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A Non-Stationary 3D-GBSM V2V Channel Model
for Wideband Massive MIMO Systems

Asad Saleem , Yejun He , Senior Member, IEEE, Yan Xu, and Zhi Ning Chen , Fellow, IEEE

Abstract— This letter presents a non-stationary 3D-GBSM
vehicle to vehicle (V2V) channel model in tunnel environ-
ment based on massive multiple-input multiple-output (MIMO)
antenna arrays. Instead of plane wavefront assumptions used in
traditional MIMO systems, the proposed channel model considers
spherical wavefront assumption for V2V communications. Firstly,
the channel impulse response (CIR) and closed-form expression
for probability density function (PDF) of angle-of-departure
(AoD) and angle-of-arrival (AoA) in elevation and azimuth
planes are derived. Afterwards, the expressions for the spatial
cross-correlation function (S-CCF) and doppler power spectrum
density (DPSD) due to the non-stationarity of transmitting (NT)
and receiving (MR) antenna arrays are derived by considering
different time separation, antenna arrays spacing, moving veloc-
ity, and K-factor for line of sight (LoS) and non-line of sight
(NLoS) propagation paths. The statistical characteristics of the
proposed V2V wideband massive MIMO model are validated
by measurement, analytical, and simulation results, verifying the
effectiveness and adaptability of the proposed model in high-
speed train (HST) environment.

Index Terms— Massive MIMO system, cross-correlation coef-
ficients, multipath components, power density function.

I. INTRODUCTION

RECENTLY, the fifth generation (5G) mobile communi-
cation system has evolved as a valuable tool to boost the

spectrum efficiency and energy in HST environments. Massive
MIMO, which utilizes hundreds or more antennas, has grasped
an immense attention in recent days due to its potential to
provide larger channel capacity [1]. In V2V environments, the
majority of the structures, such as buildings, roads, and urban
areas have various kinds of vertical surfaces. To assess the
non-stationary characteristics of V2V massive MIMO channel,
it is essential to take into consideration the channel spatial sta-
tistics for various phases and path delays at various locations.
In [2], [3], the 3D non-stationary V2V MIMO channel models
are proposed based on twin-cluster and Saleh-Valenzuela mod-
eling schemes to address the velocity and transceiver antenna
position challenges. In [4], a 3D antenna array model has been
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Fig. 1. Geometric antenna array structure by considering (a) plane wavefronts
and (b) spherical wavefronts.

proposed for free-space environment, but the impact of Ricean
K-factor and doppler shift on V2V channel performance
have not been considered for indoor environments. In [5],
the 3D-GBSM based on directional antenna arrays is investi-
gated for V2V communications; however the channel statistics
based on time delay at different locations are not considered.
Based on planar antenna arrays, the work published in [6]
is insufficient since it ignores the non-stationary effect on
the channel performance. The efficiency of planar antennas
is highly reliant on the antenna placement, and the optimal
placement itself is dependent on the propagation scenario and
geometry of environment, which is regarded as a drawback
of planar antennas. In [7], the correlation coefficient based on
spherical wavefront is investigated for V2V communications;
however the PDF, Ricean K-factor, and DPSD at different
moving velocities and at different positions, which are crucial
for V2V MIMO systems, are not taken into consideration.
In order to fill the aforementioned gaps and high mobility

issues in HST environment, this letter presents a non-stationary
V2V channel model based on spherical wavefront assumptions
to analyze spatial characteristics of massive MIMO antenna
arrays in an arched tunnel environment at 3.5 GHz. Analytical
expressions for the CIR, PDF of AoD and AoA in elevation
and azimuth planes, the DPSD, and cross-correlation functions
are derived and validated for different antenna spacing, time
separation, and moving velocity of the receiving antenna array
for LoS and NLoS propagation paths.

II. PROPOSED 3D-GBSM V2V SYSTEM MODEL

As stated in [6], the far-field of MIMO system is dependent
on plane wavefront assumptions as shown in Fig. 1(a), but
it is not considered for our proposed V2V channel. This is
due to the need of examining the size and dimensions of
transmitting (NT) and receiving (MR) antenna arrays. As a
result, we consider that the wavefronts transmitted from the
scattering elements (S) to the MR antenna arrays are spherical
in the proposed V2V system model, as demonstrated in
Fig. 1(b). Consequently, the AoA and AoD are not linear
anymore throughout the transmission link and need to be
determined using geometric relation. The variables dx, dy , and
dz in the proposed model represent the transmitting antenna
array separating distance along x − axis, y − axis, and
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TABLE I

DEFINITIONS OF PARAMETERS

z − axis, respectively. Let’s define p, q, and r as half length,
half width, and half height of the arched cross-sectional tunnel,
i.e., p � q � r. Here, we consider that receiving array is
traveling in the azimuth plane with a speed of vR and in
arbitrary direction ϕv. Table I provides definitions of different
parameters used in the proposed model. The CIR of V2V
channel is associated to the steering vector components as well
as the complex amplitude of the antenna arrays, as given in [8].
Thus, the CIR of massive MIMO system can be stated as

h(t) =
N∑

i=1

ai(t) · amno (ϕA, θE) (1)

where ai(t) represents the amplitude in complex form,
N represents the total antenna array elements, amno (ϕA, θE)
is a steering vector for mno-th antenna array elements, which
may be stated in 3D as m-, n-, and o-th array elements along
x − axis, y − axis, and z − axis. ϕA could refer to either
the azimuth AoD/AoA (ϕT /ϕR) along the positive x− axis,
whereas θE could refer to either the elevation AoD/AoA
(θT /θR) along the positive y-axis. The steering vector can
be written as

amno (ϕA, θE) = vec

⎛
⎜⎜⎜⎝

⎡
⎢⎢⎢⎣

1
eim

ei2 m

. . .
ei(w−1)m

⎤
⎥⎥⎥⎦

[
1, ein, . . . , ei(l−1)n

]
⎞
⎟⎟⎟⎠
(2)

where vec(.) is the vector operator, n = kwdy cos(ϕA)
cos(θE), m = kwdx cos(ϕA) cos(θE), kw = 2π/λ, and λ is
wavelength. When the elevation angle in 3D space is ignored
(i.e., θE = 0), the steering vector for plane wavefront can be
derived, as given in Fig. 1(a).
Most of the subterrestrial and underground communication

structures contain multiple reflected surfaces, so the path
delay must need to be considered for given environment.
As a result, a three-dimensional non-stationary channel model
is considered to investigate V2V communications based on
massive MIMO antenna array in real tunnel environment,
as shown in Fig. 2. For better visualization, we have shown
single scatterer along tunnel sidewall in Fig. 2. The randomly
distributed scatterers are exiting throughout the tunnels’ ceiling
and sidewalls, as shown in Fig. 3. The direct (LoS) distance
between mno-th transmitting to m′n′o′-th receiving antenna
arrays at the time (t) can be written as

ξLoS
mno,m′n′o′(t) =

[
(vRt sin ϕv + m′d′x − mdx)2

+
(
vRt cosϕv + n′d′y − ndy

)2
]1/2

(3)

For the reflected (NLoS) signals, the distance between the
mno-th transmitting antenna and the scatterer (S) from half
tunnel lengths (p, q, r) at time instant t is determined as the
function of azimuth and elevation angles, as given follows

ξT
mno(t) =

1
2k1

×
(
−k2 +

√
k2
2 − 4k1k3

)
(4)

where

k1 = q2r2 cos2 θT cos2 ϕT

+ p2r2 cos2 θT sin2 ϕT + p2q2 sin2 θT

k2 = 2q2r2ndy cos θT cosϕT − Dq2r2 cos θT cosϕT

+ 2p2r2mdx cos θT sin ϕT

k3 = (D/2 − ndy)
2
q2r2 + p2r2 (mdx)2 − p2q2r2

Moreover, the expression for distance between scatterer (S)
and m′n′o′-th receiving array is written as follows

ξR
m′n′o′(t)

=
[(

ξT
mno(t)

)2
+ ξ2

mno,m′n′o′(t)

−2ξT
mno(t) · ξmno,m′n′o′(t) cos θT cos (ϕT − ϕ0)

]1/2

(5)

where ϕo = vRt
D ·sinϕv . The scatterer’s cartesian and spherical

coordinates from origin point are represented as (X, Y, Z) and
(ξ, ϕ, θ), respectively. In addition, (ξT

mno, ϕT , θT ) represents
the transmitting array spherical coordinates. Since the angular
and radial coordinates both changes in tunnel, it is impossible
to simply transfer from (ξ, ϕ, θ) to (ξT

mno, ϕT , θT ). As a result,
(ξ, ϕ, θ) must be transformed into (X, Y, Z) first, then back to
(ξT

mno, ϕT , θT ). Thus, the joint PDF for cartesian coordinates
f(X, Y, Z) is determined as follows:

f(X, Y, Z) = f(ξ, ϕ, θ) · |J(X, Y, Z)| (6)

where |J(X, Y, Z)| represents the inverse transformation of
Jacobian matrix. The general form of Gaussian density func-
tion of scattering element can be expressed as

f
(
ξT
mno(t), ϕT , θT

)
= 1/2πσ2 × exp

(−ξT
mno(t)

2

2σ2

)
(7)

where ξT
mno(t) is the distance frommno-th transmitting anten-

nas to scatterer (S) at time instant t, and σ is a stan-
dard deviation. The joint PDF for AoD as the function of
elevation/azimuth planes, separating distances, and standard
deviation can be expressed as

f
(
ξT
mno(t) , ϕT , θT )

=

(
ξT
mno(t)

)2 cos θT

2πσ2
× e−

1
2σ2 ×(ξT

mno(t) sin θT )2

× e−
1

2σ2 ×(ξT
mno(t) cos θT cos ϕT −D/2)2

× e−
1

2σ2

× (
ξT
mno(t) cos θT sin ϕT

)2
(8)

However, when t is changed (i.e., t �= 0), the given channel
model turns into non-stationary channel [2]. The marginal PDF
for AoD as the function of elevation or azimuth plane can be
calculated individually by following the expressions in [9].

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on January 08,2023 at 11:20:57 UTC from IEEE Xplore.  Restrictions apply.



SALEEM et al.: NON-STATIONARY 3D-GBSM V2V CHANNEL MODEL FOR WIDEBAND MASSIVE MIMO SYSTEMS 21

III. CHARACTERISTICS OF PROPOSED
V2V SYSTEM MODEL

A. Cross-Correlation Function

Let’s define q1 as the transmission link between
mno-th transmitting tom′n′o′-th receiving arrays. As a result,
the multipaths CIR at time t for link q1 with delay (τ ) can be
estimated as

hq1(t, τ) =
∞∑

i=1

hq1,i(t) · δ (τ − τi(t)) (9)

Generally, the CIR for the link q1 contains direct and
reflected paths, which may be represented as hq1,i(t) =
hLoS

q1,i (t) + hNLoS
q1,i (t). Also

hLoS
q1,i (t)

= δ(u − 1) ×
√

K

K + 1
× ejϕo+ j2π

λ ×ξLoS
mno,m′n′o′(t)

× ej2πfmax·cos ϕR cos θR·t (10)

hNLoS
q1,i (t)

=

√
Pu

K + 1
× lim

S→∞
1√
S

S∑
i=1

gi

× ejϕo+j2πfmaxt cos(ϕR−ϕv) cos θR+ j2π
λ [ξT

mno(t)+ξR
m′n′o′ (t)]

(11)
where Pu is the mean transmitted power through
q1 between the mno-th transmitting array elements and
m′n′o′-th receiving array elements, fmax denotes the
maximum doppler shift, and K represents the Ricean
factor [10]. Here, Pu is normalized to 1, so the K can
be more effective. In addition, ϕo represents the initial
phase of transmitting signals in azimuth plane between
[0 - 2π], and the amplitude of the scattering wave towards the
receiving array is denoted by gi; thus

∑S
i=1 Eg2

i /S = 1 when
S → ∞. Let q2 represents the transmission link between the
MNO-th transmitting and the M ′N ′O′-th receiving arrays.
We suppose that q1 and q2 are independent to each other.
Here, the mno-th and MNO-th represent the same antenna
array structure, but they have been considered to differentiate
in two different transmission links (i.e., q1 and q2). Thus, the
normalized S-CCF at different time intervals for two different
NLoS paths (q1 and q2) is given by

RhNLoS
q1,i ,hNLoS

q2,i (t,τ)

= E

[
hq1(t)h∗

q2
(t − τ)

|hq1(t)| ·
∣∣h∗

q2
(t − τ)

∣∣
]

=
1

K + 1
× lim

S→∞
1
S

S∑
i=1

E
[
g2

i

]
× ej2πfmax·τ cos(ϕR−ϕv) cos θR

× e
j2π
λ ×[ξT

mno(t)−ξT
MNO(t)+ξR

m′n′o′ (t)−ξR
M′N′O′ (t)] (12)

Clearly, the S-CCF between the two NLoS paths is affected
not only by path lengths, but also by the moving direction
and velocity.

B. Ricean K-Factor

The Ricean K-factor is considered to evaluate the effec-
tiveness of channel transmission link, such as correlation and

Fig. 2. Proposed 3D-GBSM V2V channel model in tunnel environment.

capacity of massive MIMO systems. At a fixed SNR ratio, the
higher value of K-factor defines the higher spatial correlation
of a channel. Thus, the estimation of K-factor is critical for
the consideration of V2V channel. The K-factor for complex
channel matrix H(t) is calculated as

K[dB] =
ε[|H(t)|]2

2 var(|H(t)|) (13)

where |.| is the matrix determinant operation, ε and var are
the mean and variance of |H(t)|.

C. Doppler Power Spectral Density

Let’s fix m = M , n = N , o = O, m′ = M ′, n′ = N ′,
and o′ = O′. Afterwards, the spatial auto-correlation function
(S-ACF) for LoS and the NLoS components along link q1 can
be estimated as

RhLoS
q1,i (t,τ)

= E

[
hq1(t)h

∗
q1

(t − τ)
|hq1(t)| ·

∣∣h∗
q1

(t − τ)
∣∣
]

=
K

K + 1
× lim

S→∞
1
S

S∑
i=1

E
[
g2

i

] × ej2πfmax·cos(ϕR) cos θR·τ

×e
j2π
λ ×ξLoS

mno,m′n′o′(t) (14)
RhNLoS

q1,i (t,τ)

=
1

K + 1
× lim

S→∞
1
S

S∑
i=1

E
[
g2

i

] × ej2πfmax·cos(ϕR−ϕv) cos θR·τ

× e
j2π
λ ×[ξT

mno(t)+ξR
m′n′o′ (t)]

(15)

For the non-stationary channels, the DPSD can be achieved
from the auto-correlation function by introducing the Fre-
quency Fourier Transform in time delay (τ ) domain, as given
below

Shq1,i(t, f) =
∫ ∞

−∞
(RhLoS

q1,i (t,τ) + RhNLoS
q1,i (t,τ)) × e−j2πfτdτ

(16)

IV. SYSTEM PERFORMANCE ANALYSIS

A. Channel Configuration and Measurement Environment

To perform the measurement campaign in V2V environ-
ment, we have considered the metro Line 7 in Shanghai
between QiHua Rd to University station. The tunnel consists
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Fig. 3. Randomly distributed scatterers throughout the tunnel ceiling and
sidewalls.

Fig. 4. The cumulative-distribution-function of RiceanK-factor in real tunnel
environment.

of arched cross sectional area with 500 m (length) × 5 m
(height) × 5.56 m (width), and 1500 m radius of curvature (R).
The receiving antenna array is moving along x − axis in
tunnel environment. The height of transmitting and receiving
antenna arrays along z−axis is 1.8 m and 2.7 m, respectively.
The separating distance between mno-th transmitting and
m′n′o′-th receiving antenna arrays along y − axis is 2.48 m,
whereas the width of metro track is 1.4 m. The longest distance
betweenmno-th transmitting andm′n′o′-th receiving antenna
arrays in given wideband measurement campaign is 500 m.
Also, 91 different measurement sites are taken into account
over this 500 m span. The NT measurement locations are fixed
beside the tunnel wall and the MR antenna array is lodged on
the trolley moving with 185 km/h along the tunnel central
track. The channel configuration and parameters settings are
adjusted in accordance with [1].

B. Measurement and Simulated Results Analysis

To begin, we estimate the K-factor by considering CIR
of measurement data and following the expression in [10]
to ensure that the simulation K-factor is compatible with
the measurement data of [1]. Fig. 4 shows the cumulative-
distribution-function of Ricean K-factor in measurement cam-
paign, and it can also be observed that the mean value of
Ricean K-factor is 4.092 dB. As a result, we chose 4 dB value
for K-factor in analytical and simulated results. Moreover,
in Fig. 5, we have shown the azimuth angle-of-departure
(ϕT ), elevation angle-of-departure (θT ), azimuth angle-of-
arrival (ϕR), and elevation angle-of-arrival (θR) at separation
distance D=50 m between the transceiver antenna arrays. The
power angular spread (PAS) is accessed by implementing the
Bartlett beamforming method [1]. For radiated field analysis,
the Bartlett beamforming method is considered to approximate
the PAS out of the actual CIRs’ attained from the measurement
data, i.e., angle-of-departure (ϕT , θT ) and angle-of-arrival
(ϕR, θR). The Bartlett algorithm is anticipated based on the
steering vector amno(ϕA, θE) and renowned as the Fourier

Fig. 5. Power angular spread at 50 m separation distance in measurement
campaign for (a) AoD, θT and AoD, ϕT , (b) AoA, θR and AoA, ϕR.

Fig. 6. Measurement campaign for marginal probability density func-
tion (PDF) when p = 250 m, q = 2.78 m, r = 2.5 m at different separating
distances (D) for (a) AoD, ϕT , (b) AoD, θT .

spectrum analyzing process. From Fig. 5, we can observe
that the PAS introduces 2 main beams at 85◦ elevation, and
azimuths of 90◦ and 135◦ for AoD (see Fig. 5(a)), and at
60◦ elevation, and azimuth of −85◦ and −45◦ for AoA (see
Fig. 5(b)), respectively. The reflected waves from the tunnel
sidewalls have higher AoA than those from the tunnel ceiling
because the tunnel height is lower than the tunnel width.
Additionally, the radius of curvature of the tunnel has a greater
impact on ϕR than it does on θR.
In Fig. 6, the marginal PDF at D = 100 m, 230 m, and

500 m is shown for AoD in azimuth and elevation planes.
It can be observed that marginal PDF increases with the
increase of separating distance D for ϕT and θT . According
to [9], the initial geometric path length in a multipath channel
has a significant impact on the marginal PDF. In [11], it can
be noticed that the receiver and transmitter are located at
the spheroid’s foci. Moreover, when the signals from the
transmitter strike at the scatterer point (S), the AoD statistics
in ϕT plane are consistent with our proposed V2V model.
Based on directional antenna arrays, the model in [5] is used
to determine that the AoD exhibits similar changing trends at
0 ≤ θT ≤ 90◦ in vertical direction, as shown in Fig. 6 (b).
In Fig. 6, each marginal PDF curve for AoD in ϕT and
θT plane is symmetric due to the symmetry of a geometric
V2V model, which is consistent with [11]. Consequently, the
proposed 3D-GBSM channel model can be adopted to describe
the actual HST environment.
Moreover, we analyze the simulation and analytical results

to confirm the feasibility of the given channel model. The
Monte-Carlo (MC) approach is considered to simulate the S-
CCF (LoS + NLoS) and DPSD under various time separa-
tions, doppler shifts (fR = vR/λ), and K-factors. As the
LoS components of the CIR are deterministic and the NLoS
components of the CIR are predicted through random process,
so the MC strategy can be utilized to multiply the iterations of
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Fig. 7. Spatial cross-correlation function (S-CCF) of proposed massive
MIMO channel at D = 500 m, p = 250 m, q = 2.78 m, r = 2.5 m (a) for
various K-factor values when τ = 1 ns and fR = 600 Hz, (b) for various
time separations (τ ) and various doppler shifts (200 Hz, 400 Hz, and 600 Hz)
when K = 4.

Fig. 8. Simulated and analytical results for doppler power spectrum
density (DPSD) at different time intervals.

CIRs’ NLoS components. In this letter, the iteration limit for
MC approach is set as 3×104. For simulation results analysis,
we have considered the reflections along the tunnels’ ceiling
and sidewalls only. The other simulation parameters are set
according to measurement campaign in [1]. Fig. 7(a) presents
the S-CCF for multiple K-factor values, when fR = 600 Hz,
time separation τ = 1 ns, and D = 500 m. As shown
in Fig. 7(a), the S-CCF decreases as the transmitting array
spacing rises, and the S-CCF rises as theK-factor rises. Mean-
while, the measurement results of S-CCF for K = 4.09 shows
good agreement with the simulation and analytical results of
S-CCF, which verifies the validity of the proposed model.
The performance of the massive MIMO channel is adversely
affected by the LoS components. Fig. 7(b) represents the
S-CCF for different time separations (τ) and doppler shifts
of 200 Hz (61.7 km/h), 400 Hz (123.4 km/h), and 600 Hz
(185.1 km/h) when the dx = dy = dz = 0.5λ, K = 4,
and D = 500 m. The S-CCF of the measurement results
for fR = 600 Hz fits quite well with the the simulation
and analytical results, as illustrated in Fig. 7(b). It can be
noticed that by increasing temporal separation τ , the S-CCF
decreases. When the doppler shift rises, the S-CCF reduces
rapidly. As illustrated in [3], the channel characteristics of the
V2V MIMO systems are affected by the moving velocity, and
this behavior can also be seen in Fig. 7. (b).
In Fig. 8, the DPSD for different time instants t = 1s, 3s,

and 5s is given when K = 4, fR = 600 Hz, D = 500 m,
ϕv = π/2, dx = dy = dz = 0.5λ. The DPSD presents
different levels at different time instants due to the geometric
characteristics of the tunnel when t continuously increases.
The DPSD has a noticeable peak, which is due to the high
power of dominant LoS components. It can be observed that
by increasing t, the DPSD is negatively shifted. Moreover,
the doppler power spectrum density (DPSD) is compared
with the model in [12], as shown in Fig. 8. Comparison

of the simulations and analytical results with the Wu model
reveals that the distribution changes are in good agreement,
demonstrating the generalizability of the proposed channel
model.

V. CONCLUSION

In this letter, a non-stationary 3D-GBSM V2V channel
model based on massive MIMO antenna array is proposed
in subway tunnel environment at 3.5 GHz. The spherical
wavefronts are considered to characterize the PDF, S-CCF,
DPSD, and AoA/AoD in elevation and azimuth planes for
V2V communications. It is shown that the non-stationarity,
including moving directions ϕv and relative time t signif-
icantly affects the V2V channel characteristics. From the
simulation, analytical, and measurement results, we conclude
that the S-CCF is seriously influenced by K-factor, time
separation, antenna array spacing, and moving velocity of
receiving antenna array. The proposed V2V channel model
results are matching undoubtedly well with former channel
models, demonstrating that the given model may be general-
ized and have practical applications in HST environment.
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