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Abstract—This paper proposes a novel three-dimensional (3D)
theoretical regular-shaped geometry-based stochastic model (RS-
GBSM) and the corresponding sum-of-sinusoids (SoS) simulation
model for non-isotropic multiple-input multiple-output (MIMO)
vehicle-to-vehicle (V2V) Ricean fading channels. The proposed
RS-GBSM, combining line-of-sight (LoS) components, a two-
sphere model, and an elliptic-cylinder model, has the ability
to study the impact of the vehicular traffic density (VID) on
channel statistics, and jointly considers the azimuth and elevation
angles by using the von Mises Fisher distribution. Moreover,
a novel parameter computation method is proposed for jointly
calculating the azimuth and elevation angles in the SoS channel
simulator. Based on the proposed 3D theoretical RS-GBSM and
its SoS simulation model, statistical properties are derived and
thoroughly investigated. The impact of the elevation angle in
the 3D model on key statistical properties is investigated by
comparing with those of the corresponding two-dimensional
(2D) model. It is demonstrated that the 3D model is more
accurate to characterize real V2V channels, in particular for pico
cell scenarios. Finally, close agreement is achieved between the
theoretical model, SoS simulation model, and simulation results,
demonstrating the utility of the proposed models.

Index Terms—MIMO vehicle-to-vehicle channels, 3D RS-
GBSM, non-isotropic scattering, vehicular traffic density, sta-
tistical properties.

I. INTRODUCTION

N recent years, vehicle-to-vehicle (V2V) communications
[1] have been encountered in many new applications, such
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as wireless mobile ad hoc peer-to-peer networks [2], [3]
cooperative systems [4], [5], and intelligent transportation
systems. In V2V communication systems, both the transmitter
(Tx) and receiver (Rx) are in motion and equipped with
low elevation antennas. This is different from conventional
fixed-to-mobile (F2M) cellular radio systems, where only
one terminal moves. Moreover, multiple-input multiple-output
(MIMO) technologies, where multiple antennas are deployed
at both the Tx and Rx [6], have widely been adopted in
advanced F2M cellular systems and have also been receiving
more and more attention in V2V systems [7].

In order to evaluate the performance of a V2V commu-
nication system, accurate channel models are indispensable.
Existing channel models for F2M communications systems
cannot be used directly for the design of V2V systems. V2V
channel models available in the literature [8]—[23] can be
classified as geometry-based deterministic models (GBDMs)
[8] and stochastic models, which can further be categorized
as non-geometry-based stochastic models (NGSMs) [9] and
geometry-based stochastic models (GBSMs) [10]-[23]. Fur-
thermore, GBSMs can be classified as regular-shaped GBSMs
(RS-GBSMs) [11]-[20] and irregular-shaped GBSMs (IS-
GBSMs) [21]-[24], depending on whether effective scatterers
are located on regular shapes, e.g., one-ring, two-ring, ellipses,
or irregular shapes.

RS-GBSMs [11]-[20] have widely been used to mimic V2V
channels due to their convenience for theoretical analysis of
channel statistics. To preserve the mathematical tractability,
RS-GBSMs assume that all the effective scatterers are located
on regular shapes. Akki and Haber were the first to pro-
pose a two-dimensional (2D) RS-GBSM [11] and investigate
corresponding statistical properties for narrowband isotropic
scattering single-input single-output (SISO) V2V Rayleigh
channels [12]. In [13], the authors proposed a 2D two-
ring RS-GBSM with both single- and double-bounced rays
for narrowband non-isotropic scattering MIMO V2V Ricean
channels. In [14], the authors proposed an adaptive RS-GBSM
consisting of two rings and one ellipse also with both single-
and double-bounced rays for narrowband non-isotropic MIMO
V2V Ricean channels. As 2D models assume that waves travel
only in the horizontal plan, they neglect signal variations in
the vertical plane and are valid only when the Tx and Rx
are sufficiently separated. In reality, waves do travel in three
dimensions. Therefore, a three-dimensional (3D) two-cylinder
RS-GBSM was developed for narrowband non-isotropic scat-
tering MIMO V2V channels in [16]. It was further extended
to a wideband one in [17]. Other 3D V2V channel models
include a 3D two-sphere RS-GBSM for narrowband non-
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isotropic SISO V2V channels [18] and a 3D two-concentric-
quasi-sphere RS-GBSM for wideband non-isotropic MIMO
V2V channels [19].

The aforementioned 3D RS-GBSMs [16]-[19] all assumed
that the azimuth angle and elevation angle are completely
independent and thus analyzed them separately. Moreover,
although the measurement campaigns in [9] demonstrated that
the vehicular traffic density (VTD) significantly affects the
V2V channel statistical properties, the impact of the VID on
channel statistics was not considered in the existing 3D RS-
GBSMs [16]-[19].

To fill the above research gaps, the first part of this
paper proposes a novel theoretical 3D RS-GBSM, which is
the combination of line-of-sight (LoS) components, a two-
sphere model, and an elliptic-cylinder model [15], for non-
isotropic MIMO V2V channels. The proposed 3D RS-GBSM
is sufficiently generic and adaptive to model various V2V
channels in different scenarios. It is the first 3D RS-GBSM
that has the ability to study the impact of the VTD on channel
statistics, and jointly considers the azimuth and elevation
angles by applying the von Mises-Fisher (VMF) distribution as
the scatterer distribution. As the 3D theoretical RS-GBSM as-
sumes infinite numbers of effective scatterers, which results in
the infinite complexity, it cannot be implemented in practice.
However, a theoretical model can be used as a starting point
to design a realizable simulation model that considers limited
numbers of scatterers and has a reasonable complexity. Hence,
the second part of this paper concentrates on developing a
corresponding 3D MIMO V2V sum-of-sinusoids (SoS) based
simulation model with a novel parameter computation method.
Note that the proposed models have already considered the
effect of diffuse scattering [23] by using double-bounced rays.
Also, the impact of vehicles as obstacles on the LoS obstruc-
tion, as studied in measurements [24] and [25], can be captured
in our models by adjusting relevant model parameters, e.g., the
Ricean factor.

Overall, the major contributions and novelties of this paper
are summarized as follows:

1) Based on the novel 3D theoretical RS-GBSM, com-
prehensive statistical properties are derived and thor-
oughly investigated, i.e., amplitude and phase probabil-
ity density functions (PDFs), space-time (ST) correlation
function (CF), Doppler power spectral density (PSD),
envelope level crossing rate (LCR), and average fade du-
ration (AFD). Meanwhile, some inaccurate expressions
in [15] are corrected.

2) The impacts of the VTD and elevation angle on afore-
mentioned channel statistical properties are investigated
by comparing with those of the corresponding 2D
model.

3) The corresponding SoS simulation model is proposed
by considering a finite number of scatterers at the Tx
and Rx.

4) A novel parameter computation method, namely the
method of equal volume (MEV), is proposed to cal-
culate the azimuth and elevation angles of proposed
SoS simulation model. It is the first method for 3D
MIMO channel models jointly computing the azimuth
and elevation angles.
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Fig. 1. The proposed 3D MIMO V2V RS-GBSM combining a two-sphere
model and an elliptic-cylinder model (only showing the detailed geometry
of LoS components and single-bounced rays in the elliptic-cylinder model).
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Fig. 2. The detailed geometry of the single- and double-bounced rays in
the two-sphere model of the proposed 3D RS-GBSM.

5) The statistical properties of our SoS simulation model
are verified by comparing with those of the reference
model and simulated results. The results show that the
simulation model is an excellent approximation of the
reference model according to their statistical properties.

The remainder of this paper is structured as follows. Sec-
tion II introduces a novel 3D theoretical RS-GBSM for non-
isotropic narrowband MIMO V2V Ricean channels. In Sec-
tion III, the corresponding 3D simulation model is developed
with parameters calculated by the MEV. Simulation results
and analysis are unveiled in Section IV. Finally, we draw
conclusions in Section V.

II. A NovEL 3D MIMO V2V THEORETICAL RS-GBSM
A. Description of the 3D MIMO V2V theoretical RS-GBSM

Let us consider a narrowband MIMO V2V communication
system with Mp transmit and Mp receive omnidirectional
antenna elements. The radio propagation environment is char-
acterized by 3D effective scattering with LoS and non-LoS
(NLoS) components between the Tx and Rx. Different from
physical scatterers, an effective scatterer may include several
physical scatterers which are unresolvable in delay and angle
domains. Figs. 1 and 2 illustrate the proposed 3D RS-GBSM,
which is the combination of LoS components, a single-
and double-bounced two-sphere model, and a single-bounced
elliptic-cylinder model. To consider the impact of the VID
on channel statistics, we need to distinguish between the
moving vehicles around the Tx and Rx and the stationary
roadside environments (e.g., buildings, trees, parked cars, etc.).
Therefore, we use a two-sphere model to mimic the moving
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TABLE 1
DEFINITION OF PARAMETERS IN FIGS. 1 AND 2.
D distance between the centers of the Tx and Rx spheres
Rr, Rr radius of the Tx and Rx spheres, respectively
a, f semi-major axis and half spacing between two foci of the elliptic-cylinder, respectively
or, OR antenna element spacing at the Tx and RX, respectively
Or, Or orientation of the Tx and Rx antenna array in the x-y plane, respectively
T, PR elevation of the Tx and Rx antenna array relative to the x-y plane, respectively
UT, UR velocities of the Tx and RXx, respectively.
YT, YR moving directions of the Tx and Rx in the z-y plane, respectively
a(T"” azimuth angle of departure (AAoD) of the waves that impinge on the effective
(1=1,2,3) scatterers s(")
ag”) azimuth angle of arrival (AAoA) of the waves traveling from the effective
(ti=1,2,3) scatterers s(")
B(Tnf) elevation angle of departure (EAoD) of the waves that impinge on the effective
(t=1,2,3) scatterers s(")
EISR elevation angle of arrival (EAoA) of the waves traveling from the effective
(1=1,2,3) scatterers s
akos, Béos AAo0A and EAoA of the LoS paths, respectively
Epgs Epnys Enyngs
Enian € Eipy. | distances d (T, T,), d (Tm s(’”)), d (s("l), s<"2)), d (8(7”)7 Tq), d(T,, Or),
Enys Eny d (OT(OR), s("3)), d (s("l), OR), d (OT, s("2)), respectively
=123

vehicles and an elliptic-cylinder model to depict the stationary
roadside environments. It is worth mentioning that in order
to significantly reduce the complexity of the 3D theoretical
RS-GBSM, only the double-bounced rays via scatterers on
the two-sphere model are considered because other double-
bounced rays (via one scatterer on a sphere and the other
one on the elliptic-cylinder) show similar channel statistics
[14]. For readability purposes, Fig. 1 only shows the geometry
of LoS components, and the single-bounced elliptic-cylinder
model. The detailed geometry of the single- and double-
bounced two-sphere model is given in Fig. 2. Note that in both
Figs. 1 and 2, we adopted uniform linear antenna arrays with
M1 = Mg = 2 as an example. The proposed RS-GBSM can
be extended with arbitrary numbers of antenna elements. By
modeling effective scatterers, we assume that the two-sphere
model defines two spheres of effective scatterers, one around
the Tx and the other around the Rx. Suppose there are N;
effective scatterers around the Tx lying on a sphere of radius
Ry and the nith (nq = 1, ..., N7) effective scatterer is denoted
by s(™). Similarly, assume there are N, effective scatterers
around the Rx lying on a sphere of radius R and the nsth
(ne2 = 1,..., Ny) effective scatterer is denoted by s("2) For
the elliptic-cylinder model, N3 effective scatterers lie on an
elliptic-cylinder with the Tx and Rx located at the foci and
the nsgth (n3 = 1,..., N3) effective scatterer is denoted by
5("3) The parameters in Figs. 1 and 2 are defined in Table I.
Note that the reasonable assumptions D > max{Rr, Rr}
and min{ Ry, Rr,a — f} > max{dr,dr} are applied in this
theoretical model [14].

The 3D MIMO V2V channel is described by an M7 X
Mp matrix of complex fading envelopes, ie., H(t) =
[hpq ()] azyx ar,- The subscripts p and g denote the MIMO
antenna elements. Therefore, the received complex fading
envelope between the pth (p = ., M7) Tx and the gth

(g =1, ..., M) Rx at the carrier frequency f. is a superposi-
tion of the LoS, single- and double-bounced components, and
can be expressed as

L S SB; DB
hpq (t) = hpqo Z h +hy (t) M
where
hLOS (t) — K e_jQTrchpq
va VE+1
€12 Tmaqt 003(aF % —1) cos B2 (2a)
x ej27rmeaLtcos(aLR°S*VR)CosBLOS
N; 1
hSBi t) — 77531 hm Z ej(wni*Qﬂ'chpq,ni)
K"— 1 N;—o0 o—) \/Ni
% ej27rmeamtcos(a( ”*VT) cos By (2b)
hDB( ) DB
K+1
Ni,N2 ( )
% lim Z i(Vnq.ne =27 feTpg,nq ,no
Nl,N2—>OO n1oma= \/
% ej?ﬂ'meathOS<ar(T 1>*’YT) cos B (2¢)
% ej?ﬂ'meaztcos(agQ)*’YR) 0051853”2)
with akeS ~ oS ~ BLoS ~ 0, kS ~ 7, 7,4 = £pg/c,

TP‘IJH = (Epm + 6“1’(1)/0’ and qusnlﬂw = (Epnl + 6“1712 +
€naq)/c. Here, c is the speed of light, K designates the
Ricean factor, and I = 3 which means there are three
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subcomponents for single-bounced rays, i.e., S B; from the Tx
sphere, SBy from the Rx sphere, and S B3 from the elliptic-
cylinder. Power-related parameters nsp, and npp specify the
amount of powers that the single- and double-bounced rays
contribute to the total scattered power 1/(K + 1). Note that
these power-related parameters satisfy Zi[:l nsp; +Mpr = 1.
The phases 1, and v, », are independent and identically
distributed (i.i.d.) random variables with uniform distributions
over [—m,m), fr,,.. and fg, .. are the maximum Doppler
frequencies with respect to the Tx and Rx, respectively. Note
that we have corrected inaccurate expressions (2a) and (2c) in
[15], corresponding to (2a) and (2c¢) in this paper, respectively.

Based on the law of cosines in appropriate triangles and
small angle approximations (i.e., sinz ~ x and cosx ~ 1 for
small x), we have

6
~E— —5 [ ) sin pp sin pp — QcoschCObﬂR] (3a)
Or [ . (1) .
Epny = Ry — > [sm By ' sinpr (3b)
+ cos ﬁ,}”l) cos @t cos(fr — ag,f”))}
or . a(n1)
Enig = &ny — Ry sin 8" sinpp (3¢)
28n,
— Qn, COSQR cos(a%”) - 93)}
or
Epma A Eng — [RR s singr  (3d)
28n,
+ Qn, COS QT cos( - HT)}
6R . (n2) .
Ensqg ~ Rp — > [smﬁR sin pp (3e)
+ cos B cos p cos(0r — agz))}
(n1) () _ (n2)y]?
Ening {[D Rrcosay’ — Rpcos(ap '’ —ap?® )}
9y 1/2
+ [RT cos B — Ry cos ﬁgm)} } (3f)
Epng N f(n3 o [ (nS)blnﬁ ) sin
pns 260 (n3) R YT
+ Qns COS T cos( - HT)} (3g)
ena ~ €Y = Or [sin B s
n3q R |sinfBR 7 sinpr
+ cos ﬂgg) COS PR cos( - GR)] (3h)
where ¢ ~ @Q = D — %T cos pr cosOr, &y,

— |

N

na =

sin? ﬁr}nl) Qn, ~ D— Ry cos ﬁr}”l) X COS ag,zll

2 Rbln 6( 2), Qn2 D +

( ) (n3) 2a—Qng (n3)
COS «x = =
R > SR cos TR’ ST

2, g2 . (n3)
2
2 sin? ﬁg%n?’), and Qp, = = +f t2afcosay

a+f cos 045;3>

Q

Rp cos ﬁgz)

\/Q (€lna))2

0.4

—k=0.6
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Fig. 3. (a) The 3D VMF PDF (ag = 0°, Bp = 31.6°, k = 3.6) and (b)
2D VMF PDF (ag = 0°, By = 31.6°, B = 0°, k = 0.6, 1.3, 3.6).

Note that the azimuth/elevation angle of departure
(AAoD/EAoD), (.., ag? 2 7“)) and ammuth/elevatlon
angle of arrival (AAoA/EAo0A), (i.e., a(m) ﬁ ), are in-
dependent for double-bounced rays, whlle are correlated
for single-bounced rays. According to geometric algorithms,
for the single-bounced rays resulting from the two-sphere
model, we can derive the relationship between the AoDs

and AoAs as Oé%”) ~ 7 — &sin O‘EF Lot~
D—Rr cos B ) cos a'?) (712) ~ R : (n2)
arccos ( gan T ), and o R Pisinag Y,

/B(TLQ) ~ (D+RR cos 5(2) cos ag) )

arccos For the single-

Ensy
bounced rays resulting from elliptic-cylinder model, the

(n3) b2 sin ozg%)

a2+ f242af cos a( 3) )

a +f2+2afcosozga3) o
arccos [(a+fcosa§:3>)£(;3>] hold with b =

v/a? — f2 denoting the semi-minor axis of the elliptic-
cyhnder The undefined (n1) ”2), and ﬂ;’”) in Line 12
of the left column on Page 3 in [15] have been given here.
For the theoretical RS-GBSM, as the number of scatterers
tends to infinity, the discrete AAoD agrn ) EAoD ﬁ AAOA
( ) and EAoA ﬁ (") can be replaced by continuous random
varlables aT), ﬂ Z), and ﬁR , respectively. In [26], the
assumption of 3D scattermg has been validated. To jointly
consider the impact of the azimuth and elevation angles on
channel statistics, we use the VMF PDF to characterize the
distribution of effective scatterers, which is defined as [27]

angular relationship a;®’ = arcsin (

and ﬁ"3) =

_ kCOSﬁ k[cos Bo cos B cos(a—ag)+sin Bg sin 3]
T B) = frsans €
“
where a, 8 € [-m,7), a9 € [-m,m) and By € [—7,7)

account for the mean values of the azimuth angle o and
elevation angle 3, respectively, and k (k > 0) is a real-valued
parameter that controls the concentration of the distribution
relative to the mean direction identified by « and fy.

To demonstrate the VMF distribution, we set the mean
angles g = 0° and By = 31.6° as an example, and plot
the corresponding PDF in both 3D and 2D figures in Figs. 3
(a) and (b), respectively. Fig. 3 (a) shows the 3D VMF PDF
with & = 3.6. For the purpose of comparison, in Fig. 3 (b), we
plot the 2D VMF PDF only for azimuth angle o with 8 = 0°
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and different £ = 0.6, 1.3, 3.6. Fig. 3 (b) tells that the larger
the value of k&, the VMF PDF is more concentrated towards
the mean direction. For k& — 0 the distribution is isotropic,
while for k& — oo the distribution becomes extremely non-
isotropic. For the high VTD scenario with many moving
vehicles around the Tx and Rx, k is small and the scatterer
distribution approaches isotropic. Note that when the elevation
angle 8 = By = 0°, the VMF PDF reduces to von Mises PDF,
which has widely been applied as a scatterer distribution in 2D
propagation environments [28]. In this paper, for the angles
of interest, i.e., the AAoD agpl ) and EAoD BT for the Tx
sphere, the AAoA ozg%) and EAoA B 1~ for the Rx sphere,
and the AAoA a(g) and EAoA ﬂ(?’) for the elliptic-cylinder,
the parameters (ao, ﬁo, and k) of the VMF PDF in (4) can be
replaced by (aTO, BTO, and kM), (a! RO’ go’ and k), and
(o RO’ ﬁRO, and k®)), respectively.

It is important to emphasize that the proposed model is
adaptable to a wide variety of V2V propagation environments
by adjusting important parameters, which are the Ricean factor
K, energy-related parameters ngp, and 1pp, and environment
parameters k@ In general, for a low VTD, the value of K is
large since the LoS component can bear a significant amount
of power. In addition, the received scattered power is mainly
from waves reflected by the stationary roadside environments
described by the scatterers located on the elliptic-cylinder.
The moving vehicles represented by the scatterers located
on the two spheres are sparse and thus more likely to be
single-bounced, rather than double-bounced. This indicates
that ngp, > max{nsp,,NsB,} > npp. For a high VID,
the value of K is smaller than that in the low VTD scenario.
Also, due to dense moving vehicles, the double-bounced rays
of the two-sphere model bear more energy than single-bounced
rays of the two-sphere and elliptic-cylinder models, i.e.,
NpB > Max{nsp,,NSB,;NsBs ;- Therefore, the consideration
of the VTD can be well characterized by utilizing a combined
two-sphere model and elliptic-cylinder model with the LoS
component.

B. Statistical properties of the 3D MIMO V2V RS-GBSM

For the proposed 3D MIMO V2V theoretical RS-GBSM,
statistical properties will be derived in this section, i.e.,
amplitude and phase PDFs, ST CF, Doppler PSD, envelope
LCR, and AFD.

1) Amplitude and phase PDFs: Based on the proposed 3D
theoretical RS-GBSM, the amplitude and phase processes can
be expressed as ((t) = |hpq(t)| and I(t) = arg{hpe(t)}.
respectively. According to the similar procedure in [29], the
amplitude PDF of the 3D V2V reference model can be derived
as

_Z2+§<0 2K
_~ 203 | 5
pC(Z) 0’%8 0 O( 0_% ) (5)

where z presents the amplitude variable, Ko = ,/KLH and

Io(+) is the zeroth-order modified Bessel function of the first
kind.
In addition, the phase PDF of the reference model can be

derived as

KZcos?(0—0p)

0
—5a2 K 208
po(0) = 627T0 {1 + U—s\/gcos(ﬁ —fOk)e 278

(Bt

where 0x = arg {hL25(t)}. Due to the page limit, detailed
derivations are omitted here.

2) ST CF: Under the wide-sense stationary (WSS) condi-
tion, the normalized ST CF between any two complex fading
envelopes g () and hy g (t) is defined as [15]

E [hpq(t)h;, ot = 7)]

phpth/q/ (T) =
VB [ (O E [ )]
=E [hpg (t) R (t = 7)] (K +1)

(N

where (-)* denotes the complex conjugate operation and E[']
designates the statistical expectation operator. Substituting (1)
into (7) and applying the corresponding VMF distribution, we
can obtain the ST CF of the LoS, single-, and double-bounced
components as follows:

(a) In the case of the LoS component,

ﬂT”ALOSJerﬂ'T(meaz oS YT — fRmas COSVR)

®)

PhLeShlos (1) = Ke

where AL°% = 2D cos g cosfg.
(b) In terms of the single-bounced components SB; (i =
2,3) resulting from the Tx sphere, Rx sphere, and elliptic-
cylinder, respectively,

) = s, / / —A ©)

(4) i
% eazw(meMBf +fRar O

phSBihS
f( T/R’BT/R):| ( T/R’BT/R)

with AV = §7[sin BT sin @7 + cos B cos pr cos (61 —

(1))]4—2’“’” [R smﬁT sin wr—Qn, COS YR COS (9R a(l))],
B = cos (a}’ —r) cos (ﬁT ), C = cos (a ;) YR) X
cos (ﬁ(i)), A® = 5, [Sinﬁg) sinpr + cosﬁg) COSPR X
Or — ag) } + ééTTg [RRsinﬁg) sin pr + Qn, cos T X
cos (Op — agg) ], A® = %[ g‘*)sinﬂg’) Sin 7 + Qpy X

T
cos o7 cos (07 — )] + 6r[sin B sinpr + cos 85

cosppcos (O — ag) }, where the expressions of a%), g),
Qn;»s Enys Eny» and 5;?(’ ) are given in Section II. A. Note that
the subscripts 7' and R are applied to ¢+ = 1 and 7 = 2,3,
respectively.

(c) In terms of the double-bounced component resulting
from the Tx and Rx spheres,

PhDPRDE, (1) = ppp( )pqq ) ="pB /,,r /,,T [ﬂ /77r

[e BEAPE 5207 (Frmaw BY P+ Rimas OF (10)

) £ 8] (ol ﬂ(”) d(afy, B)

COS

x flay,



YUAN et al.: NOVEL 3D GEOMETRY-BASED STOCHASTIC MODELS FOR NON-ISOTROPIC MIMO VEHICLE-TO-VEHICLE CHANNELS 303

where APE = 67 [bin ﬁT sin @7 + cos BT cos o cos (O —

O‘EF )}+5R[blﬂﬁ3 51n<pR+cosﬁR)c05<pRcos (6r— O[(2))],

BPB = cos (agpl) - r) cosﬁT , and CPP = cos (« R2 —
YR) cos ﬁg).

The normalized theoretical ST CF can be expressed as the
summation of (8) — (10), i.e.,

Phyahyry (T) = Prgsnios (T)

I
+ E P, SB;, SB; (7’)
h‘Pq h‘p/ql
i=1

+ proepos, (7). (11)
3) Doppler PSD: Applying the Fourier transform
to the ST CF, we can obtain the corresponding

Doppler PSD as Sp,.n,,, (fD) = F{phpth,q,(T)} =
IZo0 Phyghy,, (T)e™72™PTdr, where fp is the Doppler
frequency. Substltuting (11) into the above equation, the
Doppler PSD can be expressed as

I
Shaahsy (0) = F{ pugosisps (T)}“LZF{phﬁfihs,B? W}
=1 P
+F {ppy (1)} OF {pgy (1)}

where © denotes the convolution and F{-} indicates the
Fourier transform.

4) Envelope LCR and AFD: The LCR at a specified level r,
L(r), is defined as the rate at which the signal envelope crosses
level r in the positive/negative going direction. Using the
traditional PDF-based method [30], we derive the expression
of the LCR for V2V channels as

2rv K by b1

7T3/2 bo bz

12)

—K—(K+1)r?

L(r) =

/2

></ cosh (2 K(K+1)-rcos0) (13)
0

X [e_(XSine)z + /7y sin 6 - erf(y sin 0)} df

where cosh(:) is the hyperbolic cosine function, erf(-) is the

error function, and x = ﬁ Finally, parameters b,
b1, and by are defined as
A n u
bo = E [y (t)°] = E [ ()] (14)
JAN n 1 Qu u 1 In
b2 E [h{,q (#)h& (t)] —E [hffq (#)ilr (t)} (15)
JAN 1 In 1 Qu
b = E [ (1?] = E[hG(1)?] (16)

where hl"(t) and h$"(t) denote the in-phase and quadra-
ture components of the complex fading envelope hp,(%),
and hl7(t) and hQ¥(t) denote the first derivative of hl"(t)
and hgq“(t), respectively. By substituting (1) into (14), the
parameter by becomes

I
1
0 Z o+ 0 2(K +1) an

where
bSBe — ;7(5111 /_,, _ﬂfaT, D)a(al), B0
:2(717;7:3%) (18a)
b = ?{Dfl /_7T _ﬂfO‘Tv Pd(ey), 55
/,,r . (o). B (a7, }5’):%. (18b)

Similarly, by substituting (1) into (15) and (16), the parameters
by and by become
I

b = Y bS5+ bD5, (19)
=1
where m € {1,2} and
_NsB;

bSBi = K+1 /_ﬂ _ﬂfaR,R)

X [mez cos (a(T) - 'YT) cos BT } (20a)

X {meM cos (a%) - 73) cos ﬁg)} d(a%), ﬁg))
DB _ __'IDB ym
bm 2K—|—1 /_ﬂ_ﬂfaTvT)

X [meaz cos (agpl) — 7T) cos ﬁT }m d(ozg}), (T”)

<[] raRs
X [mew cos (ag) - *yR) cos 65{2)} d(ag), g)).

The AFD, T'(r), is defined as the average time over which
the signal envelope, |h,q(t)|, remains below a certain level 7.
In the proposed 3D RS-GBSM, the AFD can be written as
(31]

) (20b)

-Q (\/ﬁ V2K + 1)r2)
T(r) = e @1

- ) is the Marcum Q function.

where Q ( -,

III. THE 3D SOS SIMULATION MODEL FOR MIMO V2V
CHANNELS

Based on the proposed 3D theoretical RS-GBSM described
in Section II, the corresponding SoS simulation model can
be further developed by using finite numbers of scatterers or
sinusoids Ny, N3, and N3. According to (1) — (2¢), the SoS
simulation model for the link 7}, — T, can be expressed as

(0= H5° 0+ 32 0+ 12 @) @2
where
- K .
LoS _ —J27 feTpq
Mo ) =y g
w127 fTmaat cos(af®S —yr) cos B (23a)

LoS

« 63277meath°5(o‘R 771{) cos ,BLDS
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N;
ilSBi ( ) _ NsSB; Le -(1’["”1’ —QﬂfCqu,nqv)
Pq K+ 1 ~ v N;

JZTrmeaLtcos(a(;l) ) cos Bg,fli)

X (23b)

]ZTrmeaLtcos(ag”) —YR )005,8( 2

X
Ni,N2

DB Z
\/ K+1 \/NlNg

jQﬂmeathOS(oc,(T 1)—’YT) cos ﬁ( v

ilDB (wnl,ng_zﬂ'fCT:Dq’"L"Q)

X e (23¢)

% ejQﬂ'meathOS (065;2)—71?,) cos ﬁgm) .

It is clear that the unknown simulation model parameters
to be determined are only the discrete AoDs and AoAs,
while the remaining parameters are identical to those of
the theoretical model Our task is thus to determlne the
discrete AAoDs (o™ (nz) ("3 ), EAoDs (85 (n1) = g(na)
pnady, AAoAs (a?’“), ap’;?), (15)) and EAoAs (ﬂ?’“)
8 an), ) for the simulation model Furthermore, there
are actually correlations between AoDs and AoAs for the
single-bounce case. Therefore, we only need to determine the

N
discrete sets of{ (”1), (T’“)} 1 ,{ )
n1:1

(n2) 2
ap?, bR’ } , and
{ (n3) (na)}

’n2:1
. In [32], different parameter computation

methods have been introduced. In general, there are three
widely adopted methods, i.e., Extended Method of Exact
Doppler Spread (EMEDS), Modified Method of Equal Areas
(MMEA), and Lp-Norm method (LPNM). The EMEDS is
especially recommended for isotropic scattering. However, all
the above methods are only valid for 2D horizontal models. To
jointly calculate the azimuth and elevation angles, we propose
a novel parameter computation method that can be applied to
our 3D channel models. The method is named as MEV, which
is developed from MMEA [33].

A. MEV for parameterization of the proposed SoS simulation
model

As we mentioned before, the VMF distribution is adopted
in order to jointly consider the impact of the azimuth and
elevation angles on channel statistics. Furthermore, the cu-
mulative distribution function (CDF) of « and S, i.e., the
double integral of the 3D VMF PDEF, denotes the volume
of Fig. 3 (a). The idea of MEV is designed to select
the set of {a("i),ﬁ("i)}:?:l in such a manner that the
volume of the VMF PDF f(«, () in different ranges of
{ai=D =LY < {a, 8} < {am), ")} are equal to
each other with the initial condition f a(l)fﬁ ! a, B)dadf =
L 1/ 2. The application of the MEV to the 3D V2V channel
model requires the joint computatlon of the discrete model pa-

rameters, i.e., {a:,f”),ﬁ ”1)} , { (n2) ﬂ("2)} , and
1=1 ng=1

{ag?’), (ns) . In the following, we will derive the MEV

that has the abiﬁ%}f to meet the two accuracy-efficiency design
criteria [33] for 3D scattering MIMO V2V channels with
the joint VMF distribution. Using the design of the AAoDs

alm) ()™M
! and EAoDs { ! } as an example, the
n1_1

MEV 1nc1udes the following three steps:
Step 1: Define a pair of random variables, i.e., ap(™) €
{ag}g —m, agplg —|—7r) and BT( ) € [ ;10) —m, gplg —|—7r)

They follow the VMF distribution having the same agplg, )

T0>
and kq.
N1
Step 2: Temporarily design the proper set of {a’;r(”l)} )
ni=

(r1)

(o M (n1) -1 (ni—1/4
and {BT }711:1’ as ap ,ﬁ = Fa/ﬁ (—N1 ),
where F'

o B( ) denotes the inverse function of the VMF CDF
derived from VMF PDF for a/0("") and ﬁ’T(nl)

N
Step 3: Obtain the desired set of {agf”)} 1 . and
()} - NG RO

{5 b i o0 (57}

ny= ny= ny=

into the range of [—, ), respectively.

Consequently, the jointly calculated AAoDs and EAoDs,
N
{agfl 2 rfrnl)} ' are  obtained. Similarly, AAoAs
’I’L1_1

v -
{04%2)} °  and {ozg;?s)} and EAo0As { ("2)}
no=1 nz=1 na2=1

and {ﬂ("g)}N

can be obtained by following the same
ns= 1
procedure.

B. Statistical properties of the proposed SoS simulation model

Based on our 3D MIMO V2V theoretical RS-GBSM and
its statistical properties, it is achievable to derive the corre-
sponding statistical properties for the SoS simulation model.
As the detailed derivations have been explained in Section
IL.B, those of the corresponding simulation model with similar
derivations are only briefly explained. Applying the discrete
model parameters to (5), (6), (11), (12), (13), and (21),
we have the corresponding statistical properties for the SoS
simulation model as follows:

1) Amplitude and Phase PDFs: The amplitude and phase
processes of the SoS simulation model can be expressed as
() = ‘ﬁpq(t)‘ and J(t) = arg{izpq(t)}, respectively. Still
using the similar procedure in [29], the amplitude PDF of the
SoS simulation model can be derived as

oo [ N1
pe(z) :47722/ [H Jo (27 |Gsp, | ) (24)
0 n1:1
N2 N3
< [ Jo@n|Gsp,|2) x [] Jo(27|Gsp,| )
n2:1 T’L3:1
N1,N2
II 7o @riGosl x)] Jo (2mzx) Jo (2n Kox) wda
ni,mo=1
where Ggp, Nﬁfil) (i 1,2,3), and Gpp =

NnDB
N1N2(K+1) ‘

In addition, the phase PDF of the SoS simulation model
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can be derived as

o[

x H Jo (27 |Gsp,| ) x H Jo (27 |Gsp, | )

’n21

N1,N2
X H Jo (2W|GDB|I)]

n17n2:1

H Jo 27T|GSBI|CC)

TL11

’I’L31

(25)

x Jo <27m:\/z2 + K3 — 22K cos (0 — GK)) xzdrdz.

2) ST CF: As we should represent the spatial components,
here we rewrite the ST CF as

ﬁhpqh rq! (5T7 6R7 T) = pAh;AIo‘;Sh}I;/Oi (6T7 6R7 T) (26)

+ thSBLh

(a) In the case of the LoS component,

6T75R7 )+pAhDBhD,B, (6T75R77-) .
Pa p'q

j2mw ALOS

pAhII;qoShzl;lo(i (6’_‘[‘, 5R, T) = Ke™x (27)

% eI27T (fTmaw COSYT—fRimas COSTR)

Please note that the LoS ST CF of the SoS simulation model
is identical to that of the 3D theoretical RS-GBSM.

(b) In terms of the single-bounced components SB; (i =
1,2, 3) resulting from the Tx sphere, Rx sphere, and elliptic-
cylinder, respectively,

N;
> e

n73:1

1NSB; i2m 4

Pzt s, (Or,0m,7) = 28)

i

X ejZﬂ—T(me,am B(i)JrfRn'LazC(i)) .

(c) In terms of the double-bounced component resulting
from the Tx and Rx spheres,

ﬁh;}’qB hf,’;, (5T7 R, 7—) = pAzj;p’ (5T7 T)pAz]fq’ (5R7 7—)

1A
3 ATT ¢ 2T I BT

= X —
B N
ni
1 N j2m yDBR o cDB
« E ZGT x el TT fRmaz (29)
no
where ADPBr = o7 [ sin Bé}) sinpr  +

cos B cos pr cos (67 a(l))], ADPBr =
ORr [sinﬁg) sin R + cos B;) COS PR X COS (GR — ag))], and
ALoS AW B ¢l BPB and CPE have been given in
Section II. B.

3) Doppler PSD: The Doppler PSD of the SoS simulation

model can be expressed as

I
Shpth,q/ (fp)= F{ﬁhg;ShIf,oﬁ (7)}+Z F{ﬁhgfihS,Bf (7)}
i=1 P

+F {fp,y (1)} OF {pger (1)} (30)

4) Envelope LCR and AFD: Similarly, according to (13),
the envelope LCR of the SoS simulation model, L(r), can be
derived as

. 2rv K
L(r) = 3 /2 % - b_2

w/2
« e—K—(K+1)T2 X / cosh (2 K(K +1)-rcos 9)
0

5 [e—(fcsiW)Q + /7 sin 6 - erf(y sin 0)} do

N Y " 1 A SB;
Wlthx— bobg bz’b - 2(K+1)’and bm _Zz 1me

€29

bPB (m =1,2), where
bSP = %(%)m
X — Z |:me¢1$ cos (a} i) 'YT) cos ﬁT (32a)
x fm:;::os( (n:) VR) cos B }
DB = K”DBI (2m)™ (32b)
x Ni i [meaz cos (a(T“ w) cas 5<T"1>}m
X~ i [meam cos ( (na) _ 'YR) cos ﬁg{”)} "

Similarly, accordlng to (21), the envelope AFD of the SoS
simulation model, T'(r), can be expressed as

- Q (VIR VAR T 117

L(r)

(33)

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we investigate both the 3D and 2D models
in detail for each statistical property. Based on measured
scenarios in [9], the following main parameters were chosen
for our simulations: f. = 5.9 GHz, D = 300 m, frmaz =

frRmaz = 570 Hz, a = 180 m, R = Rr = 15 m,
YT = YR ZO (,OT=<,OR—45,9T—GR=45O,
otV = 21.7°, (” = 6.7°, o' = 147.8°, = 17.2°,
aiﬁ = 171.6°, and Bg’o = 31.6°. Cons1der1ng the con-

straints of the Ricean factor and power-related parameters
in [15], we have k) = 9.6, k® = 3.6, k& = 11.5,
K = 3.786, NnsB, = 0.335, NnsB, = 0.203, NsBs = 0.411,
and npp = 0.051 for low VTID scenario. For high VID
scenario, we have k(1) = 0.6, k® = 1.3, k® = 11.5,
K =0.156, nsp, = 0.126, nsp, = 0.126, nsp, = 0.063, and
npp = 0.685. Please note that k3) = 11.5 for both low VTD
and high VTD scenarios are applied. Table II summarizes
key parameters adopted by low and high VTD scenarios. The
environment-related parameters k(1) k(2 and k) are related
to the distribution of scatterers (normally, the smaller values of
kM and k£ the more dense moving vehicles/scatterers, i.e.,
the higher VTD). In both high and low VTDs, k() is large
as the scatterers reflected from static roadsides are normally
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TABLE I
KEY PARAMETERS OF DIFFERENT VTD SCENARIOS.

K NsB; | MsB,

15 B4 noB jAcy (2 jAE)

Low VID | 3.786 | 0.335 | 0.203

041T | 0.05T | 96 | 3.6 | T15

High VID | 0.156 [ 0.126 | 0.126

0.063 | 0.685 | 0.6 T3 [ 115

concentrated. Also, Ricean factor K is small in higher VTD,
as the LoS component does not have dominant power. The
reason is that dense vehicles (i.e., more vehicles/obstacles
between Tx and Rx) on the road result in less likelihood of
strong LoS components. For the SoS simulation model, we
must first choose adequate values for the numbers of discrete
scatterers N1, No, and N3. Based on our own simulation
experiences and suggested by [32], a reasonable values for
N; can be 40, which can be considered as a good trade-
off between realization complexity and accuracy. Certainly,
if we simulate rigorous channels, e.g., very high VID, the
number of effective scatterers can be increased to improve
the performance of the channel simulator. In addition, when
ﬂ,}”l = ﬁglz) = ﬁg?’) = 0°, the proposed 3D model will
be reduced to a 2D two-ring and elliptic model. The impact
of elevation angle is evaluated in this section by comparing
between the 3D and 2D models in terms of their statistical
properties.

A. Amplitude and phase PDF's

Figs. 4 and 5 show the amplitude and phase PDFs, respec-
tively, for the 3D reference model, 3D simulation model with
Ny = Ny = N3 = 40, and 3D simulation results for both
low and high VTD scenarios. Note that the simulation results
were obtained from the channel coefficients generated by the
proposed channel simulator. It is clear that both amplitude
and phase PDFs of the simulation model, i.e., (24) and (25),
respectively, are completely determined by the number of
scatterers NV;, the gains Gsp, and Gpp, and LoS amplitude
Ky, whereas other model parameters have no influence at
all. In addition, Figs. 4 and 5 demonstrate that the choice
of N1 = Ny, = N3 = 40 is sufficient to obtain an excellent
agreement between the simulation model and reference model
in both low and high VTD scenarios.

B. Temporal autocorrelation function

We investigate the temporal autocorrelation function (ACF),
which can be derived from the ST CF (26) by setting dp =
dr = 0. Therefore, the temporal ACF can be expressed as

ﬁhpth/q/ (7—) - ﬁhpth/q/ (Oa 07 7—) . (34)

Fig. 6 presents the absolute values of the temporal ACFs
for the 3D reference model, 3D simulation model with N7 =
Ny = N3 = 40, and 3D simulation result for both low
VTD and high VTD scenarios. The temporal ACFs of the 2D
simulation model by setting 8" = g0 = g3 — 0° are
also plotted in Fig. 6. It is clear that no matter what the VTD
is, the ACFs of the 2D model always show higher correlation
than that of the 3D model. This means that the 2D model
overestimates the temporal ACFs. From Fig. 6, we observe
that both the 3D simulation model and 3D simulation result
closely match the 3D reference model. Moreover, the VID

1.4 . :

—— 3D Reference model

— — — 3D Simulation model ||
© - 3D Simulation result

Low VTD

1t
High VTD
08 L 7o) . N 4

0.6 Q 1

Amplitude PDF
(¢}

0.2f 1

0 0.5 1 1.5 2 25 3
Amplitude

&

Fig. 4. The amplitude PDFs for the 3D reference model, 3D simulation
model, and 3D simulation result (07 = dr = 0, ,853()) = 6.7°, ,ng =
17.2°, 8% = 31.6°).

T 1
—— 3D Reference model
— — — 3D Simulation model
1r © - 3D Simulation result
0.8 : ]
TR Low VTD
[a)
o
2 0.67 7
©
<
o
0.4F 7
High VTD
0.2F 7
0 i
- —1/2 0 /2 T

Phase
Fig. 5. The phase PDFs for the 3D reference model, 3D simulation model,
and 3D simulation result (67 = ég = 0, B(Tlo) = 6.7°, ng = 17.2°,
B — 31.6°).

significantly affects the temporal ACF. In low VTD scenario,
the temporal ACF is always higher than that in high VTD
scenario.

C. Spatial cross-correlation function

The spatial cross CF (CCF) can be derived from the ST CF
by setting 7 = 0. Therefore, the spatial CCF can be expressed
as

Phypahyy (0T 0R) = Phygn,,, (07, 0R,0). (35)

In simulations, the basic parameters are the same as before
except for 7 = 0.5A. Fig. 7 presents the absolute values of
the spatial CCFs for the 3D reference model, 3D simulation
model, 3D simulation result, and 2D simulation model for
the low VTD and high VID scenarios. Both 3D and 2D
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simulation models have the number of effective scatterers
N; = Ny = N3 = 40. Again, from Fig. 7, it is clear that
higher VTD leads to lower spatial correlation properties. This
is because the higher the VTD, the more spatial diversity the
V2V channel has. Compared with the 3D models in Fig. 7,
2D simulation model overestimates the spatial correlations. In
other words, the 2D model underestimates the spatial diversity
gain. The reason is that the 2D model cannot capture the
spatial diversity gain in the vertical plane. Moreover, in Figs. 6
and 7 we have shown that 3D simulation results match those of
the 3D simulation model very well, indicating the correctness
of our derivations. For clarity purposes, we only present 2D
and 3D simulation models in the rest of the figures.

D. Doppler PSD

As the Doppler PSD is derived from the Fourier transform
of corresponding temporal ACF, Fig. 8 shows the Doppler
PSD of the proposed 3D model compared with 2D one at
different VITDs. Comparing the Doppler PSDs with different
VTDs in Fig. 8, it shows that the higher the VTD, the

Fig. 8. The normalized Doppler PSDs for the 3D and 2D ﬂmulatlon models
(07 = dr = 0, 3D model: BT

= 6.7°, B2 = 17.2°, BRO = 31.6°, 2D
model: 6(”1) 6(”2) 6(”3)

500 = 8 = 6 = 0°

more evenly distributed the Doppler PSD is. The underlying
physical reason is that in the high VTD scenario, the received
power comes from all directions reflected by moving vehicles.
However, in the low VTD scenario, the received power comes
mainly from specific directions identified by main stationary
roadside scatterers and LoS components. Fig. 8 also tells that
compared with the 3D model, the 2D model underestimates
the Doppler PSD in both low VTD and high VTD scenarios.

E. Envelope LCR and AFD

Figs. 9 and 10 depict the envelope LCRs and AFDs for
different VID scenarios (low and high), respectively. Again,
the VTD significantly affects the envelope LCR and AFD for
V2V channels. Fig. 9 shows that the LCRs are smaller when
the VTD is lower. Fig. 10 illustrates that the AFD tends to
be larger with lower VTD. However, the elevation angles do
not influence the LCR and AFD remarkably If we used the
same elevatlon parameters (i.e., BTO = 6.7°, 533 17.2°,
and B o = 91.6°) as before, the LCR and AFD are barely
discernible. The difference is noticeable when we increase the
elevation parameters to ﬁ(Tlg = ﬁgg = ﬁgg = 60° in Figs. 9
and 10. For the envelope LCR in Fig. 9, the 2D model shows
higher LCR than the 3D model. For the envelope AFD, the
2D model exhibits smaller AFD than the 3D model. Overall,
the elevation angle has minor impact on the envelope LCR
and AFD.

V. CONCLUSIONS

In this paper, we have proposed a novel 3D theoretical
RS-GBSM and corresponding SoS simulation model for non-
isotropic scattering MIMO V2V fading channels. The pro-
posed models have the ability to investigate the impact of the
VTD and elevation angle on channel statistics. Furthermore,
a novel parameter computation method, named as MEV,
has been developed for jointly calculating the azimuth and
elevation angles. Based on proposed models, comprehensive
statistical properties have been derived and thoroughly inves-
tigated. The simulation results have validated the utility of the
proposed model. The impact of the elevation angle on channel
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statistical properties has been investigated and analyzed, i.e.,
the difference between the 3D and 2D models. By comparing
these results, we can see that the VTD has a great impact on
all channel statistical properties, whereas the elevation angle
has significant impact only on ST CF and Doppler PSD. In
addition, our simulations and analysis have clearly addressed
that the low VTD condition always shows better channel
performance than the high VID case. Compared with the
existing less complex 2D RS-GBSMs and 3D RS-GBSMs,
the proposed 3D MIMO V2V RS-GBSMs are more practical
to mimic a real V2V communication environment. Our re-
search work can be considered as a theoretical guidance for
establishing more purposeful V2V measurement campaigns in
the future.
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