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For simulations of nonstationary multiple-input multiple-output (MIMO) Rayleigh fading channels in time-variant scattering
environments, a novel channel simulator is proposed based on the superposition of chirp signals. This new method has the
advantages of low complexity and implementation simplicity as the sum of sinusoids (SOS) method. In order to reproduce
realistic time varying statistics for dynamic channels, an efficient parameter computation method is also proposed for updating the
frequency parameters of employed chirp signals. Simulation results indicate that the proposed simulator is effective in generating
nonstationary MIMO channels with close approximation of the time-variant statistical characteristics in accordance with the

expected theoretical counterparts.

1. Introduction

Multiple-input multiple-output (MIMO) technologies are
widely used to improve the channel capacity and frequency
utilization ratio without increasing system bandwidth or
transmitting power. The traditional MIMO channels are usu-
ally modeled as wide-sense stationary (WSS) Rayleigh fading
processes [1, 2]. However, the WSS assumption is not always
satisfied, because the time-variant scattering environments,
such as vehicle-to-vehicle (V2V) channel [3] and high-speed
train channel [4], will change the statistical properties of
MIMO channel over time. This kind of non-WSS channel,
also called no-stationary channel, plays an important role in
designing, validating, and optimizing the performance of real
world wireless communication systems [3-6].

Based on the modeling methodologies adopted, channel
models can be classified into geometrically based stochastic
models (GBSMs) and correlation-based stochastic models
(CBSMs) [7]. The nonstationary MIMO channels based on
GBSMs have been investigated in [8-10]. Xiao et al. [8] were
concerned with the time-variant parameters such as angles-
of-arrival (AoA) and angles-of-departure (AoD) irrespective

of the scattering environment or clusters, while Wu et al. [9]
focused on modeling the appearance and disappearance of
clusters by Markov process or birth-death process. Moreover,
Borhani and Pétzold [10] introduced a spatial Brownian path
model to generate realistic moving trajectories of transceivers
and employed it to model the time-variant channel by
deriving the analytical expressions of AoA and angles-of-
motion (AOM). Researches have showed that GBSMs are
suitable for modeling nonstationary MIMO channels; how-
ever, the complexity increases significantly when the number
of clusters increases dramatically.

On the other hand, CBSMs are usually used to evaluate
the performance of MIMO systems due to their low com-
plexity and have been applied in MIMO channel models [11],
as well as standard channel models such as IEEE 802.11 TGn
channel [12] and LTE-A channel [13]. When adopting the
conventional CBSMs in nonstationary cases, it is a prereq-
uisite to know the variation of the statistical properties of
channel with respect to the time and frequency [14, 15], in
order to construct a channel simulator generating non-
stationary fading channel realizations. The simulation of
CBSMs always requires generating multiple independent and



identically distributed (i.i.d.) Rayleigh fading processes. In
the past three decades, a large number of researches have
showed that this simulation can be efficiently performed by
a finite sum of sinusoids (SOS) or cisoids (SOC) [16-25].
The mathematical reference model for this SOS method was
initially proposed in [16] as Clarke’s model, and the famous
simulator, namely, Jakes’ model, was developed in [17]. Pop
and Beaulieu [18] suggested an improved Jakes' model by
applying random phase shifts to optimize the WSS property.
Xiao and Zheng [19, 20], as well as Zaji¢ and Stiiber [21],
introduced some random simulation parameters to enhance
the performance.

The aforementioned simulation models are all noner-
godic models, which need the arithmetic average over a large
amount of simulation trails (snapshots) in order to approxi-
mate the desired properties [22]. To overcome this shortcom-
ing, Pdtzold and Wang [22-25] developed deterministic SOS
simulators with low complexity. At the same time, the sum-
of-cisoids (SOC) simulators are found to be more flexible and
suitable for channel simulation in the nonisotropic scattering
environments [26-29]. The accuracy of statistical channel
properties obtained with both SOS and SOC simulators
greatly depends on the simulation parameters computation
method. The L ,-norm method [23, 26] owns high accu-
racy of statistical properties but requires a time-consuming
progress of parameter optimization. The method of equal
area (MEA) and its derivatives [24, 27, 28] can reduce the
computation complexity but demand plenty of cisoids to
emulate the correlation properties precisely. Recently, the
Riemann sum method (RSM) was proposed by Gutiérrez et
al. in [29] to generate channels with accurate autocorrela-
tion. However, this method fails to generate channels with
desirable envelope distribution when the number of cisoids is
small.

It should be noted that all above existing SOS or SOC
simulators are only designed for stationary channels with
constant statistical characteristics. For simulating nonstation-
ary channels, the conventional Kronecker model is extended
in this paper for reconstructing correlated nonstationary
MIMO Rayleigh fading channel observed in time-variant
scattering environments. In addition, we propose a new SOC
simulator based on the sum of chirp signals to generate
multiple independent identically distributed (i.i.d.) Rayleigh
fading channels of time-variant statistical characteristics.
By utilizing the linearly changing Doppler frequencies, the
new method is applicable to reproducing the desirable
time-variant Doppler power spectral density (DPSD), enve-
lope probability distribution function (PDF), autocorrelation
function (ACF), and cross-correlation function (CCF).

The remainder of this paper is organized as follows: in
Section 2, we give a nonstationary MIMO channel model
originating from CBSMs. The existing stationary Rayleigh
fading channel models including the reference model and
simulation model are reviewed in Section 3. The proposed
nonstationary MIMO channel simulator with a new parame-
ters computation method is presented in Section 4. Section 5
gives the performance evaluation results and analysis of
the new simulator. Finally, conclusive remarks are made in
Section 6.
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FIGURE I: MIMO communication system with S transmitting anten-
nas and U receiving antennas under mobile to mobile (M2M) sce-
nario. The solid line and dash line indicate the positions of tran-
sceiver antenna arrays at two different time instances.

2. Nonstationary MIMO Channel Model

A MIMO mobile to mobile (M2M) communication system
is illustrated in Figure 1, where the solid line and dash line
indicate the positions of transceiver antenna arrays at two dif-
ferent time instances. The different scattering environments
make the MIMO channel’s characters change over time.

Assuming a frequency nonselective MIMO channel sys-
tem with S transmitting antennas and U receiving antennas,
the MIMO channel matrix can be expressed as

H (t) = [hu,s (t)]st > (1)

where h,, ((t) denotes the impulse response of the subchannel
between the uth (u = 1,2,...,U) receiving antenna and
the sth (s = 1,2,...,S) transmitting antenna. Considering a
Rayleigh fading channel, the envelope and phase distribution
of h, (t) obey, respectively, the Rayleigh and uniform dis-
tributions over (0, 27r], while the statistical parameters such
as variance may vary over time. The time-variant channel
correlation matrix is defined as

Ry (t) = p {vec (H) vec (H)"}, )

where vec(:) is the vector operator (stacking all elements of
a matrix column-wise into a single vector), ()" denotes the
Hermitian transposition, and p{-} represents the correlation
coeflicient. Ry (#) is a US x US matrix, and we can use it to
remodel the nonstationary correlated MIMO channel as

vec (H) = Rh/zvec (G), (3)

where ()"/* denotes any matrix square root fulfilling
RiI/Z(RII_[/z)H = Ry and G is an U x S random matrix with
zero mean i.i.d. complex Gaussian process entries. Assuming
the scattering environments around the receiver and the
transmitter are mutually independent, the channel correla-
tion matrix can be expressed by the Kronecker product of
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the transmitter correlation matrix Ry, (t) and the receiver
correlation matrix Ry, (¢),

RH (t) = RTx (t) ® RRx (t) > (4)

where ® denotes the Kronecker product.

3. Multiple Stationary Rayleigh
Fading Channels

The Kronecker model for a MIMO channel is related with
the correlation matrix and complex Gaussian matrix. We can
directly obtain the lower triangular matrix L by performing
Cholesky decomposition on Ry, L = Rh/z, and Ry = LLF.
If Ry is nonpositive definite, the eigenvalue decomposition
method [30] needs to be applied. In this section, a brief
review of the SOC-based simulation method applicable to
generating multiple i.i.d. stationary Rayleigh fading channels
is provided, and its performance is evaluated.

3.1. The Reference Model. Multiple Rayleigh fading processes
are actually equivalent to a set of complex Gaussian random
processes. Under this assumption, the kth Rayleigh fading
process can be written as

b (8) = g () + e, (0, k=1,2,..,K,  (5)

a

where j £ V-1, y (1), and Hyq(t) are uncorrelated and
zero mean real-valued Gaussian processes. Thus, the fading
envelope (i(t) 2 |p(t)] and phase ¢ (t) = arg{p ()} yield
the following PDFs, respectively:

2z 2
p(k(Z)ZU—Z‘eXp{——Z}, ZZO,

Hx (6)
1

2 0¢[-mnmn)),

Py, 0) =
where aﬁk denotes the variance of Rayleigh distribution.
The autocorrelated Rayleigh fading process p () can be
further characterized by its ACF T (T) 2 Ef{u Ot +
7)}, while the cross-correlated Rayleigh fading processes are
characterized by their CCFr,, , (r) £ E{u; ()t +7)}, Vk #
I. Here, (-)" is complex conjugation and E{-} refers to the
expectation of given argument. The DPSD S, , (f) describes
the power distribution over Doppler frequency and can be
calculated by performing the Fourier transform on the ACF;
that is, S.uk,”k (f) = j_ozo rﬂkyk(r)exp{—janT}dr. Our aim is to
generate K i.i.d. Rayleigh fading processes, which satisfy the
following conditions:

@ =%, [ oy () exp Liznfe) .

S () = UikPk,f (f) 7)
T (1) =0, Yk #1,

where p; ((f) is the Doppler frequency PDF of the kth
Rayleigh fading process. All elements of the antenna arrays

share a common scattering environment where the small-
scale characterization assumption applies. Thus, the K ran-
dom processes have the same Doppler frequency PDF
denoted as p(f).

The Gaussian-shaped DPSD plays an important role
for nonisotropic scattering environment as in the cases of
aeronautical channels. Specifications of frequency-shifted
Gaussian DPSD can also be found in the channel models for
pan-European, terrestrial, and cellular GSM system [28]. The
theoretical expressions of Gaussian DPSD and ACF are given
as follows:

2
Sim=?¢$f”“ﬂfeMnL ®

.
9, () = Jf S (f) exp {j2nfr} df, ©)

where f_ denotes the 3-dB-cut-off frequency and f;, f,, refer
to the minimum and maximum frequency, respectively. For a
symmetric Gaussian-shaped DPSD, the expression of (9) can
be simplified as

G _ 2, ((f/VIin2)7)®
T (T) = 0y€ , (10)

where f; = —f .. and f, = fi. With f.. = fo-v/c denoting
the maximum Doppler frequency due to the movements of

transceivers. Here ¢ = 3 x 10° refers to the velocity of light,
and f, is the carrier frequency.

3.2. The SOC Simulation Model. Based on the central limit
theorem, a complex Gaussian random process can be mod-
eled as the superposition of infinite properly weighted cisoids.
Itis impossible to realize the simulation with infinite numbers
of cisoids. Fortunately, most of statistical properties can be
approximated accurately when the number reaches a certain
threshold. The SOC simulator for the kth Rayleigh fading
process is defined as [27]

N
() = Y Gexp {j (27 S t +0c)} (D
n=1

where N is the number of cisoids. The real-valued parame-
ters, including gains ¢, ,,, phases ék)n, and discrete Doppler
frequencies, ]A‘k)n, remain constant during one simulation
trial, which results in a deterministic channel in each snap-
shot. The gains ¢, , are given such that E {E,Zm} = O';k /N forn =

1,2,...,N,where o2 is the average power of channel fading.
Hi

The phases ék)n are independent random variables uniformly
distributed over [-7m, ). The discrete Doppler frequencies

fk,n can be characterized by either S, , (f) orr, , (f). How
to generate these two functions properly is the key issue.

3.3. Statistical Characteristics. From (11), we can derive the
joint distribution p; 5 (z;,%;) of two random variables

Prein(t) and fi g, (£) as [31]

Pay iy (21,2,) = Pa,,, (1) 6(2,-9g(21)), (12)



where

1

Puyen (2112) = m "
g(z) = \/c,in -z,

when |z,,,| < ¢,. The join characteristic function can be
defined by the Fourier transform of joint probability density
function as

Yy (Vl’ Vz) = JJ Py (Zl’ 22) ej2n(vlzl+1/222)dzldzz. (14)
Combining with following equation

1V.x,y (Vl’ VZ) = l_[ 1//xn,yn (Vl’ VZ) > (15)

where x(t) = Zil x,(t), y(t) = ZnN:1 y,(t), and x,(t) and
y,(t) are i.i.d. random variables, we can get

0 N
pp’k,iﬁk,q (Zl’ ZZ) =2 J;) [1—[}0 (27-[ le,nl V):|
n=1

Jo <2m/\/zf + z%) vdv.

Finally, transforming the Cartesian coordination into the
polar coordination with z; = zcos6 and z, = zsin0, the
PDFs of envelope and phase can be expressed, respectively, as

(16)

7, @
o[ N
=z (2n)’ JO [EIO (27 |Ek,n|v)] Jo @rzv)vdv, (17)
z 20,
P ©) =5, Oel-mm (18)

when©¢;, = Gﬁk/ v/N and N — 00 are considered; (17) is the
same as the Rayleigh PDF.

As a deterministic simulation model, the statistical prop-
erties of output fading processes should be calculated by using
time average instead of statistical average. According to the
definitions of ACF, CCF, and DPSD, we can calculate the
time-averaged functions as follows:

N
"o, (1) = Zfi’nexp {j2nf k,nT} ,

n=1

N

S (=Y 6(f-F)s
Py (f) nZICk,n (f fk,n) (19)

6 (?k,n - ?l,m)
exp (—jZnJA‘Lmr)
exp [ (O = Om) ]
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To satisfy with the requirements of (7), the following con-
ditions for discrete Doppler frequency parameter should be
fulfilled [29]:

fk,n # 0’
fk,n * fk,m’

fk,n + fl,m’
Vik,n,I,m, k+1, m+ n.

(20)

4. Nonstationary Channel Simulator

4.1. A New Simulation Model. The issue at hand is that the
existing SOC simulator only applies to the stationary channel.
To overcome this disadvantage, we propose a new simulator
based on the sum of chirp signals as follows:

N t
B () = ) T hexp { j (27‘[ L Fron@®dt + %)} , (1)
n=1

where the discrete frequency parameters are changed over
time and characterized by the time-variant DPSD. It can be
observed that our model will reduce to the original SOC
model if 7k,n(t) is time-invariant. The flow chart of the
proposed simulation model is illustrated in Figure 2, which
also shows the signal of each branch is a frequency modulated
signal.

The envelope and phase PDFs are independent of Doppler
frequencies according to (12)-(18). Thus, the simulated enve-
lope and phase PDFs based on the proposed model are the
same as those for the conventional SOC model. Because the
conventional definition of DPSD is invalid for nonstationary
processes, we redefine the DPSD as the short-time DPSD
which can be calculated by the squared amplitude of signal’s
short-time Fourier transform (STFT)

©o .

Thg (6 f) 2 J_oo By (1) e PTw* (- 1) d, (22)
where w(t—7) is an analysis time window, which is sufficiently
short such that the process can be considered to be stationary.
Now we can redefine the time-variant ACF as the inverse
Fourier transform of Tﬁkﬁk 1)

(o]

o (67) = LO T, (6 f)expliznfehdf.  (23)

Similarly, the CCF of a nonstationary process can be defined

as
o s T\ - T
T, (t, 1) :E</4k <t+ 5);41 (t— z)> (24)
and only consider the cases with 7 = 0.

4.2. Parameters Computation. The time-variant discrete fre-
quency parameters will increase the complexity and uncer-
tainty of our model, so it is very important to find an efficient



International Journal of Antennas and Propagation

o f oo | U WWW‘WWﬂl‘l’ﬂl’ﬂllhM i
@ (S)

Cj,1 cos

—_—

)

Cp COS [Zn

—

@

SRR TAVATITII

1 14 18

@ (s)

—

Cj,N €Os

@o

o)
D
o T

t-.,
Oszf)d”"“} 02 06 1 14 18

III |7

arg arg {. ()}

@ (s)
VANV

1.4

)

t
T sin [2nj Fen()dt + 0, N}
s ,

O— :

\@/ \e

FIGURE 2: Simulation model for nonstationary Rayleigh fading by a finite sum of frequency modulated signals. |7, (t)| and arg {z, (¢)} are the

amplitude and phase of the simulated fading process, respectively.

parameter computation method to update the value of fre-
quency for each branch over time.

Assuming that the K Rayleigh fading channels have the
same time-variant DPSD, we sample the continuous DPSD

~u
fin@®) = b,zn + st

where by, means the initial value of the kth Rayleigh fading
channel and the nth branch of signal and s}, indicates the slope
of the nth branch for K fading channels.

The slope s;, is calculated as

(Fs-Fo )+ (B - )
Sn = N 2T ’

u

(26)

€[(u-1)T,uT,), n

with a short-time interval T, (namely, channel updating
interval). The updating interval is short enough, so the DPSD
is approximately constant provided SZ}‘( f) is within the
uth interval. In addition, we propose the discrete frequency
parameters following the linear change, which is

=12,...,N, k=12,....,K, u=12,..., (25)

where F,, is the computation result of MEA [28], which makes
the area under the DPSD curve within the range [F, |, F))

equal to o3, 2IN

n-1’

u

E; o2
J (f)df——" n=1,2,...,N. (27)

For the special case of a symmetric DPSD, we have F =
and F; = fr with fy being the maximum Doppler

max max max



frequency. Ny refers to the approximate number of peri-
ods for the Doppler frequency parameters linearly varying
between the upper and lower boundaries. In this paper, we
propose N, = 10 to ensure the mutual independence among

K fading channels. When the value of ?Z,n(t) exceeds the
upper boundary or reduces below the lower boundary, the
updating direction will be reversed. This step keeps the value
of Doppler frequency confined within the upper and lower
boundaries. We set the upper boundary B},(t) as a straight line
connecting F* and F*'; that is,

ut+l _ pu

By (t) = %(t—tuhﬁ'j, n=12,...,N, (28)

u

where t,, is the start time of uth interval. Similarly, the lower
boundary expression can be obtained by settingn = n — 1.

Finally, we set the initial value b, of the uth interval equal
to the end frequency in the last time interval

U[F! ,F!) u=1

~u—1
ke u=23,...,00.

bin = (29)

For the case of u = 1, b,in is specified as a random variable

uniformly distributed over the range of [E. |, F}).

By applying the aforementioned computation method of
(25)-(29), we can observe that the discrete frequency param-
eters generated are continuous and meet the requirements of
(20). Additionally, our computation method will make the
signal of each branch in (21) as a chirp signal, which are widely
adopted in radar systems [32].

5. Simulation and Validation

In this section, we investigate the performance of the pro-
posed simulation model by generatinga 2 x 2 MIMO chan-
nel with center frequency f; = 5GHz. Assuming that there
are many scatters around the receiver but few scatters around
the transmitter, the typical averaged correlation matrixes are
(33]

1 03
RRx(t): [03 1 :|,

1 091
091 1

(30)
RTx (t) = [

The time-variant DPSD showed in Figure 3 is assumed to be
symmetric Gaussian DPSD with f, = f, .. In2.

According to the proposed simulation method, we should
generate K = 4 ii.d. Rayleigh fading processes firstly. Then,

International Journal of Antennas and Propagation

~ =20 B
5 -
n —60 :
£ -80

A -100

300~ R
200500 s Teo 200
Do -100 ' 5o 120
PPt frequen 22300 0 40 (ms)
HCy(H Time
¥4
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FIGURE 4: Calculated discrete frequency parameters for each branch
(N = 16). These results are calculated from (25)-(29) and (31) with
the DPSD given in Figure 3 and they will be used in (21) to generate
the nonstationary Rayleigh fading.

with the given Gaussian DPSD, we get the area under the uth
DPSD curve over [-co, F] as

[ st (pyar
1+e1’f<%4 ln2>], GV

n=12,...,N.

G(E,) =

2
%

So the values of F/ can be obtained by applying a proper
numerical root-finding technique on (31). Using N = 16,
Ny = 10, and T, = 10ms as an example, we can get
the time-variant discrete frequency parameters from (25) to
(29). Figure 4 illustrates the computation results of frequency
parameters for 16 branches in solid lines, and the upper and
lower boundaries of each branch are showed in dash lines.
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nel. The simulation time and channel updating interval are 200 ms
and 10 ms, respectively. The Rayleigh fading channels during all
intervals are assumed to have normalized power. The dotted line
denotes the averaged envelope PDF for all time intervals.
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FIGURE 6: Time-variant DPSD of generated fading channel. The

dotted line denotes the outline of desired Gaussian-shaped DPSD
in Figure 3.

The four independent Rayleigh fading processes gener-
ated by using the proposed simulation model exhibit similar
statistical properties for the envelopes PDF, ACF, and DPSD.
Figure 5 illustrates the simulated envelope PDF of the first
Rayleigh fading process. Here, we assume the Rayleigh fading
channel with normalized power, and as a result, ¢, = 1/16 is
used, and the time-averaged PDF for all time intervals is given
by dotted line depicted in Figure 5. The figure demonstrates
that the simulation result provides a good approximation to
the theoretical Rayleigh PDE We also use (22) and (23) to
calculate the time-variant short-time DPSD and ACE, which
are showed, respectively, in Figures 6 and 7. For comparison
purposes, we also highlight the edge lines of desired DPSD
from Figure 3 and plot the calculated theoretical ACF with
dotted line. It is apparent that the simulated channel’s DPSD
and ACF change over time and fit well with the desired
graphs. Figures 5-7 also showed that the statistical results

Magnitude of
ACF

0 S —ry
i 0.01 »
Time delay (ms) 0.02 200 o0 ! 0 3

= na
ey

FIGURE 7: Magnitude of time-variant ACF of generated fading
channel. The dotted line denotes the theoretical ACF corresponding
to the Gaussian-shaped DPSD in Figure 3.
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FIGURE 8: Envelopes of four subchannels generated by using the
proposed simulation model.

obtained in each interval are very close to the theoretical
value, which implies that our simulation model is applicable
to reproducing the dynamic channels in the real world with
tractable computational complexity.

Then, the four resultant ii.d. Rayleigh fading processes
are combined into the matrix G. The channel correlation
matrix and the lower triangular matrix can be calculated by
applying the Kronecker product and Cholesky decomposi-
tion as, respectively,

[ 1 0.3 091 0.2737
0.3 1 0273 091
091 0273 1 0.3

10.273 091 0.3 1

=
x

[
W
&

o1 0 0 0
03 0954 0 0
L= . (33)

091 0 0415 0

10.273 0.868 0.124 0.396 |

Inserting the matrix G and (33) into (3), we can finally get
the nonstationary mutual correlated MIMO channel. Figure 8
gives the varying fading envelopes of all subchannels within
200 ms. The simulation accuracy for the MIMO channel is
determined by the statistical properties of its subchannels.
According to the theory of random process, the linear
combination of four i.i.d. complex Gaussian processes will
not change the characteristics of the envelopes PDE, ACF and
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FIGURE 9: Magnitude of time-variant CCF between individual pairs
out of four subchannels.

DPSD. So we only need to evaluate the performance of cross-
correlation between individual pairs of subchannels. Figure 9
depicts the absolute value of the CCF over time.

Furthermore, the average of varying CCF can be calcu-
lated to get the correlation matrix of the simulated MIMO
channel as

1.0000 0.3003 0.9102 0.2753

~ 0.3003 1.0000 0.2748 0.9099
Ry = (34)
0.9102 0.2748 1.0000 0.3034

0.2753 0.9099 0.3034 1.0000

which also exhibits good approximation to the desired one
as (32), and the mean of simulation errors is merely 0.46%.
The maximum of error is about 1.13%, while the minimum of
error is less than 0.01%.

6. Conclusion

In this paper, a new simulation model originating from
SOC method has been proposed to generate multiple non-
stationary Rayleigh fading processes, which are very useful
for the simulation of MIMO channel in time-variant rich-
scattering environments as in V-V communication scenarios.
Meanwhile, we assume that the frequency parameters of our
model change linearly over time, which makes the signal of
each branch (or subchannel) in the form of chirp signals.
Under this assumption, an efficient updating method for the
frequency parameters is proposed, which ensures that the sta-
tistical properties of simulated channel fading coincide with
the desired ones. Simulation results demonstrate that our
proposed simulator is able to generate nonstationary MIMO
channels with time-variant statistical characteristics, such as
the envelopes PDE, ACE DPSD, and CCF approximating with
their theoretical counterparts accurately.

Competing Interests

The authors declared that they do not have any commercial
or associative interest that represents a conflict of interests in
connection with this work.

International Journal of Antennas and Propagation

Acknowledgments

This work is supported by Fundamental Research Funds for
the Central Universities (NS2015046, NS2016044), Founda-
tion of Jiangsu Key Laboratory of Internet of Things and Con-
trol Technologies (NJ20160027), Professional Master Innova-
tion Projects for Jiangsu Ordinary University (SJZZ15-0040),
and Postgraduate Innovation Base (lab) Open Fund for
NUAA (kfjj20150409).

References

(1] T.J. Willink, “Wide-sense stationarity of mobile MIMO radio
channels,” IEEE Transactions on Vehicular Technology, vol. 57,
no. 2, pp. 704-714, 2008.

[2] W. Weichselberger, M. Herdin, H. Ozcelik, and E. Bonek, “A
stochastic MIMO channel model with joint correlation of both
link ends,” IEEE Transactions on Wireless Communications, vol.
5, no. 1, pp. 90-99, 2006.

[3] C.-X. Wang, X. Cheng, and D. I. Laurenson, “Vehicle-to-vehicle
channel modeling and measurements: recent advances and
future challenges,” IEEE Communications Magazine, vol. 47, no.
11, pp. 96-103, 2009.

[4] A. Ghazal, C.-X. Wang, B. Ai, D. Yuan, and H. Haas, “A non-
stationary wideband MIMO channel model for high-mobility
intelligent transportation systems,” IEEE Transactions on Intel-
ligent Transportation Systems, vol. 16, no. 2, pp. 885-897, 2015.

[5] G.Matz, “On non-WSSUS wireless fading channels,” IEEE Tran-
sactions on Wireless Communications, vol. 4, no. 5, pp. 2465-
2478, 2005.

[6] G. Matz and E Hlawatsch, “Nonstationary spectral analysis
based on time-frequency operator symbols and underspread
approximations,” IEEE Transactions on Information Theory, vol.
52, no. 3, pp. 1067-1086, 2006.

[7] C.-X. Wang, X. Hong, X. Ge, X. Cheng, G. Zhang, and J.
Thompson, “Cooperative MIMO channel models: a survey,”
IEEE Communications Magazine, vol. 48, no. 2, pp. 80-87, 2010.

[8] H.Xiao, A. G.Burr, and L. Song, “A time-variant wideband spa-
tial channel model based on the 3GPP model,” in Proceedings of
the IEEE 64th Vehicular Technology Conference (VTC "06), pp.
1-5, IEEE, Montreal, Canada, September 2006.

[9] S. Wu, C.-X. Wang, H. Haas, E.-H. M. Aggoune, M. M. Alwa-
keel, and B. Ai, “A non-stationary wideband channel model for
massive MIMO communication systems,” IEEE Transactions on
Wireless Communications, vol. 14, no. 3, pp. 14341446, 2015.

[10] A. Borhani and M. Pitzold, “A new non-stationary channel
model based on drifted brownian random paths,” in Trans-
actions on Engineering Technologies, H. K. Kim, S.-I. Ao, and
M. A. Amouzegar, Eds., chapter 33, pp. 429-443, Springer,
Amsterdam, The Netherlands, 2014.

[11] R. Couillet, M. Debbah, and J. W. Silverstein, “A deterministic
equivalent for the analysis of correlated MIMO multiple access
channels,” IEEE Transactions on Information Theory, vol. 57, no.
6, pp. 3493-3514, 2011.

[12] V.Erceg, L. Schumacher, P. Kyritsi et al., “TGn channel models,”
Tech. Rep. IEEE 802.11-03/940r4, IEEE, Garden Grove, Calif,
USA, 2004.

[13] 3GPP, TS36.101, V10.2.1, 3rd Generation Partnership Project;
Technical Specification Group Radio Access Network; Evolved
Universal Terrestrial Radio Access (E-UTRA); User Equipment
(UE) radio transmission and reception (Release 10), April 2011.



International Journal of Antennas and Propagation

[14] M. Herdin, N. Czink, H. Ozcelik, and E. Bonek, “Correlation
matrix distance, a meaningful measure for evaluation of non-
stationary MIMO channels,” in Proceedings of the IEEE 6lst
Vehicular Technology Conference (VT C-Spring '05), pp. 136-140,
Stockholm, Sweden, May 2005.

[15] O. Renaudin, V.-M. Kolmonen, P. Vainikainen, and C. Oest-
ges, “Non-stationary narrowband MIMO inter-vehicle channel
characterization in the 5-GHz band,” IEEE Transactions on
Vehicular Technology, vol. 59, no. 4, pp. 2007-2015, 2010.

[16] R. H. Clarke, “A statistical theory of mobile-radio reception,”
Bell System Technical Journal, vol. 47, no. 6, pp. 957-1000, 1968.

[17] W. C. Jakes, Microwave Mobile Communications, Wiley-IEEE
Press, Piscataway, NJ, USA, 2nd edition, 1994.

[18] M. E. Pop and N. C. Beaulieu, “Limitations of sum-of-sinusoids
fading channel simulators,” IEEE Transactions on Communica-
tions, vol. 49, no. 4, pp. 699-708, 2001.

[19] Y. R. Zheng and C. Xiao, “Simulation models with correct sta-
tistical properties for Rayleigh fading channels,” IEEE Transac-
tions on Communications, vol. 51, no. 6, pp. 920-928, 2003.

[20] Y. R. Zheng and C. Xiao, “Improved models for the generation
of multiple uncorrelated Rayleigh fading waveforms,” IEEE
Communications Letters, vol. 6, no. 6, pp. 256258, 2002.

[21] A. G. Zaji¢ and G. L. Stiiber, “Efficient simulation of rayleigh
fading with enhanced de-correlation properties,” IEEE Transac-
tions on Wireless Communications, vol. 5, no. 7, pp- 1866-1875,
2006.

[22] C.-X. Wang, M. Pitzold, and D. Yuan, “Accurate and efficient

simulation of multiple uncorrelated Rayleigh fading wave-

forms,” IEEE Transactions on Wireless Communications, vol. 6,

no. 3, pp. 833-839, 2007,

M. Pitzold, B. O. Hogstad, and D. Kim, “A new design concept

for high-performance fading channel simulators using set

partitioning,” Wireless Personal Communications, vol. 40, no. 3,

pp. 267-279, 2007.

[24] C.-X. Wang, D. Yuan, H.-H. Chen, and W. Xu, “An improved

deterministic SoS channel simulator for multiple uncorrelated

rayleigh fading channels;” IEEE Transactions on Wireless Com-

munications, vol. 7, no. 9, pp. 3307-3311, 2008.

M. Pitzold, C.-X. Wang, and B. O. Hogstad, “Two new sum-of-

sinusoids-based methods for the efficient generation of multiple

uncorrelated rayleigh fading waveforms,” IEEE Transactions on

Wireless Communications, vol. 8, no. 6, pp. 3122-3131, 2009.

M. Pitzold, U. Killat, Y. Li, and F. Laue, “Modeling, analysis, and

simulation of nonfrequency-selective mobile radio channels

with asymmetrical Doppler power spectral density shapes,”

IEEE Transactions on Vehicular Technology, vol. 46, no. 2, pp.

494-507, 1997.

[27] M. Pitzold, B. O. Hogstad, and N. Youssef, “Modeling, analysis,
and simulation of MIMO mobile-to-mobile fading channels,”
IEEE Transactions on Wireless Communications, vol. 7, no. 2, pp.
510-520, 2008.

[28] M. Pitzold, Mobile Radio Channels, John Wiley & Sons, New
York, NY, USA, 2nd edition, 2011.

[29] C.A. Gutiérrez, M. Pdtzold, A. Sandoval, and C. Delgado-Mata,
“An ergodic sum-of-cisoids simulator for multiple uncorrelated
rayleigh fading channels under generalized scattering condi-
tions,” IEEE Transactions on Vehicular Technology, vol. 61, no.
5, pp. 2375-2382, 2012.

[30] G. H. Golub and C. E Van Loan, Matrix Computations, Johns
Hopskins Universiry Press, Baltimore, Md, USA, 3rd edition,
1996.

(23

[25

(26

[31] S.Primak, V. Kontorovich, and V. Lyandres, Stochastic Methods
and Their Applications to Communications-Stochastic Differen-
tial Equations Approach, John Wiley & Sons, Chichester, UK,
2004.

[32] V. Khanh Nguyen and M. D. E. Turley, “Bandwidth extrap-
olation of LFM signals for narrowband radar systems,” IEEE
Transactions on Aerospace and Electronic Systems, vol. 51, no. 1,
pp. 702-712, 2015.

[33] J. P. Kermoal, L. Schumacher, K. I. Pedersen, P. E. Mogensen,
and E Frederiksen, “A stochastic MIMO radio channel model
with experimental validation,” IEEE Journal on Selected Areas
in Communications, vol. 20, no. 6, pp. 1211-1226, 2002.



International Journal of

Rotating
Machinery

International Journal of

The SCientiﬁC Journal of DiStribUted
World Journal Sensors Sensor Networks

Journal of
Control Science
and Engineering

Advances in

Civil Engineering

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of

Journal of ‘ Electrical and Computer
Robotics Engineering

Advances in
Modelling & International Journal of
rrenaion ot o Simulatio Aerospace
ston in Engineering Engineering

Observation

e

/!
| Journal of

International Journal of Antennas and Active and Passive e
Chemical Engineering Propagation Electronic Components Shock and Vibration



