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Abstract—A 3-D arbitrary-elevation two-cylinder reference
model is proposed for multiple-input-multiple-output (MIMO)
air-to-air communications in unmanned aerial vehicle (UAYV)
channels. This model accounts for not only the Line-of-Sight
(LoS) but also the single-bounced at the transmitter (SBT)
and the single-bounced at the receiver (SBR), as well as the
double-bounced (DB) rays. Therefore, it is endowed with a high
adaptability to various UAV-to-UAV communication scenarios.
From the reference model, a closed-form expression of the space-
time correlation function (ST-CF) is derived. This expression
is shown to be the generalizations of many existing correlation
functions from the 2-D one-ring, the 3-D low-elevation one-
cylinder, the 2-D two-ring, and the 3-D low-elevation two-cylinder
model. Corresponding deterministic and stochastic simulation
models are also developed in addition to the reference model. The
well agreements between the channel capacities obtained from
the simulation models and those from the derived ST-CF not
only display the usefulness of the simulators but also confirm the
correctness of the derivations. Based on the derived closed-form
ST-CF, the effects of some model parameters on the capacity are
evaluated in a computationally efficient manner.

Index Terms—Channel capacity, channel correlation,
geometry-based stochastic model (GBSM), unmanned aerial
vehicle (UAV)-to-UAV communications.
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I. INTRODUCTION

HE PAST few years have witnessed a growing interest
T in communications assisted by unmanned aerial vehicles
(UAVs) as they become affordable and flexible [1], [2]. As
a supplement to traditional terrestrial cellular networks [3],
UAV-assisted communications can provide dynamic deploy-
ment capabilities and connectivity coverage extensions [4].
To establish a high-speed and large-coverage UAV network,
two different kinds of communication scenarios need to
be considered, i.e., UAV-to-ground (U2G) and UAV-to-UAV
(U2U0) [5], [6]. In the U2G communications, the UAV can
serve as an aerial mobile base that provides a highly flexible
connection to the ground station (GS) [7], [8]. The U2U
communications, on the other hand, can be used to build a
UAV-enabled multihop link for data transmission, allowing
data sharing among the elements of a UAV virtual antenna
array [9]. With these promising applications, it is necessary to
quantitatively study the benefits brought by the UAVs under
different propagation environments [10]. To this end, a prereq-
uisite task for us is to develop practical yet easy-to-use U2U
channel models that capture some unique UAV-related behav-
iors, e.g., the UAV’s locations, positions, and motions [11].

Recently, some efforts have been made to characterize the
U2U channels. Existing U2U channel modeling approaches
can be broadly categorized into the deterministic ones and
the statistical ones. The most common deterministic modeling
approach is based on measurements [12], [13], [14], [15].
In [12], the Rice channel model was extended to UAV air-to-air
(A2A) communication environments by introducing the effects
of the UAV’s altitude based on some measurement results.
In [13], another preliminary measured result was reported
to characterize the low-altitude UAV A2A channels, where
both the large-scale fading and the small-scale fading were
considered. Ede et al. [14] conducted a measurement campaign
to study the large scale fading of A2A wireless UAV channels.
In addition, the ray-tracing method, as another widely used
deterministic modeling approach, was combined with the
measured-based one in [15] for A2A channel characterization,
where a tapped-delay-line model was also developed. These
deterministic channel models in general have high fidelity to
the measured environments, but unfortunately have relatively
low generality as they are environment-specific.

In contrast to the deterministic models above, the statistical
ones have better universality because they are not confined
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to a certain environment but are instead adaptive to various
scenarios through parameter adjustments. Specifically, as
for UAV A2A channel modeling, the two-ray model is
a commonly seen one [16], [17], which accounts for the
Line-of-Sight (LoS) component and the ground reflection
components. This kind of model is simple and convenient,
yet it barely give consideration to the diffuse components
induced by ambient scatterers, such as buildings, trees, or
vehicles. As a result, the two-ray model is not suitable to
characterize the low-altitude UAV A2A channels, especially
in urban areas. To fully consider the scattered components,
some researchers have applied the geometry-based stochastic
modeling approach to the U2U channels [18], [19], [20],
[21], [22], [23], [24], [25]. In [18] and [19], a single-cylinder
geometry-based stochastic model (GBSM) was proposed
for wideband nonstationary UAV A2A channels, where the
UAV’s three-dimensional (3-D) random trajectories were
included. Based on this model, the impact of the UAV’s
jitter was further investigated in [20]. Moreover, this single-
cylinder geometrical model was extended in [21] and [22] to
millimeter-wave UAV-based communications by introducing
a two-state continuous-time Markov model that describes the
dynamic appearance/disappearance properties of the scatterers.
Apart from the cylinder-based models, some other regular-
shaped GBSMs have also been used to characterize the UAV
A2A channels. For example, two ellipsoid-based models were
proposed in [23] and [24] and a sphere-based one was reported
in [25]. Based on the GBSMs proposed in these works, some
essential channel characteristics, including the space-time
correlation function (ST-CF) and the Doppler power spectrum
density (PSD), were derived, and the impacts of some unique
UAV-related parameters on the channel characteristics were
then analyzed, which led to useful guidance for the design of
U2U communication systems.

Ever since the one-ring model by Jakes, geometrical mod-
els have been well researched for channel characterization
and capacity analysis. This one-ring model was extended
in [26] to derive the spatial fading correlation and analyze
the capacity for fixed-to-fixed multiple-input-multiple-output
(MIMO) channels, and it was further generalized in [27] to
obtain the ST-CF and quantify the effects of the propagation
channel characteristics on the capacity for fixed-to-mobile
MIMO channels. To consider the scattering at both ends of
the radio link rather than only one side, a two-ring model was
proposed in [28] to study the effects of ST-CF on the fixed-
to-mobile MIMO channels. Both the one-ring model and the
two-ring model are 2-D and thus only valid for certain envi-
ronments where the propagating waves travel in the horizontal
plane. In order to account for the waves that propagate not
completely horizontally (e.g., due to dispersion or diffraction
from buildings down to streets), Zaji¢ and Stiiber proposed
a low-elevation two-cylinder model in [29], which allowed
them to derive a closed-form ST-CF and to evaluate the effect
of the ST-CF on the mobile-to-mobile channel capacity for
3-D nonisotropic scattering environments. Nevertheless, this
two-cylinder still assumed 2-D moving low-elevated stations,
which is suitable for terrestrial vehicle-to-vehicle (V2V) com-
munications but unfortunately not so appropriate for U2G
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communications where the UAV can be in 3-D motion at
a considerable altitude. Given this problem, reported in [30]
was an arbitrary-elevation one-cylinder model that took into
account the vertical component of the UAV’s velocity, and this
model was modified into a polarized one in [31] to investigate
the impact of some key factors, such as the cross-polarization
and antenna spacing on the UAV channel capacity.

While there are a number of geometrical models that can
be used to evaluate the capacity of the V2V channels or the
U2G channels, still widely missing in literature is a GBSM
that enables us to properly abstract the U2U propagation
environments and, thereby, allows us to efficiently analyze
the corresponding channel capacity. Different from the V2V
communications that are terrestrial [32], [33], the U2U com-
munications are aerial and thus fully 3-D in terms of both
the environmental scattering and the terminal movements,
which means that the V2V channel models cannot be directly
used for U2U channels. Meanwhile, compared to the U2G
communications where the aerial station is often much higher
than the GS as well as the ground scatterers [34], [35], the
U2U communications often have the transmitter (Tx) and
receiver (Rx) in co-equal status at similar altitudes. Hence,
there is no reason for us to neglect the scattering at each
side of them, which implies that the widely used arbitrary-
elevation one-cylinder model is not quite applicable to the
characterization of U2U wireless channels. But it should also
be pointed out that the similarity between the U2U channels
and the V2V or U2G ones is also obvious: they are all
mobile radio channels with multiple antennas equipped on the
ends. This gives us the faith that it is viable to adopt the
geometry-based stochastic modeling approach to the modeling
and capacity analysis of U2U channels. Motivated by that,
in this article, we propose a generic geometrical model for
the U2U MIMO channels that accounts for the 3-D locations
and movements of the UAVs as well as the 3-D scattering
at both sides, where the received signal is a superposition
of the LoS, the single-bounced at the Tx (SBT), the single-
bounced at the Rx (SBR), and the double-bounced (DB)
rays. The novelties and contributions of this article are as
follows.

1) An arbitrary-elevation two-cylinder GBSM is proposed
to characterize the U2U Rician fading channels, which
captures the arbitrary altitude and vertical movement of
the UAV. It is an extension of the low-elevation two-
cylinder GBSM that only applies to terrestrial scenarios
where the two ground stations move at similarly low
altitudes. By adjusting the parameters, the proposed
model is adaptable to a variety of U2U communication
scenarios (low/high-altitude, dense/sparse-scattering, or
urban/rural-area).

2) A closed-form expression of the ST-CF is derived from
the proposed arbitrary-elevation two-cylinder model
using a spatial-vector-based method, which, compared
to the conventional geometric-relation-based method,
exhibits stronger ability to extract the geometric
information.

3) The derived theoretical statistics are shown to embody
many of the ones previously reported from the 2-D
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or 3-D geometrical models as special cases. What
is more, the channel capacities obtained from the
theoretical correlations agree well with those in the sim-
ulated results, demonstrating the correctness of the
derivations.

4) The impacts of some model parameters on the channel
capacities are studied at a low computational cost using
the closed-form correlation function. Some interesting
observations are given, which are helpful for the design
of U2U MIMO communication systems.

The remainder of this article is as follows. Section II
describes the reference channel model and derives its statistical
properties. Section III presents the corresponding simulation
models. Finally, conclusions are drawn in Section V.

Notation: The lightfaced roman letters (e.g., x or X), the
boldfaced roman ones (e.g., x and X), and the boldfaced italic
uppercase ones (e.g., X) stand for the scalars, the vectors, and
the matrices, respectively. Those boldfaced roman but with a
hat overhead (e.g., X) represent the corresponding unit vectors.
For scalars, mod is the modulo operator, (-)* is the complex
conjugate operator, E[ - ] is the expectation operator, F{ -}
is the Fourier transform operator, and * is the convolution
operator. For vectors, | - | denotes the vector norm operation,
(-, -) denotes the vectors angle operation, (-)T denotes the
vector transpose operation, - denotes the dot product operation,
and x denotes the cross product operation. For matrices,
()12 symbolizes the matrix square root, (-)T symbolizes the
matrix transpose, vec(-) symbolizes the matrix vectorization,
(-)" symbolizes the matrix conjugate transpose, and det(-)
symbolizes the matrix determinant.

II. REFERENCE MODEL FOR U2U MIMO CHANNELS

Let us consider a narrowband U2U MIMO communication
system with M7 transmit and Mg receive omnidirectional
antenna elements, which are configured as two uniform linear
arrays (ULAs) centered at the points Or and Og, respectively.
The pth transmit antenna is denoted by A(Tp ) and the gth receive
antenna is denoted by A(q), where 1 < p < My and 1 <
q < Mpg. The Tx and Rx move with velocities vy and vg,
respectively, and the moving direction of the Tx (Rx) are
characterized by the angle pair yr (yg) and &r (&r). As in
Fig. 1, we assume that Nj transmit scatterers are distributed
on the surface of one cylinder of radius R; at the Tx side, and
that NV, receive ones are distributed on the surface of the other
cylinder of radius R, at the Rx side. The n;th transmit scatterer
is denoted by S;f' D and the nyth receive scatterer is denoted
by Sg'Z), where 1 < n; < Ny and 1 < np < Nj, respectively.
For S(T" 1), we use a(Tm) and /3;"]) to denote its azimuth and
elevation angle relative to Or, also known as the azimuth
and the elevation Angle of Departure (AoD), respectively; for
SI(Q"Z), we use ocl(;”) and ﬂl(enz) to denote its azimuth and the
elevation angle relative to Og, also known as the azimuth and
the elevation Angle of Arrival (AoA), respectively. Besides,
the displacement vectors from A(]? ) to S(Tnl), from S(Tn Y to SI(Q”Z),
and from S;"Z) to Ag), are represented by dp,, dy, 4, and dy, g,
respectively. Other symbols are explained in Table I.
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Fig. 1. Proposed 3-D two-cylinder GBSM with small drones as example.
Each cylinder is an abstraction of the local scatterers around the respective
UAV station. In reality, those scattering objects may include buildings and
streetlights for low-altitude small-size U2U communications, or may be the
wings on the aircraft itself for high-altitude large-size U2U communications.

TABLE I
DENOTATIONS OF SYMBOLS IN THE MODEL
Symbol Denotation
@] The origin of the Cartesian coordinate system.
Or. O The center of the ULA at the Tx
T YR and at the Rx, respectively.
R R The radius of the cylinder at the Tx side
1 2 and at the Rx side, respectively.
AP 4@ The pth antenna at the Tx and the
T 'R gth antenna at the Rx, respectively.
g(n)  g(n2) The nith effective scatterer at the Tx side and the
T "R naoth effective scatterer at the Rx side, respectively.
dr. d The spacing between any two adjacent antenna
T, OR elements at the Tx and at the Rx, respectively.
0. B The azimuth angle (relative to the +z-axis) of
T VR the ULA at the Tx and at the Rx, respectively.
TThe elevation angle (relative to the zy-palne) of
¥, YR the ULA at the Tx and at the Rx, respectively.
The velocity vector of the Tx
vT. YR and of the Rx, respectively.
The azimuth angle (relative to the +z-axis)
7T YR of v and of vR, respectively.
The elevation angle (relative to the xy-plane)
&r. &R of v and of vR, respectively.
dypo, dr g The displacement vector from Agf’ ) to Ag)
Pa ) and from O to Op, respectively.
d d The displacement vector from Aé? ) to S;nl)
P S and from Or to S;"l), respectively.
d d The displacement vector from ng) to Ag)
n2d Cnaft and from ngg) to OR, respectively.
The displacement vector from O to AP
drp, drg (@ I
and from OR to A,’, respectively.

The complex channel gain between A%? ) and Ag’) is a sum
of the LoS, SBT, SBR, and DB components, i.e.,

K 1os TSBT , SBT
fpa® =\ e O+ g 1 @
TISBR DB
+ —K+1h;’:]3R(l‘)+ K+1h,?f(t) (1
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where K is the Rician factor, and the nonnegative parameters
NSBT, 1SBR, and npp specify the contributions of the SBT,
the SBR, and the DB components, respectively, to the total
scattered power, which satisfy nspt + nsgr + np = 1. Based
on the model, we have

h;;;s = e_/zT” |dpq] gﬂ” (frmax c0s (v7.dpg ) —frmax c0s (VR.dpg) )1 2)

Ny
. .2
hSBT t hm e]¢nl _JT(|dP"1 |+|d”lq|)
0= Jm = >
nj=
o2 (Frmax €08 (v7.dpn; }=frmax €08 (VR.dn, 4))t 3)
1 Na . 2
hSBR (t) = lim Z e]¢n2 e (|dpnz |+|dn2‘i|)
pPq Ny—o00 /N-
2
ny=1
efzﬂ (meax cos <VT’d1”"2>_meaX cos (vR’d"Zq))t (4)
N1 N
hDB ([) —

N1, N2—>OO «/NlN Z Z s

ni=1ny=1
e*i%”(ldpnl |+ldnyny |+ |dnyq)

67277 (meax cos (VTvdpr” >_meax cos <VRydnzq))t (5)

where A is the carrier wavelength, frmax = [vr|/A and frmax =
[vr|/A are, respectively, the maximum Doppler frequencies
associated with the Tx and Rx, ¢,, and ¢,, are the random
phase shifts induced by the njth transmit scatterer S(Tn " and the
noth receive scatterer S( 2), respectively, which are assumed
to be independently unlformly distributed over the interval
[0,27), and finally, ¢pn, = (¢n, + ¢p,) mod 27 is the
joint phase shift caused by S, ) and the subsequent S;enz),
which is also uniformly dlstrlbuted over [0, 2r). Unlike the
significant difference between the single-bounced rays (whose
AoDs are dependent on AoAs) and the DB ones (whose are
independent), the triple-bounced or higher order-bounced rays
are very similar to the DB ones [36]. Hence, it is unnecessary
to consider them separately.

To aid further derivations, we do some useful approx-
imations on the distances and angles that have appeared
in (2)=5). In (2), |dpy| can be written as |d,,| =
\/|de +drg +dggl* ~ \/|dTR|2 + 2d7g - (dpr + dry), where
we have omitted the extremely small terms |de|2, |dRq|2, and
2d,7 + dg,. Furthermore, using the approximation +/1 + x =~
1 + x/2 for x « 1, it is not difficult to obtain that
dpgl ~ ld7r|(1 + @d7r/|d7r*) - (dpr + drg)) = ld7rl +
3TR + (—=drp +dgy), where we have introduced the unit vector
tAirR = drgr/|dTRr|. Meanwhile, since dr, dp < |d7g|, we have
(v7.dpg) ~ (vr.drg) and (vg,dpy) ~ (vg,drz); in (3), we
can approximate |d,, | and |d111q| by |dpn, | ~ |d7n,| —drn,
dr, and |d, 4] ldn,rl + dn g - dggy, respectively, where
dTm = dTn1/|dTnl | and dan = dan/|dn1R|. At the same time,
as dr,dg < R < |d1g|, we have (vr,dp,,) =~ (vr,dm,)
and (vg,dy 4) ~ (Vgr,dyR); in (4), Iflpn2| and |d,,,| can be
approximated into |dp,| ~ |d7,,| — d1n, « d7p, and |dy,4| =
|d R —HAlan - dgy, respectively, where ‘AlTnQ =drn,/ldTy,| and
(Alan = d,,r/ldy,r|. In the mean time, we can obtain that
(vr,dpn,) = (vr,dry,) and (vR, dy,q) = (VR, du,r); and in (5),
as was just mentioned, we have |d,,, | ~ |dry, | dTn]

dTp ’
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|dnyg| ~ ldp,R| + diyr - drg, VT, dpn,) =~ (vr,d7y,), and (g,
d,q) & (VR, dp,r). With these approximations, we can obtain
that

hLOS(l‘) ~ e—fZT”(ldTR|+aTR-(—dTp+dRq))
rq

/27 (frmax €0s (V7,d7R) —fRmax €OS (VR,dTR))! (6)
WSt ~ i e
0 Jim Zl
nl—

e_joﬂ (‘dTnl |+|dan ‘ _aTnl 'dTp"l‘;lan'dRq)

ej277 (meax cos (VT‘dTnl )7meax cos <VRadan))t (7)
BSBR(1) ~ lim elfm
Pq ( ) N2—>oo 2:1
n2

eszTﬂ (‘dTnz |+|dn2R ‘ *aTnz ‘dTp‘HAian'dRq)

/27 (Frmax 08 {7 .1y )~ frmax €08 (VR .dn, )1 8)
N1 Ny

lim &P
Ni-N2=00 /NN, an—zlnzz:l

e_jon (‘dTnl |+|d"1"2 |+|dn2R | _aT"l 'dTP""}"zR'dRq)

hDB (1) ~

ejzﬂ (meax Cos (VTvdTn] )_meax cos <VR,dn2R))t' (9)

The normalized ST-CF is defined by

E [y (01,1 + D)
o

(T) =
e \/]E[|hpq(t)|2]E[|hp’q/(t)‘2]

and by substituting (1) into (10), we have

R (10

LoS NSBT ,,SBT
pqpq(t) K+1RMM,( )+K+1qupq/(r)
1SBR ,SBR DB DB
+K+1qupq,( )—l—K_I_lqupq,(t) (11)

where the constituent ST-CFs are

RLoS (1) = J xdTR( dpy+d gy )

Pq.p'q
& 27 (frmax c0s (V7. d7R) —fRmax €05 (VR,dTR))T (12)
N . N
2
RSBT /(T) = lim i Z E e]Tn(—dTnl -dp[;/-l-dan.dqq/)
Pa-r'q Ni—oo Np

ni=1

eszﬂ (meax cos (vT)dTl‘ll >7meax cos (Vdean» t] ( 13)

RBR (1) = lim
pqpq’( ) = Ny—oo N

Z ]E|: ( dTﬂz p Jrd"zR dyy )

n21

e_j2” (meax cos (VTadTnz )_meax cos (VR,dan» T] (14)

N1 M

pqpq/(f) N N2—>oo N1N2 Z Z

ni=1ny=1

.2 e 3
E I:e./);f (_dTnl 'dpp/ +dan'dqq/)

o727 (Frmax €08 (v7 .7, )~ frmax €0 (VR dn, ) t] . 5)
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Note that d,,y and d,, are the displacements from A(f) to
AP and from A'Y to A" respectively. Besides, the cosines
wherein can be Aexpressed as cos (vy,drg) = fAiTR vr/lvrl,
cos (vg,d7r) = drr + VR/IVR|, c0s (vr,d1y,) = dray - vr/IvT],
cos (vg, dn r) = dp g  VR/IVR|, €OS (vT, d1ny) = d1ny - v7/IV7],
and cos (vg, d,,r) = dy,r + Vr/|VR|. Recall frmax = [vr|/A and
frmax = [Vr|/A, and then rewrite

iZdrg-(—d, ) +d,  —(vr—
Rll;gi q/('L') = e] » ATR ( oy Tgg =0T VR)T) (16)

1
SBT
qupq,(r) = Nlhmoo N_] E

T

1 &
SBR IRTI
quﬁq’(r) - Nilinoo N, 2:1
ny=
E|:ejzf(—arnz-(dpp/+v7r)+¢3n21e-(dqq/+ka)):| (18)
1 N N
RDB , —
Pq.p'q (T) Ny, N2~>OO N]N2 X:l X:]
nm=I1ny=

E |:ej T (_dTm '(dpp’””)Jra"zR. (dqq/”Rr)) :| -1

By now, we have obtained the result of Rll;;’i q,(r) but

RS:?;, (1), stpr (1), and R[?fp, (1) still need further deriva-
tions. For the DB rays, thanks to the independence between
the AoDs and the AoAs, it is straightforward to express the
unit vectors (Aif,,l and 3,,2 R, in coordinate notation, as functions
of a(Tnl) and ﬁ("l) and of a,(e"Z) and ﬂ(m) respectively: dg,, =
[cosa(T‘)cos,B} ]), sinot( cos,B("‘) smﬂ}"')]T and ;anR =
—[cos (xl(e”Z) cos 1(3”2), sin ocl(e"Z) cos ,B(nZ) sin ﬂlg"Z)]T. As for the
SBT rays and the SBR rays, the expressions of (Alrnl and &an
remain the same as above. The tricky part is to express &Tn2
and dnl g as proper forms contammg oe("Z) and /3("2 and of
(T"‘) and ﬂ(T’”), respectlvely. Note that dTn2 = dTn2 /ldgn,| =
(dTR — duwp)ldra,| 7!, where |dTn2|_ (Idrr|* — 2drg -
doyg) VP~ |drg|™" + @1z /ld7r]?) - dan This enables us
to Ob}aln thflt dTYAlz ~ dTR Anzdan + Ap, (dTR . an)dTR —
2 n, (1R + dnyR)dn,r, where we have introduced A,, =
|dn2R|/|dTR| Since |d,,r| = Rz/cosﬂ(m) < |dtr|, one can
see that A,, is small, and that Aﬁz is even much smaller.
Therefore, by omitting the extremely small term that contains

A%2, we have

&Tnz ~drg — Anzaan + Ay, (3TR . 3n2R>3TR (20)

IThe following mathematical process is essentially the algebraic way to
find the dependence of the AoDs on the AoAs for the SBR rays, as well as that
of the AoAs on the AoDs for the SBT rays. Such a systematically foolproof
procedure epitomizes the superiority of our spatial-vector-based method over
the conventional geometric-relation-based one that demands strong spatial-
thinking skills or even clever triangle-solving tricks.
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where the expression of iz,,g r has been given in this paragraph.
Similarly, the unit vector d,, g can be approximated into

Zlan ~ drg — Am;lTnl + Ap, (aTR . ‘Ale)‘AlTR (21)

where the coordinates of tAiTnl have also been specified before.
Substitution of (21) and (20) into (17) and (18) yields

g ( +v r)
RSBT (T) — lim 2 ] 5 GTR* /TVR
Pq.p'q Nj—o00 N1 |

ny=

‘E |:e—j2farn] '(Anl (dqq/ +VRT—3TR-(dqqr +VRT);1TR>+(dpp/ +VTT)):|

(22)
N

1 _amg

RBR ()= lim — S 7+ (dpror)
Pa:r'q Ny—o00 Ny [
ny=

‘E |:€j2f;1n2R . (Anz (dpp/ +vrr—drg- (dpp/ +VTT);1TR) +(dqq/ +vRT)) :| )
(23)

To facilitate derivations, we convert (19), (22), and (23)
into functions explicitly of aT'”) B ol and BY?). Let
dTR = [dTR X5 dTR )a dTR z] s dpp = [dpp X0 dpp/,yy dpp’,z]T’
dqq = [dqq xod q .y qq ,z] V7 = vrx, vry, vrl, and vg =
[VR,x, VR,y» VR,z] ", and thus we have

2

RSBT (T) — lim 2 / )L dTR ( qq/+VRT)
pa-r'd Nj—00 N1 |
np=

ny.x

. IE|: 2 DSBT Cosa; 1 cos ﬁ;"l)

e 2 DE?B sin a; v cos /3;”1) j 2 D,SZ?T smﬁ("')i|
(24)
Ny
. 1 —jdrg-(d, +vrt
RBR (1) = lim —Ze i TR(”" T)
Pq.p'q Nr— 00 N2
np=1
. E|: ]2" Dng]E cos "‘1(?”2) cos ,812”2)
]271' Dﬁf% smozlg 2) cosﬁ( 2) —j2z Dﬁflf nﬂlg'lz):|
(25)
N N
DB
Rogy (™) = )IDD
pqpq/( )= Nl,Nzﬁoo N1N2
ni=1ny=1
E|:€ <dpp/ T, xr) cos a; ") cos /S;nl)
—jo” (dpp/,y-"_vT ‘r) sin a; ) cos ﬂ;ﬂl)
e
e—jo” (dpp/,z"‘VT 71) sin ﬂ;n')
e—jo” (dqq’,x"‘VR Xr) cos ot,(Q cos /S(nZ)
e*jo” (dqq/nyrvR)t) smot( cos ﬁ( 2)
_i2n (g, (n2)
e J5 (dqq VR Zr) sin 8 i| (26)
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ny,x/y/z and Dn X/y/z, Dnl ;l;/y/z =
An|(dqq x/y/z T VR x/y/zT - dTR . (dqq’ + VRT)dTR,x/y/z) +
Ay sy /e VT 5T And DB o = Ay (dppy /e VT /T =
dTR (dpp/ + VTT)dTR,x/y/z) + dqq’,x/y/z + VR x/y/zT-

Since the number of local scatterers is inﬁmte in this
reference model, the discrete random variables oc ,8 "1),

I(Q"Z), and ,BI(Q”Z) may be replaced by continuous ones ar, Br,
ag, and Br. We assume these angles are independent with each
other and use f(ar), f(Br), f(ar), and f(Br) to denote their
marginal probability density functions (PDFs), respectively.
In this article, we adopt the widely used von Mises PDF to
characterize the azimuth AoD a7y and the azimuth AoA «p,
as given by f(ar) = ([ 5@ /2 ly(k7)]), —1 <
ar < 7 and f(ag) = ([ R/ [27 1o (kg)]), —70 <
ar < m, where Iy(-) is the zeroth order Bessel function of
the first kind, a7, and ag, are the mean angles at which
the scatterers are projected to the horizontal plane, and the
nonnegative parameters k7 and kg control the spreads of
scatterers around the mean values. The elevation AoA and
elevation AoD are described by the cosine PDF as f(8r7) =
(7 /4B1m) cos ([ /21[Br — Brul/Brm), |1Br — Brul < Brm and
f(Br) = (7t /4Brm) cos ([ /21[Br — Brul/Brm), |1BR — BRul <
Brm, where Br, and Bg, represent the mean values, and
the nonnegative parameters By, and Br, control the spreads.
For conciseness, define Br, — Brm = Brmin, Bru + Brm =
Brmaxs BrRu — BrRm = PBrmin, and Bry + Brm = PRmax-

Then with the new definitions D)7 Ar(dyq vz +

VR.x/y/zT — dTR (dqq"i‘vRt)dTR x/y/z)+dpp x/y/z+VT x/y/zT and
D)SC}B;}Z AR(dpp xjy)z VT x)y)2T — drg- (dpp’+VTT)dTR,x/y/z)+
dqq x/v/z T VR.x/y/zTs where A7 = Ry/cos Br/ldrr| and Ag =
R>/ cos Br/ldrr|, the summations as in (24)—(26) become the

integrals

where DSBT are, respectively,

SBT
RPq r'q (1) =

ﬁTm'lx
d /4
JA TR* qq VRT/ f(OlT)f(ﬂT)
Brmin -

e —j5r 2z D3BT cos ar cos ﬁT —j5r j2x DSBT sin ag cos Br
21 HSB
5D ST dord Br 27)

. Brmax T
jAdTR-(dpp/"!‘vTT)/ K f(ap)f(Br)

BRmin -
2 DSBR

SBR
qu r'q (1) =

j 21 DSBR COS AR COS ﬁRe—j sin g cos Br

e ] sin ﬂRdO{Rd,BR

BRmax Brmax
RPB (1) = / / f
rera BRmin ﬂTmm -

d s +vr Xr) cosar cos A1

f(aR>f<ﬂR>e I (s

e —J5
-2 DSBR

(28)
f (ar)f (Br)

(dpp/ y vy T ) sinar cos Br

o .
e_/T(dpp’ Tt sin 1

2.
e—]T” (dqq/ VR, Yr) cos ag cos Br

—] 5 (dqq/ ‘+VR yT ) sin g cos Br

I (dag F9RT) S0PRG4 dard e (29)

Using the equality ffn easinetbeoseq. — 2710 (Va? + b?)
[43, Eq. (3.338-4)], we can solve the integral with
respect to ar or with respect to «g in (27) and (28) as

10059

SBT i /M)drr-(d,, +VRT) Brmax ,—j(2m /A)DSBT sin r
RPY (v) =¢ aq f e =
Tmin

Pa.p'q
[(r cos ([ /21[Br — Bru/ Brm)))/4Brm] - (Uo(/ Xipr + Yapp)]
/lokr)dpr and RSER (r) = e enmdy o)

Pq.p'q
fﬂRmax e /A)DSBR sin Be
Rmin

([ cos ([ /21[Br — Brul/Brm)]

/4Brm) - (Io(/X3pr + Y3gr)1/1I0(kr))dBr, where Xspr =

—j@rx /MDSBT cos Br + krcosar,, Ysgr = —j(2mw/A)
DEBT cos Br + kr sinary,, Xsgr = —j(2m /L) DEBR cos Br +
kr cosag,, and Yspr = —j(2n/A)D§BR cos Br + kg sinagy,.
Similarly, in (29), the integrals with respect to or
and o«or can be solved into pqpq,(r) =

ki Xpg + Ypp)1/lo(kr)) -
(Irrcos (17 /21(Br — Bry)/ BrnD1/4Brn)dBr - [5E ([ cos
(I /21L(BR = Bri)/ B D1/4BRm) - €T/ P g VR
(o(/Z3g + W3p)1/1o(kr))dBr, where the parameters are
defined as Xpp = —jQ2n/A)(dpy x + vrxT)cCOsBr + kr
cosary, Ypp = —jQr/M(dyyy + vryT)cosPr +
krsinary,, Zpg = —jQ2m/M)(dgyx + VRxT)COS Br + kg
cosagy, and Wpg = —j@2m/A)(dyqyy + VRyT)COS PR +
kR sin QR

Unfortunately, the existence of fr or Br in these param-
eters makes it almost impossible to solve the remaining
integrals with respect to Br and Br. Note that it has been
analytically demonstrated that the spreads of these elevation
angles typically do not exceed 0.5 rad =~ 30° [44], which
inspires us to make a small-elevation-angular-spread assump-
tion, i.e., Brm, Brm < 30°/2 = 15°. This gives us the following
Taylor approximations: cos Br A cos Bry,, sin Br ~ sin B, +
(Br — Bru) cos Bry, cos Br ~ cos Bry, and sin Br ~ sin B, +
(Br — Bru) cos Bru, and, thereby, allows us to solve the three
constituent ST-CFs as

fﬁTmax —jQ2r /) (dyyy +v7,T) sin Br (o(

10 SBT + SBT)

Io(kr)
cos (2"’37’” DSBT cos Bry, )
1 (e

] 3 dTR /+VRT

SBT
R[’q r'q (1) =

27r DSBT sin /ST

2
4;3;"1 DSBT cos Br,. )
(30)
10 Xipr + ¥, SBR)

Io(kg)
cos (%DZSBR cos ,BR,L)

21 5
RSBR /(T) —¢ TdTR W,/+VT‘[

Pq.p'q

eszT”bgBR sin SRy, =
1- (%D?BR cos ,BR#>
(31)
1o /33, + 72 )
DB ( DB DB (a’, / VT, r) sin Bry,
Pq-p'q Io(kr)

2
cos (T’Tﬂrm(dppgz + vr,.T) cos ﬂm)

1 —

2
4B1m (dpp/ VT2 'L') cos ,BTM )
r
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o ( (72, + W2 )
DB DB e_JZTﬂ (dqq’,z'*“’R,zr) sin BRry,
Io(kg)

2
cos (T’TﬂRm (dgg'. + VR.2T) cos ,BRM)

4BRm (dqq/ HVRZT ) €0s Bru ?
1 — 2

(32)

A

where the approximated parameters with tildes overhead are

-~ 27T ~

XspT = —jTDEBT cos Bry, + kr cosary, (33)

% _ 2_7T~SBT :

Yspr = —J X Dy cos Bry + kr sin ATy (34)

& _ 2_77 ~SBR

XsBr = —J - D2°" cos Bry + kg cos agy, (35)

= _ 2_” ~SBR :

Yspr = —J A D cos Bry + kg sinagy, (36)

XDB = )\ ( oy x VT xf) cos Bry + krcosar, (37)

- 271 .
YpB = i~ “—(dpp',y + v7yT) cOS Bry + kp sinar,  (38)
- 271

Zpg = )\ ( qq¢ .x T VR xr) Cos ,BRM, + kg cos ORu (39

- 21 .

Wpg = —j— X ( aq.y T VRyT )COSﬂRM—}-kRSlnaRM. 40)
Besides, the parameters Digfz and DE/';}}Z are defined as,
respectively, DE/%% = Ar(dyy xjye + VRxyT — drR -
dgq + "RT)dTR,X/Y/z) + dpp xjyjz + VTx/y/eT and D)Sc/'}l}z =

AR(pp xfyjc + VIxpy/et - drr - (dpy + "TT)dTR,X/y/g) +
dyq x/y)zFVRx/y)2T, Where Ap = R/ cos Bry/|drr| and Ag =
R>/ cos Bru./ldTr|, respectively.

It should be noted that the velocities vy and vg can be
expanded as [45]

(41)
(42)

. . T
vy = vT[cos yr cos &, sin yr cos &7, sin ET]

. . T
VR = Vg[cos yg cos &g, sin yg cos &g, sin &g |

where vy = |vr| and vg = |vg| are the speeds of the two UAV
stations, respectively. Besides, the displacements d,,y and d
(under ULA configuration) can be specified as [46]

dPP’ = (p — p’)dT [cos 01 cos Y1, sin O cos Y7, sin WT]T
43)

d,y = (q — q')dr[cos 6 cos g, sin Bg cos Y, sin wR]T.
(44)

Worth pointing out is that, although the ULA configuration is
used throughout this article, it is not difficult to extend to some
other antenna configurations, e.g., uniform circular array and
uniform spherical array. Interested readers are referred to [29]
for details on the mathematical representations of the antenna
elements in those two configurations.

Substituting (16) and (30)—(32) into (11), we finally arrive at
a closed-form ST-CF that jointly considers the LoS, the SBT,
the SBR, and the DB rays. It can be easily observed that:

LoS SBT SBR
1) qu p,q,(l’) qu v q,(r) E]l)I]lgd qup q,(r) all depend on the
R

unit vector dTR, while iy q,(r) does not. This indicates

IEEE INTERNET OF THINGS JOURNAL, VOL. 11, NO. 6, 15 MARCH 2024

that the relative location or direction between the Tx and
Rx is irrelevant to the correlations of the DB rays but is
significant to the LoS, SBT, and SBR cases;

2) Rll;;’i,q,(t) is independent of the radii of the two imagi-

nary cylinders, which is obvious. In contrast, Rﬁ;}q,(r)
is dependent on the radius of the imaginary cylinder at
the Tx side only, and RSBR (7) is dependent on the
radius of the imaginary cylinder at the Rx side only.
Besides, R va.p ,(t) is dependent on the radii of both the
cylinder at the Tx side and Rx side;

SBT SBR
3) qu p,q,(l’) and qu p,q,(l’) have analogous expressions.

More specifically, the expression of RS{];; q,(‘L’) can

be obtained from that of RSBl;,q,(r) by replacing the
subscripts ,,y with 4, g with 7, and 7z with gr.
Interestingly, this is the very operation that interchanges
the Tx and Rx, which turns the SBR case into the SBT
case.

To exemplify the validity of the approximate expres-
sions (31) and (32), we show in Fig. 2 that the closed-form
approximate results generally agree with the numerical exact
ones. The results in Fig. 2 are obtained under the parameters
Mr = Mg =2, drg = [0,50 m, =50 m]T, Rj = R, =2 m,
vr =vg =1 m/s, yr =20° yp =40° &r =g = 0°, dr =
dr = 0.5A, 07 = O = 45°, Y7 = Yyp = 120°, kr = kg =
20, ar, = 70°, ag, = 20°, and By, = Pru = 10°. Apart
from the close approximation under small g, the closed-
form expressions have much shorter computation time than the
numerically obtained exact ones, which indicates the utility
and the superiority of the derived ST-CF.

Many existing correlation functions are special cases of
the suggested closed-form ST-CF as in (11) with (16) and
(30)—(32), as are summarized in Tables II and III. Specifically,
Table II lists some correlation functions previously obtained
from the one-ring or the one-cylinder model, and Table III
enumerates several correlation functions previously obtained
from the two-ring or the two-cylinder model. These existing
correlation functions can be reached by simplifying the ST-
CF of ours with the specific condition as in each entry of the
tables, which shows the high generality of the derived ST-CF.

To demonstrate the utility of the proposed ST-CF in real-
istic scenarios, we compare some measured A2A Doppler
PSDs reported in [47] to the theoretical ones. Although
the two measurement aircraft used in [47] were human-
piloted planes, the results wherein can be seen as what
we would expect using large-size fixed-wing UAVs. Note
that the space-Doppler PSD is defined as the Fourier trans-
form of the ST-CF, which can be written as Sy, vy (fp) =

a pqpq/(r)} = f Ry pq (T)e27/PTdz. The comparison
is presented in Fig. 3 In Fig. 3(a), the measured results are
taken from [47, Fig. 8 (Urban)] and the theoretical ones are
obtained under Mg =Mp =1, p=p' =1, q=q¢ =1, f, =
250 MHz, frmax = frmax = 80 Hz, yr = yg = 90°, 7 = &g =
0°, dzg = [0, 2000 m, 1600 m — 1600 m]T = [0, 2000 m, 0]7,
R] —RZ—Sm’kT—kR—10,05T/4—90’05R/4—2707
Brm = Brm = 15°, and By, = Bry = —30°, K =7, nspr =
nsgr = 0.3, and npp = 0.4. In Fig. 3(b), the measured results
are taken from [47, Fig. 8 (Grassland)] and the theoretical ones
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Fig. 2. Comparison of the absolute value between the approximate (approx.) ST-CF and the exact one for (a) DB case and (b) SB(R) case. Every curve in
(a) and (b) consists of 500 valid points. In order of the captions from top to bottom, the computation time for each curve in (a) is 0.005041, 1707.612227,
0.002176, and 1355.606072 s, respectively, and the computation time for each curve in (b) is 0.004608, 0.693944, 0.001422, and 0.678453 s, respectively,
on a desktop PC.

TABLE 11
SOME CORRELATION FUNCTIONS OBTAINED FROM THE ONE-RING AND THE ONE-CYLINDER MODEL THAT ARE SPECIAL CASES OF THE ST-CF
DERIVED IN THIS ARTICLE. NOTE THAT THE EXPRESSIONS LISTED IN THE TABLE ARE OBTAINED UNDER THE RELATIVE LOCATION
BETWEEN THE TX AND RX GIVEN BY d7g = [D, 0, 0]T. (SISO: SINGLE-INPUT SINGLE-OUTPUT, SIMO: SINGLE-INPUT
MULTIPLE-OUTPUT, Jo(-): THE ZEROTH-ORDER BESSEL FUNCTION OF THE FIRST KIND)

Ref. Expression Description Condition
SBR rays only, K =0, nsgr =0, npg =0,
(37] Jo (27 fRmaxT)- fixed Tx, 2-D mobile Rx, vp =0,&r =0,
from a 2-D one-ring model. SISO, dr =dr =0,
2-D isotropic scattering. kr =kr =0, Brm = Brm = 0.
SBR rays only, K =0, nsgr =0, npg =0,
[38] Jo (QTWdR), fixed Tx and Rx, vr =vr =0,
from a 2-D one-ring model. 2-D SIMO, dr =0,¢vr =0,
2-D isotropic scattering. kr =kr =0, Brm = Brm = 0.
SBR rays only, K =0, nsgr =0, npg =0,
26] Jo (AZEdy), fixed Tx and Rx, vy =g =0,
from a 2-D one-ring model. 2-D MISO, dr =0, ¢ =0,
2-D isotropic scattering. kr =kr =0, Brm = Brm = 0.
K 6j ZT” (dp cos Op—dpg cos GR)ejQﬂ'meuxT COS YR
K+1
627 I 2492
-‘rﬁeﬂTdT cos O O(ITR;/), LoS and SBR rays only, nser = 0, npg = 0,
27] where = j%’d}% cosp — 527 frmaxT COS YR + kg cos gy, fixed Tx, 2-D mobile Rx, vr =0,ér =0,
and y = jAQT’TdT sin O 2jD MIMO, . Y =R =0,
+]'277rdR Sinfg — 27 f rmax T SN VR + kR Sin a gy, 2-D non-isotropic scattering. kr =0, Brm = Brm = 0.
(A = Ry/D)
from a 2-D one-ring model.
exp {jQTWdT sin 67 cos ¢ } o (\/ 2 + y2)
cos(zT'"Bde sian)
1*(4/&%‘13 sin wR)Z ’ ﬁxeds"l"]i]?;—%%n?(?gﬁe Rx, K =0, nsgr = 0, 11pB =0,
[39] where z = j 2T”AdT cos O cos 2-D MIMO, vr :_0’ gR_ZOO’
+j27”dR cosOr cos YR — 27 f RmaxT COS YR, 3-D non-isotropic scattering k :bkj; inRE T 0
and y = joWdR sinfg cosr — j27 f Rmax T SIN YR, (isotropic in the elevation domain). T =PFR =5 PTm =1
(A~ Ry/D if R,H < D)
from a 3-D low elevation one-cylinder model.

are obtained

under Mr =Mg=1,p=p' =1,g=4¢ =1,

e = 250 MHz, frmax = frRmax = 80 Hz, yr = ygr = 90°,

ér = &r =

0°, drg = [0,2000 m, 1600 m — 1600 m]T =

[0,2000 m, 0], Ry = Ry =8 m, kyr = kg = 5, ary = 90°,

ary = 270°

, Brm = Brm = 15°, and ,BT;/. = .BR;/, = -30°,

K =6.5, nsgr = nspr = 0, and npp = 1.
As can be seen from Fig. 3, the theoretical spectral curves

match well

the measured data points, which justifies the

utility of our ST-CF. But it should be pointed out that,
as analyzed and concluded in [47], this A2A measurement
campaign was conducted at a rather high altitude; therefore,
the major scattering objects that surround each station are
the wings on the aircraft itself (which is why we set R;
and R, to 8 m that is approximately half of the wingspan)
and the propagating waves mainly consisted of a LoS path
and a specular reflected path. As a result, it might be
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TABLE III
SOME CORRELATION FUNCTIONS OBTAINED FROM THE TWO-RING AND THE TWO-CYLINDER MODEL
THAT ARE SPECIAL CASES OF THE ST-CF DERIVED IN THIS ARTICLE

_j27rmeaxT cosYR + kg cos ORu»
w=—j5 (¢ —¢)drsinfr
—J27 fRmaxT SIn YR + kR sin agy,,
from a 2-D two-ring model.

Ref. Expression Description Condition
DB rays only, K =0, nsgr =0, nspr = 0,
[40] Jo (27 frmaxT) Jo (27 f RmaxT)» 2-D mobile Tx and Rx, Er =€Er =0,
from a 2-D two-ring model. SISO, dr =dr =0,
2-D isotropic scattering. kr =kr =0, Brm = Brm = 0.
DB rays only, K =0, nsgr = 0, nspr = 0,
38] Jo (3%d7) Jo (3EdR). fixed Tx and Rx, vy =vg =0,
from a 2-D two-ring model. 2-D MIMO, Y =g =0,
2-D isotropic scattering. kr =kgr =0, Brm = Brm = 0.
Io (\/$2+y2) Io (\/22+w2)
To(kT) Io(kr)
where z = 7]’27" (p—p')dr cosOr
—j2 cos kr cos ary,,
JyTF:ij;i (» ZTpl—;deing o DB rays only, K =0, nsgr = 0, nsgr = 0,
" ot P i kT T 2-D mobile Tx and Rx, &r =€r =0,
[41] O 2-D MIMO, Yr =vr =0,
z=—j5 (¢—q)drcoslr 2-D non-isotropic scattering. B1rm = Brm = 0.

;
2 2y 4
1(,(1/13+y§) COS(T"Bde(TZ ))

Io(kT)

NN 2
4[&de’(11;[) )

’
a,q
10(1/2?%@) cos(%ﬂaw;l )>

T
Io(kR) <4ﬁand§gz&/) )
N %0 v

[29]
where 1 = jZQTWdS:’p/) — 727 fTmax cOs YT + kT cos oy,
y1 = 22048 — jor o sinyr + kr sinory,
z1 = j22§d§§;"/) — 527 fRmax COS YR + kR COS QLR
wy = jQQT"dgqu — J27 fRmax Sin YR + kp sin agy,,

from a 3-D low elevation
two-cylinder model.

DB rays only,

2-D mobile Tx and Rx, K =0, nsgr = 0, nsgr = 0,
3-D MIMO, &r =¢6r =0,
3-D non-isotropic scattering Bru = Bru = 0.

(zero mean in the elevation domain).

KlilejoW(_(p_pl)dT 0050T+(q—q/)dR cos QR)
3277 (= frmax €08 Y1+ f Rmax €08 YR)

7SBT j27T((Q7q/)dTR COSBR+meuXTCOS’yR> I[)(\1Z53T+y§BT)
txiie

+ Io(kr)

. d . 2 2
4 ZsBR e*JZW((P*p')TT €08 O+ fTmax T cOS ’YT) IO(\/ 'TSBRersaR)

K+1 Io (k)
4 o8 Il’(\/zéB+ylz>B> I“(\/ZI2>3+“’%B)
K+1 1[)(kT)2 Io(kR) ’
where zspr = —j 5" (p — p') dr cos O

) —J27 fTmaxT cOSyT + kT cos ary,
yssr = —j2Z ((p — p') dr sin 7 + (¢ — ¢') drAg sin OR)
—j2nT (meax sinyr + fRmaxAT sin ’YR) + kT sin QT
[42] TSBR = 7].2771- (¢—q')drcosOr
—J27 fRmaxT COSYR + kR COS O Ry,
yser = —3 5% ((p — p') drARsin O + (q — ¢') dr sinOr)
—3277 (fTmax AR SIN YT 4 fRmax SINYR) + kR sin gy,
where zpg = 7j27” (p —p')dr cosOr
—J27 frmaxT cOSyT + kT cos QT
yos = —j3F (p — p') drsinOp
—J27 fTmaxT sinyr + kr sin QT

zpp = —j3F (¢ — ¢') dr cosOr
—J27 fRmaxT COS YR + kR cos QRu»
wpp = —j 5 (¢ — ¢')drsinfr

—J27 fRmaxT SINYR + kR Sinagy,
(Ar = R1/D, AR = R2/D)
from a 2-D two-ring model.

LoS, SBT, SBR, DB rays,

2-D mobile Tx and Rx, iT - pr i%
2-D MIMO, B — B =0
2-D non-isotropic scattering. Tm = PRm =

more appropriate to characterize this A2A channel using a
two-path channel model. Unfortunately, the ground reflection
was neglected in our geometrical model; accounting for this
is also a future topic. Nevertheless, the good agreements
presented in Fig. 3 indicate that the effect of the specular
reflection can be converted to those of the scattered rays
equivalently, provided that the values of the scattering-related
parameters are properly chosen. And for this particular reason,

the parameters oy, ory, Brm> Brm> BPru, and Bg, have been
set to cover the rays reflected from the ground. The other
parameters have also been carefully selected to represent the
measured environment as faithfully as possible. For example,
the values of the parameters f. and d7rr yr, yr, &7, and &g
are set according to the measurement description in [47], and
the values of the parameters frmax and frmax are based on the
specifications of the aircraft models used in [47].
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Fig. 3. Comparison between the theoretical Doppler PSDs and measurement data reported in [47] for (a) urban terrain and (b) grassland terrain. The additional
peaks caused by reflections on the rotor blades cannot be captured by the proposed model.

While the small-size rotary-wing UAVs have been con-
sidered as a promising candidate for future communication
networks, the related U2U channel measurement is still widely
missing in literature. Because of the lack of reported measured
data on such U2U channels, it is infeasible for us to perform
a comparison to the proposed channel model at this time.
Nevertheless, for future reference, we would like to provide
some empirical rules here regarding the parameter setting of
the proposed channel model for low-altitude small rotorcraft-
enabled U2U communications in urban scenarios and rural
scenarios. In urban areas, there are plenty of buildings and
obstacles around the UAV stations. This indicates that the the
value of the Ricean factor K is low, and that the DB rays
bear more energy than the single-bounced rays, i.e., npp >
max{nspeT, Nsr}. In addition, due to the dense scattering in
the urban scenario, the values of the concentration parameters
kr and kg in the scatterers’ distribution are relatively small as
the scattered waves shall come from many possible directions.
On the contrary, the scattering in the rural scenario is usually
sparse since the natural forests or mountains are not so orderly
distributed as the man-made structures, which means that
the values of the concentration parameters kr and kr are
comparatively large. Besides, rural areas often have plenty of
open space that is free of scattering, which implies that the
value of the Ricean factor K is relatively high and that the
single-bounced rays would bear more energy than the DB rays,
i.e., max{nspT, 1SBR} > NDB-

III. SIMULATION MODELS FOR U2U MIMO CHANNELS

In this section, we consider a finite number of scatterers to
develop practical yet accurate simulation models, i.e., channel
simulators, where the complex channel gain becomes

| 7LoS | nSBT SBT
pq(t) - —lhp;) ( ) + lh
e 0+ ,/ ”DBI HONNCS

where hLOS @), fzsg’T(t), ESER(t) and h > (1) denote the sim-
ulated channel gains for the LoS, SBT SBR, and DB rays,
respectively.
Since the LoS rays have nothing to do with the scatterers,
the expression of h[];;’S (7) is the same as (6), i.e.,
-2 5

ALoS i . —iF (ldrr|+drR- (—d1p+dRy)

hpq H=~e ( )
27 (frmax €0s (V7. dTR) —fRmax €OS (VR ATR))!

(46)

Simulating the SBT components can be done by removing the
limit symbol in (7) and, thereby, the expression of hSBT (1) can
be written as

hSBT (t) Z e/¢n]

nl—l

eszT (‘dTnl |+|dn1R ‘ *;iTnl ‘dTp‘HAian'dRq)

/27 (Frmax 08 {7 .dpn, ) ~frmax €08 (VR q))1t (47)
Similarly, the expression of IA1IS,(];’R(t) is given by
N
hSBR(l) ~ &P
= VN2 2_:1
npy=
*jzl({drn |-+|dn,r|~dT, -d7p+d R'dR)
e A 2 ny n P n q
/27 (frmax €08 (v7.d7ny ) —frmax €0 (VR dnyr))! (48)
Finally, the expression of hDB (1) is
N M
ilDB (t) A~ e1¢’11"2
Pq W Z Z
ni=1ny=1
e*jon (‘dTnl |+|dn1n2 ‘+‘dn2R|*¢2Tn1 'dTp‘H}an'dRq)
27 (Frmax c0s (v7.d7n, )—fRmax cos (VR,dan))l_ (49)

Note that the expressions of the vectors shown above contain
the discrete AoDs and the discrete AoAs.
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A. Deterministic Simulation Model

We design a deterministic simulation model by generating
the AoDs and AoAs as

=

(nl’,q) -1 niA —
=F — = 50
ar ar Nl,A ( )
1
(n2,4) —1[ ™24~ 3
_ 473 51
aR aR NZ’A ( )
2(”1,E —_ %)
gl — g 2P ein [ 2224 (s
NiE
(m£) 2(nar - 3)
R »E = Bru + ™ arcsin N —-11] 53)
2E
for njga = 1,2,...,N1a, ma = 1,2,...,Noa, nip =

1,2,...,N1g, and np g = 1,2, ..., Np g, respectively, where
N1 = N1 AN1.E and Ny = Ny, ANZ E- Note that F!(-) and

Foe —1(.) stand for the inverse functions of the von Mises cumu-
lative distribution functions for a(Tn') and a("2), respectively.
In this model, the simulated angles maintain unchanged for
different simulation trials and, hence, only one trial is required
to obtain the results. However, such simulators do not confirm

to the reality that scatterers are not always fixed.

B. Stochastic Simulation Model

For better accordance with the reality, we propose a stochas-
tic simulator by introducing randomness into the simulation:

na+ (91,A - %) - %

(n1.4) —1
=F 54
aT ar Nl,A ( )
(12.4) A+ (92,A - %) - %
ap " =F (55)
k Naa
2meg+61g—1
' + ™ arcsin —
5”115) Bro (ne+61e—1) .
NiE
(56)
2(np g+ 6 g— 1
(an) = Bru + ™ arcsin ( 2ET2E ) —
M E
(57)
for njga = 1,2,...,N1a, moa = 1,2,...,Nya, nig =
1,2,...,N1g,and np g = 1,2, ..., N2 g, respectively, where

N1 = NiaNi g and N2 = Ny AN» g. Note that 614, 624,
01k, and 6, g are independent random variables uniformly
distributed over [0, 1). The results from this stochastic model
vary for different trials, but averaging them over a sufficient
number of trials will show us the ensemble properties.

IV. CAPACITY ANALYSIS FOR U2U MIMO CHANNELS

Suppose no channel state information (CSI) at the Tx and
full CSI at the Rx, and the ergodic capacity is defined as

Corg = E[log2 det(IMR + -2 HpH' (t)>] (58)
My

IEEE INTERNET OF THINGS JOURNAL, VOL. 11, NO. 6, 15 MARCH 2024

60 T T T T T
—=o—— Kronecker non-physical model
Non-Kronecker non-physical model
ol — -+ — Deterministic physical model p
— 50— « — Stochastic physical model '3
T ¥
2
5, 40
o
06
2 30
o
I
a
©
o
L2 20
©
o
=
i
10
0 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50
SNR p [dB]
Fig. 4. Comparisons of ergodic capacities obtained from the Kronecker

nonphysical model, the non-Kronecker nonphysical, the deterministic physical
model, and the stochastic physical model for the LoS case, the SB case, and
the DB case under M7 = Mg = 4. As expected, the DB rays provide larger
capacity than the SB rays, and the SB rays larger than the LoS rays.

where it is assumed that M7 > Mg, Iy, is the Mgp x Mg
identity matrix, o is the mean signal-to-noise ratio (SNR), and
H(r) = [H;j()lmgxm7 s the Mg x M7 MIMO channel matrix.
There are two main approaches to generate the matrix H for
U2U MIMO channels. One is to use? H(t) = izj,-(t) given
by the channel simulators as in (45), and this simulator-based
approach has two different methods: 1) the deterministic model
and 2) the stochastic model, depending on the type of the
simulator used to produce the entries of H. The other approach
is to exploit the correlation matrix easily obtainable from the
closed-form ST-CFs that we have discussed in Section II, and
this correlation-based approach also involves two commonly
used methods: 1) the Kronecker model H = Rlle/ ZHWR? ? [49,
eq. (4.77)] and 2) the more general non-Kronecker model
vec(H) = R!Zvec(Hy) [50, eq. (5.16)], where Hy, is an
Mpg x Mt white complex Gaussian matrix, Rg is the Mg x
Mpg receive correlation matrix, Ry is the M7 x My receive
correlation matrix, and Rg is the M7Mr x MrMpg complete
correlation matrix. The elements of these correlation matrices
can be obtained using (11) [49, eqs. 4.71, 4.72, and 4.73],
with (16) and (30)—(32) substituted and the argument 7 set
to 0 [28], [29]. These correlation-based models have lower
complexity and higher generality than the simulator-based
ones, but, on the other hand, preserves less information
about the physical structure of the channels compared to the
simulator-based ones [49, p. 190]. Hence, we will refer to
the correlation-based models as (Kronecker or non-Kronecker)
nonphysical models, whereas the simulator-based models as
(deterministic or stochastic) physical models.

We are interested in whether the ergodic capacities resulted
from these models agree with one another. Before going into
that, it is noteworthy that the energy-related parameters K,

2In the subsequent substitution H;j(r) = fzﬁ (1), the order of the two letters
i and j in the subscripts of ﬁji(t) is the opposite of that in the subscripts of
Hijj. This is because in the commonly used definition of the channel matrix
H, the entries H;; are complex channel gains from the jth transmit to the ith
receive antenna [48, eq. (20.28)].
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Fig. 5.

NSBT, NSBR, and npp have significant impacts on the total
channel gains. However, it is not easy to give the typical values
of these parameters as the work on U2U channel measurement
is in its infancy. Under the circumstances, the best option for
us is to start from the simplest cases: 1) pure LoS: K = 1,
=0, nsgr = 0, and npp = 0; 2) pure SB(R):> K =0,

1SBT
nseT = 0, nsgr = 1, and npg = 0; and 3) pure DB: K = 0,
nset = 0, nser = 0, and npp = 1. Since the channel gain

in any other case is actually the linear combination of those
in these basic cases, it is not difficult to extend to the general
cases with arbitrary values of the energy-related parameters.
Fig. 4 shows the ergodic capacities obtained from the
physical models and the nonphysical models for three basic
cases: (pure) LoS, SB, and DB, where the parameters that
we use are My = Mg = 4, dyg = [0,50 m, =50 m]T,
Ry =Ry =2m,dr =dg = 0.5A, 0y = 0g = 45°, Y71 =
WR = 300, kT = kR = 5, ATy = 900, ORy = 2700, /3]'“ =
Bry = 10°, and Bry, = Brm = 15°. The results from the two
nonphysical models are averaged over Ny, = 50 simulation
trials. As for the two physical models, the deterministic one
employs N; = 150 scatterers at the Tx side and N, = 150
scatterers at the Rx side, where Ny 4 = No 4 = 30 and N1 g =
N2 = 5, whereas the stochastic one uses Nj = Ny = 60,
where N1 g4 = N> o = 20 and Ny g = N g = 3. The results
from the stochastic physical model are also averaged under
Nsiae = 50. As shown in Fig. 4, for each of the three cases,
the ergodic capacities from the four different models generally
agree with each other,* which validates the simulation models
and the theoretical expressions. For efficiency, we will use
the non-Kronecker nonphysical model to evaluate the capacity.
From (31) and (32), we can easily notice that the channel

3Recall (30) and (31), and we can see that it is not necessary to study the
pure SBT case and the pure SBR case separately, because these two cases are
interchangeably equivalent.

4Strictly speaking, the correlation function as in (30) or (31) is not
Kronecker separable, which is why in Fig. 4 the discrepancy between the
Kronecker nonphysical model and the non-Kronecker one for the SB case is
larger than that for the DB case.

Ergodic capacity versus the antenna spacings of the antenna arrays for (a) DB case and (b) SB case.

correlations for both the SB case and the DB case rely on
some key parameters, e.g., the antenna spacings between two
adjacent elements dr and dp, the azimuth orientations of the
antenna arrays 67 and 6g, and the elevation orientations of the
antenna arrays Y7 and y¥g, and it can be inferred that these
parameters will affect the channel capacities. Hence, we would
like to explore and compare the effects of them on the ergodic
capacities for the SB case and the DB case.

Fig. 5 presents the ergodic capacity versus the antenna
spacings of the antenna arrays, where the parameters are
p = 15 dB, My = Mg = 4, drg = [0,50 m, =50 m]T,
R1 =R2=2m,9T=9R=45°,WT=IﬁR=3OO,
kr = kg =5, ar;, = 90° (only applicable for the DB case),
ary = 270°, Bry = Bry = 10°, and Bry = Brm = 15°. It
can be seen observed from Fig. 5 that the ergodic capacities,
whether the SB case or the DB case, monotonically increase
with the antenna spacing dr or dg within the range of 0.1A
to 2. Specifically, for the DB case shown in Fig. 5(a), the
capacity stabilizes at about 16 bit/s/Hz if the transmit or
receive antenna spacing reaches 2\ or over. For the SB case,
Fig. 5(b) shows that the capacity no longer increases if the
receive antenna spacing exceeds 2A, which is the same as
the DB case, and that the transmit antenna spacing has to go
beyond 50A to achieve a relative steadiness of the ergodic
capacity. It is surprising to note that these two seemingly
unconnected antenna spacing thresholds are related by the
parameter Ag = Ry/ cos Bru/|d7r| that approximately equals
1/25 in that specific case. This suggests that in the SB cases
the transmit antennas and the receive ones are not in co-equal
status, as the scatterers are only distributed at one side.

Fig. 6 exhibits the ergodic capacity versus the azimuth
orientations of the antenna arrays, where ar, = 90° and
agy = 270° for Fig. 6(a), and (b) and a7, = 70° and ag, =
180° for Fig. 6(c) and (d). The other parameters are the same
as those in Fig. 5. It can be seen from Fig. 6 that the variations
in capacities with the antenna array’s azimuth orientations
are related to the mean angles of the scatterers’ distributions
in the azimuth domain for both the DB cases and the SB
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Fig. 6. Ergodic capacity versus the azimuth orientations of the antenna arrays for (a) DB case where ar,, = 90° and ag, = 270°, (b) SB case where

ar, =90° and ag, = 270°, (c) DB case where ary, = 70° and ag, = 180°, and (d) SB case where ay;, = 70° and ag;, = 180°.

cases, and that there are noticeable differences in the variations
between these two kinds of cases, though. By examining the
peak values of the curves shown in Fig. 6(a) and (c), we
know that for the DB cases, the maximum capacities with
respect to Oy arise when the condition 67 — ar, = £90°;
however, this rule appears not valid for the SB(R) cases as
illustrated in Fig. 6(b) and (d) since the parameter oz, plays
no role in the SBR-only scattering environments. Besides,
comparative inspections of the curves within Fig. 6 indicate
that the maximum capacities with respect to 6g emerge if
Or — agy, = £90°, which is analogous to the DB situation
regarding O7. Interestingly, different than the former one does,
this 6g-related rule applies to both the DB and the SB cases.

Fig. 7 displays the ergodic capacity versus the elevation
orientations of the antenna arrays, where for Fig. 7(a) and (b),
kr = kg = 5, and for Fig. 7(c) and (d), kr = kg = 100.
The other parameters remain the same as those in Fig. 5.
It is clear in Fig. 7 that the variations in capacities with
the antenna array’s elevation orientation are dependent of the
dispersion level of the scatterers’ distributions in the azimuth
domain for both the DB cases and the SB ones, and that

the dependence is quite different between the DB and the
SB cases. For kr = kg = 5, the DB capacities reach the
maximum when Y7y = 0° or Y = 0°, while for ky =
kr = 100, they reach the maximum when Y7 = 90° or
Yr = 90°; however, although the SB capacities also reach
the maximum when Y7 = 0° or Yg = 0° for ky = kg = 5
and when Y = 0° for kr = kg = 100, they almost
remain unchanged with 7 for kr = kg = 100. It can be
inferred that, in weakly nonisotropic scattering environments,
the antenna arrays should be placed horizontally; while in
strongly nonisotropic scattering environments, the antenna
arrays should be placed vertically.

V. CONCLUSION

In this article, we have proposed an arbitrary-elevation two-
cylinder model for U2U MIMO channels. Based on this model,
we have obtained a closed-form ST-CF that can be used to
analyze the U2U channel capacity efficiently. We have shown
that the SB rays and the DB ones have certain similarities but
also significant differences in terms of how the capacities are
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Fig. 7. Ergodic capacity versus the elevation orientations of the antenna arrays for (a) DB case where k7 = kg = 5, (b) SB case where k7 = kg = 5, (c) DB
case where k7 = kg = 100, and (d) SB case where k7 = kg = 100.

affected by the model parameters. Hence, system setups should
be altered according to the scattering environment (i.e., SB-
dominant or DB-dominant) for better performance. Note that
this work only discusses a narrowband channel model; to
better facilitate the U2U system design, a future direction is
to develop a wideband model where hopefully the channel
characteristics can be derived into a closed form. In addition,
since the UAV jitter/wobbling has shown a significant impact
on high-frequency UAV channels, another interesting topic is
to incorporate this effect in the proposed channel model.
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