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Abstract— For efficiently investigating the statistical properties
of wideband multiple-input multiple-output (MIMO) channels for
vehicle-to-vehicle (V2V) communication scenarios, we propose a
novel computationally efficient solution to estimate the parame-
ters of the proposed channel model for different propagation
delays in this paper. To be specific, we first introduce a Unitary
transformation method to estimate the propagation delay of the
proposed channel model for the first tap in the preliminary stage
before the mobile transmitter (MT) and mobile receiver (MR)
move. Then, we estimate the real-time angular parameters based
on the estimated delay and moving time/directions/velocities of
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the MT and MR. Furthermore, we estimate the expressions
of the real-time complex channel impulse responses (CIRs),
which can be used to characterize the physical properties of
the proposed channel model, by substituting the estimates of the
time-varying AoD and AoA and model parameters into the com-
plex CIRs. Numerical results of the channel characteristics fit the
theory results very well, which validate that the proposed channel
model is practical for characterizing the beyond fifth-generation
(B5G) V2V communication systems.

Index Terms— Wideband MIMO V2V channel model, unitary
transformation method, propagation delay, complex CIR.

I. INTRODUCTION

THE beyond fifth-generation (B5G) systems will enable
people to access and share information in a wide range of

all spectrums, global coverage, and full applications scenarios
with extremely low latency and very high data rate [1]. In con-
trast to 5G channel models, B5G should combine different
technologies and disciplines, such as high-mobility, multiple
mobility, uncertainty of motion trajectory, non-stationarity in
time/frequency/spatial domains, etc, which causes high com-
plexity of modeling approach, model parameters and simu-
lation time. Vehicle-to-vehicle (V2V) communications, which
aims to minimize traffic accidents and foster the development
of new applications, are expected to be hot research topics
for B5G wireless communication systems [2]. In order to
study access link and network performance in realistic V2V
propagation conditions, and compare different B5G commu-
nication solutions, it is important to gain insight into the
statistical properties between mobile transmitters (MTs) and
mobile receivers (MRs) [3].

A. Related Work

To investigate the statistical properties of multiple-input
multiple-output (MIMO) wireless channels, the existing lit-
eratures [4]- [10] adopted geometry-based stochastic models
(GBSMs), which employ a geometric approach to represent
the propagation environments between a transmitter and a
receiver in multipath channels. To be specific, the authors
in [4] and [5] proposed Ricean channel models to study the
statistical propagation properties, which adopted an ellipse
model to depict the distribution of scattering environments
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in mobile radio communication scenarios. The authors in [6]
proposed a statistical geometric propagation model for mobile-
to-mobile (M2M) communication scenarios, which assumed
that the propagation components emerged from the MT to
the MR experience single interaction in wireless channels.
Meanwhile, the distribution of scatterers are assumed to be
uniformly distributed within a two-ring model between a
transmitter and a receiver. It has been proved in [7] that
the propagation components with different delays have differ-
ent contributions to the propagation characteristics; therefore,
we should consider the statistical properties of wideband
channels for different delays, i.e., per-tap channel statistics.
In light of this, the authors in [8] adopted multiple confocal
ellipse models to describe the distribution of scatterers for dif-
ferent propagation delays; therefore, the statistical propagation
properties of V2V channels for different taps can be derived
and investigated. The authors in [9] and [10] introduced
multiple confocal semi-ellipsoid models and multiple con-
focal elliptic-cylinder models, respectively, to investigate the
statistical properties of wideband V2V channels for different
delays.

For the efficient evaluation of the performance of wire-
less communication systems, a variety of angular estimation
algorithms have been proposed in the existing studies. To be
specific, the authors in [11] proposed Rayleigh fading channel
models in space-, time-, and frequency-domains, whose results
demonstrated that the models are able to effectively character-
ize the performance of discrete-time MIMO communication
systems. Xiao et al. [12] proposed an estimation algorithm
in a Clarke channel model, the results demonstrated that the
algorithm could be used to reduce the variation of temporal
correlations of a fading realization. It is worth mentioning that
the direction of arrivals (DoAs) estimation of multiple narrow-
band signals is a fundamental problem that arises in various
engineering applications. In light of this, various algorithms
have been studied by providing low computational complexity
of DoA estimators for many practical communication systems.
It has been stated in [13] that the Unitary transformation
is one of the most representative solutions for reducing the
complexity, which achieves high computational efficiency via
real-domain computations. In [14], the authors transformed a
Hermitian persymmetric covariance matrix into a real symmet-
ric matrix using a unitary transformation, which depends on
the number of sensors. Furthermore, the authors in [15] pro-
posed an estimated wideband GBSM for V2V communication
environments, which is based on an angle-of-departure (AoD)
and angle-of-arrival (AoA) estimation algorithm, to deter-
mine the ellipse scattering region and to efficiently study
the V2V channel characteristics for different propagation
delays, i.e., per-tap channel statistics. In [16], the authors
proposed a unitary transformation method in element space by
exploiting the centro-symmetry of the uniform circular array
(UCA), which transformed the DoA estimation algorithms
into real-domain computations; therefore greatly decrease the
computational complexity and the hardware implementation
complexity. However, in [16], the impact of the physical
properties of wireless channels on the performance of angular
estimation algorithms was not considered.

B. Motivations

It is worth mentioning that when the MT and MR are
in motion, due to the high computational complexity and
the non-real-time property of the estimating algorithm, it is
infeasible to acquire the real-time complex channel impulse
responses (CIRs) to characterize the wireless communications
by using the existing methods. To address this issue, we need
to propose a computationally efficient solution to estimate the
real-time angular parameters for different time, by utilizing
the estimated angular parameters in the preliminary stage and
the kinetics (e.g., moving velocities/directions) of the MT
and MR in the real-time stage. This motivates us to propose
a computationally efficient solution with low complexity to
investigate the MIMO V2V channel characteristics.

C. Main Contributions

In this paper, we propose a statistical wideband MIMO
V2V channel model based on a Unitary matrix transformation
algorithm. The main contributions are summarized as follows:

• The complex CIRs, which can be used to characterize the
physical properties of wireless channels, are transformed
into real-domain based on a Unitary transform algorithm
with the goal of reducing the computational complexity
of the channel modeling.

• We employ a Unitary transformation algorithm to esti-
mate the MIMO channel models for V2V communication
scenarios, where the propagation paths induced by the
clusters with different delays are located at different taps.
Numerical channel characteristics of the proposed chan-
nel model are very close to the theoretical results, which
validate that the algorithm can provide accurate estimates
of the channel parameters, and hence, can further improve
the computational efficiency of the proposed channel
model for real wireless communication environments.

• By adjusting the model parameters, the proposed MIMO
V2V wideband non-stationary channel model is able to
describe a variety of wireless communication scenarios.
Specifically, the model can be used to describe the
wide-sense stationary uncorrelated scattering (WSSUS)
channels as the MT and MR are static. In addition,
when we only consider the complex CIRs for a specific
tap, the model can be used to characterize narrowband
channels, i.e., frequency-nonselective channels.

The remainder of this paper is organized as follows.
Section II describes the system channel model for the pro-
posed wideband MIMO V2V communication environments.
In Section III, we introduce a Unitary algorithm to estimate
the propagation delay of the proposed channel model for
the first tap in a preliminary stage before the MT and MR
move. Then, we estimate the angular parameters for other
taps in the real-time stage. In Section IV, numerical results
and discussions are provided. Finally, our conclusions are
presented in Section V.

II. SYSTEM CHANNEL MODEL

In this section, we propose a novel wideband MIMO
channel model for V2V communication systems with multiple
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Fig. 1. Illustration of the proposed wideband MIMO V2V channel model.

clusters to describe different taps, where the MT and MR are
equipped with the uniform linear arrays (ULAs) consisting
of MT and MR omni-directional antennas [17], respectively,
as shown in Fig. 1. Let us define the line connecting the center
of the MT antenna array and that of the MR array as the x-axis,
which remains unchanged even when the MT and MR are in
motion. The existing literature adopted an ellipse model with
a MT and a MR located at the foci to determine the waves
with the same propagation delays, while different ellipses
correspond to different propagation delays. In the proposed
channel model, we assume that there are N� scatterers within
the cluster lie on the ellipse model, where the semi-lengths
on the major axis (i.e., x-axis) and minor axis (i.e., y-axis)
of the �-th (� = 1, 2, . . . ,L) ellipse are denoted as a� and
b�, respectively. It is assumed that the direct link between the
MT and MR are blocked by interfering objects, and therefore
the waves emitted from the MT experience multiple rays
reflected by the clusters before reaching the MR. We assume
that every ray induced by the same cluster approximately has
the same propagation distance as that from the center of the
corresponding antenna array. A similar assumption was made
in [18]. Therefore, it is reasonable to use the same AoD
and AoA to characterize the multi-paths propagation from
the transmit/receive antennas to the same cluster. The AoD
and AoA of the propagation components via the �-th cluster
are denoted as α�,T and α�,R, respectively. The distances
from the central points of the MT and MR antenna arrays
to the �-th cluster are denoted as D�,T and D�,R, respectively.
Furthermore, the distances from the p-th (p = 1, 2, . . . ,MT )
antenna of the MT array and the q-th (q = 1, 2, . . . ,MR)
antenna of the MR array to the �-th cluster are denoted as
D�,p and D�,q, respectively.

The physical properties of the proposed wideband MIMO
channel model can be described by a matrix H (t, τ) =�
hpq(t, τ)

�
MR×MT

of size MR ×MT , where hpq(t, τ) repre-
sents the complex CIR between the p-th transmit antenna and
q-th receive antenna, which is modeled as the superposition
of the L resolvable non-line-of-sight (NLoS) components,
i.e., [19]

hpq(t, τ) =
L�

�=1

χ�h�,pq(t)δ
�
τ − τ�

�
, (1)

where χ� denotes the attenuation factor of the �-th tap. The
τ� is the propagation delay of the NLoS rays from the central

Fig. 2. Mobile properties of the proposed MIMO V2V channel model.

point of the MT antenna array to that of the MR antenna array.
The complex channel response h�,pq(t) for NLoS rays, which
is a random process, can be expressed as [20]

h�,pq(t) = ej
�

ϕ0−2πfcτ�,pq

�
×ej 2π

λ vT t cos
�
α�,T−ηT

�
ej 2π

λ vRt cos
�
α�,R−ηR

�
, (2)

where fc is the carrier frequency and ε is the carrier wave-
length. The τ�,pq is the propagation delay of the waves from
the p-th transmit antenna to the q-th receive antenna via the
NLoS components. Furthermore, vT and vR denote the moving
velocities of the MT and MR, respectively; ηT and ηR are
the moving directions of the MT and MR with respect to
the positive direction of the x-axis in the channel model,
respectively. Here, we should mention that the parameters
vT , vR, ηT , and ηR are all set to be constant in this paper.
Moreover, α�,T and α�,R are the AoD and AoA of the NLoS
components, respectively. Finally, ϕ0 is a random phase angle,
which follows a uniform distribution in the interval from −π
to π, i.e., ϕ0 ∼ [−π, π ).

III. UNITARY BASED PROPAGATION DELAY ESTIMATION

As shown in Fig. 2, when the MT moves from the position
P1 to the position P2, and the MR moves from the position
P3 to the position P4, the time-varying AoD and AoA should
be estimated to characterize the non-stationary properties of
the proposed wideband MIMO V2V channel model in time
domain [6]. To achieve this goal, we assume that the MR is
able to receive the signal transmitted from the MT in the pre-
liminary stage of the system, which is in correspondence with
the time period before the motion of the MT and MR. Then,
we propose a four-step computational solution to investigate
the characteristics of the proposed channel model for different
propagation delays at different moving time, which can be
shown as follows:

First, we introduce a Unitary matrix algorithm to transform
the complex CIR for the first tap in the preliminary stage into
real-value domain. This aims at improving the computational
efficiency of the algorithm to estimate the proposed channel
model for the first tap. Therefore, the lengths of the semi-major
and semi-minor axes of the ellipse channel model for the first
tap, can be determined based on the estimated propagation
delay of the proposed channel model for the first tap and
the distance between the centers of the MT and MR antenna
arrays;

Authorized licensed use limited to: Southeast University. Downloaded on October 08,2021 at 14:42:49 UTC from IEEE Xplore.  Restrictions apply. 



4950 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 20, NO. 8, AUGUST 2021

Next, we estimate the lengths of the semi-major and
semi-minor axes of the ellipse channel model for other taps
based on the estimated ellipse model parameters for the
first tap and the predefined delay resolution between the
taps;

Moreover, for each time instant when the MT and MR are in
motion, we estimate the real-time AoD and AoA based on the
estimated model parameters for the first tap and the moving
time/directions/velocities of the MT and MR;

Finally, by substituting the estimates of the time-varying
AoD and AoA into the complex CIR in (1), we are able to
estimate the complex CIR of the proposed channel model for
other taps.

A. Estimation of the Propagation Delay for the First Tap

In the proposed channel model, the signals transmitted by
the MT experience different propagation delays before reach-
ing the MR. Assume that the MT and MR are in static during
the initialization, i.e., t = 0. At this time, the propagation
delay of the NLoS components is denoted as τ1,pq(0). Hence
the complex CIR can be expressed as [15]

hpq(0, τ) = χ1e
j
�
ϕ0−2πfcτ1,pq(0)

�
δ
�
τ − τ1(0)

�
, (3)

where τ1(0) =
�
D1,T (0) + D1,R(0)

�
/c is the propagation

delay of the waves from the central point of the MT antenna
array to that of the MR array via the reflection of the cluster
for the first tap, with D1,T (0) and D1,R(0) being the distances
from the centers of the MT and MR antenna arrays to the
cluster for the first tap, respectively. The c = 3.0× 108 m/s is
the speed of light. We have that

D1,T (0) =
c2τ2

1 (0) −D2
0

2cτ1(0) − 2D0 cosα1,T (0)
, (4)

D1,R(0) =
c2τ2

1 (0) −D2
0

2cτ1(0) − 2D0 cosα1,R(0)
, (5)

where D0 denotes the distance between the center points of
the MT and MR antenna arrays. The α1,T (0) is the AoD of the
NLoS propagation components from the MT to the cluster for
the first tap, α1,R(0) is the AoA of the NLoS components
from the MR to the cluster for the first tap. Furthermore,
τ1,pq(0) =

�
D1,p(0) + D1,q(0)

�
/c is the propagation delay

from the p-th transmit antenna to the q-th receive antenna via
the reflection of the cluster for the first tap, where D1,p(0)
and D1,q(0) are the distances from the p-th transmit antenna
and q-th receive antenna to the cluster, respectively, and they
can be expressed as (6) and (7), as shown at the bottom of the
page, respectively, as shown at the bottom of this page, where
kp = (MT −2p+1)/2 and kq = (MR−2q+1)/2 with δT and
δR denote the adjacent spacings between two different antenna

elements of the transmit and receive arrays, respectively. The
ψT and ψR are the orientations of the transmit and receive
antenna arrays relative to the positive direction of the x-axis,
respectively.

Subsequently, the received noisy signal of the q-th receive
antenna for the first tap can be expressed as

yq(τ) =
MT�
p=1

hpq(0, τ) ∗ sp(τ)

=
MT�
p=1

χ1e
j
�

ϕ0−2πfcτ1,pq(0)
�
sp

�
τ − τ1(0)

�
+ nq(τ),

(8)

where sp(τ) denotes the signal transmitted by the p-th transmit
antenna, nq(τ) is the received complex noise of the q-th
receive antenna, and ∗ is the convolution operator. According
to the Nyquist sampling theorem [21], the received continuous
time noisy signal yq(τ) can be represented by the discrete sam-
pling sequences {yq(1T0), . . . , yq(kT0), . . . , yq(KT0)} with-
out lossing any information. The K time instances sampling
version of the q-th received signal, denoted by yq ∈ CK , can
be written as [22]

yq =
�
yq(1T0), yq(2T0), . . . , yq(kT0), . . . , yq(KT0)

�
= mq + nq, (9)

where

mq =
MT�
p=1

χ1 e
j
�

ϕ0−2πfcτ1,pq(0)
�

⎡
⎢⎢⎢⎢⎢⎢⎣

sp

�
1T0 − τ1(0)

�
...

sp

�
kT0 − τ1(0)

�
...

sp

�
KT0 − τ1(0)

�

⎤
⎥⎥⎥⎥⎥⎥⎦

T

,

(10)

nq =

⎡
⎢⎢⎢⎢⎢⎢⎣

nq(1T0)
...

nq(kT0)
...

nq(KT0)

⎤
⎥⎥⎥⎥⎥⎥⎦

T

, (11)

where the superscript [·]T denotes the transpose operator,
sp

�
kT0 − τ1(0)

�
is the k-th (k = 1, 2, . . . ,K) sample of

the signal transmitted by the p-th transmit antenna via the
NLoS components. Furthermore, nq(kT0) is the k-th temporal
sample of the received noise nq(τ), and T0 = 1/fs is the
sampling period.

Therefore, the vectorized received signal at the MR
with K samples, denoted by y ∈ CMRK×1, can be

D1,p(0) =

D2

1,T (0) + (kpδT )2 − 2D1,T (0)kpδT cos
�
α1,T (0) − ψT

�
, (6)

D1,q(0) =

D2

1,R(0) + (kqδR)2 − 2D1,R(0)kqδR cos
�
α1,R(0) − ψR

�
(7)
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expressed as

y = [y1,y2, . . . ,yq, . . . ,yMR ]T

= [m1,m2, . . . ,mq, . . . ,mMR ]T� �� �
m

+ [n1,n2, . . . ,nq, . . . ,nMR ]T� �� �
n

. (12)

Assume that the elements in the noise vector n ∈ C
MRK

are independent and identically distributed (i.i.d) to each
other [23], i.e., n ∼ CN (0, σ2IMRK), where IMRK denotes
a MRK dimensional vector with all elements equal to one,
e.g., IMRK = [1, 1, . . . , 1]T , and σ2 is the noise power. It is
worth mentioning that the existing literature mainly adopts the
complex CIRs to characterize the statistical properties of wire-
less channels, which in principle brings us high computational
complexity. To address this issue, we propose a Unitary matrix
algorithm to transform the complex CIR in the preliminary
stage into the real-value domain, which aims at improving
the computational efficiency of the estimation algorithm to
estimate the propagation delay of the proposed channel model
for the first tap. Then, the complex CIR in the real-time
stage can be estimated based on the aforementioned estimated
propagation delay and moving time/directions/velocities of
the MT and MR. The detailed derivations of the Unitary
transformation algorithm will be discussed below.

B. Unitary Transformation Method

Here, we introduce the basic properties of centro-Hermitian
matrices [24].

Definition 1: For an arbitrary ξ × γ dimensional complex
matrix X, the matrix is centro-Hermitian if it satisfies

Πξ X∗ Πγ = X, (13)

where the superscript ∗ denotes the complex conjugate opera-
tion. The matrices Πξ and Πγ are the ξ× ξ and γ×γ dimen-
sional symmetric permutation matrices, respectively, with ones
on their antidiagonal and zeros elsewhere, i.e., [25]

Πξ(γ) =

⎡
⎣ 1

. .
.

1

⎤
⎦ ∈ R

ξ(γ)×ξ(γ). (14)

It should be noted that here we have Π2
ξ(γ) = Iξ(γ), where

Iξ(γ) denotes the ξ(γ) × ξ(γ) dimensional identity matrix.
It deserves to mention that an arbitrary real matrix R is a
special form of the complex matrix, with its imaginary parts
equal to zero, i.e., Im{R} = 0; therefore, the Definition 1
also applies to real matrices [26].

Definition 2: For an arbitrary ξ × γ dimensional complex
matrix Q, if it satisfies

Πξ Q∗ = Q,

then the matrix Q ∈ Cξ×γ is called left Π-real.
For a real matrix R, the corresponding left Π-real matrix

can be obtained by premultiplying a left Π-real matrix Q,
which means that the matrix QR is left Π-real. Note that
the expressions of left Π-real matrices are different as the

dimensional number varies, which can be separated into
the even and odd cases, respectively, and they are written
as [27], [28]

Q2ξ =
1√
2

�
Iξ jIξ

Πξ −jΠξ

�
∈ C

2ξ×2ξ, (15)

Q2ξ+1 =
1√
2

⎡
⎣ Iξ 0ξ jIξ

0T
ξ

√
2 0T

ξ

Πξ 0ξ −jΠξ

⎤
⎦ ∈ C

(2ξ+1)×(2ξ+1), (16)

where 0ξ represents the ξ-dimensional column vector with
all elements equal to zero, i.e., 0ξ = [ 0, . . . , 0 ]T . In the
following, we present the Lee’s main approach in [24] to
establish an automorphism between centro-Hermitian matrices
and real matrices.

Theorem 1: Let Qξ and Qγ denote the arbitrary nonsingu-
lar left Π-real matrices of size ξ × ξ and γ × γ, respectively.
Then the mapping relationship

X → QH
ξ XQγ (17)

maps the arbitrary ξ × γ dimensional complex
centro-Hermitian matrix X into a real matrix of the
same size, i.e., QH

ξ XQγ ∈ Rξ×γ .
The vectorized MRK × 1 dimensional discrete sampling

received signal vector y is not centro-Hermitian, therefore
the mapping relationship in (17) cannot be directly applied to
the complex received sampling signal vector y in (12). Here,
we introduce the strategy of forward-backward averaging,
which can be expressed as [29]

YPre =
�
y ΠMRKy∗ �

, (18)

where YPre denotes the MRK × 2 dimensional preprocessed
matrix after forward-backward averaging. Note that the size of
y is MRK×1, and hence the measurements are doubled from
K to 2K after forward-backward averaging, which results in
an increased estimation accuracy [21]. Next, by postmultiply-
ing a unitary permutation matrix, the centro-Hermitian form
of the vectorized discrete sampling received signal can be
expressed as

YCH = YPre

�
I1

Π1

�

=
�
y ΠMRKy∗Π1

�
. (19)

Based on the Theorem 1, we transform the vectorized
complex received sampling signal vector y into a real matrix,
i.e.,

YRe = QH
MRK YCH Q2

= QH
MRK

�
y ΠMRKy∗Π1

�
Q2, (20)

where (·)H denote the conjugate operation, QMRK and Q2

are the left Π-real matrices of the even and odd order unitary
matrices, respectively. They are derived according to the (15)
and (16), respectively. The YRe is the correspondingMRK×2
dimensional real matrix, i.e., YRe ∈ RMRK×2. Notice that
when the number of the receive antenna elements is even or
odd, the expressions of the real matrix YRe are different, which
will be discussed in Appendix I.
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Since the elements in the vector yRe in (55) are assumed to
be i.i.d, we can present the probability density function (PDF)
of the multivariate normal distributed real vector yRe as

fyRe

�
yRe

�
=

1�
(2π)4ΛK |Ρ|

× exp
�
− 1

2
(yRe − µ)T Ρ−1(yRe − µ)

�
, (21)

where |Ρ| = det
�
Ρ

�
denotes the determinant of the covari-

ance matrix Ρ, and µ is the expectation of yRe, i.e., µ =
E[yRe]. Assume that the elements in the complex white
Gaussian noise vector n are i.i.d, hence the 4ΛK × 4ΛK
dimensional covariance matrix Ρ of the multivariate normal
distributed real vector yRe can be derived as Ρ = σ2 I4ΛK .
Therefore, the PDF in (21) can be further expressed as (22),
as shown at the bottom of the page [30].

Finally, the propagation delay of the proposed channel
model for the first tap can be estimated by solving the
maximum likelihood estimation (MLE) problem as [31]

τ̂1(0) = arg max
τ1(0)

ln
�
fyRe(yRe)

�
, (23)

where ln
�
fyRe(yRe)

�
denotes the likelihood function of the

PDF in (23), and ln(·) is the natural logarithm function.
It is worth mentioning that the propagation delay τ̂1(0) can
be estimated by using Newton-Raphson method. Therefore,
the distances from the centers of the MT and MR antenna
arrays to the cluster for the first tap in the preliminary stage
can be respectively estimated as

D̂1,T (0) =
c2τ̂2

1 (0) −D2
0

2cτ̂1(0) − 2D0 cosα1,T (0)
, (24)

D̂1,R(0) =
c2τ̂2

1 (0) −D2
0

2cτ̂1(0) − 2D0 cosα1,R(0)
, (25)

It deserves to mention that the initial AoD α1,T (0) and
AoA α1,R(0) for the first tap are both deterministic. The
α1,R(0) can be obtained by using the existing solutions, such
as the eigenvalue decomposition-based methods [32], spectral
searching-based method [33], deep learning-based method
[34], and compressive sensing-based methods [35]. However,
the α1,T (0) can be estimated as

α̂1,T (0) = arctan
D̂1,R(0) sinα1,R(0)

D0 − D̂1,R(0) cosα1,R(0)
. (26)

The lengths of the semi-major and semi-minor axes of the
ellipse model for the first tap can be respectively estimated as

â1 =
1
2
�
D̂1,T (0) + D̂1,R(0)

�
=

1
2
cτ̂1(0), (27)

b̂1 =

â2
1 − (D0/2)2. (28)

For other taps (� > 1), the lengths of the semi-major and
semi-minor axes of the ellipse models can be respectively
estimated as

â� = â1 +
1
2
(�− 1)cτ �, (29)

b̂� =

â2

� − (D0/2)2, (30)

where τ � denotes the delay resolution between the taps. There-
fore, the distances from the centers of the MT and MR antenna
arrays to the �-th cluster can be respectively estimated as

D̂�,T (0) =
4â2

� −D2
0

4â� − 2D0 cosα�,T (0)
, (31)

D̂�,R(0) = 2â� − D̂�,T (0), (32)

where the AoD α�,T (0) for other taps in the preliminary stage
can be estimated as

α̂�,T (0) = arctan
D̂�,R(0) sinα�,R(0)

D0 − D̂�,R(0) cosα�,R(0)
. (33)

Similar as before, the initial α�,R(0) for other taps can be
obtained by using the existing methods. It is worth mentioning
that the initial α�,T (0) and α�,R(0) for other taps are both
deterministic.

Finally, it deserves to mention that the MT, MR, and
clusters might be all in motion. For such scenario, we provide
corresponding discussions in Appendix II.

C. Angular Parameters Estimations in the Real-Time Stage

In the real-time stage, the complex channel response
between the p-th transmit antenna and q-th receive antenna
can be expressed as (34), as shown at the bottom of the page,
where α�,T (t) and α�,R(t) denote the time-varying AoD and
AoA of the NLoS propagation components via the reflection
of the �-th cluster in the real-time stage, respectively, which
can be estimated as

α̂�,T (t) = arctan
D̂�,T (0) sin α̂�,T (0) − vT t sin ηT

D̂�,T (0) cos α̂�,T (0) − vT t cos ηT

, (35)

fyRe

�
yRe

�
=

1

(2πσ2)2ΛK
exp

�
− 1

2σ2

4ΛK�
δ=1

��
yRe(ν) − µ(ν)

��
yRe(ν) − µ(ν)

���

=
1

(2πσ2)2ΛK
× exp

�
− 1

2σ2

4�
ε=1

Λ�
κ=1

K�
k=1

�
y2

Re,ε,κ(k) − 2yRe,ε,κ(k)µε,κ(k) + µ2
ε,κ(k)

��
. (22)

hpq(t, τ) =
L�

�=1

χ� e
j
�

ϕ0−2πfcτ�,pq(t)
�
× ej 2π

λ vT t cos
�
α�,T (t)−ηT

�
ej 2π

λ vRt cos
�
α�,R(t)−ηR

�
δ
�
τ − τ�(t)

�
(34)
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Algorithm 1 Procedure for the Proposed Channel Generation
Input:
Signal

�
xp(τ)

�MT

p=1
;

Generate the initial parameters, including the distance
between the center of the transmit/receive antenna array
and the cluster for the first tap;
Output:
The estimated channel matrix H(t, τ) = [hpq(t, τ)]MR

×MT

in the real-time stage of the system.
1: Estimating the propagation delay τ̂1(0) based on the

Unitary matrix transformation in the
preliminary stage of the system.

2: Computing the lengths of the semi-major and semi-minor
axes of the ellipse channel model for the first tap based
on (27)-(28);

3: Computing the lengths of the semi-major and semi-minor
axes for the �-th tap by using the estimated model
parameters for the first tap and predefined delay
resolution between the taps based on (29)-(30);

4: Computing the time-varying distances D̂�,T (t), D̂�,R(t),
D̂�,p(t), and D̂�,q(t) based on (37)-(40), respectively; as
well as the time-varying AoD α̂�,T (t) and AoA α̂�,R(t)
based on (35) and (36), respectively.
Then, the time-varying statistical properties of the channel
model can be described;

5: By substituting the complex fading envelope h�,pq(t) into
(1), the complex CIR between the p-th transmit antenna
and q-th receive antenna can be obtained. Then, the
proposed channel model, which physical properties is
characterized by the channel matrix H(t, τ) =

�
hpq(t, τ)

�
MR×MT , can be generated.

α̂�,R(t) = arctan
D̂�,R(0) sinα�,R(0) − vRt sin ηR

D̂�,R(0) cosα�,R(0) − vRt cos ηR

. (36)

In (34), τ�(t) = (D�,T (t) + D�,R(t))/c denotes the
time-varying propagation delay from the center of the transmit
antenna array to that of the receive array via the reflection of
the �-th cluster, where D�,T (t) is the real-time distance from
the center of the transmit antenna array to the �-th cluster,
D�,R(t) is the real-time distance from the center of the receive
antenna array to the �-th cluster, which can be estimated as
(37) and (38), respectively, as shown at the bottom of the page.

Furthermore, τ�,pq(t) = (D�,p(t) + D�,q(t))/c denotes the
time-varying propagation delay from the p-th transmit antenna
to the q-th receive antenna via the reflection of the �-th cluster,

Fig. 3. MSEs performances of the propagation delay of the proposed channel
model for the first tap with respect to the SNR when D0 = 100 m, MT =
MR = 2, and δT = δR = λ/2.

Fig. 4. MSEs performances of the propagation delay for the first tap with
respect to the samples number K in different numbers of transmit/receive
antennas when D0 = 100 m, K = 40, δT = δR = λ/2, and SNR = 2 dB.

D�,p(t) and D�,q(t) are the real-time distances from the p-th
transmit antenna and q-th receive antenna to the �-th cluster,
respectively, and they can be estimated as (39) and (40),
respectively, as shown at the bottom of the page.

Overall, the procedure for generating the proposed channel
model is shown as follows:

It is worth mentioning that the proposed channel model
needs to know less channel information as compared to the
standard channel models. Specifically, the standard models
require not only the distance between the transceivers, but also
the lengths of the major and semi-minor axes of the ellipse
scattering channel model, etc., which cannot be assumed
known in the real wireless communication scenarios. However,
in this paper, we propose a Unitary matrix transformation algo-
rithm to estimate the complex CIRs only based on the known
distance between the MT and MR. The proposed algorithm can
greatly improve the computational efficiency. It is also worth
mentioning that the prior work mainly use MLE to estimate

D̂�,T (t) =
�

D̂�,T (0) cos α̂�,T (0) − vT t cos ηT

�2 +
�
D̂�,T (0) sin α̂�,T (0) − vT t sin ηT

�2
, (37)

D̂�,R(t) =
�

D̂�,R(0) cosα�,R(0) − vRt cos ηR

�2 +
�
D̂�,R(0) sinα�,R(0) − vRt sin ηR

�2
. (38)

D̂�,p(t) =

D̂2

�,T (t) +
�
kpδT

�2 − 2D̂�,T (t)kpδT cos
�
α̂�,T (t) − ψT

�
, (39)

D̂�,q(t) =

D̂2

�,R(t) +
�
kqδR

�2 − 2D̂�,R(t)kqδR cos
�
α̂�,R(t) − ψR

�
(40)
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Fig. 5. Propagation delay and angle tracking in the real-time stage for the second tap when D0 = 100 m, MT = MR = 2, δT = δR = λ/2, K = 40,
and SNR = 0 dB.

the parameters in wireless channels. However, in this paper,
we estimate the lengths of the semi-major and semi-minor axes
of the ellipse channel model for other taps by adopting the
MLE to estimate the propagation delay τ̂1(0) for the first tap.
Therefore, we can estimate the channel model in a real-time
manner when the transmitter and receiver are both in motion.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we study the performance of the proposed
Unitary matrix estimation algorithm in the preliminary and
real-time stages. Assume that the MT and MR are static during
the initialization, i.e., t = 0, and hence the model parameters
are constant during this time period. The transmitted signal of
the p-th antenna is set to be a cosine signal, i.e., sp(τ) =
cos(τ), and the received noise variance is identical at all
antennas, i.e., σ2

1 = . . . = σ2
q = . . . = σ2

MR
= σ2. The

noise power σ2 is derived as σ2 = Ps×10−SNR/10, where Ps

denotes the average power of the transmitted signal, which is
defined as 1 in the following simulations. The SNR is the
power ratio in dB of the transmitted signal to noise. It is
worth mentioning that the clusters in the proposed channel
model are all deterministic. When the waves emerging from
the MT impinge on the different clusters before arriving at the
MR, the propagation delays of the components are different.
According to the V2V channel measurement campaigns in

[36] and [37], the resolution in delay is 100 ns. Therefore,
we define the delay resolution between the taps is 100 ns in
the proposed channel model [10]. It is also worth mentioning
that the signal received at the receiver is a sum of the
propagation rays with different delays (i.e., taps). However,
in the estimation process of the preliminary stage, we only
need a few samples of the propagation ray corresponding to
the first tap, which can be acquired in practice in the following
way. The receiver starts to record the signal once it appears and
stop recording after a period shorter than the delay resolution
between two different taps. As such, the recorded samples only
come from the propagation ray corresponding to the first tap.
In this case, we are able to estimate the propagation delay
τ̂1(0) of the proposed channel model for the first tap.

A. Estimations of the Propagation Delay
for the First Tap

To validate the statistical properties of the proposed channel
model in the preliminary stage, some basic parameters are
obtained by using fc = 5.9 GHz, τ � = 100 ns, ϕ0 = π/3,
ψT = ψR = 2π/3, α1,T (0) = π/4, and α1,R(0) = 3π/4.
We adopt the mean squared error (MSE) to obtain the coarse
propagation delay estimates. The MSE is an asympitically
optimal estimator which generally performs very well even
though the number of observation is not large. Define the
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Fig. 6. MSEs performances of the propagation delay for the second tap with
respect to the SNR in different numbers of discrete samples K when D0 =
100 m, MT = MR = 2, δT = δR = λ/2, vT = 8 m/s, vR = 10 m/s,
ηT = 0, ηR = π, and t = 3 s.

expression of the MSE as [21]

MSE =
1
U

U�
u=1

� 1
τ1(0)

(τ̂1(0) − τ1(0))
�2

, (41)

where τ̂1(0) denotes the estimation of the propagation delay
τ1(0) of the u-th Monte Carlo trial. The total trial number
is U = 400. It can be seen from Fig. 3 and Fig. 4 that the
estimation errors for estimating the propagation delay τ̂1(0)
gradually decrease as the SNR or the number of samples K
increases, which is in consistent with the simulation results
in [38] and [39], thereby demonstrating that the estimation
performance, such as the estimating precision, etc., can be
very good for channel modeling, especially when the SNR or
K is large.

Figure 4 shows the MSEs for estimating the propagation
delay τ̂1(0) for different numbers of transmit/receive antennas
in the preliminary stage. Note that the improvement of MSE
performance caused by increasing of the antennas number
can be interpreted by the diversity gain of MIMO system.
As demonstrated in [40], when the transmitter and receiver are
equipped with more antennas, the receiver is able to acquire
more information on the propagation delay and achieve higher
SNR, and hence obtain better estimation performance. Specif-
ically, when the numbers of the transmit/receive antennas
increase from MT = MR = 2 to MT = MR = 4, the MSEs
decrease gradually, which agrees with the theoretical results
in [41].

B. Estimations of the Delay and Angular Parameters
for the Second Tap

To evaluate the propagation delay and angular parameters
estimations in the real-time stage for the second tap, we con-
duct the real-time tracking of the MT and MR in different
stages of motion in Fig. 5. Note that when the MT and MR
move along the x-axis and get close to each other, i.e., ηT = 0
and ηR = π, the values of AoD tracking gradually increase as
the moving time t increases, while the AoA tracking decrease
slowly. However, when the MT and MR move along the x-
axis and back to each other, i.e., ηT = π and ηR = 0, the AoD
tracking gradually decrease as the time t increases, while

Fig. 7. MSEs performances of the propagation delay for the second tap with
respect to the SNR in different numbers of transmit/receive antennas when
D0 = 100 m, δT = δR = λ/2, K = 40, vT = 15 m/s, vR = 20 m/s,
ηT = π, ηR = 0, and t = 3 s.

Fig. 8. MSEs performances of the propagation delay for the second tap with
respect to the SNR in different antenna spacings of the transmit and receive
arrays when D0 = 100 m, MT = MR = 2, K = 40, vT = 10 m/s,
vR = 10 m/s, ηT = ηR = π/2, and t = 3 s.

Fig. 9. MSEs performances of the propagation delay for the second tap with
respect to moving direction/velocity of the cluster when when D0 = 100 m,
δT = δR = λ/2, K = 40, vT = vR = 0, ηT = π, ηR = 0, and
MT = MR = 2.

the AoA tracking increases gradually, as shown in Fig. 5(c).
Furthermore, we notice that when the MT and MR move
perpendicular to the x-axis, i.e., ηT = π/2 and ηR = π/2,
the AoD tracking firstly decrease to some value and then
increases slowly as the time t increases, as shown in Fig. 5(b).
Moreover, when the velocities of the transceivers increase from
vT = vR = 8 m/s to vT = vR = 20 m/s, the AoD and
AoA tracking vary more sufficiently small when t is small;
however, as t increases, the AoD and AoA tracking tend to
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Fig. 10. MSEs performances of the AoD and AoA for the second tap in the real-time stage with respect to moving direction/velocity of the cluster when
when D0 = 100 m, δT = δR = λ/2, K = 40, vT = vR = 0, ηT = π, ηR = 0, MT = MR = 2, andt =2 s.

TABLE I

COMPARISONS OF THE SIMULATION TIME BETWEEN THE PROPOSED METHOD AND CONVENTIONAL METHOD

be the same. Numerical results of the estimated propagation
delay and AoD (or AoA) nicely match the true delay and AoD
(or AoA), respectively, which verify that our derivations and
analysis are accurate.

By setting � = 2 in (41), Fig. 6 shows the MSEs for
estimating the propagation delay τ̂2(0) for the second tap
with respect to the SNR for different numbers of the time
samples K . It can be observed that when the parameter K
increases from 1 to 10, the MSEs of the delay estimations
decrease gradually.

Figure 7 shows the MSEs for estimating the propagation
delay τ̂2(0) for different numbers of transmit/receive anten-
nas. It can be seen that when the numbers of the transmit
and receive antennas increase from MT = MR = 2 to
MT = MR = 4, the MSEs of the propagation delay
decrease gradually. The above observations are in agreement
with the results in the preliminary stage in Fig. 4, which further
demonstrate that the proposed algorithm is also applicable
for wideband non-stationary channels in real-time stages and
different taps.

Figure 8 shows the MSEs for estimating the propagation
delay τ̂2(0) for different adjacent spacings of the transmit
and receive antenna arrays. It can be observed that when the
adjacent spacings of the transmit and receive antenna arrays
increase from δT = δR = ε/4 to δT = δR = ε, the MSEs of
the delay estimations decrease slowly.

To investigate the impacts of the moving veloci-
ties/directions of the cluster on the MSEs performances,
we consider some specific moving directions of clusters
in Fig. 9. Notice that when the cluster moves away from the
x-axis, ηc = π/2, the MSEs for estimating the propagation
delay τ̂2(0) in the case where vc = 5 m/s is slightly larger
than those where vc = 20 m/s. Furthermore, when the
cluster moves towards the x-axis, ηc = −π/2, the MSEs of

estimating the propagation delay in the case where vc = 5 m/s
is obviously smaller than those where vc = 20 m/s. These
results demonstrate that the proposed MSEs are related
to the moving velocities/directions of the clusters in
V2V channels.

Figure 10 shows the MSEs performances of the real-time
AoD and AoA for the second tap. It can be seen that the
MSEs for estimating the AoD are obviously lower than those
for estimating the AoA. Note that when the moving velocity
of the cluster increases from 5 m/s to 20 m/s, the AoD and
AoA estimations have different characteristics as the cluster
moves with different directions, which are in consistent with
the results in Fig. 9.

Finally, by using the platform of MATLAB2020b with
Intel(R) Core(TM) i5-4258U CPU @2.40GHz with 12 GB
RAM, we compare the simulation time between the proposed
method using the Unitary matrix transform algorithm and con-
ventional one without the Unitary matrix transform in Table I.
It can be seen that the simulation time of the proposed channel
modeling method using Unitary matrix transform algorithm
is obviously shorter than that of the conventional method
without the Unitary matrix transform, which demonstrates the
computational efficiency of the proposed channel modeling
method.

V. CONCLUSION

In this paper, we have proposed a novel computationally
efficient solution to investigate the characteristics of the pro-
posed wideband MIMO V2V channel model for different prop-
agation delays in different taps. By estimating the propagation
delay of the proposed channel model for the first tap with
a Unitary matrix transformation algorithm, we then estimate
the MIMO V2V channel models for other taps. Furthermore,
we have provided a solution to transform the closed-form
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expressions of the complex CIRs into the real-domain using
the Unitary transformation method.

It has been demonstrated that the MSEs performances
for estimating the delay get better as the SNR increases;
otherwise, the MSEs become worse. The MSEs are signifi-
cantly affected by the moving direction/velocity/time of the
MT, MR, and clusters. Numerical results of the estimated
propagation delay nicely match the true delay, which verify
that our derivations and analysis are accurate. Our research
work therefore provides a new and efficient guidance for
studying the statistical properties for different delays of B5G
wideband non-stationary MIMO V2V wireless communication
systems. As a part of future work, we consider developing
better estimation algorithm for accurately estimating the model
parameters in a noisy environment.

APPENDIX I

Let us first consider the number of the receive antenna
elements as an even value, i.e., MR = 2Λ, which indicates
that the left Π-real matrix QMRK can be derived in (15).
In this case, the vectorized received sampling signal y can be
partitioned into

y =
�
yvec,1

yvec,2

�
∈ C

2ΛK×1, (42)

where the block vectors yvec,1 = [y1,y2, . . . ,yΛ]T and
yvec,2 = [yΛ+1,yΛ+2, . . . ,y2Λ]T are with the same size of
ΛK × 1. In substituting (42) into (19), the centro-Hermitian
form of the vectorized discrete sampling received signal can
be expressed as

YCH =
�
yvec,1 ΠΛKy∗

vec,2Π1

yvec,2 ΠΛKy∗
vec,1Π1

�
. (43)

By substituting (15) and (43) into (20), we can further
express the real matrix YRe ∈ R2ΛK×2 as (44), as shown
at the bottom of the page, where Re{·} and Im{·} denote the
real and imaginary parts of the complex matrices, respectively.

However, when the number of the receive antenna elements
is an odd value, i.e., MR = 2Λ + 1, the left Π-real matrix
QMRK can be derived for different number K of the samples.
To be specific, we notice that MRK is an even value if
the number of the discrete samples K is an even value,

i.e., K = 2g. In this case, we can partition the complex
received signal vector y into the following expression:

y =
�
yvec,1�

yvec,2�

�
∈ C

(2Λ+1)2g×1, (45)

where yvec,1� = [y1,y2, . . . ,yΛ,yΛ+1(1 : g)]T and yvec,2� =
[yΛ+1((g + 1) : 2g),yΛ+2, . . . ,y2Λ+1]T denote the block
vectors with size (2gΛ + g) × 1. In addition, yΛ+1(1 : g)
and yΛ+1((g + 1) : 2g) are the first g and the last g received
discrete samples of the (Λ + 1)-th antenna, respectively.

It is worth mentioning that when the MR is an odd value,
the corresponding real form of the vectorized sampling signal
y, which has a similar form as (44), can be expressed as (46),
as shown at the bottom of the page.

It is worth mentioning that MRK is an odd value if the
number of the samples K is an odd value, i.e., K = 2g+1; and
hence the QMRK can be chosen in (16). Here, the vectorized
complex received signal vector y should be partitioned into
another form, which can be expressed as

y =

⎡
⎣ yvec,1��

yΛ+1(g + 1)
yvec,2��

⎤
⎦ ∈ C

(2Λ+1)(2g+1)×1, (47)

where yvec,1�� = [y1,y2, . . . ,yΛ,yΛ+1(1 : g)]T and
yvec,2�� = [yΛ+1((g + 2) : (2g + 1)),yΛ+2, . . . ,y2Λ+1]T are
the block vectors with size

�
(2g + 1)Λ + g

�× 1; yΛ+1(1 : g)
and yΛ+1((g + 2) : (2g + 1)) denote the first g and the last
g received samples of the (Λ + 1)-th antenna, respectively.
Furthermore, yΛ+1(g + 1) is the (g + 1)-th received sample
of the (Λ + 1)-th antenna. Therefore, the centro-Hermitian
form of the vectorized discrete sampling received signal can
be expressed as

YCH =

⎡
⎣ yvec,1�� Π(2g+1)Λ+gy∗

vec,2��Π1

yΛ+1(g + 1) y∗
Λ+1(g + 1)

yvec,2�� Π(2g+1)Λ+gy∗
vec,1��Π1

⎤
⎦ . (48)

By substituting (16) and (48) into (20), the real form matrix
of the sample vector y for the case of MR = 2Λ + 1 and
K = 2g+1 can be expressed as (49), as shown at the bottom
of the next page.

In the following part, we just consider that the number of
the receive antenna elements is an even value, i.e., MR =
2Λ. For the case of MR = 2Λ + 1, the discussion can be
derived in a similar way and we omit it for brevity. In this

YRe =
1√
2

�
IΛK ΠΛK

−jIΛK jΠΛK

� �
yvec,1 ΠΛKy∗

vec,2Π1

yvec,2 ΠΛKy∗
vec,1Π1

�
1√
2

�
I1 jI1

Π1 −jΠ1

�

=
1
2

�
yvec,1 + y∗

vec,1 + ΠΛK(yvec,2 + y∗
vec,2) j

�
(yvec,1 − y∗

vec,1) + ΠΛK(yvec,2 − y∗
vec,2)

�
j
�
(y∗

vec,1 − yvec,1) + ΠΛK(yvec,2 − y∗
vec,2)

�
yvec,1 + y∗

vec,1 − ΠΛK(yvec,2 + y∗
vec,2)

�

=
�
Re {yvec,1 + ΠΛKyvec,2} −Im {yvec,1 + ΠΛKyvec,2}
Im {yvec,1 − ΠΛKyvec,2} Re {yvec,1 − ΠΛKyvec,2}

�
, (44)

YRe = QH
(2Λ+1)2g

�
y Π(2Λ+1)2gy∗� �

I1

Π1

�
Q2

=
�
Re {yvec,1� + Π2gΛ+gyvec,2�} −Im {yvec,1� + Π2gΛ+gyvec,2�}
Im {yvec,1� − Π2gΛ+gyvec,2�} Re {yvec,1� − Π2gΛ+gyvec,2�}

�
. (46)
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case, the partitioned term yvec,1 + ΠΛKyvec,2 in (44) can be
expressed as

yvec,1 + ΠΛKyvec,2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

yT
1 + ΠKyT

2Λ

yT
2 + ΠKyT

2Λ−1
...

yT
ζ + ΠKyT

2Λ−ζ+1
...

yT
Λ + ΠKyT

Λ+1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (50)

where the ζ-th (ζ = 1, 2, . . . ,Λ) term can be written as (51),
as shown at the bottom of the page.

By substituting the expression of the discrete received signal
into (51), we can obtain (52), as shown at the bottom of the
page. where τ�,pζ(0) and τ�,p(2Λ−ζ+1)(0) are the propagation
delays of the NLoS propagation components, respectively. The
yvec,1 + ΠΛKyvec,2 is a ΛK × 1 dimensional column vector,
and hence the ζ-th term of the yvec,1 + ΠΛKyvec,2 is simply
the combination of the received sampling signals received at
the ζ-th and the (2Λ−ζ+1)-th antennas. It is worth mentioning
that the expression of the partitioned term yvec,1−ΠΛKyvec,2

can be derived in a similar method.
Define κ (κ = 1, 2, . . . ,Λ), which has a similar meaning as

ζ in (50), as the received sample vector index of the partitioned
vectors in (44) for the case of MR = 2Λ. As demonstrated in
[42], the mean value of the k-th element of the κ-th sample
vector in the partitioned vector Re {yvec,1 + ΠΛKyvec,2} is

denoted by µ1,κ(k), which can be expressed as

µ1,κ(k) =
MT�
p=1

χ1sp

�
kT0 − τ1(0)

�
cos

�
ϕ0 − 2πfcτ1,pκ(0)

�

+
MT�
p=1

χ1sp

�
(K − k + 1)T0 − τ1(0)

�
× cos

�
ϕ0 − 2πfcτ1,p(2Λ−κ+1)(0)

�
. (53)

Moreover, the mean value of the k-th element
of the κ-th sample vector in the partitioned vector
−Im {yvec,1 + ΠΛKyvec,2} is denoted by µ2,κ(k), being
expressed as

µ2,κ(k) = −
MT�
p=1

χ1sp

�
kT0 − τ1(0)

�
sin

�
ϕ0 − 2πfcτ1,pκ(0)

�

−
MT�
p=1

χ1sp

�
(K − k + 1)T0 − τ1(0)

�
× sin

�
ϕ0 − 2πfcτ1,p(2Λ−κ+1)(0)

�
. (54)

Denote the mean values of the k-th elements of
the κ-th sample vector in the partitioned vectors
Im {yvec,1 − ΠΛKyvec,2} and Re {yvec,1 − ΠΛKyvec,2} as
µ3,κ(k) and µ4,κ(k), respectively, which can be derived in a
similar method, we omit them here for brevity.

YRe =
1√
2

⎡
⎣ I(2g+1)Λ+g 0(2g+1)Λ+g Π(2g+1)Λ+g

0T
(2g+1)Λ+g

√
2 0T

(2g+1)Λ+g

−jI(2g+1)Λ+g 0(2g+1)Λ+g jΠ(2g+1)Λ+g

⎤
⎦ ×

⎡
⎣ yvec,1�� Π(2g+1)Λ+gy∗

vec,2��Π1

yΛ+1(g + 1) y∗
(2g+1)Λ+g

yvec,2�� Π(2g+1)Λ+gy∗
vec,1��Π1

⎤
⎦ × 1√

2

�
I1 jI1

Π1 −jΠ1

�

=

⎡
⎣Re

�
yvec,1�� + Π(2g+1)Λ+gyvec,2��

� −Im
�
yvec,1�� + Π(2g+1)Λ+gyvec,2��

�
√

2Re
�
yΛ+1(g + 1)

� −√
2 Im

�
yΛ+1(g + 1)

�
Im

�
yvec,1�� − Π(2g+1)Λ+gyvec,2��

�
Re

�
yvec,1�� − Π(2g+1)Λ+gyvec,2��

�
⎤
⎦ . (49)

yT
ζ + ΠKyT

2Λ−ζ+1 =
�
yζ(1T0), . . . , yζ(kT0), . . . , yζ(KT0)

�T

+
�
y2Λ−ζ+1(KT0), . . . , y2Λ−ζ+1((K − k + 1)T0), . . . , y2Λ−ζ+1(1T0)

�T

. (51)

yT
ζ + ΠKyT

2Λ−ζ+1 =
MT�
p=1

�
χ1 e

j
�

ϕ0−2πfcτ1,pζ(0)
�

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

sp

�
1T0 − τ1(0)

�
sp

�
2T0 − τ1(0)

�
...

sp

�
kT0 − τ1(0)

�
...

sp

�
KT0 − τ1(0)

�

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ ej
�
ϕ0−2πfcτ1,p(2Λ−ζ+1)(0)

�
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

sp

�
KT0 − τ1(0)

�
sp

�
(K − 1)T0 − τ1(0)

�
...

sp

�
(K − k + 1)T0 − τ1(0)

�
...

sp

�
1T0 − τ1(0)

�

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

�
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

nζ(1T0) + n2Λ−ζ+1(KT0)
nζ(2T0) + n2Λ−ζ+1((K − 1)T0)

...
nζ(kT0) + n2Λ−ζ+1((K − k + 1)T0)

...
nζ(KT0) + n2Λ−ζ+1(1T0)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(52)
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Fig. 11. Diagrams of MIMO V2V channel models: (a) geometric relations in V2V channels (b) geometric update of V2V channels.

Finally, the 2ΛK × 2 dimensional real matrix YRe in (44)
can be vectorized to a 4ΛK × 1 dimensional column vector
as follows:

yRe =

⎡
⎢⎢⎣

Re
�
yvec,1 + ΠΛKyvec,2

�
−Im

�
yvec,1 + ΠΛKyvec,2

�
Im

�
yvec,1 − ΠΛKyvec,2

�
Re

�
yvec,1 − ΠΛKyvec,2

�

⎤
⎥⎥⎦ . (55)

APPENDIX II

Let us consider a more general V2V communication sce-
nario, as shown in Fig. 11(a), where MT, MR, and clusters are
all in motion. We define vc and ηc as the moving velocity and
direction of the cluster, respectively. In the following, we con-
sider the moving cluster as the reference point, as in Fig. 11(b).
Then, the distances from the centers of the transmit and receive
antenna arrays to the �-th moving cluster can be respectively
expressed as

D�,T/c(t)

=
��
D�,T (0) sinα�,T (0) − vT t sin ηT − vct sin ηc

�2

+
�
D�,T (0) cosα�,T (0) − vT t cos ηT − vct cos ηc

�2
�1/2

,

(56)

D�,R/c(t)

=
��
D�,R(0) sinα�,R(0) − vRt sin ηR − vct sin ηc

�2

+
�
D�,R(0) cosα�,R(0) − vRt cos ηR − vct cos ηc

�2
�1/2

.

(57)

By substituting (56) and (57) into (39) and (40), respec-
tively, the distances from the p-th transmit antenna and
q-th receive antenna to the �-th moving cluster, denoted
by D�,p/c(t) and D�,q/c(t), can be obtained. In this case,
the complex channel response for the NLoS propagation rays
for other taps (� > 1) can be expressed as

h�,pq(t) = ej
�
ϕ0−2πfc

�
D�,p/c(t)+D�,q/c(t)

�
/c

�
× ej 2π

λ vT/st cos
�
α�,T/c(t)−ηT/s

�
× ej 2π

λ vR/st cos
�
α�,R/c(t)−ηR/s

�
, (58)

where vT/c and vR/c denote the moving velocities of the MT
and MR relative to the moving clusters, respectively, which

can be expressed as

vT/c

=
�

vT cos ηT − vc cos ηc

�2 +
�
vT sin ηT − vc sin ηc

�2
,

(59)

vR/c

=
�

vR cos ηR − vc cos ηc

�2 +
�
vR sin ηR − vc sin ηc

�2
.

(60)

Furthermore, ηT/s and ηR/s are the moving directions of
the MT and MR relative to the moving clusters, respectively.
We have that

ηT/s = arctan
vT sin ηT − vc sin ηc

vT cos ηT − vc cos ηc
, (61)

ηR/s = arctan
vR sin ηR − vc sin ηc

vR cos ηR − vc cos ηc
. (62)

In addition, α�,T/c(t) and α�,R/c(t) are the real-time AoD
and AoA, respectively, which can be expressed as

α�,T/c(t)

= arctan
D�,T (0) sinα�,T (0) − vT t sin ηT + vct sin ηc

D�,T (0) cosα�,T (0) − vT t cos ηT + vct cos ηc
,

(63)

α�,R/c(t)

= arctan
D�,R(0) sinα�,R(0) − vRt sin ηR + vct sin ηc

D�,R(0) cosα�,R(0) − vRt cos ηR + vct cos ηc
.

(64)
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