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Abstract— In this paper, we model a wideband multi-input multi-
output (MIMO) channel model for vehicle-to-vehicle (V2V) 
communications in T-junction street scattering environments. 
The proposed channel model takes into account both single- and 
double-bounce rays, and the exact relationship between angle of 
arrival (AOA) and angle of departure (AOD). Based on this 
relationship, the stochastic and the deterministic simulation 
model are derived. Analytical solutions are provided for the 
space-time cross-correlation function (ST-CCF), the temporal 
auto-correlation function (ACF), and the 2D space cross-
correlation function (CCF). Finally, simulation results show the 
excellent correspondence between the temporal and the space 
correlation properties of the channel simulator and the reference 
model. This research work can be used for the derivation of 
wideband V2V channel simulators. Furthermore, the proposed 
model lays a foundation for further studies of V2V 
communication systems. 
 
Keywords—channel model, frequency non-selective, MIMO, 
RSM, V2V 

I. INTRODUCTION 
V2V communication is an emerging technology receiving 

considerable attention due to new traffic telematic applications 
that improve the efficiency of traffic flow and reduce the 
number of road accidents [1].  In V2V communication systems, 
the underlying radio channel differs from traditional fixed-to-
mobile channels in the way that both the transmitter and the 
receiver are in motion. Hence, new channel models are 
required for V2V communication systems. Several channel 
models for V2V (M2M) communications have been proposed 
in the literature. For narrowband MIMO M2M channels, 
reference models derived from the geometrical two-ring 
scattering model have been proposed in [2],[3]. However, all 
these reference channel models are frequency non-selective. A 
wideband extension of the narrowband two rings MIMO 
M2M channel model is studied in [4]. In addition to all these 
two-dimensional (2D) channel models previously reported, a 
three-dimensional (3D) reference model for wideband MIMO 
M2M channels is proposed in [5], and its validity has been 
verified in  [6] by using MIMO M2M channel measurements.  

In this paper, we derive a low-complexity simulation 
model for wideband MIMO V2V fading channels in T-
junction Scattering Environments from the reference model in 
[7]. In this T-junction Scattering model, only non-line-of-sight 
(NLOS) propagation conditions are assumed, and both single- 

and double- bounce scattering are taken into account. This 
geometrical model allows us to establish an exact relationship 
between the AOA and AOD [8]. By using the relationship and 
applying the Riemann sum method (RSM) [9], the parameters 
of the simulation model can be determined. Starting from the 
reference model and applying the concept of deterministic 
channel modelling [10], the corresponding stochastic and 
simulation model are derived. Furthermore, the statistical 
properties of the simulation model are studied.  

The remainder of this paper is organized as follows. 
Section II presents the underlying T-junction geometrical-
based street scattering model. In Section III, the reference 
channel model is derived from the geometrical street model. 
In Section IV, the statistical properties of the simulation 
model for the ST-CCF, the ACF, and the 2D space CCF. 
Corresponding simulation results and analysis are presented in 
Section V. Finally, conclusions are drawn in Section VI. 

II. THE GEOMETRICAL STREET SCATTERING MODEL 
This section briefly describes the geometrical street 

scattering model for a wideband MIMO V2V channel. A 
typical propagation environment for a T-junction street model 
is shown in Figure 1. The transmitter and the receiver are 
moving towards the intersection of the street with the speeds 

Tv  and Rv , respectively. The moving directions of them are 
denoted by Tϕ and Rϕ , respectively. The horizontal and 
vertical distance between the transmitter and the receiver are 
defined by xD  and yD . 1 2( )T Th h  is the distance between the 
transmitter and the left (right) side of the street, and 1 2( )R Rh h  

is the distance between the receiver and the left (right) side of 
the street. The scatters are denoted by  T

mS (m=1,2,···,M) and 
R

nS  (n=1,2,···,N). It is assumed that the scatters are uniformly 
distributed over the interval. Both the transmitter and the 
receiver are equipped with low elevation antennas consisting 
of TM  and RM  antenna elements, respectively. The antenna 
elements spacing at the transmitter and the receiver are 
denoted by Tδ  and Rδ . The orientation of the antenna array in 
the x-y plane is determined by Tγ  and Rγ . 
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Figure 1.  The geometrical scattering model for T-junction street 

III. THE REFERENCE MODEL 

A. Derivation of the Reference model 
In this section, we derive the reference model for the 

wideband MIMO V2V multi-path fading channel based on the 
geometrical scattering model. From Fig. 1, we can realize that 
the 2D plane wave emitted from the pth antenna 
element ( ) ( 1,2,..., )p

T TA p M=  of the transmitter travels over the 

scatters T

mS and R

nS  before impinging on the qth antenna 
element ( ) ( 1,2,..., )q

R TA q M=  of the receiver. It is assumed that 
the number of scatters is infinite, so the complex channel gain 
of the link ( ) ( )p q

T RA A− can be expressed as a superposition of 
single-bounce transmit(SBT) side, single-bounce receive(SBR) 
side, and double-bounce(DB) components as follows 

( ) ( ) ( ) ( )SBT SBR DB

pq pq pq pqt h t h t h th = + +                  (1) 
where 

1
2 ( )
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cos( ) cos( ))[2 ( ]
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h t
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e

e

π
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ϕ α ϕ βπ θ

η
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− +

=
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=

⋅
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2
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and 
1 ( 2 1) cos( )

cos 2
T T

pm T m T
m

hD M p δ α γ
α

= − − − + −              (5) 

1 2 ( 2 1) cos( )
cos 2

T T x R
mq R m R

m

h h DD M q δ β γ
β

+ += − − − + −      (6) 
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y R R T
pn T n T
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D h h
D M p δ α γ

α
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2 ( 2 1) cos( )
sin 2

R R
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{ }1 22 2
1 2 2 1 2 1[ cot( )] [ tan( )]m n x T T R n y R R T mD D h h h D h h hβ α′ ′ ′ ′= + + + + + + +

  (10) 
2 ( 2 1) cos( )

sin 2
R R

n q R n R
n

hD M q δ β γ
β′ ′

′
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In the equations above, the parameters 1η , 2η and 3η  

denote the power of the SBT, SBR and DB components, 

respectively. Without loss of generality, we impose on the 

channel model that the total power is normalized to unity, 

which is assured by 1 2 3 1η η η+ + = . The notation ( )T Rf f  

refers to the maximum Doppler frequency caused by the 

movement of the transmitter (receiver). The phases mθ , nθ  and 

m nθ ′ ′  in (2)-(4) are considered as outcomes of a random 

generator with a uniform distribution over[0, 2 )π . Finally, as 

mentioned above, the discrete AODs mα , nα , mα ′  and the 

AOAs mβ , nβ , nβ ′  are constants, which will be determined in 

the following subsection. 

B. Derivation of the AODs and the AOAs  

In order to evaluate the set of the AODs{ } 1

M
m mα

=
, { } 1

N
n n

α
=

, 

{ } 1

M
m m

α ′
′ ′=

and the AOAs{ } 1

N
n nβ ′

′ ′=
, the Riemann sum method 

(RSM)[11] is used. The closed form of the AODs and the 
AOAs can be expressed as 
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SBT

m m
M

α α
α α

−
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In the equations presented above, the symbols max
SBTα , 

min max min max min max, , , , ,SBT SBR SBR DB DB DBα α α α α β and min
DBβ can be determined by 

applying trigonometric identities on the geometrical scattering 

model illustrated in Figure 1. The detailed derivations and the 

final results for these parameters can be found in [7]. 

For SBT, the mβ can be expressed in terms of the mα  as 

follows 

1 1

1 2

tan( )
arctan R T m

T T

y
m

x

h D h
h h D

α
β π

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

+ + ⋅
= +

+ +                 (16) 

For SBR, the nβ can be expressed in terms of the nα  as 

follows 

2

2 1 2

tan( )arctan
tan( ) ( ) ( )

R n
n

n T R Rx y

h
D h h h D

αβ π
α

⎧ ⎫⎪ ⎪
⎨ ⎬
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⋅= −
⋅ + − + +      (17) 

For DB, the nβ ′  is independent of the mα ′ . Note that 
according to (14), nβ ′ can be obtained directly. 

IV. CORRELATION PROPERTIES OF THE REFERENCE MODEL 
In this section, we derive a general analytical solution for 

the 3D ST-CCF, which will then be reduced to the temporal 
ACF and the 2D space CCF. For simplicity, we consider a 
2 2× channel in the following, i.e., 2T RM M= = . 

A.  The 3D Space-time CCF 
The 3D space-time CCF of the links ( ) ( )p q

T RA A− and 
( ) ( )p q
T RA A′ ′− is defined as the correlation between the channel 

gains ( )pqh t and ( )p qh t′ ′ , i.e., 

, :( , , ) ( ) ( )pq p q T R pq p qr h t h tδ δ τ τ′ ′
∗

′ ′= +             (18) 

where ⋅ stands for the expectation operator that applies to all 

random variables and ( )∗⋅ denotes the complex conjugation 

operator. This correlation function can be expressed, after 

substituting (1) in (18), by 
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B. The Temporal ACF 
The temporal ACF can be obtained from the ST-CCF 

, ( , , )pq p q T Rr δ δ τ′ ′ by setting 0( )T p pδ ′= = and 0( )R q qδ ′= = , 
i.e., 
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C. The 2D Space CCF 

The 2D space CCF , ( , )pq p q T Rr δ δ′ ′  is defined 

as , :( , ) ( ) ( )pq p q T R pq p qr h t h tδ δ′ ′
∗

′ ′= , which can also be 

obtained from (15) by setting 0τ = , i.e., 

31 2
,

1 1 1 1

( , )
M N M N

T R TR
pq p q T R m n m n

m n m nM N MN
r g g g

ηη ηδ δ
′ ′

′ ′ ′ ′
′ ′= = = =′ ′

= + +∑ ∑ ∑∑   (24) 

V. SIMULATION RESULTS 
This section illustrates the analytical results given by (23) 

and (24). All the simulation results have been obtained by 
choosing the model parameters as follows: f=2.45GHz 
( 122.45mmλ = ),

1 2 3 1 3η η η= = = , 20 /T Rv v km h= = ,
/ 2T Rδ δ λ= = , / 2Tϕ π= ,

Rϕ π= , 0Tγ = , / 2Rγ π= , 

1 1 12T Rh h m= = , 2 2 8 mT Rh h= = , 56M M ′= =  and 

55N N ′= = . 
Figure 2 illustrates the absolute value of the temporal 

ACF ( )pqr τ . A good fitting between the temporal ACF of the 

reference model and the simulation model can be observed in 
Figure 2. This figure demonstrates also that the experimental 
simulation results of the temporal ACF match very well with 
the theoretical results. Moreover, the temporal correlations 
decay much more rapidly if xD and yD decrease from 32m to 
16m. This means the fading rate increases if the two vehicles 
are moving towards the road intersection point. 

In Figure 3, the 2D space CCF 
, ( , )pq p q T Rr δ δ′ ′  of the 

simulation model is computed according to (24). From Figure 
3, we can observe the 2D space CCF decreases as the antenna 
spacing increase. 

Figure 4 illustrates the absolute error, defined 
as , , ,( , ) ( , ) ( , )pq p q T R pq p q T R pq p q T Rr rε δ δ δ δ δ δ′ ′ ′ ′ ′ ′= − . It shows 

clearly that the simulation model and the reference model 
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have almost identical space correlation properties in the range 
from 0T Rδ δ= =  to 5T Rδ δ λ= = . 
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VI. CONCLUSIONS 
In this paper, we have presented a non-isotropic wideband 

fading channel model for MIMO V2V channels. To study the 
statistic and the performance of the developed channel 
simulator, the correlation properties in form of the ST-CCF, 
the temporal ACF and the 2D space CCF have been analysed. 
Finally, some simulation results are presented. These results 
prove that the channel simulator emulates the behaviour of the 
corresponding reference model with a great deal of precision. 
We believe that the proposed model is very useful for the test, 
design, and analysis of V2V communication systems under 
specific propagation conditions. 
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