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Abstract: In this study, a modified non-stationary geometry-based scattering model for tunnel vehicle-
to-vehicle (V2V) multiple-input multiple-output Ricean fading channels is presented. The proposed
channel introduces non-line-of-sight three-dimensional multi-bounced scattering propagation paths
under an assumption of equivalent scattering points to depict the tunnel environments, in which
the scatterers are randomly distributed on the semi-cylindrical tunnel wall (i.e., cable racks, jetfans,
road signs, lighting facilities). Furthermore, the time-varying channel statistics (i.e., the space and
frequency correlation functions) resulting from the relative movement between the mobile transmitter
and mobile receiver are analyzed. Finally, numerical results show that the space correlations of the
proposed model significantly decrease when the multi-bounced scattering rays are taken into account;
moreover, when the velocity and the antenna angle γR increase, the correlations decrease therewith,
which exhibits good agreement with the existing V2V scattering channel models and measured data
in a real tunnel environment, demonstrating the rationality of the underlying channel model.

Keywords: tunnel wireless communications; multi-bounced scattering; time-varying correlation
functions; geometry-based models

1. Introduction

Vehicle-to-vehicle (V2V) communication has recently attracted great attention regard-
ing new traffic telematic applications, which can improve safety and mobility on roads.
To achieve the best performance of future V2V communication systems in tunnel multiple-
input multiple-output (MIMO) environments, it is essential to have detailed knowledge of
the statistical properties of the underlying radio channel [1].

In general, wireless channel modeling has been an important research topic in tunnel
V2V communication environments [2–6]. Arshad et al. [2] proposed a ray tracing method
to simulate the propagation of signals in a curved tunnel environment, and further ex-
plored the impact of the layout of tunnel base stations on signal coverage. However, this
method has high computational complexity and includes some unrealistic approximations.
In 2014, Forooshani et al. [3] introduced a multi-mode wave-guide model to predict the
phenomenon of signal angular dispersion in tunnel environments, and proved that the
wave-guide model can be used to model the signal transmission in far-field regions of
tunnels, though not in the case of multi-mode coexistence in near-field regions. Overall,
the V2V channel models in the above tunnel scenarios belong to deterministic modeling,
where the influences of spatial distributions of various potential scatterers on the statistical
characteristics of wireless fading channels are not considered. Therefore, Avazov and Pät-
zold [4] adopted a geometrical wideband MIMO V2V scattering stochastic channel model
to analyze the correlation characteristics of the line-of-sight (LoS) and non-LoS (NLoS)
propagation signals in semi-circular tunnel environments. Furthermore, Zhang et al. [5]
presented a propagation graph theory-based wireless channel modeling method for NLoS
tunnel scenarios, in which the impact of tunnel bending angles on the wideband channel
characteristics was verified.
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However, the multi-bounced propagation paths between the mobile transmitter (MT)
and mobile receiver (MR) are ignored in most previous models. It is reported in [6] that
the density of receiving signal links in three-dimensional (3D) dynamic dense tunnel
environments would significantly increase for next-generation communications. Therefore,
the single-bounced assumption in channel modeling is rather restrictive due to the large
amount of potential scatterers. Subsequently, Pätzold et al. [7] proposed an adaptive
geometry-based stochastic model to describe wideband V2V fading channels in T-junction
communication environments, in which they focused on the single- and double-bounced
conditions. Nevertheless, the angular extension of scattering rays in 3D space was not
discussed. In [8], He et al. explored the channel characteristics of tunnel communication
scenarios for both straight and curved routes on the basis of a ray tracer calibrated with
measurements taken in a Seoul subway line, where scatterers are fixed at the side wall and
pylons of the rectangular tunnel to model the key time-variant channel parameters and
their correlations. However, they neglected the impacts of the tunnel top wall scattering on
the V2V channel statistics. Meanwhile, the uncertainty of scattering numbers in the above
two models were not considered. On the other hand, Tang et al. [9] presented a multi-
bounced scattering MIMO channel model for tunnel LoS and NLoS propagation rays based
on the ellipse-based single-bounce model, where the closed angle-of-departure (AOD) and
angle-of-arrival (AOA) characteristics were analyzed. However, most previous channel
models do not take into account the effects of the moving properties on channel statistics.

Here, we present a modified non-stationary geometry-based scattering tunnel V2V
MIMO channel model, as illustrated in Figure 1. The main contributions of this study are
as follows. (1) To the best of our knowledge, this is the first geometrical stochastic tunnel
scattering model that considers multi-bounced scattering propagation paths. The assump-
tion of equivalent scattering points and the statistical distributions of effective scatterers
are designed according to the actual tunnels; thus, the model is suitable for describing real
tunnel V2V scenarios. (2) The space correlation functions (CFs) of the proposed model are
verified by comparing them with those from the existing scattering channel models and
measurements in tunnel V2V wireless communication environments. (3) The impacts of
the reflected numbers as well as the tunnel parameters and moving properties on the V2V
channel statistics are investigated in detail, the results of which can be used for the design
and performance evaluation of vehicular tunnel systems.

MT

MR

...

...

Lighting facilitiesCable rack

y
'y

x
'x

)(k
RA

R

)(l
TA

D

b

m 0

Jetfans Road signs

Tunnel vehicular 

environments

z

Rv t

( , )l m

TD

( )m

TD

( )m

T

( )m

R

( )m

RD

( , )m k

RD

( , )l k

TRD

1P
2P

nP

mS

R

2ab

L
T

v

Figure 1. Proposed non-stationary geometry-based scattering channel model for tunnel V2V commu-
nication environments.

2. Proposed Geometry-Based Tunnel V2V Channel Model
2.1. Descriptions of the Proposed Model

Figure 1 shows the geometry of the proposed model with uniform linear-array trans-
mitter and receiver antennas. The number of transmitter and receiver antenna array
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elements are denoted as MT and MR, respectively. As shown in Figure 1, the length and
section radius of the semi-circular tunnel are denoted as L and R, respectively. The original
position of the center of the MT and MR are indicated by the coordinates (xT , yT , 0) and

(xR, yR, 0), respectively. D = [(xR − xT)
2 + (yR − yT)

2]
1/2

represents the original distance
between the MT and MR center. Additionally, the MR is supposed to move in a relative di-
rection φv to the MT with a constant velocity of vR at time instant t. In the proposed model,
we assume that waves at the MR antenna include the LoS component from the MT and the
NLoS rays reflected by scatterers in tunnel environments. Note that P1 and P2 denote the
single-bounced and double-bounced scattering paths in NLoS rays, respectively, while Pn
denotes the multi-bounced scattering path when the reflected number is n(n = 1, 2, . . . , N),
where N denotes the maximum number of reflections considered.

The traditional geometry-based elliptical model has been proved to be suitable for
outdoor microcell wireless propagation environments. Therefore, the NLoS scattering in
tunnel conditions still follows the elliptical model, and most of the effective scatterers
are densely distributed along the tunnel walls. To further characterize the proposed
model, the multi-bounced scattering is approximately visualized to single-bounce elliptical
scattering through the geometric transformation method in [9], where the equivalent
scattering point of the multi-bounced scattering model is defined as Sm(m = 1, 2, . . . , M),
as shown in Figure 1. However, since we take into account the consideration of the angular
extension in the elevation plane, the proposed equivalent scattering model consequently
presents a semi-ellipsoid shape. Moreover, the horizontal projection of each equivalent
scattering path corresponds to a traditional elliptical single-scattering model. It can be
observed that the ellipse shape will be tilted when the relative positions of the MT and
MR and the reflected number change. Thus, we define the connection of MT and MR as
the new coordinate axis x′, and transform the coordinates (x, y, z) into (x′, y′, z′) by the
rotation angle ϕ0 = arctan

(
2R−2yR
xR−xT

)
. In this case, the generalized equation of the proposed

tunnel equivalent ellipsoidal model can be expressed as

(2x− yR cot ϕ0)
2(cos ϕ0 − sin ϕ0)

2

4a2 +
(2y− yR)

2(cos ϕ0 + sin ϕ0)
2

4b2 +
z2

R2 = 1, (1)

with the semi-major and semi-minor dimensions of the ellipse being, respectively, denoted
as a = (2nR− yR) csc ϕ and b = nR − yR, where the n-related angle is represented as
ϕ = arctan

(
4nR−2yR

xR−xT

)
.

In the proposed model, the antenna element spacings at the MT and MR are denoted
by δT and δR, respectively. The orientations of the transmitter and receiver antenna arrays
are both perpendicular to the z-axis, while the angles relative to the x-axis are denoted as
γT and γR, correspondingly. θb and θm denote the signal AOD and AOA in the azimuth
plane, respectively. In addition, the LoS distance from the lth transmitter antenna element
A(l)

T (l = 1, 2, . . . , MT) to the kth receiver antenna element A(k)
R (k = 1, 2, . . . , MR) is denoted

as D(l,k)
TR . Similarly, the AOD and AOA of the NLoS rays in the elevation plane are denoted

as βm
T and βm

R , respectively. The NLoS distances from A(l)
T and A(k)

R to Sm are denoted

as D(l,m)
T and D(m,k)

R , respectively. The NLoS distances from the MT and MR center to

Sm are denoted as D(m)
T and D(m)

R , respectively. As mentioned in most prior work [10],
the reference wideband MIMO V2V channel can be described by the complex channel
matrix H(t) = [hlk(t)]MR×MT

. Moreover, the complex channel response between A(l)
T and

A(k)
R at the carrier wavelength λ can be expressed as

hlk(t) = hLOS
lk (t) +

N

∑
i=1

hNLOS
lk (t), (2)
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where

hLOS
lk (t) =

√
CR

CR + 1
× ej2π

[
fmax cos(φv)t−D(l,k)

TR /λ
]

(3)

hNLOS
lk (t) =

√
ηi

(CR + 1)M
lim

M→∞

M

∑
m=1

e−j2π
(

D(l,m)
T +D(m,k)

R

)
/λ

× ej[2π fmax cos(θm+φv)t+θ(m)], (4)

with CR representing the Rice factor, which is defined as the ratio of the average power
of the LoS component to that of the NLoS component. Furthermore, fmax denotes the
maximum Doppler frequencies associated with the MR, and the energy-related parameter
ηi specifies the reflected numbers of the NLoS scattering signals, which can be normalized

as
N
∑

i=1
ηi = 1. The symbol θ(m) represents the phase shift caused by the interaction between

the emitted waves and scatterers, which is assumed to be independent and identically
distributed random variables with uniform distributions over [0, 2π).

2.2. Multiple Propagation Channel Parameters

Many researchers have stated that the non-stationarity of future V2V channels, on
account of the mobility between the MT and MR, is a significant feature compared with
conventional cellular channels [11]. Consequently, the original fixed geometric path lengths
are replaced by the time-varying channel statistics to capture the non-stationarity of the
proposed vehicular tunnel channel. Since max{δT , δR} is far less than D, the LoS AoD and
AoA are both approximately equal to 0 (i.e., θb = θm = 0◦). Then, the time-varying LoS
distance D(l,k)

TR can be computed as

D(l,k)
TR (t) =

√(
D(l,k)

0

)2
+ (vRt)2 − 2D0vRt cos φv, (5)

where

D(l,k)
0 =

[
D2 + (klδT)

2 − 2DklδT cos(γT − ϕ0) + (kkδR)
2

+2kkδR cos(γR − ϕ0)

×
√

D2 + (klδT)
2 − 2DklδT cos(γT − ϕ0)

]1/2
(6)

with kl = (MT − 2l + 1)/2 and kk = (MR − 2k + 1)/2. On the other hand, the path lengths
from the MT and MR center to the equivalent horizontal ellipse model are, respectively,
designated as rb and rm. As mentioned in [9], they are geometrically calculated as

rb =

{
Db2 cos θb +

√
D2b4 cos2 θb −

(
b2 cos2 θb + a2 sin2 θb

)
(D2b2 − 4a2b2)

}
2
(
b2 cos2 θb + a2 sin2 θb

) (7)

rm =
√

D2 + r2
b − 2Drb cos θb (8)

Here, we take into account the impact of angular spreads in both the azimuth and
elevation plane on the channel statistics; moreover, the AODs and AOAs of the NLoS rays
in the proposed ellipsoidal scattering model are closely related. Thus, the closed-form
expressions of the NLoS distances are supposed to be functions of the AODs θb and βm

T ,
which can be derived as

D(l,m)
T =

√
rb

2 + (klδT)
2 − 2rbklδT cos(γT − ϕ0 − θb) +

(
rb tan βm

T
)2 (9)



Energies 2022, 15, 5120 5 of 9

D(m,k)
R (t) =

√(
D(m)

R

)2
+ (vRt)2 − 2rmvRt cos(θm + φv) +

(
rb tan βm

T
)2 (10)

with D(m)
R =

√
rm2 + (kkδR)

2 + 2rmkkδR cos(γR − ϕ0 + θm) and θm = arcsin[(rb sin θb)/rm ].

3. Statistical Properties of the Proposed Model

As mentioned in [12], the space CFs express the similarity between scattered multi-
path fading signals, which can be used to specify the fading characteristic of wireless
channels in terms of the time and movement. Therefore, the normalized time-variant space
CFs between the complex channel responses hlk(t) and hl′k′(t + τ) can be defined as

ρlk,l′k′(t, τ) :=
E
[
h∗lk(t)hl′k′(t + τ)

]√
E
[∣∣hlk(t)

∣∣2]E
[
|hl′k′(t + τ)|2

] (11)

where ( )∗ is the complex conjugate operation and E[ ] designates the statistical expec-
tation operator. Furthermore, note that when the number of scatterers in the proposed
model approaches infinity, i.e., M → ∞, the discrete AODs θb and βm

T can be replaced
by continuous variables θ and β, respectively. Similarly, the NLoS distances and discrete
CFs in Equation (9) can also be replaced with continuous functions. Here, the scatterers
in the proposed ellipsoid scattering region are assumed to follow a uniform distribution.
Therefore, by substituting Equations (3) and (4) into Equation (9), the time-variant space
CFs for the LoS and NLoS paths can be, respectively, calculated as

ρLOS
lk,l′k′(t, τ) = CRe

j2π

[
fmax cos(φv)τ−

(
D(l,k)

TR −D(l′ ,k′)
TR

)
/λ

]
(12)

ρNLOS
lk,l′k′ (t, τ) =

3ηi
2πRab

π∫
−π

π/2∫
0

ej2πτ fmax cos{arcsin[(rb sin θ)/rm ]+φv}

× e
−j2π

(
D(l,m)

T +D(m,k)
R −D(l′ ,m)

T −D(m,k′)
R

)
/λ

dβdθ (13)

Obviously, the proposed space CFs depend not only on the proposed channel model
parameters, but also on the non-stationary characteristics.

4. Numerical Results and Discussions

In this section, the statistical properties of the proposed non-stationary tunnel V2V
channel model are evaluated and analyzed, where the antenna element spacings at the
MT and MR are assumed to be equal [13–15]. Furthermore, the following parameters are
set for our numerical analysis: (xT , yT , zT) = (20 m, 4 m, 0), (xR, yR, zR) = (40 m, 2 m, 0),
fc = 5.4 GHz, fmax = 100 Hz, l = k = 1, and l′ = k′ = 2. It is stated in [16] that NLoS rays
have great influence on the channel characteristics; thus, we assume the average power of
NLoS rays equals that of the LoS components (i.e., CR = 1). The energy-related parameter
ηi is related to the cases of the reflected numbers of the NLoS scattering paths N. Moreover,
we assume N to be even for simplicity and have η1 = 0.5, η2 = 0.5 when N = 2; η1 = 0.5,
η2 = 0.25, η3 = 0.125, η4 = 0.125 when N = 4; and η1 = 0.5, η2 = 0.25, η3 = 0.125,
η4 = 0.0625, η5 = 0.03125, η6 = 0.03125 when N = 6.

First, by using ρlk,l′k′(t, τ) = ρLOS
lk,l′k′(t, τ)+ρNLOS

lk,l′k′ (t, τ), the time-variant space CFs for
the proposed ellipsoid scattering model, with respect to the reflection number and the
radius of the tunnel, are depicted by Figure 2 when t = 0s, MT = MR = 4, γT = 2π/3,
γR = π/6, vR = 54 km/h, and φv = π/3. In general, the space CFs gradually decrease
when the normalized antenna spacing δR/λ increases. A similar behavior can be seen
in [13]. Moreover, it can be found that when the proposed channel involves no scattering
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(i.e., N = 0), the space CFs have no relation with the tunnel parameters. However, note
that when the multi-bounced scattering rays are taken into account, the space correlations
of the proposed model become much smaller on account of the higher geometric path
lengths, which fits with the outcomes in model [8,9], thereby validating the necessity of
considering the multi-bounced scattering assumption for our proposed model. In addition,
when the reflection number and the radius of the tunnel increase, the correlations reduce
correspondingly, as shown in Figure 2.
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Figure 2. Proposed time-variant space CFs for the LoS and NLoS paths, with respect to the reflection
number N and the radius of the tunnel R.

Furthermore, by using Equation (13), Figures 3 and 4 depict the proposed time-variant
space CFs for the NLoS paths in the case of different moving properties and numbers of
the transmitter and receiver antennas (i.e., MT and MR) with different antenna angles,
respectively. It can be noticed, in Figure 3, that when the MR moves toward to the MT (i.e.,
φv = 0), the correlation is relatively higher than that when the MR moves back to the MT
and perpendicular to the x′-axis (i.e., φv = π and φv = π/2). Furthermore, we can also
conclude that when the velocity vR increases from 50 km/h to 60 km/h, the correlation
gradually decreases in the case of the same moving direction. Meanwhile, the distributions
of the space CFs match the statistical properties in the Jiang model [10] well, demonstrating
the correctness of involving the non-stationarity for the proposed vehicular tunnel channel.

As mentioned in [17,18], the multiple heterogeneous networks are supposed to enable
future mobile networks to work in almost every conceivable environment; there will be a
variety of multi-band and multi-cell channels to be characterized. Therefore, the traditional
antenna array technology has been unable to meet the increasing traffic demands of mobile
wireless communication networks. Subsequently, Jiang [10] introduced a massive MIMO
antenna array model for future vehicle-to-vehicle communication environments, in which
the time and frequency cross-correlation functions for different propagation paths are taken
into account. Meanwhile, the measurements in both [10,13] demonstrate that the correlation
decreases gradually with the increase of the number of transmitter and receiver antennas,
which confirms the results in Figure 4. However, they neglected the impact of the orienta-
tions of the transmitter and receiver antenna arrays on the channel characteristics. Further,
we can notice from Figure 4 that when the antenna angle γR increases, the correlation
decreases therewith.
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Figure 3. Proposed time-variant space CFs for the NLoS paths in the case of different moving
properties φv and vR, when t = 2s, N = 4, R = 6 m, MT = MR = 4, γT = 2π/3 , γR = π/6 [10].
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Figure 4. Proposed time-variant space CFs for the NLoS paths, with respect to numbers of the
transmitter/receiver antennas and different antenna angles γR, when t = 0 s, N = 4, R = 6 m,
γT = 2π/3, vR = 54 km/h, and φv = 0 [13].

Similarly, we can further investigate the proposed time-variant frequency CFs on
both the LoS and NLoS propagation rays, as shown in Equation (14), which measures the
frequency selectivity of the proposed channel model.

ρlk,l′k′(t, ∆ f ) = CRe j2π[ fmax cos(φ))t−∆ f
(

D(l,k)
Tk −D(l,k)

TR

)
/c
]

+
3ηi

2πRab

∫ π

−π

∫ π/2

0
ej2πt fmax cos(arcsin[(rb sin θ)/rm ]+φv}

× e
−j2π

(
D(l,m)

T +D(m,k)
R −D(l′ ,k)

T −D(m,k′)
R

)
∆ f /c

dβdθ (14)
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with c representing the speed of light. Subsequently, if we set t = 0, then the frequency
correlation function can be derived as

ρ(∆ f ) =
3ηi

2πRab

∫ π

−π

∫ π/2

0
e
−j2π∆ f

(
D(l,m)

T +D(m,k)
R (0)−D(l′ ,m)

T −D(m,k)
R (0)

}
/c

dβdθ

+ CRe
j2π∆ f

(
D(l,k)

0 −D(l′ ,k)
0

)
/c

(15)

Figure 5 illustrates the distributions of the proposed frequency CFs in the case of differ-
ent reflection numbers and radii of the tunnel. It is observed that the frequency correlations
is drastically reduced by between 0–5 MHz under different parameter conditions. How-
ever, the curves show slight concussions after the frequency of 5 MHz. Meanwhile, when
the reflection number and radius of the tunnel increase, the amplitude concussion of the
mutual frequency function decreases relatively. In general, the frequency cross-correlations
of the proposed reference channel model seem not very sensitive to changes in parameters.
Furthermore, the frequency CFs in Figure 5 show similar trends with those of the geometric
channel model [4], and perform much better within 40 MHz, illustrating the feasibility of
the proposed model for describing tunnel V2V environments.
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Figure 5. Proposed frequency CFs for the LoS and NLoS paths in terms of the reflection number N
and the radius of the tunnel R when MT = MR = 4, γT = 2π/3 , γR = π/6, vR = 54 km/h, and
φv = pi/3 [4].

5. Conclusions

In this work, we present a modified geometry-based scattering model for typical tunnel
V2V communication environments under an assumption of equivalent scattering points.
The effects of tunnel parameters and moving properties on the time-varying channel CFs are
further investigated. Numerical results show that when the multi-bounced scattering rays
are taken into account, the space correlations of the proposed model become much smaller
on account of the higher geometric path lengths; furthermore, when the velocity increases,
the correlation gradually decreases in the case of the same moving direction. Moreover,
as the antenna angle γR increases, the correlation decreases therewith. Comparisons with
existing geometric V2V channel models and tunnel measurements verify the utility of the
proposed multi-bounced scattering model for tunnel situations. For future work, we would
like to perform experiment verification and consider the computation overhead or minor
responsiveness in the execution of algorithms.
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