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Abstract—In this paper, we study the impact of fixed and
moving clusters of scatterers on the statistics of multiple-
input multiple-output (MIMO) vehicle-to-vehicle (V2V) channels.
Double-bounce scattering is assumed for fixed scatterers, while
single-bounce scattering is considered for moving scatterers.
Starting from the geometrical street model, an analytical ex-
pression is derived for the channel gain taking into account the
contributions of fixed and moving scatterers in a multiple-cluster
scattering scenario. The statistical properties of the proposed
channel model are studied. Analytical solutions are provided for
the three-dimensional (3D) space-time cross-correlation function
(CCF), the 2D space CCF, and the temporal autocorrelation func-
tion (ACF). All theoretical results are validated by simulations.

I. INTRODUCTION

In most countries, the reduction in road casualties is a
top priority. The intelligent transportation system (ITS) is a
national program in the U.S aiming to improve road safety.
In order to deploy the ITS, vehicle-to-vehicle (V2V) com-
munication techniques are needed. The dedicated short range
communication (DSRC) standard [1] is designed for V2V
communications. Several task groups are working on this
standard including the IEEE 802.11p [2] and the IEEE 1609.4
[3].

The statistical properties of V2V channels are different
from the conventional fixed-to-mobile channels. Therefore,
new channel models are needed for V2V communications. The
geometrical two-ring model [4],[S] has been proposed for V2V
communications. Unfortunately, this channel model cannot be
used to describe propagation conditions along streets for V2V
channels. In fact, in such an environment, the wave-guiding
along the street has a dominant effect. It was suggested in [6]
that the wave-guiding can be implemented by using geometry-
based channel models, where the scatterers are located on
straight lines. The geometrical street model introduced in [7]
captures the propagation effects if the communicating vehicles
are moving along a straight street. The street model has been
extended with respect to multiple clusters of scatterers as well
as to frequency selectivity in [8]. In [9], a 3D channel model
for V2V communications has been proposed. Measurement
results in [9] have shown that for vehicles driving in the middle
lanes of highways or in urban environment, the double-bounce
rays caused by fixed scatterers are dominant. In contrast to our
model presented in [7] and [8] where single-bounce scattering
is assumed, we assume in this paper double-bounce scattering
for fixed scatterers. Double-bounce models are fundamentally

different from single-bounce models. In fact, for double-
bounce models the angles of departure (AoD) and the angles
of arrival (AoA) are independent. This is in contrast to single-
bounce models where the AoD and the AoA are closely
related. Due to this dissimilarity, the statistical properties of
double-bounce models and single-bounce models are different.
Therefore, double-bounce models should be studied carefully.

Furthermore, the presence of moving scatterers in a highway
environment has a big impact on the channel behaviour. For
this reason, we study the effect of passing vehicles on the
channel statistical properties. Measurement results in [10] have
shown that the amplitude of waves scattered from more than
one vehicle is small and the practical impact of vehicular
scattering is confined to single-bounce rays. Therefore, double-
bounce scattering from moving scatterers has been neglected
in our model. When scatterers are moving with a high speed
relatively to the transmitter (receiver) the AoD (AoA) become
time-variant resulting in a non-stationary channel model. How-
ever, when vehicles are facing road congestion, the relative
speed of the cars in the vicinity of the transmitter or the
receiver is low. In such conditions, we can still consider the
AoD and the AoA as non-time-variant during a sufficiently
large period of time. This assumption can be accepted espe-
cially if the scatterers are moving in the same direction as the
transmitter and the receiver.

The remainder of the paper is organized as follows. In
Section II, the geometrical street model is presented. Based on
this geometrical model, we derive a reference model in Section
III. In Section IV, we study the correlation properties of the
proposed channel model. Numerical results of the correlation
functions are presented in Section V to validate all theoretical
results by simulations. Finally, Section VI provides some
concluding remarks.

II. THE GEOMETRICAL STREET MODEL

A typical highway propagation environment for V2V com-
munication is presented in Fig. 1. The highway encompasses
three lanes used for traffic in the same direction. We can distin-
guish between two types of scatterers namely fixed scatterers
and moving scatterers. The fixed scatterers are represented
by the buildings located on both sides of the street, while
the moving scatterers are the vehicles in the vicinity of the
transmitter MS+ and the receiver MSg. In order to be able
to develop an appropriate channel model for the propagation
scenario presented in Fig. 1, we first need to produce a



representative geometrical model for such an environment.
Towards this aim, we model each building by a cluster of
scatterers located on a straight line on the left or right hand
side of the street. A vehicle can be modeled by a cluster of
scatterers located on a line as well. The fixed clusters are repre-
sented by solid lines while the moving clusters are represented
by dashed lines. The geometrical street model encompassing
fixed and moving scatterers is illustrated in Fig. 2. The fixed
scatterers around the transmitter (receiver) are denoted by
ST (SE). The moving scatterers are designated by SJ/. The
propagation environment encompasses C* (C*) fixed clusters
around the transmitter (receiver) and C moving clusters. For
fixed clusters, the AoD is referred to as o’ , whereas the AoA
is denoted by 3. For moving clusters, the symbols ag/[ and
B)" stand for the AoD and the AoA, respectively. It has to
be noted that for fixed clusters the AoD and the AoA are
independent since double-bounce scattering is assumed. For
moving clusters, the AoD and the AoA are closely related
due to the single-bounce scattering assumption. All scatterers
belonging to a given moving cluster have the same velocity
vg and the same direction of motion ¢°. The transmitter and
the receiver are moving with velocity vy and vy, respectively.
The angle of motion of the transmitter and the receiver w.r.t
the z-axis is referred to as ¢” and ¢, respectively. Moreover,
the transmitter (receiver) is equipped with Mp (Mp) antenna
elements. The antenna element spacing at the transmitter and
the receiver antenna are denoted by dr and Jg, respectively.
The angle vy (ygr) describes the tilt angle of the transmit
(receive) antenna array.
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Fig. 1. A highway propagation environment for vehicle-to-vehicle commu-
nications under congestion conditions.

III. THE REFERENCE MODEL

Starting from the geometrical model shown in Fig. 2, we
derive a reference model for the MIMO V2V channel. First,
we consider the case where we have one moving cluster and
two fixed clusters: one cluster is near to the transmitter and the
other cluster is close to the receiver. The total number of fixed
scatterers around the transmitter (receiver) is denoted by M
(N), while the number of moving scatterers is referred to as P.
The complex channel gain gg;(t) describing the link between

Fig. 2.
scatterers.

The geometrical street model encompassing moving and fixed

the Ith transmit antenna element A7 (I = 1,2,..., Mr) and
the kth receive antenna element AZ(k = 1,2,..., Mg) of
the underlying Mr x Mz MIMO V2V channel model can be
expressed as gi(t) = gp,(t) + gri(t). The term gj,(¢) stands
for the channel gain due to double-scattering from the fixed
clusters. The channel gain caused by the moving cluster is
denoted by g%{ (t). We assume that the line-of-sight component
is obstructed. Next, we derive analytical expressions of the
channel gains g}, (¢) and g} (t).

A. The Channel Gain Due to Fixed Scatterers

The plane wave emitted from the [th transmit antenna
element A7 travels over the scatterers S., and SZ before
impinging on the kth receive antenna element Aff. Based on
the geometrical model in Fig. 2, the channel gain, due to
double-scattering from fixed clusters, gf;(¢) can be written as

E Cmn 6
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where ¢, and 6,,, stand for the joint gain and the joint
phase shift resulting from the interaction with the fixed scat-
terers ST and SE. The joint channel gain can be written as
Cmn = 1/v/ M N, while the joint phase shift can be expressed
as 0y = (0 + 0,) mod 27, where mod stands for the
modulo operation. The terms 6,,, and 6,, are the phase shifts
associated with the scatterers S, and SZ, respectively. It has
to be noted that 6,,, 0,,, and 6,, ,, are independent identically
distributed (i.i.d.) random variables uniformly distributed over
[0, 27).

The second phase term in (1), E,fl -7, 1s related to the trans-
mitter movement. The symbol E,fl denotes the wave vector
pointing in the propagation direction of the mth transmitted
plane wave, and 7 is the spatial translation vector of the
transmitter. The scalar product ET - 7r can be expressed as

= orfl — ")t 2
where f1

ax =VT/A stands for the maximum Doppler fre-
quency associated with the mobility of the transmitter. The
symbol A denotes the wavelength.
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The third phase term in (1), Eff -T'R, 1s caused by the receiver
movement. The symbol Eff denotes the wave vector pointing
in the propagation direction of the nth received plane wave,
and 7'p is the spatial translation vector of the receiver. The
scalar product I;:'f - ' can be written as

Igf TR cos(Bf -

= —2r max

o)t 3)
where fI

o« =VR/A stands for the maximum Doppler fre-
quency due to the receiver movement.

The term kod,,, in (1) is associated with the total travelled
distance and can be expressed as

where D, denotes the distance from the /th transmit antenna
element AT to the scatterer S,Tn The symbol D,,,, stands for
the dlstance between the scatterers SI and SZ. The term
D,,;. denotes the distance from the scatterer S,’f to the kth
receive antenna element AkR. The distances Dy, and D,,; can

be approximated as

k() dmn =

)
Dy, =~ Dgl — (Mp —2l+ 1)% cos(aﬁ —7) (5)

Do~ DI = (M~ 2k + 1) cos(3F —m) ©)
where DI denotes the distance from the transmitter to the
scatterer ST and DZ corresponds to the distance from the
receiver to the scatterer Sff. After substituting (2)—(6) in
(1) the channel gain caused by double-scattering from fixed
clusters can be expressed as

M,N TbR TR
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where
al = o7 (Mg —21+1) cos(a, —7r) (8)
bR = oim R (Mr—2k+1)cos(B]—vr) ©)
can = i (Pheot) (10)
e = frmaxcos(al, —¢") an
B = frmaxcos(BE — o). (12)

It has to be mentioned that the envelope |gf,(¢)| follows a
double Rayleigh distribution since double-bounce scattering
is assumed [11].

B. The Channel Gain Due to Moving Scatterers

The plane wave emitted from the [th transmit antenna ele-
ment A travels over the scatterers S)! before impinging on
the kth receive antenna element A%. Based on the geometrical
model in Fig. 2, the channel gain g% (t) of the moving cluster
can be expressed as

P
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where ¢, and 0, represent the gain and the phase shift
resulting from the interaction with the moving scatterer SIJ,”,
respectively. The channel gain is given by ¢, = 1/\/F,
while the phase shifts 6, are i.i.d. random variables uniformly
distributed over [0, 27). The phase changes I%f -rp and Eff TR
are associated with the movement of the receiver and the
transmitter, respectively, and can be written as

= 27Tfmax - (b ) (14)
cos(ﬁ,?f — ™)t (15)

The spatial translation s of the moving scatterer SZJ,W influ-
ences the wave emitted from the transmitter resulting in a
phase change Eg - T's. Moreover, the scatterer SI])W interacts
with the wave reflected to the receiver resulting in a phase

change Eff - T's. These phase changes can be expressed as

= 2rf3, — %)t (16)
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where f

= =Vs/\is referred to as the maximum Doppler fre-
quency caused by the moving cluster. Recall that all scatterers
SIJ,w belonging to the moving cluster have the same speed vg.
The phase change resulting from the total travelled distance
d,, can be expressed as

R cos(
SR
k' -TrR = —27f

kL7 cos(

ks
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where D;F and Df denote the distances from the scatterer
SZJ,” to the transmitter and the receiver, respectively. After
substituting (14)—(20) in (13) the channel gain due to the
moving cluster can be written as

g(t) = Z MbM D o (2T Y TS R0,
7 21
where
a) = o 37 (M —21+1) cos(ap! —yr) 22)
b = o372 (Mp—2k+1) cos(8) —r) 23)
M = 1% (004D (24)
M = fhaccos(ap! — ¢7) (25)
FM = faaxcos(By — ¢") (26)
e = faaccos(ay’ — %) 7
£ = riaxcos(/@éw_¢s). (28)

It has to be noted that the AoD ) and the AoA S}/
are dependent since single-bounce scattering is assumed. The
exact relationship between the AoD and the AoA can be found
in [7]. The envelope |g¥i(t)| follows a Rayleigh distribution
due to the single-bounce scattering assumption.



C. The Multiple-Cluster Channel Gain

The channel gain gg;(t) has been derived assuming a
scattering environment with two fixed clusters and one mov-
ing cluster. However, in real environment, one can find
several buildings and several vehicles near to the mobile
transmitter and receiver. Therefore, it is of interest to de-
rive an expression for the channel gain in a multiple-cluster
case zp(t). The environment encompasses CT (CF) fixed
clusters around the transmitter (receiver) and C* moving
clusters. We added the subscripts (-)cr, (+)er, and (+)qn
to all affected symbols to distinguish between the fixed
clusters around the transmitter, the fixed clusters around
receiver, and the moving clusters, respectively. The fixed
cluster ¢’ has a limited length L.r, it follows that the
AoDs afmT are restricted to the interval [af
Analogouély, the AoDs ﬂnch, angM,
fined to the intervals [6I§in7cR’ﬁI}§aX,cR]’ [aﬂ/[nn,ch nA{ax,cM]’
and [ﬂmm pM,ﬁmaX ) Tespectively. Moreover, all the AoDs
O‘Zw,cT (m =1,2,...) have the same distribution and will be
noted henceforth by ot T The same statement holds for the
angles ﬁRcR, M Monts and ﬁ” » which will be denoted by 3%,
a%,, and BCM, respectwely

In a multiple-cluster scenario the channel gain describing
the link A7 —Af can be expressed as

min,cT maX,CT]'
and 37, are con-

(0%

za(t) = zh(t) + 20 (1) (29)

where zf;(t) is the received diffuse component due to double-
scattering from all fixed clusters. The term 2} (t) is the
received diffuse component caused by single-scattering from
all moving clusters. The channel gains z},(¢) and 2 (¢) can

be written as

cT cR
lejl (t) = Z WeT WeR glljl,cT,cR (t) (30)
cT cR=1
oM
le;/l[ (t) = Z Wem gII;/ZI,CM (t) (3D
cM=1

where w.r, w.r, and w,m are positive constants rep-
resenting the weighting factors of the clusters c’, cF&,
and cM, respectlvely We 1mpose the boundary condition
ZST fR LW wiy +ZCM L w?y =1, to normalize the mean

power of zg;(t) to unity.

IV. CORRELATION PROPERTIES

In this section, we derive analytical expressions for the
correlation functions of the proposed MIMO V2V channel
model, such as the 3D space-time CCEF, the temporal ACF, and
the 2D space CCF. The 3D space-time CCF py; 111/ (01, R, T)
can be expressed as

Prt i (07, 0R, T) = E{ZZz(t) zpn (t + T)}

cT el
2 2 2 F
W.r W,.r pkl,k/l/@T,CR((sTv 5R7 T)
T chR=1
C]\/I
2 2 M
+ wcju pkl,k/l/#zvr (5T76R?T)

cM=1

(32)

where (-)* denotes the complex conjugation and E{-} stands
for the expectation operator. The term ,01;;17 W N,cT,cR(‘STv ORr,T)
represents the 3D space-time CCF due to double-scattering
from the clusters ¢ and ¢®. This correlation function can be
written as

Pl cr on (07,00, 7) = B{ (9 o on (1) g0 o on(t +7) |
= IOST (5T77—) 'pER (6R77)

where
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are the transmit and the receive correlation functions, respec-
tively, and

cE(0r,ay) = e FU-cosalr=rr)  (36)
iy (Or, Blk) = 327 (k—k') cos(8 —7r) (37)
fflag) = n?axcos(aT ) (38)
FRBE) i C0s(Bk — @), (39)

The distributions of the AoD ol and the AoA 3% are
denoted by Par, (aCT) and Pgr, (BE,), respectively.

In (32), the term pkl Bl CM(5T,5R, 7), which represents

the 3D space-time CCF of the moving cluster ¢, can be
expressed as

Mot or (07 05,7) = B (03 ar ()" gl o (2 +7)
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dM, (67, g CM)) _ edan (k) cos(alah)—1m) (42
™) = fhaxcos(ali —¢") 3)
M (glaki) = flaccos(glal) —o™) @44

(33)



FP(agi) = foaxcos(agy — %)

fRS<g(a%4)) = fiax COS(g(ai’Lj{I) - qbs)

The function g(-) in (40) expresses the exact relationship
between the AoD ai‘f{f and the AoA 6%]. An expression for
g(+) can be found in [7].

The temporal ACF 7,,(7) of the channel gain zg;(t) is
defined as r,, (1) := E{z};(t)zxi(t + 7)} [12]. The temporal
ACF r,,, (1) can be deduced from the 3D space-time CCF
Pk (01, Or, T) by setting the antenna element spacings or
and dp to zero, i.e.,

(45)
(46)

T2 (T) = priwr(0,0,7)
ctch
= Z szngpgl,k-'l',cT,cR(O’OvT)
cT cR=1
C]\/I
+ ) Wl ph s e (0,0, 7). A7)
cM=1
The 2D space CCF pp v (6r,0r) is defined as

pkl,k/l/((ST, (53) = E{z;l(t)qu/ (t)} Alternatively, the 2D
space CCF py 1 (01, dr) can be derived from the 3D space-
time CCF py i1 (01, 0r, T) by setting 7 to zero, i.e.,

ik (07, 0R,0)
cT ch
= Z ng ng pzl,k’l’,cT,cR (67,0r,0)
cT cR=1
Cﬂl
+ ) Wl pry g o (67,08, 0). (48)

cM=1

pri ey (07,0R) =

V. NUMERICAL RESULTS

In this section, we confirm the validity of the analytical
expressions presented in the previous section by simulations
making use of the sum-of-cisoids method. The simulation
models for moving and fixed scatterers are designed using
the modified method of equal area (MMEA) proposed in [13].
In order to model all fixed clusters, 50 cisoids are used for
the simulation model. The same number of cisoids is used
to model all moving clusters. The propagation environment
contains six moving clusters: three clusters are located on
the right side of the transmitter and the receiver, while the
remaining clusters lie on the left side. Each moving cluster has
a length of 5 m and is separated by a distance of 45 m from
its neighbour clusters. The distance between the transmitter
and the moving scatterers located on the left and the right
side is set to 3 m. For the fixed clusters, we consider a
propagation environment encompassing three clusters on each
side of the transmitter. Each cluster has a length of 2 m and is
separated by a distance of 34 m from its neighbour clusters.
The same number of fixed clusters is considered around the
receiver. The distance between the transmitter and the fixed
scatterers on the left and right side is set to 300 m. The distance
between the transmitter and the receiver is equal to 100 m.
The transmitter and the receiver have a speed of 50 km/h

and equal angels of motion ¢? = ¢® = 0. The transmitter
and the receiver antenna tilts vy and vr are set to 7/2. We
consider the case of non-isotropic scattering conditions. The
AoDs o, and o’ are uniformly distributed over the intervals
T T M M :
[amin’cT,amaXJT} and [amin,cM’amax,cM]’ respectively. The

uniform distribution is also assumed for the AoAs ﬂf}% over

the interval [ﬁgm,cm ﬂgaxch].

We present some illustrative examples for the temporal ACF
rgi ,(7) of the moving clusters in Fig. 3. We study the influence
of the speed of the vehicles in the vicinity of the transmitter
and the receiver on the channel behaviour. The term vg in
Fig. 3 denotes the speed of the vehicles on the left and right
side. From Fig. 3, we can notice that as the speed vg decreases,
the coherence time of the channel increases. It is well known
that the coherence time indicates whether we are facing a fast
or a slow fading. As the speed of the vehicles relatively to
the transmitter and the receiver decreases the channel changes
more slowly. A good fitting between the simulation results and

the theoretical results can be observed in Fig. 3. In Fig. 4, we

1

— Reference model
— osl - = = Simulation model | |
= ©  Simulation
=5
= vg = 60 km/h
— 0.61 |
; vs = 54 kim/h
vs =52 km/h
—= 04r S ,
=
1)
=3
@’ 0.2 2 o= \ i
< S = =0
0 . . = > D
0 0.2 0.4 0.6 0.8 1

Time separation, 7 (s)

Fig. 3. The absolute value of the temporal ACF ) (7) associated with
moving scatterers for various values of the velocity vg of the surrounding
vehicles.

show the numerical results obtained for the 2D space CCF
pllv{,QQ(éT,é r) caused by moving scatterers. It could be seen
from Fig. 4 that the cross-correlation function decreases as
we increase the antenna spacings dp and dr. However, the
decay of the 2D space CCF p}} ,,(67,0r) is faster along the
0g direction. Hence, a small antenna spacing at the receiver
side guarantees a diversity gain, but at the receiver side, we
need a larger spacing to get non-correlated channels. In Fig. 5,
we illustrate the numerical results for the transmit correlation
function pY! (67, 7) of the reference model resulting from fixed
scatterers. The obtained results are confirmed by simulation
in Fig. 6. Similar results have been found for the receive
correlation function p¥ (6, T) associated with fixed scatterers
since the same setting for the scatterers is considered around
the transmitter and the receiver. Limited space prevents us
from including these results.

VI. CONCLUSION

In this paper, we have presented a narrowband MIMO
V2V channel model, where both the impact of fixed and
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Fig. 4. The absolute value of the 2D space CCF pllvll’m(éT,éR) of the
reference model caused by moving scatterers.
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Fig. 5. The transmit correlation function pgq (67, 7) of the reference model
due to fixed scatterers.

moving scatterers were taken into account. Double-bounce
scattering is assumed for the fixed scatterers, while single-
bounce scattering is considered for the moving scatterers. For
reasons of brevity, we have restricted our investigations to non-
line-of-sight situations. A reference model has been derived
starting from the geometrical street model. The statistical
properties of the proposed channel model have been studied.
We have provided analytical expressions for the 3D space-time
CCF, the temporal ACF, and the 2D space CCF. Supported
by our analysis, we are convinced that the effect of moving
scatterers on the statistics of V2V MIMO channels cannot be
neglected. The investigation of the impact of moving scatterers
have revealed that as the speed of the vehicles in the vicinity
of the transmitter and the receiver decreases, the channel
coherence time increases. The channel model proposed in this
paper is suitable for a highway environment under congestion
conditions. In such conditions, the low relative speed of the
vehicles in the vicinity of the transmitter and the receiver
allows us to consider that the AoD and the AoA seen from
moving clusters are non-time-variant during a sufficiently large
period of time. Actually, if the AoD and the AoA are time-
variant, the channel model becomes non-stationary. The latter
aspect will be investigated in future work.
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