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Abstract—Most channel models in the literature are based
on the assumption that the mobile station (MS) moves along
a straight line with a constant speed. In a realistic environment,
the MS may experience changes in their speeds and trajectories.
In this paper, a three-dimensional (3-D) non-stationary wideband
multiple-input multiple-output (MIMO) channel model allowing
for velocity variations of the MS is proposed. The parameters
are obtained from the WINNER+ channel model to make the
simulations more realistic. Statistical properties including spatial
cross-correlation function (CCF), temporal autocorrelation func-
tion (ACF), and Doppler power spectral density (PSD) are derived
and analyzed. Our findings show that a variation of the velocity
of the MS has a significant impact on the statistical properties of
the channel model. Furthermore, the proposed channel model can
be used as a basic framework for future non-stationary channel
modeling.

Index Terms—Non-stationary, GBSM, statistical properties,
trajectory variations, time-variant parameters.

I. INTRODUCTION

The development of the fifth generation (5G) wireless

communication systems is being carried out in full swing [1]–

[4]. The mobility features of the 5G wireless communication

networks call for the need for accurate and effective channel

models which are able to capture the dynamic properties

of the real wireless propagation environments. A common

assumption in channel modeling is that the channel fulfills

the wide-sense stationary (WSS) condition. However, the

WSS assumption is only valid when the observation time

interval is much shorter than the stationary interval. Channel

models with WSS assumption may neglect the non-stationary

characteristics of the channel, especially in high mobility

scenarios [5]–[7]. In realistic propagation scenarios, the non-

stationarity of the channel could be a result of movements of

scatterers such as fallen leaves, pedestrians, and vehicles. In

[8], a non-stationary 3-D wideband twin-cluster channel model

was proposed. The clusters are in motion or stay static with

certain probabilities and a birth-death process was adopted to

model the clusters’ appearance and disappearance. Another

major cause leading to wireless channels’ non-stationarity is

the movement of MS. The COST family channel models, e.g.,

the COST 2100 channel model [9] introduced the concept of

visibility region (VR). As the MS enters and leaves different

VRs, the active clusters that can be seen by the MS change,

resulting in a non-stationary channel.

Most channel models in the literature [10]–[13] are based

on the assumption that the MS moves with a constant speed

in a fixed direction. However, in a realistic environment, the

MS may experience acceleration/deceleration caused by traffic

lights and change the movement direction when cornering,

which can cause a significant impact on the statistics of

wireless channels. However, the channel models allowing for

velocity variations of the MS are still very limited. The authors

in [14] analyzed the statistics of the channel when the MS

moves with a constant acceleration but in a fix direction.

The authors in [15] proposed a two-dimensional (2-D) non-

stationary channel model allowing the MS to move with

varying velocity (both speeds and directions). In [16], the

authors expanded the work of [15] into a mobile-to-mobile

(M2M) channel model, in which both the transmitter and the

receiver can change their velocities over time. The temporal

ACF and the Wigner spectrum of the proposed model were

derived. The authors in [17] proposed a 2-D non-stationary

channel model using a sum-of-chirps (SOCh) process and

the Doppler PSD was analyzed through the Wigner spectrum.

However, channel models in [15]–[17] are 2-D channel models

and ignored the time evolution of clusters. Besides, the channel

models in [15] and [16] can only model isotropic scattering

environment.

In this paper, a 3-D non-stationary wideband MIMO channel

model is proposed. The MS of the proposed channel model

is allowed to move with an acceleration and move in curves,

e.g., a sine shaped trajectory. The spatial CCF, temporal ACF,

and Doppler PSD of the proposed channel model are derived

and analyzed. It is shown that the motion of the MS has a

significant impact on the statistical properties of the channel

model. Furthermore, the channel model can be adapted to

various scenarios by setting different channel parameters.

The remainder of this paper is organized as follows. In

Section II, a 3-D non-stationary wideband MIMO channel
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Fig. 1. BS and MS angular parameters in 3-D non-stationary channel model.

model is introduced. Statistical properties of the proposed

channel model are studied in Section III. In Section IV,

numerical and simulation results are presented and analyzed.

Finally, the conclusions are drawn in Section V.

II. A 3-D NON-STATIONARY WIDEBAND MIMO

CHANNEL MODEL

Let us consider a 3-D propagation environment as illustrated

in Fig. 1. We assume that the base station (BS) is fixed and

the MS is allowed to travel along different trajectories with

a constant acceleration in the X-Y plane. The velocity of the

MS is presented by a vector vMS(t) with speed vMS(t) and

direction of motion θMS(t). Both terminals are equipped with

uniform linear array (ULA) with omnidirectional antennas.

The antenna array orientation of MS changes when MS move

in curves, which results in a significant impact on the statistical

properties of the channel model and we will discusses it

in the rest of this paper. As shown in Fig.1, the clusters

disperse in a 3-D space and each cluster is composed of

several rays which have similar angle parameters and the same

delays. Considering a multi-bounce scattering propagation, a

full propagation path consists of the first bounce propagation

represented by CA
n at BS side, the last bounce propagation

represented by CZ
n at the MS side, and the virtual link between

them. The velocity vectors of CA
n and CZ

n are denoted by vAn
and vZn , respectively. The clusters are allowed to move with a

certain probability Pc at random speeds. The key parameters

involved in the channel model are listed in Table I.

A. Channel Impulse Response

The channel coefficients in the non-line-of-sight (NLoS)

case for the n-th cluster (consisting M rays) from transmit

antenna element s (s = 1, 2, ...,MT ) to receive antenna

element u (u = 1, 2, ...,MR) can be expressed as [12]

hu,s,n(t) =

√
Pn(t)

M

M∑
m=1

ejkrs·Φn,m(t) · ejkru(t)·Ψn,m(t)

· ej2πνn,m(t)·t · ejΘn,m (1)

where k = 2π/λ is the free-space wave number and λ is the

wavelength. Pn(t) is the time-variant power of the n-th path.

Θn,m is random initial phase which is uniformly distributed

over the interval [0, 2π). Φn,m(t) is the departure angle unit

vector with elevation angles of departure (EAoD) γT
n,m(t) and

azimuth angles of departure (AAoD) ϕT
n,m(t), which can be

expressed as

Φn,m(t) =

⎡
⎣cosγT

n,m(t) · cosϕT
n,m(t)

cosγT
n,m(t) · sinϕT

n,m(t)
sinγT

n,m(t)

⎤
⎦

T

. (2)

Ψn,m(t) is the arrival angle unit vector with elevation angles of

arrival (EAoA) γR
n,m(t) and azimuth angles of arrival (AAoA)

ϕR
n,m(t), which is given by

Ψn,m(t) =

⎡
⎣cosγR

n,m(t) · cosϕR
n,m(t)

cosγR
n,m(t) · sinϕR

n,m(t)
sinγR

n,m(t)

⎤
⎦

T

. (3)

rs is the s-th transmit antenna vector with the elevation angle

of the transmit antenna array φT
E and the azimuth angle of the

transmit antenna array φT
A, that can be expressed as

rs =
MT − 2s+ 1

2
δT

⎡
⎣cosφT

E · cosφT
A

cosφT
E · sinφT

A

sinφT
E

⎤
⎦

T

(4)

where δT is the distance between transmit antenna elements.

Considering the speed and trajectory variations of the MS, the

u-th receive antenna vector ru(t) is time-varying, and can be

expressed as

ru(t) =
MR − 2u+ 1

2
δR

⎡
⎣cosφR

E(t) · cosφR
A(t)

cosφR
E(t) · sinφR

A(t)
sinφR

E(t)

⎤
⎦

T

(5)

where δR is the distance between receive antenna elements,

φR
E(t) is the elevation angle of the arrival antenna array, φT

A(t)
is the azimuth angle of the transmit antenna array. The MS

movement denoted by the MS velocity vector vMS(t) can be

expressed as

vMS(t) = vMS(t) ·
⎡
⎣cosϑMS(t) · cosθMS(t)

cosϑMS(t) · sinθMS(t)
sinϑMS(t)

⎤
⎦

T

(6)

where vMS(t) is the speed of the MS, ϑMS(t) is the travel

elevation angle, θMS(t) is the travel azimuth angle. We assume

that the MS moves in the horizontal plane. The speed and angle

of motion can be expressed as

vMS(t) = v0 + a · t (7)

θMS(t) = θ0 + ω · t (8)

where v0 is the initial velocity, a is the acceleration, θ0 is

the initial angle of motion, and ω is the angular speed. The

Doppler frequency component νn,m(t) can be expressed as

νn,m(t) =
vMS(t) ·Ψn,m(t)

λ
. (9)
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TABLE I
SUMMARY OF KEY PARAMETER DEFINITIONS.

CA
n the first bounce cluster of the n-th path

CZ
n the last bounce cluster of the n-th path

D
T
n (t) distance vector between BS and CA

n

D
R
n (t) distance vector between MS and CZ

n

D
T
n,m(t) distance vector between BS and CA

n via the m-th ray

D
R
n,m(t) distance vector between MS and CZ

n via the m-th ray

DLoS(t) distance of the LoS component between BS and MS

ϕT
n,m(t), ϕR

n,m(t) azimuth angles of the m-th ray of the n-th path at the BS and the MS sides

γT
n,m(t), γR

n,m(t) elevation angles of the m-th ray of the n-th path at the BS and the MS sides

vAn (t), vZn (t), vMS(t) velocity vectors of CA
n , CZ

n , and MS

vAn (t), θAn (t), ϑA
n (t) speed, travel azimuth angle, and travel elevation angle of CA

n

vZn (t), θZn (t), ϑZ
n (t) speed, travel azimuth angle, and travel elevation angle of CZ

n
vMS(t), θMS(t), ϑMS(t) speed, travel azimuth angle, and travel elevation angle of MS

φT
A(t),φR

A(t) azimuth angles of the transmit and receive antenna arrays

φT
E(t),φR

E(t) elevation angles of the transmit and receive antenna arrays

B. Cluster Time Evolution

The non-stationarity of the channel model is represented

by the cluster time evolution and the time-variant parameters.

We use a birth-death process to simulate the generation-

recombination behavior of clusters. For the newly born clus-

ters, the parameters of clusters such as delays, powers, and

angles are generated similar to the initial parameters. For

the surviving clusters, the parameters of clusters are updated

according to the geometrical relationships among clusters,

transmitter, and receiver, which will be introduced in the rest

of this subsection.

1) Birth-death process: In the non-stationary scenario, the

clusters only exist over a certain time period. A birth-death

process [18] is adopted to model the clusters’ appearance

and disappearance. The time dependent channel fluctuations

caused by the movement of scatterers, i.e., δMC,n(t,Δt) and

the movement of MS, i.e., δMS(t,Δt) in the time span between

t and t+Δt can be expressed as

δP (t,Δt) = δMC,n(t,Δt) + δMS(t,Δt) (10)

with

δMC,n(t,Δt) =

∫ t+Δt

t

Pc · (
∣∣vAn (t)∣∣+ ∣∣vZn (t)∣∣)dt (11)

and

δMS(t,Δt) =

∫ t+Δt

t

(|vMS(t)|)dt (12)

where Pc is the probability of clusters movement. The mean

velocities of clusters, i.e., vA = E[vAn ] and vZ = E[vZn ] are

used in this birth-death process and considering the time-

variant velocity of the MS, (11) and (12) can be rewritten

as

δMC(Δt) = Pc · (vA + vZ) ·Δt (13)

and

δMS(t,Δt) = (v0 + a · t) ·Δt. (14)

The clusters in time instant t+Δt can be assumed as the sum

of the surviving clusters from time instant t and the newly

born clusters during the time interval Δt. The birth-death

process is controlled by the generation rate of clusters λG

and the recombination rate of clusters λR. The initial number

of clusters in the proposed channel model is given by

E[N(t)] =
λG

λR
. (15)

The probabilities of clusters at t+Δt survived from t can be

modeled as

Psurvival(t,Δt) = e−λR· δP (t,Δt)

Dc (16)

where Dc is the scenario dependent correlation factor. The

expectation of the number of newly generated clusters can be

calculated as

E[Nnew(t+Δt)] =
λG

λR
(1− e−λR· δP (t,Δt)

Dc ). (17)

2) Evolution of surviving clusters: For the surviving clus-

ters, the parameters are updated based on the geometrical

relationships from t to t+Δt. The position vector from BS to

the CA
n , i.e., D

T

n (t) and position vector from MS to the CZ
n ,

i.e., D
T

n (t) can be expressed as

D
T

n (t) = D
T

n (t0) + vAn · t (18)

and

D
R

n (t) = D
R

n (t0) + vZn · t− vMS · t. (19)

The position vector from BS to the CA
n via the m-th ray which

is denoted by D
T

n,m(t) and position vector from MS to the

CZ
n via the m-th ray which is denoted by D

T

n,m(t) can be

calculated as

D
T

n,m(t) = D
T

n,m(t0) + vAn · t (20)

and

D
R

n,m(t) = D
R

n,m(t0) + vZn · t− vMS · t. (21)

The initial distance D
T

n,m(t0) and D
R

n,m(t0) are assumed

to follow a Gaussian distribution, i.e., DT
n,m(t0) ∼
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N(DT
n (t0), σD) and DR

n,m(t0) ∼ N(DR
n (t0), σD), where σD

is the cluster spread depends on specific scenarios. The delay

of the n-th path at time t can be calculated as

τn(t) =

∣∣DT
n (t)

∣∣+ ∣∣DR
n (t)

∣∣
c

+ τ̃n(t) (22)

where τ̃(t) is the delay of the virtual link between CA
n and CZ

n ,

which is calculated based on a first-order filtering algorithm

[8] τ̃n(t) = e−
Δt
ζ · τ̃n(t−Δt) + (1− e−

Δt
ζ ) ·X , where X ∼

U(DLoS(t)/c, τmax). The angular parameters are obtained from

the position vectors D
T

n,m(t) and D
T

n,m(t) by transforming the

Cartesian coordinates into polar coordinates.

III. STATISTICAL PROPERTIES

A. Spatial-Temporal Correlation Function
The spatial-temporal correlation function between the chan-

nel coefficients hu1,s1,n and hu2,s2,n is defined as [19]

ρs1,u1
s2,u2,n(t,Δt, δT , δR) = E

{
h∗
u1,s1,n(t)·hu2,s2,n(t+Δt)

|h∗
u1,s1,n(t)|·|hu2,s2,n(t+Δt)|

}

(23)

where (·)∗ denotes the complex conjugation operation. By sub-

stituting (1) into (23), the spatial-temporal correlation function

can be calculated as

ρs1,u1
s2,u2,n(t,Δt, δT , δR) =

1

M

M∑
m=1

ejk[rs2 ·Φn,m(t+Δt)−rs1 ·Φn,m(t)]

· ejk[ru2 (t+Δt)·Ψn,m(t+Δt)−ru1 (t)·Ψn,m(t)]

· ej2π[νn,m(t+Δt)·(t+Δt)−νn,m(t)·t].
(24)

B. Spatial Cross-Correlation Function
By imposing Δt = 0 in (24), we get the spatial CCF

between hu1,s1,n and hu2,s2,n, which can be expressed as

ρs1,u1
s2,u2,n(t, δT , δR) =

1

M

M∑
m=1

ejk·(rs2−rs1 )·Φn,m(t)

· ejk·[ru2
(t)−ru1

(t)]·Ψn,m(t). (25)

If we let δT = 0, i.e., two links share the same transmit

antenna element, we obtain the spatial CCF observed at MS,

which can be expressed as

ρMS
u1,u2,n(t, δR) =

1

M

M∑
m=1

ejk·[ru2 (t)−ru1 (t)]·Ψn,m(t). (26)

C. Temporal Autocorrelation Function
The temporal ACF can be obtained by imposing δT = 0

and δR = 0 in (24), which can be expressed as

ρs1,u1,n(t,Δt) = Psurvival

· 1

M

M∑
m=1

ej2π[νn,m(t+Δt)·(t+Δt)−νn,m(t)·t]

(27)

where Psurvival = e
−λR
Dc

·[(v0+a·t)·Δt+Pc·(vA+vZ)·Δt)], which

means a cluster has a probability of Psurvival to survive from t
to t+Δt.
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Fig. 3. The theoretical and simulation spatial CCFs of the proposed channel
model at different angular speeds (UMi NLoS scenario, t = 2 s, ϕR

1 (t0) = 0,
vMS(t0) = 5 km/h, a = 0 m/s2, θMS(t0) = 0, vAn and vZn ∼ U(0, 5) m/s,
θAn and θZn ∼ U(−π, π), ϑA

n and ϑZ
n ∼ U(−π/2, π/2)).

D. Doppler Power Spectral Density

The Doppler PSD Sn(f, t) of the proposed channel model

is obtained by the Fourier transform of the temporal ACF

ρs1,u1,n(t,Δt) with respect to the time interval Δt, which

can be expressed as

Sn(f, t) =

∫ ∞

−∞
ρs1,u1,n(t,Δt) · e−j2πfΔtd(Δt). (28)

IV. RESULTS AND ANALYSIS

As shown in Fig. 2, five typical paths are selected for

studying the impact on the statistical properties caused by

the velocity variations, the parameters of which are listed as

follows: path I, a = 0 m/s2, ω = 0 s−1, path II, a = 0 m/s2,

ω = π/10 s−1, path III, a = 0.2 m/s2, ω = 0 s−1, path IV,

a = 0.2 m/s2, ω = π/10 s−1. Other parameters are the same

to the four paths, i.e., v0 = 5 km/h, θ0 = 0. For the last path,

the MS moves along a sine routine, i.e., y = 2sin(πx4 ) with

an acceleration a = 0.2 m/s2. The theoretical and simulation

spatial CCFs of the proposed channel model for path I and path

II are shown in Fig. 3. It can be observed that the increase
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Fig. 4. The theoretical and simulation temporal ACFs of the proposed channel
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1 (t0) = 0, θMS(t0) = 0, vAn and vZn ∼ U(0, 5)
m/s, θAn and θZn ∼ U(−π, π), ϑA

n and ϑZ
n ∼ U(−π/2, π/2)).

in the angles between direction of incident wave and the

direction of motion of the MS results in strong receive antenna

correlations. Besides, (25) indicates that the acceleration has

no effect on the spatial CCFs of the channel. The theoretical

and simulation temporal ACFs of the proposed channel model

for path I-IV are illustrated in Fig. 4. Contrary to the situation

in spatial CCFs, the larger angles between direction of incident

wave and the direction of motion of the MS, the weaker time

autocorrelations of the channel impulse responses (CIRs) can

be observed. Furthermore, the temporal ACFs decrease faster

when the MS with an acceleration, i.e., the faster the MS

moves, the weaker the autocorrelations of CIRs over time.

Fig. 5 shows the the theoretical and simulation normalized

Doppler PSDs of the proposed channel model for path I-

IV. The channel has a larger doppler frequency shift when

the MS with an acceleration, which is consistent with the

theoretical analysis. Meanwhile, the movement direction of

MS has an effect on the distributions of Doppler PSDs, i.e.,

the Doppler PSDs are more concentrated when the angles

between the movement direction of MS and the direction

of incident wave are smaller. Figs. 6–8 are simulated where

the MS moves along a sine curve with an initial speed of 5

km/h and an acceleration of 0.2 m/s2. Fig. 6 and Fig. 7 show

the time-variant spatial CCFs and time-variant temporal ACFs

of the proposed channel model. The variations of movement

directions of the MS causing a great impact on the statistical

properties of the channel model can be observed, i.e., the

movement directions of the MS have opposite effects on

temporal and spatial correlations. Fig. 8 illustrates the time-

variant Doppler PSDs of the proposed channel model. The

Doppler PSDs change regularly with the trajectory of the MS.

The peak of the Doppler PSDs shift to larger values as the

speed of the MS increases. Besides, the distributions of the

Doppler PSDs are most concentrated when the MS moves to

the locations of extreme values of the sine curve.
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Fig. 5. The theoretical and simulation normalized Doppler PSDs of the pro-
posed channel model at different angular speeds and accelerations (UMi NLoS
scenario, t = 2 s, ϕR

1 (t0) = 0, vMS(t0) = 5 km/h, θMS(t0) = 0, vAn and
vZn ∼ U(0, 5) m/s, θAn and θZn ∼ U(−π, π), ϑA

n and ϑZ
n ∼ U(−π/2, π/2)).
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Fig. 6. The spatial CCFs of the proposed channel model for path V (UMi
NLoS scenario, ϕR

1 (t0) = 0, vMS(t0) = 5 km/h, a = 0.2 m/s2, vAn and
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n and ϑZ
n ∼ U(−π/2, π/2)).

V. CONCLUSIONS

In this paper, a 3-D non-stationary wideband MIMO channel

model has been proposed. The speed and movement direction

of the MS are allowed to change over time. The cluster time

evolution is modeled using a birth-death process. The parame-

ters including delays, powers, angles of departure, and angles

of arrival are updated based on the geometric construction

of the channel model. Statistical properties including spatial

CCF, temporal ACF, and Doppler PSD have been investigated.

The results show that the MS at different speeds and/or with

different movement directions can cause significant influences

on the statistics of the channel model. Furthermore, the simu-

lation results match the theoretical results very well, verifying

the correctness of our derivations and simulations.
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NLoS scenario, ϕR

1 (t0) = 0, vMS(t0) = 5 km/h, a = 0.2 m/s2, vAn and
vZn ∼ U(0, 5) m/s, θAn and θZn ∼ U(−π, π), ϑA

n and ϑZ
n ∼ U(−π/2, π/2)).

Fig. 8. The Doppler PSDs of the proposed channel model for path V (UMi
NLoS scenario, ϕR

1 (t0) = 0, vMS(t0) = 5 km/h, a = 0.2 m/s2, vAn and
vZn ∼ U(0, 5) m/s, θAn and θZn ∼ U(−π, π), ϑA

n and ϑZ
n ∼ U(−π/2, π/2)).
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