
function in these three scenarios are simulated and
fitted.

The rest of this paper is organized as follows. In Section
2, we illustrate the geometrical structure and assumptions. In
Section 3, we develop the nonstationary A2A channel model,
formulate the analytical CIR and the time-variant TFs, and
derive the time-frequency ACFs. In Section 4, we deduce the
cumulative distribution functions (CDFs) of time delay and
discuss the distributions of path attenuation in the GS, the
VPS, and the SAS. In Section 4.2, we present the simulation
results, fitting functions, and analyze them. Finally, in
Section 5, we provide conclusions.

Notation: boldface uppercase letters stand for matrices
while boldface lowercase letters represent vectors. The su-
perscript (-)" denotes the transpose operator. The super-
script (-)* denotes the conjugate operator. [x| is the norm of
x. E{} denotes expectation operation.

2. The Geometrical Structure and
the Assumptions

2.1. The Geometrical Structure. The geometrical structure of
the presented channel model is as shown in Figure 1, where
T is the aircraft transmitter, R is the aircraft receiver, and
also the origin O of the Cartesian coordinates. The ground
specular reflection point is S. And the diffuse scattering is
assumed to happen on the flat Earth surface with the diffuse
scatterer denoted with D. D is distributed in a maximum
delay-determined area which is determined in Section 2.2.
Major parameters used in this paper are listed in Table 1.

Triangle RST determines the YOZ plane; thus, x-axis is
determined consequently. ki and hy are the heights of T and
R. The time-variant coordinates of the transmitter, the re-
ceiver, the specular reflection point, and the scatterer are
denoted as T (x1 (1), yr (1), 21 (1)), R(0,0,0),
S(xg(t), ys(£), 25 (1)), and D (xp (t), yp (1), zp (1)), respec-
tively, and zp(t) = hp (1) — he (t) and
zg(t) = zp (t) = —hgi (t). This general geometrical structure
illustrated in Figure 1 can be expanded to the scenarios in
[6, 17] conveniently. In Figure 1, since the transmitter and
the receiver are moving during communication, the dis-
tances and the AOAs are time variant. Thus, in most of the
situations, the channel is highly nonstationary. According to
the general method of developing aeronautical channel
models, such as presented in [5, 21], three paths, including
the line-of-sight path, the reflection path, and the diffuse
scattering paths, are considered in this paper and are as-
sumed to be uncorrelated to each other.
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FIGURE 1: The geometrical structure of the system model with flat Earth surface as the scattering surface.

Based on Figure 1, the lengths of the LOS path and the
specular path can be calculated by (1) and (2):

dyos () = %2 (8) + y2.(0) + 22 (8), (1)

dgpg (1) = drs () + dgg ()

(2)
- \/hﬁ(t) +xp (8) = x5 (O] + [yr (1) — ys (O] + \/hﬁ(t) + x5 (t) + ya(b).

The scattering path contains subpaths, so when we  diffuse scattering subpath can be calculated as in (3). In the
discuss the subpaths, the coordinate of the I/th diffused  following derivation, we also denote it as rpp:
scatterer is denoted as (xp;, yp;,0); thus, the length of the

dpig, (1) = dpp (£) + drp ()

2 2 2 2 2 5 (3)
= \/xD)l(t) + ¥ (1) + B (8) + \th(t) +[xr () = xpy O]+ [yr (&) = yp, (0]

2.2. The Modeling of Ground Scattering Area. The ground ellipsoid truncated by the XOY plane. The maximum time-
scatterers are assumed to be randomly distributed in the  delay ellipsoid is determined by (4) with T and R as its foci;
elliptic area determined by the maximum time-delay  thus, the boundary of this elliptic area is determined by (5):

V2 () + 2 (8 + 23 () + \(xp () = 20 (D) + (7 () = 70 (D) + (2 (8) = 2 () = CTyp (4)

\/xf) (t) + y5 () + B (£) + \/(xD(t) —xr () +(yp (6) = yr () + B (t) = cTpaes (5)

where 7., is the maximum delay of the scattering paths in ~ which assumed to be a constant when a certain commu-
second and c is the speed of light. Compared with the delay =~ nication system is under consideration.

of the LOS path, we define 7, = €7;g as the maximum Since we assume that the scatterers obey UD in the
delay of the diffuse scattering path that can be detected, elliptic area, we have
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TABLE 1: Major parameters and symbols this paper.
Symbols Definition
c The speed of light
D The scatterer
dyiog (1) Time variant distance between the transmitter and the receiver (length of the LOS path)
dgpg (1) The time-variant length of the specular reflection path
drp (1) The time-variant distance between the transmitter T and the scatterer D
dgp () The time-variant distance between the specular reflection point D and the receiver R
dp, (1) The time-variant length of the Ith scattering subpath
Frequency

B Central frequency
GES (1) The antenna gain of the receiver at the moment ¢ along the LOS path
GRS (1) The antenna gain of the receiver at the moment ¢ along the LOS path
GYE (1) The antenna gain of the receiver at the moment ¢ along the specular reflection path
GYPE (1) The antenna gain of the receiver at the moment ¢ along the specular reflection path
G (1) The antenna gain of the receiver at the moment ¢ along the specular reflection path
Gpr (1) The antenna gain of the receiver at the moment t along the specular reflection path

R The altitude of the receiver
hy (t) The time-variant altitude of the receiver
hy The altitude of the transmitter
hy (t) The time-variant altitude of the transmitter
h(t, ) CIR of the channel
hyos (8, T) CIR of the LOS path
hgpg (¢, T) CIR of the specular reflection path
hpe (8, 7) CIR of the scattering path
L Number of the scatterers
ngy (1) The time-variant unity directional vector of the LOS path from the transmitter towards the receiver
npg (1) The time-variant unit directional vector towards O observed from T
ngo (1) The time-variant unit directional vector towards O observed from R
nyp; (t) The time-variant unit directional vector towards the Ith scatterer observed from the transmitter T
ngp (1) The time-variant unit directional vector towards the [ th scatterer observed from the receiver R
(¢} The origin of the XOY plane, also the specular reflection point
8 The radius of the scattering area in VPS
rp () The time-variant radius of the scattering area in VPS
TDIF The length of the scattering path
rppe (£) The time-variant length of the scattering path
R The receiver
S The specular reflection point
Sg (1) The time-variant area of the scattering ellipse
t Time
T The transmitter
v (1) Time variant velocity vector of the receiver
vr(t) Time variant velocity vector of the transmitter

The time-variant 3D coordinate of the transmitter
The time-variant 3D coordinate of the receiver
The time-variant 3D coordinate of the scatterer
The time-variant 3D coordinate of the Ith scatterer
The azimuth angle between the scatterer D and y-axis in VPS
Path attenuation of the LOS path
Path attenuation of the specular reflection path
Path attenuation of the scattering path
Path attenuation of the Ith scattering path
Time interval
Frequency interval
Time variant reflection coefficient
Normalized Doppler shift of the scattering path
Radar cross section (RCS)
Delay
Time variant path delay of the LOS path at the moment ¢
Time variant path delay of the specular reflection path at the moment ¢
Path delay of the scattering path
Time variant path delay of the scattering path at the moment ¢
Time variant path delay of the Ith scattering path at the moment ¢
The reflection angle
The wavelength
Internal variables
Internal variables
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1
Fxpv, (Xp> ypot) = S, () (6)

where S (t) is the area of the elliptic area at the moment ¢.
The time varying of Sg(¢) is due to the movement of the
transmitter and the receiver.

2.3. The Scenarios. In this paper, we define three scenarios,
i.e., the GS, the VPS, and the SAS. The GS is illustrated in
Figure 1, the VPS stands for the scenario that the transmitter

and the receiver have the same XOY coordinates but dif-
ferent altitudes, and the SAS stands for the scenario that the
transmitter and the receiver are with the same altitude but
different XOY coordinates. They are as shown in Figures 2
and 3, respectively.

In the VPS, we have x;(f)=xx(t)=0,
yr(t) = yp(t) =0, and z;(t) = hy (t) — hg (). And in the
SAS, we have z (t) = zx (t) = hy (1).

In VPS, the scattering area is a circle, so we have
Sg(t) = Unry, . (t), where rpp . (¢) is calculated with

1

D max (t) =
" DIF max

where 7 g max = CTmay 18 also assumed to be a constant for a
certain system in a certain scenario.
In the GS, the area Sy can be calculated with (8) at the

\/[hR () + hyp () = 7 prpmax] + (e (6) = e () = Tprpmay] - [P (8) = hr (8) + 7pppmae] - [Ar () + he (8) + P pppmads (7)

where yp i () and yp .. (£) are calculated as (9) and (10),
respectively:

moment ¢: YD min (8) = O 9)
5.0 Jyum<t> an_u,,},e,m y :
g (t) = Xpa)p
Yomin () %0_iouer (1) nos®+§ @) "
Pomax (8) Yo ma (1) &) (10)
= J XD_upper (1) - XD_lower (t)d)’m
YDmin ( where
£ (t) = rDIFmax\/ [ Dirmax + e (1) = 2hg (Ohy (1) + 1. () + Y3 (0] - [~7 D15 max + 1R (8) + 2hg (Dhy () + H7.(6) + y7. (1)),
(11)
&, (1) =2y7.() - ZrZDIFmax’ (12)
E(t) = hy ()yr () = Ky () yr () + ¥ () = T prpmax V1 (0. (13)
Xp_upper A0 Xp 1o are calculated as
r4DIF max 2hi (t)r%)IF max 2h§" (t)r%)IF max 4réIFmaxy2D + 4ri)IF maxyDyT (t)
1 21 g Ve (1) + Hy () = 2H5 (07 (1) + 4k, () yp v (£) "
t) = S 14
xD’uPper( ) 27 DIF max 2 2 4 2 2 2
—2hy (1) yy (t) + hy (t) — 4hy () ypyr () + 2k (1) vy (1)
\ +4yhy7 (£) = 4ypyr (8) + yp. (1)
T4DIF max Zhé (t)ri)IF max Zh% (t)réIFmax - 4r§)1Fmaxy§)
+4r7 t) - 21" 2(t) + hy (1) — 2% (DR (¢

-xD_lower(t) — _ DIFmaxyDyT( ) DIFmaxyT( ) R( ) R( ) T( ) (15)

27 DIF max

+4ly () ypyr (£) — 2k () y7- () + h3.(8) - 4hy. (D ypyr (1)

+2h7 () y7 (£) + 4yp 7 (1) — 4ypyr () + y1. (1)
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FIGURE 2: The geometrical structure of the VPS.
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FIGURE 3: The geometrical structure of the SAS.

With (8) to (15), we have

Sp(t) =

[ (441 ()Y D max () + 14 (8)] \/m (D7D max (1) + 3 ()Y s () + 15 (£)

" DIF max

(£) + 20, ()7 ma ()| (4101 (D3 (8) = 13 ()
+log(W1<t>yémax<t>+uz<t>meax<r>+u3<t>+”2 S )( 0 )

(16)

= (4 (DY in (1) + 15 (t))\/m (YD min (1) + 15 ()Y D i (£) + i3 (£)

uﬂﬂ+wdﬂnmmm)@mUMAﬂ—£UU

10 Vo )+t O (0,0 200200 i
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where

151 (t) = _4r2DIFmax + 4)/%' (t)’ (17)
2 (£) = 4rDrp vy (1) + 4hg ()yy () = 4h7 (D) yr = 4y7 (1), (18)

U3 (t) = r4DIFmax - Zhé (t)r%)IFmax - Zhé (t)rZDIFmax - zr%)IFmaxy% (t) + h;l? (t) (19)
— 20y (O3 (t) — 2H (1) y7- () + by (£) + 2h5. () y3- () + 7. (8).

In the SAS, since we have hy = hg, (18) and (19) can be
simplified as (20) and (21), respectively:

(1) = 4r%)IFmaxyT (t) - 4)’; (0, (20)

Thus, the PDF of the scatterers can be denoted as (22) for
UD of the scatters in the abovementioned scenarios:

4 2 2 2 2
#3 (1) = Tprrmax — 4PR (T D1 max = 27 Dip max V1 ()

21
+ 205 () = 2k (K2 + yi (D). (21)

L VPS,
1D max (t)
-1
[4(’41 (t)meax (t) + Uy (t)] ) \/‘l/ll (t)yszax (t) + Hy (t)meax (t) + Us (t)
10g{ V1 (107D s (-4 8 ()Y () 15 (0) + (12 () + 208, (¥ (0) 245 D))
' 8ui (1)
For, (00 yor) =1 (gt (O 0) = 1) = (448 (0¥ () + 1 (0] (22)
"DIF max GS&SAS.
1 (O min () + 113 (8)Y i () + 113 (1)
log( \/.“1 ()Y D min () + )Y D min (1) + 3. () + (42 () + 241 ()Y p in ()21 (B) ))
8ui” (t)
(4, (Dps (1) — 3 (1))
3. The Analytical Nonstationary A2A propagation attenuation, propagation delay, and
Channel Model Doppler shift, the impulse response of the LOS path is
denoted as
3.1. Channel Formulation. As mentioned above, in accord hyos (.7) = ayos (D105 (t)(S(T B TLOS)’ (24)

with [5, 21], three-path model is adopted in this paper; thus,
the CIR of the presented channel model can be given by

h(t,7) = hyog(t, 7) + hepg (¢, T) + hppp (8, 7), (23)

where a;g(t) = A (1|GEOS ())GEOS (¢) /4nd g (1)), with the
assumption that the propagation loss attenuation factor
equals to 2. A is the wave length, and G%OS (t) and szos (t) are

where h;oq (¢, 7) is the impulse response of the LOS path,
hepg (t,7) is the impulse response of the specular re-
flection path, and hp g (£, 7) is the impulse response of the
diffuse scattering path. By considering the large-scale

the antenna gains of the transmitter and the receiver at the
moment t. Tyog (1) = (dps (t)/c), where d; g (t) is the length
of the LOS path as in (1) at the moment . g; ¢ (t) in (24) is
calculated as



t
Gr0s () = ejkod,,os(t)ﬁ(znm JO nET (t) - vgr (t)dt (25)
ros\t) = ,

where k, = 27/A, Vip () = v (t) — vy (t), vp(t) is the ve-
locity vector of the transmitter,
vp(t) = (vp_, (t),vT_y(t),vT_Z(t))T, vi (t) is the velocity
vector of the receiver, and
V(1) = (ve_y (£),vg_, (), v . (£)". The unit directional

MWGTEGYE (1)

agpp (1) = drdspp (1)

gspe (t) =€

where nrg and nyg are the unit directional vectors towards S
observed from T and R at the moment ¢, respectively. And
I'(t) is the reflection coefficient where the dielectric property
of the reflection surface is calculated as in [32, 33] and [34].
In the simulation of this paper, we assume that the scattering
surface is the sea surface.

Suppose that the number of the scatterers is L; then, the
impulse response of the scattering path is as

L
hpr (£,7) = Z aprr (H)gpir (t)5(7 - TDIF,Z)- (29)

I=1

When the radar cross section (RCS) ¢ is constant for
each scatterer, the amplitude attenuation of the /th subpath

9IDIF (t) — ej‘P1+jkodDIF,1 ),

T
where  npp(£) = (npp_ (0, nrpy_y (), npp; (1)) and
ngp (1) = (gpy_y (1), gpy_y (£),1pp . (1)) are the unit
directional vectors towards the [th diffuse scatterer D
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vector of the LOS path from the transmitter towards the
receiver is mngy(t) = (nRT,x(t),nRT,y(t),nRT,z(t))T. The
impulse response of the specular reflection path is given by

hspe (£, 7) = T (t) - agpp (£) - gpg (1) - 6 (7 = Tgpg), (26)

where Tgpp = dgpg (t)/c. agpg (t) and ggpgp (t) can be calcu-
lated by (27) and (28):

(27)

t
Jrodsp (6)+(210) jo Ny (£) - vy (1) + npg (£) - v (£)dt (28)

>

a; (t) is calculated by (30) in accord with [21, 35]. In (30),
drp, (t) and dpy  (t) are the distance between the transmitter
and the scatterer, and the distance between the scatterer and
the receiver, respectively:

[ ~DIF DIF
MGy (1)Gy (t)\/_ (30)

o.
dndrp ) (H)dpg ; (1)

aprpy () =

Thus, gpg, () in (29), containing the phase and fre-
quency offset in the impulse response of the diffuse scat-
tering components, can be denoted as (31):

t
e jo 0l (6) vy (£) + nhp, (8) - v ()t (31)
e

>

observed from T and R at the moment ¢, respectively. Thus,
the TF and ACF of the scattering paths are calculated as (32)
and (33):
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t
L . . ‘ jn) |l (8) - v (8) + iy (£) - v (£)dt
) eJkOdD,F,,(:)_eJ(Z”’ )Jo 0y (8) - vy (8) + mpp (£) - Vg ( )d’

Hpp(t, f) = Z QpIF] (t)e™ ST (0 pion(0)
=1

Rpp (6, AL f,Af) = pie (& ) - Hppp (8 + At f + Af)]

(32)

t
L DIF DIF . T . T .
A GT[ (t)G (t)CjZHfTDIF,I (067 jo (t)67 Jkodpiry (t)e Jey JO "Dl (t) T (t) T MRo1 (t) "R (t)dt

L A\/GDIF (t + AOGEIF (£ + At)

47TdTD,1dDR 1

E[H
{ 47TdTD,1dRD,l

-e

1277(f+Af)TD1F,I ef(ﬂl (t)ej‘PI (HAt)ejkodeF,l (t+At)

t+At
e JO 0l (6) v (1) + nhp, (1) - v (1)t

(33)
With uncorrelated assumption, the TF and ACF of the
scattering paths can be stationary in frequency domain; thus,
(32) and (33) become (34) and (35):
L
oy (1) = Z ey (D)o PRI O i) gibadonss®) (2”/”] nyp; (8) - v () + ngpy (8) - VR(t)df (34)
1=1
Ry (t, At) = E[Hpyp (t) - Hpp (t + At)]
t
. i)u GEFOCRI © ) st 107 jo nly () v (6) + nlh (8) - vy ()t
= Andrpdpp;
(35)

L A\/GDIF (t + AOGEIF (£ + At)

4ndrpdpr

ll
- e

The time-variant PSD of the scattering path can be
obtained through Fourier transform with (33) as (36), where
u denotes At:

Pos(t, f) = JRD,F (). exp(—jprfudu.  (36)

3.2. Distributions of Channel Coefficients of Scattering Path.
In VPS, the distribution of the scattering path delay can be
derived as follows.

f‘Pt (t+A1) ejkode,z (t+At)

t+At
ey jo 0l (6) vy (6) + 0, (8) - v ()t

As shown in Figure 2, at the moment ¢, the length of the
scattering path 7 () can be denoted as (37), where r, (¢) is
the radius of the scattering area in VPS at the moment t:

rprr (f) = \/hi (t) + ré (1) + \/h% (t) + ré ). (37)

Thus, we have

RiU)
rp(t) = Er— (38)

At this moment, the Jacobian [36] can be calculated as



10 International Journal of Antennas and Propagation

drp & 1

= = 2 —_— .
drpir 2rpe 4rpipé

[(hg + hy = rpig) (hg = by + 1) (hg + by + 7ppp)

+ (hg + by = rpgp) (b = hy + 1ppp) (hg + by + 1ppp) (39)
— (hg = hy + 1) (hy = hg + 7ppp) (Mg + hy + 1ppp)

+ (hg + hy = rpp) (hg = by + 7ppe) (hp = hg + 1p7e) ],

where

§= \/_(hR + hy = rpip) (hg = by + rppe) - (b = by + o) (hg + By + 7ppp). (40)

According to the UD of the scatterers, we also can denote Thus, the CDF of path delay 7,5 can be calculated with
the PDF of the scatterers as (41). It is to be mentioned that, (42):
although we omit the variable ¢ for simplification of the
expressions, all the parameters are time variant:

r
fRDCDD (rD’ ¢D) = 27[)’ rp € [0’ rDmax]’ ¢D € [0,2m].

D max

(41)

P(Tpip<tpir) = P(S(Rpir) <S(rprr))

2m p 2
0 d¢ jo rdr_ D
=7

2
ﬂrD max "D max

2

[(l/zrDIF)\/_(hR +hy = rpg) (g = by + 1pig) (b = hg + 7ppe) (hg + by + 1) ]

2
[(1/2”D1Fmax)\/_ (hg + hr = Tprpmax) (MR = Br + Tprpmax) (Br = AR + 7' prpmax) (AR + Br + 715 ma) ]

_ T DIF max ) (hg +hy = o) (hg = hy + o) (B = hg + 7pge) (hg + By + 1)

- T’ZDIF (hg + by = T prpmax) (B = hr + Tprpmay) (Br = hg + €Tiay) (Br + By + 715 max)

_ " DIF max . (hg + hy = cTpig) (hg = by + cTpip) (hy = hy + cTpre) (hg + by + cTpir)
CT%)IF (M + Iy = Tp1p max) (R = Br + 7p1p max) (B = AR + 7D max) (BR + A + D15 max)

(42)
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For the most general scenario, i.e., GS, the CDF of 7y is
calculated with (43)-(48) and can be simplified with h = hy
for SAS:
FTD,F(TDIF) = P(Tpip<Tpip) = ”T . fXDYD (xp> yp)dxpdyp
1
= ” dxpdyp
SE Tprr < Tpir
_ St (tpir)
SE
= (4 upper T 2u er T upper T
o (450,70 apper + 2) Vi1 VD apper + 2.+ 1 )
log( \/AulyzD_upper + HZyD_upper TUs + ((#2 + zylyD_upper)/z\/m ))(4.“1”3 - ”;)
+ 302
8uy
- (4M1yD_lower + MZ)\/Hly%),lower T2 YD lower T U3
10g< NHL Y tower * B2V tower + 3 +( (2 + 2081 YD, tower)I 2B ))(4H1M3 -13)
- 32 >
81y
(hi“yT - h?z)’T + J’; - CZle)IFyT) + CTDIF\/(_CZT?)IF + hfz = 2hghy + h; + J’;) : (_CZTIZDIF + hfz +2hphy + h; + J’%) (44)
YD_upper = B ) >
(ZJ’T -2 TDIF)
(hg"yT - hfzz)’T + y; - CZTZDIFyT) —CTprp \/(_CZTZDIF + hfz —2hghy + h% + )’%) : (_CZTZDIF + hfze +2hphy + h% + y%) (45)
YD_lower = 2 2 2 ’
(2)’T -2 TDIF)
Y = —4c2‘rf)IF + 4y§, (46)
2 2 2 2 3
Uy = 4 Tppyr + 4hyyr — 4hryr —4y7s (47)
Uz = C4T4DIF - zczhfﬂ’%ﬂp - 2C2h§“T]231F - ZCZTZDIF)/ZT * h;lz - thzhzT - thzy% + h4T + Zh%)/zT * y4T- (48)

Since there are no closed-form expressions of the dis-
tributions of a; can be obtained with the Radar function is
adopted, we perform simulation and curve fitting to obtain
the CDFs of ap;p in GS, VPS, and SAS. Furthermore, since
the PDF of the Doppler shift is proportional to the Doppler
PSD and also has been derived in [28]; we do not derive the
distribution of Doppler shift in this paper. The distributions
of the AOAs have been presented in [37].

4. Simulation Assumptions and Results

4.1. Simulation Assumptions. According to similar scenarios
in [5,9] and [11], the simulation parameters are set and listed
in Table 2. In our simulation, we assume that the simulation
starts at the moment t =0 s. At the moment t =0 s, the
transmitter and the receiver are at different altitudes, which
are corresponding to the GS, e.g., the altitude of the
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transmitter is 305 m and the altitude of the receiver is 610 m.
The initial distance between the transmitter and the receiver
is assumed to be 745 m, i.e., the ground distance is 680 m. At
the moment t = 0 s, we assume that the transmitter and the
receiver fly towards each other with the velocity of the
transmitter v = (0, 68, 0)" m/s in Cartesian coordinates
and the velocity of the receiver v, = (0,-68,0)" m/s. Thus,
at the moment t = 5 s, the scenario becomes VPS described
in Section 3. At the moment ¢t = 5 s, we assume that v, =
(0,-68,0)" m/s and vy = (0,68,-61)" m/s. Finally, at the
moment t = 10 s, the aircrafts become a SAS and still with
the same velocities. The dielectric coefficients are set in
accord with [33, 34].

4.2. Simulation Results of CIR, TF, ACF, and PSD. In our
simulations of the CIRs, the tapped delay lines model is
adopted. Figure 4 shows the impulse responses of the presented
model at the moments t =0 s and ¢ = 5 s. Fifty taps are il-
lustrated in this figure with equal delay paths overlapped. For
convenience, the tap delays in Figure 4 are set as the time delay
tot =0sandt =5 s for each moment, respectively, and the
attenuation of each path are defined as normalized attenuation
to the LOS path at the moment t = 0 s.

It can be seen from Figure 4 that the LOS path, which is
also the path with minimum delay, can be distinguished
from other paths easily, while the specular reflection path is
adjacent to the diffuse scatter paths. This is in accord with the
simulation which assumes that the scatterers are around the
specular reflection point. The time-varying feature of the
CIRs is very obvious in Figure 4. It is to be noted that, in
Figure 4, each diffuse component is much smaller than the
LOS component, but it does not mean that we should neglect
the diffuse component. Modeling the diffuse components is
the most important part of channel modeling since they
introduce stochastics of the channel. For the realization of
computer simulation, we take a finite number of the diffuse
scattering paths. However, in many pieces of [11, 18, 38], the
number of diffuse paths goes to infinity. With this as-
sumption of infinite diffuse paths, the amplitude of each
scattering tap (distinguishable diffuse paths) will become
much higher.

The time-frequency TF of the diffuse scattering path
during ¢ € (0,0.12)s is as shown in Figure 5, which depicts
the time-variant feature of Hpp (t, f).

The normalized ACFs of the scattering path at the
moments of t = 0s and t = 5s are shown in Figure 6.

From Figure 6, we can observe that the main lobe of the
normalized ACF at t = Os is much wider than that at t = 5s.
This depicts different correlation time periods. We can also
observe that the fluctuations of the former curve are not so
obvious as the latter. These show the nonstationary feature of
Hppp (. f).

The normalized Doppler PSDs at the moments t =0 s
and ¢t = 5 s are shown in Figure 7.

Figure 7 shows the decreasing of the maximum nor-
malized Doppler in accord with the movements of the
transmitter and the receiver towards each other with the
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increasing of elevation angles. Furthermore, the Doppler
PSD is a bilateral spectrum because at the moment around
t =5 s, when the transmitter and the receivers are per-
forming a vertical pass-by.

4.3. Simulations of the Distributions of Path Delay, Path At-
tenuation, and Normalized Doppler Shift of the Scattering
Path. The CDFs of 1y at the momentst =0s,t =5, and
t =10 s are, as shown in Figure 8, with € = 3.57.

From Figure 8, we can see that CDF of 7 is apparently
time variant. The simulated CDFs coincide with the theo-
retical results well. With similar geometrical structures,
similar features can be observed between the curves at the
moments of t =0 s and £ = 10 s.

The CDFs of ap; at the moments t =0s, t =5 s, and
t =10 s are as shown in Figure 9 with € = 3.57.

From Figure 9, the nonstationary feature of the channel
can be clearly observed, as well as the similarity between the
CDFs at t=0 s and t =10 s with similar geometrical
structures.

For better observation of the distribution of ap, we
present the PDF of apyp in GS in Figure 10 and fit it with the
7th order Gaussian function, as (49), where a, = 1.858E +
06, by = 3.484E - 07, ¢c; = 2.308E - 08, a, = 1.361E + 06,
b, = 3.861E — 07, ¢, = 3.81E— 08, a; = L.OI1E+ 06, b, =
4.423E - 07, c; = 7.004E - 08, a, = 6.59E + 05,b, =
5.384E — 07,¢, = 1.221E - 07, as = 1.174E + 06,b; = 8.48E
—-07,¢c5 = 2.817E — 07, ag = —8.275E + 05, b = 8.915E - 07,
e =2.328E-07, and a, = 1.581E + 05,b, = 1.362E — 06,
¢7 =2.063E — 06. None of the well-known distributions
such as Gaussian distribution, Rice distribution, and Ray-
leigh distribution can fit this distribution of ap;p well. And
the 7th order Gaussian function is much easier to calculate
than the well-known Suzuki distribution [39].

7 )
anys (p1r) = ) e (- Commr=ti)'t), (49)

k=1

The PDF of app in VPS is illustrated in Figure 11, and
fitted with two terms’ exponential function as (50). Com-
pared with the GS and SAS, the simpler geometrical
structure of the VPS leads to simpler expression of the PDF
of app.

Fay, (apgp) = 1.253 % 107 1089 10%0ir 4 38871 092410%0ir (50))

The simulated PDF of ap: in SAS, i.e., at the moment
t =10 s, is presented in Figure 12 and is fitted with the 4th
order Gaussian function, as (51), where a, = 3.033E+06,
b,=2.179E-07, ¢, =1.003E—08, a,=1.658E+06, b,=
2.46E —07,c,=2.846E—-08, a;=8.147E+05,b; = 2.934E—
07,c;=6.558E-08, and a,=1.99E+06, b, =1.17E-07,
¢, =5.041E - 07. Compared with the GS, a simpler expres-
sion of the PDF of ap; is obtained with best goodness of fit.

4 .
fap, (apip) = Z age (=) /Ck)- (51)
k=1
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TaBLE 2: Simulation parameters.

Parameter Value
Initial altitude of the transmitter 305m
Initial altitude of the receiver 610 m
Initial LOS distance between the transmitter and the receiver 745 m
Tmax 3.571105
Central frequency 1GHz
Velocity vector of the transmitter t=0s (0,680 m/s,t=5s and t = 10 s (0,-68,0)" m/s
Velocity vector of the receiver t=0s (0,68, 0)T m/s,t=5s,and t =10 s (0,68, —61)T m/s
150 T T
t=5 s, Diff
=
< 100 |
go t=0's, SPE
:
§.5 50t t=5s, SPE
< &
=9 t=0s, Lo
A
R Y
2
E “t=5s, LoS
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Time Delay to t=0 s and t=5 s (s) x107°

FiGURE 4: The CIRs at t =0 s and t = 5 s (case 1).
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5. Conclusion

We present an analytical RS-GBSM-based channel model for
low-altitude A2A communication over an open area in this
paper. Based on the assumption of the scatterers distributed
in a maximum-delay-determined scattering area, we for-
mulate the CIRs for the LOS path, the specular-reflected
path, and the scattering path. Furthermore, we derived the
TF, the ACF, and the Doppler PSD of the scattering path
since the scattering path is the most complicated path. Then,
with the UD of the scatterers, we derive the closed-form
expression of the distributions of the path delay of the
scattering path in VPS, SAS, and GS. Simulation results show
a good coincidence between the theoretical CDFs and the
simulated CDFs. Since the closed-form expression of the
path attenuation distributions based on the radar function is
very hard to be derived, simulation and curve fitting are
adopted, and we fit these functions and present the corre-
sponding parameters.

The work performed in this paper is one of the trials
towards the analytical nonstationary channel modeling
based on the geometrical distribution of the scatterers. In
further research, we will consider more kinds of distribu-
tions. For more comprehensive structures, i.e., including the
modeling of local scatterers around the ground station or the
aircraft, if necessary, we can refer to [40-42].
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