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Abstract—Due to rapid movements of the transmitter and 
receiver, propagation channels of mobile communication 
systems show non-stationarity characteristics. A modified 
non-stationary multiple-input multiple-output (MIMO) 
channel model between the base station and mobile station 
under three dimensional (3D) scenarios is proposed. The new 
model takes the continuity of fading phase into account and 
guarantees more realistic Doppler frequencies. Meanwhile, 
extended 3D time evolving algorithms of channel parameters, 
including the path number based on birth-death processes of 
clusters, path delays, path powers, and angles of arrival and 
departure, are given and analyzed. Analytical and simulation 
results demonstrate that our channel model can characterize 
the properties of non-stationarity, and simulated results of 
time-variant autocorrelation function (ACF) and spatial 
cross-correlation function (CCF) are well consistent with the 
corresponding theoretical ones. The proposed channel model 
can be applied to performance evaluation and validation of 
the fifth generation (5G) wireless communication systems 
under time-variant scattering scenarios. 

Index Terms—Non-stationary channel, 3D multiple-input 
multiple-output (MIMO) channel model, Doppler frequency, 
birth-death process, correlation function. 

I.  INTRODUCTION 

MIMO technologies have drawn great research interests 
for their ability to improve spectral efficiency and link 
reliability significantly [1]. However, all these benefits can 
only be achieved with thoroughly understanding of the 
fading characteristics of the MIMO propagation channel. 
Most of existing models assume that channels satisfy the 
wide sense stationary (WSS) assumption [2]-[4]. However, 
measurement campaigns have shown that statistical 
properties of received signals are time-variant and channel 
fadings also have the characteristic of non-stationarity [5], 
[6]. Therefore, how to model non-stationary MIMO 
channels has been a hot research in the field of wireless 
communication [7]-[14].  

Different approaches have been introduced in the recent 
literatures. Among them, non-stationary channel models 
originated from geometry-based stochastic models 
(GBSMs) attracted most attentions in the past a few years 
[7]-[12]. GBSMs also have formed the basis of most 
standard channel models, such as IMT-Advanced model [7] 
and WINNER+ model [8]. By incorporating the feature of 

time evolution, several non-stationary GBSMs have been 
proposed in [9]-[12]. A non-stationary 2D model for HST 
channel can be found in [9]. The authors assumed that 
scatters were fixed in the form of multiple ellipses and 
updated the channel states by tracking the instantaneous 
position of mobile station (MS). An extend 3D model for 
V2V channel was proposed in [10], where authors used the 
two-sphere model to mimic moving vehicles and the 
multiple confocal elliptic-cylinder models to depict 
roadside environments. Moreover, a twin-cluster approach 
was adopted by [11] and [12]. This approach takes multi-
bounced scatters into account and becomes more realistic. 

It should be mentioned that aforementioned GBSM-
based methods [9]-[12] model the non-stationary channel 
by dividing it into several segments, in which the WSS 
assumption is approximately satisfied and the original 
GBSMs with different parameters are applied. The main 
difference of these models is focused on the updating 
algorithms of time evolving channel parameters. However, 
we have found the generated channel fading phase with 
this procedure is discontinues, which leads to the Doppler 
frequency shift does not agree well with the analytical one. 
A similar problem was reported in [13-14] very recently, 
when authors analyzed the v2v scenario with the mobile 
stations moving non-uniformly. These facts motivate us to 
develop an upgraded non-stationary channel model, which 
can overcome this shortcoming and becomes more 
accordant with the real world. 

Overall, this paper proposes a modified non-stationary 
MIMO channel model under 3D scenarios. The new model 
takes the continuity of fading phase into account and 
guarantees more realistic Doppler frequency shift. 
Meanwhile, extended 3D time evolving algorithms of 
channel parameters, including the path number, path 
delays and path powers, are given. Moreover, the close 
form expressions of time-variant angles of arrival (AOA) 
and departure (AOD) both on the azimuth and elevation 
plane, are also derived. 

The rest paper is organized as follows. In Section II, a 
modified non-stationary MIMO channel model between 
BS and MS under 3D scattering environment are 
introduced. Section III gives the corresponding updating 
algorithms of channel parameters. In Section IV, the 
theoretical ACF and CCF of our channel model are 
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analyzed. In addition, simulation results of ACF and CCF 
are also completed and validated. Finally, conclusions are 
shown in Section V. 

II. MODIFIED NON-STATIONARY 3D MIMO CHANNEL 

MODEL 

Let us consider a typical cellular channel model, which 
employs GBSM method to represent the propagation 
channel between BS and MS under 3D environments as 
illustrated in Fig.1. Let us assume that the BS and the MS 
are equipped with Q and P antenna elements, respectively. 
The sub-channel between each pair of antenna elements 
includes several propagation paths and each path is made 
of some clusters, where cluster A at the BS side denotes the 
first bounce and cluster Z at the MS side denotes the last 
bounce. The propagation environment between cluster A 
and Z can be abstracted as a virtual link [11]-[12].  

Fig. 1. MIMO channel model under a 3D environment. 

The small scale-fading model for MIMO channel can be 
expressed as a complex matrix ( , ) [ ( , )]qp P Qt h tH  
where each element , ( , )q ph t  denotes the complex 
channel impulse response (CIR) between BS antenna 
element 1,2,...,p p P  and MS antenna element

1,2,...,q q Q . In this paper, we assume that each sub-
channel includes a line-of-sight (LOS) component and 
several non-line-of-sight (NLOS) components, which can 
be modeled as 

LOS LOS
, , ,
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, , , ,
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where K is Rician factor, N(t) is the number of NLOS paths, 
LOS
, , / 1q p t K K  are the delay and the power of LOS 

path, and , , , ( ) / 1q p n nt P t K  are the delay and the 
power of the nth NLOS path. 

For the LOS path, the CIR can be expressed as 
LOSLOS LOS LOSMS MSMS BS 0

j ( ') 'j jLOS j
, ( ) e e e

t

p q k v s t dtk s t r k s t r
q ph t e

LOSs t dtLOS ( '(LOS
S MS ))LOS LOS j MS

t
k MSk s t rLOS

BSjLOS
MS BSjMS BSjk s tBSj MS  (2) 

where 0 02k f c  denotes the wave number, 0 0,f c  
represent the carrier frequency and the speed of light, 

LOS LOS
MS BS,s t s t
p
LOS LOSs t s tLOS LOS
MS BS  are the spherical unit vector of arrival 

and departure signal, ,p qr r
p

r r,  are the location vectors of the 
qth MS antenna and the pth BS antenna, respectively, MSvMSv  
denotes the vector of MS velocity, and LOS  is the 
random initial phase. 

For NLOS components, the CIR can be expressed as 
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where M denotes the number of sub-paths (or rays), 
MS, , BS, ,,n m n ms t s ts t s tMS BS  are the spherical unit vector of mth 

ray within nth path arrival and departure signal, ,MSnZv MSZvZ  is 
the relative velocity between MS and cluster nZ , and 

,n m  is the random initial phase. 
  It should be noticed that our non-stationary channel 
model turns to the classic stationary MIMO channel model 
[2]-[4], when all channel parameters keep unchanged over 
different time. In this case, the Doppler frequency shift of 
LOS path is also time-invariant, which is defined by 

LOS LOS
MS MS 2πf k v s LOS

MS 2πv sMSv S .             (4) 

The corresponding accumulated phase caused by Doppler 
frequency is continues and equals to LOS2 f t .  

For non-stationary case, the Doppler frequency shift of 
LOS path should be time-variant and is denoted as LOS( )f t . 
Most of conventional non-stationary channel models [9-12] 
use LOS2 ( )f t t  to represent the phase. However, it can 
proved that the phase of this form is discontinues, and the 
output Doppler frequency shift also does not equal to 

LOS( )f t . A similar problem is happened as well to the 
NLOS components. To overcome this shortcoming, in our 
model we adopt LOS

0
2 ( )

t
f t dt  instead to calculate the 

accumulated phase, which can guarantee continues fading 
phase.    

III. UPDATING ALGORITHMS OF CHANNEL PARAMETERS 

A. Time-varying distances 

With the movements of MS and clusters, distances 
between MS, BS and clusters change over time. For 
simplicity, we assume all velocities keep constant and 
initial locations can be obtained by a measurement 
campaign or generation randomly. In Fig.1, all 
instantaneous locations at time instant t t  can be 
obtain by following iterative algorithms, 

LOS
MS LOS BS MS( ) ( ) ( )L t t D t s t v t( )L ( )) LOS( )LOS t( )LOS vvMS( )(LOS

BSBS        (5) 

BS, BS,( ) ( ) ( )
n n nA A n AL t t D t s t v t( )L ( )) ( ) t( ) vv( )(BS A        (6) 

MS ,MS MS, ,MS( ) ( ) ( ) ( )
n n nZ Z n ZL t t L t D t s t v t( ) ( )L ( ) ( )) ( )) ( )) ( ) ( ) t( ) vv MS( )(MS Z  (7) 
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where BS, MS,( ), ( )n ns t s t( ), ( )sBS ( ), (), (MS  are the spherical unit vector of nth 
path arrival and departure signal, and 

nAvAvA  denotes the 
movement vector of cluster nA . 

Based on time-variant locations of cluster nA , cluster 
nZ  and MS, the corresponding distances between each 

other can be defined and calculated by 

BS,

,MS MS
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B. Time-variant path number, delays and powers 

The number of NLOS paths is time varying, which 
means some paths can disappear (death) and some new 
paths can appear (birth). Let us set the birth and death rates 
as ,G R , and model the time evolution of path number as 
a Markov process [11].Thus, the survival probability of 
each path during time interval t  can be calculated by 

R MS MC

ce D
vP t                 (9) 

where MS  and MC  are the channel fluctuations caused 
by movements of MS and clusters, where MS MS Δv tΔv tMS Δ ,

MC F n nA ZP v v t
ents of MS an

tv vvA Z , FP  is the percentage of 
moving clusters, cD  is the correlation distance. 

The delay of nth path can be represented as 

BS, ,MS 0n nn A Z nt D t D t c tn tn       (10) 

where n tn t  denotes the equivalent delay of virtual link, 
and can be updated by a first-order filtering method [12] 

s s( ) ( ) (1 )
t t

D D
n nt t t e e X( )n n( )( ) ( )( )))(n ( ))) ( )( ))       (11) 

where sD denotes the decorrelation speed of time-variant 
delay which is determined by propagation environments, 
and LOS max~ ,X U D t , max  denotes the maximum 
delay. After all path delays are obtained, we use the 
measurement-based method of WINNER+ model [8] to 
calculate the corresponding average power of each path, 

10(1 )( ) exp ( ) 10
nY

n n
r

P t t
r

( )n ( ) e pP ( ) expn ( ) expexp        (12) 

where r  is the delay scalar,  is the delay spread, and
nY  follows the Gaussian distribution (0,3)N . 

C. Time-variant angles of departure and arrival 

A time evolving method of angles under 2D 
environment has been studied in [11]. Here, we extend this 
idea to 3D scenarios, which include elevation plane and 
azimuth plane. Channel measurements have showed that 
the marginal distribution of power angular spectrum (PAS) 
in elevation is Laplacian, while the PAS in azimuth is 
truncated Gaussian [8].  

In our model, the original angle sets of initialized paths 

or new appeared paths are generated randomly according 
to the aforementioned PAS or obtained by a measurement 
campaign. During time evolving stage, we only track mean 
angles of AOA and AOD for simplicity. Based on 
geometrical relationships in Fig.1, the elevation angle of 
departure (EAOD) n t  at time t can be expressed as 

BS, 0 0sin
arctan nA n

n
n

D t t
t

l t
       (13) 

where nl t  denotes projective length of nth path from 
BS to cluster nA , and can be calculated by 

22

BS, 0 0

BS, 0 0

cos

2 cos cos
n n

n n

A n A
n

A A n

D t t v t
l t

D t v t t

2
tv tA0

coscos
.  (14) 

Moreover,  can be obtained by 

0 , 0,π
nn At .      (15) 

Similarly, the updating algorithm for the azimuth angle 
of departure (AAOD) n t  can be expressed as 

1) if 00 πn t , 

0 0 0

0

, π

,else
nn n n A n

n
n n

t t t t
t

t t
.  (16) 

2) if 0 2πn t   

0 0 0
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n
n n

t t t t
t

t t
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where n t  denotes the angle of projection of nth path 
from BS to cluster nA  at time 0t  and t , which can be 
calculated by 

2 2 2
BS, 0 0

BS, 0 0

( ( )cos ( )) ( ) ( )
acos

2 ( ) ( )cos ( )
n n

n

A n n A
n

A n n

D t t l t v t
t

D t l t t
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.(18) 

For the case of AOA, we can obtain similar results with 
above procedures. In order to demonstrate time-variant 
properties of our channel model, we set simulation 
environment as C2-LOS scenario of WINNER+ model [8] 
and other simulation parameters are shown in Table I.  

The time-variant power delay profiles (PDPs) based on 
our extended updating algorithms are shown in Fig. 2. In 
this figure, the total power is normalized and the y axis 
denotes the relative delay. As we can see, the power of each 
path decreases with the increase of relative delay, which 
also shows the trend of exponential decay in stochastic 
meaning. Meanwhile, the number of valid path changes 
over time, and the power of each survival path changes as 
well. To highlight the time evolving process, Fig. 3 gives 
AOD distributions at three time instants with the same 
simulation parameters. It is clearly showed that the angles 
of AOD change over time, which is caused by time-variant 
geometrical relationships. 
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TABLE I SIMULATION PARAMETERS 

Definition Value Definition Value 
K   7dB   FP   0.3 

G   0.8 m   R   0.1 m   

sD   40m   max   220ns   
r   2.5   41ns   

LOS 0D t  200m  0f  2.4GHz  

BS, 0nAD t  25m  MSvMSvM  15m/s  

,MS 0nZD t  20m  
nAv

MS

AvA  1.2m/s  

LOS 0t  80  
nZv
n

ZvZ  1.5m/s  

LOS 0t  6  MS  50  

0 0 0 0 ,MS, , , , ,
n nn n n n A Zt t t t  random 

 

Fig.2. Time-variant PDPs under the C2-LOS scenario.  

 

Fig. 3. Time-variant AODs under the C2-LOS scenario. 

IV. NUMERICAL SIMULATION RESULTS 

The channel transfer function (CTF) is defined as the 
Fourier transform of CIR [15], which is 

j2π
,, , , f

qp q pH r f t h t e dr f t, ,,       (19) 

where rr  denotes location vectors. In this paper, we 
assume the MIMO channel is non-stationary only on time 
domain. Under this assumption, the correlation between 
different frequencies is only related with the frequency lag 

[16], and the correlation between different pairs of antenna 
elements only depends on the space lag. Thus, the 3D 
correlation function can be defined as 

2 2

1 1 1 1 2 2

*( , ; ) E[ ( , ) ( , )]q p
q p q p q pR f t t H f t H f f t t  (20) 

Moreover, LOS and NLOS paths are usually uncorrelated, 
and thus (20) can be rewritten as 

2 2 2 2

1 1 1 1
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, ;
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where ( ) ( )N t t N t  represents the set of shared 
paths. It should be mentioned that 2 2

1 1

NLOS
, , ;q p

q p nR f t t  
in (21) denotes the correlation function of one shared path, 
which also holds all correlation properties of NLOS paths 
in stochastic meaning. 

For the case of ACF, the effect of survival probability 
from t  to t t  should be taken into account and the 
normalized ACF can be obtained by setting ,i iq q p p  
and 0f , which is 

LOS NLOS
, , ,; ; ;qp n qp n qp nt t t t t t     (22) 
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By setting 0, 0t f , we can obtain the 
normalized CCF between two different pairs of antenna 
elements as 

2 2 2 2 2 2

1 1 1 1 1 1

LOS NLOS
, ,

q p q p q p
q p n q p q p nt t t      (25) 

where 
2 2 2 2

1 1 1 1
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and 

2 2

1 12 2

1 1

, , , ,1 1 2 2

1 1 2 2

NLOS
,NLOS

,

j2π ( ) j2π ( )*
, , , ,

0, 0;
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q p
q p nq p
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t
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 (27) 

To verify correlation properties of our channel model, 
we set the scenario as C2-LOS [8] and the rest simulaiton  
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(a) Theoretical time-variant ACFs 

 
(b) Theoretical and simulated results at different time instants 
Fig. 4. Absolute values of ACFs under the C2-LOS scenario. 

parameters as in Table I. Since the results of any path are 
similar, on following we only validate the first path. By 
using (22)-(24), theoretical ACFs caused by LOS path and 
the first NLOS path are calculated and given in Fig 4(a). It 
is obviously that the ACF changes over time due to time-
variant channel parameters. The results of simulated ACFs 
at three time instants t=0s, 5s and 10s and corresponding 
theoretical ones are showed in Fig 4(b). It is showed that 
simulated results match analytical ones very well, which 
verifies the correctness of our theoretical derivations as 
well as simulations. 

Under the same condition, by using (25)-(27), the 
theoretical CCFs are calculated and given in Fig. 5(a). In 
this figure, we assume antenna spaces on BS and MS are 
same, and the y axis has been normalized with respect to 
half wavelength. In addition, comparison between 
theoretical results and simulated ones at different time 
instants is presented in Fig. 5(b). The well agreement 
between theoretical and simulation results also 
demonstrates the correctness of channel model. 

V. CONCLUSIONS 

This paper has presented a modified non-stationary 
channel model for MIMO systems under 3D propagation 
scenarios, which can capture time-variant stochastic characters 

 
(a) Theoretical time-variant CCFs 

 
(b) Theoretical and simulated results at different time instants 
Fig. 5. Absolute values of CCFs under the C2-LOS scenario. 

of small-scale fading due to the movements of the MS and 
clusters. The updating algorithms for time-variant channel 
parameters, such as the number of valid paths, delays, 
powers, and angles, have also been given and analyzed in 
details. Meanwhile, a universal correlation function of the 
non-stationary channel model, as well as two application 
cases of ACF and CCF, have been derived. Analytical and 
simulation results have shown that the proposed non-
stationary channel model can guarantee continues fading 
phase and accurate Doppler frequency. In addition, 
stochastic properties such as ACF and CCF also agree well 
with the corresponding theoretical ones. Therefore, the 
new model can be applied to evaluate the state-of-the-art 
wireless systems under non-stationary environments in the 
future. 
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