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Abstract—In this article, we propose a novel 3-D geometry-
based stochastic model (GBSM), i.e., a two-cylinder model, for
unmanned aerial vehicle (UAV) multiple-input–multiple-output
(MIMO) Ricean fading channels. The received signal is a sum
of the Line-of-Sight (LoS) component, single-bounced (SB) rays
at the UAV side, SB rays at the ground station side, SB rays
on the ground, and double-bounced rays. This makes our model
adaptable to a wide variety of UAV communication scenarios.
More importantly, the proposed UAV model is the first two-
cylinder model that considers ground reflections. Moreover, our
model has the ability to investigate the impact of some unique
UAV-related parameters (e.g., the UAV’s moving direction, UAV’s
altitude, and antenna orientation) on channel characteristics in
a 3-D nonisotropic propagation environment. From the proposed
model, we derive and study some significant statistical proper-
ties, including the space-time correlation function (CF), Doppler
power spectral density (PSD), envelope level crossing rate (LCR),
and average fade duration (AFD). Some numerical results and
interesting observations are provided, which can be considered
useful guidance for the design of UAV-MIMO communication

Manuscript received December 12, 2019; revised March 4, 2020 and
April 17, 2020; accepted May 10, 2020. Date of publication May 19, 2020;
date of current version September 15, 2020. This work was supported in
part by the National Key Research and Development Program of China
under Grant 2018YFB1801101; in part by the National Natural Science
Foundation of China under Grant 61960206006 and Grant 61971313; in part
by the High-Level Innovation and Entrepreneurial Research Team Program
in Jiangsu; in part by the High-Level Innovation and Entrepreneurial Talent
Introduction Program in Jiangsu; in part by the Research Fund of National
Mobile Communications Research Laboratory, Southeast University, under
Grant 2020B01; in part by the Huawei Cooperation Project; in part by the
EU H2020 RISE TESTBED2 Project under Grant 872172; and in part by
the Open Research Fund of Key Laboratory of Wireless Sensor Network
and Communication under Grant 2017003, through the Shanghai Institute
of Microsystem and Information Technology, Chinese Academy of Sciences.
(Corresponding author: Xiang Cheng.)

Xiang Cheng and Yiran Li are with the State Key Laboratory of Advanced
Optical Communication Systems and Networks, Department of Electronics,
School of Electronics Engineering and Computer Science, Peking University,
Beijing 100871, China, and also with the Key Laboratory of Wireless
Sensor Network and Communication, Shanghai Institute of Microsystem and
Information Technology, Chinese Academy of Sciences, Shanghai 200050,
China (e-mail: xiangcheng@pku.edu.cn; yiran.li@pku.edu.cn).

Cheng-Xiang Wang is with the National Mobile Communications
Research Laboratory, School of Information Science and Engineering,
Southeast University, Nanjing 210096, China, and also with the Pervasive
Communication Research Center, Purple Mountain Laboratories, Nanjing
211111, China (e-mail: chxwang@seu.edu.cn).

Xuefeng Yin is with the College of Electronics and Information
Engineering, Tongji University, Shanghai 201804, China (e-mail:
yinxuefeng@tongji.edu.cn).

David W. Matolak is with the Department of Electrical Engineering,
University of South Carolina, Columbia, SC 29208 USA (e-mail:
matolak@cec.sc.edu).

Digital Object Identifier 10.1109/JIOT.2020.2995707

systems. Finally, the utility of our model is verified by the close
agreement between the theoretical results and some example
measurement data.

Index Terms—3-D geometry-based stochastic model (GBSM),
multiple-input–multiple-output (MIMO), Ricean fading, statisti-
cal properties, unmanned aerial vehicle (UAV) channel modeling.

I. INTRODUCTION

UNMANNED aerial vehicle (UAV) communication has
been applied in a variety of fields due to its low cost

and high flexibility. The use of UAVs has attracted widespread
attention, and interest and applications are expected to grow
in the near future [1]–[5]. Compared with conventional cel-
lular and vehicular communications, UAV communications
exhibit some unique propagation features. For example, UAVs
are able to move in a 3-D space with relatively high veloc-
ities and this high mobility in a 3-D space is a significant
new factor in channel characterization when the UAV itself
is near obstacles since traditional air–ground communica-
tions typically have the aircraft well clear of any terrestrial
obstacles. Therefore, the impact of channel characteristics
on the small UAV communication system design is impor-
tant. As is known, multiple-input–multiple-output (MIMO)
antenna systems have been identified as a technology that
can effectively improve communication performance. Such
systems have been widely accepted and are used in many stan-
dards, e.g., the long-term evolution (LTE) 4G standard. More
recently, the so-called “massive” MIMO, which is considered
to be an important technical feature for 5G communica-
tion [6], [7], has been extensively studied. Therefore, recent
research on the investigation of MIMO in UAV communication
systems has grown. Yet due to the unique propagation features
of UAV communications, whether MIMO is suitable for real
UAV communications and how MIMO works for a range of
UAV scenarios are still open and interesting problems.

Measuring the communication environment and construct-
ing an easy-to-use channel model is an important early step
in designing a wireless communication system effectively.
Presently, many research groups have studied UAV measure-
ment [8]–[20] and UAV channel modeling [17]–[26] for UAV
channel characterization. These UAV channel models can be
divided into deterministic models and stochastic models, and
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the latter can be further classified as nongeometrical stochas-
tic models (NGSMs) and geometry-based stochastic models
(GBSMs).

Daniel et al. [21], Wu et al. [22], and Shi et al. [23]
developed deterministic UAV models using the ray-tracing or
the finite-difference time-domain (FDTD) method. The ray-
tracing method is a radio propagation simulation of the actual
environment, based on some basic rules of wave propagations.
In contrast, the FDTD method was invented for obtaining dis-
crete solutions to Maxwell’s equations, providing information
about the propagation of electromagnetic waves. These deter-
ministic modeling approaches usually have high accuracy
but require numerous physical data and time-consuming
calculations to characterize a particular propagation envi-
ronment. Therefore, the generality of these approaches is
limited.

Compared with deterministic models, stochastic models’
generality is higher and the corresponding complexity is lower,
along with acceptable accuracy. As mentioned, they can be
classified as NGSMs or GBSMs, depending on whether or
not a geometrical shape with effective scatterers is used. One
widely used NGSM for UAV channels is a purely statistical
model [24], [25], in which the channel amplitude is a stochas-
tic process. This kind of model can be useful for the UAV
system design but may not be sufficiently accurate [27].

Recently, a new set of UAV channel models, based upon a
large set of measurement data, has been proposed in [17]–[20].
These models always include intermittent multipath compo-
nents (MPCs), an Earth surface reflection, and a Line-of-Sight
(LoS) component. The first two components are derived from
geometry and are hence largely deterministic, whereas the
intermittent MPCs are described statistically. These models
can be considered hybrid deterministic stochastic or partially
geometry based; the deterministic portion is a two-ray (2R)
model. Considering that Earth curvature cannot be neglected in
the case of long-range UAV communication, the authors pro-
vide a curved-Earth 2R (CE2R) model version. This model,
along with its flat-Earth (FE2R) counterpart, can be useful
under scenarios where an Earth surface reflection is present
and can be received.

Unlike NGSMs, the method adopted by GBSMs is to
model the channel by assuming the distribution of scatter-
ers directly, which can effectively reduce the complexity of
the channel modeling process. For terrestrial vehicle-to-vehicle
(V2V) communication, GBSM methods have been widely
used for channel modeling [28]–[34]. Based on GBSMs, these
papers have drawn some useful conclusions regarding the
impact of vehicular traffic density and some other parameters.
Similar to vehicular communications, UAV communications
exhibit rapidly varying and complicated time-variant propaga-
tion characteristics. Hence, research on UAV channel modeling
using GBSMs has gradually increased in recent years. A
3-D narrowband one-cylinder UAV GBSM was developed
in [35] and [36], which has been extended to a wideband one-
concentric-cylinder UAV model in [37] recently. Jin et al. [38]
proposed a 3-D one-sphere UAV model for narrowband com-
munication channels. However, these GBSMs assumed there
are no scatterers around the UAV, i.e., a high-altitude UAV

communication scenario. Moreover, only a few channel prop-
erties were investigated for single-bounced (SB) rays.

This article develops a generic narrowband UAV model, i.e.,
a two-cylinder reference model, where the received signal is
a superposition of the LoS component, SB rays from scatter-
ers around the UAV (SB-U), SB rays from scatterers around
the ground station (SB-G), SB rays from the ground reflection
(SB-GR), and double-bounced (DB) rays. For simplicity here,
this model does not account for aircraft pitch and roll maneu-
vers, which will be a subject for future investigation. Note
that compared with existing two-cylinder models [28]–[30],
the proposed two-cylinder model for the first time consid-
ers the ground reflection, which has a significant impact on
UAV channels as shown in many UAV channel measurements
[8]–[20]. Overall, the contributions and novelties of this article
are summarized as follows.

1) We propose a generic GBSM, consisting of the sum
of the LoS component, SB, and DB rays, for narrow-
band nonisotropic UAV-MIMO Ricean fading channels.
The proposed model is adaptive to a wide variety of
scenarios by adjusting model parameters, e.g., UAV’s
moving direction and UAV’s elevation angle and antenna
orientation.

2) Unlike other GBSMs for conventional cellular and
vehicular communications, the proposed UAV-MIMO
GBSM considers unique properties of UAV propaga-
tions, e.g., significant ground reflection, large altitude
difference between UAV and ground station (GS), and
the UAV movement in a 3-D space. Therefore, the
proposed UAV model is the first two-cylinder model that
considers ground reflections. Moreover, by considering
unique geometry properties of our model, a new generic
relationship between the Angle of Arrival (AoA) and
Angle of Departure (AoD) is derived.

3) From the proposed model, we derive the expressions of
the space-time correlation function (CF), Doppler power
spectrum density (PSD), envelope level crossing rate
(LCR), and average fade duration (AFD).

4) We present some interesting and useful observations
based on the proposed model’s channel statistic. Finally,
a good match between the theoretical results of the sta-
tistical properties of the model and the measurement data
in [24] and [39] demonstrates the utility of the proposed
model.

The remainder of this article is outlined as follows.
Section II describes the novel GBSM for UAV-MIMO Ricean
fading channels. In Section III, from the proposed model,
the space-time CF, Doppler PSD, envelope LCR, and AFD
are derived. Section IV presents some numerical results and
interesting observations. Finally, conclusions are drawn in
Section V.

II. NOVEL GBSM FOR UAV-MIMO RICEAN

FADING CHANNELS

In this article, we consider a narrowband single-user UAV-
MIMO communication system with MT UAV and MR GS
antenna elements. Both the UAV and the GS are in motion.
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(b)

(a)

Fig. 1. (a) Generic channel model with UAV-MIMO channels (MT =
MR = 2). (b) Specific path information of SB and DB rays in the proposed
model (red solid line: SB rays and blue dotted line: DB rays).

The geometry of the proposed narrowband two-cylinder UAV
GBSM is shown in Fig. 1, where MT = MR = 2. We assume
that the two cylinders are located around the UAV and the
GS and that the effective scatterers are distributed on them.
Note that here these scatterers located on the two cylinders
are the so-called effective scatterers, which could include the
impact of the UAV and GS themselves. We suppose there are
N1 effective scatterers around the UAV lying on the surface
of a cylinder of radius RT , and the n1th (n1 = 1, 2, . . . , N1)
effective scatterer is denoted by s(n1). Similarly, suppose there
are N2 effective scatterers around the GS lying on the surface
of a cylinder of radius RR, and the n2th (n2 = 1, 2, . . . , N2)
effective scatterer is denoted by s(n2). We assume that the
ground reflection occurs on the bottom surface of the cylinder
at the GS. We suppose there are N3 effective scatterers lying
on the underside of the cylinder of radius 0 ≤ R ≤ RR around
the GS, and the n3th (n3 = 1, 2, . . . , N3) effective scatterer
is denoted by s(n3). The height of the GS is denoted H0. The
vertical and horizontal distance between the UAV and GS are
H and D, respectively, and satisfy D � RT/R. Parameters δT

and δR are used to present antenna spacings at the UAV and
GS. In addition, the direction of two antenna arrays is denoted

by θT and θR, relative to the x-axis. For simplicity here, we
keep the arrays parallel to the x–y plane, hence we do not
account for aircraft pitch and roll maneuvers, and this is a
subject for future investigation. We assume the UAV and GS
move with speeds of vT and vR, respectively. As shown in
Fig. 1, we decompose the vector vT into a horizontal compo-
nent vT,xy and a perpendicular component vT,z, and then define
[vT,xy, vT ] = ξ , and [vT,xy,+x] = γT , where [·, ·] denotes the
included angle. This angle pair ξ and γT is used to character-
ize the UAV movement in a 3-D space. For the GS, it moves
in the direction of γR in the xy plane. The AoA of the wave
traveling from an effective scatterer s(ni)(i = 1, 2, 3) toward
the GS is denoted by α

(ni)
R and β

(ni)
R , and the AoD of the wave

that impinges on the effective scatterer s(ni) is designated by
α

(ni)
T and β

(ni)
T . Parameters αLoS

T , βLoS
T , αLoS

R , and βLoS
R denote

AoAs and AoDs of the LoS path, which are omitted in Fig. 1
to avoid the figure being overcrowded.

From Fig. 1, we can see that at the carrier frequency fc,
the received complex fading envelope between the pth (p =
1, . . . , MT) UAV antenna and the qth (q = 1, . . . , MR) GS
antenna is a superposition of the LoS [i.e., Tp − Rq], SB-U
[i.e., Tp − s(n1) −Rq], SB-G [i.e., Tp − s(n2) −Rq], SB-GR [i.e.,
Tp − s(n3) − Rq], and DB [i.e., Tp − s(n1) − s(n2) − Rq] rays,
which can be expressed as

hpq(t) = hLoS
pq (t) + hSB−U

pq (t) + hSB−G
pq (t)

+ hSB−GR
pq (t) + hDB

pq (t) (1)

where

hLoS
pq (t) =

√
K�pq

K + 1
e−j2π fcτpq

ej2π fTmt
[
cos

(
αLoS

T −γT
)

cos βLoS
T cos ξ+sin βLoS

T sin ξ
]

ej2π fRmt
[
cos

(
αLoS

R −γR
)

cos βLoS
R

]
(2)

hSB−U
pq (t) =

√
ηSB−U�pq

K + 1
lim

N1→∞
1√
N1

N1∑
n1=1

ejφ(n1)

e−2π fcτpq,n1

e
j2π fTmt

[
cos

(
α

(n1)

T −γT

)
cos β

(n1)

T cos ξ+sin β
(n1)

T sin ξ
]

e
j2π fRmt

[
cos

(
α

(n1)

R −γR

)
cos β

(n1)

R

]
(3)

hSB−G
pq (t) =

√
ηSB−G�pq

K + 1
lim

N2→∞
1√
N2

N2∑
n2=1

ejφ(n2)

e−2π fcτpq,n2

e
j2π fTmt

[
cos

(
α

(n2)

T −γT

)
cos β

(n2)

T cos ξ+sin β
(n2)

T sin ξ
]

e
j2π fRmt

[
cos

(
α

(n2)

R −γR

)
cos β

(n2)

R

]
(4)

hSB−GR
pq (t) =

√
ηSB−GR�pq

K + 1
lim

N3→∞
1√
N3

N3∑
n3=1

ejφ(n3)

e−2π fcτpq,n3

e
j2π fTmt

[
cos

(
α

(n3)

T −γT

)
cos β

(n3)

T cos ξ+sin β
(n3)

T sin ξ
]

e
j2π fRmt

[
cos

(
α

(n3)

R −γR

)
cos β

(n3)

R

]
(5)

hDB
pq (t) =

√
ηDB�pq

K + 1
lim

N1,N2→∞
1√

N1N2
N1,N2∑

n1,n2=1

ejφ(n1,n2)e−2π fcτpq,n1,n2
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e
j2π fTmt

[
cos

(
α

(n1)

T −γT

)
cos β

(n1)

T cos ξ+sin β
(n1)

T sin ξ
]

e
j2π fRmt

[
cos

(
α

(n2)

R −γR

)
cos β

(n2)

R

]
. (6)

In (2)–(6), τpq = εpq/c, τpq,n1 = (εpn1 + εn1q)/c, τpq,n2 =
(εpn2 + εn2q)/c, τpq,n3 = (εpn3 + εn3q)/c, and τpq,n1,n2 =
(εpn1 +εn1n2 +εn2q)/c are propagation times of waves through
the link Tp −Rq, Tp −s(n1)−Rq, Tp −s(n2)−Rq, Tp −s(n3)−Rq,
and Tp − s(n1) − s(n2) − Rq, respectively, where symbols εpq,
εpn1 , εn1q, εpn2 , εn2q, εpn3 , εn3q, and εn1n2 denote distances
Tp −Rq, Tp − s(n1), s(n1) −Rq, Tp − s(n2), s(n2) −Rq, Tp − s(n3),
s(n3) − Rq, and Tp − s(n1) − s(n2) − Rq, respectively. c is
the speed of the light. The received total power and the
Ricean factor are expressed by �pq and Kpq, respectively. In
addition, ηSB−U , ηSB−G, ηSB−GR, and ηDB are energy-related
parameters, which represent the ratio of SB and DB compo-
nents to the total scattered power �pq/(K + 1), and satisfy
ηSB−U + ηSB−G + ηSB−GR + ηDB = 1. The scattering caused
phases φ(n1), φ(n2), φ(n3), and φ(n1,n2) are independent random
variables, and all are uniformly distributed over [−π, π). fTm

and fRm donate maximum Doppler frequencies of the UAV
and the GS, respectively. It is worth noting that although the
limiting case (N1, N2, and N3 going to infinity) we model
here is artificial, some researchers find this of utility. It also
simplifies the mathematics via the central limit theorem and
enables some closed-form results that can provide insight
when components’ number is indeed large.

Based on the spatial distance formula, distances between
the scatterer and antenna εpq, εpn1 , εn1q, εpn2 , εn2q, εpn3 , and
εn3q can be expressed as

εpq =
√(

DT
x − DR

x

)2 +
(

DT
y − DR

y

)2 + (
DT

z − DR
z

)2 (7)

εpn1 =
√(

DT
x − Dn1

x
)2 +

(
DT

y − Dn1
y

)2 + (
DT

z − Dn1
z

)2 (8)

εn1q =
√(

Dn1
x − DR

x

)2 +
(

Dn1
y − DR

y

)2 + (
Dn1

z − DR
z

)2 (9)

εpn2 =
√(

DT
x − Dn2

x
)2 +

(
DT

y − Dn2
y

)2 + (
DT

z − Dn2
z

)2 (10)

εn2q =
√(

Dn2
x − DR

x

)2 +
(

Dn2
y − DR

y

)2 + (
Dn2

z − DR
z

)2 (11)

εpn3 =
√(

DT
x − Dn3

x
)2 +

(
DT

y − Dn3
y

)2 + (
DT

z − Dn3
z

)2 (12)

εn3q =
√(

Dn3
x − DR

x

)2 +
(

Dn3
y − DR

y

)2 + (
Dn3

z − DR
z

)2 (13)

where the parameters Dni
x/y/z denote the position coordinates of

scatterers s(ni) in the 3-D coordinate axis along the x/y/z-axis,
respectively. Parameters DT

x/y/z and DR
x/y/z denote the posi-

tion coordinates of Tx and Rx in the 3-D coordinate axis
along the x/y/z-axis, respectively. They can be specifically
expressed as Dn1

x = RT cos α
(n1)
T , Dn1

y = RT sin α
(n1)
T , Dn1

z =
RT tan β

(n1)
T , Dn2

x = D + RR cos α
(n2)
R , Dn2

y = RR sin α
(n2)
R ,

Dn2
z = RR tan β

(n2)
R , Dn3

x = D + R cos α
(n3)
R , Dn3

y = R sin α
(n3)
R ,

Dn3
z = 0, DT

x = �T cos θT , DT
y = �T sin θT , DT

z =
D tan β0 + H0, DR

x = D + �R cos θR, DR
y = �R sin θR, and

DR
z = H0. The parameter �T is the distance between the

pth UAV antenna element and the center of the UAV antenna
array, whereas the parameter �R is the distance between the
qth GS antenna element and the center of the GS antenna
array. For the uniform linear antenna arrays (ULAs), they are
defined as

�T = 1

2
(MT + 1 − 2p)δT (14)

�R = 1

2
(MR + 1 − 2q)δR. (15)

For SB rays, AoD and AoA have a certain geomet-
ric relationship and can be converted to each other, which
can be expressed as follows. The detailed derivation is in
Appendix A.

A. For SB-U Rays

cos α
(n1)
R ≈ −1 (16)

sin α
(n1)
R ≈

RT
D sin α

(n1)
T

1 − RT
D cos α

(n1)
T

(17)

cos β
(n1)
R ≈ cos β0 + RT

D
sin β0 cos β0A(n1)

T (18)

sin β
(n1)
R ≈ sin β0 − RT

D
cos2 β0A(n1)

T (19)

where A(n1)
T = tan β

(n1)
T cos β0 − cos α

(n1)
T sin β0.

B. For SB-G Rays

cos α
(n2)
T ≈ 1 (20)

sin α
(n2)
T ≈

RR
D sin α

(n2)
R

1 + RR
D cos α

(n2)
R

(21)

cos β
(n2)
T ≈ cos β0 + RR

D
sin β0 cos β0A(n2)

R (22)

sin β
(n2)
T ≈ sin β0 − RR

D
cos2 β0A(n2)

R (23)

where A(n2)
R = tan β

(n2)
R cos β0 + cos α

(n2)
R sin β0.

C. For SB-GR Rays

cos α
(n3)
T ≈ 1 (24)

sin α
(n3)
T ≈

R
D sin α

(n3)
R

1 + R
D cos α

(n3)
R

(25)

cos β
(n3)
T ≈ cos β0 − R

D
sin β0 cos β0A(n3)

R (26)

sin β
(n3)
T ≈ sin β0 + R

D
cos2 β0A(n3)

R (27)

where A(n3)
R = tan β

(n3)
R cos β0 − cos α

(n3)
R sin β0.

In fact, our proposed model is a reference model that can be
used for theoretical channel analysis. It assumes that the num-
ber of effective scatterers is infinite, i.e., N1, N2, N3 → ∞.
In this case, we can use continuous expressions αR, βR and
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αT , βT to replace discrete expressions α
(ni)
R , β

(ni)
R and α

(ni)
T ,

β
(ni)
T , and assume azimuth angles and elevation angles are

independent. Therefore, the joint PDF f (α, β) can be approx-
imated as the product of the marginal PDFs of the azimuth
angle f (α) and the elevation angle f (β). Here, we use the von
Mises PDF to characterize azimuth angles αT and αR, which is
defined as

f (α) = ek cos(α−αμ)

2π I0(k)
, −π ≤ α ≤ π (28)

where I0(·) is the zeroth-order modified Bessel function of
the first kind and αμ ∈ [−π, π ] is the mean angle at which
the scatterers are distributed in the xy plane. The parameter
k controls the spread around the mean angle and increasing
k incurs more nonisotropic scattering. The elevation angles
βT and βR are described by the cosine PDF [28], which is
defined as

f (β) = π

4βm
cos

(
π

2

β − βμ

βm

)
, |β − βμ| ≤ βm ≤ π

2
. (29)

Note that β ∈ [βμ − βm, βμ + βm]. Two parameters βm

and βμ are the maximum elevation angle and the mean angle,
respectively. Here, we let βμ − βm = β1 and βμ + βm = β2,
i.e., β ∈ [β1, β2]. Applying these PDFs to the AoA and AoD,
we have

f (αT) = ekT cos(αT−αTμ)

2π I0(kT)
, −π ≤ αT ≤ π (30)

f (αR) = ekR cos(αR−αRμ)

2π I0(kR)
, −π ≤ αR ≤ π (31)

f (βT) = π

4βTm
cos

(
π

2

βT − βTμ

βTm

)
, βT1 ≤ βT ≤ βT2 (32)

f (βR) = π

4βRm
cos

(
π

2

βR − βRμ

βRm

)
, βR1 ≤ βR ≤ βR2. (33)

Finally, we use the PDF f (R) = 2R/RR
2 to characterize

the distribution of radius R, which means scatterers s(n3) have
a uniform density between O′ and RR on the ground. Some
important parameters are listed in Table I for ease of reference.

III. EXPRESSIONS OF CHANNEL CHARACTERISTICS

We derive some important statistical properties for the UAV-
MIMO channel in this section, including the space-time CF,
Doppler PSD, envelope LCR, and AFD.

A. Space-Time CF

For two arbitrary complex fading envelopes hpq(t) and
hp′q′(t), the normalized space-time CF is defined as

Rpq,p′q′(δT , δR, τ ) =
E
[
h∗

pq(t)hp′q′(t + τ)
]

√
�pq�p′q′

(34)

where (·)∗ and E[·] denote the complex conjugate oper-
ation and the statistical expectation operator, respectively.
It can be observed that (34) is a function of time sep-
aration τ , UAV side space separation δT , and GS side

TABLE I
DEFINITION OF SIGNIFICANT MODEL PARAMETERS

space separation δR. Note that (34) can be divided into five
components

Rpq,p′q′(δT , δR, τ ) = RLoS
pq,p′q′(δT , δR, τ ) + RSB−U

pq,p′q′(δT , δR, τ )

+ RSB−G
pq,p′q′(δT , δR, τ ) + RSB−GR

pq,p′q′ (δT , δR, τ )

+ RDB
pq,p′q′(δT , δR, τ ). (35)

Note that we assume independence among the various com-
ponents for simplicity, whereas in practice, some components
may of course be correlated, e.g., the LoS and the SB-U com-
ponent reflection from the UAV itself. Accounting for this is
also a topic for future work.

By substituting (2) into (34), the space-time CF of the LoS
component can be expressed as

RLoS
pq,p′q′(δT , δR, τ ) = K

K + 1
e
−j 2π

λ

(
εpq−εp′q′

)

ej2π fTmτ [αLoS
T −γT ) cos βLoS

T cos ξ+sin βLoS
T sin ξ ]

ej2π fRmτ
[
cos

(
αLoS

R −γR
)

cos βLoS
R

]
(36)

where αLoS
T ≈ 0, αLoS

R ≈ π , and βLoS
T ≈ βLoS

R ≈ β0.
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In SB rays, due to the dependence between the AoD and
AoA, we have

RSB−U
pq,p′q′(δT , δR, τ ) = ηSB−U

K + 1

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)

e
−j 2π

λ

[(
εpn1+εn1q

)−(
εp′n1

+εn1q′
)]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ej2π fRmτ[cos(αR−γR) cos βR]dαTdβT (37)

RSB−G
pq,p′q′(δT , δR, τ ) = ηSB−G

K + 1

∫ βR2

βR1

∫ π

−π

f (αR)f (βR)

e
−j 2π

λ

[(
εpn2+εn2q

)−(
εp′n2

+εn2q′
)]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ej2π fRmτ[cos(αR−γR) cos βR]dαRdβR (38)

RSB−GR
pq,p′q′ (δT , δR, τ ) = ηSB−GR

K + 1

∫ RR

0

∫ π

−π

f (αR)f (R)

e
−j 2π

λ

[(
εpn3+εn3q

)−(
εp′n3

+εn3q′
)]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ej2π fRmτ[cos(αR−γR) cos βR]dαRdR. (39)

The SB-GR rays occur on the bottom surface of the cylinder
at the GS, i.e., in a 2-D area. In addition, there is a geometric
relationship between the elevation AoA β

(n3)
R and the radius R,

i.e., tan β
(n3)
R = H0/R. Therefore, we can express the space-

time CF of SB-GR rays by integrating the functions of the
radius R and the azimuth AoA αR.

The space-time CF of DB rays is

RDB
pq,p′q′(δT , δR, τ ) = ηDB

K + 1

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

e
−j 2π

λ

[(
εpn1 +εn2q

)−(
εp′n1

+εn2q′
)]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ej2π fRmτ[cos(αR−γR) cos βR]

f (αT)f (βT)f (αR)f (βR)dαTdβTdαRdβR

(40)

which is a 4-D integral and thus difficult to solve. From the
geometry, we determine that the degenerate spatial CFs of DB
rays are exactly the same as those of SB rays. Specifically, we
have RDB

pq,p′q(δT) = RSB−U
pq,p′q (δT) and RDB

pq,pq′(δR) = RSB−G
pq,pq′ (δR).

Therefore, to obtain the spatial part of (40), we only have to
numerically calculate the 2-D integrals (37) and (38). Now,
for the degenerate temporal CF of (40), by substituting in
the azimuth angle densities and solving two integrals, its
expression can be simplified as

RDB
pq,pq(τ ) = ηDB

K + 1

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)f (αR)f (βR)

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ej2π fRmτ[cos(αR−γR) cos βR]dαTdβTdαRdβR

= ηDB

K + 1

∫ βR2

βR1

∫ βT2

βT1

f (βT)f (βR)/I0(kT)/I0(kR)

I0

(√
k2

T + j2QT cos
(
γT − αTμ

) − (QT)2τ 2

)

I0

(√
k2

R + j2QR cos
(
γR − αRμ

) − (QR)2τ 2

)
dβT

× dβR (41)

where QT = 2π fTm cos βT cos ξ , QR = 2π fRm cos βR, and
the integral is only 2-D now. The detailed derivation is in
Appendix B.

B. Doppler PSD

The corresponding Doppler PSD can be obtained by using
the Fourier transform of the space-time CF described above,
with respect to τ , i.e., Rpq(τ ), and can be expressed as

Spq(fD) =
∫ ∞

−∞
Rpq(τ )e−j2π fDτ dτ (42)

where fD is the Doppler frequency. Similar to (35), the
expression of Spq(fD) can also be written as

Spq(fD) = SLoS
pq (fD) + SSB−U

pq (fD) + SSB−G
pq (fD)

+ SSB−GR
pq (fD) + SDB

pq (fD). (43)

C. Envelope LCR

The LCR L(r) is the expected number of times that the
received signal level crosses a given threshold level r per
second in the positive/negative direction. This quantifies the
frequency of small-scale signal fading over the range of signal
levels. The LCR of our model can be expressed as [40]

L(r) = 2r
√

K + 1

π
3
2

√
b2

b0
− b2

1

b2
0

· e−K−(K+1)r2

∫ π/2

0
cosh

(
2
√

K(K + 1)r cos θ
)

[
e−L(χ sin θ)2 + √

πχ sin θ · erf(χ sin θ)
]
dθ (44)

where cosh(·) and erf(·) denote the hyperbolic cosine
function and the error function, respectively, and χ =√

[(Kb2
1)/(b0b2 − b2

1)]. Parameters b0, b1, and b2 are
defined as

b0 = E
[
hI

pq(t)
2
]

= E
[
hQ

pq(t)
2
]

(45)

b1 = E
[
hI

pq(t)ḣ
Q
pq(t)

]
= E

[
hQ

pq(t)ḣ
I
pq(t)

]
(46)

b2 = E
[
ḣI

pq(t)
2
]

= E
[
ḣQ

pq(t)
2
]

(47)

where the in-phase and quadrature components of hpq(t) are
represented by hI

pq(t) and hQ
pq(t), and the corresponding first

derivative is denoted by ḣI
pq(t) and ḣQ

pq(t).
By substituting (1) to (45)–(47), parameters bm (m ∈

{0, 1, 2}) become

bm = bSB−U
m + bSB−G

m + bSB−GR
m + bDB

m (48)

where

bSB−U
m = ηSB−U

2(K + 1)
(2π)m

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)
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{
fTm

[
cos(αT − γT) cos βT cos ξ + sin βT sin ξ

]
+ fRm

[
cos(αR − γR) cos βR

]}mdαTdβT (49)

bSB−G
m = ηSB−G

2(K + 1)
(2π)m

∫ βR2

βR1

∫ π

−π

f (αR)f (βR)

{
fTm

[
cos(αT − γT) cos βT cos ξ + sin βT sin ξ

]
+ fRm

[
cos(αR − γR) cos βR

]}mdαRdβR (50)

bSB−GR
m = ηSB−GR

2(K + 1)
(2π)m

∫ RR

0

∫ π

−π

f (αR)f (R)

{
fTm

[
cos(αT − γT) cos βT cos ξ + sin βT sin ξ

]
+ fRm

[
cos(αR − γR) cos βR

]}mdαRdR (51)

bDB
m = ηDB

2(K + 1)
(2π)m

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)

f (αR)f (βR)

× {
fTm

[
cos(αT − γT) cos βT cos ξ + sin βT sin ξ

]
+ fRm

[
cos(αR − γR) cos βR

]}m

dαTdβTdαRdβR. (52)

Note that for m = 0, we have

b0 = bSB−U
0 + bSB−G

0 + bSB−GR
0 + bDB

0 = 1

2(K + 1)
(53)

where

bSB−U
0 = ηSB−U

2(K + 1)

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)dαTdβT

= ηSB−U

2(K + 1)
(54)

bSB−G
0 = ηSB−G

2(K + 1)

∫ βR2

βR1

∫ π

−π

f (αR)f (βR)dαRdβR

= ηSB−G

2(K + 1)
(55)

bSB−GR
0 = ηSB−GR

2(K + 1)

∫ RR

0

∫ π

−π

f (αR)f (R)dαRdR

= ηSB−GR

2(K + 1)
(56)

bDB
0 = ηDB

2(K + 1)

∫ βR2

βR1

∫ π

−π

∫ βT2

βT1

∫ π

−π

f (αT)f (βT)

f (αR)f (βR)dαTdβTdαRdβR

= ηDB

2(K + 1)
. (57)

D. Envelope AFD

The AFD T(r) is defined as the average time over which the
signal envelope |hpq(t)| remains below a certain level r [40],
which can be written as

T(r) = 1 − Q(
√

2K,
√

2(K + 1)r2)

L(r)
(58)

where Q(·) is the Marcum Q function.

IV. NUMERICAL RESULTS AND ANALYSIS

We analyze numerically the derived statistical properties
under different scattering environments in this section. First,
we consider a low-altitude UAV communication scenario.

TABLE II
PARAMETERS USED IN FIGS. 2–9

Table II lists the parameter values for different analyses, with
results in Figs. 2–9. Note that we set the velocity of the GS
as vR = 0.05 m/s in this article because we want to focus on
the effect of the UAV movement. Since vT � vR, the maxi-
mum Doppler shift can be written as fD max = (vT + vR)/λ ≈
vT/λ = 100 Hz. The scattering around the GS comes from
houses, vehicles, lamps, trees, etc. The heights of these scat-
terers are approximately several meters. The scatterers near
the UAV, which is near 50 m above the ground, would
mostly emanate from taller buildings, and occasionally other
aircraft.

Fig. 2 shows the absolute value of temporal CFs of SB-U
and DB rays for different UAV moving directions in two scat-
tering environments. From Fig. 2, the maximum value of the
curve occurs at ξ = βTμ and γT = αTμ, which means that the
UAV moves directly toward or away from the scatterer area
densely distributed around the UAV. This is because there is
minimal change in the propagation environment in this case,
resulting in the two complex fading envelopes having the
largest temporal correlation.

Next, we discuss and analyze whether the UAV moving
direction has the same impact on temporal CFs of the SB-
G and SB-GR rays. As shown in Fig. 3, different from the
above conclusion, the maximum temporal correlation of the
SB-G and SB-GR rays appears when ξ = β0 and γT = 0,
which can be seen from the model diagram as the movement
of the UAV straight toward or directly away from the GS,
i.e., the LoS component direction. Since the scatterers for the
SB-G and SB-GR component are distributed primarily near
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(a)

(b)

Fig. 2. (a) Temporal CFs of SB-U rays for different UAV moving directions
with the environment parameters β0 = π/6, βTμ = π/4, and αTμ = π/4.
(b) Temporal CFs of DB rays for different UAV moving directions with the
environment parameters β0 = π/3, βTμ = π/6, and αTμ = 0.

(a)

(b)

Fig. 3. (a) Temporal CFs of SB-G rays for different UAV moving directions
with the environment parameters β0 = π/6, βRμ = π/4, and αRμ = π . (b)
Temporal CFs of SB-GR rays for different UAV moving directions with the
environment parameters β0 = π/4 and αRμ = π/2.

the GS and satisfy D � RR, the different distribution of the
scatterers is difficult to distinguish in this case.

From Figs. 2 and 3, we can see that the UAV moving
direction has a significant influence on the temporal correla-
tion. More importantly, Figs. 2 and 3 imply that the scatterers
around the UAV dramatically decrease the temporal CFs com-
pared with the scatterers around the GS. This observation
can be obtained by comparing the scales of the abscissae.

(a)

(b)

Fig. 4. Doppler PSDs of DB rays with different environment parameters.
(a) β0 = π/6, βTμ = 0, and αTμ = π/4. (b) β0 = π/3, βTμ = π/6, and
αTμ = 0.

Moreover, one can conclude that the scatterers around the UAV
play a major role in the temporal CFs of DB rays.

Corresponding Doppler PSDs of DB rays when the UAV
moves in different directions are shown in Fig. 4. When the
UAV is moving toward or directly away from the scatterer-
concentrated area, most of the power in the Doppler PSD
is concentrated around the maximum Doppler frequency,
i.e., fD max = (vT + vR)/λ ≈ vT/λ. In contrast, for other
moving directions, e.g., ξ = π/2, the Doppler distributions
are much wider than when the UAV is moving toward the
scatterer-concentrated area. This observation shows that the
shape of Doppler PSDs is dependent on the relationship
between the scatterer distributions and UAV moving direction.
Of course, we can use the formula fD = vT cos θ/λ, where θ is
the angle between the propagating wave and the UAV’s veloc-
ity, to estimate the components of Doppler frequencies and
explain the different shapes of Doppler PSDs.

Fig. 5 represents the impact of the UAV’s height on the
absolute values of temporal CFs for different UAV moving
directions. It can be noticed from Fig. 5 that when the angle
β0 increases, i.e., the height of the UAV’s position increases,
the difference among temporal CFs in the different UAV
moving directions is reduced. As shown in Fig. 5(b), when
β0 = π/2.2, namely, tan β0 ≈ 7, the differences among tem-
poral CFs for different UAV moving directions have become
negligible. Therefore, to reduce the impact of UAV moving
directions on temporal CFs, a practical way is to elevate the
UAV to a sufficient altitude. For example, as we have set
D = 100 m, the estimated altitude in Fig. 5(b) is about
H = 700 m.

In order to obtain robust MIMO performance, we usually
want to obtain a large channel spatial diversity, which means
that the spatial correlation is small [41]. In response to this, we
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(a)

(b)

Fig. 5. Temporal CFs for different UAV moving directions with two UAV
elevation angles. (a) β0 = π/4. (b) β0 = π/2.2.

discuss absolute values of spatial CFs of SB-U, SB-G, SB-GR,
and DB components for different antenna orientations under
four scattering environments at the UAV. Fig. 6 shows that the
minimum spatial correlation at the UAV side is related to the
antenna orientation θT and the average value of the azimuth
angle of scatterers αT(R)μ, and satisfies |θT − αT(R)μ| = π/2,
i.e., the two angles are orthogonal. This conclusion can also
be applied to UAV measurement activities to achieve better
communication performance. It is clear that the antenna spac-
ing has a significant impact on channel spatial correlations.
Moreover, we can observe that compared with the spatial cor-
relation of SB-G and SB-GR, the spatial correlation of SB-U
and DB is much more sensitive to the antenna spacing at the
UAV side. This means that the antenna spacing at the UAV
side has a significant influence on the spatial correlations of
SB-U and DB.

Next, Fig. 7 illustrates the influence of the height of the
UAV on the channel second-order statistical characteristics,
i.e., LCR and AFD, by adjusting the parameter β0. The figures
show that when β0 increases, the value of LCR decreases and
the corresponding AFD increases. According to the geometric
relationship, the linear distance between UAV and GS can be
expressed as d(UAV, GS) = D/ cos β0. When the UAV’s alti-
tude increases, the influence of the UAV movement decreases,
resulting in an increase in the temporal stability of the channel,
as one would expect intuitively.

Based on observations and discussions from Figs. 2–7, we
can conclude some general rules for the control of the UAV
to set up a robust UAV wireless communication system as
follows.

1) In general, if at all possible, the UAV should first move
to a relatively high altitude before starting to set up a
UAV-assisted wireless communication system (as shown
in Figs. 5 and 7). This is because the higher the UAV

(a)

(b)

(c)

(d)

Fig. 6. UAV side spatial CFs for different antenna orientations under four
scattering environments. (a) CFs of SB-U rays with αTμ = 0. (b) CFs of
SB-G rays with αRμ = π/2. (c) CFs of SB-GR rays with αRμ = π . (d) CFs
of DB rays with αTμ = π/2.

altitude, the better the temporal stability of UAV chan-
nels. Higher altitude also increases the probability of an
LoS component in cluttered settings. Note that because
of the increase of the channel path loss with altitude,
the higher altitude of the UAV is only necessarily better
up to some maximum value.

2) Compared with the scatterers around the GS, the scat-
terers around the UAV have a dominant impact on the
temporal correlation and can significantly increase the
time variation of UAV channels (see Figs. 2 and 3).
Therefore, if the UAV is in a dense scattering area, it
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(a)

(b)

Fig. 7. Envelope (a) LCR and (b) AFD for different elevation angles of the
UAV.

would be better to control the UAV to leave that area in
order to achieve more stable propagation conditions.

3) For the scenario where the UAV is surrounded by many
scatterers, the UAV should move directly away from the
scatterer-concentrated area. In this case, the UAV not
only follows rule 2) but also the UAV channel has the
maximum temporal correlation and thus exhibits the best
stability (as shown in Fig. 2). For some scenarios where
the UAV is free of scatterers, i.e., the SB-G and SB-GR
dominant environments, the UAV simply needs to move
along the LoS direction in order to achieve the most
stable propagation condition (as shown in Fig. 3).

4) For achieving better MIMO performance, the UAV
should adjust the antenna orientation to achieve orthog-
onality with the mean angle of scatterers. In this case,
the UAV channel has minimum spatial correlation and
thus exhibits the maximum spatial diversity (as shown
in Fig. 6).

Rule 1) is useful to achieve reliable communication
performance because in this case, the flight altitude and
moving directions of the UAV have a negligible impact on
the channel statistics. Rules 2) and 3) are useful to achieve
reliable communication performance by maintaining a large
temporal correlation of the UAV channel, whereas rule 4) is
useful to achieve better MIMO performance when the UAV
has multiple antennas.

Figs. 8 and 9 compare theoretical results based on our
model with the available measurement data. Before going
into detailed analysis, we first summarize the general steps
and rules about how to properly select model parameters.
First, one can select the basic environment-related parameters,

(a)

(b)

Fig. 8. Comparisons between the theoretical CFs and the measurement data.
(a) Temporal CF. (b) Space CF at the GS side.

(a)

(b)

Fig. 9. Comparisons between the theoretical (a) LCR and (b) AFD, and the
measurement data.

e.g., the distance between UAV and GS, and UAV-related
parameters, e.g., the UAV’s altitude, velocity, and movement
direction, based on either the real measurement campaign
(if one has measurement data) or the scenarios one expects.
Second, according to the actual propagation environment
or the expected environment, and the understanding of the
proposed model, one can estimate the range of some important
parameters, e.g., cylinders’ radii, mean angles, energy-related
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parameters, and Ricean factor. In general, the larger the dis-
tance between the UAV and the GS, the smaller the Ricean
factor. However, this parameter will need “tuning” or refine-
ment. For UAV scenarios with an LoS component, the Ricean
factor dominates the main received power, whereas for non-
LoS scenarios, energy-related parameters become dominant.
For most UAV scenarios, where the UAV is, in general,
away from scatterers, energy-related parameters ηSB−G and
ηSB−GR correspond to the majority of the scattered power.
The energy-related parameters ηSB−U and ηDB become domi-
nant for scenarios with many scatterers near the UAV. Finally,
based on the link range, one can easily set all model parame-
ters to either match well with measurements or mimic channel
properties of the expected environment.

Fig. 8 shows comparisons of some available measurement
data with theoretical CFs of the proposed model. The tempo-
ral correlation’s measurement data comes from a low-elevation
UAV channel measurement in [24]. Based on the actual mea-
surement scenarios in [24] and [39], we determine some
environment-related and UAV-related parameters, while the
remaining parameters were estimated according to the gen-
eral rules given in the last paragraph. All parameter values are
listed in Table II. Note that here we use the flown distance
(the product of the UAV velocity and flown time) in place of
the correlation time to correspond with the description in [24].
In Fig. 8(b), we matched the theoretical GS side spatial CFs
with some measurement data from [39]. Reference [39] con-
sidered an air-to-ground communication with antennas placed
on ground and roof, respectively. Although this measurement
did not use UAVs, it can be considered as a good reference
for hovering UAV air-to-ground communication.

Fig. 9 presents the comparison between the measurement
data from [24] and the theoretical LCR and AFD. It is worth
pointing out that the measured path gain has been considered
when obtaining theoretical values of LCR and AFD [24]. As
shown in Figs. 8 and 9, theoretical results and the measured
data are well matched, helping validate the practicability of
our model.

Note that it is, in general, quite challenging to properly
set these model parameters in order to obtain such excellent
agreement. The model parameters should be properly cho-
sen according to real communication scenarios, as well as
a detailed understanding of the proposed model. In general,
the close agreement is sensitive to several important model
parameters, e.g., scattering-related parameters, such as αTμ,
βTμ, αRμ, and βRμ, UAV-related parameters, such as the UAV
moving direction, UAV altitude, and UAV antenna array orien-
tation, and power-related parameters, such as ηSB−U , ηSB−G,
ηSB−GR, and ηDB.

V. CONCLUSION

In this article, we have proposed a generic GBSM for UAV-
MIMO Ricean fading channels. This model can be adaptable
to various UAV environments by adjusting model parameters.
From the proposed model, we have derived the space-time CF,
the corresponding Doppler PSD, envelope LCR, and AFD for
several UAV scattering environments. Based on the derived

Fig. 10. Geometry of the proposed GBSM for SB-G rays.

statistical properties, we have further determined that a few
UAV-related parameters (e.g., the UAV moving direction, UAV
altitude, and antenna orientation) have a significant impact
on the channel statistical properties. Accordingly, we have
proposed some general rules for the UAV’s control to maintain
the temporal stability of UAV channels and to obtain higher
spatial diversity of UAV-MIMO channels. Finally, the practi-
cality of our model was demonstrated by a good agreement
between example measurement data and our theoretical results.

APPENDIX A
DERIVATION OF (16)–(27)

Using the cosine theorem to �OS′O′ in Fig. 10, we have

l2R = R2
R + D2 + 2RRD cos αR. (59)

Note that for simplicity, we omit the superscript (·)(n2) in
the above equation and following derivations. Since RR � D,
i.e., RR/D � 1, lR can be derived as

lR = D

√
1 + 2

RR

D
cos αR +

(
RR

D

)2

≈ D

√
1 + 2

RR

D
cos αR

≈ D

(
1 + 1

2
· 2

RR

D
cos αR

)

= D + RR cos αR. (60)

By using the law of sines, we have

sin αT ≈ RR

lR
sin αR =

RR
D sin αR

1 + RR
D cos αR

(61)

cos αT ≈ 1. (62)

From the z-axis, we can get

D tan β0 = lR tan βT + RR tan βR. (63)

Therefore

tan βT = D tan β0 − R tan βR

łR
= tan β0 − RR

D tan βR

1 + RR
D cos αR

. (64)
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Then, cos βT and sin βT (βT ∈ (0, (π/2))) can be
obtained as

cos βT = 1 + RR
D cos αR√(

tan β0 − RR
D tan βR

)2 +
(

1 + RR
D cos αR

)2
(65)

sin βT = tan β0 − RR
D tan βR√(

tan β0 − RR
D tan βR

)2 +
(

1 + RR
D cos αR

)2
. (66)

Since RR/D � 1, (RR/D)2 is very small. The expression of
cos βT can be approximated as

cos βT ≈ 1 + RR
D cos αR√

1
cos2 β0

− 2 RR
D tan βR tan β0 + 2 RR

D cos αR

=
(

1 + RR
D cos αR

)
cos β0√

1 − 2 RR
D cos2 β0(tan βR tan β0 − cos αR)

≈ cos β0

(
1 + RR

D
cos αR

)
[

1 + RR

D
cos2 β0(tan βR tan β0 − cos αR)

]

≈ cos β0

[
1 + RR

D
cos2 β0 tan βR tan β0

+
(

RR

D
cos αR − RR

D
cos2 β0 cos αR

)]

= cos β0 + RR

D
sin β0 cos β0

× (tan βR cos β0 + cos αR sin β0). (67)

Also, the expression of sin βT can be simplified to

sin βT ≈ sin β0 − RR
D cos2 β0 · (tan βR cos β0 + cos αR sin β0).

(68)

Following a similar derivation, we can obtain (16)–(19) in the
case of SB-U rays and (24)–(27) in the case of SB-GR rays.

APPENDIX B
DERIVATION OF (41)

The expression of (40) can be rewritten as

RDB
pq,pq(τ ) = ηDB

K + 1

∫ βR2

βR1

∫ βT2

βT1

f (βT)f (βR)

{ ∫ π

−π

∫ π

−π

ej2π fRmτ[cos(αR−γR) cos βR]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ekT cos(αT−αTμ)

2π I0(kT)

ekR cos(αR−αRμ)

2π I0(kR)
dαTdαR

}

× dβTdβR. (69)

We define the inner 2-D integrals as A(τ ), i.e.,

A(τ ) =
∫ π

−π

∫ π

−π

ej2π fRmτ[cos(αR−γR) cos βR]

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]

ekT cos(αT−αTμ)

2π I0(kT)

ekR cos(αR−αRμ)

2π I0(kR)
dαTdαR. (70)

Using the equation
∫ π

−π
ea sin x+b cos xdx = 2π I0(

√
a2 + b2),

we have

A(τ ) =
∫ π

−π

1

2π I0(kT)
ekT cos(αT−αTμ)

ej2π fTmτ[cos(αT−γT ) cos βT cos ξ+sin βT sin ξ]dαT∫ π

−π

1

2π I0(kR)
ekR cos(αR−αRμ)

ej2π fRmτ[cos(αR−γR) cos βR]dαR. (71)

We can rewrite (71) as

A(τ ) = 1

2π I0(kT)

1

2π I0(kR)
ej2π fTmτ sin βT sin ξ

∫ π

−π

e(j2π fTmτ cos βT cos ξ sin γT+k sin αTμ) sin αT

e(j2π fTmτ cos βT cos ξ cos γT+k cos αTμ) cos αT dαT∫ π

−π

e(j2π fRmτ cos βR sin γR+kR sin αRμ) sin αR

e(j2π fRmτ cos βR cos γR+kR cos αRμ) cos αR dαR

= I0

(√
k2

T + j2QT cos
(
γT − αTμ

) − (QT)2τ 2

)
/I0(kT)

I0

(√
k2

R + j2QR cos
(
γR − αRμ

) − (QR)2τ 2

)
/I0(kR)

(72)

where QT = 2π fTm cos βT cos ξ and QR = 2π fRm cos βR.
Therefore, the expression of (69) simplifies to (41).
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