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A semiempirical multiple-input multiple-output (MIMO) channel model is proposed for high-speed railway (HSR) viaduct
scenarios. The proposed MIMO model is based on the combination of realistic single-input single-output (SISO) channel
measurement results and a theoretical geometry-based stochastic model (GBSM). Temporal fading characteristics involving K-
factor and Doppler power spectral density (PSD) are derived from the wideband measurement under an obstructed viaduct on
Zhengzhou-Xian HSR in China. The GBSM composed of a one-ring model and an elliptical model is employed to describe the
entire propagation environment. Environment-related parameters in the GBSM are determined by the measured temporal fading
properties. And a close agreement is achieved between the model results and measured data. Finally, a deterministic simulation
model is established to perform the analysis of the space-time correlation function, the space-Doppler PSD, and the channel capacity
for the measured scenario. This model is more realistic and particularly beneficial for the performance evaluation of MIMO systems

in HSR environments.

1. Introduction

Public communications on high-speed railway (HSR) are
currently attracting extensive attention all over the world.
Train passengers expect to enjoy high-quality data commu-
nication services as they do on the ground. However, present
HSR communication systems used for train management and
safety are difficult to satisfy their demands. To achieve a
better user experience on HSR, a tailor-made communication
service system for passengers needs to be researched and
developed. In addition, some advanced technologies such
as multiple-input multiple-output (MIMO) and relay should
also be applied to HSR communication systems to enhance
channel capacity and transmission reliability. In general,
channel models are important for optimization, test, and
performance evaluation of communication systems as well
as related technologies. As HSR propagation scenarios deter-
mine unique channel fading characteristics, it is therefore also
of importance to develop reasonable HSR channel models to
facilitate researches on HSR communications.

Owing to the special nature of HSR such as high speed
mobility and multiple propagation scenarios, it is rather
difficult to carry out field measurements and acquire suf-
ficient channel data. Compared with traditional terrestrial
cellular environments, for example, urban, suburban, and
rural micro- and macrocell, studies on the channel models
under the HSR scenarios are inadequate. The existing HSR
channel models are mainly classified into three categories as
follows.

(1) Standardized Model. Third Generation Partnership
Project (3GPP) defines a nonfading channel model for
the test of the baseband performance on high-speed train
conditions in technical specification (TS) 36.104 [1]. This
model identifies an essential Doppler feature that the receiver
encounters a rapid Doppler transition when the train passes
through base station (BS). Furthermore, the WINNER II
model [2] details both large-scale and small-scale fading
characteristics of fast train measurements in its moving
networks (D2a) scenario where the mobile relay technology
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is considered, consisting of two channels, BS-mobile relay
station (MRS) and MRS-mobile station (MS).

(2) Measurement-Based Model. This type of model is mainly
based on the channel measurement results in typical HSR
scenarios such as tunnel, viaduct, and U-shape cutting. HSR
tunnel wideband measurements at 2.1 GHz are conducted by
Helsinki University of Technology in France and Belgium [3].
Channel parameters like path loss (PL), delay, and Doppler
are characterized. Authors in [4, 5] have performed extensive
narrowband measurements on HSR at 930 MHz. Empirical
PL and K-factor models with respect to the viaduct height
and U-shape cutting width are originally presented. Liu et
al. [6] especially have proposed a position-based wideband
HSR model at 2.35 GHz, which is based on the channel data
collected under a viaduct scenario.

(3) Theory-Based Model. Geometry and random-propaga-
tion-graph theories are two feasible approaches for radio
channel modeling. References [7, 8] establish a geometry-
based stochastic model (GBSM) and use it to analyze the
space-time-frequency correlation and nonstationary proper-
ties of HSR channels. In [9], a graph-based simulation model
is developed to characterize time-variant channels for HSR
communications.

In fact, there are still no realistic MIMO channel models
for the typical HSR scenarios. Although the standardized
model has provided spatial characteristics of the HSR chan-
nel, it may not be applicable in realistic viaduct or U-shape
cutting scenarios. As for the measurement-based models,
they mainly focus on the single-input single-output (SISO)
channel properties since MIMO channel measurements on
HSR are currently hard to implement. The theory-based
models are highly suitable for the analysis and simulation
of the MIMO channel, whereas the present researches are
theoretical and lack support of actual measurement data on
HSR.

The goal of this paper is to develop the MIMO channel
model for the typical HSR scenarios. Rather than trying
to measure the MIMO channel or merely deducing the
theoretical MIMO model, this study is based on the com-
bination of SISO channel measurement results and the
GBSM. Temporal fading characteristics involving K-factor
and Doppler power spectral density (PSD) are derived from
channel measurements in an obstructed viaduct scenario on
Zhengzhou-Xian HSR in China. The GBSM that consists
of a one-ring model and an elliptical model is employed to
describe the measured propagation environment. According
to a nonlinear least squares method, environment-related
parameters in the GBSM are determined by the temporal
fading characteristics. By applying the environment-related
parameters to the GBSM and using a parameter computation
method, a semiempirical MIMO channel simulation model
is established. Finally, based on the proposed model, we per-
form the analysis of the space-time (ST) correlation function
(CF), space-Doppler (SD) PSD, and channel capacity for the
measured viaduct scenario.

The remainder of this paper is outlined as follows.
Section 2 describes the channel measurements and results.
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In Section 3, a semiempirical MIMO channel model is
established. Simulation results and analysis are presented in
Section 4. Finally, conclusions are drawn in Section 5.

2. Channel Measurements and Results

2.1. Measurement Description. A standard radio channel
sounder, Propsound by Elektrobit, is employed to perform
wideband measurements on Zhengzhou-Xian HSR in China.
It consists of a dedicated transmitter and receiver. The
simplified block schematic is shown in Figure 1. Basically, the
transmitter consists of a control notebook, a code generator,
an up converter, and a transmit antenna. The measuring
receiver is made up of a receive antenna, a down converter, a
data acquisition and storage unit, and a real-time display and
control notebook. At the transmitter, a binary m sequence
with the length of 127 is periodically transmitted by a
vertical polarized dipole antenna. The chosen measurement
frequency and bandwidth are set to 2.35 GHz and 50 MHz,
respectively. The transmit power is 30.8 dBm. The relay link
from transmitter to MRS is adopted. The MRS antenna,
HUBER + SUHNER [10], is positioned on the top of the
train. Channel impulse responses (CIRs) are recovered by
correlating the received signal with a sequence copy identical
to the one used at the transmitter. The channel sample
rate is set to 1968.5 Hz. Clocks between the transceivers are
synchronized by the GPS network which provides an accurate
universal timing signal.

The viaduct is one of the most typical HSR scenarios
[11]. Our measured viaduct scenario and corresponding
surroundings are shown in Figure 2. The transmit antenna
is elevated about 4.8 m and placed on the roof of a farm
house (8 m height), which approximates 92m away from
the viaduct (8 m height). The receive antenna is about 3.8 m
higher than the rail. The average velocity of the train is
198 km/h. Some local scatterers are found along the viaduct,
which can be divided into two categories, short sparse trees
and high dense trees. The high dense trees especially cause
a strong obstruction of the radio propagation between the
transceivers. However, the distribution of these scatterers is
not continuous; thus, the Rx encounters both line-of-sight
(LOS) and non-line-of-sight (NLOS) propagation states in
the entire measurement environment.

2.2. Data Processing. The measurement record consists of
N = 59862 CIRs corresponding to 30.4 sec of continuous
channel data. Each CIR with the delay resolution of 0.2 ys
contains M = 254 multipath taps. The raw CIRs can be
denoted by a N x M complex matrix, h(n, 7), where n is the
CIR number and 7 is the multipath tap index. In this paper, we
mainly concentrate on the modeling of narrowband channels.
Thus, we transform the wideband CIRs into the narrowband
form. The complex sum of h(n,7) is made over the delay
domain according to

h(n) = J h(n,7)dr. 1)
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Then, we remove the large-scale fading effect including the PL

and shadowing to normalize the narrowband CIRs, expressed
as

H(n) = —, )

where P,(n) denotes the average power of CIRs, which can

be calculated by a sliding window with the length of W
according to

Pam) =2 ) IR (3)
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FIGURE 3: Measurement envelope.

W is recommended to 10 wavelengths with the distance of
1.28 m at 2.35 GHz [12].

A linear plot of |1 ()| is shown in Figure 3. It is observed
that the envelope fluctuates dramatically in some regions,
while it is fairly concentrated around the mean in other areas.
This confirms the fact that there are different propagation
conditions including LOS and NLOS in the entire scenario.
The LOS case stabilizes the envelope variation. The NLOS
case, however, aggravates the envelope fluctuation.

2.3. Temporal Fading Characteristics. K-factor and Doppler
PSD are two temporal fading parameters that, respectively,
measure how much and how fast local fading the signal
experiences over time. The temporal fading characteristics
are the key of channel modeling as well. Based on the
processed CIRs, we can extract the K-factor and the Doppler
PSD.

K-factor is usually defined as the power ratio of fixed
components to scatter components in the received signal.
When K-factor is infinite, there is no fading; otherwise,
there is Ricean fading (K > 0) or Rayleigh fading (K =
0). According to [13], a moment-based method is used to
estimate the time-variant K-factor as follows:

VE (B, ()} - Var {B, ()}

E{P, (n)} - \/EZ (P, ()} - Var [P, (n)}

K (n) = (4)

where P,(n) = |h'(n)|2 and E(-) and Var(-) denote the
expectation and variance, respectively.

Figure 4 shows results of the K-factor over T-R distance.
The T-R distance represents relative horizontal distance
between the transceivers. The positive T-R distance indicates
the train moving away from the Tx, while the negative
denotes the train running towards the Tx. It can be seen that
there is a good match between Figures 3 and 4. The high
K-factor is observed in the LOS regions where the envelope
fluctuates slightly, whereas the low K-factor is found in the
NLOS regions in which the envelope changes in a wider
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range. According to the K-factor results, we can make a clear
propagation segmental partition for the whole scenario, as
listed in Table 1. The fitting results by Gaussian distribution
for different propagation segments are shown in Figure 5. It
is found that the K-factor in the C segment is lower than that
in the A and E segments. This is because there are the short
sparse trees in the C segment producing some reflection and
scattering waves that reduce the effect of LOS components.
With respect to the NLOS segments such as B and D, the K-
factor strength is close to zero due to the impact of a strong
shadowing caused by the high dense trees.

Doppler PSD is a second-order statistic of the temporal
fading. The movement of the MS or scatterers results in the
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TaBLE 1: The K-factor results in different propagation segments.
Propagation state
Partitioned segment LOS NLOS
A C E B D

Coverage range [m] -662 ~ —433 —433 ~ =95 -95~95 95 ~ 416 416 ~ 644
Mean value [dB] 9.08 4.71 7.52 -1.02 0.75
Standard variance [dB] 4.98 5.53 5.24 518 4.65
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FIGURE 6: The instantaneous Doppler PSD over T-R distance.

Doppler frequency shift of multipath components. Doppler
frequency shift is associated with the angle of arrival (AOA)
between the multipath wave and direction of motion. Since
multipath components with different AOAs have different
Doppler frequency shifts, this causes a spreading of the
received signal in the frequency domain. Doppler PSD
can be calculated by the inverse Fourier transform of the
autocorrelation function of k' (n), written as

S(f) = fft [corr (W' (), L], ()

where flt is the fast Fourier transformation, L is the length
of fit, corr is the correlation operation, and f is the Doppler
frequency.

Figure 6 illustrates the instantaneous Doppler PSD over
the T-R distance. It is obvious that the Doppler frequency
shift has a fast variation from a positive maximum Doppler
frequency to a negative one when the Rx locates in the
segment C. This phenomenon is consistent with the result
in [1]. Besides, we also find that the Doppler PSD in the
B and D segments shows a certain spread, while the shape
of the Doppler PSD is not like a classical JAKES spectrum.
This confirms that the B and D segments are under the
nonisotropic scattering environment. In contrast, there is
almost no Doppler spread in the A and E segments because
of the strong LOS and less scattering components and the
Doppler PSD is close to a single spectrum line. In fact,
the shape of the Doppler PSD is mainly determined by the
angular distribution [14]. Thus, it is possible to obtain angular
characteristics if we can understand the Doppler PSD of the
measured channel.

3. A Semiempirical MIMO Channel Model

In this section, according to the combination of the temporal
fading results and a theoretical GBSM, we establish a semiem-
pirical MIMO channel model for the measured HSR viaduct
scenario.

3.1. The Reference Model. We consider a narrowband 2 x
2 MIMO communication system. Figure 7 illustrates the
geometrical model, which involves a one-ring model [15]
and an elliptical model [16]. The one-ring model is used to
describe the obstructed environment such as the B and D
segments, in which the transmitter is surrounded by local
scatterers S, (1, = 1,2,...,Nj). For the elliptical model, it
is developed to represent the unobstructed environment like
the A and E segments, where effective scatterers S, (n, =
1,2,...,N,) are distributed on an ellipse with the transmitter
and the receiver located at the focal points. Note that the C
segment is not considered here. Transmit and receive antenna
element spacings are denoted by §; and &y, respectively. The
distance between the transceivers is D = 2 f with f indicating
the half-length of the distance between the two focal points.
The tilt angles of the array are denoted by 8- and f3z. The angle
of motion «, indicates the angle between the x-axis and the
direction of motion with the speed of v. The AOA and angle of
departure (AOD) of the nth transmitted wave are designated
asa® and el i = 1,2. Lastly, af\s denotes the AOA of a direct
ray. ,

The reference model based on the assumption that the
number of scatterers is infinite can be derived from the
presented geometrical model. The complex channel envelope
between link AT and A® consists of the LOS and single-
bounced diffuse components, which can be expressed as

oy (8) = HEOS (1) + B (1), (6)

where

0S4y = QK1 —(2n/0)Dyy + janfplcos(aR g—a,)]t @)
w0 = e :
11

Ni
h (t):\j LT Y e
Ky + 1N~ /N 2

x e—(jZH/A)(Dfni +D§il)ej2nfD[cos((x§i —(xv)]t.

(8)

In (7)-(8), ©;; denotes the total power of the Af-AIf link,
K,, indicates the K-factor, A is the wavelength, and f
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FIGURE 7: The geometrical model for a 2 x 2 MIMO channel.

represents the maximum Doppler frequency. The phase shift
Qni is distributed (i.i.d.) random variables with uniform
distributions over [-, 77].

From Figure 7 and using the law of cosines, the path
length can be approximately given as

3.2. ST CF and SD PSD. The ST CF between the two links
hy, (t) and hy,(t) can be defined as [18]

E[hy, (t) 3, (t + 7))
VQ11Qyp

P11,22 (8T’ 0> T) =
(13)

Or O =
D, ~D- 7 cos By — — cos (“Los BR) , (9) P11 2 2 (87,85, 7) + P11 2 (07:0p, 7)),
5 where (-)* denotes the complex conjugation.
D] ~D! —-Lcos (oc: - ﬁT) , (10) Assume that af\,s = 7 and K;; = K,, = K; and,
' P2 substituting (7) and (9) into (13), we can obtain the ST CF
Sx of the LOS component as
D , =D~ ——cos(fj—ﬁR), (11)
2 10\ _ _Ki  _(j2r/0(Dy-Dyy)+2nfplcos(a,)le
12 Prin (T) = K +1 - (14)
where DZ:l = (D* + R* + 2DR cos (xfl) , DZZ = (@ + f*+ !

Zafcosocfz)/(a + fcosocfz), Dfl = R, and sz = b*/(a +
f cos ocff2 ). By using the method proposed in [17], we can
determine the relationship between the AOA and the AOD.

Similarly, substituting (8), (10), and (11) into (13), we can
express the ST CF of the single-bounced diffuse components
as

T . H R DIF; T j271T [cos(ocﬁ -a,)]T
Thus, e, is expressed in terms of o, as Prish (87,05, 7) = 1 J e /2o :
i -
Rsina® . T T PR _pR
sin ocz1 = o , x ¢~ U2/ Dy, =Doy +Dyy ~Dy)
\/D2+R2+2DRcosocff1 ( R) .
xpla, )da,,
X i :
cosal = D+ Rcosa, (15)
n >
\/DZ +R? + 2DRcos 1) where p(a’) denotes the probability distribution function
5 X (PDF) of AOA. In this paper, we employ the von Mises PDF
T b®sinay, [14], which is very suitable for describing the distribution
Sy, = 2, f2 + 2af cos “52’ of local scatterers in the nonisotropic scattering environ-

cosal = 2af+(a +f )cosoc
™ a’+ f*+2af cosaf

ment. Thus, the PDF of AOA is expressed as p(ocﬁ) =

R
e COS(“"i_”")/ZnIO(K,-), where ocff_ € [-m, ), I,() is the zeroth-
order modified Bessel function of the first kind, y; is the mean
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FIGURE 8: Doppler PSDs of the measurement and the proposed
model for the obstructed environment (8 = §; = 0).

value of ocf, and «x; is a parameter controlling the angular

spread of oc

Applylng the Fourier transform to the ST CF in (13) in
terms of 7, we can derive the corresponding SD PSD as

Si122 (07, 0r, f) = J, Pi12 (8Os Op, T) e Mt gz

= 105, (812 0ps f) + S11s (872 8ps ).
(16)

3.3. The Semiempirical Deterministic Simulation Model.
According to (16), the Doppler PSD for the SISO case can be
obtained by setting 8 = 83 = 0, which is mainly associated
with the environment-related parameters such as «;, y4;, and
K;. Based on the measured temporal fading characteristics,
the nonlinear least squares method is employed to estimate
the angular parameters (x;, i4;) in the GBSM as follows:

(ki ) = arg min{ Z[§ fi) =S fl)] } 17)

(iopt;)

As for the obstructed segment, we regard it as the complete
NLOS case, thus setting K; = 0. Depending on the K-factor
results as listed in Table 1, we choose K, = 8.3dB for the
unobstructed segment, which is calculated by averaging the
mean value of the K-factor in the A and E segments. From
(17), the fitting results are given as x; = 1.1, y; = 137.6",
k, = 7.2, and p, = 22.9°. It is reasonable that x, is lower than
x, because the rich multipath components in the obstructed
environment cause the larger angular spread. As for y; and
> they are related to the location of the scatterers.

Figures 8 and 9 depict the measurement and model results
for the Doppler PSD in the obstructed and unobstructed
environments. Note that the model results are obtained by

Power (dB)

-1000 -500 0 500 1000
Doppler frequency (Hz)

X Measurement (A)
—— Model («, = 0)

+ Measurement (E)
—— Model («, = m)

FIGURE 9: Doppler PSDs of the measurement and the proposed
model for the unobstructed environment (6, = 8z = 0).

employing the same environment-related parameters but the
opposite angle of motion. We can find that there is a good
match between the measurement and model results in both
environments. Thus, by applying the environment-related
parameters to the reference model, we can extend the model
results in the SISO case to those in the MIMO case by setting
Or#0and 6 #0.

Besides, a deterministic simulation model should be
derived from the reference model by setting a finite number
of scatterers N; and the fixed phases 0, since the reference
model cannot be used to implement the simulation. The
discrete AOAs of scatterers are constants in the simulation
model, which must provide a good approximation of autocor-
relation function (ACF) to the reference model. The modified
method of equal areas (MMEA) [19] is a low complexity
but high accuracy parameter computation method for non-
isotropic channels. We employ MMEA algorithm to compute
the AOAs as

aingl[%<ni—i>], (18)

where F, L(:) denotes the inverse function of E,(-) that is the
cumulative distribution function (CDF) of the AOAs.

4. Simulation Results and Analysis

In this section, based on the proposed MIMO simulation
model, the ST CE SD PSD, and channel capacity are analyzed
for the unobstructed and obstructed segments of the viaduct
scenario. The parameters of the model are set as f, =
2.35GHz, v = 198km/h, R = 30m, a = 300m, B, = B =
/2, «, = m, N; = 64, D = 300m, and D = 500 m for the
obstructed and unobstructed segments, respectively.



FIGURE 10: The space CF in the obstructed segment.

FIGURE 11: The space CF in the unobstructed segment.

Figures 10 and 11 illustrate the impact of the antenna
element spacing on the CFs in the obstructed and unob-
structed segments. It is obvious that the space correlation
in the obstructed segment is lower than that in the unob-
structed case. We also notice that the space correlation
in the obstructed region decreases faster than that in the
unobstructed situation when 0 < 1A. And it has a larger
fluctuation when 85 > 1A.

Figure 12 depicts the time CFs for SISO (6 = 8 = 0)
and MIMO (6; = 6z = 3A) cases in the obstructed and
unobstructed segments. It is clear that there is a lower time
correlation in the obstructed segment. The space separation
leads to the significant decline of the time correlation in the
obstructed segment, while it has little impact in the unob-
structed region. By using the same parameters as in Figure 12,
Figure 13 shows the corresponding (space-) Doppler PSDs.
The space separation results in the fluctuations on the
Doppler PSDs in both segments; however, it causes more
dramatic fluctuation in the obstructed segment.

The ergodic capacities against SNR for the simulation
model and Rayleigh model are compared in Figure 14. It is
found that the SISO Rayleigh model and uncorrelated MIMO
Rayleigh model have the lower and upper bounds of the
capacity, respectively. The capacity for the MIMO case with
Or = O6x = 3\ in the obstructed segment is very close to
the upper bound, which is approximately 2 bits/s/Hz higher
than that in the unobstructed segment when SNR is 20 dB.
However, the capacity for the SISO case has the opposite
variation tendency, which increases as the power of LOS
components is enhanced.
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5. Conclusion

In this paper, we have proposed a semiempirical MIMO
channel model for the HSR viaduct scenario. The empiri-
cal temporal fading properties including the K-factor and
the Doppler PSD are derived from the wideband channel
measurements on Zhengzhou-Xian HSR in China. The
theoretical GBSM that consists of the one-ring model and
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FIGURE 14: Ergodic capacities against SNR for SISO (§; = & =
0) and MIMO (8; = &8z = 3A) cases in the obstructed and
unobstructed segments.

the elliptical model is developed to describe the whole
propagation scenario that is partitioned into the obstructed
segment and the unobstructed segment. By applying the
estimated environment-related parameters to the GBSM, it
has shown that the theoretical Doppler PSDs match the
measured data very well. Then, a deterministic simulation
model is established to analyze the ST CF, the SD PSD, and
the channel capacity for the measured viaduct scenario. The
results have demonstrated that the antenna element spacing
has the larger impact on the ST CFs and SD PSDs in the
obstructed segment. They have also shown that the capacity
in the obstructed segment is about 2 bits/s/Hz higher than
that in the unobstructed region when the antenna element
spacing is 3 wavelengths and SNR is 20 dB.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The research was supported in part by the NSFC Project
under Grants no. 61371070 and no. 61032002, the Open
Research Fund of National Mobile Communications
Research Laboratory, Southeast University, under Grant
no. 2012D07, and the Fundamental Research Funds for the
Central Universities under Grant no. 2013YJS016.

References

[1] 3GPP TS 36.104 V9.3.0, “Technical specification group radio
access network; evolved universal terrestrial radio access; base
station radio transmission and reception,” 2010.

P. Kyosti, “WINNER II channel models part II radio channel
measurement and analysis results,” Tech. Rep., 2007.

[3] P. Aikio, R. Gruber, and P. Vainikainen, “Wideband radio
channel measurements for train tunnels,” in Proceedings of the
48th IEEE Vehicular Technology Conference (VTC '98), pp. 460—
464, May 1998.

[4] R.He, Z.Zhong, B. Ai, and J. Ding, “Propagation measurements
and analysis for high-speed railway cutting scenario,” Electron-
ics Letters, vol. 47, no. 21, pp. 1167-1168, 2011.

[5] R. He, Z. Zhong, B. Ai, and J. Ding, “An empirical path
loss model and fading analysis for high-speed railway viaduct
scenarios,” IEEE Antennas and Wireless Propagation Letters, vol.
10, pp. 808-812, 2011.

[6] L.Liu, C.Tao,]. Qiuetal., “Position-based modeling for wireless
channel on high-speed railway under a viaduct at 2.35 GHz,
IEEE Journal on Selected Areas in Communications, vol. 30, no.
4, pp. 834-845, 2012.

[7] A.Ghazal, C.-X. Wang, H. Haas et al., “A non-stationary MIMO
channel model for high-speed train communication systems,’
in Proceedings of the 75th IEEE Vehicular Technology Conference
(VTCI12), June 2012.

[8] B. Chen and Z. Zhong, “Geometry-based stochastic modeling
for MIMO channel in high-speed mobile scenario,” Interna-
tional Journal of Antennas and Propagation, vol. 2012, Article
ID 184682, 6 pages, 2012.

[9] L. Tian, X. Yin, Q. Zuo, J. Zhou, Z. Zhong, and S. X. Lu,
“Channel modeling based on random propagation graphs for
high speed railway scenarios,” in Proceedings of the 23rd IEEE
International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC ’12), pp. 17461750, September 2012.

[10] Sencity Rail Antenna: 1399.17.0039 HUBER+SUHNER data
sheet, HUBER+SUHNERAG RF Industrial, 2010.

[11] B.Ai, R.He,Z. Zhongetal., “Radio wave propagation scene par-
titioning for high-speed rails,” International Journal of Antennas
and Propagation, vol. 2012, Article ID 815232, 7 pages, 2012.

[12] D. Dong, J. Zhang, Y. Zhang, and X. Nie, “Large scale charac-
teristics and capacity evaluation of outdoor relay channels at
2.35 GHz,” in Proceedings of the 70th IEEE Vehicular Technology
Conference Fall (VTC ’09), September 2009.

[13] L. J. Greenstein, D. G. Michelson, and V. Erceg, “Moment-
method estimation of the Ricean K-factor,” IEEE Communica-
tions Letters, vol. 3, no. 6, pp. 175-176, 1999.

[14] A. Abdi, J. A. Barger, and M. Kaveh, “A parametric model
for the distribution of the angle of arrival and the associated
correlation function and power spectrum at the mobile station,”
IEEE Transactions on Vehicular Technology, vol. 51, no. 3, pp.
425-434,2002.

[15] M. Pidtzold and B. O. Hogstad, “A space-time channel simulator
for MIMO channels based on the geometrical one-ring scatter-
ing model,” in Proceedings of the 60th IEEE Vehicular Technology
Conference (VIC '04), pp. 144-149, September 2004.

[16] M. Pidtzold and B. O. Hogstad, “A wideband MIMO channel
model derived from the geometric elliptical scattering model,”
Wireless Communications and Mobile Computing, vol. 8, no. 5,
pp. 597-605, 2008.

[17] X. Cheng, C.-X. Wang, D. L. Laurenson, S. Salous, and A.
V. Vasilakos, “An adaptive geometry-based stochastic model

S



10 International Journal of Antennas and Propagation

for non-isotropic MIMO mobile-to-mobile channels,” IEEE
Transactions on Wireless Communications, vol. 8, no. 9, pp.
4824-4835, 2009.

[18] A. Abdi and M. Kaveh, “A space-time correlation model for
multielement antenna systems in mobile fading channels,” IEEE
Journal on Selected Areas in Communications, vol. 20, no. 3, pp.
550-560, 2002.

[19] C. Gutiérrez-Diaz-de-Ledn and M. Pitzold, “Sum-of-sinusoid-
based simulation of flat fading wireless propagation channels
under nonisotropic scattering conditions,” in Proceedings of the
IEEE Global Telecommunications Conference (GLOBECOM "07),
pp- 3842-3846, November 2007.



International Journal of

Rotating
Machinery

Advances in

The Scientific Journal of | Journal of Mechanical
World Journal Robotics Sensors Engineering

International Journal of

Chemical Engineering

Hindawi

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

International Journal of

Distributed
Sensor Networks

Advances in

Civil Engineering

-
R

VLSI Design

Advances in
OptoElectronics

Modelling &
International Journal of Simulation

Navigation and . . :
Observation in Engineering

o

Journal of
Control Science
and Engineering

Los®

f//#f

and Passive
ronic Components

Journal of
A > e Electrical and Computer
Propagation Shock and Vibration Engineering




