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Abstract—Due to the agile maneuverability, unmanned aer-
ial vehicles (UAVs) have shown great promise for on-demand
communications in the next-generation wireless networks. Con-
sidering the massive multiple-input multiple-output (MIMO)
configuration, this paper proposes a novel three-dimensional (3D)
beam domain channel model (BDCM) for UAV communications.
Through dividing the large antenna array into several sub-arrays
and classifying multipath components as near-field and far-field
components, the proposed BDCM takes the spherical wave front
(SWF) and array non-stationarity into account. Channel statis-
tical properties including spatial-temporal-frequency correlation
function (STF-CF), root-mean-squared (RMS) Doppler spread,
beam spread, channel matrix collinearity (CMC), and station-
ary time interval are derived and simulated for the proposed
BDCM. Influences of SFW and non-stationary properties on
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the statistical properties and system performance are analyzed.
Simulation results show that, compared with the equivalent
geometry-based stochastic model (GBSM), the proposed BDCM
has better temporal correlation, while BDCM and GBSM are
equivalent in the system performance evaluation. Furthermore,
the performance of the proposed BDCM is evaluated in terms
of accuracy, complexity, and pervasiveness. The results show
that the proposed BDCM can represent massive MIMO channel
properties accurately with low complexity and good compatibility.

Index Terms— Unmanned aerial vehicles, massive MIMO, non-
stationary channel model, GBSM, BDCM.

I. INTRODUCTION

HE unmanned aerial vehicle (UAV) communication is a

key enabling technology for the beyond fifth-generation
(B5G) and sixth-generation (6G) wireless communication sys-
tems [1], [2], [3], [4], [5]. Equipped with the light airborne
base station (ABS), UAVs can provide wireless access for
ground users (GUs) in UAV assisted-communications [6]. Due
to the advantage of flexible deployment, compared with con-
ventional terrestrial communications using static BSs, the UAV
assisted-communication is especially appealing for on-demand
communication scenarios, such as temporary or unexpected
events, emergency response, and search and rescue [7]. On the
other hand, to fulfil the increasing demand for capacity,
high-speed, full coverage, and to suppress severe interference
caused by dominant line-of-sight (LoS) UAV channels, mas-
sive multiple-input multiple-output (MIMO) is considered as a
practical solution due to its numerous merits, such as improved
spectral efficiency and energy efficiency, and high resolution
beamforming [8], [9]. With the increase of antenna element
number, plane wave front (PWF) and array domain wide sense
stationary (WSS) assumptions of traditional MIMO channels
are no longer valid as the expansion of near-field region,
which makes traditional channel models not applicable [10].
In this case, UAV channel models assuming spherical wave
front (SWF) and non-stationary properties become indispens-
able for the design and evaluation of massive MIMO UAV
communication technologies.

So far, there have been a lot of works on UAV channel mod-
eling and massive MIMO channel modeling. For UAV channel
modeling, researchers mainly concentrate on time-varying
channel characteristics caused by the three-dimensional (3D)
UAV trajectory/posture and variation of channel properties at
different altitudes [11]. To capture the Doppler effect and
temporal non-stationarity caused by the change of UAV and
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GU locations, a number of stochastic UAV channel models
were proposed [12], [13], [14], [15], [16], [17], [18], [19].
In [12], wideband stochastic channel models were proposed
based on the time delay line (TDL) structure from the mea-
surement data. Using explicit geometry relationships among
transmitter (Tx), receiver (Rx), and scatterers, geometry based
stochastic models (GBSMs) were modeled in the 3D space.
In [13], [14], and [15], the authors used cylinder to describe the
scatterers around the GUs. Statistical properties like temporal
autocorrelation functions (ACFs) and spatial cross-correlation
functions (CCFs) were derived using the geometric relation-
ships. Authors in [16] and [17] utilized the ellipsoid model
to describe the wideband properties of UAV-to-ground MIMO
channels. Besides, to obtain the scenario- and altitude-related
channel parameters, deterministic methods were used. In [20],
ray tracing was used to evaluate the UAV-to-ground link
coverage range in an urban scenario. In [21], a UAV-to-
ground large-scale fading model supporting millimeter wave
(mmWave) band was developed based on ray tracing sim-
ulation. These deterministic channel models are precise for
site-specific scenarios but with limited pervasiveness.

As for the massive MIMO channel modeling, one of the
most commonly considered channel properties is the near-field
effect caused by the increasing size of antenna array. Under
the near-field condition, the SWF and spatial non-stationary
properties were verified by massive MIMO channel measure-
ments in [22] and [23]. SWF means that multipath components
(MPCs) departing from Tx, impinging at Rx, or interact-
ing with scatterers within the Rayleigh distance will change
the departure/arrival angles along the antenna array. Spatial
non-stationarity means that different antenna elements may
observe different cluster sets, i.e., clusters with birth and death
along the antenna array. To incorporate the new character-
istics of massive MIMO channels, a lot of channel models
have been proposed using different modeling methods. For
example, using correlation-based stochastic models (CBSMs),
the MIMO channel response was determined by covariance
matrix [24]. By introducing the survival matrix in the expres-
sion of covariance matrix, the CBSM was used to analyze the
influence of birth-death process on massive MIMO channel
capacity [25]. However, the covariance matrix cannot reflect
the channel parameters at the cluster level. Thus, it cannot
characterize SWF and non-stationary properties accurately.
With more specific cluster level parameters, GBSMs can be
used to model the SWF and spatial non-stationary properties.
For instance, SWF effect and parameter drifting on the array
axis were modeled through geometric relations in [26]. In [27],
a non-stationary wideband GBSM was proposed based on
the approximation of SWF using the second-order parabolic
wavefront. A twin-cluster massive MIMO GBSM was pro-
posed in [29]. By taking the non-stationarity in space, time,
and frequency domains into account, this model can support
massive MIMO channel simulation in multiple frequency
bands and multiple scenarios. Furthermore, combining the
characteristics of UAV channels and massive MIMO channels,
GBSMs supporting SWF and non-stationary properties in both
time and space domains were proposed in [30], [31], and [32].
Nevertheless, with the increase of array size, the complexity
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of GBSMs mentioned above will increase proportionally,
which makes system-level simulation, signal processing, and
information theory investigation difficult.

To address the above issues, the beam domain channel
model (BDCM) was proposed by transforming GBSM from
the antenna domain into the beam domain using the unitary
discrete Fourier transform (DFT) matrix [33]. It makes use
of the sparsity of massive MIMO channels to reduce model
complexity. This method has been widely used in various
transmission techniques. For example, based on the BDCM,
the beam division multiple access (BDMA) scheme was pro-
posed in [34], which can provide higher spectral efficiency by
allowing BS to communicate with multiple users via different
orthogonal beams [35]. However, current BDCMs are mostly
based on the far-field assumption. To meet the condition
of unitary transformation matrix formation, although a few
GBSMs and correlation-based stochastic models (CBSMs)
for massive MIMO channels have illustrated that near-field
propagation properties have significant impact on statistical
properties and system performance, current BDCMs do not
consider these new properties of massive MIMO channels.
To fill this gap, in this paper, a novel 3D UAV BDCM
is proposed by taking the SWF and spatial non-stationary
properties into account. To the best of the authors’ knowledge,
the proposed BDCM for UAV communication is the first
BDCM that considers the SWF and non-stationary properties.
The main contributions and novelties of this paper include:

o We propose a novel massive MIMO 3D UAV-to-ground
BDCM considering SWF and spatial non-stationarity. The
proposed BDCM is obtained from the transformation
of the corresponding GBSM through designed block
transformation matrix. Besides, we verify that the pro-
posed BDCM and the corresponding GBSM are unitary
equivalent and interchangeable in both near-field and far-
field conditions.

« Statistical properties of the proposed BDCM are derived,
including the space-time-frequency correlation function
(STF-CF), root-mean-squared (RMS) Doppler spread,
beam spread, channel matrix collinearity (CMC), channel
capacity, etc. The influences of SWF and non-stationary
properties on channel characteristics and system perfor-
mance are thoroughly analyzed. Besides, unique channel
properties in beam domain, such as stronger temporal
correlation and smaller Doppler spread than those in
antenna domain, are revealed through simulation.

o The proposed BDCM is evaluated in terms of accu-
racy, complexity, and pervasiveness. The results show
that the proposed BDCM can represent the SWF and
non-stationary properties accurately in beam domain and
achieve lower simulation complexity than the correspond-
ing GBSM. The transformation relationships between
BDCMs/GBSMs under far-field and near-field assump-
tions are discussed in detail.

The remainder of this paper is organized as follows.
In Section II, the improved GBSM considering far-field
assumption based on sub-array separation is illustrated.
In Section III, the corresponding BDCM supporting SWF
and non-stationarity is presented. Statistical properties such
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Fig. 1. The schematic plot of massive MIMO UAV communication channel.
as STF-CF, RMS beam/Doppler spread, and channel capacity
are derived in Section IV. In Section V, simulation results are
presented and analyzed. In Section VI, the performance of the
proposed BDCM is evaluated. Finally, conclusions are drawn
in Section VII.

Notation: Through the whole manuscript, ||-|| represents
Frobenius norm, E{-} accounts for statistical average, tr(-)
represents trace operation, (-)T denotes transpose operation,
(-)* denotes conjugate operation, (-)¥ denotes conjugate trans-
pose operation, ®, ®, and (-,-) are the Schur-Hadamard
(element-wise) product, Kronecker product, and inner prod-
uct, respectively.

II. A NOVEL MASSIVE MIMO GBSM
FOR UAV CHANNELS

Due to its flexible modeling process and good versatility in
different scenarios, the GBSM is widely used in current stan-
dardized channel models, e.g., 3GPP 38.901 [36], WINNER+
[37], and METIS [38]. Hence, our proposed BDCM will be
based on an equivalent GBSM. To facilitate understanding, the
exposition of GBSM will start with a multiple-input single-
output (MISO) configuration and then be extended to MIMO
configuration.

Considering the UAV-to-ground channel between UAV and
GU, the UAV equipped with a uniform planner array (UPA)
containing P antenna elements is set as Tx, and the GU
equipped with single antenna element is set as Rx. The GU can
move in the horizontal plane with velocity vector vr and UAV
can move in the 3D space with velocity vector vr. Besides,
due to the airflow disturbances or mechanical vibration, the
antenna array may experience the posture variation. In UAV
systems, the posture variation is usually characterized by
Euler angles, i.e., roll, pitch, and yaw angles (w, v, «) as
shown in Fig. 1 (a). Without loss of generality, we consider
a multi-bounce scattering propagation environment including
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N clusters. Each cluster is characterized by a twin cluster
structure containing first-bounce cluster C'r,, and last-bounce
cluster Cgr,. The propagation process between Cr, and
CR,n is abstracted as a virtual link with the certain delay
following the logarithmic distribution. The azimuth angles of
departure (AAoDs), elevation angles of departure (EAoDs),
azimuth angles of arrival (AAo0As), and elevation angles of
arrival (EA0As) of the m-th ray in n-th cluster are denoted by

s el ©pm» and gofim, respectively. Note that, similar
to the current standardized channel modeling frameworks
like 3GPP and WINNER, the parameterized description of
clusters is used in the proposed GBSM. Related parameters
and definitions are listed in Table I, and the corresponding
stochastic distributions are included in Table II.

Specifically, the 3D locations of UAV, GU, and clusters are
defined in the global coordinate system (GCS). The generated
angular and distance parameters include the angular parame-

ters %%, @5, ©&Z,, gl that follow the normal distribu-

n,m> Yn,m>
tion, and D} ., DF  that follow the exponential distribution,

as defined in Table I. Geometric relationships between Tx/Rx
(AGOS/AGOS) and clusters (CFSS, /CHSS,) at the initial
time instant ¢y are determined by
[ cos ?Lzm - COS fim
sin ¢y,%,, - cos ff’m
sin ¢ff’m
[ cos Sotvlim - COs @%l,m
sin %% - cos ¢,
sin goff}m ’

CGCS

T,n,m

(to) = AGS(to) + D, -

CGCS

R,n,m

(to) = A% (to) + DF -

1)

At each time instant, the global coordinates C%Sfm(t),
CHSS,. (1), AGOS(t), and AGS are updated according to the
corresponding velocity vectors, e.g., AGCS (1) = AFOS(t —
At) + vpAt, and so on. We introduce the variable dp (¢, At)
to describe the variation in the transmission environment from
time ¢ to ¢+ At. It represents the sum of the distances traveled

by the Tx and Rx from time ¢ to ¢ + At, i.e.,
op(t, At) = |lvr () Atllr + [[vr(t)At]lr. (@)

Then, the probability that a cluster survives in this period can

be represented by

dp(t, At)
D.

where D, is a scenario-dependent coefficient controlling the

spatial correlation. Typical values of D, can be chosen at

the same order as the correlation distance. The mean value
of the number of new clusters can be expressed as

B(t, At) = exp[=Ag( )] ©)

E[Npew (t + At)] = i—G
R
Considering the angular parameter drifting and cluster
birth-death phenomenon along the array axis, the large size
UPA is divided into several small size UPA, as shown in
Fig. 1 (b). Cluster angular parameters within each sub-array
are assumed to be consistent, i.e., conforming to the PWF
assumption. For convenience, the coordinate of [-th column

(l_Ps(ta At)) (4)
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TABLE I

DEFINITION OF SIGNIFICANT CHANNEL MODEL PARAMETERS

Symbol Definition
CE5om(t)/CRoem(t) | Coordinates of scattering points of m-th ray in the first/last bounce cluster in GCS
lefjn%m(t) / Clégls,m(t) Coordinates of scattering points of m-th ray in the first/last bounce cluster in LCS
ASSS () /AECR (1) Coordinates of first Tx/Rx antenna elements in GCS
vr/VR Velocity vectors of Tx/Rx in GCS
AT () Coordinate of first Tx antenna element in sub-array ([, k) at time instant ¢ in LCS
DTTL,m / D,}i m Distances between Tx/Rx and scattering points of m-th ray in the first/last bounce cluster
Onm/ ¢ff,m AAoD and EAoD of the m-th ray in the n-th first bounce cluster
rom/ Sofll,m AAO0A and EAoA of the m-th ray in the n-th first bounce cluster
w/vy/a Roll/pitch/yaw angles representing the UAV posture variation
P,/P, Number of Tx antenna element in each row/column
dp/dy Azimuth/elevation antenna spacing
A2 /NG Rate parameters of the visible regions range in azimuth/elevation direction
Dpm Random initial phase of m-th ray in the n-th cluster in [0, 27)
Tn,m Time delay of m-th ray in the n-th cluster
Brn,m Amplitude of m-th ray in the n-th cluster
M, Rays number in the n-th cluster
TABLE II
GENERATION OF SIGNIFICANT CHANNEL MODEL PARAMETERS
Parameters Distribution Generation process
Tn,m Exponential Randomly generated according to delay spread and delay scalar [30]
Bn,m Log-normal Generated according to time delay and per-cluster shadowing [28]
o ffym, @Z{m, pfll,m Wrapped Gaussian | Randomly generated according to 3GPP TR 36.777 [9]
D};m, Dﬁm Exponential Generated by fitting measurement data [28]
My, Poisson Determined by assumption [30]
k-th row (I, k) sub-array is described as A%G5 = [0, (I — an example, the value of w(t) is assumed as

1)Pydn/L, (k—1)P,d,/K]T in the local coordinate system
(LCS) by using ASS(#) as the origin, the broadside of UPA
as x-axis, the horizontal direction as y-axis, and the vertical
direction as z-axis. Then, the scatterer coordinate in LCS can
be obtained by

CLCS

T,n,m(t) = [ g8

T,n,m

(t) — AF ()| R )

where R is the UAV rotation factor matrix, and can be
expressed as

R = Rz()Ry (7)Rx (w)
cosa(t) —sina(t) 0 cosy(t) 0 sin~y(t)
= |sina(t) cosa(t) 0 0 1 0
0 0 1| —siny(t) 0 cosy(t)
1 0 0
X |0 cosw(t) —sinw(t) (6)
0 sinw(t) cosw(t)

Since the influences of UAV mechanical wobbling, wind
gusts, and random turning, the Euler angles of UAV will
show periodic and random variation. Here, the sum-of-sinusoid
(S0S) method is utilized to model the random and continuous
variation of Euler angles. Taking the time-variant roll angle as

I
w(t) = Z Ay i cos(2mey, it + 0.,:) + w(to) 7

i=1

where A, i ~ N(pw,a,02 4)s €wi ~ N(pw.e,02 ), and
0..; ~ U(0,2m) denote the amplitude, frequency, and initial
phase of the i-th sinusoid (i = 1,2,...,I), respectively.
Similarly, the yaw angle and pitch angles can be modeled in
the same way. For compactness, they are omitted here.

Due to the large size of antenna array aperture, clusters can
be classified as far-field clusters Cr and near-field clusters Cy.
The classification criteria is whether the distance between the
cluster and antenna array is larger than the Rayleigh distance,
d = 2L2 /), where L, denotes antenna array aperture and \ is
the wavelength. For example, let us assume a carrier frequency
of f. = 11 GHz, which is a medium priority frequency
band for future wireless communication systems [38], [39],
and numbers of antenna elements in each row/column is
P, = P, = 32, the array aperture can be calculated as
L, = “Qf—ﬂc = 1.23 m, and the Rayleigh distance can be
calculated as dp = —QL“CZfC = 111.6 m, which means that, with
given parameter setting, scattering clusters within 111.6 m will
be seen as near-field clusters. Note that in the proposed model,
LoS and non-LoS (NLoS) components are modeled similarly.

If the distance between the Tx and Rx is smaller than the
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Rayleigh distance, the LoS path will be regarded as near-field
path and included in Cy. Otherwise, it will be regarded as
far-field path and included in Cr. The far-field clusters have
constant parameters including power, AAoD, EAoD, etc., for
each sub-array. On the contrary, the parameters of near-field
clusters will show variations for different sub-arrays, e.g.,
AAoD and EAoD drifting caused by the change of relative
positions, and cluster birth-death process for different antenna
pairs. Thus, the channel transfer function (CTF) of the UPA
MISO channel in the antenna domain can be expressed as

H(t, f) = HY(t, f) + H (¢, f) (8)

where H (¢, ) and HY(¢, f) are CTF matrices of far-field
and near-field components, which can be expressed as

HUf) = 33 Bl 27 o Otirain) 0]

neCr m=1

U (097,02 ) €

n,m>’n,m

M,

B0 = 3 3 gm0 1800

neCn m=1

) fj (9(715”1,7 eel )

n,m

(10)

with ®,, ,,, being the random initial phase of m-th ray in n-th
cluster, v, ,, being the time-variant Doppler frequency as

Vn,m (t)
o <C%,§§m B A%CS7 VT> <Cg,(zzs,m B A%CS, VR> (11)
acs acs GCS cosl|| -
)\HCT,n,m - AT HF A CR,n,m - AR HF

Besides, U (0%°,,,0,,) € C™*Pr is the far-field response
matrix of UPA with P, rows and P columns, and can be

obtained as

az el
U <9n,mﬂ en,m)
|' 1 ed2m(Pn—1)677, '|
eI2m05 ed2m[5 A+ (Pr—1)677, ]

n,m

ed2r[(Po=1)05)  +(Py~1)677, ]

12)

; el
6]271'(Pv71)9

Here, 9;{ m and 677 are spatial frequencies in azimuth direc-
tion (y-axis in LCS) and elevation direction (z-axis in LCS)
associated with the m-th path in the n-th cluster. The spatial
frequency is also known as spatial-Doppler frequency, which
can be expressed as 6 = (Q2, Q) [40]. Here, Q is the angle unit
vector of the arrival/departure waves and € is the orientation
of the antenna array. Besides, U (027,,,0<', ) € CP»*n s the

near-field response matrix of UPA, which can be expressed by
the block matrix

Ty T

X l T2 OE2)

U (055, 050) = | _ (13)
TLK) UK

where UG (1 =1... L,k =1...K) is the response matrix
of the k-th row and [-th column sub-array. By separating the
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whole UPA into several sub-arrays, the near-field clusters can
be seen as far-field clusters to sub-arrays with constant parame-
ters and PWF due to the smaller array aperture. Therefore, the
response matrix can be written as (14), shown at the bottom of
the next page. Here, Adi{fm denotes the propagation distance
difference between sub-array (I, k) and sub-array (1, 1), i.e.,
Adik = dik, —dLl,. Besides, 62%L% and 6ghLF denote
the spatial frequencies in the azimuth and elevation directions
of sub-array (I,k) associated with the m-th path in the
n-th cluster, i.e.,

0o5LF = [0 dy/A 0] -riE,
OHE =0 0 dy/N-ThE,

n,m

5)

where r;¥ denotes the unit vector from sub-array (I, k) to
Crnm in LCS, ie.,
Lk _ (CLCS LCS 1,k
o = (C —Ar)/d

n,m Tn,m n,m

(16)

_ CLCS

LCS
Tmn,m A

where diF i kH is the distance between
’ O R

Cr,, and the first element of sub-array (I,k) via the
m-th path. AL® ~denotes the birth-death factor of sub-array
(I, k) affected/by array domain non-stationarity. The birth-
death phenomenon, which is widely observed in the large-scale
array channel measurements [41], [42], can be caused by
array blockage and changing antenna response for drifting
MPC directions. The value of the birth-death factor is 1 or O,
representing if the scatterer is or is not visible to the sub-array.

The set of birth-death factors can be represented by

Apm =A% @ (AL )T (17)

in which A} ., and A:Ii,m are the birth-death vectors charac-

terizing the visible region of m-th path in n-th cluster

AV = [Ofw L Ejue

n,m n,m n,m

*I}UL’.fnJrlvoﬁ,Iv,e} (18)
: K n,m

h _
An,m B {OlﬁjfnflvE[y’;:fﬂ/,]ﬁ:jnJrl, O%ilszn} (19)

where O,, and E,, stand for the zero and one vectors with
n entries, L}Z/,Zs and L}Z/,Ze are the start sub-array indexes
and the end sub-array indexes, which are determined by the
horizontal and vertical dimensions of the visible region as
£h/v _ (Ih/'u,e _ Ih/'u,s) . dh/'u-

n,m n,m n,m

(20)

In general, the channel non-stationarity in the array domain
is not isotropic. Specifically, the lengths of cluster visible
region in horizontal and vertical directions are different, and
can be modeled as independent random variables following an
exponential distribution, i.e., E:’/#L ~ Exp ()\}é/ Y) [41], and
mean values of visible regions range in azimuth and elevation
directions are 1/}, and 1/\%, respectively.

III. A NOVEL MASSIVE MIMO BDCM
FOR UAV CHANNELS

Considering the multi-antenna equipped at both Tx and Rx
sides, i.e., the massive MIMO configuration, the dimension
of the UPA response matrix should be reduced to one to
ensure the two-dimensional channel matrix structure. For ease

Authorized licensed use limited to: Southeast University. Downloaded on January 22,2024 at 01:39:29 UTC from |IEEE Xplore. Restrictions apply.



5436

of analysis, U* and U"* are replaced by vec (U"*) and
vec (fﬂf’“
V is also introduced and vectorized to one column vec(V).
The formation of V is similar to U. The channel matrices
HF (¢, f) and HY (¢, f) are rearranged in the order of sub-array
index as

) in (6)-(10). Besides, the response matrix at Rx side

R ST Rt

neCrp m=1
T
- [vee(V)] - [VeC(Ul}kﬂl=1..L,k=1___K 21
M, f s ) . ]
HN Z Z 571 me to Vn,m (D) dt=fTnm )+ Pnm
neCn m=1

. [vec(V)} . {vec(ﬁl’k)}T (22)

I=1..L,k=1...K
where [vec(U"¥)],_, | stands for the vector con-
sisting of sub-array response vectors in the order of the
sub-array index, and vec(V) is the response vectors of Rx
antenna array, which has the similar structure as vec(U).
In this study, we assume a common scenario that the UAV
carrying aerial base station offers the wireless access for GUs.
For this application, the aerial base station can be equipped
with a massive MIMO antenna array (more than 64 antenna
elements), and GU is usually equipped with traditional antenna
array (4, 16, or similar numbers of antenna elements). Due to
the limited array aperture at Rx, we assume that all clusters
are far-field clusters for Rx.

Based on the proposed GBSM, the BDCM is generated
through the DFT operation for different sub-arrays as

p(t.f) = VE(H (1. /) + HY(t. ) ) Up
= Hj(t, f) + Hy(t. )

where Vp is the transform matrix form antenna domain
channel matrix to beam domain channel matrix at Rx. Under
the far-field PWF assumption, Vg € C®*? can be written as

(23)
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. el
. 6327"(@1}_1)9]

b(eel) _ [ ejzwaj.l7

5~ — 0.5 and 05 =
azimuth and elevation spatial frequencies of whole Rx array.
Under the half wavelength antenna spacing configuration, the
values of #7% and 05" are in [—0.5,0.5].

Cons1der1ng the SWF and near-field assumptions, the
transform matrlx UB is a block matrlx ie., Ugp =
blockdlag(U )l 1..L.k=1..K, in which U is the beam-
forming matrix for the (I, k) sub-array as

(26)

Here, 0% = QL — 0.5 are the assigned

Uy = U3% 0 U5 o
where
rraz,l 1 < (7azl P
Ur o \/T/L{a (ei’ ”z":l,...,% eCrr 7
rrel,k " el,k Py Py
o _W[ ()], €CF @9

The columns of UaBZ’l and U%l’k are response vectors associ-
ated with P, /L and P, /K uniformly spaced spatial frequen-
cies, i.e.,

- . P, 5
~(z omfes or (L —1) 697
a(ﬁf,z) = [1,6]2W977' o€ ~(%-1) “]
~ ~ . nel nel
b (05) = |1, . (R

Here, %" = @-DL+ g5 nd96lk # 0.5 are
the as51gned azimuth and elevatlon spatial frequer101es of the
sub-array (I, k) in [—0.5,0.5].

To illustrate the transformation clearly, Fig. 2 shows the
generation process of the proposed BDCM matrix Hp from
corresponding GBSM matrix H, where the Tx array is divided
into 4 sub-arrays, i.e., L = K = 2. Besides, H("*) denotes
the GBSM channel matrix for sub-array (I, k).

Through the transformation of the antenna domain channel
matrix H(¢, f) into the beam domain channel matrix
Hg(t, f) = HE(t, f) + HY(¢, f), the BDCM can represent
the coupling of different beams between Tx and Rx. Utilizing

j2m (g (29)

o el az
Ve =V @ Vg 24 the nature of Kronecker product and equality (A ® B)(C ®
where D) = (AC) ® (BD), the elements in HE (¢, f) and HY (¢, f)
1 can be derived as
V& — a(09%)]._ € COnXQn
B \/m[ ( )]171,...,62;,/ [HF]
el 1 el QuxQ Blap
Ve = g PO im0 €CO7 0 o i BT (O,
N M,
The columns of V4 and V¢ are response vectors associated Z Z B, m6 (27 () vmm (Dt =T )+
with @, and @, uniformly spaced spatial frequencies, i.e., neCe m=1
a(0%) = [1, 20T ejQﬂ'(Qh—l)‘giaz:| o [u DO P | (=0 P ]
e
1 G (e -n)ensit
2705 R e e iy
T = AL 5B e ol (%) ] (14)
i2m (B —1)0s Lk G2 (=)ot (1) 070 ]
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Fig. 2. The proposed BDCM matrix Hp from corresponding GBSM matrix
H, ie, Hp(t, f) = VEH(, f)Up, where the Tx array is divided into
4 sub-arrays.
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Z Z B, me 27r fto Vn,m (8)dt— fTn, m)+<I>n ]
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f (Qh; Qaz o gaz ) . f (Qv, gel o gel ) (30)
HE],.,
= [VE]o HY[UE].,

N M,

=2 D AP

neCn m=1

[QW(L Vo (8)dt— f T o+ ”k’")+<1>n,m]
()" b (o) |- [a (oz20) b (05
|a@) M op (0)"] - a0, @b (@) |

M,
ZA”“ﬂnm

X

|
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(o

neln m

. . adpk,
6] [27T (fto Vo (0) dt— f T o+ ——52 )+<I>n,m]

az I Jaz|l, Pv. aelk gel,l,
f(theaz _eaz ) .f(Q,U’eel _eel ) .

Here, the index p represents the 3D beam at Tx, i.e., p =
BBl (k—1)+1—1+% . (j/—1)+4, | and k are
sub-array indexes in azimuth and vertical directions, ¢’ and
j' are beam indexes of the sub-array (I,k) in azimuth and
vertical directions. The index g represents the 3D beam at Rx.
According to the beam assignment, ¢ = @, - (j — 1) + 14, 4
and j are beam indexes in azimuth and vertical directions,
respectively. The function f(N;x) is defined as

(€19

(N 2) = eimav—1) S(TEN)

Nsin(mzx)’ (32)

5437

\
il

0.5

05 05
”Cy Vertic?

Absolut value of beam amplitude

(b) P,/L =16, P,/K = 16.

Fig. 3. Beam assignment and beam response amplitude in dB for different
sub-array sizes.

When the dimensions of the array are large enough, the
function f(N;x) can be approximately represented by delta
function according to the L’Hospital’s rule, i.e., f(N;z) ~
eIm(N=1) if 2 = 0, and f(N;z) =~ 0, if z # 0. Due to the
sparsity of massive MIMO channels, the beam domain channel
matrix Hp is sparse. By only calculating the non-zero values
in channel matrix and ignoring the zero values, the channel
simulation complexity can be significantly reduced. To avoid
confusion, part of symbols are defined in Table III.

The beam assignment and beam response amplitude for
different sub-array sizes are presented in Fig. 3. The red stem
line denotes the assignment of beam in spatial frequency, and
the height of red stem line denotes the absolute amplitude of
the corresponding beam derived from f(N;x) using (30) and
(31). The colored parametric surface in Fig. 3 represents the
spatial frequency response of the sub-array obtained from the
transformation of GBSM, i.e., matrix multiplication as shown
in (23). The matching between derivation result and matrix
operation result verifies the correctness of both derivation and
operation. It also can be observed that the increasing of the
sub-array size will lead to narrower beam pattern.

IV. STATISTICAL PROPERTIES

Given that the channel propagation is a stochastic process,
the statistical properties are widely employed to analyze the
channel properties and evaluate channel models. Some typical
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TABLE IIT
DEFINITION OF SIGNIFICANT SYMBOLS

Symbol Definition

H'(t, /)H(t, f)

Channel response matrix of far-field/near-field clusters in antenna domain from GBSM

Hp(t, f)Hp(t, f)

Channel response matrix of far-field/near-field clusters in beam domain from BDCM

U/u Steering vectors of Tx antenna array of far-field/near-field clusters
ulFrotE Steering vectors of Tx sub-array (I, k) of far-field/near-field clusters
\% Steering vectors of Rx antenna array
Up Transform matrix for Tx (far-field assumption)
Vi Transform matrix for Rx (near-field assumption)

channel statistical properties are quite different when the
channel model is transformed from the antenna domain to the
beam domain. In this section, we will calculate the statistical
properties of the proposed BDCM.

A. STF-CF

For the proposed BDCM, the STF-CF is defined as the
correlation between [Hp p, (¢, f)] and [Hp v o (t + AL, f +
Af)], and can be calculated as

Ypa,p'q’ (At,Af)

= E{[Hpp,q(t, /)] [Hpp o+ AL f+Af)]} (33)

Since the channel matrix is transformed from the spatial
domain to the beam domain in the proposed BDCM, the
spatial cross correlation is represented by correlation between
different beams. Considering the STF-CF at Tx side, according
to (30), (33) can be further expressed as

Vpq.pa’ (AL, Af)

N M,
= Z Z n,m Ai)kfrn
n=1m=1
,ejQTr(Aan m—mmAL) ejﬂ (P *:)AJ o) (Pv;vmm
K?sin ( (02, — éjel) sin (ﬂ(@i{m - éje/l))

' P2 sin <7TP ( %
L?sin ( (0%, — éfz)) sin ( (052, — éﬁz))
. PZsin ( I;h (022, — é;”)) sin ( Lh (022, — éﬁz)) .

(34)

Since the beams in the same sub-array are concentrated in
the same part of Hg(¢, f), the beam correlation is used to
characterize the correlation between different beams in the
same sub-array. As for the correlation between different sub-
arrays, it can be characterized by the channel matrix CMC
which will be discussed in the next subsection.

B. CMC

The CMC is a measure of the change in the space structure
of two matrices of the same size. It can compare the subspaces
of two complex matrices and obtain their similarity. The CMC

between two sub-arrays (I, k) and (I’, k') can be expressed as
] ,D(l,k) [H ]g(l/’k/)’;}

lk,l’k” -

where [HB]:7D(171§) and [HB]:7D(1/71§/) denote beam domain
channel matrices of sub-arrays (I, k) and (', k"), D(l, k) and
D(I', k') are the beam index set corresponding to sub-arrays
(I,k) and (I, k'), e.g.,

)k

D(l, k) = [PZ’? (L (k=1)+1—1)+1:
P,P,
L’LK (L (k—1)+D]. (36)

which contains all index numbers of sub-array (I, k), i
totally £:L» index numbers from 2222 (L (k—1)+1— 1)+1 to
Dulo ( - (k = 1) +1). The CMC takes values in the
range of (0,1). When the CMC is 0, it means that the
two sub-array beam channel matrices do not have any linear
relationship and the sub-arrays are completely uncorrelated,
i.e., the propagation environment of two sub-arrays are totally
different. When the CMC is 1, it means that the sub-array
beam channel matrices have a linear scaling relationship.

C. Doppler PSD

The movement of the Tx and Rx will lead to shift in the
carrier frequency as Doppler frequency shift. Doppler PSD
reflects the distribution of signal power at different Doppler
frequencies, which can be obtained by calculating the Fourier
transform of the temporal ACF as

&mw:/ m

where v is the Doppler frequency in Hz, and r, (¢, At) is
the temporal ACF, which can be obtained by selecting the
same beam index and making the frequency difference zero
in the local STF-CF. Meanwhile, the RMS Doppler spread
o, measuring the dispersion of signal in Doppler frequency
domain can be calculated as the second-order central moment
of Doppler PSD [32].

(t, At)e I2 AL AL (37)

D. Beam Spread

The beam spread describes the power dispersion of the
beam domain channel over different beam directions. Similar

Authorized licensed use limited to: Southeast University. Downloaded on January 22,2024 at 01:39:29 UTC from |IEEE Xplore. Restrictions apply.



CHANG et al.: NOVEL 3D BEAM DOMAIN CHANNEL MODEL FOR UAV MASSIVE MIMO COMMUNICATIONS

to the angular spread, the RMS azimuth beam spread can be
defined as

2 2
P7 ~aZ Z
Zp,f:1 ‘[HB]QIMZ‘ (01' — )

e . (38)
Zp:q:l ‘ [HB]p,q

oy =

where (1% is the mean value of azimuth angle éf‘z and can be
calculated as the ratio of summation of the power-weighted
azimuth angles to the total channel power, i.e.,

2
P, oz
Zp,’qQﬂ ‘[HB]IMI‘ 0;

2
P,
Zp;qul ‘[HB]p,q‘

az __

(39)

E. Channel Capacity

Channel capacity is an important metric of the communi-
cation system performance. Assuming that the CSI is only
known at the Rx side, the single-user channel capacity can be
calculated as

NR - -
C=E {10g2 det (I + STRHHH>}

where SN R denotes the signal to noise ratio (SNR), H is the
normalized channel matrix, which can be obtained by

i Lo
H=H {—|H .
{ g ele }
For GBSM or BDCM, H = H(¢t, f) or H = Hp(t, f) are
substituted into (41), respectively.

(40)

(41)

FE. Stationary Time Interval

Due to the agile maneuverability of the UAV, the UAV-to-
ground channel shows more degrees of freedom in 3D space,
making it difficult for beam tracking and mapping. In this
section, the stationary time interval, which is defined as the
maximum duration within which the channel can be seen
as stationary, is used to quantitatively determine the degree
of channel changing. Here, we use the CMC to measure
the correlation coefficient between two beam domain channel
matrices [43]. Then the stationary time interval is obtained
as the largest time duration within which the correlation
coefficient beyond the certain threshold cyyesh, 1.€-,

tr {Hp(t, [YHE (t + AL, f)}
Hp(t, e [HE -+ AL )],

T, (t) = maX{At| > Cthresh}~

(42)

The correlation coefficient threshold is empirically set to
90%. This value can be adjusted according to the specific
requirements.

V. RESULTS AND DISCUSSIONS
In order to study the massive MIMO UAV-to-ground chan-
nel characteristics in beam domain and reveal how PWF
and spatial non-stationarity affect the UAV massive MIMO
channels, we will present results of STF-CF, CMC, beam
spread, and channel capacity using the proposed novel BDCM
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and corresponding GBSM. The definitions and calculations of
statistical properties of the GBSM are can be find in [32],
so we do not repeat them here. Unless otherwise specified, the
following parameters are chosen in the simulation: P = 4096,
P, = P, =64, and f. = 11 GHz. At the initial time, the UAV
height is set to 50 m, the location of GU is set to 50 m from
UAV horizontally, so the initial link distance is 70 m. The
parameters of MPCs such as powers, delays, and angles are
generated according to 3GPP TR 36.777 in the urban macro
cell. The following parameters are chosen in the simulation:
delay spread in dB DS = —7.65, angular spread parameters
in dB including azimuth angle spread of arrival ASA = 1.79,
azimuth angle spread of departure ASD = —1.32, elevation
angle spread of arrival S A = 1.17, elevation angle spread of
departure £SD = —1.15, mean value of UAV-cluster distance
1/ AT =80 m, velocity of UAV vy = 3 m/s, and velocity of
GU vrp = 0 m/s. The UPA at UAV side is separated in to
L x K = 16 sub-arrays, and L = K = 4. For the sake of
simplicity, non-stationary assumption is abbreviated as NS.

Fig. 4 presents the amplitude distributions of beam domain
channel elements. Fig. 4 (a) and Fig. 4 (b) compare the
beam amplitude for same sub-array size but different sub-
array indices. We can find that, due to the SWF and cluster
birth-death mechanism, cluster number and parameters change
for different sub-arrays. Fig. 4 (a) and Fig. 4 (c) present the
beam amplitude with the same sub-array index but differ-
ent sub-array sizes. We can observe that increment of the
sub-array size will lead to more sparse channel matrix in
the beam domain. The reason is that a larger sub-array size
gives a smaller beam width, resulting in more zero values
in the beam domain channel matrix. Fig. 4 (d) provides the
beam matrix at Rx side for comparison. Since the angular
spread parameters at the Rx side, i.e., ASA and ESA, are
larger than those at the Tx side, i.e., ASD and ESD, the
beam matrix at the Rx side is more intensive than that at
the Tx side. Besides, Figs. 4 (e)~(g) are beam amplitude
for whole UPA, i.e., combining beam amplitude matrices of
different sub-arrays according to spatial frequencies. It can
be observed that through division of the whole UPA, the
MPCs in beam domain become more dispersive when spatial
non-stationarity and SWF are introduced. This is because of
the cluster birth-death effect caused by non-stationarity and
cluster drifting in beam domain along the sub-array caused
by SWF effect. At last, the whole beam matrix at 28 GHz
band is provided in Fig. 4 (h) for comparison. Under the same
half wavelength antenna spacing configuration, due to the
smaller size of antenna array, the near-field effect becomes
less obvious at 28 GHz than that at 11 GHz.

Fig. 5 provides simulation results of spatial CCF, i.e., the
beam correlation in the sub-array. The rate parameters of
visible regions range are set as A% = 1.8 and A% = 1.1.
We can find that the beam correlation function in the azimuth
domain has a smaller correlation coefficient. The reason for
this is due to different cluster visible regions ranges for the
azimuth and vertical directions. The smaller rate parameter
in azimuth domain means each cluster can cover more sub-
arrays, leading to larger beam correlation. Besides, simulation
results with WSS assumption are provided for comparison.
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1
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Fig. 5. The beam correlation in azimuth and elevation directions with WSS
PWF and non-stationary SWF assumptions (L = K = 2, P, = P, = 64,
fe=11 GHz, dp, =dy = \/2, a =4/m, v=0).

It can be observed that non-stationarity will decrease the beam
correlation in both azimuth and elevation domains.

Fig. 6 and Fig. 7 compare the temporal ACFs and RMS
Doppler spreads of proposed BDCM and equivalent GBSM.
The consistency between the simulation model and simula-
tion result of temporal ACF ensures the correctness of our
simulations and derivations. Note that the simulation result is
from the correlation operation of channel matrix obtained from
(23), and the simulation model is computed according to (33).
Using the same parameter setting, BDCM tends to have larger
absolute value of ACF, which means that channel variation
becomes slower when the GBSM is transformed to BDCM.
Meanwhile, the RMS Doppler spread of BDCM is smaller than
that of GBSM. The reason is that each element in BDCM only
contains part of clusters within the beam direction range. Thus
the multipath effect is suppressed in this case.

Fig. 8 compares CMC for different sub-arrays with dif-
ferent UAV-cluster distance settings. The distances between

19~ ‘ ‘ : :
RN ° —— Simulation model, GBSM

. 0.9 "o A Simulation result, GBSM | |
O 0.8t \\ — — Simulation model, BDCM | |
< 7 Q O Simulation result, BDCM
071
=}
2,
206
o]
B 05¢f
2
= 046
g
£031
E
Z 021
=

0.1F

0 ‘ ‘ ‘ ‘
0 0.02 0.04 0.06 0.08 0.1

Time difference, At (s)

Fig. 6. Temporal ACFs of GBSM and BDCM (L = K =4, P, = P, = 64,
fe = 11 GHz, dp, = dp = A\/2, v = 3 m/s, vg = 0 m/s, a« = 4/,
v =0).

transceiver and clusters are assumed to follow the exponential
distribution. When the mean value of UAV-cluster distance
1/ )\dT decreases from 160 m to 40 m, the CMC between dif-
ferent sub-arrays gradually decreases, illustrating the influence
of SWF effect in the given simulation condition. The reason
is that the number of near-field clusters will increase when the
UAV-cluster distance 1/} decreases, and the SWF property
will lead to parameter drifting for all near-field clusters.

Fig. 9 shows the ergodic channel capacities of GBSM and
BDCM under SWF non-stationary and PWF WSS assump-
tions. It can be found that the channel capacities of GBSM
and BDCM are the same due to the equivalence between
the BDCM and corresponding GBSM. Furthermore, when the
massive MIMO configuration is used, SWF and non-stationary
properties will produce considerable gain in channel capacity.
However, with the smaller size MIMO configuration, SWF
and non-stationary properties have insignificant influence on
the capacity.
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(L=K=28,P, =P, =64, fo = 11 GHz, dj, = dy = \/2, a = 4/,
v =0).

Fig. 10 presents the cumulative distribution function (CDF)
of stationary time interval of the proposed BDCM. Through
the simulation we found that the UAV vibration tends to
have impact on the channel non-stationarity. The stationary
time interval becomes shorter when vibration amplitude and
frequency become larger. Besides, the stationary interval is
also affected by the UAV velocity. The fast movement of UAV
will decrease the stationary interval significantly.

VI. CHANNEL MODEL EVALUATION
Three indicators are often used to evaluate the performances
of channel models, i.e., accuracy, complexity, and pervasive-
ness. In this section, we will evaluate the proposed BDCM and
equivalent GBSM, and compare the performances of them.

A. Accuracy

The accuracy of channel models reflects the capability of
channel model mimicking the propagation environment. The
commonly used method of accuracy evaluation is comparing
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the statistical properties of channel model with those from
channel measurement data. Since beam domain is physically
related to angular domain, i.e., in the proposed BDCM,
beams are separated according to angle exactly, and MPCs
are mapped into beam and angular domains simultaneously,
we use the angular measurement results to validate the pro-
posed model. Fig. 11 shows the azimuth beam spread of the
proposed BDCM and measurement angular spread in [44]. The
measurement was conducted at 3.5 GHz in a UAV-to-cellular
scenario, and the angular spread was estimated according to
identified MPCs. The simulation parameters are chosen as
fe =3.5 GHz, ESA = 1.47, and \¢, = 1.9. The simulated
beam spread fits the measurement angular spread well, which
demonstrates that the proposed BDCM can represent realistic
channel propagation in angular domain accurately. Besides,
the comparison between PWF and SWF shows that the SWF
property will lead to a larger beam spread.

B. Complexity

The channel model complexity represents the computational
operations needed for channel coefficient generation. Here, the
computational complexities of proposed BDCM and GBSM
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assumptions and measurement results [44] (L =2, K =1, P, =8, P, =4,
fe 20)3.5 GHz, ESA = 147, A\, = 1.9, d), = dy = A\/2, a = 4/,
7 =0).

are compared in terms of the number of “real operations
(ROs)” [45]. The number of ROs of any mathematical opera-
tions is calculated based on four basic operations, namely real
addition, real multiplication, real division, and table lookup,
with each operation requiring one RO. Since in each time
instant the channel generation process is the same, we only
analyze the number of ROs needed for one time instant,
and the RO number for the whole simulation process is
proportional to the number of ROs needed for one time instant.

1) The Complexity of the Equivalent GBSM: The required
number of ROs for generating the proposed GBSM can be
calculated as

Co=N{)M,PQCqg 4o+ LKCg s (43)

where Cg, 4 is the required RO number for response of each
ray and single antenna pair, and Cg s is the required RO
number for parameter generation of each ray and each sub-
array. According to (21) and (22), the operations needed for
single antenna includes 4 multiplication operations (4 ROs),
1 add operation (1 RO), 1 exponential operation (15 ROs),
and 1 assignment operation (I RO), i.e., Cga = 4+ 1+
15+ 1 = 21. As for the operations needed for parameter
generation of each sub-array, it includes 1 coordinate vector
subtraction (3 ROs), 1 modular operation (6 ROs), 4 coordinate
dot multiplication (12 ROs), and 2 multiplication operations
(2 ROs), ie., Cgg =3+6+124+2=23.

2) The Complexity of the Proposed BDCM: The required
number of ROs for generating the proposed BDCM can be
calculated as

Cp=N({)M,LKCps (44)

where Cp s is the required RO number for parameter gen-
eration of each ray and each sub-array. Utilizing the sparse
property of BDCM, we only need to calculate the channel
coefficient with non-zero value, which can greatly reduce the
calculation complexity. According to (30)-(32), the operations
needed for single MPC includes 1 vector subtraction opera-
tions (6 ROs), 1 modular operation (6 ROs), 4 coordinate dot
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Fig. 12.  The complexity of BDCM and equivalent GBSM with different

propagation assumptions (SWF+NS: P, /L = P,/K = 8, PWF + WSS:
L=K=1).

multiplication (12 ROs),2 mapping operation (match the MPC
spatial frequency to the closest beam, 8 ROs), 1 exponent
operation (15 ROs), and 1 assignment operation (1 RO), i.e.,
Cp,s =3+6+12+8+ 1541 = 45. The complexity of the
proposed BDCM and corresponding GBSM with Tx antenna
number from 64 to 4096 is shown in Fig. 12. The evaluation
results show that the complexity of the proposed BDCM is
far less than that of GBSM, especially with the increase of
antenna number.

C. Pervasiveness

Pervasiveness reflects the compatibility and flexibility of
channel model for different scenarios, frequencies, system con-
figurations, and applications. The proposed BDCM is based
on the parameterized modeling framework and has uniform
parameter set with GBSM, which is widely used in mainstream
standard channel models. Thus, the proposed BDCM can
be adapted to diverse standard scenarios and configurations.
Specifically, using different simulation parameter settings in
3GPP TR36.777 [9], the proposed BDCM is applicable for
urban macro cell scenario, urban mini cell scenario, etc.
By adjusting antenna parameters, the proposed BDCM can
flexibly support both conventional antenna array (L = K = 1)
and massive antenna array (L € (1, P,), K € (1, P,)) at both
Tx and Rx.

Furthermore, the proposed BDCM can be transformed to
equivalent GBSM using the transformation matrix fJ*B / Vi,
and the inverse transformation also holds using the conjugate
transpose matrix UL/ V5 due to the conjugation of the trans-
formation matrix. The proof of the conjugation of transpose
matrix is given in the Appendix. For clarity, the transformation
and simplification relations of proposed GBSM and BDCM
are shown in Fig. 13. It is worth mentioning that by setting
sub-array size to 1, both proposed GBSM and BDCM turn
to SWF non-stationary GBSM in antenna element level, i.e.,
the non-stationary channel model in [30], which calculates the
phase according to propagation distance corresponding to dif-
ferent antenna elements respectively. By setting the sub-array
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Fig. 13. Transformation and simplification relations of proposed
GBSM/BDCM, and other models with different wavefront and non-stationary
assumptions.

number to 1, i.e., L = K = 1, SWF and non-stationary
conditions will reduce to PWF and WSS conditions, and
the proposed BDCM will turn to the traditional BDCM with
lower complexity.

VII. CONCLUSION

In this paper, we have proposed a 3D BDCM for massive
MIMO UAV-to-ground communications. By introducing SWF
and spatial non-stationary properties, the proposed BDCM can
characterize the near-field effect over the large UPA antenna
configuration. Based on the proposed model, the statistical
properties such as the STF-CF, RMS Doppler spread, beam
spread, CMC, and channel capacity, have been derived and
simulated. We have found that the near-field propagation
condition will decrease the correlation between different sub-
arrays, and increase the whole channel capacity. Furthermore,
while considering the mobile scenario for UAV communica-
tions, the BDCM shows lower time variability and is more
insensitive to the Doppler effect compared with equivalent
GBSM. Finally, the performance of the proposed BDCM has
been evaluated in terms of accuracy, complexity, and per-
vasiveness. The evaluation results have shown that proposed
BDCM has high accuracy as well as low complexity. Through
the matrix operation and parameter setting, the proposed
BDCM can be adapted to near-field/far-field scenarios as well
as converted to WSS and non-stationary GBSMs, indicating
flexibility of the proposed BDCM.

APPENDIX
According to the matrix form in (27), the proof of the
conjugation of (f)'lék)* is as follows
(04) (04 = (0t e U5) (O3t e 0"
(45)

Utilizing the nature of Kronecker product and equality (A ®
B)(C®D) = (AC)®(BD), (45) can be further calculated as

T *
~elk _ Traz,l ~elk  Traz,l
(UeB’ ®U?;) (UeB ®U(§)

= (o) (o) | o [(o5) " (05) ] w0
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Considering an element in the first item of (46), we have
T *
rrel,k rrel,k
()" (03)']
P1,P2
T - *
(v3)
5,P1 LP2

- Pvl/K b (ég?l)TB (égzz?l)*

1 P,/K o
_ j2m(s—1)(6%% —0%%)
- - . (&4 P1 P2
PR 2
11— eﬂ”feﬁffe?;{Pv/K. "
P,/K 1 — 2037 -053)
According to the L’Hospital’s rule, in (47) we can find that
~ T k) L, if p1 =p2
{(U;f”“) (U5") } . (48)
prpe 00 i1 # P2

Therefore, (ﬁgk)T(fjgk)* is an identity matrix, and
(U%F)* is a unitary matrix. Similarly, (U%)T(U%*)* can
be proved to be an identity matrix. Utilizing the nature of
Kronecker product in (46), it also can be proved that (U%k)* is
a unitary matrix. Then, the whole transformation block matrix

5= blockdiag(Ulék)Llu.L’k:lmK is also a unitary matrix
since that

fJE 3 % = blockdiag [(ﬁ%k)T (ﬁ%k)*}

=1

1=1...L,k=1...K
(49)
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